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Abstract Tracing and identifying recycled carbonates is a key issue to reconstruct the deep carbon cycle.
To better understand carbonate subduction and recycling beneath the southeastern Tibetan Plateau, high-K
cal-alkaline volcanic rocks including trachy-basalts and trachy-andesites from Tengchong were studied
using Mg and Ca isotopes. The low §2°Mg (—0.31 + 0.03%o to —0.38 + 0.03%o) and 5***°Ca (0.67 + 0.07%o to
0.80 £ 0.04%o0) values of these volcanic rocks compared to those of the mantle (—0.25 + 0.07%o0 and

0.94 + 0.05%o, respectively) indicate the incorporation of isotopically light materials into the mantle source,
which may be carbonate-bearing sediments with low §**Mg and §*4*°Ca values. In addition, no correlations
of 5°°Mg and §**%°Ca with either SiO, contents or trace element abundance ratios (e.g., Sm/Yb and Ba/Y)
were observed, suggesting that limited Mg and Ca isotopic fractionation occurred during cal-alkaline
magmatic differentiation. A binary mixing model using Mg—Ca isotopes shows that 5-8% carbonates
dominated primarily by dolostone were recycled back into the mantle. Since Tengchong volcanism is still
active and probably related to ongoing plate tectonic movement, we propose that the recycled carbonates
are derived from oceanic crust related to the ongoing subduction of the Indian plate.

1. Introduction

Carbon in the form of carbonate in sediments and altered oceanic crust is continuously recycled into the
Earth's interior by subduction, where it can then be transferred back to shallow depths by melting and mantle
convection and finally degassed to the atmosphere by volcanism (e.g., Alt & Teagle, 1999; Berner et al., 1983;
Dasgupta & Hirschmann, 2010; Dasgupta et al., 2004; Sleep & Zahnle, 2001). Kelemen and Manning (2015)
suggested that the input of carbon from subduction zones is greater than output from arc volcanoes plus
diffuse venting, and most subducting carbon is stored in the mantle lithosphere and crust, while there are
also a certain amount of carbon delivered into convecting mantle. Therefore, tracking the fingerprint of
recycled carbonate in the Earth’s mantle is important for reconstructing deep carbon cycle and clarifying
its role in modifying the chemical composition of the mantle.

Magnesium and calcium are two major constituent cations in oceanic carbonate. Their isotopic variations in
mantle-derived rocks may shed new light on the carbonate recycling process. Mg isotope fractionation is
limited during igneous differentiation (e.g., S. A. Liu et al.,, 2010; Teng, Li, Rudnick, et al., 2010; Teng et al,,
2007; W. Y. Li et al,, 2010) and metamorphic dehydration (e.g., Teng et al,, 2013; Wang, Teng, & Li, 2014; W.
Y. Li et al, 2014) if no recycled materials were involved. In contrast, Mg isotopes can fractionate
significantly during carbonate deposition where it ranges from —5.5 to —0.2%o (Teng, 2017, and references
therein), which is significantly lower than the §**Mg of average upper mantle (—0.25 + 0.07%o; Bourdon et al.,
2010; Handler et al., 2009; Teng, Li, Rudnick, et al., 2010; Yang et al., 2009). Dolomite-rich carbonates can
retain their initial light Mg isotopic composition during slab subduction (Wang, Teng, Li, & Hong, 2014).
As for Ca isotopes, considerable fractionation can also occur during carbonate precipitation, leading to
distinctive Ca isotopic compositions between mantle and marine carbonates. Compared with the §*¥4°Ca
of the fertile mantle (0.94 + 0.05%o; Kang et al., 2017), ancient marine carbonates have lower §*4Ca (mostly
<0.5%o; e.g., Fantle & DePaolo, 2005; Farkas, Bohm, et al.,, 2007; Farkas, Buhl, et al., 2007). For example,
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Huang et al. (2011) attributed the light Ca isotopic compositions (0.75 to 1.02%o) in Hawaiian basalts to 4%
ancient carbonate component in the Hawaii plume. Thus, the distinctive isotopic offset between mantle and
oceanic carbonates makes Mg and Ca isotopes useful tools for tracing subducted carbonates.

Ca-rich carbonate (e.g., limestone) and Mg-rich carbonate (e.g., dolostone) are the two end-members of
marine carbonates. Because of their distinctive MgO and CaO contents, different species of marine carbonate
would theoretically impose different Mg—Ca isotopic effects on mantle-derived rocks, such that the combina-
tion of Mg and Ca isotopes can quantitatively constrain the species of subducted carbonate.

Here we apply Mg and Ca isotopes to trace carbonate recycling in Tengchong volcanic rocks located in the
southeastern Tibetan Plateau. Previous lithological and Nd-Sr-Pb isotopic studies have suggested that a
subducted slab was involved in the mantle source region of Tengchong volcanic rocks (e.g., B. Q. Zhu et
al., 1983; F. Chen et al,, 2002; F. Wang et al., 2006; X. Li & Liu, 2012) and that their mantle source was metaso-
matized by a component derived from clay sediments or mudstones based on U-series disequilibrium and
ultra-high Th/U in the volcanic rocks (Zou et al., 2014). Geophysical and seismological studies also revealed
high-velocity anomalies in the mantle transition zone, which possibly indicate a stagnant slab under the
Tengchong mantle source (Lei et al.,, 2009, 2013; Wei et al., 2012; Z. Huang et al., 2015). These observations
imply that subducted sediments or crust were recycled into the mantle source but were unable to identify
the constituting components of the recycled material (e.g., carbonate). In this study, we present high-
precision Mg and Ca isotopic analyses, together with major and trace element abundances and Sr-Nd isoto-
pic compositions, to trace recycled carbonates and further constrain the tectonic history of the Tengchong
block. Our results show that both §2°Mg and §**#°Ca of Tengchong volcanic rocks are lower than those of
the average mantle, which likely resulted from the incorporation of carbonate into their mantle source.

2. Geological Setting and Samples

The Tengchong volcanic field is an extension of the Lhasa terrane to the southeast, and is bounded by the
Bangong-Nujiang suture and the Indus-Tsangpo suture in southwest China (Figure 1a). In southwest
China and Burma, the tectonic structure is dominated by N-S and E-NE trending strike-slip faults (Figure 1b).
The basement rocks are mainly composed of Paleozoic gneisses and migmatites, Carboniferous sandstones,
and late Mesozoic to Cenozoic granitoids (e.g., F. Chen et al., 2002; Zou et al.,, 2010).

Active Tengchong volcanism commenced at about 5 Ma and has continued to the present (e.g., B. Q. Zhu
et al,, 1983). Volcanic eruptions in Tengchong were grouped into four different stages (T. F. Chen, 2003;
X. W. Huang et al., 2013; Yu et al,, 2012): (1) middle-late Pliocene (N,), mainly composed of olivine basalt;
(2) early Pleistocene (Q), andesite and dacite; (3) middle Pleistocene (Q;b, Q%b), basalt and andesite; and
(4) Holocene (Q4P, Q2°), mainly composed of andesite. Heikongshan, Dayingshan, and Ma’anshan volcanoes
in Tengchong are considered to have erupted during the Holocene. The latest volcanism occurred in 1609 at
Dayingshan, which was recorded by the geographer Xu in the Ming Dynasty. In this study, 19 samples were
collected, and sampling locations are shown in Figure 1c. They can be divided into two groups, namely
trachy-basalts (Group 1) and trachy-andesites (Group Il). All samples show porphyritic texture with pheno-
crysts of pyroxene, olivine, and plagioclase (Figure S1 in the supporting information; X. Li & Liu, 2012;
Y. T. Zhang et al,, 2012; Zhou et al., 2012).

3. Analytical Methods

3.1. Major and Trace Elements

Rocks were powdered to 200 mesh in an agate mortar for elemental and isotopic analyses. Whole-rock major
and trace elements were measured at the State Key Laboratory of Isotope Geochemistry (SKLaBIG),
Guangzhou Institute of Geochemistry (GIG), Chinese Academy of Sciences (CAS). Major elements were
measured by X-ray fluorescence with relative standard deviation of <5%. Reference materials, DZE-2, GSR-
1, GSR-2, GSR-3, GSR-4, and GSR-5, were chosen as external calibration standards for calculating the element
concentrations, and their results are displayed in Table S1. Trace elements were determined using inductively
coupled plasma mass spectrometry (ICP-MS). Analytical procedures were described in detail by J. L. Chen
et al. (2010). Table S2 lists the results of trace elements of three USGS reference materials, showing good
agreement with the recommended values. The analytical precision and accuracy are better than 10%.
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Figure 1. Geological setting of Tengchong area. (a) Regional map of the Tibetan plateau. Yellow lines represent the tectonic boundaries and sutures, ITS is Indus-
Tsangpo suture, BNS is Bangong-Nujiang suture, and JRS is Jinsha River suture. Dashed red lines are plate boundaries. Red triangle (98°30’E, 25°N) is the center
of the Tengchong volcanic complex. (b) Location map of the Tengchong volcanic field and adjacent areas, modified from B. Q. Zhu et al. (1983). (c) Geological map
showing the distribution of volcanic rocks in Tengchong.

3.2. Magnesium Isotopes

Sample digestion was carried out in a class 100 clean laboratory environment at the SKLaBIG, GIG, CAS. About
50 mg of rock powder was weighted into a 7 mL Savillex screw-top beaker. The sample was covered with a
mixture of 3:1 concentrated HF:HNO; at 100°C for 1 week and then dried down on a hotplate at 100°C. In
order to totally break down insoluble CaF,, the solution was dried down several times with 3 N HCl and once
with concentrated HNOs. Finally, the sample was redissolved in 2 mL of 3 N HCl for preparation of element
purification and isotope determination.

An aliquot containing ~50 ng Mg was dissolved in 0.1 mL of 1 NHNOs. Then it was loaded into a column filled
with 1.25 mL cation exchange resin Bio-Rad AG50W-X8 (200-400 mesh). The method follows the established
procedure described in An et al. (2014). Eluant of each sample was carefully checked using ICP-OES to make
sure that the yield was above 99%. Magnesium isotopic compositions were measured by the sample-
standard bracketing method using a Neptune-Plus MC-ICP-MS in the CAS key Laboratory of Crust-Mantle
Materials and Environments at the University of Science and Technology of China (USTC). The Mg isotope
ratio is reported relative to the Dead Sea metal Mg standard (DSM-3, Galy et al, 2003):
FMg = ((Mg/** M@)sample/Mg/>*Mg)psm-s — 1) X 1,000, where x = 25 or 26. The 2 standard deviation
(25D) of the measured 2°Mg/>*Mg ratio is < +0.05%o based on >4 repeat runs. The total procedural Mg blank
was lower than 20 ng, negligible relative to the 50 ng loaded into the column. The standards in this study
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Table 1

Mg, Ca, Sr, and Nd Isotopic Compositions of the Volcanic Rocks From Tengchong, SE Tibetan Plateau

Sample Group 5%%Mg 25D° 5%°Mg 25D NP 3*¥40ca 2SEC N 875y/85y 143Nd/M*Nd et

13TC-02B | —0.27 0.03 —0.14 0.03 4 0.74 0.10 3 0.707567 0.512401 —4.6

13TC-03 | —043 0.01 —0.21 0.01 4 0.70 0.12 2 0.707969 0.512365 —53
Replicate | —044 0.02 —0.22 0.01 4 0.73 0.03 3

13TC-04 | —0.42 0.01 —0.23 0.02 4 0.65 0.05 3 0.707944 0.512360 —54

13TC-05 | —0.36 0.03 —0.19 0.02 4 0.76 0.06 5 0.706450 0.512402 —4.6

13TC-06A 1] —0.31 0.03 —0.17 0.02 4 0.67 0.07 3 0.707592 0.512286 —6.9

13TC-06B 1] —0.34 0.02 —0.19 0.03 4 0.78 0.06 3 0.707593 0.512283 —6.9

13TC-06C Il —0.33 0.03 —0.17 0.01 4 0.73 0.10 3 0.707603 0.512284 —6.9
Replicate 1] —0.33 0.02 —-0.17 0.01 4 0.77 0.04 3 0.707583 0.512291 —6.8

13TC-06D Il —0.34 0.02 —0.17 0.02 4 0.79 0.02 3 0.707594 0.512287 —6.8

13TC-06E Il —0.34 0.04 —0.17 0.03 7 0.76 0.02 3 0.707615 0.512284 —6.9

13TC-06F 1] —0.36 0.02 —0.18 0.04 4 0.76 0.02 3 0.707645 0.512277 —-7.0

13TC-06G Il —0.36 0.02 —0.19 0.02 4 0.77 0.02 3 0.707543 0.512301 —6.6

13TC-06H Il —0.35 0.01 —0.18 0.03 4 0.75 0.07 3 0.707517 0.512306 —6.5

13TC-07 | —0.38 0.04 —0.19 0.03 4 0.78 0.12 2 0.706593 0.512367 —53
Replicate | —0.36 0.03 —0.18 0.01 4 0.80 0.04 3

13TC-10 Il —0.35 0.02 -0.17 0.03 4 0.71 0.06 3 0.707545 0.512288 —6.8

13TC-11 1] —0.36 0.02 —0.18 0.01 4 0.77 0.02 3 0.708883 0.512182 -89

Replicate Il —0.32 0.03 —0.16 0.01 4 0.76 0.10 3

13TC-12A Il —0.33 0.03 —0.18 0.03 4 0.75 0.07 4 0.708853 0.512184 -89

13TC-14 1] —0.32 0.03 —0.15 0.01 4 0.73 0.02 3 0.708550 0.512220 —8.1

13TC-15E 1] —0.31 0.03 —0.16 0.04 3 0.69 0.03 3 0.708533 0.512223 —8.1

13TC-16A Il —0.38 0.03 —0.20 0.02 4 0.77 0.04 3 0.708555 0.512220 —8.2

Standard

BHVO-2 —0.26 0.01 —0.14 0.01 4 0.76 0.02 19 0.703521 0.512975 6.6

BCR-2 —0.22 0.02 —0.10 0.03 4 0.705073 0.512641 0.1

Replicate —0.21 0.04 —0.10 0.04 4

NBS987 0.710294

JB-1 0.512787 29

JG-1a 0.512393 —4.8

Seawater 1.82 0.03 17

NIST 915a 0.02 0.02 26

@2SD = 2 standard deviation. bN = number for replicate analyses. €2SE = 2SD/sqrt(N), standard error. If only once or_twice analysis of the sample was

available, the error was set as 0.12%o based on the long-term measurements of seawater. ~eng = ((

("*Nd/"**Nd)chondrite = 0.512638.

14 14

Nd/ **Nd)sample/(' >Nd/ **Nd)chondrite — 1) X 10,000,

yielded §2°Mg = —0.26 + 0.01%o (25D, n = 4) for BHVO-2 and —0.22 + 0.02%o (25D, n = 4) for BCR-2 (Table 1),
which were consistent with published values within error (e.g., An et al,, 2014; Teng et al., 2007, 2015; Teng, Li,
Ke, et al.,, 2010; Teng, Li, Rudnick, et al., 2010).

3.3. Calcium Isotopes

Chemical purification for Ca isotopes follows the procedure described in H. L. Zhu et al. (2016) and F. Liu et al.
(2017). Briefly, before Ca purification, an aliquot containing ~50 pug Ca was mixed with an appropriate amount
of *>Ca-**Ca double spike solution to make an optimal 4°Casamp|e—42Caspi|<e ratio of 7 (F. Liu et al.,, 2017). The
mixture was then dried down and dissolved in 0.05 mL of 1.6 N HCI. Then it was loaded into a Teflon column
packed with 1T mL cation exchange resin Bio-Rad AG MP-50 (100-200 mesh). Ca was rinsed with 1.6 N HCI
media, and the column chemistry was carefully calibrated to ensure >99% yield. Calcium isotopic composi-
tions were measured by Triton TIMS at the SKLaBIG, GIG, CAS. *'K was monitored to correct isobaric interfer-
ence of *°K on *°Ca using “°K/*'K = 1.7384 x 10~>. Ca isotope data are reported as 5-notation relative to NIST
SRM 915a: 3**%°Ca = ((**Ca/*°Ca) sample/(**Ca/*°Ca)srm 9152 — 1) X 1,000. The raw Ca ratios were corrected by
42Ca-*3Ca double spike technique using an iterative algorithm with an exponential law adapted from Heuser
et al. (2002). NIST SRM 915a, IAPSO seawater, and BHVO-2 were routinely analyzed during the course of an
analytical session. The total procedural blanks were 20-70 ng, which were negligible compared to 50 ug
Ca loaded into the column. §*%°Ca is 0.02 + 0.02%o (2SE, standard error, n = 26) for NIST SRM 915a,
1.82 + 0.03%o0 (2SE, n = 17) for IAPSO seawater and 0.76 + 0.02%o (2SE, n = 19) for BHVO-2 (Table 1), which
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are consistent with previous studies (e.g., Amini et al., 2009; Farkas, Bohm, et al., 2007; Farkas, Buhl, et al., 2007;
Huang et al.,, 2010; Valdes et al., 2014).

3.4. Strontium and Neodymium Isotopes

Strontium isotopes were analyzed by Triton TIMS at GIG, CAS. Neodymium isotopes were determined using a
Neptune Plus MC-ICP-MS at USTC. Analytical methods were described by J. L. Chen et al. (2010) and Xu et al.
(2002). Instrument-related isotope bias was corrected using #85r/%°Sr = 8.375209 and "*°Nd/"**Nd = 0.7219.
The 875r/%5Sr value measured for SRM987 was 0.710294 + 6 (2SE), and "**Nd/"**Nd value for JNdi was
0512115 + 6 (2SE). The BHVO-2 and BCR-2 yielded average ®'Sr/%°Sr = 0703521 + 5 (2SE) and
0.705073 + 8 (2SE), respectively. The standard BHVO-2, BCR-2, JG-1a, and JB-1 gave
"3Nd/"*Nd = 0.512975 + 4 (2SE), 0.512641 + 4 (2SE), 0.512393 + 3 (2SE), and 0.512787 + 4 (2SE), respectively.
All results are presented in Table 1.

4, Results

Major and trace element compositions of Tengchong volcanic rocks are reported in Table S3. Five samples,
including 13TC-02B, 13TC-03, 13TC-04, 13TC-05, and 13TC-07, are classified as trachy-basalts (Group I); other
samples are trachy-andesites (Group Il). Within Group | samples, 13TC-02B, 13TC-03, and 13TC-04 have rela-
tively high loss on ignition (LOI; 2.43 to 3.35 wt.%), which suggests post-alteration processes, while others are
fresh with LOI close to zero. For Group | samples, SiO, contents vary from 50.8 wt.% to 53.4 wt.%, and K,O
contents range from 1.7 wt.% to 2.7 wt.%. For Group Il samples, SiO, contents range from 57.3 wt.% to
61.6 wt.%, and they are potassium-rich with K,O ranging from 3.3 wt.% to 4.1 wt.%.

The LREE and LILE enrichment in Group Il is greater than Group | (Figure S2). Both Group | and Group Il
samples show enrichment of LREE and display positive Pb anomalies and negative Nb, Ta, and Ti anomalies
(Figure S2), consistent with previous studies (Gao et al., 2015; Y. T. Zhang et al., 2012; Zhou et al,, 2012; Zou
et al, 2014). They have high ®Sr /8%Sr (0.706450 to 0.708883) and low eng (—4.6 to —8.9) signatures
(Table 1), within the range of reported data in previous studies (e.g., B. Q. Zhu et al,, 1983; F. Chen et al,,
2002; Zou et al,, 2014). Fresh volcanic rocks have ultra-high Th/U ratios, ranging from 8.5 to 10.5 (Table S3),
even higher than some well-known high Th/U lavas, such as the Gaussberg lavas (7.55 + 0.05, Williams
et al, 1992).

Mg and Ca isotopic compositions are listed in Table 1. Group Il samples have a narrow range of §2°Mg from
—0.31 +0.03%o0 (2SD, n = 4) to —0.38 £ 0.03%o (2SD, n = 4) with an average of —0.34 + 0.04%o (2SD, n = 14). Of
the altered samples with high LOI in Group |, 13TC-02B has the highest §2°Mg (—0.27 + 0.03%o, n = 4), while
13TC-03 and 13TC-04 show the lowest §*°Mg values (average = —0.43%o). 5°°Mg of the fresh Group | samples
(13TC-05 and 13TC-07) are similar with that of Group Il. Although these volcanic rocks have variable CaO
contents from 4.65 to 7.99 wt.%, they exhibit relatively homogenous Ca isotopic compositions with 54/
9Ca from 0.67 to 0.80%o. The variation of ***°Ca is only 0.13%o, which falls within the analytical precision
of £0.12%o (2SD).

5. Discussion

The relatively high LOIl in 13TC-02B, 13TC-03, and 13TC-04 (2.43-3.35 wt.%, Table S3) suggests that they have
experienced low-temperature alteration. During alteration, these samples could experience element migra-
tion and isotope fractionation, especially for Mg and Ca. Thus, these three samples are excluded, and only
13TC-05 and 13TC-07 in Group | are used for further discussion about their source composition. All Group |
and Group Il samples show similar chondrite-normalized REE diagrams, primitive mantle-normalized trace
elements patterns (Figure S2; McDonough & Sun, 1995), and consistent evolution trends (Figure S1).
Therefore, we conclude that they are derived from the same mantle source.

Magnesium isotopic compositions of the Tengchong volcanic rocks (—0.31 to —0.38%o) are slightly beyond
the range of typical oceanic basalts (—0.18 to —0.32%o; Teng, Li, Rudnick, et al., 2010). Similarly, their §**4°Ca
values (0.67 to 0.80%o) are systematically lower than the fertile mantle (0.94 + 0.05%o; Kang et al., 2017). These
isotopic signatures can possibly be attributed to several processes, such as source heterogeneity, magmatic
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processes, crustal contamination, and alteration. In the following, we first evaluate the process responsible for
the light Mg and Ca isotopic compositions and then discuss their origin and geodynamic implications.

5.1. Effect of Shallow Level Processes

Low-temperature alteration like chemical weathering can significantly fractionate the Mg and Ca isotopic
compositions of volcanic rocks (e.g., D. Liu et al, 2014; Ewing et al, 2008; Jacobson et al,, 2015; K. J.
Huang et al, 2012; Pogge von Strandmann et al., 2008; Teng, Li, Ke, et al, 2010; Tipper et al.,, 2008).
The three altered samples, 13TC-02B, 13TC-03, and 13TC-04, display considerable deviations in §*°Mg
(—0.27 + 0.03%0 to —044 + 0.02%o) and insignificant differences in §**°Ca (0.65 + 0.05%o to
0.74 + 0.10%o; Table 1).

High-K calc-alkaline rocks in Tengchong have high 8Sr/%°Sr and low yq (Table 1). However, these features do
not reflect crustal contamination. F. Chen et al. (2002) suggested that the large Pb-Sr isotopic deviations
between the country rocks and the volcanic rocks did not support significant crustal contamination. Zou
et al. (2014) proposed that the absence of xenocrystic zircons older than 300,000 years indicates negligible
effect of crustal contamination during the magma ascent. In addition, because the continental crust is
marked with high Sr content and high Sr/%6Sr while the mantle has low Sr content and low 8”5r/%Sr, a linear
correlation between 1/5r and 8/Sr/%%Sr should be observed if crustal contamination occurred. However, no
such correlation is found in our samples. Moreover, the remarkably high Th content and Th/U ratios (up to
10.5) preclude crustal assimilation because of the low Th content and Th/U of granulitic xenoliths
(Table S3; F. Wang et al,, 2006). Therefore, we conclude that the light Mg and Ca isotopic compositions
of the fresh Tengchong volcanic rocks are unlikely to be related with shallow level processes.

5.2. Mg and Ca Isotope Fractionation During Magmatic Processes

5.2.1. Fractional Crystallization

Tengchong volcanic rocks have experienced significant fractional crystallization, mainly involving olivine,
orthopyroxene, clinopyroxene, plagioclase, and hornblende (Figure S1; e.g., X. Li & Liu, 2012; Y. T. Zhang et al.,
2012; Zhou et al., 2012). Yang et al. (2009) showed that there were no measurable Mg isotopic differences
between olivine, orthopyroxene, and clinopyroxene in peridotite. S. A. Liu et al. (2010) suggested that horn-
blende and biotite in granitoids displayed similar Mg isotopic compositions. The limited intermineral fractio-
nation probably reflects the same coordination number of Mg (CN = 6) in these rock-forming minerals. Thus,
fractional crystallization of these minerals is not expected to cause Mg isotope variation in evolved magmas.
Our samples display no correlations between §°°Mg and SiO, content (Figure 2a), implying that magma
differentiation did not lead to measurable Mg isotope fractionation. This is in accordance with previous
studies that suggest limited Mg isotope fractionation occurs during basalt and granite differentiation (S. A.
Liu et al,, 2010; Teng et al., 2007; W. Y. Li et al., 2010).

With respect to Ca isotopes, the relatively heavy isotopic signatures of olivine and orthopyroxene (Huang
et al,, 2010; Kang et al., 2016) do not significantly affect bulk §***°Ca because of their low abundance of
CaO (usually <0.05 wt.% in olivine and <1 wt.% in orthopyroxene) compared to that of the whole rock
(~6.0 wt.%, Table S3). On the other hand, clinopyroxene, plagioclase, and hornblende are isotopically identi-
cal with the host volcanic rocks (Kang et al., 2016; Skulan et al., 1997), suggesting that the crystallization of
these minerals has limited effect on Ca isotope fractionation. Assuming that fractional crystallization can
fractionate Ca isotopes, large isotopic variation should be observed in basalts. However, §***°Ca of mafic
rocks are not correlated with their Ca or Mg contents (Amini et al., 2009; F. Liu et al.,, 2017). Moreover,
§*40Ca of Tengchong volcanic rocks show no correlations with SiO, (Figure 2b), which also indicates limited
Ca isotope fractionation during fractional crystallization.

5.2.2. Partial Melting

Previous studies demonstrated that no significant Mg isotope fractionation occurs during mantle melting
(Handler et al., 2009; S. A. Liu et al, 2010; Teng et al.,, 2007; Teng, Li, Rudnick, et al, 2010; W. Y. Li et al,,
2010; Yang et al., 2009). This is consistent with the lack of correlation between 826Mg and trace element
ratios, such as Sm/Yb and Ba/Y, which are strongly dependent on the degree of partial melting
(Figures 2c and 2e).

In contrast, Ca isotopes may fractionate during mantle melting. Previous studies on mantle minerals show
that olivine and orthopyroxene tend to be enriched in heavy Ca isotopes relative to clinopyroxene
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Figure 2. (a, b) 52°Mg or &

Ca versus SiO; and (c-d) Sm/Yb and (e-f) Ba/Y in the Tengchong volcanic rocks. Group | are trachy-basalts; Group Il are trachy-

andesites. Altered samples are not plotted here. Gray bar represents the widely accepted 626Mg of the mantle (—0.25 + 0.07%o; Teng, Li, Rudnick, et al.,

2010). Dashed gray bar represents the §

44/40Ca of the fertile mantle (0.94 + 0.05%o; Kang et al., 2017). Sm/Yb and Ba/Y are sensitive to partial melting, which will

increase when partial melting degree decreases.

(Huang et al., 2010; Kang et al,, 2016). When the mantle experiences partial melting, light Ca isotopes may
preferentially enter into melt because clinopyroxene is consumed first (Green, 1973; Jaques & Green, 1980).
As reported by Amini et al. (2009) and F. Liu et al. (2017), §**¥°Ca of ultramafic rocks are negatively
correlated with CaO and positively correlated with MgO, suggesting that Ca isotopes possibly fractionate
during partial melting of mantle peridotite. Recently, Kang et al. (2017) found that 5*/40Ca in moderately
depleted peridotites (1.07 + 0.04%o) from the Siberia craton are slightly higher than in fertile spinel and
garnet peridotites (0.94 + 0.05%o), indicating that light Ca isotopes preferentially partition into melt.
Therefore, partial melting of mantle peridotites may cause Ca isotope fractionation. Nevertheless, the
influence of subsequent magmatic differentiation seems to be insignificant. This is supported by the
following evidence: (1) No §*¥%°Ca deviations were observed for mafic rocks despite a wide range of Ca
contents (Amini et al,, 2009; F. Liu et al,, 2017); (2) As for our data, there are no relationships between
3*4°Ca and Sm/Yb and Ba/Y (Figures 2d and 2f). According to recent estimations from Kang et al. (2017),
partial melting of fertile mantle can produce observable isotope fractionation at melting degree >10%.
The degree of partial melting of Tengchong volcanic rocks, however, has already been demonstrated
to be only ~5% (Zhou et al, 2012), which can only result in shifts in §***°Ca of less than 0.05%o

LIU ET AL.

CARBONATES TRACKED BY MG AND CA ISOTOPES



@AG U Journal of Geophysical Research: Solid Earth

10.1002/2017JB014206

O Basalt (literature)
< Group | (fresh)
é O Group | (alteration)
9 < Group I
Average Basalts &
0.90 £ 0.28%o o — 00—
3
O

Fertile Mantle
0.94 %+ 0.05%0

g

R

—
NG
Q
080
—0= o o °
& Q o
*}%_9_ 08
7

e
0.0 02 04 06 0.81.01.214 16 1.8 2.0
644/40C6

Figure 3. 5*/40Ca values are shown relative to NIST SRM915a. Gray open

circles are terrestrial basalts (Amini et al., 2009; Depaolo, 2004; Fantle &
Tipper, 2014; Hindshaw et al., 2013; Holmden & Bélanger, 2010; Huang et al.,
2010; Jacobson et al.,, 2015; Simon & Depaolo, 2010; Skulan et al., 1997;
Valdes et al., 2014). Blue line represents the average 5*4%¢Ca of basalts. Gray
bars represent the 54403 of the fertile mantle (Kang et al., 2017). No
5*#40Ca variations were observed between Group | and Group II. Altered

(Kang et al,, 2017). In this study, §*4°Ca of Tengchong volcanic rocks have
a narrow variation from 0.67 to 0.80%o with an average of 0.74 + 0.08%o,
lower than the value of fertile mantle (0.94 + 0.05%o; Kang et al., 2017)
by nearly 0.2%o. This 0.2%o offset cannot be caused by partial melting
but should be related to the mantle source. Additionally, as illustrated in
Figure 3, our data are systematically lower than the average §**°Ca of
basalts (0.90 + 0.28%o; Amini et al., 2009; DePaolo, 2004; Fantle & Tipper,
2014; Hindshaw et al., 2013; Holmden & Bélanger, 2010; Huang et al.,
2010; Jacobson et al., 2015; Simon & DePaolo, 2010; Skulan et al., 1997;
Valdes et al., 2014), which may indicate that the mantle source beneath
Tengchong has isotopically lighter material. Therefore, we conclude that
the effect of partial melting on §*¥*°Ca is small (~0.05%o or less) in
Tengchong volcanic rocks, and their mantle source may be metasoma-
tized by isotopically light components.

5.3. The Origin of Low 5>°Mg and 5%4/4%Ca Volcanic Rocks

5.3.1. Low 5*°Mg and 5%*%°Ca Induced by Carbonate Metasomatism
Given the limited Mg and Ca isotope fractionation during shallow pro-
cesses and magmatic processes, the most likely mechanism to cause the
low §?®Mg and §**Cain the Tengchong volcanic rocks is that the mantle
source incorporated isotopically light components. Several geochemical
observations suggest that the Tengchong mantle source incorporates
recycled marine sediments. First, Tengchong volcanic rocks have ultra-
high Th/U ratios (vary from 8.5 to 10.5; Table S3), which are closely related
to metasomatism by components from subducted marine sediments
(F. Wang et al., 2006; Prelevi¢ et al., 2013; Sekine & Wyllie, 1983). The
Th/U ratios of sediments vary from less than 1 to greater than 10 due to
their different geochemical behaviors in marine system (Plank &
Langmuir, 1998). Slab-derived fluids are enriched in U relative to Th, and
thus, the ultra-high Th/U ratios may not reflect significant fluid additions.
Instead, high Th/U ratios reflect a mature and weathered source, such as
clay-rich sediments (Plank & Langmuir, 1998; Zou et al., 2014). Secondly,

samples displayed similar isotopic composition with the fresh samples.

Tengchong volcanic rocks have high Th/Yb (5-13) and low Ba/la
(11-15), indicating the input of sediment or sediment melts rather than
slab-derived fluids into the mantle source (Sun et al., 2004; Woodhead et al., 2001; X. M. Liu et al., 2014).
Additionally, the high Pb (12.8-28.9 ppm) and low Ce/Pb (4.7-6.3) also suggest the addition of sediments into
the mantle. Finally, Nd isotopes can be effectively used to trace the addition of sediments (e.g., Hawkesworth
et al,, 1997), and the good negative relationships between eyg and Th/Nd and Th/Nb (Figure 4) illustrate that
sediments have been recycled into the mantle.

Marine sediments could contain a significant fraction of carbonates. If the mantle source was previously
metasomatized by carbonatite melts derived from recycled sediments, the so-called “carbonatite finger-
prints” should be observed in volcanic rocks (Bizimis et al., 2003; Hoernle et al., 2002), which is characterized
by superchondritic Zr/Hf ratios (40-44; Table S3). In general, carbonates have extremely light Mg (Teng, 2017,
and references therein) and Ca (e.g., Fantle & DePaolo, 2005; Farkas, Bohm, et al., 2007; Farkas, Buhl, et al.,
2007; Tipper et al., 2006) isotopic compositions. The MgO content of dolostone can be up to 20 wt.%, which
is comparable to the depleted mantle (MgO = ~38 wt.%; Workman & Hart, 2005). The CaO content of the
depleted mantle is about 3 wt.% (Workman & Hart, 2005), while the CaO content of carbonates can be up
to 56 wt.%. Therefore, recycling carbonate-bearing sediments into the mantle will likely decrease §*Mg
and §**°Ca of the volcanic rocks (e.g, Ke et al, 2016). The low §**Mg and §*/*°Ca observed in
Tengchong volcanic rocks are most likely related to the incorporation of recycled carbonate component into
the mantle source of Tengchong volcanic rocks.

5.3.2. Species and Amount of the Recycled Materials

Many different isotopes have been previously applied to evaluate the amount and composition of carbo-
nates recycled into mantle source regions. For example, Huang et al. (2011) combined Ca and Sr isotopes
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Figure 4. e\g versus Th/Nb and Th/Nd for Tengchong volcanic rocks. Good negative relationships reflect that sediments were involved into the depleted mantle. Red
rhombus represent samples reported in this study, and others were reported in previous studies (e.g., Gao et al,, 2015; X. Li & Liu, 2012; Y. T. Zhang et al., 2012; Zhou
et al, 2012; Zou et al., 2014).

to trace recycled carbonates and proposed that the addition of 4% ancient carbonates into the Hawaiian
source could explain the variation of §*%Ca in Hawaiian shield lavas. D. Liu et al. (2015) identified
carbonatite metasomatism using Mg-Sr-Os isotopes and suggested that the variably low §°°Mg of Tibetan
ultrapotassic rocks could be attributed to carbonate-bearing sediments. Mg-Sr-O isotopes were employed
to study the origin of syenites from northwest Xinjiang, China, showing that syenites with low §**Mg were
caused by the incorporation of dolostone, limestone, and Indian sediment (Ke et al., 2016). In the modeling
of Mg and Srisotopes, S. G. Li et al. (2017) suggested that 1-10% recycled carbonates were responsible for the
low 826Mg anomaly of the continental basalts (<110 Ma) in eastern China. However, to date, there is no work
simultaneously using Mg and Ca isotopes to study the recycling carbonate components in the mantle source.
Here we attempted to quantitatively identify the composition of materials that subducted into the mantle
beneath Tengchong area through Mg and Ca isotopes.

Recycled sediments consist of carbonates, pelagic or red clays, and muds (Plank & Langmuir, 1998). Since
carbonate is an important Mg and Ca carrier and generally characterized with light Mg and Ca isotopes, deep
recycling of carbonates is potentially inducing heterogeneity of Mg and Ca isotopic composition in the
mantle. Both calcite and dolomite show lighter Mg and Ca isotopic compositions compared with fertile
mantle, yet calcite has lower MgO but higher CaO contents. Therefore, individual mantle sources metasoma-
tized by melts derived from recycled materials with different carbonate phases (e.g. calcite and dolomite) will
have different Mg and Ca isotopic compositions, which were then imprinted on corresponding magmas. In
order to constrain the species of carbonate involved in the mantle source, we make a simple two end-
member mixing model between the mantle and carbonates using Mg-Ca isotopic compositions (Table 2;
Figure 5). In this modal calculation, §*4°Ca of the depleted mantle is set as 1.00 + 0.05%o following the study
of Kang et al. (2017). Kang et al. (2017) defined the §*¥*°Ca of the fertile mantle as 0.94 + 0.05%o, while the
average of §*40Ca of moderately refractory peridotites was 1.07 + 0.05%o at melting degree >20%. Although
we can estimate the degree of partial melting of the Tengchong volcanic rocks (~5%; Zhou et al., 2012), the

Table 2
Parameters for Model Calculations
5%°Mg MgO (wt.%) 3*40ca CaO (wt.%) 875/80sy Sr (ppm) end Nd (ppm)
DMM® —0.25 38 1.00 3.17 0.70263 7.7 9.6 0.581
Dolostone® —34 21.7 04 30
Limestone© —-34 0.5 0.4 56
Carbonated —34 15.3 04 378 0.707 1,285 —-10 13
Clay sediments® —0.05 2.8 0.6 25 0.720 230 —14 70

DI\QM denotes the depleted mantle. Database: 52 Mg, Teng, Li, Rudnick, et al. (2010); 544/40Ca Kang et al. (2017); other data are from Workman and Hart (2005).

% Mg of dolostone is the average Mg isotopic composition of sedimentary carbonates (Teng, 2017, and references therein). 5*49Ca of dolostone is assumed to
be 0.4%o (e.g., Farkas2 Bohm et aI; 2007; Farkas, Buhl et al., 2007). MgO and CaO contents are calculated assuming that chemical formula of dolostone is
(CagsMgo5)CO3. 8 Mg and 5**4%Ca of limestone are evaluated to be the same as dolostone. MgO is assumed to be low. Ca0 is calculated by assuming that
limestone consists of pure carbonate. ~Carbonate is supposed to be composed of dolostone and limestone. The proportion between dolostone and limestone is
varied; here we set it as 0.7:0.3. Sr and Nd are from Plank and Langmuir (1998). “Clay sediments are complex mixtures, including clay and mud. §°°Mg is the
average value of sediments from W. Y. Li et al. (2010). 644/40Ca is estimated to be 0.6 (Fantle & DePaolo, 2005). Other data are estimated from Plank and
Langmuir (1998) and Richards et al. (2005).
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Figure 5. Mg-Ca isotopes mixing model of the depleted MORB mantle (DMM),

limestone, and dolostone. The labels on dashed curves are ratios of dolostone

to limestone. The percentage label on the curve is the proportion of limestone or
dolostone. Altered samples are not plotted here. Parameters and data source are

listed in Tables 1 and 2.

nature of peridotite in their mantle source (refractory or fertile) is
unknown, so we adopt a medium value (1.00 + 0.05%o) to represent
the isotopic composition of depleted mantle. According to our calcu-
lation, the different values (5**°Ca vary from 0.94 to 1.07%o) of the
depleted mantle will make little difference to the modeling results.
As illustrated in Figure 5, the dolostone (with proportions ranging
from 50% to 100%) might play a key role in the origin of the low
52°Mg and §**°Ca features in Tengchong volcanic rocks. The results
show that about 5-8% carbonate was incorporated into the depleted
mantle (Figure 5). However, incorporation of carbonates alone cannot
explain Sr and Nd isotopic compositions of these samples.

Clastic sediments have low Nd and high Sr isotopic compositions
(Plank & Langmuir, 1998), and their ’Sr/%Sr can be up to 0.765
(Richards et al., 2005). A small amount of sediments incorporated into
the depleted mantle could significantly increase 875r/%6sr and
decrease '**Nd/"**Nd. To further explain and verify the amount of
sediments recycled into the mantle, three components (depleted
MORB mantle (DMM), clay, and carbonate) are applied in the models

(Table 2, Figure 6). 87Sr/2%Sr and "**Nd/"**Nd of clay sediments are evaluated with the average values accord-
ing to Plank and Langmuir (1998) and Richards et al. (2005). In the plots of §°°Mg and §***°Ca versus 8”sr/%®sr
and eng (Figure 6), approximately 5-12% sediments recycled into the depleted mantle could explain the
isotope variations, generally consistent with the results of Mg-Ca isotopes mixing model.

Large amounts of carbonates are retained in the slab after subduction dehydration, which can be recycled
into the deep mantle at the depth of approximately 300 to 700 km (Kerrick & Connolly, 2001; Poli et al.,
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Figure 6. Isotopes mixing models of the DMM, clay, and carbonate. To simplify the calculation, marine sediments are regarded as carbonates plus clay sediments.
(@) Mg-5Sr, (b) Ca-Sr, (c) Mg-Nd, and (d) Ca-Nd. The labels on the dashed curves are the ratios of carbonate to clay. The percentage label on the curve is the
proportion of clay or carbonate involved into the mantle. Altered samples are not plotted here. Parameters and data source are listed in Tables 1 and 2.
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2009; Thomson et al., 2016). However, not all species of carbonates can survive beyond slab dehydration,
except those that are stable under high P-T conditions. To be specific, calcite is unstable at high pressures,
but it can be transformed to high-Mg carbonates (e.g., dolomite) through Ca-Mg exchange with silicates
(e.g., Dasgupta & Hirschmann, 2010; Kushiro, 1975). On the other hand, Wang, Teng, and Li (2014)
suggested that calcite-rich carbonates are unlikely to preserve their initial values to cause local mantle
isotope heterogeneity, but dolomite-rich carbonates are more capable to inherit their initial values during
subduction. Therefore, Mg-rich carbonate can be significant in the subducted slabs and carried into deep
mantle. This is consistent with our modeling calculation that carbonate is mainly composed of dolostone
(Figure 5).

The ongoing subduction of Indian Oceanic crust could bring water and sediments to the mantle source
region. Mg-rich carbonates (e.g., dolomite), which are shown to be stable under high P-T conditions, are also
recycled into the mantle transition zone (Thomson et al., 2016). Melting of these carbonate phases, together
with some recycled sediments, produces large amounts of aqueous carbonated silicate melts, which rise into
overlying mantle, lowering its solidus and triggering further magma formation (e.g., Johnson et al., 2009).
Geochemical compositions of the Tengchong volcanic rocks also favor such a complex metasomatic and flux
melting process. The enrichment of LILE and other fluid mobile elements (e.g., Rb, Ba, K, U, Th, and LREE) and
the depletion of most HFSE (especially Nb and Ta) of these Tengchong samples (Figure S2) strongly suggest
recycled crustal components in their mantle source. This may result from additions of LILE and fluid mobile
elements through varying proportions of fluids and aqueous carbonated silicate melts into the mantle source
(e.g., Kelemen et al., 2003; Wu et al., 2017).

5.4. Geodynamic Implications

We suggest that the light Mg and Ca isotopic compositions of Tengchong volcanic rocks are caused by the
incorporation of isotopically light carbonates derived from the subducted slab into their mantle source
region. The southeastern Tibetan Plateau suffered from three subduction events, including the
Neo-Tethyan Oceanic subduction, the Indian continental subduction, and the Indian Oceanic subduction
(e.g., Zhou et al., 2012). Hence, it is necessary to judge which subduction event could provide the carbonates.
Guo et al. (2015) proposed that Tengchong lavas were related to the interaction between modern Indian
margin sediments and the depleted mantle. However, the relatively low MgO content and the similar
8?°Mg of continental crust (Rudnick & Gao, 2003; Teng et al, 2013; Workman & Hart, 2005; Yang et al.,
2016) can hardly modify the §2°Mg of the mantle. On the other hand, 5***°Ca of modern carbonates (0.9%o;
e.g., Fantle, 2015; Griffith et al,, 2015) cannot affect the mantle’s composition significantly due to the small
difference in Ca isotopic compositions between them. Thus, the carbonates are most likely derived from
the oceanic crust.

On the basis of plate tectonic reconstructions, Neo-Tethyan Oceanic crust was subducted into the mantle
beneath Tengchong in the Cretaceous (Hafkenscheid et al., 2006; Van der Voo et al., 1999). Recently, high-
resolution seismic and tomographic data showed that a broad low-velocity zone extends down to the
410 km discontinuity with a high-velocity anomaly region at ~660 km (e.g., Lei et al., 2009, 2013; R. Zhang
et al,, 2017; Wei et al,, 2012). The high-velocity region might represent a cold and stagnant slab, probably
the Neo-Tethyan Oceanic slab (Figure 7; Zhou et al.,, 2012). According to modern GPS observations, the
India Oceanic plate is currently moving northward with a velocity of 30 mm per year (Figure 7; e.g., Lei et al.,
2013), which may account for the ~410 km discontinuity area beneath Tengchong region (Zhou et al., 2012).
As shown in Figure 7, the stagnant Neo-Tethyan slab might feed the Tengchong volcanoes, similar to the
model of the stagnant Pacific slab feeding the Cenozoic basalts in eastern China (e.g., S. G. Li et al., 2017).
However, the active Tengchong volcanism commenced at about 5 Ma (e.g., B. Q. Zhu et al., 1983), delayed
more than 50 Ma after India-Asia collision, implying that the trigger for mantle melting cannot be simply
attributed to volatile additions related to the subducted Neo-Tethyan Oceanic slab.

The Indian Oceanic crust, particularly the northern end of the Ninetyeast Ridge, is currently being subducted
beneath SW China and Burma (Zhou et al.,, 2012). This ridge is a linear, age-progressive seamount chain in the
India Ocean, fed by the Kerguelen plume (Figure 7). The plateau ridge would be more buoyant than adjacent
normal oceanic slab, causing a much flatter subduction at the ~410 km discontinuity (Figure 7b). As
illustrated in Figure 7, an older portion (115-126 Ma) of the Ninetyeast Ridge was close to the Tengchong area
(Figure 7; D. C. Zhu et al,, 2009; Frey et al,, 2011; Kent et al., 2002; Seno & Rehman, 2011; Storey et al., 1989;
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Figure 7. (a) Sketch map showing the Ninetyeast Ridge (orange colored). Volcanic rocks (yellow stars) are fed by the Kerguelen hotspot, and the traces of 73-132 Ma
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the direction of India Oceanic plate, and the velocity is shown on the side of arrow. (b) Schematic tectonic setting showing the origin of Tengchong lava. The traces
of 115-126 Ma age are located nearly beneath the mantle source of Tengchong. At about 5 Ma, a big change in plate motions would lead to ridge tearing and

partial melting of the mantle.
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Xia et al., 2014), meaning that the Cretaceous carbonates might have a contribution to the light Ca isotopic
composition. This is consistent with the published data that carbonates have relatively low 5**“°Ca during
the Cretaceous (Farkas, Bohm, et al., 2007).

Meanwhile, there was a major change in plate motions in the southeastern Tibetan Plateau at about 5 Ma
(Hall, 2002; Lee & Lawver, 1995). This tectonic change could lead to a tear of Indian Oceanic crust and the
extensional environment of the Burma-Tengchong terrane, consistent with the distributed extension-
induced normal or strike-slip faults in Tengchong volcanic field (Figure 1). More importantly, R. Zhang et al.
(2017) proposed that Tengchong volcanoes may originate from slab tearing of the subducting Indian plate
in the upper mantle (Figure 7). Consequently, we propose that the ancient marine carbonates are most likely
derived from the Indian Oceanic crust.

6. Conclusions

We report high-precision Mg and Ca isotopic compositions for the volcanic rocks in Tengchong, southeastern
Tibetan Plateau. The volcanic rocks show lower §2°Mg (—0.31 to —0.38%o) and §*¥40Ca (0.67 to 0.80%o) than
primitive mantle (—0.25 + 0.07%o and 0.94 + 0.05%o, respectively), which may indicate the incorporation of
carbonate-bearing sediments in the mantle source region. The negative relationships between gyg and
Th/Nd and Th/Nb, the ultra-high Th/U (8.5-10.5), high Th/Yb (5-13), and low Ba/La (11-15) of volcanic rocks
suggest that the mantle was metasomatized by aqueous melts derived from recycled components. Mg and
Ca isotopes did not fractionate during cal-alkaline magmatic process, since no correlations are observed in
the plots of §°°Mg and 5*440Ca versus SiO, contents and trace element abundance ratios (e.g., Sm/Yb and
Ba/Y). Mg-Ca isotopes modeling illustrates that 5-8% recycled carbonates are incorporated into the mantle
source through aqueous melt metasomatism. Combined with the geophysical data and the tectonic evolu-
tion of Tengchong, we propose that carbonates are probably derived from the Indian Oceanic crust.
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