
1. Introduction
Volatile elements such as carbon (C) play important roles in the evolution of the atmosphere and biosphere as 
well as influencing the rheological properties of the mantle and geochemical differentiation in the Earth's interior 
(Dasgupta & Hirschmann, 2010; Luth, 2014; Shirey et al., 2019). Evidence from arc magmatism, ultra-high-pres-
sure metamorphic rocks, and experimental studies suggests that most subducted C is retained in the descending 
slab and enters the deep mantle (Dasgupta & Hirschmann,  2010; Shirey et  al.,  2019; Thomson et  al.,  2016; 
Wallace, 2005). Experimental studies have shown that the melting of subducted carbonate occurs mainly in the 
transition zone, producing carbonatite melts (Thomson et al., 2016) that either react with mantle peridotite to form 
carbonatite-metasomatized peridotites or evolve further to form carbonated silicate melts and alkaline basalts at 
shallow depths (Dasgupta et al., 2013; Dasgupta & Hirschmann, 2010; Mallik & Dasgupta, 2013, 2014). There-
fore, carbonatite, carbonated silicate and alkaline basalt magmas can provide important information on C recy-
cling (Amsellem et al., 2020; Banerjee et al., 2021; Simon, 2022).
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Carbon may undergo strong isotopic fractionation during magma degassing, and substitutive geochemical proxies 
have been developed to elucidate the deep C cycle. For example, lighter δ 26Mg and δ 44/40Ca values relative to 
those of the mantle in mantle-derived mafic rocks have been interpreted as indicating the incorporation of recy-
cled sedimentary carbonates, with marine carbonates having light Mg and Ca isotopic compositions relative to the 
mantle (Amsellem et al., 2020; Banerjee et al., 2021; Cheng et al., 2018; Huang et al., 2011; Li et al., 2017; Tian 
et al., 2016). Whether these geochemical proxies accurately reflect the deep C cycle has been challenged. Recent 
studies suggest that low-δ 26Mg signatures in basalts may be produced by fractional crystallization of chromite 
(Su et al., 2019) or variable degrees of partial melting (Zhong et al., 2017). More importantly, carbonatite meta-
somatism may not produce lighter δ 26Mg values in mantle peridotite (Su et al., 2019). Subducted silicates  may 
also have low-δ 26Mg signatures after carbonate-silicate reactions during subduction (Wang et al., 2014; Wang & 
Li, 2022), resulting in a low-δ 26Mg mantle source with a low carbonate content (Li et al., 2017; Liu et al., 2022; 
Wang & Li, 2022). Furthermore, average δ 44/40Ca values of carbonate sediments are similar to those of Bulk Sili-
cate Earth (BSE) and most mantle peridotites (Blättler & Higgins, 2017). The δ 44/40Ca values of mantle peridotite 
affected by carbonatite metasomatism also overlap those of metasomatized silicate-melt mantle peridotite (Ionov 
et al., 2019; Kang et al., 2017).

Here we focus on Miocene silica-undersaturated alkaline basalts of the Western Qinling orogen, China, which are 
associated with carbonatites and contain mantle-derived xenoliths (Stoppa & Schiazza, 2013; Su et al., 2010; Yu 
et al., 2006). We describe major- and trace-element geochemical, and Sr–Nd–Mg–Ca isotopic compositions of 
these rocks. Results indicate that mantle involving recycled carbonates has normal to low δ 26Mg values, implying 
that low-δ 26Mg anomalies do not constitute evidence for the involvement of recycled carbonate. Although low 
δ 44/40Ca values can be attributed to recycled carbonate, Ca isotopes alone may also not provide the “smoking gun” 
evidence to trace recycled carbonate.

2. Geological Background and Samples
The Qinling Orogenic Belt was formed by collision between the North Qinling Block and South Qinling terrane 
along the Shangdan suture during the Paleozoic, and collision between the South Qinling terrane and South 
China Block along the Mianlue suture during the Late Triassic (Dong et al., 2011). The belt is divided into the 
East and West Qinling areas by the Baoji–Chengdu railway. The Western Qinling orogen (WQO) is bounded by 
the Songpan–Ganzi terrane to the south along the A'nimaqen–Mianlue suture and the Qilian terrane to the north 
along the Tangzang–Wushan–Tianshui Fault (Figure 1a; Dong et al., 2011).

Cenozoic alkaline basalt–carbonatite complexes in the WQO are distributed mainly in the south of Lixian County 
(Figure 1b) and include more than 30 outcrops occurring as volcanic pipes and related tuff rings and sub-volcanic 
intrusions (Stoppa & Schiazza, 2013; Yu et al., 2006). Individual outcrops usually cover areas of <1 km 2 (Dai 
et al., 2018; Yu et al., 2006). Phlogopite  40Ar/ 39Ar ages and perovskite U–Pb ages of the alkaline basalts suggest 
that the alkaline basalt–carbonatite complexes were erupted at 23–16 Ma (Liu et  al.,  2018; Yu et  al.,  2006). 
The alkaline basalts are porphyritic and contain phenocrysts of olivine, clinopyroxene, and phlogopite, with the 
proportions of different phenocrysts varying in individual outcrops. The groundmass comprises mainly clinopy-
roxene, nepheline, leucite, titanomagnetite, zeolite, perovskite, apatite, phlogopite and melilite. Carbonate glob-
ules and ocelli are common in the alkaline basalts (Dai et al., 2018; Stoppa & Schiazza, 2013; Yu et al., 2006). 
The WQO carbonatites are mainly calcite carbonatites, with some variability in Mg and Fe contents in intrusive 
facies (Stoppa & Schiazza, 2013; Yu et  al., 2006). Mantle-derived xenoliths entrained in these rocks include 
spinel lherzolite, garnet lherzolite, wehrlite, dunite, websterite and clinopyroxenite, all of which would have 
originated at depths of 75–120 km (Su et al., 2010, and references therein).

Twenty-one samples of alkaline basalt were collected from five outcrops around Baiguan Village (Figure 1b; 
Table 1). All samples are porphyritic with phenocrysts of mainly olivine and minor clinopyroxene (Figure 2a).  The 
olivine phenocrysts are subhedral to anhedral and 0.1–1.0  mm in size; clinopyroxene phenocrysts are euhe-
dral and 0.1–2.0 mm in size. The samples contain carbonate ocelli that comprise mainly euhedral–subhedral 
clinopyroxene. The groundmass consists of clinopyroxene, nepheline, titanomagnetite, zeolite, perovskite, and 
needle-like apatite, all of which have a uniform distribution (Figure 2b).
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3. Analytical Methods
3.1. Major and Trace Elements

Whole-rock major-element oxide and trace-element compositions were determined at the State Key Laboratory 
of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (SKLaBIG GIG 
CAS), by X-ray fluorescence spectroscopy (XRF; RIX 2000, Rigaku, Japan) and inductively coupled plasma–

Figure 1. (a) Depth of the thermal lithosphere corresponding to the 1250°C isotherm in and around the Western Qinling 
orogen (after Deng & Tesauro, 2016). (b) Geological map of the Lixian area (after Yu et al., 2006). LS, Lhasa terrane; QT, 
Qiangtang terrane; SG, Songpan–Ganzi terrane; WQO, Western Qinling orogen; QB, Qaidam Basin; TmB, Tarim Basin; SB, 
Sichuan Basin; QiL, Qilian orogeny; AMS, A'nimaqen–Mianlue suture; TWTF, Tangzang–Wushan–Tianshui Fault.
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Sample

14WQ01-1 14WQ02-4 14WQ03-1 14WQ03-02 14WQ04 14WQ06 14WQ07

33°58'44.2" 33°58'44.2" 33°58'44.6" 33°58'44.6" 33°58'44.6" 33°58'44.4" 33°58'44.4"

104°47'28.8" 104°47'28.8" 104°47'29.3" 104°47'29.3" 104°47'29.3" 104°47'28.8" 104°47'28.8"

SiO2 43.2 42.8 42.5 42.9 42.7 42.7 42.5

TiO2 3.29 3.19 3.30 3.36 3.24 3.29 3.32

Al2O3 9.15 8.91 8.79 9.02 9.09 8.84 8.81

TFe2O3 11.8 11.7 11.6 11.7 11.7 11.7 11.8

MnO 0.18 0.18 0.18 0.18 0.19 0.18 0.18

MgO 11.1 11.1 11.2 11.0 10.8 11.0 11.3

CaO 13.1 14.4 14.4 13.6 14.1 14.4 13.8

Na2O 2.30 1.31 0.92 1.80 1.51 1.34 1.15

K2O 2.63 1.64 1.68 2.27 2.02 1.88 2.11

P2O5 0.83 0.92 0.85 0.86 0.77 0.84 0.85

LOI 2.38 4.00 3.98 3.00 3.19 3.32 3.87

Total 99.92 100.03 99.34 99.75 99.36 99.57 99.77

CaO/Al2O3 1.4 1.6 1.6 1.5 1.6 1.6 1.6

P(GPa) 3.5 3.3 3.4 3.4 3.3 3.4 3.5

T(°C) 1380 1354 1357 1369 1357 1358 1375

Mg # 65 65 66 65 65 65 66

K2O/Na2O 1.1 1.3 1.8 1.3 1.3 1.4 1.8

Sc 19.7 19.8 20.0 20.4 20.1 20.0 19.7

V 196 191 197 201 201 196 197

Cr 246 249 255 251 265 246 254

Co 50.5 50.6 51.1 52.4 52.2 51.1 50.8

Ni 205 205 208 212 213 208 206

Cu 93.8 98.8 107 106 106 103 99.8

Zn 138 131 138 142 133 135 132

Ga 17.3 16.9 17.0 17.5 18.0 16.9 16.5

Ge 3.73 3.69 3.81 3.91 3.86 3.79 3.85

Rb 63.8 63.7 59.5 57.3 62.5 58.2 60.7

Sr 1142 1277 1286 1249 1170 1232 1202

Y 25.8 25.9 26.0 26.8 26.6 25.6 25.7

Zr 360 356 362 376 376 360 362

Nb 120 118 120 127 126 121 121

Cs 1.22 2.94 1.44 1.65 1.34 1.39 1.54

Ba 956 1116 948 1024 1019 1046 798

La 76.5 76.2 76.9 78.9 79.4 74.7 77.1

Ce 146 146 147 150 151 143 146

Pr 17.6 17.6 17.8 18.2 18.1 17.3 17.7

Nd 69.0 69.4 69.9 71.3 71.2 68.1 69.5

Sm 12.8 12.9 13.0 13.3 13.2 12.7 13.0

Eu 3.78 3.79 3.81 3.88 3.87 3.73 3.76

Gd 10.5 10.6 10.6 10.8 10.8 10.5 10.6

Tb 1.35 1.36 1.37 1.41 1.38 1.35 1.36

Table 1 
Major and Trace Elements and Sr-Nd Isotopic Compositions
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Table 1 
Continued

Sample

14WQ01-1 14WQ02-4 14WQ03-1 14WQ03-02 14WQ04 14WQ06 14WQ07

33°58'44.2" 33°58'44.2" 33°58'44.6" 33°58'44.6" 33°58'44.6" 33°58'44.4" 33°58'44.4"

104°47'28.8" 104°47'28.8" 104°47'29.3" 104°47'29.3" 104°47'29.3" 104°47'28.8" 104°47'28.8"

Dy 6.53 6.52 6.62 6.66 6.68 6.43 6.50

Ho 1.09 1.10 1.11 1.14 1.12 1.11 1.12

Er 2.46 2.47 2.49 2.56 2.53 2.42 2.46

Tm 0.301 0.299 0.311 0.312 0.314 0.298 0.303

Yb 1.75 1.73 1.77 1.81 1.80 1.76 1.74

Lu 0.239 0.244 0.250 0.251 0.249 0.245 0.245

Hf 8.00 7.76 7.98 8.19 8.12 7.84 7.93

Ta 5.59 5.55 5.63 5.89 5.82 5.65 5.66

Pb 5.26 5.54 6.14 5.45 5.53 6.32 5.38

Th 10.5 10.1 10.6 11.1 11.3 10.5 10.8

U 2.42 2.41 2.43 2.57 2.55 2.38 2.41

Zr/Hf 44.9 45.9 45.4 45.9 46.3 46.0 45.7

La/Yb 44 44 43 44 44 43 44

Dy/Yb 3.7 3.8 3.7 3.7 3.7 3.7 3.7

Hf/Sm 0.62 0.60 0.61 0.61 0.61 0.62 0.61

Nb/U 49.7 49.2 49.4 49.4 49.5 51.0 50.3

Nb/Zr 0.33 0.33 0.33 0.33 0.34 0.34 0.34

 87Rb/ 86Sr 0.162 0.133 0.155 0.146

 87Sr/ 86Sr 0.704034 0.704014 0.704187 0.704113

2σ 0.000006 0.000007 0.000008 0.000008

( 87Sr/ 86Sr)i 0.70398 0.70397 0.70414 0.70407

 147Sm/ 144Nd 0.1123 0.1129 0.1122 0.1129

 143Nd/ 144Nd 0.512812 0.512816 0.512819 0.512814

2σ 0.000004 0.000005 0.000004 0.000005

( 143Nd/ 144Nd)i 0.512796 0.512800 0.512803 0.512798

εNd(22Ma) 3.6 3.7 3.8 3.7

Sample

14WQ14 14WQ15 14WQ15R 14WQ17 14WQ18 14WQ20 14WQ21

33°57'4.3" 33°57'4.3" 33°57'4.3" 33°57'4.3" 33°57'4.3" 33°58'22.8" 33°58'22.8"

104°52'9.5" 104°52'9.5" 104°52'9.5" 104°52'9.5" 104°52'9.5" 104°54'15.1" 104°54'15.1"

SiO2 39.9 39.9 39.0 40.6 40.5 40.6 41.4

TiO2 2.92 3.04 2.90 3.26 3.16 2.88 2.91

Al2O3 6.98 7.09 7.28 7.55 7.72 8.08 8.52

TFe2O3 11.4 11.3 11.2 11.3 11.1 11.5 11.7

MnO 0.18 0.17 0.17 0.18 0.15 0.17 0.17

MgO 19.7 19.1 19.0 17.1 16.3 13.9 13.3

CaO 12.5 12.7 12.9 13.5 13.0 14.6 14.1

Na2O 0.44 0.40 0.46 1.14 0.86 2.06 1.82

K2O 0.57 0.58 0.61 1.08 0.86 1.58 1.44

P2O5 1.28 1.38 1.52 1.15 1.06 0.98 1.03

LOI 3.92 4.00 4.32 2.70 4.67 3.49 3.22
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Table 1 
Continued

Sample

14WQ14 14WQ15 14WQ15R 14WQ17 14WQ18 14WQ20 14WQ21

33°57'4.3" 33°57'4.3" 33°57'4.3" 33°57'4.3" 33°57'4.3" 33°58'22.8" 33°58'22.8"

104°52'9.5" 104°52'9.5" 104°52'9.5" 104°52'9.5" 104°52'9.5" 104°54'15.1" 104°54'15.1"

Total 99.96 99.64 99.42 99.56 99.47 99.79 99.68

CaO/Al2O3 1.8 1.8 1.8 1.8 1.7 1.8 1.7

P(GPa) 4.2 4.2 4.0 3.9 3.9 3.6 3.5

T(°C) 1492 1479 1472 1451 1441 1402 1394

Mg # 77 77 77 75 74 71 69

K2O/Na2O 1.3 1.5 1.3 0.9 1.0 0.8 0.8

Sc 17.5 18.2 17.4 18.7 17.1 19.8 19.9

V 147 157 150 165 155 185 190

Cr 693 671 666 575 569 434 446

Co 62.1 62.3 60.9 59.1 54.2 56.2 57.1

Ni 539 527 516 461 417 390 396

Cu 75.4 75.5 73.8 72.5 73.0 70.5 66.9

Zn 133 130 131 130 124 128 137

Ga 14.8 15.2 15.0 15.3 14.8 15.3 15.6

Ge 4.07 4.29 4.16 4.31 4.04 3.83 4.04

Rb 17.6 19.4 20.5 31.7 24.9 37.1 35.6

Sr 1488 1760 1579 2314 1333 1018 1033

Y 26.4 27.5 27.9 29.4 26.7 23.6 24.6

Zr 381 393 378 405 394 314 329

Nb 137 142 137 146 134 122 128

Cs 0.364 0.391 0.376 0.304 0.442 0.336 0.374

Ba 942 1057 1254 1680 1388 704 431

La 117 122 119 119 111 90.3 93.9

Ce 223 231 224 224 211 170 175

Pr 26.7 27.3 26.7 26.5 25.1 20.0 20.4

Nd 102 104 102 102 96.0 77.0 78.1

Sm 17.5 18.0 17.7 17.8 16.7 13.5 13.9

Eu 4.83 5.00 4.93 5.05 4.76 3.90 4.00

Gd 13.4 14.0 13.9 14.2 13.0 10.8 11.2

Tb 1.59 1.64 1.62 1.70 1.56 1.32 1.35

Dy 7.19 7.44 7.35 7.76 7.13 6.19 6.38

Ho 1.15 1.21 1.20 1.26 1.16 1.02 1.05

Er 2.45 2.52 2.48 2.68 2.44 2.23 2.32

Tm 0.280 0.291 0.300 0.310 0.292 0.270 0.284

Yb 1.59 1.62 1.63 1.72 1.63 1.54 1.64

Lu 0.206 0.214 0.214 0.233 0.215 0.216 0.223

Hf 7.83 8.26 7.82 8.48 8.23 6.78 6.97

Ta 5.80 5.93 5.82 5.95 5.59 5.47 5.69

Pb 5.73 5.24 4.88 5.22 5.22 3.94 4.41

Th 15.2 15.4 15.0 14.6 14.0 12.0 12.3

U 3.07 3.18 3.10 3.18 2.97 2.51 2.68
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Table 1 
Continued

Sample

14WQ14 14WQ15 14WQ15R 14WQ17 14WQ18 14WQ20 14WQ21

33°57'4.3" 33°57'4.3" 33°57'4.3" 33°57'4.3" 33°57'4.3" 33°58'22.8" 33°58'22.8"

104°52'9.5" 104°52'9.5" 104°52'9.5" 104°52'9.5" 104°52'9.5" 104°54'15.1" 104°54'15.1"

Zr/Hf 48.7 47.5 48.2 47.7 47.9 46.2 47.1

La/Yb 74 75 73 69 68 59 57

Dy/Yb 4.5 4.6 4.5 4.5 4.4 4.0 3.9

Hf/Sm 0.45 0.46 0.44 0.48 0.49 0.50 0.50

Nb/U 44.8 44.5 44.1 45.8 45.0 48.7 47.7

Nb/Zr 0.34 0.36 0.36 0.36 0.36 0.34 0.39

 87Rb/ 86Sr 0.034 0.040 0.105 0.100

 87Sr/ 86Sr 0.704606 0.705158 0.704388 0.704374

2σ 0.000006 0.000008 0.000009 0.000007

( 87Sr/ 86Sr)i 0.70459 0.70515 0.70435 0.70434

 147Sm/ 144Nd 0.1038 0.1057 0.1056 0.1071

 143Nd/ 144Nd 0.512813 0.512806 0.512829 0.512817

2σ 0.000004 0.000005 0.000005 0.000005

( 143Nd/ 144Nd)i 0.512798 0.512791 0.512813 0.512801

εNd(22Ma) 3.7 3.5 4.0 3.7

Sample

14WQ22 S1 S2 S3 S4 S5 14WQ10

33°58'22.8" 33°57'5.9" 33°57'5.9" 33°57'5.9" 33°57'5.9" 33°57'5.9" 33°57'5.9"

104°54'15.1" 104°51'3.8" 104°51'3.8" 104°51'3.8" 104°51'3.8" 104°51'3.8" 104°51'3.8"

SiO2 40.9 41.0 40.2 40.6 40.7 40.9 40.8

TiO2 2.98 3.11 3.12 3.13 3.09 3.18 3.23

Al2O3 8.60 7.78 7.44 7.67 7.57 7.63 7.10

TFe2O3 11.3 11.5 11.6 11.4 11.6 11.6 12.1

MnO 0.17 0.16 0.16 0.16 0.16 0.16 0.20

MgO 15.7 16.9 17.4 17.3 17.2 17.1 16.6

CaO 13.0 12.8 12.6 12.5 12.8 12.7 12.8

Na2O 1.07 2.46 2.08 2.05 2.20 2.39 2.19

K2O 1.00 1.78 2.74 2.26 2.34 1.73 2.71

P2O5 1.03 1.27 1.20 1.07 1.12 1.21 1.04

LOI 3.74 1.40 0.90 1.70 1.31 1.34 0.50

Total 99.56 100.04 99.48 99.85 100.08 99.85 99.32

CaO/Al2O3 1.5 1.6 1.7 1.6 1.7 1.7 1.8

P(GPa) 3.6 3.9 4.2 4.1 4.1 4.0 4.3

T(°C) 1429 1466 1499 1487 1484 1471 1493

Mg # 73 74 75 75 75 75 73

K2O/Na2O 0.9 0.7 1.3 1.1 1.1 0.7 1.2

Sc 19.1 18.7 19.1 18.3 18.9 18.2 18.9

V 184 161 156 164 162 157 169

Cr 435 629 626 620 602 606 666

Co 55.2 63.6 64.2 62.7 63.7 63.7 64.6

Ni 380 539 545 553 541 548 550
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Table 1 
Continued

Sample

14WQ22 S1 S2 S3 S4 S5 14WQ10

33°58'22.8" 33°57'5.9" 33°57'5.9" 33°57'5.9" 33°57'5.9" 33°57'5.9" 33°57'5.9"

104°54'15.1" 104°51'3.8" 104°51'3.8" 104°51'3.8" 104°51'3.8" 104°51'3.8" 104°51'3.8"

Cu 64.8 161 120 111 117 129 111

Zn 123 142 145 139 139 143 152

Ga 15.6 16.2 15.8 15.9 15.9 16.0 15.7

Ge 3.96 4.19 4.34 4.25 4.37 4.19 4.53

Rb 22.6 49.7 58.0 49.7 53.7 47.7 57.5

Sr 1384 1686 1858 1556 1691 1619 1537

Y 24.0 30.7 31.7 30.6 31.1 29.9 31.1

Zr 318 418 430 426 425 418 436

Nb 123 145 144 141 145 142 146

Cs 0.180 0.583 0.690 0.583 0.702 0.467 0.559

Ba 1207 1070 1384 753 1283 922 926

La 92.3 118 126 119 122 119 124

Ce 172 221 237 223 230 222 233

Pr 20.3 26.2 28.3 26.5 27.3 26.2 27.6

Nd 76.9 101 109 102 105 101 106

Sm 13.6 17.6 19.0 17.9 18.3 17.6 18.8

Eu 3.95 5.02 5.38 5.12 5.17 5.00 5.33

Gd 11.0 14.0 15.0 14.2 14.5 14.0 14.9

Tb 1.35 1.71 1.81 1.74 1.77 1.71 1.83

Dy 6.29 7.78 8.32 8.01 8.12 7.88 8.26

Ho 1.05 1.29 1.36 1.30 1.33 1.28 1.35

Er 2.31 2.76 2.84 2.79 2.81 2.75 2.83

Tm 0.279 0.317 0.334 0.324 0.325 0.321 0.329

Yb 1.63 1.81 1.85 1.82 1.81 1.82 1.86

Lu 0.223 0.240 0.248 0.244 0.245 0.243 0.250

Hf 6.94 8.62 8.96 8.98 8.89 8.81 9.22

Ta 5.61 5.78 6.01 5.80 5.92 5.80 5.99

Pb 4.87 0.564 5.24 1.18 3.96 0.499 2.05

Th 12.1 14.9 16.1 15.1 15.5 15.1 15.8

U 2.48 3.31 3.28 3.27 3.36 3.36 3.44

Zr/Hf 45.8 48.5 48.0 47.4 47.8 47.4 47.2

La/Yb 57 65 68 65 67 65 67

Dy/Yb 3.9 4.3 4.5 4.4 4.5 4.3 4.4

Hf/Sm 0.51 0.49 0.47 0.50 0.49 0.50 0.49

Nb/U 49.7 43.8 43.9 43.2 43.2 42.3 42.5

Nb/Zr 0.39 0.39 0.35 0.33 0.33 0.34 0.34

 87Rb/ 86Sr 0.085 0.090 0.092 0.092 0.085

 87Sr/ 86Sr 0.704007 0.703831 0.703823 0.703886 0.704005

2σ 0.000007 0.000007 0.000008 0.000008 0.000008

( 87Sr/ 86Sr)i 0.70398 0.70380 0.70379 0.70386 0.70398

 147Sm/ 144Nd 0.1056 0.1051 0.1061 0.1058 0.1054
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mass spectrometry (ICP–MS; Sciex ELAN 6000, Perkin-Elmer, USA), respectively. Analytical uncertainties are 
1%–5% for major-element oxides and 3% RSD (relative standard deviation) for most reference-material elements 
analyzed by ICP-MS. Analytical procedures are described in Li et al. (2002).

3.2. Whole-Rock Sr-Nd Isotopic Compositions

Separation and purification of Sr-Nd isotopes were undertaken at the Key Laboratory of Crust-Mantle Materials 
and Environments, University of Science and Technology of China (USTC), Hefei, China. Digested samples 
by HF + HNO3 were evaporated twice at 130°C–150°C and redissolved in 6 M HCl to remove fluorides. The 
final residue was dissolved in 1 mL 3M HCl and centrifuged. Sr and rare-earth elements (REEs) were isolated 
on quartz columns by conventional ion-exchange chromatography with 5 mL Bio Rad AG 50W-X12, 200–400 
mesh cation-exchange resin. Nd was separated from REEs on quartz columns containing 1.7 mL Teflon powder 
coated with HDEHP (di(2-ethylhexyl)orthophosphoric acid) as a cation-exchange medium. Further details are 
provided by Chen et al. (2000). Sr and Nd isotopic ratios of selected samples were determined using a Micromass 
Isoprobe multi-collector mass spectrometer (MC-ICP-MS) at SKLaBIG GIG CAS, using procedures similar 
to those of Li et al. (2004). Measured  87Sr/ 86Sr and  143Nd/ 144Nd ratios were normalized to  86Sr/ 88Sr = 0.1194 
and  146Nd/ 144Nd = 0.7219, respectively. Analyses of NBS-SRM 987 and the Shin Etsu JNdi-1 standards during 
this study yielded average values of  87Sr/ 86Sr = 0.710253 ± 0.000010 (n = 10; 2SD) and  143Nd/ 144Nd = 0.51210
9 ± 0.000003 (n = 6; 2SD).

3.3. Whole-Rock Mg-Ca Isotopic Compositions

Rock powders were digested in concentrated HF–HNO3 (3:1) in a 7 mL PFA beaker at 110°C for 2–3 days samples, 
then dried and refluxed with 6 M HCl up to three times until completely dissolved. Sample solutions were divided 
in half for further separation and purification of Mg-Ca isotopes, respectively. Separation and purification of Mg 
isotopes were carried out at SKLaBIG GIG-CAS, following the procedure of An et al. (2014). Sample solutions 
were evaporated to dryness, redigested with aqua regia and dried again before final dissolution in 1 mL 2M 
HNO3 for chromatographic separation. Mg separation involved Bio-Rad AG50W-X12 (200–400 mesh) resin. 
Column chemistry was run in batches of 12 samples, and two reference materials and two blanks were processed 
with each batch. Total procedural blank was <6 ng Mg, negligible compared to ∼50 μg of Mg loaded onto the 
column. Mg isotopic ratios were determined by Nu Plasma 1700 MC-ICP-MS at SKLaBIG GIG-CAS, using the 
sample–standard bracketing method. The international standard DSM-3 was measured for bracketing standard, 
and reference materials BCR-2, BHVO-2, W-2 and GSP-2 and one in-house pure Mg solution standards IGGMg1 
were measured for δ 26Mg values to evaluate analytical quality and reproducibility. The internal precision of meas-
ured  26Mg/ 24Mg ratios, based on at least three analyses of the same sample solution, was ≤0.05‰ (2SD). The 
long-term external reproducibility of  26Mg/ 24Mg ratios was better than ±0.07‰ (2SD). Results are reported in 
standard δ-notation that is defined as δ XMg = [( XMg/ 24Mg)sample/( XMg/ 24Mg)DSM3–1]*1000, where X = 25 or 26.

Table 1 
Continued

Sample

14WQ22 S1 S2 S3 S4 S5 14WQ10

33°58'22.8" 33°57'5.9" 33°57'5.9" 33°57'5.9" 33°57'5.9" 33°57'5.9" 33°57'5.9"

104°54'15.1" 104°51'3.8" 104°51'3.8" 104°51'3.8" 104°51'3.8" 104°51'3.8" 104°51'3.8"

 143Nd/ 144Nd 0.512810 0.512835 0.512823 0.512834 0.512821

2σ 0.000005 0.000005 0.000005 0.000005 0.000006

( 143Nd/ 144Nd)i 0.512795 0.512820 0.512808 0.512819 0.512806

εNd(22Ma) 3.6 4.1 3.9 4.1 3.8

Note. Mg # = Mg 2+/(Mg 2++Fe2 +)*100;  87Rb/ 86Sr and  147Sm/ 144Nd are calculated using whole-rock Rb, Sr, Sm and Nd contents; ( 87Sr/ 86Sr)i = ( 87Sr/ 86Sr)s − ( 87Rb/ 86Sr)
s × (e λt −1), ( 143Nd/ 144Nd)i = ( 143Nd/ 144Nd)sample − ( 147Sm/ 144Nd)sample × (e λt−1), εNd(t) = [( 143Nd/ 144Nd)s / ( 143Nd/ 144Nd)CHUR − 1] × 10000, with t = 22 Ma in this 
study. Melting pressures and temperatures were calculated by thermobarometry for CO2-rich, silica-undersaturated melts (Sun & Dasgupta, 2020).
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Separation and purification of Ca isotopes were also undertaken at SKLaBIG GIG-CAS, following the procedure 
of Zhu et al. (2016, 2018). Sample solutions were evaporated to dryness before finally dissolution in 1.6 M HCl. 
An aliquot containing ∼50 μg Ca was mixed with an appropriate amount of  42Ca- 43Ca double spike solution and 
the spiked sample solution was loaded onto a Teflon column packed with 1 ml pre-cleaned Bio-Rad AG MP-50 
(100–200 mesh) cation-exchange resin. Ca was eluted with 1.6 M HCl with a >99% Ca yield. The separation 
procedure was repeated twice to obtain a pure Ca solution. Blanks of the digestion and chemical procedures are 
<50 ng, which is insignificant relative to the amount of Ca processed. Calcium isotopic compositions were deter-
mined by thermal ionization mass spectrometer (Thermo Triton) at SKLaBIG GIG-CAS. The NIST SRM915a 
carbonate standard and IAPSO seawater standard IAPSO were analyzed routinely during analytical sessions 
to monitor instrumental stability. Ca isotopic data are expressed relative to NIST SRM915a and reported as 
δ 44/40Ca (‰) = [( 44Ca/ 40Ca)sample/( 44Ca/ 40Ca)NIST SRM 915a−1] in this study. The internal precision (reproducibility) 
of δ 44/40Ca values was ±0.08‰ (2SE) based on triplicate analyses of each sample solution. The 2SD range of 
average δ 44/40Ca in SRM915a was ±0.13‰ (n = 61), representing long-term external precision.

4. Results
4.1. Whole-Rock Major- and Trace-Element Compositions

The alkaline basalt samples have SiO2, Al2O3, CaO, and TiO2 contents of 39.0–43.2, 6.98–9.15, 12.5–14.6, 
and 2.88–3.36 wt.%, respectively, with CaO/Al2O3 ratios of 1.4–1.8 (Table 1). The samples have variable MgO 
contents of 10.8–19.7 wt.%, but relatively uniform total Fe2O3 contents of 11.1–12.1 wt.% and Mg # values of 
65–77. On total-alkali–silica (TAS) diagrams, the rocks plot mainly in the foidite–picrobasalt–basanite field 
(Figure 3a) with a wide range of K2O/Na2O ratios (0.7–1.9). MgO content is inversely related to Al2O3 content 
(Figure 3b) but has no correlation with total Fe2O3, SiO2, CaO, or TiO2 contents (Figures 3c–3f). All analyzed 
samples are enriched in light REEs (Figure 4a) with La/Yb and Dy/Yb ratios of 43–75 and 3.7–4.5 (Table 1), 
respectively. The primitive-mantle-normalized trace element diagram (Figure  4b) indicates enrichment in 
large-ion lithophile elements, Nb, and Ta, with negative Pb–Zr–Hf–Ti anomalies. Sample Nb/U ratios of 42–51 
(Table 1) are similar to those of intraplate oceanic basalts (47 ± 10). The studied samples have ( 87Sr/ 86Sr)i ratios 
of 0.7038–0.7051 and εNd(22Ma) values of 3.5–4.1 (Figure 5a). Combining our results with published data (Dai 
et al., 2017, 2018; Liu et al., 2018; Yu et al., 2006), we observe that high  87Rb/ 86Sr ratios (>0.12) samples have a 
narrow range of ( 87Sr/ 86Sr)i ratios (0.7038–0.7043), while low  87Rb/ 86Sr ratios (<0.12) samples have higher and 
variable ( 87Sr/ 86Sr)i ratios (0.7038–0.7059; Figure 5b).

Figure 2. Backscattered-electron images of Miocene alkaline basalts of the Western Qinling orogen. Ol, olivine; Cpx, clinopyroxene; Ne, nepheline; Prv, perovskite; 
Ti-Mag, titanomagnetite; Ap, apatite; Zeo, zeolite.
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4.2. Whole-Rock Mg–Ca Isotopic Compositions

Magnesium and calcium isotopic compositions of studied samples and standards are reported in Table 2. The 
δ 26Mg values of the studied WQO alkaline basalts are between −0.24‰ and −0.44 ‰, ranging from mantle-like 
values (δ 26Mg = −0.25‰ ± 0.07‰; Teng, 2017) to lower values (Figure 6). All samples have a narrow range of 

Figure 3. (a) Total-alkali–SiO2 (TAS) diagram. (b–f) MgO versus Al2O3, total Fe2O3, SiO2, CaO, and TiO2 diagrams. Melts produced by partial melting of carbonated 
peridotite (Dasgupta et al., 2007, 2013) and carbonated eclogite (Hammouda, 2003; Kiseeva et al., 2012), and by reaction between carbonated eclogite-derived melts 
and mantle peridotite (Mallik & Dasgupta, 2013, 2014) are shown for comparison. Data for Miocene alkaline basalts of the Western Qinling orogen are from Dai 
et al. (2017, 2018), Liu et al. (2018) and Yu et al. (2006).
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δ 44/40Ca values (0.63‰–0.77‰; Figure 7a), which are lower than Bulk Silicate Earth (0.94‰ ± 0.05‰; Kang 
et al., 2017).

5. Discussion
5.1. Mantle Source of the WQO Alkaline Basalt

Seismic observations have revealed that the lithosphere–asthenosphere boundary beneath the study area is at 
∼120  km depth (Figure  1a; Deng & Tesauro,  2016). Sample melting conditions estimated by thermobarom-
etry for CO2-rich, silica-undersaturated melts (Sun & Dasgupta, 2020) are in the range of 1350–1500°C and 
3.3–4.3 GPa with an uncertainty of ±49°C and ±0.5 GPa, respectively (Table 1). Such melting pressures corre-
spond to depths of 105–135 (±20) km [depth (km) = 4.2 + 3.03P]. This suggests that the WQO alkaline basalts 
originated from the base of the lithospheric and/or asthenospheric mantle, although their distinct differences in 
trace-element and isotopic compositions from those of the lithospheric mantle suggest an asthenospheric origin is 
more likely. Mantle xenoliths entrained in the WQO alkaline basalts record a wide pressure range of 2.1–3.8 GPa 
(Su et al., 2010, and references therein), corresponding to depths of 70–120 km. Therefore, the xenoliths provided 
information on the geochemistry of the lithospheric mantle beneath the study area. They are characterized by posi-

Figure 4. (a) Chondrite-normalized rare-earth element and (b) primitive-mantle-normalized trace-element diagrams for Miocene alkaline basalts of the Western 
Qinling orogen. Normalizing values are from Sun and McDonough (1989); trace-element compositions of mantle xenoliths are from Su et al. (2012); other data sources 
are as in Figure 3.

Figure 5. (a) Whole rock Sr–Nd isotopic ratio diagram. (b)  87Rb/ 86Sr–( 87Sr/ 86Sr)i diagram. Data sources are as in Figure 3.
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tive Pb–Zr–Hf anomalies (Figure 4b) and high Hf/Sm ratios (0.96–1.8; Su et al., 2012), whereas the WQO alkaline 
basalts have negative Pb–Zr–Hf anomalies (Figure 4b) and low Hf/Sm ratios (0.39–0.64; Dai et al., 2017, 2018; 
Lai et  al., 2014; Liu et  al., 2018; this study). Although the mantle xenoliths and WQO alkaline basalts have 
similar Sr–Nd isotopic ratios (Figure 5a), they display distinct Pb isotopic compositions with  206Pb/ 204Pb ratios of 
16.083–18.020 for the mantle xenoliths and 18.088–19.441 for the alkaline basalts (Liu et al., 2018). We therefore 
conclude that the WQO alkaline basalts were sourced from the asthenospheric mantle.

The WQO alkaline basalts contain mantle-derived xenoliths (Su et al., 2010, 2012) and have high Nb/U ratios 
(42–51), indicating that they ascended to the surface rapidly without undergoing significant fractional crystalli-
zation or crustal contamination. Consequently, their geochemical compositions were inherited from their mantle 
source. The WQO alkaline basalt samples are strongly enriched in incompatible elements and have enriched 
Sr–Nd isotopic compositions relative to those of depleted mantle (Figures 4 and 5a), suggesting that their mantle 
source was metasomatized asthenospheric mantle containing recycled crustal material. The occurrence of associ-
ated carbonatites (Dai et al., 2018; Stoppa & Schiazza, 2013; Yu et al., 2006) suggests the involvement of recycled 
carbonate in the mantle source. The high Zr/Hf (38–65) and low Hf/Sm (0.39–0.64) ratios of the basalt relative 
to primitive-mantle values of 36 and 0.69, respectively (Sun & McDonough,  1989), also suggest carbonatite 
metasomatism in the mantle source (Foley et al., 2009; Yaxley et al., 1998).

Experimental studies indicate that carbonatite–alkaline complexes can be derived from direct partial melt-
ing of carbonated peridotite or carbonated eclogite (Dasgupta et  al.,  2007,  2013; Kiseeva et  al.,  2012), or 

Figure 6. (a) Mg isotopic compositions of carbonatite-metasomatized mantle xenoliths (Su et al., 2019; Xiao et al., 2013) 
and Miocene alkaline basalts of the Western Qinling orogen (Dai et al., 2017; this study). (b) Plots of MgO content versus 
δ 26Mg value. (c) Plots of TFe2O3 content versus δ 26Mg value.
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reactions between carbonated eclogite-derived melts and mantle peridot-
ite (Mallik & Dasgupta, 2013, 2014). Melts originating from partial melt-
ing of carbonated eclogite generally have low MgO contents (<6.5 wt.%; 
Hammouda, 2003; Kiseeva et al., 2012), in contrast to the studied samples 
(>10 wt.%; Figures 3b–3f). Carbonated eclogite-derived melts may acquire 
high MgO contents after reaction with mantle peridotite, consistent with 
the systemic co-variation between the MgO and Al2O3, total Fe2O3, SiO2, 
CaO and TiO2  contents of reacted melts (Mallik & Dasgupta, 2013, 2014). 
However, the present samples show no such correlations (Figures  3b–3f), 
further indicating that the WQO alkaline basalts were not produced by reac-
tion between carbonated eclogite-derived melts and mantle peridotite. All 
samples have relatively low SiO2 and Al2O3 contents, high MgO and CaO 
contents (Figures  3b–3e), and high CaO/Al2O3 ratios (1.4–1.8), similar to 
melts derived from partial melting of carbonated peridotite (Dasgupta 
et  al.,  2007,  2013). The WQO alkaline basalts have high TiO2 contents 
relative to those of experimentally carbonated peridotite-derived melts 
(Figure 3f), which can be explained by low degree (<5%) partial melting of 
carbonated peridotite, since the experimental melts were high degree partial 
melts (Dasgupta et  al.,  2007). The positive correlation between TiO2 and 
total Fe2O3 contents (Figure S1a in Supporting Information S1) indicates the 
suprasolidus breakdown of ilmenite during low-degree partial melting (Foley 
et al., 2009; Longhi, 1995). We therefore conclude that the WQO alkaline 
basalts were derived from partial melting of carbonated peridotite.

5.2. Mg–Ca Isotopic Constraints on C Recycling

5.2.1. Heterogeneous Mantle δ 26Mg Values

The WQO alkaline basalts have variable Mg isotopic compositions 
(δ 26Mg  =  −0.24‰ to −0.54‰ (Figure  6a; Dai et  al.,  2017; this study), 
ranging from mantle-like δ 26Mg values (−0.25‰  ±  0.07‰, Teng,  2017) 
to subnormal values. Previous studies have suggested that the weathering 
or surface metasomatic alteration would shift the δ 26Mg values of basalts 
(Teng et al., 2010; Wimpenny et al., 2010). Olivine and clinopyroxene are the 
major Mg-rich minerals in the WQO alkaline basalts, and they are unaltered 
(Figure 2). In addition, light Mg is preferentially released into fluid during 
alteration, resulting in heavier Mg isotope compositions in the weathered 
rocks (Teng et al., 2010; Wimpenny et al., 2010). Hence, the light Mg isotopic 
compositions of the WQO alkaline basalts would not have been caused by 
secondary alteration. Additionally, fractional crystallization of chromite and 
Mg-bearing Fe–Ti oxides may result in δ 26Mg values decreasing with MgO 
and total Fe2O3 contents (Su et al., 2019; Wang et al., 2021). However, there 
is no correlation between MgO contents and δ 26Mg values (Figure 6b) and a 
negative correlation between total Fe2O3 contents and δ 26Mg values in these 
alkaline basalts (Figure  6c), which indicates their low and heterogeneous 
δ 26Mg values did not result from fractional crystallization.

The occurrence of carbonate globules and ocelli in the groundmass of the 
WQO alkaline basalts indicates carbonate–silicate immiscibility during 
magma ascent (Dai et  al.,  2018). Li et  al.  (2016) suggested that signif-
icant Mg isotopic fractionation can occur during such immiscibility, with 

Figure 7. (a) Ca isotopic compositions of carbonatite-metasomatized 
mantle xenoliths (Ionov et al., 2019; Kang et al., 2017) and Miocene alkaline 
basalts of the Western Qinling orogen (this study). (b) Plots of MgO content 
versus δ 44/40Ca value. (c) Plots of CaO content versus δ 44/40Ca values for 
carbonatite-metasomatized mantle xenoliths (Ionov et al., 2019; Kang 
et al., 2017) and Miocene alkaline basalts of the Western Qinling orogen (this 
study).
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heavy Mg isotopes partitioning preferentially into silicate melts relative to 
carbonatite melts. Experimental and melt-inclusion studies indicate that 
carbonate–silicate immiscibility in deep magmas occurs at temperatures of 
>1280°C (Panina & Motorina,  2008, and references therein). Theoretical 
calculations of the Mg isotopic fractionation factor, α, between forsterite 
and dolomite have yielded 10 3lnαforsterite–dolomite values of <0.10‰ at 1280°C 
(Schauble,  2011). Assuming 0.1‰ Mg fractionation between silicate and 
carbonatite melts during immiscibility, the δ 26Mg values of the original melts 
would be 0.05‰ lighter than those of the analyzed samples after immiscibil-
ity. The Mg isotopic fractionation induced by carbonate–silicate immiscibil-
ity in the studied samples is thus limited to the level of analytical precision, 
with the heterogeneous δ 26Mg values of the alkaline basalts reflecting the Mg 
isotopic heterogeneity of the magma.

Melting models indicate that low degree partial melting of garnet-bearing 
peridotite may cause the bulk of residue–melt Mg isotopic fractionation 
(<0.1‰), since garnet is more enriched in light Mg isotopic compositions 
(Zhong et  al.,  2017). However, most Mg would stay in the source residue 
during partial melting, resulting in limited variation of δ 26Mg (<0.02‰) in 
the mantle source (Zhong et al., 2017). Given that the WQO alkaline basalts 
are derived by partial melting of garnet-phase peridotite, if we assumed 
maximum 0.1‰ δ 26Mg difference between the melts and residue, the δ 26Mg 
values of mantle sources would 0.1‰ heavier than those of the analyzed 
samples (assumed −0.14‰ to −0.44‰). This implies that the heterogeneity 
in δ 26Mg values of the WQO alkaline basalts cannot be explained by partial 

melting effects but was inherited from the mantle source. The up to ∼0.3‰ δ 26Mg offset between the WQO 
alkaline basalts and terrestrial mantle must reflect the involvement of recycled materials with light Mg isotopic 
composition.

Field investigations and major- and trace-element compositions of the WQO alkaline basalts lead us to consider 
that recycled carbonate was directly incorporated into the mantle source. Marine carbonates are the major 
low-δ 26Mg reservoirs in recycled crustal materials, with δ 26Mg values of −5.14‰ to −1.42‰ for calcite-rich 
carbonates, and −3.25‰ to −0.38‰ for dolomite-rich carbonates (Teng, 2017, and references therein). During 
subduction, calcite-rich carbonates may not retain their initial Mg isotopic compositions, with δ 26Mg values 
shifting toward being isotopically heavier (Wang et al., 2014). In contrast, dolomite-rich carbonates can retain 
their initial low δ 26Mg values during subduction (Wang et al., 2014). Considering the distinctive Mg contents 
and isotopic compositions of Ca-rich and Mg-rich carbonates, the shift in mantle δ 26Mg values caused by addi-
tion of recycled carbonates would depend on the type of carbonates involved (Li et al., 2017; Su et al., 2019). 
Here, we use Mg isotope compositions of calciocarbonatite and magnesiocarbonatites to represent those of 
subducted Ca- and Mg-rich carbonates, respectively. A simple binary mixing model for depleted mantle and 
carbonatites (Figure  8) indicates that recycling of Ca-rich carbonate with mantle-like Mg isotopic composi-
tions would not modify mantle Mg isotopic compositions. Involvement of >20% Ca-rich carbonate with low 
δ 26Mg values (−2.3‰) only can cause ∼0.1‰ δ 26Mg offset. Mg-rich carbonates have a wide range of δ 26Mg 
values (−3.25‰ to −0.38‰; Teng, 2017, and references therein). Recycling of Mg-rich carbonate with high 
δ 26Mg values (−0.38‰) also cannot shift the mantle Mg isotopic compositions, while recycling of more than 5% 
Mg-rich carbonate with extremely low δ 26Mg values (−3.25‰) would result in 0.1‰ δ 26Mg offset (Figure 8). 
Given that carbonatites in the study area are mainly calciocarbonatite with minor magnesiocarbonatites (Stoppa 
& Schiazza, 2013; Yu et al., 2006), we argue that the heterogeneous Mg isotopic compositions of the WQO alka-
line basalts can be explained by mantle sources with variable mixtures of Ca-rich and Mg-rich carbonates that 
have different δ 26Mg values.

5.2.2. Low-δ 44/40Ca Mantle Sources of the WQO Alkaline Basalts

The WQO alkaline basalts have a narrow Ca isotope compositional range of δ 44/40Ca = 0.59‰–0.77‰ with an 
average value of 0.70‰ ± 0.05‰ (2SD, n = 7) (Table 2), which is lower than the Bulk Silicate Earth (BSE)'s 
estimated δ 44/40Ca = 0.94‰ ± 0.05‰ (2SD; Kang et al., 2017). The lack of a correlation between δ 44/40Ca values 

Figure 8. Mg–Ca isotopic binary mixing model of depleted mantle and 
carbonatites. Solid curves represent the mixing of calciocarbonatite and 
depleted mantle, and dashed curves the mixing of magnesiocarbonatites and 
depleted mantle. Calciocarbonatites and magnesiocarbonatites exhibit wide 
ranges of δ 26Mg values; the lowest and highest δ 26Mg values were used in the 
mixing model. Parameter details are listed in Table 3.
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and MgO or CaO contents in the WQO alkaline basalts (Figures 7b and 7c) 
indicates that their low-δ 44/40Ca signature was not caused by fractional 
crystallization. As with Mg, Ca isotopic fractionation during carbonate–
silicate immiscibility is limited at high temperatures (Amsellem et al., 2020; 
Banerjee et al., 2021). Recent studies have suggested that Ca-rich carbonate 
has partitioning similar to clinopyroxene (Wang, Qin, et  al.,  2017; Wang, 
Zhou, et al., 2017). Given that clinopyroxene has near-zero equilibrium Ca 
isotopic fractionation with silicate melt (Chen et al., 2019; Kang et al., 2019), 
such fractionation between carbonate and silicates melt should also be minor. 
During mantle melting, light Ca isotopes partition preferentially into melt, 
and melting models have indicated that δ 44/40Ca values of melts would be 
∼0.05‰–0.15‰ lighter than those of initial peridotite, for varying degrees 
of melting at 1075–1500°C (Banerjee et al., 2021; Chen et al., 2019). Given 
that melting temperatures for our samples are 1350–1500°C (Table 1), partial 
melting can only cause ∼0.05‰–0.07 ‰ fractionation during partial melt-
ing, which is similar to the analytical uncertainty of our δ 44/40Ca measure-
ments. This implies that the mantle source of the WQO alkaline basalts 
included recycled materials with light Ca isotopic composition.

Although both recycled carbonates and silicates can decrease mantle Ca 
isotopic compositions (Ionov et  al.,  2019), evidence from major-trace 
elements of the WQO alkaline basalts clearly supports a mantle source includ-
ing recycled carbonates (see Section 5.1). Marine carbonates have a broad 
range of Ca isotopic compositions (in excess of 3‰; Fantle & Tipper, 2014), 
and the average δ 44/40Ca values of Precambrian marine carbonate sediments 
are similar to those of BSE (Blättler & Higgins, 2017), while δ 44/40Ca values 
of younger (<500 Ma) carbonates are lower than those of BSE values (Fantle 

& Tipper, 2014; Zhu et al., 2020). Recent studies also show that carbonatites through time have large δ 44/40Ca 
variations, ranging from BSE-like to low values (down to ∼0.07‰) (Amsellem et al., 2020; Banerjee et al., 2021; 
Simon, 2022; Sun et al., 2021). These results indicate that the Ca isotopic compositions of the WQO alkaline 
basalts may be attributed to the introduction of low δ 44/40Ca subducted carbonates into their source. Binary 
mixing results indicate that mantle sources of the WQO alkaline basalts may  contain 5%–10% recycled marine 
carbonates (Figure 8).

Huang et al. (2011) observed a negative correlation between  87Sr/ 86Sr ratios 
and δ 44/40Ca values in Hawaiian lavas, reflecting the addition of ancient 
carbonate to the Hawaiian plume. Here, the studied samples have limited 
δ 44/40Ca variability and show no evident co-variation with  87Sr/ 86Sr ratios 
(not shown). The low- 87Rb/ 86Sr samples of WQO alkaline basalts have 
higher ( 87Sr/ 86Sr)i ratios (Figure  4b), suggesting that the ( 87Sr/ 86Sr)i ratios 
were inherited from metasomatic agents with high  87Sr/ 86Sr ratios and low 
Rb/Sr ratios rather than from a high-Rb/Sr precursor that developed radio-
genic Sr isotopic compositions over time (Pearson et  al.,  2014). Marine 
carbonates are characterized by low Rb/Sr ratios (Shields & Veizer, 2002) 
with mantle-like  87Sr/ 86Sr ratios prior to 2.5 Ga and more radiogenic  87Sr/ 86Sr 
ratios later, even exceeding 0.707 during the Phanerozoic (Shields & 
Veizer,  2002, and references therein). These high  87Sr/ 86Sr ratios can be 
attributed to recycled Phanerozoic carbonates. The Qinling orogen and neigh-
boring areas were affected by subduction during the Silurian–Devonian and 
Late Triassic (Dong et al., 2011), which may have carried younger carbonates 
with light Ca isotope compositions to the deep mantle. The light Ca isotopic 
compositions and high  87Sr/ 86Sr ratios accompanying low Rb/Sr ratios may 
therefore be attributed to recycled carbonates.

Sample δ 26Mg 2SD δ 25Mg 2SD N δ 44/40Ca 2SD N

14WQ03-02 −0.416 0.02 −0.185 0.014 3 0.65 0.14 3

Dupl −0.405 0.02 −0.204 0.076 3 0.59 0.11 3

14WQ04 −0.440 0.03 −0.201 0.029 3 0.68 0.08 3

14WQ14 −0.417 0.03 −0.206 0.022 3 0.63 0.06 3

S1 −0.238 0.02 −0.124 0.044 3 0.77 0.10 3

S2 −0.265 0.04 −0.137 0.016 3 0.70 0.13 3

S3 −0.248 0.02 −0.077 0.041 3 0.73 0.11 3

S4 −0.328 0.03 −0.153 0.007 3 0.72 0.03 3

Standard

BCR-2 −0.14 0.033 −0.06 0.018 3 0.86 0.09 5

BHVO-2 −0.21 0.039 −0.10 0.019 3

W-2 −0.21 0.040 −0.11 0.080 3

GSP-2 0.09 0.040 0.07 0.090 3

Seawater 1.83 0.12 25

915a 0.01 0.11 38

Note. Dupl = repeat column chemistry and measurement of different aliquots 
of a stock solution.

Table 2 
Mg-Ca Isotopes for the Miocene Alkaline Basalts in the Western Qinling 
Orogeny

CaO wt% δ 44/40Ca MgO wt% δ 26Mg

Depleted mantle 3.17 1.08 38 −0.25

Magnesiocarbonatites 30 0.26 19 −0.35

30 0.26 19 −3.25

Calciocarbonatite 50 0.26 0.6 −0.25

50 0.26 7 −2.3

Note. Depleted mantle: CaO and MgO contents are from Workman 
and Hart  (2005); δ 44/40Ca values are from Kang et  al.  (2017) and Ionov 
et al. (2019), and δ 26Mg value is from Teng (2017). Magnesiocarbonatites: 
CaO and MgO contents are from Cheng et  al.  (2017). δ 44/40Ca values are 
from Amsellem et al.  (2020). Since Mg-rich carbonates can preserve their 
initial low δ 26Mg values during subduction (Wang et al., 2014), we use δ 26Mg 
values of Mg-rich carbonates (−3.25‰ to −0.38 ‰) as the Mg isotopic 
compositions of magnesiocarbonatites. Calciocarbonatite: CaO and MgO 
contents are from Ling et  al.  (2013). δ 44/40Ca values are from Amsellem 
et al. (2020) and δ 26Mg values is from Ling et al. (2013).

Table 3 
Detailed Parameters of Mg-Ca Isotopes Binary Mixing Model
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5.2.3. Tracing Recycled Carbonates

Carbonatite metasomatism usually results in the conversion of orthopyroxene to clinopyroxene, which in turn 
may convert refractory harzburgite to lherzolite or wehrlite. The modal mineralogy of metasomatized peridotite 
depends on the amount of added carbonatite (Yaxley et al., 1998). Yaxley et al. (1998) suggested that harzburgite 
requires minimal (<2%) or no carbonatite addition, while lherzolite and wehrlite require <8% and 3%–12%, 
respectively. Given that mantle peridotite has higher MgO content (>35 wt.%) than carbonatite (<20 wt.%), it 
is inferred that harzburgite may retain mantle Mg isotopic compositions, as the addition of minor carbonatite 
would not significantly shift mantle δ 26Mg values. In contrast, for lherzolite and wehrlite the increasing addition 
of carbonatite may result in lower mantle δ 26Mg values. Previous studies have reported Mg isotopic compositions 
for mantle xenoliths (mainly lherzolite and wehrlite, with minor harzburgite) that underwent carbonatite metaso-
matism (Su et al., 2019; Xiao et al., 2013), with most harzburgite and lherzolite samples having mantle-like Mg 
isotopic compositions and wehrlite having mantle-like or lighter compositions with δ 26Mg values as low as to 
−0.39‰ (Figure 6a). The implication for our samples and mantle xenoliths is that carbonatite metasomatism may 
induce mantle-like to subnormal δ 26Mg values (Xiao et al., 2013; Dai et al., 2017; Su et al., 2019; this study), with 
the shift of mantle δ 26Mg values by carbonatite metasomatism depending on the type and amount of recycled 
carbonates involved (Figure 8). Therefore, recycled carbonate does not necessarily induce low-δ 26Mg anomalies 
in the mantle (Li et al., 2017; Liu et al., 2022; Wang & Li, 2022).

Unlike the low-δ 26Mg anomalies of subducted carbonates, the δ 44/40Ca values of subducted carbonates have 
heavier, mantle-like to lighter Ca isotope compositions (Blättler & Higgins,  2017; Fantle & Tipper,  2014). 
Given that the CaO content of mantle (usually <3.5 wt.%) is significantly lower than that of recycled carbonates 
(30–50 wt.%), any changes in mantle Ca isotope composition depend largely on the δ 44/40Ca values of subducted 
carbonates. If the Ca isotope compositions of subducted carbonates are isotopically similar to the BSE, then 
mantle Ca isotope compositions would not change significantly. Only when isotopically lighter marine carbonates 
are recycled into the mantle can its Ca isotopic composition potentially decrease. The binary mixing model 
suggests that addition of ∼5% low Ca isotope carbonatite (∼0.26‰) can generate the 0.3 ‰ δ 44/40Ca offset 
(Figure 8). Prior studies have shown that carbonatite-metasomatized mantle xenoliths have large δ 44/40Ca vari-
ations of 0.25‰–0.96‰, ranging from BSE-like to low δ 44/40Ca values (Figure  7; Ionov et  al.,  2019; Kang 
et al., 2017). This range overlaps the compositions of our studied WQO alkaline basalts (0.70‰ ± 0.05‰) and 
published carbonatites (0.44‰–1.05‰: Banerjee et al., 2021; Sun et al., 2021; Simon, 2022; 0.26‰ ± 0.25‰: 
Amsellem et  al.,  2020). Hence, carbonatite-metasomatism also results in locally heterogeneous Ca isotopic 
compositions in the mantle, and the variations of mantle Ca isotopic composition depended on the Ca isotopic 
compositions of subducted carbonates.

6. Conclusions
Based on field investigations, major- and trace-element compositions, and Sr–Nd–Mg–Ca isotopic compositions 
of Miocene silica-undersaturated alkaline basalts in the western Qinling orogenic belt, we arrived at the following 
conclusions.

1.  The alkaline basalts were derived from partial melting of carbonatite-metasomatized asthenospheric mantle.
2.  The basalts have mantle-like to subnormal δ 26Mg values (−0.24‰ to −0.54‰), and the nature of the shift in 

mantle δ 26Mg values during carbonatite metasomatism depends on the type and amount of carbonatite.
3.  The basalts have light Ca isotopic compositions (δ 44/40Ca = 0.59‰–0.77‰), that reflect the involvement of 

low δ 44/40Ca recycled carbonate. The δ 44/40Ca offset during carbonatite metasomatism depended on the Ca 
isotope composition of subducted carbonate.

4.  Globally, Mg and Ca isotope data alone may not provide sufficient evidence to track recycled carbonate in 
the mantle.

Data Availability Statement
The data used in this study can be obtained from the EarthChem Library (https://doi.org/10.26022/IEDA/112514).
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