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Abstract Although carbonates are the primary form of carbon subducted into the mantle, their fate during
recycling is debated. Here we report the first coupled high‐precision Zn and Mo isotope data for Cenozoic
intraplate basalts from western China. The exceptionally high δ66Zn values (+0.39 to +0.50‰) of these lavas
require involvement of recycled carbonates in the mantle source. Variable δ98Mo compositions (− 0.39 to
+0.27‰) are positively correlated with Mo/Ce, best interpreted as mixing between isotopically light Mo from
dehydrated oceanic crust and heavy Mo from recycled carbonates, which is also supported by positive coupling
between δ66Zn and δ98Mo. Modeling reveals that involvement of ≤5% carbonate‐bearing oceanic crust fully
resolves the observed δ66Zn–δ98Mo mantle heterogeneity probed by intracontinental basalts. Our study
demonstrates that combined δ66Zn–δ98Mo data sets for mantle‐derived magmas can track recycled surficial
carbonates in Earth's interior, providing a powerful geochemical tool for deep carbon science.

Plain Language Summary Carbon is an element of life and studying its geological cycle is crucial
for understanding Earth's evolution including formation of a life‐supporting atmosphere. Here we report the first
combined high‐precision Zn and Mo isotope data for Cenozoic intraplate lavas from western China, showing
that the basalts record ≤5% carbonate‐bearing oceanic crust components in their mantle source. Our results
provide new evidence for surficial carbonates being delivered into the deep upper mantle, which adds to the
debate about the deepest extent of the terrestrial carbon cycle.

1. Introduction
Cycling of carbon between Earth's surface and interior plays a key role in regulating climate and maintaining a
habitable planet. Carbon at the Earth's surface is present mainly as sedimentary carbonates, which can be
transported into the mantle by subduction of oceanic lithosphere. However, the fate of subducted carbonates
remains poorly understood. Although carbon isotopes are effective in identifying recycled organic carbon at
mantle depths (Smart et al., 2011), the δ13C values of mantle‐derived materials cannot always unambiguously
distinguish between primordial and recycled inorganic carbon sources such as sedimentary carbonates
(Deines, 2002). Some authors propose that almost all carbon is liberated from subducting slabs and transferred
into the subarc mantle mainly because of the high carbon solubility in aqueous fluids, with the implication that
only little subducted carbon (as low as 0.0001 Mt C/yr) reaches the deep mantle (Kelemen &Manning, 2015). In
contrast, some experiments demonstrate that carbonate minerals can be preserved in subducting slabs under high
P‐T conditions, with the prediction that about half of the subducting carbon (24− 48 Mt C/yr) can enter the deep
upper mantle and beyond (Dasgupta et al., 2004). The compositions of superdeep diamonds and their inclusions
provide evidence for the recycling of surficial carbon down to 800 km depth (Smith et al., 2018; Walter
et al., 2011). However, the low‐δ13C signatures of such sublithospheric diamonds imply recycled organic matter
rather than sedimentary carbonates as the original carbon source (Walter et al., 2011).

Zinc (Zn) and molybdenum (Mo) isotopes have great potential to address the above controversy, because (a)
marine carbonates are characterized by significantly heavier δ66Zn (+0.91 ± 0.54‰, n = 171) and δ98Mo
(+1.66 ± 1.02‰, n= 62) values than those accepted as normal mantle compositions (+0.16 ± 0.06‰ δ66Zn and
− 0.20 ± 0.01‰ δ98Mo) (Figure 2); (b) the two stable isotope tracers show limited fractionation during partial
melting and magma ascent (Bezard et al., 2016; Day et al., 2022; Wang et al., 2017), and (c) Mo exhibits higher
mobility compared to Zn and can be efficiently transported by slab fluids into subarc mantle wedge environments.
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TheMo isotope system has been widely used in tracing the recycling of crustal materials in subduction zones, and,
thus may provide additional insights into the geochemical behavior of subducting carbon during slab dehydration
(Fang et al., 2023; König et al., 2016; Zhang et al., 2020). Hence, it can be assumed that basaltic magmas sourced
from mantle domains that have been refertilized by recycled carbonates should have higher δ66Zn and δ98Mo
compositions compared to magmas derived from “normal” or more depleted mantle reservoirs.

To test this hypothesis, we present the first combined δ66Zn–δ98Mo data set for Cenozoic basalts from western
China. Integrating the new data with δ66Zn–δ98Mo data for Cenozoic basalts from eastern China and δ66Zn data
from western China (X. J. Wang et al., 2018; Z. Z. Wang et al., 2018; Li et al., 2019; Cheng et al., 2022), we show
that involvement of ≤5% carbonate‐bearing oceanic crust in the mantle source can reconcile the heavy Zn–Mo
isotopic signatures of these intracontinental basalts. Our study provides evidence for surficial carbonates being
delivered into the deeper convecting upper mantle, highlighting the importance of subduction‐driven deep carbon
cycling.

2. Geological Setting, Samples, and Results
The Tarim Craton in western China is bound by the Tianshan and Kunlun orogenic belts to the north and south
respectively (Figure 1). The craton comprises early Archean to Neoproterozoic crystalline basement rocks largely

Figure 1. (a) Map of the central Asian continent with major geological blocks and plate boundaries. The red line (SW‐NE) is the profile shown in panel c. Cenozoic
basalts with available Zn‐Mo isotopic data from the Shandong Peninsula, eastern China are shown for comparison (X. J. Wang et al., 2018; Z. Z. Wang et al., 2018; Li
et al., 2019). (b) Geological map of the Tarim Craton and surroundings. Cenozoic basalts in this study were sampled from the NWTarim, including Tuoyun, Piqiang and
Xiker. (c) Surface topography and vertical cross‐section P‐wave tomography along the profile (SW‐NE) in panel a (after Huang & Zhao, 2006).
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covered by Phanerozoic sedimentary rocks. After closure of the Paleo‐Tethys Ocean at∼220Ma, the wider Tarim
Craton region transitioned into a stable intracontinental setting that was not affected by major magmatic events
until the India− Eurasia collision at ∼50 Ma. Our study utilizes young primitive olivine‐phyric basalts from the
NW Tarim, including sampling sites at Tuoyun (∼40 Ma), Piqiang (∼42 Ma) and Xiker (∼20 Ma) (Figure S2 in
Supporting Information S1). Recent studies suggest that these Cenozoic basaltic magmas were derived from the
asthenospheric mantle, possibly related to collision‐induced mantle upwelling (Wang et al., 2023). For more
details about the geological setting and samples, readers are referred to the Supporting Information S1.

Representative basalt samples were selected for major‐trace element analyses, and for Sr‐Nd‐Pb‐Zn‐Mo isotope
ratio determinations (see Supporting Information S1 for detailed descriptions of methods and results). The
samples analyzed are typical intracontinental alkali basalts characterized by incompatible trace‐element
enrichment and moderately depleted Sr‐Nd‐Pb isotopic compositions (Figures S3 and S4 in Supporting Infor-
mation S1). They have δ66Zn values of +0.39 to +0.50 ‰ at 91.2–128 ppm Zn and 10.9–15.5 Zn/Fe as mantle
lithology proxy (Figure 2, Le Roux et al., 2010). The δ98Mo compositions range from − 0.39 to +0.27‰ at 2.26–
7.16 ppm Mo and 0.04–0.08 Mo/Ce (Figure 2). The Tarim basalts of western China are geochemically very
similar to their Cenozoic analogs from eastern China, although the former has more of an EM2 signature than the
latter (Figures S3 and S4 in Supporting Information S1).

3. Discussion
The Zn and Mo isotopic signatures of the Tarim basalts are either inherited from the mantle source or they
developed during shallow‐level magmatic processes. The δ66Zn and δ98Mo values show no systematic variations
with loss on ignition, indicating that alteration and weathering effects are negligible (Figure S6 in Supporting
Information S1). Significant crustal contamination can be ruled out because the samples have depleted Sr‐Nd‐Pb
isotopic compositions, positive Nb− Ta anomalies, and high Nb/U and Ce/Pb ratios (Figures S3–S5 in Supporting
Information S1). The basalts studied have primitive elemental compositions (6.8–12.8 wt.% MgO), implying that

Figure 2. δ66Zn and δ98Mo isotope compositions of Cenozoic basalts from western and eastern China (Cheng et al., 2022; Li et al., 2019; X. J. Wang et al., 2018; Z. Z.
Wang et al., 2018 and this study). The mantle δ66Zn and δ98Mo are from Sossi et al. (2018) and McCoy‐West et al. (2019). Also shown for comparison include MORB
(δ66Zn: Day et al., 2022; Pickard et al., 2022; Sun et al., 2023; Wang et al., 2017; δ98Mo: Bezard et al., 2016; Chen et al., 2022; Liang et al., 2017), OIB (δ66Zn: Chen
et al., 2013; Pickard et al., 2022; Wang et al., 2017; Zhang et al., 2022; δ98Mo: Bezard et al., 2016; Gaschnig et al., 2021; Liang et al., 2017; Yang et al., 2015), arc lavas
(δ66Zn: Huang et al., 2018; δ98Mo: Ahmad et al., 2021; Fang et al., 2023; Freymuth et al., 2015, 2016; Gaschnig et al., 2017; König et al., 2016; Li, Zhao, et al., 2021; Li,
Yan, et al., 2021; Villalobos‐Orchard et al., 2020; Yu et al., 2022), AOC (δ66Zn: Huang et al., 2016; δ98Mo: Ahmad et al., 2021; Freymuth et al., 2015), basaltic eclogites
(δ66Zn: Inglis et al., 2017; δ98Mo: Ahmad et al., 2021; Chen et al., 2019), silicate sediments (δ66Zn: Little et al., 2016; Maréchal et al., 2000; Qu et al., 2022; Sonke
et al., 2008; Vance et al., 2016; δ98Mo: Ahmad et al., 2021; Freymuth et al., 2015; Gaschnig et al., 2017) and carbonates (δ66Zn: Pichat et al., 2003; Liu et al., 2017;
Sweere et al., 2018; δ98Mo: Lin et al., 2021; Romaniello et al., 2016; Voegelin et al., 2009).
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olivine and Cr‐spinel are the main liquidus phases. However, there are no correlations between δ66Zn–δ98Mo
values and Ni or Cr contents (Figure S6 in Supporting Information S1), which rules out resolvable isotopic
fractionation along a liquid line of descent. Partial melting has been proposed as a key factor controlling the Zn
isotopic compositions of basalts (Day et al., 2022; Doucet et al., 2016), which is supported by the positive
correlations between δ66Zn and La/Sm (proxy for the degree of partial melting) in our sample suite (Figure S6 in
Supporting Information S1). Doucet et al. (2016) suggest that partial melting of fertile mantle peridotite in excess
of 30% may increase δ66Zn in the resultant melts by up to 0.16‰. However, the alkali basalts studied formed by
much lower degrees of partial melting (<10%) (Wang et al., 2023), and they have much higher δ66Zn of up to
+0.50‰ compared to normal mantle (up to +0.34‰). This suggests that partial melting alone cannot explain the
high δ66Zn measured. On the basis of this evidence and the lack of correlation between δ98Mo and La/Sm (Figure
S6 in Supporting Information S1), we conclude that the δ66Zn–δ98Mo compositions of the Tarim basalts are
inherited mainly from their mantle source.

Basaltic magmas derived from a volatile‐poor peridotite source typically have <0.30‰ δ66Zn (Wang
et al., 2017). Thus, the exceptionally high δ66Zn (+0.39 to +0.50‰, Figure 2) of the Tarim basalts is best
explained by involvement of 66Zn‐enriched components in the mantle source. The high Zn/Fe ratios of our
samples suggest that such non‐peridotitic components may comprise recycled oceanic crust in the form of
eclogites or garnet pyroxenites (Figure 3a, Le Roux et al., 2010), probably complemented by subducted car-
bonates (Liu et al., 2016; Xu et al., 2022). However, the observed high δ66Zn values are best ascribed to the
putative subducted carbonates with an average value of +0.91 ± 0.54‰ (n = 171), because mid‐ocean ridge
basalt (MORB; +0.27 ± 0.07‰, n = 61), altered oceanic crust (AOC; +0.27 ± 0.17‰, n = 49) and basaltic
eclogites (+0.27 ± 0.08‰, n = 9) have similarly low δ66Zn (Figure 2), and evidence for systematic Zn isotope
fractionation during basaltic oceanic crust subduction is lacking (Inglis et al., 2017). Carbonates are only a very
minor component of oceanic crust; however, deeply subducted carbonate species can possess very high Zn
contents of up to 450 ppm for magnesite and 130 ppm for dolomite (the average Zn concentration of the mantle is
55 ppm) (Liu et al., 2022). Recent Zn isotope studies (e.g., leaching experiments) also suggest that substantial
amounts of carbonates may survive beyond subarc mantle depths during slab subduction and potentially be
transferred into the deep upper mantle (Qu et al., 2022, 2023). Based on δ66Zn− 87Sr/86Sr modeling (Figure S7 in
Supporting Information S1), we show that recycled surficial carbonates in the mantle source of the Tarim basalts
are dominated by magnesian varieties such as magnesite and dolomite. Negative correlation between δ66Zn and
SiO2 bolsters our argument for high‐δ

66Zn carbonates in the mantle source (Figure S8 in Supporting Informa-
tion S1), where they probably were involved in metasomatic reactions by which asthenospheric peridotites in the
vicinity of a slab–mantle interface became re‐enriched (Zhang et al., 2022). Consequently, melting of recycled
oceanic crust together with carbonates would generate carbonated silicate melts, which inherit the high Zn/Fe
ratios from recycled oceanic crust and also elevated δ66Zn values from recycled carbonates.

Unlike the exclusively high δ66Zn signature, the Tarim basalts exhibit more variable δ98Mo compositions (− 0.39
to+0.27‰) compared to values for the normal mantle (− 0.20± 0.01‰) (Figure 2). Large δ98Mo variations have
been reported for arc lavas, where such signatures are commonly attributed to the diverse inputs of slab‐derived
fluids (Freymuth et al., 2015). The heavy Mo isotopic compositions of arc lavas are commonly attributed to
addition of slab‐derived aqueous fluids to their subarc mantle sources, whereas low δ98Mo values are typically
interpreted as contributions from subducted sediments including melt components (Fang et al., 2023; König
et al., 2016). A notable feature of the intraplate basalts from both western and eastern China is that their δ98Mo
compositions are highly correlated with Mo/Ce ratios (Figure 3b). This implies that the observed δ98Mo varia-
tions can be explained by a two‐component mixing model between an endmember that has low δ98Mo and low
Mo/Ce and an endmember that has high δ98Mo and high Mo/Ce. Because Mo is a fluid‐mobile element, fluids in
subduction zones will preferentially incorporate isotopically heavy Mo during slab dehydration, creating residual
recycled oceanic crust that is enriched in isotopically light Mo (Freymuth et al., 2015). Such Mo isotope frac-
tionation has been demonstrated by studies of MORB‐type eclogites, which exhibit very low δ98Mo
(− 0.51 ± 0.44‰, n = 20), low Mo contents (0.04–0.49 ppm, mean = 0.14 ppm, n = 20) and low Mo/Ce ratios
(0.001–0.031, mean = 0.01, n = 20) (Figure 2, Chen et al., 2019; Ahmad et al., 2021). Hence, the low δ98Mo and
low Mo/Ce endmember most likely represents dehydrated subducted oceanic crust, which is consistent with the
trend toward low δ98Mo MORB‐type eclogites as approached by our continental basalt samples (Figure 3b).
Although incorporation of siliciclastic sediments could cause heavy Mo isotopic compositions, the paired δ66Zn
compositions exclude an involvement of recycled silicate‐rich sediments in the mantle source (Figure 2). Surficial
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carbonates, characterized by high δ98Mo (+1.66 ± 1.02‰, n = 62), high Mo contents (up to 27.7 ppm) and high
Mo/Ce ratios (up to 1.23) (Figure 2, Hoernle et al., 2002; Romaniello et al., 2016), could potentially explain the
high δ98Mo signatures of the Tarim basalts. Li et al. (2019) proposed that high δ98Mo signatures of basalts from
eastern China indicate the presence of carbonate‐rich fluids in their mantle sources. Although it cannot be ruled
out that slab dehydration at subarc depths causes removal of calcium carbonates due to their strong fluid solu-
bility, the less soluble Mg‐rich carbonates, which are stable at high P‐T conditions, can be retained in dehydrated
oceanic crust and transported all the way into the deep upper mantle (Shen et al., 2018). Thus, a melting model for
the Tarim basalts that invokes contributions from dehydrated oceanic crust (low δ98Mo) and Mg‐rich carbonates
(high δ98Mo) can reconcile the observed variations in the δ98Mo data, and it can also explain the heavy δ66Zn
compositions (Figure 3).

The combined δ66Zn–δ98Mo evidence presented here suggests that intraplate alkali basalts are sourced from
upper mantle domains that have been refertilized not only by subducted oceanic crustal components but also by
components derived from recycled carbonates. Additional evidence for involvement of recycled carbonates in the
metasomatic enrichment of Earth's upper mantle includes: (a) similarities between the Tarim basalts and
experimentally produced partial melts of carbonated eclogite (Figure S9 in Supporting Information S1), (b)

Figure 3. Plots of (a) δ66Zn versus Zn/Fe*104 and (b) δ98Mo versus Mo/Ce for Cenozoic basalts from western and eastern
China. The data sources are the same as in Figure 2. The Zn/Fe ranges of carbonated eclogite/pyroxenite and peridotite melts
are from Le Roux et al. (2010), X. J. Wang et al. (2018), and Z. Z. Wang et al. (2018).
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negative Zr‐Hf‐Ti anomalies in mantle‐normalized incompatible element patterns (Figure S3 in Supporting In-
formation S1, Tappe et al., 2017; Zhang et al., 2017; Zeng et al., 2010; Zou et al., 2022), and (c) light δ26 Mg
signatures of the alkali basalts (δ26 Mg from − 0.55 to − 0.45‰, Cheng et al., 2022) given that carbonates have
much lower δ26 Mg values than normal mantle (δ26Mgcarbonate from − 3 to − 1‰; δ

26Mgmantle = − 0.25 ± 0.04‰)
(Liu et al., 2022).

Modeling in δ66Zn–δ98Mo space suggests that only ≤5% of metasomatic components sourced from dehydrated
subducted oceanic crust (eclogite) and associated recycled Mg‐rich carbonates are required to precondition the
peridotitic upper mantle sources of intraplate alkali basalts (Figure 4). Experiments suggest that subducted
carbonate‐bearing oceanic crust will partially melt and release metasomatizing carbonated silicate melts near the
top of the mantle transition zone (MTZ) at about 300–400 km depths (Dasgupta et al., 2004), which is consistent
with geophysical evidence showing low‐velocity seismic anomalies at deep upper mantle depths beneath the
Tarim Craton (Figure 1c).

4. Implications for the Deep Carbon Cycle
The model in Figure 5 depicts the fate of subducted sedimentary carbonates as tracked by combined Zn–Mo
isotope evidence from mantle‐derived basalts. Subduction introduces oceanic lithosphere and surficial carbon-
ates into Earth's interior. At subarc mantle depths, subducted oceanic crust undergoes dehydration and Ca‐rich
carbonates are preferentially dissolved in slab‐derived fluids, with subsequent release of this portion of the
deep carbon inventory to arc volcanism, characterized by heavy δ98Mo magmatic products. The absence of high‐
δ66Zn signatures in arc magmas is owed to the low Zn content of calcite (mean= 20 ppm), resulting in significant
dilution of the Zn isotopic fingerprint of recycled carbonates in the subarc mantle (Liu et al., 2022). As subduction

Figure 4. A plot of δ66Zn versus δ98Mo for Cenozoic basalts from western and eastern China, together with mixing cruves
between dehydrated oceanic crust (eclogite) and surficial carbonates. The data sources are the same as in Figure 2. Modeling
reveals that involvement of ≤5% carbonate‐bearing oceanic crust fully resolves the observed δ66Zn–δ98Mo mantle
heterogeneity probed by intracontinental basalts. See Supporting Information S1 for details about the compositions of the
endmembers and mixing calculation.
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proceeds, dehydrated oceanic crust including refractory Mg‐rich carbonates is pulled into the deep upper mantle
to the top of the MTZ, where carbonated silicate melts with high δ66Zn and variable δ98Mo are released from the
slab and metasomatize the surrounding mantle. Such refertilized mantle domains provide potent sources for
geochemically enriched basaltic intraplate volcanism. A small fraction of refractory carbonate‐bearing oceanic
lithosphere may enter the lower mantle and this deep carbon may return to Earth's surface via mantle plume
activity (Beunon et al., 2020; Tappe et al., 2020; Zhang et al., 2022).

An important finding of our study is that the Zn–Mo isotopic compositions of Cenozoic intraplate alkali basalts
from western China record ≤5% carbonate‐bearing oceanic crust components in their deep upper mantle source,
which provides indirect evidence for subduction recycling of Mg‐rich crustal carbonates beyond subarc mantle
depths. Pb isotope modeling of the Cenozoic Tarim basalts indicates formation of the recycled components at
ca. 500 Ma (Figure S4 in Supporting Information S1), implying that such geochemically enriched crustal
materials do not readily homogenize with the convecting upper mantle and retain part of their identity as long‐
lived mantle heterogeneities. Recent findings from the petrology of Cenozoic Bermuda basalts in the Central
Atlantic suggest that these melts were derived from a carbon‐rich source in the MTZ formed <650 Ma ago
(Mazza et al., 2019), which supports our carbon‐recycling model based on the δ66Zn–δ98Mo systematics of
Cenozoic basalts from central Asia. Although several petrology and non‐traditional stable metal isotope studies
on OIBs (e.g., Cook–Austral, St. Helena, Pitcairn) suggested that subducted crustal carbonates can enter into
the lower mantle, all the way down to the core–mantle boundary, where they may isolate for billions of years
(X. J. Wang et al., 2018; Z. Z. Wang et al., 2018; Weiss et al., 2016; Zhang et al., 2022), combined δ66Zn–
δ98Mo analyses await to be carried out on such plume‐sourced lavas to further explore the deepest extension of
the geological carbon cycle.

Figure 5. A schematic diagram describing the fate of subducted sedimentary carbonates as tracked by combined Zn‐Mo isotope evidence from mantle‐derived magmas
(see text for details).
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5. Conclusions
We present the first combined high‐precision Zn andMo isotope data for Cenozoic intraplate basalts fromwestern
China with the aim to track subducted carbonates in Earth's mantle. The basalts show exceptionally high δ66Zn
values (+0.39 to +0.50‰) and variable δ98Mo compositions (− 0.39 to +0.27‰), indicating that the mantle
source has been refertilized not only by subducted oceanic crustal components but also by components derived
from recycled sedimentary carbonates. Modeling reveals that involvement of ≤5% carbonate‐bearing oceanic
crust fully resolves the observed δ66Zn–δ98Mo mantle heterogeneity probed by intracontinental basalts. Our
findings provide new evidence that surficial carbonates can be delivered into the deep upper mantle, highlighting
the importance of subduction‐driven geological carbon cycling.

Data Availability Statement
The data in Table S4 in Supporting Information is from Gale et al. (2013) and Liu et al. (2016). The data reported
in this paper, including Figures S1 to S9 and Tables S1 to S4 in Supporting Information S1, are available in the
Mendeley Data repository (Wang, 2023).
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