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Zircon evidence for incorporation 
of terrigenous sediments into 
the magma source of continental 
basalts
Zheng Xu   , Yong-Fei Zheng & Zi-Fu Zhao

Crustal components may be incorporated into continental basalts by either shallow contamination 
or deep mixing. While the former proceeds at crustal depths with common preservation of refractory 
minerals, the latter occurs at mantle depths with rare survival of relict minerals. Discrimination between 
the two mechanisms has great bearing to subcontinental mantle geochemistry. Here we report the 
occurrence of relict zircons in Cenozoic continental basalts from eastern China. A combined study of 
zircon U-Pb ages and geochemistry indicates that detrital zircons were carried by terrigenous sediments 
into a subcontinental subduction zone, where the zircon were transferred by fluids into the magma 
sources of continental basalts. The basalts were sampled from three petrotectonic units with distinct 
differences in their magmatic and metamorphic ages, making the crustal contamination discernible. 
The terrigenous sediments were carried by the subducting oceanic crust into the asthenospheric 
mantle, producing both soluble and insoluble materials at the slab-mantle interface. These materials 
were served as metasomatic agents to react with the overlying mantle wedge peridotite, generating 
a kind of ultramafic metasomatites that contain the relict zircons. Therefore, the occurrence of relict 
zircons in continental basalts indicates that this refractory mineral can survive extreme temperature-
pressure conditions in the asthenospheric mantle.

Zircon is a refractory mineral in crustal rocks. Because of its chemically resistant property, zircon can survive 
from high-grade metamorphism and even partial melting1,2. The primary zircon of magmatic and peritectic ori-
gins is common not only in magmatic rocks of felsic composition but also in some mafic intrusives such as gabbro 
and pyroxenite. However, zircon rarely occurs in mafic volcanics such as basalts because the crystallization of 
zircon from silicate melts requires the oversaturation of both ZrO2 and SiO2

3,4. This is not justified in basaltic 
melts that were derived from partial melting of the depleted MORB mantle, the ordinary asthenospheric man-
tle. Nevertheless, zircon megacrysts with U-Pb ages consistent with those of host rocks do occur in some alkali 
basalts. There are different interpretations for their origin, including xenocrysts from metasomatized lithospheric 
mantle5, and crystallized from the primitive magma of host basalts6, fractionated alkali basaltic magma7,8, or felsic 
melts derived from incipient melting of amphibole-rich mantle domains9. In addition, some basalts contain zir-
cons with variably older U-Pb ages, which were interpreted as xenocrysts captured from metasomatic lithospheric 
mantle10 or felsic wallrocks11 during ascent of basaltic magmas.

On the other hand, old zircons in basalts can be produced through recycling of crustal components during the 
metasomatic formation of mantle sources at different depths12,13. Such basalts were derived from partial melting 
of ultramafic metasomatites in the ordinary asthenospheric mantle. This involves both chemical and physical 
transports of crustal materials from the subducting slab to the mantle, which is illustrated by the occurrence of 
relict zircons in Cenozoic continental basalts from east-central China. As such, survival of the detrital zircons 
becomes possible not only during partial melting of the subducting crustal rocks at the slab-mantle interface in 
the subcontinental subduction channel but also during partial melting of the metasomatic mantle domains above 
the subducted oceanic slab.
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The target basalts were sampled from three petrotectonic units with significant differences in crustal com-
position, making the shallow contamination discernible. The three petrotectonic units are tectonically located 
in the southeastern edge of the North China Craton, the northeastern edge of the South China Block, and the 
Dabie-Sulu orogenic belt. The Dabie-Sulu orogenic belt was built by the Triassic subduction of the South China 
Block beneath the North China Craton14. Nevertheless, there is no considerable difference in basalt composition, 
exhibiting not only variable depletions in radiogenic Sr-Nd isotopes relative to bulk silicate Earth but also oceanic 
island basalts-like trace element distribution patterns on the primitive mantle-normalized spidergram15–17.

Sample and Results
Thirty basalt samples were selected for this study. They were collected from east-central China, close to the Tan-Lu 
Fault (Fig. 1). Geographically, they are located at Donghai in northern Jiangsu (Subei), at Dingyuan, Mingguang 
and Lai’an in eastern Anhui (Wandong), at Hefei in central Anhui, and at Changle in western Shandong (Luxi). 
Although these localities are geographically close to the Dabie-Sulu orogenic belt that is characterized by the 
occurrence of Triassic ultrahigh-pressure (UHP) metamorphic rocks, only the basalts at Donghai are tectonically 
located inside the Sulu orogen. The other localities of basalts fall in petrotectonic units outside the Dabie-Sulu 
orogenic belt. The basalts at Changle, Hefei and Dingyuan basalts are located in the southeastern edge of the 
North China Craton, northwest to the Dabie-Sulu orogenic belt; those at Mingguang and Lai’an are located in the 
northeastern edge of the South China Block, south to the Dabie-Sulu orogenic belt18.

All these basalts are generally porphyritic in texture. Phenocryst are olivine ± clinopyroxene ± plagioclase, 
matrix contains all these three minerals in fine grains. Olivine phenocrysts are subhedral to anhedral and usu-
ally show fractures. Plagioclase exhibits as tabular with small olivine and pyroxene grains filling between them. 
They usually have polysynthetic twinning. Clinopyroxene phenocrysts are subhedral. Compositional zoning is 
present in some olivine and clinopyroxene phenocrysts. Zircon is rare in the basalts and hardly observed in thin 
sections under a microscope. Nevertheless, mineral separation yields considerable amounts of zircon grains for 
U-Pb dating and geochemical analyses. The all basalt samples from the Sulu orogen and part of samples from the 
North China Craton and the South China Block show slight low-temperature alteration after eruption, resulting 
in transformation of some olivines to iddingsites. Petrography and geochemistry of the target basalts have been 
investigated in detail15–17.

Most zircon grains from the basalts are subhedral or rounded, without euhedral ones. The internal structural 
of these zircons are complicated in the CL images (Fig. 2). Many zircons show clear oscillatory or sector zoning, 
and many zircons exhibit weekly, planar or no zoning. Many zircons show core-(mantle)-rim structures, and 
most of them exhibit the relict core of oscillatory or sector zoning with the overgrown rims of weekly, planar or 
no zoning. However, some zircons show the relict cores of weekly, planar or no zoning with overgrown rims of 
oscillatory or sector zoning.

Although the host basalts are located in three petrotectonic settings, zircons from each tectonic setting do 
not show considerable differences in zircon U-Pb ages, trace elements and Lu-Hf isotopes (Table 1). Zircons 
exhibit a large range in apparent U-Pb ages from 101 to 3015 Ma (Fig. 1, and Tables S1 and S2 in Supplementary 
Information), with two prominent peaks around 800 and 2500 Ma. Although only a few zircons have concord-
ant U-Pb ages of 106 to 2786 Ma, they are mainly clustered in the middle Neoproterozoic, Triassic and Early 

Figure 1.  Sketch map of geology in east-central China showing distribution of Cenozoic continental basalts, 
and locations of the samples used in this study. This map was draw by Adobe Illustrator CC ver. 21.1.0 (https://
www.adobe.com/products/illustrator.html). The base maps are drawn according to the map of the People’s 
Republic of China whereas the sample locations are based on the author’s collection.

https://www.adobe.com/products/illustrator.html
https://www.adobe.com/products/illustrator.html
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Cretaceous, respectively (Fig. 3). The all zircons show a large variation in Th/U ratios from 0.01 to 4.74. Zircons 
from the basalts show εHf(t) values of −18.9 to 9.9 (Table S3 in Supplementary Information). Zircon Hf model 
ages are 883 to 3280 Ma. Zircons with concordant U-Pb ages show variable εHf(t) values from −18.9 to 9.4 (Fig. 4), 
and their Hf model ages range from 883 to 3280 Ma. Zircons with U-Pb ages younger and older than 1000 Ma 
show similar εHf(t) values, with a positive correlation between εHf(t) values and U-Pb ages. On the other hand, zir-
cons with U-Pb ages younger than 1000 Ma show a large variation in 176Lu/177Hf ratios relative to those of zircons 

Figure 2.  U-Pb ages and selected CL images for zircons from zircons from Cenozoic continental basalts in east-
central China. Ages in concordia diagrams are in Ma. Data for each spot in CL images are in the form of U-Pb 
age (Ma)/εHf(t). Samples locality: (a) the North China Craton (NCC), (b) the South China Block (SCB), (c) the 
Sulu orogen.



www.nature.com/scientificreports/

4SCiEntifiC REPOrTS |  (2018) 8:178  | DOI:10.1038/s41598-017-18549-7

older than 1000 Ma (0.000301 to 0.004743 vs. 0.000060 to 0.003006). Moreover, Th/U ratios are correlated neither 
with 176Lu/177Hf nor with 176Hf/177Hf ratios. Zircons exhibit variable HREE enrichments with highly variable 
(Yb/La)n ratios from 1.6 to 19750 and (Lu/Gd)n ratios from 2.4 to 107 and highly variable Eu anomalies with Eu/
Eu* ratios from 0.01 to 0.64 and Ce anomalies with Ce/Ce* ratios from 0.29 to 83.3 (Table S4 in Supplementary 
Information). They show a roughly positive correlation between U/Yb and Nb/Yb ratios (Fig. 5).

Geochemical variable NCC SCB Sulu

Th (ppm) 11–8966 0.4–4908 16–1741

U (ppm) 24–8942 27–3555 23–3315

Th/U 0.03–3.42 0.01–4.74 0.04–2.57

(Yb/La)n 1.6–7551 4.3–10122 3.7–19750

(Lu/Gd)n 2.4–107 6.1–46.2 3.0–41.9

Apparent U-Pb age (Ma) 101–3015 106–2841 119–2563

Concordant U-Pb age (Ma) 122–2786 106–2740 478–2493

εHf(t) −15.9–9.4 −18.6–9.9 −18.9–8.4

TDM (Ma) 932–3061 883–3280 1007–3010

Table 1.  Summary of zircon U–Pb ages and geochemistry for Cenozoic continental basalts from eastern China. 
Abbreviations: NCC, the North China Craton; SCB, the South China Block; Sulu, the Sulu orogen.

Figure 3.  Histograms of concordant U-Pb ages for zircons from Cenozoic continental basalts in east-central 
China. Samples locality: (a) the North China Craton (NCC), (b) the South China Block (SCB), (c) the Sulu 
orogen. Data are listed in Tables S1 and S2 in Supplementary data.
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Discussion
It is known that all these continental basalts from east-central China have Cenozoic eruption ages of 6 to 38 
Ma15–17. In contrast, the zircons from the basalts show highly variable U-Pb ages from 101 to 2865 Ma (Tables S1 
and S2). This age difference indicates that these zircons did not crystallize from basaltic magmas. Furthermore, 
the majority of basalt zircons plot above the upper boundary of the mantle array in the U/Yb vs. Nb/Yb dia-
gram (Fig. 4), inconsistent with their direct growth from mantle-derived magmas19. Instead, they would origi-
nate either from the continental crust through shallow contamination during magma emplacement or from the 
mantle sources that were generated by deep metasomatism before basaltic magmatism. As such, they are either 
xenocrysts from the continental crust or inherited from crustal components in the magma sources of continental 
basalts.

The concordant zircon U-Pb ages for the Cenozoic continental basalts are mainly clustered in the middle 
Neoproterozoic, Triassic and Early Cretaceous ages (Fig. 2), respectively, in general agreement with those for mag-
matic and metamorphic zircons from the Dabie-Sulu orogenic belt2,20,21. In particular, the middle Neoproterozoic 
U-Pb ages of 700 to 800 Ma are prominent. Such an age range is characteristic in the South China Block (includ-
ing the Dabie-Sulu orogenic belt in its northern margin) but absent in the North China Craton22. This precludes 
the possibility that these zircons would be of xenocrystic origin through the crustal contamination during the 
ascent of basaltic magmas through the continental crust of the North China Craton. Furthermore, the Triassic 
U-Pb ages of 200 to 245 Ma are consistent with those for zircons from UHP metamorphic rocks in the Dabie-Sulu 
orogenic belt but absent in crustal rocks from either the North China Craton or the South China Block outside 

Figure 4.  εHf(t) vs. U-Pb ages diagram for zircons with concordant U-Pb ages from the Cenozoic basalts, the 
Jiaobei terrane, the Sulu orogen and the Cretaceous igneous rocks. Filled square, circle and triangle symbols 
denote the zircons in basalts from the North China Craton, the South China Block and the Sulu orogen, 
respectively. Data source: the Jiaobei terrane38–44; the Sulu orogen44–48,50,66,67; the Cretaceous granites63,64,68; the 
Cretaceous mafic rocks54,64.

Figure 5.  The plot of U/Yb vs. Nb/Yb ratios for zircons from Cenozoic continental basalts in east-central 
China. Data are listed in Table S4. Square, circle and triangle symbols denote the zircons in basalts from North 
China Craton, the South China Block and the Sulu orogen, respectively.
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the Dabie-Sulu orogenic belt2,20,21. Therefore, the old zircons in the target basalts are not the xenocrysts from the 
local continental crust.

It is known that zircon only occurs as a tiny accessory mineral in very small amounts in crustal rocks; even 
silica-saturated granitic rocks contain very little zircons. If the crustal contamination could be responsible for 
the origin of old zircons in basalts, there would be concurrent changes in the whole-rock major and trace ele-
ment compositions of the resulted basalts. In this regard, the effect of crustal contamination on zircon addition 
to continental basalts can be tested by using a simple calculation to see whether there is a problem in mass 
balance. This is primarily gauged with the amount of crustal rocks in basaltic magmas in view of melt-mobile 
incompatible elements relative to the amount of xenocrystic zircons in erupted basalts. Supposing that 1 gram 
zircon is captured by an ascending basaltic magma, several hundreds to thousands grams of the crustal rocks are 
necessarily incorporated into the basaltic magma at the same time. Consequently, the finally erupted basalt must 
show a considerable increase in typical crustal components such as SiO2 and LILE (e.g., Rb, K and Pb), which are 
melt-mobile during assimilation. However, these features are absent in our basalts, arguing against the effect of 
crustal contamination15–17.

An alternative interpretation for the origin of old zircons in the Cenozoic continental basalts is the source 
inheritance from the metasomatic agents of terrigenous origin. This mechanism has been used to explain the 
occurrence of old zircons in metasomatic pyroxenites veins within peridotite xenoliths carried by continental 
basalts in North China12 and in volcanic arc rocks above the Caribbean subduction zone in Cuba13. If these 
zircons are inherited from crustal components, they must survive during metamorphic dehydration and partial 
melting at UHP conditions23,24. The survival of detrital zircons during subduction zone metamorphism is also 
indicated by the occurrence of inherited zircons with Precambrian relict cores and Triassic metamorphic rims in 
UHP metamorphic rocks from the Dabie-Sulu orogenic belt in east-central China25, where the crustal rocks were 
subducted to subarc depths for the Triassic UHP metamorphism2,20,21.

Furthermore, detrital zircons may survive during partial melting at ultrahigh-temperature (UHT) conditions 
of 900 to 1100 °C26–28. Despite small amounts, relict magmatic zircons do not show significant disturbance of not 
only U-Pb and Lu-Hf isotope systems but also trace element composition in UHT metamorphic rocks from the 
Bohemian Massif in central Europe28 and the Napier Complex in Antarctica26,27. In fact, a subset of detrital zir-
cons were identified in the enriched MORB from the Macquarie Island ophiolite29. In addition, old zircons have 
been recovered from mafic igneous rocks from Indian mid-ocean ridges30,31. These observations indicate that 

Figure 6.  Schematic cartoon showing the origin of relict zircons from Cenozoic continental basalts in east-
central China. (a) Zircon-bearing detrital sediments were eroded from the continental crust in the Sulu 
orogen and its adjacent region in the Jurassic. They were transported to the trench overlying the Paleo-Pacific 
subduction zone, forming the seafloor sediment on the subducting Paleo-Pacific slab. Meanwhile, the lower 
continental crust offscrapped by subducting Paleo-Pacific oceanic slab brought zircons into the subduction 
zone. (b) Old zircons were carried into mantle metasomatites by felsic melts derived from partial melting of the 
subducted detrital sediments. (c) Thinning and destruction of cratonic lithosphere in the Early Cretaceous leads 
to the melt-peridotite reaction at the slab-mantle interface in the subcontinental subduction channel, causing 
growth of new zircons in the mantle metasomatites. (d) The mantle metasomatites underwent partial melting 
due to the extension of continental lithosphere in the Late Cretaceous to Cenozoic, producing basaltic melts. All 
old and new zircons survived from the partial melting and transported together with the basaltic melts. Relict 
zircon-bearing basaltic magmas erupted on the surface, giving rise to the continental basalts.
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zircons do have survived at temperatures for the generation of enriched MORB, which are derived from decom-
pressional melting of the asthenospheric mantle at temperatures of 1300–1400 °C. In this case, the old zircons 
may be inherited from the mantle sources of their host rocks rather than captured from an unknown continent 
crust fragment.

It is known from the study of zircons in metamorphic veins inside UHP metamorphic rocks that tinny zircon 
grains can be physically transported from subducting crustal rocks by metamorphic fluids32,33. Both newly grown 
and relict zircon domains occur in orogenic peridotites from the Dabie-Sulu orogenic belt23,34–37. Such obser-
vations indicate that both the chemical transport of dissolved Zr and the physical transport of crustal zircon by 
metasomatic agents (metamorphic fluids, anatectic melts, or both) have taken place at the slab-mantle interface 
in subcontinental subduction channels14. During partial melting of the metasomatic mantle domains, these tinny 
zircon grains may not be completely dissolved into basaltic melts, and some of them may survive and be physi-
cally transported by the basaltic melts to the surface.

The occurrence of relict zircons in the Cenozoic continental basalts indicates that subduction zone fluids would 
have served as metasomatic agents to transport the detrital zircons from the orogenic crust via the mantle wedge 
to the basaltic melts. This involves two-stage processes in mass transfer at the slab-mantle interface in the sub-
continental subduction channel. The first stage is analogue to the occurrence of Precambrian zircons in metaso-
matic pyroxenite veins inside peridotite xenoliths entrained by Cenozoic continental basalts12. The second stage is 
analogue to the occurrence of inherited zircons in intra-arc mafic igneous rocks above the Caribbean subduction 
zone13. In order to document this possibility, we have made a detailed discussion in Supplementary Information 
on the occurrence of magmatic zircon in mafic igneous rocks and the survival of detrital zircons at deep sub-
duction zones. The results indicate that the old zircons were capable of survival at the lithosphere-asthenosphere 
boundary. As such, they were inherited from their mantle sources that contain the tinny zircon grains of crustal 
origin from the recycling of subducted crustal rocks in the subcontinental subduction channel.

It is known that zircon U-Pb ages for high-grade gneisses from the Jiaobei terrane in the southeastern margin 
of the North China Craton exhibit three episodes of magmatic events around 1.8 Ga, 2.5 Ga and 2.7 Ga38–44. This 
is consistent with the concordant U-Pb age peaks at 2.5 Ga and 2.7 Ga for Paleoproterozoic to Archean zircons 
from the Cenozoic continental basalts (Tables S1 and S2). Furthermore, they show 176Lu/177Hf and 176Hf/177Hf 
ratios of 0.000002 to 0.003050 and 0.280405 to 0.282943, respectively, which are similar to those of grains or 
relic cores for zircon with U-Pb ages older than 1700 Ma in the basalts (Table S4). Thus, the Jiaobei terrane could 
serve as a source of the oldest detrital zircons. Moreover, the old magmatic zircons with U-Pb ages around 2.5 
and 2.7 Ga from the basalts have positive εHf(t) values (Fig. 4 and Table S4), which are consistent with positive 
εHf(t) values for zircons from the Jiaobei terrane44. Thus the ancient crustal rocks from the Jiaobei terrane could 
be the source of the Paleoproterozoic to Archean zircons in the Cenozoic continental basalts. In other words, the 
Paleoproterozoic to Archean zircons in the basalts would be sourced from weathering of the continental crust in 
the Jiaobei terrane.

The Neoproterozoic relict zircons show concordant U-Pb ages of 705 to 983 Ma (Tables S1 and S2). These ages 
cover the U-Pb age range of 740 to 800 Ma for UHP metaigneous protoliths in the Sulu orogen2,22,45–49. These relict 
zircons show Th/U ratios of 0.15 to 1.56, which resemble Th/U ratios of 0.19 to 4.49 for the relict zircon cores of 
Neoproterozoic U-Pb ages in the UHP metaigneous rocks from the Sulu orogen. Furthermore, the 176Hf/177Hf 
ratios of Neoproterozoic relict zircons in the Cenozoic continental basalts are similar to those of most relict cores 
in the UHP metaigneous rocks45–48,50,51, giving similar εHf(t) values (Fig. 4). In this regard, the Neoproterozoic 
relict zircons in the basalts were possibly originated from the UHP metamorphic rocks in the Sulu orogen.

On the other hand, some of the studied Cenozoic continental basalts are spatially distributed along the south-
eastern edge of the North China Craton. It is likely that the subducting Paleotethyan oceanic slab could have 
influenced the overlying cratonic mantle wedge. In this case, zircons could come from the terrigenous sediments 
that were weathered from the continental crust in the northeastern margin of the South China Block and they 
would be carried by the subducting Paleotethyan oceanic crust into the mantle sources of Cenozoic continental 
basalts. As a consequence, the Neoproterozoic magmatic zircons in the Cenozoic basalts could be inherited from 
the seafloor sediment overlying the subducting Paleotethyan oceanic crust. However, the mantle source of Early 
Cretaceous mafic igneous rocks in the southeastern margin of the North China Craton has been documented 
as the metasomatic product through reaction of the ancient cratonic mantle with felsic melts derived from par-
tial melting of the subducting continental crust of the South China Block52–55. Because the South China Block 
was subducted subsequent to the subduction of the Paleotethyan oceanic crust in the Late Paleozoic, the Early 
Cretaceous mafic igneous rocks should contain the geochemical signature from the interaction between the cra-
tonic mantle and the subducting Paleotethyan oceanic crust. However, no such a signature has been found so far 
in these rocks. In this regard, the influence of the subducted Paleotethyan oceanic crust on the mantle sources 
of Cenozoic continental basalts is insignificant. Therefore, the Neoproterozoic relict zircons in the Cenozoic 
basalts would be not originated from the seafloor sediment overlying the subducting Paleotethyan oceanic crust 
in east-central China.

The metamorphic zircons of Triassic U-Pb ages are common in crustal rocks from the Dabie-Sulu orogenic 
belt2,45–51,56. They are the product of metamorphic growth during the subduction of the South China Block 
beneath the North China Craton. These zircons exhibit similar 176Hf/177Hf ratios to the Triassic zircons in the 
Cenozoic continental basalts. The majority of these metamorphic zircons show very low Th/U ratios of <0.12,45–51, 
consistent with the low Th/U ratios for the majority of Triassic zircons in the basalts (Tables S1 and S2). Therefore, 
the UHP metamorphic rocks from the Sulu orogen were the source of Triassic zircons in the basalts.

A few zircons from the Cenozoic continental basalts show concordant U-Pb ages of 101 to 131 Ma (Tables S1 
and S2). Such young ages are common in postcollisional magmatic rocks from the Sulu orogen52,53,57–65. Zircons in 
Mesozoic gabbros with U-Pb ages around 130 Ma always show Th/U ratios of >1.0, with Th and U contents mainly 
between 50 to 300 ppm52,53,57,62,64. These are consistent with those for zircons with U-Pb ages around 130 Ma in the 
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Cenozoic continental basalts, which exhibit Th/U ratios generally higher than 1.0 with Th and U contents mainly 
between 100 to 300 ppm (Tables S1 and S2). In this regard, it is possible that the Early Cretaceous magmatic rocks 
in the Sulu orogen would have provided the detrital zircons to the mantle source of Cenozoic basalts.

As discussed above, the crustal rocks exposed in the Dabie-Sulu orogenic belt may be the source of detrital 
zircons in the Cenozoic continental basalts. This is consistent with Mesozoic subduction of the Paleo-Pacific slab 
beneath the continental edge of eastern China65. As such, the crustal rocks would be eroded from the continental 
margin in the Sulu orogen, delivering the terrigenous sediments into the trench adjacent to the continent mar-
gin (Fig. 6a). After hydraulic sorting, tinny zircon grains were retained in the trench and transported into the 
subcontinental subduction channel. They were transferred into metasomatic mantle domains by hydrous felsic 
melts derived from partial melting of the subducting terrigenous sediments and their underlying basaltic crust 
(Fig. 6b). It is possible that the detrital sediment would be only deposited in a limited area close to the Sulu orogen 
during subduction of the paleo-Pacific slab in the Early Mesozoic.

On the other hand, some basalt zircons show U-Pb ages of younger than Triassic (Tables S1 and S2). This sug-
gests zircon growth after the collisional orogeny in the Triassic. The mantle source of Cenozoic continental basalts 
in east-central China was generated by reaction of the depleted MORB mantle peridotite with felsic melts derived 
from partial melting of subducted crustal rocks in the Early Cretaceous15–17. In this regard, these youngest relict 
zircons were not provided by the terrigenous sediments. Instead, they were generated during the melt-peridotite 
reaction at the slab-mantle interface in the subcontinental subduction channel (Fig. 6c). In this regard, their 
U-Pb ages record the time of metasomatic reaction during subduction of the Paleo-Pacific slab. The metasomatic 
agents (aqueous solutions and hydrous melts) released from the subducting Paleo-Pacific crust led to the growth 
of peritectic zircon in the mantle sources. Finally, the both detrital and peritectic zircons would have partially 
survived during partial melting of the metasomatic mantle domains in the Cenozoic and erupted together with 
the basaltic magmas to the surface (Fig. 6d). Rapid ascent of the basaltic magmas allows zircons to survive in the 
SiO2-undersaturated magmas and eventually occur in the Cenozoic continental basalts.

References
	 1.	 Cherniak, D. J. & Watson, E. B. Pb diffusion in zircon. Chem Geol 172, 5–24 (2000).
	 2.	 Zheng, Y.-F. et al. Zircon U-Pb and oxygen isotope evidence for a large-scale 18O depletion event in igneous rocks during the 

Neoproterozoic. Geochim Cosmochim Ac 68, 4145–4165 (2004).
	 3.	 Watson, E. B. & Harrison, T. M. Zircon saturation revisited: temperature and composition effects in a variety of crustal magma types. 

Earth Planet Sc Lett 64, 295–304 (1983).
	 4.	 Boehnke, P., Watson, E. B., Trail, D., Harrison, T. M. & Schmitt, A. K. Zircon saturation re-revisited. Chem Geol 351, 324–334 (2013).
	 5.	 Belousova, E., Griffin, W., O’Reilly, S. & Fisher, N. Igneous zircon: trace element composition as an indicator of source rock type. 

Contrib Mineral Petr 143, 602–622 (2002).
	 6.	 Visonà, D. et al. Zircon megacrysts from basalts of the Venetian Volcanic Province (NE Italy): U–Pb ages, oxygen isotopes and REE 

data. Lithos 94, 168–180 (2007).
	 7.	 Garnier, V. et al. Basalt petrology, zircon ages and sapphire genesis from Dak Nong, southern Vietnam. Mineralogical Magazine 69, 

21–38 (2005).
	 8.	 Sutherland, F. L. & Meffre, S. Zircon megacryst ages and chemistry, from a placer, Dunedin volcanic area, eastern Otago, New 

Zealand. New Zealand Journal of Geology and Geophysics 52, 185–194 (2009).
	 9.	 Sutherland, F. L. & Fanning, C. M. Gem-bearing basaltic volcanism, Barrington, New South Wales: Cenozoic evolution, based on 

basalt K–Ar ages and zircon fission track and U–Pb isotope dating. Australian Journal of Earth Sciences 48, 221–237 (2001).
	10.	 Siebel, W. et al. Prolonged mantle residence of zircon xenocrysts from the western Eger rift. Nature Geosci 2, 886–890 (2009).
	11.	 Zhang, H.-F. et al. Phanerozoic reactivation of the Archean North China Craton through episodic magmatism: Evidence from zircon 

U–Pb geochronology and Hf isotopes from the Liaodong Peninsula. Gondwana Res 19, 446–459 (2011).
	12.	 Liu, Y.-S. et al. Continental and Oceanic Crust Recycling-induced Melt–Peridotite Interactions in the Trans-North China Orogen: 

U–Pb Dating, Hf Isotopes and Trace Elements in Zircons from Mantle Xenoliths. J Petrol 51, 537–571 (2010).
	13.	 Rojas-Agramonte, Y. et al. Recycling and transport of continental material through the mantle wedge above subduction zones: A 

Caribbean example. Earth Planet Sc Lett 436, 93–107 (2016).
	14.	 Zheng, Y.-F. Metamorphic chemical geodynamics in continental subduction zones. Chem Geol 328, 5–48 (2012).
	15.	 Zhang, J.-J., Zheng, Y.-F. & Zhao, Z.-F. Geochemical evidence for interaction between oceanic crust and lithospheric mantle in the 

origin of Cenozoic continental basalts in east-central China. Lithos 110, 305–326 (2009).
	16.	 Wang, Y., Zhao, Z.-F., Zheng, Y.-F. & Zhang, J.-J. Geochemical constraints on the nature of mantle source for Cenozoic continental 

basalts in east-central China. Lithos 125, 940–955 (2011).
	17.	 Xu, Z., Zhao, Z.-F. & Zheng, Y.-F. Slab–mantle interaction for thinning of cratonic lithospheric mantle in North China: Geochemical 

evidence from Cenozoic continental basalts in central Shandong. Lithos 146–147, 202–217 (2012).
	18.	 Zheng, Y.-F., Xiao, W.-J. & Zhao, G.-C. Introduction to tectonics of China. Gondwana Res 23, 1189–1206 (2013).
	19.	 Grimes, C. B., Wooden, J. L., Cheadle, M. J. & John, B. E. “Fingerprinting” tectono-magmatic provenance using trace elements in 

igneous zircon. Contrib Mineral Petr 170, 46 (2015).
	20.	 Zheng, Y.-F., Chen, R.-X. & Zhao, Z.-F. Chemical geodynamics of continental subduction-zone metamorphism: Insights from 

studies of the Chinese Continental Scientific Drilling (CCSD) core samples. Tectonophysics 475, 327–358 (2009).
	21.	 Liu, F. L. & Liou, J. G. Zircon as the best mineral for P–T–time history of UHP metamorphism: A review on mineral inclusions and 

U–Pb SHRIMP ages of zircons from the Dabie–Sulu UHP rocks. J Asian Earth Sci 40, 1–39 (2011).
	22.	 Zhang, S.-B. & Zheng, Y.-F. Formation and evolution of Precambrian continental lithosphere in South China. Gondwana Res 23, 

1241–1260 (2013).
	23.	 Li, H.-Y., Chen, R.-X., Zheng, Y.-F. & Hu, Z. The crust-mantle interaction in continental subduction channels: Zircon evidence from 

orogenic peridotite in the Sulu orogen. Journal of Geophysical Research: Solid Earth 121, 687–712 (2017).
	24.	 Chen, R.-X. et al. The crust-mantle interaction in a continental subduction channel: evidence from orogenic peridotites in North 

Qaidam, northern Tibet. J. Petrol. 58, 191–226 (2017).
	25.	 Chen, R. X. & Zheng, Y. F. Metamorphic zirconology of continental subduction zones. J. Asia Earth Sci. 145, 149–176 (2017).
	26.	 Kusiak, M. A. et al. Changes in zircon chemistry during Archean UHT metamorphism in the Napier Complex, Antarctica. Am J Sci 

313, 933–967 (2013).
	27.	 Kusiak, M. A., Whitehouse, M. J., Wilde, S. A., Nemchin, A. A. & Clark, C. Mobilization of radiogenic Pb in zircon revealed by ion 

imaging: Implications for early Earth geochronology. Geology 41, 291 (2013).
	28.	 Kotková, J., Whitehouse, M., Schaltegger, U. & D’Abzac, F. X. The fate of zircon during UHT–UHP metamorphism: isotopic (U/Pb, 

δ18O, Hf) and trace element constraints. Journal of Metamorphic Geology 34, 719–739 (2016).



www.nature.com/scientificreports/

9SCiEntifiC REPOrTS |  (2018) 8:178  | DOI:10.1038/s41598-017-18549-7

	29.	 Portner, R. A., Daczko, N. R., Murphy, M. J. & Pearson, N. J. Enriching mantle melts within a dying mid-ocean spreading ridge: 
Insights from Hf-isotope and trace element patterns in detrital oceanic zircon. Lithos 126, 355–368 (2011).

	30.	 Torsvik, T. H. et al. A Precambrian microcontinent in the Indian Ocean. Nat Geosci 6, 223–227 (2013).
	31.	 Cheng, H. et al. Jurassic zircons from the Southwest Indian Ridge. Scientific Reports 6, 26260 (2016).
	32.	 Sheng, Y.-M., Zheng, Y.-F., Chen, R.-X., Li, Q. & Dai, M. Fluid action on zircon growth and recrystallization during quartz veining 

within UHP eclogite: Insights from U–Pb ages, O–Hf isotopes and trace elements. Lithos 136–139, 126–144 (2012).
	33.	 Sheng, Y.-M., Zheng, Y.-F., Li, S.-N. & Hu, Z.-C. Element mobility during continental collision: insights from polymineralic 

metamorphic vein within UHP eclogite in the Dabie orogen. Journal of Metamorphic Geology 31, 221–241 (2013).
	34.	 Zhang, R. Y., Yang, J. S., Wooden, J. L., Liou, J. G. & Li, T. F. U–Pb SHRIMP geochronology of zircon in garnet peridotite from the 

Sulu UHP terrane, China: Implications for mantle metasomatism and subduction-zone UHP metamorphism. Earth Planet Sc Lett 
237, 729–743 (2005).

	35.	 Zhang, Z. M. et al. Metasomatism of garnet peridotite from Jiangzhuang, southern Sulu UHP belt: constraints on the interactions 
between crust and mantle rocks during subduction of continental lithosphere. Journal of Metamorphic Geology 29, 917–937 (2011).

	36.	 Zheng, J. P. et al. Age and geochemistry of contrasting peridotite types in the Dabie UHP belt, eastern China: Petrogenetic and 
geodynamic implications. Chem Geol 247, 282–304 (2008).

	37.	 Zheng, J. P. et al. Linking continental deep subduction with destruction of a cratonic margin: strongly reworked North China SCLM 
intruded in the Triassic Sulu UHP belt. Contrib Mineral Petr 168, 1–21 (2014).

	38.	 Tang, J., Zheng, Y.-F., Wu, Y.-B., Gong, B. & Liu, X. Geochronology and geochemistry of metamorphic rocks in the Jiaobei terrane: 
Constraints on its tectonic affinity in the Sulu orogen. Precambrian Research 152, 48–82 (2007).

	39.	 Zhou, J.-B. et al. SHRIMP U–Pb zircon dating of the Neoproterozoic Penglai Group and Archean gneisses from the Jiaobei Terrane, 
North China, and their tectonic implications. Precambrian Research 160, 323–340 (2008).

	40.	 Liu, J. et al. The growth, reworking and metamorphism of early Precambrian crust in the Jiaobei terrane, the North China Craton: 
Constraints from U–Th–Pb and Lu–Hf isotopic systematics, and REE concentrations of zircon from Archean granitoid gneisses. 
Precambrian Research 224, 287–303 (2013).

	41.	 Liu, J. et al. U–Pb dating and Hf isotope study of detrital zircons from the Zhifu Group, Jiaobei Terrane, North China Craton: 
Provenance and implications for Precambrian crustal growth and recycling. Precambrian Research 235, 230–250 (2013).

	42.	 Liu, F. et al. U–Pb dating of zircons from granitic leucosomes in migmatites of the Jiaobei Terrane, southwestern Jiao–Liao–Ji Belt, 
North China Craton: Constraints on the timing and nature of partial melting. Precambrian Research 245, 80–99 (2014).

	43.	 Wang, W. et al. Archean–Paleoproterozoic crustal evolution in the eastern North China Craton: Zircon U–Th–Pb and Lu–Hf 
evidence from the Jiaobei terrane. Precambrian Research 241, 146–160 (2014).

	44.	 Zhang, S.-B., Tang, J. & Zheng, Y.-F. Contrasting Lu–Hf isotopes in zircon from Precambrian metamorphic rocks in the Jiaodong 
Peninsula: Constraints on the tectonic suture between North China and South China. Precambrian Research 245, 29–50 (2014).

	45.	 Tang, J. et al. Zircon U–Pb age and geochemical constraints on the tectonic affinity of the Jiaodong terrane in the Sulu orogen, China. 
Precambrian Research 161, 389–418 (2008).

	46.	 Tang, J. et al. Extreme oxygen isotope signature of meteoric water in magmatic zircon from metagranite in the Sulu orogen, China: 
Implications for Neoproterozoic rift magmatism. Geochim Cosmochim Ac 72, 3139–3169 (2008).

	47.	 Liu, F. & Liu, P. U-Pb dating, trace element and Hf isotopic characteristics of zircons from meta-gabbro in Yangkou area, north Sulu 
UHP terrane. Ac Petrol Sinica 25, 2113–2131 (2009).

	48.	 Liu, F., Xue, H. & Liu, P. Partial melting time of ultrahigh-pressure metamorphicrocks in the Sulu UHP terrane: constrained by 
zircon U-Pb ages, trace elementsand Lu-Hf isotope compositions of biotite-bearing granite. Acta Petrol Sinica 25, 1039–1055 (2009).

	49.	 Liu, F. et al. Zircon U–Pb ages, REE concentrations and Hf isotope compositions of granitic leucosome and pegmatite from the 
north Sulu UHP terrane in China: Constraints on the timing and nature of partial melting. Lithos 117, 247–268 (2010).

	50.	 Chen, R.-X., Zheng, Y.-F. & Xie, L. Metamorphic growth and recrystallization of zircon: Distinction by simultaneous in-situ analyses 
of trace elements, U–Th–Pb and Lu–Hf isotopes in zircons from eclogite-facies rocks in the Sulu orogen. Lithos 114, 132–154 (2010).

	51.	 Chen, Y.-X. et al. Metamorphic growth and recrystallization of zircons in extremely 18O-depleted rocks during eclogite-facies 
metamorphism: Evidence from U–Pb ages, trace elements, and O–Hf isotopes. Geochim Cosmochim Ac 75, 4877–4898 (2011).

	52.	 Yang, Q.-L., Zhao, Z.-F. & Zheng, Y.-F. Modification of subcontinental lithospheric mantle above continental subduction zone: 
Constraints from geochemistry of Mesozoic gabbroic rocks in southeastern North China. Lithos 146–147, 164–182 (2012).

	53.	 Yang, Q.-L., Zhao, Z.-F. & Zheng, Y.-F. Slab–mantle interaction in continental subduction channel: Geochemical evidence from 
Mesozoic gabbroic intrusives in southeastern North China. Lithos 155, 442–460 (2012).

	54.	 Zhao, Z.-F., Dai, L.-Q. & Zheng, Y.-F. Postcollisional mafic igneous rocks record crust-mantle interaction during continental deep 
subduction. Scientific Reports 3, 3413 (2013).

	55.	 Zhao, Z.-F., Dai, L.-Q. & Zheng, Y.-F. Two types of the crust-mantle interaction in continental subduction zones. Sci China Earth Sci 
58, 1269–1283 (2015).

	56.	 Liu, D., Jian, P., Kröner, A. & Xu, S. Dating of prograde metamorphic events deciphered from episodic zircon growth in rocks of the 
Dabie–Sulu UHP complex, China. Earth Planet Sc Lett 250, 650–666 (2006).

	57.	 Guo, J., Chen, F., Zhang, X., Sibel, W. & Zhai, M. Evolution of syn- to post-collisional magmatism from north Sulu UHP belt, eastern 
China: zircon U-Pb geochronlogy. Ac Petrol Sinica 21, 1281–1301 (2005).

	58.	 Yang, J.-H. et al. Petrogenesis of post-orogenic syenites in the Sulu Orogenic Belt, East China: geochronological, geochemical and 
Nd–Sr isotopic evidence. Chem Geol 214, 99–125 (2005).

	59.	 Huang, J. et al. Melting of subducted continent: Element and isotopic evidence for a genetic relationship between Neoproterozoic 
and Mesozoic granitoids in the Sulu orogen. Chem Geol 229, 227–256 (2006).

	60.	 Meng, F., Shi, R., Li, T., Liu, F. & Xu, Z. The Ages and Sources of Late Mesozoic Granites in Southern Sulu Region. Acta Geologica 
Sinica 80, 1867–1876 (2006).

	61.	 Zhang, T. & Zhang, Y. Geochronological Sequence of Mesozoic Intrusive Magmatism in Jiaodong Peninsula and Its Tectonic 
Constraints. Geological Journal of China Universities 13, 323–336 (2007).

	62.	 Liu, S. et al. U–Pb zircon age, geochemical and Sr–Nd–Pb–Hf isotopic constraints on age and origin of alkaline intrusions and 
associated mafic dikes from Sulu orogenic belt, Eastern China. Lithos 106, 365–379 (2008).

	63.	 Zhang, J., Zhao, Z.-F., Zheng, Y.-F. & Dai, M.-N. Postcollisional magmatism: Geochemical constraints on the petrogenesis of 
Mesozoic granitoids in the Sulu orogen, China. Lithos 119, 512–536 (2010).

	64.	 Zhang, J., Zhao, Z.-F., Zheng, Y.-F., Liu, X.-M. & Xie, L.-W. Zircon Hf–O isotope and whole-rock geochemical constraints on origin 
of postcollisional mafic to felsic dykes in the Sulu orogen. Lithos 136–139, 225–245 (2012).

	65.	 Müller, R. D., Sdrolias, M., Gaina, C., Steinberger, B. & Heine, C. Long-term sealevel fluctuations driven by ocean basin dynamics. 
Science 319, 1357–1362 (2008).

	66.	 Li, W. C., Chen, R. X., Zheng, Y. F. & Hu, Z. Dehydration and anatexis of UHP metagranite during continental collision in the Sulu 
orogen. Journal of Metamorphic Geology 32, 915–936 (2014).

	67.	 Li, W.-C., Chen, R.-X., Zheng, Y.-F., Li, Q. & Hu, Z. Zirconological tracing of transition between aqueous fluid and hydrous melt in 
the crust: Constraints from pegmatite vein and host gneiss in the Sulu orogen. Lithos 162–163, 157–174 (2013).

	68.	 Guo, F. et al. Hf–Nd–O isotopic evidence for melting of recycled sediments beneath the Sulu Orogen, North China. Chem Geol 381, 
243–258 (2014).



www.nature.com/scientificreports/

1 0SCiEntifiC REPOrTS |  (2018) 8:178  | DOI:10.1038/s41598-017-18549-7

Acknowledgements
This study was supported by funds from the Chinese Ministry of Science and Technology (2015CB856100), 
Natural Science Foundation of China (41673028 and 41590620), the Chinese Academy of Sciences 
(XDB18020300), and the Fundamental Research Funds for the Central Universities. Thanks are due to J. Tang 
and Q.-L. Yang for their assistance with the field sampling, to R.-X. Chen, Y.-M. Sheng and J. Zhang for their 
assistance with the zircon SHRIMP U-Pb dating and LA-ICPMS U-Pb dating and Lu-Hf isotope analysis.

Author Contributions
Y.F.Z. and Z.X. designed this study and wrote the manuscript. All authors participated in field sampling, data 
analyses and interpretations.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-18549-7.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-18549-7
http://creativecommons.org/licenses/by/4.0/

	Zircon evidence for incorporation of terrigenous sediments into the magma source of continental basalts

	Sample and Results

	Discussion

	Acknowledgements

	Figure 1 Sketch map of geology in east-central China showing distribution of Cenozoic continental basalts, and locations of the samples used in this study.
	Figure 2 U-Pb ages and selected CL images for zircons from zircons from Cenozoic continental basalts in east-central China.
	Figure 3 Histograms of concordant U-Pb ages for zircons from Cenozoic continental basalts in east-central China.
	Figure 4 εHf(t) vs.
	Figure 5 The plot of U/Yb vs.
	Figure 6 Schematic cartoon showing the origin of relict zircons from Cenozoic continental basalts in east-central China.
	Table 1 Summary of zircon U–Pb ages and geochemistry for Cenozoic continental basalts from eastern China.


