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ABSTRACT

Intraplate basaltic volcanism commonly exhibits wide compositional ranges from silica-under-

saturated alkaline basalts to silica-saturated tholeiitic basalts. Possible mechanisms for the com-

positional transition involve variable degrees of partial melting of a same source, decompression

melting at different mantle depths (so-called ‘lid effect’), and melt-peridotite interaction. To discrim-

inate between these mechanisms, here we investigated major-trace elemental and Sr–Nd–Mg–Zn

isotopic compositions of a suite of intraplate alkaline and tholeiitic basalts from the Datong volcan-

ic field in eastern China. Specifically, we employed Mg and Zn isotope systematics to assess

whether the silica-undersaturated melts originated from a carbonated mantle source. The alkaline

basalts have young HIMU-like Sr and Nd isotopic compositions, lower d
26Mg (-0�42& to -0�38&)

and higher d66Zn (0�40& to 0�46&) values relative to the mantle. These characteristics were attrib-

utable to an asthenospheric mantle source hybridized by carbonated melts derived from the stag-

nant Pacific slab in the mantle transition zone. From alkaline to tholeiitic basalts, d26Mg gradually

increases from -0�42& to -0�28& and d
66Zn decreases from 0�46& to 0�28& with decreasing alkalin-

ity and incompatible trace element abundances (e.g. Rb, Nb, Th and Zr). The Mg and Zn isotopic

variations are significantly beyond the magnitude (<0�1&) induced by different degrees of fraction-

al crystallization and partial melting of a same mantle source, excluding magmatic differentiation,

different degrees of partial melting and the ‘lid effect’ as possible mechanisms accounting for the

compositional variations in the Datong basalts. There are strong, near-linear correlations of d26Mg

and d
66Zn with 87Sr/86Sr (R2¼0�75� 0�81) and 143Nd/144Nd (R2¼0�83� 0�90), suggesting an addition-

al source for the Datong basalts. This source is characterized by pristine mantle-like d
26Mg and

d
66Zn values as well as EM1-like Sr–Nd isotopic ratios, pointing towards a metasomatized subcon-

tinental lithospheric mantle (SCLM). Isotope mixing models show that mingling between alkaline

basaltic melts and partial melts from the SCLM imparts all the above correlations, which means

that the SCLM must have been partially melted during melt-SCLM reaction. Our results underline

that interaction between carbonated silica-undersaturated basaltic melts and the SCLM acts as one

of major processes leading to the compositional diversity in intracontinental basaltic volcanism.

Key words: alkaline basalts; tholeiitic basalts; carbonated melt-lithosphere interaction; Mg iso-

topes; Zn isotopes

INTRODUCTION

Basaltic volcanism erupted in intraplate settings (e.g.

oceanic hotspot, intracontinental volcano and

continental rift) provides solid evidence for recycling of

crustal materials into the deep mantle owing to their

variable and enriched radiogenic isotopic signatures
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(Hofmann, 2014). Regardless, intraplate basaltic volcan-

ism commonly spans a wide and continuous compos-

ition ranging from nepheline-normative alkaline basalts

to hypersthene/quartz-normative tholeiitic basalts, but

the origin is still debated. The alkaline to tholeiitic tran-

sition is generally accompanied by a decrease in incom-

patible element concentrations with increasing silica

saturation, which has been often ascribed to increasing

degrees of mantle partial melting (e.g. Chen et al., 1991;

Wilson et al., 1995; Lustrino et al., 2002; Melluso et al.,

2016 ). However, experimental studies demonstrate

that varying extents of partial melting of potential

source lithologies (peridotite, pyroxenite or hornblen-

dite) with or without CO2 alone fails to reproduce the

full compositional spectrum observed in natural basalts

(Hirose, 1997; Walter, 1998; Hirschmann et al., 2003;

Kogiso et al., 2003; Wasylenki et al., 2003; Keshav et al.,

2004; Kogiso & Hirschmann, 2006; Dasgupta et al.,

2007; Pilet et al., 2008; Gerbode & Dasgupta, 2010;

Dasgupta et al., 2013). Alternatively, this transition may

be caused by interaction between silicate melt and peri-

dotite as suggested by the ‘sandwich’ experiments, dur-

ing which the silica-undersaturation of reacted melts

could change drastically because of dissolution of oliv-

ine or pyroxene in melts (Pilet et al., 2008; Lambart

et al., 2012; Mallik & Dasgupta, 2014). This hypothesis

can be tested in natural samples by combining major

and trace elements with isotopes. For instance, coherent

variations in major-trace elements and radiogenic iso-

topes have been regarded as evidence for melt-litho-

spheric mantle interaction in producing different types of

intraplate lavas (Lassiter & DePaolo, 1997; Zhang et al.,

2017). Nonetheless, radiogenic isotopes are commonly

insufficient to exclusively fingerprint recycled carbonates

in the mantle, which have been advocated to play a fun-

damental role in the generation of silica-undersaturated

alkaline basalts (Hirose, 1997; Dasgupta et al., 2007).

Like radiogenic Sr, Nd and Pb isotopes, the fraction-

ation of stable Mg and Zn isotopes during mantle melt-

ing and basaltic differentiation is negligible or limited

(�0�1&) due to minimal melt-mineral isotope fraction-

ation at magmatic temperatures (Chen et al., 2013;

Teng, 2017; Wang et al., 2017b; Zhong et al., 2017; Sossi

et al., 2018; Stracke et al., 2018). On the other hand, Mg

and Zn isotopes have an ability of tracking recycled car-

bonates in basalt sources (Liu & Li, 2019 and references

therein). Sedimentary carbonates are characterized by

extremely lower d26Mg and higher d66Zn compared with

the mantle and subducted silicate components such as

serpentinite, altered oceanic crust and silicate-domi-

nated sediments (Fig. 1). Hence, basaltic melts derived

from a mantle source hybridized by recycled carbonate

or carbonated oceanic crust are expected to have dis-

tinctively lighter Mg and heavier Zn isotopic composi-

tions than melts derived from uncontaminated mantle,

which have been observed in many intraplate silica-

undersaturated alkaline basalts (e.g. Liu & Li, 2019;

Beunon et al., 2020; Liu et al., 2020; Li et al., 2021).

Systematic Mg and Zn isotopic variations across

alkaline and tholeiitic basalts should also be envisaged

if the alkaline to tholeiitic transition results from inter-

action of carbonated silica-undersaturated melt with

peridotite (e.g. Zhang et al., 2017). That is, if the isotopic

variations significantly exceed the magnitude of isotop-

ic fractionation induced by partial melting and magmat-

ic differentiation, a role of carbonated melt–peridotite

reaction may be recognized. Therefore, Mg and Zn iso-

topic systematics offer novel approaches to discriminat-

ing the proposed mechanisms of producing the wide

compositional spectrum of intraplate basalts.

Intraplate basaltic volcanism has occurred widely in

eastern China along the eastern margin of Euro-Asian

continent since the Late Mesozoic. These basalts range

from nephelinite, basanite, alkali olivine basalt to tholei-

ite and display a wide range in elemental and radiogen-

ic isotopic compositions comparable to that of global

intraplate basalts (e.g. Zhou & Armstrong, 1982; Basu

et al., 1991; Fan & Hooper, 1991; Zou et al., 2000; Xu

et al., 2005; Liu et al., 2008; Zeng et al., 2010, 2011;

Sakuyama et al., 2013), thus providing ideal samples for

deciphering the origin of the compositional continuum

in intraplate volcanism. To date, the cause of compos-

itional evolution of intraplate basalts from eastern

China remains controversial. For example, a recent

study proposed that the lithospheric thickness exerts

the primary control on the compositions of these

basalts in terms of the extent and pressure of mantle

melting (so-called ‘lid effect’; Guo et al., 2020), whereas

earlier studies suggested that interaction of astheno-

sphere-derived magma with lithospheric mantle results

in the transition from alkaline to tholeiitic basalts (Xu

et al., 2005; Tang et al., 2006; Wang et al., 2018b). In this

study, we carried out combined analyses of petrology,

major and trace elements and Sr–Nd–Mg–Zn isotopes on

Quaternary alkaline and tholeiitic basalts from the

Datong volcanic field, which is a famous intraplate mono-

genetic volcanic region in eastern China and has been ex-

tensively studied in various disciplines, including

petrology, geochronology, geochemistry, geophysics

and paleomagnetism (e.g. Xu et al., 2005; Yamamoto

et al., 2007; Zhao et al., 2015; Zhang et al., 2016; Sun

et al., 2019). Our results provide strong evidence for reac-

tion of carbonated silicate melts with the lithospheric

mantle as one of the main mechanisms responsible for

the alkaline to tholeiitic transition commonly observed in

intracontinental basaltic magmatism.

REGIONAL GEOLOGYAND SAMPLE

DESCRIPTION

Cenozoic basalts in eastern China are widely distributed

in four tectonic regions: NE China, North China Craton,

South China Block and Hainan Island (Fig. 2), extending

over 4000 km from north to south. The lithology is

dominated by alkaline basalts, with minor tholeiitic

basalts (Zhou & Armstrong, 1982). Their eruption age is

mostly Neogene to Pleistocene (Li et al., 2017). The spa-

tial distribution of these lavas is in accordance with a

2 Journal of Petrology, 2021, Vol. 0, No. 0
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large scale low-velocity zone (�100–400 km depth)

above the mantle transition zone (MTZ), where the sub-

ducted western Pacific slab stagnates at present as

revealed by seismic tomography (Fig. 2a; Huang &

Zhao, 2006; Fukao et al., 2009; Liu et al., 2017c). Thus,

Cenozoic intraplate basaltic volcanism in eastern China

has been commonly reckoned to be genetically related

to the stagnant Pacific slab (e.g. Zhao et al., 2009;

Sakuyama et al., 2013; Liu et al., 2016; Li et al., 2017 ; Li

and Wang, 2018; Xu et al., 2018, 2020). Their mantle

sources could have been metasomatized by crustal

components derived from the stagnant slab, as indi-

cated by OIB-like chemical and radiogenic isotopic com-

positions of these basalts (e.g. Zhou & Armstrong,

1982; Zhi et al., 1990; Basu et al., 1991; Zou et al., 2000;

Tang et al., 2006; Zeng et al., 2011; Sakuyama et al.,

2013; Xu et al., 2018). In particular, recent Mg–Fe–Zn

isotopic studies on these basalts suggest that deeply

subducted carbonates may play an important role in

oxidizing the mantle and facilitating the formation of sil-

ica-understatured alkaline lavas (Yang et al., 2012;

Huang et al., 2015b; Liu et al., 2016; Tian et al., 2016; Li

et al., 2017; Wang et al., 2017a, 2018b; He et al., 2019;

Jin et al., 2020; Cai et al., 2021).

Cenozoic basaltic volcanism in the North China

Craton occurs predominantly adjacent to the rifts or

fault zones within the Trans-North China Orogen and

the Tan-Lu Fault of the Eastern Block (Fig. 2b). The

Datong volcanic field (DVF) is located in the northern

part of the Trans-North China Orogen and above the

tailing edge of stagnant Pacific slab (Fig. 2a). It can be

classified into southeastern and northwestern parts

according to the morphological structures and lava

compositions. Volcanism from the southeastern DVF

started in the Middle Pleistocene (0�74Ma) (Zhao et al.,

2015; Sun et al., 2019) and is mainly characterized by

lava flows distributed along the Sanggan River fault

with a thickness of 3–25m (Figs 3 and 4a). Basalts

erupted in this area show porphyritic textures of oliv-

ine tholeiites with the occurrence of olivine, plagio-

clase and clinopyroxene as phenocrysts, which are set

in a groundmass made of plagioclase, clinopyroxene

and needle-shaped Fe–Ti oxide (Fig. 4c and e). The

northwestern DVF includes at least 17 volcanic cones

with eruption ages of as early as 0�4Ma (Fig. 4b; Zhao

et al., 2015; Sun et al., 2019). Olivine phenocrysts are

observed in the northwestern DVF basalts with a fine-

grained groundmass composed of plagioclase, clino-

pyroxene and Fe-Ti oxide (Fig. 4d and f). A total of 19

fresh samples including 11 from the southeastern DVF

and 8 from the northwestern DVF were collected in

this study.

0

20

40

60

80

0

10

20

30

0

5

10

0

10

20

30

0

20

40

-5 -4 -3 -2 -1 0 1

δ26Mg (‰)

0

10

20

30

0

10

20

30

0

10

20

30

0

10

20

0

4

8

0-0.5 10.5 1.5

δ66Zn (‰)

Carbonate 

Sediment 

Altered oceanic crust 

Abyssal peridotite 

 & serpentinite 

Carbonate

Mid-ocean ridge basalt 

Sediment 

Altered oceanic crust 

Abyssal peridotite 

& serpentinite 

Mid-ocean ridge basalt 

(a) Neoproterozoic (b) 
Phanerozoic 

N
u

m
b

e
rs

 

Mantle Mantle

N
u

m
b

e
rs

 

Carbonated AOC

Carbonate-rich 

Fig. 1. Summary of (a) Mg and (b) Zn isotopic compositions of the main components in subducting slabs. Data sources:
Carbonates: d26Mg,Teng (2017) and references therein; d66Zn, Pichat et al. (2003), Kunzmann et al. (2013), Liu et al. (2017b), Sweere
et al. (2018), Wang et al. (2018a) and Lv et al. (2018); low d

66Zn values of some Neoproterozoic carbonates were interpreted to be
the consequence of post-depositional diagenesis (Lv et al., 2018). Sediments: d26Mg, Li et al. (2010, 2014b), Huang et al. (2013),
Wimpenny et al. (2014), Ma et al. (2015), Wang et al. (2015), Teng et al. (2016) and Hu et al. (2017); d66Zn, Bentahila et al. (2008),
Pons et al. (2011), Little et al. (2016) and Inglis et al. (2017). Altered oceanic crust (AOC): d26Mg, Huang et al. (2015a, 2018c); d66Zn,
Huang et al. (2016) and Inglis et al. (2017). Abyssal peridotites and serpentinites: d26Mg, Liu et al., 2017a; d66Zn, Pons et al. (2011,
2016), Debret et al. (2018a, 2018b) and Liu et al. (2019). Mid-ocean ridge basalt: d26Mg, Teng et al. (2010); d66Zn, Wang et al. (2017b)
and Huang et al. (2018b). The grey vertical bar represents the average mantle value estimated from mantle peridotites (d26Mg ¼ -
0�256 0�04&, Teng et al., 2010; d66Zn ¼ 0�1760�08&, Doucet et al., 2016; Wang et al., 2017b; Huang et al., 2018a; Sossi et al., 2018;
Huang et al., 2019; Liu et al., 2019).

Journal of Petrology, 2021, Vol. 0, No. 0 3

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/6
2
/4

/e
g
a
b
0
2
5
/6

1
7
9
1
0
7
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



METHODS

The rock specimens were first sawed into small slices

and only the freshest pieces without xenocrysts were

handpicked under a binocular scope. Afterwards, the

handpicked rock fragments were cleaned with Milli-Q

water in an ultrasonic bath and dried down in an oven

at 60�C. The cleaned fragments were ground into pow-

ders in an agate mortar. Around 30mg whole-rock pow-

der was fused with �170mg LiBO2 in a muffle furnace

for one hour and was then quenched. The quenched

glass was dissolved in 1ml of concentrated HNO3 and

diluted to 60ml by Milli-Q water prior to major element

analysis using Leeman Prodigy inductively coupled

plasma optical emission spectroscopy (ICP-OES) at the

China University of Geosciences, Beijing (CUGB). Loss

on ignition (LOI) was determined via calculating the

relative mass loss before and after heating �1g whole-

rock power at �1000
�

C in a muffle furnace for �30min.

The uncertainties are better than 1% and 2% for ele-

ments with contents of >1wt % and <1wt %, respect-

ively. For trace element analysis, �40mg whole-rock

powders were digested in a mixture of concentrated

HNO3 and HCl at 190
�

C using Teflon bombs. The dis-

solved samples were then dried down, redissolved in

1ml of concentrated HNO3, and diluted to 80ml by

Milli-Q water. Trace elements were analysed by an

Agilent 7500a inductively coupled plasma-mass spec-

trometer (ICP-MS) at the CUGB. The reproducibility is

better than 5% for elements with concentrations of >
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10ppb and 10% for those with concentrations of <

10ppb based on repeated analysis of rock standards.

The results of two rock standards GBW017105 and

BHVO-2 analysed in this study agree well the recom-

mended values (Supplementary Data Table S1).

A split of the same powders used for major and trace

element analysis were digested in a 3:1 concentrated

HF: HNO3 mixture at 150
�

C in the Savillex
VR
PFA beakers.

Following complete dissolution, all samples were

evaporated to dryness and then treated with aqua regia

at 80�C and concentrated HCl at 120�C, respectively, in

order to remove any remaining fluorides. After evapor-

ation to dryness, the residues were redissolved in 1ml

of 2�5N HCl before chromatography. Separation of Sr

and rare earth elements (REE) from other matrix

elements was achieved by passing through a column

loaded with AG50W-X12 (200–400 mesh) resin. A se-

cond column loaded with LN resin was used to further

separate Nd from other REE. The Sr and Nd isotopic

ratios were measured by a Thermo Scientific
VR
Neptune

Plus multi-collector inductively coupled plasma mass

spectrometer (MC-ICP-MS) at the Isotope Geochemistry

Lab of the CUGB. The instrumental mass fractionation

was calibrated using the exponential law at 86Sr/88Sr ¼

0�1194 and 146Nd/144Nd ¼ 0�7219. Data were further cor-

rected to a NIST SRM 987 value of 87Sr/86Sr ¼ 0�71027

and an Alfa Nd value of 143Nd/144Nd ¼ 0�512425. A

USGS basalt standard BCR-2, processed along the

studied samples to monitor accuracy and precision,

yielded 87Sr/86Sr ¼ 0�7049506 0�000014 and
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Fig. 4. (a–b) Field photographs showing the outcrops of (a) tholeiitic and (b) alkaline basalts in the Datong volcanic field. (c–d)
Microphotography of (c) tholeiitic and (d) alkaline basalts (cross-polarized light). (e–f) Back-scattered electron (BSE) images of (e)
tholeiitic and (f) alkaline basalts. Ol, olivine; Cpx, clinopyroxene; Pl, plagioclase.
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143Nd/144Nd ¼ 0�51261060�000008, which agree well

with the values recommended by the GeoReM database

(87Sr/86Sr ¼ 0�7049360�00055 and 143Nd/144Nd ¼

0�5126356 0�000029; https://georemmpch-mainz.gwdg.

de).

Magnesium and zinc isotope analyses were per-

formed after the previous protocols (Liu et al., 2014,

2016; Ke et al., 2016; Gao et al., 2019). Sample digestion

follows the same procedure as for Sr and Nd isotopic

analysis. After complete dissolution and evaporation to

dryness, 1ml of 1N HNO3 or 8N HCl was added to the

dry residue in preparation for Mg or Zn chromatograph-

ic purification, respectively. Magnesium and zinc was

separated from the matrix elements using 2ml of cation

exchange resin AG50W-X8 and 1ml of anion exchange

resin AG1-X8, respectively. The column chromato-

graphic procedures were performed twice in order to

remove the matrix elements utterly with recoveries of

both Mg and Zn higher than 99% and a total procedural

blank containing less than 10ng Mg and 6ng Zn, which

account for negligible portions of the loaded Mg and Zn

(<0�1% and <0�6%, respectively).

The Mg and Zn isotopic ratios were also determined

on a Thermo Scientific
VR
Neptune Plus MC-ICP-MS at the

Isotope Geochemistry Lab of the CUGB. The measure-

ment was conducted in a low resolution mode under

wet plasma conditions. Purified samples dissolved in

3% HNO3 were introduced into the plasma using a

Cetac
VR
ASX-10 autosampler with an uptake rate of 50–

100ml/min. Around 7V signal of 24Mg and 3V signal of
64Zn for a standard 1011X amplifier were obtained for a

solution containing 400ppb Mg and 200ppb Zn, re-

spectively. Each measurement constituted one block of

40 cycles with �4 seconds of integration time and at

least three times of independent measurements on the

same purified solution were performed for each sam-

ple. Instrumental mass bias was corrected by using a

standard-sample bracketing (SSB) method for Mg iso-

topes and a combined SSB and Cu-doping method for

Zn isotopes. An extra 100ppb of Cu was added into

each sample and standard Zn solution as the external

element for mass bias calibration of Zn isotopes, which

is modified after Maréchal et al. (1999). The results are

reported relative to Mg standard DSM-3 and Zn stand-

ard Lyon JMC 3–0749 L in delta (d) notation:

d
26; 25Mg &ð Þ ¼

26; 25Mg=24Mg

� �

sample

26; 25Mg=24Mg

� �

DSM3

� 1

2

6

4

3

7

5� 1000;

d
66; 68Zn &ð Þ ¼

66; 68Zn=64Zn
� �

sample

66; 68Zn=64Zn
� �

Lyon JMC 3�0749L

� 1

2

6

6

4

3

7

7

5

� 1000

Long-term external reproducibilities (2SD) of

60�06& for d26Mg (Gao et al., 2019) and of 60�04& for

d
66Zn (Wang et al., 2017b) were routinely obtained

based on repeated analyses of synthetic solutions (e.g.

GSB-Mg, IRMM 3702-Zn) and international rock stand-

ards (e.g. BHVO-2). The BCR-2 analysed during the

course of this study yielded d
26Mg ¼ -0�146 0.06& and

d
66Zn ¼ 0�256 0�04&, which are in good agreement

with the values reported in literature (e.g. An et al.,

2014; Chen et al., 2015; Sossi et al., 2015; Teng et al.,

2015 ). The uncertainties of d26Mg and d
66Zn for all sam-

ples are given as long-term external reproducibilities

(2SD) throughout the text.

RESULTS

Major and trace element geochemistry
The major and trace element data for the Datong

basalts are presented in Table 1. The studied samples

have very low LOI contents of -0�59wt % to 0�30wt %,

confirming limited post-eruption low-temperature alter-

ation. In the total alkali vs silica diagram (Le Bas et al.,

1986), they can be classified into tholeiitic and alkaline

groups (Fig. 5a). Samples from the southeastern DVF

belong to tholeiitic basalt and basaltic andesite, while

those from the northwestern DVF are alkaline trachyba-

salt and basanite. We use the more general classifica-

tion of tholeiitic and alkaline basalts for the two groups

of lavas, hereafter. Compared with tholeiitic basalts, al-

kaline basalts display a wider range of major element

contents and have lower SiO2 and higher Na2O, K2O,

TFe2O3, TiO2 and P2O5 contents (Figs 5 and 6). Alkaline

and tholeiitic basalts together exhibit good correlations

between SiO2 and Na2OþK2O, TFe2O3, TiO2 and P2O5

(Fig. 5), while no obvious correlations exist between

MgO and other oxides except that Al2O3 and CaO are

well correlated with MgO in alkaline basalts (Fig. 6).

Both alkaline basalts and tholeiites display OIB-like

trace element patterns in the primitive mantle-normal-

ized trace element diagram (e.g. positive Nb-Ta anoma-

lies, negative Pb anomaly), but the highly incompatible

trace element (e.g. Rb, Th, Nb and Zr) abundances of al-

kaline basalts are much higher than those of tholeiitic

basalts (Fig. 7a). The degree of fractionation between

light REE and heavy REE is also higher in alkaline

basalts (e.g. LaN/YbN ¼ 14�6–23�0, SmN/YbN ¼ 4�67–6�53;

N-chondrite normalized, McDonough & Sun, 1995) than

in tholeiitic basalts (e.g. LaN/YbN ¼ 4�2–9�4, SmN/YbN ¼

2�52–3�69) (Fig. 7b).

Sr–Nd–Mg–Zn isotopic compositions
The Sr, Nd, Mg and Zn isotopic data are presented in

Table 2. The Sr and Nd isotopic variations of the Datong

basalts fall within the scope of OIB, ranging from HIMU-

like to EM1-like (Fig. 8a). Alkaline basalts have 87Sr/86Sr

(0�703220 to 0�703873) lower than and 143Nd/144Nd

(0�512889 to 0�512959) higher than tholeiitic basalts

(0�703891 to 0�704669 and 0�512658 to 0�512823, re-

spectively) and the two groups together define a nega-

tive correlation. Similar isotopic characteristics have

been commonly observed in Cenozoic basalts from

6 Journal of Petrology, 2021, Vol. 0, No. 0
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other areas of the North China Craton (e.g. Hannuoba,

Taihang Mountains, Shandong; Zhi et al., 1990; Tang

et al., 2006; Zeng et al., 2011).

The Mg and Zn isotopic compositions of the Datong

basalts display an overall range from -0�42& to -0�28&

and from 0�28& to 0�46&, respectively (Figs 9–13),

which are in agreement with the previous analyses for

Cenozoic basalts from other regions in eastern China

for which d
26Mg range from -0�66& to -0�23& and d

66Zn

range from 0�30& to 0�63& (Liu & Li, 2019 and referen-

ces therein). The d
26Mg values of Datong alkaline

basalts vary from -0�42& to -0�38& (n¼ 8), which are

lower than the mantle value (-0�2560�04&; Teng et al.,

2010). Tholeiitic basalts have d
26Mg values ranging

from -0�35& to -0�28& (n¼ 11), which are higher than

those of alkaline basalts and close to the mantle value.

Alkaline basalts have d
66Zn values ranging from 0�40&

to 0�46& (n¼8), which are significantly higher than

those of the average mantle estimated from non-meta-

somatized peridotites (0�1760�08&, n¼87; Doucet

et al., 2016; Wang et al., 2017b; Huang et al., 2018a,

2019; Sossi et al., 2018; Liu et al., 2019) and average

MORB (0�276 0�06&, n¼13; Wang et al., 2017b; Huang

et al., 2018b). The d
66Zn values of tholeiitic basalts

(0�28& to 0�37&, n¼ 11) are intermediate between alka-

line basalts and MORB. Taken together, alkaline and

tholeiitic basalts together display trends of increase in

d
26Mg and decrease in d

66Zn with decreasing alkalinity

(Fig. 9).

DISCUSSION

Origin of low d
26Mg and high d

66Zn of the Datong

alkaline basalts

Magmatic processes
Magnesium isotope fractionation during basaltic differ-

entiation is negligible, which is indicated by the indistin-

guishable Mg isotopic compositions of cogenetic

basalts with diverse degrees of differentiation (e.g.

MgO varying from 2�37wt % to 26�87wt %; Teng et al.,

2007). There is a lack of correlation between d
26Mg and

SiO2 or MgO in the Datong basalts (Fig. 10a and b), fur-

ther suggesting that variation in d
26Mg is unlikely to be

a result of magmatic differentiation. A recent study pro-

posed that magnesian chromite crystallization may shift

the d
26Mg of differentiated lavas towards lower values

(Su et al., 2019). However, no chromite phenocrysts or

inclusions are found in the Datong basalts, and there is

no correlation between d
26Mg value and Cr concentra-

tion (Fig. 10c), excluding the possibility of chromite frac-

tionation. It has been suggested that a maximum Zn
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isotope fractionation of �0�1& occurs during strong

fractional crystallization of the Kilauea Iki basalts (Chen

et al., 2013) probably due to segregation of isotopically

light olivine crystals (McCoy-West et al., 2018; Yang &

Liu, 2019). However, the Datong alkaline basalts with

higher d66Zn have lower SiO2 contents, which is oppos-

ite to a positive correlation expected for differentiation

as exemplified by the Kilauea Iki lavas (Fig. 10d).
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Moreover, d
66Zn values are not correlated with MgO

content (Fig. 10e), and are significantly higher than

those of Kilauea Iki lavas at a given Zn concentration

(Fig. 10f). These arguments suggest limited influence of

fractional crystallization on the d
66Zn of alkaline basalts.

Recent studies put forward possible Mg and Zn iso-

tope fractionation during partial melting of the mantle

especially when garnet or spinel occurs as a residual

phase, with the melts enriched in lighter Mg and heav-

ier Zn isotopes (Wang et al., 2017b; Zhong et al., 2017;

Sossi et al., 2018; Stracke et al., 2018). Nevertheless,

partial melting modelling predicts that partial melts

from a normal peridotitic mantle (d26Mg ¼ -0�25&;

d
66Zn¼ 0�18&), even if they are generated at a very low

melting degree (e.g. 0�5%), still have significantly higher

d
26Mg (-0�27&) and lower d66Zn (0�25&) relative to the

Datong alkaline basalts (Fig. 11). Therefore, the lower

d
26Mg and higher d66Zn values of alkaline basalts rela-

tive to the mantle and MORB are unlikely to have been

caused by partial melting of a pristine mantle source,

but instead indicate the addition of low-d26Mg and high-

d
66Zn components in their sources.

Mantle source
In this section, we explore the recycling of various slab

components into the mantle sources as an explanation

for the non-mantle-like Mg and Zn isotopic signatures

of alkaline basalts. Such a hybridized source may lie in

the subcontinental lithospheric mantle (SCLM) meta-

somatized by fluids/melts generated by slab dehydra-

tion at shallow depths or the asthenospheric mantle

modified by deep recycling of residual slab compo-

nents. Both Mg and Zn isotopes experience limited frac-

tionation during prograde dehydration of subducted

mafic crust or sediment (Wang et al., 2014; Inglis et al.,

2017). Dehydration of subducted serpentinite was pro-

posed to preferentially release fluids with Mg and Zn

isotopic compositions heavier than the mantle (Pons

et al., 2016; Teng et al., 2016; Debret et al., 2018b).

Interaction with isotopically heavy fluids with the man-

tle is, however, inconsistent with the high d
66Zn but low

d
26Mg of the Datong alkaline basalts. Compared with

subducted silicate components that are dominantly

characterized by mantle-like or MORB-like d
26Mg and

d
66Zn, marine carbonates have extremely low d

26Mg

(down to -5�57&) and high d
66Zn values (up to 1�61&)

(Fig. 1), serving as the most plausible metasomatic

agent. Carbonates may be recycled into shallow mantle

depths via dissolution into subduction-zone fluids or

partial melting in warm thermal regimes (Frezzotti et al.,

2011; Ague & Nicolescu, 2014; Poli, 2015). However,

carbonates that are released into subduction-zone fluids

or carbonatitic liquids at sub-arc depths are primarily

Ca-rich ones (Frezzotti et al., 2011; Pan et al., 2013; Poli,

2015), which are depleted in Mg and Zn and thus have

limited influence on d
26Mg and d

66Zn of the sub-arc

mantle. This is supported by the lack of light Mg and

heavy Zn isotopic signatures in global arc lavas (Teng

et al., 2016; Li et al., 2017; Brewer et al., 2018; Huang

et al., 2018b; Hu et al., 2020; Pang et al., 2020). Thus, a

subduction-metasomatized SCLM is not the required

high-d66Zn and low-d26Mg source.

The Datong alkaline basalts were most likely origi-

nated from an asthenospheric mantle source hybridized

by carbonated melts derived from deeply subducted

oceanic crust, which has also been widely advocated

for alkaline basalts with similar Mg and Zn isotopic

anomalies from other regions in eastern China (e.g. Liu

et al., 2016; Li et al., 2017). Although the fate of carbo-

nates during subduction and the flux of subducted car-

bon into the convective mantle are still highly uncertain

(Kelemen & Manning, 2015; Plank & Manning, 2019),

many high-pressure experimental studies and natural

observations of high-pressure metamorphic rocks and

diamonds suggested that subducted carbonates may

survive beyond slab dehydration, particularly during

cold subduction (Kerrick & Connolly, 2001; Malusà

et al., 2018), and be transported into the mantle beyond

sub-arc depths in the form of Mg-rich and Zn-rich spe-

cies such as dolomite and magnesite (Sato & Katsura,

2001; Frezzotti et al., 2011; Merlini et al., 2012; Li et al.,

2014a). In addition, a recent study on superdeep dia-

monds suggests that carbonated mafic oceanic crust,

not sediment, is the main carbon-bearing reservoir in
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slabs subducted to the MTZ depths (Regier et al., 2020).

This is consistent with the HIMU-like trace elemental

and Sr-Nd isotopic characteristics of the Datong alkaline

basalts, suggesting recycling of oceanic crust into their

mantle sources (Figs 7 and 8). Nevertheless, compared

with classic HIMU-type OIBs (e.g. Mangaia) with
206Pb/204Pb>20�5 (Stracke et al., 2005), the Datong alka-

line basalts and other alkaline basalts from eastern

China have less radiogenic Pb isotopic compositions

(206Pb/204Pb of up to �18�5; Basu et al., 1991; Sakuyama

et al., 2013; Xu et al., 2018), which are close to those of

young HIMU-type OIBs (e.g. Canary, 206Pb/204Pb¼ 19–

20; Thirlwall, 1997). These features are best explained

by a young recycled oceanic crustal component, which

is probably derived from the stagnant Pacific slab in the

MTZ, as revealed by the spatial coupling of the low-

d
26Mg and high-d66Zn alkaline basalts from the whole

eastern China and the stagnant Pacific slab (Liu et al.,

2016; Li et al., 2017).

Melting experiments suggest that upon reaching

the MTZ carbonatitic melts are produced by melting

of carbonated oceanic crust (Thomson et al., 2016).

Afterwards, carbonatitic melt percolation creates the

Mg and Zn isotope heterogeneity in the mantle source

of alkaline basalts, and significantly elevates the oxygen

fugacity of source region at the same time. The latter is

evidenced by the high d
56Fe (up to 0�29&; He et al.,

2019), unfractionated platinum-group element (PGE)

patterns and high total PGE contents (e.g. Ir ¼

0�2560�14ppb; Cai et al., 2021), and high oxygen fuga-

city (DFMQ of up to 1�6; Hong et al., 2020a) observed in

alkaline basalts from eastern China. Decompression

melting of this upwelling carbonated and oxidized

mantle domain produced carbonated silicate melts par-

ental to alkaline basalts. Furthermore, the SCLM be-

neath eastern China was inferred to be oxidized enough

to stabilize carbonate or carbonatite since late Mesozoic

(Geng et al., 2019; Hong et al., 2020b). Therefore, alka-

line basalts can be effectively extracted through the

SCLM with retaining their strong ‘carbonate-like’ Mg

and Zn isotopic signals (Aulbach, 2018).

Mechanism for alkaline to tholeiitic transition

Fractional crystallization and partial melting
Both tholeiitic and alkaline basalts display no correl-

ation between MgO and most oxides (e.g. SiO2, Fe2O3,

Na2O and K2O; Fig. 6), indicating that fractional crystal-

lization of mafic minerals (e.g. olivine and pyroxene) is

not a possible mechanism for the compositional transi-

tion. The exceptions are CaO and Al2O3 that are posi-

tively correlated with MgO for alkaline basalts (Fig. 6b

and d), probably due to the segregation of clinopyrox-

ene. The significant Mg and Zn isotopic differences be-

tween alkaline and tholeiitic basalts are also in

disagreement with the negligible isotope fractionation

during basaltic differentiation as discussed above. By

contrast, the d
26Mg and d

66Zn of alkaline and tholeiitic

basalts are well correlated with the abundances of in-

compatible trace elements (e.g. Rb, Th, Nb and Zr,

R2¼0�85–0�95; Fig. 11), which appears to reflect a melt-

ing control on Mg and Zn isotopic variations. However,

the changes in d
26Mg and d

66Zn values of partial melts

induced by 0�5% to 20% melting of a single peridotitic

source are no more than 60�02& (Fig. 11), which is fair-

ly smaller than the d
26Mg and d

66Zn differences

Table 2: Sr–Nd–Mg–Zn isotopic compositions of the Datong basalts

Sample No. 87Sr/86Sr 143Nd/144Nd d
25Mg 2SD d

26Mg 2SD d
66Zn 2SD d

68Zn 2SD
(62SE) (62SE) (&) (&) (&) (&) (&) (&) (&) (&)

Tholeiite
17CT01 0�703913613 0�5128136 9 �0�18 0�05 �0�35 0�06 0�33 0�04 0�66 0�08
17CT03 0�703891613 0�5128206 7 �0�16 0�05 �0�31 0�06 0�36 0�04 0�70 0�08
17CT04 0�703908613 0�5128236 9 �0�17 0�05 �0�32 0�06 0�33 0�04 0�66 0�08
17CT06 0�704229614 0�5128196 10 �0�15 0�05 �0�30 0�06 0�36 0�04 0�71 0�08
17CT08 0�704266613 0�5128036 8 �0�18 0�05 �0�33 0�06 0�34 0�04 0�67 0�08
17CT09 0�704227614 0�5127966 8 �0�17 0�05 �0�32 0�06 0�35 0�04 0�68 0�08
17YG01 0�704591615 0�5126586 8 �0�14 0�05 �0�30 0�06 0�31 0�04 0�60 0�08
17YG02 0�704669613 0�5126886 8 �0�14 0�05 �0�31 0�06 0�28 0�04 0�56 0�08
17YG04 0�704643612 0�5127006 7 �0�14 0�05 �0�29 0�06 0�29 0�04 0�58 0�08
17YG06 0�704551612 0�5127056 9 �0�14 0�05 �0�28 0�06 0�30 0�04 0�59 0�08
17DT18 0�704209613 0�5127866 9 �0�16 0�05 �0�34 0�06 0�37 0�04 0�73 0�08
Alkaline basalt
17DT01 0�703656612 0�5129376 9 �0�20 0�05 �0�41 0�06 0�44 0�04 0�87 0�08
17DT02 0�703562615 0�5129306 9 �0�23 0�05 �0�42 0�06 0�43 0�04 0�85 0�08
17DT05 0�703220614 0�5129596 9 �0�21 0�05 �0�41 0�06 0�46 0�04 0�91 0�08
17DT06 0�703873613 0�5128896 9 �0�21 0�05 �0�40 0�06 0�42 0�04 0�83 0�08
17DT07 0�703841614 0�5128916 9 �0�19 0�05 �0�38 0�06 0�41 0�04 0�81 0�08
17DT16 0�703725614 0�5129526 10 �0�20 0�05 �0�40 0�06 0�44 0�04 0�87 0�08
17DT17 0�703365613 – �0�19 0�05 �0�38 0�06 0�42 0�04 0�85 0�08
17GLS03 0�703686613 0�5129226 8 �0�21 0�05 �0�40 0�06 0�40 0�04 0�79 0�08
Rock standard
BCR-2 0�704950614 0�5126106 8 �0�08 0�05 �0�14 0�06 0�25 0�04 0�51 0�08

2SE for Sr and Nd isotopic ratios equals two times the standard error of a single measurement containing 180 cycles. Long-term ex-
ternal reproducibilities (2SD) for Mg and Zn isotopic ratios are used in this study.
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between alkaline and tholeiitic basalts. The magnitude

of equilibrium Mg and Zn isotope fractionation between

carbonate and silicate phases at mantle temperatures

(e.g. 1300o C) is below 60�04& (Macris et al., 2013;

Ducher et al., 2016), further indicating that Mg and Zn

isotopes also experience limited fractionation during

partial melting of carbonated mantle. This suggests that

varying degree of partial melting of a single source is

unlikely to account for the Mg and Zn isotopic variations

in the Datong basalts.

Interaction between carbonated silicate melt and

metasomatized lithospheric mantle
The correlations of d26Mg and d

66Zn with incompatible

trace element concentrations (Fig. 11) can be generated

by mixing of variable proportions of two isotopically

and chemically distinct sources, which is supported by

the excellent correlations of d
26Mg and d

66Zn with
87Sr/86Sr and 143Nd/144Nd (Fig. 12). One source charac-

terized by lower d26Mg and higher d66Zn than the man-

tle is the carbonated mantle source for the alkaline

basalts as discussed above. Another source should

possess pristine mantle-like d
26Mg and d

66Zn values

and carry Sr–Nd isotopic affinity of an EM1-type mantle

component. The stronger EM1 signature of tholeiitic

basalts than alkaline basalts is in contrast to what would

be expected in a model of upwelling pyroxenite-bearing

peridotite where the higher-volume melts (i.e. tholeiitic

basalts) should possess a weaker contribution from

enriched components (Sobolev et al., 2007). The

enriched Sr and Nd signatures of tholeiitic basalts may

be a result of continental crust assimilation, but in this

case, the MgO contents of tholeiitic basalts should be

lower than those of alkaline basalts, which is in conflict

with the overlapping MgO content between the two

basalt groups (Fig. 6). The OIB-like trace element char-

acteristics of the Datong tholeiitic basalts (Fig. 7), such

as the remarkably negative Pb anomaly in the primitive

mantle-normalized trace element diagram, are also

against significant crustal assimilation. Ancient sedi-

ments subducted to the MTZ have been recently

invoked to account for the EM1 isotopic signatures of

some Cenozoic basaltic lavas from northeast China

(Wang et al., 2017a). However, those basalts are
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characterized by extremely high K2O contents (>3wt %)

and K2O/Na2O ratios (>1), in sharp contrast to the low

K2O contents (<1wt %) and K2O/Na2O ratios (<0�3) of

the Datong tholeiitic basalts, suggesting a distinct origin

for the EM1 source of the Datong basalts.

An EM1 component from the SCLM was previously

proposed to have contributed to the formation of weak-

ly alkaline basalts and tholeiites from the North China

Craton (Song et al., 1990; Zhi et al., 1990; Basu et al.,

1991; Tang et al., 2006). This component is evident in

peridotite xenoliths with enriched Sr and Nd isotopic

signatures entrained by Cenozoic alkaline basalts from

the Trans-North China Orogen (Fig. 8). These peridotites

usually have refractory compositions and ancient Re-

depletion Os model ages (1�5–3�0Ga), potentially repre-

senting relics of ancient SCLM (Xu et al., 2008; Liu et al.,

2012; Tang et al., 2013). The SCLM-derived Mesozoic

basic intrusions or basalts from the Trans-North China

Orogen are characterized by extremely high 87Sr/86Sr

(�0�705–0�710) and low 143Nd/144Nd (�0�5117–0�5122),

which are also indicative of an isotopically enriched

SCLM in the study area (Fig. 8) (Zhang et al., 2004).

Metasomatism by ancient asthenospheric melts, sub-

duction-zone fluids, sediment melts or delaminated

lower continental crust associated with multiple pre-

Cenozoic subduction/collision events have been pro-

posed to impart an EM1 isotopic signature to the SCLM

beneath the North China Craton (e.g. Zhang et al., 2004;

Fig. 10. (a–c) Covariations of d26Mg with SiO2, MgO and Cr. (d–f) Covariations of d66Zn with SiO2, MgO and Zn. Symbols as in Fig. 5.
The Kilauea Iki (Hawaii) lavas (open diamond) that were formed via various extents of magmatic differentiation are also plotted for
comparison (Chen et al., 2013).

Note: Figure Replacement Requested.
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Zheng et al., 2006; Yang & Li, 2008; Tang et al., 2013).

However, these metasomatic processes seem to have a

week impact on the Mg and Zn isotopic compositions of

the SCLM as indicated by mantle-like or MORB-like

d
26Mg and d

66Zn values of the SCLM-derived Mesozoic

basalts from the North China Craton (Yang et al., 2012;
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Liu et al., 2016; Li et al., 2017; Wang et al., 2017b). This

may reflect that the EM1-like metasomatic agents are

mainly melts or fluids derived from recycled compo-

nents that have mantle-like Mg and Zn compositions

(e.g. siliciclastic sediments) or contain much less Mg

and Zn than the SCLM (e.g. Ca-rich carbonates).

Therefore, the required EM1 source for the tholeiitic

basalts is most likely to be the metasomatized SCLM.

Nevertheless, it is unlikely that the Datong tholeiitic

basalts are derived from an isotopically heterogeneous

SLCM alone since some samples have lighter Mg and

heavier Zn isotopic compositions than the mantle,

which still requires contribution from a carbonated

mantle source. Therefore, the transition from alkaline to

tholeiitic basalts is best ascribed to increasing contribu-

tion from an isotopically homogenous enriched SCLM

during interaction of carbonated silicate melts parental

to the alkaline basalts with the SCLM.

Melt-rock or melt-melt interaction?
Previous studies have highlighted carbonated melt

metasomatism in the SCLM of eastern China based on

petrological and geochemical observations on mantle

xenoliths (Xiao et al., 2013; Deng et al., 2017; Zong &

Liu, 2018; Lin et al., 2020). During the interaction be-

tween melt and lithospheric mantle, the ascending car-

bonated silica-undersaturated melts may be in

disequilibrium with the cooled lithospheric mantle and

continuously transform into less silica-undersaturated

melts via consumption of orthopyroxene and concomi-

tant crystallization of olivine and clinopyroxene (Dalton

& Wood, 1993; Yaxley et al., 1998; Ionov et al., 2005;

Russell et al., 2012; Aulbach et al., 2017; Li & Wang,

2018). This process results in transformation of lherzo-

lite or harzburgite into wehrlite, which has been referred

to as ‘wehrlitization’ and been usually recognized in

mantle xenolith suites along the Tan-Lu fault belt of

eastern China (Xu et al., 1996; Xiao et al., 2013; Lin

et al., 2020) as well as in faults or rifts in general (e.g.

Aulbach et al., 2020). The Datong tholeiites also

occurred along a deep fault (Sanggan River fault),

which favors wehrlitization. The wehrlites from the

North China Craton are also often characterized by

lighter Mg and heavier Zn isotopic compositions than

the mantle (Xiao et al., 2013; Wang et al., 2017b), con-

sistent with the results of reaction between carbonated

silicate melt and the SCLM. We recognize that the realis-

tic melt-SCLM reaction may be more complicated than

mixing of melts with just orthopyroxene, given that
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amphibole or phlogopite may be precipitated or con-

sumed during this process (e.g. Lin et al., 2020).

Nevertheless, these hydrous minerals are subordinate

in the SCLM of the North China Craton (<1 vol.%; Xu &

Bodinier, 2004; Xiao et al., 2010) and should not play an

important role in changing the compositions of reacting

melts. In the following, we utilize an Mg–Zn isotope bin-

ary mixing model to test whether or not wehrlitization

can result in the transition from alkaline to tholeiitic

basalts. For simplicity, the most silica-undersaturated

alkaline basalt was taken as an approximation to the

reacting carbonated silicate melt and the composition

of orthopyroxene was reasonably presumed based on

data for peridotite xenoliths from the North China

Craton reported previously (Tang et al., 2013; Teng,

2017; Wang et al., 2017b). The modelling result shows

that melt-orthopyroxene reaction yields a hyperbolic

trend that observably deviates from the near-linear Mg

and Zn isotopic correlations in the Datong basalts due

to the striking difference in MgO/Zn concentration ratio

between melt (�500) and orthopyroxene (�10000)

(Fig. 13). This suggests that the subsolidus SCLM is un-

likely to be directly involved in the interaction process.

Lundstrom (2000) suggested that diffusive infiltration

of alkalis into the lithosphere is able to induce its fusion

that is chemically, not thermally, driven at typical tem-

peratures of lithospheric mantle. The melts generated

at the alkaline basalt-peridotite interface are more

enriched in SiO2 and depleted in MgO than peridotite

and thus probably represent the reactant that under-

went interaction with the alkaline basalts. Taking the

most silica-saturated tholeiitic basalt as an approxima-

tion to the reacting SCLM-derived melt, mixing of these

two endmember melts can perfectly reproduce the

near-linear Mg and Zn isotopic trend and the near-linear

correlations of d
26Mg and d

66Zn with incompatible

element concentrations, 87Sr/86Sr and 143Nd/144Nd

(Figs 11 and 12). This indicates that the SCLM has under

gone partial melting during its interaction with the

alkaline basalts. In this scenario, the over-thickened

lithospheric keel may have been eroded as advocated

by Li & Wang (2018) (Fig. 14). Of note is that tholeiitic

basalts are slightly older than alkaline basalts in

Datong. This means that melt-SCLM interaction

occurred firstly, leading to the formation of tholeiitic

basalts and lithospheric thinning. Consequently, a

thinned lithosphere may favor the extraction of alkaline

basalts afterwards. Lithospheric removal in this way

mainly took place in the occurrences of basalts carrying

strong EM1 signatures, such as the tholeiitic basalts

Fig. 13. Plot of d26Mg against d66Zn. Symbols as in Fig. 5. The dashed line refers to the best fitting line of linear retrogression
through all samples. The green and red curves represent mixing of hypothetical carbonated silicate melt with orthopyroxene (opx)
and SCLM-derived melt, respectively. Parameters for the two melt endmembers are the same as in Fig. 11. For the orthopyroxene,
MgO (33wt %) and Zn (30ppm) concentrations are reasonably assumed according to the data reported in Tang et al. (2013) and
Wang et al. (2017b); d26Mg (-0�25&) and d

66Zn (0�18&) are set to be the mean values of mantle peridotite xenoliths from the North
China Craton (Teng, 2017; Wang et al., 2017b).

Note: Figure Replacement Requested.
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from the Datong volcanic field and weakly alkaline

basalts from Shandong Peninsula (Wang et al., 2018b).

Interestingly, these high-silica basalts are dominantly

distributed along the deep faults (i.e. Sanggan River

fault and Tan-Lu fault), where the lithosphere is thinner

than surrounding regions where low-silica and strongly

alkaline basalts were erupted. Guo et al. (2020) recently

proposed a ‘lid effect’ to interpret the compositional

variation in intracontinental basalts from eastern China

basalts based on correlations between basalt chemistry

and lithospheric thickness, that is, melts erupted on

thinner lithosphere have geochemical characteristics of

higher extent of partial melting compared with melts

erupted on thicker lithosphere. However, the strong cor-

relations between Mg–Zn isotopic compositions and

basaltic compositions observed in the Datong basalts

cannot be simply produced by varying degrees of par-

tial melting of a single source, but require mixing of

melts derived from two isotopically distinct mantle

sources as discussed above. This suggests a main role

of interaction between carbonated silicate melts and

SCLM in shifting the compositions of eastern China

basalts.

Implications for compositional diversity of

intracontinental basalts
The process that is responsible for the alkaline to tholei-

itic transition in Datong volcanoes may be considered

as one of major mechanisms responsible for the com-

positional variability of intracontinental basalts from

eastern China and other regions. When taking all avail-

able data for Cenozoic basalts from the South China

Block and North China Craton into account, a broad ten-

dency towards higher d
26Mg and lower d

66Zn values

with increasing SiO2 content and decreasing alkalinity

is observed (Fig. 15). This suggests that the compos-

itional transition is accompanied by covariations in Mg

and Zn isotopic compositions. Given that Mg and Zn

isotopes are insignificantly fractionated during partial

melting and high-silica basalts from these areas are

often more isotopically enriched than low-silica basalts,

we suggest that the melt-SCLM interaction may play an

important role in transferring low-silica alkaline basalts

into high-silica alkaline and tholeiitic basalts from east-

ern China, although source heterogeneity and varying

degrees of partial melting can also contribute to the

compositional variability of these basalts.

Our model may also apply to intracontinental basalts

elsewhere. For example, Cenozoic intracontinental vol-

canism occurring widely within Zealandia and circum-

Mediterranean regions exhibits a great range in

composition ranging from nephelinitic to tholeiitic

(Lustrino & Wilson, 2007; Timm et al., 2010; Brombin

et al., 2019). Radiogenic signatures of primitive samples

show that low-silica alkaline basalts from the above

regions generally have HIMU- or FOZO-like composi-

tions, interpreted as melts derived from partial melting

of upwelling asthenosphere hybridized by subducted

oceanic crust, whilst many high-silica alkaline and tho-

leiitic samples often have EM1- or EM2-like composi-

tions and were considered to reflect additional

contribution from a metasomatized SCLM (Lustrino &

Wilson, 2007; Timm et al., 2010). A preliminary study on

alkaline basalts from Antipodes Volcano, Zealandia also

revealed low d
26Mg (down to -0�47&) for these basalts

and suggested a carbonated mantle source for these

basalts (Wang et al., 2016). In addition, carbonatite or

carbonated silicate melt metasomatism has also been

suggested to occur within the SCLM in these regions

(e.g. Scott et al., 2014; Brombin et al., 2018). These fea-

tures remarkably resemble those of intraplate basalts

from eastern China, implying common origins of these

lavas. Future investigations of Mg and Zn isotopic com-

positions of intracontinental basalts from regions with

similar backgrounds can be made to verify this

assumption.

CONCLUSIONS

The mechanism responsible for alkaline to tholeiitic

transition in intraplate basalts from the Datong vol-

canic filed, eastern China was explored in this study

by combining stable Mg and Zn isotopes with radio-

genic Sr and Nd isotopes. Alkaline basalts have

young HIMU-like Sr and Nd isotopic compositions

and significantly lower d
26Mg and higher d

66Zn than

the mantle values, suggesting derivation of these

lavas from an asthenospheric mantle source modified

by carbonated melts derived from the stagnant Pacific

oceanic crust in the MTZ. Tholeiites have MORB-like

d
26Mg and d

66Zn values and EM1-like Sr and Nd iso-

topic compositions, suggesting an important contri-

bution from a metasomatized SCLM. The d
26Mg and

SE

SCLM

Ambient asthenosphere

Continental 

Crust

�26Mg = -0.25 ‰

�66Zn = 0.20 ‰

Upwelling 

carbonated 

‰

‰

�26Mg = -0.25

�66Zn = 0.18

‰

mantle
�26Mg = -0.42

�66Zn = 0.45 ‰

Alkaline basalts

Molten SCLM 

40 km

80 km

�66Zn = 0.40 to 0.46‰

NW

�26Mg = -0.42 to -0.38‰

Sanggan

River

Fault

Tholeiitic basalts 

�26Mg = -0.35 to -0.28‰

�66Zn = 0.28 to 0.37‰

Fig. 14. Schematic model illustrating the transformation from
alkaline to tholeiitic basalts via interaction between carbonated
silicate melts and the SCLM. Data sources are the same as
Fig. 13, except for the asthenospheric mantle that is taken as
the mean composition of the DMM (Teng, 2017; Wang et al.,
2017b).
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d
66Zn values of alkaline and tholeiitic basalts are near-

linearly correlated with each other and with alkalinity,

incompatible trace element concentrations and Sr-Nd

isotopic compositions. These correlations cannot be

explained by varying degrees of partial melting of a

single source at various pressures, but are consistent

with interaction of carbonated silicate melts parental

to alkaline basalts with partial melts from the meta-

somatized SCLM. We suggest partial melting of car-

bonated mantle and subsequent interaction of

carbonated silicate melts with the SCLM to be a com-

mon process producing compositional diversity of

intracontinental alkaline and tholeiitic basalts. Our

study also indicates that infiltration of carbonated al-

kaline basaltic melts into the SCLM may reactivate the

lithospheric keel and cause lithospheric thinning in

ancient cratons such as the North China Craton.
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