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ABSTRACT

The chemical composition of eastern North China Craton (NCC)’s alkaline basaltes likely influenced by
subducting Pacific Plate. Nonetheless, the influence of these processes on the western craton remains
uncertain due to the lack of geochemical evidence. The recent discovery of Ulangab maar volcanic cluster
(UMVC) in the western NCC has become significant research windows. However, their petrogenesis and
magmatic processes remain poorly understood. In the present study, “°Ar/>*°Ar, whole rock and mineral
geochemistry, and Sr-Nd-Mg isotope data for the UMVC in the western NCC are reported. These data
reveal that the UMVC was formed during the Neogene (7.60 + 0.04 Ma), diverging from Quaternary
basalts or as part of the Hannuoba basalts (eastern Ulangab). The UMVC rocks, featuring typical oceanic
island basalts traits with moderate (87Sr/%6Sr)i values (0.70487-0.70524) and eyq(t) values from —4.95
to + 0.82, likely originated from an enriched EMI-type mantle source during the mid-Proterozoic. This
involved mixing melts from 30 to 50 % partial melting of garnet lherzolite and 5-15 % partial melting
of garnet pyroxenite in a deep magma chamber. Crystallization of clinopyroxene and garnet in this cham-
ber created high-Ti alkaline lavas, with limited presence in erupted lavas due to sluggish magma ascent in
the profound lithospheric mantle. In shallower lithospheric mantle regions, interactions between alkaline
magma and orthopyroxenite improved transport kinetics, enabling clinopyroxene and olivine crystalliza-
tion under lower pressure. These magmas integrated mafic crystal mushes from accumulation chambers.
The study also identified a low Mg isotope composition (82°Mg = — 0.56 %o to — 0.42 %o) in samples, sug-
gesting a hybrid source influenced by early decarbonation in Precambrian subduction zones. This finding
indicates the incorporation of Mg-rich carbonate minerals from marine sediments into the magma
source, contributing to the observed variations in eastern China’s alkaline basalts.

© 2023 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

commonly considered a dominant source lithology, recent studies
suggest significant contributions from ultramafic metasomatites

Oceanic island basalt (OIB) is renowned for its association with
enriched magmas derived from mantle plumes or hot spots, char-
acterized by temperatures that surpass those of the ambient man-
tle by 100-300 °C (e.g., White, 2010). While peridotite is
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such as carbonated peridotite, pyroxenite, and hornblendite to
the origin of alkali basalts (Dai et al., 2017; Herzberg, 2011; Tan
et al., 2022; Zeng et al., 2010). Elucidating the mantle sources of
OIB basalts assumes paramount importance in unraveling their
petrogenesis and the underlying processes within oceanic islands.
This raises a fundamental inquiry regarding the role of ultramafic
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metasomatites in the origin of OIB basalts, necessitating further
exploration of their contributions.

The generation of OIB alkaline magmas has sparked intense dis-
cussions regarding its precise origin. Potential origins include: a
mantle plume (Hofmann, 1997), subduction of an oceanic slab
(Xu and Zheng, 2017), and the recycling of crustal components
similar to stagnated sandwich structures in the asthenosphere
(Blichert-Toft et al., 1999). Extensive research has focused on
investigating OIB sources within the context of the North China
Craton (NCC) and its associated enriched mantle I (EM-I) type
lithospheric mantle (Peng et al., 2007; Zhai et al., 2011; Tang
et al., 2022). One of the notable mantle sources contributing to
OIB magmas is the result of partial melting of eclogite or pyroxen-
ite formations (Dasgupta et al., 2006; Huang and Frey, 2005;
Kogiso and Hirschmann, 2006; Ren et al., 2005; Sobolev et al.,
2005, 2007). Therefore, comprehending the nature and provenance
of peridotite and/or pyroxenite in the mantle source, assumes
paramount importance in resolving these scientific controversies
and attaining profound insights into the mechanisms governing
intraplate volcanism.

In addition, the subducted Pacific Oceanic Plate has been a sub-
ject of understanding the origins of continental intraplate basalts
in the NCC. Recent seismic imaging studies have revealed the sub-
ducted Pacific Oceanic Plate extends towards the northern seg-
ment of the North-South Gravity Lineament (NSGL; Zhao, 2021)
in the NCC region. However, the role of Pacific slab-derived mate-
rials in the origin of intraplate basalts in the western NSGL and
their contribution to the elemental and isotopic compositions
remain uncertain (Yang et al., 2012; Zou et al., 2008). Hence, the
detection and analysis of carbonates within basaltic sources repre-
sent a pivotal aspect for gaining valuable insights into the mecha-
nisms influencing intraplate volcanism. In this regard, the
utilization of magnesium (Mg) isotope data is of utmost impor-
tance (cf. Liu and Li, 2019). By analyzing Mg isotope signatures,
researchers can identify potential components within the deep
mantle, shedding light on the complex processes that govern the
origin and evolution of intraplate basalts.

In this study, we aim to illuminate the origin and evolution of
OIB-type alkaline magmas, with a particular focus on the Ulanqab
maar volcanic cluster (UMVC) in the western NCC. To achieve this,
we use a comprehensive set of analytical techniques, including 4°-
Ar-2°Ar geochronology, whole rock geochemistry, major elements
analysis of olivine and clinopyroxene, and Sr-Nd-Mg isotope data.
Our study highlights a multistage magma evolution model. The
UMVC exhibits an enriched mantle source, possibly linked to gar-
net pyroxenitic and garnet lherzolitic sources. Additionally, the
incorporation of Mg-rich carbonate minerals from marine sedi-
ments suggests a complex interaction during magma formation.
This multistage process involves crystallization of clinopyroxene
and garnet in deep magma chambers and subsequent magma
transport and interaction with orthopyroxenite in the shallower
lithospheric mantle, leading to the crystallization of clinopyroxene
and olivine.

2. Geological setting

The NCC, crystallized approximately 3.8 Ga, constitutes the
most ancient basement structure in China and is regarded as one
of Earth’s most archaic cratons (Liu et al., 1992a). The NCC is bifur-
cated into a Western Block (WB) and an Eastern Block (EB) by the
Trans-North China Orogen (TNCO) (Fig. 1). These two discrete
blocks amalgamated circa 1.85 Ga, consummating the formation
of the unified NCC landmass (Zhao et al., 2000). Dating back to
the Mesozoic (~0.25 Ga), the lithosphere associated with
the NCC experienced thinning, accompanied by extensive
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tectono-thermal events (Xu et al., 2009). Geophysical data has pro-
vided evidence of a significant reduction in lithospheric thickness
beneath the NCC, particularly in the eastern sector situated east
of the NSGL (Fig. 1b). In contrast, the western NCC, especially
within the Ordos Basin, where Archean to Paleoproterozoic base-
ment have been remarkably preserved (Fig. 1b; Zhu et al.,, 2012).
Progressive lithospheric mantle thinning transpired in an eastward
trajectory across the NCC, engendering a transition from a cold,
thick (~200 km), and highly refractory to a hot, thin (~80 km),
and enriched young oceanic lithospheric mantle (Wu et al,
2003). Located in the western NCC, the Cenozoic Ulangab maar vol-
canic cluster (UMVC) exists as an example of an intraplate setting
(Fig. 2). Analysis of this UMVC may elucidate Cenozoic maar vol-
canism within the backdrop of the NCC’s ancient lithosphere.

In eastern China, Cenozoic intraplate basalts are primarily
located within rift and fault basins adjacent to significant regional
faults, such as the NSGL and Tanlu and Yilan-Yitong faults (Fig. 3a;
Wau et al., 2020). Continental intraplate volcanism was widespread
in eastern China during Cenozoic times (e.g., Liu, 1999). Over time,
the composition of Cenozoic intraplate basalts in eastern China has
exhibited distinct variations. The Paleogene basalts are dominantly
tholeiites, with sporadic occurrences of alkaline basalts, predomi-
nantly present in the eastern NCC and Songliao Basin (Fig. 3a).
Transitioning into the Neogene period, alkaline basalts became
more prominent, particularly along the continental margin of
southeastern China and along the Tan-Lu, Yilan-Yitong, and Dun-
hua-Mishan fault zones (Tian et al., 1992). In contrast, the western
NCC features both alkaline basalts and tholeiites in the form of the
Neogene Hannuoba basalts (Zheng, 1985). In the Quaternary per-
iod, eastern China witnessed the emergence of scattered Quater-
nary alkali basalts and tholeiites, primarily exposed in regions
such as the Leigiong Peninsula, eastern NCC, and northeastern
China. Notably, the Quaternary volcanoes within the Northeast
China and North China Rift System are spatially concentrated in
its outermost rim, with a gradual decrease in volcanic activity
intensity observed since the Middle Pleistocene (Tian et al., 1992).

Shifting our focus to the Ulangab area, we find a geological
basement predominantly composed of Archean metamorphic
rocks and Permian granites (Fig. 4). The UMVC was assigned to
the Quaternary based on stratigraphy (Bai et al., 2020), whereas
K-Ar dating (25-14 Ma; Liu et al., 1992b) suggests that it belongs
to the Neogene (Hannuoba basalts). Within the Ulangab maar vol-
canic cluster, craters manifest predominantly as circular or ovoid
negative topographic features (Fig. 5a, ¢, and e), comprised chiefly
of lava flows. The rocks contain mainly olivine (10-15 vol%) and
clinopyroxene (<5 vol%) phenocrysts and comprise plagioclase, oli-
vine, clinopyroxene, and titanomagnetite in a matrix, producing
intergranular or pilotaxitic textures (Fig. 5b, d, and f). Clinopyrox-
ene phenocrysts sometimes exhibit growth zonation and hourglass
textures (Fig. 5b), whereas olivine primarily occurs as millimetric
euhedral to subhedral crystals.

3. Analytical methods
3.1. Ar-Ar geochronology

40Ar/39Ar analyzes were performed in the laboratory of the Bei-
jing Research Institute of Uranium Geology. Plagioclase obtained
from matrix of the basalt (Ma-14) was crushed to the 40-60 mesh
size range, and each sample was wrapped in aluminum foil. Sam-
ples were then sealed in quartz tubes coated with 1 mm thick cad-
mium, and these were shipped to the China Institute of Atomic
Energy Science, where irradiation was conducted for 24 h using
a fast neutron reactor. Details on the analytical methods and the
4OAr/3°Ar data for samples are presented in Table S1.
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Fig. 1. (a) Distribution of the maar volcanoes in eastern China. (b) Altitude, crust-mantle boundary, and lithosphere-asthenosphere boundary depth along three profiles
through Northeast China and North China, respectively (modified from Guo et al., 2020; Zhang et al., 2018). Abbreviation: EB = Eastern Block; GXR = Great Xing’an Range;
LAB = Lithosphere-asthenosphere boundary; MB = Moho boundary; NSGL = North-South Gravity Lineament; OB = Ordos Basin; TM = Taihang Mountains; TNCO = Trans-North

China Orogen; WB = Western Block.
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Fig. 2. Distribution of the main maar volcanoes on Earth showing crater elevation and diameter on earth (after Graettinger, 2018).

microprobe in the Hebei Key Laboratory of Strategic Critical Min-
eral Resources, Hebei GEO University, Shijiazhuang, China. The
equipment was operated using an acceleration voltage of 15 kV,
a beam current of 20nA, and a spot size with a diameter of 1 pum.

3.2. Electron-probe microanalysis (EPMA)

The compositions of major elements in olivine and clinopyrox-
ene from samples were determined using a JXA-8230 electron
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Fig. 3. (a) Schematic map of eastern China (modified from Li et al., 2017; Dong et al., 2019). (b) 8?®Mg variations of basaltic samples from 34 locations (data from Li et al., 2017
and references therein; Su et al., 2017; Sun et al., 2021; Tian et al., 2016 and references therein). The ice blue bar represents the average mantle (5°Mg = — 0.25 + 0.07, Teng
et al., 2010). Abbreviations: TLFZ = Tan-Lu Fault Zone; DMFZ = Dunhua-Mishan Fault Zone; YYFZ = Yilan-Yitong Fault Zone; NSGL = North-South Gravity Lineament;
WB = Western Block; TNCO = Trans-North China Orogen; EB = Eastern Block. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

The peak and background counting times on each side of a peak
were 10 and 5 s, respectively. The Phi-Rho-Z method was used
to identify and integrate peaks, and this involved a background
subtraction, followed by calculation of the concentrations of ele-
ments in the minerals (Mondal et al., 1994). The calibration and
EPMA data for samples are presented in Tables S2 and S3.

3.3. Major and trace element analyzes

Twenty-two samples were pulverized to the < 200 mesh size,
and these were analyzed using whole rock geochemistry in ALS
Chemex (Guangzhou, China). Major elements were analyzed after
fusion by inductively coupled plasma-atomic emission spec-
troscopy using a P61-XRF26s instrument and by X-ray fluorescence
spectroscopy. Trace elements were determined by inductively cou-
pled plasma-mass spectrometry (ICP-MS) using an M61-MS81
instrument, according to the method described on the website of
ALS Chemex. Certified reference materials including SARM-4,
OREAS-120, and GBM908-10 were analyzed with each batch to
ensure accuracy and precision of the analyzes. The analytical
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uncertainty based on the reference materials was better than 5 %
for major elements and 10 % for trace elements. The major and
trace element compositions of the UMVC samples and reference
materials are presented in Table S4.

3.4. Whole rock Sr-Nd isotope analyzes

Whole rock Sr-Nd isotope analyzes were performed in the lab-
oratory of the Beijing Research Institute of Uranium Geology. Sr
isotopes were measured using thermal ionization mass spectrom-
etry (TIMS) involving single Re filaments and a Ta activator. The
TIMS was performed using a Phoenix spectrometer equipped with
nine Faraday sensors and a Daly detector. The data generated were
corrected for internal mass bias to 8°Sr/88Sr = 0.1194. The instru-
ment drift was corrected using NBS 987 (0.710229 + 13) as an
external standard, and all measurements were performed in the
static mode. The ®'Rb interference was corrected by monitoring
85Rb using an 8°Rb/87Rb factor of 2.5926. Nd isotopes were mea-
sured using TIMS with triple Re filaments in the static mode. The
TIMS was performed using an ISOPROBE_T spectrometer equipped
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Fig. 4. Simplified geological map of the Ulangab maar volcanic cluster showing sample localities.

with nine Faraday sensors and an ETP detector. The data were cor-
rected for internal mass bias to an '**Nd/'“5Nd factor of 0.7219
using an exponential fractionation expression. The instrumental
drift was corrected using JNdi-1 (0.512109 + 3) as an external stan-
dard (Tsuyoshi Tanaka et al., 2000), and the Sr-Nd isotope compo-
sitions of samples are presented in Table S5.

3.5. Whole rock Mg isotope analyses

Magnesium (Mg) isotopes in samples were analyzed in the Bei-
jing Createch Testing Technology Co., Ltd. The Mg isotope ratios for
samples were determined using a multi-collector ICP-MS (MC-
ICP-MS), and separation of Mg isotopes was achieved using the
cation resin AG 50 W-X12 (200-400 mesh, Bio-Rad). Details on
the operation of the equipment and the analytical conditions are
available in An et al. (2014). The Mg isotope compositions of sam-
ples and reference materials are presented in Table S6.

4. Results
4.1. Ar-Ar dating

Ar-Ar data for plagioclase (Ma-14) shows a concordant age
spectrum (Fig. 6a and Table S1). Six consecutive steps in the spec-
trum account for 83.81 % of the total >°Ar released, and these pro-
duced a plateau age of 7.60 + 0.04 Ma (MSWD = 1.61; Fig. 6a). This
age is consistent with the 7.61 = 0.06 Ma (MSWD = 2.01; Fig. 6b) of
an inverse isochron, which can be calculated from the six steps.
The “%Ar/3°Ar spectra age [(*°Ar/3®Ar) jnia = 294.8 £ 7.4] and the
atmospheric 4°Ar/?°Ar intercept value of 295.5 indicate that there
was no resolvable excess argon contamination. Therefore, the pla-
teau age of 7.60 + 0.04 Ma is the probable age of the UMVC.
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4.2. Mineral chemistry

Analyses of 81 points in olivine samples produced Fo values
[molar 100 x Mg | (Mg + Fe?")| that vary from 77 to 83. The Ni
and Mn concentrations of the olivine samples yielded concentra-
tion ranges of 487-2239 ppm and 1055-1991 ppm, respectively
(Fig. 7a and b; Table S2). The NiO concentrations of olivine samples
in the present study are comparable to those of Hawaiian olivine
but different from those of mantle olivine (Fig. 7c; Sato, 1977).

Regarding clinopyroxenes, 37 points were analyzed in each
sample, and based on the compositions (Wo04129-4636
Ensgg4_4583 and Fsg74_12.78; Table S3), these can be categorized as
diopside and augite (Fig. S1a). The Mg# of the clinopyroxene sam-
ples produce a range of 79.61-86.12, whereas the ranges of con-
centrations for CaO, Al,0s, TiO,, and NaO are correspondingly
19.82-22.02, 2.78-6.34, 0.78-2.28, and 0.4-0.6 wt% (Table S3).

4.3. Major and trace element compositions

In the total alkali-silica (TAS) (Fig. 8a) and Ti/Y versus MgO
(Fig. 8b) diagrams, data for all 22 samples plot in the area assigned
to alkaline and basalts. These alkaline basalts exhibit limited SiO,
(47.32-50.93 wt%), TFe,03 (11.06-12.98 wt%), and TiO, (2.09-
2.42 wt%) contents with some variations in MgO (4.82-7.63 wt¥%)
and K,0 + Na,0 (4.68-5.75 wt%).

The samples display light and heavy rare earth element (LREE
and HREE, respectively) enrichment patterns typical of the OIB,
with LREE/HREE and (La/Yb)y ratios of 5.74-9.55 and 7.93-17.87,
respectively, as well as weak positive Eu anomalies (3Eu = 0.93-1
.08) (Fig. 9a). In addition, the samples are enriched in large ion
lithophile elements (LILE), such as Ba, Sr, and K, and show no sig-
nificant depletion in high field strength elements (HFSEs). These
characteristics are similar to those of normal OIBs but are distinct
from those of the HIMU-type (high u, u=**3U/?%4Pb) OIBs (Fig. 9b).
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Fig. 5. Representative photographs (a, ¢, and e) and photomicrographs (b,d, and f) of the Ulanqab maar lavas (olivine basalts). Abbreviations: Cpx = clinopyroxene;
Ol = olivine; Pl = plagioclase; Idn = iddingsite; Kfs = K-feldspars.
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4.4. Whole-rock Sr-Nd isotope composition

The (37Sr/®6Sr); ratios obtained from analyzes of 10 samples
range from 0.70487 to 0.70524, and the corresponding '**Nd/'**Nd
ratios and eng(t) values vary from 0.512400 to 0.512677 and
from — 4.95 to + 0.82 (Fig. 10). The single-stage depleted mantle
model ages (Tpm1) produced a range of 1.02-1.51 Ga.

4.5. Whole rock Mg isotope composition

Six basalt samples from Ulanqab yielded 5*°Mg values (—0.56 %o
to — 0.42 %0 with a mean of — 0.49 %) that are lower than those of
depleted normal mid-ocean ridge basalts (N-MORB, 8*°Mg =
— 0.25 %o + 0.06 %o; Fig. 3b; Teng et al., 2010). As shown in the
52°Mg versus 52°Mg plot (Fig. S2), data for these samples are near
the equilibrium isotope fractionation region, and the associated
slope of 0.521 highlights the precision of the Mg data.

5. Discussion

The chemical index of alteration (CIA) values for the samples
(Table S4; 36.71-44.83) are consistent with those for unaltered

)
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basalts (30-45; Nesbitt and Young, 1982). The weak correlations
between data for elements that are mobile in fluids (e.g., K and
Ba) and the loss on ignition (LOI) confirm that the samples ana-
lyzed were also not affected by significant alteration (Fig. S3a
and b; Fan et al., 2014).

The ratios of incompatible elements in the analyzed samples,
such as Nb/U (30---121; mean = 58), are significantly higher than
those found in average continental rocks (8; Rudnick and Fountain,
1995). Moreover, no correlations are observed between the 87Sr/6-
Sr ratios and enq(t) values (Fig. S3c and d). Similarly, eng(t) values
also exhibit no correlation with Ti/Y ratios, and there is no correla-
tion between 8*®Mg and LOI data (Fig. S3e and f). These results
indicate a negligible influence of crustal assimilation on the UMVC.

Generally, crystal fractionation of silicate minerals in basaltic
magmas does not lead to Mg isotopic fractionation (Teng et al.,
2010). The low 8**Mg values and MgO concentrations demonstrate
that the Mg isotope fractionation associated with silicate fraction-
ation was insignificant in the analyzed samples (Fig. S4a; Teng
et al., 2010). In this study, the §2°Mg data exhibit no clear relation-
ship with V, Cr, and TiO, (Fig. S4b, ¢, and d), suggesting that frac-
tionation of chromite and Fe — Ti — Cr spinel minimally
influenced the measured low §*°Mg values (Su et al., 2019).
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Moreover, the TiO, concentrations (2.09-2.42 wt%) of the Ulanqab
basalt samples are evidently lower than those of high-Ti lunar
basalts (>6 wt%; Sedaghatpour et al., 2013), indicating the absence
of significant ilmenite accumulation in the mantle source of the
basalts. The §2°Mg values of pyroxenite- and peridotite-derived
melts are also higher than values for samples from the UMVC
(Fig. S5). Therefore, the low-degree partial melting of peridotite
or pyroxenite cannot fully account for the low §*°Mg values of
the samples analyzed (cf. Zhong et al., 2017). In summary, the
low 8*°Mg values of samples from the UMVC cannot be explained
completely by crystal fractionation and low-degree partial melting
an isotopically light mantle source component is required.

5.1. Mantle source composition

The UMVC is characterized by an OIB-like trace element compo-
sition, which involves enrichments in LILE and LREE (Fig. 9). Its Sr-
Nd isotope composition is associated with high Sr isotope ratios
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and variable enqy(t) values (Fig. 10). These alkaline basalt character-
istics can be attributed to an enriched EMI-like mantle. According
to experimental petrology data, (garnet) pyroxenite, hornblendite,
and carbonated peridotite (peridotite + CO,), carbonated pyroxen-
ites and pyroxenite-peridotite mixed sources can serve as parental
magmas of alkaline basalts (Chen et al.,, 2009; Dasgupta et al,,
2007; Goémez-Ulla et al., 2018; Sgager et al., 2015). Magma formed
from the presence of carbonated mantle exhibits evident negative
Ti, Zr, and Hf anomalies (Zeng et al., 2010), which is consistent with
primitive mantle-normalized patterns of the UMVC samples
(Fig. 9). However, the presence of high TiO, contents (>2 wt¥%;
Fig. 11a) and Al,O3 contents (13.94-15.78 wt%; Fig. 11b), in con-
junction with low MgO and CaO contents (Fig. 11c), as well as
the absence of negative K anomalies and high Zr/Hf ratios (Fig. 9)
within the primary magmas of UMVC, suggests that a carbonated
peridotite source is unlikely. Additionally, the trace element char-
acteristics of the UMVC samples differ significantly from those of
melts formed by partial melting of metasomatized hornblendite
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veins. These melts exhibit notable positive anomalies in Nb, Ta, and
Ti, as well as negative anomalies in Zr, Hf, and K (Fig. 9; Pilet et al.,
2008). These discrepancies indicate the need to explore alternative
magma sources.

Given the intricate nature of determining the mantle source for
UMVC, it is crucial to take into account a comprehensive array of
clues and evidence, especially those related to the minerals pre-
sent. The olivine Ni-Fo diagram (Fig. 7a and c) suggests that a man-
tle source consisting solely of peridotite is unlikely to fully explain
the observed trend. This is because highly magnesian olivines
(Fo > 85) would not be expected to fractionate from all ascending
magmas. Furthermore, additional evidence supports the idea of
pyroxenite-derived melts as the magma source. The 32°Mg versus
TiO, plot (Fig. S4d) and low La/Nb values (0.61-0.97, Stracke and
Bourdon, 2009) for the samples studied provide support for this.
Moreover, the low Ni content of olivine (487-2239 ppm) in the
UMVC argues against a single olivine-free pyroxenite melt as the
source (Fig. 7a; Herzberg, 2011). Furthermore, the direct partial
melting of peridotite cannot yield UMVC olivine magma with low
Mn contents (Fig. 7b; Salters and Stracke, 2004). As a result, an
alternative explanation for the presence of olivine with such char-
acteristics becomes necessary. One plausible explanation for the
presence of olivine with low Mn content in the UMVC magma lies

378

in the involvement of pyroxene. This hypothesis support from the
elevated Fe/Mn ratio observed in the UMVC olivine (Fig. 7d). The
high Fe/Mn ratio is commonly attributed to the stability of Mn con-
tent during the formation of magma in a garnet-rich source. Addi-
tionally, the UMVC samples yielded high (La/Yb)y (7.92-17.87) and
Dy/Yb (2.55-3.65) ratios, as well as low Y concentrations, which
imply a garnet residual in the source (Shaw et al., 2003). Further
support for this hypothesis comes from quantitative modeling of
melt compositions (Fig. 12), which delineates partial melting tra-
jectories involving varying proportions of partially melted garnet
pyroxenite (5-15 %) and partially melted garnet lherzolite (30-
50 %). These findings indicate the involvement of a deep mantle
source, specifically a garnet lherzolite melt, in the formation of
the studied basalts. This observation aligns with research on other
volcanic systems, such as the Hawaiian shield stage lavas, where
the crystallization of clinopyroxene and garnet has been linked to
melts rich in SiO,. These SiO,-rich melts are believed to originate
from a pyroxenite source and occur at high pressures,
approximately ~ 4 GPa (Herzberg, 2011). High-pressure experi-
ments have further contributed to our understanding of the pro-
cesses involved. These experiments have demonstrated that the
initial depth of melting for garnet pyroxenitic rocks is relatively
shallow, occurring at depths of less than 100 km (Kogiso et al.,
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2003). Based on this information, we propose that the UMVC can
be attributed to the presence of both garnet pyroxenite melts
and garnet lherzolite melts.

To determine the original depth and pressure associated with
the studied basalts, we applied the standard CIPW algorithm. Our
results indicate that the original depth and pressure ranges linked
to the formation of rocks in the UMVC are ~ 70-100 km and ~ 2-3
GPa, respectively (Fig. S6). These findings are consistent with
experimental data on clinopyroxene and garnet stability at depths
of approximately 70-100 km (Green and Ringwood, 1967).
Although a thick lithosphere (~120-200 km; Fig. 1b) exists
beneath the TNCO-WAB, a thinned lithosphere (~80 km) has been
reported in the Late Cenozoic Yinchuan-Hetao and Shaanxi-Shanxi
rift areas near Ulanqab (Zhang et al., 2012). This observation
underscores the dynamic nature of lithospheric thickness in the
region. Additionally, the high Nb/La ratios (1.03-1.63) of the UMVC
samples are comparable to those of an asthenospheric mantle
source (>1; Smith et al, 1999). The Ulangab basalts (120-
109 Ma), excluding UMVC, are associated with a metasomatized
(enriched) lithospheric mantle origin. These basalts are character-
ized by high (37Sr/%6Sr); and low eng(t) values. Conversely, Quater-
nary basalts in the Ulanqgab basalts of asthenospheric origin exhibit
low (87Sr/8Sr); and high eng(t) values (Fig. 10b; Guo et al., 2014).
These data represent further evidence of lithospheric thinning
beneath the WB during Late Cretaceous to Quaternary. Spatial
and temporal variations of the lithosphere in the Tianheyong
(western Ulangab) and Hannuoba (eastern Ulangab) areas during
the Miocene indicate intense thermal erosion of the metasoma-
tized lithosphere by the upwelling asthenosphere (Song et al.,
1990; Tang et al., 2007). The transition from the lithospheric to
asthenospheric mantle was examined in a study by Humphreys
and Niu (2009), revealing that this transition occurred during
decompression, indicating significant changes in the mantle’s
structure and composition. Another study by Kiseeva et al.
(2018) discovered that garnet plays a stabilizing role in the mantle
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transition zone (MTZ) and can exist on the solidus of pyroxenite
even at lower pressures (Hirschmann and Stolper, 1996). These
findings suggest that garnet and clinopyroxene likely act as resid-
ual phases in the asthenospheric mantle near the lithosphere-
asthenosphere boundary (LAB). This raises the possibility of
silica-rich garnet pyroxenite stagnating in this region, which can
serve as a potential source for alkali basalts. As a result, the LAB
emerges as a prime location for mantle metasomatism associated
with OIB source (Wilson and Downes, 1991).

Moreover, the presence of subducted carbonates is strongly
indicated by several lines of evidence. Carbonates are known to
exhibit significantly lower §**Mg values (—4.84 to — 1.09) com-
pared to other reservoirs (Young and Galy, 2004; Geske et al.,
2015), providing a foundational basis for our interpretation of the
light Mg isotope composition (—0.56 %0 to — 0.42 %o) observed in
UMVC rocks. Moreover, the UMVC samples exhibit distinct ele-
mental patterns, showing enrichment in Ba but depletion in Zr,
Hf, and Ti—characteristic of carbonates (Hoernle et al., 2002; Biz-
imis et al., 2003). These geochemical patterns find further support
in the low Ti/Ti* and Hf/Hf* ratios, regarded as “carbonatitic finger-
prints” (Zeng et al., 2010). Notably, our UMVC samples display low
Ti/Ti* (0.71-0.87) and Hf/Hf* (0.72-0.95) ratios, aligning with the
observed low trend 52°Mg basalts from the NCC (Fig. S7). To further
strengthen our understanding of mantle origin and its connection
to carbonates, it’s essential to consider the behavior of clinopyrox-
ene. Clinopyroxene, an early-stage mineral of carbonated silicate
melts, commonly crystallizes from magmas containing high Ca,
such as carbonated melts. This observation provides significant
insights into the origin of the mantle (Fig. S1b; Beccaluva et al.,
1992; Ivanikov et al., 1998). It is imperative to note that carbon-
atitic melts undergo a transformation into carbonated silicate
melts, a process that intensifies with augmented temperature
and enhanced degrees of melt extraction. This evolution arises
from the pronounced dissolution of clinopyroxene and/or olivine
into the carbonatitic melts, thereby amplifying the melt fraction
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and concurrently diluting the concentration of carbon dioxide
(CO,) within the melts (Dasgupta, 2013). Therefore, it is likely that
carbonated silicate melts contributed to the formation of melts
from which the UMVC originated.

In subducting slabs, stable Mg-rich carbonate minerals (dolo-
mite and magnesite) may be present due to interactions between
silicates and carbonates (Wang and Li, 2022). Variations in the
3%°Mg and MgO data in the samples from the UMVC can be mod-
eled by a mixing of mid-ocean ridge basalt with Mg-rich carbonate
melts (Fig. S4a). These findings suggest that approximately 15 %-
20 % of the UMVC(C’s mantle source contained Mg-rich carbonates.
Additionally, since there is limited Mg and Sr isotope fractionation
during basalt differentiation (Teng et al., 2007), the isotope ratios
of these elements in basalts can provide insights into carbonates
in the pyroxenitic mantle. This points to a hybrid source that has
undergone carbonate metasomatism, supported by a positive cor-
relation with “carbonatitic fingerprints” anomalies (Fig. S7; Yang
et al., 2012). Our study supports the hypothesis that the observed
Mg-Sr isotope mixing models can be attributed to the intricate
mixing of varying quantities and proportions of dolomite and mag-
nesite within the mantle sources of UMVC magmas (Fig. 13). Our
findings reveal mantle heterogeneity, a result of the variable pres-
ence of subducted carbonates within the mantle. This mantle
heterogeneity is a consequence of the uneven input of carbonates
during magma upwelling—a dynamic process that fundamentally
shapes the geological history of our study region. Importantly,
these implications extend beyond the UMVC, reaching the broader
context of Cenozoic basalts across the EB. The isotopic ratios
reported for these basalts align consistently with the explanation
grounded in carbonate mixing and mantle heterogeneity (Wang
et al,, 2016; Xu et al., 2018). In conclusion, the compositional vari-
ations of alkaline basalts from eastern China reflect different pro-
portions of diverse carbonate components in their mantle
sources. This underscores the clear influence of mantle hetero-
geneity on volcanic activity, even under identical or similar tec-
tonic conditions.
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Fig. 13. Plot of Mg versus 87Sr/%5Sr exhibit a mixing model between peridotitic
mantle and subducted carbonates. Points on mixing curves are at 5 % intervals. The
label on each curve is the proportion of dolomite: magnesite. The peridotitic mantle
and isotopic compositions are citied from Teng (2017) and He et al. (2019),
respectively. The Fuxin (106-100 Ma), Taihang (26-6 Ma), Hannuoba (22-14 Ma),
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Mg-Sr isotopic data of NCC are from Li et al. (2017), Yang et al. (2012), Tian et al.
(2019), and Sun et al. (2021).
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5.2. Crystallization and differentiation of the basaltic magma

Variable Ni contents (487-2239 ppm) in olivine phenocrysts
from the UMVC indicate that these rocks underwent certain mag-
matic evolution and did not reach equilibrium with primary man-
tle olivine (Langmuir et al., 1977; Aldanmaz et al., 2006). The Ni
data for the samples exhibit a negative correlation with SiO,
(Fig. S8a), suggesting that fractional crystallization likely played a
role in the evolution of the parental magmas of the UMVC. Addi-
tionally, positive correlations between Ni and Cr, as well as
between CaO/Al,03 and CaO (Fig. S8b and c), indicate fractional
crystallization of olivine and clinopyroxene. In contrast, the
slightly negative Ti anomalies (Fig. 9b) and the lack of correlation
between TiO, and the Mg# (Fig. S8d) exclude significant fractional
crystallization of ilmenite.

The acquisition of alkalinity in magmas is a significant factor to
consider, as it plays a crucial role in the formation of alkaline
basalts, and it is believed to involves magma evolution processes
occurring at greater depths than those of oceanic tholeiites
(Green et al., 1967; Tatsumi et al., 1983). Processes such as segre-
gation or fractional crystallization contribute to the enrichment of
alkaline components in the magmas. In the case of already alkaline
magmas, a typical narrative of evolution is observed. Basaltic mag-
mas tend to accumulate in chambers and, as they cool, a crystal
mush is formed in the shallow lithosphere (Cooper and Kent,
2014). Within this crystal mush, mantle-derived magmas can be
injected, causing the fragmented crystals to undergo disaggrega-
tion. These fragmented crystals are then transported within the
magma to the surface, resulting in the formation of glomerocrysts
(Pan et al., 2022).

The UMVC samples exhibit negative Rb anomalies, high concen-
trations of Ba (337-744 ppm), and moderate to high concentra-
tions of Sr (557-1230 ppm). Negligible negative Eu anomalies
(Eu/Eu* = 0.93-1.08) ratios are also observed, along with a gregar-
ious texture (Figs. 5 and S9). These features strongly suggest that
the formation of these alkali basalts is closely associated with the
accumulation of crystals within the magma chamber.

To gain further insights into the crystallization process, a simu-
lation of the crystalline phase equilibrium of the UMVC samples
was performed using the Rhyolite-MELTS software (version 1.2.0;
Gualda et al., 2012). The simulation, based on an initial pressure
of 0.3 GPa, used the composition of sample HZ21 as representative
of the initial melt and assumed an initial magma water content of
0.5 wt% (cf. Whitaker et al., 2007). The results of the simulation
(Fig. S10) indicate that magma crystallization commenced at
approximately 1250 °C. The earliest stage of this crystallization
involved the gradual increase in the proportion of olivine, followed
by the development of pyroxenes and feldspars. Moreover, the data
for the UMVC samples fall within the field of liquid + olivine + pla
gioclase + augite cotectic at low pressure (<0.4 GPa), indicating that
the evolved clinopyroxene and olivine samples experienced frac-
tional crystallization in the shallow part of the lithosphere
(Fig. 14). These findings are corroborated by normative mineral
calculations (Fig. S11) and photomicrographs illustrating the crys-
tallized minerals (Fig. 5).

5.3. Geodynamic controls on magmatic processes

Alkaline lavas often exhibit chemical variations primarily con-
trolled by simple mixing of end-members (Weinstein et al.,
2006). Melt mixing, on the other hand, is typically associated with
mantle plumes or conducting mantle melts (Li et al., 2003). In the
case of the UMVC, the question arises whether the alkalinity of the
magmas was acquired through mantle plume activity. One charac-
teristic of a mantle plume would be higher heat flow in the North-
eastern WB, leading to regional uplift and the formation of dome
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Di

Fig. 14. Triangular diagram of Anorthite (An)-Diopside (Di)-Enstatite (En) for an anhydrous system (Herzberg, 2004). All weight per cent compositions were converted to
mole per cent. The arrow indicates decreasing temperature. Abbreviations: Aug = augite; L = liquid; Plag = plagioclase.

structures due to maximum extensional stress (Hansen et al.,
2000). However, surface heat flow values reported for the study
area are low, suggesting the absence of a plume feature (Zheng
et al., 2021). Additionally, variations in depth from the garnet to
spinel facies mantle and changes in the degree of partial melting,
typically associated with a mantle plume, are not reflected in the
study area. This suggests that upwelling in the UMVC region was
likely triggered by an upper mantle melt anomaly dominated by
late-stage extension, possibly representing a compositional anom-
aly zone in the shallow convective mantle (Aldanmaz et al., 2006).
Therefore, while mantle plumes are commonly associated with the
formation of alkaline lavas through melt mixing, the specific geo-
dynamic controls in the UMVC region appear to be different. The
alkalinity of the magmas in this area is more likely attributed to
an upper mantle melt anomaly related to late-stage extension
and a compositional anomaly zone within the shallow convective
mantle.

The UMVC samples exhibit low 52°Mg values (—0.56 %o to
— 0.42 %o), as well as lower Ba/Rb (15.60-41.63) and CaO/Al,03
ratios (0.49-0.72), similar to those observed in Cenozoic basalts
from eastern China (Fig. 3b and S12; Li et al., 2017; Su et al,,
2017; Sun et al., 2021). This similarity suggests a connection
between the UMVC and a carbon reservoir. The presence of this
reservoir has been confirmed in the overlying convection-related
upper mantle beneath eastern China since the Mesozoic Pacific
Plate subduction, at depths of approximately 410-660 km (Liu
et al.,, 2022). It is a commonly proposed explanation for the low
Mg isotope compositions of Cenozoic OIB-like basalts in eastern
China (Fig. 9; Yang et al., 2012). In other words, it suggests that
the EB probably experienced carbonate metasomatism linked to
the PPO (Izanagi) slab in the Mesozoic-Cenozoic or Pacific slab
subduction during the Cenozoic (Maruyama et al., 1997; Liu
et al., 2020). This process led to the incorporation of low Mg iso-
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tope signatures in rocks from Cenozoic intraplate volcanoes (Su
et al., 2017). Nonetheless, seismic imaging of the northwest Pacific
does not reveal a stagnant slab (Pacific slab) in the WB (Zhao,
2021). The Sr-Nd isotope compositions of the UMVC samples pro-
vide evidence of contributions originating from an EM1-like man-
tle source. However, these compositions diverge from those found
in Cenozoic basalts in eastern China (Fig. 10). Additionally, high Ba/
Th ratios (123-215) and low TFeO concentrations (9.95-11.68) in
the studied samples further indicate that the enriched components
likely originated from ancient marine sedimentary carbonate
(Fig. S13; Li et al., 2014). Therefore, this source likely has its origins
in carbonate-bearing sediments associated with a subduction
event distinct from that which involves the Pacific Plate (Sun
et al., 2021; Tian et al., 2016; Wang et al., 2017).

The origin of subducted sedimentary carbonate in geological
processes is a complex matter. It is essential to investigate where
this material comes from and how it interacts within the mantle.
It’s crucial to note that the absence of a stagnant slab directly
beneath the WB volcanic field, as revealed by seismic tomography,
does not necessarily imply its historical non-existence. The low
Ca0/Al,03 ratios (0.49-0.72) and presence of “carbonatitic finger-
prints” also suggests the UMVC’ magmas derived from ancient sub-
ducted slabs (Figs. S7 and S11; Chen et al., 2022).

Numerous investigations have postulated the potential of the
MTZ to function as a reservoir for retaining subducted sediments
over protracted intervals, thereby possibly giving rise to the forma-
tion of an EM1 reservoir (e.g., Li et al., 2020; Rapp et al., 2008;
Wang et al.,, 2017). Subducted carbonate-bearing sediments, in
conjunction with a Precambrian subducted slab, undergo complex
geological processes as they traverse the mantle and encounter the
MTZ. In this transitional zone, these sediments encountered high
pressures and temperatures, leading to their deflection along the
660 km discontinuity. This process induced partial melting of the
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sediments, culminating in the genesis of carbonate melts (Fig. 15a).
This implies that the local MTZ represents an exceptionally suit-
able repository for harboring ancient subducted sediments. As
the stagnant slab gradually undergoes thermal modification, the
process of decarbonation melting of subducted sedimentary com-
ponents is likely situated within the confines of the MTZ (Zeng
et al., 2021; Fig. 15a). Notably, numerical simulations suggest that
decarbonation at Precambrian subduction zones occurred at higher
temperatures (up to ~ 100°C) than in present-day subduction
zones (Sizova et al., 2010). However, factors such as the degree
of partial melting in deep mantle sources, as well as prevailing
pressure and temperature conditions, may exert an influence on
the correlation between low Mg isotope values and the decarbon-
ation process.

The Mg values in our basalts exhibit a negative correlation
with the quantities of incompatible elements and the abundance
ratios of trace elements sensitive to partial melting (Fig. S14). This
observation implies relative fluctuations in Mg isotope ratios dur-
ing the process of mantle partial melting, transpiring under condi-
tions of elevated temperatures and pressures. Concurrently,
associated research corroborates an increase in Ti/Ti* ratios and a
decrease in Zr/Hf ratios as basalts undergo greater degrees of par-
tial melting (Huang et al., 2015). At higher degrees of partial melt-
ing, the predominant contributors are isotopically heavy
carbonated silicate melts, typified by reduced Zr/Hf ratios and aug-
mented Ti/Ti* ratios (Figs. S7 and S15). Consequently, the low Mg
isotopic compositions within our basalts epitomize the metasoma-
tism by carbonated silicate melts, as opposed to isotopic fraction-
ation transpiring within mantle conditions of temperature and
pressure. To contextualize these findings, it is essential to consider
the geological history of the lithospheric mantle in Eastern China.

The lithospheric mantle in Eastern China, including Ulanqab,
primarily formed between the Early and Middle Proterozoic (Xia
et al.,, 2004). Its coherence with the Nd ages (1.02-1.51 Ga) of
the studied basaltic rocks substantiates the notion that the mantle
lithosphere influenced by Cenozoic thinning is a remnant of the
mid-Proterozoic lithosphere. Moreover, the UMVC samples exhibit
low Nb/Th ratios ranging from 8.07 to 15.20, pointing toward an
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Lithospheric mantle

Lithospheric mantle
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ancient source of pelagic carbonate. Remarkably, this source exhi-
bits similarities to the Pitcairn EM1 basalts (Wang et al., 2018).
These components, such as garnet pyroxenite (Sobolev et al.,
2007), are attributed to the Indian Mantle and possibly linked to
the thermo-mechanical erosion of the ancient lithospheric mantle
by the conductive mantle (Xu et al., 2018). It appears that these
signatures are more likely associated with carbonates undergoing
early decarbonation during subduction, rather than carbonate
components being subducted into the lower mantle. It is worth
noting that there is a conspicuous absence of residual carbonate
minerals within these samples. This seeming paradox can be eluci-
dated by contemplating the possibility that the UMVC samples
might indeed signify the formation of decarbonated residues dur-
ing the subduction process. Carbonatite melts, when subjected to
subduction processes, undergo substantial decarbonation. This
results in a significant reduction in their carbonate content, leaving
behind only a meager residue. Such carbonate-depleted residues
would inherit the characteristic light Mg isotopic signature from
their parent protolith (Macris et al., 2013). One aspect to consider
is how these Mg isotope fingerprints of carbonates are retained or
transferred during the decarbonation process. Recent research by
Wang and Li (2022) suggests that newly formed silicates can effec-
tively preserve the Mg isotope compositions of carbonates during
decarbonation. Alternatively, the light Mg isotope composition of
carbonates can be transferred to silicates via decarbonation pro-
cesses (Wang et al., 2014). In conclusion, the absence of residual
carbonate minerals in UMVC samples can be explained by the
decarbonation process, leading to the formation of carbonate-
depleted residues with distinct Mg isotopic signatures. The reten-
tion and transfer of these isotopic fingerprints in newly formed sil-
icates unravel the intricate geochemical processes occurring
during subduction.

Building upon our understanding of the intricate geochemical
processes occurring during subduction, we now propose a compre-
hensive multistep genetic model for alkaline basalts, drawing upon
the results of our integrated study. The model unfolds as follows:
Subducted carbonates play a crucial role in early decarbonation
in the MTZ, resulting in relatively low 82°Mg values in residual

e Mg-rich carbonates

8 @ Clinopryoxene
0O Orthopyoxene
@ Olivine
Garnet

Fig. 15. Schematic diagrams showing the magmatic processes throughout in the deep to shallow magma reservoir. Detailed explanations are in the text.
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pyroxenite (Fig. 15a). This process becomes particularly significant
in cases where the lithosphere is thin (<80 km) during the Late
Cenozoic. The upwelling asthenosphere acts as a conduit for meta-
somatized materials from the base of the ancient oceanic litho-
sphere, triggering the crystallization of magma. Within the deep
magma chamber at the LAB, the fractional crystallization of
clinopyroxene (Cpx) and garnet from the primitive magma pro-
duces high-Ti alkaline lavas (Fig. 15b). Although clinopyroxene
and garnet are early-stage crystalline minerals, their primary crys-
tallization predominantly occurs within the depths of magma
chambers. This can be attributed to the sluggish ascent rate of
magma in the profound lithospheric mantle, which hampers its
ability to efficiently transport significant quantities of clinopyrox-
ene and garnet. Even when a small amount of clinopyroxene and
garnet is entrained in the magma, their interaction with silica-
undersaturated magma during the ascent process results in their
near virtual absence within the ejected lavas. In contrast, within
the shallower lithospheric mantle, a remarkable phenomenon
unfolds. The intricate interplay between melt and orthopyroxenite
engenders a profound surge in the rate of magma migration
(Daines and Kohlstedt, 1994). In this regard, alkaline magma per-
colates through the LAB and interacts with orthopyroxene (Opx)
under low-pressure conditions. The ensuing reaction, depicted in
Fig. 15c as Opx + Melt (silica poor) = Olivine + Melt (silica
rich) + Cpx, engenders a momentous augmentation in the magma’s
transport kinetics. Consequently, it enhances the crystallization of
olivine and clinopyroxene in the shallow lithosphere (Fig. 15d).

Therefore, the statement suggests that the interaction between
alkaline magma and orthopyroxenite in the shallow lithospheric
mantle facilitates the formation and crystallization of olivine and
clinopyroxene, contributing to the overall volcanic activity in this
region.

6. Conclusions

In the present study, plagioclase samples yielded an “°Ar/>°Ar
age of 7.60 + 0.04 Ma for the UMVC. This age marked the eruptions
that produced the associated alkaline basalts, and thus, these were
younger than Hannuoba basalts but older than Quaternary basalts.

According to our new data the UMVC was associated with an
enriched mantle source (EMI-like) that was possibly linked to gar-
net pyroxenitic and garnet lherzolitic source. The light Mg isotope
composition exhibited by the samples studied was attributed to a
carbonate metasomatized hybrid source associated with early
decarbonation at Precambrian subduction zones. Thus, Mg-rich
carbonate minerals (magnesite + dolomite) in marine sediments
were incorporated into the magma source. The variations we see
in the alkaline basalts in eastern China are because they come from
different combinations of carbonate materials deep within their
mantle sources.

Crystallization of clinopyroxene and garnet occurs within the
deep magma chamber, resulting in the formation of high-Ti alka-
line lavas. However, the sluggish ascent rate of magma in the pro-
found lithospheric mantle limits the transport of clinopyroxene
and garnet, leading to their near absence in the erupted lavas. In
contrast, in the shallower lithospheric mantle, the interaction
between alkaline magma and orthopyroxenite enhances magma
transport kinetics. This interaction promotes the crystallization of
clinopyroxene and olivine occurred under lower-pressure condi-
tions. These magmas involved mafic residual crystal mushes from
accumulation chambers.

Convecting asthenospheric mantle upwelling beneath the WB
through the LAB produced an extensional setting, and this con-
tributed to the formation of the UMVC. The OIB-like basalt melts
were derived from the interaction of melts of the underlying con-
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vecting asthenospheric mantle and those of the sub-continental
mantle related to ancient subduction. The formation of the UMVC
is likely unrelated to the subducting Pacific or PPO slab but is
instead closely linked to an earlier subduction event that involved
carbonate metasomatism.
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