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Highlights

® Jurassic mafic dyke swarms indicate hydrous asthenospheric mantle melts rising
from MTZ.

® The orientation of mafic dyke swarms indicates oblique Paleo-Pacific subduction
in Jurassic.

® Thermal erosion would be the major factor for the lithospheric destruction during
Jurassic.
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ABSTRACT

Paleo-Pacific subduction significantly impacted the structure and nature of the
mantle in Eastern China. However, the thermal structure of the supra-subduction-zone
mantle during the early stage of the Paleo-Pacific subduction has not been well
constrained. Here, we present an integrated study involving field investigation,
petrology, and geochemistry on two types of Jurassic (168-155 Ma) mafic dyke swarms
in Western Liaoning, North China Craton (NCC), to trace the properties of the NCC
mantle during the Jurassic. The picritic dyke swarms, trending NNW (330°-350°),
show OIB-like geochemical signatures, with high mantle potential temperatures (Tp)
ranging from 1498 + 52°C to 1535 + 56°C. These picritic dyke swarms are derived
from high-degree of partial melting of the asthenospheric mantle by a hot and hydrous
asthenospheric melts rising from the mantle transition zone above the subducted slab.
In contrast, the Jurassic potassic mafic dyke swarms, trending NNW (325°-345°), were
formed by partial melting of the metasomatized lithospheric mantle during the



upwelling of the asthenospheric melts. We conclude that thermal erosion would be a
major factor in the destruction of the lithospheric mantle beneath the NCC in the early
stage of the Paleo-Pacific plate subduction.

Keywords: Jurassic picritic and potassic mafic dyke swarms, hydrous asthenospheric
melts, Paleo-Pacific subduction, lithospheric destruction by thermal erosion, North
China Craton



1. Introduction

Plate subduction is a complex geologic process occurring at convergent plate margins,
where the subducting plate introduces crustal materials and volatiles into the mantle,
triggering a series of significant physical and chemical processes (Stern, 2002; Zheng
et al., 2016). Since the Jurassic, the subduction of the Paleo-Pacific Plate has had a
profound impact on the mantle's structure and nature in eastern China. This subduction
and subsequent rollback are widely recognized as the primary driving forces behind the
thinning and destruction of the North China Craton (NCC) lithosphere (Wu et al., 2019;
Ma and Xu, 2021). In contrast, lithospheric thinning is a geologic phenomenon
frequently seen in the evolution of global cratons, such as the Indian Craton (Dessai et
al., 2004), the North Atlantic Craton (Tappe et al., 2007, 2017), the Siberian Craton
(Reichow et al., 2009), and the Brazilian Craton (Read et al., 2004). Lithospheric
thinning involves the replacement of a thick, cold, and depleted continental lithospheric
mantle with a thinner, hotter, and more compositionally fertile mantle (Gao et al., 2002).
Furthermore, two prominent indicators of lithospheric thinning are the emergence of
magma derived from the asthenosphere and the transition of magma sources from the
lithospheric mantle to the asthenospheric mantle (Xu et al., 2009; Ma et al., 2014).
Previous authors have proposed two main mechanisms for lithospheric thinning in the
NCC: thermal-chemical erosion (Xu, 2001; Deng et al., 2004; Zheng et al., 2005) and
rapid lithospheric delamination (Gao et al., 2004; Wu et al., 2005; Ma et al., 2014; Zhu
et al., 2019; Chen et al., 2023). It is generally believed that significant thinning of the
NCC lithosphere occurred during the Early Cretaceous (Ma et al., 2014; Dai et al., 2016;
Zheng et al., 2018). However, the emergence of Jurassic magma derived from the
asthenosphere in the NCC suggests that the nature of the mantle and the processes of
lithospheric thinning in the early subduction zone of the Paleo-Pacific Plate are not yet
well understood.

Water, along with other volatile components, may be transported by subducting
plates into the mantle transition zone (MTZ) or even deeper into the mantle, undergoing
a long and complex migratory and evolutionary process (Karato, 2011; Zheng et al.,
2016). Geophysical observation and geodynamic modeling suggest that the hydrous
mantle plume, also known as upwelling hydrous asthenospheric melts, can be generated
by slab subduction into the MTZ at depths between 410-660 km (Katz et al., 2003;
Karato, 2011; Kuritani et al., 2011; Wang et al., 2015; Blatter et al., 2022). The volcanic
rocks associated with these hydrous asthenospheric melts represent significant
magmatic activity originating from deep and hot mantle regions below the subduction
zone (Shimizu et al., 2001; Liu et al., 2017; Blatter et al., 2022). Changbaishan in
northeast China is one of the most typical hydrous mantle plume volcanoes that may
have originated from the MTZ, as shown by geophysical studies (Kuritani et al., 2019).
Furthermore, the upwelling of hydrous asthenospheric melts to the bottom of the
continental lithosphere exposes this lithosphere to an anomalously hot thermal source,
and raises the temperature above the solidus. The result is partial melting, thermal
erosion, and eventual destruction of the lithosphere (Zhu et al., 2009; Richard and
Iwamori, 2010; Grove et al., 2012).



Mafic/ultramafic dyke swarms, as mantle-derived magmas directly transferred
through conduits to the crust, play important roles in tracing both the properties of the
mantle source and the tectonic setting (Ernst et al., 1995). The low viscosity and fast
migration velocity of the primary magmas makes mafic dyke swarms less prone to
contamination during emplacement, offering a more direct reflection of the mantle
source compositional features. Furthermore, the orientations of mafic dyke swarms can
reveal the regional stress field (Gudmundsson, 2002). In this paper, we focus on two
types of Jurassic mafic dyke swarms in the eastern NCC, i.e., OIB-like picritic dyke
swarms and potassic dyke swarms, in the Western Liaoning region of the NCC. We
suggest that hydrous asthenospheric melts might have been present beneath the NCC
during the early stage of the Paleo-Pacific plate subduction, with thermal erosion likely
playing a critical role in triggering the destruction of the craton.

2. Geological background

The NCC, is the largest and oldest cratonic block in China. It is composed mainly of
Archean tonalitic-trondhjemitic-granodioritic (TTG) gneisses and high-grade
metamorphic rocks with ages ranging between 3.8-2.5 Ga (Liu et al., 1992; Zhao et al.,
2001; Kusky, 2011; Wang et al., 2019; Zhai et al., 2021; Wu et al., 2022). The craton
mainly stabilized in the late Paleoproterozoic (Zhao et al., 2005). However, the eastern
part of the NCC was strongly remobilized with intense deformation, and widespread
magmatism and mineralization in the Mesozoic (Xu, 2001; Wu et al., 2005; Ma and
Xu, 2021). In the Early Mesozoic, the final closure of the paleo-Asian Ocean and
collision between the South and North China cratons resulted in major post-orogenic
magmatism in the Triassic, which caused the first stage of lithospheric mantle
destruction of the NCC (Yang et al., 2005; Yang et al., 2008b; Wang et al., 2021). With
the subduction of the Jurassic Paleo-Pacific plate, the structure and composition of the
mantle beneath the NCC were significantly impacted, resulting in the complete
destruction of the NCC (Zhu et al., 2012; Zhang et al., 2014; Dong et al., 2019; Zhu
and Xu, 2019; Fang et.al.,2021; Chen et al., 2023). Concurrently, two giant igneous
sub-provinces have been identified within the NCC during the Jurassic (175-155 Ma)
and the Early Cretaceous (135-115 Ma) (Wu et al., 2019). These findings align with the
magmatic peaks observed along the Taihang to Western Liaoning regions (Fig. la;
Table S1).

Our study area is located in the Western Liaoning region of the eastern NCC, west
of the Tanlu Fault (Fig. 1a). It is dominantly composed of Archean TTG basement with
Middle Proterozoic to Paleozoic strata and well-developed Mesozoic igneous rocks
(Fig. 1b; Peng and Guo, 2019; Wang et al., 2022). The granitic intrusions have been
divided into three major suites: the Jiumen monzodiorites and monzogranites (190-182
Ma), the Xiaoyingzi granites (186-164 Ma), and the Houshihushan alkali granites (120-
118 Ma) (Wu et al., 2006b; Yang et al., 2008a). Mafic and felsic dyke swarms intruded
into the Mesozoic granitoid and Archean basement rocks, with variable lengths, widths,
and orientations. Most of them are poorly studied except for lamprophyres (162-139
Ma) in the Taili area (Wan et al., 2019).



3. Field occurrence and petrogaphy

The studied samples were collected from two regions in Western Liaoning, Eastern
NCC (Fig. 1c). Each sample was selected from the center of the dykes in order to avoid
possible crustal contamination.

In the Xingcheng region, a large number of mafic dyke swarms intrude into the
Archean gneisses and the Jurassic plutons (Fig. 1d; Wu et al., 2006a). They are 0.5-20
m in width and have chilled margins with a consistent strike of mainly NNW (330°-
340°; Fig. 1d1). In the Taili region, mafic dyke swarms intrude into the Neoarchean
Suizhong granitic gneiss (Wang et al., 2016) and the Late Triassic porphyritic granite
(Fig. le; Liang et al., 2015), with sharp, chilled margins. They show mainly NNW
strikes (325°-350°; Fig. lel), with widths of 1-10 m.

The mafic dykes have fine-grained ophitic and porphyritic textures at the two
margins (Figs. 2e, f) and the coarse-grained texture in the center of dykes (Figs. 2g, h).
They can be divided into two groups based on their compositions. The first group is
NNW-trending (330°-350°) picritic mafic dyke swarms (Figs. 2a, b). The mineral
assemblage is amphibole (40-50 vol%), clinopyroxene (10-20 vol%), plagioclase (10-
15 vol%), spinel (5 vol%), and accessory minerals. Olivine pseudocrystals altered by
iddingsite can be observed in some samples (Fig. 2e). Cr-rich spinel occurs as fine-
grained euhedral crystals within the groundmass or phenocrysts (Figs. 2e, g). The
second group is green-coloured potassic mafic dyke swarms. They show the same
NNW-trend (325°-345°) (Figs. 2c, d) and ophitic and porphyritic texture especially at
the dyke margins, whereas the central regions displayed coarser grain sizes, where the
ophitic texture was not that evident. Some samples have euhedral to subhedral
clinopyroxene and amphibole phenocrysts. Their groundmass consists of
clinopyroxene (15-25 vol%), amphibole (40-45 vol%), plagioclase (20-30 vol%),
biotite (~2 vol%) and magnetite (Figs. 2g, h), with no spinel.

4. Analytical methods and results

The U-Pb dating analysis of zircon were conducted by LA-ICP-MS at the Wuhan
SampleSolution Analytical Technology Co., Ltd., Wuhan, China. Major element
compositions of minerals were determined using a JEOL JXA-8230 Electron Probe
Microanalyzer (EPMA) at the Key Laboratory of Orogeny and Crustal Evolution,
Ministry of Education, Peking University. Trace element analysis of minerals were
conducted by LA-ICP-MS at the Center for High Pressure Science & Technology
Advanced Research, Beijing, China. Additionally, whole-rock major and trace element
compositions were analyzed in the Geological Lab Center, China University of
Geosciences, Beijing (CUGB). Meanwhile, whole-rock Rb-Sr and Sm-Nd isotope
compositions were determined at the Isotope Laboratory of the Tianjin Institute of
Geology and Mineral Resources. Analytical methods involved in data acquisition,
including sample preparation, instrument types, and their working conditions, reference
materials, analytical accuracy, and precision, and data reduction schemes are



documented in the Supplementary Material.
4.1 Zircon U-Pb geochronology

Four representative mafic dyke samples were selected for LA-ICP-MS zircon U-Pb
dating, including the Taili picritic mafic dyke sample JX125-1 (Fig. 3a), Taili potassic
mafic dyke samples JX124-1 and JX124-2 (Figs. 3b, ¢), Xingcheng picritic mafic dyke
samples 12T3 (Fig. 3d). Ca. 50 zircon grains were separated from each sample, and
LA-ICP-MS analyses are presented in Table S2. The cathodoluminescence (CL)
images of representative zircons from these rocks are shown in Fig. 3.

Zircons from the dated samples are mostly euhedral-subhedral or irregular in shape,
20-200 um in size, with length to width ratios of 1:1 to 5:1. Some of these zircon grains
show clear oscillatory zoning in CL images, indicative of a magmatic origin. Some
grains are dark and have relatively blurry oscillatory zoning, consistent with a
xenocrystic origin. A total of 15 spots were analyzed in 14 representative zircons from
sample JX125-1. Ten of the analyzed zircons are xenocrysts with Paleoproterozoic
207pb/29Pb ages ranging from 2424 + 28 to 2224 + 17 Ma. Five zircon grains yield
concordant 2°°Pb/>38U ages with a weighted mean of 156 + 1.3 Ma (MSWD = 0.39)
(Fig. 3a), which is considered to represent the emplacement age of the picritic mafic
dykes. A total of 18 spots were analyzed in 18 representative zircons from sample
JX124-1. Six spots yield 2°°Pb/?33U ages between 319 + 7 Ma and 255 + 4 Ma, and
these zircons are considered to have been captured during the ascent of mafic magmas.
Six of the zircons from sample JX124-1 yield 2’Pb/?%U ages of ca. 2619 + 28 to 2062
+ 25 Ma, and are xenocrysts captured from the basement. Four zircon grains yield
concordant 2°°Pb/238U ages with a weighted mean of 155 = 1.4 Ma (MSWD = 0.02)
(Fig. 3b), which is considered as the emplacement age of the potassic mafic dykes. For
sample JX124-2, rejecting one spot with older 2°Pb/>38U ages (194 Ma), the remaining
12 analyses yield a weighted mean 2°°Pb/238U age of 162 + 1.3 Ma (MSWD = 0.68)
(Fig. 3¢), considered to represent the emplacement age of the potassic mafic dykes. A
total of 15 spots were analyzed on 15 representative zircons from sample 12T3. Eight
of the zircons are xenocrysts with Paleoproterozoic 2°’Pb/2%Pb ages ranging from 2452
+ 36 to 2217 + 33 Ma. Six zircon grains yield concordant 2°°Pb/>38U ages with a
weighted mean of 168 = 1.3 Ma (MSWD = 0.019) (Fig. 3d), which is considered to
represent the emplacement age of the picritic mafic dykes.

4.2 Mineral chemistry
4.2.1 Minerals in picritic mafic dykes

Clinopyroxenes in picritic mafic dyke samples (JX123-1,JX125-1, and JX126-1) are
mainly augite with Wo 27.11%-28.98%, En 43.45%-58.88%, and Fs 12.21%-27.53%
(Fig. 4a; Table S3). Plagioclase in a few picritic samples has been altered into albite by
zoisitization. Magmatic hornblende crystals in the picritic sample show consistent
compositions, with Cag=1.78-2.03, (Na+K),=0.72-0.90, Ti=0.09-0.48, Si=5.87-6.51,
VIAI<Fe?', and Xy, between 0.69 and 0.85, classifying it as magensiohastingsite (Fig.



4b). Hornblendes in the picritic dykes have very low contents of Cr (aver. 183 ppm)
and Ni (aver. 194 ppm) (Table S4). They show chandelier chondrite-normalized REE
patterns, with a significant depletion of LREEs (Fig. S1a).

Chromian spinel is a ubiquitous accessory phase in Cr-rich igneous rocks and can be
used to calculate the degree of partial melting of the mantle source, as well as
distinguish between different tectonic settings, viz island arc, mantle-plume and mid-
ocean ridge, and the partial melting degree of the mantle (Kamenetsky et al., 2001).
Most spinels in picritic mafic dyke samples (JX123-1, JX125-1, and JX126-1) have
high Ti0O,; (0.66-1.64 wt%), plotting within the field of ocean island basalts (OIB) (Fig.
4c), and Cr# [100x Cr/ (Cr + Al) = 61-74] values similar to those of Hawaiian picrites
(Norman and Garcia, 1999).

4.2.2 Minerals in potassic mafic dykes

Clinopyroxene crystals in the potassic samples (JX124-1 and XC41) are
homogeneous without zonation and mainly diopside in composition with Wo 40.85%-
47.86%, En 37.83%-45.14%, Fs 9.95%-13.71%, different from clinopyroxene in the
picritic dykes (Fig. 4a). Plagioclases from the potassic sample are oligoclase (Table
S3). Most magmatic hornblende crystals show consistent compositions of
magensiohastingsite (Fig. 4b). They have low contents of Cr (aver. 101 ppm) and Ni
(aver. 73 ppm) (Table S4), and display parallel and convex-upward REE patterns (Fig.
S1b).

4.3 Whole-rock major and trace elements

Thirty-five representative samples of mafic dykes from the two studied regions were
selected for whole-rock major and trace element analyses, and the results are shown in
Table S5. Major element contents were normalized to 100% on a volatile-free basis in
all diagrams. According to their geochronology and geochemical features, the mafic
dyke swarms can be divided into two groups, including the Jurassic picritic mafic dyke
swarms, and Jurassic potassic mafic dyke swarms (Fig. 5).

4.3.1 Picritic mafic dyke swarms

Jurassic picritic mafic dyke swarms are characterized by high contents of MgO
(10.28-18.55 wt%), Mg# (66-75), Cr (574-1438 ppm), and Ni (208-500 ppm), and low
contents of Al,O3 (8.27-13.14 wt%) mainly plotting in the fields of picrite and basalt in
the TAS and Si0,-MgO diagram (Figs. 5a,b) and in the alkaline-basalt field in the Nb/Y
versus Zr/T1 diagram (Fig. 5c), with medium to high K,O contents (0.56-1.73 wt%)
(Fig. 5d). They show significant enrichment of light rare-earth elements (LREE) with
high (La/Yb)y = 16-25 in the chondrite-normalized REE diagram (Fig. 6a), and OIB-
affinity with enrichment of Nb and Ta in the primitive mantle-normalized diagram (Fig.
6b).

4.3.2 Potassic mafic dyke swarms



The Jurassic potassic mafic dyke swarms have SiO, content of 49.47-58.46 wt%,
total alkalis (Na,0O+K,0) contents of 5.17-8.66 wt%, and mainly plot in the fields from
trachybasalt to trachyandesite (Fig. 5a). In the Nb/Y versus Zr/Ti classification diagram,
most of them plot in the field of alkaline-basalt (Fig. 5c). They have high K,O contents
(1.81-4.98 wt%) and thus belong to high-K to shoshonitic series (Fig. 5d). They have
relatively low MgO (3.09-8.54 wt%) and Mg# (44-59), Cr (11-338 ppm), and Ni (2-
150 ppm), and high AL,O5; (13.30-17.66 wt%) and P,0s (0.49-1.05 wt%). They also
display enrichment in LREE ((La/Yb)y =18-32) (Fig. 6¢), but strong depletion in
HFSEs (Nb, Ta, and Ti) (Fig. 6d), incomparable to the picritic OIB-like dykes.

4.4 Whole-rock Sr-Nd isotopes

The Jurassic picritic mafic dyke swarms have narrow ranges of (87Sr/%6Sr); ratios
(0.704488-0.704858) and eNd(t) values (-2.2 to 0.9) (Table S6), extending along the
mantle array, suggesting that they could be derived from an asthenospheric mantle. The
Jurassic potassic mafic dyke swarms have relatively higher (37Sr/%¢Sr); ratios
(0.706826-0.707239) and strongly negative eNd(t) values (-15.7 to -15.2) (Table S6),
with single-stage model ages ranging from 1837 to 1963 Ma (Fig. 7).

5. Discussion
5.1 Evaluation of elemental mobility and crustal contamination

Before discussing the petrogenesis of the Jurassic mafic dyke swarms, it is important
to evaluate the potential effects of low-temperature alteration after magma
emplacement. Although the mafic dyke swarms display high loss-on-ignition (LOI)
values, 2.37-8.25 wt% for the potassic mafic dykes and 1.12-4.64 wt% for the picritic
mafic dyke swarms (Table S5), nevertheless, correlations between some trace elements
(La, Th, Ce, Nd, etc.; see Fig. S2) and Zr show consistent trace element characteristics
of primitive igneous rocks (Fig. 6). Therefore, these elements can be used to decipher
their petrogenesis. In contrast, some elements (e.g., Na, Rb, Sr) were likely modified
by alteration and metamorphism, so these mobile elements were avoided in
petrogenetic interpretation.

Crustal contamination is a prevalent phenomenon in the process of magma evolution,
which can potentially alter the trace element and isotopic composition of the host
magma. These mafic dykes could have potentially assimilated crustal materials during
their emplacement, as supported by the presence of ancient zircon xenocrysts. However,
the potassic mafic dyke swarms have much higher Rb, Sr, and Ba contents than the
NCC crust (Rb =59-68 ppm; Sr =350-336 ppm; Ba = 677-688 ppm; Gao et al., 1998).
In addition, their (37Sr/%6Sr); ratios and eNd(t) values do not vary linearly with SiO, and
MgO (see Fig. S3), indicating that they also did not experience significant crustal
assimilation. On the other hand, two picritic mafic dyke samples have negative eNd(t)
values (~ -2.3) (Fig. S4), suggesting a limited degree of crustal contamination. The
picritic mafic dykes are also characterized by low Si0,, high MgO, Cr, and Ni, positive
Nb, Ta, high eNd(t) values, and low(}’Sr/%¢Sr); ratios (Figs. 5, 6, 7; Table S5), which



imply a depleted mantle origin and argue against significant crustal contamination. In
addition, they show no change in TiO, and P,0Os content with decreasing MgO values
(except for sample 12C-1) (Figs. S4a, b), which is inconsistent with significant crustal
contamination that normally decreases the TiO, and P,Os contents (Zhao and Zhou,
2007). Moreover, the picritic mafic dyke swarms show uniform trace element patterns
with weak negative Zr and Hf anomalies relative to the primitive mantle (Fig. 6b),
which is inconsistent with extensive crustal contamination (e.g., Zhao and Zhou, 2007).
Additional support for this conclusion is provided by the absence of a positive
correlation between (37Sr/3¢Sr); ratios and SiO, and MgO contents in the whole-rock
(Wang et al., 2021) (Fig. S3). Thus, the impact of crustal contamination on the magma
evolution of both potassic and picritic mafic dyke swarms is likely to be limited.

5.2 Tracing the origin of the hydrous asthenospheric mantle by Jurassic picritic
mafic dyke swarms

5.2.1 Geochemical evidence for an asthenospheric mantle origin

Lines of evidence reveal that both picritic mafic dyke swarms and potassic dyke
swarms are primitive melts, rather than formed by amphibole accumulation. (1) Most
dykes show ophitic and porphyritic textures at the margins and the coarse-grained
texture at the center, rather than the accumulated texture, and they have uniform
compositions from the margin to the center of dykes. (2) The REE patterns of
amphiboles are different from those of their host whole-rocks, especially the LREE (Fig.
S1). (3) Amphiboles can easily fractionate MREE and HREE elements because Dy is
more compatible with amphibole than Yb. Thus, during magmatic differentiation, the
formation of amphibole cumulates produces an amphibole signal, which means that
Dy/Yb decreases with the increase of SiO, (Davidson et al., 2007). However, the Si0,
vs. Dy/Yb plot of the picritic mafic dykes does not show a decreasing trend (Fig. S4c).
(4) Picritic mafic dykes show a negative correlation between SiO, and Mg# (Fig. S4d),
which also rules out the origin by mineral accumulation (e.g., Dessimoz et al., 2012;
Elemér et al., 2015; Xu et al., 2019).

Picrite and komatiite are representative rocks that originate from asthenospheric
mantle, serving as useful indicators of high-temperature mantle sources (Su et al., 2021).
Chromian spinels in the picritic mafic dyke samples exhibit low Al,O3 and high Cr#,
similar to spinels found in Hawaii picrites and basaltic komatiites (Norman and Garcia,
1999), implying an asthenospheric source. In addition, the Jurassic picritic mafic dyke
swarms possess typical OIB geochemical characteristics such as the positive Nb-Ta,
and low (¥7Sr/36Sr); and high eNd(t) values, resembling Cenozoic Changbaishan basalts
and Hawaiian picrites (Figs. 6, 7; Kuritani et al., 2009). As shown in Figs. 8a, c, d, all
samples are plotted near the OIB field with no significant influence of subduction
metasomatism, and their Nb/U (35-97) and Ce/Pb (6-36) ratios are comparable to those
of MORB and OIB (Nb/U = 47+10, Ce/Pb = 25+5; Hofmann et al. (1986)). All of the
above features, as well as their Nb/La versus La/Yb systematics (Fig. 8b), suggest that
the dyke swarms were derived from the asthenospheric mantle.



5.2.2 A hydrous asthenospheric mantle origin

Water, being a strongly incompatible element, tends to preferentially enter the melt
phase during mantle melting. This incorporation alters the melt's structure and
significantly impacts its equilibrium with the residual solid phase (Kelley and Cottrell,
2009). There is growing evidence that water plays a crucial role in processes ranging
from low degrees of partial melting at the lithosphere-asthenosphere boundary to the
high degrees of partial melting necessary for forming large igneous provinces (Xia et
al., 2022). The formation of hydrous mantle plumes above the MTZ subducting plate
at depths of 410-660 km is a typical example (Wang et al., 2015), and water serves as
a plausible source of buoyancy for these plumes (Richard and Iwamori, 2010). It is
believed that mantle plumes are caused by thermal buoyancy driven by steep thermal
gradients at the core-mantle boundary, as evidenced by their high mantle potential
temperature (Herzberg and Gazel, 2009). Primitive magmas from normal mantle
plumes like Hawaii are typically dry and lack hydrous minerals. However, recent
evidence suggests that some mantle plumes may not be significantly hotter than the
ambient mantle, indicating that thermal buoyancy is not their primary cause (Kuritani
et al., 2019). Furthermore, the basaltic oceanic crust (eclogite) and sediments of the
Paleo-Pacific plate are also unlikely sources of buoyancy due to their higher density
compared with the surrounding peridotite (Aoki and Takahashi, 2004). Conversely,
hydrous mantle peridotite has a lower density than its dry counterpart, and the density
of hydrous fluids and partial melts may also be lower than that of the host peridotite in
the MTZ, leading to the dehydration and melting of water-rich asthenospheric mantle
material. This process results in the formation of upwelling hydrous asthenospheric
melts (Karato, 2011).

Water contents of mafic magmas can be estimated using the hygrometer of Perinelli
et al. (2016), and the calculated method can be expressed as following Eqgs. (1):

wt% H,O = aDiHd + bEnFs + cCaTs + dJd + eCaTi + fInP + gT + k (1)

where DiHd = diopside + hedenbergite, EnFs = enstatite + ferrosilite, CaTs = Ca-
Tschermak, Jd = jadeite, CaTi = CaTi-Tschermak , a =39.60, b =29.48, c=41.76,d =
39.58,e=0.44, f=0.14, g=-0.01, k=-27.53, P is in MPa, and T is in °C.

The studied Jurassic picritic mafic dyke samples in the eastern NCC contain large
amounts of hornblende (40-50%), proving that their parent magmas are water-rich.
Using the hygrometer of Perinelli et al. (2016), we estimate the H,O contents of the
picritic samples to be between 0.6% and 1.8% in the melt (Table S3), similar to the
water contents (1.2-1.8 wt.%) of the Changbaishan basalts (Kuritani et al., 2019).

5.2.3 Melting degree and P-T conditions

Jurassic picritic mafic dyke samples, with high Mg# (=66-75), are enriched in
compatible elements (Cr, Co, and Ni) (Table S5), which suggest a high-degree melting
of the mantle source. To estimate the relationship between Cr# and the degree of



melting (F), we use the formula F = 10 In (Cr #) + 24 given by Hellebrand et al. (2001)
and obtain a melting degree of 19.0%-21.0% for the picritic mafic dykes (Table S3).
The results are identical to the picrites in the Baoshan-Gongshan Block of the northern
Sibumasu terrane, southwest China (Su et al., 2021), but higher than most N-MORB.

Using a Si activity thermobarometer (Lee et al., 2009), we calculate the melting
conditions for primary magmas of picritic mafic dyke samples and the results are listed
in Table S7 and illustrated in Figure 9. The mean values of Tp are 1535+£56°C and
1498+52°C based on different water contents in the melt of 0.6 and 1.8 wt%,
respectively, which are higher than the Tp of normal upper ambient mantle (1350 °C;
Mckenzie and Bickle, 1988), but lower than the calculated Tp of the Hawaiian hotspot
picrites (1630 £ 90°C; Fig. 9). The melting pressures range from 2.4 to 4.7 GPa.

5.3 Melting of the enriched lithospheric mantle during plume upwelling

The Jurassic potassic mafic dyke samples exhibit high potassium contents and crust-
like trace element signatures, characterized by enrichment of LREEs and LILEs and
depletion of HFSEs. The Sr-Nd isotopes of the potassic mafic dykes differ significantly
from the MORB-type or OIB-type asthenospheric mantle-derived rocks, and they are
similar to contemporaneous mafic rocks in the NCC (Figs. 6¢, d; Table S6), indicating
that the potassic mafic dyke swarms were formed by partial melting of the enriched
lithospheric mantle. Moreover, the Nb/La versus La/YDb ratios of these potassic mafic
dyke samples fall within the range of magmas from the lithospheric mantle (Fig. 8b).

The presence of potassium-rich mineral phases in magmatic sources is essential for
the formation of the potassic mafic dykes (Chu et al., 2013). Based on the previous
discussion, it is believed that potassium-rich materials were formed in the lithospheric
mantle by metasomatism of potassium-rich melts or fluids. Jurassic potassic mafic
dykes show variable St/Th and Th/Ce ratios with constant Ba/Th and Th/Nd values (Fig.
S5), suggesting that the lithospheric mantle was metasomatized by potassium-rich
fluids (Elburg and Foden, 1999). However, the origin of potassium-rich fluids is subject
to various interpretations, with proposals including delaminated SCLM (Choi et al.,
2006), deep asthenospheric mantle (Tappe et al., 2023), delaminated lower continental
crust (Chu et al., 2013) or mantle transition zone (Murphy et al., 2002). Based on the
average Nb/U ratio (22; Table S5) of the Jurassic potassic mafic dykes, which is notably
lower than that of MORBs and OIBs (Nb/U=47+10; Hofmann et al. (1986)), and lower
crust (Nb/U=25; Gao et al. (1998)), as well as their Sr-Nd isotopes being different from
an ancient sub-continental lithospheric mantle, it appears that the enriched lithospheric
mantle source may not be associated with lower crustal delamination. We utilize a Si
activity thermobarometer (Lee et al., 2009) to determine the Tp of potassic mafic dyke
samples. The mean Tp values were 1156 + 37°C and 1140 + 32°C for water contents
of 1.5 wt% and 3.3 wt% (Table S3), respectively. These values are consistent with those
expected for the lithospheric mantle (1180°C; Sun et al., 2014) but lower than those of
the mantle transition zone (1250°C, Kuritani et al., 2011). The variations of La/Ba
versus La/Nb ratios (Fig. 8a), (Hf/Sm)y versus (Ta/La)y ratios (Fig. 8c), and Th/Yb



versus Nb/Yb ratios (Fig. 8d) suggest a lithospheric mantle source modified by
subduction. Therefore, the potassium-rich fluids that contributed to the Jurassic potassic
mafic dykes most likely originated from the Paleo-Pacific subduction zone.

Additionally, Duggen et al. (2005) proposed a K/Yb vs. Dy/YDb plot to determine the
mantle source composition and the partial melting degree of the parent magma. The
Dy/Yb values of the potassic mafic dykes range from 2.06 to 2.57 (average value 2.40),
indicating partial melting in the spinel-garnet transition zone (Fig. 10). The wide range
of their K/Yb values (9.84-24.06) may reflect different partial melting degrees (Liu et
al., 2020). Overall, the potassic mafic dyke swarms were formed by the partial melting
of a bearing lherzolite lithospheric mantle in the spinel-garnet transition zone. We
propose that partial melting of the metasomatized lithospheric mantle was induced by
the upwelling hydrous asthenospheric mantle melts.

5.4 Thermal erosion triggered the lithosphere destruction beneath the NCC

Numerous studies have demonstrated significant lithospheric thinning occurred in
the NCC, with its thickness decreasing from 200 km in the Paleozoic to 80-100 km in
the Cenozoic (Gao et al., 2002). Meanwhile, the subduction of the Paleo-Pacific plate
was a key factor influencing the thinning of the eastern NCC from the Jurassic to the
Cretaceous, independent of the tectonic systems of the Paleo-Asian and Mongolian-
Okhotsk Oceans (Zhu and Xu, 2019). The westward subduction of the Paleo-Pacific
plate led to a large number of late Mesozoic igneous rocks in the eastern NCC (Zhang
et al., 2014; Wu et al., 2019). Moreover, multiple lines of evidence suggest that the
destruction of the NCC had already begun by the Late Jurassic (Jiang et al., 2010; Deng
etal., 2017). However, the earliest reported asthenospheric mantle-sourced magmas are
the Early Cretaceous (121 Ma) lamprophyres in the Jiaodong Peninsula, which exhibit
trace element compositions and depleted isotopic compositions similar to OIB (Ma et
al., 2014). Therefore, our findings of Jurassic picritic and potassic mafic dyke swarms
provide direct evidence of Jurassic lithosphere thinning in the NCC, implying that
subduction of the Paleo-Pacific plate beneath the NCC may have initiated in the Middle
Jurassic (168 Ma), which plausibly explains the emergence of the giant igneous sub-
provinces in the NCC during the Jurassic (Fig. 1a; Table S1).

It is shown that the NCC underwent a tectonic transition from compression to
extension during the Cretaceous, influenced by the rollback of the Paleo-Pacific plate
(Wu et al., 2019; Ma and Xu, 2021). Therefore, we can conclude that the Jurassic
asthenospheric mantle source samples in this study were not formed by rapid
lithospheric delamination, but as a result of thermal erosion. Strong variations in
lithosphere thickness and thermal structure at the Craton margin may have caused
transient small-scale mantle convection (Tappe et al., 2016). During the Jurassic, the
subducting Paleo-Pacific plate beneath the NCC became dehydrated and partially
melted. The melts/fluids released from the Paleo-Pacific plate altered the overlying
lithospheric mantle (Zheng et al., 2018). We propose that hydrous asthenospheric
mantle melts, inferred from the studied picritic mafic dyke swarms, formed by the



subducted slab in the MTZ, rose from the upper mantle to the bottom of the lithosphere.
The high temperature and high water content of these melts effectively weakened the
bottom of the lithosphere and mixed the lower part of the lithosphere into the
asthenospheric mantle, leading to the lithospheric thinning in the NCC (Figs 11a, b, c).

The Jurassic transformation of the tectonic regime in Eastern China played a crucial
role in the destruction and thinning of the NCC and also provided valuable insights into
the Paleo-Pacific plate subduction. Dyke swarms can be used to reconstruct paleo-stress
fields (Ray et al., 2007). The orientation of a subparallel dyke swarm can reflect the
direction of maximum horizontal compressive stress at the time of their emplacement
in the region (Gudmundsson, 2002). The mafic dyke swarms sampled in this study are
reliable paleo-stress indicators because they were not significantly metamorphosed or
deformed. The orientation of the Jurassic picritic and potassic mafic dykes, which strike
NNW-SSE (325°-350°) and dip at angles of 80°-90°, clearly indicates WSW-ENE
extension in the Western Liaoning region of the NCC (Fig 11d).

The Early Jurassic Paleo-Pacific plate began to subduct, continuously releasing
potassium-rich fluids that contributed to the further metasomatism of the continental
lithospheric mantle. By the Middle Jurassic, the Paleo-Pacific plate had subducted to
the MTZ, with the hydrous mantle peridotite beneath the basaltic oceanic crust and/or
the peridotite in the MTZ above the slab serving as the constituent buoyancy sources
for hydrous asthenospheric mantle melts beneath the NCC. The thermal mantle melts
lowered the solidus of the ancient lithospheric mantle as it crossed the upper mantle to
the bottom of the lithosphere (Guo et al., 2020; Sun et al., 2020). Melt generation began
when the mantle temperature intersected the solidus. This process promoted the gradual
melting of the ancient lithospheric mantle, which effectively weakened and destabilized
the bottom of the lithosphere, resulting in lithosphere thinning and the generation of
large-scale magmatism (Niu, 2021). Therefore, we propose that thermal erosion,
possibly accompanied by a hydrous mantle plume, would be a major factor in the
destruction of the lithospheric mantle beneath the NCC in the early stage of the Paleo-
Pacific plate subduction, as depicted in Figure 11e. Decompression melting of the
upwelling asthenosphere produced OIB-type magmas, and thermally eroded
metasomatized lithospheric mantle also melted. These magmas ascended along the
ENE-WSW extensional zone to form Jurassic picritic and potassic mafic dyke swarms
in the NCC.

6. Conclusions

(1) The Jurassic mafic dyke swarms (168-155Ma) in the Eastern NCC can be divided
into two types, namely the picritic dyke swarms trending NNW-SSE (330°-350°) and
the potassic dyke swarms also trending in an NNW-SSE (325°-345°) direction.

(2) The Paleo-Pacific plate subducted into the MTZ and provided buoyancy
generated by water, thus forming hydrous asthenospheric mantle melts. The mantle
potential temperature of the picritic mafic dyke swarms ranges from 1498 + 52°C to



1535 £ 56°C, with a melting degree of 19.0%-21.0%, and they were derived from high-
degree melting of the asthenosphere mantle.

(3) Upwelling of the hot hydrous asthenospheric melts triggered partial melting of
the metasomatized lithospheric mantle and formed the synchronous potassic mafic dyke
swarms.

(4) The orientation of the Jurassic picritic and potassic mafic dyke swarms indicates
a WSW-ENE extension in the NCC. Thermal erosion would be the major factor in the
destruction of the lithospheric mantle beneath the NCC in the early stage of the Paleo-
Pacific plate subduction.
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Figure captions

Figure 1. (a) Histogram of ages from Jurassic to Cretaceous igneous rocks and dykes
in the Taihang to Western Liaoning region of the Eastern NCC. (b)Topographic map
showing the NCC and adjacent regions based on the ETOPO1 Global Relief Model
(https://www.ngdc.noaa.gov/mgg/global/). (c) Simplified geological map of the
Eastern NCC, with the study regions (Figs. 1d, e) indicated by rectangles (modified
after Geological map of NCC, 1:250,000). (d, ) Geological maps of the Xingcheng and
Taili region in Western Liaoning, respectively. Insets d1, el: Rose diagrams showing
the strikes of the mafic dyke swarms. Age data are from references in Supplemental
Table S1.

Figure 2. Field and microphotographs of mafic dykes in Western Liaoning, NCC. (a)
The picritic dyke swarm (more than 3 parallel dykes out of the view) in the Taili region.
(b) The picritic dyke swarm in the Xingcheng region. (¢) The potassic mafic dyke
swarm intruded into the Mesoproterozoic strata, and (d), into the Archean potassic
granite in the Xingcheng region. (e) Olivine pseudocrystals altered by iddingsite in the
fine-grained matrix. (f) Porphyritic texture with Cpx xenocrysts and fine-grained
groundmass. (g) Euhedral to subhedral spinel grains in the picritic dyke sample
(backscattered electron image). (h) The ophitic texture of potassic mafic dykes with
Cpx xenocryst with amphibole and plagioclase. Cpx, clinopyroxene; Hb, hornblende;
PL, plagioclase; Sp, spinel.

Figure 3. Zircon U-Pb concordia diagrams of zircon U-Pb isotope analysis and
representative cathodoluminescence images of zircons for mafic dykes from the Taili
and Xingcheng regions.

Figure 4. (a) Wo-En-Fs diagram for clinopyroxene. (b) Xy,-S1 diagram for magmatic
hornblende. (c) Chromian spinel compositions in the picritic mafic dykes. Also shown
are MORB, LIP, OIB, and SSZ fields after (Kamenetsky et al., 2001). MORB: mid-
ocean ridge basalts; LIP: large igneous province; OIB: ocean island basalts; SSZ:
Supra-subduction zone.

Figure S. Classification diagrams of mafic dyke swarms in Western Liaoning. (a) TAS



diagram of total alkalis vs. SiO,. (b) Plot of Si0, versus MgO. (c¢) Zr/TiO, vs. Nb/Y
diagram. (d) Plot of K,O vs. Si0,. The data for the Taili lamprophyres are from Wan
et al. (2019). The data for the Huaziyu lamprophyres are from Jiang et al. (2010). The
date of Hawaiian picrites are from Hanyu et al., (2010), Matveenkov et al. (1998),
Norman and Garcia (1999), and Ren et al. (2009). The data of Changbaishan basalts
are from Kuritani et al. (2009).

Figure 6. Chondrite-normalized REE patterns and Primitive mantle-normalized trace
element spidergrams for the Jurassic picritic dyke swarms (a,b) and potassic mafic dyke
swarms (c, d) from the Western Liaoning, NCC. The values of chondrite and primitive
mantle are from Sun and McDonough (1989). The data for ocean island basalt (OIB)
and enrich mid-ocean-ridge basalt (E-MORB) are from Sun and McDonough (1989).
Data sources are the same as in Figure 5.

Figure 7. eNd(t)-(3’Sr/%¢Sr)i diagram for the Jurassic picritic and potassic mafic dyke
swarms from the Western Liaoning. Also compared are those of the ancient
subcontinental lithospheric mantle (SCLM) of the North China Craton (Zhang and
Yang, 2007), Cenozoic basalts from Tatsumoto et al. (1992). Data sources are the same
as in Fig. 5.

Figure 8. Plots of (a) La/Ba vs. La/Nb (Saunders et al., 1992), (b) Nb/La vs. La/Yb
(Smith et al., 1999), (¢) (Hf/Sm)y vs. (Ta/La)y (Fleche et al., 1998), (d) Th/YDb vs.
Nb/Yb (Pearce, 2008) for the Jurassic picritic and potassic mafic dyke swarms from the
Western Liaoning. SMLM = subduction-modified lithospheric mantle, SMAM =
subduction-modified asthenospheric mantle, OIB = ocean island basalt, N-MORB =
normal mid-ocean-ridge basalt, E-MORB = enriched mid-ocean-ridge basalt. The
compositions of OIB, N-MORB, E-MORB are from Sun and McDonough (1989). Data
sources are the same as in Fig. 5.

Figure 9. Pressure vs temperature conditions for the Jurassic picritic and potassic mafic
dyke swarms in the Western Liaoning, NCC under different water contents. The dry
lherzolite solidus and liquidus are from Katz et al. (2003). The melting conditions for
mid-ocean ridge basalts (MORB), Paleoarchean komatiites are from Lee et al. (2009),
and data sources of Hawaii hotspot picrites are the same as in Fig. 5.

Figure 10. Dy/Yb vs. K/Yb*1000 (Duggen et al., 2005) discrimination diagrams for
the Jurassic picritic and potassic mafic dyke swarms from the Western Liaoning.



Figure 11. (a) The hydrous asthenospheric mantle melts formed beneath the NCC
during the Jurassic Paleo-Pacific subduction. (b) Schematic diagram of the origin of the
hydrous asthenospheric from the hydrous mantle transition zone during the Jurassic flat
subduction of the Paleo-Pacific plate. The slab reached the mantle transformation zone
(MTZ). Initially cold slab was subjected to conductive heat from the surrounding
mantle, causing volatilization of the slab, while deep earthquakes can also cause
dehydration of the Paleo-Pacific plate (Zhao and Tian, 2013). Moreover, the
dehydration of the slab peridotite in the MTZ will cause the rehydration of peridotite
(Safonova et al., 2015). When the hydrous asthenospheric mantle melts are formed, it
will rise from the MTZ to the upper mantle, dehydration melting should occur due to
the decrease in water solubility in the constituent nominally anhydrous minerals
(Tenner et al., 2012). (c) Conceptual schematic cartoon illustrating the formation of
picritic and potassic mafic dyke swarms in western Liaoning, NCC. (d) Schematic
model of Jurassic picritic and potassic dyke emplacement. (e) Tectonic evolutionary
model and tectonic stress state of middle and late Jurassic in East China (modified after
Lietal., 2019).
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