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ABSTRACT

Lamprophyres, ultrapotassic igneous rocks generally derived from the melting of enriched subcontinental lith-
ospheric mantle, typically form in extensional tectonic settings and are associated with coeval transcrustal
processes. The genesis of lamprophyres provides insights into the generation, storage, and emplacement of
lamprophyric magmas, and further constrains the nature of mantle sources. However, the origin of lamprophyres
remains enigmatic and requires further investigation. The Late Triassic lamprophyres along the western Yanshan
Tectonic Belt of the northern North China Craton (NCC) offer a key opportunity to understand the tectonic
evolution of this region, particularly their relationship with the onset of craton destruction. Here we report the
results of an integrated geochronological and geochemical study of Late Triassic lamprophyres and quartz
monzonite porphyries in Beijing on the western Yanshan Tectonic Belt. U-Pb zircon dating using LA-ICP-MS
reveals that the lamprophyres and quartz monzonite porphyries were emplaced contemporaneously during ca.
235-220 Ma, marking a Late Triassic magmatic event in the northern NCC. The Late Triassic lamprophyre and
quartz monzonite porphyry sills are enriched in large ion lithophile elements (LILEs) and light rare earth ele-
ments (LREEs) but are depleted in high field strength elements (HFSEs), exhibiting arc-like geochemical char-
acteristics. They also display high MgO and total alkali concentrations with low silica contents. Unradiogenic
whole-rock Nd and Hf isotope compositions [(exg(t) = —11.3 to —10.8) and (eys(t) = —16.3 to —12.5)] indi-
cate that the magmas of the Triassic suite were likely derived from an enriched lithospheric mantle source,
followed by fractional crystallization of ferromagnesian phases and minor crustal assimilation. Geochemical
modeling suggests that the parental magma of the lamprophyres was generated through a low degree (<5 %)
partial melting of spinel-garnet lherzolites. These results suggest that the investigated rocks originated from a
subcontinental lithospheric mantle enriched by fluid and/or melt metasomatism, likely during subduction of the
Paleo-Asian oceanic plate beneath the NCC. Radiogenic zircon Hf isotope compositions [e.g., euf(t) = 6.4 to 8.9]
of the Late Triassic lamprophyres point to the involvement of a depleted mantle source. The upwelling of the
asthenosphere, triggered by intensive intra-continental extension during the Triassic, likely provided the heat
required to melt the enriched subcontinental lithosphere beneath the NCC. This Late Triassic interaction between
the asthenosphere and the lithospheric mantle marks the onset of NCC destruction and contributed to its thermo-
mechanical erosion.

1. Introduction

tectonic or volcano-intrusive thermal activities compared to younger
mobile and/or orogenic belts (Zhu et al., 2012; Wu et al., 2019).

Archean-Paleoproterozoic cratons are stable tectonic units on Earth, Generally, the subcontinental lithospheric mantle beneath cratons is
characterized by a lack or rarity of post-Paleoproterozoic intensive thick, cold, low-density, refractory and anhydrous (Hirth et al., 2000;
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Jordan, 1975). However, not all cratons remain stable indefinitely, as
exemplified by the Eastern Block of the North China Craton (NCC)
(Carlson et al., 2005; Griffin et al., 1998; Menzies et al., 1993, 2007; Wu
et al., 2003, 2006a, 2019; Xu, 2001), and the western Wyoming Craton
(Ducea and Saleeby, 1988; Lee et al., 2000; Manley et al., 2000). These
cratons are characterized by intensive felsic magmatism and related gold
mineralization (Wang and Mo, 1996; Yang et al., 2003), extensional
tectonics forming metamorphic core complexes, the development of
extensional sedimentary basins (Yang et al., 2007a), and the exhumation
of deep-seated rocks (Yang et al., 2008), ultimately leading to craton
destruction or decratonization (Wu et al., 2019). Lithospheric thinning
has long been regarded as a key indicator of craton destruction. The NCC
is considered unique among Archean cratons due to its lithosphere un-
dergoing significant thinning during the Mesozoic (e.g., Wang et al.,
2021). Geochemical and geophysical data from ancient cratons, such as
the Indian, Siberian, Brazilian, Yilgarn, Tanzanian, and North Atlantic
Cratons, indicate lithospheric thinning or the removal of their lower
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domains without resulting in craton destruction (Griffin et al., 1998,
1999; Howarth et al., 2014; Read et al., 2004; Tappe et al., 2007). Ev-
idence for lithospheric removal is provided by ancient diamond-bearing
kimberlites and Cenozoic basalts or mantle and crustal xenoliths, which
reveal that the thick and cold ancient lithospheric mantle had been
converted into a thin and hot lithospheric mantle. This transformation
occurred without significant magmatic, tectonic, or earthquake activity
(Wu et al., 2019). Thus, lithospheric thinning fades into insignificance
compared with the switch in the geophysical and geochemical proper-
ties of the lithospheric mantle that witnessed craton destruction. A
hallmark of craton destruction is the switch in the mantle source region
from ancient enriched lithospheric mantle to juvenile and depleted
asthenospheric mantle (Menzies et al., 2007; Wu et al., 2006a; Xu et al.,
2009; Yang and Wu, 2009; Yang et al., 2008). The upwelling of
convective asthenosphere modifies the thermal structure of the litho-
sphere (Xu et al., 2009, 2018), leading to the loss of ancient lithospheric
mantle beneath continents, triggering intensive crust-derived
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Fig. 1. (a) Subdivision of the NCC in the early Precambrian and distribution of Late Paleozoic to Mesozoic igneous rocks (after Wu et al., 2019; Zhao et al., 2005; Zhai
and Santosh, 2013; Zhao and Zhai, 2013). (b) Geological map of northwestern Beijing, northern NCC. (c) Geological section along the northwestern Beijing (Ji

et al., 2017).
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magmatism, and causing deformation of crustal rocks (Wu et al., 2008,
2019).

Regional synthesis indicates three episodes of voluminous Mesozoic
magmatism in the NCC (Fig. la): Triassic (234-206 Ma), Jurassic
(200-145 Ma), and Early Cretaceous (145-110 Ma) (Wu et al., 2019).
The majority of Triassic magmatism is characterized by an east-west-
trending alkaline igneous rock belt along the northern and southern
margins with some exposures in the eastern part (Yang and Wu, 2009;
Yang et al., 2007b; Zhang et al., 2014). Jurassic igneous rocks are pri-
marily distributed in the eastern NCC (Yang et al., 2007c), while Early
Cretaceous magmatism is widespread across the entire NCC (Yang et al.,
2003; Wu et al., 2019). All three magmatic episodes are dominated by
intermediate to acidic rocks, with minor mafic components (Yang et al.,
2008) (Fig. la). The study area has been extensively researched for
several decades (e.g., Gao et al., 2004; Liu et al., 2019; Wu et al., 2019;
Xu, 2001; Yang and Wu, 2009; Yang et al., 2008). However, the
magmatic and tectonic evolution of the region remains unclear. This
study aims to elucidate the processes and mechanisms of craton
destruction. The complexity in the origin of intermediate-acidic rocks
and the potential crustal contributions has hindered the application of
these Mesozoic crust-derived rocks in probing deep mantle processes
(Wu et al., 2007; Yang et al., 2004). In contrast, mantle-derived mafic
magmatism has been extensively used as a proxy for understanding the
geodynamic processes responsible for NCC destruction, characterizing
the nature of the mantle source, and exploring the relationship between
Mesozoic magmatism and lithospheric mantle evolution (Yang and Wu,
2009). Two contrasting Mesozoic magmatic suites were recently iden-
tified in northwestern Beijing of the western Yanshan Tectonic Belt of
the NCC: the Late Triassic lamprophyre and quartz monzonite porphyry
sills, and the Early Cretaceous diabase dykes. Chronologically, the
former corresponds to the initial stage of craton destruction, and the
latter to the peak stage (Yang et al., 2007b; Yang and Wu, 2009; Zhang
et al., 2009a). Lamprophyres generally form in extensional tectonic
settings and record transcrustal or crust-mantle interactions, though
their relationship with the mantle source remains unresolved. Lamp-
rophyres are widely accepted to form by low-degree melting of enriched
subcontinental lithospheric mantle (Fowler and Henney, 1996; Gibson
et al., 1995; McKenzie, 1989; Thompson et al., 1990). Consequently,
these rocks are key agents for understanding enrichment and depletion
processes, as well as the origin of the enriched component in the sub-
continental lithospheric mantle. Additional components involved in
their formation include a mantle source assimilated with crustal mate-
rial, an extremely depleted mantle, and/or a convective mantle
(Aghazadeh et al., 2015; Prelevic et al., 2004, 2008). Further research is
required to unravel key questions surrounding the origin of lamp-
rophyres and their relationship with the onset of craton destruction. In
this contribution, systematic investigations of the Late Triassic lamp-
rophyre and quartz monzonite porphyry sills are conducted using
whole-rock major and trace element and Hf-Nd isotopic data, along with
zircon U-Pb-Hf isotopic analyses. These data provide rare opportunities
and robust evidence to elucidate the petrogenesis of Late Triassic
lamprophyres and the Mesozoic mantle source. The study offers a win-
dow into Mesozoic mantle processes and further clarifies their linkage to
the onset of craton destruction.

2. Geological setting, and field and petrographic observations

The NCC, the largest craton in China, covering an area of approxi-
mately 300 000 km? is bounded by the Paleozoic Central Asian
Orogenic Belt to the north and the Kunlun-Qinling-Dabie-Su-Lu
Orogenic Belt to the south (Zhao and Zhai, 2013) (Fig. 1a). It is one of
the oldest continental nuclei on Earth, with 3.8 Ga trondhjemites (Liu
etal., 2008; Song et al., 1996; Wan et al., 2005, 2012) and zircons dated
to 4.0 Ga (Diwu et al., 2013; Li et al., 2016b; Li and Chen, 2019). The
NCC is subdivided into the Eastern and Western Blocks, which are
amalgamated along the Trans-North China Orogen (Zhai and Santosh,
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2011; Zhao and Zhai, 2013; Zhao and Kroner, 2007) (Fig. 1a). The
Eastern Block comprises the Archean Longgang Block in the north, the
Archean Nangrim Block in the south, and the intervening Paleoproter-
ozoic Jiaoliao Mobile Belt or Jiao-Liao-Ji Belt (Li et al., 2016a, 2019;
Zhao and Zhai, 2013; Zhao et al., 2005). Northwestern Beijing, the
primary study area of this contribution, is located on the northern
margin of the Eastern Block, near the Trans-North China Orogen (Ji
et al., 2017; Ren et al., 2011) (Fig. 1a). The Archean basement in this
region primarily consists of ca. 2.5 Ga granitoid gneisses (tonalite—
trondhjemite-granodiorite, hereafter referred to as TTG) and supra-
crustal remnants (e.g., mafic granulites and amphibolites; Zhai and
Santosh, 2013; Zhao and Zhai, 2013). These basement rocks are un-
conformably overlain by Mesoproterozoic-Neoproterozoic and Cam-
brian-Ordovician marine clastic and carbonate platformal sediments.
During the Middle to Late Ordovician, the NCC experienced uplift,
resulting in a significant sedimentation gap until the Middle Carbonif-
erous. Subsequently, fluvial and deltaic sediments were deposited from
the Middle Carboniferous to the Triassic. These strata also include local
exposures of Jurassic-Cretaceous and younger volcano-sedimentary
successions (Fig. 1b). The Eastern Block remained relatively quiescent
for an extended period prior to the Early Triassic, with no regional
angular unconformities between the younger cover sequences and only
minor eruptions of anorogenic and deep mantle-derived rocks such as
carbonatite and kimberlite (ca. 460 ~ 470 Ma; Yang et al., 2009; Zhang
and Yang, 2007), along with related igneous rocks (Zhang et al., 2009b)
(Fig. la). During the Late Mesozoic, the NCC underwent significant
remobilization, characterized by intense deformation (e.g., Davis et al.,
1998, 2001; Zhao, 1990; Zhang et al., 2011; Zheng et al., 2000), wide-
spread magmatism (e.g., Deng et al., 2007; Wan and Zhao, 2012; Wu
et al., 2005a,b, 2006a), and metallic mineralization (e.g., Li and San-
tosh, 2014; Mao et al., 2003, 2005; Yang et al., 2003; Zhai and Santosh,
2013). These tectonic events broadly correspond to the destruction of
the NCC. The widely distributed Mesozoic rocks in the Eastern Block can
be divided into several stages of magmatism, including the Triassic,
Jurassic, and Early Cretaceous (Fig. 1a). Late Triassic magmatic rocks
are abundant along the northern margin, represented by the Yinshan
and Yanshan Tectonic Belts, as well as the eastern margin, including the
Liaodong and the southern Yanbian-Liaobei area of the NCC (Fig. 1a).

The basement in northwestern Beijing is primarily composed of Late
Neoarchean TTG gneisses (Fig. 1c; Fig. 2a and b), which are uncon-
formably overlain by a thick sequence of Mesoproterozoic Changchen-
gian (Ch.) and Jixianian (Jx.) systems comprising quartz sandstone,
shale, and limestone (Fig. 1c; Fig. 2c and d). The study area is located in
the southernmost part of the Triassic magmatic belt along the western
Yanshan Tectonic Belt of the northern NCC. Mesozoic magmatic suites,
in the form of sills or dykes have been identified within the Ch. System
(Fig. 1c; Fig. 2e-1), including the Late Triassic lamprophyre and quartz
monzonite porphyry sills (235-220 Ma; Fig. 2e and g), aplite dykes (206
Ma; Ji et al., 2017) (Fig. 2i), and Early Cretaceous diabase dykes (128
Ma; Fig. 2k). The lamprophyres are usually dark in color, exhibit
porphyritic textures, and contain phenocrysts (35 %-40 %) of horn-
blende and biotite, with the latter partially altered to chlorite. Horn-
blende occurs as subhedral massive or needle-like crystals, while biotite
forms subhedral or irregular flakes. The groundmass mainly consists of
alkali feldspar, biotite, and pyroxene (Fig. 2f). The quartz monzonite
porphyry samples are usually gray in color, exhibit porphyritic textures,
and contain phenocrysts (15 %-20 %) of plagioclase and alkali feldspar
within a groundmass of plagioclase, alkali feldspar, and muscovite
(Fig. 2h). The aplite dykes are typically white and composed of quartz,
alkali feldspar, and minor plagioclase, with characteristic aplitic tex-
tures (Fig. 2j).

3. Analytical methods

We have carried out LA-ICP-MS U-Pb dating, trace elements, and
LA-MC-ICP-MS Hf isotope analyses on zircon grains, and major and
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Fig. 2. Photographs of the outcrops and photomicrographs of the representative samples in northwestern Beijing, northern NCC.

trace element, and Nd-Hf isotope analyses on whole-rock of the Late
Triassic lamprophyres and quartz monzonite porphyries, and their
country rocks in northwestern Beijing, northern NCC.

3.1. Zircon U-Pb age determinations and isotopic analysis

Zircon grains from the Late Triassic lamprophyre and quartz
monzonite porphyry sills, the Early Cretaceous diabase dykes, and
Neoarchean granodioritic gneisses were extracted using heavy-liquid
separation and magnetic extraction techniques followed by hand-
picking under a binocular microscope. Zircons were placed in an
epoxy mount, polished, and then vacuum-coated with a layer of 50-nm
high-purity gold. Cathodoluminescence (CL) images of the zircons were
collected on a HTACHI S-3000N scanning electron microscope with a
GATAN Chroma CL probe at the Chengpu geological Testing Co., Ltd,
Langfang, China.

Zircon grains were dated by LA-ICP-MS at the Chengpu geological
Testing Co., Ltd, Langfang, China. A 193 nm excimer laser was focused
on the surfaces of the zircon grains at an energy density of 10 J/cm?. The
diameter and repetition rate of the laser beam were 30 pm and 5 Hz,
respectively. Helium was used as a carrier gas to transport the ablated
aerosol to the LA-ICP-MS instrument. Each data set, consisting of eight
sample analyses, was bracketed with analyses of zircon standards
91,500 and Temora-2, and the glass standard NIST612. Each spot
analysis consisted of a ca. 5 s acquisition of background and 45 s of the
sample. Isotopic ratios of 207p}, /206py,  206py, 1238y 2075235y and
208pp,/232Th were corrected for instrumental bias and elemental frac-
tionation effects using the analyses of zircon standard 91500. Trace
element concentrations and U-Pb isotopic compositions were calculated
using the GLITTER v. 4.4.1 software, and subsequently corrected using
26 as an internal standard and NIST612 as an external standard.
Common Pb was corrected based on the method described by Andersen
(2002). Weighted mean U-Pb ages and concordia plots were processed
using the Isoplot/Ex v. 2.49 programs, with uncertainties quoted at the
20 and 95 % confidence levels (Ludwig, 2003). Details of the analytical
procedures and data processing methods can be found in Liu et al.
(2008) and Song et al. (2010).

3.2. Zircon Hf isotope analysis

In-situ Hf isotope analyses on zircons from the Late Triassic lamp-
rophyre and quartz monzonite porphyry sills were performed using a
New Wave UP213 laser coupled to a Neptune multi-collector ICP-MS
(LA-MC-ICP-MS) at the Wuhan Sample Solution Analytical Technology
Co., Ltd, Wuhan, China. Details of the instrumental conditions and data
acquisition procedures have been elucidated by Hou et al. (2007) and
Wu et al. (2006b). During the analyses, a spot size of 40 pm and laser
repetition rate of 6 Hz at 100 mJ were chosen, and raw count rates were
collected for 172yb, 173yb, 17°Lu, 7(Hf + Yb + Lu), ”7Hf, '7®Hf, 17°H,
180Hf, and '2W. Ablated materials were transported from the laser
ablation cell using Helium as a carrier gas, and then combined with
Argon in a mixing chamber before being introduced to the ICP-MS
plasma. 17®Lu and 17Yb isobaric interferences with '7%Hf readings were
corrected by applying 7®Lu/'”°Lu = 0.02658 and 7®yb/'”3vb =
0.796218, respectively (Chu et al., 2002). Instrumental mass bias was
corrected by normalizing Yb isotope ratios to 172yb/}73yb = 1.35274
(Chu et al., 2002; Wu et al., 2006b) and Hf isotope ratios to 1794f /Y77 HE
= 0.7325 based on the exponential mass fractionation law. Detailed
instrumental settings and descriptions of the analytical technique can be
found in Chu et al. (2002) and Hou et al. (2007). The 176Hf/177Hfratio of
the standard zircon 91500, obtained during our analyses, was 0.282295

4+ 0.000020 (20). Measured 17611£/177Hf and 17®Lu/Y77Hf ratios were

used to calculate initial 17®Hf/!”7Hf ratios, with the decay constant of
17611 as 1.865 x 10711 year‘1 (Scherer et al., 2001). The present-day
chondritic ratios of 7®Hf/77Hf = 0.282772 and '7%Lu/}"7Hf = 0.0332
(Blichert-Toft and Albarede, 1997) were adopted to calculate the egg(t)
values. All Hf isotope data were reported with 2¢ error. In addition, the
enf, Tuf, Turz and fiu pr in this study were defined as follows:

( 176Hf/ 177Hf)s
er( ) = W

CHUR,0

- 1) x 10000 @
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x 10000 (i)
)= 1o + L0 7O~ T O
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where (176Lu/177Hf)s and (176Hf/177Hf)s were obtained from sample
measurements, (176Lu/177Hf)CHUR = 0.0332 and (176Hf/177Ht)CHUR,0 =
0.282772 (Blichert-Toft and Albarede, 1997); (\7®Lu/Y"Hf)py = 0.0384
and (*7Hf/Y7Hf)py = 0.28325 (Griffin et al., 2000); t is the crystalli-
zation age of the zircon; and 1 = 1.867 x 107! y’1 (Amelin, 2005). The
Tys were calculated based on the measured '7°Lu/"7Hf and 7°Hf/Y7"Hf
ratios with reference to depleted mantle from present-day measure-
ments, (’°Lu/Y’Hf)py = 0.0384 and (Y°Hf/7’Hf)py = 0.28325
(Griffin et al., 2000). The Ty were calculated using the initial
1761.u/177Hf value of the zircon, assuming a mean crustal value of 0.015
(Griffin et al., 2000).

3.3. Whole-rock major and trace element analyses

After removing the altered surfaces from rock samples, fresh parts
were crushed in an agate mill to ~200 meshes. Whole-rock major and
trace element analyses on powdered samples were performed at the
Wuhan Sample Solution Analytical Technology Co., Ltd, Wuhan, the
Geoanalytical Center of Nuclear Industry, Beijing, and Geological Lab-
oratory Center of China University of Geosciences, Beijing, using X-ray
fluorescence spectrometry (XRF) and ICP-MS, respectively. Analytical
uncertainties were 1-3 % for major elements. For trace and rare earth
element (REE) analyses, about 50 mg rock powders were dissolved using
mixed acids (HF/HClO,) in capped Savillex Teflon breakers at 120 °C for
6 days, and subsequently dried to wet salt and re-dissolved in 0.5 ml
HClO4. The solutions were then evaporated to wet salt at 140 °C and re-
dissolved in 1 ml HNO3 and 3 ml water for 24 h at 120 °C. The solutions
were diluted in 2 % HNOg for analysis. The uncertainties based on the
replicate analyses of internal standards were +5 % for REE and +5-10
% for trace elements. The analytical processes were followed after the
methods described in Gao et al. (2010).

3.4. Whole-rock Nd-Hf isotope analysis

Nd isotopic measurements on whole-rock samples were performed
on the MC-ICP-MS at the Wuhan Sample Solution Analytical Technol-
ogy Co., Ltd, Wuhan, China. Sample dissolution was carried out using
acid digestion (HNO3 + HF) in a sealed Savillex beaker on a hot plate
(80 °C). Sm and Nd were further purified using a second cation-
exchange column, conditioned and cleaned with dilute HCl as
described by Li and Chen (2014) and Li and Wei (2017). **Nd/*Nd
ratios were normalized to 1**Nd/!**Nd = 0.7219 and adjusted to JMC
Ndy03 **Nd/!**Nd = 0.511122. The uncertainty (20) in concentration
measurement by isotope dilution is 0.2-0.5 % for Sm and Nd depending
on their concentrations. Average procedural blanks were 50 pg for Sm
and 50-100 pg for Nd. The decay constant used in age calculation was
0.00654 Ga™! for 147sm.

Hf isotopic measurements were also performed at the Wuhan Sample
Solution Analytical Technology Co., Ltd, Wuhan, China. The homoge-
neous mixtures of about 0.5 g of sample powders and 1.0 g of Li»B407
were fused in Pt crucibles at 1250 °C for 15 min in a high-frequency
furnace. Then, about 400 mg of the resulting glassy samples were
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dissolved in 2 N HCI. The Hf fraction was separated using a modified
single-column separation procedure involving ion exchange with Ln-
Spec resin. Detailed analytical procedures are reported in Li et al.
(2006). The 17611£/177Hf ratios were normalized to 17°Hf/Y77Hf =
0.7325, with the uncertainty (26) in concentration measurement by
isotope dilution. The procedural blanks were 50 pg for Hf.

4. Results
4.1. Zircon U-Pb geochronology and trace elements

Representative CL images of the analyzed zircon grains, along with
in-situ U-Pb ages, and U-Pb concordia diagrams, are shown in Figs. 3
and 4, respectively. The results of zircon U-Pb dating and trace element
analyses are presented in Table 1. The red, green, and blue solid circles
in Fig. 3 represent U-Pb dating sites corresponding to the magmatic,
later-thermal-event and trapped domains of zircons, respectively.

4.1.1. Archean granodioritic gneiss

Zircon grains obtained from the Archean granodioritic gneiss sample
(19HY1-9) are generally pale yellow to colorless, transparent, and
mostly subhedral columnar, with long axes of 100-150 pm. Most grains
exhibit core-rim structures in the CL images (Fig. 3a). Twenty spots
were analyzed on 18 zircon grains and the results can be summarized
into two categories: (i) Most cores are gray with either weak internal
oscillatory zoning or striped absorption. These relic cores have high Th
and U contents (Th = 197 ppm and U = 339 ppm on average) and high
Th/U ratios (0.38-0.86, averaging 0.61; Table 1), indicating a typical
magmatic origin (Belousova et al., 2002; Corfu et al., 2003; Hanchar and
Rudnick, 1995; Hoskin and Black, 2000). Ten zircon analyses yield an
upper intercept age of 2481 + 20 Ma (mean square weighted deviation
(MSWD) = 0.8), which is consistent with the 27Pb/2%°Pb weighted
mean age of 2475 + 13 Ma (MSWD = 2.8, n = 5) obtained from
concordant or nearly concordant zircons (degree of discordance <10 %).
We interpret the weighted mean 2°7Pb/2%°Pb age of approximately 2.5
Ga as the emplacement age (Fig. 4a). (ii) The gray rims exhibit sector
zoning and share similar Th/U ratios with the magmatic cores
mentioned above (0.45-0.69, averaging 0.54; Table 1). These rim do-
mains may have formed during later tectono-thermal events, consistent
with results reported from the nearby northern Liaoning Province (Li
et al.,, 2019, 2021a,b, 2022). The core-rim boundaries are commonly
serrated, indicating a history of dissolution (Andersson et al., 2002; Liu
et al., 2012) (Fig. 3a). In contrast, the trapped zircon domains exhibit
relatively low Th and U contents (Th = 76 ppm and U = 175 ppm on
average) but high Th/U ratios (0.22-0.66, averaging 0.47; Table 1).
Three zircon analyses yield an upper intercept age of 2714 + 44 Ma
(MSWD = 1.0), consistent with the 207p}, /206pp, weighted mean age of
2711 + 27 Ma (MSWD = 4.4, n = 2) obtained from concordant or nearly
concordant zircons (Fig. 4a). We interpret the weighted mean
207p,/296pp age of approximately 2.7 Ga as evidence of an Early Neo-
archean tectono-thermal event, which has been reported from western
Shandong Province of the NCC (Wan et al., 2011, 2012; Wu et al., 2013,
2014).

4.1.2. Late Triassic quartz monzonite porphyry

Zircon grains obtained from Late Triassic quartz monzonite porphyry
samples (A-1-1 and B-1-1G) are generally pale yellow, transparent, and
mostly euhedral prismatic crystals, with long axes of 80-150 pm. These
grains can be subdivided into two types based on CL images and ages. In
CL images, most grains (Type 1) appear gray with strong oscillatory
zoning (Fig. 3b and c). These features, along with high Th and U contents
(88-558 ppm and 224-631 ppm, respectively) and Th/U ratios
(0.34-1.58) (Table 1), indicate a typical magmatic origin for these zir-
cons (Baines et al., 2009; Hoskin, 2001; Koglin et al., 2009; Pupin,
1980). The remaining grains (Type 2) exhibit core-rim structures in CL
images and yield older ages than Type 1 zircons. These grains commonly
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Fig. 3. CL images for representative zircons from Late Triassic lamprophyre and quartz monzonite porphyry sills, the Early Cretaceous diabase dykes, and Neo-
archean granodioritic gneisses in northwestern Beijing. The red, green and blue solid circles represent U-Pb dating sites of the magmatic, later-thermal-event and
trapped domains of zircons, respectively. The red and blue dashed circles represent Hf isotope sites of the magmatic and trapped domains of zircons, respectively. The

numbers near the circle are the spot number, U-Pb age, and ey¢(t) value in round bracket. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 4. U-Pb zircon concordia diagrams for Late Triassic lamprophyre and quartz monzonite porphyry sills, the Early Cretaceous diabase dykes, and Neoarchean
granodioritic gneisses in northwestern Beijing, northern NCC.

have low Th and U contents (20-75 ppm and 34-524 ppm, respectively),
and exhibit varied Th/U ratios (0.11-0.83). Seven Type 1 zircon ana-
lyses from Sample A-1-1 define an upper intercept age of 225 + 4 Ma
(MSWD = 1.1), consistent with the 2°°Pb/238U weighted mean age of
223 + 4 Ma (MSWD = 1.4) obtained from all seven concordant zircons
(Fig. 4b). Similarly, eight Type 1 zircon analyses from Sample B-1-1G

also yield a 2°°Pb/?38U weighted mean age of 227 + 2 Ma (MSWD = 1.0)
from all eight concordant zircons (Fig. 4c). We interpret the weighted
mean 2%Pb/?3U age of Type 1 zircons (ca. 220-230 Ma) as the
emplacement age of the Late Triassic quartz monzonite porphyry
(Fig. 4b and c). The Type 2 domains are trapped zircons, exhibiting
relatively complex internal structures, with varied ages ranging from the
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Table 1
U-Pb dating and trace element composition of zircon.

Journal of Asian Earth Sciences 281 (2025) 106504

Spor Pb (Total) | Pb (Common Th U U Tsotopic ratios Corrected ass (Ma) Disc(%) | Ti Temperatur La ce P Nd sm Eu G T Dy Ho B T o [
oem pm) Gem)  (ppm) “pb™ph_lo by o by _lo b P 1o b 1o b U e opm) __C Gpm) __ @pm  pm _gpm__gpm  (Gpm)  Gpm  Gem  Gpm __(pm) _ (Gpm) __ (pm  (em _ (pm)
T9HYL9 Archean granodioritc gheiss
Magmatie zircon
19171 175 o 1”1 267 064 01590 00017 97954 0155 04464 00053 us6 19 416 15 237 2 301 500 905 07 23 04 27 24 09 12 462 12 750 160 167 307
15 180 268 067 01607 0002 9674 04710 04372 00061 265 23 244 16 238 28 514 97 905 01 17 01 10 18 03 83 329 127 sas e 14 25
249 239 365 065 01605 00015 101276 01730 0457 0.0067 261 11 246 16 249 30 132 179 94 03 219 01 09 21 05 89 377 142 648 139 116 28
161 164 218 075 01664 00016 10679 01607 04821 00056 22 16 259 14 2536 24 057 174 2 00 202 01 12 20 05 14 467 181 7.5 172 1550 318
236 250 326 077 01623 00013 105812 00286 04721 00042 us0 14 287 110 2493 19 081 140 m 00 209 01 10 21 0s 121 a1 488 187 .4 170 1495 310
2 1 07 044 01607 00016 876 0035 03946 0.0046 u6s 17 214 14 24421 1301 183 7 18 29 06 a1 19 [ 1o 0 482 105 925 07 192 a7
251 195 a8 040 01590 00014 8476 03057 03849 00123 us6 14 283 33 20990 |57 142 26 35 03 27 03 21 22 [ 59 30 355 144 687 157 1573 372
239 20 a1 031 01614 00013 8978 0258 04016 00102 un 235 26 a7 47 1196 189 00 01 23 02 21 24 16 s s 443 179 850 192 1866 a1
1 27 25 056 01626 00016 8972 02007 0391 00071 a7 26 21 2065 B R 256 w1 02 458 03 20 a6 15 29 75 853 32 sis 30 221 08
156 0 135 354 038 01604 00016 68305 01085 0308 00035 a6t 17 200 14 12 17 2060 212 025 15 241 06 32 22 07 67 21 25 108 04 e 22 202
Later-thernmal-event zircon
219 28 069 01565 00014 95209 00150 04412 00037 215 15 20 11 36 16 257 1 01 201 01 09 20 04 93 380 142 w4 s 176 262
195 s 153 31 045 0157 00014 BESSS 0091 04053 0.0030 290 16 2303 10 2193 13 858 187 02 157 01 L L4 03 60 2.1 105 04 wr s 282
190 3 178 327 055 0153 00018 83013 00813 03928 00073 2% 19 264 20 2136 34 1040 171 90 02 176 02 Ls 19 10 91 2 341 133 20 Wi a3 323
219 7 186 07 0.6 01545 00014 8498 01617 03972 00074 296 16 281 17 215 34 1001 191 01 04 253 03 23 23 [ 123 6 s61 21 1067 27 313 si6
Trapped zircon
192 | B 22 022 0182 0002 12091 03236 047117 0009 200 19 2609 25 2491 41 741 628 033 04 120 05 38 29 09 100 36 412 163 754 183 1856 a1
106 s 7 130 054 01886 00020 137869 02961 0550 0.0083 w1 17 ms 2 wm 3 006 308 79 01 160 07 12 03 70 28 17 131 606 139 119 285
1o o 101 154 066 0125 0004 AT 03679 05416 0.009% 675 2 231 25 a0 |40 43l 130 m 256 73 284 63 09 130 37 25 161 o4 154 148 309
Triasic quartz monzonite porphyry
Magnaticzircon
Ad-101 3 319 519 061 0048 00021 0262 00091 00352 0.0004 as s 3% 7 23 2 62 50 684 01 a4 03 35 61 33 281 82 857 35 11 08 202 624
A-1-1-02 10 ' 5 251 035 0057 00021 02611 00084 00351 0.0003 37 95 26 7 m 56 37 660 00 185 00 09 21 15 135 43 44 181 847 1 146 409
A-1-103 2 ! 0 a8 036 0051 00018 02633 00073 00346 0.0003 a1 s 6 20 774 42 670 01 358 03 46 9.1 59 s s w8 s 339 397 693
1107 n o 1o 256 043 00s2 00019 02656 00095 0035 0.0004 3 29 s 25 2 el 28 640 00 28 01 14 27 16 149 a4 97 181 [EE] 81 17sa 389
ALL0s 3 0 169 23 059 0014 0003 02576 00095 00360 0.0004 261 I 36 659 00 92 02 37 57 a1 258 65 731 67 uss 256 a8 522
A1-1:09 13 1 130 324 043 00SIS 00016 02495 00051 00349 0.0004 276 7 21 2 23 32 649 00 314 01 14 34 20 187 59 636 23 008 B9 267 481
AL-110 21 1 284 ass 059 00503 00015 02435 00068 00351 0.0003 209 6 2 2 0s 38 663 00 sil 01 26 65 3 302 93 1002 368 1610 B2 3053 @3
Trapped zircon
A-1-105 2 s s6 24 o1 00340 00027 03187 00150 00406 0.0010 m 115 251 6 868 s 655 00 1209 02 37 53 a4 460 30 LS s02 214 26 ms 755
1104 104 ' 2% 28 013 01455 0006 84459 02507 04055 0.0068 n 30 20 31 a7 84 76 00 50 [X) 10 21 04 16 33 343 13 a5 100 976 21
AL105 18 ' 75 130 053 01033 00046 34518 03TIS 01854 00161 lesd 831516 88 2770 s 681 01 195 01 13 31 12 140 38 382 131 550 [IERRTT) 214
B11G Triassic quartz monzonite porphyry
Magmate zireon
BIIG0I 2 1 22 553 044 00516 0.0015 00074 00363 00004 36 34 6 20 177 3 648 00 s 01 20 54 32 314 051236 469 2130 49 ang 870
BIIG02 20 ' 558 5 158 00530 0002 0012 00355 00004 3 s 9 1 2 4m 59 97 23 616 10 89 99 45 33 9.1 875 w1 20 254 288 s0s
B11G03 0 209 610 034 00504 00014 00067 00362 00003 a3 el 29 s 29 2 om 23 &7 00 23 00 10 37 26 253 87 1oLl 03 13 a06 372 si1
BI1G04 1 o7 28 042 00495 0.0020 00092 00361 00004 s 24 8 s 2 e L6 601 00 2.1 00 09 24 13 130 40 s 164 763 169 1646 357
BIIGO7 14 0 191 32 059 00493 00018 00085 00361 00004 161 72 3 am 36 657 00 396 01 22 s 25 216 63 683 60 174 58 249 537
BIIGos 27 1 305 @1 063 00s15 00014 00069 00355 00003 265 6 25 2 193 27 &7 00 519 01 18 s 25 262 78 805 w6 1256 68 2431 s16
BI-IG09 26 1 a3 575 076 00507 0.0013 00063 00358 00003 2 5 |24 040 39 664 02 588 02 29 69 34 300 82 827 83 213 26 217 465
BIIG-10 10 ' 105 24 047 00490 0.0025 00104 00360 00005 146 9 2§ 3 am 20 643 00 256 01 14 29 17 148 43 46 175 sL1 7o ers 369
Trapped zircon
BIIGos 14 2 3 083 01188 00034 5435 01s3T 0391 00062 199950 1890 29 14 30 299 95 e 00 4 00 04 12 02 53 L5 156 2 213 42 370
BI1G05 13 ' 2 36 036 0112 0002 45500 0Iss 02938 00070 155 S M0 29 1660 35 459 73 4 00 58 00 06 52 16 167 s. 25 4 51 95
21 Triassic lamprophy e
Magmaric zircon
3 1 3 60 131 00484 0.0015 00071 00354 00003 N s 26 6 24 2 39 251 s 154 98 75 02 135 64 29 73 750 %9 ns7 29 216 523
35 o 657 666 099 0040 00013 00067 00392 00003 m s o261 s 492 61 00 1858 624 a6 23 105 31 as 59 923 29 1421 01 208 04
0 o s12 610 054 0047 00015 00079 00379 00003 3% 58 256 6 240 2 e 65 05 03 24 02 27 6 14 152 49 566 1008 29 o7 496
a ' 728 807 090 00539 00014 02850 00073 0036 0.0003 9 @2 257 6 24 2 510 72 719 07 288 02 30 40 16 202 62 s 29 108 x4 2719 602
Trapped zircon
) 0 74 396 019 00731 00012 1481 00212 01430 00015 073 9w 1 s 8 s» 23 &7 00 15 00 o1 02 [ 16 07 93 42 26 57 645 182
2 ' 09 352 116 00646 0005 07898 00189 00880 0.0007 761 50 591 s 4 s0s 3390 187 818 2096 29 1093 305 19 451 96 862 00 102 1 s 810
[ 3 203 156 109 00950 0002 3031 003 0299 00030 £ 16 2 134 15 57 160.5 1062 07 ) 13 109 14 39 440 34 192 s6 266 a6 asis 925
154 ! 654 1468 045 00691 00016 L0017 00158 01089 00014 o705 10 e s sm 70 n 01 4Lt 03 40 55 13 26 00 1267 a2 2102 a6 a2 955
167 o 04 649 06 00014 24659 00515 02079 00027 36 1262 15 1218 14 3% 90 ) 00 136 03 43 3 03 s 156 1508 &9 201 523 a9ns 9.2
31 0 139 193 07 00691 0002 LIST3 00269 01240 0.0009 6 s 13 74 s s 37 661 00 195 01 13 26 09 147 a8 519 20 1066 a1 23 537
Triassic lamprophy e
Magmaic zircon
B2IG-2 B 7 54 053 0048 00020 02627 00074 00345 00003 w06 s 2w 6 210 755 879 976 08 1043 1 103s En a0 192 427 4614 le2 eSS 133 1033 230
B21G-15 9 0 3 23 006 0047 00026 02893 00121 00380 00004 467 018 10 240 3 67 e 754 02 s1 01 o8 0s 03 29 10 131 62 346 55 106 25
Trapped zircon
B21G13 18 ' s1 406 013 00015 03128 00088 0045 00003 @ 6 7 28 2 2 1o 9 00 s 01 14 46 o1 361 188 2765 166 senl 1214 2139
2iG06 2 ! 256 s 062 00016 03222 00092 0048 00004 65 2% 7 20 2 4m 120 00 32 02 34 81 02 543 01 2501 98 a8 842 1399
21G.09 20 0 17 376 046 00017 03453 00108 00457 00004 6 301 8 883 436 238 01 25 02 29 74 01 558 26 M0 14 s00 1020 1763
G1s 19 ' no 363 033 00015 03480 00091 00466 00004 el s 1 23 2 a2l 81 01 99 01 19 53 06 a3 08 260 162 $540 1167 2057
B2IG0s 2 o 249 350 06s 00016 03867 00114 00504 00005 o8 @ 8 37 3 4 54 689 00 87 01 22 57 09 355 141 183 [EE T 605 1345
30 o 108 537 020 00013 03765 00110 00509 00007 315 S 24 % 30 4 L4 %6 78 13 2 0o 57 63 04 33 26 1582 64 2868 610 167
21 ' 161 349 046 00016 03957 00111 00517 00006 45 @ 33 8 3253 3% 3Ll 851 09 123 15 07 93 [ 383 162 21 89 3977 s 1506
2 0 210 3w 073 00015 04081 00110 00537 00004 a3 @8 8 3 3 280 20 520 00 368 01 25 65 18 388 134 1598 @0 2704 s68 1039
B21G0E 69 ' 85 731 012 00019 07707 00180 00876 00010 2 60 s 10 s 6 6n 109 09 71 1 73 103 49 01 157 197 M 6 5 1454
B21G08 36 0 36 0 060 00030 1LI0IL 01944 04657 00036 2580 20 252 16 2465 16 265 63 00 13 00 02 06 03 49 15 167 51 233 43 74
B21G07 S0 0 134 317 042 00031 1509 00290 01279 00010 B2 e 1276 6 1691 152 05 100 03 24 43 03 270 06 1386 567 2605 546 955
Outiers
521602 41 2 1374 3408 040 00505 00013 0076 00026 00105 0.0003 m e 7 2 e 2 es 58 696 07 200 40 55 05 347 4519237 3896 s w5 Isis
B21G-10 2 ' 7 s6 127 0035 00046 01568 00110 00217 00005 350 v 10 13 3 657 22 57 00 sl 03 39 60 10 s 2 802 s 28 s 39
YIT3IG  Eatly Cretaceous diabase
Magmatic zircon
wrs1G01 7 1 2584 284 100 0024 00031 00444 00055 00195 0.0003 302 B s 2 2 16 74 41 07 54 68 16 03 94 1053 00 17 a4 anas 893
T3 s 0 128 181 on 0048 0003 01559 00082 00212 00004 467 wewr 7 s 2 72 [ 05 64 57 L8 189 63 2 27 16s n3 as19 521
WrsG0s 4 0 132 m 093 0012 00034 013§7 00079 00201 00003 250 147132 28 2 81 3 14 05 41 4 10 24 76 913 36 102 349 308 68
WI31605 2 0 ™ -4 1.06 0041 0001 01473 0013 00206 0.0004 36 asue 10 13 3 104 4 817 104 346 61 12 157 a8 a4 202 807 6 1717 356
G063 0 8 109 081 00468 00035 01271 00079 00202 0.0003 3 w7 129 69 09 00 01 14 29 07 141 a9 518 22 1066 B8 200 22
WT31G.08 3 ' 105 121 087 0011 0002 01391 00078 00200 0.0004 256 W7 79 71 174 as 203 75 12 22 73 842 20 149 37 00 023
Wr3-1G09 4 0 127 192 059 00501 00034 01348 0005 00197 00004 an 156128 815 94 75 02 02 24 41 09 218 71 871 M2 1563 M9 302 688
Wrs1G-10_3 ' 108 104 104 00484 00037 00204 00083 00197 0.0003 n7 w7 126 66 05 00 02 26 56 14 28 55 102s 34 1612 M8 a6 658
wr1G-11 2 1 0 % 036 00495 00037 01347 00050 00202 00004 169 wes 7 129 64 03 00 01 L6 30 05 150 a9 5720 27 986 26 1996 22
w3612 4 ' 123 139 038 00500 00035 01354 000ST 00200 0.0003 195 les1o 8127 25 26 06 03 a1 43 10 200 71 8.1 28 s 36 7 676
35 0 180 188 101 0052 0009 01S82 00082 00213 0.0003 3% noe 7 136 1980 1095 70 19 87 50 1 205 69 79 303 119 313 611
G144 ' 164 153 107 0042 00030 01263 00068 00195 0.0003 109 ws 6 s 99 0 22 09 62 61 20 207 99 11 a1 20 440 a9 64
Wrs-1G-15 7 0 231 276 053 00491 0008 01387 00069 00206 00003 154 BsiR 6 m 81 m 22 08 57 54 10 25 85 1041 03 I3 W1 3629 0
WT31G-16 0 268 150 149 0010 00033 01410 00068 00204 00003 239 5014 6 130 133 6 1534 29 1704 14 54 540 127 a1 sss 68 ans 655
Wr31G-18 6 o 320 179 179 00506 0007 0146 00069 00212 0.0003 20 ms 6 s 95 76 163 43 202 120 25 419 130 1409 w7 2052 as e0s s
Wr30G.19 3 0 9% 108 089 0047 00033 01337 00050 00208 0.0004 50 56127 713 73 73 L5 03 33 50 09 23 73 85 306 a1 27 w04 S50
w3162 10 0 276 389 071 00500 0002 0140 00064 00206 00002 195 045 6 13 29 642 109 11 37 21 05 86 30 359 154 762 186 2004 sis
WI3-1G07 4 1 152 140 109 00670 00049 01717 00104 00192 00004 89 15061 9 13 92 4 01 a4 01 22 37 10 176 59 665 us 109 21 20 a4
WI3-1G-17 10 2 642 310 207 00734 0009 0197 00112 00193 00002 025 0ss 101 366 569 o 22 13 11 257 54123 27 336 43 asd 29 T35 16l
WT-3.1G-04 106 9% 108 02317 00141 0s1es 00589 00244 00005 3064 (98 605 33 16 3 742 96 904 919 ms1 05 1 149 31 289 52 910 21 136 09 s EY)

Notes: Degree of discordance = 100 x (1 — (2°°Pb/?38U age/2°7Pb/2°°Pb age)), 128U = 0.0155125 x 10~° yr 1, 125U = 0.98485 x 10~ yr !, A232Th = 0.049475 x

107° yr’l.

The Ti-in-zircon thermometer calibrated by Ferry and Watson (2007) was used to estimate the magmatic or metamorphic temperatures in studied sample.
Ferry, J.M., Watson, E.B., 2007. New thermodynamic models and revised calibrations for the Ti-in—zircon and Zr-in-rutile thermometers. Contributions to Mineralogy

and Petrology, 154, 429-437.

Paleoproterozoic (1835 + 53 Ma, 1939 + 50 Ma, and 2332 + 30 Ma) to
the Paleozoic (257 + 6 Ma) (Table 1).

4.1.3. Late Triassic lamprophyre

Zircon grains obtained from Sample A-2-1 are generally khaki to
deep yellow, transparent to translucent, and mostly euhedral prismatic
crystals, with long axes of 60-120 pm. In CL images, most grains appear
dark with either weak internal oscillatory zoning or misty internal

structures (Fig. 3d). These features, combined with high Th and U
contents (512-823 ppm and 610-807 ppm, respectively), and Th/U
ratios (0.84-1.31) (Table 1), indicate a typical mafic magmatic origin for
these zircons (Baines et al., 2009; Hoskin, 2001; Koglin et al., 2009;
Pupin, 1980). Four zircon analyses yield an upper intercept age of 231
+ 47 Ma (MSWD = 1.2), consistent with the 206py, /238y weighted mean
age of 239 + 17 Ma (MSWD = 4.4) obtained from concordant or nearly
concordant zircons. We interpret the weighted mean 2°°Pb/238U age of



Z. Lietal

approximately 230 Ma as the emplacement age (Fig. 4d). The remaining
grains are trapped zircons that display relatively complex internal
structures, such as core-rim structure, with Mesoproterozoic to Neo-
proterozoic ages (1528 + 43 Ma to 544 + 4 Ma) and low degrees of
discordance (Fig. 4d; Table 1).

Zircon grains obtained from Sample B-2-1G are generally pale yel-
low, transparent, and mostly euhedral prismatic crystals, with long axes
of 50-80 pm. In CL images, grain #12 displays internal oscillatory
zoning (Fig. 3e) and exhibits high Th and U contents (447 ppm and 844
ppm, respectively), and a Th/U ratio of 0.53 (Table 1), indicating a
magmatic origin (Baines et al., 2009; Hoskin, 2000; Koglin et al., 2009;
Pupin, 1980). We interpret the concordant 2°°Pb/238U age of approxi-
mately 220 Ma as the emplacement age (Fig. 4e). This age is identical to
that of the quartz monzonite porphyry, indicating their contempora-
neous emplacement during the Late Triassic. The majority of domains
are trapped zircons with relatively complex internal structures, yielding
ages ranging from the Archean (*°’Pb/2%Pb age of 2580 + 29 Ma) to the
Paleozoic (206Pb/238U age of 268 + 2 Ma). Outliers include a magmatic
206ph,/238)) age of 138 + 3 Ma, which corresponds to the Early Creta-
ceous tectono-thermal event, as evidenced by the 2°°Pb/?%%U age
(Table 1) and in-situ Hf isotopic values (Table 2). The Late Triassic
magmatic event in northwestern Beijing is revealed not only by the
quartz monzonite porphyry and Triassic lamprophyre within the
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Mesoproterozoic cover, as discussed in this study, but also by monzonite
porphyry sills from other localities in northwestern Beijing (Ji et al.,
2017). Furthermore, aplite dykes, with a weighted mean 2°6Pb,/238U age
of 206 + 4 Ma, cross-cut the aforementioned sills (Ji et al., 2017)
(Fig. 1c¢), indicating that the emplacement age of mafic to intermediate
sills predates 206 Ma.

4.1.4. Early Cretaceous diabase

Zircon grains obtained from the Early Cretaceous diabase sample are
generally pale yellow, transparent, and mostly subhedral columnar,
with long axes of 100-200 pm. In CL images, most grains exhibit strong
oscillatory zoning (Fig. 3f). These features, together with their varied Th
and U contents (78-642 ppm and 74-389 ppm, respectively), and high
Th/U ratios (0.71-2.07) (Table 1), indicate a typical magmatic origin for
these zircons (Baines et al., 2009; Hoskin, 2000; Koglin et al., 2009;
Pupin, 1980). Twenty zircon analyses from Sample YJT-3-1G define an
upper intercept age of 128 + 3 Ma (MSWD = 20.0), consistent with the
206py, /2385 weighted mean age of 129 + 2 Ma (MSWD = 15.0) obtained
from all nineteen concordant zircons (Fig. 4f). We interpret the weighted
mean 2°°Pb,/238U age of approximately 130 Ma as the emplacement age
of the Early Cretaceous diabase dyke.

Table 2
Zircon Hf isotopic data.

No. t(Ma) 176Yb/177Hf 176Lu/"77HE 1761/ 17 7HE +26 eHf(D) +20 Tyy(Ma) Tye2(Ma) fru/me
A-1-1 Triassic quartz monzonite porphyry

Magmatic zircon
A-1-1-01 223 0.030512 0.000997 0.282220 0.000009 -14.8 0.3 1456 3019 -0.97
A-1-1-02 222 0.034746 0.001161 0.282213 0.000009 —-15.1 0.3 1471 3042 —0.97
A-1-1-03 219 0.032245 0.001085 0.282235 0.000011 —-14.3 0.4 1438 2977 -0.97
A-1-1-07 225 0.039515 0.001246 0.282233 0.000009 —-14.3 0.3 1446 2977 —-0.96
A-1-1-08 228 0.033885 0.001061 0.282234 0.000009 -14.2 0.3 1438 2969 -0.97
A-1-1-09 221 0.026815 0.000888 0.282229 0.000009 —14.5 0.3 1439 2991 —0.97
A-1-1-10 222 0.033656 0.001101 0.282231 0.000011 —-14.4 0.4 1444 2985 -0.97
B-1-1G Triassic quartz monzonite porphyry

Magmatic zircon
B-1-1G-01 230 0.029245 0.000914 0.282243 0.000010 -13.8 0.4 1420 2935 -0.97
B-1-1G-02 227 0.032067 0.000993 0.282250 0.000011 -13.6 0.4 1413 2917 -0.97
B-1-1G-03 229 0.044660 0.001410 0.282211 0.000010 —-15.0 0.4 1483 3043 —0.96
B-1-1G-04 228 0.032614 0.001039 0.282262 0.000009 -13.2 0.3 1398 2878 —0.97
B-1-1G-07 228 0.026855 0.000854 0.282243 0.000010 -13.8 0.4 1417 2936 -0.97
B-1-1G-08 225 0.024242 0.000779 0.282267 0.000014 —-13.0 0.5 1381 2864 —0.98
B-1-1G-09 224 0.025135 0.000817 0.282230 0.000011 —14.4 0.4 1434 2982 —0.98
B-1-1G-10 228 0.028777 0.000942 0.282241 0.000010 -13.9 0.4 1423 2943 -0.97

Trapped zircon
B-1-1G-05 1939 0.005480 0.000174 0.281373 0.000010 —6.4 0.4 2567 3395 —0.99
B-1-1G-06 1835 0.005324 0.000168 0.281367 0.000008 -9.0 0.3 2575 3552 —0.99
A-2-1 Triassic lamprophyre

Magmatic zircon
A-2-1-01 224 0.019354 0.000712 0.282817 0.000010 6.4 0.3 611 1109 —0.98
A-2-1-03 248 0.031619 0.001172 0.282807 0.000017 6.5 0.6 633 1118 —0.96
A-2-1-05 244 0.023643 0.000893 0.282877 0.000015 8.9 0.5 531 896 -0.97
A-2-1-07 240 0.019848 0.000734 0.282820 0.000012 6.9 0.4 608 1081 —0.98
B-2-1G Triassic lamprophyre

Magmatic zircon
B-2-1G-12 219 0.112238 0.003721 0.282591 0.000017 -2.1 0.6 1008 1879 —0.89
B-2-1G-15 240 0.010139 0.000446 0.281890 0.000021 —-26.0 0.8 1886 4027 -0.99

Trapped zircon
B-2-1G-13 268 0.087385 0.002802 0.282635 0.000015 0.6 0.5 918 1670 —0.92
B-2-1G-06 270 0.095595 0.003077 0.282631 0.000020 0.4 0.7 931 1685 —-0.91
B-2-1G-09 288 0.099047 0.002944 0.282663 0.000013 1.9 0.5 879 1559 -0.91
B-2-1G-14 293 0.117089 0.003823 0.282575 0.000018 -1.3 0.6 1036 1850 —-0.88
B-2-1G-03 317 0.054152 0.001834 0.282573 0.000009 -0.5 0.3 983 1794 —0.94
B-2-1G-01 320 0.101156 0.003071 0.282635 0.000011 1.6 0.4 924 1614 —-0.91
B-2-1G-05 325 0.059538 0.001857 0.282455 0.000009 -4.5 0.3 1152 2158 —0.94
B-2-1G-11 337 0.065684 0.002174 0.282504 0.000017 -2.5 0.6 1091 1994 —0.93
B-2-1G-04 541 0.083718 0.002469 0.282549 0.000009 3.2 0.3 1035 1617 —-0.93
B-2-1G-08 2580 0.009221 0.000318 0.281398 0.000014 8.9 0.5 2543 2495 -0.99

Outliers
B-2-1G-10 138 0.021751 0.000711 0.282346 0.000011 -12.1 0.4 1269 2723 —0.98
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4.2. Zircon Hf isotopes

In-situ Hf isotopic analyses of zircons from five samples are listed in
Table 2 and shown in Fig. 5a. The dashed circles in Fig. 3 represent Hf
isotope analysis sites for the representative individual zircon domains.
The Late Triassic quartz monzonite porphyries and Late Triassic lamp-
rophyres display distinct zircon Hf isotopic compositions. Zircons from
the Late Triassic quartz monzonite porphyries yield 7®Hf/!””Hf ratios
ranging from 0.28221 to 0.28227, with ey(t) values between —15.1 and
—13.0 (Fig. 5a). The depleted mantle model ages (Tys) range from 1.4 to
1.5 Ga, while the crustal model ages (Tys) range from 2.9 to 3.0 Ga
(Table 2). In contrast, zircons from the Late Triassic lamprophyre
(Sample A-2-1) show homogeneous 1761£/177Hf ratios (0.28281 to
0.28287), with epe(t) values ranging from 6.4 to 8.9 (Fig. 5a). The
depleted mantle model ages (Tyf) range with 0.5 to 0.6 Ga, and the
crustal model ages (Tysp) range from 0.9 to 1.1 Ga (Table 2). Meanwhile,
zircons from Sample B-2-1G exhibit heterogeneous 7®Hf/!77Hf ratios
(0.28140 to 0.28266) with eyf(t) values ranging from —4.5 to 3.2
(Fig. 5a). Their depleted mantle model ages (Tys) range from 0.9 to 1.2
Ga, and the crustal model ages (Tys>) range from 1.5 to 2.2 Ga (Table 2).
The Early Cretaceous zircons exhibit homogeneous 7®Hf/}”7Hf ratios
(0.28224 to 0.28242) with ey(t) values ranging from —16.1 to —9.5.
Their depleted mantle model ages (Tys) range from 1.2 Ga to 1.4 Ga,
while the crustal model ages (Ty¢p) range from 2.5 to 3.1 Ga. This group
includes magmatic zircons from the Early Cretaceous diabase as well as
outliers or zircons formed or recrystallized during later thermal events
in the Late Triassic lamprophyre.

4.3. Major and trace element data

The geochemical compositions of the Late Triassic lamprophyres and
quartz monzonite porphyries, combined with previously published data
on these mafic to intermediate dykes in northwestern Beijing, are listed
in Table 3 and compared with the present data in the following figures
(Figs. 6-11). The lamprophyres in northwestern Beijing are silica-
undersaturated with relatively low silica contents, ranging from 46.2
% in the most primitive sample to 51.2 % in the most evolved sample
(Fig. 6a and b). The lamprophyre samples also show a wide range of
Aly03 (12.45-16.32 wt%) and MgO (3.41-9.12 wt%) concentrations,
with high Mg” (molar Mg/(Mg + Fe>") = 40-71; averaging 58)
(Supplementary Figs. 1 and 2; Table 3). They exhibit relatively high
concentrations of alkali metals (Na;O + KO = 5.2-7.5 wt%) and are
generally classified as foid gabbro, monzogabbro, and monzodiorite of
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alkaline affinity in the total-alkali versus silica (TAS) diagram (Irvine
and Baragar, 1971; Middlemost, 1994) (Fig. 6a). This classification is
distinct from Carboniferous to Permian mafic rocks, which are charac-
terized by low K50 and total alkali contents (Zhang et al., 2009a—c). The
lamprophyres also display shoshonitic characteristics, with elevated
K20/Nay0 ratios (0.6-1.5; Le Maitre, 2002) (Fig. 6¢). According to the
classification scheme of Rock (1987) in the KO vs. SiO, diagram
(Fig. 6b), they belong to the calc-alkali lamprophyre field. Most samples
are transitional between Groups I (anorogenic lamproites) and III
(orogenic ultrapotassic series) in the ultrapotassic discrimination dia-
gram, with CaO contents of 5.4-8.7 wt% (Foley et al., 1987; Miller et al.,
1999) (Fig. 6d). The lamprophyres are also characterized by relatively
high total FeO (7.28-10.24 wt%), TiOs (0.96-1.87 wt%), MnO
(0.08-0.13 wt%), CaO (5.43-8.69 wt%), Cr (15.70-86.72 ppm) and Ni
(23.30-44.00 ppm) abundances (Supplementary Figs. 1 and 2; Table 3).
In comparison, quartz monzonite porphyries have higher and more
restricted SiO, contents (61.14-64.59 wt%) and relatively low MgO
concentrations (1.28-2.07 wt%), with high Mg# (44-58; averaging 51).
Quartz monzonite porphyries plot near the boundary between the
alkaline and calc-alkaline series (Fig. 6a) and exhibit shoshonitic char-
acteristics (KaO/NayO ratios of 0.8-2.6; Fig. 6b, c¢). They are also
enriched in total FeO (2.81-3.25 wt%), TiO5 (0.36-0.41 wt%), MnO
(0.05-0.06 wt%), CaO (1.68-3.22 wt%), Cr (23.20-26.40 ppm), and Ni
(21.20-23.40 ppm) (Table 3).

The studied samples in this contribution exhibit uniform chondrite-
normalized REE patterns. Both the lamprophyres and quartz monzo-
nite porphyries are enriched in light rare earth elements (LREESs), with
(La/Yb)y ratios (subscript N denotes chondrite normalization) of
25.8-39.2 (averaging 33.7) and 56.0-61.0 (averaging 57.5), respec-
tively (Fig. 7a). These values suggest the possibility that these mafic to
intermediate sills are spatially and temporally cognate. Both groups
exhibit slightly negative to positive Eu anomalies (0.9-1.1; averaging
1.0) and negative Ce anomalies (0.8-1.0; averaging 0.9) in chondrite-
normalized REE patterns. Additionally, they display negative P and Ti
anomalies as shown in the primitive mantle-normalized spider diagrams
(Sun and McDonough, 1989). Most samples are enriched in large ion
lithophile elements (LILEs), such as Rb, Sr, and Ba, as well as Zr and Hf,
but are depleted in Nb and Ta (Fig. 7b).

4.4. Whole-rock Nd and Hf isotopes

The whole-rock Nd-Hf isotope compositions of lamprophyres and
quartz monzonite porphyries are listed in Table 4. To discuss the
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Fig. 5. (a) eudt) versus U-Pb age of zircons and (b) eyd(t) versus enq(t) (Yang et al., 2007d) of Late Triassic lamprophyre and quartz monzonite porphyry sills in
northwestern Beijing, northern NCC. Hf isotopic compositions of Late Triassic igneous rocks, the Middle Devonian alkaline complex and ultramafic-mafic rocks, and
Late Carboniferous-Early Permian hornblende gabbros are from Zhang et al. (2007, 2009a-c, 2012), Tian et al. (2007), Wang et al. (2021) and references therein.
Aepg(t) is defined as epe(t) = [1.55 x eng(t) + 1.21] such that a sample with positive Aey(t) lies above and a sample with negative Aey(t) lies below the mantle array

of Vervoort et al. (2011).
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Table 3

Chemical data.
Sample no. A-2-1 B-2-1G B-3-1G 19HY1-1 BJ13-7* BJ15-8* BJ15-9* BJ15-10* BJ15-11* A-1-1 B-1-1G BJ13-5% BJ13-6*
Rock type Lamprophyre Monzonite porphyry
wt.%
SiO, 51.61 51.73 50.52 51.63 50.73 46.24 46.57 48.01 49.90 61.79 64.58 61.14 64.59
TiO, 1.82 1.80 1.57 1.87 0.96 0.96 0.96 0.98 0.97 0.41 0.41 0.37 0.36
Al,03 16.32 16.32 14.80 15.95 13.65 12.45 12.68 13.66 14.33 16.07 16.25 19.29 13.43
Fetot 9.55 9.46 8.44 10.24 7.45 7.47 7.54 7.28 7.34 3.25 3.17 291 2.81
MnO 0.11 0.11 0.08 0.13 0.09 0.10 0.11 0.11 0.09 0.05 0.05 0.05 0.05
MgO 3.84 3.80 3.98 3.41 7.17 9.03 9.12 8.58 8.00 1.65 1.28 2.07 1.41
CaO 5.71 5.85 5.43 8.69 5.53 7.11 7.37 6.69 5.84 3.09 1.68 2.45 3.22
NaO 4.37 4.73 4.07 3.05 3.79 2.79 2.88 3.07 3.03 4.20 4.38 4.05 2.13
K20 2.66 2.79 2.75 2.10 3.62 4.31 3.86 3.70 2.82 4.40 4.61 3.11 5.63
P,0s 0.90 0.88 0.77 1.04 0.57 0.49 0.48 0.57 0.60 0.23 0.27 0.19 0.20
LOI 2.51 2.05 6.72 1.57 6.13 8.63 8.05 6.89 6.68 4.01 2.69 4.12 5.85
Total 99.39 99.52 99.13 99.68 99.69 99.59 99.62 99.53 99.59 99.15 99.36 99.76 99.68
ppm
Sc 13.40 13.80 11.70 17.16 17.10 16.20 16.60 16.50 15.50 4.93 4.68 4.69 4.70
A% 201 193 168 229 159 127 122 135 134 55 60 53 52
Cr 15.70 14.50 68.10 86.72 26.40 23.20
Co 24.40 25.00 22.80 25.20 34.10 35.80 35.90 32.30 30.00 8.29 8.28 7.95 7.99
Ni 23.30 23.60 44.00 23.76 23.40 21.20
Cu 28.40 29.40 35.30 8.75 35.00 35.90 32.40 45.20 48.20 12.10 7.55 16.10 11.20
Zn 152 153 118 78 57 57
Ga 22.20 22.20 20.70 23.62 19.10 19.20
Rb 40 44 62 24 98 102 108 91 64 85 88 84 108
Sr 1426 1436 767 1466 779 1099 1077 1060 956 1007 897 983 1246
Y 19.10 19.70 15.20 20.20 16.90 14.60 14.80 16.50 16.40 10.10 9.97 9.12 9.14
Zr 223 212 213 223 208 191 186 209 213 208 210 206 204
Nb 17.60 18.80 20.30 17.15 6.93 8.83 8.62 8.41 8.03 7.39 7.24 7.48 7.16
Sb 0.07 0.05 0.49 0.14 0.15
Cs 0.26 0.28 1.18 2.33 5.40 7.25 7.94 6.28 3.89 3.49 3.02 2.65 3.60
Ba 2062 2094 1187 1407 1387 1354 1437 2416 1862 2517 2232 2480 2454
Hf 5.47 5.76 5.57 4.90 4.70 4.19 4.20 4.71 4.76 5.74 5.66 4.91 4.83
Ta 0.96 0.96 1.15 0.65 0.37 0.63 0.68 0.53 0.44 0.47 0.44 0.51 0.50
Pb 29.60 25.60 12.70 5.69 15.80 46.00 27.50 26.90 26.30 71.50 63.60 45.60 61.80
Th 3.16 3.38 3.65 2.51 10.40 10.40 10.30 11.80 12.00 16.70 16.50 14.60 14.20
U 0.67 0.70 1.05 0.54 2.19 2.06 2.09 2.10 2.14 2.85 3.34 3.37 3.61
La 80.20 80.80 58.60 67.20 73.80 62.30 62.00 72.90 73.20 83.20 81.60 67.70 65.60
Ce 128 133 103 145 154 127 126 149 148 127 124 128 126
Pr 17.40 17.20 13.50 16.12 18.10 15.20 15.10 18.00 18.00 15.60 14.70 13.60 13.00
Nd 67.60 68.00 51.00 62.84 65.80 62.10 60.70 71.00 69.50 55.10 52.40 48.50 46.40
Sm 9.71 9.80 7.54 9.41 10.80 9.38 9.42 11.30 11.00 7.72 7.27 6.76 6.63
Eu 3.37 3.37 2.35 3.15 3.02 2.73 2.75 3.32 3.07 2.61 2.42 2.21 2.19
Gd 8.37 8.17 6.29 9.60 8.17 7.37 7.37 8.65 8.59 5.90 6.40 5.02 4.95
Tb 1.04 1.13 0.85 0.97 0.88 0.80 0.80 0.94 0.92 0.68 0.69 0.49 0.48
Dy 4.76 5.00 3.80 4.35 3.59 3.34 3.34 3.80 3.74 2.69 2.82 1.92 1.86
Ho 0.75 0.73 0.57 0.74 0.62 0.59 0.59 0.66 0.64 0.39 0.35 0.33 0.33
Er 2.12 2.19 1.63 2.21 1.52 1.43 1.44 1.59 1.55 1.17 1.15 0.86 0.85
Tm 0.26 0.27 0.21 0.28 0.21 0.21 0.21 0.23 0.22 0.15 0.16 0.13 0.13
Yb 1.63 1.62 1.23 1.76 1.27 1.27 1.25 1.35 1.34 0.92 0.97 0.81 0.79
Lu 0.23 0.24 0.19 0.24 0.19 0.19 0.19 0.21 0.20 0.13 0.14 0.12 0.12

* Ji et al. (2017).

characteristics of the magma sources, we adopt eng(t) = eng(0.2 Ga).
Both rock types have indistinguishable Nd-Hf isotopic compositions,
with eng(t) values of —11.3 to —10.2 and eyg¢(t) values of —16.3 to —12.5,
respectively. The one-stage Nd model age (Tpyi) and Hf model age
(Tpm1) for the lamprophyres and quartz monzonite porphyries range
from 1.45 to 1.52 Ga and 1.47 to 1.53 Ga, respectively. These Meso-
proterozoic model ages do not correlate well with the Arche-
an-Paleoproterozoic major crustal growth events or other known
lithotectonic events in the NCC (Zhao and Zhai, 2013). Instead, they
suggest that the parental magma was derived from mixed sources
including Archean-Paleoproterozoic components as well as at least one
younger depleted source. The“calculated” Hf isotope values for the
lamprophyres and quartz monzonite porphyries (—18.8 to —16.3),
determined using the relation eyg(t) = 1.55 x enq(t) + 1.21 (Vervoort
et al., 2011), are in good agreement with the measured whole-rock Hf
isotopic values for these samples (Fig. 5a).
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5. Discussion

5.1. Geochronological framework for northwestern Beijing: An exemplar
of the northern NCC

Previous studies have indicated that the Archean basement, repre-
sented by the Miyun Group, was widely distributed across northern
Beijing. This interpretation was primarily based on its relationship with
the country rocks in lithostratigraphy, single-grain dissolution zircon
U-Pb ages and Sm-Nd whole-rock/mineral isochron ages (2500-3000
Ma; BBGMR, 1991; Jing and Guan, 1999). Some of these units were
previously considered Mesoarchean to Neoarchean lithological assem-
blages within the northern NCC. However, recent high-precision dating
has revealed that the Mesoarchean basement is not as widely distributed
across the NCC as previously thought. Such basement rocks have only
been identified in areas such as Anshan, Qingyuan, Lushan, Huashan,
Eastern Hebei, and Eastern Shandong (Jahn et al., 2008; Li et al., 2020;
Liou et al., 2019; Liu et al., 2009; Wan et al., 2007, 2015; Xie et al.,
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2014). Therefore, the presence of Mesoarchean lithological assemblages
within the Miyun Group remains uncertain and requires confirmation.
As discussed above, most of the zircon grains from the granitic gneiss
(Sample 19HY1-9), characterized by striped absorption and oscillatory
growth zoning (Fig. 3a) and high Th/U ratios (>0.4), are of magmatic
origin (Corfu et al., 2003; Pupin, 1980). Although three zircons, older
than 2.7 Ga, were identified in this study, the emplacement age of the
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protolith can be constrained to 2.5 Ga (Fig. 4a). The integration of un-
published data from the vicinity with existing reliable geochronological
data on the Miyun Group (including the data presented in this study)
indicates that no rocks with Mesoarchean ages up to 3.0 Ga are present.
Instead, the basement primarily formed during the Late Neoarchean,
reflecting the Late Neoarchean tectono-thermal evolution of the eastern
NCC (Zhao and Zhai, 2013). Similar cases have been identified in the
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vicinity of Beijing, including eastern Liaoning and eastern Hebei (Duan
et al., 2022; Li and Wei, 2017; Li et al., 2019, 2024; Yang et al., 2009),
where Neoarchean basement rocks are prevalent, but Mesoarchean
rocks are rare. The Late Neoarchean basement in northern Beijing is
overlain by a thick sequence of unmetamorphosed Meso-Neoproterozoic
(Changcheng, Jixian, and Qingbaikou Groups) marine clastic and car-
bonate platform sediments (HBGMR, 1989; Gao et al., 2008; Zhang
et al., 2009a,b) (Fig. 1b and c). Deposition of the Changcheng Group
began at approximately 1.8 Ga or earlier, followed by the Jixian Group
at about 1.6 Ga and the Qingbaikou Group at around 1.4 Ga (Gao et al.,
2008; Lu et al., 2008; Wan et al., 2011). To date, no Paleoproterozoic or
Neoproterozoic magmatism has been identified in the region, although
Paleoproterozoic magmatism is widespread in the Trans-North China
Orogen and the Jiao-Liao-Ji Belt (e.g., Peng et al., 2017; Su et al., 2018;
Zhao et al., 2005). The northern NCC remained tectonically stable until
the Paleozoic (Zhu et al. 2012), when Late Paleozoic to Early Mesozoic
mafic-ultramafic complexes were emplaced along its northern margin
during the southward subduction of the Paleo-Asian oceanic plate
(Zhang et al., 2014). The Late Triassic intrusions, including the ca.
220-230 Ma lamprophyre (Fig. 2e), quartz monzonite porphyry sills
(Fig. 2g), and the 206 Ma aplite dykes (Ji et al., 2017) (Fig. 2i), likely
mark the onset of the destruction of the NCC along its northern and
eastern margins (Zhang et al., 2009a; Yang et al., 2007b, 2008, 2009).
This destruction subsequently spread to the interior of the craton, with
the peak destruction occurring during the Late Cretaceous, as evidenced
by the emplacement of 130 Ma diabase dikes in northwestern Beijing
(Fig. 2k). Additionally, widespread crust-derived felsic magmatism and
large-scale ductile deformation during this time (Wu et al., 2019) further
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support this interpretation.

By integrating unpublished data with reliable geochronological
studies, the evolution of northwestern Beijing, as a representative region
of the northern NCC, can be subdivided into the following episodes: Late
Neoarchean magmatism, Meso-Neoproterozoic to Paleozoic sedimen-
tation, Late Triassic post-collisional magmatism, and Late Cretaceous
regional magmatism across the entire NCC (Wu et al., 2019; Zhao and
Zhai, 2013) (Fig. 1c).

5.2. Petrogenesis of Late Triassic lamprophyres and quartz monzonite
porphyries in northwestern Beijing

The Late Triassic lamprophyres and quartz monzonite porphyries in
northwestern Beijing, northern NCC, exhibit a wide range of whole-rock
major and trace element compositions, along with a decoupling between
whole-rock Nd-Hf and zircon Lu-Hf isotopic ratios (Supplementary
Figs. 1 and 2; Tables 2-4). These data preclude the possibility of simple
crystal-liquid fractionation from a relatively homogeneous pristine
source to generate the entire suite. The key issue is whether they were
derived from multiple magma sources, generated by complex petroge-
netic processes, affected by post-magmatic processes, or a combination
of these factors.

5.2.1. Post-magmatic process

The lamprophyres experienced weak to moderate alteration as evi-
denced by their relatively high loss on ignition (LOI) values (1.57-8.63
wt%; Table 3), whereas the quartz monzonite porphyries did not.
Petrographic observations of the lamprophyres also reveal partial
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replacement of hornblendes by chlorite (Fig. 2f). However, it is widely
accepted that FeOyot, Al2O3, CaO, MgO, REEs and HFSEs (e. g., Nb, Ta,
Th and Y) are relatively immobile during low-temperature alteration
(Beswick, 1982; Barnes et al., 1985; Taylor and McLennan, 1995). The
strong correlation of these elements with SiO, indicates their weak
mobility (Supplementary Fig. 1). Moreover, the major and trace element
contents and their ratios in the lamprophyres show systematic co-
variations with MgO or SiOs (Supplementary Figs. 1 and 2; Table 3),
suggesting an isochemical behavior during post-magmatic processes. In

14

10 |
[ 5% .= ; 0% .
r 10% " Wi .#"%y,  Spt+Gt-lherzolite
g §
2 r 20%," pesp
>.4 % E '/ SRR 1_..--- 0
g O PM e EET0%S A 1% 01%
a Lf il
L ;_—_‘:..-_-_-.500 1% 0.1% .
r B.2210% Sp-lherzolite
L : oW
I / E“ﬂc\\“‘
i \eﬁ(’“
I Dep
0.1 by R PR B
1 10

La/Sm

Fig. 11. Sm/Yb versus La/Sm diagram (Aldanmaz et al., 2000).

addition, the trace element patterns of the lamprophyres or quartz
monzonite porphyries are comparable, as evidenced by the absence of
Ce anomalies (Fig. 7a), which highlights their geochemical peculiarities.
Sm-Nd and Lu-Hf isotopic systems are generally robust and remain
unaffected even under intense metamorphic conditions (Barovich and
Patchett, 1992; Chen and Jahn, 2002; Kemp and Hawkesworth, 2006).
The samples exhibit limited variations in *’Sm/!*Nd and 176Hf/'""Hf
ratios, and their whole-rock enq(t) and ey¢(t) values do not correlate with
LOI (Table 3), further indicating that they were not significantly
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Table 4

Whole-rock Nd and Hf isotope compositions.

26 Tom1 Tomz fuwme
(Ma)

enr(t)

C7CHE/M7HE);  eud0)

Ratio

176Lu/177Hf 176Hf/177Hf

Hf

(220 Ma) (Ga) (ppm) (ppm) Ratio

Tpm Lu

end(T)

end(0)  fsm/nd

20

143Nd/
144Nd

147Sm/
144Nd

Nd
(ppm) (ppm)

Sm

Sample
No.

(Ma)

20

Ratio

Triassic quartz monzonite porphyry

A-1-1

—0.91

—-14.4 0.2 1.51 215

—18.8

0.282241 0.000006 0.282228

0.003

1.45 0.13 574

-0.57 -10.8

—-14.0

55.10 0.0847 0.511922 0.000004

7.72

Triassic lamprophyre

A-2-1

—0.82
—0.83
—0.86

-12.5 0.2 1.53 2.04
-16.3 0.2 1.52 211
-16.3 0.2 1.47 211

-16.5
-16.3
-16.3

0.282305 0.000005 0.282281
0.282312 0.000007 0.282312
0.282312 0.000006 0.282312

0.006
0.006
0.005

5.47
5.76
5.57

1.50 0.23
1.50 0.24
1.52 0.19

-11.3
-11.3
—-11.2

—0.56
—0.56
—0.55

~14.4
~14.4
~14.2

67.60 0.0868 0.511899 0.000004
68.00 0.0871 0.511900 0.000004
51.00 0.0894 0.511910 0.000004

9.71
9.80
7.54

B-2-1G

B-3-1G

Note: eng = ((M**Nd/***Nd)y/(***Nd/***Nd) crur — 1) x 10,000, s /Nd = *sm/ M Nd)y/ Y7 Sm/ M Nd) cpur — 1, C*PNd/ M **Nd)cpur = 0.512638, and (*47Sm/ #4Sm) ciyyr = 0.1967. The model ages were calculated using

a linear isotopic ratio growth equation: Tpy = 1/1 x In(1 + ((143Nd/144Nd)5 — 0.51315)/((147Sm/144Nd)5 — 0.2137)).
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influenced by post-magmatic alteration. Therefore, the geochemical and
isotopic variations observed in these rocks are more likely attributable
to petrogenetic processes or the nature of their mantle sources. Impor-
tantly, the sampling approach was designed to exclude lamprophyres
and quartz monzonite porphyries containing veinlets (e.g., those with
carbonate alteration or silicification), ensuring that such features did not
affect the geochronological, geochemical, or isotopic analyses.

5.2.2. Petrogenetic processes: crustal assimilation and fractional
crystallization

Mantle-derived magmas undergo various transcrustal processes
before reaching the shallow crust, including fractional crystallization,
crustal assimilation, and magma mixing (Handley et al., 2008; Li et al.,
2021a,b; Liu et al., 2014). Among the multiple groups of zircon grains in
the lamprophyres, no inherited zircon cores were identified, but older
zircon xenocrysts of different ages were recognized (Figs. 3 and 4). This
possibly reflects variable crustal assimilation during magma ascent.
Reactions between mafic to intermediate magma and its wall rocks (e.g.,
Neoarchean metamorphic basement (19HY1-9) or Mesoproterozoic
cover) might contribute to geochemical and isotopic variations during
magma crystallization. Accordingly, it is essential to evaluate the effects
of crustal assimilation, highlighting the following three aspects. First,
the homogeneous and unradiogenic whole-rock Hf-Nd isotopes (Fig. 5),
and the absence of significant changes in whole-rock eng(t) and egg(t)
values for the Late Triassic lamprophyres and quartz monzonite por-
phyries, suggest that crustal assimilation was minor or insignificant.
Second, crustal assimilation is expected to result in negative Nb-Ta
anomalies relative to LILEs and LREEs, as well as positive Zr-Hf
anomalies due to the enrichment of Zr and Hf in crustal materials (Zhao
and Zhou, 2007). The negative Zr anomalies, coupled with positive Hf
anomalies in the lamprophyres, along with Nb-Ta depletion, are
consistent with the isotopic evidence (Fig. 7b). Third, the low Th/Ce
(0.02-0.08) and Th/La (0.04-0.17) ratios of the lamprophyres further
confirm the low level of crustal assimilation, as continental crust typi-
cally exhibits higher Th/Ce (~0.15, Taylor and McLennan, 1995) and
Th/La (~0.30, Plank, 2005), whereas mantle-derived magmas display
lower Th/Ce (0.02-0.05) and Th/La (~0.12) ratios (Sun and McDo-
nough, 1989). However, it is important to note that fractional crystal-
lization may influence these elemental ratios, making this conclusion
less definitive. Consequently, assimilation and fractional crystallization
(AFC) processes must be considered. To minimize the effect of fractional
crystallization, Ba, Th, and Nb are treated as fractionation indices due to
their incompatibility during fractional crystallization (Bohrson and
Spera, 2001; DePaolo, 1981; Ersoy and Helvaci, 2010; Wu et al., 2021).
The results of the AFC model are inconsistent with negative correlations
between Ba-Nb and Th-Nb (Supplementary Fig. 3), suggesting that the
effects of crustal assimilation were limited. Additionally, correlations
among selected trace element ratios, which are sensitive to crustal
assimilation, show no significant trends in variation diagrams such as
Sm/Nd versus Nb/La, La/Sm versus Nb/La, and Nb/U versus SiO5/MgO.
These observations exclude significant bulk assimilation of crustal ma-
terials and confirm that these ratios reflect petrogenetic processes.

Of particular note, the lamprophyres exhibit systematic variations in
the Harker diagrams (Supplementary Figs. 1 and 2), suggesting that they
are likely products of differentiation from a mafic parental magma. This
interpretation is supported by the low but variable Mg” values ranging
from 40 to 71 (Table 3), which is lower than the Mg# (~72) expected for
primitive melt compositions in equilibrium with a peridotite source (Niu
and O’Hara, 2008). This further confirms that the lamprophyre parental
melts underwent a certain degree of crystal fractionation. Positive cor-
relations between MgO and CaO, as well as MgO and Ni, suggest that
olivine and/or clinopyroxene were likely the primary fractionating
phases (Fig. 8a and d). While the correlations between MgO and Al,O3
with Cr are less pronounced, they still demonstrate trends associated
with the fractional crystallization of olivine and clinopyroxene (Fig. 8b
and c). However, the fractional crystallization of olivine is inconsistent
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with its absence in the rocks and the lack of correlations between MgO
and CaO (Supplementary Fig. 2). Similarly, the absence of Eu anomalies
(Fig. 7a) and the negative correlations between MgO and Al,O3 (Fig. 8b)
argue against significant plagioclase fractionation. Fractionation of
apatite and Fe-Ti oxides likely played a role, as indicated by the positive
correlation between P5,Os and TiO5 (Table 3). The lack of correlations
between MgO and V, as well as SiO, and FeO suggests a minimal
contribution from amphibole and biotite as cumulate phases, which is
also confirmed by petrographic observations. Thus, the geochemistry of
the studied samples was primarily controlled by their mantle sources
rather than by magmatic differentiation.

5.2.3. Magma mixing: multiple versus singular magma source

The origin of lamprophyric magmas remains enigmatic (e.g., Agha-
zadeh et al., 2015; Casetta et al., 2019; Yang and Jiang, 2018). Proposed
models include: (1) assimilation of mafic alkaline magmas with conti-
nental crustal materials or melts (Prelevi¢ et al., 2004, 2008; Rock,
1987), (2) partial melting of metasomatized and enriched mantle (e.g.,
Avanzinelli et al., 2009; Conticelli and Peccerillo, 1992; Fowler and
Henney, 1996; Gibson et al., 1995; McKenzie, 1989; Owen, 2008; Pre-
levi¢ et al., 2004; Thompson et al., 1990; Wallace et al., 1992; Zhang
et al., 2003), and (3) mixing of upwelling basaltic magma with varying
amounts of ultrapotassic melts, which generally originate in the litho-
spheric mantle and are associated with heating and/ or thinning of the
subcontinental lithospheric mantle (Thompson et al., 1990; Yang and
Jiang, 2018; Zhang et al., 2023). The existing isotopic and geochemical
data favor an interaction between the asthenosphere and lithospheric
mantle, but contradictions with other models remain unresolved.

Lamprophyres in northwestern Beijing, which are characterized by
relatively low SiO3 and high MgO, MnO, CaO, Cr and Ni concentrations
(Fig. 6; Table 3) are distinct from crust-derived melts (Frey and Prinz,
1978; Rudnick and Gao, 2003). These features suggest their derivation
primarily from an ultramafic source (Carmichael et al., 1996). The
compositional similarities in whole-rock Hf-Nd isotopes and trace ele-
ments between the lamprophyres and quartz monzonite porphyries
suggest a shared source (Figs. 5, 7; Table 4). Model (1) is inconsistent
with the relatively homogeneous whole-rock eng(t) and eyg(t) values, as
crustal assimilation during magma ascent would typically result in iso-
topic variations. This explanation also conflicts the evidence for only
minor crustal assimilation. The relatively high KO contents, alkali
enrichment (Fig. 6), and low enq(t) and eyg(t) values (Fig. 5a) of the
lamprophyres and quartz monzonite porphyries suggest their derivation
from partial melting of an enriched domain in the lithospheric mantle.
Such enrichment could be attributed due to mantle plume underplating,
upwelling of asthenosphere during mantle stretching, and/or recycling
of subducted oceanic or continental crust (Chakrabarti et al., 2009;
Tappe et al., 2007; Willbold and Stracke, 2006, 2010). The lamp-
rophyres exhibit high Ba/Nb ratios (58-287), plotting within the arc
field on a Ba/Nb versus La/Nb diagram (Fig. 9a), and Th/Yb ratios
(17-80) at relatively constant Nb/YDb ratios above the mid-ocean ridge
basalt-ocean island basalt (MORB-OIB) array (Pearce, 2008; Pearce and
Peate, 1995; Pearce et al., 2005) (Fig. 9b). These rocks also display
subduction-related geochemical features, including crust-like trace
element patterns (Fig. 7; enrichment in LILEs such as K, Ba and Sr; and
depletion in HFSEs, such as Nb, Ta and Ti) and unradiogenic whole-rock
Hf and Nd isotope ratios (Fig. 5). These geochemical signatures exclude
their derivation from MORB- or OIB-like magmas, ruling out convective
asthenosphere or mantle plume sources (Fig. 7; Sun and McDonough,
1989). The enrichment of the subcontinental lithospheric mantle source
is unlikely to be attributed to a mantle plume or upwelling astheno-
sphere during lithospheric stretching, as the lamprophyres exhibit
strong Nb and Ta depletion, which contrasts with features of sources
metasomatized by asthenosphere (Tappe et al., 2007). Instead, these
characteristics provide compelling evidence for the recycling of crustal
components into the mantle source via subduction zones (e.g., Avanzi-
nelli et al., 2009; Conticelli and Peccerillo 1992; Conticelli et al., 2002,
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2011, 2015; Prelevi¢ et al., 2008, 2012; Tommasini et al., 2011). This
evidence supports a model in which the lamprophyres in Datong, near
Beijing, were derived from magmas generated by partial melting of the
subcontinental lithospheric mantle (Niu et al., 2017). These rocks are
characterized by significant fractionation of LREEs over HREEs and are
enriched in LILEs (Cs, Rb, and Ba) while being depleted in HFSEs (Nb,
Ta, and Zr) (Fig. 7). These features are consistent with arc-type magmas
(Fig. 8a). The lamprophyres in northwestern Beijing and Datong, along
with other Late Triassic mafic rocks along the northern margin of the
NCC, suggest a lithospheric mantle source that experienced melt- or
fluid-related metasomatism during subduction (Fig. 9c; Choi et al.,
2020; Johnson and Plank, 2000), possibly leading to first-order het-
erogeneity (Stracke, 2012). Notably, the lamprophyres in northwestern
Beijing exhibit wide ranges of Th concentrations and variable Th/Nb
and Ba/Th ratios, indicating the presence of recycled sediment in their
mantle source as melts or aqueous fluids rather than as the result of
carbonatite-related process (La Fleche et al., 1998) (Fig. 9d). In contrast,
Datong potassic and ultrapotassic rocks show a dominant role of a
melt-related metasomatic components, characterized by high but vari-
able Ba/Th ratios and low Th/Nb ratios (Avanzinelli et al. 2009; Con-
ticelli et al. 2015) (Fig. 9c).

Mantle metasomatism likely resulted in the formation of hydrous
phases, such as amphibole, phlogopite and apatite in the mantle wedge
above subduction zones (Ionov et al., 1997). These minerals, of meta-
somatic origin, are inferred to occur in the mantle source regions,
consistent with the volatile-rich characteristics of the lamprophyres
(Batki et al., 2014; Foley, 1992). Since Rb is preferentially sequestered in
phlogopite relative to Sr, and Ba partitions more strongly than Rb into
the amphiboles (LaTourrette et al., 1995), melts in equilibrium with
phlogopite are expected to have higher Rb/Sr (> 0.1) and lower Ba/Rb
(<20) ratios (Furman and Graham, 1999). The lamprophyres in north-
western Beijing have low Rb/Sr ratios (0.02-0.13, averaging 0.08) and
high Ba/Rb ratios (13.27-57.95, averaging 29.22), suggesting that
amphibole predominates over phlogopite in their melting source
(Fig. 10). Other Late Triassic mafic rocks show a large range of Rb/Sr
and Ba/Rb ratios, indicating heterogeneous metasomatism and variable
distributions of amphibole and phlogopite in their mantle sources
(Foley, 1992) (Fig. 10). This observation of hydrous phases is further
supported by K5O enrichment and elevated K;0/NayO ratios (0.6-1.5)
in the samples, as partial melting of amphibole-bearing mantle gener-
ates shoshonitic to ultrapotassic melts (Wilson and Downes, 1991),
which are responsible for alkaline magma genesis (Luhr, 1997; Luhr
etal., 1989). The concentration of K in equilibrium partial melts remains
constant at over 40 000 ppm when K is hosted in the mantle phlogopite,
but only 7000 ppm when hosted in mantle amphibole (Spath et al.,
1996). The K contents of the lamprophyres (17727-36383 ppm, aver-
aging 26837 ppm) suggest contributions from both amphibole and
phlogopite in the mantle source.

In addition to amphibole and phlogopite, the mineralogy and partial
melting processes can be further constrained using REE ratios
(Aldanmaz et al., 2000; Li and Chen, 2014; Li and Wei, 2017). Highly
incompatible elements such as La and less incompatible elements like
Sm are relatively unaffected by the source mineralogy variations (e.g.,
garnet or spinel), while Yb is compatible with garnet but not with cli-
nopyroxene or spinel. Thus, the La/Sm ratio reflects the bulk chemical
composition of the source, whereas the Sm/Yb ratio constrains the
source mineralogy (Aldanmaz et al., 2000 and references therein). The
lamprophyres from northwestern Beijing have higher La/Sm ratios than
those generated by direct melting of a depleted mantle, even at very
small degrees of partial melting (<0.1 %), consistent with an origin in an
enriched mantle rather than the convective asthenosphere (as noted
above). On a Sm/Yb versus La/Sm diagram (Fig. 11), the samples exhibit
Sm/Yb ratios higher than the spinel lherzolite melting curve but mostly
lower than the garnet lherzolite melting trend, plotting slightly above
the spinel + garnet lherzolite (spinel: garnet = 1:1) melting curve. This
suggests a mantle source composed of spinel-bearing garnet lherzolite.
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Modeling indicates that 1%-5% partial melting of such a mantle source
is required to generate the parental magma of the northwestern Beijing
lamprophyres (Fig. 11), corresponding to depths of ~ 70-80 km,
consistent with the garnet-spinel transition zone in enriched lherzolitic
mantle rocks (Duggen et al., 2005; Klemme and O’Neill, 2000; Menzies,
1989).

In light of the above discussion, the lamprophyres in northwestern
Beijing likely originated from an enriched lithospheric mantle source in
the spinel-garnet transition zone, with significant contributions from
amphibole and phlogopite. Recent studies suggest that zircon Hf isotopic
compositions may be more effective than whole-rock Hf and Nd isotopes
in elucidating mantle sources and transcrustal processes in magmatic
rocks (e.g., Griffin et al., 2002). The radiogenic zircon ey(t) values of the
Late Triassic lamprophyres in northwestern Beijing (up to +8.9) negate
the their sole derivation from an enriched lithospheric mantle source,
supporting Model (2) (Fig. 5a). This requires an exotic mantle compo-
nent. The decoupling of whole-rock Nd and Hf isotopic compositions
from zircon Hf isotopes reflects differences in closure temperatures
(Fig. 5b). Zircon Hf isotopes record early magma evolution, whereas
whole-rock isotopic compositions represent late-stage mixing during
decreasing magma temperatures. The significantly positive zircon ey(t)
values (+8.9) and young Hf model ages (Tpy = 0.5 Ga) suggest con-
tributions from young mantle domains depleted in Hf. This contrasts
with the ancient enriched lithospheric mantle inferred from negative
whole-rock Hf and Nd isotopes. The Late Triassic ultramafic-mafic rocks
and alkaline complexes in the northern NCC show trends consistent with
asthenosphere-lithosphere interaction, suggesting asthenospheric up-
welling contributed to magma source mixing (Ma et al., 2014; Smith
et al., 1999; Sun and McDonough, 1989; Wang et al., 2005; Zhang and
Sun, 2002) (Supplementary Fig. 4). Some mafic rocks even exhibit lower
Nb/La ratios than magmas derived solely from the lithospheric mantle.
The absence of a strong asthenospheric signal likely reflects the low
proportion of convective mantle components in the magma source,
which is sufficient to generate the arc-like geochemical characteristics of
the lamprophyres (e.g., LILE enrichment, HFSE depletion, and frac-
tionated REE patterns). Modeling suggests that incorporation of <20 %
asthenospheric melts can successfully explain the average Nb/La ratio
(0.18) of the lamprophyres in northwestern Beijing (Supplementary
Fig. 4), assuming primitive mantle melts have Nb/La = 1.39 and La/Yb
= 1.04 (Sun and McDonough, 1989), while Mesozoic lithospheric
mantle melts have Nb/La = 0.10 and La/Yb = 30.70 (Zhang and Sun,
2002; Wang et al., 2005; Ma et al., 2014).

6. Tectonic implications

There is a consensus on the tectonic evolution of the northern margin
of the NCC from the early Paleozoic to the early Mesozoic (Zhang et al.,
2014; Wu et al., 2019). Specifically, the southward subduction of the
Paleo-Asian oceanic slab beneath the NCC led to the formation of arc-
accretionary series during the early Paleozoic (490-446 Ma; Xiao
et al., 2003; Windley et al., 2007). This subduction persisted into the
mid- to late Paleozoic, as evidenced by Late Paleozoic Andean-type
continental arc magmatism with adakitic compositions along the
northern margin of the craton (390-280 Ma; Zhang and Yang, 2007,
2009a). The cessation of subduction of the Paleo-Mongolian Ocean (a
segment of the Paleo-Asian Ocean) beneath the northern margin of the
craton can thus be constrained to around 280 Ma or later (Chen et al.,
2000, 2009; Zhang et al., 2009a). The Late Permian-Middle Triassic K-
rich and K-feldspar porphyritic calc-alkaline granitoids are interpreted
as being emplaced in post-collisional or post-orogenic settings, such as
the strongly deformed Late Permian Guanglingshan pluton along the
Damiao-Guanglingshan shear zone (Zhang et al., 2009¢). Subsequently,
the Late Triassic geodynamics of the NCC were predominantly governed
by a post-collisional regime following its amalgamation with neigh-
boring blocks. This regime was characterized by a transition from
compression-dominated to extension-dominated stress fields (Zhang
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et al., 2014). This shift to post-collisional extension is evidenced by Late
Triassic detachment faults with E-W strikes, metamorphic core com-
plexes, L-tectonites and isolated rift basins along the northern margin of
the NCC (Davis et al., 2001, 2004; Meng et al., 2020; Zhang et al., 2014).
This transition aligns with the classification of the lamprophyres in
northwestern Beijing as a transitional type between Groups I (anoro-
genic lamproites) and III (orogenic ultrapotassic series), as recognized
by Foley et al. (1987), based on their relatively high SiO5 (>45 wt%) and
low Al,O3 contents (mostly <8 wt%) (Fig. 6d). No mantle plume activity
occurred during this period to drive extension (McKenzie and Bickle,
1988). Instead, the process likely involved the passive upwelling of
asthenosphere, which experienced decompressional melting. The
appearance of asthenosphere-derived magmas and the transition from
lithospheric to asthenospheric mantle sources are regarded as key in-
dicators of craton destruction (Wu et al., 2008; Xu et al., 2009). How-
ever, occurrences of asthenosphere-derived magmas in the Mesozoic
NCC are rare. Evidence for asthenosphere-lithosphere interaction is
limited to the geochemical characteristics of Triassic ultramafic-mafic
rocks and alkaline complexes (Wang et al., 2021) (Supplementary
Fig. 4), Sr-Nd-Hf isotope compositions from Middle-Late Triassic
alkaline complexes (Zhang et al., 2012), and radiogenic zircon Hf
isotope compositions. Late Triassic zircons with positive egg(t) values
from the lamprophyres, distinct from known igneous zircons in the NCC
(Yang et al., 2006), suggest an exotic source beyond the ancient enriched
lithospheric mantle, namely, a depleted asthenospheric mantle source.
Yang et al. (2007b) similarly identified asthenospheric contributions in
Late Triassic dyke swarms from the Liaodong Peninsula, northeastern
China.

During the Late Triassic post-collisional extension, lithospheric
thinning and passive upwelling of juvenile asthenosphere formed an
east-west-trending alkaline/ultramafic magmatic belt along the north-
ern margin of the NCC (Zhang et al., 2012). The asthenosphere likely
penetrated the lithospheric mantle along fractures or weak zones,
causing disintegration of the lithospheric mantle (Xu, 2001; Foley
2008). The upwelling hot asthenosphere induced partial melting of the
enriched lithospheric mantle, forming Late Triassic ultramafic-mafic
rocks and alkaline complexes along the northern margin of the NCC.
This process, involving both energy and mass transfer, suggests that
bottom-up thermal-mechanical erosion may have been a critical
mechanism in craton destruction (Xu, 2001; Xu et al., 2004). Thus, the
transition in mantle sources during the Late Triassic marks the onset of
NCC destruction, while the Cretaceous period represents its peak. This is
evidenced by the newly identified Late Triassic lamprophyre and quartz
monzonite porphyry sills (235-220 Ma) and Early Cretaceous diabase
dykes (ca. 120 Ma) from northwestern Beijing as presented in this study.
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