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Abstract The study area is situated in the Tianshan region,
specifically within the eastern segment of the North Qilian
Orogenic Belt (NQLOB). The NQLOB is a critical region
for understanding oceanic closure and continental collision
processes driven by the Shangdan Ocean subduction-exhu-
mation, which was a segment of the Proto-Tethys Ocean
during the Early Paleozoic. Despite significant research, the
Early Paleozoic tectonic background and subduction-related
orogenic processes, particularly in the eastern NQLOB,
remain subjects of debate. This study presents significant
petrographic, geochemical, and geochronologic insights
into the metavolcanic rocks of the Chenjiahe Group in the
eastern NQLOB. Petrographic analysis reveals that these
metavolcanic rocks originated in a low-grade metamorphic
setting. Zircon laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) U-Pb dating yielded ages
ranging between 449.7-443.4 Ma, indicating Late Ordovi-
cian formation. Geochemical signatures of felsic and inter-
mediate rocks exhibit calc-alkaline to high-K calc-alkaline
similarities, characterized by high light rare earth elements

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s11631-025-00796-5.

< Zuochen Li
lizuochen@chd.edu.cn

School of Earth Science and Resources, Chang’an University,
No. 126 South Yanta Road, Yanta District, Xi’an 710054,
Shaanxi Province, People’s Republic of China

Xi’an Key Laboratory for Mineralization and Efficient
Utilization of Critical Metals, Xi’an 710054, Shaanxi,
People’s Republic of China

School of Geology and Mining Engineering,
Xinjiang University, Uriimqi 830046, Xinjiang,
People’s Republic of China

(LREES), low heavy rare earth elements (HREEs), and mod-
erate Eu anomalies, consistent with a continental arc set-
ting. In contrast, basaltic rocks display tholeiitic features
with elevated large-ion lithophile elements (LILEs), reduced
high-field-strength elements (HFSEs), and weak Eu anoma-
lies, suggesting an extensional environment. These findings
imply that the metavolcanic rocks evolved in a continental
arc-back-arc extension setting connected with the northward
subduction and exhumation of the Huluhe back-arc oceanic
basin. This process was likely triggered by the northward
subduction and closure of the Shangdan Ocean, culminating
in the Late Ordovician amalgamation of the Qilian Block
and the southwestern North China Block. This study pro-
vides critical insight into the tectonic development of the
NQLOB and the broader Proto-Tethys Ocean dynamics at
the northern periphery of the Eastern Gondwana.

Keywords North Qilian orogenic belt - Metavolcanic
rocks - Zircon dating - Late Ordovician - Tectonic
evolution - Back-arc basin

1 Introduction

The Qilian Orogenic Belt (QLOB) is located on the north-
east margin of the Qinghai—Tibet Plateau. Geotectonically,
it is positioned at the conjunction of the North China
Block (NCB) and the western North Qinling Orogenic
Belt (W-NQOB) and Qaidam Block in the central-west
of the Central Orogenic Belt of China (COBC) (Fig. 1a).
Stretching over 5000 km from the west towards the east
through central China, the COBC encompasses major oro-
genic systems such as the Kunlun, Qinling, and Qilian
orogens (Meng and Zhang 2000; Jiang 2009; Zheng et al.
2013), making it a vital area for studying orogenic tectonic
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Fig. 1 a Simplified tectonic map showing the tectonic division of the Central Orogenic Belt of China (COBC) and adjacent areas modified after
Dong et al. (2021). The red rectangle shows the location of the study area in the eastern NQLOB, NW China. Abbreviations: NQLOB, CQLB,
and SQLOB: North Qilian Orogenic Belt, Central Qilian Block, and South Qilian Orogenic Belt, respectively; NQD-HPMR: North Qaidam
high-pressure metamorphic rocks; N-, C- and S-EKB: Northern, Central, and Southern East Kunlun Belts, respectively; N-, C-, and S-WKB:
Northern, Central, and Southern West Kunlun Belts, respectively; S-NCB, NQB, and SQB: southern margin of the North China Block, North
Qinling Belt, and South Qinling Belts, respectively; Mts: mountains. b Geological formation distribution in the eastern NQLOB and its neigh-
boring areas (geological map of 1:2,500,000 scale revised by the Geological Survey of Chang’an University in 2004). The black stars show the

sample’s location in the study area

processes. During the Early Paleozoic, the region experi-
enced multiple collisional orogens and oceanic subduc-
tions involving micro-continental blocks like the Qaidam,
Qilian, Qinling, and Yangtze blocks. These events are
thought to be linked to the Gondwana continent, which
gave rise to numerous suture zones and orogens across
East Asia, including the Kunlun, North Qaidam, Qinling-
Dabie, and Qilian orogens (Metcalfe 2013, 2021; Li et al.
2017b). The QLOB has been divided into the North Qilian
Orogenic Belt (NQLOB), Central Qilian Block (CQLB),
and South Qilian Orogenic Belt (SQLOB). The NQLOB
provides a more direct and coherent record of early sub-
duction and accretion processes compared to the CQLB
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and SQLOB, which are more structurally complex and
overprinted by later tectonic events. Its well-preserved
ophiolites, arc-related sequences, and low- to high-pres-
sure metamorphic rocks make it a key archive for recon-
structing the tectonic evolution of the northern margin
of the QLOB. Therefore, data from the NQLOB are par-
ticularly valuable for understanding the region’s geody-
namic history. The NQLOB developed during the Early
Paleozoic due to the collision of the Qilian Block (QLB),
Alax Block, NCB, and the W-NQOB by the closing of the
Shangdan Ocean (Xu et al. 2015).

Previous scholars have proposed two different hypoth-
eses regarding the tectonic evolution of the NQLOB. One
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hypothesis suggests that the NQLOB is part of a Tethys oro-
genic framework caused by the interactions among small
continents detached from the Gondwana’s northern margins.
This perspective is substantiated by the existence of Neo-
proterozoic basement metamorphic rocks, high-temperature,
high-pressure, and ultrahigh-pressure (UHP) metamorphism,
and granitic magmatism associated with continental conver-
gence (von Raumer et al. 2003; Stampfli et al. 2013; Zhang
et al. 2019a, b). However, the exact timing of these colli-
sions remains a topic of debate. The second hypothesis pos-
its that the NQLOB, along with the NCB and Tarim Block,
underwent an accretionary orogenic event during the Early
Paleozoic, depicted by the ophiolite occurrence, arc-related
features, and low-temperature and high-pressure metamor-
phic rocks (Yang et al. 2002; George et al. 2003; Yin et al.
2007; Xiao et al. 2009; Zhang et al. 2019a, b). In opposition,
Song et al. (2006) documented that the evolutionary shift
from oceanic subduction to continental collision is repre-
sented by single northside dipping successions by two sym-
metrical belts. This has led to ongoing discussions about
whether accretion or collision was more significant during
this period.

The NQLOB is the northern orogenic complexes associ-
ated with the Proto-Tethys Ocean and is renowned for its
representation of an Early Paleozoic oceanic slab subduc-
tion—exhumation (Tseng et al. 2009; Song et al. 2014; Li
et al. 2017a; Yang et al. 2018a, b). It is comprised of various
litho-tectonic groups, including the Paleoproterozoic Long-
shan, Neoproterozoic Huluhe, Early Paleozoic Hongtubao
Formation, and Late Ordovician Chenjiahe Groups. These
lithologic groups exhibit a variety of lithological composi-
tions, from ophiolitic and low-temperature and high-pressure
metamorphic rocks to island arc-type volcanic and granitic
rocks, coupled with metasedimentary and pillow basalts (He
et al. 2007a, b; Li et al. 2018). Despite this diversity, there
is limited international research on the geochemical proper-
ties, petrogenesis, geochronology, and tectonic context of
these units, with debates ongoing about their provenance
and formation ages (Song et al. 2013; Yu et al. 2015; Yang
et al. 2018a, b).

Prior research has focused on various parts of the
NQLOB, including its northwestern, western, southern, and
southeastern sections, providing insights into the petrogen-
esis, geochemistry, and tectonic history of the region (Song
et al. 2013; Yu et al. 2015; Yang et al. 2018a, b). A nota-
ble discovery is an Early Paleozoic metavolcanic belt with
a northwest tendency, which contains acidic-intermediate
metavolcanic rocks in the northeast and basalts in the south-
west (He et al. 2007a, b; Xu et al. 2008; Song et al. 2009,
2013; Qiu et al. 2016). This lack of clarity is further com-
plicated by the region’s proximity to other orogenic belts,
which share some characteristics but also exhibit notable

differences in tectonic context, subduction polarity, and rock
composition.

Understanding the multi-phase orogenic processes that
triggered the final convergence of the Qilian Block, North
Qaidam Block, NCB, and the subduction—exhumation of
oceanic slabs is crucial for advancing our knowledge of
continental geotectonics and dynamics (Zhang et al. 2015;
Liet al. 2017a). Through comprehensive field investigations
and advanced analytical techniques, including petrographic
examination, bulk rock geochemistry, and laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-
MS) zircon U-Pb dating, we aim to elucidate the geochemi-
cal signatures, petrogenesis, and tectonic framework of Early
Paleozoic metavolcanic rocks. Our new contribution will
enhance the comprehension of the geological and tectonic
evolution of the eastern NQLOB, and its connections with
the QLB, W-NQOB, and the southwestern part of the NCB,
offering valuable insights into the broader context of conti-
nental evolution and dynamics in the northern margin of the
Eastern Gondwana.

2 Geological setting and stratigraphy

The Qilian Orogenic Belt (QLOB) is located in the north-
western section of the CCOB, while the Qaidam Block lies
in the south. The QLOB is surrounded by the Alax Block
to the north, the Altyn Tagh Orogen to the northwest, the
W-NQOB to the east, and NCB to the northeast (Fig. 1a). It
is detached from these neighboring regions by major faults:
the Longshoushan fault delineates its boundary with the
Alax Block, the Qaidam north edge fault marks its division
from the Qaidam Block, and the Wahongshan-Wenquan and
the Zongwulong-Qinghai Nanshan faults distinguish it from
the W-NQOB and NCB (Fig. 1a) (Song et al. 2013; Zhang
et al. 2017).

The QLOB is composed of the NQLOB, CQLB, and
SQLOB. It spans from Baoji in Shaanxi Province to Subei in
Gansu Province, spanning approximately 1200 km (Ilength)
and 100-300 km (width) (Fig. 1a). The SQLOB, originally
described as being composed of Neoproterozoic basement
rocks covered by a Paleozoic sedimentary succession (Song
et al. 2006), has been reclassified by Song et al. (2014)
as part of the QLB along with the CQLB (Fig. 1a). The
NQLOB is recognized as an arc-back-arc framework formed
by the northward subduction of the ancient Shangdan Ocean
(Yang et al. 2002; Tseng et al. 2009; Qiu et al. 2016). From
southwest to northeast, the NQLOB is categorized into four
main lithostratigraphic groups, which are well exposed in the
study area (Fig. 1): the Huluhe Group, Hongtubao Forma-
tion, Chenjiahe Group, and Longshan Group.
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The Huluhe Group is found in the southwest part of the
NQLOB (Fig. 1b). It is divided into two sections: metabasic
rocks in the north and metasedimentary rocks in the south
(Pei et al. 2012). The Group primarily consists of low-grade
metasedimentary rocks, comprising biotite-quartz schist,
two-mica quartz schist, quartz phyllitic layers, and quartzite
(Pei et al. 2012).

The Hongtubao Formation is structurally juxtaposed
against the Chenjiahe and Huluhe Groups along regional
fault zones. This formation primarily consists of meta-
volcanic rocks with subordinate siliceous lithologies and is
intruded by dikes of diabase (He et al. 2007a, b; Pei et al.
2007; Fu et al. 2019). The precursor of these metavolcanic
rocks primarily consisted of pillow basalts and basaltic
andesites, which originated within an early-stage back-arc
basin setting (He et al. 2007a, b; Pei et al. 2007, 2012).

The Chenjiahe Group, comprising meta-volcanic and
meta-sedimentary rocks, is widely distributed in the east-
ern NQLOB (Fig. 1b). Exposed in Qingshui County, Gansu
Province, and Chencang District, Shaanxi Province, the
group primarily consists of basaltic volcanic rock, basaltic
andesite, andesitic, dacitic, rhyolite, volcanic tuff, sandstone,
siltstone, and limestone, which have experienced metamor-
phism under lower greenschist facies conditions. The group
exhibits felsic-intermediate metavolcanic rocks in the north-
east and metasedimentary rocks in the northwest (Song et al.
2013). Additionally, the Chenjiahe Group is found in the
upper portions of the Hulu River in Qin’an County in the
northeastern part, as well as in Zhangjiachuan, Qingshui,
and Tangyu rivers, extending northwestward into the Chen-
jiahe River and adjacent areas (Ding 2008). Its northern
boundary is marked by a regional ductile fault connecting it
to the Longshan Group, while its southern boundary links
it to the Hongtubao Formation and Huluhe Group (Ding
2008). However, due to the extensive coverage of Quater-
nary and Neogene loess deposits, there is no direct contact
between the Chenjiahe Group and the granite plutons (Ding
2008). Furthermore, the eastern margin, whose tectonic link
with the W-NQOB is still ambiguous, is categorized into
northern and southern parts by a narrow interface region
less than 10 km wide (Tseng et al. 2009). The southern side
consists of oceanic slab remnants, whereas the northern part
is dominated by Early Paleozoic volcanic and sedimentary
compositions that have undergone metamorphism under
epidote—amphibolite facies conditions (Fig. 1b) (Yang et al.
2002).

The oldest basement rocks belong to the Longshan
Group, extend northwest—southeast across the northeastern
part of the NQLOB (Fig. 1b). This group primarily consists
of marble, quartzite, biotite plagioclase granulite, banded
migmatite, amphibolite, schist, and biotite plagioclase gneiss
(Chen et al. 2006; He et al. 2006). The Longshan Group is
interpreted to have formed during the Paleoproterozoic, with
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magmatic episodes occurring at 2.5 and 2.35 Ga, followed
by a metamorphism at 1.9 Ga (He et al. 2005). Addition-
ally, throughout the Early Paleozoic, the Longshan Group
experienced intrusions of mafic dikes and magmatic plutons
(Xu et al. 2008).

3 Methods
3.1 Petrography

The samples (TS21073-1, TS21073-2, TS21074-1) from
metavolcanic rocks of the Chenjiahe Group were selected
for petrographic analysis (Supplementary Table 3). The
thin-section petrographic analysis was carried out using
the binocular microscope in the petrology lab at Chang’an
University, Xi’an. Under the binocular microscope, the
thin sections were scrutinized at varying magnifications,
typically ranging from 4x to 10X or higher. This allowed for
detailed observation of the mineral composition and texture
of the rock samples. By adjusting focus and illumination set-
tings, different minerals within the samples were identified
based on their distinct optical properties, including color,
birefringence, twining, extinction, and cleavage patterns.
Furthermore, the plane-polarized light and cross-polarized
light techniques were used to extend beyond mineral identi-
fication to include the description and interpretation of the
rock’s texture. The grain size, shape, and orientation were
inferred, and microphotographic images were obtained using
an electron probe X-ray microanalyzer equipped with a cam-
era, attached to a binocular microscope at the petrology lab
of Chang’an University, Xi’an.

3.2 LA-ICP-MS testing

Representative fresh samples TS21073-1 and TS21074-1
from metavolcanic rocks of the Chenjiahe Group were
used for zircon U-Pb age dating (Supplementary Tables 1
and 2). The rock samples were smashed (80-100 size
mesh) following normal procedures, and minerals were
sorted using electromagnetic and flotation processes. A
binocular microscope was used to select zircons that were
well developed crystal-shaped, and clear. Zircon fragments
were affixed onto adhesive tape with two sides and embed-
ded in a transparent epoxy gum till complete hardening.
Subsequently, the outer surfaces were polished to uncover
the internal features of the zircon particles. The cathodo-
luminescence (CL) microphotographs were acquired uti-
lizing an electron probe X-ray microanalyzer equipped
with a camera at Chang’an University, Xi’an. For this
study, an Elan-6100DRC quadrupole inductively coupled
plasma mass spectrometer (ICP-MS) with an excimer laser
ablation device called the Geolas 200M (193 nm, Geolas
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200M, Lambda Physic) was utilized. The laser ablation
spot diameter was set to 30 pm, with an ablation depth
ranging between 20 and 40 pm. The precise scientific con-
cepts, technical technique, and apparatus characteristics
employed were identical to those described by Yuan et al.
(2003, 2004).

The internationally referenced zircon 91,500 was uti-
lized as an exterior benchmark for calculating zircon ages.
The artificially synthesized silicate glass and NIST SRM
610, certified by the US National Institute of Standards
and Technology (NIST), were selected as an international
reference material for elemental concentrations. Silicon-29
was utilized as the standard constituent. The elemental
concentrations and isotopic ratios were analyzed through
the GLITTER software (version 4.0, Macquarie Univer-
sity). The Andersen program (Andersen 2002) was imple-
mented for general lead correction, while the ISOPLOT
(3.0 version) software (Ludwig 2003) was applied for
Concordia diagrams and age computation. The analytical
outcomes are summarized in Supplementary Tables 1 and
2 and visually represented in Concordia diagrams, incor-
porating lo and 2c errors. The ages were determined as
weighted mean values with a 1o uncertainty and were cal-
culated at concordance levels ranging from 93% to 97%.

3.3 Geochemical analysis

A total of 26 samples from metavolcanic rocks, 17 from
felsic, five from intermediate, and four samples from mafic
rocks, were chosen for the major element, trace element,
and rare earth element (REE) analysis (Supplementary
Table 3). The samples were pulverized to a 200-mesh
particle size, and analyses of major elements, trace ele-
ments, and REEs were performed at the Key Laboratory of
Mineral Resources and Geological Engineering of Western
China, Ministry of Education, located at Chang’an Uni-
versity, Xi’an. The quantification of major elements was
performed using X-ray fluorescence spectrometry (XRF-
1500). The oxide concentration was determined using a
sheet of glass bearing 0.5 g of sample and 5 g of lithium
borate employing a Shimadzu XRF-1500 instrument,
which has an accuracy of greater than 2%-3%. Trace ele-
ments and REEs were examined using ICP-MS (Element
II). The acid solubility technique, which was used to cre-
ate the rock samples, has an analytical precision of >10%
following national standards GSR-1 and GSR-2. However,
when the element concentration was more than 10 ppm,
the analytical precision surpassed 5%. A comprehensive
description of the analytical methods has been presented
by Chen et al. (2000; 2002). The data are systematically
organized and displayed through tables and figures.

4 Results
4.1 Petrographic analysis

Detailed petrographic observations of thin sections were car-
ried out on all selected specimens. Figure 2 illustrates the
main petrological features of metavolcanic rocks from the
Chenjiahe Group in the eastern NQLOB. A comprehensive
description of each sample is provided below.

4.1.1 Sample TS21074-1

This specimen is classified as meta-dacite, exhibiting a dis-
tinctive outcrop feature with a light flesh-red, sericite-albite-
quartz schistosity (Fig. 2a). It displays fine- to medium-
grained equigranular texture (Fig. 2a). The surface appears
moderately weathered, with minor exfoliation and flaking,
particularly along foliation planes. Some small light flesh-
red-colored mineral patches may be alteration products
like sericite, which are common in weathered feldspathic
rocks (Fig. 2a). No vesicles or amygdules are visible, which
implies this dacite is non-vesicular, likely formed from a
lava dome or thick flow rather than pyroclastic material.
Additionally, the sample possesses a clastolepidoblastic
appearance with a schistose structure and is primarily com-
posed of quartz (~35 vol%), plagioclase (~30 vol%), sericite
(~20 vol%), mica (~5 vol%), piedmontite (~5 vol%), chlori-
toid (~5 vol%), and with accessory minerals like magnetite,
zircon, and apatite (Fig. 2b—c). The monocrystalline quartz,
albite plagioclase, calcite crystals, and chloritoid are embed-
ded in a fine-grained matrix along with sericite schistos-
ity and biotite (Fig. 2b—c). The chloritoid has high positive
relief relative to quartz, and feldspar is pleochroic in shades
of dark blue-green (upon stage rotation) and has piedmontite
inclusions (Fig. 2b). The piedmontite has high relief relative
to mica, quartz, or feldspar, and euhedral grains are domi-
nated by dark purple to red pleochroic colors evident in the
different orientations (Fig. 2c).

4.1.2 Sample TS21073-1

This sample belongs to meta-andesite, characterized by
dark gray-pale green in color, fine- to medium-grained,
banded, foliated texture, feldspathic volcanic arenite
quartz sericite schistosity, and alternating light and dark
mineral layers (Fig. 2d—f). Some parts of the outcrop,
especially on the lower left, show massive, blocky struc-
tures indicative of more competent rock (Fig. 2d). How-
ever, the foliations appear to dip steeply, and numerous
vertical and sub-vertical fractures/joints cut across the
outcrop, providing clear evidence of brittle deformation
(Fig. 2d, e). These features might have formed during post-
metamorphic tectonic stress. In addition, the rock exhibits
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Fig. 2 Representative outcrop photographs and photomicrographs (under cross-polarized light) of the metavolcanic rocks from the Chenjiahe
Group in the NQLOB. a—c Dacite (light flesh red sericite albite quartz schist). d—f Andesite (feldspathic volcanic arenite quartz sericite schist).
g-i Basaltic andesite (sericite quartz schist). j-1 Metabasalt (sericite quartz schist). Abbreviation: Chlt: Chloritoid; Pmt: Piedmontite; Qtz:
Quartz; Ser: Sericite; Grt: Garnet; SRF: Sedimentary rock fragment; VRF: Volcanic rock fragment

mineral assemblages including quartz (~45 vol%), K-feld-
spar (~30 vol%), volcanic rock fragments (~15 vol%), and
sericite (<10 vol%), with a minor mica group, and addi-
tional minerals like zircon, apatite, and opaque titanium-
iron (Ti-Fe) oxides (Fig. 2f). It shows sericite schistosity,
a normally finely crystalline alteration product of feld-
spars, and is optically and chemically similar to muscovite
(Fig. 2f) (Dana et al. 2014). A subangular polycrystalline
(also known as composite) quartz grain is also present that
does not display either sutured internal crystal/boundaries
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or truly polygonal boundaries surrounded by sericite and
volcanic materials (Fig. 2f) (Dana et al. 2014).

4.1.3 Sample TS21073-2

The TS21073-2 rock sample collected from a meta-basaltic
andesite outcrop is pale green, fine-grained in texture, with
massive blocky structures overlaid by sedimentary covers
(Fig. 2g). It contains the mineral assemblages of quartz (~40
vol%), sericite (~35 vol%), mica (~15 vol%), and volcanic
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materials (~10 vol%), along with additional minerals like
opaque titanium-iron (Ti-Fe) oxides and apatite (Fig. 2h, 1).
The rock exhibits a lepidoblastic texture, schistosity, and a
volcanic quartz grain with a euhedral, bipyramidal outline,
embedded in sericite and volcanic material. Euhedral shape,
embayments, unit extinction, and scarcity of polycrystalline
inclusions in the center and dissolved suture boundaries at
the rim are observed (Fig. 2h). A polycrystalline quartz grain
with strong elongation and sutured crystal boundaries is sur-
rounded by a sericite schistose structure (Fig. 2i).

4.1.4 Sample P5426

Sample P5426 was selected from meta-basalts of the Chen-
jiahe Group (Fig. 2j, k). They are dark gray-near black, bear-
ing metamorphosed garnet, and fresh samples collected from
the Houchuan area (Fig. 2k). Sharp, sinuous contacts are
observed between meta-basalt and Cenozoic sedimentary
cover (Fig. 2j). The thin-section photomicrograph exhibits
a large central quartz (~40-50 vol%) grain with a pale gray
appearance under cross-polarized light (XPL) (Fig. 21). The
surrounding matrix consists of fine-grained, foliated sericite
and other phyllosilicates (~30-40 vol%), which show bire-
fringence and a fibrous texture (Fig. 21). In addition, small,
irregularly shaped dark minerals scattered throughout the
photomicrograph may be opaque minerals likely magnetite,
hematite, or pyrite (~5-10 vol%), with accessory minerals
(~5 vol%) (Fig. 21). The large central quartz phenocryst has

Fig. 3 Cathodoluminescence
(CL) image morphology and
internal structure of designated
zircons from the metavolcanic
rocks of the Chenjiahe Group in
the eastern NQLOB. LA-ICP-
MS U-Pb analysis locations

are marked by red circles along
with ages (Ma). Maximum zir-
con crystals detached from sam-
ples TS21073-1 and TS21074-1
indicate well-cleared magmatic
oscillatory zonings

internal cracks, suggesting mechanical deformation, and a
fine-grained matrix appears to have a preferred alignment,
possibly indicating foliation due to metamorphic processes.
The presence of sericite suggests alteration, possibly from
feldspar breakdown due to hydrothermal or metamorphic
activity (Fig. 21).

In summary, the outcrop characteristics, thin-section fea-
tures, and mineral assemblages observed within the metavol-
canic rocks of the Chenjiahe Group indicate formation under
greenschist facies conditions (low-grade metamorphism).
Such metamorphic conditions are typically associated with
oceanic subduction zones or extensive regional metamorphic
environments.

4.2 Zircon U-Pb age dating

Representative rock specimens were obtained from meta-
volcanic rocks (TS21073-1 and TS21074-1 of the Chenjiahe
Group) for zircon LA-ICP-MS U-Pb age dating analysis.
The zircon U-Pb isotopic values are provided in Supplemen-
tary Tables 1 and 2, and the Concordia diagrams of U-Pb,
REE patterns, and cathodoluminescence microphotographs
of typical zircon particles are presented in Figs. 3, 4, and 5.

4.2.1 Sample TS21073-1

The TS21073-1 sample was collected from the Chenjiahe
Group metavolcanic rocks. The zircon grains exhibit gray to
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Fig. 4 a and d N-MORB-normalized rare earth element (REE) pattern. b, ¢, e, and f Diagrams of Th versus U content of zircon and the ratio

between Th/U versus age of zircon

dark gray coloration with subhedral-subrounded morphol-
ogy (Fig. 3a). Cathodoluminescence (CL) images reveal
well-defined oscillatory zoning (Fig. 3a), a true indicator of
magmatic origins (Koschek 1993; Hoskin and Schaltegger
2003) (Supplementary Tables 1 and 2). In addition, on the
REE-normalized spider diagram (Fig. 4a—f; Supplementary
Table 1), the sample displays Ce enrichment along with Eu
and Pr depletion, further supporting a magmatic origin (Wu
et al. 2004). Geochemical analysis of the zircons yielded
Th content ranging from 81 to 613 ppm, U content of 108
to 471 ppm, and Pb values between 30 and 212 ppm, with
a high average Th/U ratio of 0.83 (Supplementary Table 2).

Out of 25 analyzed zircons, 19 yielded concordant ages
(average concordance =93%), ranging from 463 to 424 Ma
(Fig. 5a; Supplementary Table 2). The weighted mean
206ph/2381 age was calculated as 443.4+5.3 Ma (mean
squared weighted deviation [MSWD]=2.1, probabil-
ity =0.004; Fig. 5b). Spot numbers 03, 04, 08, 18, 21, and
22 were excluded from the weighted mean calculation due
to poor concordance.

4.2.2 Sample TS21074-1

Sample TS21074-1 was also selected from the Chenjiahe
Group metavolcanic rocks and contains zircon grains with
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similar morphological and CL characteristics—gray to
dark gray with subhedral-subrounded shapes (Fig. 3b). CL
images showed pronounced oscillatory zoning (Fig. 3b),
confirming a magmatic origin (Koschek 1993; Hoskin and
Schaltegger 2003) (Supplementary Tables 1 and 2). This
sample exhibited Th content ranging from 223 to 845 ppm,
U values between 232 and 634 ppm, and a higher aver-
age Th/U ratio of 1.05. Pb concentrations ranging from
30 to 89 ppm (Supplementary Table 2). The REE pattern
(Fig. 4d—f) also demonstrated Ce enrichment and Eu and
Pr depletion.

Twelve out of 25 zircon grains provided concordant
ages (average concordance =97%) from 442 to 457 Ma
(Fig. 5¢), yielding a weighted mean 2°°Pb/?*3U age of
449.7+3.1 Ma (MSWD =1.19, probability =0.29)
(Fig. 5d). Spots 01, 04, 11-19, 23, and 24 were excluded
from age calculations due to poor concordance.

Consequently, both sets of zircons, through their mor-
phology and CL zoning patterns, support a magmatic
origin for the Chenjiahe metavolcanic rocks, with crys-
tallization occurring during the Late Ordovician. The
well-defined oscillatory zoning and lack of metamorphic
overprinting further validate the reliability of the U-Pb
dating results.
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Fig. 5 Concordia diagrams of zircon LA-ICP-MS U-Pb age dating for the metavolcanic rocks of the Chenjiahe Group. Samples TS21073-1 and
TS21074-1: a—d Error bars are 2-sigma errors at an average between 93% and 97% concordance

4.3 Major and trace element geochemistry
4.3.1 Acidic volcanic rocks of the Chenjiahe Group

The geochemical data of felsic metavolcanic rocks of the
Chenjiahe Group (17 dacite-rhyolite samples from various
localities; Xincheng, Houchuan, Wangjiayao) are shown in
Supplementary Table 3 and shown graphically in Fig. 6a.
Both dacite and rhyolite rock specimens indicate almost
consistent composition, with Al,O5 and SiO, as the major
constituents. The dacite displays a range of SiO, between
67.34 and 72.76 wt.% and Al,O; content in the range of
13.42-16.34 wt.%, whereas the SiO, content in rhyolite
ranges from 71.48 to 78.06 wt.%, and Al,O5 content ranges
from 11.46 to 14.08 wt.%. The dacite rocks are enriched in
Na,O (3.35-5.59 wt.%) compared to K,O (1.65-3.09 wt.%).
While the rhyolite rocks are enriched in K,O (0.92-5.78
wt.%) as compared to Na,O (2.70-5.51 wt.%). The dacitic
and rhyolitic rocks of the Chenjiahe Group indicate the

calc-alkaline to high-potassium calc-alkaline zone in alkali/
iron/magnesium (AFM) and SiO, vs. K,O diagrams (Fig. 6a,
b, ¢), implying that they may be derived from calc-alkaline
to high-potassium calc-alkaline compositional magmatic
materials (Martin-Fernandez et al. 2005). Moreover, the
samples show low Cr (1.00-9.96 ppm), Ni (0.66—4.5 ppm),
and Co (1.00-7.6 ppm) values in felsic rocks, indicative
of the characteristics of low-Mg magma sources for felsic
rocks at the northern QLOB (Tseng et al. 2009; Yu et al.
2015). Furthermore, FeO and CaO, with a clear reduction
in components like MgO and MnO, contribute to the rock’s
color from light—dark gray. Based on the total alkali vs. silica
(TAS) classification diagram, the protoliths of these rocks
are dacite and rhyolite (Fig. 6) (Bas et al. 1986).

The light rare earth element (LREE) values range from
117.52 to 235.04 ppm, whereas heavy rare earth element
(HREE) concentrations range from 17.68 to 39.88) ppm for
felsic rocks. All rock samples indicate higher LREE con-
centrations (Fig. 7b); (La/Yb)y=5.07-10.09, whereas (La/
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Fig. 6 Classification diagrams of Xincheng, Houchuan, and Wangjia areas, felsic, intermediate, and mafic rocks of the Chenjiahe Group in the
eastern NQLOB. a Whole-rock K,0 +Na,O vs. SiO, (Bas et al. 1986); b AFM ternary diagram, A =total alkali, F=iron, and M = magnesium; ¢
K,O vs. SiO, (Martin-Ferndndez et al. 2005); (d) MnO-TiO,-P,O; ternary diagram (Mullen 1983)

Fig. 7 Chondrite-normalized rare earth elements (REEs) and primitive mantle trace element-normalized spider diagrams for the metabasic
rocks of the Chenjiahe Group in the eastern NQLOB. a Abundances of trace elements normalized to the values of the primitive mantle (Sun and
McDonough 1989). b A plot of REE abundances normalized to the values of chondrite (McDonough and Sun 1995)
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Sm)N=2.97-6.99. The felsic rock samples reflect reasonable
negative Eu variations (Eu*=0.48-0.85), indicating decom-
position of feldspar (Supplementary Table 3). The majority
of felsic rock samples have relatively greater trace element
content. However, the rock specimens are elevated in Rb, Th,
and K and decreased in Ta, Nd, Ti, and other trace elements
(Fig. 7a, b, Supplementary Table 3) (Sun and McDonough
1989; McDonough and Sun 1995).

4.3.2 Intermediate volcanic rocks of the Chenjiahe Group

The geochemical data of intermediate metavolcanic rocks
of the Chenjiahe Group (basaltic andesite—andesite samples
collected from Houchuan) are shown in Supplementary
Table 3 and graphically in Fig. 6a, c. The basaltic andesite
displays 54.28-54.75 wt.% of SiO, and Al,0O; content in
the range of 11.73-12.79 wt.%, whereas the SiO, content
in andesite is 58.09 wt.%, and Al,O; content is 14.67 wt.%.
The basaltic andesite rocks are enriched in MgO (2.15-7.29
wt.%), and the andesite rocks are enriched in Al,O; (14.67
wt.%), which indicates these intermediate rocks belong to
basaltic andesite and andesite, and may be derived from
magma composition transitions between calc-alkaline to
high-potassium calc-alkaline (Fig. 6b, ¢) (Martin-Fernan-
dez et al. 2005). Moreover, collectively, all rock samples
of the current research also depict SiO, (54.28-73.20
wt.%), Al,O5 (10.77-14.67 wt.%), MgO (1.75-7.29
wt.%), Sr (66.86-236.27 ppm), Y (16.14-23.32 ppm), Yb
(2.46-4.19 ppm), strongly indicating intermediate volcanic
rocks (Defant et al. 1991). These volcanic rock features are
true indications of young oceanic lithosphere subduction
or derivation from by partial melting of altered basalt dur-
ing subduction. In addition, the samples show high values
of Cr (13.27-205.45 ppm), Ni (0.73-57.98 ppm), and Co
(1.81-46.45 ppm), values comparable to the characteristics
of high-Mg magma sources for intermediate rocks in the

eastern NQLOB (Tseng et al. 2009; Yu et al. 2015). Further-
more, FeO and CaO, with a clear reduction in components
like MgO and MnO, contribute to the rock’s color from
light—dark gray. According to the total alkali/silica (TAS)
classification diagram (Fig. 6) (Bas et al. 1986), the proto-
liths of these rocks are basaltic andesite and andesite. Basal-
tic andesite—andesite rock samples indicate comparatively
high loss on ignition (LOI) concentrations (Supplementary
Table 3), which may lead to the occurrence of barite due to
the greater amounts of Ba in these samples.

The light rare earth element (LREE) values range from
97.45 to 322.98 ppm, whereas heavy rare earth element
(HREE) concentrations range from 16.04 to 21.76 ppm. All
rock samples indicate higher LREE concentrations (Fig. 8a);
(La/Yb)y=4.88-21.89, whereas, (La/Sm)y=1.85—4.31. The
Chenjiahe Group intermediate rock samples show reason-
able negative Eu anomalies (Eu*=0.17-0.33) (Supplemen-
tary Table 3). The rock specimens are elevated in Th, K,
Eu, and Pb, decreased in Nb, Sr, P, and Ti, and the other
trace elements (Fig. 8a, b, Supplementary Table 3) (Sun and
McDonough 1989; McDonough and Sun 1995) (Fig. 9).

4.3.3 Basaltic volcanic rocks of the Chenjiahe Group

The geochemical results from the basaltic volcanic rock
specimens are listed in Supplementary Table 3. All the
basalts indicate SiO, values in the range of 45.72-51.64
wt.%. The K,0+ Na,O total alkalis range from 3.06 to 5.11
wt.%. The Al,O5 values range between 15.59 and 17.15
wt.%, and TiO, is between 1.03 wt.% and 1.43 wt.%. The
rock specimens indicate LOI content ranging from 0.32 to
1.76 wt.%. In the MnO-TiO,-P,05 (Mullen 1983) discrimi-
nation diagram (Fig. 6a, d), all four metabasalt samples are
plotted in the tholeiitic basalt field. Additionally, together
with plots in the MnO, TiO, and P,O5 diagram (Fig. 6a, d),

Fig. 8 Chondrite-normalized rare earth elements (REEs) and primitive mantle trace element-normalized spider diagrams for the basaltic
andesite—andesitic rocks of the Chenjiahe Group in the eastern NQLOB. a Abundances of trace elements normalized to the values of the primi-
tive mantle (Sun and McDonough 1989). b A plot of REE abundances normalized to the values of chondrite (McDonough and Sun 1995)
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Fig. 9 Chondrite-normalized rare earth element (REE) and primitive mantle trace element-normalized spider diagrams for the meta-basaltic
rocks of the Chenjiahe Group in the eastern NQLOB. a Abundances of trace elements normalized to the values of the primitive mantle (Sun and
McDonough 1989). b A plot of REE abundances normalized to the values of chondrite (McDonough and Sun 1995)

the metabasalts of the Chenjiahe Group in the Houchuan and
Wangjiayao areas are categorized as tholeiitic basalt.

The metabasalt of the Chenjiahe Group exhibits compo-
sitional characteristics of tholeiitic basalt in the TAS and
MnO-TiO,-P,0s ternary diagram (Fig. 6a, d), with lower
SiO, content (45.72-51.64 wt.%). The basaltic rocks of the
Chenjiahe Group mainly correspond to low-K series ranges
from 0.31 to 0.86 wt.% (Supplementary Table 3) and fall
in the island-arc tholeiitic trend in the MnO-TiO,-P,05 ter-
nary diagram (Fig. 6a, d). As a major oxide concentration,
the Chenjiahe Group tholeiitic basalt has Al,O; content of
15.59-17.15 wt.%, Fe,04(T) content of 9.58-9.74 wt.%,
MgO values ranging from 5.31 to 9.86 wt.%, CaO content
of 8.15-10.74 wt.%, and TiO, ranging from 1.03 to 1.43
wt.%. The SiO, vs. major oxides variation diagrams indi-
cate higher concentrations of MgO, Cao, Fe,0,", and Al,O,
(Fig. 10b, c, d, f), moderate concentrations of TiO, and
K,0 +Na,0, and lower values of P,05 and MnO for mafic-
intermediate rocks (Fig. 10a, e, g, h). Whereas, the SiO,
vs. major oxides variation diagrams for felsic rocks show
higher concentrations of SiO, and lower values for TiO,,
MgO, Cao, P,05 and MnO, but Fe,0,", K,0+Na,0, and
Al,O5 concentrations are higher in comparison with other
oxides. This might have contributed to the dark gray color
of metavolcanic rocks in the area. The Ni and Cr content of
basalts range between 90.40 and 200 ppm and between 29.80
and 135 ppm, respectively; basaltic andesite—andesite ranges
from 47.86 to 205.44 ppm and 29.59-57.97 ppm, respec-
tively, and dacite-rhyolite rocks indicate 1.00-9.96 ppm and
0.6—4.5 ppm, respectively.

All the metabasalt samples displayed relatively high
LREE values, varying from 28.33 to 72.5 ppm when com-
pared to HREEs ranging from 14.12 to 21.91 ppm (Supple-
mentary Table 3). The data show an apparent abundance in
Rb, U, and Sr and a decline in Ba, Th, and Ta in the primi-
tive mantle-normalized spider diagram (Fig. 9a) (Sun and
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McDonough 1989; McDonough and Sun 1995). The rational
values of LREEs/HREEs ranged from 2.01 to 4.36 ppm, and
the total REE content varied from 42.45 to 94.41 ppm. The
chondrite-normalized REE diagrams show that all sam-
ples have minor LREE enrichment [(La/Yb)y=1.30-5.13,
(La/Sm)y=1.07-2.88, (Ce/Yb)y=1.18-2.77], and
Eu*=1.00-1.09 (Fig. 9b). However, in various samples,
the Sr variances are either negative or positive.

5 Discussion
5.1 Petrogenesis

5.1.1 Fractional crystallization and crustal contamination
in metavolcanic rocks of the Chenjiahe Group

During volcanic eruptions, ascending lavas encounter
open-system magmatic development, which encompasses
reactions including crustal mixing and fractional crystal-
lization (Davidson et al. 1988). As a result, the volcanic
lavas mixed with continental crust materials often exhibit
greater Zr-Hf content, increased Sr, and lower Nd anomalies
as compared to uncontaminated lavas, due to the presence
of crustal elements (Davidson et al. 1988). The majority of
the analyzed metavolcanic rocks of the Chenjiahe Group
exhibit elevated Sr, Zr-Hf values, and Nd depletion in felsic
and intermediate rocks, while tholeiitic basalts display lower
Zr-Hf values, enriched Sr, and Nd anomalies (Figs. 7, 8,
9a). Neither the felsic and intermediate rocks nor the mafic
rocks exhibit consistent Sr and Nd anomalies with MgO and
Si0O, (Fig. 11a-b). Additionally, the loss on ignition (LOI)
of the contamination-sensitive trace elements like Sr and
Rb does not appear to have changed significantly, ruling out
any appreciable modification. Furthermore, there is no dis-
cernible pattern for considerable assimilation with crustal
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Fig. 10 Variation diagrams of SiO, vs. major oxides (wt.%) for the metavolcanic rocks of the Chenjiahe Group in the eastern NQLOB
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Fig. 11 a SiO, vs. Sr (ppm), b MgO vs. Nd (ppm), ¢ MgO vs. Ni (ppm), d MgO vs. CaO/Al,O5, e Sr vs. Rb/Sr (ppm), and f SiO, vs. Rb/Nb
(ppm) diagrams for the metavolcanic rocks of the Chenjiahe Group in the eastern NQLOB

materials in the trace element ratios that are vulnerable to
contamination (e.g., Rb/Nb), nor is there any notable change
in these ratios (Fig. 11f). These characteristics imply that
crustal contamination had a substantial influence through
the development of intermediate and felsic rocks but a minor
influence during the formation of mafic rocks.
Additionally, the process of fractional crystallization in
ferromagnesian minerals, such as pyroxene and olivine,
generally leads to a reduction in the level of compatible
elements, including nickel (Ni) and chromium (Cr), while
simultaneously enhancing the abundance of incompatible
elements, such as thorium (Th), lanthanum (La), and neo-
dymium (Nd), in volcanic lavas (Meen et al. 1998). Apart
from the inconspicuous differentiation with mafic miner-
als (Fig. 11c, d, f), the felsic and intermediate rocks of the
Chenjiahe Group exhibit a noticeable association between
MgO and associated trace and major elements. The nega-
tive Eu and Sr anomalies in some samples imply plagioclase

@ Springer

fractionation (Fig. 11a, b, d), and Sr vs. Rb/Sr ratios indicate
feldspar and biotite fractionation in basaltic—felsic magma
(Meen et al. 1998) (Fig. 11e). Furthermore, the absence of
distinct HREE/LREE fractionation does not provide conclu-
sive evidence for the fractionation of hornblende and garnet
(Fig. 7).

The Chenjiahe Group’s tholeiitic basalt exhibits lower
MgO values, with pyroxene and possible olivine fractiona-
tion inferred from the association between MgO and Ni
(Meen et al. 1998) (Fig. 11c). The association between
MgO and CaO/Al,O; (Fig. 11d) and favorable Sr anomalies
(Fig. 9a) suggest that the lavas did not suffer fractional pla-
gioclase crystallization. In addition, the Chenjiahe Group’s
felsic, intermediate, and mafic rocks are substantially coeval
and physically close. Nevertheless, the overall geochemi-
cal analysis strongly suggests that it may correspond to two
separate volcanic episodes and may not have formed from
one source of magma, considering the following cases.
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First, felsic, intermediate, and basalts do not show any
clear persistent uniform co-genetic compositional patterns in
ternary and variation diagrams (Figs. 6, 10, 11). If they orig-
inated from a single source, then all rocks should possess
the same concentration of major oxides, but the felsic and
intermediate rocks show lower MgO, CaO, Fe203T, Cr, and
Ni values than the tholeiitic basalt because the subsequent
lava would have suffered higher mafic mineral fractiona-
tion. In addition, the felsic and intermediate rocks indicate
lower major oxides and other characteristic minerals like
Cr and Ni values than the tholeiitic basalt, deprived of any
obvious evolutionary curve (Figs. 10, 11c). However, the
felsic—intermediate rocks exhibit slightly similar geochemi-
cal signatures, suggesting they may have originated from a
single source magma that was subsequently contaminated
with continental crust materials upon ascent, establishing
a “bimodal volcanic rock” assemblage in the region. In
contrast, the basalts show geochemical signatures consist-
ent with a more mafic fraction of the same source, imply-
ing derivation from less contaminated, mantle-dominated
melts. Second, the felsic, intermediate, and mafic rocks of
the Chenjiahe Group display considerable variations in trace
elements, like HREEs and LREEs (Figs. 7, 8, 9), which may
rule out a fractional crystallization mechanism for their for-
mation and most likely reflects variances in their protolith
and source materials. Furthermore, the bulk rock geochem-
istry of all rocks is distinct, ruling out a common source
location (Fig. 6a—d). As a result, for each type of rock suite,
we negate magma mixing, assimilation, storage, and homog-
enization (MASH) processes. Because the petrogenetic chro-
nology and magma sources of these volcanic groups might
have been different.

5.1.2 Chenjiahe Group felsic rocks

The Chenjiahe Group felsic rocks are catego-
rized by low MgO (0.16-2.09), Cr (1.00-9.96 ppm),
and Ni (0.66-4.50 ppm) content, LREE enrich-
ment (117.52-235.04 ppm) as compared to HREEs
(17.68-39.88 ppm), and noticeable negative Ta, Nd, and Ti
variances, while displaying positive potassium variances
(Fig. 7, Supplementary Table 3). These traits are compara-
ble to those seen in normal arc-associated acidic volcanic
rocks related to the subduction domain (Kelemen et al. 2007,
Leat and Larter 2003). There are several theories as to the
origins of the Phanerozoic acidic metavolcanic rocks that
are found along convergent plate boundaries, especially
subduction zones (Defant and Drummond 1990), which
are covered by mantle wedge rocks (Kelemen et al. 2007,
Maruyama et al. 2009) or mafic crust (Ma et al. 2016; Wei
et al. 2017). The current study felsic rocks exhibit lower
Cr, Sr, Ni, and MgO concentrations, lower Sr/Y ratios, and
higher Y, with no noticeable HREE and LREE fractionation

(Figs. 6a and 10b), which differs from volcanic rocks con-
nected to subducting oceanic plates (Defant and Drummond
1990), continental lower crust delamination (Xu et al. 2002;
Liet al. 2021), or become thick mafic crust (Ma et al. 2016).
Additionally, these characteristics distinguish them from
high-magnesium molten rock formed straight away from
the partial melts of mantle wedge peridotites containing
enriched MgO, Cr, and Ni concentrations and mid-ocean
ridge basalt (MORB)-like deficient Nd—Sr isotopic content
(Liu et al. 2008).

The felsic metavolcanic rocks of the Chenjiahe Group
show low TiO, and MgO, moderate CaO and Fe,05" val-
ues, high Al,O5 and K,0 +Na, O3, and highest SiO, content
(Fig. 10a—f), which indicate that the partially melted lava
originated from mafic lower crust, interacted with continen-
tal materials on their ascent, and erupted in the continental
arc settings (Zellmer et al. 2005). In addition, our current
study results are strongly coherent with Li et al. (2018), who
investigated similar volcanic rocks of the Chenjiahe Group
in the southeastern part of the NQLOB through Sr—Nd-Hf
isotopic analysis. According to them, the Hf—Nd-Sr isotopic
content of Phanerozoic acidic volcanic rocks from younger
crust typically appears depleted or less developed, while
older mafic crust is frequently enriched and more abun-
dant. The Hf-Nd-Sr isotope assemblages of volcanoes from
the Chenjiahe Group in the NQLOB'’s southeastern corner
reveal transitional characteristics regarding mantle depletion
and older crustal materials enrichment. These characteris-
tics show that they were not formed from a homogeneous
magma origin or earlier crustal components. These volcanic
rocks’ isotopic and elemental characteristics are compatible
with protolith differences in their origin (Fig. 11a—c). The
Chenjiahe Group’s volcanic rocks may have received diverse
source contributions from old crustal elements and freshly
subducted mafic juvenile crust. Some felsic volcanic rocks
have positive Hf and Nd content, indicating juvenile and
isotopically crustal material depletion or assimilation of the
juvenile materials with the granitic magma. Consequently,
based on our current findings, we may conclude that the
metavolcanic rocks of the Chenjiahe Group in the eastern
NQLOB were most likely formed from two different parental
magma and isotopically deficient crustal materials (Fig. 12).

Furthermore, combined with previous studies, the
model suggests that certain volcanic rocks may develop
from the mixture of depleted mantle material (Huluhe
back-arc oceanic subduction—exhumation) with the Pro-
terozoic basement rocks (Longshan Group) (Fig. 13).
Likewise, the Chenjiahe Group metavolcanic rocks have
developed with elevated Sr, Nd, Pb, and Hf isotopic
characteristics, along with Proterozoic Neodymium iso-
topic dates of 1600—-1100 Ma and Hf isotopic ages of
1400-1000 Ma (Guo et al. 2007). As a result, some of
these volcanic rocks’ petrogenesis may be linked to the
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Fig. 12 Metamorphic ages of the NQLOB, modified after (Li et al. 2017a). Abbreviations: Gl. Glaucophane; Hb. Hornblende; Meta. Metamor-

phic; Ph. Phengite; Zr. Zircon

inclusion of old crustal elements (such as the Paleopro-
terozoic Longshan Group) (Guo et al. 2007). The Chen-
jiahe Group felsic rocks are adequately described through
the heterogeneous mafic crust partial melts, comprising
mostly old mafic materials combined with juvenile crustal
elements. Their formation processes may involve fraction-
ation of basaltic and volcanic material interaction between
continental crust and basaltic magmas through volcanic
eruption (Guo et al. 2007), MASH (mixing, assimilation,
storage, and homogenization) processes (Hildreth and
Moorbath 1988; Catherine 2011), as well as crustal mixing
and fraction crystallization, etc. Normally, the continental
arc calc-alkaline magmatic series typically corresponds to
the basaltic—andesite, andesite, dacite, and rhyolitic rocks
(Defant and Drummond 1990). The Chenjiahe Group’s
dacitic and rhyolitic rocks displayed high SiO, concentra-
tions ranging from 67.34 to 78.06 wt.%. We suggest the
Chenjiahe Group felsic rocks were probably formed by
melting felsic magma that occurred contemporaneously
in the deep crust or by partial melts that interacted with
continental crust during their ascent.
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5.1.3 Chenjiahe Group intermediate rocks

The Chenjiahe Group intermediate rocks are categorized by
moderate MgO (1.74-7.29 ppm), Cr (13.26-205.44 ppm),
and Ni (0.73-57.97 ppm) content, and obvious negative Ti,
Sr, and Nb anomalies, with positive K and Pb anomalies
(Fig. 8, Supplementary Table 3). These characteristics imply
the origins of the intermediate volcanic rocks developed at
convergent boundaries, including subducting oceanic slabs
(Defant and Drummond 1990), that are covered by the
wedge of the mantle (Kelemen et al. 2007; Maruyama et al.
2009) or mafic lower crust (Ma et al. 2016; Wei et al. 2017).
The intermediate rocks of this study exhibit moderate Cr,
Sr, Ni, and MgO concentrations, higher Y, and accordingly
lower Sr/Y ratios, with no noticeable HREE and LREE frac-
tionation (Fig. 6a, 10b), which is slightly similar to volcanic
rock features connected to subducting oceanic plates (Defant
and Drummond 1990).

Additionally, the Chenjiahe Group intermediate volcanic
rocks show low TiO, and moderate CaO and SiO, content,
slightly high MgO, Fe,05, and Al,0; values, and lowest
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Fig. 13 a Schematic cartoons showing the Asian Hun Superterrane tectonic evolution in Eastern Gondwana from Ediacaran to Late Ordovician,
modified after Liu et al. (2021). b Tectonic evolution model for the Chenjiahe Group in the eastern NQLOB during the Early Paleozoic

K,0 +Na,O3values (Fig. 10a—f), which indicate that the
partially melted lava originated from mafic lower crust,
interacted with continental materials on their ascent, and
erupted in the continental arc settings (Zellmer et al. 2005).
Additionally, these volcanic rock’s elemental and isotopic
characteristics are compatible with variations in their source
during petrogenesis (Fig. 11a—c). The intermediate volcanic
rocks have positive Nd and Hf values, implying that they
were likely formed from juvenile materials and isotopically
depleted ancient crust or blended juvenile materials into the
granitic origin.

Furthermore, the elemental compositions of the felsic,
intermediate, and mafic rocks of the Chenjiahe Group are
dispersed, with no obvious correlation between SiO, and
MgO but a slight association between felsic and intermedi-
ate rocks, indicating the formation environment for felsic,
intermediate, and tholeiitic basalt was different in terms of
magma upward movement (Fig. 10). The felsic and interme-
diate lavas’ origin or petrogenetic events may be identical to
the MASH concept (Hildreth and Moorbath 1988; Catherine
2011). The depleted melting materials from the metasoma-
tized mafic crust erupt and interact with ancient continental
materials or blend with acid-rich lavas of the same period
or pre-existing continental crust, leading to the formation of
felsic and intermediate lavas (Zellmer et al. 2005; Li et al.
2018). Consequently, the Chenjiahe Group’s intermediate
rocks display moderate SiO, compositions ranging from

54.28 to 58.09 wt.%. We suggest that the intermediate rocks
of the Chenjiahe Group in the eastern NQLOB were prob-
ably formed by an intermediate lava source that underwent
melting within the lower crust or by partial melts that inter-
acted with felsic plutons during development.

5.1.4 Chenjiahe Group mafic rocks

The mafic rocks of the Chenjiahe Group are characterized
as low-K,0 (0.31-0.86 wt.%) tholeiitic basalt with LREE
(28.33-72.5 ppm) enrichment in comparison with HREEs
(14.12-21.91 ppm) and apparent negative Ta and positive
Sr anomalies (Figs. 6, 9), indicating extension-related mafic
rock features or equivalent to the characteristics of subduc-
tion zone mantle-derived lavas, particularly from a metaso-
matized mantle (Kelemen et al. 2007). However, their Cr,
Ni, and Sr with positive Hf and Nd values show recent arc-
magmatic features that are identical to the Early Paleozoic
eclogite and ophiolite rocks in the NQLOB (McLennan et al.
1993) (Supplementary Table 3). These features suggest that
the source material was deficient in the Nd component, like
an asthenosphere mantle.

Additionally, the variations in trace element properties
suggest that the mantle source experienced early metaso-
matic alteration before undergoing partial melting, which
resulted in the emergence of basaltic lava (Furman and Gra-
ham 1999). The tholeiitic basalt shows low (La/Yb)y ratios
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(with an average of 3.33 ppm) with no evident HREE frac-
tionation (Fig. 9b), indicating a lack of substantial remnant
garnet in their mantle source. When juxtaposed with phlo-
gopite-bearing sources, the melt in equilibrium with amphi-
bole in the mantle source is predicted to have greater Ba/
Rb (5.59-11.89) and lower Rb/Sr (0.03-0.09) ratios (Fur-
man and Graham 1999). The Chenjiahe Group’s tholeiitic
basalt exhibits an abundance of low Rb/Sr and high Ba/Rb
ratios (Supplementary Table 3), suggesting the existence of
amphibole in the mantle source of the magma (Furman and
Graham 1999). In addition, according to Hou et al. (2006),
these rocks suggest the Tethyan environment. Therefore, we
suggest that the tholeiitic basalt of the Chenjiahe Group is
probably formed by the partial melting of an earlier meta-
somatized deep mantle.

5.2 Tectonic evolution settings

The NQLOB represents the oceanic subduction—exhumation
and continental convergence zone among the Alax Block
and QLB (Central and South Qilian Orogenic Belts) in the
middle-west and between the NCB and W-NQOB in the
southeast (Fig. 1a) (Zhang et al. 2016, 2017). The NQLOB’s
tectonic development and subduction orientation are still
being discussed (Xiao et al. 2009; Wu et al. 2011; Song
et al. 2014), and the Early Neoproterozoic epoch is signifi-
cant because it marks the split of the Rodinia supercontinent
and the emergence of the Proto-Tethys Ocean between Lau-
rasia and Gondwana (Li et al. 2008; Santosh et al. 2009).
Subsequently, following the continental drifting, the QLB
and W-NQOB drifted around the Early Paleozoic time from
the northern margin of Eastern Gondwana and proceeded
towards the Alax Block and the NCB, respectively (Xu et al.
2015; Zhang et al. 2015).

During the Early Paleozoic, the Shangdan Ocean suffered
northward subduction, leading to the establishment of the
North Qinling island arc and Huluhe back-arc basin tec-
tonic framework in the region (Fig. 13), exemplified by the
Liziyuan Group’s volcanic and metasedimentary rocks (Pei
et al. 2006; Yang et al. 2018a, b). As subduction persisted,
the Dangchuan granite and Caotangou Group developed in
the North Qinling island arc, accompanied by volcaniclas-
tic and low-grade meta-clastic rocks, characteristic of an
island arc environment (Fig. 1b) (Pei et al. 2009; Song et al.
2013; Zhang et al. 2015; Li et al. 2017a). The occurrence
of significant Early Paleozoic arc-related volcanic activities
is concentrated mostly in the southern NQLOB adjacent to
the W-NQOB and QLB (Song et al. 2013; Peng et al. 2017).
Nevertheless, the Proto-Tethys Ocean’s subduction—exhu-
mation and its sub-branches like the Qilian Ocean in the
middle-west and the Shangdan Ocean in the southeast since
the Neoproterozoic—Early Paleozoic may have had various
tectonic patterns in distinct regions of the NQLOB, and
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arc-associated activities may have been diachronous. The
Early Paleozoic-Late Ordovician arc-associated events in
the central and western regions of the NQLOB have typical
ages ranging between 512 and 440 (Ma) in support of the
NQLOB (Wu et al. 2011; Zhang et al. 2015), and the arc-
related rocks in the northern section of the Qilian Block have
a formation time range from 459 to 438 Ma (He et al. 2016).
Additionally, previous research has revealed that between
the Cambrian and Ordovician, the tectonic environment of
the arc-related volcanic rocks was a continental arc. From
the Late Cambrian to the Ordovician, ca. 490-400 Ma, it
changed to a back-arc extension environment (Xiao et al.
2009). Furthermore, the Laohushan ophiolites and arc-
associated volcanism found in the Baiyin area during the
Middle-Late Ordovician (ca. 468—448 Ma) were significant
records in the northeastern NQLOB (Song et al. 2014; Xia
et al. 2016). Considering the aforementioned evidence and
our current findings, we suggest the metavolcanic rocks of
the Chenjiahe Group in the eastern NQLOB developed dur-
ing the Late Ordovician (449-443 Ma) in a continental arc-
back-arc extension tectonic evolution system (Fig. 13).

Coherently, Li et al. (2017a) summed up the history of
central China’s Early Paleozoic orogenic belts through the
metamorphic ages technique and reported that the orogenic
activities occurred between 480 and 400 Ma during the Early
Paleozoic (Fig. 12). The orogenic events happened among
various micro-continental blocks, which include the Qaidam,
Oulongbuluke, Qilian, and Qinling, underwent gradual sub-
duction and accretion to the northeastern parts of the Gond-
wana, leading to the closure of the Proto-Tethys Ocean (Li
et al. 2017a). Based on our overall results, we proposed that
the felsic and intermediate rocks established in a continen-
tal arc environment, while tholeiitic basalts originated in a
back-arc extension environment (Fig. 13). The continental
arc-back-arc extension tectonic framework at the eastern
NQLOB, which occurred due to the northward sinking and
closure of the Huluhe back-arc oceanic basin, was likely trig-
gered by northward subduction—exhumation of the Shangdan
Ocean, and combined the Huluhe, Hongtubao Formation,
Chenjiahe, and Longshan Groups from SW to NE (Fig. 13)
(Zhang et al. 2006). In addition, many coeval diorites and
granitoids reveal geochemical indications of continental arc
magmatism along the northeastern boundary of the NQLOB
during the Late Ordovician (457-440 Ma), and most of these
granitoids are also the result of Paleoproterozoic basement
rocks and correlate to the Paleoproterozoic Longshan Group
(Zhang et al. 2006).

Moreover, during subduction, it is normal for the arc
settings to migrate outward over time to change from an
arc environment to a back-arc depression within the sub-
duction zone (Collins 2002a). The Chenjiahe Group’s
felsic and intermediate magma intrusions with positive
Hf (3.94-10.90 ppm) and Nd (23-67.93 ppm) values
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(Supplementary Table 3) indicate subduction-related fea-
tures, which suggests that the rocks were created during
the early stages of a continental arc environment caused by
the subduction—exhumation of the Huluhe back-arc small
oceanic basin (Fig. 13). As subduction continues, the mafic
melts erupt with continental island arc (CIA) characteris-
tics. Meanwhile, these mafic melts penetrated the continental
crust in a back-arc extension setting, resulting in tholeiitic
basalts. Likewise, some of the Neoproterozoic rocks (Huluhe
Group) found on the NQLOB’s southern boundary may have
come from the W-NQOB (Li et al. 2018). The continen-
tal arc-back-arc extension associated with volcanic rocks
indicates that the arc—continent convergence in the region
happened during the Late Ordovician (mean=443.4 +5 and
449.7 +3 Ma) (Figs. 5, 13). In addition, the arc—continent
collision is linked to the Early Paleozoic flysch develop-
ment in the Huluhe Group (Li et al. 2018). Collision-asso-
ciated granitoids in the current location, like the granites in
the Caochuanpu area, developed mostly between 438 and
431 Ma, near the boundaries of the W-NQOB and eastern
NQLOB (Wang et al. 2013; Li et al. 2017a).

5.2.1 Early Paleozoic tectonic framework in the eastern
NQLOB

During the Early Paleozoic, it was an intracontinental rift or
small ocean basin (Huluhe back-arc oceanic basin) triggered
by the Shangdan Ocean northward subduction—exhumation,
which was part of the Proto-Tethys Ocean and its related
forearc, medium- to high-grade metasedimentary basement
rock system, and the edges of the continents on either side
of the small ocean basin (Fig. 13) (Ding 2008). The tectonic
line is generally distributed in the NW direction, and the SE
side is cut off by the main boundary of the West Qinling
Mountains (Fig. 1a). Considering the division of tectonic
units, their interaction observed during the field, and the
tectonic background from northeast to southwest, a model is
proposed for the Early Cambrian to Late Ordovician tectonic
evolution of the eastern NQLOB (Fig. 13).

5.2.1.1 (a) Huluhe back-arc oceanic basin development It
has been identified that the Shangdan Ocean was located
among the QLB, the W-NQOB, and the southwestern NCB
during the Early Paleozoic and is proposed to have been an
integral component of the Proto-Tethys Ocean (Tseng et al.
2007; Li et al. 2022). Prior research has reported that the
northward subduction of the Shangdan Ocean may have
been initiated during the Early Paleozoic, as evidenced by
N-MORB-type gabbro from Jiugequan ophiolites (Xia and
Song 2010). Subsequently, the Shangdan Ocean northward
subduction under the W-NQOB created the North Qinling
island arc and back-arc (Huluhe back-arc basin), and started
gradual exhumation during the Cambrian—Early Ordovi-

cian, as evidenced by several examples of subduction-
related intrusive bodies, which divided the QLB, W-NQOB,
and NQLOB. Among them, Yanjiadian diorite dates back
to ca. 547 Ma (Li 2005), while the plagioclase granite from
the Kekeli region formed around 512 Ma, and the quartz
diorite is estimated to have originated between ca. 501 and
ca. 476 Ma (Wu et al. 2010), Yemazui granite ca. 508 Ma
(Wu et al. 2010), and the Niuxinshan granite formed ca.
477 Ma (Wu et al. 2011). As the Shangdan Ocean continued
to subduct northward, the Huluhe back-arc transformed into
a relatively small oceanic basin, resulting in the formation
of plume-type ophiolites in the Huluhe area, and the vol-
canic assemblage in the Xincheng area can be inferred to be
bimodal volcanic and is derived from a rift setting within
the continental island arc (Zhang et al. 2004). Subsequently,
the back-arc basin disconnected the W-NQOB from the
Longshan microcontinental crust (Fig. 13). Since the Early
Paleozoic, oceanic crust continued to build in the Huluhe
area, resulting in back-arc-type deposits, as evidenced by
LA-ICP-MS U-Pb dating of detrital zircon. The metamor-
phosed quartz sandstone in the Huluhe region exhibits an
age range from 426 to 493 Ma (Pei et al. 2012).

5.2.1.2 (b) Development of Early Paleozoic Hongtubao
Formation in a back-arc basin During the Early Paleo-
zoic, the ongoing northward subduction and exhumation
of the Shangdan Ocean may have contributed to the devel-
opment of the Hongtubao Formation in the back-arc basin
environment (He et al. 2007a, b). The Hongtubao Forma-
tion mainly comprises tholeiitic basalts, which are abundant
in LREEs and large-ion lithophile elements (LILEs) while
being deficient in Nb and Ta, suggesting that sediments were
transported into the mantle during subduction (Wei 2013),
exemplified by Lijiahe and Yangjiasi basalts (Wei 2013; Li
et al. 2018), Huangmenchuan-Xincheng diorites (Li 2008;
Wei 2013), and Qingshui granites (He et al. 2007a, b). Con-
sequently, they have been proposed to have originated from
the depleting mantle in an expanding region and were driven
by subducted materials in an initially back-arc context (Hu
2005; He et al. 2007a, b; Li et al. 2018). Furthermore, pre-
vious research has also documented that the pillow basalts
at the Hongtubao area, which are identified by N-MORB
similarity and subduction zone-associated geochemical
characteristics, for example, negative Nb, Ta, and Ti vari-
ations, medium to low K, LREE, and LILE enrichments,
and others, resulting from a depletion mantle caused by flu-
ids associated with subduction in an existing back-arc basin
(Wei 2013).

5.2.1.3 (c¢) Chenjiahe continental arc-back-arc evolu-
tion In the Chenjiahe, Lianhua, Houchuan, Xincheng,
and Wangjiayao regions, extensive investigations (previous
and current studies) show that a prevalent island arc-type
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volcanic region occurred (Ding 2008; Li 2008; Wei 2013).
The Chenjiahe Group consists of a metavolcanic rock series
including basalts, basaltic andesite, andesite, dacitic, and
rhyolite along with dioritic eruptions with island arc-asso-
ciated geochemical characteristics (Fig. 6). Both metavol-
canic rocks and diorites in this region show LREE and LILE
enhancement, along with high-degree fractionation in high-
field-strength elements (HFSEs) with depleted Nb, Ta, Ti,
and Sr variations, and with abundant Sr, Nd, and Hf isotopic
assemblages (Hu 2005; Li 2008; Wei 2013). These results
suggest that they were produced from the partial melts and
the interaction of old crustal components with juvenile con-
stituents within the continental arc environment (Li et al.
2018). In addition, the zircon U-Pb dating from Wangdian
yielded an age of 485.3+6 Ma (Qiu et al. 2016), while the
zircon U-Pb ages of Chenjiahe Group metavolcanic rocks
range between 449 and 443 Ma (current study) in the Lian-
hua region (Supplementary Table 2). These ages indicate
that subduction primarily took place in the Early Ordovician
and lasted until the Late Ordovician. The zircon U-Pb ages
and geochemical signatures of the metavolcanic rocks from
the Chenjiahe Group suggest that the intermediate-felsic
rocks were established in the continental arc environment,
and the mafic rocks evolved in a back-arc extension-related
setting, probably triggered by the northward sinking of the
Huluhe small oceanic slab (Fig. 13). During the subduction
process, it is common for the arc location to shift outward
migration and for the setting to evolve from an arc to a back-
arc environment within the subduction zone over time (Col-
lins 2002b).

5.2.1.4 (d) Huluhe back-arc termination and arc—conti-
nental integration The extinction of the Huluhe back-arc
small oceanic basin occurred during the Late Ordovician—
Early Silurian, suggested by the youngest age cluster of
detrital zircons from the Huluhe Group (447-434 Ma) (Pei
et al. 2012) and collision-related low-grade metasedimen-
tary rocks from the Chenjiahe Group (445-441 Ma, cur-
rent study), which mark the Late Ordovician. Consistently,
Li et al. (2017a) reported metamorphic ages (480—-400 Ma)
(Fig. 12) for central China’s small continental fragments,
which include the Qaidam, Oulongbuluke, Qilian, and Qin-
ling, which underwent gradual subduction, accretion, and
collision events, and led to the closure of the subbranches of
the Proto-Tethys Ocean. Based on our current findings, we
propose that the termination of the Huluhe back-arc small
oceanic basin occurred during the Late Ordovician, and
the QLB and W-NQOB amalgamated with the southwest-
ern NCB at the eastern boundary of the NQLOB (Fig. 13).
The collision is supported by the presence of the low-grade
metamorphic rocks of the Huluhe and Chenjiahe Groups,
and granitic intrusions in the study region (He et al. 2005;
Pei et al. 2007; Xu et al. 2008; Li et al. 2018; Fu et al. 2019).
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5.3 Tectonic significance

The NQLOB is typically an Early Paleozoic oceanic clo-
sure region that contains igneous rocks associated with arcs,
ophiolite complexes, and low-temperature and high-pressure
metamorphic rocks (Zhang et al. 2007; Xia and Song 2010;
Xu et al. 2010; Song et al. 2013; Li et al. 2017a). However,
the Early Paleozoic metavolcanic rocks, ophiolite com-
plexes, high-pressure (HP) metamorphic rocks, and tectonic
events and evolution settings along the northeastern and
eastern boundaries of the NQLOB remain predominantly
in dispute. However, the Late Ordovician metasedimentary
and metavolcanic rocks of the Chenjiahe Group in the east-
ern NQLOB significantly provided geochemical, petrologi-
cal, and geochronological pieces of evidence to obtain an
understanding of the tectonic development from an Early
Cambrian-Late Ordovician subduction—collision system in
the eastern NQLOB. Here, we proposed the felsic and inter-
mediate rocks were established in the continental arc system
and back-arc extension environment for the basaltic rocks
of the Chenjiahe Group, collectively creating the continen-
tal arc-back-arc extension settings in the eastern NQLOB
(Fig. 13). In our current study, the rock age was constrained
at 443.4+5 and 449.7+3 Ma, which marks the metavolcanic
rocks of the Chenjiahe Group developed in the Late Ordovi-
cian (Fig. 5; Supplementary Table 2).

The Chenjiahe Group’s felsic and intermediate rocks
reveal continental arc-related compositional elements with
clear LREE enrichment and HREE depletion (Figs. 7, 8). In
the AFM diagram, these rocks are depicted in the range of
calk-alkaline, and in the SiO, vs. K,O discrimination dia-
gram, they are marked as a low-K to high-K calk-alkaline
sequence (Fig. 6). Their trace element concentrations are
equivalent to those seen in continental arc magmas. As pre-
viously stated, the felsic and intermediate rocks are believed
to have developed during subduction by partial melts of con-
taminated mafic crust origin, primarily old mafic crust prob-
ably assorted with juvenile crustal elements. Many of these
rocks exhibit low Th, U, and Pb isotope ratios, indicating
that old crustal minerals were present. The Paleoproterozoic
Longshan Group is the basement rocks in this area, which
is presently linked to the Chenjiahe Group through faults
(Ding 2008).

Coherently, the concurrent intrusions of felsic and inter-
mediate rocks in the southeastern region of the NQLOB have
developed mostly around 454-440 Ma and were considered
to have originated in a continental arc context (Zhang et al.
2006; Pullen et al. 2008; Wei 2013). Additionally, the Hf,
Nd, Pb, and Sr isotopic data from Chenjiahe Group volcanic
rocks are comparable to those of Early—Late Paleozoic (ca.
440 Ma) diorite and (ca. 434 Ma) granites on the south-
eastern boundary of the NQLOB, which is often associated
with a continental arc context (Wei 2013). Consequently,
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our geochemical data support the idea that the Chenjiahe
Group felsic and intermediate rocks of the eastern NQLOB
originated in a continental arc setting.

The geochemical data of the Chenjiahe Group metabasalt
plotted in the tholeiitic basalt portion in the MnO-TiO,-P,05
ternary diagram possess high V values associated with con-
tinental arc-related rocks (Fig. 6, Supplementary Table 3).
Additionally, these volcanic rocks correspondingly display
related parallel compositional patterns, lower LREEs rela-
tive to HREESs, lower Nd, and elevated Sr values, which
suggests a continental back-arc extension-related setting (He
et al. 2007a, b; Sun et al. 2007). Initially, continental arc
development produced felsic and intermediate rocks with
arc-like geochemical features contributed by partial melt-
ing of the richer mantle. Late-stage basaltic melts (tholei-
itic basalt) contain characteristics similar to MORBs and
originate from the exhausted mantle in a back-arc extension
setting (Zhang et al. 2012). Furthermore, concurrent (ca.
440 Ma) gabbros and (ca. 436 Ma) mafic dykes are also
visible on the NQLOB’s southeastern boundary (Li et al.
2017a). They also present geochemical signatures of MORB,
indicating lithospheric expansion in a back-arc environment
(Lietal. 2017a).

The Chenjiahe Group’s tholeiitic basalts are remarkably
comparable to the basalts from the Laohushan region located
at the eastern half of the NQLOB, and certain granitoids and
diorites have an island arc-associated background (Zhang
et al. 2006). In addition, back-arc-related granitoids have
been proposed in the QLB as a result of the sinking of the
Qilian Ocean (Tung et al. 2016), showing that the QLB’s
continental edge was under extension. All these similarities
and traits show that the Chenjiahe Group’s tholeiitic basalts
developed in a back-arc extension tectonic environment.

6 Conclusion

Based on petrological, geochemical, and LA-ICP-MS zircon
U-Pb geochronologic data of the metavolcanic rocks from
the Chenjiahe Group in the eastern NQLOB, the following
are the main conclusions:

1. The Chenjiahe Group’s metavolcanic rocks originated
in the Late Ordovician (443.4+5-449.7+3 Ma).

2. The Chenjiahe Group’s metavolcanic rock series com-
prises a "bimodal" volcanic assemblage formed in an
arc-back-arc setting, representing the product of oceanic
subduction-related magmatism. The felsic and interme-
diate rocks formed through the partial melting of het-
erogeneous lower crustal materials, primarily consist-
ing of old mafic components combined with younger
crustal elements, followed by fractional crystallization.
In contrast, the tholeiitic basalts resulted from the partial

melting of the old mafic metasomatized mantle wedge,
typically influenced by the subducted slab.

3. The felsic and intermediate rocks developed in a con-
tinental arc setup, and the tholeiitic basalt originated
in a back-arc extension environment, which comprises
the continental arc-back-arc extension mechanism estab-
lished due to the northward subduction and exhumation
of the Huluhe back-arc small oceanic slab, and ulti-
mately continental integration of the QLB, W-NQOB,
and southwestern part of the NCB during the Late Ordo-
vician.
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