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Highlights:

e The ~2.54 Ga gabbros in the Wutai Complex originated from a juvenile, depleted mantle wedge
metasomatized by slab-derived melts.

e The ~2.08 Ga amphibolites in the Wutai Complex were generated partial melting of garnet-spinel
lherzolite and spinel lherzolite mantle sources metasomatism by slab-derived fluids and sediment melts.

e A tectonic transition from Late Archean oceanic subduction to Paleoproterozoic lithospheric
extension occurred in the North China Craton.

e Plate tectonics at least partly happened most likely in the latest Neoarchean.

Abstract: The Neoarchean-Paleoproterozoic is a key period for the North China Craton due to the
formation of continental crust and the beginning of oceanic subduction. The amalgamation of the Eastern
and Western blocks of the North China Craton remains debated, particularly regarding the timing,
directionality (eastward vs. westward subduction), and number of collisional phases. Previous studies
disproportionately focus on felsic lithologies, creating a critical mafic blind spot that obscures insights
into mantle dynamics and crust-mantle interactions. Systematic investigation of Late Archean to
Paleoproterozoic mafic suites was essential to reconcile conflicting tectonic models and refine the craton’s
amalgamation history. In order to constrain the complex geological processes more clearly, we present new
whole-rock geochemistry and zircon U-Pb geochronology for mafic rocks in the Wutai Complex. The Late
Archean (2.56~2.54 Ga) gabbros are characterized by relatively depleted Nb—Ta and Zr—Hf anomalies,
slightly positive Eu* anomalies, low K.O concentrations, enrichments of LILE (Ba, CS, Th, and
Rb), differentiated HFSE patterns and moderate Mg” values (43—53). They show positive end (t) values
(+4.9—+6.1) and high (¥”Sr/*¢Sr); ratios (0.70063—0.70091). Additionally, these gabbros have high Nb
concentration (13.3-23.3) and display enrichments in light rare earth elements (LREE)
(La/Yb)n= 7.00-8.96), high-field strength elements (HFSE, e.g., Nb, Ta, Zr), and high Nb/U and Nb/La
ratios, suggesting a derivation from an arc-like mantle source. The gabbro melts were generated by a
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low degree of 4%—5% partial melting of garnet-spinel lherzolite mantle. The Paleoproterozoic
(2.16~2.08 Ga) amphibolites also display depleted Nb-Ta and Zr-Hf anomalies, enriched light rare earth
elements (LREEs), but show lower Eu* anomalies, end(t) values (+0.9—+1.2), and (¥”Sr/*¢Sr); ratios
(0.69770-0.69930). The amphibolites exhibit a geochemical signature marked by LREE enrichment,
negative HFSE anomalies, and distinct Sm-Nd isotopic composition, suggesting a subduction-related
magma source. The enrichment of Cs, Rb, Ba, and the depletion of Nb, Ta, P, and Ti, imply that their
magma source was significantly modified by subducted crustal materials. The trace element ratios, such
as K/Rb, Rb/Y, Nb/Y, Th/Zr, and so on, further indicate that the gabbros were derived from a mantle
substantially altered by siliceous slab-derived melts, whereas the amphibolites originated from a mantle
influenced by slab-derived melts and fluids. The amphibolites were generated by the 15% partial melting
of garnet-spinel lherzolite and the 15% melting of spinel lherzolite at a shallower mantle source. In
combination with the previously published data of mafic rocks in the Wutai Complex, we infer that the
Late Archean gabbros suggest their derivation in a subduction-related setting, whereas the Paleoproterozoic
amphibolites formed in a back-arc basin setting. These findings underscore a tectonic transition from Late
Archean oceanic subduction to Paleoproterozoic lithospheric extension in the North China Craton, indicating
that plate tectonics at least partly happened most likely in the latest Neoarchean.

Keywords: subduction zone; mantle wedge; metasomatism; the Wutai Complex; North China Craton
1. Introduction

The North China Craton, Tarim Craton, and South China Craton are the three main Archean blocks
that jointly make up the Chinese continental assemblage. These blocks are encircled by Phanerozoic
tectonic belts (Figure 1a) [1,2]. The North China Craton (NCC), that covers about 150,000 km? in
dimensions, is primarily comprised of Mesoproterozoic to Triassic sedimentary sequences and
middle to Late-Archean and Paleoproterozoic basement rocks [3,4]. The Wutai, Fuping, and
Hengshan complexes, referred as the basement rocks, are located along the Shanxi-Hebei provincial
border in northern China, within the Trans North China Craton. The complexes are prominent
Neoarchean-Paleoproterozoic metamorphic terranes, which have attracted considerable attention from
geologists both within China and internationally (Figure 1b) [5]. The Trans-North China Orogen (TNCO),
which includes the Wutai Complex, is a major Late Paleoproterozoic collisional belt that combines
Eastern and Western blocks [6—10].

Nevertheless, there is still disagreement regarding the tectonic processes and timing that led to
the two blocks combining. According to certain research, the oceanic lithosphere between the two
blocks was subducted eastward, which caused the convergence and, at around ~1.85 Ga, the final
collision [11-15]. In contrast, some research suggests a subduction regime that is westward directed, with
the final collision taking place at approximately 2.5 Ga [16-20]. A third model suggests a westward-directed
subduction, followed by two distinct collisional events occurring at ~2.1 Ga and 1.9—-1.8 Ga [21-25]. A
Neoarchaean—Palaeoproterozoic arc-dominated juvenile crust with accreted tectonic elements (mélanges,
oceanic remnants), high-pressure assemblages (granulites, retrograded eclogites), and a minor reworked
basement is preserved by the Trans-North China Orogen (TNCO). Its structure includes linear fold belts
with sheath folds and crustal-scale ductile shear zones, which record cycles of subduction, collision, and
exhumation [26-30].
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Figure 1. Tectonic subdivision of the North China Craton. (a) Precambrian blocks and Late
Neoproterozoic and Paleozoic fold belts of China (Modified after [1,2]); (b) Tectonic framework
of North China Craton, showing the basement rock, major macroblocks, and granite-greenstone
belts. The Wutai Complex in central part of TNCO is marked in a red box and shown in Figure 1b
(Modified after [28,29]). (Abbreviations in Figure 1a,b: HY, Himalaya fold belt; KL, Kunlun fold
belt; QDSL, Qinling-Dabie-Su-Lu fold belt; QLS, Qilianshan fold belt; TIMD, Tianshan-Inner
Mongolia-Daxinganling fold belt. Abbreviations of the microblocks in Figure 1b: ALS, Alashan
block; OR, Ordos block; JN, Jining block; QH, Qianhuai block; XCH, Xuchang block; XH,
Xuhuai block; JL, Jiaoliao block. Abbreviations of the metamorphic complexes in Figure 1b: CD,
Chengde; EH, Eastern Hebei; ES, Eastern Shandong; FP, Fuping; GY, Guyang; HA, Huai’an; HL,
Helanshan; HS, Hengshan; JN, Jining; LL, Liiliang; MY, Miyun; NH, Northern Hebei; NL, Northern
Liaoning; QL, Qilianshan; SJ, Southern Jilin; SL, Southern Liaoning; TH, Taihua; WD,
Wulashan-Daqingshan; WT, Wutai; WS, Western Shandong; XH, Xuanhua; YS, Yingshan; ZT,
Zhongtiao; ZH, Zanhuang.)
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Attempts to reconstruct the Wutai Complex’s geological and tectonic history have been made

numerous times [31-35]. In recent decades, there has been a lot of interest in the geochemical

characteristics of mafic rocks in an attempt to understand their origins and the associated geodynamic

processes [36—40]. These studies sought to distinguish between tectonic environments and learn more
about the formation of igneous rocks and the geodynamic processes that underlie them [41-43]. TTG
gneisses, calc-alkaline granitoids from the Wutai, Fuping, and Hengshan complexes, and the geochemical
characteristics and Nd and Pb isotopic compositions of the Neoarchean to Paleoproterozoic [44],
proposed a multicollisional model of the Trans North China Orogen (TNCO). Reference [45] categorized
the Wutai Complex’s mafic, intermediate, and felsic volcanic rocks and greenschist to amphibolite facies

based on their geochemical properties and also proposed that the Wutai greenstone assemblage contains
an association of the basalt-adakite and MORB-Arc types. Reference [18] acquired geochronological,
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geochemical, and structural data pertaining to the Wutai terrane, indicating a forearc tectonic
environment. However, these studies mostly concentrate on establishing the Wutai terrane’s geodynamic
context, largely ignoring the petrogenesis of mafic intrusions. The geodynamic processes and
interactions between the Neoarchean crust and mantle must be understood in order to fully appreciate
the petrogenesis of the Wutai mafic intrusions. Understanding the interactions between the subduction
zones and the mantle wedge requires an understanding of subduction-related mafic intrusions. The
metasomatism of melts or fluids produced by the subducted slab enriches the mantle wedge with large ion
lithophile elements [46—50]. In the vicinity of a subduction zone, the mantle may encounter fluids and melts
at varying depths [51-53]. Mafic rocks derived from the mantle in subduction zones may show varying
degrees of alteration to their mantle sources due to the influence of slab-derived components [54]. Mafic
rocks provide significant insights into the geodynamics associated with subduction environments. In this
contribution, we present one Latest Neoarchean (2.54 Ga) and one Late Paleoproterozoic (2.08 Ga)
zircon U-Pb ages for two mafic intrusions of the Wutai Complex, as well as new whole-rock
geochemistry and Sm-Nd isotopic compositions, to explore the petrogenesis and geodynamics. Our
results also provide insight into the Neoarchean and Late Paleoproterozoic tectonic settings, which give
new evidence for the onset of plate tectonics and the Neoarchean to Late Paleoproterozoic tectonic
evolution of the TNCO.

2. Geological settings

Archean to Paleoproterozoic rock assemblages, such as granitoids, orthogenesis, paragneisses, a range
of extrusive volcanics from ultramafic to felsic, banded iron formations, and small units of carbonate and
siliciclastic sedimentary rocks make up the North China Craton [5,55-57]. The Fuping Complex,
characterized by medium to high-grade metamorphism, is situated at the southeastern edge of the
Fuping-Wutai-Hengshan tectonic belt and the high grade metamorphic Hengshan Complex is located in
the northwest. The Wutai Complex is located in the middle of these complexes. Since the last century,
this area has drawn researchers due to its complex tectonics, significant rock exposure, variety of rock
types, abundant mineral resources, and low to high-grade metamorphic rocks. The geochemical
characteristics of meta-mafic rocks have been widely utilized in Precambrian research to investigate crustal
evolution and geodynamic processes [ 58—63]. To examine the processes associated with plume-lithosphere
interaction geochemical statistics and the isotopic composition data have been employed [64—66].
Isochron dating, geochemical and isotopic data of various meta-mafic rock units from the central belt of
the North China Craton extensively documented [26,67—71]. The evolutionary history of the Trans
North China Orogen (TNCO) and the importance of magmatic events from the Neoarchean to
Paleoproterozoic have been clarified through the analysis of Nd isotopic compositions in granitoids
and mafic rocks of the Fuping Complex. The Neoarchean Wutai Group is located in the northern part
of the Wutai region (Figure 2).
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Figure 2. A simplified geological map of the Wutai area shows the sample collection location and
rock type in red triangles and Black filled rectangles (modified after [8]).

The SHRIMP zircon dating of the Wutai Complex reveals that a significant portion of the granitoids
intruded between 2566 and 2517 Ma, signifying the onset of juvenile crustal growth in the region [72,73].
The volcanic and sedimentary rocks of the Wutai Complex encompass a metamorphic spectrum from
sub-greenschist to amphibolite facies. Field investigations and dating outcomes indicate that these
metamorphic facies are juxtaposed [13,31]. On the basis of rock types, geochemical characteristics,
metamorphic intensity, and geodynamic setting, the Wutai greenstone belt can be classified into four units
(Figure 3). The sub-greenschist-facies turbidites include the Wutai greenschist-facies assemblage (WT),
the Northern Jingangku amphibolite-facies assemblage (N-JGK), and the Southern Jingangku
amphibolite-facies assemblage (S-JGK) [45]. Zircon SHRIMP dating indicates that the Wutai Complex
formed between 2530 and 2515 Ma, based on the analysis of intermediate and felsic volcanic rocks [31].

The Late Neoarchean to Paleoproterozoic mafic intrusions in the Wutai Complex consist of gabbros
and amphibolites. Gabbro and amphibolite samples were collected from newly identified sites in the
Wautai area. Gabbros display a medium to coarse-grained texture and are primarily comprised of
pyroxene, plagioclase, and feldspar. Sixteen gabbro samples (19WT-01 to 19WT-16) were obtained
from Zhouchun Village, while thirteen amphibolite samples (1I9WT-71 to 19WT-84) were sourced from
Shizui Village. The coarse-grained amphibolites primarily comprise amphibole, hornblende, and
plagioclase. A summary of the rock type, geographic location, and mineral constituents of the sample is
provided in (Table 1, Figure 4a—d).
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Figure 3. Stratigraphy, rock assemblage, and tectonic setting of the Wutai Complex (Modified
after [71]). (Abbreviations for the formation names: BYK, Banyukou Formation; JGK, Jingangku
Formation; ZW, Zhuangwang Formation; WX, Wenxi Formation; BZY, Baizhiyan Formation; HMY,

Hongmenyan Formation.)

Figure 4. Representative field photographs of (a) Gabbro (19-WT-06) and (b) Gabbro (19WT-12),
(¢) Amphibolite (19-WT-71) and (d) Amphibolite (19-WT-83).
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Table 1. Sample localities, rock types, GPS readings, and mineral assemblages of the Mafic Rocks
from the Wutai Complex.

Sr.no Samples Rock Type Location GPS Coordinates Mineral Assemblages
1 19WT-(01-10) N =38°59" 53", E=112° 58' 24"
Gabbro Zhoachun Cpx, Plg, Bt and Feo
2 19WT-(11-16) N =38°59"33", E=112° 58" 39"
3 19WT-(71-78) N=38°53"3",E=113°41'0"
Amphibolites Shizui Amp, Hbl, Plg
4 19WT-(79-84) N=38°52"53", E=113°41'17"

3. Petrography of the gabbros and amphibolites

Petrographic analysis reveals that clinopyroxene, plagioclase, biotite and iron oxide dominate the
composition of the fine-medium-grained gabbros (Figure 5a,b). Plagioclase makes up 40%—60% of the
volume of the rock and is found as subhedral to anhedral crystals up to 0.2 mm. These crystals often
have common sieve-textured core features and both normal and oscillatory zoning. Clinopyroxene,
which makes up 20%-30% of the modal composition, is characterized by coarse grains that are about
0.4 mm in size and are frequently encircled by magmatic hornblende, which can make up as much as
10% of the rock. Five to ten percent of the rock is made up of iron-titanium oxides, which are
sporadically distributed along grain boundaries and typically smaller than 0.2 mm. In contrast, the two main
constituents of coarse-grained amphibolites are plagioclase and hornblende (Figure 5c,d). Hornblende
constitutes 50%—70% modal composition, exhibiting prismatic, predominantly anhedral grains. Some grains
may appear rounded, enclosed, or slightly altered by chlorite, suggesting low-temperature metamorphism.
Plagioclase with an average grain size of 0.3 mm and the subhedral to anhedral crystals constitutes
30%—-50% volume of the rock.

Figure 5. Photomicrographs of the (a) Gabbro in cross-polarized light (XPL), (b) Gabbros in
plane-polarized light (PPL), composed of Clinopyroxene (Cpx), Plagioclase (P1), Biotite (Bt), and Iron
oxide (Feo), (¢) Amphibolites in cross-polarized light (XPL), (d) Amphibolites in plane-polarized light
(PPL), composed of Plagioclase (P1), Amphibole, and Hornblende (Hbl). The scale bar is 500 pm.
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4. Analytical methods

Geochronological analyses of zircon U-Pb and LA-ICP-MS trace element characterisation were
performed at Guangzhou Tuoyan Analytical Technology Co., Ltd. in Guangzhou, China. Zircon
underwent Sm-Nd isotopic analyses at the Guangzhou Institute of Geochemistry, State Key Laboratory
of Isotope Geochemistry, and Chinese Academy of Sciences. Whole rock geochemical analyses were
conducted by Guangzhou Tongwei Analytical Technology Co., Ltd. and Guangzhou Tuoyan Testing
Technology Co., Ltd. The thorough descriptions of the methodologies employed in these analyses are
provided in the Appendix, along with the analytical results.

5. Analytical results
5.1. Zircon U-Pb dating

Two samples from the mafic intrusions of the Wutai Complex were analysed using LA-ICP-MS
zircon U-Pb dating, (19 WT-12) from gabbros and the (19 WT-71) from amphibolites (Figure 6a—d). The
results of U-Pb dating and zircon rare earth geochemistry are described in the Supplementary Table 1. For
gabbro sample 19 WT-12, twelve zircon spots yielded an average age of 2543 + 20 Ma, with an upper
intercept age of 2564 + 35 Ma (Figure 6a,b). A cathodoluminescence (CL) image of zircon grains
(Figure 7a) extracted from a gabbro sample (19WT-12), with U-Pb age dating results and Th/U ratios
indicated for each analyzed grain. The zircon grains exhibit well-preserved internal zoning patterns, which
are characteristic of igneous zircon crystallization. The U-Pb ages range from approximately 2414 Ma to
2574 Ma, indicating a Late Archean to Paleoproterozoic magmatic event. The majority of the zircon
grains yield ages between 2500 Ma and 2570 Ma, suggesting a predominant crystallization period, while
the younger age (2414 Ma) reflects later metamorphic or hydrothermal overprinting. The Th/U ratios of
the analyzed zircons range from 0.4 to 1.1, with most values above 0.5, which is typically indicative of
magmatic origin. The relatively higher Th/U values (e.g., 1.1) suggest a less evolved, mantle-derived
melt, whereas lower Th/U values (~0.4) could indicate some degree of recrystallization or metamorphic
influence. The consistency of high Th/U ratios in most grains supports the interpretation that the zircons
primarily crystallized from a mafic magma rather than being inherited from older crustal sources.

The spread of U-Pb ages suggests that the gabbroic intrusion was emplaced during a Late Archean
magmatic event, which is consistent with the broader tectonic evolution of the Wutai Complex within the
North China Craton. The minor age variation and the presence of younger grains may imply post-magmatic
thermal events or Pb-loss processes. These results contribute to the understanding of the petrogenesis
and geodynamic significance of the Late Archean mafic magmatism in the region, potentially linking it
to subduction-related processes or lithospheric reworking events.

In the amphibolite sample 19 WT-71, seven analyses provided an average mean age of 2087 + 33 Ma
and an upper intercept age of 2161 + 58 Ma (Figure 6¢,d). The zircons exhibit lengths ranging from 100
to 300 um and length-width ratios ranging from 1:1 to 2:5 (Figure 7a,b). The cathodoluminescence (CL)
image (Figure 7b) of zircon grains extracted from an amphibolite sample (19WT-71), with
corresponding U-Pb ages and Th/U ratios indicated for each analyzed grain. The zircon grains exhibit
well-developed internal zoning patterns, which are typical of igneous zircon crystallization but also
reflect metamorphic overprinting. The U-Pb ages range from 1998 Ma to 2176 Ma, indicating a
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Paleoproterozoic event. The majority of the ages fall between 2070 Ma and 2170 Ma (Figure 7b),
suggesting a predominant period of zircon crystallization, while the younger grain at 1998 Ma indicates

later metamorphic resetting or Pb loss.
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Figure 6. LA-ICP-MS zircon U-Pb Concordia diagrams and weighted average ages. (a—b) Gabbros
and (c—d) Amphibolites.
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Figure 7. Cathodoluminescence images of representative zircon grains from the (a) Gabbro
samples and (b) Amphibolite samples, where the red circles show the locations of analyzing spots,
and the apparent ages of related spots are also mentioned.

The Th/U ratios of the zircons range from 0.6 to 1.2, with most values above 0.7, which is generally
characteristic of magmatic zircon. Higher Th/U values (e.g., 1.2) suggest that some zircons retained their
original magmatic signatures, while lower values (~0.6) indicate partial metamorphic alteration (Figure 7b).
The presence of zircons with a range of ages and slightly variable Th/U ratios suggests that this
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amphibolite have experienced a complex geological history, including both magmatic crystallization and
later metamorphic events that partially reset the isotopic system. The presence of Paleoproterozoic ages
in the amphibolite sample suggests that these rocks represent a metamorphosed mafic intrusion or a
basaltic protolith that was subsequently metamorphosed during a Paleoproterozoic tectonothermal event.
This event could be linked to large-scale crustal reworking, subduction-related metamorphism, or
collisional processes within the North China Craton. The variations in zircon ages within a single sample
highlight the importance of U-Pb dating in unraveling the polyphase evolution of ancient mafic units,
providing key insights into the geodynamic history of the Wutai Complex.

A mafic magma origin is suggested by these features [74]. Th/U ratios in the range of 0.1 to 1.2 for
the zircons suggest a magmatic origin [74]. REE patterns of these zircon grains, distinct positive Ce and
negative Eu* anomalies, and a discernible decrease in light REEs relative to heavy REEs further supporting
their magmatic origin [75]. Based on these two samples’ ages, the gabbros in the Wutai Complex formed in
the Late Neoarchean, while the amphibolite formed in the middle Paleoproterozoic.

5.2. Major and trace elements

The Wutai Complex, like other Archean greenstone belts worldwide, has experienced several phases of
deformation, metamorphism from greenschist to amphibolite facies, and submarine hydrothermal
alteration, which may have contributed to the mobilization of major elements, such as alkali and alkaline
earth elements, and may also have impacted the mobility of some trace elements, especially large ion
elements with lithophile affinity, such as barium (Ba), strontium (Sr), and rubidium (Rb). As a result,
for petrogenetic analysis, the current study focuses on high-field strength elements HFSE (Nb, Zr, Hf,
Th, Ti, Y) and rare earth elements (REEs) due to their stability against seafloor alteration and
metamorphism [76]. Both gabbros and amphibolites plotted around the tholeiite curve in the AFM
diagram. According to the total alkali-silica diagrams (Figure 8), gabbros primarily fall in the basalt field
in Na,O + KoO vs SiO [77] (Figure 9a), while the amphibolites were primarily plotted in the
andesite/basalt fields in the Zr/Ti02*0.0001 vs. Nb/Y diagram (Figure 9b) [78] Data in the form of grey
symbols in the background are from [45]. Geochemistry data of previous studies from the Wutai Complex
are mentioned in detail in the Supplementary Table 6.

The elemental compositions of gabbros and amphibolites differ noticeably. The mafic intrusions
from the Wutai Complex show distinct geochemical characteristics as briefly explained below.

A Gabbro
@ Amphibolite

AVd

A M

Figure 8. AFM ternary diagram, A = Na;O + K>O, F = FeO + Fe>O3; and M = MgO [77]. Data in
the form of grey symbols in the background is from [45].
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diagram [78]. Data in the form of grey symbols in the background is from [45].

5.2.1. Gabbros

The gabbros exhibit higher total REE concentrations (299.81-469.85 ppm) due to their SiO> contents in
weight percentage, ranging from 47.64 to 49.90 wt.%, MgO content from 4.99 to 7.04 wt.%, K>O from
0.80 to 1.20 wt.%, KoO/NaxO ratios (0.31 to 0.59) and total alkalis (K20 + NaxO) ranging from 3.14 to
3.65. These gabbros can be categorized as tholeiitic rocks because they have lower LOI values (< 1.3
weight percent) (Supplementary Table 2). In the Rock Chondrite diagram (Figure 10a), the gabbros
exhibit a minor abundance of light rare earth elements (LREEs), with variable Eu* anomalies ranging
from 2.69 to 4.23 and (La/Yb)n ratios ranging from 7.00 to 8.96. These gabbros show patterns similar
to Ocean Island Basalts (OIB) in the primitive mantle normalized trace element pattern (Figure 10b),
with a notable enrichment in large-ion lithophile elements (LILE, CS, Rb, Ba, and Th), clear
differentiation in high field strength elements (HFSE), and a slight depletion in Nb and Ta.

5.2.2. Amphibolites

The Wutai Complex amphibolites exhibit a range of SiO; contents (39.19 to 49.19 weight percent) and MgO
contents (5.13—6.53 weight percent). They also have slightly higher K>O ratios (0.59—1.92 weight percent),
which raises the K2O/Na,O ratios (0.27-1.26) and raises the concentrations of REE (186.2-218.1 ppm). The
data indicate a sub-alkaline basaltic affinity for these amphibolites, which also show higher LOI values
(> 1.3 weight percent) (Supplementary Table 3). Additionally, the amphibolites show LREE enrichment
in the chondrite normalized REE pattern (Figure 10a). They also have weaker Eu* anomalies between 1.80
and 2.03, lower (La/Yb)n ratios from 2.92 to 5.39 and enrichment in large ion lithophile elements (LILEs),
like Rb, Ba, and Cs. The primitive mantle normalized trace element pattern (Figure 10b) displays
subduction zone-like patterns for these amphibolites, with characteristic enrichment in large-ion
lithophile elements (LILE), distinct differentiation in high field strength elements (HFSE), and evident
depletion in Nb, Ta, and Ti anomalies.
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Figure 10. Chondrite-normalized REE patterns and primitive mantle-normalized multi-element
diagrams for the mafic rocks of the Wutai Complex, (a) Chondrite-normalized REE patterns; (b)
Primitive mantle-normalized trace element spider diagrams for the Gabbro and Amphibolites.
Mantle-normalization values are from [79]. OIB and N-MORB are also shown for comparison.

5.3. Sr-Nd isotope compositions

The gabbro and amphibolite isotopic compositions clearly differ from one another (Figure 11a). With
initial 3’Sr/*®Sr of 0.69770 to 0.69930 and consistent Sr-Nd compositions (exa(t) = 0.9 to 1.2), the
gabbros have initial (¥Sr/*¢Sr); ratios alternating from 0.70063 to 0.70091 and high enq(t) values of 4.9
to 6.1 (Supplementary Table 4). In comparison to a normal mid-ocean ridge basalt (MORB), the gabbros
have slightly higher initial ®’Sr/*®Sr ratios and higher positive initial exa(t) values, indicating that they
were derived from a depleted mantle domain that was similar to arc basalt but slightly enriched. Positive
end(t) values and slightly elevated (¥’Sr/*¢Sr); ratios are consistent with a mantle source influenced by
melt metasomatism or slab-derived fluids. However, the isotopic features of the amphibolites are more
akin to those of an enriched subduction-modified mantle source. The lower ena(t) values and depleted
HFSE patterns in amphibolites imply that they originated from a mantle source resembling a back-arc
basin or a subduction-modified MORB.
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Figure 11. Plots of (a) Initial exg (t) value vs. age plot illustrates the Nd isotopic variation in the
Wautai greenstone belt, Wutai Mafic gabbros, granitoids, and Fuping TTGs. Symbols are Wutai
gabbros: green-filled triangles, Amphibolites: Purple-filled squares, MORBs: filled squares; back-arc
basin basalts: open squares; arc basalts: filled circles; adakites: filled triangles. Dashed lines
indicate the primitive mantle values [79]; N-MORB value from [79]. (b) (**Nd/"*Nd); vs. MgO
diagram of the Wutai greenstone belt for assessing crustal contamination.
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6. Discussion
6.1. Petrogenesis
6.1.1. Alteration effects

The different loss on ignition (LOI) measurements between the gabbros and amphibolites indicate the
differences in alteration; the gabbro samples have a lower LOI range of (0.49—1.24 wt.%) (< 1.3 wt.%) and
relatively stable concentrations of incompatible elements like Rb (9.8-27.59 ppm), Cs (0.28—1.18 ppm), and
K (6640-9960 ppm). It suggests that alteration had a minimal effect on these samples, whereas the
amphibolite samples show broader spectrum of alteration, with LOI values for these samples ranged
from 0.44 to 5.04 wt.%. The disparities in mobile element ratios, such as K (4897-15936 ppm),
Rb (5.27-57.68 ppm), Ba (110.49-741.77 ppm) and Pb (0.8—6.15 ppm), indicates variable degrees of
modification, most likely caused by hydrothermal processes. As a result, immobile elements (Ca, Al,
and Mg), as well as HFSE and REE, are crucial tools for limiting the petrogenesis of the gabbros, as will
be covered in later [10,80].

6.1.2. Fractional crystallization and crustal contamination

The differences observed between the amphibolites and gabbros point to different processes of mineral
accumulation or fractional crystallization. MgO, TiO,, and Fe;Os correlations suggest that olivine
separation occurs within the gabbros. The variable relationship of MgO with AlO3 reflects a more
complex fractionation process that likely involves multiple phases, including plagioclase, influencing
AlL>Os concentrations. Variations in K2O may be attributed to alkali feldspar or other K-bearing minerals.
Meanwhile, the correlation between MgO and CaO points to the segregation of clinopyroxene.

Positive correlations between Al,O3, TFexOs, and TiO: are observed in the amphibolites, indicating
that biotite or hornblende are incorporated into minerals during magma crystallization (Figure 12c—f).
The inconsistency in the correlation with CaO indicates that the crystallization sequence changed or that
multiple mineral phases were involved in influencing calcium levels.

The crystallization and separation of plagioclase from the melt caused the remaining magma to
become enriched in calcium and aluminum, resulting in greater concentrations of AlO3 and CaO as
compared to the MgO in the ultimate rock composition. Selective separation of plagioclase can be
suggested by the strong correlation between CaO, or Al2O3 and MgO, in diagrams of both rock types.
The negative europium (Eu*) anomalies in amphibolites as compared to the gabbros (Figure 12b),
additionally supporting the idea of plagioclase separation. The combined effects of fractional
crystallization and the crustal contamination (AFC) are vital in magma derivation, changing both its
elemental and isotopic signatures. Geochemical data show that clinopyroxene and plagioclase dominate the
crystallization process in gabbros, while plagioclase and hornblende play a key role in the differentiation of
amphibolites. Both rock types also show some indications of Fe—Ti oxide separation [81]. Crustal materials
usually have low levels of P,Os and TiO», but are rich in large ion lithophile elements (LILE), as well
as K>O and NayO. So, an increase in the levels of Na,O, K,O, LILE, and a decrease in P,Os and TiO»
suggest crustal contamination. The correlation between TiO2 and MgO in both rock types indicates that
crustal contamination and fractional crystallization occurred besides (Figure 12f). The spider diagrams
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for gabbros show slight positive Zr-Hf anomalies, which suggest the possibility of crustal
contamination. Although crustal materials typically exhibit elevated Th concentrations, the analyzed
gabbros display consistently low Th abundances, diminished Th/Yb ratios, and elevated Nb/Th values.
In contrast, amphibolites are characterized by further reduced Th/Yb ratios, marginally higher Th
contents, and similarly high Nb/Th ratios. Both lithologies demonstrate geochemical signatures
indicative of crustal contamination processes.
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Figure 12. Harker diagrams for the gabbroic Mafic Rocks in Wutai Complex, NCC, China.

In terms of geochemistry, gabbros contain (19.44-23.40) ppm of Nb-Ta, (40.60-44.29) ppm of Zr—Hf,
(10.60—13.49) ppm of Nb/Th ratios, (0.30-0.41) ppm of Th/Yb ratios, (1.02-2.71) ppm of Th levels, and
(3.12-12.25) ppm of Pb (Supplementary Table 2). The amphibolites have Zr—Hf concentrations of
(39.19-40.09) ppm, Nb—Ta levels of (12.10—18.40) ppm, Nb/Th ratios of (1.87-5.83) ppm, Th/Yb ratios
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of (0.28-1.03) ppm, Th concentrations of (1.02-2.71) ppm, and Pb levels of (0.81-6.51) ppm
(Supplementary Table 3). Although, high Pb levels indicate some contamination occurred, the gabbros,
with their slightly high Nb—Ta and Nb/Th ratios, indicate a little crustal contamination in their mantle
source, while amphibolites, with their wider Th/Yb ratios and lower Nb—Ta and Nb/Th ratios, show
more obvious signs of crustal contamination. However, their relatively lower Pb concentrations in
comparison to gabbros suggest a different nature or source of crustal contamination. In order to ascertain
the possible influence of crustal contamination on isotopes, we examined the correlation between
isotopic ratios and differentiation metrics like MgO (Figure 11b). The negative correlation among
("Nd/'"**Nd); and MgO and the relatively low (***Nd/'**Nd); (~0.5098) compared to mantle-derived
magmas (e.g., MORB) suggests that continental crust had a major impact on the Wutai gabbros initial
magmas during intrusion (AFC process) [25].

6.1.3. Nature of the mantle source

Heavy rare earth elements (HREE) and high-field strength elements (HFSE) distribution is controlled
by partial melting processes [82]. These components are essential for determining how much of the
source has been depleted [83]. In the Arc-back-arc basin settings, high-field strength elements are
useful for determining mantle source characteristics that might have been impacted by previous
melting events [83,84]. Previous studies indicate that clinopyroxene exhibits different Nb—Ta and Zr-Hf
partitioning than anhydrous silicate melts [85,86].

In the clinopyroxene melt system, zircon shows significantly lower incorporation into the melt
compared to hafnium, suggesting that zircon remains solid during melting. The incompatibility factor of
1.5 to 2 indicates the strong preference of hafnium in the melt. In contrast, Nb is more compatible than
Ta, as evidenced by an Nb/Ta ratio below 1, which means Nb is more readily incorporated into the melt.
These differences in element behavior during partial melting can affect the geochemical properties of
the resulting magma. Consequently, during upper mantle melting, the Zr/Hf and Nb/Ta ratios clearly
separate and frequently show a positive correlation. These ratios may be preserved by arc-related basalts
from a mantle wedge, which show different levels of mantle depletion before melt production [87]. Arc
volcanic rocks with low Nb/Ta ratios indicate that melts from the mantle wedge have previously been
extracted (Figure 13a—d). This suggests a melt removal process that occurred in the mantle prior to the
formation of volcanic rocks, which is thought to be typical of subduction-related environments [88].
Sub-chondritic Nb/Ta ratios are expected to positively correlate with a number of other elemental ratios,
including Th/Yb, Zr/Ti, La/Yb, Zr/Yb, Y/Sc, and Ti/V. These proportions typically fall with increasing
mantle wedge depletion, suggesting a connection between the resultant rocks’ elemental compositions
and the degree of mantle depletion [82,88]. From the rare earth elements (REE’s), the degree of partial
melting and the mantle source composition can be assumed.
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Figure 13. Plots of (a) Nb/Ta vs. Th/Yb; (b) (Nb/Th) vs. (Th) ppm; (¢) (Nb/Ta) vs. (Zr/Hf);
(d) Nb/Zr vs. Th/Zr [89]. Values of N-MORB, OIB, and primitive mantle are from [79]. Values
for the upper and lower crust are from [90].

The Sm/YD ratios are comparatively stable in the presence of partial melting in a spinel herzolite
mantle source because the partition coefficients of the two elements are comparable. However, this
melting process can lead to a decrease in La/Sm ratios and lower concentrations of Sm in the resulting
melts, indicating how the melting dynamics influence the elemental composition of the gabbros [91].
Therefore, it is expected that melt sources derived from spinel lherzolite will have melting tendencies
that are almost equal and consistent with a mantle array characterized by compositions ranging from
depleted to enriched sources [92]. The partial melting of garnet-lherzolite will, however, produce a steeper
trend on a Sm/Yb versus Sm diagram than the melting of spinel lherzolite because garnet has a substantially
higher partition coefficient for Yb (Dgamet/melt = 6.6) than Sm (Dgametmelt = 0.25) [93]. The Sm/Yb ratios in
the Wutai gabbros exceed those predicted by the spinel-lherzolite melting curve but remain lower than
values associated with the garnet-lherzolite melting trend. The samples analyzed in the current study fall
in the transition range between two curves on the spinel-garnet-lherzolite (50:50) melting path (Figure 14a,b).
The Sm/Yb vs La/Sm diagram displays that the samples are positioned near the spinel + garnet lherzolite
mantle source. The high Sm/Yb and La/Sm ratios in the gabbro samples point to a mantle source that
syndicates both garnet-lherzolite and spinel characteristics, suggesting that their parental magmas
originate from an area near the spinel-garnet lherzolite melting curve. While the amphibolites plotted in
the pure spinel lherzolite and spinel-garnet lherzolite regions (Figure 14b) indicate different partial
melting depths or different mantle sources, the increased Sm/Yb and La/Sm ratios in the gabbros propose
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a mantle source that blends characteristics of garnet and spinel lherzolite, suggesting that their parent
magma originated from a source region of spinel-garnet lherzolite. In general, the geochemical data,
particularly the ratios of Sm, Sm/Yb, and La/Sm, indicate that these gabbros and some of the
amphibolites originate from a mantle source that switches between garnet and spinel lherzolite facies,
suggesting melting at different levels. This shows complications of their mantle source and the mantle
melting processes that contribute to these gabbros, and amphibolites close to the spinel lherzolite curve
most likely originate from a shallower mantle region that is primarily composed of spinel lherzolite.
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Figure 14. Plots of (a) Sm/Yb vs. Sm, and (b) Sm/Yb vs. La/Sm. Mantle array (heavy line) is
defined by depleted MORB mantle, DMM [94], and primitive mantle (PM [79]). Melting curves
for spinel lherzolite (0153 + Opx27 + Cpx17 + Spl1 ) and garnet peridotite (0160 + Opx20 +
Cpx10 + Gt10) with both DMM and PM compositions are after [91]. Numbers along lines
represent the degree of the partial melting.

The gabbros have relatively low initial 8’Sr/*®Sr ratios (0.70466-0.70677) and exa(t) values ranging from
4.9 to 6.1, suggesting a relatively juvenile, depleted mantle source with little crustal contamination. On the
other hand, the amphibolites show higher initial ¥’Sr/**Sr ratios (0.721109-0.722678) and end(t) values
between 0.9 and 1.2, suggesting an enhanced mantle source that has been greatly impacted by
subduction-related processes (Supplementary Table 4). The isotopic compositions and trace element ratios
of the rocks provide important information about the characteristics of their mantle source area. The
incompatible trace element ratios of Nb/Th and La/Sm, in particular, and the different initial 3’Sr/**Sr ratios
indicate that the gabbros and amphibolites did not form from a similar parental magma through assimilation
and fractional crystallization processes alone, but rather originate from separate parental melts. In addition
to higher concentrations of Zr (177-308 ppm), TiOz (1.65-2.29 wt.%), P>0Os5 (0.52—0.9 wt.%), and
Nb (13.3-23.3 ppm), the gabbros also exhibit elevated (Nb/Th) pm (10.62—-13.49), (Nb/La) pm (0.31-0.40),
and Nb/U (38.8-54.4), all of which point to an enriched mid-ocean ridge basalt (Supplementary Table 3,
Figure 15a—d). These geochemical characteristics indicate a signature of Nb-enriched basalt-andesites
(Figure 15¢,d), as previously defined in the literature [95-97]. Three possible scenarios have been presented
to explain the formation of Nb-enriched basalt-andesites: (1) partly melting the subducted plate, (2)
partially melting the oceanic island basalt (OIB), or (3) mantle metasomatism by adakitic melts [95,98—100].
Additionally, the MgO content ranging from (4.99—7.04 wt.%), Cr (126-354 ppm), and Ni (72—-134 ppm),
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further supports a mantle-derived origin consistent with an E-MORB. The relatively high Nb/Zr and low
Th/Zr ratios reflect mantle heterogeneity or the influence of enriched components in the source [101]
(Figure 13d). The geochemical ratios of the amphibolites reveal important details about their magma genesis
and mantle source characteristics. The elevated TiO2 (1.72-2.5 wt.%) and Zr (117-129 ppm), coupled with
lower P20s (0.24-0.41 wt.%) and Nb (5.07-6.38 ppm), indicate a mantle source influenced by residual
phases like rutile or ilmenite, which retain HFSE such as Nb and Ta. This depletion of Nb, along with
enriched Zr, is consistent with a subduction-modified mantle, where slab-derived fluids or melts
selectively enrich LILE and LREE while depleting HFSE. Higher (Nb/Th) pm (1.87-5.83) and lower
(Nb/La) pm (0.25-0.37) ratios reflect a source enriched in Nb relative to Th but depleted in Nb relative
to La, typical of subduction processes that retain Nb in residual phases. Similarly, low Nb/U ratios (6.7-26.0)
point to crustal contamination or slab-derived enrichment, as subducted sediments and slab fluids are
rich in U but depleted in Nb.

The relatively lower Nb/La (0.25—-0.37) ratios further support subduction influence, while the higher
Ce/Pb ratios (7.60-50.12) suggest limited sediment contribution and dominant metasomatism by
slab-derived fluids. Together, these features imply that the amphibolite magmas originated from a
subduction-modified mantle wedge, enriched by slab fluids or melts, with HFSE depletion and
heterogeneity in the degree of metasomatism, consistent with arc or back-arc tectonic settings. The lower
Nb/Zr ratio also implies a mantle source that experienced selective depletion of Nb due to slab-derived
fluids or melts, pointing to subduction-related metasomatism (Figure 13d). This suggests that the
amphibolites experienced a more complex metasomatic history than the gabbros, likely involving both
adakitic melts and slab-derived fluids. Therefore, the amphibolites underwent a more mixed process of
metasomatism including both adakitic melts and fluids, whereas the Wutai Nb-enriched gabbros were
most likely generated by partial melting of a mantle wedge metasomatized by adakitic melts with
minimal contributions from slab-derived fluids.
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According to [103,104], trace element ratios like Ba/Th, Rb/Th, and Cs/Th were analysed to
determine the composition of aqueous fluids in order to distinguish between shallow aqueous fluid
contributions and deeper sediment melt components. The increase of La and higher La/Sm ratios in these
rocks suggest the involvement of sediment-derived melts, a hallmark of subduction zone magmatism
where subducted sediments significantly contribute to magma generation (Figure 16a—d). Both the
studied gabbros and amphibolites align with the compositional ranges of arc and back-arc basin (BAB)
environments. The gabbros display higher La/Sm ratios, indicating a stronger affinity with subducted
sediment-derived melts, while the amphibolites exhibit marginally raised Rb/Th and Cs/Th ratios,
demonstrating enrichment by sediment melts and aqueous fluids that are high in Ba, Rb, and Cs. This
suggests that the mantle sources of these rock types were metasomatized by subduction components,
with the gabbros showing a greater influence of deep sediment melts and the amphibolites reflecting the
impact of shallow aqueous fluids.
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Figure 16. Plots of (a) Ba/YDb vs. /YD, (b) Ba/Nb vs. Th/Nb, (¢) Rb/Th vs Ba/Th, (d) Cs/Th vs.
Ba/Th, (e) Rb/Th vs La/Sm and (f) Cs/Th vs. La/Sm [105]. N-MORB, OIB, and primitive mantle
are from [79].

6.1.4. Mantle enrichment through slab-derived fluids and melts

Subduction components can be reliably assessed using ratios of fluid/melted-mobile elements from the
slab, such as Cs, Rb, Th, Ba, and La, to fluid-immobile elements from the slab, such as Nb, Ta, Yb, and
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Sm [104]. Aqueous fluids and deeper sediment melts carry Ba, Cs, and Rb [104,106,107]. The Ba/Nb
and Ba/YD ratios show the overall subduction constituents (Figure 16a,b), whereas the La/Sm and Th/Nb
ratios show the influence of deeper sediment melts, while the Ba/Th, Cs/Th, and Rb/Th ratios highlight
the input of shallower aqueous fluids in mobilization. However, sediment melts primarily mobilize La
and Th [105]. In the Ba/Nb versus Th/Nb diagrams, the compositional range of Mariana BAB lavas
clearly illustrates the influence of deep sediment melts in the amphibolites, and both the gabbros and
amphibolites show elevated Ba/Yb ratios, placing them above the MORB array and showing an upward
trend [104,108]. These observations suggest the involvement of a subduction component. The
compositional range of Mariana BAB lavas in the Ba/Nb vs Th/Nb diagrams amply demonstrates the
impact of deep sediment melts in the amphibolites [109,110]. Shallower aqueous fluids may be involved
if Ba increases without Th rising in tandem. The amphibolites having higher Th/Nb ratios suggest that
their formation was near the trench, and also indicate the high fluid impact from the subducting slab. On
the other hand, the gabbros having low Th/Nb ratios suggest most likely formed farther away from the
trench, which means that these fluids had less of an impact. Both kinds of rocks have BAB-like Rb/Th,
Th/Nb, Cs/Th, and La/Sm ratios, which indicate that sediment melts interacted with their mantle sources
(Figure 16b,e,f). The high La/Sm ratios also suggest a noteworthy input from melts originating from
sediments, suggesting that the parental magmas of these gabbros included elements from subducted
sediments, which are comparatively rich in La as opposed to Sm. Amphibolites have noteworthy LILE
enrichment (e.g., Ba/Zr (0.91-6.20), Ba/Nb (19-112), Ba/Th (70-298)), indicating hydrous fluid
enrichment, and other geochemical characteristics typical of back-arc settings. They have variable
Rb/Y (0.14-1.93) and low Nb/Zr (0.04—0.06) ratios, which are similar to Kamchatka arc rocks and
indicate that fluids driven by slab modified the mantle source [89]. The high K/Rb ratios and low Th/Zr
support the idea that fluids from the slab have changed the mantle source considerably, and that fluids
from the subducted slab have influenced the geochemistry of the mantle wedge above as well as lowering
the melting point of peridotite, which encourages the formation of subduction-related magmas [111,112].
The high K/Rb and low Th/Zr ratios indicate that fluids input from the slab play their role in changing
the mantle source.

The Wutai gabbros, which have moderately positive Zr—Ta and Nb—Ta anomalies, as well as
super-chondritic Nb/Ta (19.44-23.40) and Nb/Th (10.62—13.49) ratios, demonstrate negligible slab-derived
fluid’s interaction with; their low Th/YDb ratios (0.30-0.41) further support limited thorium addition,
while amphibolites exhibit more variable lower Nb/Th (1.87-5.83) ratios, and Nb/Ta (12.40-18.40),
indicating greater Th enrichment but less influence from Nb-rich slab fluids. The Zr/Hf ratios in both
gabbros (40.60-44.29) and amphibolites (39.19—40.09) are near chondritic, which specifies limited
fractionation between Zr and Hf, and represents that processes like partial melting or crystallisation have
not significantly influenced these ratios. Since the mantle source may have undergone dilution or
depletion prior to the formation of the gabbros, the low concentrations of Rb and Th in the gabbros
reflect their true characteristics. As proposed by [53], the inclusion of low K and Rb and low-Th
constituents is likely to result in dilution. Additionally, partial melting of the subducted slab may result in
elevated K/Rb ratios in the melt but low K and Rb contents because the large ion lithophile elements (LILE)
were depleted during earlier slab dehydration [113]. While magmas with constant K/Rb ratios are linked
to enrichment through fluids [53], high K/Rb magmas are typically linked to enriched source through
melting. The high K/Rb ratios in the gabbros suggest that their source was significantly altered by
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melting processes, and as mentioned above, Nb/Ta ratios are crucial markers for identifying magma
source modification by fluids or melts [42,114]. In general, gabbros have higher Nb/Ta ratios than
amphibolites (Figure 13a,c). They also have higher Nb/Zr (0.06 to 0.08) and Nb/Y (0.34 to 0.42)
ratios, but lower Rb/Y (10.68) and Th/Zr (below 0.01) ratios. Conversely, amphibolites have lower
Nb/Zr (0.04-0.06) and Nb/Y (0.14-0.22) ratios, as well as higher Rb/Y (up to 1.93) and Th/Zr (below
0.02) ratios. These features are similar to those of northern Kamchatka lavas, which are formed by the
interaction of sub-arc mantle peridotites with melts derived from siliceous slabs [89,115]. Different
degrees of involvement from melts and fluids derived from subducted slabs are indicated by the
distinctions in chemical composition between gabbros and amphibolites. Gabbros show increased Nb/Ta,
decreased Rb/Y and Th/Zr ratios, and increased Nb/Zr and Nb/Y ratios, indicating that slab-derived materials
have had little effect. On the other hand, amphibolite’s geochemical ratios show a greater impact from
fluids and melts derived from slabs. These variations demonstrate the complex interaction between
subduction-related influences and mantle processes in the formation of these rock types.

6.2. Late Paleoproterozoic tectonic setting of the TNCO

The Late Paleoproterozoic tectonic evolution of the Trans-North China Orogen (TNCO) is constrained
by geochronological and structural evidence from the Wutai, Fuping, and Hengshan complexes in the
previous research. The Wutai Complex hosts Paleoproterozoic granitoids, including the 2176 + 12 Ma
Dawaliang pluton, and the 2117 + 17 Ma Wangjiahui pluton’s pink phase. Syn-tectonic mafic dykes,
emplaced in back-arc or intra-arc settings, yield a SHRIMP age of 2147 + 5 Ma [116]. The overlying Hutuo
Group, unconformably overlying the Wutai and Fuping complexes [31,71] shares metamorphic and
deformational patterns with the Upper Wutai Subgroup. The felsic metamorphosed volcanic tuffaceous rock
from the Hutuo Group encompasses 2180 = 5 and 2087 = 9 Ma SHRIMP 2*’Pb/**Pb ages, respectively [31].

The Palaeoproterozoic Nanying granitic gneisses are widely distributed in the Fuping Complex.
SHRIMP data demonstrate that these Nanying gneissic granites were likely emplaced to some extent
further ahead than the Dawaliang granites in 2077-2024 Ma [117,118]. References [12,13] identified
Paleoproterozoic gneissic granites by means of the single-grain evaporation and SHRIMP procedures
and documented their emplacement at c. 2360 Ma, 2330 Ma, and 2250 Ma, consecutively. These ages
suggest that the main tectonic activity in the Hengshan-Wutai-Fuping belt took place in the Palaeoproterozoic
era rather than in the Late Archaean era [71]. Furthermore, in the Fuping Complex [119], considered age of
the Wanzi supra crustal assemblage between 2800 and 2560 Ma. Reference [118] analyzed two Al-rich
gneiss samples from the Wanzai assemblage and attained SHRIMP 2°’Pb/2°°Pb zircon ages of 2502 Ma
and 2507 Ma. Reference [117] marked SHRIMP zircon age of 2097 Ma, from the Wanzi paragneiss.
Reference [120] employed the LA-ICPMS technique on sillimanite paragneiss and obtained three upper
concordia intercept ages of 2099 +22 Ma, 2110 + 30 Ma, and 2112 + 23 Ma from the Wanzi supracrustal.

The current study, following the acquisition of our new LA-ICPMS zircon ages 2161 + 58 Ma to
2087 + 33 Ma combined with whole-rock geochemistry, and isotopic analysis of the Wutai Amphibolites
support a back-arc basin (BAB) setting in the Paleoproterozoic, consistent with granitoid and gneiss
studies across the Fuping, Hengshan, and Hutuo units (Supplementary Table 5). Additionally, based on
our new results and interpretations, we proposed a tectonic model of the Paleoproterozoic evolution of the
Wutai Complex, which gives new evidence for the Late Paleoproterozoic tectonic evolution of the TNCO.
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7. Implications for the onset of plate tectonics

The Neoarchean tectonics of Wutai Complex is pivotal in comprehending the tectonic history of the
Hengshan—Wutai—Fuping region. The geochemical characteristics of Wutai meta-volcanic rocks are
widely recognized as key indicators of subduction processes [5,18,57,68,70]. References [25,45]
suggested that the occurrence of MORB, BABB, and IAB-type meta-basalts within the Shizui and Taihuai
Subgroups of Wutai meta-volcanic rocks formed in a back-arc basin environment. According to [121] the
Neoarchean to Paleoproterozoic evolution history of the NCC especially in the TNCO can be divided
into four stages: ~2.58-2.45 Ga initial Cratonization, ~2.50-2.45 Ga post-collisional magmatism, two
subduction-rift periods ~2.45-2.12 Ga and 2.12-1.98 Ga subduction rift periods, and ~1.96-1.80 Ga
East block and West block amalgamation. Whereas reference [122] alienated Wutai arc magmatism into
two separate pulses, the 2560 to 2540 Ma, Lanzhishan, Chechang-Beitai, Longquanguan granitoids and
Ekou, granites, represent the early phase, and the ca. 2170 Ma and 2000 Ma Wangjiahui granite and
Dawaliang represent the later phase. The subduction and arc magmatism-related felsic volcanics of the
Wutai Complex yielded ca. 2540-2515 Ma ages. Reference [123] on the basis of 2137 £ 9 Ma Wutai
Huangjinshan porphyry granites proposed that the 2.2-2.0 Ga was a rifting stage in the NCC. Reference [30]
reported zircon U-Pb ages of the Wutai greenstone, volcanic tuff, phyllite, and BIF, and presented that
the during 2.87-2.45 Ga, Wutai arc was fabricated. Furthermost, reference [8] divided the evolution
history of the Wutai arc into four steps on the basis of U-Pb ages: (1) Subduction initialization based on
2800 Ma zircon grains obtained from metasedimentary rocks; (2) Arc-accretionary complex based on
2750-2300 Ma, voluminous volcanic rocks and ca. 2600 to 2400 Ma with the granitoids, with a peak at
2529 Ma, considered as the main phase of subduction-related arc magmatism; (3) Back-arc rift setting:
based on ca.2300 Ma to 2100 Ma granitoids with a peak at 2127 Ma. According to [73] (ca. 2300-2100 Ma),
Paleoproterozoic granitoids belong to the back-arc rift setting in the Wutai Complex; (4) Arc-continent
collision: amalgamation of the East block and West block occurred around ca. 1900—1750 Ma, [1,124,125],
assembly of Hengshan, Wutai, and Fuping complexes. The magma mixing between subduction-related
melts and back-arc basin-derived melts occurs because of mantle upwelling. The accumulation of the
Wautai intra-oceanic arc-back arc is undertaken due to the closure of the back-arc basin owing to subduction
and accretion progressions [126,127]. The Hengshan, Wutai, and Fuping Complex may indicate a portion
of several arc systems or a mix of island arc-back arc wreckages interspersed with a developing magmatic
arc arrangement along the western margin of the eastern block of the North China Craton [13,31]. The NCC
preserves some of the oldest rocks on Earth, with zircon U-Pb ages dating back to ~3.8 Ga [128,129]. This
places it among the oldest cratons, comparable to the Isua Greenstone Belt in Greenland (~3.7-3.8 Ga)
and the Acasta Gneiss Complex in Canada (~4.0 Ga) [130]. However, the NCC is distinct in its
prolonged and complex tectonic history, involving multiple episodes of crustal growth, reworking, and
metamorphism during the Archean and Paleoproterozoic [131]. Much of the juvenile crust of the
Hengshan—Wutai—Fuping belt was accreted in the period ~2.5~2.4 Ga, though several magmatic
accretionary events occurred during Late Archean to Paleoproterozoic times. However, more than 90 %
of juvenile crust in other complexes (e.g., the Luliang, Zhongtiao, Northern Hebei complexes) in the
Trans-North China. Orogen was added in the period 2300—-1900 Ma [69]. This suggests that the Trans-North
China Orogen records magmatic-tectonic evolution lasting for nearly 650 Ma.
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The Neoarchean to the Paleoproterozoic Nb-enriched gabbros and amphibolite rocks analyzed in
the current study yielded crystallization ages around 2.56-2.54 Ga and 2.16-2.08 Ga (Figure 6a—d,
Supplementary Table 1). The gabbros, with an upper intercept age of 2564 + 35 Ma and a mean age of
2543 + 20 Ma, reflect formation during the Late Archean (specifically, the Neoarchean Era). These close
ages suggest a single magmatic event with minimal alterations post-crystallization. The upper intercept
age likely marks the initial crystallization and emplacement, while the mean age could represent later
cooling or minor post-crystallization adjustments, potentially due to low-grade metamorphism or Pb
loss. This setting aligns with typical Neoarchean tectonic environments along the Wutai Complex, which
were characterized by significant continental crustal growth and stabilization. Taking into account the
subduction-related intrusions in the Wutai Complex, these ~2.56 Ga Nb-enriched gabbros show
subduction signatures, suggesting their derivation by partial melting of a mantle wedge metasomatized
by adakitic melts with minor contributions from slab-derived fluids. This suggests that tectonic activity
in this setting enabled the formation and emplacement of gabbros-rich mafic magmas by oceanic
subduction, forming part of the foundational crustal architecture during the Late Archean (Figure 18a),
which implies that plate tectonics at least partly happened, most likely in the latest Neoarchean.

The upper intercept age of 2161 + 58 Ma and the mean age of 2087 + 33 Ma place amphibolites in
the Paleoproterozoic Era, specifically the Orosirian Period. The period associated with post-orogenic or
collisional tectonic settings, as tectonic regimes evolved toward modern-style plate tectonics. This
suggests that the amphibolites formed during a later tectonic event, possibly related to post-collisional
magmatism or the stabilization of crust after a significant orogeny. The gap between the upper intercept
age (2161 Ma) and mean age (2087 Ma) indicates that the rock underwent some degree of isotopic
disturbance and reheating after its initial emplacement because of prolonged cooling and metamorphic
overprinting during subsequent tectonic events. The presence of hornblende also suggests hydration of
the magma, likely due to subduction or fluid-related processes, which are common in convergent tectonic
settings or areas experiencing crustal thickening.

Concurrent slab melting and dehydration are indicated by the proximity of gabbros and amphibolites,
suggesting a steep subduction zone with a relatively warm mantle. The Wutai area’s Late Archean to
Paleoproterozoic mafic intrusions lend credence to the complex’s multi-stage tectonic and magmatic history.
Along the eastern edge of the Western Block, these intrusions are thought to be a component of a magmatic
system connected to subduction. Prior studies have demonstrated that the subduction zones’ thermal structure
has a significant impact on the geochemistry of their magmas [132—134]. The Wutai Complex’s gabbros and
amphibolites, which were formed over different periods, show trace element patterns typical of igneous rocks
related to subduction, with enrichment in large ion lithophile elements (LILEs) and variable depletion in high
field strength elements (HFSEs) (Figure 10) [51,54,115,135,136]. An affinity for arc magmas is indicated by
the gabbros plotting inside the OIA field boundary [137] in the MnO-TiO/10-P>0s diagram following [40]
(Figure 17a). A back-arc extension environment (Ti/V = 10-50) is consistent with gabbros and
amphibolites, both of which have high Ti/V ratios (23—45) that place them in the MORB-(BAB) field
(Figure 17¢) [103,138,139]. According to the geochemical data, the Nb-enriched gabbros of the Late
Archean were formed from different sources. Paleoproterozoic amphibolites were impacted by
subduction-modified mantle fluids, whereas gabbros most likely evolved from a mantle source modified
by subduction slab melts. According to the aforementioned results, there is a back-arc extension in the
North China Craton’s subduction setting [115,140,141]. Furthermore, a depleted mantle source is
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indicated by the extremely positive initial ¢na(t) values, particularly in the gabbros. This demonstrates
that a subduction environment was used to form the Wutai mafic gabbros.

We concluded that the back-arc extension along the eastern block of the North China Craton’s
western margin was crucial in altering metasomatic agents related to subduction in the mantle wedge
above it, which affected the lithological and geochemical properties of the magmatic rocks. There is
compelling evidence that the Wutai Complex was formed in a prolonged subduction tectonic setting due
to the discovery of mafic intrusions that date from the Late Archean to the Paleoproterozoic (Figure 18a,b).
The region’s shift from Archean crust formation to Paleoproterozoic tectonic reworking and stabilization
is highlighted by the ages, which show evidence of two separate magmatic pulses.

MnO"10 ROz 10

Figure 17. Plots of (a) MnO-Ti0»/10-P,Os diagram after (Mullen 1983); (b) V vs. Ti/1000 diagram
after [138]; (¢) Th/Yb vs Nb/Yb diagram after [142]; (d) La/Nb vs. La diagram after [37].
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8. Conclusion

(1) The ~2.54 Ga gabbros in the Wutai Complex originated from a juvenile, depleted mantle wedge
metasomatized by slab-derived melts. These melts were generated through 1%—5% partial melting
of a garnet- and spinel-bearing lherzolite mantle source, followed by modification through
subduction-related processes.

(2) The ~2.08 Ga amphibolites in the Wutai Complex were generated by ~15% partial melting of
garnet-spinel lherzolite and spinel lherzolite mantle sources, which had undergone metasomatism by
slab-derived fluids and sediment melts.

(3) The latest Neoarchean and Paleoproterozoic mafic rocks in the Wutai Complex, reflecting an
oceanic subduction setting. These results underscore a tectonic transition from Late Archean oceanic
subduction to Paleoproterozoic lithospheric extension in the North China Craton, indicating that plate
tectonics at least partly happened most likely in the latest Neoarchean.
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