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A B S T R A C T   

Ophiolitic mélange that forms along convergent plate margins plays an important role in reconstructing the 
tectonic evolution of ancient orogenic belts and associated geodynamic settings. However, ophiolitic mélanges 
have rarely been documented in the Archean and Paleoproterozoic geological records, which led to the con-
troversy surrounding the onset or not of plate tectonics at that time. Here we present an integrated study of 
petrography, geochemistry, zircon U-Pb-Lu-Hf isotope, and metamorphic P–T estimations on the newly- 
recognized 2.12–2.03 Ga ophiolitic mélange that contains amphibolite and serpentinite blocks in the North 
Kongling Complex (NKC), northern Yangtze Craton to better constrain the tectonic evolution of the northern 
Yangtze Craton and prevailing geodynamic backgrounds. The amphibolites and serpentinites in the mélange 
exhibit slightly-enriched light rare earth elements (LREEs), large-ion lithophile elements (LILEs, e.g., Rb, Ba) and 
negative high field strength elements (HFSEs, e.g., Nb, Ta, Zr, Hf, and Ti) anomalies, suggesting their derivation 
from a subarc mantle wedge metasomatized by slab-derived fluids/melts. The mafic–ultramafic components 
likely represent the dismembered fragments of a ca. 2.12 Ga suprasubduction zone (SSZ) arc/forearc complex. 
The garnet amphibolite underwent intermediate T/P metamorphism at ca. 2.03 Ga, with a clockwise P–T path. 
The estimated (near) peak P–T conditions of ~10.1–10.6 kbar/660–670 ◦C correspond to thermobaric ratios of 
~625–635 ◦C/GPa, consistent with subduction-collision-related geothermal gradients. Collectively, the mélange 
recorded an intra-oceanic subduction-accretion event at ca. 2.12 Ga and subsequent collision at ca. 2.03 Ga. In 
combination with regional geological data, the accretionary-to-collisional orogenic events in the NKC of the 
northern Yangtze Craton could be a response to global-scale convergence and assembly of the Paleoproterozoic 
supercontinent Nuna/Columbia. The Paleoproterozoic (2.12–2.03 Ga) ophiolitic mélanges and orogenesis in the 
northern Yangtze Craton thus support the operation of the modern-style plate tectonic regime at that time.   

1. Introduction 

Ophiolite represents remnants of ancient lithosphere mantle and 
oceanic crusts that emplaced over passive margins or in orogenic belts 
during the closure of paleo-ocean basins (e.g., Dilek and Furnes, 2011; 
Kusky et al., 2011). The classical Penrose-type ophiolite sequences 
consist of, from the bottom to the top, mantle peridotite, gabbro, mafic 
sheet-like dike, pillow lava, and overlying chert/shale (Anonymous, 
1972). However, such ideal ophiolite sequences are rarely preserved in 
many cases, especially in ancient accretionary-collisional orogens 

wherein oceanic lithospheres were generally dismembered as ophiolitic 
mélanges along convergent plate boundaries (e.g., Wakabayashi et al., 
2010; Fu et al., 2018a, 2020; Kusky et al., 2020). Ophiolitic mélange is a 
landmark litho-structural unit in a paleo-subduction zone (suture zone), 
thus recording key information of subduction-accretion processes 
(Wakabayashi and Dilek, 2003; Zhang et al., 2011a; Yan et al., 2021). 

Ophiolite mélange consists of diverse blocks (e.g., ultramafic rocks, 
gabbro, basalt, chert, limestone) and sedimentary/serpentinite matrices 
with diagnostic block-in-matrix structures (Fu et al., 2018a, 2018b; 
Kusky et al., 2020). The mélange blocks can be derived either from 
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subducting oceanic plates through offscraping, underplating, and dia-
pirism, or gravity sliding (olistostrome) from overriding plates, thus 
characterized by complicated formational/metamorphic ages, meta-
morphic grades (greenschist to eclogite facies), and tectonic origins 
(Wakabayashi and Dilek, 2003). The mafic and ultramafic rocks are 
important components in ophiolitic mélanges that can be used to 
constrain the formation ages and tectonic settings of paleo-oceanic ba-
sins through petrological, geochemical, and geochronological study 
(Zhang et al., 2011b; Fu et al., 2021; Huang et al., 2021). They can also 
record the collision-related events if they were involved in the later 
collisional orogenesis (Cawood et al., 2009; Fu et al., 2019; Huang et al., 
2019, 2020; Kusky et al., 2020). Detailed metamorphic study on meta-
morphosed blocks of mélanges can provide evidence for the timing and 
thermal state of subduction or collision (Song et al., 2018; Fu et al., 
2021). 

In addition, early Precambrian ophiolitic mélanges may shed light on 
the secular change of oceanic lithospheres and the styles of the plate 
tectonic regime (Kusky et al., 2013; Furnes et al., 2014, 2015; Huang 
et al., 2020; Windley et al., 2021). Therefore, recognition and compre-
hensive study of ophiolitic mélange in ancient orogenic belts are crucial 
for reconstructing the subduction-accretion-collision processes as well 
as the geodynamic evolution (e.g., Cawood and Buchan, 2007; Cawood 
et al., 2009; Dilek and Furnes, 2011; Xiao et al., 2015, 2018; Kusky et al., 

2020). However, Archean and Paleoproterozoic ophiolitic mélanges 
have not been widely recognized in the geological record, except for 
some examples from the North and South China cratons (e.g., Wang 
et al., 2013; Wan et al., 2015; Han et al., 2017; Wang et al., 2017; Wu 
et al., 2018; Huang et al., 2019; Wang et al., 2019; Ning et al., 2020; 
Peng et al., 2020; Zhang et al., 2020a), which also led to the debate on 
the onset timing of plate tectonic processes in Earth history (Stern, 
2005). 

The Yangtze Craton (Fig. 1) is one of the major cratonic blocks in 
China. The early Precambrian crustal evolution of the craton and asso-
ciated geodynamic processes have attracted broad attention (e.g., Gao 
et al., 1999; Zhang et al., 2006a; Zhao and Zhou, 2007; Zheng and 
Zhang, 2007; Wang et al., 2011; Wu et al., 2012; Zhao and Cawood, 
2012; Zhang and Zheng, 2013; Wu et al., 2014; Guo et al., 2015; Zhao 
et al., 2018; Cawood et al., 2020; Zhang et al., 2020b). The Kongling 
Complex (or the Kongling Terrane) in the northern Yangtze Craton 
preserves Paleoarchean to Proterozoic litho-structural associations 
(Fig. 1b–c), which provide an ideal window to decipher the early Pre-
cambrian tectonic evolution of the craton. Recently, the Paleoproter-
ozoic magmatism (Zhang et al., 2006b; Wu et al., 2012; Li et al., 2014, 
2019; Han and Peng, 2020; Li et al., 2020; Qiu et al., 2020), amphibolite 
to granulite facies metamorphism (Zhang et al., 2006b; Wu et al., 2009; 
Yin et al., 2013; Li et al., 2016; Liu et al., 2019a; Han et al., 2020), and a 

Fig. 1. (a) Simplified tectonic framework of South China showing the location of the Yangtze Craton (YC), Cathaysia Block (CB), and the intervening Jiangnan 
Orogenic Belt (JNOB) (modified after Zhao and Cawood, 2012); (b) simplified geological map of the Huangling region in the northern Yangtze Craton; (c) geological 
map for the North Kongling Complex (NKC); and (d) litho-structural cross-section showing the relations of major tectonic units (modified from Han et al., 2017). Ages 
in black and red colors in panel (c) indicate the protolith and metamorphic ages, respectively. 
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suite of ophiolitic mélanges (Han et al., 2017; Han et al., 2018) have 
been recognized in the northern part of the Kongling Complex (here 
referred to as the North Kongling Complex), which shed light on the 
Paleoproterozoic evolutionary history of the northern Yangtze Craton. 
However, as a key component of ancient orogenic belts, the subduction- 
accretion-collision-related mélange has been paid little attention, and its 
significance has not been fully explored in the context of regional and 
global tectonic frameworks. Therefore, identifying more mélanges with 
an integrated field, geochronological, geochemical, and metamorphic 
study is urgently required to precisely constrain the potentially 
complicated ages, petrogenesis, tectonic settings and metamorphic 
evolution of different mélange components, which is vital to better 
reconstructing the subduction–accretion–collision history of the north-
ern Yangtze Craton as well as the geodynamic setting. 

In this study, we document a newly-found ophiolitic mélange that 
contains amphibolite and serpentinite blocks in the Paleoproterozoic 
metavolcano-sedimentary assemblages in the southern part of the North 
Kongling Complex. We carried out an integrated study of field investi-
gation, petrography, bulk-rock geochemistry, zircon U-Pb-Lu-Hf iso-
topes, and metamorphic P–T estimations of amphibolites and/ 
or serpentinites, to constrain the formational/metamorphic ages, 
metamorphic P–T evolution, petrogenesis, and tectonic settings of these 
rocks. Our results along with regional geological data provide new 
constraints on the early Paleoproterozoic (ca. 2.12–2.03 Ga) accre-
tionary and collisional evolution of the northern Yangtze Craton, which 
has crucial implications for the plate tectonic regime at that time. 

2. Geological background 

The Yangtze Craton is bounded by the Paleozoic–Mesozoic Qinling- 
Dabie orogen to the north, and separated from the Cathaysia Block by 
the Neoproterozoic–Paleozoic Jiangnan orogenic belt in the southeast 
(Fig. 1a, Zhao and Cawood, 2012). The Craton is dominated by Neo-
proterozoic and Phanerozoic sedimentary sequences and igneous rocks, 
with sporadic Archean–Proterozoic basement rocks in the Kongling, 
Yuzidong, Houhe, and Zhongxiang complexes in the north, and the 
Dongchuan and north Vietnam complexes in the southeast (e.g., Gao 
et al., 1999; Qiu et al., 2000; Wu et al., 2014; Zhou et al., 2015; Wang 
et al., 2018; Zhou et al., 2018; Zhao et al., 2019; Wei et al., 2020; Zhang 
et al., 2020b, 2020c; Li et al., 2021). 

The Huangling region in the northern part of the Yangtze Craton 
(Fig. 1b) is known for exposing the oldest known rocks (ca. 3.45–3.3 Ga) 
of the craton (Gao et al., 1999; Qiu et al., 2000; Zhang et al., 2006a, 
2006c; Jiao et al., 2009; Gao et al., 2011; Guo et al., 2014, 2015; Wei 
et al., 2019) and one of the best-documented Meso-Neoproterozoic 
ophiolites––the Miaowan ophiolite (Peng et al., 2012a; Deng et al., 
2017). The Archean-Paleoproterozoic basement rocks were intruded by 
the Neoproterozoic Huangling granite complex and can be divided into 
the South and North Kongling complexes by the Wuduhe Fault (Fig. 1b). 
The South Kongling Complex consists of the Meso-Neoproterozoic 
Miaowan ophiolitic complex (Peng et al., 2012a; Deng et al., 2017), 
and minor Archean–Paleoproterozoic metamorphic complexes (Gao 
et al., 2011). 

The North Kongling Complex (NKC, Fig. 1c) is dominated by Archean 
tonalite–trondhjemite–granodiorite (TTG) gneisses and Arche-
an–Paleoproterozoic metavolcano-sedimentary rocks. Archean TTG and 
granite gneisses are mainly distributed in the western and eastern parts, 
with two NE-SW-striking Paleoproterozoic metavolcano-sedimentary 
assemblages (traditionally named as the Shuiyuesi “Group”) in the 
central part, which were structurally separated by two Archean TTG 
fragments (Fig. 1c–d). Circa 3.45/3.3–3.2 Ga TTG gneisses and mig-
matites are preserved locally in the widespread ca. 2.9–2.8 Ga TTG rocks 
as xenoliths with varying sizes (Gao et al., 1999; Zhang et al., 2006c; Gao 
et al., 2011; Guo et al., 2015). Circa 2.7–2.6 Ga A-type granitic gneisses 
were discovered recently in the eastern NKC (Chen et al., 2013). These 
studies documented three major episodes (3.4–3.2 Ga, 2.9–2.8 Ga, and 

2.7–2.6 Ga) of Archean crustal-growth events revealed from granitic 
gneisses in the Kongling Complex (Qiu et al., 2000; Zhang et al., 2006a, 
2006c; Gao et al., 2011; Chen et al., 2013; Guo et al., 2014, 2015). These 
Archean and Paleoproterozoic basement rocks are overlain by the post- 
Neoproterozoic sedimentary sequences (Fig. 1c). 

The Paleoproterozoic metavolcano-sedimentary assemblages (the 
Shuiyuesi “Group”) in the middle part consists predominantly of two 
litho-structural units (traditionally named as Huanglianghe and Li’erp-
ing “Formations”, Fig. 1c). These units are separated from the sur-
rounding rock units by faults (Fig. 1c–d). The Li’erping unit is composed 
of amphibolites and metasedimentary rocks, with locally preserved ul-
tramafic lenses and blocks. The Huanglianghe unit consists mainly of 
aluminium-rich schists and gneisses, amphibolite and marbles. Recently, 
Han et al. (2017) have identified a suite of ophiolitic mélanges in the 
Shuiyuesi “Group”, termed as Shuiyuesi ophiolitic mélange, where ca. 
2.1–2.0 Ga amphibolite facies mafic and ultramafic blocks (including 
serpentinized harzburgite, pyroxenite, gabbro, diabase, and basalt) were 
embedded in a strongly deformed metasedimentary matrix (Han et al., 
2017; Han et al., 2018; Han et al., 2020). In addition, the Paleoproter-
ozoic (ca. 2.05–1.95 Ga) amphibolite to granulite facies (with local 
eclogite facies) metamorphic events have been widely recognized in the 
metapelites, metabasites, and TTG gneisses/migmatites based on 
geochronological and/or metamorphic studies (Ling et al., 2001; Zhang 
et al., 2006b, 2006c; Wu et al., 2009; Cen et al., 2012; Yin et al., 2013; 
Han et al., 2017; Liu et al., 2019a, 2019b; Han et al., 2020). These TTG 
and volcano-sedimentary assemblages were intruded by late Paleo-
proterozoic (ca. 2.0–1.85 Ga) mafic dikes, A-type granites, and locally 
covered by rhyolitic volcanic-subvolcanic rocks (the Baizhuping “For-
mation”) (Peng et al., 2009; Xiong et al., 2009; Peng et al., 2012b; Li 
et al., 2014; Han et al., 2019; Li et al., 2020; Qiu et al., 2020). 

3. Field characteristics and sampling 

In the Xiaoping area, some mafic and ultramafic blocks are preserved 
in the metavolcano-sedimentary sequences of the Li’erping litho- 
structural unit (Fig. 2a–i). The serpentinites are preserved near am-
phibolites in the same outcrop but without direct contacts, and they all 
occur as small lenses/blocks in the metasedimentary rocks (Fig. 2a–e). 
The amphibolites were foliated and parallel to the foliation of the met-
asedimentary matrix (Fig. 2c–i). The blocks range from 50 cm to several 
meters. Some garnet amphibolites occur on the bottom of garnet-free 
amphibolites (Fig. 2j–k), which suggest that some of them underwent 
amphibolite facies metamorphism. 

The metasedimentary matrix is strongly sheared and foliated, dip-
ping to the southeast at moderate angles (Fig. 1d). Such kind of block-in- 
matrix structures resembles those of typical Phanerozoic ophiolitic 
mélanges in convergent margins (Kusky et al., 2013; Wakabayashi, 
2015, 2017; Fu et al., 2018a, 2020; Kusky et al., 2020). The newly-found 
ophiolitic mélange in Xiaoping share similar block-in-matrix structures 
and lithological associations with the Shuiyuesi ophiolitic mélange belt 
(Han et al., 2017), suggesting that subduction–collision-related 
mélanges might be widely distributed in the NKC, signifying a Paleo-
proterozoic subduction–accretion–collision suture zone along the cen-
tral belt of the NKC. Representative amphibolite and serpentinite 
samples were collected for laboratory analyses to constrain their ages, 
metamorphic characteristics and tectonic environments. The detailed 
analytical procedures for mineral compositions, geochemical and 
geochronological data are given in the Supplementary Material. 

4. Petrography and metamorphic P–T estimation 

4.1. Petrography 

The serpentinite samples are greyish-green in color and have a 
massive structure at the outcrop (Fig. 2a) and a porphyroclastic texture 
under the microscope (Fig. 3a). These rocks are composed mainly of 
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serpentine (srp, >80 vol%), magnetite (mag, ~2 vol%), with a small 
amount of residual olivine (ol, ~2 vol%) (Fig. 3b–c) and pyroxene (<1 
vol%). Olivine was mostly altered into serpentine and magnetite. 
Serpentine is generally radial and fibrous in shape (Fig. 3a). Magnetite 
exhibits an allotriomorphic granular texture. Some residual olivines 
have low SiO2 (38.28–42.99 wt%), moderate MgO (40.56–44.01 wt%) 
and FeO (14.43–16.07 wt%), with relatively low Fo values [81.8–84.5, 
Mg2+/(Mg2++Fe2+)] (Supplementary Table S1). Magnetite has variable 
contents of FeO (88.24–95.25 wt%), Cr2O3 (4.35–8.78 wt%) and NiO 
(0.26–0.89 wt%) (Table S1). 

The amphibolite samples are greyish-green and medium to fine- 
grained. They have massive or foliated structures at the outcrop 
(Fig. 2c–e), and granular crystalloblastic texture under the microscope 
(Fig. 3d–e). Some amphibolite samples associated with garnet amphib-
olites have clear compositional layers with different proportions of 
plagioclase and amphibole (Fig. 2j–k), which likely resulted from 
metamorphic differentiation. Garnet-free amphibolites are composed 

mainly of plagioclase (pl, ~20–40 vol%), amphibole (amp, ~60–80 vol 
%), quartz (qz, ~2 vol%), with accessory minerals including magnetite 
(mag), ilmenite (ilm), titanite (ttn), zircon, and apatite. Pyroxene was 
likely retrograded to amphibole/actinolite; and plagioclase locally pre-
serves a polysynthetic twin structure (Fig. 3d). Some plagioclases were 
altered to epidotes and albites. 

Garnet amphibolites (XP1810-2, D4915-2–2 T) consist mainly of 
garnet (grt, ~ 10–20 vol%), amphibole (~20–35 vol%), plagioclase 
(~20–30 vol%), quartz (~4–8 vol%), epidote (ep, ~2 vol%), biotite (bt, 
~2 vol%), chlorite (chl, ~1 vol%) and accessory ilmenite, titanite and 
apatite (Fig. 3e–f). Some inclusions of plagioclase, amphibole, biotite, 
and quartz are preserved in the core of garnet (Fig. 4a). Plagioclase and 
amphibole constitute symplectite around garnet rims (Fig. 3e–f). Garnet 
porphyroblast exhibits clear compositional zonings from core to rim 
(Fig. 4a–b), with increasing Xalm [0.60–0.7, Fe2+/(Mg2++ Fe2++ Ca2++

Mn2+)] and decreasing Xgr [0.24–0.18, Ca2+/(Mg2++ Fe2++ Ca2++

Mn2+)] and Xpy [0.15–0.09, Mg2+/(Mg2++ Fe2++ Ca2++ Mn2+)]. 

Fig. 2. (a–b) Serpentinite in the Xiaoping region; (c–i) amphibolite lenses/blocks in the metasedimentary matrix; (j–k) amphibolite associated with garnet 
amphibolite, with garnet porphyroblasts and siliceous veins. 
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Fig. 3. (a) Photomicrograph and (b–c) back-scatter images (BSE) of serpentinite; (d–e) photomicrographs and (f) BSE image of amphibolites in the Xiaoping region. 
The upper and lower parts of photomicrographs in panels (a) and (d) correspond to plane-polarized light and perpendicular polarized light, respectively. Abbre-
viations: amp––amphibole; bt––biotite; grt––garnet; mag––magnetite; ol––olivine; pl––plagioclase; qz––quartz; srp––serpentine. 

Fig. 4. (a) Color BSE image showing mineral texture and compositional profile of garnet porphyroblast; (b–d) compositional diagrams of garnet, amphibole, and 
plagioclase. 
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Amphibole has low Si (6.11–6.25 a.p.f.u.), high Al (2.88–3.14), and low 
Mg# [0.40–0.44, Mg2+/(Mg2++ Fe2+)], belonging to ferrotschermakite 
(Fig. 4c). Plagioclase in garnet core has high An contents [0.59–0.63, 
Ca2+/(Ca2++Na++K+)], and it is interpreted as the prograde phase. 
Plagioclase in matrix has compositional variations with higher An con-
tents (0.61–0.63) in the core (pl1) and lower An (0.27–0.39) in the rim 
(pl2, Fig. 4d). Plagioclase (pl3) occurring in amp–pl symplectite that is 
interpreted as the breakdown of garnet during retrograde stage also has 
high An contents (~0.6). The higher-An rim of plagioclase (pl-rim) is 
interpreted as the peak metamorphic phase. Biotite in garnet core (bt1) 
has low TiO2 (0.96–1.15 wt%, except for one with 1.46 wt%), whereas in 
the matrix (bt2) it has higher TiO2 (1.53–1.79 wt%). The mineral 
assemblage of grt-core–amp–pl2–qz–bt2–ilm–ep ± ttn is interpreted 
(near) peak metamorphic phases, whereas the inclusions of 
amp–pl1–qz–bt1 in garnet and amp–pl3–ep–chl–grt-rim are interpreted 
as the prograde and retrograde phases, respectively. 

4.2. Metamorphic P–T calculation 

We use the average PT mode (AvPT) of the THERMOCALC program 
(version 3.45) (Holland and Powell, 2011) that can calculate the inde-
pendent set of reactions based on mineral end-member activities 
(generated by AX program, version 62, https://filedn.com/lU1GlyFh 
v3UuXg5E9dbnWFF/TJBHpages/ax.html, by Tim Holland) with the 
internally consistent thermodynamic dataset (ds62, updated in 2011) to 
estimate the P–T conditions of garnet amphibolites (Fig. 5 and Table S2). 
The mineral assemblage of grt–pl–amp–bt2–ep–ilm–ttn–qz–H2O yielded 
P–T conditions of ~10.1–10.6 kbar/660–670 ◦C (sd = 0.8 kbar and 
32 ◦C; fit = 0.89–0.9, including titanite with the best-fit activity of 0.85) 
using compositions of cores of garnet and rims (pl2) of plagioclase 
(Table S2). These results are slightly higher than the P–T conditions of 
9.27–9.45 kbar/614–616 ◦C estimated by conventional mineral-pair 
geothermobarometry (GHPQ, g-core–pl-rim–amp–q): 

hornblende–plagioclase (HP) thermometry (Holland and Blundy, 1994) 
and garnet–hornblende–plagioclase–quartz (GHPQ) barometry (Dale 
et al., 2000). 

We adopt ~10.1–10.6 kbar/660–670 ◦C (sd = 0.8 kbar and 32 ◦C, by 
AvPT) as (near) peak metamorphic P–T conditions of the Xiaoping 
garnet amphibolites. Such P–T conditions correspond to thermobaric 
ratios of ~625–635 ◦C/GPa, consistent with intermediate T/P (Brown 
and Johnson, 2018) and the Barrovian facies series metamorphism 
(Zheng and Zhao, 2020). Given that some higher-pressure minerals (e.g., 
clinopyroxene, rutile) could have been completely retrograded to 
amphibole facies (e.g., amphibole, plagioclase, and ilmenite), these 
“peak” P–T conditions should be regarded as the modest estimates. The 
retrograde P–T conditions can be approximately constrained at ~6.0 
kbar/~630 ◦C by the HP–GHPQ geothermobarometry using composi-
tions of grt-rim–pl3–amp symplectite (Table S2). Therefore, the Xiaoping 
garnet amphibolites record a clockwise P–T path with isothermal 
decompression (Fig. 5). 

5. Zircon U-Pb geochronology and Lu-Hf isotopes 

Two amphibolite samples (XP1801 and XP21) were obtained for 
zircon U-Pb and/or Lu-Hf isotopic analysis. Zircon U-Pb and Lu-Hf 
analytical results are presented in Tables S3 and S4. 

5.1. Zircon U-Pb geochronology 

The majority of zircon grains from sample XP1801 are anhedral, 
transparent to light yellow. They have various grain sizes ranging from 
80 to 200 μm in length, with aspect ratios of 1:1–2:1. Zircons display 
complex internal structures in the cathodoluminescence (CL) images 
and two groups can be divided accordingly (Fig. 6a). Group #1 zircons 
include some cores with weakly-oscillatory or sector/patched zonings 
(e.g., spots #4, #16, #19, #20), and grains with broad or weakly- 
oscillatory zonings, which were interpreted as remnants of magmatic 
zircons. Group #2 zircons (e.g., spots #5, #10, #18) have no zoning, 
weak/planar zoning, patched zoning, or bright homogenous rims (e.g., 
spots #14, #17), consistent with typical characteristics of zircons with 
metamorphic origins (Corfu, 2003; Wu and Zheng, 2004). Group #1 
zircons is much less than Group #2 zircons, with a number ratio of <1:3. 

Thirty-five valid U-Pb spot analyses were obtained using in situ LA- 
ICP-MS (laser ablation inductively coupled plasma mass spectrom-
etry). The concentrations of Th and U of most analyses are quite low 
with ranges of 0.81–11.15 ppm and 4.47–48.9 ppm, respectively (except 
for one analysis with 40.1 ppm Th and 74.7 ppm U, Table S3). The Th/U 
ratios of Groups #1 and #2 vary from 0.14 to 0.54, 0.18 to 0.40, 
respectively (Table S3). Most analyses of two groups of zircons have low 
concentrations (25.2–357 ppm for Group #1, and 37.7–195 ppm for 
Group #2) of total rare earth elements (TREEs) (Fig. S1). Some grains in 
Group #1 have strongly enriched HREE patterns; whereas Group #2 
zircons display less fractionated HREE patterns with insignificant to 
weak Eu anomalies (Fig. S1). Extremely low Th-U-Pb concentrations led 
to a relatively large uncertainty of 207Pb/206Pb ratios and ages. In gen-
eral, apparent 206Pb/238U age is chosen as the preferred age for young 
zircons due to imprecise analysis of 207Pb, but 207Pb/206Pb age is pref-
erentially chosen for old zircons (e.g., >1.0, 1.2, or 1.5 Ga) because of 
higher precision of 207Pb/206Pb ratios and lower effect of Pb loss. The 
cutoff age (e.g., at 1.0, 1.2, or 1.5 Ga) can vary according to situations of 
the relative quality and precision of 206Pb/238U and 207Pb/206Pb ana-
lyses for different samples (e.g., Gehrels, 2014; Spencer et al., 2016). In 
our case, all analyses yielded more precise 206Pb/238U ages than corre-
sponding 207Pb/206Pb ages (Table S3), and plot along the concordia lines 
(Fig. 6b, d), we thus prefer to use higher-precision 206Pb/238U ages in the 
later calculation. Eighteen analyses of Group #1 zircons show apparent 
206Pb/238U ages between 2056 ± 39 Ma and 2196 ± 50 Ma, yielding a 
concordia age of 2113 ± 11 Ma (MSWD = 1.3, n = 18) and a weighted 
mean 206Pb/238U age of 2122 ± 26 Ma (2σ, MSWD = 0.62, n = 18, 

Fig. 5. P–T diagram showing the P–T conditions and paths of the Xiaoping 
garnet amphibolite in the North Kongling Complex. Previous P–T estimates of 
metabasites (amphibolites and mafic granulites) and metapelites were shown 
(W09––Wu et al., 2009; Y13––Yin et al., 2013; L19––Liu et al., 2019a; 
H20––Han et al., 2020). The P–T diagram and relevant areas/lines were 
modified from Huang et al. (2020). The subdivision of low, intermediate and 
high T/P zones is from Brown and Johnson (2018). Metamorphic facies series is 
from Zheng and Zhao (2020). The slab-top geotherms are modified from Pen-
niston-Dorland et al. (2015). AvPT––Average P–T mode of THERMOCALC. 
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Fig. 6b). Seventeen analyses of Group #2 zircons yield apparent 
206Pb/238U ages between 1966 ± 30 Ma and 2070 ± 39 Ma, with a 
concordia age of 2031 ± 8.1 Ma (MSWD = 0.56, n = 17) and a weighted 
mean age of 2034 ± 17 Ma (2σ, MSWD = 0.78, Fig. 6b). 

Amphibolite sample XP21 was analyzed for comparison with 
XP1801. They show very similar results both in zircon CL textures, trace 
element compositions, and ages. Zircon grains from XP21 are colorless 
to light yellow, with anhedral or rounded shapes. The grains have var-
iable lengths from ~70 μm to 180 μm, with aspect ratios of 1:1–2:1. In 
CL images, two groups of zircons can be identified (Fig. 6c). Group #1 
zircons display broad or weakly-oscillatory zonings, showing typical 
characteristics of zircons crystallized in the mafic magma. Group #2 
zircons are characterized by no or weak zonings, fir-tree/patched zon-
ings, or homogenous rims around darker/brighter cores, consistent with 
metamorphic origins (Corfu, 2003; Wu and Zheng, 2004). They have 
extremely low contents of Th (1.37–25.7 ppm) and U (5.57–71 ppm), 
with moderate Th/U ratios (Group #1: 0.21–0.52; Group #2: 0.11–0.46) 
(Table S3). Ten analyses of Group #1 zircons plot on a concordant line 
with a concordia age of 2124 ± 20 Ma (MSWD = 0.01, n = 10) and a 
weighted mean 206Pb/238U age of 2125 ± 42 Ma (2σ, MSWD = 0.2, 

Fig. 6d). Eleven analyses of Group #2 zircons yield a concordia age of 
2019 ± 16 Ma (MSWD = 0.12, n = 11) and a weighted mean age of 2022 
± 34 Ma (2σ, MSWD = 0.25, Fig. 6d). 

The results of XP21 are identical to those of XP1801 with analytical 
error, the latter of which, however, has higher accuracy. Given this 
situation, we adopt the weighted mean ages of two groups of zircons 
from sample XP1801 as the preferred ages of the Xiaoping amphibolites, 
with Group #1 zircons yielding a weighted mean 206Pb/238U age of ca. 
2.12 Ga, and Group #2 zircons yielding a younger age of ca. 2.03 Ga 
(Fig. 6b). 

5.2. Zircon Lu–Hf isotope 

A total of twenty-six spots of sample XP1801 were selected for in situ 
Lu-Hf isotope analyses (Table S4). Twelve analyses of Group #1 zircons 
yield the initial 176Hf/177Hf ratios of 0.281518–0.281746, with positive 
initial εHf(t=2.12 Ga) values (+3.1 to + 11.2, average + 6.0), and single- 
stage model ages (TDM1) of 2.06–2.36 Ga (average 2.25 Ga). The four-
teen analyses of Group #2 zircons yield the initial 176Hf/177Hf ratios of 
0.281510–0.281592, with low initial εHf(t) values (+0.9 to + 3.5, 

Fig. 6. (a, c) Representative zircon CL images for the Xiaoping amphibolites. Red and blue circles and numbers mark analytical spots and corresponding apparent 
206Pb/238U ages of Groups #1 and #2, respectively. (b, d) Zircon U-Pb concordia diagrams with concordia ages (CA) and weighted mean ages (WMA). 
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average + 2.1), and similar TDM1 ages of 2.26–2.37 Ga (average 2.32 Ga) 
relative to those of the Group #1. 

6. Bulk-rock geochemical compositions 

The results of the bulk-rock geochemical analysis of amphibolites 
and serpentinites are presented in Table S5. The amphibolite samples 
have small variations in SiO2 (47.3–51.3 wt%) and MgO (4.6–7.3 wt%), 
moderate variations in TiO2 (0.85–1.83 wt%), Mg# [38.6–56.2, atomic 
Mg/(Mg + Fe2+)*100], FeOT/MgO ratios (1.6–2.3), and Na2O/K2O ra-
tios (1.9–2.8). They are plotted in the basalt field on the Zr/TiO2 vs. SiO2 
diagram (Fig. 7a) and in the fields of the tholeiite series on the SiO2 vs. 
FeOT/MgO and AFM diagrams (Fig. 7b–c). On the chondrite normalized 
rare earth element (REE) diagram (Fig. 8a), the amphibolite samples 
exhibit subparallel and slightly fractionated REE patterns (La/YbN =

0.91 to 3.14; La/SmN = 0.84 to 1.75; Gd/YbN = 0.83 to 1.40) and 
insignificant Eu anomalies (Eu/Eu* = 0.93–1.15). On the primitive 
mantle-normalized multi-element diagram (Fig. 8b), the amphibolite 
samples plot together as one group and show coherent enrichment in the 
LILEs (large-ion lithophile elements; e.g., Rb, Ba), dominantly negative 
anomalies of high-field strength elements (HFSEs, e.g., Nb/Nb* =
0.34–0.87, except for one with 1.13; Zr/Zr* = 0.42–0.82; Hf/Hf* =
0.50–0.89). 

The serpentinite samples possess low contents of SiO2 (40.3–41.1 wt 
%), high contents of MgO (31.6–33.0 wt%), Ni (1320–1470 ppm), and 

Cr (3120–4850 ppm), and relatively high Mg# (85.6–87.2) and loss on 
ignition (LOI, 9.1–9.8 wt%) (Table S5). On the Al2O3 vs. MgO diagram 
(Fig. 7d), the serpentinite samples plot in the overlap region between the 
European subcontinental lithospheric mantle (SCLM) peridotites and the 
mantle pyroxenite area. There are large variations in the contents of Ni 
(1320–1470 ppm) and Cr (3120–4850 ppm) (Table S5). The serpentin-
ites exhibit markedly fractionated light REE (LREE) patterns (Fig. 8c), 
reflected by the values of La/YbN = 3.07–5.99, La/SmN = 2.62–3.79, 
and Gd/YbN = 0.85–1.15, as well as slightly negative Eu anomalies (Eu/ 
Eu*= 0.47–0.80). On the primitive mantle-normalized diagram 
(Fig. 8d), the serpentinites display enriched LILEs, Th, U, negative Nb 
(Nb/Nb*= 0.24–0.25), and weakly negative Zr–Hf anomalies (Zr/Zr*=
0.47–0.52, Hf/Hf* = 0.49–0.52). 

7. Discussion 

7.1. Constraints on protolith and metamorphic ages 

Zircon U-Pb isotopic analyses of mafic components in ophiolitic 
mélanges can provide direct evidence for the formation and/or meta-
morphic ages of fossil oceanic lithospheres, whereas ultramafic rocks 
generally lack abundant zircons (Huang et al., 2021). In this study, 
Group #1 zircons from two amphibolite samples both display broad or 
weakly-oscillatory zonings (Fig. 6a, c) and moderate Th/U ratios (0.14 
to 0.54), which are similar to zircons found in mafic magmatic rocks. 

Fig. 7. (a) Nb/Y vs. Zr/TiO2 (Pearce, 1996); (b) SiO2 vs. FeOT/MgO (Miyashiro, 1974); (c) AFM; and (d) MgO vs. Al2O3 diagrams (Whattam et al., 2011) for the 
samples from the North Kongling Complex. Data of ultramafic rocks, metabasites (metabasalt and metadiabase), and high-Mg andesites of the Shuiyuesi (SYS) 
mélange are from Han et al. (2017), Han et al. (2018). 
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These zircons have positive εHf (t) values (average = +6.0), with slightly 
older TDM1 ages (average = 2.25 Ga) compared with the U-Pb age of ca. 
2.12 Ga. In addition, some grains are characterized by HREE-enriched 
patterns and positive Ce anomalies, consistent with magmatic origins 
(Fig. S1). Therefore, we prefer to interpret Group #1 zircons as residual 
zircons that survived from the later metamorphic event, and interpret 
the weighted mean age of ca. 2.12 Ga as the crystallization age of the 
amphibolite protoliths. 

Group #2 zircons from two amphibolites exhibit typical meta-
morphic characteristics in CL images, with no or weak zonings, fir-tree/ 
patched zonings, or homogenous rims (Corfu, 2003; Wu and Zheng, 
2004). They display less fractionated HREE patterns with insignificant 
to weak Eu anomalies (Fig. S1), suggesting that zircon recrystallization 
was likely coeval with garnet (Fig. S1). We thus interpret that the 
weighted mean age of ca. 2.03 Ga of Group #2 zircons represent the 
metamorphic timing of the amphibolites. Group #2 zircons have lower 
εHf (t) values (average = +2.1), but similar TDM1 ages (average = 2.32 
Ga) to Group #1(ca. 2.25 Ga), suggesting they were likely recrystallized 
with little additional crust-derived input during metamorphism. For 
rocks that experienced complex metamorphism, metamorphic zircons in 
them can be used to constrain the nature of protoliths in a relatively 
closed system, whereas the Hf isotope composition could be reset and 
different from their protoliths for an open system (Zheng et al., 2005; 
Wu et al., 2009). Similar TDM1 ages of two groups of zircons may indicate 
the Hf isotope composition have not been significantly reset during 
metamorphism, and metamorphic zircons were probably formed within 
a relatively closed system (Wu et al., 2009). 

In brief, the protoliths of the Xiaoping amphibolites formed at ca. 

2.12 Ga, and underwent metamorphism at ca. 2.03 Ga. Those ages also 
provide lower and upper age limits for the formation (accretion/tectonic 
stacking) of the mélange at ca. 2.12–2.03 Ga. The protolith and meta-
morphic ages of the metamafic rocks reported here are broadly consis-
tent with the previously-reported crystallization ages (ca. 2.15–2.14 Ga) 
and metamorphic ages (ca. 2.05–1.96 Ga) of mafic rocks in the NKC (see 
detailed geochronological compilation in Supplementary Table S6). For 
example, Han et al. (2017) reported crystallization ages of 2.15–14 Ga 
for two metadiabases, and metamorphic/metasomatic ages of 
2048–2042 Ma and 2025–2028 Ma for two metadiabases and a ser-
pentinized harzburgite in the Jiaozhanya region (Fig. 1c). To our 
knowledge, ca. 2.15–2.12 Ga mafic rocks represent the oldest Paleo-
proterozoic mafic magmatism in the NKC (Table S6) and even in the 
northern Yangtze Craton (Li et al., 2019). 

There are large amounts of Paleoproterozoic metamorphic ages that 
have been reported in the last two decades (Table S6). Many meta-
pelites, metabasites, and TTG gneisses/migmatites recorded a strong 
episode of metamorphism at ca. 2.05–1.95 Ga with three peaks at ca. 
2.02, 2.0, and 1.96 Ga (Fig. 9, Table S6). The metamorphic P–T condi-
tions (Fig. 5) reached amphibolite to high-pressure or high-temperature 
granulite facies (Zhang et al., 2006b; Wu et al., 2009; Yin et al., 2013; 
Liu et al., 2019a, 2019b), with local low-temperature/high-pressure 
eclogite facies (Han et al., 2020). 

7.2. Petrogenesis and mantle source characteristics 

7.2.1. Evaluation of elemental mobility and crustal contamination 
The influence of alteration and metamorphism should be evaluated 

Fig. 8. Chondrite-normalized REE diagrams (a, c) and primitive mantle-normalized multi-element diagrams (b, d) for the Xiaoping amphibolites and serpentinites. 
Normalizing values are from Sun and McDonough (1989). 

W. Zhou et al.                                                                                                                                                                                                                                   



Precambrian Research 364 (2021) 106385

10

before the discussion of source characteristics and tectonic settings of 
mafic rocks (Polat et al., 2002; Polat and Hofmann, 2003). The Xiaoping 
mélange has undergone amphibolite facies peak metamorphism, which 
potentially modified the compositions of fluid mobile elements of met-
amafic and ultramafic rocks. Although they underwent different grade 
metamorphism, amphibolites have low LOI values (0.2–1.8 wt%, and 
relatively uniform normalized multi-elemental distribution patterns 
(Fig. 8). Most elements (including LILEs, e.g., K2O, Rb, Ba and Sr; HFSEs; 
and most REEs) of amphibolites show good correlations with MgO and 
immobile element Zr (not shown). This suggests that most elements of 
amphibolites are not significant modified by post-magmatic alternation 
or metamorphism. However, for serpentinite samples, they have rela-
tively high LOI values (9.1–9.8 wt%, Table S5), indicating that some 
major elements (e.g., CaO, Na2O, Al2O3) have been significantly modi-
fied by serpentinization or later alternation. Nevertheless, it has been 
well documented that high field strength elements (HFSEs; e.g., Ti, Zr, Y, 
Th, Nb and REEs) and transition metal elements (e.g., V, Sc, Ni, Cr and 
Fe) in mafic and ultramafic rocks are relatively immobile during alter-
ation and low-to-middle grade metamorphism (e.g., Winchester and 
Floyd, 1977; Bienvenu et al., 1990). Analyzed serpentinite samples have 
relatively uniform HFSE and REE patterns (Fig. 8c–d), indicating that 
they retained their original signatures of these immobile elements. 

The potential effect of crustal contamination should be evaluated as 
they will overprint the original characteristics of mafic magma with 
their high contents of trace and rare earth elements and mostly enriched 
isotopic compositions of crustal materials (except for some juvenile 
components). Crustal contamination can cause decreases in Nb/La and 
Nb/Th but increases in La/Sm ratios due to low ratios of these elements 
in continental crusts (e.g., Rudnick and Gao, 2003; Zhang et al., 2020d). 
For the Xiaoping amphibolite, the negative correlation of MgO with Nb/ 
Th as well as the absence of correlation between MgO and Nb/La or Nb/ 
Th (not shown) are not consistent with the expected trends of crustal 
contamination. Furthermore, crustal contamination generally results in 
positive Zr–Hf anomalies in the normalized elemental diagram of mafic 
rocks due to enrichment of Zr and Hf in crustal materials (Rudnick and 
Gao, 2003). However, the Zr–Hf pairs of the Xiaoping amphibolite and 
serpentinites on the primitive mantle-normalized diagram (Fig. 8b, d) 
show negative rather than positive anomalies, precluding significant 
effect of crustal contamination. Therefore, we can use most elements (e. 
g., LILEs, HFSEs, and REE) to characterize the mantle sources, and tec-
tonic setting of amphibolites, while we use immobile elements (HFSEs 

and REE) to constrain those of serpentinites as discussed below. 

7.2.2. Amphibolite 
The negative correlations between Al2O3, CaO, and Cr with MgO in 

the Xiaoping amphibolites and serpentinites (not shown) suggest that 
the protolith (mafic rock) of amphibolites underwent possible frac-
tionation of olivine and pyroxene. The negative correlation between 
TiO2 and MgO indicate the fractionation of Fe–Ti oxides. The absence of 
significant Eu anomalies implies that plagioclase was not fractionated 
(Fig. 8a). 

The Xiaoping amphibolites have low SiO2 (47.3–51.3 wt%), mod-
erate contents of MgO (4.6–7.3 wt%) and Cr (63.6–546 ppm), and 
depleted zircon εHf(t) values (average + 6.0), consistent with their 
mantle-derived nature. Mafic magma is mainly derived from partial 
melting of the upper mantle composed of spinel peridotite and garnet 
peridotite. Spinel peridotite exists in the uppermost part of the mantle, 
and a spinel-to-garnet transition occurs between spinel and garnet pe-
ridotites. Incompatible elements (HREE, HFSE and Ti) of mafic rocks are 
mainly controlled by partial melting of source rocks in the mantle due to 
precluding possible crustal contamination. The mantle source compo-
sitions and degrees of partial melting can be evaluated by abundances 
and ratios of characteristic REE elements (e.g., La, Sm, and Yb) (Lassiter 
and DePaolo, 1997; Johnson, 1998). The selection of these REEs is based 
on the significant difference in the distribution coefficients (D) of spinel 
and garnet in the mantle source region. On the plots of Sm vs. Sm/Yb 
and La/Sm vs. Sm/Yb based on modelling of non-modal batch partial 
melting of mantle peridotites (Aldanmaz et al., 2000), most amphibolite 
samples plot near the spinel lherzolite mantle source, with one plotting 
in the garnet + spinel lherzolite source (Fig. 10). Therefore, the am-
phibolites were mainly derived from low-degree (~5–10 %) partial 
melting of spinel lherzolite mantle. 

The amphibolite samples are characterized by relative depletion of 
HFSEs (e.g., Nb, Ta, Ti), and enrichment of LILEs (e.g., Rb, Ba) (Fig. 8b), 
which could be caused by subduction metasomatism of the mantle 
source or crustal contamination during magma ascent (e.g., Pearce, 
2008; Dilek and Furnes, 2011). Considering contamination of crustal 
materials is precluded (Section 7.2.1), these elemental characteristics 
were most likely derived from their mantle source that has been modi-
fied by subduction-related components in a suprasubduction zone (SSZ) 
setting. The mantle wedge above a subduction zone can be modified and 
metasomatized by various fluids and melts derived from the subducting 
slab by dehydration and melting of alternated mafic oceanic crusts or 
subducted sediments (Saunders et al., 1991; Zhao and Zhou, 2007; 
Spandler and Pirard, 2013). Such kind of metasomatism will lead to 
enrichment in LILEs, LREEs relative to the HREEs in the mantle wedge in 
variable degrees that could be controlled by several factors such as 
duration timing of subduction, geometry, and geotherms of subduction 
zones (e.g., Zheng, 2019). 

In general, subducting basaltic slab-derived aqueous fluids are 
characterized by enrichments of fluid-mobile incompatible elements (e. 
g., Ba), whereas sediment-derived felsic melts are enriched in melt- 
mobile incompatible elements (e.g., LREE and Th) (Hawkesworth 
et al., 1997; Plank and Langmuir, 1998; Pearce et al., 2005; Furnes and 
Dilek, 2017). The Xiaoping amphibolites have high Ba/Th ratios 
(115–431), but relatively low Th/Nb (0.08–0.37) and La/Yb ratios 
(1.27–3.31, Fig. 11a–c), suggesting their derivation from a mantle 
source metasomatized largely by oceanic crust-derived aqueous fluids. 
For comparison, the geochemical compositions of high-Mg andesites 
from the Shuiyuesi mélange (Han et al., 2018) are consistent with the 
metasomatism of sediment-derived melts (Fig. 11a–c). On the plot of 
Th/Yb versus Nb/Yb (Pearce, 2008), the Xiaoping amphibolite samples 
are also consistent with the subduction-related trend displaced from the 
MORB-OIB array to the higher Th/Yb (Fig. 11d). Therefore, geochemical 
evidence suggests that the protolith of amphibolite was formed in an SSZ 
setting. 

Fig. 9. Diagram of the kernel density estimation (KDE) of Paleoproterozoic 
metamorphic ages of different metamorphic rocks (n = 46) in the North Kon-
gling Complex (Table S6). 
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7.2.3. Serpentinite 
The serpentinites are characterized by relative enrichment in LILEs 

(e.g., Ba and Rb) and LREE (Fig. 8c–d). They are interpreted to be re-
sidual oceanic mantle rocks that have undergone extensive melt 
extraction and variable degrees of metasomatism. Mantle peridotites 
will have highly depleted REE patterns if high degrees of melt extraction 

occur. However, the Xiaoping serpentinites are characterized by the 
enrichment of LREE, suggesting that they have experienced low-degree 
partial melting and melt extraction. Although partial melting is an 
important process in shaping geochemical compositions of mantle pe-
ridotites, others including melt impregnation/melt-rock reaction or 
slab-derived fluid metasomatism are also important mechanisms (Zhou 

Fig. 10. Plots of Sm vs. Sm/Yb (a) and Sm/Yb vs. La/Sm (b) for the Xiaoping amphibolites (after Aldanmaz et al., 2000). N-MORB––normal mid-oceanic ridge basalt; 
PM––primitive mantle, and DMM––depleted MORB mantle. 

Fig. 11. Plots of Th vs. Ba/Th (a), Ba/Th vs. Th/Nb (b), Ba/Th vs. La/Yb (c), and Nb/Yb vs. Th/Yb (d, Pearce, 2008).  
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et al., 1996; Whattam et al., 2011). 
The characteristic depletion in Nb-Ta and Zr-Hf, the enrichment of 

LREEs and LILEs (e.g., Ba, U), and the non-fractionation of HREE of the 
peridotites are generally regarded as the evidence for mantle meta-
somatism by slab-derived fluids (e.g., McCulloch and Gamble, 1991; 
Keppler, 1996). The Xiaoping serpentinites have enriched LREE and 
LILEs (e.g., Rb, Ba), Th, U, and negative Zr–Hf–Ti anomalies, indicating 
that they have experiences strongly slab-derived fluid metasomatism in 
the mantle wedge. Subduction slab-derived fluid metasomatism is also 
evidenced by the geochemical characteristics of associated amphibolites 
as discussed above, as well as previously reported metabasites in the 
Shuiyuesi mélange (Han et al., 2017; Han et al., 2018). Therefore, we 
suggest that the serpentinites and amphibolites in the Xiaoping mélange 
represent ophiolitic fragments that formed in the SSZ setting. 

7.3. Tectonic setting of the protolith of amphibolite and serpentinite 

Ophiolitic mélange exposed in the suture zone represents products of 
subduction–accretion of the oceanic lithospheres (ocean plate stratig-
raphy), and thus provides direct evidence for the boundary of the 
ancient plate, and tectonic setting of the fossil oceanic basin. There are 
two major types of ophiolitic suites, including subduction-related SSZ 
type (e.g., forearc, backarc) and subduction-unrelated type (e.g., MOR, 
plume) (e.g., Dilek and Furnes, 2011; Pearce, 2014). The tectonic set-
tings where ophiolites form can be evaluated based on diagnostic 
geochemical proxies and lithological associations. 

As discussed in Section 7.2, the geochemical compositions of am-
phibolites and serpentinites in the Xiaoping mélange indicate they have 
formed in an SSZ petrogenetic setting. Suprasubduction zone ophiolites 
represent oceanic lithosphere that formed in extensional upper plates 
above subduction zones, analogous to the crusts in modern Izu-Bonin- 
Mariana intra-oceanic arc–backarc and the Tonga-Kermadec arc 
trench rollback systems (Stern and Bloomer, 1992; Stern et al., 2012; 
Ishizuka et al., 2014; Pearce, 2014), which are characterized by a sub-
duction zone-proximal intra-oceanic forearc/arc, and a subduction 
zone-distal arc rifting/back-arc oceanic basin (Stern, 2010). In such an 
intra-oceanic subduction system, the arc/forearc generally consists of 
MORB-type crust in the lower part, subduction-related forearc basalts, 
boninites/high-Mg andesites/diorites/tonalites in the middle, and 
gradually younger mature volcanic rocks and submarine sedimentary 
rocks in the upper section, which together records the geodynamic 
evolution from subduction initiation to maturation of an island arc (e.g., 
Stern and Bloomer, 1992; Stern, 2010; Dilek and Furnes, 2011). While in 
the subduction zone-distal backarc spreading center, a MORB-like basalt 
with little subduction signals will be developed (Furnes and Dilek, 
2017). The Xiaoping and Shuiyuesi ophiolitic mélanges in the NKC 
consist of metamafic and ultramafic tectonic blocks, including serpen-
tinized harzburgite, olivine pyroxenite, pyroxenite, diabase, gabbro, and 
basalt, embedded in a strongly foliated metasedimentary matrix (this 
study; Han et al., 2017). The metasedimentary matrices consist of 
aluminium-rich paragneiss, graphitic mica schist, quartzite, marble, 
quartzite, and BIFs (Han et al., 2017). Their protoliths of metasedi-
mentary matrices are regarded as fine-grained submarine sediments and 
chemical sediments, precluding a continental arc origin of the mafic 
rocks. Most metamafic and ultramafic blocks of the mélanges have 
subduction-related geochemical characteristics, with significant meta-
somatism by subduction slab-derived fluids and/or melts (Fig. 11). The 
significant subduction signals suggest that the overall ophiolitic suites in 
the NKC were most likely formed in a subduction zone-proximal arc/ 
forearc region. Therefore, we interpret that the Xiaoping and nearby 
Shuiyuesi mélanges represent dismembered arc/forearc ophiolite frag-
ments formed in an intra-oceanic arc/forearc system. 

7.4. A record of accretionary-and-collisional orogenesis in the northern 
Yangtze Craton 

Above geochemical constraints suggest that a Paleoproterozoic intra- 
oceanic subduction system existed along the northern margin of the 
NKC, which likely consists of a subduction-proximal arc/forearc (ca. 
2.15–2.12 Ga) and a younger backarc (Fig. 12a). As the subducting slab 
rolled back, abundant slab-derived fluids enriched in LILEs and LREEs 
infiltrated and reacted with the subarc mantle wedge peridotites, 
resulting in the formation of the LREE- and LILE-enriched mantle 
wedges, the part of which was preserved as the Xiaoping serpentinites in 
later accretion and collision stages. Low degree of decompression 
melting of metasomatized subarc mantle wedge (likely spinel peridotite) 
generated LREE- and LILE-enriched parental magma of mafic rocks such 
as the protoliths of the Xiaoping amphibolite (ca. 2.12 Ga, this work) 
and Jiaozhanya metadiabases (ca. 2.15–2.14 Ga, Han et al., 2017). 
Meanwhile, ca. 2.12 Ga high-Mg andesites (Han et al., 2018) were likely 
produced by low degrees of partial melting of mantle wedge metasom-
atized mainly by sediment-derived melts (Fig. 11). These intra-oceanic 
subduction processes can explain the generation of the SSZ-type mafic 
and ultramafic rocks in the ophiolitic mélanges in the NKC. Such sub-
duction scenario is consistent with typical accretionary orogens such as 
the circum-Pacific orogenic collages (e.g., Cawood, 2009) and the 
Central Asian Orogenic Belt (Xiao et al., 2015; Fu et al., 2018a). 

As the trench retreating and slab rollback in the later stage of the 
intra-oceanic subduction system, a backarc oceanic basin would be ex-
pected behind the arc/forearc region as we see in the Western Pacific 
subduction system (e.g., West Philippine Sea basin and Lau basin). For 
the North Kongling mélanges, the obduction of arc/forearc complex has 
difficulty in explaining the complex structures of the mélanges, which 
are more likely formed by subduction-accretion-collision processes. We 
prefer a backarc subduction-accretion-closure model–––the SSZ rocks 
were likely incorporated into accretionary wedge during the closure of 
the younger backarc oceanic basin that evolved from continuous back-
arc rifting–spreading to final subduction during ca. 2.12–2.0 Ga. Circa 
2.02 Ga mafic dikes and ca. 2.05–2.03 Ga Nb-enriched mafic dikes were 
suggested as forming in a back-arc environment (Li et al., 2019), or a 
continental margin arc interacted with ridge subduction in the final 
subduction stage (Han and Peng, 2020), respectively. 

At ca. 2.0–1.95 Ga, the closure of oceanic basins led to collisional 
orogenesis (Fig. 12b). The SSZ-type mafic–ultramafic complexes were 
deformed together with the metasedimentary rocks, forming the Pale-
oproterozoic mélange belt, which was further juxtaposed with the 
continental basements by structural dismemberment. The Xiaoping 
garnet amphibolite yielded a clockwise P–T path with peak P–T condi-
tions at ~10.1–10.6 kbar/~660–670 ◦C (T/P = ~625–635 ◦C/GPa), 
which correspond to subduction-collision-related intermediate T/P 
geothermal gradients (<775 ◦C/GPa, Brown and Johnson, 2018) and the 
Barrovian facies series metamorphism (Zheng and Zhao, 2020). The 
reported peak P–T conditions of metabasites and metapelites in the NKC 
have a wide variation from amphibolite to eclogite facies (Fig. 5), but 
most of them are consistent with low to intermediate T/P meta-
morphism (or the Alps and Barrovian facies series) in Phanerozoic 
subduction and collision orogenic belts (Brown and Johnson, 2018; 
Zheng and Zhao, 2020). Many accretionary wedges or suture zones 
(mélange belts) (e.g., those in the circum-Pacific accretionary orogen 
and Alps collisional orogen) share similar metamorphic characteristics 
with complicated rock types derived either from subducting or over-
riding plates (Maruyama et al., 1996). The amphibolite to eclogite facies 
metamorphic rocks (Zhang et al., 2006b; Wu et al., 2009; Yin et al., 
2013; Liu et al., 2019b; Han et al., 2020) and ca. 2.0–1.95 Ga crust- 
derived granitoids (Li et al., 2014; Han et al., 2019; Li et al., 2020) in 
the NKC thus formed in response to the accretionary-to-collisional 
orogenesis, with a transition period at ca. 2.0 Ga. 

In summary, ophiolitic mélanges in the NKC thus signifies a suture 
zone between two microcontinental blocks/arc terranes in the northern 

W. Zhou et al.                                                                                                                                                                                                                                   



Precambrian Research 364 (2021) 106385

13

Yangtze Craton (Fig. 12). Together with regional magmatism and 
metamorphism, they witnessed the prolonged Paleoproterozoic (ca. 
2.15–1.95 Ga) accretionary and collisional orogenesis in the craton, 
which played an important role in the lateral growth of cratonic nuclei. 
The Paleoproterozoic orogenesis recorded in the NKC was also coeval 
with widespread convergence of continental blocks during the assembly 
of supercontinent Nuna/Columbia on the global scale (e.g, Rogers and 
Santosh, 2002; Zhao et al., 2002, 2004; Kusky et al., 2007; Ernst et al., 
2008; Evans and Mitchell, 2011; Pisarevsky et al., 2014; Wang et al., 
2016; Pourteau et al., 2018; Spencer et al., 2018; Cawood et al., 2020; 
Kirscher et al., 2020; Wan et al., 2020), signifying a remarkable period of 
geodynamic change and re-organization. 

7.5. Geodynamic implications for the Paleoproterozoic tectonic regime 

Deciphering the onset and evolution of the plate tectonic regime 
through time is a hot topic in the geoscience community, which requires 
different lines of evidence (e.g., Cawood et al., 2018; Kusky et al., 2018; 
Yin et al., 2019; Wang et al., 2020; Zheng and Zhao, 2020; Kusky, 2020; 
Windley et al., 2021). The Paleoproterozoic ophiolitic mélanges and 
subduction-collision events recorded in the NKC of the northern Yangtze 
Craton can represent an important piece of evidence for the plate tec-
tonic style. 

Various criteria have been proposed to signify the operation of the 

plate tectonic regime, with inferred onset timing varying from ca. 4.4 Ga 
to 0.9 Ga (e.g., Komiya et al., 1999; Furnes et al., 2007; Polat et al., 
2016; Brown and Johnson, 2018; Cawood et al., 2018; Ge et al., 2018; 
Kusky et al., 2018; Hastie and Fitton, 2019; Turner et al., 2020; van de 
Löcht et al., 2020; Zhai and Peng, 2020; Zheng and Zhao, 2020; Windley 
et al., 2021). As we know, subduction of the oceanic lithosphere is one of 
the fundamental characteristics of plate tectonics (Stern, 2004; Chen 
et al., 2020). Therefore, a key problem is to find credible criteria of plate 
subduction in the geological record. It has been well documented that 
the styles/types of plate tectonics (subduction) have experienced secular 
change thought time largely due to the gradual cooling of Earth’s mantle 
temperatures (Herzberg et al., 2010; Ernst, 2017; Brown et al., 2020; 
Wang et al., 2020; Zhai and Peng, 2020; Zheng and Zhao, 2020; Windley 
et al., 2021), which have resulted in different characteristics in 
geological records (e.g., metamorphic patterns; thickness and compo-
nents of oceanic crusts; accretionary/collisional types of orogens, etc.). 
Nevertheless, the overall structural styles of subduction-accretion- 
related mélanges (accreted ocean plate stratigraphy) remain similar 
through time (e.g., Kusky et al., 2013, 2018, 2020; Windley et al., 2021). 

Of different criteria, ophiolitic mélange that forms along convergent 
margins can provide direct evidence for the sub-
duction–accretion–collision processes. On the one hand, the geochem-
ical compositions of igneous components of mélanges contain important 
information on the magmatic processes of divergent (e.g., MOR) or 

Fig. 12. Schematic cartoons showing the Paleoproterozoic tectonic evolution in the North Kongling Complex, the northern margin of the Yangtze Craton. See text for 
detailed discussion. 
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convergent (e.g., forearc/arc/backarc) during the formation of oceanic 
lithospheres (Dilek and Furnes, 2011). On the other hand, some 
mélanges may preserve low to intermediate T/P metamorphic blocks/ 
nappes that were subducted and exhumated from depth along low-/in-
termediate-geotherm subduction-collision interfaces (Agard et al., 2009; 
Wakabayashi, 2017). Sometimes, low to intermediate T/P metamorphic 
belts can be coupled with high T/P belts in the arc hinterland to form 
paired metamorphic belts–––a diagnostic feature of asymmetric plate 
subduction–collision (Miyashiro, 1973; Brown, 2010; Xia et al., 2014; 
Huang et al., 2020). 

Circa 2.12–2.03 Ga ophiolitic mélanges with SSZ forearc/arc origins, 
along with recently reported cold subduction-related eclogite facies 
metapelites (peak P–T conditions up to 19.2–21.8 kbar/571–576 ◦C, 
Fig. 5) and paired metamorphic belts (Han et al., 2020) in the NKC, 
Yangtze Craton, provide a robust piece of evidence for the early intra- 
oceanic subduction and subsequent accretion–collision events, sup-
porting the operation of the modern-style plate tectonic processes at 
least by ca. 2.1 Ga. This finding also coincides with different lines of 
evidence from a global context, including the assembly of supercontin-
ent Nuna/Columbia, the appearance of bimodal metamorphism, 
increasing high-pressure/low-temperature metamorphic rocks, the rise 
of alkali magmatism, and globally-linked convergent margin network at 
ca. 2.1–2.0 Ga (Weller and St-Onge, 2017; Xu et al., 2018; Holder et al., 
2019; Liu et al., 2019c; Brown et al., 2020; Wan et al., 2020; Mitchell 
et al., 2021). 

8. Conclusions 

(1) A Paleoproterozoic ophiolitic mélange was documented in the 
Xiaoping region, North Kongling Complex, northern Yangtze Craton, 
which consists of amphibolite and serpentinite blocks embedded in the 
metasedimentary matrix. The protolith of amphibolites formed at ca. 
2.12 Ga and underwent amphibolite-facies metamorphism at ca. 2.03 
Ga. 

(2) The Xiaoping garnet amphibolite yielded a clockwise meta-
morphic P–T path with peak P–T conditions at ~10.1–10.6 kbar/ 
~660–670 ◦C with intermediate thermobaric ratios (T/P) of 
~625–635 ◦C/GPa, corresponding to subduction-collision-related 
geotherms. 

(3) Geochemical data of amphibolites and serpentinites suggest that 
the Xiaoping ophiolitic mélanges formed in a suprasubduction zone 
forearc setting. The amphibolite samples were likely derived from par-
tial melting of mantle wedge metasomatized by slab-derived fluids/ 
melts during the roll-back of the subducting slab. 

(4) Paleoproterozoic (ca. 2.12–2.03 Ga) mélanges and orogenesis in 
the northern Yangtze Craton suggest that the modern-style plate tectonic 
regime has been operating at that time. 
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