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A B S T R A C T   

Identifying long-lived subduction at the periphery of supercontinents provides insights into the processes of block 
assembly and dispersal within the supercontinent cycle. The Yangtze Block of South China stands as a key 
component during the transition from Rodinia to Gondwana, characterized by active tectono-magmatic processes 
throughout the early to middle Neoproterozoic. However, the lack of metamorphic records associated with 
accretionary orogenesis results in ambiguity about the tectonic regime and its evolution in Rodinia during this 
period. Here, we present evidence of low-temperature/pressure ratio (low-T/P) metamorphism in phengite- 
bearing orthogneisses from the western margin of the Yangtze Block (WYB). Through petrographic in
vestigations and zircon U–Pb–Hf–O isotopic analysis in core and rim domains, we identify two distinct meta
morphic rock types, with protolith ages of 1419 ± 19 Ma and 831 ± 9 Ma. Both rock types record metamorphism 
at ca. 830–820 Ma, accompanied by infiltration of externally-derived melts with high-δ18O and unradiogenic Hf 
isotopes. Our phase equilibria modeling, combined with mineral thermometry and Si-in-phengite content, shows 
peak metamorphic conditions of ~550 ◦C and ~8.2–8.6 kbar, corresponding to a cold geothermal gradient 
(19.0–20.5 ◦C/km). The low-T/P metamorphism is interpreted to occur either in a subduction zone accretionary 
wedge or in an overriding forearc continental crust, providing robust evidence for Neoproterozoic orogenesis of 
the WYB within a subduction framework. Based on petrological, isotopic, and paleomagnetic data, we conclude 
that the WYB represents part of a long-lived subduction girdle (at least ca. 970–750 Ma) at the periphery of 
Rodinia. Since the early stage of Rodinia breakup, this girdle was involved in alternating advance and retreat 
accretionary orogenesis as the Yangtze Block continuously drifted away from a mantle upwelling toward the 
degree-2 girdle of mantle downwelling. Our study provides a snapshot of the evolution of a complete long-lived 
circum-Rodinian subduction girdle during the transition from Rodinia to Gondwana.   

1. Introduction 

The Neoproterozoic Era is an important transition period, that wit
nessed a change from mid-Proterozoic orogenic slowdown or quiescence 
(Sobolev and Brown, 2019; Tang et al., 2021), or ubiquitous hot, thin 
orogenesis (Spencer et al., 2021) to a regime characterized by active 
modern-style plate tectonics involving low-temperature/pressure ratio 
(low-T/P) conditions and therefore comparatively cold thermal gradi
ents (e.g., Cawood and Hawkesworth, 2014; Stern, 2018, 2020). 
Abundant subduction-diagnostic rocks in the metamorphic record from 
this period, such as ophiolites, blueschists, and “cold” eclogites, imply 
that modern-style plate tectonics was occurring (Stern, 2018; Brown 

et al., 2020; Cawood et al., 2022). In this era, Earth’s tectonics were 
dominated by the breakup of Rodinia and the transition to the assembly 
of Gondwana (e.g., Li et al., 2008; Cawood et al., 2016), where the 
mantle structure was thought to be dominated by degree-2 convection 
(two antipodal upwellings bisected by a meridional downwelling) 
(Zhong et al., 2007; Wang et al., 2021; Cawood et al., 2021; Martin et al., 
2024). Within the context of this degree-2 mantle structure, the Rodinia 
supercontinent, whose core is thought to have assembled through 
collisional processes involving Laurentia, Amazonia, and Batica at ca. 
1100–980 Ma (e.g., Johansson, 2009; Hynes and Rivers, 2010; Cawood 
and Pisarevsky, 2017), was located over one mantle upwelling and 
broke up mainly after 900 Ma (e.g., Li et al., 2008; Cawood et al., 2021). 
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During the breakup, continental blocks at Rodinia’s outer periphery 
were interpreted to successively incorporate into 
subduction-accretionary orogenesis (Cawood et al., 2016) and expand to 
align with the great circle of mantle downwelling (Cawood et al., 2021). 
These circum-Rodinian subduction girdles were generally long-lived (≥
100 m.y.) and have been recorded in many continental blocks such as 
northwestern India (ranging from at least 1000 Ma to 820 Ma; Zhao 
et al., 2018), West Africa (ca. 880–680 Ma; Konopásek et al., 2018), 
Tarim (ca. 950–600 Ma; Ge et al., 2014), Seychelles and northern 
Madagascar (ca. 800–700 Ma; Ashwal et al., 2002) , and Cadomia and 
Avalonia (ca. 760–570 Ma; Murphy et al., 2013, and references therein). 
When the dispersing continents arrived at the mantle downwelling zone, 
it is thought they progressively converge to form Gondwana over the 
locus of downwelling (Wang et al., 2021), and that a complete long-lived 
subduction girdle around Rodinia was necessary for its ultimate breakup 

and the transition to the Gondwana assembly (Cawood et al., 2016, 
2021). 

The Yangtze Block in the northwestern part of the South China Block 
is recognized as a key element of supercontinent reconstructions 
throughout the Neoproterozoic (ca. 1000–540 Ma) (Fig. 1A; Li et al., 
1995, 2008; Zhou et al., 2002; Merdith et al., 2017; Cawood et al., 2018) 
and is characterized by widespread Neoproterozoic magmatism and 
sedimentation (Fig. 1A; e.g., Zhao and Cawood, 2012). However, 
whether it constituted part of a subduction girdle around Rodinia is 
unclear, given tectonic models for the period between ca. 860–750 Ma 
invoke either vertical tectonics associated with (super) plume-dynamics 
(e.g., Li et al., 1999, 2003; Zou et al., 2021) or horizontal orogenic 
processes linked with oceanic-continent subduction (e.g., Zhou et al., 
2002; Zheng and Zhang, 2007; Cawood et al., 2020; Zhao et al., 2021). 
The plume-dynamics model advocates that the Yangtze Block in the 

Fig. 1. Geological map and field photos of the investigated samples. (A) Simplified geologic map (modified after Zhao and Cawood, 2012) showing widespread ca. 
860–750 Ma strata and igneous rocks, plus sporadically exposed ca. 970–900 Ma island arc rocks and ca. 880–760 Ma metamorphic rocks in the Yangtze Block. (B) 
Detailed map of the Pengguan Complex, Huangshuihe Group, and location of studied section (a-d). (C) Cross section (a-d) showing different lithologies between 
southern and northern sections, and sample locations. (E–F) Orthogneiss samples taken in the field are marked with yellow stars. Cyan dotted lines denote lenses of 
rock. More field photos of the studied section are shown in Fig. S1. 
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interior of Rodinia is part of the missing link between Australia-East 
Antarctica and Laurentia (e.g., Li et al., 1995), while the horizontal 
orogeny model places the Yangtze Block at the periphery of Rodinia and 
near India and Australia (e.g., Cawood et al., 2018). Part of this uncer
tainty relates to a lack of studies constraining the Neoproterozoic 
metamorphic pressure and temperature conditions. This is due in part to 
the fact that most of the exposed Neoproterozoic rocks record 
up-to-greenschist facies metamorphism (e.g., Zhao and Cawood, 2012) 
and also because Neoproterozoic deep-crustal rocks are largely covered 
by Phanerozoic sedimentary rocks (e.g., Gu et al., 2014). 

In this study, we identified two types of orthogneiss with meta
morphic ages of ca. 830–820 Ma from a Neoproterozoic deep-crustal 
section in the western margin of Yangtze Block (WYB). We docu
mented their petrology, geochronology, and geochemistry to unravel 
their metamorphic histories and tectonic settings. By compiling petro
logical, isotopic, and paleomagnetic data, we demonstrate the evolution 
of Neoproterozoic orogenic system on WYB within the context of 
Rodinia’s assembly and breakup. 

2. Geological context 

The Yangtze Block consists of an Archean–Paleoproterozoic base
ment surrounded by Neoproterozoic orogenic belts (Zhao and Cawood, 
2012). It is separated from the Cathaysia Block to the southeast by the 
Neoproterozoic Jiangnan Orogen, from the North China Block to the 
north by the Triassic Qinling-Dabie Orogenic Belt, and from the Tibetan 
Plateau to the west by the Triassic Songpan-Ganzi Terrane (Fig. 1A). It 
witnessed significant crustal growth and reworking during ca. 970–750 
Ma (e.g., Wang et al., 2007; Zhao and Cawood, 2012) and extensive 
sedimentation during ca. 750–542 Ma (e.g., Shu et al., 2021) (Fig. 1A). 
The Panxi-Hannan Belt, which delineates the western and northwestern 
margins of the Yangtze Block, records active tectono-magmatic pro
cesses mainly from ca. 860 to ca. 750 Ma (Fig. 1A; Zhao et al., 2021 and 
reference therein). The belt hosts a series of linearly-distributed ca. 
860–750 Ma metamorphic-plutonic complexes which have been inter
preted to represent middle- to upper-crustal sections (e.g., Wang et al., 
2020; Li et al., 2021a; Zhu et al., 2023). These metamorphic-plutonic 
complexes are characterized by voluminous felsic intrusions with 
minor mafic–ultramafic and metamorphic rocks (Zhao and Cawood, 
2012). The exposure of these deep crustal materials is ascribed to 
post-Mesozoic extrusion and associated east- and southeast-directed 
thrusting processes in the region, which are thought to result from the 
Mesozoic collision between the North China and South China blocks as 
well as Cenozoic India-Eurasia convergence (e.g., Wang and Meng, 
2009). In addition, the Panxi-Hannan Belt sporadically hosts igneous 
rocks within the age range 970–900 Ma (Fig. 1A; Li et al., 2018; Wu 
et al., 2019). These rocks mostly display arc-like geochemistry and 
depleted mantle-like isotopic compositions and are thought to have 
formed within intra-oceanic arc settings (Li et al., 2018; Wu et al., 2019). 
Several intermediate-high grade metamorphic records within the period 
of 880–760 Ma have also been reported in the belt (Fig. 1A), including 
ca. 800 Ma amphibolite to granulite facies metamorphism in the 
northern part of the belt (Wang et al., 2020) and 880–760 Ma epidote 
amphibolite to amphibolite facies metamorphism in the southern part of 
the belt (Li et al., 2022; Yang et al., 2024). 

The Pengguan Complex is one of largest basement units within the 
Panxi-Hannan Belt, comprising ca. 860–750 Ma plutonic rocks and 
metamorphic rocks of the Huangshuihe Group (Fig. 1B; Zhang et al., 
2008; Yan et al., 2008). It is bounded by the Longmenshan Thrust faults 
and is tectonically overlain by deformed Sinian–Paleozoic sequences 
(Yan et al., 2008). Previous studies have shown that the Huangshuihe 
Group in this area experienced up to amphibolite facies metamorphism 
and that it consists of schist, plagioclase amphibolite, migmatite, and 
meta-volcanic rocks (BGMRSC, 1991). However, its geochronology and 
metamorphic histories have only been loosely constrained. 

In this study, we investigated the Huangshuihe Group rocks 

occurring in the interior of the Pengguan Complex (Fig. 1B). The group 
is well-exposed in a section along a north–south river channel extending 
over 2 km in length (Fig. 1B). Massive high-angle, south-verging thrust 
faults have developed in the section, likely the result from post-Mesozoic 
tectonics (Fig. 1C; Wang and Meng, 2009). The section can be sub
divided into northern and southern parts based on their different rock 
types, separated by a ~200 m-long diorite pluton (Fig. 1C). The north 
section is mainly characterized by stromatic migmatites (Fig. 1C), which 
develop foliation-parallel leucosome, melanosome, and mesosome and 
have sedimentary protoliths (Li et al., 2021a). The southern section 
comprises of layered and lens-shaped metasandstone and a series of 
granitic to gabbroic gneisses (Figs. 1C; S1). The gneisses generally 
enclose lenses of amphibolite, quartzite, and meta-tonalite. They are 
characterized by monomineralic banding and exhibit extensive defor
mation features, such as mylonite with S-C fabrics, cleavage, fault, and 
fold (Figs. 1C; S1). We collected two orthogneiss samples from the 
southern section (Fig. 1C–E). 

3. Methods 

The orthogneiss samples taken from the Huangshuihe Group were 
investigated using a combination of Tescan Integrated Mineral Analyzer 
(TIMA) mineral mapping, major element compositional analysis, zircon 
U–Pb–Hf–O isotopic analysis, zircon trace element analysis, and whole- 
rock Rb–Sr–Sm–Nd isotopic analysis. Extended methods are provided in 
Supplementary Text 1. 

The TIMA analysis was conducted at Nanjing Hongchuang Geolog
ical Exploration Technology Service Co., Ltd. using a Mira-3 scanning 
electron microscope equipped with energy dispersive X-ray spectrome
ters (EDS, EDAX Element 30). The measurements were conducted in the 
dot mapping mode, which includes the collection of backscattered 
electron (BSE) and EDS data on a regular grid (9 µm dot spacing). The 
analyses were performed at 25 kV using a spot size of ~90 nm, and a 
working distance of 15 mm. Obtained whole TIMA maps are shown in 
Fig. S4. Based on the TIMA mineral mapping results, we calculated the 
mineral volume and mass proportion on the two samples (Table S1). 
Major element compositions and BSE images of plagioclase, amphibole, 
pyroxene, epidote, phengite, and chlorite grains were acquired using a 
JXA-8230 (JEOL) electron microprobe analyzer (EMPA) at the Testing 
Centre of the Shandong Bureau of China Metallurgy and Geology, 
Ji’nan, China. Operating conditions included a 15 kV accelerating 
voltage and a 2.0 × 10− 8 A beam current. A beam size of 10 µm in spot 
mode was applied. The analytical precision (i.e., one standard deviation) 
for the major elements with mass proportions > 1 wt% was generally 
better than 2 % (Table S2). Representative BSE images are shown in 
Fig. S3 and the obtained EMPA data are shown in Table S2. 

Zircon grains were separated using conventional density and mag
netic techniques, mounted in epoxy resin disks, and polished to expose 
their grain surfaces. The internal structures of zircon were imaged using 
Cathodoluminescence (CL) techniques. The zircon U–Pb–O isotope an
alyses were acquired using a Cameca IMS-1280HR SIMS at the 
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, 
with detailed analytical procedures outlined in Supplementary Text 1. 
Zircon Lu–Hf isotopic analysis was conducted using a GeoLas 193 nm 
laser-ablation system attached to a Neptune (Plus) MC-ICP-MS at the 
State Key Laboratory for Mineral Deposits Research, Nanjing University 
(MiDeR-NJU), with detailed analytical procedures outlined in Supple
mentary Text 1. 

Zircon core and rim trace element compositions were analyzed using 
the Cameca IMS-1300HR3 SIMS also at MiDeR-NJU. A 5 nA primary O2

– 

shaped beam was utilized to analyze the sample surface with 23 keV 
impact energy. The 20 µm raster was used to remove the gold coating, 
and the final work beam size was about 15 × 20 µm. Measurement was 
conducted in the mono-collector mode. The following masses sequences 
were measured: 48Ti, 49Ti, 89Y, 139La, 140Ce, 141Pr, 142Nd, 147Sm, 153Eu, 
158Gd, 159Tb, 163Dy, 165Ho, 167Er, 169Tm, 174Yb, 175Lu, 180Hf, 238U, and 

J.-Y. Li et al.                                                                                                                                                                                                                                     



Earth and Planetary Science Letters 634 (2024) 118678

4

232Th. Each spot analysis includes 5 scan cycles. In order to separate the 
light-REE oxide interference, the > 15,000 mass resolving power was 
applied. The concentration data for zircons were standardized against 
the zircon standard 91,500 (Table 3 in Coble et al., 2018) which was 
analyzed repeatedly throughout the duration of the analytical session. 
Intensities were normalized to 90Zr2

16O, stoichiometric compositions 
were assumed for zircon standards and unknowns. Measured 91,500 
zircon had relative standard deviations of about ± 8–10 % for U and Th, 
± 9 % for Ti, ± 3 % for Hf, ± 1–5 % for Y and HREEs (Table S3). 
Measured REE contents were normalized to the chondrite values of 

McDonough and Sun (1995). 

4. Results 

4.1. Petrography and mineral chemistry 

Sample 15PG32–2 contains ~57 vol% amphibole (Amp), ~24 vol% 
albite (Ab), ~13 vol% phengite (Phe), ~5 vol% quartz (Q), and < 1 vol% 
of other phases in total [chlorite (Chl), epidote (Ep), garnet (Gt), 
orthoclase (Or), apatite, titanite, calcite, and zircon] (Table S1; Fig. 2; 

Fig. 2. Micrographic photographs showing the characteristics of samples. (A) TIMA mapping image of sample 15PG32–2. Green arrows denote the small dihedral 
angels of quartz and assemblage albite-phengite. Yellow arrows denote the pseudomorphs of melt film for assemblage albite-phengite. Cyan arrows denote the string- 
of-beads textures of quartz. (B) Photomicrograph of 15PG32–2 in cross-polarized light. (C) Typical amphibole (Amp) grain and its Altot pfu (marked in orange) 
variation under backscattered electron (BSE) imaging. “Amp@18″ and “Amp@19″ point to Data Numbers in Table S2. (D) BSE image showing veinlet mineral 
assemblage of phengite (Phe)-albite (Ab)-quartz (Q). Analyzed phengite domains and their Si pfu contents are labeled (red). “Phe@03″ and “Phe@04″ point to Data 
Numbers in Table S2. (E) TIMA mapping image for 15PG32–3. (F) BSE image of 15PG32–3 exhibiting the relict orthopyroxene (Opx) and coexistence of albite, 
epidote, and phengite. 
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Fig. S2–S4). The volume proportions of the minerals were determined by 
TIMA mineral mapping results (Table S1). The amphibole grains are 
subhedral to anhedral, partially corroded, and/or fragmented, and 
usually 1 to 3 mm in size (Fig. 2A–B). They exhibit variable compositions 
ranging from actinolite (Act) with Altot pfu (total aluminum content per 
formula unit calculated on the basis of 13 cations) of 0.05 to magnesio- 
hornblende (Hbl) with Altot pfu of 1.32 (Fig. 3A). The actinolite and 
hornblende generally intergrow with each other (Fig. 2A; Fig. S3G–H; 
Fig. S4A), and the amphibole exhibits a core-rim structure with 
hornblende-rich core and actinolite-rich rim (Fig. 2A&C; Fig. S2C; 
Fig. S3E–G). The actinolite thus potentially represents a partial overprint 
on the hornblende due to the metamorphic reaction (Grapes and Gra
ham, 1978). The albite grains are anhedral except for a few lath-shaped 
grains, and they vary in size (0–5 mm) but have homogeneous compo
sitions (An0–4) (Table S2; Fig. 2A&D; Fig. S3K–L). Phengite is associated 
with albite, has a flaky morphology, tiny grain size (~50 μm in longest 
dimension), and a Si pfu ranging from 3.166 to 3.357 (atoms per formula 
unit; 3.287–3.357 Si pfu for 12 of 16 spots) (Fig. 2D, 3B; Fig. S3A–D). 
Two types of the albite-phengite assemblage occur in sample 15PG32–2. 
One exhibits melt-related microstructures (such as small dihedral angles 
and pseudomorphs of melt films) (Fig. 2A; Fig. S2A–B) and forms the 
semi- to inter-connected vein networks that cross-cut or surround 
amphibole grains (Fig. 2A–B). The other is large (~4 mm) and 
lath-shaped, possibly transformed from plagioclase (Pl) precursor 
(Fig. S2F, S3L). Epidote is tiny in size (< 50 μm in longest dimension) 
and occurs within albite (Fig. S3C). The quartz grains are anhedral, 
optically continuous, locally show melt-related microstructures (e.g., 
small dihedral angles and string of beads textures), and fill in grain 
boundaries or intra-grain fractures (Fig. 2A; Fig. S2A–B). The above 
features indicate that a large proportion of hornblende and some 
plagioclase likely served as precursor minerals, indicating a possible 
mafic protolith for the sample. Furthermore, the semi- to 
inter-connected vein structures and melt-related microstructures in the 
sample are interpreted as evidence of former presence of melt (see 
Sawyer, 1999; Holness and Sawyer, 2008; Vernon, 2011), now pseu
domorphed by the albite-phengite-quartz association. The melt precur
sor accounts for ~45 vol% of the sample. We further interpret that the 
melt-mineral interaction led to the replacement of hornblende by 
actinolite and the plagioclase by albite-phengite-epidote association. 

Sample 15PG32–3 contains ~30 vol% orthoclase (Or), ~29 vol% 
quartz, ~26 vol% albite, ~8 vol% chlorite, ~3 vol% phengite, ~1 vol% 
actinolite, and < 3 vol% of other phases in total [epidote, garnet, 
orthopyroxene (Opx), apatite, titanite, biotite, calcite, pyrite, allanite, 
zircon, and monazite] (Table S1; Fig. 2E–F; Fig. S2–S4). Albite grains 
vary in size (0–2 mm) but are homogeneous in composition (An1–7; 

Table S2), and are partially corroded and/or fragmented (Fig. 2E; 
Fig. S4B). The larger grains (~1–2 mm) are generally subhedral to 
euhedral with a lath-shaped habit, in contrast to the smaller grains (< 1 
mm) with anhedral morphologies (Fig. 2E; Fig. S4B). In particular, albite 
contains numerous inclusions of flaky and tiny phengite (50–100 μm in 
longest dimension; Si pfu of 3.121–3.367) and epidote (< 50 μm in 
longest dimension) (Fig. 2F; Fig. S2I; Fig. S3M–R). The albite-phengite- 
epidote assemblage in the sample is interpreted to be completely 
transformed from the plagioclase precursor (e.g., Oliot et al., 2010; 
Luisier et al., 2019; Schorn, 2022). Orthoclase and quartz grains either 
have embayed grain boundaries in contact with albite or enclose albite 
(Fig. 2E; Fig. S4B). Both are variable in size (0–3 mm) with anhedral 
morphologies and exhibit melt-related microstructures indicative of 
former melt, such as small dihedral angles and string-of-beads textures 
(Fig. S4B). Their assemblage forms an interconnected network within 
the sample (Fig. S4B). The actinolite and chlorite are closely associated 
with each other, and their assemblage expresses the foliation within the 
sample (Fig. S4B). The actinolite generally occurs as a prismatic 
aggregate and is partially rimmed by chlorite (Fig. 2F; Fig. S2G; 
Fig. S3S–X), potentially indicating that chlorite partially overprinted the 
actinolite. In addition, we found that minor fine-grained orthopyroxene 
relics with irregular grain shapes were enclosed by actinolite (Fig. 2F), 
indicating an overprinting of orthopyroxene by actinolite. According to 
the above features, we suggest that the plagioclase and orthopyroxene 
may serve as precursor mineral phases of the sample, hinting at a mafic 
protolith. An assemblage of orthoclase-quartz represents the pseudo
morph of former melt and accounts for ~60 vol.% of the sample. This 
assemblage could be interpreted as a result of the penetration of felsic 
melt derived from an external source and treated as external leucosome. 
Furthermore, we interpret that the melt-mineral interaction led to the 
replacement of orthopyroxene by the actinolite-chlorite association and 
plagioclase by the albite-phengite-epidote association. 

4.2. Zircon U–Pb–Hf–O isotopes and trace elements and whole-rock 
geochemistry 

Zircon grains in the samples generally show core-rim (± mantle) 
structures under CL imaging (insets of Fig. 4A–B; Fig. S5). The zircon 
cores have irregular morphologies and Th/U ratios typically > 0.4 
(Table S3), consistent with a magmatic origin. Their internal structures 
are quiet variable under CL imaging: those of 15PG32–2 display oscil
latory zoning, broad zoning, sector zoning, or no zoning with varying 
levels of brightness; those of 15PG32–3 display broad zoning with dark 
CL intensity. The core domains may have been partially dissolved given 
their irregular morphologies and the occurrence of prominent bright-CL 

Fig. 3. Mineral compositions variations. (A) Altot pfu vs. Si pfu plot for all analyzed amphibole domains in 15PG32–2, indicating their variable compositions ranging 
from actinolite (Act) with Altot of 0.05 to magnesio-hornblende (Hbl) with Altot of 1.32. (B) Classification diagram (after Tappert et al., 2013) demonstrating that all 
analyzed mica domains in both samples belong to the phengite series. 
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domains that separate cores and rims. The zircon rims generally exhibit 
no zoning with homogeneously dark CL intensity and Th/U ratios < 0.1 
(Table S3) that are indicative of metamorphic origins. 

We plotted the zircon dating results on U–Pb concordia diagrams 
(Fig. 4A, B). For sample 15PG32–2, ages of the zircon core and rim 
domains are generally indistinguishable and most fall within 860–820 
Ma (Fig. 4A). We thus adopted weighted mean 206Pb/238U ages to 
represent their formation ages. We excluded the discordant ages and one 
abnormal age (ca. 905 Ma; 15PG32–2@35) (see Table S3 for criterion of 
age discordance), resulting in calculated weighted mean 206Pb/238U 
ages of 827 ± 11 Ma (n = 10, MSWD = 1.6) for zircon rim domains and 
831 ± 9 Ma (n = 9, MSWD = 0.87) for zircon core domains (Fig. 4A). On 
the other hand, the analyzed zircon core domains have εHf(t) values of 
+10.1 and +10.4 (with two-stage Hf model ages of ca. 1.0 Ga; n = 2) and 
δ18O values from 5.55 to 6.85 ‰ (n = 11), whereas the zircon rim do
mains have εHf(t) values of –7.6 to –3.4 (with two-stage Hf model ages 
ca. 1.9–2.2 Ga; n = 9) and δ18O values from 7.99 to 9.04 ‰ (n = 19) 
(Fig. 4C; Table S3). For sample 15PG32–3, zircon core and rim dates fall 
into two distinct groups and yield a well-defined Discordia line (n = 55), 
with an upper intercept at 1419 ± 19 Ma and a lower intercept at 822 ±
13 Ma (MSWD = 1.5) (Fig. 4B). The upper and lower intercept ages may 
denote the timing of magma crystallization and metamorphism, 

respectively. Considering these intercept ages, the zircon core domains 
have εHf(t = 1419 Ma) values of –12.0 to –6.9 (with two-stage Hf model 
ages ca. 2.6–3.0 Ga; n = 13) and δ18O values of 7.07 to 9.32 ‰ (n = 22), 
whereas the zircon rim domains have εHf(t = 822 Ma) values of –15.4 to 
–9.4 (with two-stage Hf model ages ca. 2.2–2.7 Ga; n = 9) and δ18O 
values of 8.04 to 9.86 ‰ (n = 16) (Fig. 4C; Table S3). 

For zircon trace elements of 15PG32–2, both core and rim domains 
show similar REE (rare earth element) patterns (i.e., depletions in light 
REE, enrichment in heavy REE, and negative Eu anomalies), while the 
core domains have higher Ti concentrations (6.88–12.8 ppm; n = 3) than 
rim domains (0.47–1.88 ppm for 14 analyses, 6.25 ppm and 15.8 ppm 
for 2 analyses) (Fig. 4D; Table S3). For zircon trace elements of 
15PG32–3, rim domains exhibit lower concentrations of light REEs and 
Ti (0.22–1.31 ppm for 16 analyses, 2.53–8.11 ppm for 4 analyses) and 
less negative Eu anomalies (Eu/Eu* = 0.19–0.87, chondrite normalized 
Eu/

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Sm ∗ Gd

√
) than the core domains (Ti = 2.29–3.38 ppm; Eu/Eu* =

0.15–0.29; n = 5) (Fig. 4D; Table S3). 
As the Ti concentration of zircon is sensitive to temperature along 

with quadrivalent Ti substituting for Si (Ferry and Watson, 2007), we 
could apply the Ti-in-zircon thermometer from Ferry and Watson (2007) 
to the zircon rims to estimate metamorphic temperatures. The ther
mometer involves the activities of both TiO2 and SiO2 (αTiO2 and αSiO2) 

Fig. 4. Zircon U–Pb–Hf–O isotopes and trace elements for zircon core and rim domains of the two samples. (A–B) U–Pb concordia diagrams, with some repre
sentative zircon CL images inset. (C) zircon εHf(t = 830 Ma) -δ18O diagram showing the distinct isotopic compositions of core and rim domains. Error bars show two 
standard errors. The range of mantle zircon δ18O of 5.3 ± 0.6 ‰ is from Valley et al. (2005). (D) Zircon chondrite-normalized REE distribution patterns with insets 
showing the plots of zircon Th/U ratios vs. Ti concentrations. 
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in the rock systems, and the calculated Ti-in-zircon temperatures in
crease with αTiO2 and decrease with αSiO2. The occurrence of abundant 
quartz in both samples enables us to assume αSiO2 = 1 for the system. The 
minor Ti-bearing phase of titanite present in both samples led us to apply 
αTiO2 = 0.5–0.8 in accordance with the literature (e.g., Barnes et al., 
2019, and references therein). We excluded zircon rim analyses with 
high-Ti (> 2 ppm) concentrations from the calculation since they were 
either compositionally inhomogeneous or influenced by intra-grain 
fracture under CL imaging (see Table S3 for data filtering criterion). If 
αTiO2 = 0.8, the calculated crystallization T for zircon rims is 535 ± 30 
◦C ~ 626 ± 36 ◦C for 15PG32–2 and 492 ± 28 ◦C ~ 600 ± 40 ◦C for 
15PG32–3, with average values of 574 ± 74 ◦C (n = 14, 2SD) and 563 ±
57 ◦C (n = 16, 2SD). If αTiO2 = 0.5, the calculated crystallization T for 
zircon rims is 563 ± 32 ◦C ~ 661 ± 38 ◦C for 15PG32–2 and 518 ± 29 ◦C 
~ 634 ± 42 ◦C for 15PG32–3, with average values of 606 ± 79 ◦C (n =
14, 2SD) and 594 ± 61 ◦C (n = 16, 2SD). Overall, the metamorphic 
temperatures determined by Ti-in-rim zircon thermometry fall within 
range of 500–700 ◦C for both samples. 

The measured whole rock major and trace elements and Rb–Sr and 
Sm–Nd isotopes are illustrated in Table S4. Both samples have enriched 
Sr–Nd isotopes, with εNd(t = 830 Ma) = –9.0 and (87Sr/86Sr)i = 0.708978 
for 15PG32–2, and εNd(t = 830 Ma) = –16.8 and (87Sr/86Sr)i = 0.706211 
for 15PG32–3. 

4.3. Phase equilibria modeling 

To determine the metamorphic P-T conditions, we utilized the Gibbs 
free energy minimization software Perple_X 7.1.3 (Connolly, 2005) and 
the hp62ver.dat thermodynamic database (Green et al., 2016) to 

construct the equilibrium phase diagrams for both samples (Fig. 5). The 
calculations were carried out in the MnO–Na2O–CaO-K2O- 
FeO-MgO-Al2O3-SiO2–H2O–O2 (MnNCKFMASHO) system. H2O was 
treated as saturated, given the prevalence of hydrous phases in both 
samples. The O2 contents represent the amount of Fe3+ and were 
calculated according to 2FeO + 0.5O2 = Fe2O3. Iron in both samples is 
predominantly found in amphibole, of which the Fe3+/Fe2+ ratios (in 
mole) were determined through EMPA data (Table S2). In this regard, 
the O2 values for modelling were calculated at 0.19 wt% for 15PG32–2 
and 0.08 wt% for 15PG32–3. We selected solution models of cAmph(G), 
Pl(h), Pheng(HP), melt(HP), Gt(HP), Ep(HP), and Chl(HP) for 15PG32–2 
and solution models of cAmph(G), Pl(h), Pheng(HP), melt(HP), Gt(HP), 
Ep(HP), Chl(HP), and Opx(HP) for 15PG32–3. The equilibrium mineral 
assemblage was inferred to be Hbl + Act + Phe + Ab + Q + Ep + Gt + Or 
+ Chl in 15PG32–2 and Act + Phe + Ab + Or + Ep + Q + Gt + Chl in 
15PG32–3. Chlorite was observed to occur locally along rim or cleavage 
planes of amphibole (Fig. 2A, F; Fig. S2G; Fig. S3S–X). As it may be a 
partial alteration product of amphibole during retrograde stage of 
metamorphism (i.e., greenschist facies overprinting), chlorite was not 
treated as a necessary equilibrium mineral phase of peak meta
morphism. The orthopyroxene occurs as irregular core within actinolite 
and was regarded as the relict phase. 

Next, since we suggested that this metamorphic system might have 
undergone infiltration of external melt and possible removal of melt (see 
discussion for details), we evaluated the influence of melt migration on 
the modelling results. We treated protolith rock plus external melt (i.e., 
of unknown composition) as an integrated unit. The composition of 
removed melt could roughly be compared to that of melt pseudomorph 
(e.g., 56 % albite + 32 % phengite + 12 % quartz in 15PG32–2). After 

Fig. 5. Reconstructed peak P-T condition for the orthogneiss samples in the MnNCKFMASHO system (H2O in excess). Predicted Si-in-phengite content isopleths are 
shown with orange dotted lines. (A) P-T pseudosection for sample 15PG32–2. Amphibole-plagioclase thermometer results (Holland and Blundy, 1994) are shown 
with purple dotted line. Red star represents peak metamorphism. (B) P-T pseudosection for sample 15PG32–3. Pink star represents peak metamorphism. Hbl – 
hornblende, Act – actinolite, Phe – Phengite, Gt – garnet, Ep – epidote, Ab – albite, Kf – K-feldspar, Q – quartz, Chl – chlorite, Pl – plagioclase, Mt – magnetite, Phl – 
phlogopite, Di – diopside, Aeg – aegirite. 
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several modelling tests (Supplementary Text 1), we found that the melt 
removed from the system had little influence on the modelled peak 
metamorphic P-T results. Therefore, we could adopt the measured bulk- 
rock composition as effective composition for modelling the meta
morphic P-T. Modelling details are provided in the Supplementary Text 
1. 

After obtaining the P-T pseudosection, we combined equilibrium 
mineral assemblage, Ti-in-rim zircon temperatures (ca. 500–700 ◦C), 
amphibole-plagioclase thermometer (mostly 500–600 ◦C for 15PG32–2) 
(Fig. 5A; Holland and Blundy, 1994), Ti-in-amphibole thermometry 
(mostly 400–650 ◦C for 15PG32–2; Liao et al., 2021), and Si-in-phengite 
content isopleths (highest contents of 3.357 and 3.367 pfu for 15PG32–2 
and 15PG32–3, respectively) to constrain peak metamorphic P-T con
ditions. This approach gave results of ~550 ◦C and ~8.2 kbar for 
15PG32–2 and ~550 ◦C and ~8.6 kbar for 15PG32–3, which corre
sponds to a relatively cold (low T/P ratios) geothermal gradient of ca. 
64–67 ◦C/kbar (or ca. 19.0–20.5 ◦C/km) (Fig. 5). 

5. Discussion 

5.1. Neoproterozoic low-T/P metamorphism accompanied by external 
melt infiltration 

A combination of whole-rock, petrographic, and mineral geochem
ical analyses can provide insights on petrogenetic processes. We suggest 
that both samples from the western margin of Yangtze Block have mafic 
igneous protoliths since: (1) the zircon core domains of both samples 
exhibit consistent crystallization ages, Hf–O isotopes, and REE patterns 
(Fig. 4); and (2) their inferred precursor minerals are dominated by 
pyroxene/hornblende and plagioclase. Petrographically, the samples 
are characterized by corroded minerals (e.g., Amp in 15PG32–2; Ab in 
15PG32–3) that indicate possible remelting, former presence of melt 
(pseudomorphed by Ab-Phe-Q veinlet in 15PG32–2 and Or-Q in 
15PG32–3), abundant hydrous minerals (i.e., Amp, Phe, Chl, and Ep), 
and ubiquitous replacement microstructures (e.g., zircon core-rim 
structures, Hbl replacement by Act in 15PG32–3, and Pl replacement 
by Ab-Phe-Ep association). The zircon rims were crystallized at ca. 
830–820 Ma and are systematically distinct from those of the core zir
cons with high-δ18O (8.0–10‰) and low-εHf(t = 830 Ma) (–3.4 to –15.3) 
(Fig. 4C). Thus, the protolith zircon has undergone a dissolution- 
recrystallization process with the presence of high-δ18O and unradio
genic Hf isotopic melts at ca. 830–820 Ma. On the other hand, sample 
15PG32–2 has a bulk-rock εNd(t = 830 Ma) value of –9 (Table S4), which 
is considerably decoupled from Hf isotopes in zircon cores where εHf(t =
830Ma) = +10. Since both samples that have igneous protoliths, in-situ 
melting and melt-mineral re-equilibration in closed systems was un
likely to have caused such large Hf–O isotopic variation from the zircon 
core to rim (Fig. 4C). Alternatively, the introduction of externally- 
derived melts that were potentially high-δ18O and derived from 
ancient sources [as defined by the two-stage Hf model ages (ca. 1.9–2.7 
Ga) of zircon rims] into the protolith rocks might be a more reasonable 
explanation. 

On the other hand, a closed-system remelting might not be able to 
account for the presence of melt in both samples, since the temperatures 
of metamorphism and associated melt generation for the two samples 
were too low (500–600 ◦C based on mineral thermometers) to support a 
supra-solidus remelting in the closed systems (Fig. 5). The involvement 
of external melt is also supported by mineral chemistry and petrography. 
Both samples record the transformation of plagioclase to albite- 
phengite-epidote association following the reaction: plagioclase +
melt (contains Mg, Fe, K) = albite + phengite + epidote. This reaction 
requires the introduction of magnesium, iron, and potassium to stabilize 
the epidote (measured FeO of 1.2–8.2 wt%) and phengite (measured 
FeO of 1.6–6.2 wt%, MgO of 0.8–5.7 wt%, K2O of 8.4–11.7 wt%). For 
sample 15PG32–2, phengite has mass fraction of ~13 wt% and con
tributes in total ~1.5 wt% K2O to the whole rock. In-situ melting of 

hornblende (K2O generally < 0.5 wt%) and plagioclase precursors in a 
closed system could not supply such a large amount of K2O from 
phengite. However, the introduction of K2O from an external melt in an 
open system may be more plausible. In addition, the orthoclase-quartz 
association in 15PG32–3 was interpreted as a result of the penetration 
of felsic melt derived from an external source. 

In summary, the protolith rocks have experienced the infiltration of 
external melts, remelting, former presence of melt, and pervasive 
mineral-melt interaction and re-equilibration at ca. 830–820 Ma. In 
general, the infiltration of melt and associated metasomatism are typi
cally driven by tectonic events and are concomitant with changes in P-T 
conditions (i.e., metamorphism). Phengite (metamorphic white mica) 
occurs extensively in the two types of orthogneiss, either as a veinlet 
component or as metasomatic mineral, indicating that metamorphism 
most likely accompanied the melt infiltration. Therefore, the two 
orthogneiss samples, despite of their different protolith ages, underwent 
similar metamorphic histories. 

5.2. Neoproterozoic accretionary orogenesis along WYB 

Phengite, the principal mineral hosting H2O, K2O, and other mobile 
elements, is thought to be stable at low T/P conditions with pressure up 
to 10 GPa and temperature up to 1000 ◦C (Sorensen et al., 1997; Schmidt 
and Poli, 1998). It commonly forms in subducted oceanic crust (e.g., 
Schmidt and Poli, 2003; Hernández-Uribe and Palin, 2019), but can also 
be found within the accreted crust of convergent margins, such as the 
Mesozoic Franciscan accretionary complex along the western margin of 
the North American (Sorensen et al., 1997), and the ultrahigh-pressure 
metamorphic terrane within the Dabie-Sulu collisional orogen in central 
China (Zheng et al., 2003). In this study, the calculated metamorphic 
geothermal gradient (19.0–20.5 ◦C/km) is significantly lower than rift 
zones but is higher than the cold subducting slab top, consistent with 
either a warm subducting slab top or continental arc crust (Peacock, 
1990; Rothstein and Manning, 2003; Hopkins et al., 2008) (Fig. 6A). The 
cold geotherm recorded by the Huangshuihe Group is incompatible with 
a mantle-plume regime, as plumes are expected to have temperatures of 
100–300 ◦C above the ambient mantle, resulting in anomalously hotter 
geotherms than those in normal crust (Putirka, 2008; Koppers et al., 
2021). We also rule out the possibility that the metamorphism occurred 
within subducting oceanic crust for the following reasons: (1) the 
igneous protolith of 15PG32–3 formed at ca. 1400 Ma with an Archean 
source precursor affinity (two-stage model Hf ages of 2.6–3.0 Ga for the 
zircon core domains; Table S3), indicating that it is most likely derived 
from continental crust material rather than oceanic crust material; (2) 
both samples have been hydrated through melt-rock interaction, as 
evidenced by the occurrence of abundant hydrous minerals (i.e., Amp, 
Phe, Chl, and Ep), which is not consistent with the dehydration process 
that usually occurs on the slab top. 

The metamorphism more likely took place on the forearc side, since 
the protolith rock of 15PG32–3, with an age of ca. 1400 Ma, appears to 
originate from an outboard terrane that was accreted to the margin 
during convergent plate interaction (i.e., ongoing subduction; Yang 
et al., 2024). The rocks and detrital zircon of this age are largely lacking 
from the Yangtze Block. It was speculated that the outboard terrane 
sourced from central India or western Laurentia since such 
tectono-magmatic activity, although rare, was well developed in the ca. 
1.4 Ga continental rifts of the two continents (Medig et al., 2014; Sri
vastava and Gautam, 2015). In addition, the migmatites (in the northern 
part of the studied section; Fig. 1C) near the sampled orthogneisses were 
interpreted to have the forearc sedimentary protoliths (Li et al., 2021a). 
Based on the above clues, we suggest that the metamorphism occurred 
either in the accretionary wedge of a warm subduction zone or in the 
overriding forearc continental crust (Fig. 6B). In either case, the meta
morphism was facilitated by underthrusting processes along the sub
duction plane (the former case) or by intra-arc reverse faults (the latter 
case) (Ducea and Chapman, 2018). For the latter case, we further 
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approximated the horizontal distance from the arc front to the meta
morphic location using a one-dimensional heat conduction model in a 
semi-infinite body. The distance was calculated in range of ~30–60 km 
by assuming the arc magmas were not migrated and sustained 800 ◦C for 
ca. 10–30 m.y. (Fig. 7). In addition, an important question pertains to 
how the “low-T” orthogneisses were juxtaposed against the contempo
raneous, “high-T”, mafic–intermediate plutons (Fig. 1B). We suggest 
that the Neoproterozoic intra-arc (under)thrusting and exhumation 
processes may have facilitated the juxtaposition by inboard trans
portation of forearc materials. Alternatively, the post-Mesozoic 
thrusting process could also have played a role in this juxtaposition. 

Overall, the low-T/P metamorphism at ca. 830–820 Ma on WYB 

likely occurred on the forearc side in the course of ocean-continent 
subduction (Fig. 6B). This subduction-orogeny model supports a hy
pothesis that the Yangtze Block was at the periphery of Rodinia (Cawood 
et al., 2018). However, this raises another important question why have 
subduction-diagnosed rocks of blueschists and “cold” eclogites not been 
found on WYB. On the one hand, this may result from poor preservation. 
The preservation of blueschist and cold eclogite requires the absence of 
retrograde fluids as well as a rapid exhumation (e.g., Matthews and 
Schliestedt, 1984; Avigad, 1993). However, the WYB might have expe
rienced a tectonic transition from advancing to retreating orogenesis at 
ca. 800 Ma (see later discussion), resulting in a crustal geotherm change 
to higher T/P-ratio conditions that might facilitate metamorphic over
printing. On the other hand, the absence of blueschist may also be 
associated with the subduction geotherm-dependent dehydration of 
glaucophane (Bang et al., 2021). The glaucophane would persist to 
depths of ca. 240 km in cold subduction zones but would easily dehy
drate and break down as shallow as ca. 40 km depths in warm sub
duction zones (Bang et al., 2021). If WYB underwent Neoproterozoic 
warm subduction, the blueschist would be hard to stabilize. 

5.3. Implications for Rodinia’s peripheral orogenesis during the 
Neoproterozoic 

We combine zircon isotopic and the latest paleomagnetic data to 
evaluate the evolution of Neoproterozoic subduction zones of WYB 
(Fig. 8A, B) and explore the implications for Rodinia’s peripheral 
orogenesis during the Neoproterozoic. The WYB was dominated by 
intra-oceanic subduction during the late-stage assembly of Rodinia (ca. 
1000–900 Ma) (Fig. 8C; Li et al., 2018; Wu et al., 2019). Following its 
initial breakup at ca. 900 Ma, circum-Rodinia subduction systems star
ted to expand (Cawood et al., 2021). Consequently, the Yangtze Block 
migrated away from a mantle upwelling and toward a mantle down
welling zone (Fig. 8C). This scenario might have been accompanied by a 
long-lived (at least ca. 900–750 Ma) continental arc system along WYB, 
given the following documented observations from the WYB and nearby 
regions: (1) both juvenile crustal addition and ancient crustal reworking 
at ca. 900–750 Ma in terms of zircon Hf isotopes (Fig. 8A); (2) a series of 
ca. 850–760 Ma intermediate-high grade metamorphic records 
(Fig. 6A); (3) rapid supracrustal recycling associated with intra-arc 

Fig. 6. Tectonic regime of the orthogneiss samples. (A) Peak metamorphic P-T condition of 15PG32–2 (red star) and 15PG32–3 (pink star) projected on geothermal 
gradients in various geologic settings and metamorphic facies (modified after Peacock,1990, Rothstein and Manning, 2003; Hopkins et al., 2008). Compiled Neo
proterozoic peak metamorphic P-T-t records on the Panxi-Hannan Belt (Wang et al., 2020; Li et al., 2021b, 2022; Yang et al., 2024) are also plotted. Z – zeolite, PP – 
prehnite-pumpellyite, GS – greenschist, BS – blueschist, EA – epidote-amphibolite, AM – amphibolite, EC – eclogite, G – granulite. (B) Cartoon showing 
mid-Neoproterozoic ocean-continent subduction process along WYB (modified after Winter, 2014; Zhang et al., 2021). The samples (red stars) might have been 
located in the overriding forearc continental crust or an accretionary wedge of the subduction zone and suffered low-T/P metamorphism (EA facies) and the 
infiltration of external melt. 

Fig. 7. Horizontal thermal conductivity simulation at ~30 km-deep continental 
magmatic arcs. The simulation was conducted in a semi-infinite body, assuming 
arc magmas were not migrated and had a constant temperature of ~800 ◦C 
while the ambient crust had an initial temperature of ~500 ◦C. t represents the 
duration time of the heating source. The duration time of arc magmas in this 
study was suggested to be ca. 10–30 m.y. since the continental arc magmatism 
in the studied area initiated at ca. 860–840 Ma and the metamorphism of this 
study was dated at ca. 830–820 Ma. To reach ~550 ◦C at ~30 km depth of the 
continental arc (the peak metamorphic condition of this study), the meta
morphic location should be ~30–60 km far away from the arc front. More 
details for the simulation are provided in Supplementary Text 1. 
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underthrusting at ca. 820 Ma (Li et al., 2021); and (4) a range of igneous 
rocks with arc-like geochemistry (e.g., Zhao et al., 2021). Furthermore, 
we have revealed a transition of zircon isotopes at ca. 800 Ma (Fig. 8A, 
B) and suggest it is a response to the switch from advance to retreat of 
the arc system based on: (1) the arise of a large amount of 18O- depleted 
zircon (with δ18O lower than the mantle value) after ca. 800 Ma, 
possibly corresponding to a (locally) high-temperature, extensional 
environment (e.g., Zou et al., 2021); (2) zircon Hf isotopes showing a 
transition from being more continental-like to more mantle-like at ca. 
800 Ma; and (3) paleomagnetic studies that demonstrate a fast move
ment of the Yangtze Block from ca. 800 Ma to ca. 760 Ma (Jing et al., 
2021), which may reflect a rapid trench retreat and consequent out
pacing of slab rollback from continental drift (i.e., retreating orogenesis) 
(Spencer et al., 2019). Therefore, we suggest the WYB displays a history 
of both advancing and retreating convergent plate margin processes 
during the early to middle Neoproterozoic (Fig. 8C). Upon the arrival of 
the Yangtze Block at the great cycle of mantle downwelling, it may have 
converged to form Gondwana over the locus of downwelling (Cawood 
et al., 2021; Wang et al., 2021; Martin et al., 2024). 

Overall, the WYB may represent part of a long-lived subduction 
girdle (at least ca. 970–750 Ma) at the periphery of Rodinia, placing the 
supercontinent in an overall extensional regime resulting in its breakup 
and driving the transition to Gondwana assembly (Cawood et al., 2016, 
2021). This peripheral orogen of Rodinia likely involved alternating 
advancing and retreating subduction orogeny during its ocean-ward 
migration, and it provides a snapshot of the evolution of a complete 
long-lived circum-Rodinian subduction girdle during the transition from 
Rodinia to Gondwana (Fig. 8C). 

6. Conclusions 

The phengite-bearing orthogneisses discovered on WYB document a 
low-T/P metamorphism with a cold geothermal gradient (19.0–20.5 ◦C/ 
km) at ca. 830–820 Ma. The metamorphism took place in continental 
margin arc crust and was accompanied by external melt infiltration and 
associated remelting and melt-mineral re-equilibration. We found that 
the metamorphic sample with a ca. 1400 Ma protolith age is likely 
derived from an outboard terrane that was accreted to the margin during 

convergent plate interaction. This finding provides evidence for middle 
Neoproterozoic accretionary orogenesis. The WYB represents part of 
long-lived circum-Rodinia subduction systems that were necessary for 
Rodinia’s ultimate breakup and transition to Gondwana assembly. It 
featured a long-timescale (at least ca. 900–750 Ma) outward migration 
of the subduction zone, accompanied by both advancing and retreating 
accretionary orogenesis. 
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Fig. 8. Neoproterozoic orogenic evolution of WYB in context of Rodinia assembly and breakup. (A–B) Temporal variation of zircon Hf–O isotopes for the igneous 
rocks from WYB and its nearby region. Data are compiled from Wu et al. (2023) and Zhao et al. (2019, 2021). (C) Schematic cross section showing the continuous 
outward migration of the Yangtze Block from a mantle upwelling toward the degree-2 girdle of mantle downwelling (modified after Spencer et al., 2019), in response 
to Rodinia breakup. This scenario might have been accompanied by long-lived (at least ranging from ca. 900 Ma to ca. 750 Ma) convergent plate margin processes on 
WYB featuring alternating advance and retreate subduction orogeny. 
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