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A B S T R A C T

The Tonian (ca. 1000–720 Ma) magmatic belts along the western and northern margins of the Yangtze Block 
represent critical components of the long-lived peripheral orogenic system of the Rodinia supercontinent. 
Reconstructing their crustal thickness evolution is essential for understanding Neoproterozoic paleotectonics and 
paleoenvironments. In this study, we integrate Eu/Eu*-in-zircon crustal thickness proxy with U-Pb-Hf-O isotopes 
from Late Tonian and Cryogenian strata to revisit Rodinia’s peripheral orogenesis as recorded in the Yangtze 
Block, South China. The results indicate the average orogenic crust may have thickened from ~40 to ~60 km 
during ca. 1000–920 Ma. Zircons of this age mainly present positive εHf(t) (+8.0 − +11.1) and mantle-like δ18O 
(4.80–6.33 ‰) values. Combined with geologic observations, this thickening may result from both juvenile 
magmatic addition and crustal shortening. During ca. 850–750 Ma, a period of significant flare-ups of continental 
arc magmatism occurred, the crustal thickness fluctuated slightly and stabilized around 50 km. Zircons from this 
interval exhibit highly variable εHf(t) (− 22.2 − +10.2) and δ18O (1.6–10.6 ‰) values, reflecting active crustal 
recycling and mantle-crust differentiation. The maintenance of constant average crustal thickness during this 
interval is interpreted as reflecting spatial asynchrony and/or frequent temporal switching between advancing 
and retreating accretionary orogenies. Besides, our findings support that the Tonian peripheral orogen of Rodinia 
represent a transitional phase in the evolution of both crustal thickness and geothermal gradients, bridging the 
subduction orogenic styles of the Mesoproterozoic and Phanerozoic eras.

1. Introduction

The evolution of crustal thickness in orogens reflects the complex 
interplay between endogenous (such as magma accretion, lower crust 
recycling) and exogenous (such as erosion) processes over a long time
scale (Larsen et al., 2014; Ducea et al., 2015; Farner and Lee, 2017). This 
dynamic evolution is intrinsically linked to the variation of paleotec
tonics and paleoenvironment and provides broader implications for ore 
formation and continental evolution (Lee et al., 2015; Lee and Tang, 
2020; Cawood et al., 2022; Xiong et al., 2023a). Supercontinent’s as
sembly and breakup coincide with continuous plate adjustments that 
trigger global-scale orogenies in its interior and exterior. Of them, the 
exterior orogenies involve long-lived oceanic subduction at the super
continent’s margins, giving rise to the peripheral orogenic system that 
displays histories of protracted magmatism, tectonism, metamorphism, 
weathering, and erosion (Murphy and Nance, 1991; Cawood et al., 

2009, 2021). The peripheral orogenic system is hence supposed to 
fingerprint considerable crustal thickness variation over large spatial 
and temporal scales. However, how the crustal thickness evolved in the 
peripheral orogenic system of different supercontinents through Earth’s 
history remains incompletely understood.

Rodinia and Pangea represent the most recent supercontinents in the 
geological record and show an evolutional coherency during their 
breakup, i.e., degree-2 mantle structure (two antipodal upwellings 
bisected by a meridional downwelling; Mitchell et al., 2021) with 
development of a near-continuous belt of subduction girdles at their 
exterior margins (Fig. 1A). One latest study on modern North America 
Cordillera orogen, which pertains to Pangea’s peripheral orogenic sys
tem, has revealed it underwent two episodes of crust thickening since 
200 Ma, with the thickest crust (~70 km) developing during the Middle- 
Late Cretaceous (Tang et al., 2024). However, research on the crustal 
thickness of the Rodinia’s peripheral orogenic belt is limited. This raises 
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questions regarding the crustal thickness evolution for Rodinia’s pe
ripheral orogens and whether it is comparable to their modern 
counterparts.

The Tonian (ca. 1000–720 Ma) magmatic belts on the western and 
northern margins of the Yangtze Block (South China), along with those 
in NW India, Seychelles, and Madagascar, have been proposed to be 
temporally and spatially linked (Wang et al., 2017b). They together 
constitute parts of Rodinia’s peripheral orogenic system and serve as 
crucial research targets for deciphering the evolution of Neoproterozoic 
peripheral orogenic systems (Cawood et al., 2010, 2013b; Spencer et al., 
2015; Wang et al., 2017a). In this study, we examine the crustal thick
ness evolution of Tonian orogens and associated tectono-magmatic 
processes in the Yangtze Block. Besides, we discuss variations of crus
tal thickness and geothermal state in the orogenic systems.

2. Geological background and samples

The Yangtze Block in the northwestern part of the South China Block 
is characterized by remarkable geological processes during the Neo
proterozoic Era (Zhao and Cawood, 2012; Shu et al., 2021; Dong et al., 

2024), which have resulted in widespread and well-exposed Neo
proterozoic rock records across its territory. Overall, these geological 
processes exhibit a temporal transition from Tonian orogenesis to 
Cryogenian–Ediacaran sedimentation (Shu et al., 2021; Dong et al., 
2024). The Tonian orogenesis is primarily manifested by two linearly- 
distributed orogens flanking the Yangtze Block, i.e., the Panxi-Hannan 
Belt to the west and northwest and the Jiangnan Orogen to the south
east (Fig. 1B; Wang et al., 2007; Zhao et al., 2021; Shu et al., 2021). The 
Panxi-Hannan Belt is characterized by voluminous Tonian arc-related 
felsic to intermediate plutons and minor mafic-ultramafic intrusions 
(Zhou et al., 2002; Zhao and Zhou, 2007, 2009; Dong et al., 2011, 2012), 
which is considered to have formed in response to a long-lived oceanic 
subduction event (lasting at least from ca. 970 to ca. 750 Ma; Li et al., 
2024). However, the Jiangnan Orogen is mainly composed of Tonian 
sedimentary rocks and granites, and it is thought to have undergone 
accretionary orogenesis since ca. 970 Ma, culminating in the assembly of 
the Yangtze and Cathaysia blocks by ca. 820 Ma (Wang et al., 2014; Yao 
et al., 2019). During the Late Tonian, subduction orogeny might still be 
active in the Panxi-Hannan Belt, while extensional basins started to 
develop in the Jiangnan Orogen area. This kind of tectonic configuration 
resulted in a topographically high region in the west, characterized by 
weathering and erosion, and a topographically low region in the east, 
where shallow-marine to bathyal-abyssal clastic successions were 
deposited throughout the Cryogenian and Ediacaran (Cawood et al., 
2012; Cawood et al., 2013a; Shu, 2012; Shu et al., 2021; Dong et al., 
2024).

We investigated seven Late Tonian to Cryogenian stratigraphic sec
tions from the northern, central, and southern domains of the Yangtze 
Block (hereafter designated NYB, CYB and SYB). Sample locations are 
marked on the paleogeographic map (Fig. 1C&D) and stratigraphic 
correlation diagram (Fig. 2). We conducted detrital zircon chronological 
and geochemical analyses for a total of nineteen sedimentary samples 
from these sections to reveal the properties and magmatic-tectonic 
processes of their provenance.

3. Analytical methods

Detrital zircon grains were separated by standard heavy and mag
netic mineral separation techniques. The cathodoluminescence (CL) 
images were obtained using a cathode fluorescence probe mounted on a 
scanning electron microphotography. Based on these images, we 
selected more than 1000 spots on zircon grains for analyses of 
U–Pb–O–Hf isotopes and trace elements. All of the above analyses were 
conducted at the State Key Laboratory of Critical Earth Material Cycling 
and Mineral Deposits, Nanjing University.

3.1. Zircon U-Th-Pb isotopes

Zircon in situ U-Th-Pb isotopic and trace elemental analyses were 
performed on a Thermofisher Quad-ICP-MS mass spectrometer with a 
Resolution LR/S155 laser ablation system. The laser with a 193 nm 
wavelength was set to 29 μm in diameter, 5 Hz pulse rate, 80 mJ or 75 
mJ energy. The integration duration for each zircon point was 96 s, 
including background for 20 s. The standard samples were determined 
every 8 or 10 data points, and the standard reference material was 
synthetic silicate glass (NIST SRM612; NIST SRM610) developed by the 
United States National Standards and Technology, inserted once for 
SRM612, twice for SRM610 before and after. The zircon 91,500 (1062 
± 4 Ma) and PLE (337.13 ± 0.37 Ma) as the external standard reference 
materials for age correction and instrument monitoring. The trace ele
ments concentration calculations were corrected by the 29Si internal 
standard method. The original data were pre-processed and adjusted by 
ICPMSDataCal (V9.5), and the age calculation and spectrum plotting 
were completed with Isoplot (ver. 3) and Excel. Ages older than 1500 Ma 
were utilized at 207Pb/206Pb, and those younger than 1500 Ma were 
utilized at 206Pb/238U (Spencer et al., 2016). The ages and trace element 

Fig. 1. Neoproterozoic geological background for the Yangtze Block, South 
China. (A) Schematic paleogeographic reconstruction of Rodinia at ca. 900 Ma 
showing Rodinia’s peripheral orogenic system and the position of the Yangtze 
Block, adapted from Spencer et al. (2015), Cawood et al. (2018), and Yao et al. 
(2019). The early-stage (ca. 1.40–0.92 Ga) Rodinia’s interior orogenic belts are 
marked in green, while the late-stage Rodinia’s peripheral orogenic belts (ca. 
1.03–0.53 Ga) are marked in purple. Au-Australia, Am-Amazonia, La-Laurentia, 
Si-Siberia, Ba-Baltica, Co-Congo, Ka-Kalahari, EA-East Antarctica, WA-West 
Africa, NC-North China, RP-Rio de Plate, Ma-Madagascar, In-India, Y-Yang
tze, C-Cathaysia, L-Labador, S-Scotland. (B) Simplified geological map showing 
the distribution of the Tonian orogens (e.g., the Panxi-Hannan Belt and the 
Jiangnan Orogen) flanking the Yangtze Block, adapted from Zhao and Cawood 
(2012). (C&D) Paleogeographic maps (modified from Dong et al., 2024) of the 
Yangtze Block during the Late Tonian and Cryogenian (ca. 800–635 Ma) 
demonstrating that the western and northern regions of the block were pre
dominantly paleo-uplift areas, whereas the southeastern part was primarily a 
sedimentation domain. The sample locations are marked on the maps. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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contents of analyzed zircon grains were reported in Supplementary 
Dataset 1.

3.2. Zircon O isotope

Zircon oxygen isotopic analysis was performed using a Cameca IMS- 
1300HR3 secondary-ion mass spectrometry (SIMS). The ion source was a 
cesium source (133Cs+), the 133Cs+ primary ion beam was accelerated at 
10 kV with an intensity of ~2 nA, focused to a region of ɸ 10 μm on the 
sample surface, and the analysis spot diameter was about 20 μm (beam 
diameter was 10 μm and grating was 10 μm). Oxygen isotopes were 
measured in multi-collector mode using two off-axis Faraday cups. 
Instrumental mass fractionation (IMF) correction was performed on the 
measured oxygen isotope data using the Penglai zircon standard 
(δ18OSMOW = 5.31 ± 0.5 ‰; Li et al., 2010), which was analyzed once 
every four unknowns. And using a sample-standard bracketing method 
with Qinghu as the external zircon standard sample, which was analyzed 
once every eight unknowns (Li et al., 2021a).

3.3. LA-MC-ICP-MS zircon Lu–Hf isotope

Zircon Lu–Hf isotopic analyses were obtained using a GeoLas 193 
nm laser-ablation system attached to a Neptune (Plus) MC-ICP-MS. The 
spots for Hf isotope analyses were placed at the same spot as the pre
vious laser U–Pb dating with a diameter of 44 μm. Masses 172Yb, 173Yb, 
175Lu, 176Hf + Yb + Lu, 177Hf, 178Hf, 179Hf, and 180Hf were measured in 
Faraday cups. Hf reference solution JMC475 was analyzed during an 
analytical session to allow normalization of fundamental mass spec
trometer performance. Measuring 172Yb and 175Lu to correct for the 
interference of 176Yb and 176Lu to 176Hf. Reference zircon Mudtank and 
91,500 were used to monitor the accuracy and precision of Hf isotope 
ratios and instrumental drift with respect to the Lu/Hf ratios. εHf values 
were calculated relative to the chondritic values of Bouvier et al. (2008)
(176Lu/177Hf = 0.0336; 176Hf/177Hf = 0.282785).

4. Results

4.1. Provenance characteristics

We obtained 1328 effective age data of detrital zircon after elimi
nating discordant ages. Age distributions show three prominent clusters: 
1000–720 Ma (75 %; n = 994), ca. 2000 Ma (11 %; n = 153), and ca. 
2500 Ma (4 %; n = 52). Samples from NYB, CYB, and SYB have Tonian 
(1000–720 Ma) detrital zircons of 96 %, 61 %, and 86 % respectively, 
and their zircon age spectra consistently display peaks between 810 and 
770 Ma (Fig. 3). Therefore, these Late Tonian to Cryogenian sedimen
tary domains are dominated by Tonian provenances. According to 
paleogeography (Fig. 1C&D), the majority of Tonian detrital zircon 
should be sourced from the Tonian (1000–720 Ma) magmatic belts 
(paleo-uplifts) in the northern and/or western areas of the Yangtze 
Block. On the other hand, all the Tonian detrital zircons in this study 
display (1) geochemical signatures ranging from I-type to hybrid S-type 
(Fig. 4A) and (2) continental arc geochemical characteristics (Fig. 4B). 
Additionally, numerous Archean-Paleoproterozoic detrital zircons 
found in CYB samples (Fig. 3B) were most likely sourced from nearby 
metamorphic-plutonic complexes (e.g., the Kongling Complex) in the 
Yangtze Block’s interior (e.g., Gao et al., 2011; Chen et al., 2020).

Hf–O isotopes in Tonian detrital zircons could further delineate 
magmatic processes in the provenances (Fig. 5). Zircon Hf isotopes can 
reveal whether the host magmas originated from a juvenile source, 
enriched continental source, or a mixture of both (Kemp et al., 2007), 
while zircon O isotopes can record whether involving supracrustal or 
hydrothermally altered materials during the formation of the host 
magmatic rocks (Valley et al., 2003). For the NYB samples, the Tonian 
zircons mainly present εHf(t) values clustering above the CHUR line (up 
to +10.4) (Fig. 5). Their δ18O values evolve from mantle-like to elevated 
levels from 1000 to 850 Ma, followed by more variable values 
(1.57–10.60 ‰) during 850–720 Ma (Fig. 5). For the CYB samples, zir
cons display depleted Hf [εHf(t) mainly from +8.0 to +14.7] and mantle- 
like O isotopic compositions (4.80–6.47 ‰) during 1000–850 Ma, fol
lowed by more variable Hf–O isotopic compositions during 850–720 
Ma (Fig. 5). For the SYB samples, the Tonian zircons cluster within the 
850–720 Ma age range and display a wide range of both εHf(t) and δ18O 
values (Fig. 5). Overall, Tonian zircons from samples of three regions 
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Fig. 2. The stratigraphic columns of the studied Late Tonian to Cryogenian sedimentary sections with sample locations marked. These samples are classified into 
three groups according to their geographic locations within the Yangtze Block: northern (NYB), central (CYB), and southern (SYB) regions.
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depict similar magmatic and crustal evolutional histories in their prov
enance (i.e., Tonian orogens). The orogens were dominated by juvenile 
magmatism and crustal growth prior to ca. 850 Ma. Following were 
more complex magmatic processes relating to mantle-crust differentia
tion during ca. 850–720 Ma, involving coupled juvenile crustal growth 
and reworking of juvenile and ancient crust.

4.2. Crustal thickness estimation

Recent studies have demonstrated that the zircon europium anomaly 
(chondrite-normalized Eu/Eu*, Eu* =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Sm*Gd

√
) can serve as a reliable 

proxy for tracing crustal thickness evolution in magmatic arcs and 
orogens (Tang et al., 2021, 2024). The method is based on the principle 
that zircons crystallizing from high-pressure-differentiated melts (I- or 
A-type) tend to have elevated Eu/Eu* values, primarily due to the sup
pression of plagioclase crystallization and the endogenic oxidation of 
Eu2+ resulting from garnet fractionation (the garnet prefers to sequester 
Fe2+ over Fe3+ from the melt, and its fractionation will increase Fe3+/ 
∑

Fe and thereby the oxygen fugacity of the residual melt; Tang et al., 
2018, 2021). Therefore, when magmatic differentiation occurs beneath 
the base of the crust, the Eu/Eu* of zircon is expected to show a positive 
correlation with crust thickness (Tang et al., 2021). The zircon Eu/Eu* 
crustal thickness proxy has been widely applied to various orogenic 
belts, e.g., Himalayan and Cordilleran orogens (Tang et al., 2021, 2024; 
Wu et al., 2023a), and its reliability has been further supported by other 
crust thickness indicators (e.g., whole rock La/Yb) and by geological 
observations (Tang et al., 2021, 2024). In addition, it is noteworthy that 
a sufficiently large dataset is required when applying the zircon Eu/Eu* 
proxy in order to mitigate the influence of local magmatic processes (e. 
g., crustal assimilation) on the overall results (Tang et al., 2024).

We reconstruct the crustal thickness evolution of the Tonian orogens 
in the Yangtze Block in a similar method (Fig. 5&6C). We refine the 
dataset on the basis of trace elemental filtering criteria described in Tang 
et al. (2024) and acquire 391 effective geochemical data of Tonian 
zircon after removing ~24 % of the original data. The result shows that 
the estimated crustal thickness for Tonian orogens is generally higher 
than 40 km (Fig. 5). Samples from the three different regions document 
slightly different tendencies in crustal thickness evolution: (1) both the 
NYB and SYB samples record one remarkable crustal thickening during 
950–920 Ma and once slight crustal thickening during 820–760 Ma; (2) 
the CYB samples record that the crustal thickness slightly decreases from 
about 60 to 50 km during 980–920 Ma and stabilized at ~50 km 
thereafter. However, their Tonian provenances record similar magmatic 
and crustal evolutionary histories from perspectives of zircon Hf–O 
isotopic (see εHf(t) and δ18O in Fig. 5) and Eu/Eu* proxies. This enables 
us to integrate all analyzed regional geochemical data to depict crust- 
thickness evolution of the peripheral orogens of the Rodinia as recor
ded in the Yangtze Block (Fig. 6).

The LOESS (Locally Estimated Scatterplot Smoothing) curve in 
Fig. 6C defines three evolutionary stages for crustal thickness: (1) 
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Fig. 3. The detrital zircon age spectrum diagram for Neoproterozoic strata 
from three domains of the Yangtze Block (NYB, CYB, and SYB).

Fig. 4. The trace element distributions of the Tonian detrital zircons resemble those of I- to hybrid S-types and continental arc igneous rocks. (A) Th/U vs. Ce/U 
logarithmic diagram (Roberts et al., 2024). (B) Sc/Yb vs. Nb/Yb logarithmic diagram (Grimes et al., 2015).
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thickening from about 40 to 60 km during 1000–920 Ma; (2) thinning to 
50 km during 920–850 Ma; (3) stabilization at 50–55 km during 
850–750 Ma. The thickness data are shown as 10-Myrs binned averages 
with error bars indicating ±2SEM (calculated by error propagation). 
The LOESS curve and enveloped confidence intervals are generated in 
MATLAB software using 1000 bootstrap iterations and a span parameter 

of 0.5. Furthermore, we employed an independent proxy (i.e., whole- 
rock La/Yb-based crustal thickness proxy; Profeta et al., 2015) to vali
date the results derived from the Eu/Eu* proxy. We compiled published 
whole-rock La/Yb data from Tonian igneous rocks along the north
western margin of the Yangtze (Supplementary Dataset 2) and applied a 
filter to select low-magnesium, intermediate calc-alkaline rocks 

Fig. 5. Temporal variation in zircon Hf–O isotopes and crustal thickness from three domains of the Yangtze Block (NYB, CYB, and SYB). The pink light band denotes 
the mantle O isotopic range (5.3 ± 0.6 ‰, Valley et al., 1998). The CHUR represents the chondritic uniform reservoir evolution line, and DM represents the depleted 
mantle evolution line, defined by present-day 176Hf/177Hf = 0.28325 and 176Lu/ 177Hf = 0.0384 (Griffin et al., 2000, 2004). The crustal average thickness was 
calculated using the formula of Tang et al. (2021) with a 20 Myr sliding window and step size. The curves are fitted using polynomial regression, and the bar chart 
shows the number of detrital zircon samples within each window. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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Fig. 6. Temporal evolution of zircon Hf–O isotopic compositions and mean zircon-Eu/Eu*-based crustal thickness for Tonian peripheral orogens of Rodinia as 
recorded in the Yangtze Block. Some zircon Hf–O data are compiled from Sun et al. (2009), Zhu et al. (2009), Wang et al. (2011, 2012, 2013), Yang et al. (2016, 
2018), Liu et al. (2018), Li et al. (2020), Huang et al. (2021a, 2021b), Zhao et al. (2022). In Fig. 6A&B, the data are binned in 10 Myr intervals, with box boundaries 
representing the upper and lower quartiles, whiskers extending to the maximum and minimum values, and discrete points denoting outliers. In Fig. 6C, a sliding 
window with a 10 Myr step size is applied, and error bars correspond to ±2 standard errors. The black curve was obtained using LOESS smoothing with 1000 
bootstrap resampling, where solid segments indicate bins containing ≥10 samples and dashed segments represent those containing <10 samples. The blue and grey 
envelopes represent the 68 % and 95 % confidence intervals from the zircon Eu/Eu* and whole-rock La/Yb proxies, respectively. The detailed calculation results are 
presented in Supplementary Dataset 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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containing 55–68 wt% SiO2 (Profeta et al., 2015). Data for the 
1000–870 Ma intervals are lacking due to scarcity of igneous rock re
cords from this period, consistent with the low abundance of 1000–870 
Ma zircons in the detrital zircon age histogram (Fig. 6C). The whole-rock 
La/Yb-derived crustal thickness estimates are displayed as a grey en
velope in Fig. 6C, which encompasses the zircon Eu/Eu* results in 
870–750 Ma interval. Moreover, before 850 Ma, the crustal thickness 
shows a decreasing trend, consistent with the zircon Eu/Eu*-thickness 
estimates. We think the zircon Eu/Eu* proxy is robust and can be 
cross-validated with the independent whole-rock La/Yb proxy.

5. Discussion

5.1. Temporal evolution of crustal thickness in Tonian orogens

Integrated Hf–O isotopes and Eu/Eu* proxies from detrital zircons 
can provide insights into coupled crustal thickness evolution and related 
tectonic-magmatic processes for the source orogens (Tang et al., 2021). 
In this study, three different Late Tonian to Cryogenian sedimentary 
domains in the Yangtze Block (NYB, CYB, and SYB) consistently exhibit 
a major provenance of the Tonian orogens to the north and/or west of 
the block, which have been interpreted to be formed through accre
tionary orogenesis at the periphery of the Rodinia supercontinent (Li 
et al., 2024; Wu et al., 2024).

The covariation between Hf–O isotope and crustal thickness, com
bined with observed geological evidence, is an indispensable part of our 
interpretation of the temporal evolution of crustal thickness. We will 
discuss each of the three stages mentioned above in turn. During 
1000–920 Ma, the crustal thickness increased rapidly from ~40 to ~60 
km (Fig. 6C). This thickening event is supported by both zircon isotopic 
and geologic evidence. First, zircon Hf–O isotopes reveal a significant 
mantle contribution to magmatism during this period (Fig. 6A&B). 
Second, several magmatic records of this age have been identified along 
the western and northern margins of the Yangtze Block and are inter
preted to have formed in an island-arc setting. These include ca. 970 Ma 
Tongmuliang volcanic rocks, ca. 985–950 Ma Changba, and ca. 
950–936 Ma Sanchazi igneous rocks (Li et al., 2018; Wu et al., 2019; Wu 
et al., 2023a, 2023b). Third, the terranes accretion (Li et al., 2021a) and 
compressive tectonism and metamorphism may have occurred during 
this stage (our unpublished data). Taken together, three lines of evi
dence suggest that the rapid crustal thickening was driven by a combi
nation of juvenile magmatic addition and crustal shortening.

Between 920 and 850 Ma, the crustal thickness underwent a ~ 10 km 
reduction over 60 Myr and finally reached ~50 km by ca. 850 Ma 
(Fig. 6C). This crustal thinning is somewhat puzzling considering the 
lack of magmatic records and extensional geologic evidence. We attri
bute this thinning to arc-root foundering, consistent with subduction 
orogenic cyclicity (DeCelles et al., 2009). The zircon εHf(t) values exhibit 
a decreasing trend but remain overall positive (+2.0 − +14.7), indi
cating enhanced crust-mantle interaction without triggering large-scale 
remelting of ancient crust. We propose that delamination of the arc root 
may have induced partial melting of juvenile crustal materials. 
Furthermore, the delamination could have created sufficient accom
modation space beneath the arc crust, paving the way for subsequent 
large-volume magma recharge (Dickinson, 2004; DeCelles et al., 2009; 
Spencer et al., 2019). This process may have contributed to the pro
nounced magmatic flare-ups observed in the Yangtze Block between 850 
and 750 Ma.

During ca. 850–750 Ma, zircons present a wide range of εHf(t) 
(− 22.2 − +10.2) and δ18O (1.57–10.60 ‰) values, with average εHf(t) 
values close to zero and a progressive decrease in average δ18O from 
6.54 ‰ to 4.36 ‰ (Fig. 6A&B). These variations suggest various types of 
magmatism associated with both juvenile crustal growth and the 
reworking of juvenile and ancient crustal components. Throughout this 
interval, the average orogenic crust thickness remained relatively stable 
at ~50 km (Fig. 6C). Considering the active tectonism and widespread 

magmatism within the Yangtze Block during this period (Zhao et al., 
2021; Dong et al., 2024; Wu et al., 2024). We interpret the sustained 
stability of the average crustal thickness not as a static or stagnant state 
of the crust, but rather as a dynamic balance achieved through internal 
adjustments. This dynamic balance suggests that crustal thickening (via 
magmatic addition and crustal shortening) was effectively offset by 
crustal thinning (via arc-root foundering and lithospheric extension) 
within successful 10-Myr intervals during ongoing orogenesis (Fig. 6C). 
Such a balance is consistent with previously proposed tectonic models, 
including: (1) the coexistence of retreating and advancing accretionary 
orogenies in different segments of the continental margin (Zhao et al., 
2019); and (2) the frequent alternations between retreating and 
advancing accretionary orogenies, with switching intervals of less than 
30 Myr, as suggested by Wu et al. (2023a, 2023b). The spatial asyn
chrony and/or frequent temporal switching between retreating and 
advancing accretionary orogenies is supported by geological observa
tions, as reflected in the widespread coexistence of arc-related igneous 
rocks (Zhu et al., 2019; Zhao et al., 2019, 2021), regional metamorphic 
rocks (Wang et al., 2020; Li et al., 2021a; Li et al., 2024), as well as 
extension-related A-type granites (Huang et al., 2008; Zhao et al., 2008), 
mafic dyke swarms (Zhang et al., 2009; Xiong et al., 2023b), and 
volcanic-sedimentary basins (Gu and Wang, 2014) within the orogenic 
belt.

5.2. Implications for Rodinia’s Peripheral Orogenesis

Rodinia is a major Proterozoic supercontinent in Earth’s history. Its 
assembly and subsequent breakup corresponded to secular changes in 
orogenic styles: i.e., early-stage (ca. 1.40–0.92 Ga) collisional orogenesis 
within Rodinia’s interior to late-stage (ca. 1.03–0.53 Ga) accretionary 
orogenesis along its periphery (Cawood et al., 2016). The Rodinia’s 
interior collisional orogens mainly developed on Laurentia, Amazonia 
and Batica (Johansson, 2009; Hynes and Rivers, 2010; Cawood and 
Pisarevsky, 2017). These mid-Proterozoic collisional orogens exhibit 
hotter and thinner crust with weaker crustal rheology (the elevated 
temperature weakens the rheology of the crust, diminishing its capacity 
to sustain topography) relative to their modern counterparts. This has 
been interpreted as a result of prolonged mantle heat influx and multi- 
episode crustal thinning events prior to Rodinia’s assembly-related 
collisional orogeny (Spencer et al., 2021; Brudner et al., 2022). For 
example, a case study of the Grenville collisional orogen (ca. 1.25–0.98 
Ga) estimates a maximum crustal thickness of ~60 km, which is up to 
20 km thinner than that of the modern Himalayan-Tibetan orogen 
(Brudner et al., 2022).

This study offers a snapshot of the evolution of Rodinia’s peripheral 
orogens as recorded in the Tonian Yangtze Block. First, crustal thickness 
estimates remained within the range of 50–60 km over a prolonged 
timescale (> 100 Myr), exceeding the global mean thickness of active 
continental crust at the same period (~40–45 km; Tang et al., 2021; 
Fig. 7). This may suggest that Rodinia’s periphery developed a thicker 
orogenic crust than its interior. Second, Tonian crustal thicknesses are 
systematically higher than those of the Mesoproterozoic (~40–45 km), 
yet remain lower than modern counterparts such as the Cordilleran 
orogens, an Andes-type orogen where crustal thickness can exceed 70 
km during thickening periods (Tang et al., 2024) (Fig. 7). Third, the 
Tonian orogens in the Yangtze Block exhibit relatively minor fluctua
tions in crustal thickness (Fig. 6C), in contrast to the episodic thickening 
in Cordilleran orogen (Tang et al., 2024).

Crustal thickness is closely linked to crustal rheology, which is 
controlled by the geothermal state and consequently, by metamorphic 
gradients (Brown and Johnson, 2019; Spencer et al., 2021). Elevated 
metamorphic thermobaric ratios (T/P) are commonly associated with 
mechanically weak crust and limited topographic elevation, as exem
plified by Mesoproterozoic orogens characterized by hot, thin, and low- 
standing crust (Chardon et al., 2009; Gerya, 2014; Perchuk et al., 2018; 
Spencer et al., 2021). In contrast, Phanerozoic orogens generally exhibit 
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lower metamorphic thermobaric ratios and higher topographic eleva
tion, accompanied by development of HP-LT (blueschist) and ultrahigh- 
P metamorphic assemblages (Brown and Johnson, 2019; Roberts et al., 
2022). The Neoproterozoic is widely interpreted as a transitional period 
in subduction style, shifting from ‘hot and shallow’ to ‘cold and steep’ 
(Hawkesworth et al., 2016; Palin et al., 2020). Within this framework, 
Tonian metamorphic records (880–750 Ma) from the Yangtze Block 
exhibit intermediate thermobaric ratios, falling between typical Meso
proterozoic and Phanerozoic values (Fig. 7), and thus may reflect an 
intermediate rheological state of the orogenic crust. This transitional 
geothermal regime may account for: (1) the absence of blueschist and 
ultrahigh-pressure metamorphic assemblages, which are diagnostic of 
cold Phanerozoic subduction zones (Stern, 2005; Brown, 2014); (2) the 
scarcity of anorthosite-mangerite-charnockite-granite suites, which are 
characteristic of Mesoproterozoic magmatic provinces and are formed 
through prolonged magma differentiation and sustained heat/magma 
supply (Ashwal and Bybee, 2017). Therefore, the Rodinia’s peripheral 
orogens during the Tonian period could serve as a transitional phase in 
the evolution of both crustal thickness and geothermal gradients, 
bridging the subduction orogenic styles of the Mesoproterozoic and 
Phanerozoic eras (Fig. 7). These transitional features are likely also re
flected in broader magmatic and crustal evolutional processes, shaping 
the distinctive geodynamic character of Tonian orogenesis along Rodi
nia’s margins.

6. Conclusions

Detrital zircons from the Tonian orogenic belt reveal that the average 
crustal thickness primarily ranges between 50 and 60 km throughout the 
whole Tonian period, which supports a protracted subduction orogeny 
and arc-related magmatism along the northwestern margin of the 
Yangtze Block. Combined with geologic observations and zircon Hf–O 
isotopes, we suggest that the early-stage (1000–920 Ma) crustal thick
ening is driven by both magmatic addition and juvenile accretion. The 
subsequent crustal thinning during 920–850 Ma is interpreted as a result 

of the foundering of the arc-root. The late-stage (850–750 Ma) stable 
crustal thickness may reflect spatial asynchrony and/or frequent tem
poral switching between the two types of accretionary orogenies 
(retreating and advancing). Moreover, both the crustal thickness and 
metamorphic T/P ratios of Tonian orogens in the Yangtze Block reflect a 
secular transition in the geodynamic regime and crustal rheology from 
the Mesoproterozoic to the Phanerozoic. These transitional character
istics may also be reflected in the broader magmatic and crustal evolu
tionary processes in the Neoproterozoic.
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