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A B S T R A C T   

Precambrian sedimentary strata are widely distributed along the periphery of the Yangtze Block. However, the 
age, provenance and tectonic setting of the sedimentary successions on the northern margin still remain unclear, 
which exerted considerable influence on the understanding of Precambrian crustal evolution of the Yangtze 
Block. Here we report integrated detrital zircon U-Pb dates and Lu-Hf isotopes from the Dahongshan area to the 
northeast of the nuclei (i.e. the Kongling Complex) of the Yangtze Block. The youngest U-Pb dates of 995 Ma and 
810 Ma of detrital zircon grains place constraints on the maximum depositional ages of the underlying Dagushi 
Group and the overlying Huashan Group, respectively. Both groups show pre-Mesoproterozoic age populations at 
ca. 2050 Ma and ca. 2700 Ma and corresponding εHf(t) values varying from –24.1 to + 2.3, consistent with 
counterparts of the Kongling Complex and Yangpo Complex in northern Yangtze Block. The εHf(t) values of 
Neoproterozoic (1000–800 Ma) detrital zircon grains in the Huashan Group show a decrease after ca. 880 Ma 
(from + 13.5 to –18.5), possibly indicating a transition from arc-continent collision to continental arc setting on 
the northern margin of the Yangtze Block. In combination with sedimentary characteristics and the new isotopic 
results, the Dagushi Group probably formed in a shallow marine basin setting and received dominant detritus 
from the Kongling and Yangpo complexes. In contrast, the Huashan Group received sediments recycled from the 
underlying Dagushi Group and contemporary igneous rocks in the Dahongshan and Kongling areas. The changes 
in provenance and tectonic setting recorded in the two sedimentary sequences suggest a tectonic transition from 
late Mesoproterozoic passive continental margin to Neoproterozoic subduction and accretion in response to the 
amalgamation of Rodinia supercontinent. On the basis of distinct location and history, Pre-Nanhua Neo-
proterozoic sedimentary sequences distributed in the periphery of Yangtze Block are dispersed into four separate 
domains. Through bivariate kernel density estimates and bootstrap resampling method, we have identified that 
these domains were characterized by asynchronous igneous impulse and heterogeneous character of igneous 
activity in early Neoproterozoic along with varying degrees of integration of crustal growth and reworking.   

1. Introduction 

There have been several supercontinent cycles in Earth’s history 
where globally dominant continents were welded together by orogenic 
belts. Among them, the evolution from Nuna (also named as Columbia) 
to Rodinia supercontinents is still intriguing. The process was so stable 
in biology, atmosphere, geochemistry and tectonics that some scholars 
prefer a Nuna-Rodinia association (Nudinia) (Cawood et al., 2020) 
during the “boring billion” (1.8–0.8 Ga; Holland, 2006; Mukherjee et al., 
2018; Roberts, 2013) or “Earth’s middle age” (1.7–0.75 Ga; Cawood and 
Hawkesworth, 2014). However, this period is not so boring since 
glaciation (Hartley et al., 2020), algae fossils (Gibson et al., 2017), 

magmatic activities associated with orogenesis and crustal accretion 
(Zhang and Zheng, 2013; Zhao et al., 2018) at this time have been found. 
The Yangtze Block is featured by early to middle Neoproterozoic mag-
matism and its Meso-Neoproterozoic tectono-magmatic evolution serves 
as one of the hot topics in recent decades. In particular, the Yangtze 
Block is characterized by late Mesoproterozoic “extensional system” and 
early Neoproterozoic “arc system” (Li et al., 2009, 2018; Zhang et al., 
2016; Zhang and Wang, 2016; Zhao et al., 2018), which is linked with 
the convergence of the Rodinia supercontinent (Li et al., 2021). Further 
studies on the Precambrian tectonic evolution of the Yangtze Block are 
helpful to understanding the global supercontinent cycle. 

Despite of southern Qinling Belt that may have been accreted onto 
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the northern Yangtze Block (Dong, 2016, 2017; Wu, 2021), a few late 
Mesoproterozoic to early Neoproterozoic sedimentary sequences are 
exposed on the northern Yangtze Block in the Shennongjia (i.e., Shen-
nongjia Group) and Dahongshan areas (i.e., Dagushi Group and Huashan 
Group). The Shennongjia Group is proximity to the Dagushi Group and 
both of them have similar lithologic characters indicative of a passive 
continental margin setting (Xiong and Chen, 1991; Li et al., 2016a), 
whereas, unexpectedly, detrital zircon U-Pb age patterns seem to sup-
port more complicated provenances for the Shennongjia Group (Li et al., 

2013; Du et al., 2016; Xu et al., 2016a; Tian et al., 2018) and the exotic 
source contribution adds the uncertainty for further analysis. In addi-
tion, there are no voluminous associated igneous rocks within the 
Shennongjia Group as the Dagushi Group (Shi et al., 2007; Deng et al., 
2013; Xu et al., 2016b). Therefore, given the more integrated sedi-
mentary succession and associated magmatic rocks in the period of 
Meso- to Neoproterozoic time and possible close affinity with the 
Yangtze Block, the Dahongshan area would be an ideal place to decipher 
the enigmatic history on the northern margin of the Yangtze Block. 

Fig. 1. Geological map of South China showing the distribution of Precambrian rocks and strata in the study area (Modified after Zhao GC et al., 2012). (a) Dis-
tribution of Precambrian rocks in the South China Block; (b) Geological sketch map of the Dahongshan region on the northern margin of the Yangtze Block (Modified 
after Hu ZX et al., 2017). (c) Simplified stratigraphic column of the Dagushi Group, Huashan Group and the overlying Nanhua strata in the Dahongshan area. 
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In this study, we have carried out a detailed study of geology, detrital 
zircon U-Pb geochronology and Hf isotopes of the Dagushi and Huashan 
groups. These studies will shed light on the late Mesoproterozoic to early 
Neoproterozoic tectonic evolution of the northern Yangtze Block and to 
some extent, identify linkages of ‘magmatic system’ along the periphery 
of the Yangtze Block. 

2. Geological setting 

The Yangtze Block is separated from the Tibet plateau by the 
Songpan-Ganze orogen to the west, the North China Craton by the 
Qinling-Dabie-Sulu orogen to the north, and the Indosinian Block by the 
Ailaoshan-Red River fault to the south (Fig. 1a). The Yangtze and 
Cathaysia blocks amalgamated to form the unified South China Block in 
the Neoproterozoic along the Jiangnan Orogen (JO) (Li et al., 2009; 
Wang et al., 2007, 2014; Yao et al., 2019; Li et al., 2021). Spatially 
restricted and poorly exposed Mesoproterozoic and older rocks have 
been recognized mainly on the northern and southwestern margins of 
the Yangtze Block, which are enveloped by widespread Neoproterozoic 
and younger units (Fig. 1a) (Zhao and Cawood, 2012). The oldest and 
most complete record of the basement is preserved in the vicinity of 
Kongling domain with magmatic activities ranging from 3450 Ma to 
1800 Ma and granitoid compositions evolving from sodium-rich tona-
lite, trondhjemite and granodiorite (TTG) to more potassic granite 
(Xiong et al., 2008; Chen et al., 2013; Gao et al., 2011; Jiao et al., 2009; 
Li et al., 2014; Qiu, 2000; Zhang et al., 2006; Zhou et al., 2017). In 
addition, the basement complexes experienced two stages of regional 
metamorphism at ca. 2500 Ma and 2000 Ma, respectively (Ling et al., 
2000; Zhao et al., 2012; Yin et al., 2013b). As summarized by Cawood 
et al. (2020), besides the Kongling Complex, other isolated occurrences 
of Archean and Paleoproterozoic gneisses and granitoids include the 
Yudongzi, Houhe, Zhongxiang and Douling complexes in northern 
Yangtze Block. The Shennongjia and Dagushi groups, located to the 
north and northeast of the Kongling domain respectively, are the only 
known Mesoproterozoic sedimentary units in northern Yangtze Block. 
The roles of the South China Block in Nuna and Rodinia supercontinents 
have been greatly debated in the last decades, in which the (proto-) 
Yangtze Block was suggested to be closely adjacent to north Laurentia, 
southwest Siberia and north Australia during Archean and early Paleo-
proterozoic and was then located in the center of Nuna supercontinent 
(Wang et al., 2016a; Cawood et al., 2018), whereas the Cathaysia Block 

had closely affinity with northern India in late Paleoproterozoic (Yu 
et al., 2012; Wang et al., 2017) and was then juxtaposed with the 
Yangtze Block as the unified South China Block and was located on the 
northwestern margin of Rodinia supercontinent during middle Neo-
proterozoic (Merdith et al., 2017; Cawood et al., 2018, 2020; Li et al., 
2021). 

The study area is located in the Dahongshan region of northern 
Hubei Province, which is about 200 km to the northeast of the Kongling 
terrane. Locally distributed in the vicinity of Hongshansi and 
Luohanling-Xianrenling areas with a NW extending, the Dagushi Group 
can be divided into Taiyangsi, Hanjiawa, Luohanling, Chenjiachong, 
Lijiazui, and Dangpuling formations from bottom to top with a total 
thickness up to ~ 2300 m, mainly consisting of dolomite and siltstone (Li 
et al., 2016a) (Fig. 1b). The existence of stromatolite dolomite is 
indicative of characteristic of neritic facies, by which some researchers 
suggested that the Dagushi Group was formed in a marginal phase of a 
shallow marine basin and is comparable with the Shennongjia Group in 
the vicinity (Xiong and Chen, 1991; Li et al., 2016a). There is obviously 
fold deformation in the Dagushi Group (Fig. 2a), which may be resulted 
from early Neoproterozoic tectonic compression. In contrast, the Hua-
shan Group outcropped in the center of Dahongshan region was origi-
nally divided into the lower Hongshansi Formation and the upper 
Liufangzui Formation (Fig. 1c). The former is characterized by strong 
fragmentation and deformation (Fig. 2b, c), with the intensity increasing 
from SW to NE, whereas the latter is relatively well-preserved. The 
Hongshansi Formation is mainly composed of conglomerate, sandstone, 
siltstone and dolomite. These rocks are poorly rounded and sorted 
(Fig. 2d), indicating a rapid sedimentation. In contrast, the Liufangzui 
Formation is made up of relatively fine-grained siltstone and dolomite, 
with better sorting and roundness, as well as the ubiquitous horizontal 
bedding (Fig. 2e), suggesting a relatively stable depositional setting. 

In addition to the Dagushi Group and the angular unconformably 
overlying the Huashan Group, previous studies have shown that there 
are a large number of rootless tectonic mélanges with thrust faults in the 
middle part of the study area (Fig. 1b) (Hu et al., 2015a). Neither 
condensation edge nor baking edge has been found between these blocks 
and surrounding rock matrix (Hu et al., 2015b). Felsic rocks and gran-
itoids ranging from 871 Ma to 828 Ma were recognized along the 
northeast to southeast of the Dagushi area and were supposed to serve as 
arc-derived assemblages due to the early subduction and accretion 
processes in the Dahongshan region (Xu et al., 2016b; Liao et al., 2016; 

Fig. 2. Representative field photos of the Huashan Group and underlying Dagushi Group. (a) deformed bedding of the Dagushi Group; (b) and (c) show the 
deformation and fold of the Hongshansi Formation; (d) thick layers of grey conglomerate from the Hongshansi Formation; (e) interbedded lamellar siltstones with 
different compositions showing horizontal bedding in the Liufangzui Formation. 
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Hu et al., 2017). Moreover, mafic–ultramafic rocks embedded/intruding 
in the Huashan Group were dated in the period from 947 ± 14 Ma to 
813 ± 5 Ma (Shi et al., 2007; Deng et al., 2013; Tian et al., 2017; Chen 
et al., 2017; Xie et al., 2019; Liu et al., 2020). A few ca. 430 Ma Phan-
erozoic mafic rocks were also reported in both the Dagushi and Huashan 
groups in recent years (Chen et al., 2018a), but their tectonic reliability 
and tectonic setting need further consideration. 

3. Sample and analytical methods 

Eleven samples were collected in this study, including seven from the 
Huashan Group (17DGS-3-1, 17DGS-5-1, 17DGS-5-3, 17DGS-6-1, 
17DGS-7-1, 17DGS-8-1 and 19DGS-10-1), and four from the Dagushi 
Group (17DGS-2-1, 17DGS-10-2, 19DGS-8-1 and 19DGS-9-1) (Fig. 1c). 
The sample localities are shown in Fig. 1b and c. All the samples suffered 
slight alteration/epimetamorphism. Among the Huashan Group sam-
ples, six are from the Hongshansi Formation (i.e., the lower part), 
including medium-coarse grained lithic sandstone (Fig. 2d), fine-grained 
argillaceous and dolomitic siltstone and dolomite. The remaining sam-
ple 17DGS-3-1 from the Liufangzui Formation (i.e., the upper part) is 
fine-grained siltstone. Samples from the Dagushi Group are fine-grained 
dolomite and shale. As shown in thin sections (see Fig. S1 in Appendix 
A), the main rock type (dolomite) of the Dagushi Group acts as the main 
minerals or primary interstitial material in most of the samples from the 
Huashan Group. 

Zircon crystals were separated from the samples using conventional 
heavy liquid and magnetic techniques and were cast in epoxy resin and 
then polished, followed by choosing suitable grains via transmitted-light 
and reflected-light microphotographs and cathodoluminescence (CL) 
images. All of the analyses were done at the State Key Laboratory for 
Mineral Deposits Research, Nanjing University. In situ zircon U-Pb iso-
topic analysis were conducted by a laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS) system composed of a Ther-
moFisher Scientific iCAP-RQ ICP-MS with a Geolas 193 nm laser abla-
tion system, following the analytical methods of Jackson et al. (2004) 
and Wang et al. (2014). Zircon standard GEMOC GJ-1 (608.5 ± 0.4 Ma; 
Jackson et al., 2004)was used for isotopic mass fraction correction and 
age calculation. Zircon standard Mud Tank was used for monitoring the 
reliability of analysis and the analyses on the standard yield a weighted 
mean age of 746.26 ± 3.23 Ma (n = 42; MSWD = 0.41), which is 
consistent with the recommended value of 732 ± 5 Ma (Black and 
Gulson, 1978). The beam size in this study is in 24–32 μm depending on 
the crystal size. And the U-Pb dates were calculated from the raw signal 
data using the software GLITTER 4.4 (Griffin et al., 2008). The detailed 
zircon U-Pb isotopic analyses are listed in Table S1 of Appendix B. 

In situ Lu–Hf isotopic analyses of zircon were carried out using a 
GeoLas 193 nm ArF3 laser ablation system attached to a Neptune Plus 
MC-ICP-MS. A beam diameter of 44 μm was adopted at a repetition rate 
of 10 Hz and a pulse energy density of 10.5 J/cm2. Zircon standard 
91,500 (176Hf/177Hf = 0.282306 ± 0.000004; Woodhead and Hergt, 
2005) was used for evaluating the reliability of the data and gave 
weighted mean value of 0.282296 ± 0.0000025 (n = 79; MSWD = 0.5). 
The initial 176Hf/177Hf ratios could be calculated via 176Lu decay con-
stant of 1.867 × 10-11 year− 1 (Söderlund et al., 2004). The chondritic 
values of 176Lu/177Hf = 0.0336 ± 1 and 176Hf/177Hf = 0.282785 ± 11 
(2σ) (Bouvier et al., 2008) were applied to calculations of εHf values. And 
the TDM2 values are measured using corresponding U-Pb ages and bulk 
crust 176Lu/177Hf of 0.015 (Griffin et al., 2002). Detailed analytical 
conditions and data processing are in line with Griffin et al. (2006, 2000) 
and Li et al. (2018). Analytical results of the Lu-Hf isotopic data are 
given in Table S2 of Appendix B. 

4. Results 

In total, 612 detrital zircon grains from the 11 metasedimentary 
samples were analyzed for U-Pb geochronology and some of concordant 

grains were further analyzed for Lu-Hf isotope compositions. Generally, 
the zircon grains from all samples have angular to subrounded 
morphology and mainly show sector zoning or oscillatory zoning 
(Fig. 3). Most grains from samples 17DGS-2-1, 19DGS-8-1 and 19DGS-9- 
1 have very thin overgrowth in CL images (Fig. 3), indicative of later 
tectono-thermal events. In addition, zircon grains from sample 17DGS- 
2-1 are featured by subrounded-rounded morphology, hinting multiple 
sedimentary recycling. Nearly all of the analyzed zircon grains have Th/ 
U ratios within the range of 0.1–4.5 (98% of grains > 0.3), except for one 
spot analysis 19DGS-8–1#14 that has a Th/U ratio of 0.02 with a 
207Pb/206Pb age of 2032 ± 43 Ma. Among all the analyses, 577 spot 
analyses within 5% discordance were adopted and 240 dated spots were 
selected for further Hf isotope analyses. Best ages were selected based on 
a 206Pb/238U to 206Pb/207Pb transition of 1500 Ma to take advantage of 
increased precision and accuracy above and below this age for the 
206Pb/207Pb and 206Pb/238U ratios, respectively (Spencer et al., 2016). 

4.1. Dagushi Group 

Totally, 191 detrital zircon grains were analyzed for the four samples 
from the Dagushi Group (Fig. 4), with U-Pb dates for individual spot 
analyses varying from 3175 Ma to 895 Ma. The analyses form two major 
age peaks at ca. 2710 Ma and ca. 2050 Ma, and two subordinary age 
peaks at ca. 2500 Ma and ca. 1010 Ma (Fig. 5). The oldest concordant 
analysis (19DGS-8–1#30) gives a 207Pb/206Pb age of 3175 ± 35 Ma. The 
maximum depositional age (MDA) of the Dagushi Group was con-
strained at 995 ± 6 Ma by the youngest cluster of 2 or more ages at 1σ 
uncertainty (YC1σ (2 + )) (Fig. 6). 

A total of 57 Hf isotopic spot analyses were performed on 57 dated 
detrital zircon grains from the Dagushi Group (Fig. 7). Their Hf model 
ages span from Archean to Neoproterozoic, with εHf(t) values ranging 
from − 20 to + 10.9 (Fig. 7). Three zircon grains from sample 17DGS-2-1 
give Hadean model ages (4029 Ma, 4026 Ma and 4010 Ma). About 80% 
of all the analyzed zircon yield Archean model ages, whereas the ana-
lyses with Paleoproterozoic model ages only account for 5% and those of 
Mesoproterozoic take about 9% (Fig. 7), indicating mainly Archean (or 
maybe older) crustal growth in their sources. 

4.2. Huashan Group 

4.2.1. The lower part 
A total of 329 detrital zircon grains from six samples from the 

Hongshansi Formation at the lower part of the Huashan Group were 
analyzed. The U-Pb dates range from 3370 Ma to 785 Ma, forming three 
major age peaks at ca. 2720 Ma, ca. 2055 Ma and ca. 850 Ma, and three 
subordinary age peaks at ca. 2500 Ma, ca. 1870 Ma and ca. 1180 Ma 
(Fig. 5). The oldest 5 concordant zircon grains show age population of 
3370–3300 Ma. The YC1σ(2 + ) defines the MDA of 828 ± 4 Ma (Fig. 6). 
One excluded spot analysis 17DGS-5-3#53 shows a 206Pb/238U age of 
784 ± 23 Ma, which may be resulted from later Pb loss. 

4.2.2. The upper part 
57 detrital zircon gains were selected and dated for sample 17DGS-3- 

1 from the Liufangzui Formation in the upper part of the Huashan 
Group, showing a wide age range from 2910 Ma to 790 Ma, forming one 
major peak age at ca. 980 Ma and two subordinary peaks of ca. 2660 Ma 
and ca. 835 Ma (Fig. 5). And the YC1σ(2 + ) defines the MDA of 810 ± 8 
Ma (Fig. 6). There is no zircon older than 3000 Ma in the Liufangzui 
Formation in this work, and the pre-Paleoproterozoic age peaks are very 
weak compared with those of the Hongshansi Formation. 

A total of 183 Hf isotopic analyses were carried on 183 detrital zircon 
grains from six samples of the Huashan Group (Fig. 7), and those from 
the overlying Liufangzui Formation and the underlying Hongshansi 
Formation exhibit similar distribution in εHf(t) values vs. ages. The 
Neoproterozoic (1000–785 Ma) zircon grains show a much larger range 
of εHf(t), from − 18.6 up to the evolution curve of depleted mantle and 
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could be divided into two parts at a boundary of 880 Ma (Fig. 8). The 
880–820 Ma zircon grains mainly show negative εHf(t) values, while the 
1000–880 Ma zircon mainly show positive εHf(t) values. Correspond-
ingly, the younger group has TDM2 values varying between 2910 Ma and 
960 Ma, except one outlier (grain 17DGS-5-1#36) having an extremely 
negative value of − 28.4 and a TDM2 of 3533 Ma; the older group has 
shown relatively younger TDM2 values spanning from 2320 Ma to 1070 

Ma. Generally, the εHf(t) values of detrital zircon from the Huashan 
Group have shown a similar distribution with those of the Dagushi 
Group and feature consistent Hf model ages (Fig. 7). 

Fig. 3. Representative cathodoluminescence (CL) images of analyzed zircon from the Dahongshan area. Yellow solid and red open circles show the positions of laser 
spots for U-Pb dating and Hf isotopes, respectively. 
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5. Discussion 

5.1. Timing for the deposition of the sedimentary sequences in the 
Dahongshan area 

The popularity of using maximum depositional age (MDA) in detrital 
zircon studies is growing in recent decades, though the best method 
estimating MDA is still debated. Coutts et al. (2019) recently reviewed 
and assessed several prevailing methods to derive MDA from detrital 
zircon populations, proposing that the best way to get closely to MDA is 
by acquiring a large number of low-uncertainty measurements no matter 
what method is used. In this study, considering that the youngest single 
grain (YSG) and the youngest grain cluster with 3 or more age at 2σ 
uncertainty (YC2σ(3 + )) would give younger or older MDA (Dickinson 

and Gehrels, 2009), respectively, here we adopt the youngest cluster of 2 
or more ages at 1σ uncertainty (YC1σ(2 + )) to represent the MDA 
following the method of Sharman et al. (2018). 

The Dagushi and Huashan groups on the northern margin of the 
Yangtze Block jointly record pre-Nanhua depositional history of 
Northern Yangtze Block in the Dahongshan area (Fig. 5). The angular 
shape of most zircon grains from the two sedimentary successions points 
towards a dominantly proximal sedimentation. Several youngest zircon 
grains with low-uncertainty from the Dagushi Group define the MDA 
approximately at the Mesoproterozoic-Neoproterozoic boundary (995 
± 6 Ma) (Fig. 6). This age is 70–100 Myr (million years) younger than 
previous report (Kong et al., 2017). The Neoproterozoic Huashan Group 
is unconformably overlying the Dagushi Group and the youngest grain 
clusters limit the MDA of the Hongshansi and Liufangzui formations of 

Fig. 4. U-Pb concordia plots for detrital zircon from the Dahongshan area, with embedded relative probability plots of the U-Pb ages.  
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the lower Huashan Group to 828 ± 4 Ma and 810 ± 8 Ma, respectively. 
The results are similar to those of Yang et al. (2018) and Li et al. (2020a, 
b) for the sedimentary rocks of the Huashan Group. They are consistent 
with the ages of the embedded continental flood basalt (824 ± 9 Ma; 
Deng et al., 2013), OIB (oceanic-island basalt)-like basalt (817.1 ± 7.2 
Ma; Chen et al., 2017) and interlayered basaltic tuff in the area (814.7 ±
7.3 Ma; Tian et al., 2017). Additionally, the interlayered tuffs (779 ± 12 
Ma; Du et al., 2013) at the bottom of the overlying Liantuo Formation 
constrains an upper limit for the sedimentation of the Huashan Group. 
Consequently, the maximum sedimentary age of the Huashan Group is 
limited to 810–780 Ma. 

5.2. Provenance and depositional setting of the sedimentary sequences 

5.2.1. Provenance of the Archean to Mesoproterozoic zircon grains 
The accessory mineral zircon is ubiquitous and refractory, especially 

in intermediate-felsic rocks and sedimentary rocks and can be formed or 
deposited in many kinds of settings, forming various rocks with other 
minerals. Due to the property of ubiquity and refractoriness, zircon has 
been used as a proxy for magma crystallization, crustal growth and 
reworking, as well as for provenance studies (Gehrels, 2014). In order to 
avoid sample bias, we collected a lot of samples from different locations 
of the sedimentary strata. In addition, zircon grains were selected 
randomly from the crystals available, irrespective of grain size, color, 
shape, degree of rounding, and so on. The Dagushi and Huashan groups 
discussed herein show a Kongling-like age patterns for the pre- 
Mesoproterozoic zircon grains in their prominent age population at 
2750–2600 Ma and three subordinate age peaks at ca. 2500 Ma, ca. 
2000 Ma and ca. 1850 Ma. The magmatic and/or metamorphic events at 
these periods/stages are also evident in the Kongling region. Previous 
studies have documented the outcrop of 2750–2600 Ma A-type granitic 

gneiss and two-mica granite in the Kongling terrane (Chen, 2013; Guo 
et al., 2015), and potassic granites in the Zhongxiang area (Zhou et al., 
2015; Wang et al., 2018a). The ca. 2500 Ma and ca. 2000 Ma events are 
characteristic of extensive metamorphism in the Kongling terrane (Yin 
et al., 2013b; Guo, 2014). The ca. 1850 Ma magmatic records are also 
widely recognized in Kongling and Zhongxiang areas (Xiong et al., 2008; 
Zhou et al., 2017; Huang et al., 2019). Considering the presence of pre- 
existed sediments near the Dahongshan area, the possibility of recycling 
from proximal ancient depositional basins is likely, and the similarity of 
the detrital zircon age patterns between the Dagushi and Huashan 
groups and those in the Kongling and Zhongxiang terranes (Fig. 5) 
suggests a link in provenance. The age peaks of the detrital zircon in 
Kongling and Zhongxiang correspond to the prominent age peak of 
2750–2600 Ma, as well as the subordinate age peak of ca. 2000 Ma of 
our samples, whereas the ca. 2900 Ma zircon grains haven’t been well- 
preserved in the study area, suggesting minor contribution of older 
sedimentary source. 

Lu-Hf isotopes of zircon can provide additional evidence for prove-
nance analysis. Archean detrital zircon grains from the Dagushi and 
Huashan groups show significant variations in εHf(t), ranging from 
− 13.9 to + 2.8, which was enveloped in εHf(t) range of igneous zircon 
from the Kongling Complex (Fig. 7). In addition, zircon grains from both 
areas record varying reworking of ancient crust. The 3400–3100 Ma 
zircon grains are rarely recorded in the study area possibly due to the 
preservation bias, which is also reflected in age spectra of metasedi-
ments from the Kongling area. Similarly, the Paleoproterozoic zircon 
grains feature highly variable εHf(t) values (-24.1 to + 1.7), which is in 
good concordance with those from the Kongling Complex in expressing a 
significant reworking of old crust. 

From Archaean to Paleoproterozoic, the U-Pb-Hf isotope trend of 
detrital zircon from Huashan is clearly the same as those of the Dagushi 

Fig. 5. (a-g) Compilation of the age distributions of detrital zircon grains from the Dagushi and Huashan groups and other sedimentary units in northern Yangtze 
Block. (h) Bivariate 2d kernel density estimation of U-Pb detrital zircon ages (violet circles) against inferred depositional ages of samples from the sedimentary units 
in northern Yangtze Block. Data sources for (a, b, f, g) are from this study. Data sources for (c) are from Xiao (2012), Li et al. (2013), Wang et al. (2013a) and Xu et al. 
(2016a). Data sources for (d) are from Gao et al. (2011), Li et al. (2016c), Han et al. (2017), Zhao et al. (2019b) and for (e) are from Wang et al. (2013b) and Wang 
et al. (2018d). 
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Fig. 6. Maximum depositional age calculations for samples from the Dagushi and Huashan groups. Blue, green, red zones represent YSG, YC1σ(2 + ) and YC2σ(3 + ), 
respectively (more details of the data processing methods can be found in Sharman et al., 2018). Here we choose YC1σ(2 + ) as the reliable and representative 
maximum depositional age. Abbreviation: YSG, the youngest single grain; YC1σ(2 + ), the youngest cluster of 2 or more ages at 1σ uncertainty; YC2σ(3 + ), the 
youngest grain cluster with 3 or more age at 2σ uncertainty. 
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Fig. 7. Plot of εHf(t) versus U-Pb age of detrital zircon from the Dagushi and Huashan groups and igneous zircon from the Kongling and Yangpo complexes. Dark grey 
and slight grey zone represent Archean crust and Paleoproterozoic crust sources, respectively. The cited data are from Gao et al. (2011), Li et al. (2016c), Han et al. 
(2017) and Wang et al. (2018d). 

Fig. 8. εHf(t) - U-Pb age diagram for Neoproterozoic detrital zircon from the Huashan Group. Data of igneous zircon in the plot are from the Kongling area, with data 
from Zhang et al. (2008, 2009), Zhao et al. (2013a, 2013b), Wu et al. (2016). 
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Group (Fig. 7) which may be mainly sourced from the Kongling and 
Zhongxiang areas. Considering the consistent age spectra and distribu-
tion of εHf(t) values of pre-Neoproterozoic detrital zircon between the 
Dagushi Group and Huashan Group, as well as descended dolomites in 
clastic rocks from the Huashan Group, we suggest that the pre- 
Neoproterozoic detritus of the Huashan Group was mainly sourced 
from the underlying Dagushi Group. 

Unlike the SW and SE Yangtze Block, the Grenvillian (1.3–1.1 Ga) 
rocks are rare in the northern Yangtze Block. Sporadic outcrops dated 
with concordant ages include the ca. 1250–1100 Ma tuff and andesitic 
rocks interbedded within the Shennongjia Group (Qiu et al., 2011; Li 
et al., 2013; Du et al., 2016) and the ca. 1200 Ma tuff interlayered in the 
Dagushi Group (Li et al., 2016a). These units would have been capable of 
providing 1.3–1.0 Ga sediments to the studied basins. Considered that 
most of the Grenville-aged zircon grains obtained in this study show 
euhedral and angular morphology, we suggested the Grenville-age 
detritus were most likely sourced from andesitic to felsic rocks in the 
Shennongjia and Dahongshan areas through short-distance 
transportation. 

5.2.2. Provenance of the Neoproterozoic zircon grains 
The Neoproterozoic zircon grains from the Huashan Group are pre-

dominantly subhedral to euhedral with well-developed oscillatory 
zoning under CL images (Fig. 3), heralding short transportation and/or a 
single cycle of depositional course from proximal magmatic sources to 
the site of deposition. The εHf(t) values of these zircon grains in the 
Huashan Group are variable, from − 18.5 up to the evolution line of the 
depleted mantle. This period can be further divided into two parts: one is 

in 880–820 Ma and dominated by negative εHf(t) values (about 99% in 
proportion), indicating involvement of various amounts of ancient, 
recycled supracrustal materials in the sources; and the other time period 
in 1000–880 Ma with positive εHf(t) values accounting for 80% in pro-
portion, suggesting the recycling of juvenile crust (Fig. 8). It is clear that 
the εHf(t) values of the 880–820 Ma detrital zircon grains are partially 
covered by the negative εHf(t) values of those of the 840–800 Ma 
intermediate-felsic granitoids in the Kongling area (Zhang et al., 2008; 
Zhang et al., 2009; Zhao et al., 2013a, 2013b; Wu et al., 2016), which 
suggests that Neoproterozoic detritus may be partly supplied from the 
erosion of the Neoproterozoic Huangling granitoids in the Kongling 
terrane. Meanwhile, sporadically outcropped 950–810 Ma mafic-felsic 
rocks recognized in the study area may be potential sources (Shi et al., 
2007; Deng et al., 2013; Xu et al., 2016b; Hu et al., 2017; Li et al., 
2020a), which is also consistent with a proximal provenance. Conse-
quently, we suggest that the Neoproterozoic materials of the Huashan 
Group were mainly sourced from the igneous rocks in or adjacent to the 
Dahongshan and Kongling areas. The south Qinling Belt preserves vol-
uminous Neoproterozoic volcano-sedimentary sequences, but given the 
presence of ocean basin and onging subduction between northern 
Yangtze Block and south Qinling Belt during the period, the igneous 
rocks distributed in south Qinling are not taken into account for the 
provenance (Yang, 2017; Chen et al., 2017). 

5.2.3. Depositional setting 
As discussed above, the feature of widely developed stromatolite 

dolomite and the lack of syn-sedimentary igneous activity in the Dagushi 
Group is typical of sedimentary sequences deposited in a passive 

Fig. 9. Cumulative proportion vs differences between CA (crystallization age) and DA (deposition age), as a function of three main tectonic settings (modified after 
Cawood et al., 2012). Red, blue and yellow fields refer to convergent, collisional and extensional basins, respectively. According to the step 1 and step 2 shown in the 
figure, three different tectonic settings are systematically distinguishable. The deposition ages of the Liufangzui Formation, the Hongshansi Formation and the 
Dagushi Group have been set to 800 Ma, 820 Ma and 990 Ma, respectively. 
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continental margin basin, consistent with the empirical model shown in 
Fig. 9. Till Neoproterozoic, arc magmatism started to be intense in or 
adjacent to the Dahongshan area, as indicated by the 870–830 Ma arc 
granitic rocks and the 950–815 Ma MORB-like gabbros in the Dahong-
shan area (Shi et al., 2007; Xu et al., 2016b; Chen et al., 2017; Li et al., 
2020a). This is also consistent with the positive εHf(t) values in some 
detrital zircon grains from the Huashan Group. In addition, it is noted 
that the detrital zircon age spectra from the Huashan Group are domi-
nated by a large proportion of ages that closely approximate the time of 
sedimentation, which suggests the detritus were most likely deposited 
simultaneously with arc magmatism, resemble the deposition in a back- 
arc basin setting (Fig. 9). The εHf(t) values have shown an increasing 
trend since ca. 820 Ma, which may be derived from juvenile material at 
an extensional setting, coinciding with the record of 820–810 Ma 
extension-related gabbro/basalts in the Huashan Group. Furthermore, 
considering the difference of lithologies and MDA between the lower 
Hongshansi Formation and the upper Liufangzui Formation and well- 
developed folds in the Hongshansi Formation, we hence speculate that 
they were probably deposited in different stages of same orogenic cycle 
in tens of millions of years. The Huashan Group has experienced a 
transition from the early Hongshansi Formation with subduction 
extrusion and rapid accumulation to the later Liufangzui Formation, 
which is considered as a back-arc extension setting (Fig. 10). 

5.3. Asynchronous Neoproterozoic igneous activities around the Yangtze 
Block 

Based on the available studies on the Precambrian basement and 
related magmatic rocks around the Yangtze Block, it has been widely 
accepted that the periphery of the Yangtze Block was generally in an 
extensional setting in the late Mesoproterozoic (Chen et al., 2014, 
2018b; Li et al., 2016b; G.-G. Wang et al., 2018b, Wang et al., 2018c), 

and then transformed into an arc-basin setting in the early Neo-
proterozoic (Wang et al., 2014; Zhao et al., 2018), under which exten-
sive magmatic activities and arc-continent collision resulted in the 
continuous outward accretion of the Yangtze Block (Qiu et al., 2011; 
Bader et al., 2013; Zhang et al., 2013; Zhang and Zheng, 2013; Li et al., 
2021). This change of tectonic settings spanning in the range ca. 
1000–820 Ma was coincided with the amalgamation of Rodinia super-
continent. However, the associations and interaction of early Neo-
proterozoic igneous activity among the periphery of the Yangtze Block is 
still unclear. 

Unlike the discontinuous information provided by sporadically 
exposed igneous rocks, sedimentary sequences could offer more abun-
dant and successive records detecting the change of magmatism tempos, 
as well as the generation and reworking of the crust. Based on a wealth 
of detrital zircon U-Pb age and Hf isotope data reported in past decades, 
it’s viable to deconvolve the complex history of the Yangtze Block from a 
broader perspective. 

Generally, the Pre-Nanhua Neoproterozoic sedimentary sequences 
distributed in the periphery of the Yangtze Block can be dispersed into 
four separate domains on the basis of distinct location and history: YB 
domain (represented by the Yangbian Group in southwestern Yangtze 
Block), WJO domain (represented by the Neoproterozoic basement and 
cover sequences in western segment of the Jiangnan Orogen), EJO 
domain (represented by the Neoproterozoic basement and cover se-
quences in eastern segment of the Jiangnan Orogen), HS domain (rep-
resented by the Huashan Group in northern Yangtze Block) (Fig. 1a). 

The sedimentary sequences in HS, EJO and WJO domains do show a 
roughly consistent age population of ca. 870–820 Ma as shown in 
Fig. 11. It’s worth noting that the Huashan Group in northern Yangtze 
Block exhibits similar ‘double-layer’ structure as the Shuangqiaoshan 
Group (typical of depositional strata in JO) in EJO, and both of them 
show similar and strong folding in lower sequence with broadly 

Fig. 10. A simplified cartoon model showing the tectonic evolution of the Huashan area in northern Yangtze Block.  
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consistent MDA of ca. 820 Ma. Therefore, it’s reasonable to speculate 
that at least to some extent, the Huashan Group has suffered the remote 
effect of the collision like what happened in the JO. In addition, the age 
spectra of HS domain are characterized by uniquely bimodal distribu-
tion with the age population in 990–930 Ma, inferring episodic igneous 
impulse developed in northern Yangtze Block. In comparison, the YB 
domain has exhibited an age peak of 940–880 Ma, distinct from other 
sedimentary sequences, which indicates the domains around the Yang-
tze Block were dominated by asynchronous igneous impulse. Consid-
ering that the MDA of the Yanbian Group may be older than 860 Ma (Sun 
et al., 2008, 2009; Du et al., 2014), which could obscure the magmatic 
record after ca. 860 Ma, it’s also possible that the 860–820 Ma igneous 
impulse dominated in southwestern Yangtze Block. This is supported by 
the widespread Neoproterozoic magmatic rocks along the western 
margin of the Yangtze Block (Zhou et al., 2006; Zhu et al., 2006, 2007; 
Meng et al., 2015; Zhao et al., 2019a). 

To assess the variations of the characteristics of igneous activity and 

contribution of crust and mantle with time, we use bootstrap resampling 
method following Keller and Schoene (2012) (See Appendix C for de-
tails), yielding an estimate of the average εHf(t) values through time 
(Fig. 12). The observed mean εHf(t) values of EJO decreases mono-
tonically from + 5 before 960 Ma to + 0.8 at ca. 820 Ma (Fig. 12f), 
recording a longstanding and continuous arc-derived magmatism with a 
gradual increase in contribution of ancient crust. Since ca. 820 Ma, the 
EJO domain transformed to an extension setting as evidenced by the 
lithological feature of cover sequences in JO. It’s not a contradictory that 
the rocks formed in the extensional setting have shown preexisting arc- 
related character, though the trend of the mean εHf(t) values of EJO 
keeps decreasing. 

In contrast to the distribution of the EJO domain, the εHf(t) values of 
detrital zircon grains in the WJO domain show a flat trend, fluctuating 
slightly around 0 (Fig. 12d), indicating earlier subduction and collision 
occurred in WJO with contributions from hybrid and matured sources, 
consistent with the proposition that the WJO domain has experienced 

Fig. 11. Combined kernel density estimates of 
1000–800 Ma detrital zircon from pre-Nanhua Neo-
proterozoic sedimentary sequences around the Yang-
tze Block. Data sources for YB domain are from Sun 
et al. (2008, 2009), for WJO domain are from Zhou 
et al. (2009), Zhao et al. (2011), Wang and Zhou 
(2012), Meng et al. (2013), Gao et al. (2014), Yan 
et al. (2015), Yang et al. (2015), Ma et al. (2016), 
Zhang et al. (2016b), Wang et al. (2010, 2012a, 
2012b, 2012c, 2012d, 2013c, 2014, 2016b, 2017b), 
Su et al. (2018), for EJO domain are from Zhao et al. 
(2011), Yao et al. (2013), Yin et al. (2013a), Wang 
et al. (2013c, 2013d, 2014), Cui et al. (2015), Li et al. 
(2016b), Zhang (2015), Zhang et al. (2017), Xu et al. 
(2014, 2018), Chen et al. (2019), and for HS domain 
are from Tian et al. (2017), Yang et al. (2018), Li et al. 
(2020b) and this study.   
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Fig. 12. Combined age-εHf(t) results plotted as bivariate kernel density estimates for detrital zircon from the pre-Nanhua Neoproterozoic sedimentary sequences (10 
Ma and 2ε unit set kernel bandwidths) (left column). Bootstrapped mean εHf(t) values with 2SD for age bin widths of 10 Ma (right column). The gradient color in right 
column represents the transition of the paradigm of the subduction. Data sources are the same as those in Fig. 11. 
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earlier Neoproterozoic collision than the EJO domain (Li et al., 2007). 
The HS domain recorded the transition from isotopically primitive 
magmatism at 990–880 Ma to more evolved magmatism at 880–820 Ma 
(Fig. 12h), marking a significant change in the style of arc magmatism 
along the northern margin of the Yangtze Block, which is in line with the 
characteristics of the 950–820 Ma mafic-felsic rocks (Shi et al., 2007; 
Deng et al., 2013; Xu et al., 2016b; Hu et al., 2017). Although the YB 
domain was represented by a relatively old sedimentary sequences as 
discussed above, at least one thing we know for sure is that the YB 
domain has exhibited juvenile isotopic signature before 860 Ma with 
mean εHf(t) values ranging from + 4.8 to + 13.6 (Fig. 12b). Based on the 
above discussion, an ancient scenario is unfolded that in the context of 
the convergence of the Rodinia supercontinent, asynchronous igneous 
impulses have been developed on the periphery of the Yangtze Block in 
early Neoproterozoic, accompanied by various degrees of crustal growth 
and subsequent reworking of juvenile and old crustal materials. And 
there is a potential linkage of igneous activity between the northern and 
southeastern margins of the Yangtze Block, while the southwestern 
Yangtze Block possibly showed an independent magmatic history. 

6. Conclusions 

In this study, detrital zircon grains from the Dagushi and Huashan 
groups of northern Yangtze Block were extracted and investigated to 
shed light on the depositional timing of the sequences, provenances of 
the sedimentary rocks and Late Mesoproterozoic to Early-Middle Neo-
proterozoic tectonic evolution. The 995 Ma and 810 Ma U-Pb ages of 
detrital zircon constrain the maximum depositional ages of the Dagushi 
Group and Huashan Group, respectively. Our data have shown that the 
underlying Dagushi Group and the overlying Huashan Group exhibit 
consistent Kongling-like age populations of ca. 2050 Ma and 2700 Ma. 
The interplay of detrital zircon U-Pb ages, εHf(t) values and zircon 
morphology suggests that the Dagushi Group was sourced from proximal 
Kongling and Yangpo complexes, yet the materials of the Huashan 
Group were mainly inherited from the Dagushi Group and received 
detritus from the contemporary igneous rocks in the Dahongshan and 
Kongling areas. The switch in the zircon provenance occurred coinci-
dently with the transition of the tectonic setting. According to the 
petrologic feature, distribution of U-Pb age and εHf(t) values, adjusted 
cumulative distribution plot, we suggest the Dagushi Group formed in 
the margin of a shallow marine basin and the Huashan Group has 
experienced a transition from the early depression and rapid accumu-
lation to the later back-arc extension setting. The tectonic settings along 
the northern margin of Yangtze Block transformed from the late Meso-
proterozoic passive continental margin (possibly extension) to Neo-
proterozoic subduction and accretion in response to the amalgamation 
of Rodinia supercontinent. 

Comparing the abundant published detrital zircon data of Neo-
proterozoic Pre-Nanhua sedimentary units surrounding the Yangtze 
Block, our new data can give us profound insights into the features of the 
early Neoproterozoic magmatism around the Yangtze Block during the 
amalgamation of Rodinia supercontinent. Coupled with bivariate kernel 
density estimates and bootstrap resampling method, we have intuitively 
shown the variations of the characteristics of igneous activity around the 
Yangtze Block and contribution of crust and mantle with time, which 
recorded the heterogeneous characters of igneous activity around the 
Yangtze Block. Here we propose there is potential linkage of igneous 
activity between northern and southeastern Yangtze Block, while 
southwestern Yangtze Block show an independent magmatic history. 
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