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ABSTRACT

Early Neoproterozoic arc magmatism and arc accretion processes are fundamental issues in reconstructing the
Rodinia supercontinent. In this study we present new data of zircon U-Pb geochronology, Hf-O isotopes and
whole-rock geochemistry for the magmatic rocks (including 12 felsic volcanic rocks, 3 granodioritic intrusions, 8
basaltic extrusive rocks and 12 gabbroic intrusions), which are spatially independent, in the Dahongshan area on
the northern margin of the Yangtze Block. The investigated intermediate-felsic rocks are dated at ca. 970 Ma, ca.
885-865 Ma, ca. 840-830 Ma and ca. 810-790 Ma by in situ ion probe and laser zircon U-Pb dating methods. The
mafic rocks are dated at ca. 870 Ma by in situ ion probe. Combined with previous age data, our new geochro-
nology results suggest continuous magmatic activities from ca. 970 Ma to ca. 790 Ma in the Dahongshan area
with a magmatic flare-up at ca. 840 Ma. The ca. 970-840 Ma mafic rocks, as well as the contemporaneous
intermediate-felsic rocks, show enrichments in large ion lithophile elements (LILEs) and light rare earth elements
(LREEs) and depletions in high-field strength elements (HFSEs), representing arc-related tectonic settings. Zircon
grains from these rocks generally have positive eyg(t) values from +7.3 to +14.7 and slightly elevated 5'80 values
from +5.59 to +6.89, indicating a dominant juvenile source with minor supracrustal incorporation. In contrast,
the ca. 830-790 Ma mafic rocks are characterized by E-MORB- (enriched mid-ocean ridge basalt) and OIB-
(oceanic island basalt) like and the contemporaneous felsic rocks show characteristics of Ap-type granites,
implying a within-plate extension environment. Zircon grains from the ca. 830-790 Ma felsic rocks display broad
en(t) values from —5.7 to +15.3 and low mantle !0 values from +3.81 to +6.11, implying multiple magma
sources for their generation and the imprinting of high-temperature hydrothermal alteration. The relative con-
tributions of the mature crustal component in the Dahongshan magmas decreases from 10-20 % in the ca.
970-840 Ma felsic rocks to 0-10 % in the ca. 830-790 Ma felsic rocks. The Neoproterozoic magmatic activity on
the northern margin of the Yangtze Block recorded an integrated evolution from accretion of previous oceanic
arc (ca. 970-870 Ma) at ca. 870-840 Ma to within-plate extension (ca. 830-790 Ma) in response to the
convergence and divergence of the supercontinent Rodinia.

1. Introduction

Hawkesworth et al., 2017, 2020; Zerkle, 2018). The rock records left
behind provide insights into the early geological evolution of the Earth.

The supercontinent cycle plays a key role in how the Earth’s interior
and surface operate, interact and evolve with each other. This global
tectonic motion bears significant impact on the mechanism of global
plate displacement, periphery growth of continental nuclei, recycling of
continental crust and surface-deep Earth material exchange (Reddy and
Evans, 2009; Condie and Aster, 2010; Roberts, 2012, 2013;
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Previous studies have demonstrated that ancient blocks from different
locations drifted and amalgamated to form a supercontinent at certain
times (Evans, 2013; Nance et al., 2014; Wang et al., 2020; Mitchell et al.,
2021), which have been identified by comparisons of orogenic belts,
paleomagnetism, age peaks of detrital zircon and the mafic dyke swarms
(Zhao et al., 2002, 2004; Hou et al., 2008; Hawkesworth et al., 2010; Liu
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Fig. 1. Geological map of the South China Block and the study area. (A) Simplified geographic sketch map of China with major continental blocks. (B) Geological
map of the South China Block showing the distribution of Precambrian geological units (Modified after Zhao and Cawood, 2012). (C) Geological map of the
Dahongshan region on the northern margin of the Yangtze Block, showing the distribution of rock units and sampling locations (Modified after Hu et al., 2017). The
literature-annotated sample points are referenced, while the remaining ones are from this work.

et al., 2021; Mulder et al., 2021). Currently widely accepted supercon-
tinents include Nuna (ca. 2.1-1.3 Ga), Rodinia (ca. 1.3-0.8 Ga), and
Pangea (0.6 Ga to present), from which the South China Block has
played an important role since the formation of the Nuna supercontinent
(Meert, 2012; Merdith et al., 2017; Cawood et al., 2018; Li et al., 2021;
Zou et al., 2021).

The South China Block comprises of the Yangtze Block and the
Cathaysia Block and is characterized by the outcropping of voluminous
early to mid-Neoproterozoic igneous rocks on the periphery of the
Yangtze Block (Zhao et al., 2018a; Huang et al., 2019; Yao et al., 2019;
Le et al., 2021). Such rocks contain important information about con-
tinental growth and reworking, and they are particularly evident on the
southeastern and western margins of the Yangtze Block, but are less on
the northern margin. This may result from the Phanerozoic thick sedi-
ment coverage and tectonic overprinting of Early Paleozoic and Early
Mesozoic collision and orogenesis with microblocks and the North China
Craton. Therefore, the nature of Neoproterozoic magma source, tectonic
evolution and dynamic process on the northern margin of the Yangtze
Block is still unclear, although preliminary studies have been carried out
on the Neoproterozoic igneous rocks in the area (Zhang et al., 2008,
2009; Zhao et al., 2013a, 2013b; Deng et al., 2013; Xu et al., 2016). One
of the key issues is to decipher the detailed processes from orogenesis to
rifting on the northern margin of the Yangtze Block and to define the
tectonic transition between the two tectonic regimes. An in-depth study
of this issue will help us better understand the history of continental
accretion and breakup of the Yangtze Block and reconstruct its position
in the Neoproterozoic supercontinent. This study focuses on the early to
mid-Neoproterozoic igneous suites in the Dahongshan region of north-
ern Yangtze Block, which is also close to the Archean continental nu-
cleus (i.e., the Kongling Complex) of the Yangtze Block. Previous studies
suggest that the Dahongshan Neoproterozoic igneous suites might
contain accreted complex and rifting-related basaltic rocks (Hu et al,
2015a, 2015b, 2017; Liao et al., 2016; Xu et al., 2016; Liu and Zhao,
2019) and the detrital zircon from metasedimentary rocks in the

Dahongshan area reveal a transition from oceanic arc to continental arc
(Huang et al, 2021). Further detailed studies on the affinities and tec-
tonic setting of the igneous suites undoubtedly play a crucial role in
recognizing the periphery growth and reworking of the northern
Yangtze Block and the geodynamic process in response to the conver-
gence and divergence of the supercontinent Rodinia. In this work, a
comprehensive study on the petrology, geochemistry, geochronology
and isotopes of the Neoproterozoic igneous suites is presented. Our new
data reveal a tectonic transition from arc accretion to within-plate
extension at ca. 830 Ma in the northern Yangtze Block.

2. Geological setting
2.1. Regional geology

The South China Block is one of the oldest continents in east Asia,
consisting of the Yangtze Block to the northwest and the Cathaysia Block
to the southeast, separated by the Jiangnan Orogen (e.g., Wang et al.,
2007, 2014). The Yangtze Block is separated from the North China
Craton by the Qinling-Dabie-Sulu Orogen, from the Tibet plateau by the
Songpan-Ganze Orogen and from the Indosinian Block by the Ailaoshan-
Red River fault (Fig. 1A and B) (Zhao and Cawood, 2012). The rocks of
Archean to Paleoproterozoic crystalline basement are sporadically
exposed on the northern and southwestern margins of the Yangtze Block
(Zhang et al., 2006a, 2006b; Gao et al., 2011; Chen et al., 2013; Li et al.,
2014; Cawood et al., 2020; Cui, 2020; Cui et al., 2021), implying its
long-term growth history. Most of these rocks underwent high-grade
metamorphism at ca. 2.0-1.8 Ga, possibly related to the assembly of
the Columbia supercontinent (Ling et al., 2000; Yin et al., 2013; Li et al.,
2022). Till Neoproterozoic, the Yangtze Block was featured by a
continuous arc-related magmatism during the period of 980-820 Ma,
with abundant Neoproterozoic magmatic rocks and contemporary
sedimentary sequences distributed on its periphery (Zhao et al., 2018a;
Yao et al., 2019; Le et al., 2021; Li et al., 2021; Zou et al., 2021; Zhou
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et al., 2022). However, the contemporary igneous rocks in its northern
part have been poorly outcropped due to later tectonic overprinting.
Previously reported volcanic rocks in the Suixian, Yaolinghe and
Wudangshan regions and so forth on the northern margin of the Yangtze
Block, strictly speaking, fall into the part of the South Qinling Belt. The
igneous rocks actually on the northern Yangtze Block are mainly
developed in the Kongling and Dahongshan regions, represented by the
ca. 860-800 Ma Huangling granitoids and ca. 950-810 Ma mafic to
felsic Dahongshan igneous suites, respectively (Shi et al., 2007; Zhang
etal., 2008, 2009; Deng et al., 2013; Zhao et al., 2013a, 2013b; Wu et al.,
2016; Xu et al., 2016; Xie et al., 2019; Liu et al., 2020). The available

960 980 1000

geochronological data evidently suggest that the Neoproterozoic
igneous rocks in the Dahongshan region have a long magmatic span (see
below).

2.2. Dahongshan igneous suites and sample details

The Dahongshan region comprises the Late Mesoproterozoic Dagushi
Group and the overlying Neoproterozoic Huashan Group and a suites of
Neoproterozoic igneous rocks (Fig. 1C). The Dagushi Group is charac-
terized by stromatolite dolomite, indicating a stable shallow marine
basin, whereas the Huashan Group is marked by sandstone and siltstone,
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Fig. 3. Photomicrographs and field photos of the igneous rocks from the Dahongshan area. (A) Photomicrographs showing the corroded sanidine phenocryst
observed in the rhyolite (sample 17DGS-15-1), (B) the “Y” type vitroclast seen in the tuff (sample 19DGS-1-4), (C-D) flow structure observed in tuff (sample 22DGS-5-
1 and 22DGS-15-2), (E) very fined-grained felsic mineral assemblages (sample 19DGS-4-1), (F-H) the altered granodiorite mainly composed of plagioclase, quartz and
hornblende (sample 22DGS-3-1, 17DGS-16-1 and 19DGS-3-3, respectively) and (I) the diabase mainly composed of clinopyroxene and plagioclase (sample 22DGS-2-
3). Outcrop photographs showing the (J) rhyolite (sample 22DGS-1-1), (K) diabase (sample 22DGS-2-3) and (L) felsic volcanic rock (sample 19DGS-4-1). Abbre-
viations: Qz, quartz; San, sanidine; P, plagioclase; Hb: hornblende; Cpx, clinopyroxene; Fvr, felsic volcanic rock; Wr, wall rock.

implying the change of sedimentary settings (Li et al, 2016; Yang
et al.,2018; Li et al., 2020a). The Dahongshan strata were dismembered
by tectonic complexes and show evident fold deformation, accompanied
by the thrust faults developed in the middle part of the study area (Hu
et al., 2015a, 2015b; Yang, 2017). The geological structure was thought
to be resulted from Neoproterozoic subduction-accretion process (Hu
et al.,, 2017; Huang et al., 2021). In addition to tectonic complex,
mafic-ultramafic rocks with ages ranging from 947 to 813 Ma were
mainly exposed in the middle and southwest of the Dahongshan area
(Shi et al., 2007; Deng et al., 2013; Tian et al., 2017; Chen et al., 2017;
Xie et al., 2019; Liu et al., 2020). Moreover, previous work identified a
NW-SE trending pyroclastic suites distributed along the northeastern
margin of the Dahongshan region, mainly having ages of 871-828 Ma
and being accompanied by mafic dykes, which were previously sug-
gested to be the consequence of southwestward subduction of the

Tongbai Block (Xu et al., 2016; Liao et al., 2016; Hu et al., 2015a, 2017;
Yang, 2017; Huang et al., 2021). These igneous suites are jointly char-
acterized by Neoproterozoic magmatic activities in northern Yangtze
Block (Fig. 2).

In this study, fifteen felsic rocks (including 3 granodioritic rocks and
12 felsic volcanic rocks) and twenty mafic rocks (including 8 basalts, 4
gabbros and 8 diabases) were collected. The sampling localities are show
in the Fig. 1C. Detailed GPS coordinates, mineral compositions and
relevant information of the igneous rocks are summarized in the sup-
plementary Table S1 of Appendix A. All these samples underwent vari-
able degrees of alteration and low-grade metamorphism as evidenced by
the observed chlorite and carbonates in thin section and only the
immobile elements are discussed below (Fig. 3).
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3. Analytical methods

3.1. Zircon U-Pb dating

Considering that the Dahongshan area may have contained a lot of
accretionary complexes and variably lithological igneous rocks without
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Fig. 4. Zircon U-Pb concordia diagrams for the igneous rocks from the Dahongshan area.

clear contact relationships, we dated a large part of the collected sam-
ples to make sure the accurate temporal and geochemical linkages of
these igneous rocks. Zircon crystals were separated using conventional
heavy liquids and magnetic techniques, cast in epoxy, and polished to
their mid-sections. In situ U-Pb isotope analyses were carried out guided
by cathodoluminescence (CL) images and transmitted and reflected light
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3.1.1. LA-ICP-MS technique

Zircon U-Pb isotopic analysis for three samples (17DGS-15-1,
17DGS-16-1 and 19DGS-1-4) were conducted using an Agilent 7500a
ICP-MS coupled to a GeoLas 193 nm laser ablation system at the State
Key Laboratory for Mineral Deposits Research of Nanjing University
(MiDeR-NJU), following the analytical methods of Jackson et al. (2004)

and Wang et al. (2014). Ablation protocol employed a spot diameter of
32 pm at a 5 Hz repetition rate. Zircon standards GEMOC GJ-1
(2%6pb/28y age = 608.5 + 1.5 Ma; Jackson et al., 2004) and Mud
Tank (206Pb/238U age = 732 + 5 Ma; Black and Gulson, 1978) were used
for isotopic mass fraction correction and age calculation. And the U-Pb
dates were calculated from the raw signal data using the software
GLITTER 4.4 (Griffin et al., 2008). The dating results are listed in
Table S1 of Appendix B.
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3.1.2. SIMS technique

Zircon U-Pb dating for four samples (17DGS-15-1, 17DGS-16-1,
19DGS-3-3 and 19DGS-4-1) was carried out using SHIRIMP II instru-
ment at the Beijing SHRIMP Center, CAGS. The analytical procedures
and conditions were described by Wang et al. (2021). All analyses were
carried out with a spot size of 30 um, the intensity of the primary 0%~ ion
beam between 4 and 8nA. The standards M257 (U = 840 ppm; Nasdala
et al., 2008) and TEMORA-2 (2°°Pb/238U age = 416.8 + 1.3 Ma; Iles
etal., 2015) were used to calculate U/Pb fractionations. Data processing
was conducted using the SQUID and ISOPLOT programs (Ludwig, 2001,
2003). Uncertainties for weighted mean dates are quoted at the 95 %
confidence level.

The remaining nine samples were conducted using a CAMECA IMS
1300-HR?® instrument that was newly installed at the MiDeR-NJU. The
instrument description and analytical procedure are similar to Li et al.
(2009). The primary O3 ion beam spot is about 15 x 20 pm in size.
Positive secondary ions were extracted with a 10 kV potential. Pb/U
calibration was performed relative to zircon standard Plesovice
(?°6pp /238y age = 337 Ma; Slama et al., 2008); U and Th concentrations
were calibrated against zircon standard 91500 (U = 81 ppm; Wie-
denbeck et al., 1995). In order to monitor the external uncertainties of
SIMS U-Pb zircon dating calibrated against Plesovice standard, an in-
house zircon standard Qinghu (2°°Pb/238U age = 159.5 + 0.2 Ma; Li
et al. 2013) was alternately analyzed as an unknown together with other
unknown analyses. The detailed zircon U-Pb isotopic analyses are listed
in Table S2 of Appendix B.

3.2. Zircon Hf isotopes

Zircon Lu-Hf isotopic analyses were carried out using a GeoLas 193
nm laser ablation system attached to a Neptune (Plus) MC-ICP-MS at the
MiDeR-NJU. The analytical techniques are similar to those described in
detail by Li et al. (2018a). A beam diameter of 44-50 pm was adopted at
a repetition rate of 10 Hz and pulse energy density of 10.5 J/cm?.
Reference zircon standards Mud Tank and 91500 were used to monitor
accuracy and precision of Hf isotope ratios and instrumental drift with
respect to the Lu/Hf ratios. The decay constant for 17®Lu of 1.867 x
1071 year_1 proposed by Scherer et al. (2001) was adopted in this
work. The chondritic values of 7°Lu/Y77Hf = 0.0336 + 1 (25) and
1761f/177Hf = 0.282785 + 11 (20) (Bouvier et al., 2008) were applied to
calculations of eyf values. Analytical results of the Lu-Hf isotopic data
are given in Table S3 of Appendix B.

3.3. Zircon O isotopes

Zircon O isotopic analyses were conducted using the CAMECA IMS
1300-HR® instrument at the MiDeR-NJU. A primary '*3Cs™ ion beam
(2.8-3nA current and 20 keV total impact energy) was focused on the
sample surface. A5 x 5 pm raster was used in this study, and a normal-
incidence electron gun was used for charge compensation. The signals of
160 and 80 were collected simultaneously using two Faraday cups at
positions L’2 and H’2, respectively. The mass resolving power (MRP, M/
AM), measured at 50 % peak height, was set at ~ 2500 to minimize
isobaric interferences. To evaluate the reliability of the analytical pro-
tocols in this study, well-characterized zircon reference materials Pen-
glai (880 value: 5.31 + 0.1 %o; Li et al., 2010) and Qinghu (880 value:
5.4 4+ 0.2 %o; Li et al., 2013) were also analyzed. The zircon O isotopic
analyses are listed in Table S4 of Appendix B.

3.4. Whole-rock major and trace elements

Thirteen felsic samples and twenty mafic samples were prepared by
crushing in an agate shatter box. Major elements were conducted using a
Thermo ARL9900XP X-ray fluorescence spectrometer (XRF) at the
MiDeR-NJU, with analytical precisions better than 2 % for all elements.
Trace elements were analyzed using an ICP-MS (Finnigan MAT-Element
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2) instrument at the MiDeR-NJU. The analytical precision for most el-
ements is better than 5 %. The detailed analytical procedures were
described by Li et al. (2018b). Whole-rock major and trace element
analyses for all felsic rocks from the Dahongshan area are listed in the
Table S1 of Appendix C.

4. Results
4.1. Zircon U-Pb age and Hf-O isotopes

A summary of in situ zircon U-Pb-Hf-O isotopic compositions are
presented in the Appendix B. Representative cathodoluminescence (CL)
images of zircon grains from analyzed rocks are shown in the Fig. S1 of
Appendix D. Zircon grains from all the samples do have euhedral
morphology, mainly showing oscillatory zoning or sector zoning and
few of them have a thin dark overgrowth in CL images. All the analyzed
zircon grains have Th/U ratios within the range of 0.31-2.9, signifi-
cantly higher than the threshold of magmatic zircon. The zircon U-Pb
concordia diagrams are shown in the Fig. 4.

Zircon grains from two felsic volcanic rocks (19DGS-4-1 and 22DGS-
9-1) sampled from the same place yield consistent ages of a weighted
average 206pt, /238 age of 967 + 13 Ma (MSWD = 1.4, n = 8) and an
upper intercept age of 971.1 + 8.3 Ma (MSWD = 0.93, n = 14),
respectively, which represent the ages of the oldest igneous rocks found
in the Dahongshan area. The ca. 970 Ma magmatic zircon grains have
similar 176Hf/177Hf ratios of 0.282434-0.282606, positive and high
epf(t) values of +8.0 to +14.7, and consistent young Hf isotope crustal
model ages (Tpyz = 1.30-0.92 Ga). Only the dated zircon grains from
the sample 22DGS-9-1 were analyzed for oxygen isotopes and the 5'80
values vary from 5.59 %o to 6.23 %o, slightly higher than the mantle
zircon value of 5.3 + 0.6 %o (20; Valley et al., 1998).

Fifty spot analyses for the tuff sample (19DGS-1-4) give concordant
U-Th-Pb dates and yield a weighted average 2°°Pb/238U age of 885.6 +
5.3 Ma (MSWD = 1.7, n = 50). Similarly, zircon grains from the
granodiorite sample (19DGS-3-3) give a weighted average 2°°Pb/?*%U
age of 883.6 + 8.2 Ma (MSWD = 0.81, n = 12). Twenty-nine dated
zircon grains from the sample 19DGS-1-4 were analyzed for in-situ Hf
isotopes. Most of them have initial 7®Hf/Y’Hf ratios of
0.282510-0.282578 and high ey¢(t) values of +9.3 to +12.3 with Tpua
=1.15-1.01 Ga, except for several analyses showing a bit enriched ey(t)
values of +3.3 to 2.3 and Tpy2 = 1.92-1.54 Ga. Zircon grains from the
sample 19DGS-3-3 have similar positive eys(t) values of +9.7 to +11.5
and young Tpyz = 1.14-1.04 Ga, and their 5180 values of 5.88-6.34 %o
are also slightly higher than typical mantle zircon.

Eleven analyses were conducted on zircon grains from the granodi-
orite sample (17DGS-16-1), yielding a weighted average 2°°Pb/238U age
of 863.5 + 6.2 Ma (MSWD = 0.96, n = 11). The dated grains have
positive ey¢(t) values from +7.3 to +10.1 and initial 17611£/177Hf ratios of
0.282438-0.282516 with Tpy2 = 1.29-1.11 Ga. They have 580 values
of 5.9-6.6 %o, similar to the values of the above-mentioned zircon.

Fourteen spot analyses for the granite sample (22DGS-3-1) yield a
weighted average 2°°Pb/238U age of 841.7 + 5.7 Ma (MSWD = 0.48, n
= 14). And these zircon grains exhibit elevated 5'80 values of 6.6-6.89
%o relatively to the above-mentioned igneous zircon.

The zircon grains from the rhyolite sample (17DGS-15-1) give a
weighted average 2°°Pb/238U age of 831.1 + 6.5 Ma (MSWD = 0.97, n
= 11). They have negative ep(t) values of -5.7 to -0.8 and initial
176H£/177Hf ratios of 0.282126-0.282253 with older Tpys = 2.09-1.78
Ga. Twelve SIMS O isotope spots on these grains yield 5180 values be-
tween 3.81 %o and 4.63 %o with an average value of 4.19 %o, lower than
the value of typical mantle zircon.

Zircon grains from one plagiogranite (22DGS-10-1), one tuff
(22DGS-15-2), one ignimbrite (22DGS-5-1) and one rhyolite (22DGS-1-
1) do show similar weighted average 2°Pb/2%8U ages of 807.6 + 5.6 Ma
(MSWD = 1.6, n = 15), 806.4 + 4.6 Ma (MSWD = 0.51, n = 16), 804.5
+ 6.3 Ma (MSWD = 1.7, n = 14) and 802.4 + 5.4 Ma (MSWD = 0.53, n
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Fig. 5. Rock classification diagrams for the igneous rocks from the Dahongshan area. (A) Total alkali vs. silica diagram. (B) (NazO + K20)—FeOT—MgO (AFM) plot
from Irvine and Baragar (1971). Data sources are from Dong et al. (1999), Dong (2004), Shi et al. (2003, 2005), Deng et al. (2013), Hu et al. (2015a, 2017), Liao et al.
(2016), Xu et al. (2016), Chen et al. (2017), Yang (2017), Xie et al. (2019), Liu and Zhao (2019), Liu et al. (2020, 2022) and this study.

= 11), respectively. These samples do have consistent Hf and O isotopic
compositions with significant positive ey¢(t) values of +10.5 to +15.3,
elevated initial 7°Hf/'77Hf ratios of 0.282564-0.282706, and mantle-
like 5180 values between 4.61 %o and 5.84 %o.

The zircon grains from two tuff samples (22DGS-4-1 and 22DGS-4-2)
give consistent weighted average 2°°Pb/?3U ages of 793.7 + 5.0 Ma
(MSWD = 0.68, n = 15) and 793.2 + 5.1 Ma (MSWD = 1.05, n = 15),
respectively. These dated zircon grains also exhibit consistent mantle-
like 5180 values of 5.2 %o—6.1 %o.

Only one mafic sample (22DGS-2-3) was successful in zircon sepa-
ration in this study and the zircon grains yield a weighted 2°°Pb/238U
age of 872 + 5 Ma (MSWD = 1.04, n = 16), which can be interpreted as
the crystallization age of the gabbro. These zircon grains have 5°0
values of 6.1 %0-6.6 %o, slightly higher than the normal mantle zircon
value. Eleven dated zircon grains were further selected for in-situ Hf
isotope analysis and show positive ey¢(t) values of +9.3 to +13.5, high
initial 76Hf/}77Hf ratios of 0.282497-0.282623, and young Tpy ages
of 1.04-0.87 Ga.

It should be noted that among all the obtained dating analyses, only
the U-Pb dates within 5 % discordance were adopted for age
calculations.

4.2. Whole-rock major and trace elements

Thirty-three samples including thirteen intermediate-felsic and
twenty mafic rocks were analyzed for whole rock major and trace
element compositions, with detailed analytical results listed in the
Table S1 of Appendix C. The rocks show wide ranges of SiO, and alkali
contents (Fig. 5A). Among them, the felsic rocks from the Dahongshan
area can be divided into two groups: one formed at ca. 970-840 Ma, and
the other crystallized at ca. 830-790 Ma. The older group shows similar
whole-rock major element contents, characterized by intermediate to
high SiO; (62.7-68.5 wt %), Al;03 (14.2-16.2 wt %), and low MgO
contents (2.18-3.29 wt %) and K;O/NajO ratios (0.02-0.54) and
aluminum saturation index (ASI) (0.85-1.33). They are also character-
ized by enrichments in light rare earth elements (LREEs), flat heavy rare
earth elements (HREE) patterns, and the absence of obvious Eu anom-
alies (Fig. 6A-D). In comparison, the younger group have relatively high
SiO5 (65.8-79.3 wt %, except for two at 81.9-83.4 wt %) and K20/Nay0
ratios (0.41-55.2) and ASI (1.01-3.17), variable Al;03(10.3-19.7 wt %)
and low MgO contents (0.23-2.28 wt %). This group displays variable
enrichments in LREEs and high concentrations in HREEs with evident
negative anomalies of Eu and Sr-P-Ti (Fig. 6E and F). In the FeOT-ALK
(alkali)-MgO diagram, the two groups of felsic rocks mostly plot in the
calc-alkaline field (Fig. 5B). The mafic rocks of the two groups show

wide ranges of SiO5 (45.6-60.7 wt %) (including andesitic basalts), TiO2
(1.14-3.86 wt %), Alo03 (12.5-17.0 wt %), MgO (2.65-10.1 wt %) with
Mg# in 29.3-63.6 and total alkali (3.21-5.62 wt %) contents. The
basaltic rocks of this study exhibit variable REE patterns between typical
N-MORB (normal middle ocean ridge basalt) and E-MORB (enriched
middle ocean ridge basalt) with La/Yb(y (the subscript “N” denotes
normalizing by chondrite) ratios ranging from 0.89 to 3.25 (Fig. 6G-J).
Most of them exhibit variable anomalies of LILE (large ion lithophile
element) and slight Nb-Ta negative anomalies. And the two groups of
mafic rocks from early to late fall mainly within the calc-alkaline and
tholeiitic fields, respectively (Fig. 5B).

All the samples have experienced variable degrees of alteration and
low-grade metamorphism with loss-on-ignite (LOI) values ranging from
1.74 to 6.76 wt %. The primordial compositions of relative mobile ele-
ments, such as large ion lithophile elements (LILE) (e.g., Rb, Ba, Sr, and
K), may have been modified by these later processes and are not used in
the following discussion on petrogenesis and tectonic setting discrimi-
nants of mafic rocks. The assessment of the effect of alteration and
metamorphism on the mafic rocks has revealed that the immobile ele-
ments of REEs and HFSEs employed in this study are reliable (Fig. S1 of
Appendix E).

5. Discussion

5.1. A time span of ca. 180 Myr magmatic activities in the Dahongshan
area

Whatever the pioneer study of the Dahongshan igneous rocks in the
last century (e.g., Dong et al., 1999), due to the lack of enough accurate
dating results, the chronology of the igneous rocks in the area and the
corresponding tectonic evolution are difficult to constrain. Shi et al.
(2007) first reported SHRIMP zircon U-Pb ages for the Yangjiapeng
gabbro (947 + 14 Ma) and Sanligang granite (876 + 17 Ma) in the
Dahongshan area, which suggest that at least some of the Dahongshan
igneous rocks were formed at Early Neoproterozoic. Subsequent studies
reported additional U-Pb age data of igneous rocks from ca. 870 Ma to
ca. 810 Ma in the area (Fig. 2A). The new age data of this study evidently
expand the age span of the magmatic activities in the Dahongshan area
and partly fill the age gaps of previous data (Fig. 2A). Combined
together, the compilation of published and our new geochronological
data suggests a protracted magmatism from ca. 970 Ma to ca. 790 Ma in
northern Yangtze Block. The igneous activities are generally continuous,
except a ca. 60 Myr time gap (magmatic lull) between 947 Ma and 885
Ma (Fig. 2). We use the Monte Carlo resampling method to resample the
age of detrital zircon for 20,000 times, which makes more reliable and
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obvious results. The resampled age pattern of the detrital zircon intui-
tively shows continuous distribution with two age peaks at ca. 970 Ma
and ca. 840 Ma and a mild trough between ca. 920 Ma and ca. 880 Ma
(Fig. 2B). The continuous age data for the resampled detrital zircon and
the mild trough revealed in Fig. 2B may suggest unactive magmatism
during this period and/or simply sampling bias. Anyhow, it’s no doubt a
time span of ca. 180 Myr continuous magmatism has developed in the
Dahongshan area with a magmatic flare-up at ca. 840 Ma.

5.2. Tectonic transition of the Dahongshan igneous suites

The newly compiled ca. 970-790 Ma igneous rocks in the Dahong-
shan area have shown a wide range of SiOy contents (supplementary
Table S1 of Appendix C), exhibiting a continuous geochemical spectrum
extending from basalt/gabbro to rhyolite/granite (Fig. 5A). The tem-
poral changes in the nature of magmatism are evident in the varying
whole-rock compositions (Figs. 6 and 7), and the Dahongshan igneous
suites can be roughly divided into two age groups as aforementioned in
the geochemistry section.

5.2.1. Group I (ca. 970-840 Ma)

In terms of trace elements, most of the Group-I felsic suites display
enrichment of LREEs relative to HREEs, enrichment of LILEs (e.g., Rb, Ba
and K) and depleted in HFSEs (e.g., Nb, Ta and Ti) (Fig. 6). In the Yb vs.
Ta and Y + Nb vs. Rb diagrams, the Group-I felsic suites all fall within

11

the volcanic arc granites (VAG) field (Fig. 8A, B), which, combined with
the existence of hornblende in some samples and the absence of
aluminum-rich minerals in all samples, further supporting a subduction-
related origin. Previous studies have also proposed that the 880-860 Ma
Sanligang granitoids and mafic dykes were generated in a Neo-
proterozoic arc setting (Liao et al., 2016; Xu et al., 2016). The 872 £ 5
Ma gabbro in this study shows similar arc-like geochemical signatures
with contemporary mafic dykes reported by Xu et al. (2016) (Figs. 6 and
8). In particular, the ca. 880-840 Ma mafic rocks all show clearly de-
pletions of Nb and Ta relatively to neighboring elements in spider dia-
grams (Fig. 6H) and plot in the subduction-related regions (Fig. 8C, D).
Moreover, the ca. 855 Ma Huangling tonalite-trondhjemite-granite se-
ries were also suggested to be formed in a continental arc setting defined
by an oceanic-slab subduction beneath the northern margin of the
Yangtze Block (Zhao et al., 2013a, 2013b), roughly consistent with the
contemporary tectonic process occurred in the Dahongshan area.

In this work, the oldest ca. 970 Ma felsic volcanic rocks are charac-
terized by weak enrichments of LREEs with La/Yby; ratios of 3.25-4.63,
less obvious LILE, HFSE anomalies and they clearly plot within VAG
field as well, which may be related to the early stage of the subduction
and possibly reworking of juvenile crust or fractionation of mafic to
intermediate magmas. Considering that these rocks do not resemble the
contemporaneous Xiwan plagiogranites on the southeastern margin of
the Yangtze Block (Sun et al., 2020), they are more likely to be resulted
from the fractional crystallization of coeval mafic to intermediate melts.
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Recently, the Xiaoxikou metasedimentary rocks of the Miaowan area in
the Kongling complex were recognized and interpreted to have been
deposited in a fore-arc basin during a ca. 970-900 Ma subduction of the
oceanic plate (Lu et al., 2020). This subduction event is temporally
consistent with our new results, supporting that the subduction has
begun at ca. 970 Ma in northern Yangtze Block and continued to ca. 840
Ma.

5.2.2. Group II (ca. 830-790 Ma)

The term “A-type granite” was coined by Loiselle and Wones (1979)
to represent granitic rocks with characteristic alkaline, anorogenic and
anhydrous feature. A-type granites generally have high alkaline con-
tents, K2O/NasO and FeOT/(FeOT/MgO) ratios, and enrichment in
incompatible elements such as REEs (except Eu) and HFSEs (e.g. Ga, Zr,
Ce and Y) and are characterized by pronounced anomalies of Sr, P and Ti
due to high degrees of mineral fractionation (Bonin, 2007).

The Group-II felsic suites have most of the characteristics of A-type
granites, including moderate to high total alkalis (K20 + NagO =
3.10-9.08 wt %), generally high concentrations of total REE and HFSE
with significant depletions of Eu, Sr, P, and Ti (Fig. 6E, F). Additionally,
most of these samples have high Ga/Al ratios over 2.6 (Fig. 7A, C), Zr +
Nb + Y + Ce (382-1790 ppm) (Fig. 7B) and (Na30O + K0)/CaO ratios.
Nearly all the Group-II felsic suites plot in the A-type granite field in
various discriminating diagrams (Fig. 7A-C), distinct from the Group-I
felsic suites. The Group-II felsic rocks are further classified as Ap gran-
ites according to their high Y/Nb ratios (Fig. 7D).

The geochemistry of Group-II felsic rocks also provides implications
for their tectonic settings. Most of them plot in the within-plate granite
(WPG) and oceanic-ridge granite (OGR) fields on the tectonic discrimi-
nant diagrams of Yb vs. Ta and Y + Nb vs. Rb (Fig. 8A, B), significantly
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different from the Group-I felsic rocks. In addition, all of the Neo-
proterozoic Dahongshan igneous suites show an evident increase of the
calculated zircon saturation temperatures (Tz;) from Group- I to Group-
II felsic rocks. After ca. 830 Ma, the Tz value dramatically increases up
to 1000 °C, resembling the high-temperature granite (Miller et al., 2003)
(Fig. 9). This temperature difference implies that additional advective
heat may have contributed to the formation of the Group-II felsic rocks,
and this undoubtedly needs an extensional tectonic setting.

Coeval mafic magmatism provides evidence for the tectonic exten-
sion during the formation of Group-II felsic rocks. Although the Group-II
mafic rocks share similar source distribution characteristics with Group-
I mafic rocks, additional OIB- like mafic rocks have emerged (Fig. 8C and
D). And the 830-810 Ma mafic samples are characterized by enrich-
ments of incompatible elements like TiO; (1.39-3.86 wt %) without
pronounced negative Nb-Ta-Zr-Hf anomalies. These mafic rocks have
high Ti/V (29.2-81.4) and Zr/Y (2.74-8.63) ratios, features similar to
within-plate basalts formed in a continental rift. Some of these mafic
rocks are also locally associated with contemporary As-type rhyolites,
forming a bimodal volcanic suite that is typical of an extensional setting.
There are additional reasons to favor a within-plate setting rather than
back-arc setting developed in the Dahongshan area after ca. 830 Ma: (1)
the Middle Neoproterozoic sedimentary basins in the northern margin of
the Yangtze Block show rift basin characteristics (Deng, 2013); (2) there
is no evidence to support the continuous subduction along the northern
margin of the Yangtze Block after ca. 800 Ma, argue against the possi-
bility of a back-arc setting; (3) the existence of low-8'80 zircon found in
core domains of the HP (high pressure)-UHP Triassic metamorphic rocks
in the Dabie orogen also supports a Neoproterozoic rifting setting on the
northern margin of the Yangtze Block (Zheng et al., 2008). The rift-
related magmatism was also recorded by the 816-801 Ma Huangling
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Fig. 11. Geochemical diagrams for the investigated mafic rocks. Plots of (A) Eu/Ybq vs. La/Yb) and (B) La/Smy) vs. Sm/Ybqyy for mafic rocks from the
Dahongshan area. The melt curves are calculated based on the fractional melting model (after Lee et al., 2012) and circle marks along the curves represent the degree
of partial melting. The dotted curves represent the melting of enriched DMM sources (Workman and Hart, 2005). The solid curves represent the melting of garnet-
bearing lherzolite mantle sources (Jourdan et al., 2007). The Chondrite-normalized data are after Sun and McDonough (1989). Partition coefficients and modal
proportions for spinel peridotite, garnet peridotite and garnet-bearing lherzolite are taken from Mckenzie and O’Nions (1991) and Jourdan et al. (2007). Data sources

are the same as those in Fig. 5.

gabbroic suite and associated dioritic plutons in the northern Yangtze
Block (Wu et al., 2016). The coeval ca. 820-800 Ma Huangling mafic to
felsic intrusions were suggested to be unrelated to subduction of oceanic
crust but linked to lithospheric extension (Zhang et al., 2008, 2009). As
discussed above, the within-plate extension-related magmatism in the
northern Yangtze Block was developed since ca. 830-820 Ma, which is
roughly coincident with the onset of rifting in the eastern part of the
Yangtze Block.

5.3. Nature of magma source for the felsic rocks

The behavior of zircon during magma generation and evolution is of
major concern to geochemists due to its character of ubiquitousness and
refractoriness (Schmitt, 2011; Keller et al., 2017). Zircon Hf isotopes can
be used to distinguish magma sources of juvenile crust versus old crustal
materials (Belousova et al., 2010; Dhuime et al., 2012). However, they
cannot discern surficial processes that the source may have been
modified previously, as the Hf isotopic system is insensitive to the hy-
drothermal alteration or weathering (Griffin et al., 2000). In contrast,
stable isotopic system such as oxygen isotopes is useful in tracing the
recycling of supracrustal rocks (Hawkesworth and Kemp, 2006; Roberts
and Spencer, 2015). Zircon in equilibrium pristine mantle-derived melts
have an average 5'%0 values of 5.3 % 0.6 %o (Valley, 2003), and de-
viations over the range can be attributed to incorporation of 8O-
enriched supracrustal component and below the range commonly
explained by '80-depleted high-temperature hydrothermally altered
component in the magma source. Therefore, zircon Hf-O isotopes jointly
characterize relative contributions from mantle, crustal and sedimen-
tary materials (Kemp et al., 2007).

As discussed above, the Dahongshan igneous suites can be divided
into two stages. The Hf isotopic evolution pattern of the 970-840 Ma
igneous rocks indicates a similar juvenile crustal source with a slight
trend to relatively more evolved compositions since ca. 870 Ma
(Fig. 9A), which suggests a transition from oceanic-arc to continental-
arc subduction as proposed by Huang et al. (2021) based on detrital
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zircon studies. The gradually increasing zircon 8'%0 values from
5.59-6.23 %o to 6.6-6.89 %o with time observed in ca. 970-840 Ma
igneous rocks indicate the increased involvement of some '80-enriched
crustal protoliths in their magma source (Fig. 9B), consistent with the
expected more incorporation of continental components in a continental
arc setting. In comparison, ca. 830-790 Ma igneous rocks display broad
Hf isotopic distribution with both depleted mantle-like isotopic com-
positions and isotopically evolved pre-existing crust-like compositions,
indicating multiple magma sources for their origins. The mantle-like
5180 values of zircon from ca. 830-790 Ma igneous rocks indicate that
minor or absent interaction of magmas with supracrustal materials. It is
noted that the ca. 830 Ma rhyolites show 580 values in zircon lower
than the mantle value, which is a feature of magmas experienced high-
temperature hydrothermal alteration in an extensional setting. The
rhyolites may also represent the oldest Neoproterozoic low-5'80 igneous
rocks exposed in northern Yangtze Block so far. They are consistent with
the ca. 830 Ma ignimbrite with low-5'%0 (average 4.16 %o) in the
Jiangshan area, eastern part of the Jiangnan Orogen (Zhang et al.,
2020), implying that low-5'80 magmatism has developed in the two
regions at least at ca. 830 Ma.

To estimate relative contributions of old crustal and juvenile com-
ponents to produce the Hf-O isotopic compositions observed in the
Dahongshan igneous suites, a simple binary mixing model is proposed
here (Fig. 10). The crustal end-member could be Archean basements like
the ancient rocks in the Kongling complex, but considering the sys-
tematics of such isotopic data and the expected less incorporation of old
crust, the Neoproterozoic mature continental crust (folded metasedi-
mentary sequences) of Wang et al. (2013) is adopted as the crustal end-
member. The mantle end-member corresponds to Neoproterozoic juve-
nile crustal materials (Lu et al., 2020). As shown in the Fig. 10, except for
the low-5'20 rhyolites, the Dahongshan igneous suites generally show
juvenile crust-like isotopic signature, close to the mantle end-member.
The proportion of the incorporated mature crustal component in the
source of Dahongshan magmas varies from 10-20 % for the ca. 970-840
Ma felsic rocks, and decreases to 0-10 % for the ca. 830-790 Ma rocks.
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A Phasel:ca.970-870 Ma

Ocean-Ocean subduction
Formation of Sanligang intrusion

B Phasell: ca. 870-840 Ma

Oceanic-continental subduction
Increasing crustal contribution
to magma source

C Phaselll: ca. 830-790 Ma

Tb? Yz

cC

SCLM

Extension and thinning of SCLM
Asthenosphere upwelling
Both growth and reworking of crust

Fig. 12. A simplified three-stage tectonic evolution cartoon model of the
Neoproterozoic tectono-magmatic activity in the Dahongshan area. Phase L.
oceanic plate subduction with the formation of Sanligang intrusion. Phase II:
oceanic-continental subduction, accretion and results in the development of
extensive retro-arc fold, -thrust belts, accretionary complexes and arc-related
igneous suites. The contribution of crustal material is increasing during this
stage. Phase III: within-plate extension and thinning of sub-continental litho-
spheric mantle (SCLM), accompanied by asthenosphere upwelling and advec-
tive heat and formation of MORB- and OIB-like mafic suites and A,-type felsic
volcanic rocks. Tb: Tongbai Block; Yz: Yangtze Block.

It’ noteworthy that some ca. 830-790 Ma felsic rocks with negative
eye(t) values are not shown in the Fig. 10 due to lack of O isotopic data.
And the majority of ca. 970-840 Ma felsic rocks with 10-20 % ancient
crust are indicative of continent arc-related rocks that formed between
ca. 870-840 Ma, whereas ca. 970-870 Ma felsic rocks exhibit minor
involvement of ancient crust as shown in Fig. 9, indicating reworking or
the existence of juvenile crust.

5.4. Mantle source of the mafic rocks and tectonic model

Understanding the source characters of mafic rocks will provide
important implications for tectonic evolution. REE can offer a unique
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insight into the mantle melting conditions based on their different
partition behaviors in the spinel and garnet stability fields, which
characterize the mantle aluminous phases (Wang et al., 2011; Cond-
amine et al., 2022). To quantify a more realistic REE behavior during
mantle melting, we applied fractional melting model for the depleted
MORB mantle (DMM) peridotite [0.253 ppm La, 0.273 ppm Sm, 0.108
ppm Eu and 0.382 ppm Yb (Workman and Hart, 2005)] and garnet-
bearing lherzolite [1.35 ppm La, 0.62 ppm Sm, 0.19 ppm Eu and 0.45
ppm Yb (Jourdan et al., 2007)] to generate a series of instantaneous
fractional melts, which are then pooled following Lee et al. (2012). The
REE contents and ratios in the aggregated melt are representative of the
actual melt composition. The Dahongshan mafic rocks generally have
low La/Yby ratios (0.53-15.43), Eu/Yby, ratios (0.70-3.74), La/Sm)
ratios (0.50-2.96) and Sm/Yby, ratios (1.00-5.21) as shown in Fig. 11,
suggesting most of mafic rocks are formed as a result of low-degree
(mostly < 5 %) partial melting of mantle peridotite. In the diagrams
of Eu/Yby) vs. La/Yb(y) and La/Smy) vs. Sm/Yb(y), the majority of the
samples can be modeled by 1-10 % melting of DMM between 3 % spinel
and 2 % garnet, except three 830-810 Ma samples plot away from others
and fall onto the garnet-bearing lherzolite (2-4 % garnet), which were
suggested to be oceanic island basalts by Chen et al. (2017). The mantle
source inclined to DMM (from 3 % spinel to 2 % garnet) indicates
relative shallow melting depths for most Dahongshan Neoproterozoic
mafic rocks, and a few 830-810 Ma mafic rocks may have been formed
in a relatively deep level within garnet stability field. In addition, it is
noted that the negative anomalies of Nb are more significant in the ca.
870 Ma mafic rocks than the ca. 830-810 mafic rocks (Fig. 6H, J),
implying mantle metasomatism that possibly resulted from fluids
released from the subducted slab. According to the geochemical and
isotopic compositions and melting model, The formation of ca. 870 Ma
arc-related mafic rocks in the Dahongshan area was probably associated
with partial melting of the mantle wedge, whereas the emergence of ca.
830-810 Ma MORB- and OIB-like mafic rocks is thought to have resulted
from the different degrees of partial melting of upwelling asthenosphere.

Combined with zircon Hf-O isotopic studies of the Neoproterozoic
felsic rocks and the Hf isotopes in detrital zircon in the sediments in the
Dahongshan area (Xu et al., 2016; Huang et al., 2021), the secular arc-
related magmatism in the area appears to have undergone a tectonic
transition from oceanic arc (depleted Hf isotopes and mantle-like oxy-
gen isotopes) to continental arc (gradually increased '%0 and arc-like
geochemical affinity) and within-plate extension (co-occurrence of the
MORB- and less OIB-like mafic suites and As-type felsic volcanic rocks)
(Fig. 12). The development of retro-arc fold-and-thrust belts and
extension-related igneous suites further highlights the transition of the
tectonic regime in the Dahongshan area (Deng et al., 2013; Hu et al.,
2015b; Yang et al., 2018; Liu and Zhao, 2019). The amalgamation in
northern Yangtze Block may have displayed a “soft collision” feature at
840-830 Ma without exposure of syn-collisional assemblages and high-
grade metamorphic rocks (Zhao, 2015), which resembles the collisional
assembly between the Yangtze Block and Cathaysia Block along the
Jiangnan Orogen. It is generally accepted that the Yangtze Block played
a significant role in the reconstruction of the Rodinia supercontinent (Li
et al., 2008; Cawood et al., 2016; Zhao et al., 2018b), but its position is
controversial. In our opinion, the long-term subduction (at least from ca.
970 Ma to ca. 840 Ma) on the northern, southeastern and western
margins of the Yangtze Block, the asynchronous igneous impulse and
heterogeneous characters of the igneous activities (Huang et al., 2021)
all indicate an external rather than an internal position of the block
within the assembled Rodinia supercontinent.

6. Conclusions

The early to mid-Neoproterozoic mafic-felsic magmatism that
occurred in the Dahongshan area serves as a significant record of
enduring tectono-magmatic history along the northern margin of the
Yangtze Block. In this study, we have produced and compiled a
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geochemical data in the Dahongshan area including whole-rock com-
positions and zircon U-Pb-Hf-O isotopes. The Dahongshan igneous suites
were emplaced at ca. 970-790 Ma, which recorded a continuous ca. 180
Myr-long magmatism, extending the time period of magmatic activity of
the northern Yangtze Block. Geochemical analysis of the major and trace
elements reveals that the igneous suites can be divided into two age
groups. The older ca. 970-840 Ma intermediate-felsic rocks and mafic
rocks both have a subduction-related tectonic setting. Positive zircon Hf
and slightly high O isotope indicate a juvenile source with minor
supracrustal incorporation. In comparison, the younger ca. 830-790 Ma
mafic and felsic rocks formed in an extensional setting. The broad Hf
isotopic distribution and mantle-like O isotopes indicate multiple
magma sources for their origins and occurrence of high-temperature
hydrothermal alteration. The Neoproterozoic magmatism on the
northern margin of the Yangtze Block reflects a remarkable tectonic
transition from subduction-accretion in ca. 970-840 Ma, accompanied
by significant crustal growth, to within-plate extension at ca. 830-790
Ma with mainly reworking of juvenile and ancient crust.
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