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Abstract

The Shuangxiwu area of northwestern Zhejiang Province preserves the most complete
magmatic records of the Neoproterozoic orogenic cycle at the eastern segment of the
Jiangnan Orogen, south China. However, the transition from orogenesis to
post-orogenic extension or rifting still remains debated and this led to great confusion
on the breakup of Rodinia supercontinent. In this study, we carried out LA-ICP-MS
zircon and apatite U-Pb dating and whole-rock geochemical analyses for the mafic
dykes that intruded the Shuangxiwu arc volcanic rocks and the Heshangzhen Group in
northwestern Zhejiang Province. The U-Pb dating results indicate that the mafic dykes
formed at ~760 Ma, rather than ca. 860-850 Ma as previously suggested. All the
rocks are tholeiitic in compositions and can be divided into three subgroups based on
their geochemistry. Group-1 has the lowest TiO, contents (0.7-1.0 wt.%) and
intermediate Mg# values (40-47), and they show enrichments in large ion lithophile
elements and depletions in high field strength elements, resembling typical continental
arc basalts. Group-2 has the highest TiO, contents (1.5-3.6 wt.%) and Mg# values
(50-55), and-they do not show anomalies in P, Zr and Hf, similar to ocean island
basalts. Group-3 has elevated SiO, of 58.6-61.2 wt.%, intermediate TiO, contents of
1:2-1.5 wt.%, the lowest Mg# values of 21-30, and negative anomalies in Nb, Ta, Ti
and Y. The synthetic studies of Sr-Nd isotopes indicate two end-members for the
formations of the three types of mafic dykes: depleted asthenospheric mantle and
metasomatized lithospheric mantle. The upwelling of asthenosphere at ca. 760 Ma led

to partial melting of the pre-existed metasomatized lithospheric mantle to generate the
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Group-1 rocks with arc-like geochemical features. Continued extension resulted in
low-degree partial melting of asthenospheric mantle and subsequent interaction with
Group-1 magmas form the Group-2 rocks. The Group-3 rocks were resulted from
AFC processes of the Group-2 magmas. Based on our new data and the available
U-PDb ages of Neoproterozoic magmatic rocks, the rifting of south China from Rodinia

should have not happened before ca. 820 Ma.

Keywords: Rodinia supercontinent; Neoproterozoic; Jiangnan Orogen; mafic dykes;

post-orogenic extension

1. Introduction

For the studies of old orogenic belts, one of the key issues is to determine when the
whole orogenic processes were terminated. This termination definitely marks the
change of tectonic regime to post-orogenic relax (extension) or rifting (Bonin, 2004),
but the igneous rocks at this stage might inherit the geochemical features of early
orogenic-related tectonic backgrounds. In particular, in the old orogenic belts that
usually underwent complex geologic overprints, a detailed evaluation on
geochemistry and geochronology is necessary for understanding the petrogenesis and
tectonic settings of igneous rocks developed within orogenic belts.

The Jiangnan Orogen is such an orogenic belt that needs careful evaluation on
dating the termination of the whole orogenic process. A lot of studies have been

carried out on this orogenic belt because it may have important implications for the
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configuration of Rodinia supercontinent (Li et al., 2004; Wang et al., 2007, 2014;
Zhao et al., 2011). Previous studies have achieved a consensus on the early
Neoproterozoic (ca. 970-860 Ma) arc-related volcanic rocks, but they failed to come
to an agreement on the termination of the orogenesis, i.e. the initiation of
post-orogenic extension or rifting. Some scholars suggested it has not been earlier
than ca. 820 Ma (Zheng et al., 2008; Zhao et al., 2011; Wang et-al., 2014), as
supported by the occurrences of 790-770 Ma A2-type granitic rocks and ca. 805-760
Ma bimodal volcanism with some mafic rocks showing OIB-like geochemical
features in the eastern segment of the JO (Li et al., 2008; Zheng et al., 2008; Wang et
al., 2012; Yao et al., 2014), the 780-750 Ma mafic dykes in the western segment of
the JO (Wang et al., 2008), and the depositional characteristics of the pre-rifting
sedimentary basins throughout the JO (Wang et al., 2013a, 2014; Zhang et al., 2017).
Whereas, other scholars argued that the important tectonic change could have
occurred since ca. 850 Ma (Li et al., 2008, 2010) based on the studies of the Gangbian
complex in northeastern Jiangxi Province and the Shenwu mafic dykes (or dolerites)
in northwestern Zhejiang Province at the eastern segment of the Jiangnan Orogen.
However, both case studies for the older time boundary did not provide reliable zircon
cathodoluminescent (CL) images for their in situ U-Pb dating results. Interestingly,
Yao et al. (2014) gave a similar age of 863+6.5 Ma for a diabase dyke in northwestern
Zhejiang Province (the Shuangxiwu area), but they suggested an active continental
margin setting, in contrast to the (super)plume-related rifting setting advocated by Li

et al. (2008).
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Therefore, the age and tectonic setting of the mafic dykes in the Shuangxiwu area
of northwestern Zhejiang Province has turned to be a key issue in resolving the
Neoproterozoic evolution of South China Block during the assembly and breakup of
Rodinia. To solve this problem, we carried out a detailed investigation on the
geochronology and geochemistry of the dykes in the Shuangxiwu .area of
northwestern Zhejiang. The results suggest that they formed at ca..760 Ma at a
post-orogenic extension setting and no ca. 850 Ma rifting-related dykes existed in the

area. The rifting of Rodinia in south China should have not taken place at ca. 820 Ma.

2. Geological background

The South China Block (SCB) can be divided into the Yangtze Block in the
northwest and the Cathaysia Block in the southeast by the intervening Jiangnan
Orogen (Fig. 1A). The Jiangnan Orogen is mainly composed of Neoproterozoic
sedimentary sequences and igneous rocks that are metamorphosed to low-greenschist
facies (Wang et al., 2007, 2014, and references therein). The Neoproterozoic
sedimentary sequences consist of two series separated by an angular unconformity.
The underlying sequences are tightly folded and are dominated by sandstone, siltstone,
slate and phyllite, while the overlying sequences show open folds and are composed
of sandstone, slate, conglomerate, pelite and volcanoclastic rocks. The unconformity
between the two sets of sequences has been widely accepted to mark the
Neoproterozoic Jinningian orogenic event between the Yangtze and Cathaysia blocks

(e.g., Cheng, 1991; Shu and Charvet, 1995; Wang et al., 2007; Zhao et al., 2011;
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Zhang et al., 2011, 2015).

The Neoproterozoic igneous rocks are developed at the eastern segment of the
Jiangnan Orogen, corresponding to the Jinningian orogenesis. They mainly include
the Early Neoproterozoic subduction-related arc volcanic rocks (970-860 Ma) in the
Shuangxiwu area, the continental arc-related magmatic rocks (ca. 860-830-Ma) in
northwestern Zhejiang Province (Jiang et al., 2014; Xia et al., 2015), the middle
Neoproterozoic strongly peraluminous granitoids (830-800 Ma) in southern Anhui
Province and northwestern Jiangxi Province, the A2-type granites (790-770 Ma) in
southern Anhui Province, and the bimodal volcanic rocks (805-760Ma) throughout
the eastern Jiangnan Orogen (Wang et al., 2014, and references therein). Except the
830-800 Ma peraluminous granitoids, the other periods of magmatic events can be
found in the Shuangxiwu area (Fig. 1B). The ca. 970-860 Ma volcanic rocks of the
Shuangxiwu Group consist of intermediate-acid clastic rocks and lavas interbedded
with psammites and pelites (Cheng et al., 1993; Ye et al., 2007; Chen et al., 2009; Li
et al., 2009). The Daolinshan granite-diabase complex intruded the Shuangxiwu
Group and the Shangshu Formation (Fig. 1B), consisting of K-feldspar granite and
diabase; with the K-feldspar granites dated at ~794 Ma (Li et al., 2008). The
Heshangzhen Group is unconformably overlying the early Neoproterozoic
Shuangxiwu Group and comprises three sequences from bottom to top: the Luojiamen,
Hongchicun and Shangshu Formations (Fig. 1B). The former two consist mainly of
conglomerate, sandstone and slate (Fig. 1B), while the uppermost ca. 805-790 Ma

Shangshu Formation consists mainly of basalts and rhyolites (Wang et al., 2012).
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A series of mafic dykes intruded the Shuangxiwu arc volcanic rocks and the
overlying Heshangzhen Group, dominantly with a NEN strike and a width for single
dykes from a few meters to tens of meters (Fig. 1 and Fig. 2). Some of the dykes
intruded the Heshangzhen Group along the beddings and some show as veins cutting
the bedding of the Heshangzhen sediments (Fig. 2B and 2D). The intrusive
relationship suggests that the dykes are definitely younger than the Heshangzhen
Group. The rock types of the dykes are dominantly diabase as'shown by polarized
micro-images whatever significant later alteration (Fig. 3A). A few rocks (1372J-10-2,
14HSZ-1, 14HSZ-4-2 and 15ZJ-8-2) are diorite, displaying a certain amount of quartz
grains in thin sections (Fig. 3B). However, it is noted that the dioritic rocks were
commonly collected from the same- dyke as basic rocks, and it is difficult to
distinguish them from each other in the field. To explore the diversity in rock types,
we carried out multiple field surveys to make sure all the rock types have been

collected from the dykes that we can find in the field.

3. Analytical procedures

Zircons and apatites were separated using conventional heavy liquid and magnetic
techniques. Then they were hand-picked under a binocular microscope, mounted in
epoxy resin and polished down to expose grain centers. CL images of zircons were
acquired at the State Key Laboratory of Continental Dynamics, Northwest University,
Xi’an. LA-ICP-MS zircon U-Pb dating was carried out at the State Key Laboratory

for Mineral Deposits Research (MiDeR), Nanjing University (NJU), using an Agilent
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7500a ICP-MS attached to a Geolas 193 nm laser ablation system. Each run
comprised 15 unknown samples, one analysis of Mud Tank (intercept age of 732 =5
Ma; Black and Gulson, 1978), and four analyses of the GJ-1 zircon standard
(77Pb/*®Pb age of 608.5+1.5 Ma; Jackson et al., 2004) at the beginning and end. Mud
Tank zircon standard was analyzed to control reproducibility and instrument stability
and standard zircon GJ-1 was measured to correct U-Pb fractionation. All of the spot
analyses were carried out using a repetition rate of 5 Hz. The laser-ablation spot was
25 pm or 32 um in diameter according to the sizes of zircon. And U-Pb ages were
calculated from the raw signal data using the on-line software package GLITTER (ver.
4.4) (Griffin et al., 2008;www.mq.edu.au/GEMOC). Zircon U-Pb dating results are
shown in Table S1 of the supplementary Appendix A.

Similar analytical conditions-and standards were also used for the apatite U-Pb
dating, with result presented in Table S2 of the supplementary Appendix A. All of the
spot analyses were carried out using a repetition rate of 5 Hz with laser energy of
about 7 J/cm?. The laser-ablation spot was 32um in diameter. Considering there is
currently no reliable apatite standard, we kept using standard zircon GJ-1 as the
external standard to calculate U/Pb fractionation. Three apatite standards, including
AP1 (475 Ma; Zhou, 2013), Durango (31.02+2.02 Ma; McDowell et al., 2005) and
Otter Lake (913+7 Ma; Barfod et al., 2005), were used as unknown samples to
monitor the age accuracy. Because common Pb cannot be precisely detected by
LA-ICP-MS method, we adopted the common procedure to plot the uncorrected data

on a Tera—Wasserburg Concordia. The apatites from one episode will constitute a
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Discordia and their distribution on the line depends on the concentrations of common
Pb in each spot analysis. In this regard, the lower intercept age can be regarded as the
crystallization age of the apatites while the upper intercept age is meaningless. These
data processing methods were proved to be practicable because it produced good age
results for the apatite standards. We obtained the ages of 470+11 (n=15,
MSWD=0.09), 33.9+53 Ma (n=15, MSWD=0.28) and 918481 Ma (n=12,
MSWD=0.33) for AP1, Durango and Otter Lake, respectively. The former two
standards are well consistent with the recommended values. The Otter Lake apatite
standard has large error because of its high common Pb, but its age is still consistent
with the recommended age within uncertainties. All of the results of apatite standards
suggest our dating method is reliable.

Whole-rock major elements were analyzed using an ARL9800XP+ X-ray
fluorescence spectrometer (XRF) at the Centre of Modern Analysis, Nanjing
University (NJU), following the procedures described by Franzini et al. (1972). The
analytical precision is generally better than 2%. Trace elements were determined by
an ICP-MS (Finnigan MAT-Element) at the Institute of Geochemistry Chinese
Academy of Sciences, Guiyang, with analytical precisions better than 5% for most
elements. An internal standard solution containing the single element Rh was used to
monitor signal drift during counting. Major and trace element data are listed in Table
S3, and the results of Sr and Nd isotopic data are presented in Table S4 of the
supplementary Appendix A.

Whole-rock Nd isotopes were analyzed using a Neptune plus (Thermo Fisher
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Scientific) multi-collector inductively coupled plasma mass spectrometer
(MC-ICP-MS) at the MiDeR, NJU. Whole-rock Sr isotopes were analyzed using
ID-TIMS (Finnigan MAT Triton TI) also at the MiDeR, NJU. Chemical separation
procedures were similar to those described by Pu et al. (2005), with relative standard
deviation (RSD) lower than 5%107°. The measured *’St/*°Sr was corrected assuming
80Sr/*Sr = 0.1194. The measured '"*Nd/'**Nd was corrected assuming MONd/MNd =
0.7219.

In situ Sr isotope analyses in apatite were conducted also at the MiDeR, NJU, using
a GeoLas 193 nm ArFj3 laser ablation system attached to a Neptune Plus MC-ICP-MS.
The laser-ablation spot was 44 pm in diameter, with a repetition rate of 10 Hz,
corresponding to energy densities of 8 J/em® at the sample surface. Each analysis
takes about 30 s for 200 cycles: Every ten sample analyses were followed by one
Durango apatite and Mad -apatite reference material measurement for external

calibration.

4. Dating results
4.1. Zircon U-Pb dating

Representative CL images of the separated zircons together with corresponding
U-Pb ages are given in Fig. 4. Zircon grains from the mafic dykes are very rare (less
than 100 zircon grains in total from 10 samples) and they are mostly euhedral to
subhedral, exhibiting clear fine oscillatory zoning (Fig. 4). The zircon shapes and CL

features are not like the typical magmatic zircons from mafic magmas (broad zoning),
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suggesting these zircons are not autocrysts from the mafic magmas, but most likely
were contaminated from the country rocks during magma ascent (i.e. detrital zircons).

A total of 69 U-Pb isotope spot analyses (one analysis for one zircon) from 10
samples were carried out. Combined together, all the zircons xenocrysts exhibit-a
broad age spectrum (Fig. 5), with ages ranging from 767 Ma to 2545 Ma (Table S1).
Three major age populations can be identified: 900-800 Ma, 1900-1800 Ma, and ~
2500 Ma. In addition, two subordinate peaks are at ~ 1500 Ma, ~2000 Ma. It is noted
that there is no evident difference in age spectra between the different rock groups
(the group classifications are shown below). For example, 13ZJ-7-2 and 13ZJ-10-5
belongs to different rock groups, but they have similar age ranges in the zircon

Xenocrysts.

4.2. Apatite U-Pb dating

Eight representative samples were analyzed for apatite U-Pb dating (Table S2). The
separated apatite grains are colorless and predominantly long prismatic euhedral
crystals or fragments of euhedral crystals, and both CL and BSE images shows no
obvious zoning in our apatite samples (Fig. 4C, D). According to detailed observation
under microscope, most apatite grains are intergrowth with altered minerals, in
particular chlorite (Fig. 3C-F).

Apatites from the mafic rock samples yielded Tera-Wasserburg Concordia intercept
ages of 770£59 Ma (MSWD=0.037, n=15) for sample 14HSZ-21, 756442 Ma
(MSWD=0.59, n=15) for 14HSZ-22, 806+76 Ma (MSWD=0.48, n=15) for 157J-8-2,

787150 Ma (MSWD=0.75, n=12) for 16HSZ-5-2, 780+66 Ma (MSWD=0.76, n=15)
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for 16HSZ-6-1, 771130 Ma (MSWD=0.98, n=13) for 16HSZ-7-1 (Fig. 6).
Combined together, although the apatite U-Pb ages for each sample have large
errors, they are basically consistent and fall within the range of 800-750 Ma (Fig. 6).
As aforementioned, apatites from the mafic rocks in the Heshangzhen Group are
intergrowth with altered mineral, so their ages just represent the latest metamorphic or
hydrothermal alteration event since the closure temperature of apatite is just
375-550 °C (Cherniak et al., 1991; Chamberlain and Bowring 2001; Harrison et al.,

2002).

5. Geochemistry
5.1. Major elements

The mafic rocks from the dykes in the Shuangxiwu area show SiO, contents in the
range of 44.1-52.8 wt.%;, except four samples having intermediate SiO, contents of
58.6-61.2 wt.% (Table S3). Considering alteration and metamorphism, we do not
discuss the mobile elements (such as K;O and Na,O). All of the samples fall within
the subalkaline basalt field in the Nb/Y — Zr/TiO, diagram (Fig. 7A), and they
constitute a clear tholeiitic tendency in the AFM diagram (Fig. 7B).

It is noted that the mafic rocks have variable TiO, contents (from 0.73 wt.% to 3.6
wt.%) and Mg# values (from 21 to 57) (Table S3). Based on the TiO, and MgO
contents and Mg# values, all samples can be divided into three groups (Fig. 8A, B):
Group-1 has the lowest TiO, contents (0.7-1.0 wt.%) and intermediate Mg# values of

40-47; Group-2 has the highest TiO, contents (1.5-3.6 wt.%) and Mg# values of
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50-55; Group-3 has intermediate TiO, contents (1.2-1.5 wt.%) and the lowest Mg#
values (21-30). It should be noted that the Group-3 rocks were mostly sampled from
the same dyke as the Group-2 rocks (except 14HSZ-1 that does not have multiple
sampling at the same location). That means, in one same dyke, basic and intermediate

rocks can both be found.

5.2. Trace elements

The three groups have different trace element characteristics (Fig. 8C, D). For
example, Group-1 has intermediate Cr and Ni contents of 27-58 ppm and 27-37 ppm,
respectively; Group-2 has high Cr and Ni values ‘of 65-166 ppm and 82-132 ppm,
respectively; and Group-3 has low Cr and Ni values of 4-15 ppm and 0.6-4.7 ppm,
respectively (Table S3).

Despite variable rare earth elements (REE) abundances, all samples generally show
parallel REE patterns (Fig: 9A-C). They are enriched in light rare earth elements
(LREE) relative to heavy rare earth elements (HREE) with (La/Yb)x=2.5-4.8. No
significant Eu anomalies are found in these rocks. REE abundances increase from
Group-1 to Group-2 and Group-3 (Fig. 9A-C).

In the primitive mantle-normalized trace element spidergrams (Fig. 9D-F), the
Group-1 samples are overall similar to typical continental arc basalts in their
enrichments in large ion lithophile elements (LILE; e.g., Rb, Ba, Th and U) relative to
high field strength elements (HFSE; e.g., Zr, Hf, Ti and Y), Pb and Sr positive
anomalies, and the depletions of Nb, Ta, P and Ti (Fig. 9D).

The trace element abundances of Group-2 samples are between Group-1 and
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Group-3. It is noted that some of them show steep REE patterns, resembling typical
OIB (ocean island basalts) rocks (Fig. 9E). In addition, there are no anomalies in P, Zr
and Hf for these rocks and their anomalies in Nb and Ta are less significant than
Group-1 rocks. In particular, the HFSE concentrations are overall similar with OIB.
Group-3 samples have relatively high abundances of trace elements (Fig. 9F).
Overall, their geochemical features are similar to Group-2. The negative anomalies of
Nb, Ta, Ti and Y are still pronounced, while Sr anomalies are not evident, which is

contrast to the Group-1 rocks.

5.3. Sr-Nd isotopic compositions

Initial Sr and Nd isotopic ratios were calculated for the mafic rocks, assuming a
crystallization age of ca. 760 Ma according to the dating results (see above results and
below discussions). The mafi¢ rocks display initial *°Sr/*’Sr ratios ranging from
0.7031 to 0.7061 and positive ena(t) ranging from +4.8 to +7.8 (Table S4). Overall, the
samples are close to the value of depleted mantle. However, they show a horizontal
deviation in‘initial *’St/*°Sr values (Fig. 10).

Apatites from two samples (14HSZ-21 and 14HSZ-22) were also analyzed for in
situ Sr isotopes. The results yield initial ¥’Sr/*Sr values of 0.7030 and 0.7035,
respectively (Table S5). Within analytical uncertainties, in situ Sr isotopic values are

consistent with the corresponding whole rock St isotopic.

6. Discussion

6.1. Age of the mafic dykes in the Shuangxiwu area
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Magmatic zircons appear to be very rare in mafic rocks compared with
intermediate-acid rocks because of their common silica deficiency and low Zr
contents. Therefore, it is very difficult to separate magmatic zircons from mafic rocks,
and if separated, a large part of them could have been captured from country rocks
during magma ascent and/or emplacement. In this case, zircon xenocrysts from the
mafic rocks can be used as detrital zircons to reflect the characteristics of the
intruding crust during magma ascent (Compston et al., 1986; Belyatsky et al., 2007;
Rojas-Agramonte, et al., 2011).

Very few geochronological data were reported for the Neoproterozoic mafic dykes
in the Shuangxiwu area, except the age data of Li et al. (2008) and Yao et al. (2014) as
indicated above. As aforementioned, the mafic dykes intruded the Early
Neoproterozoic Shuangxiwu Group and the Middle Neoproterozoic Heshangzhen
Group (maximum depositional age of ca. 850-820 Ma; Wang et al., 2013; Zhang et al.,
2017). Therefore, the ca. 860-850 Ma zircon U-Pb ages reported by Li et al. (2008)
and Yao et al. (2014) would be questionable. In addition, Li et al. (2008) did not
present detailed CL images for their dated zircons and the few CL images provided by
Yao et al. (2014) are not very typical for zircons from mafic rocks. According to the
observations on zircon CL images (fine rhythmic zoning) and U-Pb dates of this study,
we tend to interpret the previously published dated zircons from the mafic dykes in
the Shuangxiwu area are actually contaminated in origin. Therefore, the dating results
by zircon xenocrysts from the mafic rocks could only provide the maximum

crystallization age.
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Compared with zircon, apatite is a ubiquitous accessory mineral in mafic rocks and
it has also been used for U-Pb dating on mafic rocks (e.g., Pochon et al., 2016)
because of its high U contents. However, it should be noted that apatites can be
crystallized at low temperature (375-550 °C; Cherniak et al., 1991; Chamberlain and
Bowring, 2001; Harrison et al., 2002), so that it needs a careful evaluation on its
genesis before U-Pb dating. When metamorphism happens, it is probable that apatite
just record the age of the latest metamorphism or alteration event. Based on detailed
examinations in thin sections, the apatites in our sample are closely associated with
the secondary chlorite (Fig. 3C-F), suggesting that they are not primitive and can just
represent the age of later metamorphism. In this regard, the U-Pb age of apatite can
represent the minimum age for the crystallization of mafic rocks.

Based on the data of zircon xenocrysts, the maximum crystallization age of the
mafic dykes can be constrained at ca. 770 Ma (one zircon grain gave the youngest age
about 767+10 Ma), suggesting that the mafic dykes crystallized after ca. 770 Ma.
Interestingly, the ' minimum age of the mafic rocks is constrained at ca. 750 Ma by
apatite U-Pb dating results and this age is just a little younger than the maximum age
defined by zircons. Therefore, the crystallization age of the dykes should be
constrained within the range 770-750 Ma, and we use the average age ca. 760 Ma
here. This age is evidently younger than the previously reported data (ca. 860-850 Ma)
by Li et al. (2008) and Yao et al. (2014). It is also reasonable for in geology because
the dykes intruded the Heshangzhen Groups.

This case study suggests that combined analyses on zircon xenocrysts from wall
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rocks and apatites from later thermal events can give a good constraint on the

crystallization age of mafic rocks that are difficult to separate igneous zircons.

6.2. Diversity of magma sources and mechanisms for the mafic dykes

From melt generation and transport from mantle source to crust, magma
geochemistry is easily to be changed due to complicated processes, such as fractional
crystallization, assimilation, magma mixing, etc. In addition, different degrees of
partial melting can also lead to diversity of magmatic compositions. For mafic rocks
in orogenic belts, sometimes the geochemistry was just inherited from a magma
source that has been metasomatized in an early stage, making the geochemistry less
diagnostic in distinguishing tectonic settings. In this regard, a combined study on field
geology, geochemistry and isotopic geology is necessary to recognize magma sources,
petrogenesis and related tectonic settings.

Before discussing the petrogenesis of the Shuangxiwu mafic dykes, it is necessary
to evaluate the influence of crustal contamination. There is no tendency of crustal
contamination for the basic rocks in the enq(t)-SiO; and eng(t)-1/Nd diagrams (Fig. 11),
although a minor tendency can be found from basic to intermediate rocks. The
contamination can be explained by the involvement of crustal materials of
Shuangxiwu arc-related rocks or basement sedimentary sequences in the Jiangnan
Orogen. This is also consistent with the zircon age spectra because most of the zircons
show ages similar to those of the Shuangxiwu volcanic arc rocks and the basement
sediments (Li et al., 2009; Wang et al., 2013b, 2014). The weak tendency suggests

that crustal contamination, if existed, may have contributed to the formation of the
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intermediate rocks but was not an important factor for the formation of the basic rocks.
Therefore, the geochemical characteristics of crustal signature in our samples, such as
pronounced negative Nb-Ta and positive Pb anomalies in Group-1 rocks, are
primitive and suggest a metasomatized lithospheric mantle source.

The variable Mg#, Cr, Ni and TiO, contents of all the studied mafic rocks and their
positive correlations with SiO, contents (Fig. 8) suggest strong fractional
crystallizations. This is also supported by the overall parallel REE patterns (Fig. 9A-C)
because fractional crystallization commonly leads to ) REE increasing with SiO,
contents. The intermediate Group-3 rocks do has the highest >} REE than other types.

Since there is no remarkable crustal contamination in our samples as discussed
above, it would be suitable to use immobile trace elements and isotopic compositions
to discuss their magma sources. Nb-Ta troughs are evident in all the three groups,
suggesting the contribution of metasomatized lithospheric mantle in their mantle
sources. As aforementioned, Group-1 rocks are very similar to typical continental arc
basalts and their REE contents are not too high. Considering the sampling locations
are just the boundary between the Yangtze and Cathaysia Blocks, it is common the
early subduction has significantly changed the thermal regime of the mantle wedge
and the fluids released from the subducted sediments metasomatized the mantle
peridotites (Wang et al., 2012). Group-1 rocks can be explained by the melting of the
metasomatized mantle wedge. The insignificant Zr-Hf troughs in spidergrams were
probably resulted from minor crustal contamination. It is noted that all of the rocks

show a tendency of fluid metasomatism (Fig. 12), suggesting that the Group-2 and
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Group-3 rocks also inherited this character. However, melting of the metasomatized
lithospheric mantle solely cannot produce the rocks of Group-2 because they have the
highest TiO, contents and do not show Zr-Hf depletions. Their HFSE concentrations
are even close to the OIB (Fig. 9). In addition, their REE patterns are steep relatively
to Group-1. All of these suggest that a low degree of partial melting of deep
asthenospheric mantle in their mantle source. The magmas from asthenosphere may
interact with the melts from metasomatized lithospheric mantle to form the Nb-Ta
depletions. Regarding to Group-3 rocks, since they are mostly associated with
Group-2 rocks within individual dykes, their formations can be explained by AFC

(assimilation and fractional crystallization) process of the Group-2 magmas.

6.3. Tectonic settings: arc, plume or post-orogenic?

The tectonic setting of the Neoproterozoic (ca. 850-750 Ma) magmatic rocks in the
Jiangnan Orogen has been hotly debated in recent decades (e.g., Li et al., 2003a,b,
2008; Zhou et al:, 2004, 2009; Wang et al., 2004, 2006, 2008). In the western
Jiangnan Orogen, the 835-800 Ma granites and mafic rocks in Northern Guangxi
(Wang et al.; 2006) and the ca. 760 Ma mafic rocks in western Hunan (Wang et al.,
2008) have been considered as the results of post-collisional and post-orogenic
extension, respectively. Compared with the western part of JO, the
mid-Neoproterozoic magmatism in the eastern part is more complex and its tectonic
setting remains uncertain.

In the study area, Li et al. (2008) proposed that the mafic rocks were formed at

~850 Ma, representing an anorogenic setting that is possibly associated with mantle
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plume. In contrast, Yao et al. (2014) suggested that these mafic rocks are of arc
affinity and formed at ~860 Ma. In the discrimination Zr-Ti diagram (Pearce et al.,
1995), the Group-1 rocks (Fig. 13) all fall in the field of volcanic arc basalts (VAB),
while Group-2 and Group-3 rocks fall in the field of within-plate basalts (WPB) (Fig.
13). It is impossible that the contemporaneous three types of dykes in the same area
formed at different tectonic settings, suggesting the tectonic discriminant diagrams are
not diagnostic. Further geological studies and regional comparisons are helpful to give
convincible conclusions. Contemporaneous mafic and felsic rocks have been found in
southern Anhui Province and northwestern Zhejiang Province (Wang et al., 2012) and
the western Hunan Province (Wang et al., 2008). All of these igneous rocks formed
after the Neoproterozoic orogenesis-related unconformity in the Neoproterozoic
sedimentary rocks, and the rock associations include A2-type granites, bimodal
volcanic rocks, mafic dykes; and OIB-like basalts as aforementioned. All of these
lines of evidence suggest that the investigated Heshangzhen mafic rocks formed in an
extensional setting. The arc-like geochemical features of the Group-1 rocks were
probably inherited from pre-existed metasomatized lithospheric mantle, rather than an
indicator of forming in arc-related tectonic setting. During early subduction, the
mantle wedge has been metasomatized but not all of them were immediately partial
melted. Later extension may facilitate the partial melting. That’s why we can see
some mafic rocks in post-orogenic settings could show arc-like geochemical features.
As aforementioned, the age of zircons xenocrysts show three major age populations

(900-800 Ma, 1900-1800 Ma, and ca. 2500 Ma), and two subordinate peaks (ca. 1500
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Ma, ca. 2000 Ma). Generally, the age spectra of the zircon xenocrysts from the mafic
rocks are identical with detrital zircons in the basement sedimentary sequences of the
Jiangnan Orogen (Wang et al., 2014). It implies that the folded basement of JO has
been connected with the Shuangxiwu arc terrane at ca. 760 Ma so that the mafic dykes
can contaminate the detrital zircons from the underlying folded sedimentary
sequences when they ascended and emplaced. In addition, the subordinate age peak at
ca. 2000 Ma is characters of the Yangtze Block, and its occurrence suggests that the
sedimentary basins prior the emplacement of the mafic dykes have received the
detritus from the Yangtze Block. This also suggests that the assembly at the eastern
segment of the Jiangnan Orogen has been terminated at ca. 760 Ma.

The upwelling of asthenosphere at ca. 760 Ma due to post-orogenic extension led to
partial melting of the pre-existed metasomatized lithospheric mantle to generate mafic
rocks with arc-like geochemical features (Group-1). Continued extension resulted in
low-degree partial melting of asthenospheric mantle followed by interaction with
magmas from metasomatized lithospheric mantle to form the Group-2 rocks, while

the subsequent AFC process generated the Group-3 rocks.

6.4. Implications for initiation of Neoproterozoic post-orogenic rifting in South China
The mafic dykes can give some important implications for the tectonic evolution of
the JO. At ca. 860-825 Ma, there was a back-arc basin system on the southeastern
margin of the Yangtze Block (Fig. 14A). The existence of back-arc basin is supported
by the sedimentary strata and related magmatic rocks studies in the Jiangnan Orogen

(Li et al., 2013; Wang et al., 2014; Li et al., 2016; Zhang et al., 2017). The back-arc
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basin was the result of northwestward subduction, and the juvenile arc terranes and
the old continental crust (Yangtze Block) jointly contributed to the sediments in the
basin. The Neoproterozoic sedimentary sequences, such as the Shuangqiaoshan Group
and the Luojiamen Formation, just formed during this period.

The back-arc basin was finally folded due to amalgamation of Yangtze and
Cathaysia blocks at ca. 825-820 Ma (Fig. 14B). It was followed by slab-break off and
delamination of the lower crust of the arc-continent collisional belt, and
post-collisional granitic and mafic magmatism can take place during this period.

At ca. 820-760 Ma, orogenic collapse happened and the tectonic setting
transformed into a post-orogenic extension (Fig. 14C). Significant upwelling of deep
asthenospheric mantle took place at this stage, leading to the formation of OIB-like
mafic rocks in the Jiangnan Orogen (Wang et al., 2008). In our research area, because
of upwelling of asthenosphere, partial melting of the pre-existed metasomatized
lithospheric mantle could generate the Group-1 mafic rocks with arc-like geochemical
features. Continued extension resulted in low-degree partial melting of asthenospheric
mantle to form the Group-2 rocks.

The ~aforementioned sequence from orogenesis to post-orogenic extension is
common for normal orogenic belt and it does not need plume activity to drive melting
of mantle and overlying crust. Although it is unknown whether there was significant
rifting in South China during Neoproterozoic, it could be comparable to or following
the post-orogenic extension in the Jiangnan Orogen. That means, if the rifting of

South China Block from the Rodinia supercontinent happened, it could not have been
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earlier than ca. 820 Ma as many geological, geochemical and geochronological
observations in the Jiangnan Orogen and the mafic dykes in the Shuangxiwu area has
shown to us.
7. Conclusions

Combined zircon and apatite LA-ICP-MS U-Pb dating results indicate that mafic
dykes in northwestern Zhejiang Province formed at ~760 Ma, rather than ca. 860-850
Ma as previously suggested. These mafic dykes can be divided into three groups
based on their geochemistry, and the Sr-Nd isotopes indicate two end-members for
their formations: depleted asthenospheric mantle and metasomatized lithospheric
mantle. Fractional crystallization and the difference in magma source are the two
main factors controlling the geochemical variations of the mafic dykes. They formed
in a post-orogenic extensional setting, representing the transition of the tectonic
regime from orogenic to to post-orogenic within-plate process for a typical orogenic
belt. The new age of the mafic dykes also suggests that the folded basement of the
Jiangnan Orogen has been connected with the Shuangxiwu arc terrane at ca. 760 Ma
and the initiation of the possible Neoproterozoic rifting in South China from the
Rodinia supercontinent has not taken place at ca. 820 Ma, but probably after ca. 760

Ma.
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Supplementary Appendix A:

Table S1: LA-ICP-MS U-Pb isotope analyses for zircons from the mafic dykes in the
Shuangxiwu area, southern China

Table S2: LA-ICP-MS U-Pb isotope analyses for apatites from the mafic dykes in the
Shuangxiwu area, southern China

Table S3: Whole-rock major (wt.%) and trace element (ppm) analyses for the mafic
dykes in the Shuangxiwu area, southern China

Table S4: Whole-rock Sr-Nd isotope compositions of representative mafic dykes in
the Shuangxiwu area, southern China

Table S5: LA-MC-ICP-MS apatite Sr isotope analyses of two mafic rocks in the

Shuangxiwu area, southern China
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Figure Captions

Fig.1. Geological map of the studied rocks. (A) Geological sketch map for the South
China Block (modified after Wang et al., 2012). (B) Simplified geological map for the
Shuangxiwu area of northwestern Zhejiang Province, with the sampling locations
indicated as star (modified after the 1:50000 geological map of the Heshangzhen
area).

Fig.2. Field photos of the mafic dykes in the Shuangxiwu area. (A) The fresh surface
of the mafic dykes; (B) The mafic dykes intruded the Heshangzhen Group and cut the
layering of the wall rocks; (C-D) The mafic dykes intruded the Heshangzhen Group
sedimentary rocks with a concordant contact between them; (E) The mafic dyke
concordantly intruded the slighted folded Heshangzhen Group.

Fig.3. Representative micro-images for mafic rocks. Qz, quartz; Pl, plagioclase; Chl,
chlorite. (A) typical diabase of this study, with mafic minerals replaced by secondary
minerals (such as chlorite, tremolite, magnetite and calcite); (B) typical intermediate
rocks of this study displaying a certain amount of quartz grains; (C-F) the locations of
apatite in thin'sections showing a close relationship with secondary chlorite.

Fig.4. Representative cathodoluminescence (CL) and Back scattered Electron (BSE)
images for zircons and apatites from the mafic dykes. (A) CL images for zircons.
206pp/ 28y ages are indicated for each spot analysis (solid circle). The scale bar is 32
pm. The fine rhythmic zoning prevents an autocrystic origin. (B) CL images for

apatites. (C) BSE images for apatites.

Fig.5. Relative probability of zircon U-Pb dates for the mafic dykes. Spectra of
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detrital zircons for the Yangtze Block, Jiangnan Orogen and Cathaysia Block are from
Wang et al. (2014).

Fig.6. Apatite U-Pb Concordia diagrams for the mafic dykes. MSWD-mean square of
weighted deviations.

Fig.7. Classification diagrams for the mafic rocks in the Shuangxiwu area. (A)
Zr/TiO,-Nd/Y diagram (after Winchester and Floyd, 1977); (B) AFM diagram (after
Irvine and Baragar, 1971).

Fig.8. Harker diagrams showing correlations of TiO,, Mg#, Ni, Cr vs. SiO,.

Fig.9. Chondrite- and primitive mantle- normalized patterns for the mafic dykes in the
Shuangxiwu area. (A-C) Rare earth element distribution patterns. (D-F) Spidergrams
showing the patterns of incompatible trace elements. The normalization values for
chondrite and primitive mantle are both from McDonough and Sun (1995). The data
for average continental arc basalt are from Kelemen and Hanghgj (2003). The data of
ocean island basalt are from and Sun and McDonough (1989). Orange lines are
Group-1 (light orange lines are samples from Yao et al., 2014); Green lines are
Group-2 (light green lines are samples from Li et al., 2008); Blue lines are Group-3.
Fig.10. Plots of initial *’Sr/*°Sr vs. exa(t) (t = 760 Ma).

Fig.11. Plots of SiO, and 1/Nd vs. eng(t) showing the extent of crustal contamination
is not significant. The data for the Early Neoproterozoic Shuangxiwu arc volcanic
rocks are from Li et al. (2009), and the data for the Miaohou complex are from Xia et
al. (2015).

Fig.12. Incompatible element ratios showing the fluid metasomatism from melt
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metasomatism in the magma source.

Fig.13. Ti—Zr Plot for the mafic dykes (after Pearce and Cann, 1973). VAB- volcanic
arc basalts; WPB- within-plate alkaline basalts. Grey area shows the range for
Group-1 (samples show in orange rhombus are from Yao et al., 2014); Blue area
shows the range for Group-2 (samples show in light green rhombus are from Li et al.,
2008); yellow area shows the range for Group-3.

Fig.14. A simplified cartoon showing the tectonic evolution for the eastern Jiangnan
orogenic belt. (A) at ca. 860-825 Ma, there was a back-arc basin system on the
southeastern margin of the Yangtze Block; (B) The back-arc basin was finally folded
due to arc-continent collision at ca 825-820Ma; and (C) at ca. 820-760 Ma,
post-orogenic extension triggered partial melting of previously metasomatized
lithospheric mantle and the upwelling asthenospheric mantle, resulting in the different

rock types in the mafic dykes-of northwestern Zhejiang Province.
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The mafic dykes in the Shuangxiwu area formed at ca. 760 Ma, rather than

860-850 Ma.

The mafic dykes show variable geochemistry in a post-orogenic extension setting.

Upwelling of asthenosphere led to melting of itself and fluid-metasomatized

lithospheric mantle.

The rifting of South China Block from Rodinia has not been initiated before 820

Ma.



