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ABSTRACT

Several tectonic models have been pro-
posed for the Neoproterozoic amalgamation 
of the South China block during the as-
sembly of Rodinia. However, the timing of 
the end of arc magmatism between the two 
subblocks in the South China block (i.e., 
the Yangtze and Cathaysia blocks) remains 
controversial because it is unclear whether 
the 860–820 Ma magmatic rocks and coeval 
sedimentary basins in this area are related 
to subduction or plume activity. Here, we 
present new detrital zircon U-Pb and Hf iso-
topic data for the sediments directly overly-
ing early Neoproterozoic arc volcanic rocks 
in this region. These data reveal a rhythmic 
change in source coincident with a progres-
sive increase in the amount of juvenile and 
old crustal detritus within these sediments. 
This result, combined with the presence of a 
fining-upward grain-size trend and horizon-
tal bedding within these sediments, provides 
evidence of bidirectional sources that are 
consistent with a backarc setting. The juve-
nile crustal material within these sediments 
was sourced from adjacent arc terranes to 
the east, whereas the old crustal detritus was 
derived from the Yangtze block to the west. In 
addition, sensitive high-resolution ion micro-
probe zircon U-Pb dating of mafic rocks 
within equivalent sedimentary sequences 
yielded ages of ca. 860–840  Ma, and these 
mafic rocks have arc- or mid-ocean-ridge ba-
salt–like geochemical features that indicate 
the initiation of backarc spreading associated 
with Neoproterozoic NW-directed subduc-
tion. The data from the sediments and mafic 
rocks suggest the presence of a backarc basin 
system at ca. 860–820 Ma within the south-

eastern margin of the Yangtze block. This in 
turn indicates that Rodinia assembly was not 
completed until ca. 820 Ma, with the South 
China block possibly acting as a connection 
between a Neoproterozoic Andean-type ac-
tive continental margin and Grenvillian belts 
on the paleo–western margin of the Rodinia 
supercontinent.

INTRODUCTION

The Neoproterozoic is an important period of 
geological history that is marked by the explo-
sion of life during the Phanerozoic, global gla-
ciations associated with snowball Earth, and the 
breakup of the supercontinent Rodinia. Early 
to middle Neoproterozoic arc magmatism has 
been reported in Sri Lanka, Madagascar, India, 
and southern China, all of which were part of 
eastern Gondwana (Tucker et  al., 2001; Zhou 
et al., 2002; Cawood et al., 2010). This subduc-
tion-related magmatism is unlikely to have been 
linked with the Grenvillian amalgamation of 
Rodinia but instead is likely to represent activity 
along an active continental margin that faced the 
peri–Rodinian Ocean (Bybee et al., 2010). The 
presence of this magmatism has led to debate 
over the timing of the end of Rodinia assembly.

Recent studies have focused on the assem-
bly of the South China block and its role dur-
ing the evolution of the supercontinent  Rodinia 
(Zhao and Cawood, 2012, and references 
therein). In particular, more recent research 
supports a northwestern marginal position (in 
Neoproterozoic coordinates, close to India and 
Antarctica) for the South China block within 
Rodinia (Fig. 1A; Zhou et al., 2002; Yu et al., 
2008; Zhao et al., 2011; Cawood et al., 2013; 
D. Wang et al., 2013; Y.J. Wang et al., 2013). 
In addition, the Neoproterozoic Jiangnan oro-
gen within the South China block (Fig. 1B) 
records early Neoproterozoic arc magmatism 

in the Shuangxiwu area (ca. 960–860 Ma; Li 
et al., 2009; D. Wang et al., 2013; Fig. 1C) and 
contains ophiolites and blueschists, all of which 
record the amalgamation of the Yangtze and 
Cathaysia blocks (e.g., X.L. Wang et al., 2014). 
Alternatively, some research has suggested that 
the South China block in Rodinia was located 
in an interior setting between eastern Australia 
and western Laurentia (e.g., Li et al., 2004), al-
though the key to determining which of these 
hypotheses is correct is an understanding of 
the tectonic setting (i.e., whether arc or plume 
related) of the 860–820 Ma magmatism within 
the Jiangnan orogen and the timing of assem-
bly of the South China block. In addition, the 
tectonic setting during the formation of coeval 
sedimentary sequences in the Jiangnan orogen 
is crucial to our understanding of the amalga-
mation of the Yangtze and Cathaysia blocks. 
Recent research on the age and geochemistry 
of these metasedimentary sequences indicates 
that they were deposited in a backarc basin dur-
ing the Neoproterozoic, most likely in a back-
arc basin setting (W. Wang et  al., 2013; X.L. 
Wang et al., 2007, 2014; Zhao et al., 2011; Li 
et al., 2013; Yin et al., 2013a; Yao et al., 2013), 
although the evidence for this tectonic setting is 
derived mainly from the dating of detrital zir-
cons that were sporadically sampled within the 
metasedimentary sequences. This in turn means 
that no solid constraints in the form of detailed 
provenance analysis of stratigraphic profiles are 
available for these sediments; consequently, un-
certainty remains regarding the tectonic setting 
of these sedimentary sequences.

The majority of the basement sequences 
within the Jiangnan orogen are strongly de-
formed and have undergone steeply plung-
ing, tight, and linear folding with multiple and 
complicated tectonic overprinting relationships 
(X.L. Wang et  al., 2007). This makes prov-
enance analysis difficult, meaning that the pub-
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lished consistent or contradictory U-Pb ages for 
different parts of the basement sequence add 
further complexity to the interpretation of the 
depositional environments of the sedimentary 
successions in this region (Li et al., 2011; Zhao 
et al., 2011; W. Wang et al., 2013; X.L. Wang 
et al., 2014; Yao et al., 2013). Constraining the 
provenance and tectonic setting of the sediments 
in this area requires the analysis of well-devel-
oped sedimentary successions within the base-
ment sequences of the Jiangnan orogen. The 
lower part of the Heshangzhen Group (i.e., the 
Luojiamen Formation) in the eastern Jiangnan 
orogen within northwestern Zhejiang Province 
shows a well-developed sedimentary sequence 
with similar sedimentary texture and is thus 
interpreted to have been deposited in a similar 
sedimentary environment to the other basement 
sequences in this region (BGMRZJP, 1982; Gao 
et al., 2008). However, the provenance and tim-

ing of deposition of the Luojiamen Formation 
remain unclear, indicating that this unit is an 
ideal target for determining the provenance of 
the basement sequences within the Neoprotero-
zoic Jiangnan orogen.

This study used detrital zircons to provide 
the first detailed analysis of the provenance 
of the stratigraphic profile through the Luo-
jiamen Formation, a unit that directly overlies 
the Shuangxiwu arc volcanic rocks. We com-
bined these data with the geochronology and 
geochemistry of mafic igneous rocks within 
equivalent sedimentary sequences in the eastern 
Jiangnan orogen. These new data provide solid 
evidence for the presence of a ca. 860–820 Ma 
backarc basin system within the southeastern 
margin of the Yangtze block and constrain the 
timing of cessation of Rodinia assembly and the 
rifting of Rodinia in the South China block to no 
earlier than 820 Ma.

GEOLOGICAL BACKGROUND 
AND SAMPLING

The South China block is divided by the 
Jiang nan orogen into the Yangtze block to 
the  northwest and the Cathaysia block to the 
southeast (Fig. 1B). The Yangtze block is sur-
rounded by voluminous Neoproterozoic mag-
matic rocks that rarely crop out within the 
interior of the block, including within the cen-
tral Sichuan Basin (drilling samples; Gu et al., 
2014) and the Kongling area (S.B. Zhang et al., 
2009; Zhao et  al., 2013). The majority of the 
interior of the Yangtze block is covered by 
Cambrian–Permian carbonates, with the excep-
tion of Archean to Neoproterozoic rocks (X.M. 
Liu et  al., 2008; S.B. Zhang et  al., 2009; Gao 
et al., 2011; Li et al., 2014; Yin et al., 2013b) 
that crop out in the Kongling area and a few 
late Archean tonalite-trondhjemite-granodiorite 
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Figure 1. Geological maps of the studied rocks. (A) Reconstruction of the supercontinent Rodinia (modified after Tucker et al., 2001; Yu 
et al., 2008; Kuzmichev et al., 2001). (B) Geological sketch map for the South China block (SCB). The open (red) stars show the locations 
of available Mesoproterozoic igneous rocks, while the filled (blue) ones indicate the locations of sediments with abundant Grenville-age zir-
cons. (C) A simplified geological map showing the distribution of the Jiangnan orogen (JO) and the major Neoproterozoic magmatic rock 
suites within it. 1—Shexian Pluton (ca. 823 Ma); 2—Xucun Pluton (ca. 826 Ma); 3—Xiuning Pluton (ca. 824 Ma); 4—Daolinshan bimodal 
complex (ca. 795 Ma); 5—Puling volcanic rocks (ca. 760 Ma); 6—Shangshu volcanic rocks (ca. 805–790 Ma); 7—Taoyuan bimodal volcanic 
rocks (ca. 830 Ma). (D–E) Simplified geological maps for the Xingzi area (D) and the Zhoutan area (E), South China.
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(TTG) rocks at the northern margin of the block 
(Wu et al., 2014). Outside of the Kongling area, 
Paleo protero zoic to Mesoproterozoic South 
China block rocks sporadically crop out at the 
northwestern, southwestern, and southeastern 
margins of the Yangtze block (Li et  al., 2007; 
Geng et al., 2012; Wu et al., 2012), the interior 
of the Cathaysia block, and on Hainan Island (Li 
et al., 2002; Yu et al., 2009; Q. Liu et al., 2014). 
In addition, some Grenvillian (1.3–1.0 Ga) de-
trital zircons have been identified within the 
southern margin of the South China block (Fig. 
1B; Greentree et al., 2006; Sun et al., 2009; Yu 
et al., 2010; X.L. Wang et al., 2014), although 
the Grenvillian rocks are very rare in this area.

The Precambrian rocks of southern China 
and the SE margin of the Yangtze block are 
dominated by Neoproterozoic granitoids and 
mafic rocks, as well as the Neoproterozoic 
basement metasedimentary sequences of the 
Jiangnan orogen (Fig. 1B). The Neoprotero-
zoic igneous rocks within the Jiangnan orogen 
include the ca. 960–860  Ma Shuangxiwu arc 
volcanic rocks and minor amounts of gran-
itoids in the eastern Jiangnan orogen in northern 
Zhejiang Province; ca. 860–800 Ma granitoids 
and associated mafic rocks that intrude or are 
interlayered within metasedimentary sequences 
throughout the Jiang nan orogen (Zhou et  al., 
2009; Li et al., 2013; X.L. Wang et al., 2014); 
and ca. 800–750 Ma volcanic rocks within the 
Jiangnan orogen cover sequence (X.L. Wang 
et al., 2012). All of these igneous and sedimen-
tary rocks have undergone lower-greenschist-
facies metamorphism (X.L. Wang et al., 2014), 
but the Xingzi Group in the northwestern part of 
Jiangxi Province and the Zhoutan Group in the 
central part of Jiangxi Province record amphib-
olite-grade metamorphism (Figs. 1C–1E). The 
mafic rocks in the study area are inter layered 
within these two sequences, and the field rela-
tionships are unclear due to vegetation cover 
and intense weathering. Mafic rocks within the 
Xingzi Group are metamorphosed and occur as 
tremolite schists, with a few areas retaining relic 
gabbroic textures (Figs. 2A–2D), whereas the 
intermediate to felsic metamorphic rocks within 
this group include garnet schists, staurolite 
schists, quartz schists, biotite schists, and two-
mica schists. The mafic rocks in the Zhoutan 
Group are amphibolites (Figs. 2E–2F), some of 
which show migmatization and host K-feldspar 
granite leucosomes. The other rock types within 
this group include gneisses, banded migmatites, 
garnet schists, sillimanite–two-mica schists, 
biotite schists, and granulites.

The Heshangzhen Group in northern Zhe-
jiang Province unconformably overlies the 
early Neoproterozoic Shuangxiwu arc volcanic 
rocks and is divided from base to top into the 

Luojiamen, Hongchicun, and Shangshu Forma-
tions (Fig. 3A). The former two formations are 
dominated by conglomerate, sandstone, and 
slate (Fig. 3B), and the latter is dominated by 
volcanosedimentary rocks (X.L. Wang et  al., 
2012). The Hongchicun and Shangshu Forma-
tions were deposited at ca. 805–770 Ma and are 
thought to represent cover sequences similar 
to those in other areas of the Jiangnan orogen 
(Zheng et al., 2008; Li et al., 2003; X.L. Wang 
et al., 2012). Wang and Li (2003) suggested that 
the Luojiamen Formation is also a part of these 
cover sequences, whereas BGMRZJP (1982) 
suggested that it formed part of the Jiangnan 
orogen basement metasedimentary sequence. 
The base of this formation contains conglomer-
ates (Fig. 3C and 4A) with clasts that are domi-
nated by granite, tuff, basalt, andesite, rhyolite, 
dacite, and mudstone from the Shuangxiwu 
Group, ranging from centimeter to meter scale. 
The sedimentary sequence is generally hori-
zontally bedded (Figs. 4B–4E) and shows a 
fining-upward grain-size trend (Fig. 3B). The 
Luojiamen Formation rocks in some areas 
have undergone open folding (Fig. 4F) with 
fold axes that strike NE-SW (~60°–240°). The 
provenance of the lower Heshangzhen Group 
(mainly the Luojiamen Formation) was deter-
mined using nine samples from the Luojiamen 
and Hongchicun Formations within an ~7-km-
long section; sampling locations are shown in 
Figure 3.

ANALYTICAL METHODS

Major Elements by X-Ray Fluorescence

The samples were powdered carefully 
to grain size <200 mesh (~74  mm). Whole-
rock major elements were analyzed using an 
 ARL9800XP+ X-ray fluorescence spectrometer 
(XRF) at the Center of Modern Analysis, Nan-
jing University (NJU), with an excitation energy 
of 40 kV and a current of 66 mA. Each sample 
was precisely weighed to 0.6000  ± 0.0005  g 
and then mixed with 6.6000 ± 0.0050 g of co-
solvent (Li2B4O7:LiBO2  = 67:33) in a Pt-Au 
crucible. The mixed powder was then melted 
to glass using a CLAISSE (Canada) fully auto-
matic welding machine with the involvement 
of cosolvent LiBr (40 mg/mL, 0.6 mL). Before 
analyzing the glass samples, geological stan-
dards GBW07401–GBW07408, GBW07301–
GBW07312, and GBW07103–GBW07108 
were analyzed for calibration curves based on 
the fluorescence density of Si, Al, Ca, Mg, Fe, 
K, Na, Ti, P, and Mn. The loss on ignition was 
measured after powdered samples were heated 
above 960 °C. The absolute standard deviation 
(SD) for SiO2 and Al2O3 was lower than 0.5% 

and 0.3%, respectively. The relative standard 
deviation (RSD) values were less than 5% for 
CaO, K2O, Fe2O3, and TiO2, and less than 10% 
for MgO, Na2O, P2O5, and MnO.

Trace Elements by Inductively Coupled 
Plasma–Mass Spectrometry

Whole-rock rare earth and other trace ele-
ments were analyzed using an inductively 
coupled plasma–mass spectrometer (ICP-MS; 
Finnigan MAT-Element 2) instrument at the 
State Key Laboratory for Mineral Deposits Re-
search (MiDeR), NJU. Each sample was pre-
cisely weighed around 30 mg and then was put 
into a 15 mL Savillex digestion vessel.  After in-
jection of 1 mL of concentrated HF and 0.5 mL 
of concentrated HNO3, the vessels were heated 
to 160  °C on a heating plate for ~48  h. The 
samples were dried and reacted again in 1 mL 
HNO3 and then dried to sludge; a 5 mL aliquot 
of 30% (v/v) HNO3 was injected to dissolve the 
samples at a temperature of 140  °C. Finally, 
1 mL of 500 ng/mL internal standard Rh solu-
tion was injected, and then the sample solution 
was diluted to 50 mL for analysis. Analytical 
precision for most elements by ICP-MS was 
better than 5%.

Nd Isotopes by Isotope Dilution–Thermal 
Ionization Mass Spectrometry

Whole-rock Nd isotopes were analyzed us-
ing the isotope dilution–thermal ionization mass 
spectrometer (ID-TIMS; Finnigan MAT Triton 
TI) at MiDeR-NJU. Each sample was precisely 
weighed around 50 mg and then was dissolved 
in a closed Teflon beaker with the addition of 
HF + HNO3 at a temperature of 120 °C. The dis-
solved sample was then dried on a heating plate. 
The sample was dissolved again after injecting 
1 mL of 4.0 mol/L HCl. The undissolved resi-
due was removed after ~10 min of centrifugal 
separation. The cleaned sample dilution was 
passed through a 2 mL Bio-Rad 50WX8  cation 
exchange resin to receive Sm and Nd. The sep-
arated Sm/Nd sample was dried and then dis-
solved in three drops of 0.06 mol/L HCl. The 
dissolved sample was passed through a 0.6 mL 
Bio-Rad 50WX8 cation exchange resin to re-
ceive Sm and Nd separately. The Sm and Nd 
dilutions were dried and put on the degassed Re 
tape for analysis by ID-TIMS. The center fila-
ment ionization temperature for Nd is generally 
~1800 °C. In order to eliminate the mass frac-
tionation effect during the analysis, all the Nd 
isotope ratios were corrected to 146Nd/142Nd of 
0.7219. RSD for Nd isotopes was better than 5 × 
10–6. The long-term 143Nd/144Nd ratio found for 
the international standard JNdi-1 is 0.512121 ± 
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Figure 2. Representative photomicrograph images for (A–F) the mafic rocks in the Xingzi and Zhoutan Groups and (G–L) the metasedi-
ments in the Heshangzhen Group, Jiangnan orogen, where G–L show different types of clasts within the sediments from the Heshangzhen 
Group.
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0.000016 (2 SD, n = 67), identical to the value 
(0.512115 ± 0.000007) of Tanaka et al. (2000). 
The eNd(t) values were calculated based on 
the Nd isotopic compositions of 143Nd/144Nd 
(CHUR) = 0.512638 and 147Sm/144Nd (CHUR) = 
0.1967 (Jacobson and Wasserburg, 1980), where 
CHUR is chondritic uniform reservoir.

Sensitive High-Resolution Ion Microprobe 
Zircon U-Pb Dating

Zircon grains were separated using conven-
tional heavy liquid and magnetic techniques, 
cast in epoxy, and polished to expose the center. 
TEMORA, with an age of 417 Ma (Black et al., 
2003), was used as the standard zircon. In situ 
isotope analyses were carried out according to 
scanning electron microscope (SEM) images, 
backscattered-electron imaging (BSE), and cath-
odoluminescence (CL) images (Fig. DR1 in the 

supplementary Appendix A1). The zircon mounts 
were vacuum-coated with a layer of high-purity 
gold for U-Th-Pb isotopic analysis. Sensitive 
high-resolution ion microprobe (SHRIMP) 
U-Pb dating of zircon was performed using 
the SHRIMP-II ion microprobe at the Beijing 
SHRIMP Center, Chinese Academy of Geologi-
cal Sciences (CAGS). Analytical procedures were 
similar to those described by Compston et  al. 
(1992). A 3.2 nA primary beam, with ~30  mm 
diameter, was used for ion production. Five scans 
through the mass positions were made for each 
age determination. Both Pb/U and Pb/Th ratios 
and absolute Pb, Th, and U abundances of the Sri 

Lanka standard zircon SL13 (206Pb/238U = 0.0928, 
corresponding to 572.1 Ma, U = 238 ppm, Th = 
21 ppm, and 206Pb  = 19 ppm; Williams et  al., 
1996) and TEMORA were used to monitor the 
analyses of the zircons. The 204Pb was analyzed 
for common Pb correction, and data processing 
was carried out using the SQUID 1.0 (Ludwig, 
1999) and PRAWN programs (Williams et  al., 
1996). The concordia plots were created using 
the software Isoplot (Ludwig, 2001).

Laser-Ablation ICP-MS 
Zircon U-Pb Dating

U-Pb zircon dating was carried out at MiDeR-
NJU using an Agilent 7500a ICP-MS attached 
with a Coherent 193 nm COMPex Pro laser- 
ablation (LA) system. Mud Tank zircon (intercept 
age of 732 ± 5 Ma; Black and Gulson, 1978) was 
used as an external standard to monitor the age 
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Figure 3. (A) Simplified geological map of the Heshangzhen Group in northern Zhejiang Province, with the sampling locations indicated 
as stars. (B) Stratigraphic column of the Luojiamen Formation. The sample levels and their maximum depositional ages by detrital zircons 
are shown to the left. (C) Geological profile for the section b-a in part A.

1GSA Data Repository item 2017124, Appen-
dix A (Figure DR1: representative cathodolumines-
cence (CL) images for zircons of this study) and 
Appendix B (Tables DR1–4), is available at http:// 
www .geosociety .org /datarepository /2017 or by re-
quest to editing@ geosociety .org.
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 accuracy while measuring U-Th-Pb isotopes. In 
order to correct U-Pb fractionation, standard zircon 
GEMOC GJ-1 (207Pb/206Pb age of 608.5 ± 1.5 Ma; 
Jackson et al., 2004) was measured twice before 
and after every run of the unknown grains. All of 
the spot analyses were carried out using a repeti-
tion rate of 5 Hz. The LA beams were 24 mm in 
diameter and sometimes changed according to the 
sizes of zircon grains. U-Pb ages were calculated 
from the raw signal data using the online software 
package GLITTER (ver. 4.4; Griffin et al., 2008; 
www .mq .edu .au /GEMOC). To avoid interference 

from 204Hg, common Pb correction was carried out 
following Andersen (2002). All of the U-Th-Pb 
age calculations and plotting of concordia dia-
grams were done using the  ISOPLOT/Ex program 
(ver. 2.06) of Ludwig (1999).

Multicollector LA-ICP-MS 
Zircon Hf Isotopes

In situ zircon hafnium isotopes were ana-
lyzed on the dated zircon grains using a New 
Wave ArF 193 nm LA system attached to a 

Neptune multicollector (MC) ICP-MS (plus) 
at the MiDeR-NJU. Analyses were predomi-
nantly performed with a laser beam diameter 
of 35 mm and a repetition rate of 5 Hz. Typi-
cal ablation time was ~30 s for 200 cycles. 
Reference zircon Mud Tank (176Hf/177Hf  = 
0.282507  ± 6; Woodhead and Hergt, 2005) 
and standard zircon 91500 (Wiedenbeck et al., 
1995) were used to monitor performance con-
ditions and analytical accuracy. Corrections 
for isobaric interference of 176Yb on 176Hf and 
176Lu on 176Hf were performed by the methods 

A

D

B

C

FE

Figure 4. Field photos for the sediments of the Luojiamen Formation. (A) Conglomerate at the bottom of the Luojia-
men Formation; (B–E) siltstones and pelites with horizontal bedding in the middle and upper parts of the Luojia-
men Formation. C looks like fine cross-bedding but it overall shows horizontal bedding. A mafic dyke intruded the 
Luojiamen Formation with the contact parallel to the bedding of the wall rocks as shown in E. (F) The Luojiamen 
Formation rocks in some areas show open folding due to mafic intruding in the lower part of the picture.
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of Wu et al. (2006), and by measuring the in-
tensity of the interference-free 175Lu and us-
ing a recommended 176Lu/176Hf of 0.02655 
(Machado and Simonetti, 2001), respectively. 
For calculation of initial Hf isotope ratios and 
eHf(t), a decay constant of 1.867  × 10–11 per 
year (Söderlund et  al., 2004) for 176Lu and a 
chondritic model with 176Hf/177Hf  = 0.282785 
and 176Lu/177Hf = 0.0336 (Bouvier et al., 2008) 
were adopted. Single-stage model ages (TDM1) 
were calculated using the measured 176Lu/177Hf 
ratios, referenced to a model depleted mantle 
with a present-day 176Hf/177Hf ratio of 0.28325, 
similar to that of average mid-ocean-ridge 
basalt (MORB; Nowell et  al., 1998), and 
176Lu/177Hf = 0.0384 (Griffin et al., 2002). Two-

stage “crustal” model ages (TDM2) were calcu-
lated using analyzed U-Pb ages and bulk crust 
176Lu/177Hf of 0.015 (Griffin et al., 2002).

DETRITAL ZIRCON U-Pb DATES AND 
Hf ISOTOPIC COMPOSITIONS

The U-Pb ages and Hf isotopic compositions 
of detrital zircons were determined for seven 
samples from the Luojiamen Formation and 
two samples from the Hongchicun Formation 
(Table DR1 within Supplementary Appendix B 
[see footnote 1]). In total, 518 detrital zircon 
analyses were undertaken. Uncertainties on 
individual analyses and in concordia diagrams 
are presented at the 1s level. All analyses bar-

ring those with >20% discordance are shown on 
concordia (Fig. 5) and frequency diagrams (Fig. 
6A). The results for each sample are presented 
next according to stratigraphic level within the 
Heshangzhen Group (from bottom to top).

Luojiamen Formation

Sample 14HSZ-3-2
Sample 14HSZ-3-2 (29°54′21.37″N, 120°06′ 

00.19″E) is a siltstone that contains prismatic 
euhedral zircons of variable length and frag-
ments of euhedral zircons. In total, 59 analyses 
were undertaken on zircons from this sample, 
with the youngest 10 analyses yielding a maxi-
mum depositional age of 837  ± 8  Ma (95% 
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confidence, mean square of weighted deviates 
[MSWD] = 1.04; Fig. 5A). These zircons have 
Th/U ratios of 0.26–1.58 and generally highly 
positive eHf(t) values (+10.0 to +21.7), with only 
two analyses yielding negative eHf(t) values.

Sample 14HSZ-5-1
Sample 14HSZ-5-1 (29°54′21.22″N, 120°05′ 

49.09″E) is a siltstone that contains colorless 
prismatic euhedral zircons of variable length 
and fragments of euhedral zircons. In total, 
60 analyses included a group of four youngest 
analyses that yielded a maximum depositional 
age of 821 ± 10 Ma (95% conf., MSWD = 1.19; 
Fig. 5B). These zircons have Th/U ratios of 
0.56–2.24, with 52 Hf isotopic analyses yielding 
generally positive eHf(t) values (+0.1 to +20.0), 
with only one negative eHf(t) value.

Sample 13ZJ-5-1
Sample 13ZJ-5-1 (29°54′13.80″N, 120°05′ 

09.87″E) is a meta-mudstone that contains zir-
cons that generally have oscillatory zoning, with 
lengths of 20–80 mm and widths of 10–50 mm. 
The youngest 25 analyses of zircons from this 
sample yielded a maximum depositional age of 
820 ± 10 Ma (95% conf., MSWD = 0.42; Fig. 

5C). The zircons contain 32–1375 ppm Th and 
36–2119 ppm U, yielding Th/U ratios of 0.62–
2.73. The Hf isotopic compositions of 44 of the 
dated zircons yielded eHf(t) values from –15.7 
to +12.5, with 58% of these analyses yielding 
positive eeHf(t) values.

Sample 13ZJ-8-1
Sample 13ZJ-8-1 (29°54′13.87″N, 120°05′ 

01.11″E) is a siltstone that contains prismatic 
euhedral zircons and fragments of euhedral zir-
cons that showed oscillatory zoning during CL 
imaging and have lengths of 40–100  mm and 
widths of 10–50 mm. In total, 46 U-Pb isotope 
analyses included a group of 14 youngest analy-
ses that yielded a maximum depositional age of 
824 ± 10 Ma (95% conf., MSWD = 0.17; Fig. 
5D). The zircons have eHf(t) values from –20.0 
to +18.0, with 50% of these analyses returning 
positive eHf(t) values.

Sample 13ZJ-6-1
Sample 13ZJ-6-1 (29°54′19.55″N, 120°05′ 

06.13″E) is a siltstone that contains colorless 
to pink zircons of variable length that occur as 
prismatic euhedral crystals or as fragments of 
euhedral crystals. In total, 58 U-Pb analyses 

included a group of 13 youngest concordant 
analyses that yielded a maximum depositional 
age of 832 ± 10 Ma (95% conf., MSWD = 1.8; 
Fig. 5E). These zircons contain 59–1608 ppm 
Th and 89–765 ppm U, yielding Th/U ratios of 
0.72–3.01. The Hf isotopic compositions of 58 
zircons from this sample yielded eHf(t) values 
from –13.4 to +21.7.

Sample 14HSZ-9-1
Sample 14HSZ-9-1 (29°54′19.36″N, 120°04′ 

39.57″E) is a siltstone that contains generally 
prismatic zircons with clear oscillatory zon-
ing. In total, 57 U-Pb isotope analyses included 
five youngest analyses that yielded a maximum 
depositional age of 820  ± 10  Ma (95% conf., 
MSWD  = 1.3; Fig. 5F). The dated zircons 
yielded Th/U ratios of 0.59–1.98 and a wide 
range of eHf(t) values (–15.21 to +19.65), 85% 
of which are positive values.

Sample 13ZJ-10-4
Sample 13ZJ-10-4 (29°54′31.58″N, 120°04′ 

19.52″E) is a feldspar-quartz sandstone that 
contains 50–200-mm-long zircons with aspect 
ratios from 1:1–3:1. All of these zircons show 
simple oscillatory zoning, and the majority of 
the ages are concordant, with the 16 young-
est analyses yielding a maximum depositional 
age of 830 ± 5 Ma (95% conf., MSWD = 0.99; 
Fig. 5G). The dated zircons have Th/U ratios of 
0.69–1.65, and the majority (barring five analy-
ses with positive eHf[t] values) have negative 
eHf(t) values from –10.8 to –4.0.

Hongchicun Formation

Sample 12ZJ-11-5
Sample 12ZJ-11-5 (29°55′04.76″N, 120°03′ 

53.35″E) is a siltstone that contains gener-
ally prismatic zircons that show clear oscilla-
tory zoning. In total, 63 U-Pb isotope analyses 
were undertaken on zircons from this sample, 
all of which were concordant and yielded a re-
stricted range of 206Pb/238U ages (971–804 Ma). 
The youngest 11 analyses of zircons from this 
sample yielded a maximum depositional age of 
842 ± 13 Ma (95% conf., MSWD = 0.92; Fig. 
5H), with all dated zircons yielding Th/U ratios 
of 0.31–1.28. These zircons also have generally 
positive eHf(t) values (+2.5 to +15.5), barring 
two analyses that yielded negative eHf(t) values.

Sample 12ZJ-11-6
Sample 12ZJ-11-5 (29°55′04.76″N, 120°03′ 

53.35″E) is a lithic sandstone that contains 
generally light yellow to colorless, prismatic, 
and oscillatory zoned zircons with lengths of 
100–200  mm and widths of 50–80  mm. In to-
tal, 51 U-Pb spot analyses included a group of 
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14 youngest analyses that yielded a maximum 
depositional age of 836  ± 9  Ma (95% conf., 
MSWD  = 0.77; Fig. 5I). These zircons have 
Th/U ratios from 1.06 to 3.89. Hf isotopic analy-
ses of 22 of these dated zircons yielded positive 
(barring one negative) eHf(t) values from +2. 9 
to +13.1.

In general, all of these samples have similar 
zircon U-Pb age distributions that peak at ca. 
950–820  Ma, with rare Mesoproterozoic and 
late Archean zircons (Fig. 6A). The maximum 
depositional ages (represented by the youngest 
analyses within each sample) are indistinguish-
able and all fall between ca. 840 and ca. 820 Ma 
(Fig. 5). However, the Hf isotopic composi-
tions of these zircons record rhythmic changes 
(Fig. 7), varying from the lowermost Luojiamen 
Formation, which is dominated by zircons with 
positive eHf(t) values (Table DR2 [see foot-
note 1]; Figs. 6B and 7), to samples containing 
increasing amounts of detrital zircons with nega-
tive eHf(t) values further up the section, where 
~50% of zircons close to the middle of the for-
mation show negative eHf(t) values (Fig. 7). The 
proportion of zircons with negative eHf(t) values 
continues to increase with height in the section, 
reaching a maximum of ~80% before decreas-
ing to nearly zero percent near the top of the 
formation, but then suddenly increasing to 83% 
within the uppermost part of the formation (Fig. 
7). In contrast, the majority of detrital zircons 
in samples from the lower part of the Hongchi-
cun Formation have highly positive eHf(t) values 
(Fig. 6B).

ZIRCON U-Pb DATING OF 
MAFIC ROCKS

Sixteen analyses of zircons from tremolite 
schist sample 07WQ-12 from the Xingzi Group 
were undertaken (Table DR3 [see footnote 1]), 
with one relatively old analysis (WQ12-2.1) 
yielding a slightly discordant 207Pb/206Pb age 
of 2363 ± 8 Ma. Analysis WQ12-1.1 is another 
outlier, yielding a 206Pb/238U age of 316 ± 20 Ma 
(Table DR3 [see footnote 1]); this zircon con-
tains sector zoning (Fig. DR1A [see footnote 1]) 
and low concentrations of U (59 ppm) and Th 
(36 ppm; Table DR3 [see footnote 1]), sug-
gesting it was affected by a later metamorphic 
event. The other 14 analyses are of 14 zircons 
that generally contain broad zoning with hour-
glass structures that define a discordia line with 
upper- and lower-intercept ages of 844 ± 43 Ma 
and 218 ± 29 Ma, respectively (Fig. 8A). Three 
concordant analyses at the upper intercept yield 
a mean 206Pb/238U age of 865  ± 21  Ma. The 
lower-intercept age is contemporaneous with 
an Indosinian tectonic overprint identified else-
where in southern China.

The six analyses of zircons from Zhoutan 
Group amphibolite sample JX06-9 include 
two youngest concordant analyses of zircons 
with broad zoning that yield similar ages and a 
weighted mean 206Pb/238U age of 857 ± 25 Ma 
(Table DR3 [see footnote 1]; Fig. 8B). This possi-
ble protolith crystallization age was investigated 
by the U-Pb dating of zircons from two samples 
obtained close to the sampling area for JX09-9, 
namely (1) a garnet-schist (sample JX06-1-3) 

that is interlayered with the amphibolite in this 
area (e.g., JX06-1-1), and (2) a leucosome (sam-
ple 09ZT-3-6) within a migmatized amphibolite 
(e.g., sample 09ZT-3-1) in the Zhoutan Group. 
Zircons from these two samples have clear and 
magmatically zoned cores that are surrounded 
by bright Paleozoic metamorphic rims visible 
during CL imaging (Fig. DR1 [see footnote 1]). 
These zircons define concordia diagrams that 
are similar to the diagram for 07WQ-12, with 
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cores yielding weighted average 206Pb/238U ages 
of 850 ± 9 Ma (n = 7, MSWD = 0.62) for sample 
JX06-1-3 (Fig. 8C) and 845 ± 17 Ma (n = 12, 
MSWD  = 2.6) for 09ZT-3-6 (Fig. 9A). These 
ages suggest a protolith crystallization age of 
ca. 850–840 Ma for these samples.

The zircons within another three amphibolite 
samples from the Zhoutan Group did not show 
magmatic zonation during CL imaging but in-
stead had bright CL intensities (Fig. DR1 [see 
footnote 1]) that are indicative of zircons crystal-
lized during amphibolite-facies metamorphism 
(Wu and Zheng, 2004). These meta morphic zir-
cons yielded early Paleozoic ages with weighted 
average 206Pb/238U ages of 441 ± 9 Ma for sam-
ple JX06-1-1, 435 ± 7 Ma for sample 09ZT-1-6, 
and 445  ± 5  Ma for sample 09ZT-3-1 (Table 
DR3 [see footnote 1]; Figs. 8D, 9B, and 9C). 
These ages represent the timing of the meta-
morphic overprinting of Caledonian tectonism 

on the Neoproterozoic mafic rocks, as both the 
surrounding units and associated leucosomes 
yield ages of 850–840 Ma, as discussed above. 
The fact that late Paleozoic metamorphism af-
fected the rocks in the study area means that our 
discussion of the petrogenesis and geochemical 
characteristics of these units is based solely on 
immobile (e.g., Mg, Nb, Ta, Zr, Hf, and Ti) and 
rare earth element (REE) compositions.

GEOCHEMISTRY OF THE 
MAFIC ROCKS

The mafic rocks in the study area contain 
variable concentrations of SiO2 (46.8–55.1 
wt%, barring one sample with 58.6 wt%) and 
TiO2 (0.54–2.40 wt%), and low total alkali con-
centrations (1.86–3.95 wt%). These samples are 
subalkaline basaltic, and define a tholeiitic trend 
(Fig. 10). The amphibolites within the Xingzi 

and Zhoutan Groups can be geochemically di-
vided into two subgroups, with group 1 samples 
having relatively restricted TiO2 concentrations 
(0.86–1.34 wt%) and Mg# values of 47–59, 
and containing low concentrations of Zr (40–
85 ppm, barring one sample with 107 ppm) and 
Nb (1.5–3.7 ppm; Table DR4 [see footnote 1]). 
They have flat REE distribution patterns (Figs. 
11A and 11C), negative Th and U anomalies, 
and clear negative Nb and Ta anomalies relative 
to K and La (Figs. 11B and 11D). In compari-
son, group 2 samples from the Xingzi Group 
contain high concentrations of TiO2 (1.94–2.40 
wt%) and Zr (164–204 ppm) and have vari-
able Mg# values (23–57), but group 2 samples 
from the Zhoutan Group contain relatively low 
concentrations of TiO2 (0.54–0.59 wt%) and Zr 
(70–89 ppm) and have high Mg# values (58–61; 
Table DR4 [see footnote 1]). They are enriched 
in light REEs (LREEs; Figs. 11A and 11C) 
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Figure 10. Classification diagrams for the mafic rocks in the Xingzi and Zhoutan Groups, Jiangnan orogen. 
(A)  Zr/TiO2-Nd/Y diagram (after Winchester and Floyd, 1977); (b) AFM diagram (after Irvine and Baragar, 
1971). A—whole-rock alkali(Na2O+K2O); F—total iron as FeOT; M—MgO.
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and large ion lithophile elements enrichments 
( LILEs; Figs. 11B and 11D), and have negative 
Nb-Ta anomalies, although they contain higher 
concentrations of Nb (4.1–6.5 ppm) than the 
group 1 samples (Table DR4 [see footnote 1]).

All of the samples analyzed during this study 
have Nb concentrations that are less than ten 
times the concentration expected for primitive 
mantle (Table DR4 [see footnote 1]), similar to 
typical arc basalts (Figs. 11B and 11D). Group 
1 rocks have depleted Nd isotope compositions, 
with eNd(t) values ranging from +6.4 to +6.9 
(barring one sample with an eNd[t] value of +3.8; 
Table DR4 [see footnote 1]), whereas the group 
2 rocks from the Xingzi Group have low but 
positive eNd(t) values (+1.8 to +1.9), and group 
2 rocks from the Zhoutan Group have variably 
negative eNd(t) values (–0.03 to –8.8; Table DR4 
[see footnote 1]).

DISCUSSION

Rhythmic Source Changes Recorded in 
the Lower Heshangzhen Group Related to 
Bidirectional Sources

Provenance analysis of sedimentary basins 
can be undertaken using whole-rock geochem-
istry (e.g., Taylor and McLennan, 1985; Nesbitt 
et al., 2009; Yan et al., 2012), mineral compo-
sitional data (Morton, 1991; Krawinkel et  al., 
1999; Clift et al., 2012; Yan et al., 2014), geo-

chemical analyses of detritus (e.g., Cookenboo 
et  al., 1997; L. Liu et  al., 2014; Rösel et  al., 
2014), paleocurrent analysis (e.g., Galehouse, 
1967; Hahn et al., 2013), and U-Pb dating and 
Hf isotopic analyses of accessory detrital heavy 
minerals such as zircon, rutile, and monazite 
(e.g., Hietpas et  al., 2011; Rösel et  al., 2014). 
Most Neoproterozoic metasedimentary rocks 
within the southeastern margin of the Yangtze 
block have undergone significant alteration and 
postdepositional tectonic overprinting, mean-
ing that detrital compositions cannot be easily 
identified. In addition, these later tectonic events 
mean that paleocurrent analysis is difficult. Al-
though the Heshangzhen Group is not strongly 
deformed and metamorphosed, we also did not 
find any sedimentary structures (e.g., flute casts, 
cross-bedding) with which to constrain paleo-
currents. However, photomicrographs of sedi-
ments in the lower Heshangzhen Group show 
the presence of basalt, andesite, rhyolite, and 
mudstone lithoclasts that are similar to rocks 
within the underlying Shuangxiwu Group (Figs. 
2G–2L), although the majority of these litho-
clasts have been replaced by fine-grained mus-
covite and chlorite, making exact source analy-
sis impossible. Previous research suggested that 
the abundant and coarse-grained nature of these 
lithoclasts, and the plagioclase-dominated na-
ture of the detritus in these sediments provide 
evidence of derivation from the Shuangxiwu arc 
terrane (BGMRZJP, 1982; Cheng, 1991).

An approach combining U-Pb dating and Hf 
isotope analyses of detrital zircons has been 
widely used in recent provenance analysis re-
search, including studies of the basement se-
quences within the Jiangnan orogen, but without 
any detailed analysis of stratigraphic profiles. 
Here, we present the results of analyses of eight 
samples within an ~7  km section of the lower 
Heshangzhen Group. The U-Pb ages of these 
eight samples are consistent, but the zircons 
within the samples have variable Hf isotopic 
compositions. The majority of the detrital zir-
cons yield Neoproterozoic ages, with minor 
Mesoproterozoic and late Archean zircons (Fig. 
6A). Neoproterozoic magmatic rocks within arc 
terranes are thought to yield positive zircon eHf(t) 
values (e.g., Chen et  al., 2009; Li et  al., 2009; 
Jiang et al., 2014), whereas none of the 1000–
800  Ma zircons identified to date within the 
interior of the Yangtze block has yielded posi-
tive eHf(t) values. In addition, although zircons 
from the western margin of the Yangtze block 
could yield positive eHf(t) values, this region was 
separated by the Yangtze platform in the Neo-
proterozoic, and it is too distal from the study 
area to be considered a likely source area. This 
result, combined with the presence of volcanic 
detritus within sediments in the lower Heshang-
zhen Group, suggests that the zircons with posi-
tive eHf(t) values were sourced from arc terranes, 
while the zircons with negative eHf(t) values 
were derived from another source area, thereby 
providing evidence of Neoproterozoic crustal re-
working of old continental crustal material.

The upward change in detrital zircon Hf iso-
topic compositions above the lower Heshang-
zhen Group records the addition of old continen-
tal crustal material in a rhythmic fashion, first 
increasing and then decreasing before increasing 
again and then finally decreasing. The location of 
the studied sedimentary units (i.e., between the 
Shuangxiwu arc terrane and the Yangtze block; 
Fig. 1C) suggests three possible sources for the 
zircons in this area with negative eHf(t) values: 
(1) the Yangtze block, (2) the Cathaysia block, 
or (3) older material within the Shuangxiwu 
arc terrane. Any negative eHf(t) zircons derived 
from the Cathaysia block would be associated 
with detritus derived from the same direction 
(i.e., the southeast), making it difficult to explain 
the rhythmic source variation evidenced by the 
changing detrital zircon Hf isotopic composi-
tions within these samples. In addition, uplift of 
the arc terrane during the Neoproterozoic would 
have prevented the input of detritus from the 
Cathaysia block to the west. This excludes this 
block as a possible source for the sediments in 
the study area. Any zircons with negative eHf(t) 
values derived from the Shuang xiwu arc ter-
rane would be associated with  detrital  material 
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( irrespective of whether the detrital zircons 
have positive or negative eHf[t] values) derived 
from the same area. This also cannot explain the 
rhythmic source variations outlined here, as de-
tritus derived from a single source would provide 
material that is compositionally consistent rather 
than varying, resulting in the deposition of sedi-
ments that do not show rhythmic variations. In 
addition, the absence of magmatic rocks within 
the older crustal material in the Shuangxiwu arc 
terrane is inconsistent with the presence of zir-
cons in this area with negative eHf(t) values. All 
of this strongly suggests that the sediments are 
at least partially derived from the Yangtze block. 
This would explain the location of the Luojia-
men Formation between the Yangtze block and 
the Shuangxiwu arc terrane, and the bidirec-
tional sources recorded by these sediments. The 
Yangtze block also represents an ancient area of 
continental crust that could have easily supplied 
1000–800 Ma zircons with negative eHf(t) values 
(X.M. Liu et al., 2008; S.B. Zhang et al., 2009). 
This model is also consistent with the compo-
sition of the Xiushui Formation of the Shuang-
qiaoshan Group on the western side of the Jiang-
nan orogen and proximal to the interior of the 
Yangtze block. This area contains Xiushui For-
mation units that have similar sedimentary char-
acteristics and ages to those of the Luojiamen 
Formation (Li et al., 2016), and it also records a 
rhythmic change in sedimentary source but with 
more material derived from older continental 
sources (i.e., the Yangtze block) rather than ju-
venile crustal material (i.e., the Shuangxiwu arc 
terrane). This difference in provenance reflects 
the fact that the Luojiamen Formation was closer 
to the arc terrane than the Xiushui Formation, 
which is more proximal to the Yangtze block, al-
though the similar rhythmic source changes and 
sedimentary characteristics indicate that both of 
these formations were deposited in the same tec-
tonic setting.

The geological setting associated with the 
rhythmic source change recorded in the lower 
Heshangzhen Group (i.e., the Luojiamen Forma-
tion) provides evidence of bidirectional paleo-
currents during deposition, with one source be-
ing a region of juvenile arc crust to the east that 
provided zircons with positive eHf(t) values, and 
another being a region of older continental crust 
to the west that provided zircons with negative 
eHf(t) values. This scenario, combined with the 
similar sedimentary record of the Xiushui Forma-
tion to the west, suggests that bidirectional paleo-
currents prevailed at the southeastern margin of 
the  Yangtze block, thereby explaining previously 
published U-Pb and Hf isotope data for this re-
gion (X.L. Wang et  al., 2007, 2014; Li et  al., 
2013; Yin et al., 2013a; Yao et al., 2013) and con-
straining the tectonic setting of sedimentation.

Initiation and Cessation of Backarc 
Basin Formation

The fact that the Neoproterozoic Jiangnan 
orogen records the amalgamation of the South 
China block means that it is important to under-
stand the tectonic setting during the formation 
of the widespread basement sequences within 
the orogen. The Luojiamen Formation has max-
imum depositional ages recorded by detrital 
zircons that are similar to the depositional ages 
of other basement sequences in the Jiangnan 
orogen, and all of these sediments have similar 
characteristics (e.g., horizontal bedding, fining-
upward grain sizes, and deposition in a littoral 
to abyssal environment) and are overlain by ca. 
800  Ma volcanosedimentary sequences (e.g., 
the Hongchicun and Shangshu Formations and 
equivalents; BGMRZJP, 1982). This suggests 
that these sediments are all equivalent sequences 
that were deposited at ca. 860–820 Ma, as per 
the model of X.L. Wang et al. (2014). However, 
the tectonic setting of this sedimentation is not 
well constrained as a result of later tectonic 
overprinting and the derivation of  detrital zir-
cons from multiple sources.

The Luojiamen Formation and equivalent 
basement sequences within the Jiangnan orogen 
are located between the Yangtze block and the 
Shuangxiwu arc terrane, and they contain de-
tritus from both of these areas, suggesting that 
this sedimentation occurred in a backarc basin 
setting. Typical backarc basin sediments have 
characteristics that include (e.g., Karig, 1970; 
Taylor, 1995; Peng et al., 1999): (1) asymmet-
rical sedimentation and arc-terrane–dominant 
sediments on the arc side of the basin, (2) a 
fining-upward trend, (3) bidirectional sources, 
and (4) extensional backarc volcanic rocks. The 
Luojiamen Formation and equivalent sedimen-
tary sequences contain all of these characteris-
tics, as follows.

(1) The Luojiamen Formation formed in a 
setting of increasing water depth (Cheng, 1991; 
BGMRZJP, 1982) associated with a submarine 
fan (Zhou, 2015), which is consistent with the 
sedimentary history of many other backarc 
 basins. In addition, the Hf isotopic composi-
tions of detrital zircons in this and previous 
studies (D. Wang et al., 2013) suggest that the 
Luojiamen Formation contains detritus derived 
from the arc terranes, whereas equivalent sedi-
ments on the western side of the Jiangnan oro-
gen contain detritus derived mainly from older 
continental sources (e.g., Wang and Zhou, 2012; 
W. Wang et al., 2013; X.L. Wang et al., 2014; 
Yao et al., 2013; Li et al., 2016). This provides 
evidence of asymmetrical sedimentation on the 
west and east sides of the basement sequences 
within the Jiangnan orogen.

(2) The Luojiamen Formation shows a fining-
upward grain-size trend (Fig. 7), and horizon-
tal bedding is common within the upper part of 
the formation (Fig. 4). Similar sedimentation is 
observed at other sites in the Jiangnan orogen 
(Li et  al., 2016), and the fining-upward trend 
is indicative of backarc rifting, with coarse-
grained sediments generated during the initia-
tion of rifting.

(3) The U-Pb and Hf isotopic compositions 
of the detrital zircons within the Luojiamen For-
mation provide evidence of bidirectional water 
flow and bidirectional detrital sources, in this 
case, alternating between arc terrane and old 
continental sources.

(4) The geochemistry of interlayered vol canic 
rocks (especially basaltic rocks) is similar to 
that of typical backarc basalts (see following).

The maximum depositional ages of the sedi-
ments discussed here suggest that the backarc 
basin associated with the Luojiamen Formation 
remained open at ca. 820 Ma, with the backarc 
basin on the southeastern margin of the  Yangtze 
block probably opening at ca. 860  Ma, as in-
dicated by the maximum depositional ages of 
other basement sequences (X.L. Wang et  al., 
2014). The development of a backarc basin at 
ca. 860–820 Ma suggests that this represents the 
timing of a transition in tectonic settings at 
the southeast margin of the Yangtze block.

The Hf isotopic composition of detrital zir-
cons in the study area and their bidirectional 
sources suggest that the majority of the sedi-
ments in the eastern Jiangnan orogen were de-
rived from Neoproterozoic arc areas to the east. 
Therefore, the formation of the backarc basin 
along the southeastern margin of the Yangtze 
block was likely the result of northwest-directed 
subduction rather than any far-field tectonic ef-
fect of east-directed flat-slab oceanic subduc-
tion under the western and northern margins 
of the South China block as suggested by Zhao 
et al. (2011).

Petrogenesis and Tectonic Setting of 
Interlayered Mafic Rocks

A backarc basin setting is consistent with 
the geochemistry of the mafic rocks within the 
basement sequences in the eastern Jiangnan 
orogen. In particular, the group 1 mafic rocks 
within the Xingzi and Zhoutan Groups have flat 
REE patterns and depleted Nd isotopic compo-
sitions that are similar to modern normal mid-
ocean-ridge basalts (N-MORB) but differ from 
E (enriched) MORB. The extremely low Nb and 
Ta concentrations within these units suggest 
they were derived from melts generated by a 
high degree of shallow partial melting of meta-
somatized mantle above a subducting oceanic 
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plate. In comparison, the group 2 mafic rocks 
within the Xingzi Group contain high total REE, 
Zr, Hf, and Ti concentrations and are LREE-en-
riched relative to the group 1 rocks (Fig. 11B). 
However, these rocks have Zr/Nb ratios that are 
similar to the group 1 mafic rocks within the 
Xingzi Group, suggesting that both of these 
groups were derived from similar sources, with 
the elevated LREE, Zr, Hf, and Ti contents and 
low MgO contents of the group 2 rocks result-
ing from advanced fractionation. The low eNd(t) 
compositions of the group 2 rocks relative to the 
group 1 rocks may reflect crustal contamination 
or derivation from a source region that under-
went melt metasomatism (Zheng, 2012). The 
group 2 rocks in the Zhoutan Group have even 
more negative eNd(t) values (as low as –8.8) and 
contain higher LREE concentrations than the 
other mafic rocks in this area, characteristics 

that are indicative of either a lower degree of 
partial melting and/or derivation from a source 
region containing more crustal material. Both 
group 1 and group 2 rocks are classified as arc 
basalts and MORB in tectonic discrimination 
diagrams (Fig. 12) and have compositions that 
differ significantly from typical within-plate 
basalts. The overall geochemical characteristics 
of the mafic rocks in the study area are similar 
to those of basalts that typically form in back-
arc basin settings, but they differ from mantle-
plume–related flood basalts or oceanic-island 
basalt (OIB)–like basalts.

Coeval basaltic rocks with similar geochemi-
cal features have also been identified elsewhere 
in the Jiangnan orogen, including N-MORB–
like low-K basalts in the Liuyang area of north-
eastern Hunan Province (X.L. Wang et  al., 
2004; Yao et  al., 2014), pillow basalts in the 

Zhangyuan area of northeastern Jiangxi Province 
(Y.J. Zhang et al., 2011), and mafic rocks in the 
ca. 850–830 Ma Fuchuan ophiolites of southern 
Anhui Province (Ding et al., 2008; S.B. Zhang 
et  al., 2012). All of these mafic rocks define a 
nearly ENE-WSW–trending magmatic belt that 
is clearly related to the NW-directed subduction 
that occurred along the southeast margin of the 
Yangtze block. These rocks suggest that backarc 
mafic magmatism started at ca. 860 Ma and con-
tinued to ca. 830 Ma, thereby providing support 
for the idea that a backarc basin developed on the 
southeast margin of the Yangtze block.

Implications for the Assembly of Rodinia

Collectively, the available geochronological 
and geochemical data for the study area suggest 
that Neoproterozoic (850–700  Ma) arc mag-
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matism associated with the development of an 
Andean-type active continental margin occurred 
along the paleo–western margin of Rodinia. 
Fragments of this belt are also located in north-
central Madagascar, the Seychelles, India, and 
the western and northern margins of the South 
China block (Tucker et al., 2001; Torsvik et al., 
2001; Kröner et al., 2003; Bybee et al., 2010). 
Coeval arc magmatism also occurred on other 
margins of Rodinia, including the northeastern 
margin of Laurentia (Cawood et al., 2010), along 
the paleo–southern margin of Rodinia (Kirkland 
et al., 2008), and within southern Siberia at the 
paleo–northern margin of Rodinia (Kuzmichev 
et  al., 2001). This arc magmatism occurred 
around the margins of the Rodinia superconti-
nent and records outboard accretion. In contrast 
to Neoproterozoic magmatic rocks at the west-
ern and northern margins of the South China 
block, the Neoproterozoic NW-directed subduc-
tion of the crust of the South China Ocean may 
have driven the amalgamation of the Yangtze 
and Cathaysia blocks. Therefore, if the western 
and northern margins of the Yangtze block faced 
the peri-Rodinian Ocean, the southeastern mar-
gin of this block would have faced the interior 
of Rodinia. This scenario explains the presence 
of Grenvillian magmatic rocks within the south-
ern South China block (Li et al., 2002; Green-
tree et al., 2006; Yu et al., 2010; A. Zhang et al., 
2012), with the South China block represent-
ing a connection between Grenvillian orogenic 
belts and peri-Rodinian arc magmatism. This 
model is consistent with the growth of juvenile 
crustal and rapid crustal reworking recorded in 
the South China block (e.g., Zheng et al., 2008), 
and it indicates that the South China block was 
located at the paleo–northwestern margin of Ro-
dinia and was closely related to Grenvillian belts 
during the assembly of Rodinia. This suggests 
that Rodinia assembly did not complete until ca. 
820 Ma, and no Neoproterozoic rifting occurred 
in the South China block at this time.

CONCLUSIONS

The Luojiamen Formation in the eastern part 
of the Jiangnan orogen of northwestern Zhe jiang 
Province is equivalent to ca. 860–820 Ma base-
ment sequences in the Jiangnan orogen. Detrital 
zircon U-Pb and Hf isotopic data for this forma-
tion reveal a rhythmic source change between 
juvenile and old crustal sedimentary sources, 
with the former derived from the Shuang xiwu 
arc terrane to the east and the latter from the 
Yangtze block to the west. This result, combined 
with the presence of a fining-upward grain-size 
trend and horizontal bedding in sediments of 
the Luojiamen Formation, provides evi dence of 
bidirectional sources consistent with a backarc 

setting. In addition, mafic rocks within equiva-
lent basement sedimentary sequences have 
arc- and MORB-like geochemical features that 
record the initiation of backarc spreading asso-
ciated with Neoproterozoic NW-directed sub-
duction. The new data from this study provide 
solid evidence of a backarc basin system at ca. 
860–820 Ma on the southeastern margin of the 
Yangtze block. If the South China block was 
part of the Rodinia supercontinent, then these 
new data suggest that Rodinia assembly was 
not completed until ca. 820 Ma. This in turn in-
dicates that the South China block served as a 
connection between a Neoproterozoic Andean-
type active continental margin and the Grenvil-
lian orogenic belts on the western margin of the 
Rodinia supercontinent.
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