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Abstract

Neoproterozoic paleogeography of the South China is dominated by the
formation of Rodinia, its break-up, and the subsequent amalgamation of
Gondwana. Two negative excursions of the chemical index of alteration (CIA)
and the chemical index of weathering (CIW) recorded in the Cryogenian to
Ediacaran sedimentary rocks of the Cathaysia Block, South China, indicate two
cooling events. In combination with available age constraints, this data suggests
correlation with the global Marinoan (ca. 650-635 Ma) and Gaskiers (ca. 579 Ma)
glaciations. U-Pb ages of detrital zircons from the Cryogenian to lower Ediacaran
strata define two distinctive age peaks at 1056 Ma and 998 Ma, whereas the upper
Ediacaran strata show only one age peak at 957 Ma. These data demonstrate
Neoproterozoic sedimentary rocks in the Cathaysia Block were derived from a
source external to the craton. The predominant late Mesoproterozoic to early
Neoproterozoic (1140-870 Ma) detrital zircons were most likely derived from a
source dominated by North India and East Antarctica with limited input from
Western Australia. Furthermore, epdt) values of detrital zircons are similar to the
coeval detrital zircons from Rayner-Eastern Ghats. The detrital record of the late
Cryogenian and Ediacaran strata in the Cathaysia Block suggests that the South
China Block was connected to the northern margin of India during the dispersal
of Rodinia and the assembly of East Gondwana. Detrital zircons from Cryogenian
strata overlying the Jiangnan Orogen are largely in the range 900-700 Ma with
scattered Archean and Paleoproterozoic grains. These ages are consistent with
derivation from local sources within South China. The timing of accumulation of
these units, after collisional assembly of South China, likely accounts for their
more restricted provenance with collision generated relief providing both a local
source and restricting input from further south within India and/or the rest of
Gondwana.

Keywords: South China; Neoproterozoic; Rodinia; Gondwana; Detrital

zircon; North India



1. Introduction

Tectonic and paleogeographic models for the South China Block agree that
by the early Paleozoic the constituent Yangtze and Cathaysia blocks were
amalgamated along the intervening Jiangnan Orogen, and that it was joined to
northern India along the northern margin of East Gondwana (Xu et al., 2013; Yao
et al., 2014; Wang et al., 2010). However, its Neoproterozoic history is disputed
with one set of models arguing that it had been linked to India since at least the
mid-Neoproterozoic and probably earlier (Cawood et al., 2013, 2018; Charvet,
2013; Merdith et al., 2017; Yu et al., 2008; Zhao and Cawood, 2012), whereas
others suggest it was only accreted to northern Gondwana at the end of the
Neoproterozoic (Li et al., 2003; Li etal., 2008; Li et al., 2002b; Wang et al., 2010;
2014). Key to resolving these models is the provenance of Neoproterozoic
sedimentary rocks in South China.

Provenance and paleocurrent data for early Paleozoic strata in South China
indicate input from a source beyond the craton within Gondwana, which included
northeast India and Western Australia/ Antarctica (Cawood et al., 2013, 2018;
Wang et al., 2010; Xu et al., 2013, 2014a; Yu et al., 2008). If South China was
linked to India in the Neoproterozoic, then strata of this age should also show
input from external sources. Alternatively, those models advocating an
allochthonous origin and subsequent accretion of South China to India suggest it
occupied a separate plate prior to collision and hence Neoproterozoic strata
should indicate derivation from a local sources within the craton. In this paper,
we provide a new evidence to constrain the depositional age of Cryogenian and
Ediacaran strata that overlie the Cathaysia Block, and investigate the provenance
of Neoproterozoic siliciclastic rocks in the southern South China Block in order
to demonstrate a similar source to early Paleozoic strata. These results indicate
that the craton was joined to India throughout this timeframe. In addition, we

provide evidence for glacial influenced weathering during accumulation of



Ediacaran strata overlying the Jiangnan Orogen and Cathaysia Block.

2. Geological Setting

The South China Block consists of the Yangtze Block to the northwest and
the Cathaysia Block to the southeast separated by the Jiangnan Orogen (Fig. 1).
Prior to the Neoproterozoic, the Yangtze and Cathaysia blocks experienced
independent histories (Shu, 2006; Zhao and Cawood, 2012). The Yangtze Block
consists of Archean-Paleoproterozoic crystalline basement surrounded by early
Neoproterozoic fold belts. The oldest exposed rocks are Archean granitic gneiss
(3.45-3.2 Ga) in the Kongling area with two stage Hf model ages for zircons in
the range of 3.9-3.6 Ga (Guo et al., 2014; Gao et al., 1999). The oldest exposed
rocks in the Cathaysia Block constitute the Paleoproterozoic Badu Complex
(1.8-1.9 Ga, Chen et al.,2016; Liu et al., 2009; Yu et al., 2012; Yu et al., 2009),
which sporadically crop out in the Wuyi region (Wan et al., 2007; Zhao and
Cawood, 2012). The presence of Archean zircons in Phanerozoic granites and late
Neoproterozoic-early Paleozoic strata, some with ages as old as 4.1 Ga (Xing et
al., 2014; Zhang et al., 2006; Xu et al., 2013; Yu et al., 2007), suggest that the
block is either underlain by, or lay adjacent to, Archean crust.

The Yangtze and Cathaysia blocks amalgamated during the early to
mid=Neoproterozoic along the Jiangnan Orogen (Fig. 1; Zhao and Cawood, 1999;
Cawood et al., 2013; Wang et al., 2013a; Li et al., 2018; Yao et al., 2015). The
unified craton is overlain by a middle to upper Neoproterozoic succession that is
inferred to have accumulated in a failed rift environment (i.e. Nanhua and
Kangdian rifts) (Shu et al., 2008a, 2011; Wang et al., 2003; Zhao and Cawood,
2012). Lower Paleozoic strata conformably overlie the Precambrian succession
and show significant facies variation across the craton with the
Cambrian-Ordovician succession ranging from graptolite-bearing siliciclastic
rocks in the Cathaysia Block to a mixed carbonate, siliciclastic succession in the
region of the Jiangnan Orogen and a carbonate succession that represents a

platform environment in the Yangtze Block (Shu et al., 2014; Wang et al., 2010).



Early Paleozoic and older rock units in the Cathaysia Block experienced an
extensive tectonothermal event during the mid-Paleozoic (Li et al., 2009; Wang et
al., 2012b; Wang et al., 2011; Wang et al., 2014b; Xu et al., 2016; Xu et al.,
2014a).

3. Stratigraphy and Samples

Upper Neoproterozoic strata in South China are well preserved in the region
of the Jiangnan Orogen and in the Wuyi-Nanling-Yunkai region of the Cathaysia
Block (Fig. 1). Radiometric dating on tuffaceous siltstone ‘indicates the
sedimentary succession ranges in age from early Cryogenian (716 + 2.8 Ma, Lan
et al., 2015) to late Ediacaran (551 + 0.7 Ma, Condon et al., 2005).
Lithostratigraphic relations through the Cryogenian and Ediacaran succession are
shown in figure 2, including formation names, lithologies, thicknesses and
inferred correlations in the study regions. The oldest units are unconformable on
the Jiangnan Orogen and Cathaysia Block, accumulating after their assembly and
pass conformably up into early Paleozoic strata (BGMRFP, 1985).

Twelve samples were collected through the Cryogenian and Ediacaran
succession for detrital zircon age analysis and sixty-nine samples for whole rock
geochemical analysis (Figs. 2, 3). Three detrital zircon samples are from the
Cryogenian succession overlying the Jiangnan orogen. Samples 15JP-31 and
15JP-32 are from the Liangjiche Formation and are white gravelly claystones,
containing oval shaped quartz grains ranging in size from 0.1 cm to 0.5 cm.
Sample SJ-B-2 is a violet-colored siltstone from the Datangpo Formation. A
further three zircon samples were collected from sandstones of the Xiafang
Formation (16ZT-12) and the Louziba Formation (15CT-89, 15CT-84) in the
region of the Cathaysia Block. In addition, 6 zircon samples were collected from
the Ediacaran units in the Cathaysia Block. Sample 16NX-13 from the Laohutang
Formation in the Nanxiong area, 15CT-76 from the Nanyan Formation, 15CT-66
and 15CT-60 from the Huanglian Formation, and PM02-4 and PM02-17 from the

Xixi Formation in the Changting area (Figs. 2, 3). The sandstones are grey to



pale-green and fine grained. Lithic fragments include granite, polycrystalline
quartz, and metamorphic and sedimentary rock fragments.

Forty nine samples were collected for whole-rock geochemical analysis from
a traverse through the Louziba, Nanyan and Huanglian formations in the
southwestern Changting area with a further twenty samples from the Xixi
Formation in the northern Changting area (Fig. 3).

The Ediacaran succession overlying the Jiangnan Orogen is mostly
composed of carbonate and is unsuitable for detrital zircon and whole rock

geochemical analysis.

4. Analytical Methods
4.1 LA-ICMPS U-Pb dating of detrital zircons

Zircons were separated by conventional heavy liquid and magnetic
techniques. Grains were selected under a binocular microscope at the Langfang
Regional Geophysical Survey, Hebei Province, China. Zircons are mounted in
epoxy resin, sectioned and polished approximately in half, and imaged in
transmitted light and by cathodoluminescence (CL) at the Beijing GeoAnalysis
Co., Ltd. U-Pb dating analyses of zircon were conducted on an Agilent 7500a
laser inductively coupled plasma mass spectrometer (LA-ICP-MS) at the State
Key Laboratory of Geological Processes and Mineral Resources, China
University of Geosciences in Wuhan. Laser sampling was performed using an
excimer laser ablation system (GeoLas 2005). Detailed operating conditions and
data reduction methodologies are described by Liu et al. (2010). Off-line
selection of the background and analytic integrations, as well as instrument drift
correction and quantitative calibration for the U-Pb dating, were performed using
ICPMSDateCal (Liu et al., 2010; Liu et al., 2008). Zircon 91500 was used as
the calibration standard for U-Pb dating and was analyzed twice every seven
analyses. Time-dependent drift of U-Th-Pb isotopic ratios were corrected using a
linear interpolation (with time) for every seven analyses according to the

variations of 91500 (Liu et al., 2010). GJ-1 was analyzed as an unknown.  Our



measurements of 91500 and GJ-1 yielded weighted mean “*°Pb/***U ages of
1062.4 £ 1.4 Ma (2 6, MSWD = 0.05, n = 265) and 595.6 £ 3.1 (2 0, MSWD =
2.8, n =179), respectively, which are in good agreement with the measured isotope
dilution thermal ionization mass spectrometry (ID-TIMS) 2*°Pb/***U ages of
1062.4 £ 0.4 and 598.5-602.7 Ma (2 o) (Jackson et al., 2004). Concordia
diagrams and weighted mean calculations were made using Isoplot/Ex_wver3
(Ludwig, 2003). Common Pb correction was not performed as the measured ***Pb
signal is low and U-Pb ages are concordant or nearly concordant.
4.2 In-situ Lu-Hf isotope analysis of detrital zircons

Zircon Hf isotope analyses were carried out in situ using a Neptune Plus
MC-ICP-MS (Thermo Fisher Scientific, Germany) in combination with a Geolas
2005 excimer ArF laser ablation system (l.ambda Physik, Gottingen, Germany) at
the State Key Laboratory of Geological Processes and Mineral Resources, China
University of Geosciences in Wuhan. The energy density of laser ablation was 5.3
J em’. A “wire” signal smoothing device is included in this laser ablation system,
by which smooth signals are produced even at very low laser repetition rates
down to 1 Hz (Hu et al., 2012). More details on analytical and calibration
procedures can be found in Hu et al. (2012). Analytical spots were located close
to LA-ICP-MS spots, or in the same growth domain as inferred from CL images.
Reference zircons 91500 and GJ-1 were used to monitor accuracy of interference
correction during Hf analysis. Zircon 91500 yielded a '"*Hf/'7"Hf ratio 0.2823084
+ 0.000007 (n =20, 1 o) compared to the recommended value of 0.282308 + 6
(Blichert-Toft, 2008), and 0.282002 + 0.000011 (n =6, 1 &) for GJ-1 compared to
the recommended value of 0.282015 + 19 (Elhlou et al., 2006). The '’Hf/'""Hf
and '*Yb/'"'Yb ratios were used to calculate the mass bias of Hf (Pur) and Yb
(Byv), which were normalized to HE'THf = 0.7325 and ' Yb/' YD = 1.132685
(Fisher et al., 2014) using an exponential correction for mass bias. Interference of
76Yb on '"°Hf was corrected by measuring the interference-free ' Yb isotope

and using '"°Yb/'*Yb = 0.79639 (Fisher et al., 2014) to calculate '°Yb/'""H.



4.3 Whole-rock major elements

Fresh rock samples were cleaned with deionized water, and subsequently
crushed and powdered with an agate mill. The major elements of samples were
determined using the ME-XRF26d methods, at the ALS Chemex Company of
Guangzhou, China. Supplementary Data Table S3 lists the chemical compositions
of 69 samples. The prepared samples were fused with a lithium tetraborate
(L1,B40O7)and lithium metaborate (LiBO,) flux and then fused to a glass bead at
1050-1100°C in an automatic melting instrument. The resultant disk was then
analyzed using X-ray fluorescence spectrometry (XRF) for major elements. The

analysis accuracy was < 2% and the detection limitsare < 0.01%.

5. Results
5.1. Zircon Morphology

Zircons are colorless with oscillatory zoning and some show core-rim
structures under CL. Zircons preserved in the Cryogenian samples
15JP-31,15JP-32 and SJ-B-2 overlying the Jiangnan Orogen are euhedral to
subhedral, and the lengths of grains range from 70 pm to 180 um (most around
100 um), with aspect ratios of 1:1 to 3:1. The euhedral grains suggest little or
only short distance transport. Zircons from late Cryogenian to Ediacaran samples
PMO02-4, PM02-17, 15CT-89, 15CT-84, 15CT-76, 15CT-66, 15CT-60, 16ZT-12
and 16NX-13 overlying the Cathaysia Block are subhedral to oval crystals or
crystal fragments. Grains range in length from 30 pm to 150 um (most around 80
pum) with aspect ratios of 1:1 to 2:1. The oval shaped grains suggest prolonged,
and possibly multicycle, transport.

In addition to oscillatory zoning, the Th/U ratios of the zircons range from
0.1 to 9.33, consistent with a magmatic origin (Belousova et al., 2002). A few
grains in both Jiangnan Orogen, with ages ranging from 1189 to 809 Ma, and
Cathaysia Block with ages ranging from 2489 to 2256 Ma and 1206 to 928 Ma,
display homogeneous internal structures and have low Th/U ratios.

Cathodoluminescence (CL) images of representative zircons are presented in



figure 4.

5.2. Detrital Zircon U-Pb Ages

A total of 929 analyses of 927 zircons were undertaken from 12 samples
from the Neoproterozoic strata on the South China Block. Most analyses are
located in the core region of grains with only a few analyses from the margin of
grains. Zircon U-Pb isotopic compositions are presented in Supplementary Data
Table S1. Uncertainties on individual analyses in the data table and concordia
plots are presented at 1 o. All analyses are shown on concordia plots (Fig. 5),
however analyses with greater than 10% discordance are not included in
frequency diagrams (Fig. 6), and ages less than 1000 Ma are based on the
29pp/*8U ratio whereas older ages are based on the “*°Pb/*"’Pb ratio. Ages
calculated for multiple grains are quoted with 95 % confidence limits.

In sample 15JP-32, 68 of 75 analyses plot on or near concordia and yielded
ages ranging from 1.49 Ga to 0.68 Ga. Age spectra can be classified into three
groups, with the oldest zircon yielding a **’Pb/*?°Pb age of 1498 + 91 Ma, 27
analyses ranging from 0.95 Ga to 0.83 Ga, and 39 analyses from 0.82 Ga to 0.68
Ga. Two dominant peaks occur at 905 + 8 Ma (MSWD =0.73, n= 14) and 786 +
6 Ma (MSWD = 0.76, n = 16).

Seventy analyses were determined from 15JP-31, of which 60 were within
10% of concordia. Analyses fall into two age groups: three analyses are
distributed between 2.0 and 1.9 Ga, and 57 analyses form a group between 0.95
and 0.70 Ga with a single age peak at 802 £6 Ma (MSWD = 0.64, n = 18).

For sample SJ-B-2, 71 of 72 analyses of zircons are concordant, and are
divided into four major age ranges: two analyses are scattered along concordia
between 2.88-2.70 Ga, eight analyses are evenly distributed between 2.55 and
2.30 Ga, 11 fall between 2.07 and 1.80 Ga, and 50 analyses range from 1.02 to
0.65 Ga. The latter define a main peak at 801 + 5 Ma (MSWD = 0.81, n=21)
whereas the Paleoproterozoic grains are distributed about a subordinate peak at

1892 + 76 Ma (MSWD = 0.45, n = 5).



Of 87 analyses from sample 16ZT-12, 85 display 90% or greater
concordance and yield ages ranging from 2.57 to 0.62 Ga. Age spectra can be
classified into five groups, including four analyses scattered along concordia
between 2.57-2.30 Ga, six analyses ranging from 2.06 to 1.96 Ga, four analyses
that form a tight group from 1.58 Ga to 1.51 Ga, a group of analyses fall in the
interval between 1.35 and 0.89 Ga, and the youngest group of analyses from
0.80-0.63 Ga. Two dominant age peaks occur at 1076 =40 Ma (MSWD = 1.26, n
=23) and 976 + § Ma (MSWD = 1.2, n =9), with three subordinate peaks at 2023
+ 81 Ma (MSWD = 1.8, n=6), 1542 + 75 Ma (MSWD = 1.5, n = 4), and 640 +
12 Ma (MSWD = 0.25, n=2).

Eighty seven grains were analyzed from sample 16NX-13 and yielded 78
ages within 10% of concordia, which fall in the range of 3.11 to 0.55 Ga Ga. Age
spectra can be classified into five groups: 3.11 to 2.94 Ga, 2.66 to 2.27 Ga, 1.96
to 1.67 Ga, 1.42 to 0.72 Ga and the two youngest grains, which yielded
concordant ages of 558 + 12 Ma (90%) and 551 + 8 Ma (99%). Two dominant
peaks occur at 960 = 7Ma (MSWD = 0.98, n=11) and 764 = 8§ Ma (MSWD =
1.07, n = 7) and four subordinate peaks at 2457 + 29 Ma (MSWD = 0.56, n=7),
1716 =38 Ma (MSWD = 0.76, n = 5), 1094 + 50 Ma (MSWD = 1.2, n=7), and
551 £ 13 Ma (MSWD =0.01, n = 2).

For sample 15CT-89, 81 of 87 analyzed zircon grains are greater than 90%
concordant, and yielded ages ranging from 4.21 Ga to 0.64 Ga. The oldest zircon
yielded a **"Pb/**°Pb age of 4219 + 85 Ma, with concordance of 96% (Fig. 4a),
which is the oldest material recorded from the South China Block. Other analyses
are grouped into four major age ranges: 2.83 to 2.50 Ga, 2.37 to 1.75 Ga, 1.58 to
0.94 Ga and 0.87 to 0.64 Ga, with two dominant peaks at 1055 + 13 Ma (MSWD
=3.1,n=16) and 964 + 21 Ma (MSWD = 3.7, n=9), and three subordinate
peaks at 2279 + 79 Ma (MSWD =2.1,n=4), 1836 + 31 Ma(MSWD =1.2,n=
6), 648 £ 12 Ma (MSWD = 0.28, n = 3).

Analyses of 68 of 71 zircons from 15CT-84 display 90% or greater

concordance, yielding ages ranging from 2.75 to 0.66 Ga, and fall into five major



age groupings: 2.7 to 2.35 Ga, 2.19 to 1.88 Ga, 1.48 to 1.23 Ga, 1.17 t0 0.93 Ga
and 0.88 to 0.66 Ga. Two dominant peaks at 1089 + 14 Ma (MSWD = 2.4, n = 15)
and 999 = 7 Ma (MSWD = 0.59, n = 9), and three subordinate peaks at 2584 + 88
Ma (MSWD =2.2, n=4), 1338 £47 Ma (MSWD = 0.55, n =5), and 871 + 50

Ma (MSWD =2.5, n=3).

Zircons in 15CT-76 yielded ages ranging from 2.37 to 0.61 Ga on 71 grains
of which 70 were within 10% of concordia. Age spectra can be classified into
four groups: 2.37 to 2.18 Ga, 1.75 to 1.43 Ga, 1.34 to 0.90 Ga, 0.82 to 0.70 Ga
and 0.66 to 0.61 Ga, with two dominant peaks at 1038 + 40 Ma (MSWD = 1.8, n
=22), 1122 + 22 Ma (MSWD = 0.88, n = 15) and one subordinate peak at 705 +
13 Ma (MSWD = 0.06, n = 3).

For 15CT-66, 65 of 71 analyzed zircon grains are greater than 90%
concordant, and seven groups of analyses can be distinguished in the interval
between 2.75 and 0.54 Ga: 2.88 to 2.78 Ga, 2.58 to 2.32 Ga, 1.98 to 1.74 Ga, 1.52
to 1.24 Ga, 1.16 to 0.89 Ga,; 0.85 to 0.72 Ga and 0.60 to 0.54 Ga. One dominant
peak at 954 £ 10 Ma MMSWD = 0.45, n = 7) and two subordinate peaks at 2416 +
55Ma (MSWD =2.2,n=7),772 £ 12 Ma (MSWD = 0.44, n=4).

Analyses of 64 of 74 zircons from 15CT-60 show more than 90%
concordance and are scattered between 2.96 and 0.74 Ga. Age spectra can be
classified into six groups: 2.96 to 2.63 Ga, 2.44 to 2.26 Ga, 2.18 to 1.69 Ga, 1.50
to 1.37 Ga, 1.32 to 0.86 Ga and 0.79 to 0.64 Ga, with one dominant peak at 957 +
8Ma (MSWD = 1.8, n = 23), and three subordinate peaks at 1501 + 54 Ma
(MSWD =2.1,n=16), 1088 + 9 Ma (MSWD = 1.9, n=24), and 708 + 14 Ma
(MSWD =0.39, n=2).

For PM02-4, 69 of 71 analyzed zircon grains are greater than 90%
concordant, and yielded ages ranging from 2.74 Ga to 0.63 Ga. Analyses are
grouped into four major age ranges: 2.74 to 2.47 Ga, 2.08 to 1.74 Ga, 1.58 to 0.90
Ga and 0.87 to 0.63 Ga, with one dominant peak at 987 £ 9 Ma (MSWD = 0.53, n
= 21), and three subordinate peaks at 1134 + 29 Ma (MSWD = 0.66, n = 14),
1504 £ 51 Ma (MSWD = 1.4, n=8), and 681 + 13 Ma (MSWD = 0.12, n =4).



All 71 zircon grains analyzed from sample PM02-17 display 90% or greater
concordance and yield ages ranging from 2.40 to 0.62 Ga. Analyses fall into five
major age ranges: 2.4 to 1.91 Ga, 1.63 to 1.52 Ga, 1.38 to 0.93 Ga and 0.89 to
0.62 Ga. One dominant peak at 993 £ 9 Ma (MSWD = 0.51, n = 16), and three
subordinate peaks at 1128 £ 39 Ma (MSWD = 1.3, n=8), 1368 + 34 Ma (MSWD
=0.14,n=4), and 1550 = 43 Ma (MSWD = 0.44, n = 4).

5.3. Zircon Hf Isotope Compositions

Hf isotope compositions were analyzed on 67 zircons from samples SJ-B-2
and 15CT-76 (Supplementary Data Table S2). Analyzed grains all had U-Pb ages
with greater than 95% concordance (Fig. 7).

Zircons in SJ-B-2 with crystallization age of 0.83 Ga to 0.78 Ga exhibit a
range of en(t) values from -18.9 to 10.6, with model ages from 2.62 Ga to 0.98
Ga. The predominant ca. 800 Ma zircon grains are characterized by variable ey(t)
values, with the more positive values suggest derivation mainly from juvenile
crust.

Zircons in 15CT-76, with crystallization ages of 1.17 Ga to 0.91 Ga, exhibit
a large range of ey«(t) values from to -10.9 to 11.0 , with model ages from 2.37 Ga
to 1.19 Ga. The predominant ca. 1000 Ma zircon grains are characterized by
variable g(t) values, but the more negative values indicate derivation mainly

from reworking of older crustal components.

5.4 Major elements

The whole-rock major elements compositions of 69 samples are presented in
Supplementary Data Table S3. The major-element geochemistry of siliciclastic
sedimentary rocks are strongly affected by chemical weathering, mineral sorting
and post-depositional alteration. Chemical weathering leaches and subsequently
depletes the soluble elements Ca, Na, and K relative to refractory element Al, and
forms Al-bearing clay minerals in the residual materials. Therefore, the chemical

index of alteration (CIA) values, chemical index of weathering (CIW) and the



index of variability (ICV) provide a record of the intensity of chemical
weathering and associated climate conditions. To minimize the impact on CIA
alteration values from sorting process during transportation and deposition, only
fine-grained samples were chosen for paleoclimate discussion, avoiding medium
to coarse-grained siliciclastic sedimentary rocks (Fedo et al., 1995).

Fine grained siliciclastic rocks from the Louziba, Nanyan, Huanglian and
Xixi formations contain variable contents of Al,O3, K,0O, CaO, Na,O, Fe,Os,
MgO and TiO,, which lead to variable CIA and CIW values. A1,O; content
displays an inverse correlation with SiO; (r =-0.97). The lowest SiO, contents are
observed in mudstones from the Nanyan, Huanglian and Xixi formations. Other
major element oxides, such as MnO, P,Os and BaO, do not show any significant
trend and overall concentrations are low. The CIA and CIW values show
significant stratigraphic variations through the succession including two
pronounced negative excursions (NEI1 and NE2, Fig. 8). The first negative
excursion (NE1) is established from 11 samples from the Louziba Formation
which show similar low CIA (64.09-77.71, average 70.34) and CIW values
(72.58-95.44, average 83.46), which then progressively increase up stratigraphy
toward to the Nanyan Formation. In contrast, CIA and CIW values from the lower
to middle Nanyan (CIA 65.72-83.95, average 77.25; CIW 75.25-99.63, average
94.50) and correlative lower Xixi formations (CIA 75.64-81.67, average 78.23;
CIW 94.12-99.24, average 98.42) are clearly higher between NE1 and NE2. CIA
and CIW values decrease in the upper Nanyan Formation (CIA 63.21-71.76,
average 66.61; CIW 72.01-84, average 77.29) and middle Xixi Formation (CIA
64.19; CIW 79.12) relative to the top of the Nanyan Formation and overlying
Huanglian Formation (CIA 70.98-80.67, average 75.82; CIW 87.36-99.39,
average 95.11), and with respect to the upper Xixi Formation (CIA 70.66-84.13,
average 79.34; CIW 81.18-99.46, average 97.29). These low values define

negative excursion 2 (NE2).

6. Discussion



6.1 Depositional age of the Neoproterozoic strata

It is difficult to obtain precise and reliable depositional ages of the
Neoproterozoic siliciclastic rocks in the Cathaysia Block due to the absence of
volcanic interbeds. U-Pb ages of the youngest zircons constrain a maximum
depositional age (e.g., Brown and Gehrels, 2007; Dickinson and Gehrels, 2009).

The two youngest zircons from the Louziba Formation generate concordant
ages of 646 £ 10 Ma (98%) and 650 + 8 Ma (98%), respectively. Combining the
youngest grains with age of 664 = 14 Ma reported by Wang et al. (2018) from this
unit, we define a weighted mean maximum deposition age of 650 + 11 Ma
(MSWD = 0.56, n = 3) for the Louziba Formation. The upper age limit on the unit
is provided by micro-plant fossils, which suggest a pre-Ediacaran age (> 635 Ma,
Zhang et al., 2005). Therefore, the Louziba Formation likely accumulated in the
Cryogenian between 650-635 Ma and is correlated with the upper Nantuo
Formation that overlies the Yangtze Block. (Fig. 9).

The youngest zircon dated in the Nanyan Formation gave a concordant age
of 614 + 10 Ma (94%). Micro-plant fossil acritarchs Protoleiospharidium sp., and
Micrhystridium sp., are preserved in this unit and also occur in Ediacaran strata of
South China and Antarctica (Ding et al., 1992; Sarjeant and Stancliffe, 1994;
BGMREFP, 1985; Zhang et al., 2005). This indicates that the Nanyan Formation
probably accumulated in the Ediacaran and is likely contemporaneous with
Doushantuo Formation overlying the Jiangnan Orogen (Fig. 9).

The youngest zircon analyzed in the Huanglian Formation has a concordant
age of 544 + 9 Ma (90%). Micro-plant fossil sponge spicules Micrconcentrica sp.,
and Archaeohy strichosphaeridium sp. are very different from those preserved in
the overlying Cambrian sequences in the study area (BGMRFP, 1985; Zhang et
al., 2005), but similar to those found in the Ediacaran strata of the northeastern
Lesser Himalaya (Shukla M et al., 2005; Tewari, 2001). These data suggest that
the Huanglian Formation accumulated in the latest Ediacaran and is
contemporaneous with the Dengying/Laobao Formation that overlies the Yangtze

Block (Fig. 9).



The youngest zircon from the Xixi Formation has a concordant age of 636 +
11 Ma (99%). Micro-fossil acritarchs Micurhystridium sp., and Leiominuscula sp.
are found in Xixi, Doushantuo and Dengying formations (BGMRFP, 1985),
which suggests that Xixi Formation was probably deposited in the late
Neoproterozoic.

Two youngest zircons from the Xiafang Formation yield a weighted mean
age of 640 £ 12 Ma (MSWD = 0.25, n = 2). This age suggests that the Xiafang
Formation may be consistent with regional correlations of the unit with the
Louziba Formation in the southern Wuyi region (BGMRGP,; 1988).

Two youngest zircons from the Laohutang Formation have a weighted mean
age of 551 £ 13 Ma (MSWD =0.01, n = 2), close to the boundary of the
Doushantuo and Dengying formations (551 £ 0.7 Ma, Condon et al., 2005). The
Laohutang Formation contains the micro-plant fossils Chlorophya
protoleiosphaeridium sp., and Leiopso - phosphaera pelucidus (BGMRGP, 1988),
which are also found in Ediacaran strata elsewhere in South China and in
Antarctica (Thomson, 1977; Yin, 1986; Liu et al., 1984), indicating the formation
was deposited in the late Ediacaran and is equivalent to the Huanglian Formation
in southern Wuyi region (BGMRGP, 1988).

Deposition ages of the late Neoproterozoic successions overlying the
Jiangnan Orogen have been constrained by precise U-Pb ages of zircons from tuff
layers within the successions (Fig. 9; Lan et al., 2015; Lan et al., 2014; Zhang et
al., 2008; Zhou et al., 2004). Youngest detrital zircon ages from the analyzed
samples are consistent with a Cryogenian depositional age. Samples 15JP-31 and
15JP-32 were collected from the Liangjieche Formation and have youngest detrital
zircon with **°Pb/?*U ages of 708 £ 10 Ma and 679 + 11 Ma. The youngest
zircon from SJ-B-2 from the Datangpo Formation has a **°Pb/***U age of 659 +

11 Ma.

6.2 Chemical weathering trends: new evidence in correlating the

Neoproterozoic strata overlying the Cathaysia Block.



The Sturtian (717-660 Ma, Rooney et al., 2015), Marinoan (ca. 650-635 Ma,
Bao et al., 2018; Prave et al., 2016; Zhao and Zheng, 2010), and Gaskiers (ca.
579 Ma, Pu et al., 2016; Hoffman and Li, 2009) glaciations are widely recognized
in Neoproterozoic successions. In South China, evidence for these glacial events
has been limited to central South China (Wang et al., 2017), and no glacial
deposits were reported from Neoproterozoic strata overlying the Cathaysia Block.

The Cryogenian is characterized by a glacial and interglacial succession that
unconformably overlies rock units of the Jiangnan Orogen (Fig. 9). The
succession commences with the Chang’an Formation that is correlated with the
Sturtian I glaciation (Lan et al., 2015). The upper part of the Fulu Formation in
the western Jiangnan orogen is correlated with the Sturtian II glaciation (Lan et
al., 2015), with the Dongshanfeng/Gucheng Formation representing a
time-equivalent unit overlying the western-central Jiangnan orogen. The
overlying glacial deposits in the Nantuo Formation are equated to the Marinoan
glaciation (Liu et al., 2015). Recent data from the Doushantuo Formation indicate
a cold water depositional environment related to the ca. 580 Ma Gaskiers
glaciation (Wang et al., 2017a).

The late Neoproterozoic sequences in the Wuyi-Nanling region of the
Cathaysia Block are characterized by a fine grained sedimentary succession.
Glacial diamictites have not been recognized, and the lack of paleomagnetic data
and interstratified tuffs have prevented understanding the paleogeographic
relationship between the Cathaysia and Yangtze and detailed dating of sediment
accumulation. Our detrital zircon U-Pb dating results, in combination with
microfossil data, suggest that the depositional ages of late Cryogenian and
Ediacaran units on the Cathaysia Block overlap in age with the accumulation of
the Marinoan and Gaskiers glaciations further west in South China. Specifically,
the Louziba Formation is correlated with Marinoan glaciation and the middle part
of Nanyan and Xixi formations are correlated with Gaskiers glaciation.

Chemical weathering data from the analyzed samples are consistent with the

accumulation of late Neoproterozoic rock units in the Cathaysia region



overlapping with glacial events. CIA and CIW values from the Louziba, Nanyan,
Huanglian and Xixi formations display two negative excursions (NE1 and NE2,
Fig. 8). These low CIA (50-70) and CIW (60-80) excursions are consistent with
minimal chemical alteration, pointing to a cold-arid climatic condition (Nesbitt
and Young, 1982; Fedo et al., 1995). In order to validate this approach and
interpretation, it is necessary to access the effects of source area, transportation
and sediment conditions. For only when a succession is derived from a source
region of uniform composition and under similar sediment routing systems, can
the variation of CIA values of sedimentary siliciclastic rocks be used to probe the
variation of paleoclimate. Detrital zircon age spectra of the nine Neoproterozoic
samples overlying the Cathaysia Block display the same age patterns, which
suggest they were derived from the same source. Furthermore, the samples
mostly have ICV values higher than 1 (1.80-0.65, average 1.07), suggesting that
sediment recycling did not significantly influence the chemical composition of
our samples, and that there is limited or no polycyclic reworking. Integrating
evidence that the negative CIA excursions within our Cryogenian and Ediacaran
succession correspond with periodic cold/arid conditions and our constraints on
timing of accumulation of the succession, we propose the following correlations
with the glacial cycles. The Louziba Formation likely accumulated between 650
Ma-and 635 Ma on the basis of detrital zircon and fossil data, consistent with
NEI equating to the Marinoan glaciation (Fig. 9). The Nanyan Formation
accumulated after ~614 Ma suggesting that NE2, which occurs within the upper
part of the formation and in the Xixi formation, correlates with the Gaskiers
glaciation.

A correlation of the Neoproterozoic sections from Yangtze and Cathaysia
blocks is possible using the Marinoan and Gaskiers cooling events. The Nantuo
tillite in central South China (Yangtze) and Blaini tillite in India (Lesser
Himalaya) were both deposited during the Marinoan Snowball Earth event
(Hofmann et al., 2011; Jiang G, 2003). The negative 3'°C excursion and silicified

glendonites in the Doushantuo Formation are related to the Gaskiers glaciation



yet evidence for tillites in rocks of this age in South China is sparse. Hence, we
suggest that the Louziba, Nanyan, Huanglian formations that overlie the
Cathaysia Block are correlated with the Nantuo, Doushantuo and

Dengying/Laobao formations on the Yangtze Block.

6.3 Sedimentary sources

Detrital zircon age spectra of the nine Neoproterozoic samples overlying the
Cathaysia Block display age patterns distinct from the three samples that
accumulated on the Jiangnan Orogen (Fig. 10a). The latter group of samples are
dominated by detrital zircons with ages between 900-700 Ma with scattered
Archean and Paleoproterozoic grains (Fig. 10a). Igneous rocks with ages in the
range 900-700 Ma are exposed in the Jiangnan Orogen and adjoining Yangtze and
Cathaysia blocks, and record the amalgamation of South China Block (1000-825
Ma), subduction along the western Panxi-Hannan arc system (950-730 Ma), and
extension associated with development of the Nahua rift (825-700 Ma; Cui et al.,
2017; Liet al., 2018; Li et al., 2005; Wang et al., 2003, 2012a; Xin et al., 2017).
Hf isotope data of detrital zircons from sample SJ-B-2 match well those of
zircons from-igneous rocks within the Jiangnan orogen (Fig. 7), which is further
evidence for a local intra-cratonic source. Combined with the angular or euhedral
form of the analyzed zircon crystals (Fig. 4), we suggest short distance transport
from early Neoproterozoic igneous source rocks within the craton (Wang et al.,
2006; Wang et al., 2012a; L1, 1999; Zhou et al., 2009; Han et al., 2016; Hoffman
et al., 2001; Wang et al., 2017c). The minor component of older zircon grains
with ages of > 1800 Ma were probably derived from Archean and
Paleoproterozoic basement elements within the South China.

U-Pb age spectra of nine samples from the Cathaysia Block show a
dominant late Mesoproterozoic to early Neoproterozoic age peak clustering
around 1140-870 Ma (Fig. 10b). Additional minor peaks occur between 800-540
Ma, and at ca. 1829 Ma and ca. 2412 Ma. In addition, one detrital zircon in

sample 15CT-89 has a crystallization age of 4.2 Ga; the oldest material reported



from South China. Early Neoproterozoic igneous rocks crop out in the Wuyi and
Yunkai regions of the Cathaysia Block and have zircon U-Pb ages of 997-900 Ma
(Fig. 1). Many researchers’ suggest that these rocks are closely related to the
closure of the earliest Neoproterozoic (ca. 980 Ma) back-arc basin in an
accretionary continental margin setting (Zhang et al., 2012b; Wang et al., 2013b,
2014b). Although local detritus with ages between 997 Ma to 900 Ma from a
local source cannot be ruled out for our analyzed samples, such a source in
unlikely to supply the large amount of subhedral to oval crystals zircon grains
with ages between 1140 to 1000 Ma and 700-540 Ma, which are indicative of
long distance transport. Hf isotopic compositions of analyzed sample show
variable values, which are similar to those from Tethyan Himalaya-India and East
Antarctica, but with relatively higher eHf{t) values (> +4) than early
Neoproterozoic granitic gneisses in the Cathaysia Block (Fig. 7). These
observations suggest a source beyond the South China Block. Rock units with
suitable age are widespread in Gondwana (Boger and Miller, 2004; Cawood,
2005; Cawood and Buchan, 2007; Myrow et al., 2010), suggesting the source
probably lay within the supercontinent. U-Pb age distributions and Hf isotopic of
detrital zircons from the Cryogenian to Ediacaran sequences overlying the
Cathaysia Block are similar to those from Greater Himalaya, India and East
Antarctica (Fig. 10), but are different from rock units in Western Australia, which
have U-Pb age peaks at ca. 1180 Ma and 1650 Ma (Fig. 10). These observations
suggest a source region predominantly in North India and East Antarctica with
only limited input from Western Australia. Northwest directed paleocurrent data
for the Neoproterozoic and early Paleozoic strata overlying the Cathaysia Block
(Chen et al., 2006; Shu et al., 2014) also indicate derivation from a source to the
southeast. Archean and late Paleoproterozoic detritus were likely also derived
from these southern sources, although Paleoproterozoic granites in Cathaysia (Yu

et al., 2009, 2012) could also have supplied some detritus.

6.4 Position of South China in Rodinia and Gondwana



The U-Pb age spectra of nine samples from the late Cryogenian and
Ediacaran sequences in the Cathaysia Block show that these sedimentary rocks
contain abundant late Mesoproterozoic to early Neoproterozoic (1140-870 Ma)
and less mid- to late Neoproterozoic (800-540) ages. In general, these are similar
to the provenance record of the conformably overlying early Paleozoic strata in
South China (e.g., Wang et al., 2010; Xu et al., 2014b), which are consistent with
derivation from a southwesterly source within eastern Gondwana (Fig. 11). Five
samples from the upper Cryogenian and lower Ediacaran strata have similar age
distribution patterns characterized by detritus ranging from 4219 Ma to 614 Ma,
with two main age peaks at ca. 1056 Ma and ca. 1002 Ma. The four samples
collected from the upper Ediacaran have age distribution patterns with ages
ranging from 3112 Ma to 544 Ma, and an age peak at ca. 959 Ma. Thus, prior to
551 Ma, the Cathaysia Block received more detritus from late Mesoproterozoic
sources (1100-1000 Ma), whereas after this time it received more early
Neoproterozoic (1000-900 Ma) detritus. Potential sources of the late
Mesoproterozoic grains are the northern Prince Charles Mountains (1170-1070
Ma, Liu et al., 2017), Rauer Group (1060-1000 Ma, Kinny et al., 1993), Fisher
Terrane (1050-1020 Ma, Kinny et al., 1997; Mikhalsky et al., 2002), and
Clemence Massif (1100-1040 Ma, Corvino et al., 2005) in Antarctica, whereas
the early Neoproterozoic detritus was likely derived from the Eastern Ghats
(990-900 Ma) in eastern India (Bhowmik et al., 2012; Boger et al., 2001), the
Rayner Complex (990-900 Ma, Dasgupta et al., 2013; Fitzsimons, 2000; Halpin
et al., 2005), the Northern Prince Charles Mountains (940-900 Ma, Liu et al.,
2016; Morrissey et al., 2015) in northern East Antarctica, and local sources from
South China Block. Our eudt) values from 15CT-76 also support the
Rayner-Eastern Ghats as an important source for the basin (Fig. 7). The evolving
source history for the region may reflect the ongoing assembly of the major
blocks of Gondwana in the late Neoproterozoic (Collins and Pisarevsky, 2005;
Cawood and Buchan 2007) and in particular the assembly between India and

Australia/Antarctica along the Kuunga Orogen (570-480 Ma) and its inferred



northern extension towards eastern Cathaysia (Fig. 12; Xu et al., 2014b, 2016).
The change from a local intra-South China source for the Cryogenian strata
overlying the Jiangnan Orogen to an external northern Gondwana source in the
late Cryogenian to Ediacaran strata overlying the Cathaysia Block need not
reflect significant change in the paleogeography of the craton with respect to
India. The Cryogenian strata associated with the Jiangnan Orogen immediately
postdate early to mid-Neoproterozoic orogenesis associated with assembly of
South China. Enhanced relief generated during orogenic thickening would have
led to erosion supplying nearby basins within the craton and would have also
acted as a barrier to sediment input from further field. Subsidence in the late
Cryogenian enabled in input of detritus from sources external to the craton like

the northern margin of Gondwana.

7. Conclusions

Integration of new zircon U-Pb-Hf isotopic data and whole-rock
geochemical data, with previously published data enables the following
conclusions to be drawn on the evolution of the South China Block during the
Cryogenian and Ediacaran:

(1) Louziba, Nanyan, Huanglian formations that overlie the Cathaysia Block
are correlated with the Nantuo, Doushantuo and Dengying/Laobao formations on
the Yangtze Block, and were deposited in the Cryogenian (650-635 Ma), early
Ediacaran (635-551Ma) and late Ediacaran (551-541 Ma) respectively. The Xixi
Formation was deposited after 636 Ma, and the Xiafang and Laohutang
formations, from the Nanxiong area of the Cathaysia Block, were deposited in the
Cryogenian (640-635 Ma) and late Ediacaran (551-541 Ma), respectively.

(2) Two climate cooling events can be recognized within late Cryogenian
and Ediacaran strata in Cathaysia Block on the basis of chemical weathering data,
and likely coincide with the global Marinoan and Gaskiers glaciations.

(3) Cryogenian sequences overlying the Jiangnan Orogen contain euhedral

detrital zircons with ages dominantly in the range of 900 Ma to 700 Ma,



consistent with derivation from igneous rocks of this age within the craton.

(4) Detrital zircons from late Cryogenian and Ediacaran samples overlying
the Cathaysia Block are rounded and mainly of late Mesoproterozoic to early
Neoproterozoic age (1140-870 Ma), suggesting a source beyond the South China
Block, and probably from the northern margin of Gondwana.

(5) The overall evolution of the detrital zircon data is consistent with the

South China Block being linked to northern India since the Cryogenian.
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Figure Captions

Fig. 1. (a) Tectonic outline of east Eurasia (modified from Cawood et al., 2018),
and (b) simplified geological map of the South China Craton showing the main
tectono-stratigraphic units (modified from Xu et al., 2013 ‘and Cawood et al.,
2018). Sources of age data for Neoproterozoic volcanic rocks given in reference

list.

Fig. 2. Representative lithologies and correlations of Cryogenian to Ediacaran
strata in selected regions from the South China Craton (data from BGMRGP,
1987; 1988; 1985; BGMRFP, 1985)

Fig. 3. Simplified geological map and sample locations in the (a) Changting area,
southern Wuyi region, (b) Nanxiong area, northern Nanling region, (c) Sanjiang

area, western Jiangnan orogen.

Fig. 4. CL images of representative zircons showing main types of internal
structures from 4 sample regions. (a) Changting area, (b) Nanxiong area, (c)
Sanjiang area, (d) Jinping area. Red circles show location of U-Pb analysis spots,

and white circles denote Lu-Hf analysis spots.

Fig. 5. U-Pb concordia diagrams of detrital zircon analyses.



Fig. 6. Relative probability density diagrams of ages within 10% of concordia for

the analyzed samples.

Fig. 7. Summary of end(t) data for detrital zircon grains from the studied
sedimentary rocks within 10% of concordia for the analyzed samples.
Comparative data from the Tethyan Himalaya -India (Spencer et al., 2012; Zhu et
al., 2011), Australia (Veevers et al., 2005), Antarctica (Grew et al., 2012), Rayner
Complex /E.Ghats (Halpin et al., 2005; Veevers and Saeed, 2009, 2011), and
Jiangnan orogen (Cui et al., 2017; Li et al; 2018; Wang et al., 2008c; Yao et al.,
2013; Yinetal, 2013).

Fig. 8. Stratigraphic column and chemical index of alteration (CIA), chemical
index of weathering (CIW) from the Louziba to Huanglian formations and from

the Xixi Formation in Changting area, southern Wuyi region.

Fig. 9. Stratigraphic correlation chart for late Neoproterozoic to early Paleozoic
rock units overlying the Jiangnan Orogen and Cathaysia Block of the South
China Craton. Radiometric ages are from Condon et al. (2005), Gao and Zhang
(2009), Lan et al. (2017), Lan et al. (2015), Lan et al. (2014), Regional Survey of
Fujian province (2017), Wang et al. (2013c¢), Yu et al. (2005), Zhang et al. (2008),
and Zhou et al. (2004).

Fig. 10. Compilation of detrital zircon age distribution of (a) Cryogenian samples

in the Yangtze Block (this study), (b) Cryogenian and Ediacaran samples in the



Cathaysia Block (this study), (¢) Neoproterozoic samples in the Greater Himalaya
(Gehrels et al., 2006; McQuarrie et al., 2008), (d) Neoproterozoic samples in
India (Chattopadhyay et al., 2015; Dharma Rao et al., 2013), (e) Neoproterozoic
samples in East Antarctica (Boger et al., 2000; Jacobs et al., 2003; Tsunogae et al.,
2015), and (f) Neoproterozoic samples in Western Australia (Ksienzyk et al.,
2012). Important age peaks are shown in color bands. n = total number of
analyses. All data based on analyses within 10% of concordia. Ages greater than
1000 Ma are calculated using **’Pb/2*°Pb ratios, and ages less than 1000 Ma are

calculated from 2°Pb/**®U ratios.

Fig. 11. Compilation of detrital zircon age distribution of (a) Cryogenian and
lower Ediacaran samples in the Cathaysia Block (this study), (b) and upper

Ediacaran samples in the Cathaysia Block (this study).

Fig. 12 Paleoposition of the SCC relative to Cryogenian to Ediacaran
supercontinents (modified after Hoffman et al., 1991; Phillips et al., 2006; Xu et al.,
2013). The red star represents the location of the studied sequences in the

Cathaysia Block.



Highlights
(1) Alate Cryogenian and an Ediacaran climate cooling events recognized within
siliciclastic strata overlying the Cathaysia Block, South China, and likely coincide

with the global Marinoan and Gaskiers glaciations.

(2) Cryogenian siliciclastic rocks overlying the Jiangnan Orogen were derived from

local sources within South China.

(3) Late Crogenian and Ediacaran siliciclastic rocks derived from sources external to

the craton.

(4) South China Craton linked to northern India since the Cryogenian.
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