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ABSTRACT

Large phosphorite deposits in Central Guizhou, China, were formed around the Precambrian/Cambrian
boundary (PC/C), including the Ediacaran (Doushantuo stage) and early Cambrian (Gezhongwu stage).
Among them, Gezhongwu phosphorite from Zhijin are enriched in rare earth elements (REE) plus yttrium
(REY), reaching 3.503 million tons. Although phosphorites have attracted great attention, the specific
sources P and REY remained unclear. To determine the P and REY sources and establish a phosphogenic
model of PC/C phosphorite, we present an integrated dataset of Mo and phosphate O isotopes for the first
time, along with carbonate C and O isotopes, geology, petrology, and geochemistry. In all samples, 5'20,,
Y/Ho, and Zr/Hf decreased from the Ediacaran to the early Cambrian, indicating increased terrigenous
weathering fluxes while decreased upwelling water input. Furthermore, terrigenous weathering delivery
significantly elevated marine REY concentrations in the Cambrian in Zhijin. The Ce.nom and 5°4/°°*Mo sug-
gest that seawater was oxidized in the later Ediacaran and became entirely oxic in the early Cambrian.
The positive feedback between oxygen levels in atmosphere and primary productivity caused progressive
oxygenation in ocean-atmosphere system and enable phosphorites to be formed by different mecha-
nisms. Results show that the Lower Doushantuo consist of abiotic intraclasts and exhibited “seawater-
like” REY types, indicating abiological and mechanical reworking phosphogenesis. The Upper
Doushantuo and Gezhongwu Formation contained mainly microbial debris and abiogenic intraclasts,
and exhibit “hat-shaped” REY plots, suggesting microbially mediated phosphogenesis. Based on this data
set, we developed a phosphogenic model illustrating formation of these two phosphorite deposits,
wherein the Lower Doushantuo phosphorite formed through the reworking of pre-existing phosphatic
sediments in anoxic and abiotic ocean, whereas the Upper Doushantuo and Gezhongwu phosphorite
formed via microbial metabolisms in oxic and biotic conditions. Our study has implications on the PC/

C phosphorite generative processes, as well as paleoenvironmental conditions.
© 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

ended in the Cambrian (Cook and Shergold, 1984; Cook, 1992),
associated with the Neoproterozoic Oxygenation Event (Och and

Phosphorus is a prime element in Earth’s history because of its
ability to reconstruct long-term feedback mechanisms among cli-
mate, environment, ecology, and global change. The first major
worldwide phosphogenic events began in the Cryogenian and
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Shields-Zhou, 2012). Marine sedimentary phosphorite in South
China mainly formed around the Precambrian/Cambrian boundary
(PC/C) (~541 Ma) and accounts for more than 80% of all phospho-
rite resources in China. The South China develop complete strati-
graphic sequence, especially phosphorite strata of Ediacaran and
Early Cambrian, it is a perfect location to unravel the phosphogen-
esis enigma. Both the well-known Doushantuo phosphorites of the
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Ediacaran and Gezhongwu phosphorites of the Cambrian are dis-
tributed in Central Guizhou (Fig. 1) (Shu, 2012). Ediacaran phos-
phorite deposits are located in the Weng’an County with high P
content and negligible REY concentrations, while Cambrian phos-
phorite deposits are located at Zhijin County with rich P and REE
resources.

PC/C-age phosphorites in South China are well-known and have
been well-studied. The origin of ore-forming materials is the key
information to reveal the generative processes of phosphorite
deposits. The prevailing paradigm suggests that the ore-forming
materials of the PC/C phosphorite were derived from the weather-
ing of terrestrial materials (Follmi, 1996; Filippelli, 2008;
Planavsky et al.,, 2010; Shimura et al., 2014; Pufahl and Groat,
2017; Yang et al., 2019). Another origin of phosphorite deposits
in this region is the upwelling events transporting P-rich waters
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from the deep sea (Liu et al., 1987; Glenn et al., 1994; Jarvis
et al.,, 1994; Mi, 2010), which is supported by petrographic evi-
dence (Liu et al., 1987; Mi, 2010) and stable carbon isotopes
(Lambert et al., 1987; Jiang et al., 2007). Furthermore, hydrother-
mal fluids have also been considered as potential sources because
of the “hat-shaped” post-Archean Australian shale (PAAS)-
normalized REY distributions, positive Eu anomalies, Fe-Mn-(Ni +
Co + Cu) ternary diagrams (Shi et al., 2004; Shi, 2005; Guo et al.,
2017; Yang et al., 2019), and the tubular and alveolate eruption
throats in Weng’an deposits (Guo et al., 2003). Past studies on
the sources of Guizhou phosphorites have been focused on the pet-
rographic and geochemical characteristics of bulk rock samples,
which can record the traits of ore-forming materials to a certain
degree. Although the viewpoints about the ore-forming materials
of the PC/C phosphorite are well studied, the source/s of P remains
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Fig. 1. Tectonic sketch map of Guizhou and distribution of phosphorites: (a) after Shu (2012); (b) after Wu et al. (1999).
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controversial, and that of REE were poorly studied. Studies con-
firming the specific source(s) of P and REY are necessary to reveal
the phosphorite formation.

Phosphorus is only pentavalent without stable isotopes and
exists as nearly stable tetrahedra when combined with oxygen.
In addition, once the phosphate precipitated or apaptite formed,
the oxygen was locked in the apatite and did not likely alter during
diagenesis (Blake et al., 2010; Jaisi and Blake, 2010; Liang and
Blake, 2007). Hence, the oxygen isotope of phosphate (6'20,) value
is useful indicators of the origins of P in sedimentary systems
(Blake et al., 2005; Colman et al., 2005; McLaughlin et al., 2006;
Young et al., 2009). Recently, their importance for tracing water
contamination by fertilizers and soils (Gruau et al., 2005; Young
et al.,, 2009) and for P origins in phosphate sediments (Jaisi and
Blake, 2010; Yuan et al., 2019) have received much attention. In
the past decades, Michael Bau and colleagues had conducted a
lot of researches of Y and Ho differentiation in aqueous (Bau
et al., 1995), hydrothermal (Bau and Dulski, 1995, 1999), magmatic
(Bau, 1996), and metamorphic (Bau and Moller, 1992) systems,
indicating that the Y/Ho and Z/Hf ratios of different systems are
obviously discrepant (Bau, 1996). The Y/Ho and Z/Hf ratios were
commonly used to trace origins (Zhao et al., 2013; Xin et al,,
2015) due to the significant difference between different sources.
Here, we conduct a combined data including 5'20,, Y/Ho, and Zr/
Hf, aiming to ascertain the source(s) of P and REY.

Redox conditions are considered as important factors during
phosphorite formation, and many previous geochemical studies
have focused on the redox conditions of PC/C phosphorites. It is
now widely known that there was redox stratification in the South
China ocean near the PC/C boundary according to the §"3Coy,
5'3Cearp, and Mo, Fe, and S isotopes (Goldberg et al., 2007; Jiang
et al., 2007; Canfield et al., 2008; Wille et al., 2008; Han and Fan,
2015). Following that, the shallow water on the Yangtze Platform
was completely oxygenated during the early Cambrian (Fan
et al., 2016; Liu, 2017). Phosphate mineralization occurred near
the redox interface (Canfield et al., 2007; Fike and Grotzinger,
2008; Wille et al., 2008) through Fe-pumping (Canfield et al.,
2007; Jiang et al., 2011). Although considerable progress has been
made in revealing the redox conditions during the Ediacaran-early
Cambrian phosphorite formation, there have been few studies
interpreting the role of the redox conditions taken in the formation
of phosphorite near the PC/C boundary and in the REY-rich pro-
cesses during Gezhongwu stage.

Ce anomalies and Mo isotopes of phosphorites have been used
to reveal the redox evolution, for that cerium was redox-
sensitive trace element and established as a redox indicator
(Shimizu and Masuda, 1977; Wang et al., 1986; Murray et al.,
1990; Shields and Stille, 2001), as well as Mo isotopes (Crusius
et al., 1996; Morford and Emerson, 1999). The general geochem-
istry of Mo is widely discussed (Crusius et al., 1996; Morford and
Emerson, 1999; Kendall et al., 2017) as a redox-sensitive trace
metal in many geological processes. In the past years, Mo isotopes
of euxinic sediments were used to reflect the seawater isotopic
compositions (Arnold et al, 2004; Ndgler et al, 2011;
Noordmann et al.,, 2015). Voegelin et al. (2009) proposed for the
first time that non-euxinic sediment (marine carbonate) show
potential to record the Mo isotopic composition of ancient seawa-
ter. And the Mo isotope of phosphorite were applied to reflect the
redox conditions of Cambrian seawater in South China (Wen et al.,
2010, 2011; Liu, 2017). Here, we conducted Ce anomies of all sam-
ples and the Mo isotopic compositions of Weng’an phosphorite,
combining with Mo isotopic compositions of the Zhijin phospho-
rite reported by Liu (2017), to reveal the redox evolution from Edi-
acaran to early Cambrian.

At present, several phosphorite formation processes have been
proposed, including the reworking of previous phosphate deposits
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(Follmi, 1996; Ilyin, 1998; Yang et al., 2019; Zhang et al., 2019),
in situ diagenetic mineralization driven by changes in pore water
redox potential (Frohlich et al., 1983; Follmi, 1996; Pufahl and
Hiatt, 2012; Muscente et al, 2015), abiogenic accretion (She
et al,, 2013, 2014; Yang et al., 2019), microbial breakdown of bur-
ied organic matter (OM) (Follmi, 1996), and hydrothermal precip-
itation (Guo et al., 2003; Shi, 2005; Deng et al., 2015). Even though
the formation processes have been widely discussed and several
models for the formation of phosphorites in South China were pro-
posed, there remains no complete and consecutive phosphogenic
model for the Ediacaran-early Cambrian marine phosphorites of
South China combined the sources, redox evolutions, and forma-
tion processes.

Previous studies have not resolved the specific source(s) of P
and REY, and failed to connect redox evolution and formation
mechanism. Here, we firstly report a new data combining Mo
and phosphate O isotopes, along with comprehensive dataset
including geological, petrographic, and geochemical characteristics
and carbonate C, O isotopes for the Weng’an and Zhijin deposits.
With these new data, we aim to trace the specific sources of P
and REY, constrain the redox evolution, reveal the generative pro-
cess/es of the phosphorite, and establish the phosphogenic model
of the phosphorite formations. Integrated analyses of the petrology
and geochemistry of Ediacaran to early Cambrian phosphorite may
allow for a holistic understanding of the PC/C phosphorite forma-
tion in South China, during which the Neoproterozoic geodynamic
events are suggested as triggers for increased weathering, upwel-
ling, radiation of metazoans, and phosphogenesis.

2. Geological setting
2.1. Regional geology

The Yangtze Block and the Cathaysia Block joined together dur-
ing Jinningian tectonics (0.9-0.82 Ga), resulting in the ancient
South China Plate and formation of the Jiangnan Orogenic Belt
(Shu, 2012; Zhang et al., 2013). The NW side of the Jiangnan Oro-
genic Belt is the Yangzte Block, and the SE side is the Cathaysia
Block, which forms the basic tectonic framework of South China.
Subsequently, the Yangtze and Cathaysia blocks underwent multi-
ple tectonic movements along with the fragmentation and breakup
of the Rodinia Supercontinent in the early Neoproterozoic era,
leading to a series of graben-horst sub-basins along the SE margin
of the Yangtze Block (Jiang et al., 2003; Wang and Li, 2003; Zhang
et al.,, 2013). In the Ediacaran, the South China Plate underwent
steadier break-up of supercontinents (Dong Ye, 1996; Wang and
Li, 2003; Zhang et al.,, 2013), while the Jiangnan Orogenic Belt
persisted as a series of submarine highlands (Dong Ye, 1996).
During the Cambrian period the paleographic framework of South
China was similar to that during the Neoproterozoic, with the
water deepening from the NW platform toward the SE ocean basin
(Liu et al, 1993). The lithofacies deposited in South China
developed continental, neritic, and abyssal clastic rocks, as well
as deep sea siliceous rocks from NW to SE (Liu et al., 1993; Xue
et al., 2001).

Ediacaran to early Cambrian successions are well preserved in
the Yangtze Platform. In the Ediacaran, Zhijin and Weng’an shows
a carbonate platform (Fig. 2a) (Shen et al., 1998), with open shal-
low water and preserving shallow-water sediments (Wang et al.,
2016). The Ediacaran successions in Weng’'an are represented by
Doushantuo Formation and overlying Dengying Formation. In the
early Cambrian, the seawater deepened in Central Guizhou, and
transitional environments between the platform and protected
basin were recorded in Zhijin and Weng'an (Fig. 2b) (Steiner
et al, 2001). The early Cambrian successions in Zhijin are
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Fig. 2. Simplified palaeogeographic maps of the Yangtze Platform during (a) Ediacaran (from Shen et al., 1998)) and (b) Cambrian (from Steiner et al., 2001).

represented by Gezhongwu Formation and overlying Niutitang
Formation.

2.2. Ore deposit geology

2.2.1. Strata and tectonics

The exposed strata in the Weng’an deposits mainly consist of
the Banxi Group of the Qingbaikou system (Ptbn), Nanhuan Mem-
ber of the Nantuo Formation (Nhn), the Doushantuo and Dengying
formations of the Sinian (~Ediacaran in geological age) sequence
(Zd), Cambrian, Permian, and Triassic system (Fig. 3a). Among
them, phosphorites occur in the Doushantuo Formation, which
unconformably overlies the Nantuo tillite and conformably under-
lies the Dengying carbonates. The Doushantuo Formation in Wen-
g’'an may be divided into four members, the lithologies of which
can be described as follows (Fig. 3b): the Z;d' layer is composed
of dolomite with cross-bedding, horizontal bedding, and micro-
scale wavy bedding; Z;d*> (Lower Doushantuo) is a thin-to-
medium-thickness ore body consisting of off-white siliceous phos-
phorite, with parallel and horizontal bedding; Z,d* is composed up
of dolomite, siliceous dolomite, and chert, with bioturbation; Z,d*
(Upper Doushantuo) is a medium ore body consisting of dolomitic
phosphorite and abundant microbial debris. Phosphorite occurs in
Z,d? and Z,d* layers, with dolomites serving as wall rocks. The Bai-
yan-Gaoping Anticline is the most critical ore-controlling tectonic
structure and is crossed by the N-S-trending Xiaoba Fault. This
intersection resulted in the NE-trending Baiyan Anticline and
NNE-trending Gaoping Anticline, which provides the basic frame-
work of the Weng’an deposits (Fig. 3a). These anticlines control
the NE-trending distribution of phosphorites, as well as other
strata.

In the Zhijin deposit, the exposed strata mainly consist of those
from the Doushantuo and Dengying formations of the Sinian (Zd),
Cambrian, Devonian, Carboniferous, Permian, and Triassic systems
(Fig. 4a). Phosphorite occurs in the Gezhongwu Formation, the
lower Cambrian series, and unconformably overlies the carbonates
of the Dengying Formation and conformably underlies the sandy
shale of the Niutitang Formation. Both the Dengying and Niutitang
formations served as country rocks. The Gezhongwu Formation
was divided into two members, the lithologies of which are

described as follows (Fig. 4b): €,gz' (Lower Gezhongwu) is com-
posed of dolomitic phosphorites, with parallel and cross-bedding;
€:82% (Upper Gezhongwu) consists of striped siliceous phosphorite
with wavy bedding. The main ore-controlling faults, the Guohua-
Gezhongwu Fault (F;) and Guiguo-Damachang Fault (F,), spread
toward the NE, and are located at the center of the Guohua-Gez-
hongwu Anticline (f;) and Guiguo-Damachang Anticline (f3),
respectively (Fig. 4a). Synclines are developed between the anticli-
nes and numerous NE-trending faults developed, including strike-
slip, reverse, and normal faults. The primary tectonics and derived
faults have caused the strata to trend NE and banded exposures
along with the Guohua-Gezhongwu and Guiguo-Damachang
anticlines.

2.2.2. Ore bodies

The phosphorite “ore bodies” refers to the geologic bodies that
have mining value and contain sufficient phosphate ore. The Wen-
g'an ore bodies are stratabound and occur in the Z;d? and Z,d* lay-
ers (Fig. 3b). Ore bodies are exposed and spread toward the NNE
along with the wings and cores of the Baiyan and Gaoping anticli-
nes, with P resources reaching 0.794 billion tons. The deposit was
divided into the Baiyan and Gaoping mining districts. The Baiyan
mining area is 11 km in length and 2.5-3 km in width, with an
acreage of 28 km?, including the Xiaoba, Yingping, Mofang, and
Dazhai ore blocks (Fig. 3a). The Gaoping mining area is 9 km in
length and 3-3.5 km in width, with an acreage of 30 km?, including
the Yuhua, Wangjiayuan, Datang, and Chuyandong ore blocks
(Fig. 3a).

The Zhijin ore bodies are also stratabound and occur in the
Cambrian Gezhongwu Formation (Fig. 4b). Ore bodies spread
toward the NE along with the cores of the anticline, with 3.39 bil-
lion tons of P ore resources. Moreover, according to “Investigation
Report of Phosphorite (rare earth) Ore in Zhijin Area, Guizhou
Province” provided by Bureau of Geology and Mineral Exploration
and Development of Guizhou Province, the REY resources (RE;O3)
are enriched in the Zhijin phosphorites, reaching 3.503 million tons
with an average grade of 0.1036%. The Zhijin deposit, with an acre-
age of 333 km?, was divided into the Xinhua Mining District on the
northwestern side and the Damachang Mining District on
the southeastern side. The mineral resources are mainly from the



H. Yang, J. Xiao, Y. Xia et al.

Baidou profile ol

Geoscience Frontiers 12 (2021) 101187

Shangdatang profile

b

microcrystalline dolomite

stripped dolomitic phosphorite
2.75m

63 lamellar dolomitic phosphorite
02 2.25m

5 [ =

il

a

silicecous dolomite (1.0m)

b‘ﬁ 59

dolomite

Dengying Formation

stripped dolomitic phosphorite
54 2.5m

psammitic dolomitid|
phosphorite,
containing plenty of] 51
microbial deris 4 50
Zd 49 3.5m
9.5m 48

crumby dolomitic phosphorite

Upper Doushantuo

N[N o0 ©

45 stripped dolomitic phosphorite

dolomitic 44 15m

phosphorite

2m

Ediacaran Systerm

Doushantuo Formation

— 41 psammitic dolomitic phosphorite
siliceous 40 2.5m
dolomite 39

nd’

1.5m

107730"E

- Emeishan basalts

sampling site

Lower Doushantuo)

psammitic I i dolomite
siliceous I 36 2.5m
phosphorite I i 35

53m [ ] F32

anticline - Cambrian Systerm
Ill fault - Ediacaran Systerm I

Zad -

dolomite O

offwhite psammitic phosphorite

T | Triassic Systerm - Cryogenian Systerm
P Permian Systerm Banxi Group

6.8m

H cap dolomite

Fig. 3. (a) Tectonic setting of Weng’an phosphorite deposits; (b) simplified stratigraphic columns and sampling locations of the Shangdatang and Baidou profiles in Weng’an.

Xinhua Mining District, including the Daga, Motianchong, Guohua,
Ganjiayakou, Gezhongwu, and Gaoshan ore blocks (Fig. 4a).

2.2.3. Mineralogy

The phosphorites examined in this study can be classified into
different types according to their sedimentary structures, including
banded (Fig. 5a, b), striped (Fig. 5c¢), massive (Fig. 5d), brecciated
(Fig. 5e), spherulitic (Fig. 5f), psammitic (Fig. 5g), and broken
(Fig. 5h) structure. The Lower Doushantuo consists of banded and
massive phosphorites with psammitic mineral grains, developing

horizontal bedding (Fig. 5i). The Upper Doushantuo has the most
complicated structures, including brecciated, spherulitic, broken,
and crumbling structures, with abundant spherulitic microbial
debris and crumbled quartz (Fig. 5j). The Lower Gezhongwu has
massive phosphorites consisting of psammitic and silty mineral
grains. The banded and striped structures, consisting of off-white
phosphatic dolomite bands and black dolomitic phosphorite bands,
are mainly distributed in the Upper Gezhongwu. The Gezhongwu
Formation exhibits parallel (Fig. 5k), cross-, and wavy bedding
(Fig. 51).
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Rocks from the two-stage ore blocks have simple mineral com-
positions. Ore minerals occur dominantly as collophane, and
gangue minerals mainly include dolomite, calcite, quartz, pyrite,
chalcopyrite, and K-feldspar. The collophane of the Lower
Doushantuo is composed of globular intraclasts in close contact
with each other. The globular intraclasts have stable diameters of
approximately 200-300 pm, are round, elliptical, or spindly
(Fig. 6a), and contain quartz or dolomite. Partial intraclasts have
developed isopachous shells and even have oolitic structures
(Fig. 6a). The Lower Doushantuo developed many octahedral

pyrites (Fig. 6b), 10-80 pum in diameter. The bottom of the Upper
Doushantuo is mainly irregular blocky phosphate (Fig. 6¢), cemen-
ted with dolomite. The Upper Doushantuo consists of almost
microbial debris with a highly variable diameter size ranging from
50 pm to 2 mm. The microbial debris includes algal-like (Fig. 6d)
and embryo-like (Fig. 6e) microfossils. All the algal-like microfos-
sils are 200-600 pm in diameter, globular, and composed of cuboi-
dal cell-like packets (Fig. 6d). The embryo-like microfossils are
100-400 pm in diameter, appear as globular, and comprise an
inner core and isopachous cement with a thickness of 10 pm
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(Fig. 6e). The amorphous apatite (Fig. 6e, h) cemented with dolo-
mite in random morphologies, which were found among microbial
debris. Additionally, shrinkage cracks, spongy textures, and isopa-
chous cement were observed in almost all globular phosphate intr-
aclasts, which were described in detail in our previous study (Yang
et al., 2019). The Upper Doushantuo developed hematite (Fig. 6f),
which might be oxidative products of magnetite.

The collophane of Zhijin can be classified into abiogenic intra-
clasts (Fig. 6g-i) and microbial debris (Fig. 6j-1). The abiogenic intr-
aclasts have smaller diameters ranging of ~ 20-200 pm and exhibit
globular (Fig. 6g), metasomatic (Fig. 6h), and irregular forms
(Fig. 6i). The metasomatic form resulted from the metasomatism
of phosphate intraclasts by quartz or dolomite. The microbial deb-
ris who were supposed small shelly organisms, displays multiple
shapes under a scanning electron microscope (SEM), including
columnar (Fig. 6j), peloidal (Fig. 6k), and dentiform (Fig. 61). Most
of the microbial debris were arranged directionally among the

dolomite and were obviously bounded by the dolomite. Both abio-
genic intraclasts and microbial debris are distributed throughout
the section, while the collophane content in the Lower Gezhongwu
was significantly higher than that of the Upper Gezhongwu. The
cement of the Lower Gezhongwu was mainly dolomitic whereas
that of the Upper Gezhongwu was mainly quartzose and dolomitic.
The quartz and clay minerals increase from the bottom to the top
of the section.

3. Materials and methodologies

Fieldwork undertaken in this study included in situ sampling in
Weng’an and drill hole sampling in Zhijin. A total of 121 samples
were collected, consisting of 80 samples from the Baidou (BD)
and Shangdatang (SDT) profiles of the Weng’an deposits (Fig. 3b,
blue stars), and 41 samples from drill hole 2604 (D2604) in the
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Fig. 6. Textural characteristics of the phosphate from Ediacaran and Cambrian in Weng’an and Zhijin, Central Guizhou. All these pictures were captured under backscattered
electron. Abbreviations: SDT, samples from the Shangdatang profile in Weng’an; BD, samples from the Baidou profile in Weng'an; D, samples from the Motianchong drill hole

in Zhijin; Dol = dolomite; Qtz = quartz; Ap = apatite; Kfs = K-feldspar; Zr = zircon.

Zhijin deposits (Fig. 4b, blue stars). The samples were fresh and
sequential, including the ore-bearing formation, overlying strata,
and underlying strata. All samples were analyzed to determine
their petrographic characteristics, and the major and trace element
compositions of most of samples were analyzed. The fresh and typ-
ical samples of Baidou profile and Shangdatang profile were chosen
to be investigated the Mo, carbonate C and O, and phosphate O iso-
topic compositions. Detailed analytical methods are described
below.

3.1. Major element analyses

The main elemental components of phosphorites and wall rocks
were analyzed at the ALS Minerals (Guangzhou) Co Ltd, with X-ray
fluorescence (XRF; ME-XRF24 for phosphorites, ME-XRF26 for wall
rocks). Phosphorite samples were digested by LiNOs solution and

wall rocks were digested by Li,B40, and then melted at 1000 C.
Another samples were burned at 1000 °C and subsequently
weighted to obtain the loss on ignition (LOI). The sum of XRF anal-
yses and LOIs was considered as the “sum total” with standard
deviation less than 1%. The detection limit for all major oxides
was 0.01 wt.% and the error was <3%.

3.2. Trace element analyses

Trace element analyses were conducted at the State Key Labo-
ratory of Ore Deposit Geochemistry of the Institute of Geochem-
istry, Chinese Academy of Sciences in Guiyang, using a
quadrupole inductively coupled plasma mass spectrometer (Q-
ICP-MS), model ELAN-DRC-e ICP-MS (PerkinElmer, Inc., USA), with
a relative standard deviation generally better than 10%. Portions
(50 mg) of the samples were completely digested using a mixed
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HF and HNOs solution. The analytical method was according to Qi
et al. (2000), and the internal standard was a 40 ng/mL Rh solution.
The detection limits were as follows: Tb, Ho, Lu, and Tm
(0.01 ppm); Er, Eu, Sm, Pr, and Yb (0.03 ppm); Ce, Gd, and Dy
(0.05 ppm); Hf (0.2 ppm); Nd (0.1 ppm); Y and La (0.5 ppm); Zr
and Mo (2 ppm). The Eu/Eu*, Ce/Ce*, and Ce,nom Were calculated
according to following equations: Eu/Eu* = 2Euy/(Smy + Gdy), Ce/
Ce* = 2Cey/(Lay + Ndy) (Bau and Dulski, 1996); Ceanom = 1g(3 x Ce
n/(2 x Lay + Ndy) (Haskin et al., 1968).

3.3. Petrographic analyses

The micro-textures of minerals were analyzed at the State Key
Laboratory of Ore Deposit Geochemistry of the Institute of Geo-
chemistry, Chinese Academy of Sciences. The samples were made
into polished sections with 30-um thickness, the petrographic
characteristics were analyzed via a JSM-7800F field emission
SEM (Jeol Ltd., Japan). The beam emitted by the electric gun was
turned into a high-energy electric beam by a 10-30 kV acceleration
voltage and then focused as a 1-um microbeam to bombard the
surface of the minerals. The secondary and backscattered electrons
were detected and analyzed by the SEM. The backscattered elec-
tron images were collected with a 10-kV, 4.5-mA beam and sec-
ondary electron images were collected with a 20-kV, 4.5-mA beam.

3.4. Carbonate C and O isotopic analyses

The dolomite C and O isotopes were analyzed at the State Key
Laboratory of Ore Deposit Geochemistry Institute of Geochemistry,
Chinese Academy of Sciences. The phosphorite sample powder was
collected on a weighing paper and then transferred to a standard
12-mL headspace sample vial or a 3-mL vial, depending on the
sample size. The samples were then flushed with helium using a
Gasbench II device (Thermo Fischer Scientific, USA) for 8 min.
Phosphoric acid was manually dosed to the flushed samples to
generate the analyte CO,. The samples and acid were reacted at
72 °C for at least 4 h and then measured for §'C and 6'80 using
a Gasbench II attached to the MAT253 gas source isotope ratio
mass spectrometer. The (Vienna) Standard Mean Ocean Water
(SMOW) and Pee Dee Belemnite (PDB) were used as the %0 and
513C standards, respectively. The conversion formula of 680 values
is as follows: 5'®0smow (%0) = 1.03091 x §'0ppg + 30.91 (Coplen
et al., 1983)

3.5. Phosphate O isotopic analyses

Phosphate O isotopic analyses were conducted at the Beijing
Research Institute of Uranium Geology using a MAT253 isotope
mass spectrometer. The selected apatites were dissolved using 1-
mol/L HNOs for 8 h and then a BIO-RAD AG50-X8 cation exchange
resin was poured in for positive ion scavenging. The liquid was
vibrated for at least 8 h and then filtered. Excess AgNOs was added
into the filter solution, making the PO3 separate out entirely as
AgsP0,4. Additionally, 300 pg of AgsPO, and a Ni-plated carbon
rod reacted to produce CO at 1350 C in a pyrolyzing furnace. The
CO was measured for 5'80 by the MAT253 mass spectrometer
using SMOW as the standard.

3.6. Mo isotopic analyses

The Mo isotopic composition of Doushantuo phosphorites from
the Baidou profile was analyzed in this study, while that of Gez-
hongwu phosphorites was cited from Liu (2017). Both them were
analyzed at the State Key Laboratory of Ore Deposit Geochemistry
Institute of Geochemistry, Chinese Academy of Sciences using a
Neptune Plus multi-receiver inductively coupled plasma mass
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spectrometer (MC-ICP-MS; Thermo Fisher Scientific, USA). Two
grams of samples and 10 mL of HF were put into a polytef beaker
and heated for 4 h; then, 20 mL of HNO3; was added and heated for
12 h. This step allowed complete dissolution of the sample. We
continued to add 3 mL HCIO,4 to remove OM and then the HCIO4
was scavenged by 5 mL of HNOs. This solution was made into a
6 mol/L HCL solution. An improved anion/cation exchange resin
double-column procedure, using an AG50W-X8 cation exchange
resin and AG1-X8 anion exchange resin, was adopted to separate
the Mo from the concomitant elements (Zhang et al., 2009), ensur-
ing that all traces of Mo in the resin were totally eluted. The Mo
solution obtained was made into 200 ppb of HCl solution and Mo
isotopic measurements were performed on a Neptune Plus MC-
ICP-MS, with an analytical precision of 0.05%.

Molybdenum isotopic ratios have been reported using the
delta notation for two ratios, °%/**Mo and the d°/°>Mo,
which may be calculated by the following formula: §°®/°°Mo =
(98/ 95Mosample'98/ 95NIOstandard) /98/ 9SI\/lostandard x 1000 (N'eigler
et al, 2014) and 6°7®°Mo = 2/3 x 6°/*>Mo. Even though a
universally accepted international measurement standard is
lacking, NIST SRM 3141 is often used as the Mo isotope standard,
and the §°/®>*Mo of the NIST SRM 3134 is 0.25%. (Nigler et al.,
2014).

4. Analytical results
4.1. Major element contents

The major element composition of Doushantuo and Gezhongwu
phosphorite, including P,0s, F, CaO, MgO, SiO,, Al,05, and TFe,03,
is detailed in Table 1 and Supplementary data Table S1. The mean
values of P,0s, F, CaO, MgO, and SiO, contents of the Lower
Doushantuo were 30.36 wt.%, 2.93 wt.%, 44.08 wt.%, 1.57 wt.%,
and 11.38 wt.%, respectively, while those of the Upper Doushantuo
Formation were 20.40 wt.%, 2.16 wt.%, 42.23 wt.%, 10.05 wt.%, and
2.11 wt.%, respectively. The content of SO, and total Fe (TFe,03) for
Lower Doushantuo were much higher (0.33-3.47, 0.44-1.36,
respectively) than that of Upper Doushantuo (0.02-0.56, 0.10-
0.93, respectively). The mean values P,0s, F, CaO, MgO, TFe,03,
SOs, and SiO, contents of the Lower Gezhongwu were 17.86 wt.
%, 1.82 wt.%, 40.72 wt.%, 10.84 wt.%, 0.96 wt.%, 0.14 wt.%, and
2.05 wt.%, respectively, while those of the Upper Gezhongwu For-
mation were 6.25 wt,%, 0.74 wt%, 29.55 wt,%, 14.13 wt,%,
1.40 wt,%, 0.76 wt.%, and 13.60 wt.%, respectively. The P,Os5 content
of Doushantuo phosphorites was much higher than that of Gez-
hongwu samples, and the Doushantuo deposits are middle-high
grade whereas the Gezhongwu phosphorites are middle-low
grade.

4.2. Zr/Hf ratios

The Zr and Hf composition of Doushantuo and Gezhongwu
phosphorites are detailed in Tables 2 and 3, respectively. The
Zr/Hf ratios in the Lower Doushantuo exhibited little variation
ranging from 45.00 to 70.00 (mean: 57.26) while that of the Upper
Doushantuo displayed substantial variation ranging from 4.50 to
60.00 (mean: 28.52). Generally, the Upper Doushantuo have lower
Zr/Hf than that of Lower Doushantuo, and the mean Zr/Hf value of
interbedded dolomite was 34.00. The Zr/Hf ratios in the Lower and
Upper Gezhongwu Formation range from 15.62 to 36.22 (mean:
21.53) and 17.67 to 35.30 (mean: 26.73), respectively, showing a
lower mean value than the Doushantuo Formation. Even though
the Upper Doushantuo show largest variance with a standard devi-
ation of 17.67, Zr/Hf values decreased from the bottom of the
Doushantuo Formation to the top of Gezhongwu Formation.
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Table 1
Major element concentrations (in wt.%) of the Gezhongwu Formation from the Motianchong drill hole, Zhijin.

Stratum Sample Al,03 Cao F TFe,03 K;0 MgO P,0s5 Si0, SO3 LOI Sum

Niutitang Fm. D26-40 2.83 26.6 - 4.09 0.45 11.70 1.43 15.86 7.32 30.15 100.43

Upper Gezhongwu (€,gz°) D26-39 0.66 28.5 0.9 0.67 0.22 12.30 8.27 21.20 0.05 27.35 100.12
D26-37 1.61 32.6 1.2 2.03 0.53 10.90 11.45 13.05 0.63 25.87 99.87
D26-33 0.75 27.8 0.3 1.00 0.24 16.85 3.05 12.40 0.03 37.43 99.85
D26-30 1.18 27.6 0.5 0.66 0.37 15.85 3.84 15.35 0.04 34.91 100.30
D26-28 0.87 28.2 0.4 0.98 0.28 17.25 2.92 10.55 0.04 38.30 99.79
D26-25 0.22 41.5 1.9 0.65 0.08 10.90 18.55 1.22 0.09 25.25 100.36
D26-23 0.97 28.5 04 0.93 0.31 16.80 3.53 10.85 0.03 37.39 99.71
D26-22 1.58 28.9 1.0 1.71 0.52 11.80 8.94 18.55 0.06 26.66 99.72
D26-21 0.73 27.0 0.5 1.39 0.24 14.75 4.15 17.55 0.03 33.48 99.82
D26-19 0.46 27.8 0.3 1.30 0.15 16.30 2.65 13.05 0.04 37.63 99.68
Median 0.81 28.20 0.50 1.00 0.28 14.75 3.84 13.05 0.04 3348 99.85

n=10 Mean 1.08 29.55 0.74 1.40 0.31 14.13 6.25 13.60 0.76 32.22 0.25
) 0.45 4.37 0.51 047 0.15 2.61 5.16 5.50 0.19 5.50 5.50

Lower Gezhongwu (€,gz") D26-17 0.37 325 0.5 2.17 0.12 17.45 4.71 2.14 0.04 40.21 100.21
D26-15 0.23 36.5 1.2 1.31 0.08 14.35 11.05 1.85 0.06 33.41 100.04
D26-13 0.24 39.2 1.5 0.79 0.09 12.10 15.50 224 0.08 28.16 99.90
D26-11 0.30 35.2 1.0 1.25 0.08 15.20 9.32 3.10 0.06 34.79 100.30
D26-10 0.21 38.0 1.4 0.81 0.08 13.10 13.65 1.72 0.07 30.49 99.53
D26-7 0.32 50.5 33 0.63 0.11 2.91 33.2 1.26 0.17 7.94 100.34
D26-5 0.24 49.5 3.1 0.65 0.08 4.21 31.0 0.84 0.18 10.78 100.58
D26-3 0.78 455 2.7 0.43 0.28 6.70 25.7 1.80 0.25 15.84 99.98
D26-2 0.59 39.6 1.7 0.64 0.20 11.50 16.60 3.49 0.36 25.90 100.58
Median 0.30 39.20 1.50 0.79 0.09 12.10 15.50 1.85 0.08 28.16 100.21

n=9 Mean 0.36 40.72 1.82 0.96 0.12 10.84 17.86 2.05 0.14 25.28 100.16
& 0.19 6.35 0.98 0.54 0.07 5.08 9.92 0.83 0.11 11.27 0.34

Dengying Fm. D26-1 0.27 32.6 - 0.35 0.10 18.70 2.28 1.56 0.09 43.47 99.42

Fig. 7 show the decreasing trend of Zr/Hf. In order to compare with
the C and O isotope, the Zr/Hf was from Baidou profile according to
Yang et al. (2019).

4.3. REE characteristics

The REEs of the Doushantuo and Gezhongwu phosphorites are
listed in Supplementary data, Table S2. Here, the contents of REY
(>"REY) display a relatively broad range from 28.10 ppm to
346.93 ppm, with a mean value of 218.24 ppm in the Lower
Doushantuo and 85.49 ppm in the Upper Doushantuo. The > REY
of cap and interlayer dolomite is low, and that of Dengying Forma-
tion was 49.71 ppm. The > REY of Gezhongwu phosphorites is
much higher than that of Doushantuo phosphorites. Moreover,
the >"REY of Gezhongwu phosphorites exhibits a large range of
variation from 123.92 ppm to 1113.87 ppm, with a mean of
708.60 ppm in the Lower Gezhongwu and a mean of 375.73 ppm
in the Upper Gezhongwu. The mean > REY for the Dengying dolo-
mite and Niutitang sandy shale are 59.52 ppm and 86.95 ppm,
respectively. In Doushantuo phosphorite, >_REY is weakly and pos-
itively correlated with P,0s, while in Gezhongwu phosphorite,
>"REY shows markedly positive correlations with P,0s (Fig. 8a).

The Y/Ho ratios of the Lower Doushantuo range from 36.00 to
45.75, with a mean of 42.40, which is slightly higher than those
of the Upper Doushantuo (36.18-46.25, mean: 40.22). The Y/Ho
ratios of the Lower Gezhongwu range from 15.95 to 48.17, with a
mean of 35.98, which is lower than those of the Upper Gezhongwu
(40.31-52.77, mean: 45.23). Moreover, Y/Ho is negatively corre-
lated with >"REY, except in the Upper Doushantuo (Fig. 8b).

The cerium anomaly (Cesnom) and Eu/Eu* of the Lower Doushan-
tuo are —0.12 to —0.06 (mean: —0.08) and 0.93 to 1.01 (mean:
0.98), respectively, while the Ce,yom and Eu/Eu* of the Upper
Doushantuo are —0.41 to —0.17 (mean: —0.28) and 0.83 to 1.05
(mean: 0.94), respectively. The Ce,nom and Eu/Eu* of the Lower
Gezhongwu are 0.53 to —0.41 (mean: —0.49) and 0.91 to 1.24
(mean: 0.99), and those of the Upper Gezhongwu are —0.52 to
—0.40 (mean: —0.45) and 0.90-1.15 (mean: 1.02). The Ce,nom dis-
play a negative shift immediately at the bottom of the Upper
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Doushantuo, with negative values persisting until the Gezhongwu
Formation. The Ce,,om and > REY are negatively correlated when
Ceanom < —0.1, and no correlation is observed when Ce,nom > —0.1
in the Doushantuo phosphorites. In all Gezhongwu phosphorite
samples, Cenom is Not correlated with >"REY (Fig. 8c).

The PAAS-normalized REY distributions of the Lower Doushan-
tuo are characterized by the pronounced enrichment of heavy REEs
(HREEs) in comparison with light REEs (LREEs), belonging to
“seawater-like” type (Fig. 9a). Meanwhile, those of the Upper
Doushantuo show “hat-shaped” REY plots, characterized by the
enrichment of middle REEs (MREEs) in comparison with those of
LREEs and HREEs (Fig. 9a). Lay/Gdy ratios range from 0.34 to 0.51
and Gdy/Yby ratios range from 0.89 to 1.44 for Lower Doushantuo
phosphorite; while those of Upper Doushantuo phosphorite were
0.20-0.55 and 1.32-2.77, respectively. The wall rocks of the
Doushantuo Formation show flat REY plots (Fig. 9b). For the Gez-
hongwu phosphorites, both the Lower and Upper Gezhongwu
show “hat-shaped” PAAS-normalized REY distributions (Fig. 9c),
while the country rocks show flat REY plots with inconspicuous
MREE enrichment (Fig. 9d). Lan/Gdy and Gdy/Yby ratios ratios of
Lower Gezhongwu were 0.40-0.82, 1.31-2.63, and those of Upper
Gezhongwu were 0.28-0.80, 1.18-2.68, respectively.

The variation tendency of P,Os, REY, and Y/Ho from Ediacaran to
Early Cambrian are shown in Fig. 7. The P,05 of the Doushantuo
Formation was much higher than that of the Gezhongwu, while
the >"REY was greater in the Gezhongwu Formation. Additionally,
>_REY tended to vary consistently with P,Os but oppositely with Y/
Ho, which is consistent with the correlations (Fig. 8). Furthermore,
REY and Y/Ho ratios were relatively stable in the Doushantuo For-
mation while exhibited pulsed variation in the Gezhongwu Forma-
tion, especially in the Lower Gezhongwu.

4.4. Carbonate C and O isotopes

The C and O isotopic concentrations of Gezhongwu and
Doushantuo carbonates are listed in Table 4. The Lower Doushan-
tuo display negative 6'3Cppg values ranging from — 3.30%. to — 2.
41%o, and a narrow range of §'®0gyow from 21.27%. to 23.11%.
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Table 2

Zirconium and hafnium of the Doushantuo Formation from the Weng’an Shangdatang profile.

Zr[Hf

Hf (ppm)

1.10
0.60
0.90
0.70
0.80
0.70
0.90
0.60

0.

Zr (ppm)
56.00
39.00
44.00

Sample No.
SDT-23

Zr[Hf  Stratum

Hf (ppm)
0.20
030
0.20
0.20
0.20

0.2

Zr (ppm)

Sample No.
SDT-43

Zr/Hf  Stratum

Hf (ppm)
0.20
0.20
0.20
0.20
0.20
0.30
0.20
0.20

0.2

Zr (ppm)

Sample No.
SDT-68

Stratum

50.91

Lower Doushantuo

15.00
40.00

3.00
12.00
9.

Upper Doushantuo

32.00
25.00
23.50

9.00

44.50

6.40
<0.5

Dengying Fm.

65.00
48.89

SDT-22

SDT-42

SDT-67

Upper Doushantuo

SDT-21

45.50

10

SDT-41

<0.5

SDT-66

57.14

40.00
44.00

SDT-20

46.00

9.20
8.30

6.3

SDT-40

1.80
12.00
12.00

6.50
12.00

6.20
11.00
19.00

2.90

5.60

0.90

1.60

2.00

1.20

2.30

0.90

1.60
14.00
15.00

SDT-65

55.00
65.71

SDT-19

41.50
29.5

SDT-39

SDT-64

46.00

SDT-18

5

Median
Mean

n =26

40.00

SDT-63

55.56
45.00

50.00
27.00
37.00
36.00
35.00
33.00
32.00
34.00
34.00
33.00
34.00
44.36

SDT-17

28.52

0.23
0.07
0.20

0.2

7.06

5.36

4.00

6.40
15.00
31.00
72.00
50.00
60.00
50.00
55.00
65.00
52.00
51.00
51.00
51.00

32.50
60.00

SDT-62

SDT-16

17.67
20.00
32.00
50.00
62.00
48.00

SDT-61

52.86
51.43
70.00
66.00

64.00

70

SDT-15

SDT-38

Interlayer dolomite

31.00
55.00
38.00
14.50
28.00
4.50
8.00
10.00
6.00
11.50
4.50
8.00

46.67

0
20

SDT-60

0.70
0.50
0.50

0.

SDT-14

0

SDT-37

0.

SDT-59

SDT-13

0.30
0.50

1.

SDT-36

0.50
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.30
0.30

SDT-58

SDT-12

SDT-35

Lower Doushantuo

SDT-57

50

SDT-11

50

SDT-33

SDT-56

56.67
68.00
55.00
56.67

0.60
0.50
0.60
0.60
0.79
0.79

0.

SDT-10
SDT-9
SDT-8
SDT-7

55.56
54.55

0.90
1.10
0.80
0.90
1.40
0.90

0.8

SDT-32

SDT-53

SDT-31

SDT-52

62.50

SDT-30

SDT-51

61.11

SDT-29

SDT-50

57.26
57.26

Median
Mean

n=28

46.43

SDT-28

SDT-49

44.36

57.78
63.75

SDT-27

SDT-48

11.29 26 6.72
26.50
42.50

5.30
8.50

0

SDT-26

SDT-47

0.20
0.20

SDT-6

1.00 51.00 cap dolomite
56.67

0.90

SDT-25

SDT-45

SDT-2

SDT-24

50.00

SDT-44
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The Upper Doushantuo exhibit 6'3Cppg values ranging from — 4.3%.
to 1.11%o, and a wide range of 5'®0spow from 19.73%o to 29.33%.. A
positive 513Cppp excursion is observed at the lower part of the
Upper Doushantuo and lasts until the Gezhongwu. There is a nar-
row §3Cppp range near 0%o in both the Lower (—0.58%0 to 0.49%o)
and Upper (—2.79%. to — 0.04%.) Gezhongwu formations. The §'-
Osmow of the Lower Gezhongwu (18.69%0 to 20.31%o) is lower than
that of the Upper Gezhongwu (22.66%o0 to 25.86%o).

The variations of §'3Cppg and §'®0gmow from Doushantuo to
Gezhongwu times are shown in Fig. 7. The '3Cppg and 6'0syow
exhibite consistent variation in the Doushantuo Formation, while
the opposite is true in the Gezhongwu Formation (Fig. 10a). The
correlations suggest the presence of a negative relationship
between S"REY and 4'3Cppg in Doushantuo carbonates and a posi-
tive relationship in Gezhongwu carbonates (Fig. 10b). The > REY
are positively correlated with §'®0gpmow in both Doushantuo and
Gezhongwu carbonates (Fig. 10c).

4.5. Phosphate O isotopes

The phosphate O isotopic compositions are shown in Table 5,
with SMOW used as the standard. The data suggest that the
380, of the Lower Doushantuo lies within a narrow range
(17.4%—-17.9%0) and that 5'®0, decreases gradually in the Upper
Doushantuo, falling to 15.0%0 at the top of the formation. The
6'80, in the Gezhongwu Formation is variable ranging from
14.6% to 19.5%0 (mean: 17.31%.) in the Lower Gezhongwu and
from 11.10% to 17.00% in the Upper Gezhongwu (mean:
15.11%o0), showing a decreasing trend (Fig. 11).

The fractionation values between dolomite and phosphate
(AISOCOB_p04) indicate the isotope fractionation degree. In our sam-
ples, A’0co,-ro, of Lower Doushantuo were 3.78-5.22, while those
of Upper Doushantuo reached up to 10.50-11.84. The Gehzongwu
phosphorite and dolomite had variable Algocoa,p04 ranging of
0.12-14.77, with higher fractionation values in the Upper Gez-
hongwu than those of Lower Gezhongwu.

4.6. Mo isotopes

Terrigenous detrital materials may influence the Mo contents of
phosphorite deposits because of the low proportion of Mo in phos-
phorites/carbonates. Here, detrital Mo was calculated as follows
(RUdniCk and Gao, 2003): Modetrital = [(MO/X)upper crust] X XSampley
wherein X represents Al or Ti. The Al,O3 and Mo contents were
15.2% and 1.5 ppm, respectively according to Institute of
Geochemistry (1998). We used Mogr to represent the Mo content
of seawater: Mogr = MOsampie — MOgetrita. The results revealed a
negligible Mo contribution from terrigenous detrital materials
(Table 6). The Mo contents exhibited a narrow range in the Lower
Doushantuo (0.19-0.21 ppm) but a wide range in the Upper
Doushantuo (0.03-1.09 ppm). Meanwhile, those in the Gezhongwu
phosphorites, according to Liu (2017), are generally much higher
than in Doushantuo phosphorites. Moreover, the Upper Gez-
hongwu has a higher Mo content (3.73-40.00 ppm, mean: 12.78
ppm) than the Lower Gezhongwu (0.19-1.49 ppm, mean: 0.72
ppm).

The Mo isotopic compositions show that phosphorites from the
Lower Doushantuo yield §°/°°Mo values of 0.70%c + 0.03%. and
1.34%o £ 0.04%0, while those of the Upper Doushantuo have a wider
range (—1.13%o to 0.80%o). A positive excursion occurs at the top of
the Lower Doushantuo (1.34%.) and a negative excursion occurs at
the top of the Upper Doushantuo (—1.13%c). The measured
5%8/9°Mo values generally decrease from the bottom to the top of
the Doushantuo Formation. The 5°/°*Mo values of Gezhongwu
phosphorites are generally heavier than those of Doushantuo phos-
phorites, wherein the §°%/°>Mo of the Lower Gezhongwu range
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Table 3
Zirconium and hafnium of the Gezhongwu Formation from the Motianchong drill hole, Zhijin.

Stratum Sample No. Zr (ppm) Hf (ppm) Zr[Hf Stratum Sample No. Zr (ppm) Hf (ppm) Zr[Hf

Niutitang Fm. D26-41 228.77 5.67 40.37 n=21 Mean 15.18 0.60 26.73
D26-40 29.54 0.67 44.28 ) 11.92 045 5.29

Upper Gezhongwu D26-39 10.59 0.47 22.55 Lower Gezhongwu D26-18 13.04 0.57 22.69
D26-38 14.95 0.47 31.79 D26-17 5.85 0.29 20.25
D26-37 24.11 0.84 28.78 D26-16 14.93 0.63 23.86
D26-36 15.93 0.63 25.28 D26-15 8.94 0.25 36.22
D26-35 8.42 0.26 32.55 D26-14 17.79 1.02 17.41
D26-34 11.30 0.38 30.01 D26-13 9.96 0.61 16.45
D26-33 7.82 0.22 35.30 D26-12 15.84 0.80 19.83
D26-32 13.44 0.47 28.50 D26-11 6.86 0.44 15.62
D26-31 7.96 0.41 19.32 D26-10 7.48 0.37 20.11
D26-30 10.65 0.44 24.14 D26-9 18.69 1.07 17.48
D26-29 10.56 0.56 18.97 D26-8 5.53 0.30 18.29
D26-28 8.08 0.25 31.89 D26-7 15.51 0.89 17.37
D26-27 13.67 0.61 22.34 D26-6 10.34 0.39 26.36
D26-26 11.19 0.38 29.28 D26-5 16.36 0.72 22.72
D26-25 12.42 0.61 20.35 D26-4 11.99 0.51 23.74
D26-24 40.98 1.46 28.00 D26-3 20.78 0.80 26.01
D26-23 8.53 0.28 30.04 D26-2 11.00 0.35 31.71
D26-22 21.66 0.81 26.88 n=17 Median 11.99 0.57 20.25
D26-21 10.63 0.31 34.82 Mean 12.49 0.57 21.53
D26-20 49.14 2.14 22.95 3 4.69 0.26 5.58
D26-19 6.78 0.38 17.67 Dengying Fm. D26-1 5.29 0.17 30.37
Median 11.25 0.47 28.25

from 1.13%o to 1.80%., and that of Upper Gezhongwu range from
1.98%o to 2.39%. with multiple isotopic variations.

5. Discussion
5.1. Sources of ore-forming materials

5.1.1. Potential sources of P

The atomic exchange of O in marine systems occurring among
seawater, authigenic apatite, and dissolved phosphate (Chen
et al., 2010) is controlled by microbial metabolism and tempera-
ture (Longinelli and Nuti, 1973; Blake et al., 1997). Researches
showed that P-O bond was stable under ambient conditions in
the ocean, and only by enzymatic catalysis the P-O bond was bro-
ken and oxygen isotope composition altered, which is a thermody-
namic fractionation (Kolodny et al., 1983; Blake et al., 2005; Angert
et al., 2012). When the microbio participated in the phosphate for-
mation, the oxygen isotope fractionated between water and authi-
genic apatite, and the isotopic fractionation may equilibrate with
ocean temperature (Longinelli and Nuti, 1973; Kolodny et al.,
1983; Blake et al., 1997, 2005; Paytan et al., 2002). Longinelli and
Nuti (1973) established the equilibrium equation for the first time
according to the 4'80, and 5'80y e, of marine organisms lived in
different temperatures: T("C) = 111.4-4.3("30,~6"%0water). Which
was then proved to be justified in Archean phosphate rocks
(Blake et al., 2010), modern ocean (Colman et al, 2005;
Goldhammer et al.,, 2011a), and laboratory experimental data
(Blake et al., 2005).

The most important precondition for O isotope tracers of P is
the significant difference among different origins. However, equi-
librium fractionation would mask the original O isotope informa-
tion (Blake et al., 2005; Colman et al., 2005). Longinelli et al.
(1976) shows that the oxygen isotope composition of dissolved
phosphate is not in equilibrium with sea water at any reasonable
temperature, and non-equilibrated fractionation took place in
aquatic environments, marine-sediment ecosystems (Blake et al.,
2005; Colman et al., 2005; Goldhammer et al., 2011a). This might
be attributed to the release of inorganic phosphorus with lighter
oxygen isotope during the hydrolysis of organophosphorus (Blake
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et al., 2005; Colman et al., 2005; Goldhammer et al., 2011a). After
Marinoan glaciers, the global climate warmed and weathering
increased, resulting in upwelling to prevail and make South China
an open marine system (Ye, 1989; Mi, 2010). Therefore, the O iso-
topes would not have reached equilibrium fractionation with
abundant nutrient supply. Hence, we speculate that the original
phosphate O isotope information were recorded in phosphorite,
and the 5'80, values of phosphorites could reflect the §'®0, com-
positions of source-rocks only if useful depositional signals were
excluded.

Precipitated P may undergo diagenetic transformations, includ-
ing regeneration of inorganic phosphate, recrystallization, redistri-
bution among different sedimentary P phases (Ruttenberg and
Berner, 1993; Lecuyer et al, 1999; Jaisi and Blake, 2010;
Goldhammer et al., 2011a), and supergene diagenesis (McArthur
and Herczeg, 1990; Lecuyer et al., 1999). The dissolution and re-
crystallization resulted the isotope redistribution in mineral
phases (Jaisi et al., 2011). Past years’ studies showed that oxygen
isotopes fractionation between carbonate and phosphate
(A180c03_p04) tend to decrease with age and approach 0%. for some
old phosphorite samples (McArthur and Herczeg, 1990; Lecuyer
et al,, 1999). Here we compared the oxygen isotopic compositions
of dolomite and phosphate, A180C03_p04 in our samples had greater
variation, not related to burial time. Most of the samples from
Upper Doushantuo and Upper Gezhongwu had close A1goco3,po4
values with recent phosphorites (~8%c) (Shemesh et al., 1988;
McArthur and Herczeg, 1990), indicating limited diagenetic redis-
tribution of oxygen isotope and the initial isotopic composition
recorded by phosphate. Furthermore, the phosphate were deemed
a more reliable proxy recording the initial isotopic signals than
other oxyanions, such as carbonates, and sulfides (Fortier and
Luttge, 1995; Zazzo et al.,, 2004). Hence, §'80,, value have proven
to be useful indicators to reflect source contributions or biological
recycling (Blake et al., 2005; Colman et al., 2005; Young et al.,
2009).

Due to the lack of §'80,, values in Ediacaran and Cambrian rocks
and seawater, the studied §'80, values of phosphorites were com-
pared with the reported Archean and modern 6'#0, data (Fig. 11).
The authigenic phosphates can represent the seawater end-
member (heavy end-member), while the igneous rocks and detrital
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apatite represent the terrigenous end-member (light end-member)
(Yuan et al., 2019). The 5'80, values of phosphorites in this study
ranged between those of authigenic phosphates and igneous rocks
and detrital apatite (Fig. 11), reflecting the mixing of the two end-
members. Liang and Blake (2007) conducted synthesis experi-
ments in abiotic inorganic systerms, in which the CaCO3 was added
into mixed solution of KH,PO4 and NaF under 20—45°C in order to
yield apatite. Results showed that the fractionation value of solid-
and aqueous-phosphate phase is approximately 1%, which was
consistent with other experimental results (—2%o to 1%¢, and 1%,
respectively) (Blake et al., 1997; Paytan et al., 2002). These results
indicated that the apatites were 1%0-1.4%0 heavier than the initially
added dissolved phosphate group. Thus, the original 6'®0, might
be lighter than that recorded by apatites and rather incline to detri-
tal or igneous apatite than to seawater. Moreover, the §'%0,, values
showed a decreasing trend from the Lower Doushantuo to the
Upper Gezhongwu, indicating that terrigenous weathering brought
increased P, while the seawater performed inversely. According to
the petrologic characteristics, the phosphorite from Upper Dousah-
ntuo and Gezhongwu Formation were mainly composed of micro-
bial debris (Fig. 6j-1). The 5'®0, values in the Gezhongwu

Formation have a wider range than those of the Doushantuo
Formation, especially the Lower Doushantuo. It should be attribu-
ted to the microbial metabolism and oxygen isotope redistribution
in the organic and inorganic P phrase in Cambrian phosphorite
(Colman et al., 2005; Jaisi et al., 2011).

5.1.2. P sources and geochemical background

At PC/C boundary, a series of geodynamic changes occurred,
including the Neoproterozoic Oxygenation Event (Och and
Shields-Zhou, 2012), supercontinental break up (Veevers, 2004),
Marinoan glacier melting (Walter et al., 2000), continental denuda-
tion (Reinhard et al., 2017), resulting in expanded terrestrial weath-
ering and increased upwelling into shallow marine settings (Liu and
Cao, 1987; Ye, 1989; Jiang et al., 2007; Follmi et al., 2009; Mi, 2010;
Planavsky et al., 2010). Consequently, margins that were favorably
positioned for upwelling, such as Central Guizhou of South China
during the PC/C, were bathed with upwelled deep seawater that
was incredibly rich in P. The stratigraphic sequences of Doushantuo
phosphorite in Hubei suggest that high-grade phosphorites corre-
spond to periods of transgression (Mi, 2010), while the lithofacies
paleogeography of Cambrian phosphorite along the western margin
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of the Yangtze Platform recorded storm activities (Liu et al., 1987),
indicating that the ore-forming materials were brought along with
upwelling currents and/or storm activities. Additionally, §'3C
values show the presence of '>C-depleted deep-water carbonates
and a strong surface-to-deep ocean §'3C..p gradient in the
Ediacaran ocean (Jiang et al., 2007), which is indicative of a deep
seawater origin (Kaufman and Knoll, 1995; Mi, 2010).

(Bio)chemical weathering on continents represents a significant
source of bioavailable P (F6llmi, 1996; Filippelli, 2008; Pufahl and
Groat, 2017). Oxygenated and warm conditions are beneficial to
accelerate the hydrologic cycle, intensify chemical weathering,
and amplify the flux of P to the ocean (Filippelli and Delaney,
1992; Follmi, 1996; Filippelli, 2008). Another beneficial factor
was widespread orogeny associated with amalgamation of
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Table 4
The REE concentrations and C and O isotopes of Doushantuo and Gezhongwu carbonates from Central Guihzou.

Stratum Sample No. S°REY (ppm) P,05 (Wt.%) 5"3Cqo1-vrpB (%0) Std.dev 5'80g01-vppB (%0) 5"80g01-smow (%0) 25
D26-37 487.91 11.45 —-0.98 0.04 —5.83 2491 0.11
D26-33 165.77 3.05 -2.79 0.05 -3.32 27.50 0.15
D26-30 247.66 3.84 —-0.04 0.06 -8.01 22.67 0.13

Upper Gezhongwu D26-28 346.90 2.92 -2.03 0.06 —4.90 25.87 0.11
D26-25 839.22 18.55 -0.71 0.04 -7.13 23.57 0.07
D26-23 215.79 3.53 -0.74 0.07 —7.64 23.04 0.13
D26-19 191.52 2.65 -1.27 0.06 —6.82 23.89 0.10
D26-17 276.04 4.71 -043 0.07 -11.07 19.51 0.16
D26-15 505.20 11.05 0.36 0.05 -11.00 19.58 0.11

Lower Gezhongwu D26-13 683.36 15.50 0.25 0.07 -11.05 19.53 0.09
D26-11 442.37 9.32 -0.02 0.05 -10.28 20.32 0.10
D26-7 1073.24 33.2 -0.58 0.06 -11.86 18.70 0.18
D26-3 849.08 25.7 0.49 0.06 -10.96 19.62 0.10
BD-12 93.87 17.00 1.08 0.06 —4.59 26.18 0.11
BD-11 81.49 11.35 1.60 0.08 —5.26 25.49 0.07
BD-10 26.86 21.94 0.70 0.06 -3.78 27.02 0.09

Upper Doushantuo BD-9 10.17 18.95 1.07 0.06 —2.46 28.37 0.07
BD-8 10.09 13.95 1.11 0.06 -1.53 29.33 0.12
BD-7 117.53 38.77 -3.94 0.14 —10.06 20.54 0.31
BD-6 133.35 37.68 —4.31 0.11 -10.84 19.73 0.38
BD-4 256.84 33.46 -2.88 0.06 —8.50 22.15 0.16

Lower Doushantuo BD-3 255.45 33.85 -3.30 0.05 -9.35 21.27 0.14
BD-2 216.09 32.34 —-3.08 0.05 —8.65 21.99 0.25
BD-1 200.11 30.68 -241 0.06 —7.57 23.11 0.23

Gondwana, which would have enhanced continental denudation ing (Follmi, 1996), which was depended on the atmospheric
and provided continental materials (Reinhard et al., 2017; Wei oxygen, which would be discussed in section 5.2. Furthermore,
et al.,, 2019). The total rates of continental weathering are paral- the 87Sr/85Sr of seawater increased gradually from Neoproterozoic
leled by changes in the rates of biochemical continental weather- to Cambrian (Kaufman et al., 1993; Stammeier et al., 2019), while
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eng just performed the reverse (Hu et al., 2016; Zhu and Jiang,
2017), consistent the worldwide seawater (Wei et al., 2013), which
indicates the increased terrigenous flux. The higher P,0s content of
paleoland surfaces in West Sichuan and Central Yunnan (Yin et al.,
2007a), as well as the higher SiO, and Al,O3 content in the phos-
phorites (Yang et al., 2019), also suggested delivery through
weathering. Hence, post-glacial delivery through weathering and
the corresponding P-rich upwelling would have provided the
sources of P (Pufahl and Groat, 2017).

5.1.3. Potential sources of REY

In charge-and-radius-controlled geochemical systems, such as
in pure melts, Y-Ho, and Zr-Hf pairs with similar charge and radius
display highly coherent behaviors and retain their chondritic ratios
(Bau, 1996). However, in aqueous systems, Y-Ho and Zr-Hf show
non-chondritic characteristics (Bau et al., 1996). Y/Ho in sediment
may result from, (i) the initial information of sources; (ii) Y and Ho
fractionation in seawater; (iii) or transformation after
precipitation.

Studies have shown that diagenetic processes cause Ce to
become enriched and Dyy/Smy to decrease, producing a negative
correlation between Ce/Ce* and Dyy/Smy and a positive correlation
between Ce/Ce* and >_REY (Morad and Felitsyn, 2001; Shields and
Stille, 2001). In our study, none of these correlations was observed
in the main samples (Fig. 8e, f, and 12a—d), except for the Upper
Doushantuo phosphorite, suggesting that diagenetic alteration
caused minimal REY fractionation. Moreover, in situ trace elemen-
tal composition showed that the difference between the Y/Ho
ratios of authigenic phosphate and those of dolomite were insignif-
icant (unpublished data), indicating that phosphogenesis caused
none or only negligible Y/Ho differentiation. In Ediacaran phospho-
rite, the Y/Ho ratios in phosphate fractions (25.50-46.07) resemble
that in carbonate fraction (25.43-49.74) (Xin et al., 2015). Thus, the
Y/Ho alteration between phosphate and dolomite during diagene-
sis were limited.

As for the stronger surface complexation and weaker solution
complexation of Y than Ho in seawater (Byrne and Kim, 1990),
and the higher solubility product of YPOy) relative to HoPOy)
(Byrne and Kim, 1993), Ho was preferentially scavenged relative
to Y on condition that the Fe-Mn-(oxihydro)oxides or organic
ligand were available in seawater (Bau et al., 1995; 1966; 1997).
As discussed in 5.2, the seawater became oxygenated from the
later Doushantuo to the Gezhongwu, and Fe-oxides (Fig. 6f, i) were
found in Upper Doushantuo and Gezhongwu phosphorite. More-

Apatite oxygen isotopes of the Doushantuo and Gezhongwu phosphorites from Central Guizhou.

Stratum Sample No. 5'%0p_smow (%0) 5'80carb-smow (%o) A'®0co,po,(%0) S"REY (ppm) P,05 (Wt.%)
Upper Gezhongwu D26-37 15.7 2491 9.21 487.91 1145
D26-33 149 27.50 12.60 165.77 3.05
D26-30 144 22.67 8.27 247.66 3.84
D26-28 11.1 25.87 14.77 346.90 2.92
D26-25 16.0 23.57 7.57 839.22 18.55
D26-23 16.7 23.04 6.34 215.79 3.53
D26-19 17.0 23.89 6.89 191.52 2.65
Lower Gezhongwu D26-17 18.9 19.51 0.61 276.04 4.71
D26-15 18.0 19.58 1.58 505.20 11.05
D26-13 16.1 19.53 343 683.36 15.50
D26-11 14.6 20.32 5.72 442.37 9.32
D26-7 17.7 18.70 1.00 1073.24 33.20
D26-3 19.5 19.62 0.12 849.08 25.70
D26-2 16.4 - - 358.26 16.60
Upper Doushantuo BD-11 15.0 22.15 10.50 81.49 11.35
BD-10 15.8 21.27 11.23 26.86 21.94
BD-8 17.5 21.99 11.84 10.09 13.95
Lower Doushantuo BD-3 174 23.11 3.78 255.45 33.85
BD-1 17.9 22.15 5.22 200.11 30.68

Note: A®0co,-po, = 6'80401—0'80.
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over, petrographic characteristics (Fig. 6d-f, j-1) suggested that the
microorganisms flourished in the later Doushantuo and the Gez-
hongwu. Generally, Fe-oxides and microorganisms might antici-
pate the fractionation between Y and Ho via preferential
adsorption of Ho, resulting in the initial Y/Ho ratios were magni-
fied. However, in our samples, the biogenic phosphorite of Upper
Doushantuo had lower Y/Ho ratios than abiogenic phosphorite of
Lower Doushantuo (Fig. 13). Excluding the diagenetic alteration
in Y/Ho discussed above, this might because of REY sources with
much lower Y/Ho ratios. Hence, when discussed the sources
according to the Y/Ho ratios should take this factor into account.
Bau (1996) investigated the behaviors of Y, Ho, Zr, and Hf in dif-
ferent systems and summarized the Y/Ho and Zr/Hf ratios in some
geological systems, suggesting that Y/Ho and Zr/Hf can be used to
verify sources. In our Y/Ho—Zr/Hf binary diagram, all the samples
were plotted beyond the end-members (Fig. 13) and the charge-
and-radius-controlled area (Govindaraju, 1994), and all had Y/Ho
ratios that were higher than those of igneous rocks and lower than
those of seawater (Bau, 1996), indicating the mixing of marine
facies deposition accompanied by terrigenous weathering prod-
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ucts. Compared with the reported Y/Ho ratios of Ediacaran carbon-
ate (36.8-49.5), shale 30.7-33.3 (Hu et al., 2016), and phosphate
(25.50-46.07) (Xin et al., 2015) from Yangtze Platform, Doushan-
tuo phosphorite had similar and homogeneous Y/Ho ratios, indi-
cating a relatively stable and mixing source supply. Conversely,
the Gezhongwu phosphorites had variable and lower Y/Ho ratios
(15.95-52.77), indicating variable source input. Moreover, the Y/
Ho ratios decreased from the Ediacaran to the early Cambrian over-
all (Fig. 13), consistent with 4'®0,, indicating the congenetic and
mixed origins of P and REY. The positive correlations between P
and >"REY (Fig. 8a, b) provide further evidence of this. That the
Zr/Hf ratios of all samples were between those of seawater and
granites (Fig. 13) may also illustrate a mixed source, however,
the Zr/Hf ratios were diversified by zircon minerals. The phospho-
rite from the Upper Doushantuo displayed variable Zr/Hf ratios
(4.5-60.0), which were attributed to the input of detrital zircons
during the late Doushantuo, as zircons were found under SEM
(Fig. 6¢).

The Y/Ho ratios of modern Pacific sediments were 24.7-28.7
(Paul et al., 2019), with minor fractionation during REY incorpora-
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Table 6
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The REE concentrations and Mo isotopic compositions of Doushantuo phosphorites and published Mo isotopes of Gezhongwu phosphorites.

Stratum Sample No.  Rock type SREY  Mosample Al MOdetritus Mogr ~ 6%/°°Mo 2o
(ppm)  (ppm) (wt.%)  (ppm) (ppm)  (%o)

Upper Gezhongwu  GZW-02 dolomite / 12.05 0.18 0.02 12.03 2.10 0.06 Data are according to (Liu, 2017)
GZW-03 siliceous phosphorite / 10.05 1.80 0.24 9.81 1.07 0.09
GZW-04 siliceous phosphorite / 40.00 2.52 0.34 39.66 1.49 0.11
GZW-10 siliceous phosphorite / 7.69 0.97 0.13 7.56 2.39 0.10
GZW-11 siliceous phosphorite / 4.15 1.08 0.15 4.00 2.28 0.11
GZW-16 siliceous phosphorite / 3.73 0.86 0.12 3.61 1.98 0.06

Lower Gezhongwu GZW-18 dolomite / 0.55 0.46 0.06 0.49 2.16 0.08
GZW-22 dolomitic phosphorite [ 0.62 0.46 0.06 0.56 245 0.08
GZW-26 phosphorite / 0.76 0.32 0.04 0.72 1.36 0.12
GZW-27 dolomitic phosphorite /[ 1.05 0.12 0.02 1.03 1.57 0.05
GZW-30 phosphorite / 1.11 0.3 0.04 1.07 1.51 0.05
GZW-31 dolomitic phosphorite [ 1.88 0.14 0.02 1.86 1.13 0.09
GZW-34 phosphorite / 0.31 0.16 0.02 0.29 1.36 0.06
GZW-38 dolomitic phosphorite | 0.19 0.17 0.02 0.17 1.29 0.14
GZW-39 dolomitic phosphorite [ 0.51 0.19 0.03 0.48 1.35 0.06
GZW-42 dolomitic phosphorite [ 0.26 0.14 0.02 0.24 2.37 0.08
GZW-43 phosphorite / 0.31 0.16 0.02 0.29 1.80 0.05
GZW-48 dolomitic phosphorite [ 1.49 0.26 0.04 1.45 2.12 0.10

Upper BD-11 dolomitic phosphorite  84.92 0.13 0.12 0.02 0.11 -1.13 0.07 This study

Doushantuo BD-8 dolomitic phosphorite  10.69 0.32 0.06 0.01 0.31 0.35 0.08

BD-6 dolomitic phosphorite  143.00 1.14 0.25 0.05 1.09 0.29 0.06
BD-5 dolomitic phosphorite  73.86 0.08 0.26 0.05 0.03 0.8 0.06

Lower BD-3 siliceous phosphorite 264.7 0.32 0.71 0.13 0.19 1.34 0.04

Doushantuo BD-1 siliceous phosphorite 211.07 0.41 1.09 0.20 0.21 0.70 0.03

Notes: Mogetritat = [(M0/X)upper crust] X Xsample (after Rudnick and Gao, 2003); Mogr = MOsample — MOgetrital-

tion into the phosphate in pore water (Reynard et al., 1999; Paul
et al.,, 2019). The Ediacaran and early Cambrian phosphorite had
higher and more variable Y/Ho ratios, which might be resulted
by multiple source-rocks. The modern phosphorite in Namibian
shelf had decreased Y/Ho ratios from the interiors (>50) to the
exterior (~30) apatitic grains, furthermore, the Y/Ho ratios
decreased with the increasing diagenesis (Lumiste et al., 2019).
Even the decreasing Y/Ho ratios in modern apatitic grains were
proved not suitable for paleoceanographic interpretation
(Lumiste et al., 2019), it must be cautious when use REY to recon-
struct paleoenvironment since the phosphate might be diageneti-
cally influenced (Elderfield and Pagett, 1986; Reynard et al,
1999; Lumiste et al., 2019).

Hydrothermal fluids are considered as important sources of REY
based on their positive Eu anomalies (Yang et al., 1997; Shi, 2005;
Guo et al., 2017). Studies have shown that only under strongly
acidic conditions can REY reach concentrations on the order of
1073 (%o). Furthermore, many magmatic deposits have displayed
pronounced REY migration (Li and Zhou, 2018) or formed rare
earth ores with high economic value, such as the Bayan Obo
carbonate-type REY deposit (Fan et al., 2005). Generally, REY
belong to high field-strength elements, which migrated difficultly
and occurred scarcely at low concentrations in most hydrothermal
systems because REY are lost during boiling (Wood and Shannon,
2002). Research has indicated that Y and Ho may be fractionated
in fluorine-rich hydrothermal fluids (Bau and Dulski, 1995), lead-
ing to extremely high Y/Ho ratios. In our study, samples were plot-
ted far away from the hydrothermal area (Fig. 13), indicating that
the REY contributions from hydrothermal fluids may be ignored.

5.1.4. High REY contents of Zhijin in Cambrian

As an attractive potential phosphorite-type REY deposit, the
REY of Zhijin Cambrian phosphorite, South China, attract lot of
research attention even though it is not mined with today’s tech-
nology. According to the results shown in Fig. 13, it can be con-
cluded that higher Y/Ho ratios might indicate a seawater source,
while lower Y/Ho values likely imply terrestrial detrital input. In
our samples, the negative correlation between Y/Ho and > REY

(Fig. 8c, d), especially in Cambrian phosphorite, suggests that ter-
rigenous weathering contributed the major REY rather than the
terrigenous weathering materials. In previous studies, it was
reported that the Proterozoic igneous rocks of South China had
similar Y/Ho values to those of the Gezhongwu phosphorites,
including the magmatites of the Xixiang Group (~1013 = 16 Ma)
from Shanxi Province (Y/Ho = 27.37-29.23, mean: 28.20) (Gao
et al, 1996) and the magmatites of the Xionger Group
(1840 + 14 Ma) from Henan Province (Y/Ho = 25-27.27, mean:
26.13) (Gao et al.,, 1996). These might be the potential sources
for the high REY in the early Cambrian ocean, providing a possible
explanation for Zhijin phosphorites becoming enriched in REY with
increased continental weathering rates and subsequent contribu-
tion to shallow waters.

The observed variation in 6'3C,y, from the Ediacaran to the
Cambrian was consistent with previously reported data and global
marine carbonates from the Late Proterozoic, remaining near —2%o
to —4%o during the Varanger Glaciation and then increasing to 4%o
to 5%o, remaining at 2%. until the Cambrian (Kaufman and Knoll,
1995). However, 5'3Ce.p, from different sections showed spatial
variations across the shelf-basin transects in the South China
(Guo et al., 2007; Jiang et al., 2007, 2011; Ader et al., 2009). Which
might result from the burial diagenesis (Knauth and Kennedy,
2009; Derry, 2010) or absence of precise radiometric age data
(Derry, 2010). Even lack a reasonable explanation for the variation
mechanism, §'3C.r, remains critical to establish the globally time-
equivalent and record the isotopic signature (Jiang et al., 2011).
Research has shown that, when microorganisms die under anoxic
conditions, increased organic carbon burial scavenges 2C from
seawater, causing a relative enrichment of '3C. Conversely, under
oxic conditions, OM is degraded, leading to '2C enrichment in sea-
water, which is recorded in carbonates (Canfield et al., 2007). The
positive 5'2C.app excursion in the lower part of the Upper Doushan-
tuo (Fig. 7) may be related to enhanced biological productivity
(Delaney, 1989), which is consistent with the abundance of micro-
fossils. Meanwhile, in the §'3C—6'80 binary diagram, the §'3C was
plotted with marine carbonates and showed little inclination
toward sedimentary OM (Fig. 14), indicating that marine carbonate
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precipitation was contributed by seawater but not by the organic
carbon or igneous carbonates.

Furthermore, the 6'3Cearp might provide source evidence of high
STREY in Zhijin Cambrian phosphorite. The §'3C,; will exhibit
coordinated variation with 613Corg, regardless of the fractionation
mechanism, and was widespread in the late Proterozoic carbonates
(Kaufman and Knoll, 1995). However, there were two negative
excursions of 513C0rg and 6"3C,p plotted along the boundary of
the Doushantuo and Dengying formations and the PC/C boundary
(Lambert et al., 1987; Yang et al, 1999; Wang, 2010), which
resulted in the existence of dissolved organic carbon (DOC)
enriched in '2C in the deepsea (Fike et al., 2006; Jiang et al.,
2007; Wang, 2010). Moreover, the presence of '>C-depleted
deep-water carbonates and the strong surface-to-deep ocean §'3-
Cecarb gradient in the Ediacaran ocean (Jiang et al., 2007) indicate
the existence of DOC. Along with glacial melting, deep seawater
rich in '2C was upwelled to the shallow sea (Kaufman and Knoll,
1995; Mi, 2010). Hence, the positive correlations between Y REY
and 6'3C.,yp, in the Gezhongwu carbonate (Fig. 10b) and nearly
every REY enrichment responded to the positive 513C.app €Xcursion
(Fig. 7), indicating that the deep seawater brought few REY. Con-
versely, terrigenous weathering might have served as the primary
source of REY in Zhijin Cambrian ocean.

Even though abundantly provided by terrigenous weathering
materials, the high REY content of Zhijin Cambrian phosphorite
might controlled by other factors. Ilyin (1998) studied the world
Vendian-Early Cambrian phosphorite and suggested that pelletal
phosphorites with higher surfacer/mass ratios had higher REE
content than that of structureless phosphorites with lower sur-
facer/mass ratio. Granular or pelletal phosphorites are believed
to have been underwent diagenetic process (Riggs, 1979), hence,
granules contacted with seawater for a long period, promoting
diagenetic enrichment in REE (Ilyin, 1998). Zhang et al. (2003)
studied the Zhijin phosphorite and proposed that the biologi-
cal-chemical sediment control the absorption of REY into phos-
phate based on plenty of biodetritus and high REY content.

Geoscience Frontiers 12 (2021) 101187

Furthermore, the sedimentary facies control the REY content in
phosphorite, it was hard for P and REY to be formed in the
upper slope facies and upper slope facies, while the shallow
water ramp facies were benefitial for high REE bearing phospho-
rous deposits (Chen et al., 2013). All these factors were benefitial
for Zhijin phosphorite, the coefficient of these factors, combined
with the abundant sources, resulting the REE-rich phosphorite in
Zhijing during Cambrian.

5.2. Redox conditions

The geochemical properties of Ce are the same as those of other
lanthanides in anoxic seawater. While in oxic marine environ-
ments, soluble Ce>* is oxidized into insoluble Ce** and suspended
in the water as CeO,, fractionating with other lanthanides and
resulting in strongly negative Ce anomalies in coeval sediments
(Holser, 1997; Pourret et al., 2008). McArthur and Walsh (1984)
suggested that negative Ce anomalies in seawater could be inher-
ited by francolites formed under oxic seawater conditions. Gener-
ally, Ceanom values less than -0.1 reflect oxic conditions, and values
greater than -0.1 reflect anoxic conditions (Haskin et al., 1968).
The Ceanom Of phosphorites from the Lower Doushantuo and
interbedded dolomite were greater than —0.1, whereas the phos-
phorites of the Upper Doushantuo, Dengying dolomites, Lower
Gezhongwu phosphorites, and Upper Gezhongwu phosphorites
all had Ce,nom values less than —0.1, which means that the seawa-
ter transformed to oxic in the late Doushantuo until the Gez-
hongwu Formation was deposited. There being no correlations
between Ce/Ce* and Y REY (Fig. 8e, f), and Ce/Ce* and Dyy/Smy
(Fig. 12a, b) suggest that diagenetic alteration minimally affected
the Ce anomaly and that the Ce anomaly recorded the primary
environment during phosphorite formation. Therefore, Ce anoma-
lies can reflect the original redox conditions of phosphate forma-
tion in the studied sediments. These results were consistent with
previous studies (Wu et al., 1999, 2006; Xie et al., 2003; Shi
et al., 2004; Zhang et al., 2004; Yang et al., 2019).
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Fig. 14. Binary diagram of 6'>Cyppg and 6'®0syow for carbonates from the Ediacaran Doushantuo and Cambrian Gezhongwu formations of Central Guizhou. The base map is
from Liu and Liu (1997). Abbreviations: MC, marine carbonate; Dec, decarbonation; Dis Carb, carbonate dissolution; Decbx, decarboxylation; Oxid Org, organic matter
oxidation; Sedim Org, sedimentary organic matter; Gran, granite, ICMX, igneous carbonate and mantle xenoliths; BUR, basic/ultrabasic rock; CF, crystal differentiation.
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Studies have suggested that Mo isotopic fractionation mainly
depends on the redox conditions, while it does not respond overtly
to pH, temperature, or biological activity. As with the petrographic
characteristics described above, the Lower Doushantuo phospho-
rite contained many pyrites (Fig. 6b), and the Ce,,om Was greater
than -0.1 (Supplementary data, Table S2), indicating anoxic condi-
tions. The content of SO, and TFe,03 for Lower Doushantuo were
higher than that of Upper Doushantuo, even as high as 3.47% and
3.41%, respectively, implying anoxic and sulfidic condition during
Lower Doushantuo formed. Under these conditions, MoO3~ reacts
with H,S and generates thiomolybdate, causing Mo isotopic frac-
tionation characterized by the isotopically lighter products and
heavier reactants (Erickson and Helz, 2000; Tossell, 2005; Ndgler
et al,, 2011). Once the thiomolybdate precipitated immediately in
the seawater, Mo isotopic fractionation was restricted and the
Mo isotopes of seawater were recorded by these sediments
(Ndgler et al., 2011; Noordmann et al., 2015). Considering the rapid
sedimentation rate of Mo under anoxic and sulfurized condition
(Fan et al., 2007), the 5°%/°°Mo of the Lower Doushantuo could rep-
resent the value of contemporaneous seawater. Furthermore, stud-
ies have shown that scarcely any sediments have 5°%/°°Mo values
higher than contemporaneous seawater (Anbar, 2004; Anbar and
Rouxel, 2007), therefore, the §°/°*Mo of sediments is regarded as
the prescribed minimum of seawater (Barling et al., 2001; Siebert
et al,, 2003; Wille et al., 2008; Wen et al.,, 2010, 2011). Lower
Doushantuo phosphorites had heaviest 5°%/°°Mo values 1.34%,
suggesting that the heaviest §°®/°Mo of Ediacaran ocean had ever
reached values at least 1.34%o, which is heavier than the reported
5%/%°Mo in the Proterozoic ocean (—0.12%c to 1.20%.) (Arnold
et al., 2004). These findings reflect that the seawater in Central
Guizhou tended to be oxygenated since the early Doushantuo, Late
Neoproterozoic.

In the Upper Doushantuo phosphorite, the 5°%/°*Mo decreased
gradually and even had a negative §°%/°*Mo (—1.13%.) excursion
at the top of the Doushantuo Formation. The highly negative Ce
anomalies (Supplementary data, Table S2) and plenty of microor-
ganism fossils (Fig. 6d—f) in the Upper Doushantuo indicate oxic
conditions. Under these conditions, MoO3~ was soluble, while iso-
topically lighter Mo was scavenged by Mo(OH)e, resulting in iso-
topically heavier seawater (You et al., 1986; Erickson and Helz,
2000). Even though the phosphorites have the potential to record
the Mo isotopes of paleo-oceans, the influence of Fe- and Mn-
oxides and diagenetic reformation might change the Mo isotopic
composition (Wen et al., 2011). Since the Upper Doushantuo phos-
phorite contained many Fe-oxides and metasomatic forms (Fig. Ge,
f), we speculated that the lighter §°¢/°>Mo in the Upper Doushan-
tuo might result from the isotopically lighter Mo adsorption by
Fe-oxides or diagenesis. Another reason might be the lighter Mo
input along with upwelling or weathering (Siebert et al., 2003).

All Gezhongwu phosphorites have heavier Mo isotopic values
than those of Doushantuo phosphorite, and the §°%/°>Mo of Gez-
hongwu phosphorite is close to that of modern seawater (~2.34%o
+ 0.10%0) (Barling et al., 2001; Siebert et al., 2003), which demon-
strates that the Cambrian seawater was completely oxic in Central
Guizhou. The multiple isotopic variations in Lower Gezhongwu
phosphorites might have been caused by turbulent seawater or
the different proportions of Mo sources. The Lower Gezhongwu
phosphorite had lighter Mo isotopes than those of Upper Gez-
hongwu phosphorite, resulting from the isotopically lighter Mo
adsorption by Fe-oxides in the Lower Gezhongwu (Wen et al.,
2011; Liu, 2017). Furthermore, as anoxic and sulfidic conditions
benefit Mo precipitation more than oxic conditions, the higher
Mo content of the Upper Gezhongwu (3.73-40.00 ppm) than Lower
Gezhongwu (0.19-1.49 ppm) indicated that the seawater in the
Lower Gezhongwu was relatively more oxic than that of the Upper
Gezhongwu (Liu, 2017). These characteristics are consistent with
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petrographic characteristics, confirming a more stable and deeper
seawater in the Upper Gezhongwu than that in the Lower
Gezhongwu.

The redox conditions recorded by Ce anomalies and Mo isotopic
compositions were consistent with the Neoproterozoic Oxygena-
tion Event (Och and Shields-Zhou, 2012; Pufahl and Hiatt, 2012),
during which oxygen levels have increased substantially. It is
doubtless that atmospheric oxygen played an important role in
seawater redox evolution during the Ediacaran-Cambrian transi-
tion (Fan et al.,, 2014, 2016; Han and Fan, 2015). Studies implied
that atmospheric O in the Late Ediacaran was estimated as 8% to
40% of the present atmospheric level (Canfield et al., 2007;
Butterfield, 2009), whereas Cambrian had higher atmospheric O
than that of Proterozoic (Knoll and Carroll, 1999; Berner et al.,
2003) and the early Cambrian oceans had oxygen levels close to
those of the modern ocean (Li et al., 2010; Guilbaud et al., 2018).
Rising oxygen levels are thought to have led to the extend oxy-
genation of seawater (Berner, 2006; Och and Shields-Zhou, 2012;
He et al,, 2019). However, it is difficult to determine the atmo-
spheric oxygen increase mechanism during this period. Wide-
spread orogeny enhanced continental denudation, hence,
plentiful nutrient export to continental marginal seawater
(Reinhard et al., 2017), enhancing the primary productivity (Wei
et al,, 2019). As a result, the burial of pyrite and organic carbon
during Ediacaran-early Cambrian oceans released large amounts
of O, to the ocean and atmosphere (He et al, 2019; Li et al,
2020), as well as the P scavenging and N-fixation (Reinhard et al.,
2017). Hence, the positive feedback between oxygen levels in
atmosphere and primary productivity caused progressive oxygena-
tion of earth’s ocean-atmosphere system. The oxygenation of sea-
water extended from the surface to the bottom in the Ediacaran
ocean (Goldberg et al., 2007; Fan et al., 2014, 2016), resulting in
oxic conditions by the end of the Ediacaran and continuously
extended oxygenation in the Cambrian in Central Guizhou.

The role of oxygen in the origins of animals has been heavily
debated (Canfield et al., 2007; Lyons et al., 2014; Zhang et al.,
2014; Fox, 2016). The oxygenation of the Ediacaran ocean facili-
tated the diversification of eukaryotic life (Awramik et al., 1985;
Knoll, 2000; Fan et al., 2016), as the same for “Cambrian explosion”
(Cai et al., 2019; Knoll and Carroll, 1999; Zhang et al., 2014). Previ-
ous studies suggested that the Ediacaran fossils were divided into
algal microorganisms (Xiao and Knoll, 1999, 2000; Zhou et al.,
2007), animal embryos (Cunningham et al., 2017; Xiao et al,,
1998; Yin et al, 2007b), and their larval and adult forms
(Cunningham et al,, 2017), belonging to simple animals. While
there were abundant diverse shelly fossils in the basal Cambrian
(Cai et al., 2019; Zhuravlev and Wood, 2018), and the “Cambrian
explosion” produced more complex kinds of animal common
today, such as arthropods and chordates (Butterfield, 2009; Fox,
2016). Recent research suggested the evolution between Ediacaran
and Cambrian animals was continuous (Cai et al., 2019). Fox (2016)
believed the complex types in Cambrian need more oxygen than
these of Ediacaran, hence, oxygen might be one of key triggers
for the evolutionary explosion (Knoll and Carroll, 1999; Marshall,
2006). However, besides the oxygen content in the biogeology sys-
term, global and regional temperature dynamics, food provided to
early animals, and other environment changes were also important
for animal evolution (Zhang et al., 2014; Sperling and Stockey,
2018; He et al., 2019).

5.3. Formation mechanism

The formation of marine sedimentary phosphorite were closely
related to redox conditions (Heggie et al., 1990; Pufahl and Grimm,
2003; Pufahl and Groat, 2017). Since the anoxic seawater in the
early Doushantuo prevented infaunal colonization, abiological
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and bedded phosphate lithofacies developed (Pufahl and Groat, underwent the consolidation and phosphatization after precipita-
2017) under strong mechanical power (Zhang et al., 2019), which tion and was less broken, forming blocky phosphate (Fig. 6c).
was supported by the petrographic characteristics (Fig. 5a, i and Another took place via rework process under strong mechanical
6a-c). Abiological phosphorites formed through two ways. One power. Plenty of transgressions occurred after the Marinoan glacia-
took place only under steady hydrodynamics, P-bearing sediments tion in Central Guizhou, providing both origins of P and mechanical
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power. Under these turbulent waters, the previously precipitated
phosphate was separated and rounded under the strong mechani-
cal power of seawater (Follmi, 1996; Zhang et al., 2016). The glob-
ular intraclasts (Fig. 6a, g-h), similar to the “coated grains” (Pufahl
and Grimm, 2003), are thought to form via multiple episodes of
phosphogenesis and reworking of existing phosphatic sediments
(Pufahl and Grimm, 2003; Zhang et al., 2019). Furthermore, the
horizontal bedding (Fig. 5i), high psephicity (Fig. 6a, g) and
reworked structures (Fig. 6e, h) supported the reworked process
under conditions with high-energy condition (Liu et al., 1987;
Zhang et al., 2019) resulted by storm-wave winnowing and subse-
quent rounding (Soudry, 1992; Zhang et al., 2019).

During the late Doushantuo and Gezhongwu times, seawater
was oxygenated and plenty of microorganisms flourished (Fig. 6-
d-f, j-1), biogenetic and reworked phosphorite formed (Fig. 5e, f,
h, j). The transition of redox conditions could not be the direct rea-
son for the phosphogenic event but can be responsible for the
genetic mechanism transition of phosphorite (Yang et al., 2019).
Phosphatized microfossils indicated that microorganism partici-
pated the phosphgenesis. Well-preserved algal microorganisms
(Fig. 6d, f) and animal embryos (Fig. 6e) indicated the phosphatisa-
tion and compression occurred after the buried of microorganisms
(She et al, 2013; Muscente et al., 2015; Yang et al., 2019).
Doushantuo algal- and embryo-like fossils (Fig. 6d-f) and the Gez-
hongwu shelly fossils (Fig. 6j-1) record the accretionary growth of
microorganisms in a certain extent (She et al., 2013; Yang et al,,
2019). Partially broken algal microfossils indicated that algal
microorganisms may have been degraded prior to final burial
(Muscente et al., 2015). During the process, bacterial participate
in the degradation of microorganisms (Arning et al., 2009; She
et al., 2013), resulting in the P release into pore wate (Yang et al.,
2019). Indeed, partial phosphatized fossils are reworked and
secondarily-concentrated bioclasts prior to final burial (Xiao and
Knoll, 1999; Muscente et al., 2015). The microorganisms in the
Gezhongwu Formation were better preserved than those of the
Doushantuo, indicating a calmer depositional environment or fas-
ter precipitate rate during Cambrian.

5.4. Phosphogenic model

According to the origins of ore-forming materials, redox condi-
tions, and formation mechanisms analyzed above, we developed a
phosphogenic model that explains how these two phosphorite
deposits were formed within only a few myrs (Fig. 15) around
the PC/C boundary. In the ocean, P is removed predominantly by
organisms (Froelich et al., 1988; Yuan et al., 2019), partially via
the sorption to Fe-(oxy)hydroxides (Berner, 1973) and authigenic
mineral formation (Ruttenberg and Berner, 1993). In early
Doushantuo, the thawing of the Marinoan glaciers caused trans-
gressions, bringing abundant P through the adsorption of iron
hydroxides (FeOOH) (Shaffer, 1986) into the shallow sea area
(Fig. 15-II). During this time, the seawater was stratified by oxic
surface waters and anoxic bottom waters in Weng’an, which
enabled phosphate precipitation via the Fe-redox pump
(Cappellen and Berner, 1988; Jiang et al., 2011; Pufahl and Hiatt,
2012). When the FeOOH-PO3 ™~ ionic group entered the anoxic sed-
iment-water interface, Fe>* was reduced to Fe**, and PO;~ was
released into the sediments (Cappellen and Berner, 1988; Jiang
et al., 2011; Pufahl and Hiatt, 2012). Subsequently, phosphorite
was formed through the reworking of previous phosphatic sedi-
ments by mechanical power; a detailed description was given by
Yang et al. (2019).

In the late Ediacaran, the seawater was gradually oxygenated,
and microorganisms began to flourish, resulting in many algae
and animal embryo fossils (Fig. 15-1I). Both weathering and deep
seawater contributed P and REY in varying proportions, and P
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was immediately metabolized once microbial mats existed in the
water. The microorganism absorbed P and other matters for
growth. During nutriment (P)-depleted stages, microorganisms
died and precipitated into water-sediment interface. After
phosphate precipitation, partial algal microorganisms were
degraded by bacteria, and P was released into porewater. Mean-
while, buried P was redistributed among organic and inorganic P
phases during post-depositional and diagenetic processes, ulti-
mately forming the phosphatic fossils (Fig. 6d-f) and amorphous
apatite (Fig. 6e). In Dengying times, dolomite was formed due
to the decreased transgression and P/REY source limitation
(Fig. 15-I1I).

Along with the extension of oxygenation from the surface sea-
water to the bottom, the conditions in the Cambrian remained oxic
and many small shelly organisms evolved in Zhijin (Fig. 15-1V). The
small shelly organisms adsorbed P and REY for growth in seawater,
resulting in the rapid exchange of oxygen between PO3~ and H,0
during biological reactions, which are generally complete within
a few days to weeks (Stout et al., 2014). The dissolved inorganic
P released by metabolism, irrespective of the source, could precip-
itate into sediments, and microorganisms could be buried rapidly
after death, undergoing limited degradation. Phosphatization
occurred in sediments, forming phosphatic fossils via the resem-
bling process in the early Doushantuo. The enzyme-catalyzed
hydrolysis of organic debris and subsequent release of P has been
found to be an important pathway for authigenic P minerals
(Ruttenberg and Berner, 1993).

6. Conclusions

Phosphogenesis from the Ediacaran to early Cambrian was clo-
sely related or even continuous in sources, redox evolution, animal
evolution, and formation mechanism of phosphorite.

After the Marinoan glaciation, post-glacial weathering deliv-
ery and corresponding P-rich upwelling would have provided
the sources of P and REY into South China. The decreased
6'80,, Y/Ho, and Zr/Hf overall from the Ediacaran to early Cam-
brian indicated increased weathering delivery in the Cambrian
than in the Neoproterozoic, while seawater delivery concomi-
tantly declined. Furthermore, increased terrigenous weathering
delivery responding to a series of geodynamic changes signifi-
cantly elevated marine REY concentrations in the Cambrian in
Zhijin.

The positive feedback between oxygen levels in atmosphere
and primary productivity caused progressive oxygenation in
ocean-atmosphere system, which played an important role in sea-
water redox evolution during the Ediacaran-early Cambrian transi-
tion. The result was that the seawater transformed from anoxic to
oxic in the late Doushantuo and was entirely oxic during the Cam-
brian in Central Guizhou. The redox evolution might trigger the
animal evolutionary from simple Ediacaran-type to complex Cam-
brian explosion and enabled phosphorites to be formed by differ-
ent mechanisms.

Based on the origins, redox conditions, and formation mech-
anisms, a phosphogenic model of Ediacaran to early Cambrian
phosphorite formation was established. Wherein the Lower
Doushantuo phosphorites formed via the reworking of preexist-
ing phosphatic sediments under strong mechanical power of
seawater, while Upper Doushantuo and Gezhongwu phospho-
rites formed via microbial metabolism and burial alteration.
Although further validation is needed, this model may proved
useful when confirming the specific origins by more evidence
and examining the effects of early Earth redox transformations
on seawater and sedimentary chemistry, as well as biological
evolution.
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