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ABSTRACT

The Weng’an and Kaiyang phosphorite deposits are located in Central Guizhou, southwestern China, and formed
within the Sinian (Ediacaran) Doushantuo Formation. A systematic investigation of the geology, mineralogy, and
geochemistry of these phosphorites was conducted to constrain the redox environment, origin, and genetic
mechanisms of Ediacaran phosphorite. In the lower ore layer (layer A), the phosphate minerals are mainly
globular phosphate intraclasts, which are characterized by special sedimentary and reworking textures, in-
cluding microgranular sedimentary, isopachous cement, shrinkage crack, and spongy texture. The phosphate
minerals from the upper layer (layer B) have microbial phosphate components, namely embryo- and algae-like
microfossils. These phosphatic microfossils have biological structures, and both consist of interior structure and
isopachous wall. The P,O5 concentration of phosphorites in layer A reach 32.31%, somewhat higher than that in
layer B (28.7%), whereas the P content in globular phosphate intraclasts (40.05%) resemble that of the microbial
phosphate component (41.19%). Rocks from layer A have “left-inclining” post-Archean Australian shale
(PAAS)-normalized rare earth element (REE) distributions, with higher Ce anomalies (Ce,nom) ranging from
-0.12 to -0.01 (average -0.07). In contrast, rocks from layer B have “hat-shaped” PAAS-normalized REE dis-
tributions, with lower Ce,pom ranging from —0.32 to —0.23 (average —0.28). These geochemical characteristics
suggest that hydrothermal fluids mixed with normal seawater might have contributed to metallogenesis, and the
redox environment transitioned from anoxic to oxic from layer A to B. We conclude that the lower Doushantuo
globular intraclasts formed by the mechanical reworking of previous phosphatic sediments, which were domi-
nated by the strong mechanical power of seawater. The upper Doushantuo microbial phosphorite, on the other
hand, formed by microbially mediated accretionary growth.

1. Introduction

during the Ediacaran in southwestern China, including Central Guizhou
(Fig. 1a), West Hunan (Fig. 1b), East Shanfeng (Fig. 1c), and West

The Doushantuo Formation, belonging to the Ediacaran that oc-
curred around the Precambrian/Cambrian boundary (~541 Ma), was
underlain by tillite of the Nantuo Formation and overlain by carbonates
of the Dengying Formation. The Doushantuo carbonate-black shale—-
phosphorite sequence is widespread throughout southwestern China
(Jiang et al., 2011), and represents the most important known phos-
phogenic event in geological history (Dong Ye, 2001). The marine se-
dimentary phosphorite in China mainly formed during the Ediacar-
an-Early Cambrian, accounting for more than 80% of the phosphorite
resources in China (Dong Ye, 2001) and containing abundant mid-
dle-large phosphorite deposits. Four phosphorus-rich areas formed
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Hubei (Fig. 1d). In Central Guizhou, the phosphorite deposits are
mainly located in Weng’an and Kaiyang.

The phosphate granules, previously regarded as collophane (Ye
et al.,, 1986), are widely distributed in Southwest China within the
Doushantuo Formation. Previous studies have suggested that the
phosphate granules were related to the presence of microfossils, and the
putative microfossils have since been reinterpreted as algae (Xue et al.,
1995; Xiao et al.,, 1998; Mi et al., 2010; Igisu et al., 2014), animal
embryos (Xiao et al., 1998; Yin et al., 2007a, 2007b; Igisu et al., 2014),
acritarchs (Zhou et al., 2007; Muscente et al., 2015) and non-metazoan
holozoans (Therese et al., 2012). She et al. (2013) studied the lower
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Fig. 1. Ediacaran lithofacies map of southwestern China and distributions of
phosphorites (modified from Dong Ye (1996)).

layer of the phosphorites in the city of Yichang (Fig. 1d) using micro-
analytical techniques and suggested that the apatite formed via bio-
genic accretion and precipitation. Muscente et al. (2015) compared the
fossils preserved in phosphorites and silicolites in stratigraphic suc-
cession, paleogeographic distribution, preservation, and biodiversity,
and suggested that the fossils preserved within the phosphorites ex-
perienced phosphatization from pore water influx.

However, several abiogenic phosphate granules have also been re-
ported from the Doushantuo phosphorite deposits (Ye, 1989; Follmi,
1996; Pufahl and Grimm, 2003; Chen et al., 2015). Observations made
with transmitted light microscopy revealed that the phosphate granules
of the lower layer were oval, with bright fibroid cements (Ye, 1989;
Chen et al., 2015), and the cement was determined to be apatitic (She
et al., 2013). At present, several models have been proposed to explain
the formation of the phosphorites, including reworking of previous
phosphate deposits (Follmi, 1996; Ilyin, 1998; Vernhet et al., 2007; She
et al., 2013), in situ diagenetic mineralization driven by changes in pore
water redox potential (Frohlich et al., 1983; Pufahl and Grimm, 2003;
Muscente et al., 2015), and abiogenic accretion (Zhao, 1989). These
views provide insight into the genetic mechanisms of Doushantuo
phosphorite formation, but the genetic relationship between the bio-
genic and abiogenic phosphorites remains unclear. In part, this problem
is likely due to the paucity of data on phosphorite mineralogy, and few
studies have determined the specific micro-textures of the phosphate
granules.

Previous geochemical studies of the Doushantuo phosphorite de-
posits in South China have suggested that they formed under anoxic
conditions. Nathan and Nielsen (1980) and Benmore (1983) suggested
that SO,%~ isomorphically substituted PO,>" in carbonate—fluorapatite.
Sulfur in marine sediments mainly originated from the reduction of
sulfate in seawater. During sulfate reduction, the sulfur isotopic com-
position of sulfide and phosphorite depends on isotope fractionation
(Strauss, 1999). The 32S—0 bonds are broken more easily than %450
bonds are, and 32S preferentially entered into S—S bonds (Harrison and
Thode, 1958). Thus, under restricted sulfur concentrations, along with
the process of sulfate reduction, more 3*S combined as S—S bonds along
with the decreased 328, resulting to high §**S in $*~ and higher §3'S in
S0,2 (Strauss, 1999). Research has shown that 8°*S in apatite in the
Doushantuo Formation ranged from +34.2 to +42.4%o0 (Chu et al.,
1995; Shi, 2005), which was higher than the 8%4S of contemporary
seawater (+30%o) (Chu et al., 1995). Moreover, the 84S of the pyrite
within the formation ranged from +15.4 to 4+19.8%o (Shi, 2005). The
83S in both pyrite and apatite indicated that the phosphorites formed
under anoxic sedimentary environments. Additional evidence includes
organic matter in Weng’an phosphorites (Yin et al., 1999), the Ce
anomaly (Ceupnom = 0.097-0.045), and the 86U values (1.68-1.96) of
Kaiyang phosphorite deposits (Deng et al., 2015). Nevertheless, a dif-
ferent viewpoint suggesting that the redox conditions transitioned from
anoxic to oxic (Chen et al., 2003; Xie et al., 2003; Wu et al., 2006) has
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also been put forth. Wu et al. (2006) found that the concentrations of
redox sensitive elements (RSEs), including Mo, U, and V, in the layer A
of Weng’an phosphorite were higher than those in the layer B, and
concluded that the redox conditions transitioned from anoxic to oxic.
This finding is consistent with the fact that analyses of the Ce,,om re-
vealed a change from -0.065-(-0.077) to —-0.26—(-0.291) (Chen et al.,
2003; Xie et al., 2003).

At present, there is no consensus on the origin of the metallogenic
materials in the Doushantuo phosphorite deposits in southwestern
China. There are four popular viewpoints: hydrothermal fluids (Yang
et al., 1997; Guo et al., 2003; Shi, 2005; Yin et al., 2007a, 2007b),
weathering of terrigenous rocks (Wang and Zhu, 1984; Wu et al., 1984;
Yin et al., 2007a, 2007b), P-rich upwelling (Liu and Cao, 1987; Jiang
et al., 2007), and Nantuo tillite (Wu et al., 1984; Yin et al., 2007a,
2007b). The evidence provided for hydrothermal fluids includes the
following: (1) The enrichment of phosphorite in Weng’an with respect
to SiO,, Pb, Zn, Hg, As, and Ba, (Yang et al., 1997; Guo et al., 2003),
which is consistent with the characteristics of hydrothermal sediments.
(2) The tubular and alveolate eruption throats discovered in the
Weng’an phosphorite mining area (Guo et al., 2003) and volcanic tuff in
western Hunan (Yang et al., 1997), which provide direct evidence of
hydrothermal activities during the deposition of the Doushantuo For-
mation. (3) The P,Os content of the volcanic tuffs in the Banxi Group
was 0.27%-0.65% in Weng’an, 1.5-3.6 times higher than that of the
normal sediments (0.18%) (Yin et al., 2007a, 2007b). (4) The light rare
earth element (LREE) / heavy rare earth element (HREE) ratio of
Weng’an phosphorites ranged from 1.03 to 1.43, similar to those valves
for the tuff (1.03) in the adjacent region in western Hunan (Guo et al.,
2003). (5) The %7Sr/%6Sr values of Doushantuo phosphorites were
~0.71 (Shi, 2005). These data suggest that volcanos erupted on the
seafloor and brought fluids from the deep crust or mantle into the
metallogenic region. The P,Os contents of the West Sichuan and Central
Yunnan old land surfaces were 1.4 times higher than that of the crust
(Yin et al., 2007a, 2007b), indicating the weathering of terrigenous
rocks as possible sources, which were then transported into the Yangtze
area (Wang and Zhu, 1984; Wu et al., 1984). Additionally, Liu (1987)
studied storm activities in early Cambrian oceans, and suggested that P-
rich upwelling provided the main source of the phosphorites with the
upwelling bringing '2C-rich deeper seawater into shallow areas, re-
sulting in the observed negative 8'3Cear, (—1.76%) in Doushantuo
carbonates, consistent with the results of Jiang et al. (2007) and Mi
et al. (2010). Nantuo tillite is regarded as a potential source as the P,Og
of the tillite (0.09-0.21%) (Yin et al., 2007a, 2007b) is much higher
than that of modern seawater (0.071 x 10™%) (Wu et al., 1984).

Previous studies have conflicted in their assessment of the redox
conditions, sources of metallogenic materials, and formation mechan-
isms of the phosphorite deposits in southwestern China. However, there
are few reports on the micro-textures of the phosphorites in Central
Guizhou. In this study, the Weng’an and Kaiyang phosphorite deposits
in Guizhou were used as case studies, and both the apatite micro-tex-
tures and geochemical characteristics of the phosphorites were ascer-
tained based on scanning electron microscopy (SEM), electron mi-
croprobe analysis (EMPA), and elemental geochemistry. The aim of this
study is to reveal the redox conditions, the origin of the metallogenic
materials, and the formation processes of the phosphorite deposits of
the Ediacaran in Central Guizhou. The phosphorites from the upper and
lower layers were subsequently compared by mineral features and
geochemical characteristics to reveal the metallogenic mechanisms.

2. Geological setting

Central Guizhou is located in the interior of South China and in the
west of Jiangnan Orogenic Belt (Fig. 2a). South China underwent
multiple tectonic activities after Jinningian tectonics (900-820 Ma),
during which time the ancient South China Plate formed due to the
amalgamation of the Yangtze and the Cathaysia Blocks. Jinningian
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Fig. 2. a: Geological map of South China; b: Lithofacies paleogeographic map of Central Guizhou during the deposition of the Ediacaran Doushantuo Formation

(modified from Ye et al. (1986)).
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tectonics caused the Jiangnan Orogenic Belt (Shu, 2012; Zhang et al.,
2013). Thereafter, the ancient South China Plate rapidly underwent
rifting and glaciation (Zhou and Wang, 2009; Shu, 2012). Along with
the fragmentation of the supercontinent of Rodinia in the early Neo-
proterozoic, the Yangtze Block and Cathaysia Block began to break up,
leading to Cryogenian rift systems (Wang and Li, 2003; Wang et al.,
2006). Under these conditions, a series of graben-horst sub-basins
progressively developed along the southeastern margin of the Yangtze
Block (Jiang et al., 2003; Wang and Li, 2003; Zhang et al., 2013). The
graben-horst sub-basins developed into small ocean basins (Liu et al.,
1993), and the Jiangnan Orogenic Belt persisted as a series of sub-
marine highlands during the Ediacaran Period (Dong Ye, 1996), with

the seawater deepening from the northwest toward the southeast (Xue
et al.,, 1995; Dong Ye, 1996). The western Hubei-Central Guizhou
geotectogene was located within graben-horst sub-basins along the
northwest side of the Jiangnan Orogenic Belt (Dong Ye, 1996, 2001),
and was distributed across four P-rich areas distributing four P-rich
areas (Fig. 1). The Qianzhong Uplift (Fig. 2b), which occurred within
the interior of the western Hubei-Central Guizhou geotectogene, in-
itially arose as a submarine rift zone during the Cryogenian, and was
uplifted above sea level during the Ediacaran (He et al., 2005). Weng’an
and Kaiyang phosphorite deposits are located along the northern
margin of the Qianzhong Uplift of the Yangtze Block (Fig. 2b), be-
longing to a shallow marine platform environment (Ye et al., 1986;
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Zhou, 1998) with moderate seawater depths.

The paleogeography of the Doushantuo controlled the formation
and distribution of Weng’an and Kaiyang phosphorites. After the
Marinoan glaciation, transgressions took place in Central Guizhou.
Under the condition of transgressions, the Doushantuo phosphogenic
event experienced three stages (Wang et al., 2016; Zhang et al., 2016).
In the earlier depositional stage of the Doushantuo Formation, seawater
coverage expanded due to frequent transgressions, and Weng’an and
Kaiyang became tidal flats, with phosphate sedimentation. In the
middle depositional stage of the Doushantuo Formation, Kaiyang was
aerially exposed as regressions occurred, while Weng’an became a su-
pratidal flat, forming dolomite sediments. In the later depositional stage
of the Doushantuo Formation, transgressions occurred again, and mi-
croorganism thrived in Weng’an, forming a biogenic phosphorite layer.
Similarly, Kaiyang became a tidal flat, and also developed phosphate
sediments (Wang et al., 2016).

3. Phosphorite deposits

Kaiyang phosphorites are located at the wings and core of the
Yangshui Anticline (Fig. 3a, f1). The distribution of phosphorite ore
blocks is controlled by the Yangshui Anticline and several regional NE-
trending faults. The Wenquan, Liangchahe, Shabatu, Jile, Maluping,
Niuganchong, and Yongshaba ore blocks are also distributed along the
anticline (Fig. 3a). The Weng’an phosphorite deposit is controlled by
the Baiyan—-Gaoping Anticline (Fig. 3b), which is crosscut by the NE-
trending Xiaoba Fault (Fig. 3b, F1) and divided into the Baiyan Anti-
cline (Fig. 3b, f2) and Gaoping Anticline (Fig. 3b, f3). The Yuhua,
Wangjiayuan, Datang, Chuandong, Fenmu, Xiaoba, Yingping, and
Dazhai ore blocks are distributed within the core of the Baiyan-Gaoping
Anticline (Fig. 3b).

Doushantuo strata lie disconformably above the tillite of the Nantuo
Formation and conformably beneath the carbonates of the Dengying
Formation. The Doushantuo Formation is divided into four lithostrati-
graphic members, and the thicknesses of ore-bearing rock series range
from 28.3 to 36.1 m (Fig. 4). The lithology and sedimentary facies from
the Member I to Member IV change as follows. In Member I, the rock is
a cap dolostone, mainly composed of dolomite, siliceous shale with
cross-bedding, horizontal bedding, and microscale-wavy bedding, in-
dicating that the rocks formed in a tidal flat environment during an
early transgression. Member II (the layer A) has a thickness of
0-17.8 m. The rock series are mainly composed of grainy phosphorite
with parallel bedding (Fig. 5a) and horizontal bedding (Fig. 5b), which
represents a shallow subtidal environment with increased hydro-
dynamic forces. Member III (serving as the interlayer) is composed of
dolostone, siliceous dolostone, and chert, indicating a supratidal flat
environment resulting from a decrease in sea level (i.e., a regression).
Member IV (the layer B) has a thickness of ~11.5m. Cross-bedding
(Fig. 5¢), cataclastic structures, (Fig. 5d and e), and a spherulitic texture
(Fig. 5f and g) are prevalent in the middle of layer B, indicating an
intertidal flat with strong mechanical power as the depositional en-
vironment. In the uppermost part of layer B, the rock consists of
phosphoric dolostone and dolostone, indicating a supratidal flat along
with regression. The mineralogical features reflect the mechanical
power of seawater, indicating that the phosphorites in the Doushantuo
Formation were formed under tidal flat conditions resulting from cyclic
marine transgressions and regressions.

Phosphorites mainly occur in Members II and IV, and their lithology
is described in Fig. 4. The phosphorite displays compact banded, mas-
sive, cataclastic, and spherulitic structures. The banded structure
(Fig. 5h and i) is the most prominent structure and consists of alter-
nating 1-5 mm bands. The dark bands are composed of collophane and
the light bands are composed of dolomite and lithified detritus. Ores
with thin bands (less than 1 mm) are called striped ores (Fig. 5j). The
massive structure (Fig. 5k and 1) consists of fine-grained sand-sized
phosphorite. The banded and massive phosphorites are generally high-

Journal of Asian Earth Sciences 182 (2019) 103931

grade ores and occur throughout the entire Doushantuo phosphatic
strata. The cataclastic structure (Fig. 5d and e) consists of 2-5 mm clasts
and dolomite veins. The spherulitic structure (Fig. 5f and g) is com-
posed of 0.5-2 mm macroscopic spherulites. Both spherulitic and cat-
aclastic ores are found in the upper layer of the Baidou ore block.

Based on mineral constituents and structures, the Doushantuo
phosphorites were divided into four types, namely grainy phosphorite,
biological phosphorite, cataclastic phosphorite, and individual phos-
phatic detritus. The grainy phosphorite (i.e., the main rock type) is
distributed throughout the Doushantuo phosphorite-bearing strata,
whereas the biological phosphorite, cataclastic phosphorite, and phos-
phatic detritus are distributed only within layer B. The wall rocks
comprise P-rich silicates, quartzites, phosphatic dolostones, and silic-
eous dolostones (Table 1).

4. Sampling and analytical methods
4.1. Sampling sites

Samples were collected from the following ore blocks (Fig. 3;
marked with blue stars): the Baidou ore block (N = 12; samples 1-4
were from ore layer A and samples 6-12 were from ore layer B), the
Chuandong ore block (N = 4; all samples were from ore layer A), the
Yingping ore block (N = 7; sample 1 was from ore layer A and samples
4-7 were from ore layer B), the Jinzhong ore block (N = 5; all samples
were from ore layer B), and the Wenquan ore block (N = 6; all samples
were from ore layer A). Four wall rocks were also sampled, including
samples BD-5 (Baidou), JZ-6 (Jinzhong), and YP-2 and YP-3
(Yingping). The sampling sites are shown in Fig. 6, with Jinzhong and
Baidou given as examples because they are well-exposed, fresh, and
sequential.

4.2. Analytical methods

All samples were sieved using 200 mm-mesh for analyzing major
and trace elements, and portions of the samples from the Baidou and
Jinzhong ore blocks were made into polished thin sections for observing
mineral textures. Major elements were analyzed at ALS Minerals
(Guangzhou) Co., Ltd, and trace element analyses, EMPA, and SEM
were conducted at the State Key Laboratory of Ore Deposit
Geochemistry of the Institute of Geochemistry, Chinese Academy of
Sciences.

The major components of phosphorite, including SiO,, Al,03, TiOo,
TFe, MnO, CaO, MgO, K,0, and P,Os, as well as the loss on ignition
(LOI), were analyzed through X-ray fluorescence (XRF; ME-XRF24). The
major components of the wall rocks were also analyzed through XRF
(ME-XRF26). The phosphorite samples were digested by a LiNO3 solu-
tion (the wall rocks were digested by Li,B40,) and then melted at
1000 °C. The other samples were burned at 1000 °C to acquire the LOL
The sum of XRF analyses and LOI was considered as the “total.” The
detection limit for all major oxides is 0.01 wt% and the error are less
than 3%.

Trace elements were analyzed by Quadrupole Inductively Coupled
Plasma Mass Spectrometer (Q-ICP-MS), model ELAN-DRC-e ICP-MS,
with a relative standard deviation of generally better than 10%.
Portions (50 mg) of the samples were completely digested using a
mixed HF and HNOj solution, and the internal standard was a 40 ng/ml
Rh solution; the methodology followed that of Qi et al. (2000). The
detection limits are as follows: Tb, Ho, Lu, Cs, and Tm (0.01 ppm); Er,
Eu, Sm, Pr, and Yb (0.03ppm); Ba, Ce, Co, Th, Gd, Dy, and U
(0.05 ppm); Rb, Cu, Ni, Nb, and Hf (0.2 ppm); Ta, Nd, Ga, and Sr
(0.1 ppm); Y, T, Pb, and La (0.5 ppm); Zr and Mo f(2 ppm); W and Sn
(1 ppm); V (5 ppm); Cr (10 ppm).

The micro-textures of minerals were observed using a JSM-7800F
field emission SEM. The beam emitted by the electric gun was turned
into a high-energy electric beam by a 10-30 KV acceleration voltage,



H. Yang, et al. Journal of Asian Earth Sciences 182 (2019) 103931
i deposit
 strata lithology sedlmgntary ﬁ)
Dengying facies photos
Formation )
. P phosphorus dolomite distribute at top of offwhite .
H H \l massive bedding composing of psammite supratidal
P | ) } phosphorite and cutting and micrite dolomite flat
Pi=|P
pl=Tpl-- Rock compose OfFlOlOmlth psammite phosp.horlte middle flat
_ T2 (=7 and dolomitic stripped psammite phosphorite
5 ’é\ ZI|P |-- [ cinerous clasfic dolomitic phosphorite, whose clasfic
vg o] [\ breccia,sized 2-5mm, are cemented by dolomite
—
)
s C |[pjplofp intertidal
P PP offwhite massive dolomitic phosphorite, flat
plplolp phosphorus psammite dolomite, microbial
T phosphorite, algae phosphorite
— Plo|p|p
5 e btidal
© Plp|- massive rock compose of entoolitic phosphorite, suﬂ lt a
g p PP globular phosphorite, dolomitic phosphorite a interlayer
= [ele[- |V
g ‘ - crystallitic-fine-grain phosphorus dolomite, fidal
- / massive siliceous dolomite silicite SUpLatica
= : flat
JHEE
P Pl J stratification-distrbuted ore compose of
= P p l grey-black massive fine-sand phosphorite
=~
) . :
o r% P B = } subtidal
QE, I P P shallows
N—
= =P horizontal bedding is mainly form by cinerous
Pl=~ striated psammite phosphorite, along with
crystallitic pyrite
rock is mainly compose of offwhite argillaceous
- dolomite, accompanying with psammite phosphorite
o &
© 0
.g e the early
o T ore bed constitute by phosphorite, siliceous shale, organic Lanigession
= e calcareous and siliceous phosphorite, accompanying with A e
crystallitic-fine dolomite ore lay&r AT
Nantwo | & & &
Formatiof A &

Fig. 4. Stratigraphy and sedimentary facies profile of the Ediacaran Baidou ore block of the Doushantuo Formation in Weng’an.

and then focused as a 1-um microbeam to bombard the surface of the
mineral. The secondary and backscattered electrons were detected and
analyzed by the SEM. The backscattered electron image (BSE) was
collected with a 10 Kv, 4.5 mA beam current, and the secondary elec-
tron image (SEI) was collected with a 20 Kv, 4.5 mA beam current.

The in situ major elements of phosphate minerals were analyzed by
the EPMA-1600 produced by Shimadzu corporation of Japan. The high-
pressure beam emitted by the electric gun bombarded the surface of the
mineral, exciting characteristic X-rays, and the X-ray signals were col-
lected at an accelerating voltage of 10kV and a 4.5 mA beam current.
The measured elements were F, P, Ca, Mg, Si, Mn, Al S, La, Ce, Pr, Nd,
and Th. We used an apatite standard for F, P, Ca, and Mg contents and
the detection limit was 0.1 wt%.

5. Results
5.1. Collophane micro-textures

Phosphate minerals, appearing as microcrystalline to fine-grained
aggregates, were typically designated as collophane (Ye et al., 1986)
because they appear to be homogeneous under a polarized light mi-
croscope. The ore mineral of the phosphorites is collophane, and the
gangue minerals are mainly dolomite, with trace amounts of pyrite,
chalcopyrite, quartz, and clay minerals. The phosphate particles from
the sedimentary phosphorites were divided into globular globular
phosphate intraclasts and microbial phosphate components according
to the observed micro-textures.
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g) spherulitic texture; (h and i) banded structure; (j) striped structure; (k and 1) massive structure. In all images, Clh represents collophane, Dol represents dolomite,
Py represents pyrite, BD represents the Baidou ore block, JZ represents the Jinghong ore block, and WQ represents the Wenquan ore block.

5.1.1. Globular phosphate intraclasts

The globular phosphate intraclasts are distributed throughout the
Doushantuo phosphorite-bearing strata, but mainly in layer A. The
phosphate granules, deemed as abiogenic, have approximately stable
diameters of 50-550um and are in close contact with each other
(Fig. 7a). Partial phosphate granules are inlaid in dolomite (Fig. 7b),
exhibiting gray contrast whereas the dolomite showed dark-gray con-
trast in BSE images.

The primary sedimentary fabrics were observed in almost all the
globular phosphate intraclasts, including microgranular sedimentary
texture (Fig. 7c and d), shrinkage cracks (Fig. 7e and f), a spongy tex-
ture (Fig. 7g and h), and isopachous cements (Fig. 7e, f, and i). The
microgranular sedimentary texture was observed in most globular

phosphate intraclasts. In the microgranular sedimentary texture
(Fig. 7d), dark particles were found to be attached to the mineral grains.
The shrinkage cracks (Fig. 7f), with widths of 1-2 um, are chiefly dis-
tributed in the inner globular phosphate and rarely distributed in the
exterior cements. The spongy texture (Fig. 7g and h) is distributed
mainly in the inner globular phosphate intraclasts. Most of the granules
are surrounded by a bright isopachous cement and contained fibrous
apatite crystals (Fig. 7i). The isopachous cement (Fig. 7e and f) is
characterized by abundant, well-ordered, globular and prismatic mi-
crocrystalline apatite (1-2 um wide and up to ~10 pm long), serving as
the first-generation. The second-generation consist of dolomite occu-
pying interstitial spaces among phosphate intraclasts (Fig. 7b). Ad-
ditionally, pyrite is very common in the samples from layer A but rare
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Table 1
Major element analyses of phosphorites from Central Guizhou, Doushantuo Formation, Ediacaran (wt.%).
Sampling Sites Rock types Al,O; BaO CaO F TFe;03 KO MgO MnO, Na,O P,0s5 SiO, SO;  TiO, LOI
YP-1 Grainy phosphorite 0.73 0.06 49.42 35 0.89 0.27 0.29 0.13 0.35 35.18 6.49 0.48 0.05 2.77
YP-4 Ore layer B Grainy phosphorite 0.12 0.08 53.79 3.7 0.06 0.05 0.12 0.01 0.41 39.40 0.60 0.50 0.02 2.22
YP-5 Grainy phosphorite 0.18 0.08 53.87 3.6 0.05 0.06 0.12 0.01 0.41 39.38 0.54 0.51 0.02 2.26
YP-6 Grainy phosphorite 0.47 0.09 5264 3.6 0.54 0.14 0.15 0.02 0.37 38.68 1.75 0.45 0.11 2.13
YP-7 Grainy phosphorite 0.46 0.07 5291 3.6 044 0.14 0.12 0.01 0.32 38.59 1.61 0.43 0.09 2.16
BD-1 Ore layer A Grainy phosphorite 2.00 0.08 4477 31 0.84 0.78 1.64 0.08 0.41 30.68 10.60 1.39 0.11 5.56
BD-2 Grainy phosphorite 2.01 0.20 4583 3.2 0.45 0.68 0.81 0.05 0.43 32.34 9.98 0.99 0.10 3.92
BD-3 Grainy phosphorite 1.31 0.11 48.09 34 0.37 0.48 0.75 0.06 0.43 33.85 6.93 0.71 0.08 4.26
BD-4 Grainy phosphorite 1.54 046 4761 3.1 0.23 0.54 0.87 0.07 0.44 33.46 7.30 0.68 0.09 4.21
BD-6 Ore layer B Biological phosphorite  0.44 0.08 51.63 3.1 0.32 0.14 0.26 0.02 0.50 37.68 1.72 0.42 0.04 3.98
BD-7 Biological phosphorite ~ 0.47 0.07 53.16 3.2 0.16 0.17 0.24 0.01 0.53 38.77 1.18 0.51 0.05 2.64
BD-8 Biological phosphorite 0.08 0.02 389 - 0.13 0.03 13.90 0.04 0.10 1395 1.13 0.16 <0.01 30.67
BD-9 Biological phosphorite  0.06 0.02 41.8 - 0.08 0.03 11.30 0.03 0.14 18.95 0.70 0.21 <0.01 25.72
BD-10 cataclastic phosphorite  0.09 0.04 43.12 2.0 0.10 0.04 9.17 0.05 0.33 21.94 0.50 0.29 0.01 22.41
BD-11 Biological phosphorite 0.19 0.02 3681 1.1 0.16 0.08 14.75 0.04 0.11 11.35 0.80 0.17 0.01 34.05
BD-12 Biological phosphorite ~ 0.40 0.02 37.12 1.6 0.16 0.14 9.73 0.02 0.09 17.00 11.35 0.15 0.02 22.29
JZ-1 layer A Grainy phosphorite 1.08 0.04 49.84 3.8 0.76 0.22 0.13 0.09 0.29 36.93 3.92 0.41 0.08 2.36
JZ-2 Grainy phosphorite 1.16 0.04 49.56 3.7 1.56 0.29 0.19 0.11 0.30 36.03 3.89 0.44 0.10 2.63
Sampling Sites Rock types Al,03 BaO CaO F TFe,03 K,0 MgO MnO, Na,O P,Os SiO, SOz TiO, LOI
JZ-3 Ore layer Grainy phosphorite  0.80 0.04 51.74 3.6 0.87 0.20 0.19 0.08 0.34 36.69 3.08 0.47 0.06 2.99
A
JZ-4 Grainy phosphorite  0.77 0.05 52.66 3.3 0.22 0.16 0.16 0.06 0.37 38.25 228 048 0.06 2.28
JZ-5 Grainy phosphorite  0.91 0.08 51.36 3.6 1.20 0.24 0.21 0.19 0.32 37.35 214 0.50 0.06 2.32
CD-1 Ore layer Phosphorus detritus  12.05 0.31 16.71 1.2 257 2.78 2.25 0.05 0.14 10.99 43.0 0.38 0.55 7.32
A
CD-2 Clastic phosphorite  7.04 0.05 29.01 1.8 239 1.93 2.35 0.10 0.23 19.54 28.3 249 0.36 7.55
CD-3 Clastic phosphorite  6.33 0.07 31.38 1.9 209 2.81 2.28 0.12 0.27 21.13 247 242 0.29 6.76
CD-4 Grainy phosphorite  2.16 0.05 45.16 3.0 118 0.83 0.83 0.07 0.40 32.18 10.25 1.49 0.12 3.85
WQ-1 Ore layer Grainy phosphorite  0.66 0.41 46.67 3.0 0.70 0.22 3.26 0.21 0.22 30.57 6.38 1.44 0.05 7.75
A
WQ-2 Grainy phosphorite  0.68 0.61 48.28 3.3 263 0.23 1.17 0.07 0.20 3436 4.65 3.21 0.06 3.86
WwQ-3 Grainy phosphorite  0.81 0.17 49.02 3.3 251 0.28 1.26 0.06 0.17 34.44 4.03 3.05 0.07 4.03
WQ-4 Grainy phosphorite  0.49 0.43 50.73 3.5 217 0.17 0.96 0.04 0.05 36.95 2.29 281 0.04 2.83
WQ-5 grainy phosphorite  0.21 0.03 52.30 3.7 0.44 0.08 0.26 0.04 0.42 37.49 3.03 0.46 0.02 2.04
WQ-6 Grainy phosphorite  0.62 0.13 51.84 3.3 0.89 0.21 0.84 0.04 0.06 37.84 232 133 0.05 2.35
Average value 1.46 0.13 45.58 2.98 0.87 0.46 2.68 0.07 0.29 30.59 7.47 0.93 0.09 7.65
Average value of 2.17 0.17 45.60 3.12 1.25 0.67 1.04 0.09 0.29 32.31 9.28 1.28 0.12 4.08
layer A
Average value of 0.27 0.05 46.89 2.83 0.20 0.09 5.44 0.02 0.30 28.70 1.99 0.35 0.04 13.68
layer B
YP-2 Wall Phosphorus silicate  0.42 0.04 30.69 1.6 0.67 0.14 5.23 0.13 0.16 16.98 31.6 0.27 0.03 12.49
rocks
YP-3 Quartzite 0.03 <001 <0.01 - <001 <001 <001 <001 <0.01 0.02 9866 <0.01 <0.01 0.35
BD-5 Phosphorus 0.48 0.02 329 - 0.47 0.16 14.15 0.11 0.07 9.00 9.59 0.14 0.02 32.12
dolomite
JZ-6 Siliceous dolomite <0.01 <0.01 29.8 - 0.12 0.01 20.7 0.06 0.01 0.50 3.89 0.08 < 0.01 44.39

in the samples from layer B. Pyrite is 10-80 um in diameter and inlaid
in the dolomite and globular phosphate intraclasts (Fig. 7b). The mi-
crocrystalline apatite, 1-8 ym in diameter, formed through phosphati-
zation during the diagenesis. The crystallites sustain their intact crys-
tallographic forms, and the textures include granular (Fig. 7k), short
six-sided columnar (Fig. 71), radial (Fig. 7m), botryoidal (Fig. 7n), and
thick sheets (Fig. 70).

5.1.2. Microbial phosphate components

The microbial phosphate component, distributed in layer B, was
considered as embryo- and algal-like microfossils through morpholo-
gical comparison with previous studies. In the optical photo-
micrographs, embryo-like fossils appeare as globular and brownish to
yellow-black under plane polarized light (Fig. 8a—c). In Weng’an
phosphorite, the embryo-like fossils are pelletiod (Fig. 8a and b) and
~400 um in diameter. The embryo-like fossils are comprised an inner
core and isopachous cement, with a thickness of 10 um. In the inner
core, two-cell texture (Fig. 8a), four-cell texture (Fig. 8b), eight-cell
texture and closely packed multi-cell texture (Fig. 8c) were observed.
Under SEM, embryo-like microfossils were found to consist of an inner
core and isopachous apatite wall (Fig. 8d and e). Some researchers have

explained these fossils as diapause egg cysts or hulls (Xiao et al., 1998;
Yin et al., 2007a, 2007b), similar to the growing textures produced by a
phylogenetically disparate array of aquatic invertebrates (Van Waveren
and Marcus, 1993; Zhou et al., 2007). The textures of the embryo-like
microfossils in Doushantuo phosphorite are consistent with these
growing textures.

The algal-like microfossils in the Doushantuo Formation range from
simple to aggregated entities. The simple entities, referred to as “in-
cipient tissues” of algae, appear as concentric ring-like (Fig. 8f), pistil-
like (Fig. 8g), irregularly concentric (Fig. 8h), cell-stacked (Fig. 8i), and
petaloid (Fig. 8j) forms. The concentric ring-like form (Fig. 8f), which is
approximately 20 ym in diameter, generally consists of two concentric
rings (gray contrast) and inner algae (dark contrast). Each ring is
composed of apatite bunch cemented by 0.2 x 5um alternating co-
lumnar, microcrystalline apatite. The internal and external relation-
ships of the rings may represent the sequential growth order of apatite
rings. In the pistil-like form (Fig. 8g), algae with a 3-5pum diameter
(dark contrast, red arrows) are stacked together, and the light-colored
apatite grow around the algae. The irregularly concentric form
(Fig. 8h), approximately 5-25um in diameter, consiste of alternately
irregular annuli (gray contrast) and inner microorganism remains (dark
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Fig. 6. Schematic diagram of sampling along the profiles of the Baidou and Jinzhong ore blocks.

contrast, red arrows). The cell-stacked form (Fig. 8i), comprise closely
stacked cubes, 2-5 pm in diameter. These kinds of incipient tissues have
been recognized as algal tissues (Xiao et al., 1998; Xiao and Knoll,
2000) recording the primary cell cleavage. The petaloid apatite
(Fig. 8j), approximately 20 um in diameter, consiste of an isopachous
cement, a crossed septal and hollow texture, and the basal crossed septa
of completely preserved microorganisms, causing the apatite to appear
petal-like. Metallic minerals, such as chalcopyrite and ferric oxide, are
inlaid in the apatite. The petaloid apatites were identified as simple
colonial spheroids in tetrads (She et al., 2013, 2014). In the aggregated
entities (Fig. 8k-0), 1-2 mm in diameter, many of the above textures
are included in the interior and one light-colored, isopachous cement
(5-10 um wide) curved around and encompassed the algae clusters. The
isopachous cement consiste of a light-colored apatite bunch, similar to
the globular phosphate intraclasts. Some concentrically zoned granules
are observed under SEM (Fig. 8p), which is consistent with granules
from Yichang phosphorite (She et al., 2013). A small portion of algae
were damaged and maintained only fragmentary granules (Fig. 8q). In
the upper layer, the amorphous apatite with gray-white contrast is

prevalent (Fig. 8r), mutually cemented with dolomite and serving as the
second-generation cement.

5.2. In situ major elements

The major elements of phosphate minerals were analyzed via EMPA.
The average (which represents the mean value throughout the paper)
contents of F, P,Os, and CaO in phosphorite for globular intraclasts are
F =3.94%, P50s=40.05%, and CaO =53.36% and F = 3.70%,
P,0Os5 = 41.19%, and CaO = 53.90% for microbial phosphate, showing
slightly higher F and slightly lower P,Os contents in globular phosphate
intraclasts than in microbial phosphates (Table 2). Using EMPA, the Al,O3
and SiO, contents in the collophane are characterized by coordinated
variation and showed negative correlations with P,Os (Fig. 9). The F and
P,Os contents of globular phosphate intraclasts resemble the microbial
phosphate component, indicating that the P content has no connection to
the different genetic mechanisms and that the genetic mechanism may not
be the reason for the change in P,Os content from layer A to B. Linear
principal component analyses (Fig. 10) of the irregular annuli suggest that
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Fig. 7. Microstructure of globular phosphate intraclasts of the Doushantuo Formation phosphorites. (a, c, e, and i are under transmitted light, a is under cross-polarized
light, c, e, and i are under plane polarized light; j is under emitted light; b, d, f, g, and h are backscattered electron images; k, 1, m, n, and o are secondary electron images).
(a) Ore grain; (b) automorphic crystals of globular phosphate intraclasts; (c and d) microgranular sedimentary structure texture; (e and f) isopachous cement and shrinkage
cracks of globular phosphate intraclasts, squares show the locations of magnified views in (f); (g and h) spongy structure, (h) magnified image of (g); (i) bright fibrous
cement around the globular phosphate intraclasts; (j) pyrite; (k) granular microcrystalline apatite; (1) short six-sided columnar microcrystalline apatite; (m) radial mi-
crocrystalline apatite; (n) botryoidal microcrystalline apatite; (o) thick sheet of microcrystalline apatite. BD represents the Baidou ore block, JZ represents the Jinzhong ore
block, Ap represents apatite, Dol represents dolomite, Chl represents collophane, and Qtz represents quartz.

9



H. Yang, et al. Journal of Asian Earth Sciences 182 (2019) 103931

Fig. 8. Microstructures of microbial phosphate of the Doushantuo Formation phosphorites (a, b, and c are under transmitted light and plane polarized, d - j, 1, and n -
r are backscattered electron images, k and m are secondary electron images). (a, b, ¢, d and e) animal embryos containing two-cell texture (a), four-cell texture (b)
and closely packed multi-cell texture (c, d, e); (f) concentric texture; (g) pistil-like texture; (h) irregularly concentric texture; (i) cell-stacked texture; (j) petaloid
apatite; (k — 0) aggregated algae. (f and g) magnified views of the square in (1); (1) magnified views of the square in (k); (i) magnified views of the square in (0); (p)
concentrically zoned granules; (q) damaged algae-like microfossils; (r) amorphous apatite serving as cement. BD represents the Baidou ore block, Ap represents
apatite, Dol represents dolomite, and Qtz represents quartz.
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Table 2
Results of electron microprobe analyses (EMPA) of phosphorites from the Baidou ore block in Weng’an and the Jinzhong ore block in Kaiyang, Doushantuo
Formation, Ediacara (wt%).

Number/element Phosphate type F P,0s5 CaO MgO SiOo, MnO Al,03 SO3 La,03 Cey05 Pr,03 ThO, Nd,03 Total content
BD-1-1-2 Intraclast 4.27 39.46 53.70 0.20 0.52 0.00 0.30 0.63 0.04 0.00 0.00 0.05 0.02 99.18
BD-1-1-3 4.02 3997 5378 0.19 0.03  0.02 0.00 0.63  0.00 0.00 0.00 0.00 0.01 98.64
BD-1-2-1 3.55 40.24 51.44 0.21 0.09 0.01 0.01 0.62  0.00 0.00 0.01 0.01 0.01 98.64
BD-1-2-2 376 39.48 5290 0.19 0.34 0.04 0.20 0.61 0.04 0.02 0.00 0.00 0.01 97.60
BD-1-2-4 3.90 38.90 53.33 0.19 0.49 0.02 0.24 0.68 0.06 0.00 0.01 0.05 0.05 97.90
BD-1-3-1 396 3959 53.45 0.21 0.27  0.03 0.02 0.68  0.01 0.00 0.00 0.01 0.03 98.27
BD-1-3-2 3.77 40.12 5349 027 0.19  0.02 0.00 0.69  0.01 0.04 0.00 0.04 0.00 98.63
BD-1-4-1 3.81 40.00 53.36 0.03 1.50 0.00 0.33 0.59 0.00 0.02 0.02 0.00 0.00 96.65
BD-1-4-2 4.41 39.69 53.46  0.04 0.05  0.03 0.02 0.62  0.00 0.06 0.00 0.00 0.00 98.36
BD-1-4-3 452  40.79 5324  0.20 0.02  0.08 0.01 0.61 0.00 0.06 0.00 0.01 0.08 99.61
BD-1-5-1 3.74 40.56 5413 0.18 0.10 0.04 0.00 0.64  0.00 0.06 0.00 0.00 0.00 99.45
BD-1-5-2 4.07 40.71 52.50 0.03 0.04 0.02 0.03 0.57 0.01 0.05 0.02 0.04 0.01 98.09
BD-3-1-1 Intraclast 4.09 40.41 53.67  0.04 0.19 0.03 0.02 0.59  0.00 0.00 0.00 0.03 0.01 99.07
BD-3-1-3 4.71 40.15  54.21 0.14 0.44  0.03 0.18 0.64  0.02 0.00 0.02 0.00 0.00 100.54
BD-3-2-1 4.29 39.35 53.75 0.02 0.68 0.01 0.19 0.64 0.01 0.10 0.00 0.00 0.04 99.17
BD-3-2-2 3.82 39.67 5372 021 0.61 0.00 0.18 0.54  0.05 0.00 0.00 0.04 0.04 98.89
BD-3-3-1 4.11 39.90 54.41 0.17 0.12  0.03 0.00 0.56  0.02 0.00 0.02 0.00 0.00 99.34
BD-3-3-2 4.24 39.74 54.24 0.20 0.32 0.33 0.00 0.62 0.06 0.00 0.00 0.00 0.00 99.46
BD-3-4-1 4.28 39.16 54.53 0.16 0.52 0.01 0.19 0.67 0.00 0.04 0.00 0.00 0.00 99.56
BD-3-4-2 413 3997 5426 0.03 0.09 0.04 0.00 0.63  0.03 0.02 0.00 0.05 0.04 99.29
BD-4-2-1 Intraclast 3.86 41.29 5392 0.03 0.01 0.00 0.00 0.53  0.00 0.00 0.00 0.01 0.03 99.68
BD-4-2-2 4.31 39.40 53.59 0.17 0.36 0.04 0.16 0.74 0.04 0.01 0.00 0.05 0.04 98.90
BD-4-2-3 4.00 36.93 49.71 0.47 4.46  0.01 1.88 0.67  0.02 0.03 0.00 0.04 0.04 98.27
BD-4-3-1 390 3949 5399 0.29 0.72  0.04 0.38 0.65  0.00 0.04 0.03 0.01 0.00 99.52
BD-4-3-2 3.58 36.64 48.57 0.41 6.90 0.00 2.38 0.58 0.04 0.00 0.01 0.05 0.00 99.15
BD-4-3-3 345 3677 4929 0.36 6.42  0.05 2.86 0.60 0.01 0.00 0.00 0.00 0.00 99.80
BD-4-4-1 4.81 39.19 53.39 0.02 0.67  0.02 0.14 0.65  0.03 0.06 0.00 0.02 0.01 99.01
BD-4-4-2 4.00 38.72 53.81 0.04 293  0.08 0.70 0.60  0.00 0.00 0.01 0.00 0.00 100.87
BD-4-4-3 3.98 37.47 4954 0.24 9.41 0.07 1.18 0.70  0.00 0.00 0.01 0.00 0.02 102.62
Number/element Phosphate type F P,0s CaO MgO SiO, MnO Al,03 SO3 Lay03 Cey03 Pr,03 ThO, Nd,03 Total content
BD-4-4-4 Intraclast 4.10 40.17 5415 0.29 0.44  0.05 0.26 0.59  0.00 0.00 0.02 0.04 0.03 100.13
BD-6-1-1 3.65 41.07 53.48 0.20 0.00 0.00 0.00 0.53 0.00 0.00 0.00 0.01 0.00 98.93
BD-6-2-1 3.26 40.04 53.22 0.24 0.02 0.00 0.00 0.74 0.00 0.07 0.01 0.00 0.00 97.59
BD-6-3-1 3.08 41.06 53.28 0.21 0.02  0.01 0.00 0.67 0.01 0.00 0.00 0.00 0.00 98.35
BD-6-4-1 3.30 39.91 53.47  0.24 0.00  0.00 0.00 0.67  0.02 0.06 0.00 0.03 0.00 97.71
BD-6-5-1 3.13 40.59 53.97 0.19 0.03 0.02 0.00 0.74 0.00 0.00 0.02 0.00 0.01 98.78
BD-8-2-3 Microbial 3.17 40.77 54.89  0.03 0.03  0.01 0.01 0.45 0.01 0.05 0.01 0.00 0.01 99.44
BD-8-3-1 2.77 41.28 5465 0.14 0.03  0.02 0.00 0.51  0.00 0.00 0.00 0.03 0.04 99.46
BD-8-4-1 3.33 41.15 53.10 0.02 0.01 0.02 0.01 0.67 0.08 0.00 0.01 0.04 0.01 98.45
BD-8-4-2 3.81 40.49 5445  0.02 0.01 0.01 0.02 0.56  0.00 0.10 0.00 0.00 0.00 99.47
BD-10-1-1 Microbial 4.13 40.22  53.19 0.20 0.03  0.01 0.00 0.52  0.02 0.08 0.00 0.01 0.00 98.42
BD-10-2-1 3.37 41.07 52,60 0.20 0.01 0.00 0.00 0.58  0.00 0.02 0.00 0.04 0.00 99.15
BD-10-3-2 3.73 39.70 51.32 0.30 1.66 0.01 1.11 0.53 0.00 0.01 0.01 0.00 0.03 98.41
BD-10-4-1 3.86 41.29 5392 0.03 0.01 0.00 0.01 0.53  0.00 0.00 0.00 0.01 0.03 99.68
BD-10-5-1 3.63 41.46 5352 0.23 0.18  0.00 0.14 0.48  0.05 0.00 0.01 0.04 0.06 99.81
BD-10-5-2 3.38 40.44 50.04 0.04 0.00 0.03 0.00 0.46 0.04 0.00 0.00 0.05 0.11 97.58
BD-10-5-4 3.81 40.58 54.31 0.03 0.00 0.01 0.00 0.49  0.04 0.01 0.00 0.03 0.01 99.32
BD-10-5-6 3.78 40.73  53.96  0.04 0.00  0.02 0.00 0.51 0.00 0.02 0.00 0.00 0.00 99.05
BD-11-1-1 Microbial

bial 4.09 40.64 53.92 0.01 0.00 0.04 0.00 0.64 0.01 0.00 0.00 0.01 0.00 99.35

BD-11-3-1 4.10 44.01 55.24  0.01 0.00  0.00 0.00 0.01  0.02 0.00 0.02 0.01 0.00 103.42
BD-11-3-2 3.65 43.28 5458 0.03 0.07  0.00 0.00 0.35 0.04 0.04 0.00 0.00 0.02 102.07
BD-12-2-1 Micro-bial 4.02 41.48 55.64 0.01 0.04 0.02 0.00 0.42 0.00 0.00 0.01 0.00 0.03 101.67
BD-12-3-1 4.08 41.43 55.69  0.00 0.00  0.01 0.01 0.51  0.00 0.00 0.00 0.05 0.00 101.79
BD-12-4-1 3.93 41.53 55.14 0.01 0.01 0.00 0.00 0.44  0.00 0.00 0.00 0.00 0.00 101.06
JZ-1-1-1 Intraclast 4.13 40.68 53.38 0.02 0.25 0.09 0.14 0.46 0.00 0.00 0.00 0.47 0.00 99.19
JZ-1-1-2 3.99 39.79 53.77  0.00 0.50  0.08 0.24 0.47  0.02 0.01 0.00 0.00 0.01 98.86
JZ-1-2-1 3.58 40.66 54.55  0.02 0.02  0.07 0.00 0.43  0.02 0.00 0.01 0.05 0.06 99.47
JZ-1-2-2 3.89 40.80 52.85  0.00 0.06  0.05 0.01 0.46  0.00 0.00 0.00 0.00 0.04 98.16
JZ-1-3-1 3.99 39.95 51.73 0.01 1.32  0.05 0.48 0.43  0.00 0.00 0.00 0.00 0.00 97.98
Number/element Phosphate type F P,0s CaO MgO SiO, MnO Al,O3 SO3 La,03 Ce,03 Pr,03 ThO, Nd,O3 Total content
Z-1-3-3 Intraclast 3.87 4024 5410 0.02 0.14  0.05 0.00 0.36  0.00 0.00 0.00 0.06 0.00 98.84
JZ-1-3-4 415 3895 50.75 0.02 3.08 0.07 1.52 0.40  0.00 0.00 0.00 0.00 0.02 98.96
JZ-1-3-5 4.38 40.59 5497  0.00 0.05 0.10 0.03 0.48  0.01 0.00 0.03 0.00 0.00 100.63
JZ-1-4-1 3.99 38.21 51.06 0.30 3.11 0.03 1.21 0.37 0.01 0.01 0.00 0.00 0.06 98.36
JZ-2-1-1 Intraclast 392 40.88 55.06 0.00 0.05 0.13 0.01 0.47  0.04 0.04 0.02 0.03 0.00 100.65
JZ-2-2-1 3.91 40.75  54.31 0.01 0.06  0.06 0.00 0.41 0.00 0.00 0.00 0.02 0.05 99.57
JZ-2-2-2 4.11 40.92 55.02 0.01 0.04 0.04 0.01 0.49 0.01 0.07 0.01 0.00 0.00 100.71
JZ-2-3-1 417 39.86 53.83 0.01 0.63  0.04 0.29 0.48  0.00 0.00 0.01 0.00 0.01 99.28

(continued on next page)
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Table 2 (continued)
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Number/element Phosphate type F P,0s CaO MgO SiO, MnO Al,05 SO3 Lay0O3 Cey03 Pr;0s3 ThO, Nd,O3 Total content
JZ-2-3-3 340 39.96 5247 0.22 229  0.01 0.93 0.32  0.01 0.02 0.01 0.03 0.00 99.67
JZ-2-4-1 3.86 40.52 5317  0.03 1.68  0.05 0.64 0.40  0.00 0.00 0.02 0.00 0.03 100.39
JZ-2-4-2 3.37 39.87 5240 0.03 2.40  0.06 0.90 0.46  0.01 0.00 0.00 0.00 0.02 99.51
JZ-3-1-1 Intraclast 3.57 39.41 53.55  0.02 0.30  0.10 0.21 0.52  0.03 0.00 0.02 0.07 0.03 97.83
JZ-3-2-1 3.96 40.75 5494  0.02 0.33  0.08 0.17 0.41 0.05 0.01 0.00 0.00 0.03 100.74
JZ-3-3-1 3.87 4177 55.17  0.00 0.27  0.07 0.18 0.67  0.00 0.00 0.00 0.04 0.00 102.05
JZ-3-3-2 3.54 39.70 5560 0.01 0.07  0.09 0.00 0.49  0.00 0.10 0.00 0.03 0.02 99.65
JZ-3-4-1 410 40.10 54.03  0.00 0.04 0.10 0.00 0.55  0.04 0.00 0.00 0.00 0.01 99.97
JZ-4-1-1 Intraclast 3.69 41.57 54.49 0.03 0.00 0.01 0.01 0.59  0.03 0.03 0.00 0.00 0.01 100.44
JZ-4-2-1 4.22  41.13 5298 0.03 0.01 0.07 0.00 0.47  0.01 0.00 0.00 0.02 0.01 98.96
JZ-4-3-1 3.89 41.28 54,51 0.01 0.00  0.05 0.00 0.53  0.02 0.00 0.01 0.00 0.03 100.33
JZ-4-3-2 4.04 41.84 5422  0.02 0.04  0.05 0.01 0.59  0.00 0.00 0.00 0.01 0.00 100.81
JZ-4-4-1 3.76  41.61 54.77  0.13 0.02  0.05 0.01 0.59  0.01 0.01 0.02 0.00 0.01 100.99
JZ-5-1-1 Intraclast 3.86 40.20 5292  0.23 0.32  0.00 0.21 0.67  0.00 0.00 0.00 0.00 0.01 98.42
JZ-5-2-1 4.00 41.60 5473  0.04 0.03  0.01 0.00 0.61 0.00 0.00 0.00 0.00 0.00 101.03
JZ-5-3-1 4.03 41.16 5253  0.01 0.07  0.09 0.01 0.55  0.02 0.00 0.00 0.00 0.02 98.48
JZ-5-4-1 429 41.13 54.05 0.02 0.25  0.01 0.12 0.63  0.05 0.10 0.00 0.04 0.00 100.68
JZ-5-5-1 496  40.42  50.81 0.22 0.32  0.04 0.28 0.63  0.00 0.01 0.01 0.00 0.00 100.69
JZ-5-5-2 393  40.71 53.77  0.00 0.17  0.38 0.02 0.08  0.02 0.08 0.00 0.04 0.00 99.16
Average value 3.84 40.48 53.66 0.10 0.48  0.04 0.18 0.54  0.01 0.02 0.01 0.02 0.01 99.49

the Ca, P, O, and F contents of the gray annuli are much higher than those
of the dark-gray annuli, and the element contents show coordinated var-
iations, indicating the periodic change in metallogenic material con-
centrations during formation.

5.3. Bulk rock geochemistry

5.3.1. Major elements

The major element compositions of the Doushantuo samples are
listed in Table 1. The P,Os content of layer A range from 10.99 to
38.25%, with an average of 32.31%; the F content range from 1.2 to
3.8%, with an average of 3.1%; the CaO content vary from 16.71 to
52.66%, with an average of 45.60; the MgO content vary from 0.13 to
3.26%, with an average of 1.04%; the SiO, content vary from 2.14 to
43.0%, with an average of 9.28% and the Al,O3 content vary from 0.21
to 12.05%, with an average of 2.17%. The P05 content of layer B range
from 11.35 to 39.40%, with an average of 28.7%; the F content range
from 1.1 to 3.7%, with an average of 2.8%; the CaO content vary from
36.81 to 53.87%, with an average of 46.89%; the MgO content vary
from 0.12 to 14.75%, with an average of 5.44%; the SiO, content vary
from 0.5 to 11.35%, with an average of 1.99% and the Al,O3 content
vary from 0.06 to 0.47%, with an average of 0.27%. In summary, the
samples from layer B exhibit lower P,Os grades (28.70%) and F con-
tents (2.8%) than layer A do (32.31% and 3.1%, respectively), sug-
gesting that the deposits are middle-high—grade phosphorites. The wall
rocks are richer in MgO (10.2%) and SiO, (35.94%) and exhibit a
higher LOI (22.34%), whereas they are depleted in F, P,Os (6.63%),
and CaO (23.35%) compared with the phosphorites.

The Doushantuo phosphorites were divided into four types, and the
average P,Os and F contents of each phosphorite type are as follows:
grainy phosphorite (P;Os = 35.75% and F = 3.42%) > biological

R2=0.4987
n=51

y=-0.6938x +28.57

R
Distance(pm)

Mg

Fig. 10. Energy spectrum line analysis of partial major elements of irregularly
concentric apatite. The image is a back-scattered electron (BSE) image.

phosphorite (P,Os = 22.95% and F = 2.25%) > cataclastic phos-
phorite (P30s = 20.87% and F = 1.90%) > phosphatic detritus
(P,05 = 10.99% and F = 1.2%). The major elements show that the
Doushantuo phosphorites consist of F-bearing phosphate minerals, and
the wall rocks are siliceous dolostones.

The major element correlations of phosphorite (Table 3, Fig. 11) show
that P,Os have a significantly positive correlation with CaO and F but a
slightly negative correlation with MgO, SiO,, Al,Os, and TiO,; the corre-
lation coefficients are as follows: P,0s-CaO = 0.90, P,Os-F = 0.97,
P205—Mg0 = —084, P205—Si02 = —054, P205—A.1203 = —037, and
P,05-TiO, = -0.40. In addition, the correlation coefficients of some major

y=-0.2588x +10.662

R2=0.4683
e * n=51

40 41 42 43
P05

38 39

41
P04

42

Fig. 9. Correlation diagrams for the major elements of collophane in Weng’an (Baidou) and Kaiyang (Jinzhong) derived from EMPA.
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Table 3

Correlations of major elements in bulk rock samples from the Doushantuo
Formation of Central Guizhou (R > 0.5 and R < 0.5 represent a positive re-
lationship and negative relationship, respectively; —0.5 < R < 0.5 represents
no detectable correlation between two elements). The value representing ob-
vious correlation (both negative and postive) were bold in the table.

Al,03 CaO F TFe,03 MgO P Si0, LOI
Al O3 1.00
CaO —0.70 1.00
F -0.22 0.77 1.00
TFe,03  0.60 -0.33 0.08 1.00
MgO -0.14 -0.52 -0.89 -0.29 1.00
P —0.37 0.90 0.94 —0.05 -0.84 1.00
SiO, 0.84 -0.84 -0.36 0.50 0.00 -0.54 1.00
LOI -0.13 -0.53 -0.89 -031 1.00 —-0.84 0.01 1.00

elements are as follows: Al,03-TFe,0O3 = 0.6, Al,03-SiO, = 0.84, and
CaO-F = 0.77, showing significantly positive correlations;
CaO-MgO = -0.52, CaO-SiO, = -0.84, and F-MgO = -0.89, showing
significantly negative correlations.
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5.3.2. Trace elements

The trace element compositions of the Doushantuo phosphorites
and wall rocks are listed in Table 4. The PAAS - normalized distribu-
tions for partial trace elements of layers A and B are almost identical
(Fig. 12). All samples are enriched with Sr and U, with enrichment
coefficients of 1.09-5.65 (average = 3.97) and 0.85-4.74
(average = 3.06), respectively (Fig. 12a-e). Additionally, Yingping
phosphorites are enriched with Zn, and the enrichment coefficient is
1.78-5.40, with an average of 2.20. The partial phosphorites of Baidou
and Wenquan are enriched with Co, Ba, and Pb, with enrichment
coefficients of 0.43-2.83 (average = 1.19), 17-6.83 (average = 1.89),
and 0.83-2.16 (average = 1.39), respectively (Table 4). The wall rocks
are rich in Co and Th and depleted in Cu when compared with PAAS
(Fig. 12f). Doushantuo phosphorites are much richer in Ba, As, and Sr
compared with the values of the bulk continental crust (Taylor and
Mclennan, 1985) and average carbonatites (Liu and Cao, 1987) and are
richer in Co and Ba than modern marine phosphorites (Baturin, 1981),
while the wall rocks are richer in Co and As (Table 5).

In this study, RSE indices, such as V/Sc, V/Cr, Ni/Co, V/(Vr + Ni),
8U, and Th/U, were used to determine the redox environment
(Table 4). Differences in the RSE indices between layers A and B are

601
=401
X
—y *
o
S y=1.8718x +20.725
20 R2?=0.8137
. n =33
0 5 10 15 20
P(%)
0.6
° y =0.0114x + 0.2446
R2=0.1576
n=33
0.4 |
9 .
o .
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@ o * e o, M 4 )
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141
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Fig. 11. Correlation diagrams for the major elements of phosphorite in Central Guizhou, Ediacaran Doushantuo Formation. R represents the correlation coefficient,

and n represents the number of samples.
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bonmTon amoo o inconspicuous, so the RSE indices of layers A and B were discussed
E § 5 g ; ; § g ; E 2 ; § § g ; § E | together. The V/Sc ratios range from 4.64 to 205.92, with an average of
20.94, and the Ni/Co ratios range from 0.16 to 1.31, with an average of
0.68. The V/Cr range from 0.80 to 5.46, with an average of 2.42, and
2 § E % 83 § § E § E ? 5 & § f E § § | the V/(Vr + Ni) ratios range from 0.311 to 0.89, with an average of
0.60 (Fig. 13a). The values of 8U vary from 1.70 to 1.99, with an
o rsazrarsgrerner S5 R average of 1.88, and the Th/U ratios of phosphorite vary from 0.01 to
= A A A A A A A A A A A A A A A 093, with an average of 0.2 (Flg 13])) The wall rocks have similar
ratios — 8U (1.94), Th/U (0.09), V/Sc (13.97), V/Cr (2.25), Ni/Co
2| 5259988888338 89823 (0.29), and V/(Vr + Ni) (0.73) — to those of phosphorites (Table 4). The
Z|Sc6ddddsddsSsISSS S350 Fe/Ti and Al/(Al + Fe + Mn) ratios of layer A are 2.98-63.29
(average = 18.46) and 0.14-0.80 (average = 0.48), whereas those of
92 Z2eTASITS LS LoD layer B are 2.92-18.67 (average =7.75) and 0.27-0.70
S| ddsadBlrSodTaSFTTS 3OS (average = 0.47), respectively (Fig. 13c). The phosphorites and wall
rocks both lay within the hydrothermal area in the 1g[U]-lg[Th] dia-
gram (Fig. 13d).
EEN2IHOIIQINIRTY VBT The contents of REEs and Y (ZREE) and parameters of the
| ccoccdococccSoc oo So oSS SO o Doushantuo phosphorite are shown in Table 6. The XREE presents a
relatively large range of 28.29-507.58 ppm, with an average value of
o oo cooo o 158.51 ppm, which is lower than that of the PAAS (210.00 ppm). The
L1 22223888538238% Y3 BT YREE of the wall rocks are low, with an average of 38.64 ppm. The
clEsTooEreEanmRan Tewe PAAS-normalized distributions for the REEs of layer B are character-
ized by the pronounced enrichment of middle REEs (MREEs) compared
2 § 5 § % 5 E E § E E § % § E E § § E E to those of both LREEs and HREEs, producing a “hat-shaped” REE plot
(Fig. 14a and b); those of layer A show “left-inclining” REE plots
(Fig. 14a and c-e), and the wall rocks show “flat-shaped” REE plots
.| R83IH8EE8E32FXRIYY 8888 (Fig. 14f). The Ceanom of the lower layer vary from -0.12 to -0.01, with
T |eceeeceeeeseAmNoS 9990 an average of —0.07, whereas the Ce,porn Of the upper layer vary from
o —0.32 to —0.23, with an average of —0.28 (Table 6). The (Eu/Eu*)sy vary
.| 288 § § 28 § ] § § § § E S8 s from 0.94 to 1.81, with an average of 1.11, showing moderately posi-
O NI NSNRAT AT B! tive anomalies (Table 6). Furthermore, (Ce/Ce*)sy show no correlation
with XREE and Dyy/Smy (Fig. 14 e and f; R-values are 0.20 and 0.08,
| 83SR28888E5238358F 8888 respectively). Additionally, the chondrite-normalized REE distributions
Pleee"ecoessseces 8559 of phosphorites appeare to lie between hydrogenous and hydrothermal
° deposits (Fig. 15a, according to Oksuz (2011)). The North American
283 § § § 5 § 2ggggsge g § E ; shale composite (NASC)-normalized REE distributions of layer B show
SlEfgsecegovagsdsd 22895 a “hat-shaped” REE plot, whereas those of layer A show a “left—in-
clining” REE plot (Fig. 15b), showing the same characteristics as
PAAS-normalized REE distributions.
T OOV O = ANONLWWOPO LW AN D T = =
d|33322333333332S 2383 6. Discussion
_ [ITFHAR e 2¢ 8393 6.1. Origin of metallogenic materials
Z|3docdoocds-docc3dss oS0
cooo o In general, the Si, Al, and Ti contents represent the remains of ter-
§ § § § § § § § § § § ; § § § § - E 2 restrial detrital matter, and the high Si, Al, and Ti contents indicate
S| IRYITIIITRICINRS T38| ~ shallow waters close to the epicontinental area (Zhu et al., 2013) and
§ the terrigenous source. In our study, the Al,O3, SiO,, and TiO, contents
YR EANZNTSTSNILS 82N E throughtout t.he rock are much lower and show negative correlations
| 33333333 S3 3o E with P,Os (Fig. 11). Using EMPA, the Al,O3 and SiO, contents in the
g collophane are characterized by coordinated variation and show ne-
$9882RLINTLIRSR F2R | 8 gative correlations with P,Os (Fig. 9). These geochemical data indicate
>la-NSNSSH~-oS~~a SS=S | w that the input of terrigenous materials into the Doushantuo phosphorite
k<) was limited.
88880083 38, ,24 38 8 g5 | 8 Sverjensky (1984) suggested that the relative stabilities of aqueous
$1279979997272892 7¢7°9 it Eu?" and Eu®" are closely associated with a wide range of tempera-
= tures, pressures, and Eh-pH conditions. Under high temperatures
N mocccoNccoes o8 o ; (> 250°C) and elevated pressures, Eu®>* predominates, and the hy-
2188383883388 338383 2383 e drothermal fluids and sediments formed under hydrothermal conditions
_ 2 are usually characterized by obvious positive Eu anomalies (Olivarez
§ I and Owen, 1991; Douville et al., 1999). Theoretically, Eu is oxidized to
g - § E E § § E § § E § § § § § § § g § § 2 Eu®” in oxic conditions and convert to Eu?* in reducing conditions
S g (Holser, 1997), presenting similar geochemical behaviors to other REEs
<+ N o K under oxic conditions whereas separating from ther REEs under redu-
% RGO g g g’ g gg 2 N é cing conditions. Nevertheless, only under extremely reducing condi-
& ARG aRae SRS g tions could Eu®* easily replace Ca®>* in phosphate, and thereby cause
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Fig. 12. The post—Archean Australian shale (PAAS)-normalized trace element distributions of phosphorites in the Ediacaran Central Guizhou Doushantuo Formation.

The PAAS date accords to Taylor and Mclennan (1985). BD represents Baidou ore block, CD represents Chuangdong ore block, WQ represents Wenquan ore block, JZ
represents Jingzhong ore block, YP represents Yingping ore block.

Table 5

Comparison of phosphorites in Central Guizhou between trace elements and some average data (ppm).

Sampling sites \ Cr Co Ni Zn Cu Ba Pb As Sr
Baidou 17.51 8.62 22.37 8.22 20.18 4.15 739.79 8.60 10.24 716.08
Jinzhong 15.14 6.46 24.60 13.48 25.25 30.21 277.66 7.87 23.99 673.47
Yingping 12.91 7.69 57.56 10.52 109.77 5.78 459.66 7.07 16.54 631.99
Chuandong 49.03 27.90 19.13 14.82 11.85 14.70 954.75 29.90 83.29 844.50
Wenquan 17.52 5.56 37.30 15.58 10.01 59.57 2209.83 26.40 37.93 963.33
Average 21.32 10.54 24.43 12.43 37.33 21.55 980.02 14.98 28.97 818.26
Wall rocks 7.93 3.56 90.46 5.14 28.09 4.95 114.64 3.37 11.27 212.43
Bulk continental crust 230.00 185.00 29.00 105.00 80.00 75.00 250.00 8.00 1.0 260.00
Average carbonatite 20.00 0.10 20.00 20.00 4.00 100.00 9.00 1.00 610.00
Modern marine phosphorite 18.80 0.21 10.50 55.50 28.00 350.00 27.50 2800.00

Annotation: the dates of bulk continental crust is from Taylor and Mclennan (1985), the dates of average carbonatite is from Liu and Cao (1987), the dates of modern

marine phosphorite is from (Baturin, 1981).
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article.)

positive Eu anomalies (Baar et al., 1985). From our results, we suggest
that the positive Eu anomalies are the result of hydrothermal activities
rather than redox conditions because the positive Eu anomalies are
recorded both in layer A (reducing conditions) and layer B (oxic con-
ditions) (The redox conditions were discussed in detail in Section 6.2).

Other researches have shown that REEs are soluble in normal sea-
water, where the concentrations of LREEs are higher than those of
HREEs, and LREEs enter sediments prior to HREEs (Goldberg et al.,
1963; Henderson, 1984), resulting in a “right-inclining” REE plot in
normal sediments. Moreover, under hydrothermal solutions, HREEs
enter sediments prior to LREEs because of the lower stability of complex
compounds (Henderson, 1984; Bau and Moller, 1992), resulting in a
“left-inclining” REE plot (Marchig et al., 1982) in hydrothermal sedi-
ments. In general, the XREE is lower than 200 ppm in normal hydro-
genetic sediments and higher than 200 ppm in hydrothermal sediments
(Wang et al., 1989). Therefore, we suggest that the ZREE of phos-
phorites record both hydrogenetic and hydrothermal characteristics.
Dduring the formation of the phosphorites, hydrothermal fluids might
have entered normal seawater according to the ZREE, causing the “left-
inclining” REE plot, especially in the earlier Doushantuo Formation
(Fig. 14c-).

Generally, the Th content is much higher than the U content in most
sediment. In contrast, U content is higher than Th content in hydro-
thermal sediments because the sedimentation rate of U is faster under
hydrothermal conditions, resulting in U enrichment. Research has
shown a U/Th ratio > 1 indicates hydrothermal sedimentation and
that of < 1 indicates normal hydrogenous sedimentation (Rona et al.,
1984). Further research has suggested that hydrothermal sediments are
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rich in Fe and Mn, but lack Cu, Co, and Ni, whereas Al and Ti are
generally derived from terrigenous materials (Bostrom, 1983; Zhou,
1990). Hence, Al/(Al + Fe + Mn) values of less than 0.35 and Fe/Ti
values of more than 20 (Yamamoto, 1987) are considered as resulting
from hydrothermal processes. The Fe/Ti-Al/(Al + Fe + Mn) (Fig. 13c)
and Ig[U]-1g[Th] diagrams (Fig. 13d) indicate that hydrotherm al ac-
tivities participated in the formation of phosphorites.

The Eu anomalies, Fe/Ti, Al/(Al + Fe + Mn), 1g[U]-1g[Th] dia-
gram, chondrite-normalized and NASC-normalized REE distributions
of phosphorites revealed that hydrothermal activities might have
played an important role in providing, carrying, and precipitating P in
Doushantuo phosphorites. These activities were part of the phospho-
genic events along with the cycles of marine transgressions and re-
gressions. So, we suggest that the hydrothermal processes, along with
normal seawater might have contributed to the metallogenic materials,
which is consistent with the paleogeography. The plate tension of the
Yangtze Platform in the Cryogenian Period caused basins to rift, which
developed a series of graben-horst structures and deep fractures along
with intense volcanic activities, such as explosive volcanism and mag-
matic eruptions (Liu et al., 1993; Jiang et al., 2003). During the de-
position of the Doushantuo Formation in the Ediacaran, the Yangtze
Platform inherited the earlier paleotectonic basins and provided a space
conducive to deposition, even though volcanic activities had noticeably
declined (Liu, 1987). Seawater that infiltrated along the faults was
transformed into hydrothermal fluids and heated in the lower parts of
faults before injection into the bottom seawater. Under these circum-
stances, the mingling of hydrothermal fluids and normal seawater
provided metallogenic materials for phosphorites.
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Table 6
Rare earth element analysis of phosphorites in Central Guizhou, Doushantuo Formation, Ediacara (ppm).
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y YREY Ce/Ce* Eu/Eu* Ceanom Dyn/Smy
BD-1 23.90 47.50 5.61 26.50 5.79 137 6.74 1.09 7.06 165 517 0.67 425 0.61 6220 200.11 0.94 0.94 —-0.07 1.55
BD-2 26.00 51.60 6.06 29.30 6.24 1.55 7.51 126 757 181 542 076 4.58 0.62 65.80 216.09 0.94 0.96 —0.07 1.54
BD-3 2890 5890 7.06 3480 7.62 174 850 1.48 933 230 6.76 098 550 0.78 80.80 255.45 0.95 0.98 -0.07 1.56
BD-4 31.50 62.00 7.39 3540 770 196 835 150 9.66 212 6.69 094 569 084 7510 256.84 0.93 0.98 —0.08 1.60
BD-6 16.90 18.70 3.81 18.10 4.37 1.11 552 089 529 119 339 043 223 0.32 5110 133.35 0.54 0.99 —-0.32 1.54
BD-7 13.20 18.70 3.24 16.60 422 1.06 469 082 476 1.00 291 0.37 1.92 0.25 43.80 117.53 0.66 1.00 —-0.24 1.44
BD-8 1.23 173 029 141 032 0.09 037 0.05 036 0.09 022 0.03 0.15 0.02 3.73 10.09 0.66 1.01 —-0.23 1.44
BD-9 1.34 181 027 136 032 0.09 037 006 039 007 019 0.03 0.16 0.02 3.69 10.17  0.69 1.01 -0.23 1.57
BD-10 3.22 3.89 0.80 4.10 0.90 0.24 1.08 0.18 1.08 0.20 0.57 0.07 0.37 0.06 10.10 26.86 0.56 1.03 —-0.31 1.54
BD-11 7.92 1240 235 12,40 3.07 070 3.76 059 330 069 182 0.23 1.12 0.15 31.00 81.49 0.66 1.03 -0.23 1.37
BD-12 1290 16.60 3.43 17.30 4.02 086 373 057 338 067 180 020 1.04 0.16 27.20 93.87 0.57 1.04 -0.29 1.07
CD-1 33.20 60.30 7.45 30.50 6.23 1.51 6.28 1.06 6.82 1.41 4.22 0.58 3.55 0.56 49.90 213.57 0.95 1.07 —-0.08 1.39
CD-2 30.70 58.00 7.29 30.40 6.26 1.38 7.01 1.09 712 153 464 065 3.88 0.55 57.10 217.60 1.00 1.75 -0.08 1.45
CD-3 2740 5230 646 2720 570 131 599 103 632 138 416 059 3.85 055 51.90 196.14 0.89 1.01 -0.07 1.41
CD-4 26.10 52.90 6.41 28.50 5.95 1.43 7.43 1.20 8.11 1.90 6.16 0.87 5.17 0.75 75.10 22797 0.93 1.09 —-0.06 1.73
JZ-1 41.80 93.60 14.80 79.70 26.80 6.59 31.16 4.45 2280 446 1270 1.50 8.16 1.07 158.00 507.58 0.88 1.12 -0.12 1.08
JZ-2 40.50 87.90 11.80 59.10 13.80 3.15 15.73 256 15,50 3.58 10.50 1.30 7.21 0.99 129.00 402.63 0.89 0.96 —-0.08 1.43
JZ-3 41.20 92.10 1250 62.00 14.00 3.35 1553 262 1580 3.58 10.30 1.37 7.78 1.01 122.00 405.15 0.90 1.04 —-0.07 0.47
JZ-4 16.00 36.80 4.17 20.00 4.79 1.13 5.22 0.89 6.02 1.40 4.47 0.59 3.59 0.49 59.40 164.96 0.94 0.98 —-0.03 1.44
JZ-5 9.75 22,60 238 11.00 263 0.57 274 049 316 076 241 0.36 1.90 0.27 33.20 94.21 0.85 1.05 -0.01 1.60
YP-1 36.60 6230 7.63 3230 5.71 1.70 6.23 094 553 125 3.69 044 275 0.37 6200 229.45 0.92 0.99 —-0.11 1.23
YP-4 5.37 6.40 1.35 7.09 1.72 0.44 215 0.34 1.97 0.44 1.24 0.14 0.72 0.09 20.20 49.66 1.03 1.04 —-0.32 1.46
YP-5 569 7.60 175 9,58 220 0.55 251 0.44 259 056 157 019 097 0.12 27.00 6333 1.08 0.98 -0.32 1.50
YP-6 1540 19.70 3.99 1830 4.01 0.87 356 059 320 067 179 020 127 0.14 2590 99.59 0.86 1.32 -0.27 1.02
YP-7 16.70 2230 4.63 21.70 4.97 1.04 482 072 435 0.85 231 0.28 1.42 0.17 32.40 118.66 1.00 1.06 -0.27 1.11
WQ-1 29.10 5490 6.40 30.20 6.86 1.81 7.51 1.26 8.07 1.88 5.72 0.77 4.55 0.63 72.40 232.06 0.55 1.05 —-0.08 1.50
WQ-2 10.80 19.50 2.12 960 203 086 237 040 254 060 202 028 1.58 0.22 27.00 8192 0.55 1.08 -0.08 1.59
WQ-3 10.90 19.60 2.06 952 195 049 227 039 268 066 210 027 170 0.23 2740 8223 0.58 1.07 —0.08 1.75
WQ-4 6.09 11.80 1.19 5.83 1.15 0.48 1.37 0.24 1.55 0.39 1.29 0.20 1.09 0.17 18.20 51.04 0.58 0.99 —-0.06 1.72
WQ-5 357 592 064 283 063 015 0.78 012 093 022 064 010 0.50 0.06 11.20 2829 0.92 1.16 —-0.10 1.88
WQ-6 2410 44.30 5.01 2270 5.06 131 6.01 1.03 725 171 5.31 0.79 4.62 0.63 70.60 200.43 0.93 1.81 —0.08 1.82
Average 18.59 35.11 4.68 2226 5.18 1.27 582 095 575 1.28 3.82 0.51 292 0.40 49.55 158.08 0.83 1.11 —-0.15 1.49
BD-5 7.56 1620 1.88 9.09 194 046 223 039 248 058 188 026 151 0.22 23.80 7048 0.99 0.99 -0.05 1.63
JZ-6 09 134 027 149 027 005 023 0.02 010 0.03 0.06 0.01 0.05 0.01 1.01 5.90 0.61 0.98 —-0.28 1.53
YP-2 8.09 17.80 207 1010 209 054 259 046 269 064 189 027 166 022 2680 7790 0.93 1.05 —0.05 1.64
YP-3 0.02 0.05 0.00 0.04 0.02 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.02 0.00 0.06 0.27 3.79 0.46 —0.07 0.48

Annotation: Ce/Ce* =2Cegn/(Lasy + Prsy), Eu/Eu* = 2Eugy/(Smgy + Gdgy) (Bau and Dulski, 1996) Ceanom = Lg(3 * Cen/(2 * Lay + Ndy)), (Haskin et al., 1968;
refers to normalisation against NASC.

«

Taylor and Mclennan, 1985). “sy” refers to normalisation against the PAAS; “y

6.2. Redox conditions

The RSEs, including U, V, Ni, and Cr, are controlled by the redox
state of the sedimentary environment and often migrate into reducing
waters or sediments (Francois, 1988; Chang et al., 2009). The primary
contents and compositions of RSEs can be integrally recorded because
they seldom migrate after burial (Francois, 1988; Chang et al., 2009).
Research has shown that V are readily enriched with sediments un-
derlying anoxic or near-anoxic environments when compared to Ni
(Calvert 1993). Therefore, a V/(V + Ni) value of > 0.46 indicates an
anoxic condition, and a V/(V + Ni) value of < 0.46 indicates an oxic
condition (Yarincik et al., 2000). Furthermore, 0 < V/Cr < 2.00 in-
dicates an oxic condition, and 4.25 > V/Cr > 2.00 indicates an an-
oxic condition (Jones and Manning, 1994). In the V/Cr-V/(V + Ni)
discriminant figures (Fig. 13a), V/Cr and V/(V + Ni) ratios record an
anoxic to suboxic sedimentary condition.

U exists as insoluble U** in reducing marine environments and
soluble U™ in oxic marine environments. In contrast, Th appears as
insoluble Th** under a supergene oxic environment, which results in
oxic sediments being richer in Th than U (Kimura and Watanabe, 2001).
Research has shown that Th/U ratios between 0 and 2 indicate an an-
oxic environment and Th/U > 3.8 indicates an oxic environment
(Kimura and Watanabe, 2001). Moreover, 86U is another indicator of
redox environments, where 8U > 1 indicates anoxic conditions and
8U < 1 indicates oxic conditions (Wignall, 1991). In our study, the Th/
U and 8U values indicate anoxic conditions (Fig. 13b). Only a strongly
reducing marine environment can cause an extremely high fractiona-
tion between U and Th. Nevertheless, V, Ni, and Cr clearly record

18

suboxic/reducing conditions. Therefore, the redox conditions are not
the only reason for the high Th-U fractionation. As discussed in Section
6.1, the rapid precipitation of U owing to hydrothermal sedimentation
might be another factor responsible for these results (Rona et al., 1984).
The geochemical properties of Ce are same as those of other lan-
thanides in anoxic seawater. Under oxic marine environments, soluble
Ce®* is oxidized into insoluble Ce** as CeO,, producing a strongly
negative Ce anomaly in the modern surface oxidizing water column
(Holser, 1997; Pourret et al., 2008). Therefore, Ce anomalies as redox
indicators may broadly reflect changes in local oxygen availability re-
sulting from ocean stratification (Shields and Stille, 2001). Mcarthur
and Walsh (1984) suggested that negative Ce anomalies in seawater
could be inherited by francolite formed under oxic seawater conditions.
Generally, a Ceznom value of < -0.1 shows oxic conditions and that
of > -0.1 shows anoxic conditions (Haskin et al., 1968; Taylor and
Mclennan, 1985). In fact, diagenetic processes may produce a negative
correlation between Ce/Ce* and Dyy/Smy, and a positive correlation
between Ce/Ce* and total REE abundance (Morad and Felitsyn, 2001;
Shields and Stille, 2001). Both correlations are nonexistent in our
samples (Fig. 14g and h), suggesting that diagenetic alteration in the Ce
anomaly was limited and that the Ce anomaly recorded the primary
environment during the formation of phosphorite. Therefore, the Ce
anomalies reflected the orignal redox condition of phosphate formation,
that is, the precipitation of the precursor of the phosphatic intraclasts
happened in anoxic environments. The Ce,,onm Values of phosphorites
indicate a change in the marine paleoenvironment from anoxic to oxic
from layer A to B. Similar observations have been made by other re-
searchers (Chen et al., 2003; Xie et al., 2003; Wu et al., 2006).



H. Yang, et al. Journal of Asian Earth Sciences 182 (2019) 103931

1a] BD-1 BD-2 BD-3 BD-4 b o
BD-6 BD-7 BD-8 BD-9 Yingping
BD-10 BD-11 BD-IZ
1 — 1 v\”/: + —~—
\ — 2
2] 2 =
£ 3
5 = — — =
2 - =
g 3 —e—YP-1 ——YP-4 —%—YP-5
w -
Baidou o—YP-6 ——YP-7
| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
cl .
Jinzhong
Chuandong
. ',,,,u"""""""'"‘ . M
%) X,_x—)/
<
2 g
= S
3 =
E E| ——Jz-1 —8)Z2 ——)Z3 —%—)Z-4 —*—JZ-5
3 1)
sesesss CD-1 CD-2 CD-3 eeeeees CD-4
1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
(S
10
Wienguan f the countey rock
1 W W
) Z 0.1
< >
A 5]
2 = 107
. ¢ /\
> ©n
—+—WQ-1 ——WQ-2 —=—WQ-3 -3
Q Q Q 10 — ~7 W
= WQ-4 = WQ-5 ——WQ-6 —%—BD-3 —8—YP-2 —a—IZ6 —e=—YP3
T S S SO S T S T TR TR ST S o+ v oy
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
E [h]
1.2
B A
1.0 ) n
A L™ [ ]
10F pm =" "
[ | “I D SO
.////.I////A// R R?=0.0072
’50-8 B R?=0.0406 % R
) @] A M
o f A A A Samples from layer B 0.6 e
0.6 B Samples from layer A Aas
Al B4
AL A the wall rock
04 1 L 1 1
0'40 100 200 360 200 500 600 o 2 e o b >0
SREE Dyy/ Smy

Fig. 14. a—f: The post-Archean Australian shale (PAAS)-normalized rare earth element distributions in phosphorites of Central Guizhou, Ediacaran Doushantuo
Formation. The PAAS date is based on Taylor and Mclennan (1985). BD represents the Baidou ore block, CD represents the Chuangdong ore block, WQ represents the
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Fig. 15. Chondrite-normalized and North American shale composite (NASC) - normalized REE patterns of phosphorites from Central Guizhou, Ediacaran
Doushantuo Formation. The chondrite data are from (Boynton, 1984), and the NASC date are from (Taylor and Mclennan, 1985), and the REE patterns of hydro-
genous and hydrothermal deposits are from Oksuz (2011). The REE value of phosphorite and wall rocks are average.

In summary, Ni, Cr, and U were influenced by organic matter and
hydrothermal processes to a certain degree, whereas the REEs were less
altered. This might be the reason why the RSE indices (including V/Cr,
V/(Vr + Ni), Th/U, 8U), reflected inconsistent redox conditions with Ce
anomalies, and the Ce anomalies were the preferable indices for re-
cording the primary redox conditions. According to Ce,nom Of the
phosphorites, the redox condition of the Doushantuo phosphorite in
Central Guizhou therefore transitioned form anoxic to oxic from layer A
to B, consistent with the paleoenvironmental changes. Research has
shown that the global climate became warmer, resulting in the thawing
of the Marinoan Glaciers and biological “boom” after Nantuo
Snowearth (Ye, 1989; Mi et al., 2010). Thereafter, in the Ediacaran
Ocean, the oxygenation of seawater extended from the surface to the
bottom, which resulted from the increased atmospheric oxygen content
(Li et al., 2010; Fan et al., 2014; Han and Fan, 2015). The redox stra-
tification during the Ediacaran was put forward by Jiang et al. (2007),
who suggested that the seawater was stratified by oxic open-ocean
shallow water and anoxic/euxinic deep water in the Yangtze Platform
according to dissolved organic carbon (DOC). This has been verified by
many researchers, who investigated Fe speciation, Fe isotopes, redox
sensitive elements, carbon and sulfur isotopes (Goldberg et al., 2007;
Canfield et al., 2008; Wille et al., 2008; Han and Fan, 2015). Along the
oxygenation of seawater during the Ediacaran, the redox interface
moved from shallower to deeper seawater (Li et al., 2010; Fan et al.,
2014; Han and Fan, 2015). Moreover, Fan et al. (2014) studied the
8%Fe of the Doushantuo Formation in the Yangtze Gorge and Wen et al.
(2015) studied the §°7°*Mo of the Meishucun Formation in Yunnan
province, and they found that the redox stratification existed both
during the Doushantuo and the Meishucun periods, along with an
fluctuating redox interface (Han and Fan, 2015; Liu and Zhou, 2017).
This is consistent with the viewpoint that the redox stratification of
Cambrian seawater inherited that of Precambrian in South China
(Goldberg et al., 2007; Wille et al., 2008; Wang, 2010). Therefore, the
phosphogenic event was closely related to the post-glacial global en-
vironmental change, and this may be the most direct factor responsible
for the change in redox conditions from layer A to B of Doushantuo
phosphorite in Central Guizhou.

According to the above discussion, the redox interface and oxyge-
nation of seawater extended from the surface to the bottom of the
Ediacaran Ocean, which was across the Yangtze Platform. However,
this transition of redox conditions could not be responsible for the en-
tire phosphogenic event across the Yangtze Platform. For example, even
though formed contemporaneously with and closely to Weng’an phos-
phorite, Kaiyang and Zunyi phosphorites formed under anoxic condi-
tions (Yang et al., 1997; Zhang et al., 2016), but the upper layer of
Kaiyang was lacking(Wang et al., 2016). In the Hubei Doushantuo
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phosphorite, both the upper and lower layers of the phosphorite in
Baiguoyuan, Yichang, Hushan, Three Gorges Area, and Zangcunping
formed under anoxic conditions (Mi, 2010; Xin et al., 2015; Xin et al.,
2016). The most important reason may be the palaeogeographic fra-
mework. Research has shown that Weng’an and Kaiyang phosphorites
belong to platform-type sedimentary facies with shallower seawater,
whereas cotemporaneous Zunyi, Baiguoyuan, Hushan, and Zang-
cunping deposits belong to basin-type sedimentary facies with deeper
seawater (Yang et al., 1997) or restricted depressions (Mi, 2010; Mi
et al., 2010). Along with the oxygenation extension, the shallower area
was oxidized earlier than the deeper area, which is resposible for the
different redox conditions of phosphogenic events across the Yangtze
Platform. The Zhijin Cambrian phosphorite, located in Central Guizhou,
was formed under oxic environments according to negative Ce
anomalies (Shi et al., 2004; Zhang et al., 2004; Shi et al., 2006).
Nevertheless, the redox condition of Meishucun phosphorite in Ku-
nyang, Yunnan province, transformed from oxic to anoxic from the
lower to the upper layer (Han and Fan, 2015; Liu and Zhou, 2017). The
continuous oxygenation extension in Cambrian resulted in an oxic en-
vironment in the Meishucun period, whereas the anoxic environment
recorded in the upper layer of Kunyang phosphorite might be the result
of volcanic and hydrothermal activities around 535 Ma (Liu and Zhou,
2017) or secondary reworking (Mi, 2010; Wen et al., 2011).

6.3. Apatite formation

Layer A is mainly distributed as a grainy phosphorite with a com-
pact banded structure, and the phosphorite mainly consist of globular
phosphate intraclasts, considered to be biologically irrelevant. Layer B
is distributed as dolomitic phosphorite and phosphorous dolomite, and
mainly consist of microbial phosphate components and small portions
of globular phosphate intraclasts. The formation of apatite is discussed
in the following sections.

6.3.1. Formation of globular phosphate intraclasts

Most ancient phosphorites, especially Precambrian phosphorites,
are characterized by high psephicity (Zhao, 1985; Ye, 1989). In our
samples, the collophane have high psephicity, especially samples from
layer A. In general, the granular fabric is attributed to reworking of pre-
existing phosphatic sediments (Ilyin, 1998; Vernhet et al., 2007; She
et al., 2013; Muscente et al., 2015), involving hydrologic power capable
of forcing these grains into the sediment. The sedimentary evidence for
high-energy environments, such as parallel-bedding (Fig. 5a) and cross-
bedding (Fig. 5c), were generally observed in these deposits and were
consistent with a tidal flat environment.

The primary sedimentary textures of the Doushantuo phosphorites
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are clearly reflected in the internal collophane. The microgranular se-
dimentary texture (Fig. 7c and d) in internal apatite is completely
preserved, which resulted from the adsorption of organic matter,
quartz, and other detrital components from seawater during the sedi-
mentary process of globular phosphate intraclasts. The shrinkage cracks
(Fig. 7f) resulted from the volume shrinkage of phosphate during the
diagenetic process (Liu, 2008). The spongy textures (Fig. 7g and h)
resulted from phosphatization during the diagenetic process (Liu,
2008). The isopachous cement (Fig. 7e and f) is also considered a di-
agenetic texture, consistent with cement as viewed under an optical
microscope (Xie et al., 2003; She et al., 2013). Liu and Chen (1994)
suggested that the bright cement formed in the pore water in sediments
during diagenesis, regarded as first-generation cement by other re-
searchers (Zhao, 1985; She et al., 2013). The second-generation cement
is dolomite rather than quartz as reported previously (Zhao, 1985; She
et al., 2013). The primary sedimentary fabrics of globular collophane
demonstrate that the phosphorite formed under strong mechanical
power and underwent reworking of pre-existing phosphatic sediments.
Therefore, we suggest that the Doushantuo granular phosphorites in
layer A were formed by the reworking of previous phosphatic sedi-
ments, consistent with previous research (Follmi, 1996), and the me-
chanical power of seawater played an important role in forming the
granular collophane. The intact crystallographic form of crystallites
(Fig. 7k-0) suggested that alteration after diagenesis was limited.

Though the texture of the collophane indicates the reworking of pre-
existing phosphatic sediments, the process in which P and other ele-
ments transformed into phosphatic sediments remains in question.
Previous studies have shown that phosphate is under-saturated even in
P-rich normal marine environments (Yang et al., 1997), and thus
phosphate is less likely to directly precipitate from seawater. Pufahl and
Grimm (2003) suggested that in situ diagenetic mineralization driven
by changes in pore water redox potential could have been responsible
for the phosphogenic event, which is also called the “Fe-redox” pump.
The model suggested that the soluble phosphate group PO,>~ was in-
troduced by iron hydroxides (FeOOH) as a kind of adsorptive complex
compound (Shaffer, 1986; Muscente et al., 2015). When FeOOH-PO,>~
ionic group dropped from the redox interface, Fe>* was reduced to
Fe?* in the water column, and PO4>~ was released into the sediments
(Cappellen and Berner, 1988; Shen et al., 2000; Jiang et al., 2011;
Pufahl and Hiatt, 2012). The total Fe content of the phosphorite sam-
ples ranked from 0.05 to 2.63%, with an average of 0.86%, confirming
the possibility of Fe participating in mineralization. Redox stratification
was prevalent in the Ediacaran and Cambrian oceans (Mazumdar et al.,
1999; Goldberg et al., 2007; Fan et al., 2014; Han and Fan, 2015). Ce
anomalies and RSE indices indicated that phosphogenesis occurred
beneath the redox interface, which is consistent with the redox strati-
fication of seawater and beneficial to the “Fe-redox” pump.

Thus, we propose a globular apatite formation process, which is
divided into the following five formation stages: (1) P-bearing sediment
precipitation, during which soluble P was carried to the redox interface
as the FeOOH-PO,>~ ionic group, and then PO4>~ was released into the
sediments. (2) Phosphatization stage, during which the released PO,>~
combined with F~, Ca®*, and other metallogenic elements and then
transformed into phosphate through phosphatization. At the same time,
the spongy textures and shrinkage cracks formed becausde of the for-
mation of microcrystalline apatite and volume shrinkage. (3)
Mechanical disruption of phosphate, during which incompletely con-
solidated phosphate was disrupted and irregular phosphate particles
formed through mechanical hydrodynamic forces, such as tide activities
and waves. (4) The rounded and re-precipitated stage, involved dis-
rupted and irregular particles being carried in the turbulent seawater
and re-precipitated. Importantly, in this process, irregular particles
were elutriated and rounded, resulting in the high psephicity of the
apatite. (5) The growth of isopachous apatite cement involved well-
ordered apatite cement being formed in the pore water of the sedi-
ments, forming the first-generation cement. In the diagenetic stages,
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apatite granules were cemented by dolomite which serves as the
second-generation cement.

6.3.2. Formation of microbial phosphate component

Organic matter has been proposed as a possible primary REE carrier
(Reynard et al., 1999), and REE fractionation occurs during such
transport. Researchers have shown that the biogenic apatite are rich in
MREEs (Mcarthur and Walsh, 1984; Kidder and Eddy-Dilek, 1994;
Felitsyn and Morad, 2002), because they are substituted for Ca®* in the
apatite lattice when biogenic apatite is formed (Wright et al., 1990). In
our samples, the PAAS-normalized REE distributions of layer B are
characterized by a “hat-shaped” REE plot (Fig. 14a and b), indicating
that microorganisms or organic matter participated in the mineraliza-
tion process. Research has shown that As, Sr, and Ba can be adsorbed by
microorganisms, and that the microorganisms can react with Pb and Cu
to produce metal complex compounds (Gulbrandsen, 1969). These
trace elements were rich in Weng’an and Kaiyang phosphorites to a
certain degree, indicating that microorganisms were likely involved in
mineralization. As, Pb, and Sr are also related to hydrothermal sedi-
mentation, but no evidence has been provided to certify the amount of
trace element that microorganisms or hydrothermal processes each
could have contributed.

Previous studies on Doushantuo phosphorite mainly focused on the
classification and three-dimensional feature of the microfossils, which
were interpreted as algae (Xue et al., 1995; Xiao et al., 1998; Mi et al.,
2010; Igisu et al., 2014), animal embryos (Xiao et al., 1998; Yin et al.,
2007a, 2007b; Igisu et al., 2014), acritarchs (Zhou et al., 2007;
Muscente et al., 2015), and non-metazoan holozoans (Therese et al.,
2012). In this study, the role of microorganisms in P enrichment was
discussed in detail, and the microfossils were differentiated as embryo-
and algae-like microfossils rather than classifying them in detail.

All the phosphatic microfossils and biogenic apatite indicated that
the formation of the microbial phosphate component was dominated by
microorganisms. Generally, microorganisms take part in P enrichment
by adsorbing metallogenic elements directly (Liang et al., 1984; She
et al., 2013) or changing the metallogenic conditions. The primary
growing texture of embryo-like microfossils and the inner texture
(Fig. 8a—e) of algae-like microfossils (Fig. 8f-j) indicated that micro-
organisms adsorbed P and other elements during growth. The cleavage
stages of the embryos represent their successive binary divisions (Yin
et al., 2007a, 2007b). The characteristics of the simple to aggregated
algae indicated that the apatite might have grown by surrounding the
algae (dark-gray contrast). The aggregated entities (Fig. 8i, k, and 1)
were formed by multiple incipient individuals, indicating that spheroid
algae were cemented by apatite soon after death. Linear principal
component analyses of the irregularly concentric apatite indicate that
Ca, P, O, and F are characterized by periodic changes along with the
periodic changes in contrast observed in BSE images, and the lowest
contents are recorded by the algae in the center of apatite (Fig. 10). She
et al. (2013) analyzed the micro-textures of Doushantuo globular apa-
tite (Yichang, Hunan) by SEM, Raman spectroscopy, and NanoSIMS and
suggested that excess extracellular polymeric substances (EPS) pro-
duced by microorganisms were expected to adsorb the elements and
control the precipitation of biological apatite. This viewpoint is con-
sistent with the suggestion of other researchers in that EPS served as a
primary substrate and defined the laminated character of the granules
(Heike and Wolfgang, 2000; Liu et al., 2004; Lopez et al., 2011). This is
also in accord with the microbial phosphorite component, especially
the pistil-like apatite (Fig. 10g), irregularly concentric apatite
(Fig. 10h), and concentrically zoned granules (Fig. 10p). Therefore, we
suggest that the growth of microorganisms might relate to the periodic
changes of P in seawater resulting from the adsorption of metallogenic
materials by microorganisms during apatite precipitation.

There are also differences between the studies of She et al. (2013)
and the results of this study. The phosphatized microfossils of Yichang
formed under anoxic environments (Mi et al., 2010; Xin et al., 2015; Xin
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et al., 2016), and the microfossils were well preserved after precipita-
tion. Whereas Weng’an microbial phosphorite formed under oxic en-
vironments, partial algal microorganisms were oxidized and degraded
before buried and P being released into pore water (Longinelli and Nuti,
1973; Shen et al., 2000). The damaged algal microfossils (Fig. 10q)
indicated that partial algal microorganisms were degraded before they
were burried completely. This led to high P content of the pore water,
and then the amorphous apatite (Fig. 10r) formed during diagenesis.
This kind of amorphous apatite mutually cemented with dolomite
(Fig. 10r), indicating that they formed simultaneously and served as
second-generation cement. The differences between Weng’an and Yi-
chang microbial phosphorite might be due to the redox conditions that
influenced the conservation of microorganisms.

The Doushantuo microbial phosphorites shed light on the shallow
marine environment after the Marinoan glaciation. Both geochemical
characteristics and micro-textures of biogenic apatite (Fig. 8) suggest a
genetic link between microorganisms and apatite. We suggest a mi-
crobial phosphate forming process divided into the following four for-
mation stages: (1) Under oxic and nutrition-rich conditions, micro-
organisms adsorbed P for the demands of growth, forming the incipient
algal tissues (Fig. 8f—j). The algae produced EPS, which provided nu-
cleation sites and adsorbed P, Ca, F, pyrite, quartz, and other detrital
components (Liang et al., 1984; She et al., 2013). (2) P in seawater was
adsorbed by EPS, and oxygen was consumed, which resulted in de-
creased P content and anoxic conditions in local regions. Thereafter, P
and O were supplied from the surrounding seawater, producing peri-
odic changes in P in local seawater and forming the irregularly con-
centric textures (Fig. 8f-h), which resulted in periodic changes in P
contents during accretionary growth (Fig. 10). (3) During the inter-
mittent P-depleted and microorganism-free stages, microorganisms
died and precipitated in sediments, and F-bearing calcium phosphate
was subsequently formed through phosphatization. Partial algal mi-
croorganisms were degraded before being buried completely, causing P
to be released into pore water. (4) The isopachous cement was formed
in pore water without microbial action and served as first-generation
cement. This stage was similar to the last formation stage of the glob-
ular apatite. Thereafter, the amorphous apatite formed because the
excess P released by degraded algal during the diagenetic stages. And
then the amorphous apatite was mutually cemented with dolomite,
serving as the second-generation cement.

The geochemical data showed that the redox conditions transitioned
from anoxic to oxic from layer A to B. Therefore, we considered the
possibility that redox conditions influenced the transition of genetic
mechanisms. In the earlier depositional stages of the Doushantuo
phosphorites, the sedimentary environment remained anoxic at the
sediment-water interface after the Marinoan glacier melted. Many
transgressions occurred, and the hydrothermal fluids and normal sea-
water invaded the shallow water environment. The globular phosphate
intraclasts formed through the reworking of pre-existing phosphatic
sediment. In the later depositional stages of the Doushantuo Formation,
the sedimentary environment became oxic with the increased oxyge-
nation of the seawater. Microorganisms flourished and played a domi-
nant role in the formation of biogenic apatite. It can be concluded that
the phosphogenic events occurred near the redox interface in the sea-
water surrounding the Doushantuo Formation, and the dominant me-
tallogenic mechanism of the phosphorite in layer A was the mechanical
power of the seawater, whereas the driving mechanism of metallo-
genesis in layer B phosphorite was microorganisms.

7. Conclusions

The following conclusions can be drawn from the apatite micro-
textures, in situ major elements of apatite and the geochemical char-
acteristics of the phosphorites:

1. Phosphogenesis occurred during the deposition of the
Doushantuo Formation and was restricted to tidal flats, which resulted
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from marine transgressions. Geochemical analyses suggest that hydro-
thermal processes might have contributed to the metallogenic materials
in these strata. Hydrothermal fluids would have been injected into the
bottom of the water column, mixing with normal seawater. This mix-
ture of hydrothermal fluids and normal seawater would have invaded
the shallow water basins, providing metallogenic materials.

2. The phosphogenic events occurred under anoxic conditions for
layer A and oxic conditions for layer B. This was consistent with the
viewpoint that the redox interface extended from the surface to the
bottom in the Ediacaran Ocean. However, this transition of redox
conditions could not be responsible for the entire phosphogenic event
across the Yangtze Platform.

3. We suggest that the globular intraclasts from layer A were formed
by the reworking of previous phosphoric sediments, which were in-
fluenced by the strong mechanical power of seawater. A globular apa-
tite formation process was proposed, which could be divided into five
stages: P-bearing sediment precipitation, phosphatization stage, me-
chanical disruption of phosphate, the rounded and re-precipitated
stage, and growth of isopachous apatite cement. The microbial phos-
phate component of layer B was formed by microbially mediated ac-
cretionary growth. Phosphatization occured in most microorganisms,
while partial algal microorganisms were degraded before being buried
entirely, resulting to that algal microfossils were damaged and P re-
leased into the pore water. The amorphous apatite formed during the
diagenetic stages and mutually cemented with dolomite, serving as
second-generation cement.

4. The transition of redox conditions might be responsible for the
genetic mechanism transition of phosphate particles. Whereas, the P
content in ore minerals of different phosphorites had no connection to
their genetic mechanisms. However, there may be other factors worth
considering to reveal why there was a lower P,Os content in layer B
than in layer A in Doushantuo phosphorites, Central Guizhou.
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