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During the Ediacaran period, massive marine phosphorites were deposited worldwide, which could represent a
global sink of rare earth elements and yttrium (REY) in oceans. In the Doushantuo Formation of South China, the
REY source has been preliminarily constrained as the mixed sources of seawater and terrigenous matter in these
phosphorites. However, the REY composition of both seawater and terrigenous endmembers is still unclear;
therefore, it’s difficult to identify the contributions of seawater and terrigenous sourced REY. In this work, REY
and other trace elements of bulk phosphorites, in situ carbonates, and apatite grains were analyzed from a drill
core (Fangmashan) of the Doushantuo Formation in South China. Combined with mineralogical observations, the
REY composition of seawater and terrigenous endmembers is well-constrained. Along the investigated Fang-
mashan drill core, all in situ carbonates (calcites and dolomites) show a modern seawater-like REY pattern,
indicating that the REY characteristics of the Doushantuo seawater could be similar to those of modern oxic
seawater without significant changes. Alternatively, apatites from the lower and upper phosphorites showed
distinct REY patterns. One type of apatite in the upper phosphorites showed a modern seawater-like REY pattern,
indicating authigenic REE enrichment from the seawater column. However, another type of apatite in the upper
phosphorites with an REE pattern that deviated from seawater showed high ZREY (~691.16 + 309.78) and low
Y/Ho (~40.52 + 4.05), probably reflecting mixed REY sources and/or the effects of early diagenesis. It is noted
that most apatites in the lower phosphorites are obviously enriched in light REY (LREY: La - Nd) compared to
heavy REY (HREY: Ho - Lu and Y), which may represent a significant contribution of the terrestrial REY source.
This study reveals that the REY composition of paleo-seawater could be similar to modern seawater as early as
the Neoproterozoic and supports a significant contribution to understanding the difference in the REY compo-
sition of phosphorites in geological history.

1. Introduction

Marine phosphorites generally have higher rare earth elements and
yttrium (REY) concentrations relative to other sedimentary rocks (e.g.,
carbonates and shales) due to the REY-enriched apatites in phosphorites
(Piper, 1974; Toyoda et al., 1990). It has been reported that marine
phosphorites with REY enrichment (>1000 ppm) were mainly formed
during the Paleozoic Era (Emsbo et al.,, 2015; Chen et al., 2019).
Although REY-enriched phosphorites are rarely reported in the Pre-
cambrian (total REY concentrations of ~ 4.23-599.58 ppm) (Luo, 2011;
Khan et al., 2012; Xin et al., 2015; Yang et al., 2019; Chen et al., 2019),
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massive marine Neoproterozoic phosphorites represent globally a large
scale phosphogenesis event (Pufahl and Groat, 2017), thus representing
an important source of REY deposits (Emsbo et al., 2015; Khelalfa et al.,
2016).

The REY in phosphorites has been widely studied by researchers, and
the REY source in phosphorites may contain multiple sources derived
from seawater and terrigenous matter (Xin et al., 2015; Yang et al.,
2019; Baioumy and Farouk, 2022). The REY characteristic of seawater is
considered to be recorded in authigenic apatite and carbonates (Wright
et al., 1987). For instance, paleo-phosphorites with modern seawater-
like REY patterns indicate similar REY composition of paleo-seawater

Received 27 December 2022; Received in revised form 25 April 2023; Accepted 2 May 2023

Available online 5 May 2023

0169-1368/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:fanhaifeng@mail.gyig.ac.cn
www.sciencedirect.com/science/journal/01691368
https://www.elsevier.com/locate/oregeorev
https://doi.org/10.1016/j.oregeorev.2023.105470
https://doi.org/10.1016/j.oregeorev.2023.105470
https://doi.org/10.1016/j.oregeorev.2023.105470
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2023.105470&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

F. Zhang et al.

to modern seawater (Shields and Stille, 2001). Here, REY characteristics
of paleo-seawater similar to modern seawater do not mean that both
periods show identic conditions (e.g., oxygen levels of atmosphere or
seawater). Although oxidation of the surface water may have occurred
in the Ediacaran period (Li et al., 2010; Sahoo et al., 2012; Xu et al.,
2022), it is not so easy to correlate the modern seawater signatures with
the paleo-seawater signatures since the modern atmospheric oxygen
levels and Neoproterozoic atmospheric oxygen levels were completely
different (Liu et al., 2021). Therefore, the comparison of REY signatures
between modern and paleo-seawater is based on the presumption that
REY sources are consistent, and it is speculated that REY of paleo-
seawater experienced a differentiation process similar to that of the
modern marine environment according to the same REY distribution
patterns. Some researchers also argued that the paleo-seawater could
have a different REY composition from modern seawater (e.g., HREY
enrichment) following the observation of middle REY (MREY: Sm - Dy)
enrichment (such as “cap-shaped” REY patterns) in paleo-phosphorites
(McArthur and Walsh, 1984; Grandjean et al., 1987; Grandjean-
Lécuyer et al., 1993; Ilyin, 1998; Picard et al., 2002), although it may be
caused by MREY enrichment during early/late diagenesis (Emsbo et al.,
2015). Detailed studies of microbial carbonates and granular phospho-
rites showed that the REY composition of Phanerozoic seawater has not
changed (Shields and Stille, 2001; Shields and Webb, 2004). However,
the REY composition of Precambrian seawater is still unclear due to the
influence of terrigenous REY (Xin et al., 2015; Francovschi et al., 2020).

The REY in seawater is derived mainly from the river input, atmo-
spheric particle deposition, and hydrothermal activity on the seafloor
(Nozaki, 2001). The source of REY in the Ediacaran phosphorites from
the Nanhua Basin has been studied recently by several researchers (Xin
et al., 2015; Yang et al., 2021; Yang et al., 2022). Massive phosphorites
of the Ediacaran Doushantuo Formation have REY characteristics
similar to seawater (e.g., negative Ce anomalies and high Y/Ho ratios,
>44) (Alibo and Nozaki, 1999); thus, they are considered to be derived
from seawater (Yang et al., 2021). However, low Y/Ho (<44), low eNd
(t) (<-5), and high 875r/80gr (>0.7090) in some parts of phosphorites
also indicate terrigenous REY input (Xin et al., 2015; Yang et al., 2021).
REY-rich Ediacaran phosphorites (~993-2200 ppm) have also been
reported in northeastern Moldova and southwestern Ukraine, and the
REY enrichment was explained by the contribution of continental basalt
weathering (Francovschi et al., 2020). Although the contributions of
terrigenous REY have been recognized in the Doushantuo Formation
phosphorites in various regions, how did the terrigenous REY contribute
to the phosphorites is not well defined. Generally, the change in
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terrestrial contribution is closely related to drastic climate changes (Mi,
2010; Yang et al., 2021). Specifically, the Doushantuo phosphorites was
deposited after the “Snowball Earth” event that occurred ca. 635 Ma ago
(Cook and Shergold, 1984), and the influence of terrigenous matter on
REY enrichment in seawater and marine phosphorites is still unclear.

In this study, the REY composition of seawater and terrigenous
endmember during the Doushantuo period (from 635.2 to 551.1 Ma,
Condon et al., 2005) is defined by the mineralogy and geochemical
parameters of carbonates and apatite and the relative contributions of
terrigenous and seawater to the REY in the Doushantuo Formation
phosphorites are also estimated.

2. Geological setting

The South China Block (Fig. 1A) was formed through the assembly of
the Yangtze Platform with the Cathaysia Platform during the Jinning
orogeny (~1.0-0.8 Ga, Li, 1999). The Chengjiang orogeny (~780-750
Ma) led to the overall assembly of the Yangtze Platform with continuous
subduction and collision (Gao et al., 2018), which formed a large area of
underwater uplift, which was a favorable place for phosphate deposition
(Xiong et al., 2010). After the “Snowball Earth” event (including the
Sturtian and Marinoan glaciations: ~720-660 Ma and ~ 640-635 Ma,
respectively, Kennedy et al., 1998; Hoffman et al., 2017), the severe
perturbations to Earth’s climate system promoted the ocean phosphorus
cycle (Reinhard et al., 2017; Li et al., 2021), and massive phosphorites
with economic significance were formed in the Nanhua Basin during the
Ediacaran Doushantuo period (Tian, 2000).

Massive phosphorites of the Doushantuo Formation were widely
deposited in the Yangtze Platform, which are mainly distributed in four
phosphorus accumulation areas in central Guizhou, western Hunan,
northern Hunan, and western Hubei (Fig. 1B, Tian, 2000). Our research
is focused on the phosphorus accumulation area of western Hubei
(Fig. 1B), which includes five large phosphorus ore areas: Baokang,
Xinhua, Shennongjia, Yichang, and Jingxiang (Fig. 2, Xiong et al.,
2010). The paleogeographic location of phosphate deposits in western
Hubei is limited to shallow water areas (Liang, 1984), and the phos-
phorites are mainly distributed in the distal and proximal side of shelf
lagoon facies and are rare in the shelf margin facing the open ocean
(Fig. 2) (Jiang et al., 2011; Zhu et al., 2013). The sedimentary sequences
from the study area were accumulated in an inner shelf depositional
environment (Fig. 1B) (Vernhet, 2007; Jiang et al., 2011).

The Doushantuo Formation in western Hubei has four phosphate
members in the Jingxiang phosphate deposit area, both the first and
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Fig. 1. (A) Generalized geological map of China. (B) The sedimentary facies in the Yangtze Platform during the Ediacaran period (modified after Jiang et al., 2011).
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Fig. 2. The lithofacies paleogeographic map
during Doushantuo period in the ore
concentrated district of the western Hubei
province (modified after Xiong et al., 2010).
Legend: 1. Ancient land and island; 2. Littoral
volcanic facies; 3. Littoral tidal flat-sandstone
or siltstone, sandy rock, and carbonate subf-
acies; 4. Littoral tidal flat-carbonate sand-
stone and mudstone subfacies; 5. Coastal
basin-carbonate and mudstone subfacies; 6.
Coastal basin-mudstone and carbonate subf-
acies; 7. Coastal basin margin-phosphate
mudstone and carbonate subfacies; 8.
Coastal platform slope-phosphate rock,
mudstone and dolostone facies; 9. Coastal
platform-phosphorite, mudstone, and car-
bonate subfacies; 10. Large-sized phospho-
rite; 11. Medium-sized phosphorite; 12.
Small-sized phosphorite; 13. Phosphorite
mineralization spot.
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third members are economically viable (Xiong et al., 2010; Luo, 2011).
The Fangmashan ore Block (~92 million tons, P;0s5 grade of ore of ~ 21
wt%) (Liu, 2012), is selected for research (Fig. 1B, Fig. 3A). The Block
has two phosphate members, correlated with the first and third members
in the Jingxiang phosphate deposit area, and three wall rock members
(Fig. 3B). The lower wall rocks (WR-I Member) are of siliciclastic
composition and consists of siliceous shales and siliceous dolostones.
WR-I Member is overlain by the lower phosphorites (LP Member) that is
characterized by an alternation between phosphorites and siliceous
shales or siliceous dolostones. The middle wall rocks contain thick gray
dolostones (WR-II Member) and gray or dark-gray silty shales or mud-
stones (WR-III-a Member). The upper phosphorites (UP Member) mainly
occur as a massive structure but are also represented by banded phos-
phorites interbedded with thin dolostones. The upper wall rocks (WR-
III-b Member) show the same lithological and geochemical character-
istics as WR-III-a Member, so it is convenient to uniformly describe them
and name them with WR-III Member. Ore composition is mainly collo-
phane and microcrystalline apatite, and the gangue mineral predomi-
nantly consists of dolomite, quartz, clay mineral, and pyrite.

3. Sampling and methodology

Fifty-seven samples were taken from a drill core Zk11811 from
Fangmashan of Huji phosphorites in Xiaojialing, Lishan village,
Shuanghe town (Fig. 1B, 31°24'48.75” N and 112°16'50.43” E). All
samples were powdered into 200 mesh for whole-rock major and trace
element analysis. Ten samples were cut to make approximately 80 pm
thick sections for mineralogy and in situ geochemical analysis.

3.1. Petrography and mineralogy

Micromorphology observation and mineral distribution image
shooting were performed under an optical microscope and a JSM-7800F
scanning electron microscope at the State Key Laboratory of the Institute
of Geochemistry, Chinese Academy of Sciences (IGCAS). The beam
current of the electric gun was 10nA, the accelerating voltage was
10-30 kV, and a focused high-energy electric beam (~1 um) was used to
bombard the mineral surface to stimulate the characteristic X-ray. The
characteristic X-ray was captured by an EDAX TEAM Apollo XL energy

dispersive spectrometer to determine the chemical composition of
minerals.

3.2. Major and trace elements

Major and trace element analysis was carried out following the ME-
XRF26F and ME-MS61r methods, respectively, at ALS Chemex
(Guangzhou) Co., Ltd. Dried powder samples were fully mixed with
Li;B407-LiBO3-LiNOs mixed solvent, and the major elements were
determined by X-ray fluorescence. The detection limit for all major el-
ements was ~ 0.01 wt%, and the relative error and relative deviation
were better than ~ 5%. Powder samples were completely digested using
HCIO4, HNO3, HF, and HCI and then dissolved in dilute HNO3 (2 %) for
ICP-MS measurement. A quantitative Rh internal standard solution was
added to correct the matrix effect and instrument drift. The detection
limits of trace elements are as follows: Ce, Ho, Lu, Tb, and Tm (~0.01
ppm); Er, Eu, Pr, Sm, and Yb (~0.03 ppm); Dy and Gd (~0.05 ppm); Y
and Nd (~0.1 ppm); Sr and Th (~0.2 ppm); La and Zr (~0.5 ppm). The
relative error and relative deviation were < 10%.

3.3. In situ trace elemental analysis

In situ trace element concentrations of apatite, calcite, and dolomite
were analyzed by LA-ICP-MS (Agilent 7900 ICP-MS equipped with a
GeolasPro 193-nm ArF excimer laser) at the State Key Laboratory of the
IGCAS. The beam size of all minerals was ~ 44 pm, the laser pulse en-
ergy was 65 mJ, and the pulse frequency was 10 Hz. Each analysis
consisted of 30 s of blank (laser-off) and 50 s of sample ablated signals.
Element abundance of all minerals was calibrated using the NIST610
and NIST612 standards, and Durango and MACS-3 standards were used
as apatite and carbonate external standards, respectively. Data calcu-
lation was processed with ICPMSDataCal software (Liu et al., 2008).
Elemental analysis of all samples was applied by internal standard-
independent calibration, with calcium as the standard internal element.

3.4. Element calculation

The REY concentration was normalized to Post-Archean Australian
shales (Taylor and McLennan, 1985). Ce anomaly (Ce/Ce*) was



F. Zhang et al.

Ore Geology Reviews 157 (2023) 105470

| — ./
7 .7 7 - /7 |
W/ E/ A/ //R

W/ /)

|/ [ [ <]
| 77 7 —7 |
CF /A
< | 5
8 §
g
[2 J/ — V= 18
‘8 =| VEY//ED
(s [si[] 19
g g s 7si
2 i -
8 Si Si Si
si si si % ”
i— Si —— Si——Si——Si—
5 V/Ey//a
si si Si G 2
i—— Si —— Si——Si——Si—
23
Si Si Si
si Tsi] ]
si si / = 24

25

@
@
N
Ny
BE
Ny
S
S

26

] P

Fig. 3. (A). Regional geological map of Jingxiang phosphorite (modified after Luo, 2011). (B). Simplified stratigraphic column of the Fangmashan borehole near the
Huji village. Legend for A and B: 1. Quaternary; 2. Cenozoic; 3. Cretaceous; 4. Triassic; 5. Permian; 6. Carboniferous; 7. Devonian; 8. Silurian; 9. Ordovician; 10.
Cambrian; 11. Ediacaran Dengying Formation; 12. Ediacaran Doushantuo Formation; 13. Mesoproterozoic (granitic gneiss and chlorite schist); 14. Yanshanian
(199.6-133.9 Ma) granites; 15. Jinningian (1.0-0.8 Ga) granites; 16. The geological boundary of conformity and unconformity; 17. Measured fault and inferred fault;
18. Siliceous shale; 19. Siliceous dolostone; 20. Phosphorite; 21. Dolostone; 22. Silty dolostone; 23. Muddy dolostone; 24. Phosphatized dolostone; 25. Black shale;

26. Dark or dark-grey silty shale or mudstone.

calculated using the conventional calculation formula: Ce/Ce* = 2 o
Cen/(Lay + Pry) (Bau and Dulski, 1996). The bell shape index (BSI)
value was used to detect the enrichment degree of MREY: BSI = ((2 e
(Smy + Gdn + DyN)average)/((Lay + Pry + NdN)average + (Hon + Ery +
Tmy + Yby + Lun)average)) (Taylor and McLennan, 1985).

4. Result
4.1. Mineralogy

4.1.1. Wall rocks

The predominant minerals of WR-I Member are K-feldspar and
calcite, which usually exist in the form of cement. Abundant pyrite
grains with particle sizes varying from several microns to hundreds of
microns were observed in WR-I Member, and their particle size can
reach 200 pm. Calcite and dolomite were the most common mineral
constituents of the WR-II Member, with insignificant amounts of clastic
material. The main mineralogical species in WR-III Member were
dolomite, quartz, and K-feldspar, which usually exist in the form of
cement. Apatite is identified only in the WR-III Member, shows an
irregular shape, and is mainly cemented by quartz and dolomite

(Fig. 4A). The particle size of apatite is up to ~ 200 pm, and the smaller-
sized pyrite grains (<100 pm) are in close contact with it.

4.1.2. UP Member

In the UP Member, apatite, quartz, pyrite, dolomite, and calcite are
the main minerals (Fig. 4B). Apatite is closely associated with quartz and
in a blocky shape without obvious boundary (Fig. 4B) and present either
as well-crystallized (Fig. 4C) or structureless aggregates as collophane
(Fig. 4D). There are also 100-300 pm apatite grains, often wrapped with
long and irregular calcite grains (Fig. 4B). Pyrite grains are small, most
of which are only a few microns in size and are scattered. In addition,
hexagonal pyrite grains (not shown) of particle size 50-80 um are
observed with good euhedral crystals.

4.1.3. LP Member

Apatites in the LP Member are interbedded with a clastic layer
comprising feldspar and quartz (Fig. 4E) or a mineral layer comprising
quartz and calcite (Fig. 4F). Apatite is mainly stacked in layers and has
smooth and flat edges (Fig. 4G), and another type of apatite shows fuzzy
crystals and characterized by collophane (Fig. 4H). Pyrite grains are
widely distributed with a particle size of hundreds of microns. Moreover,
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a large number of barite grains are observed, which are often closely
associated with calcite and quartz or cemented by them.

4.2. Major and trace elements

Supplementary Data Table S1 lists the results of the major and trace
element analyses. WR-I Member (mean ~ 0.79%), WR-II Member (mean
~ 0.48%), and WR-III Member (mean ~ 0.68%) have low P,Os contents.
Both WR-I Member (mean ~ 4.02%) and WR-III Member (mean ~
1.09%) have higher Al contents than WR-II Member (mean ~ 0.16%).
WR-I Member shows two types of REY patterns: the right-leaning REY
pattern (Lay/Yby: ~1.16-4.80, Gdn/Yby: ~0.92-3.30, Fig. 5A) and the
left-leaning pattern (Lan/Yby: ~0.22-0.64, Gdn/Ybyn: ~0.32-1.02,
Fig. 5A). WR-II Member has a left-leaning pattern (mean Lay/Yby and

Ore Geology Reviews 157 (2023) 105470

Fig. 4. Textural characteristics of the apatite, dolo-
mite, calcite, pyrite, and barite from the analysed
Ediacaran drill core samples. A and B, the scanning
electron microscope (SEM) images of mineral corre-
lation in the upper wall rock and the upper phos-
phorite; C and D, the secondary electron images of
apatite in the upper wall rock and the upper phos-
phorite. E and F, scanning electron microscope (SEM)
images of mineral correlation in the lower phospho-
rite. G and H, secondary electron images of apatite in
the lower phosphorites. Abbrrrreviations: Ap =
apatite, Dol = dolomite, Cal = calcite, Py = pyrite,
Qtz = quartz, Brt = barite, Ab = Albite, Kfs = K-
feldspar.

Gdn/Yby values of ~ 0.43 and ~ 0.86, Fig. 5B), and WR-III Member has
an MREY-enriched pattern (mean Lay/Yby, Gdy/Yby and BSI values of
~ 0.71, ~1.45 and ~ 1.24, respectively, Fig. 5C). WR-I Member has a
higher REY content (mean ~ 165.63 ppm) than WR-III Member (mean
~ 35.95 ppm), and WR-II Member has the lowest *REY content (mean
~ 7.48 ppm). The XREY and P05 contents show a positive correlation
(R? = ~0.59) in WR-III Member, but show no correlation in WR-I
Member and WR-II Member (Fig. 6A). Moreover, the XREY and Al
contents have a clear positive correlation in WR-I Member R?= ~0.52),
WR-II Member (R? = ~0.84) and WR-III Member (R? = ~0.78) (Fig. 6B).
It is worth noting that only WR-I Member has no negative Ce/Ce* (mean
~ 1), but WR-II Member (mean ~ 0.78) and WR-III Member (mean ~
0.81) have middle negative Ce/Ce*. All wall rocks have relatively low Y/
Ho values (means of ~ 30.62, ~33.79, and ~ 33.03 for WR-I Member,



F. Zhang et al.

Ore Geology Reviews 157 (2023) 105470

6
A —0— P,0:=0.14%-0.28%
—1P,0=1.13%-2.84%
—0— P,0:=0.08%-0.17%
s
§
w
0.1
0.07 0.01
1 10
2 ]
p: . a
& N 1 =
BBy
SR B
0.1 0.1
3 E 5
14
1
%) 0.1+
:
2
=
@A 0.01+
—A— WR-III/UP-Calcite
—0— P,0,=8.81%-14.10% N —A— LP-Calcite
—0— P,05=16.50%-23.90% 0.001 A —— WR-III/UP-Dolomite,
oA —l— Seawater
—0— P,0,=33.20%-33.30% RRN
0-1 T T T T T T T T T T T T T T 4E'4 T T T T T T T T T T T T T T T

T
La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

Fig. 5. A, B and C, PAAS-normalized REY patterns of the lower wall rock (WR-I), the carbonate rock interlayer (WR-II), and the upper wall rock (WR-III),
respectively. D and E, the PAAS-normalized REY patterns of the upper phosphorite (UP) and the lower phosphorite (LP). F, the PAAS-normalized REY patterns of in
situ carbonate minerals in WR-III, UP, and LP compared with modern seawater (Alibo and Nozaki, 1999).

WR-II Member, and WR-III Member, respectively) compared to modern
oxic seawater (>44) (Alibo and Nozaki, 1999).

The UP Member contains the same P;0s content (~22.34% =+
6.99%) as LP Member (~22.49% + 10.03%) but has a lower Al content
(mean ~ 0.32%) than LP Member (mean ~ 3.05%). The UP Member
shows a slight MREY-enrichment pattern (mean BSI values of ~ 1.40,
Fig. 5D), but the LP Member shows three types of REY pattern, including
the left-leaning, the right-leaning, and the flat REY pattern (Fig. 5E). The
UP Member has higher ZREY content (~240.01 + 70.54 ppm) than LP
Member (~158.08 + 71.83 ppm). However, the good correlation be-
tween TREY content and P,Os content only exists in the UP Member

(Fig. 6Q), all of them have no correlation between XREY content and Al
content (Fig. 6D). The UP Member (~46.45 + 2.73) has a significantly
higher Y/Ho value than the LP Member (~32.07 + 5.05). The LP
Member has no obvious Ce/Ce* (~0.95 + 0.08), while the UP Member
shows negative Ce/Ce* (~0.61 + 0.03).

4.3. In situ elemental analysis

Supplementary Data Table S2 and Table S3 list the in situ trace
element results for apatite, calcite, and dolomite. According to the REY
pattern, the apatite in the UP Member (UAp) can be divided into two
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Fig. 6. A and B, the correlation between ZREY of P;05 and Al;O3 of the lower wall rock (WR-I), the middle wall rock (WR-II), and the upper wall rock (WR-III). C and
D, the correlation among XREY of P,0s and Al,O3 of the upper phosphorite (UP) and the lower phosphorite (LP).

types of apatites, UAp-I with a modern seawater-like REY pattern (mean
Layn/Yby, Gdn/Yby and BSI values of ~ 0.20, ~0.86 and ~ 1.15,
respectively, Fig. 7A) and UAp-1I with an MREY-enriched pattern (mean
Lan/Yby, Gdn/Yby and BSI values of ~ 0.59, ~1.88 and 1.57 respec-
tively, Fig. 7A). The ZREY content of UAp-II (~691.16 + 309.78 ppm) is
much higher than that of UAp-I (~132.30 + 49.63 ppm). The apatite in
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the LP Member (LAp) can also be subdivided into two types of apatites
based on the REY patterns, namely, LAp-I with a right-leaning REY
pattern (mean Lan/Yby, Gdn/Yby, and BSI values of ~ 2.97, ~2.63 and
1.27, respectively, Fig. 7B) and LAp-II with a relatively flat REY pattern
(mean Lay/Yby, Gdy/Yby and BSI values of ~ 1.33, ~1.56 and 1.27,
respectively, Fig. 7B). The LAp-II (~403.81 + 95.93 ppm) contains

Sample/PAAS

-@-UAp-II
—@-Seawater

—W—LAp-1
—@—LAp-I1

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

Fig. 7. PAAS-normalized REY distributions of apatites in the upper phosphorite compared with modern seawater (Alibo and Nozaki, 1999) (A) and the lower

phosphorite (B).
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higher XREY content than the LAp-I (~204.08 + 90.71 ppm). Similar to
the whole rock data, the UAp has a higher Y/Ho value (~45.65 + 7.78)
than the LAp (~30.02 + 2.62). In addition, Y/Ho values have an obvious
negative correlation with £REY content in the UAp (R2 = ~0.76). The
negative Ce/Ce* (~0.67 + 0.03) is only recorded in the UAp, and the
Ce/Ce* of LAp is close to ~ 1 (~0.88 + 0.03). It is worth mentioning the
higher Sr/Mn value of UAp (mean ~ 908.68) than LAp (mean ~ 35.88).

The ZREY contents of calcite (average ~3.85 ppm) and dolomite
(average ~2.82 ppm) are much lower than that of apatite. All calcite and
dolomite have left-leaning patterns (mean Lay/Yby and Gdn/Yby of ~
0.32 and ~ 0.36 in dolomite, ~0.08 and ~ 0.06 in calcite, Fig. 5F), and
the average LREYN/HREYy are ~ 0.16 in dolomite and ~ 0.04 in calcite.
It is noteworthy that part of REY (Pr - Sm) in the calcites from the LP
Member (Lcal) are depleted (average Lay/Smy values of ~ 5.31); this
phenomenon is rare in the calcite (average Lay/Smy values of ~ 0.66) of
WR-III Member and the UP Member (Ucal) and dolomites (average Lan/
Smy values of ~ 0.91). Meanwhile, the Dyy/Yby values (mean ~ 0.15)
of all calcites are coincident, and dolomites show relatively high Dyy/
Yby values (mean ~ 0.5). Also, both Ucal and dolomite have high Y/Ho
values (~60.76 4+ 15.55 and ~ 46.16 + 9.40, respectively) and negative
Ce/Ce* (~0.33 £+ 0.45 and ~ 0.46 + 0.14, respectively). By contrast,
the Lcal has low Y/Ho values (~30.75 + 5.83) and no negative Ce/Ce*
(~1.38 + 0.53).

5. Discussion
5.1. Seawater REY during the Doushantuo period

The REY in modern oxic seawater is mainly characterized by HREY
enrichment, negative Ce anomaly, and super-chondrite Y/Ho ratio
(Alibo and Nozaki, 1999; Elderfield et al., 1981; Sholkovitz et al., 1994;
Bau and Dulski, 1996). In the Fangmashan drill core, part of the samples
in WR-I Member, WR-II Member, and LP Member have Lay/Yby and
Gdy/Yby ratios less than ~ 1 (Table S1), showing left-leaning REY
patterns similar to modern oxic seawater (Fig. 5A, 5B, and 5E). Mean-
while, negative Ce/Ce* and high Y/Ho ratios are only recorded in WR-II
Member, WR-III Member, and UP Member (Table S1, Fig. 5B, 5C, and
5D). WR-I Member and LP Member with left-leaning REY patterns have
no negative Ce/Ce* and high Y/Ho values, which may be controlled by
the anoxic water column or terrigenous debris input. Terrigenous-
derived material usually has stable chondrite Y/Ho (~23-27) and has
no negative Ce/Ce* (Nozaki et al., 1997). Thus, this may indicate that
almost all samples in the Fangmashan drill core have different degrees of
terrigenous debris contaminations (Y/Ho = ~26.11-49.77), where WR-I
Member, LP Member, and WR-III Member (Y/Ho = ~26.11-44.37) have
more terrigenous debris input than WR-II Member and UP Member (Y/
Ho = ~30.91-49.77). This debris contamination can also be distin-
guished by typical terrestrial elements (Al, Th, Zr, etc.) (Zhao and Zheng,
2014). In Fig. 6B, the positive correlation between ZREY content and
Al»03 in WR-II Member indicates that REY composition may be affected
by debris. The seawater-like REY pattern of WR-II Member shows that
the debris has limited impact on the REY composition of WR-II Member,
or part of the WR-II Member with little terrigenous clastic input (Al,O3
< 0.35%) can represent the REY distribution patterns of seawater at that
time (Ling et al., 2013).

LA-ICP-MS can accurately determine a single mineral, greatly
avoiding the impact of terrestrial debris and significantly improving the
reliability of data (Gong et al., 2021). Li et al. (2019) compared the REY
compositions of the oolites of the marine carbonate rocks in the
Bahamas and the seawater of the western Atlantic Ocean and found that
they have similar REY distribution patterns (i.e., HREY enrichment; La,
Gd, and Y positive anomaly; and Ce negative anomaly). This REY pat-
terns similar to modern seawater has also been observed in carbonate
oolites and carbonate rocks of the paleo-seawater (Shields and Webb,
2004; Zhao and Zheng, 2014; Gong et al., 2021). This is because REY in
seawater can enter the mineral lattice by substituting Ca?* so that the
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REY characteristics of paleo-seawater can be preserved in minerals
containing Ca®* (Bau, 1991; Ling et al., 2013; Zhao et al., 2021). Hence,
the REY characteristics of an in situ carbonate mineral can more accu-
rately record the characteristics of ambient seawater.

Carbonates have low REY contents, and even a small amount of
siliceous debris or other minerals can change its REY abundance and
REY pattern (Ling et al., 2013; Hood and Wallace, 2015; Li et al., 2019;
Zhao et al., 2021). Based on previous calibrated standards (Th < ~0.5 x
10~%and Th/U < ~0.5, Al < ~100 x 10~°, P,05 < ~0.03%) (Ling et al.,
2013; Hood and Wallace, 2015), four dolomite samples and eight calcite
samples were screened. In Fig. 5F, the four dolomites in WR-II Member
and WR-III Member all show left-leaning REY patterns (Lan/Yby =
~0.17-0.46), and all have REY characteristics similar to that of modern
seawater (Ce/Ce* ~0.46 + 0 0.14; Y/Ho ~ 46.16 + 9.40). The eight
calcite samples all have left-leaning REY patterns (Lay/Yby =
~0.0016-0.25), the difference is that the LREY of calcites of WR-III
Member and UP Member (Ucal) is more depleted (LREYNy/HREYy =
~0.001-0.014, mean ~ 0.007) than the calcites (LREYn/HREYy =
~0.085-0.122, mean ~ 0.037) of the LP Member (Lcal). Meanwhile,
Ucal shows significant negative Ce/Ce* (~0.33 + 0.45) and high Y/Ho
values (~60 + 15.55) compared to Lcal (~1.38 + 0.53 and ~ 30.75 +
5.83, respectively). Low Y/Ho values indicate the implication of
terrestrial REY input (Nozaki et al., 1997), and/or possibly anoxic
paleoredox conditions (Bau et al., 1997), and Ce enrichment may result
from the reductive dissolution of Mn-(oxyhydro) oxide (Wu et al., 2019).
Picard et al. (2002) argued that the REY composition of paleo-seawater
in the Mesozoic was different from that of modern seawater because the
fish and reptile teeth in the carbonate deposits recorded higher Dyy/Yby
values (>1.8) than in modern seawater (<0.9). In our samples, Lcal
(~0.15 + 0.02) exhibits similar Dyy/Yby values with Ucal (~0.14 +
0.05), indicating that the paleo-seawater in the Doushantuo period was
characterized by the HREY enrichment similar to modern seawater. Wu
et al. (2019) studied the REY composition of carbonate rocks of the
Doushantuo Formation in the Yangtze Gorges area, and most of them
show left-leaning REY patterns and super-chondrite Y/Ho values similar
to modern seawater. Also, Zhao et al. (2016) reported siliceous rocks
from the Doushantuo Formation with modern seawater-like REY
composition, which also reflected the chemical composition of ambient
seawater during the deposition of siliceous rocks (Murray, 1994).
Combined with REY patterns of carbonates in multiple members in this
work, it is likely that the REY composition of seawater during the
Doushantuo period was very coincident with that of modern seawater
and had not been changed significantly.

5.2. REY source of the UP Member

The whole rock REY composition of the UP Member has negative Ce/
Ce* and high Y/Ho, similar to modern seawater, but shows MREY
enrichment (BSI = ~1.38-1.51) (Table S1, Fig. 5D). The UP Member
shows a positive correlation between P3Os and TREY content ®R? =
~0.40) (Fig. 6A), indicating that REY in UP Member mainly occur in
phosphate minerals. These phosphate minerals are apatite, which are
considered to be seawater authigenic through mineralogy observation
(Fig. 4C and 4D). Low Al,O3 content (~0.08%-0.73%) and weak cor-
relation between XREY and Al;O3 of phosphorites (Fig. 6D) are addi-
tional indicators. The REY pattern of apatite (UAp-I) is almost consistent
with that of modern seawater (Fig. 7A), indicating the main REY source
from seawater.

The other type of apatite (UAp-II, Fig. 7A) has the same MREY
enrichment as the bulk (Fig. 5D), and has higher REY content than
UAp-I. Phosphorites with part of modern seawater characteristics (left-
leaning LREY) and MREY enrichment are called “old phosphorites”,
which is used to describe the Proterozoic-Cambrian phosphorites (Ilyin,
1998). The reason for the MREY enrichment is explained as the het-
erogeneous REY enrichment during late diagenesis (Reynard et al.,
1999), which cause cap-shaped REY patterns. The higher Lan/Yby or
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lower Lay/Smy ratios in apatites relative to seawater may indicate that
early or late diagenesis occurred (Reynard et al., 1999; Lécuyer et al.,
2004; Zhang et al., 2016). In our samples, the apatite in the UP Member
has Lan/Yby - Lan/Smy characteristics close to those of seawater
(Fig. 8A), suggesting the minor impact of diagenesis. However, although
UAp-II is located in the Lan/Yby - Lan/Smy characteristic range of
seawater, it has enrichment patterns of MREY different from that of
modern seawater. A similar REY pattern has also been found in the
Ediacaran phosphorites in the middle of Guizhou, which is thought to be
related to diagenesis (Yang et al., 2022). UAp-II has higher Layn/Yby
values than UAp-I with modern seawater characteristics, and the Lay/
Yby values have a positive correlation with TREY R%= ~0.63, Fig. 8B),
indicating that the reason for MREY enrichment may be related to
diagenesis. The positive correlation between BSI values and ZREY also
validates diagenetic enrichment (Fig. 8C). In previous works, the early
Cambrian apatite with REY enrichment all experienced diagenesis and
consisted of numerous nanoscale francolites (Zhang et al., 2022). In
contrast, the apatite characterized by structureless aggregates shows a
seawater-like REY pattern and has low ZREY content in the Weng’an
phosphorites (Yang et al., 2022). In this study, UAp-II (Fig. 4C) with
closely packed francolites may have transformed from UAp-I with
irregular aggregates during the diagenesis (Fig. 4D) (Zhang et al., 2022).

The REY in pore water mainly derives from seawater and sediments.
Iron (manganese) oxide (hydroxide) and particulate organic carbon in
seawater will remove REY into pore water (Haley et al., 2004). Also, the
dissolution of clay minerals or heavy minerals in the wall rocks may
release a large amount of REY into the pore water (Francovschi et al.,
2020). Thus, during diagenesis, apatite can directly capture terrestrial
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REY dissolved in pore water, thus having a low Y/Ho value (<44)
(Lumiste et al., 2019; Francovschi et al., 2020; Yang et al., 2021). In our
samples, the MREY enrichment may be related to terrigenous input
because the Y/Ho values show a negative correlation with SREY (R? =
~0.71, Fig. 8D). A typical cap-shaped REY pattern is commonly found in
the Cambrian phosphorites, which has broader MREY enrichment (from
Pr to Ho) than the Ediacaran phosphorites (Zhang et al., 2022). The REY
composition of the Ediacaran phosphorites is more similar to that of
seawater, and the REY pattern of the francolite is only gradually
depleted from Gd to Lu (Yang et al., 2022). Numerous Paleozoic phos-
phorites (e.g., Cambrian, Silurian, Devonian, Carboniferous) with broad
MREY enrichment usually have high *REY content, and these REY-
enriched phosphorites were considered to record terrigenous REY
fluxes (Emsbo et al., 2015; Salama et al., 2018; Lumiste et al., 2021;
Yang et al., 2021). The Ediacaran phosphorites with REY enrichment
reported by Francovschi et al. (2020) also show an obvious “cap-shaped”
REY pattern, and the negative correlation between Y/Ho and REY in the
phosphorites indicates that the terrigenous REY input is essential.

5.3. REY source of the LP

The samples with lower PoOs content (~8.81%-14.10%) in the LP
Member have left-leaning REY patterns (Fig. 5E), which may represent
the REY source of seawater. However, the samples with higher P»O5
content (~33.20%-38.30%) show right-leaning REY patterns, indi-
cating that they have received REY sources other than seawater. Also,
the samples with medium P50s content (~16.50%-23.90%) show
relatively flat REY patterns, which may be a mixture of different REY
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sources. The XREY contents of all samples reveal a wide range
(51.81-354.39 ppm) and do not correlate with total P05 concentration
(Fig. 6C), indicating that there may be more than one REE source.
Through in situ apatite data (Table S2, Fig. 7B), it has been identified
that REY patterns in different types of apatites are distinct. The apatite
(LAp-I) with a right-leaning REY pattern has a lower XREY content
(mean ~ 204.08 ppm), while the apatite (LAp-II) with a flat REY pattern
has a higher XREY content (mean ~ 403.81 ppm). The mineralogical
observation is consistent with the in situ apatite REY data and shows two
kinds of apatites (Fig. 4G and 4H).

LAp-I with a right-leaning REY pattern shows significantly higher
Lan/Yby values than modern seawater (Fig. 8A), which may be caused
by late diagenesis (Reynard et al., 1999), and LAp-II with a higher ZREY
content than LAp-I may have undergone late diagenesis REY enrich-
ment. However, the Lay/Yby value higher than that of seawater does not
necessarily indicate diagenesis. For instance, the LREY of most
magmatic apatite is usually higher than the HREY (O’Sullivan et al.,
2018; Qu et al., 2019). Part of the samples in the LP Member shows
significantly higher LREY than HREY, which is completely different
from the Ediacaran phosphorites in earlier reports (Yang et al., 2019;
Yang et al., 2021). It was suggested that granite commonly shows high
LREE compared to HREE, which can be considered as a potential argu-
ment (Sha and Chappell, 1999; Pan et al., 2016). Moreover, magmatic
apatites usually have a low Sr content and relatively high Mn content,
while authigenic apatites have a high Sr content and relatively low Mn
content (Hsieh et al., 2008; O’Sullivan et al., 2018; Ansberque et al.,
2019). The Sr/Mn values of apatites in LP Member (~2.50-113.18,
mean ~ 35.88) are significantly lower than that in UP Member with
modern seawater characteristics (~92.68-4801.25, mean 908.68),
indicating that the apatite in LP Member may be terrigenous apatite.
Meanwhile, the low Y/Ho values of LAp (~26.32-36.44, average ~
30.02) can also validate the terrigenous input assumption. Moreover, if
high ¥REY is caused by the adsorption/substitution of authigenic apatite
from massive terrigenous materials during diagenesis, Y/Ho values will
have a good correlation with REY (Francovschi et al., 2020). However,
there is no such trend in our data (Fig. 8D). Hence, apatites in LP
Member may be primarily of terrigenous origin, and their REY charac-
teristics may represent the terrigenous REY composition. Also, LAp-II
with flat REY patterns may record mixed REY sources of seawater and
terrigenous endmembers, and seawater authigenic apatite in LAp-II can
additionally validate it (Fig. 4H).

5.4. Implications

The REY patterns of paleo-seawater have not been well-constrained.
As stated earlier, the REY patterns of seawater are consistent with the
modern ocean (Shields and Stille, 2001; Shields and Webb, 2004), and
this contrasts with the MREY-rich seawater suggested by other groups
(Wright et al., 1984; Shaw and Wasserburg, 1985; Grandjean et al.,
1987). The Ediacaran phosphorites from the Yangtze Platform have low
YREY content (~10.09-507.58 ppm) and show modern seawater-like
REY patterns (Yang et al., 2021; Yang et al., 2022). Moreover, phos-
phorites with a modern seawater-like REY pattern are not only distrib-
uted in South China but also scattered around other regions of the world
(Mazumdar and Banerjee, 1998; Mazumdar et al., 1999; Khan et al.,
2016). Apatite (UAp-I) in UP Member and calcite and dolomite in WR-III
Member reported in this study have the same REY patterns as modern
oxic seawater, possibly indicating the similar REY composition of paleo-
seawater to modern seawater as early as the Neoproterozoic period,
assuming that the Nanhua Basin had a good connection with the open
ocean. In contrast, francolite-like UAp-II does not represent the REY
composition of seawater because it may be formed by the transformation
of initial amorphous apatite-like UAp-I during diagenesis (Zhang et al.,
2022). Moreover, some apatite particles have higher element abundance
around the edge than in the center (Lumiste et al., 2019), which is due to
element adsorption (especially REY) in pore water by apatite grains
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during diagenesis. On a microscale level, an apatite grain with a diam-
eter of hundreds of micrometers may be composed of abundant and
different types of nanoscale apatite (e.g., francolite, amorphous apatite,
and terrigenous apatite). Thus, a microscale beam spot of LA-ICP-MS
may still denude different types of apatites to show mixed trace data.
More detailed nanometer-scale investigations are necessary to distin-
guish different REY and phosphorus sources.

During phosphorite deposition, modern seawater-like REY patterns
can be recorded in calcite, dolomite, and apatite. However, the “old
phosphorites” shows an MREY-rich pattern, which may result from
detrital and/or early/late diagenetic contributions (Reynard et al., 1999;
Lumiste et al., 2019; Francovschi et al., 2020; Zhang et al., 2022). In fact,
the Ediacaran phosphorites usually contain low ZREY concentration, the
REY enrichment may be mainly derived from the significant terrestrial
contribution. For instance, Francovschi et al. (2020) reported the REY-
rich phosphorites from the late Ediacaran Kalyus Beds and suggested
the importance of terrestrial contribution accompanied by accumulation
of REY by apatite during late diagenesis. This could be very similar to the
observations in the Nanhua Basin where the near-shore phosphorites
(Kaiyang, ~114-423 ppm; Fangmashan, ~52-357 ppm) commonly
show higher REY than the off-shore phosphorites (Weng’an, ~19-258
ppm) (Xiao et al., 2018; Yang et al., 2019). Also, the ZREY concentration
of terrigenous material is a critical factor in affecting the XREY content
of phosphorites. The REY content of the Doushantuo phosphorites is
found to be low, which may be explained by the low ZREY concentration
of terrigenous input. Meanwhile, the late Ediacaran phosphorites from
the Kalyus Beds are REY-enriched because basalts and granites weath-
ering support massive REY (Francovschi et al., 2020). The REY enrich-
ment of the Cambrian phosphorites from the southern prospects in the
Georgina basin of Australia is explained by the surface and groundwater
interaction with A-type granites and schistose metasedimentary base-
ment rocks (Matthew et al., 2022), thus the REY enrichment in phos-
phorites can be mainly related to the REY-enriched igneous rocks. As a
result, not only is it possible that the abundance of REY in phosphorite
deposits is a result of weathering of terrigenous rocks, but also the
basement rocks that have undergone weathering have high concentra-
tions of REY.

6. Conclusions

In this study, phosphorites, in situ apatite, and carbonate minerals
from the Doushantuo Formation in South China were investigated by
applying mineralogy, bulk-geochemistry, and in situ geochemistry to
understand the REY composition of paleo-seawater and terrigenous
endmembers. The obtained results indicate that the Doushantuo
seawater was characterized by a REY-PAAS pattern with HREE enrich-
ment similar to modern seawater, and the terrigenous endmember may
show an HREY-depleted REY-PAAS pattern. Although the UP Member
received terrigenous REY input during early diagenesis, the REY of the
UP Member is mainly derived from the seawater column. The REY of LP
Member is dominated by the terrigenous endmember and is slightly
affected by seawater REY. Combined with previous works, the XREY
concentration of Doushantuo seawater is very low, which cannot result
in REY enrichment in phosphorites unless it was mixed with other REY-
enriched sources.
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