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Geology, Institute of Geology, Chinese Academy of Geological Sciences, Beijing, China

Abstract During the early Ediacaran, there was a large influx of phosphorus into the oceans and a
resultant high phosphorus concentration in seawater, where multicellular eukaryotes may have been the
primary type of marine productivity. The eukaryotes could play a critical role in regulating Zn cycling and
isotopes. To establish Zn geochemical cycling patterns in the phosphorus-rich ocean, this study investigates
Zn isotopic signatures of shallow water phosphorite that contains phosphatized microfossils (Weng'an biota)
and deep-water shale from the Doushantuo Formation. Our results indicate that phosphorite commonly
preserves heavier Zn isotope composition, with an average of 0.80%o. The positive 8%6Zn values in
phosphorites may be ascribed to Zn isotope fractionation associated with the complexation of Zn with
phosphate and the adsorption of isotopically heavy Zn onto Fe-Mn oxides and organism'’s surfaces. We argue
that phosphorite may represent an important sink of isotopically heavy Zn in a phosphorus-rich ocean
during Earth history. Meanwhile, deep-water organic-rich shale shows an enrichment of isotopically light Zn
with an average of 0.23%o, which may be attributed to sulfide precipitation in mid-depth environment.
The organic-rich shale may represent an isotopically light Zn sink. In addition, the highest 8°°Zn value
(0.45%o) in a euxinic black shale may indicate that Zn isotope signal of anoxic deep water is similar to that of
modern deep seawater. If that is the case, it suggests that Zn geochemical cycling in the early Ediacaran
oceans was similar to that of modern oceans.

1. Introduction

In the modern ocean, dissolved Zn occurs as main organic/inorganic complexed Zn and minor free Zn** ion.
It has a short residence time (11,000 years) and a total mass of 1.35 x 10%' kg in global oceans (Little, Vance,
et al,, 2014). The surface seawater is characterized by depletion of dissolved Zn and strongly variable Zn iso-
tope compositions (Conway & John, 2015; John & Conway, 2014; Samanta et al.,, 2017). These variations in
8%6Zn values could be associated with complexation with organic ligands (Jouvin et al., 2009), biological
uptake (John et al., 2007; Samanta et al.,, 2017), particle scavenging (John & Conway, 2014), and input from
river and aerosols (John & Conway, 2014; Little, Sherman, et al., 2014). The regeneration of Zn from sinking
biological particles enhances the concentration of dissolved Zn and results in a uniform Zn isotopic
composition in deep-water environments (John & Conway, 2014; Moynier et al.,, 2017; Zhao et al., 2014). In
marine environments, primary productivity and organic carbon burial rates are sensitive to phosphorus levels
in seawater and influxes of phosphorus from the weathering of continental crust, where phosphorus is
typically a limiting nutrient for marine productivity on geological timescales (Horton, 2015; Robbins et al.,
2016, and references therein). Recent investigations have indicated that there was a large influx of
phosphorus into the oceans during the early Ediacaran (Konhauser et al., 2007; Planavsky et al., 2010;
Reinhard et al, 2017), which may be attributed to the accelerated glacial weathering (Planavsky et al.,
2010) and the weathering of large igneous provinces (Cox et al., 2016; Horton, 2015).

During the early Ediacaran, large volume of phosphorites was deposited worldwide in the phosphorus-rich
ocean (Cook & Shergold, 1984). Carbonate and black shale with high phosphorus levels were also deposited
during the early Ediacaran (Reinhard et al., 2017; Shimura et al., 2014). Ediacaran phosphatized microfossils
(multicellular eukaryotes) have also been reported worldwide, including the Weng'an biota that is hosted
in the phosphorite of the Doushantuo Formation in south China (Xiao et al.,, 2014, and references therein).
Previous studies have suggested that the eukaryotes became important in a narrow time interval between
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the Sturtian and Marinoan snowball Earth glaciations (Brocks et al., 2017) and eukaryotes commonly have
higher Zn quota and Zn/P on average due to abundant Zn finger protein, compared to prokaryote
(Dupont et al., 2010; Twining & Baines, 2013). Moreover, Zn is co-located in organic fraction with phosphorus
in eukaryotic phytoplankton, and the lengthscale of Zn regeneration is similar to phosphorus (e.g., de Souza
et al, 2018; Vance et al,, 2017). Therefore, both biological utilization of light Zn isotope by eukaryotes and
adsorption of heavy isotope by organism’s surface have been used to explain the heavier Zn isotope compo-
sition measured in cap carbonate (635 Ma) sequences (John et al., 2016; Kunzmann et al., 2013). Here we pro-
pose that multicellular eukaryotes associated with elevated phosphorus concentrations in seawater may play
a critical role in regulating Zn geochemical cycle and Zn isotope fractionation during the early Ediacaran.

To test our hypothesis, we investigated shallow-water phosphorite that contains phosphatized microfossils
(the Weng'an biota) and deep-water shale from the Doushantuo Formation. We measured Zn isotope
compositions of phosphorite that were deposited on the shallow marine platform and shale from the slope
and basin sections of the Yangtze Platform, south China. Based on the results of this study, we constructed Zn
geochemical cycling pattern in a phosphorus-rich Ediacaran ocean.

2. Geological Setting

In South China, most of the phosphorite ore deposits that occur in the Ediacaran Doushantuo Formation
(635-550 Ma) are distributed in the proximal side of the shelf lagoon (e.g., Baokang, north of Yichang in
Hubei Province) and in the distal side of the shelf lagoon within the shelf shoaling complex (Weng'an and
Kaiyang in Guizhou Province; Jiang et al., 2011; Figure 1). Carbonate with high phosphorus content also
formed on the Yangtze platform during the early Ediacaran (Shimura et al., 2014). In contrast, the open-ocean
side of the shelf margin, toward the slope and basin, was characterized by much more black shale and lower
abundance of phosphorite. However, phosphorus concentrations in the slope shale from the Wuhe section
occasionally exceed 1%. Therefore, there may have been a phosphorus-rich ocean during deposition of
the early Ediacaran Doushantuo Formation. The high phosphorus concentrations in seawater would enhance
primary productivity. For example, shallow-water facies (on the platform to shelf) preserved the Weng'an
biota in Weng'an phosphorite (Xiao et al.,, 1998), Chadian in southern Shanxi Province (Xiao et al., 1999),
and Baokang in Hubei Province (Zhou et al., 2001).

2.1. The Shallow Water Phosphorites

The Weng'an phosphorite ore deposit of the Doushantuo Formation exposed in the Guizhou Province, south
China, have previously been described in detail (e.g., Chen et al, 2003, 2004; Xiao et al., 2014). The
stratigraphic column for the Datang section (N:26°57’1.57", E:107°21/40.70") includes, moving up from the
base, the following (Figure 1a): (1) a 5- to 10-m-thick cap dolostone unconformably overlies the tillite of
the Cryogenian Nantuo Formation; (2) a 1- to 5-m-thick lower phosphorite layer contains laminated to
banded structures and has a P,05 concentration of >25 wt.%; (3) a 2- to 4-m-thick dolostone layer separates
the Weng'an phosphorite ore deposit into lower and upper phosphorite layers; (4) a 3- to 10-m-thick upper
phosphorite layer including black phosphorite (approx. 2.5 m thick), gray-white pelletoidal dolomitic
phosphorite, and phosphorous dolomite; (5) the zebra phosphorous dolomite marks the top of the
Doushantuo Formation and is overlain by dolostone of the Dengying Formation. The lower age bound for
the upper phosphorite layer has been constrained to 599 + 4 Ma (Barfod et al., 2002), and the upper age
bound is constrained to 576 + 14 Ma (Chen et al., 2004). The unit contains abundant microfossils, such as
embryonic, larval, and adult animal forms, multicellular thallophytes, giant acritarchs, and spheroidal
chlorophyte fossils that are well preserved in the upper phosphorite layer (Xiao et al., 1998, 2014, and
references therein). However, no animal forms have been found in the lower phosphorite layer, which may
indicate a major evolutionary, faunal, or local environmental change during deposition of the Doushantuo
Formation (Chen et al.,, 2003). The upper phosphorite interval in the Yingping section in the Weng'an area
is similar to the Datang section.

2.2. The Deeper Water Shales

The slope and basin sections are dominated by shale, as well as a few dolostone layers and rare phosphorite
layers. The Wuhe section characterized by slope deposits also exhibits phosphorus enrichment with the
concentration of P > 10,000 ppm during deposition of the Doushantuo Formation. The Wuhe section of
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Figure 1. Simplified stratigraphic sequence of the Datang section in the Weng'an ore field (a) and depositional environ-
ments at the Weng'an (Datang section), Wuhe (WH), and Xiangtan (XT) sections: (b) depositional model and (c) transect
along the Yangtze platform, with arrows showing possible source of phosphorus. Occurrences of Doushantuo phosphorite
with fossils: Baokang (BK), Chadian (CD), Zhangcunping (ZCP), Shangrao (SR), and Weng'an (WA). Pb-Pb isochron ages
from Barfod et al. (2002) and Chen et al. (2003). Modified from Xiao et al. (2014). The redox conditions were constructed
based on previous published papers (Han & Fan, 2015; Li et al., 2010; Sahoo et al., 2016).
the Doushantuo Formation is also underlain by the tillite of the Nantuo Formation and has a thickness of
approximately 120 m. The boundaries are characterized by cap carbonate rocks (2.5 m thick) at the base
and the organic-rich black shale (5 m thick) at the top, and the remainder is primarily composed of
interbedded black shale and carbonate (Han & Fan, 2015; Sahoo et al.,, 2016). Only three samples were
collected from the basinal Xiangtan section. The stratigraphy of the Xiangtan section was previously
described (Han & Fan, 2015) and is not described in detail here. Both the Wuhe (slope deposits) and
Xiangtan (basinal deposits) sections were interpreted to be deposited in ferruginous conditions with
intermittent euxinic conditions (Han & Fan, 2015; Sahoo et al., 2016, Figure 1).
3. Analytical Methods
3.1. Zn Isotope Analysis
The Zn associated with carbonate (Zn,.p) in dolostone and phosphorite was leached in 1.5 N acetic acid over
a 120 °C hot plate for 10 hr according to published methods (Kunzmann et al., 2013; Pichat et al., 2003). The
bulk phosphorite was also extracted using 6 N hydrochloric acid over a 120 °C hot plate for 24 hr, leading to
FAN ET AL. 5250
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Figure 2. 356Zn and §'3C variations and Zn concentrations along the Datang section, in the Weng'an ore field. The yellow
and gray zones represent the lower and upper phosphorite layers, respectively. The base (0 m) is the contact between the
Nantuo Formation diamictite and the overlying cap dolostone. We have only several samples in other sections.

extraction of Zn bound in carbonate, phosphate, and oxide. Two separate aliquots of some shale samples
were digested in 6 N hydrochloric acid and aqua regia, respectively. The extracted solution was completely
evaporated after centrifuging, then the solids were dissolved with 1 mL of 2 M HCl + 0.001% H,O, for the
chemical purification of Zn. The procedure to attain the chemical purity of Zn using AGMP-1 anion
exchange resin (100-200 mesh) followed the method outlined by Tang et al. (2006). The Zn concentrations
and isotopic ratios were measured using a Neptune MC-ICP-MS at the Institute of Geochemistry, Chinese
Academy of Sciences. A standard-sample bracketing approach was applied to correct the instrumental
mass discrimination when an IRMM3702 Zn solution was used as working standard. All §°°Zn values are
reported compared to JMC Lyon Zn standard, based on the published difference between IRMM3702 Zn
and JMC Lyon Zn (A ZnirMM3702-IMC Lyon zn = +0.30%o0, Vance et al, 2016; Moynier et al., 2017). 8%Zn
values of BHVO-2 (0.30 + 0.03%o), COQ-1 (0.28 + 0.06%0), and NIST 683 (0.16 + 0.05%o) are consistent with
previous publications (Moynier et al., 2017; Wang et al., 2017, and reference therein).
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Figure 3. The 5%0Zn values plotted against Zn concentrations of all
samples from the investigated sections. High 3507n values and low Zn
concentrations are preserved in the shallow water phosphorites, whereas
low 5%°Zn values and high Zn concentrations are recorded in the deep-water
organic-rich shales. DT = the Datang section, YP = the Yingping section,
WH = the Wuhe section, and XT = The Xiangtan section.

3.2. Carbon and Oxygen Isotopes and Element Concentration

Carbon and oxygen isotopes were measured using a Finnigan MAT-253 at
the Third Institute of Oceanography, State Oceanic Administration.
Isotopic results are expressed in the standard per mil (%o) notation relative
t0 V-PDB (8"3Ciarby 8'80cars). Uncertainties determined through multiple
measurements of NBS-19 (TS-limestone) were better than 0.05%o (1sd).
The concentrations of major elements (Al, Ca, Mg, Fe, P, and Mn) were
determined using an X-ray fluorescence spectrometer at the ALS
Chemex (Guangzhou) Company Limited. Two geo-standards (NIST 694
for phosphate rock; GSR-5 for shale) were used to monitor precision and
accuracy. Total Zn concentration in all samples was measured using
ICP-MS in the Institute of Geochemistry, Chinese Academy of Sciences
(Qi et al,, 2000). Total S and organic carbon were determined using a C-S
element analytical instrument (CS-314).

4, Results

All data are listed in the Table S1 in the supporting information and
presented in Figures 2 and 3. 8°°Zn values of Zn associated with carbonate
(6%8Zncap) in dolostone range from 0.19%o to 0.68%o, with an average of
0.33%o. The average §°®Znc,p value in P-dolostone (P,Os > 3%) and

FAN ET AL.

5251



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Journal of Geophysical Research: Oceans 10.1029/2018JC014068

phosphorite is 0.71%o, with a wide range from 0.56%o to 1.28%o, which is mostly higher than that of pure
dolostone. Almost all phosphorites from the Datang section exhibit positive 8°6Zny, values, mostly between
0.50%o0 and 1.28%o, with an average of 0.80%o except for two low values (DTA-07, 0.28%o; DTB-18, 0.26%o0)
(Figure 2). However, the lower and upper phosphorite layers show obviously different Zn, Fe, and S
concentrations. The upper phosphorite layers display a higher Zn content (13-38 ppm) and lower Fe
(0.06-0.19%) and S (0.04-0.18%) concentrations, whereas the lower phosphorite layers display a low Zn
content (2-5 ppm) and higher Fe (0.41-1.83%) and S (0.15-2.27%) concentrations. The upper phosphorite
layers from the Yingping section also show high Zn concentrations (35-153 ppm) and §°%Zngy values
(0.63-1.07%o0) and low Fe (0.07-0.23%) and S (0.14-0.21%), which is consistent with the upper phosphorite
layers in the Datang section. Moreover, the lower and upper phosphorite layers in the Datang section exhibit
a distinct carbon isotope composition (Figure 2), which is consistent with previous study (Guo et al.,, 2005). In
contrast, almost all organic-rich shales have high Zn concentrations (50 to 577 ppm) and low 8%5Znpuik values
(0.00-0.45%o0) with an average of 0.23%o (Figure 3). Moreover, §°°Zn values of these shales leached by 6 N
hydrochloric acid are very similar to that of leached by aqua regia (Table S1).

5. Discussion

5.1. Zn Isotope Composition of Zn Associated With Carbonate

Zn isotope fractionation between Zn associated with carbonate and dissolved Zn ions has not been well
constrained yet. Assuming no net or weak Zn isotopic fractionation between carbonate and dissolved Zn,
heavy Zn isotope compositions in modern and ancient carbonate may reflect strong biological utilization
of dissolved Zn in surface seawater (Kunzmann et al., 2013; Liu et al., 2017; Pichat et al., 2003) or may indicate
the balance of organic particle and sulfide sinks in the ocean system (John et al.,, 2016). However, both
experimental and theoretical studies indicate an observable Zn isotope fractionation between carbonate
and dissolved Zn. Veeramani et al. (2015) found a small Zn isotope fractionation (A“Znhydmzincite_somtion
= +0.18%o0) between hydrozincite and dissolved Zn during the inorganic precipitation experiment. In
addition, natural observation has shown that the 8°Zn values of biological hydrozincite in mine drainage
from Rio Naracauli in Sardinia, Italy, are 0.35%o heavier than those in ambient water (Wanty et al.,, 2013). A
larger Zn isotope fractionation has been reported in recent experiments, where the adsorption of Zn onto
calcite can fractionate Zn isotopes, with A%ZNn, 4sorbed-solution = 041 + 0.18%o at low ionic strength and
0.73 + 0.08%o at high ionic strength (Dong & Wasylenki, 2016). Nevertheless, all observed Zn isotope
fractionation under natural conditions are much different from that of theoretical calculations
(A®°ZNhydrozincite-solution = 1.0%o, Fujii et al., 2011, 2014; A°*Zngmithsonite-solution = —0.73%o, Ducher et al., 2016).

The 5°°Zncar, values in dolostone are ranging from 0.19%o to 0.68%o, which is mostly lower than that of
modern biogenic carbonate from the eastern equatorial Pacific (0.31%o0 to 1.34%o; Pichat et al., 2003),
Permian-Triassic boundary argillaceous and micritic limestone in the Meishan section from south China
(0.83%0 to 1.21%o; Liu et al, 2017), and Ediacaran cap carbonate (10-13 m) from the Nuccaleena
Formation in the Adelaide Rift Complex of South Australia (0.68 to 0.87%o; John et al., 2016; Kunzmann
etal, 2013). Zn concentrations in our dolostones are much lower than those of modern biogenic carbonates,
Permian limestones, and Ediacaran cap carbonates. Therefore, it is possible that Zn bound in carbonate is just
in the crystal lattice of calcite or dolomite in our dolostones. The range of 8%Zncanp values may indicate at
least 0.50%o isotope fractionation during the substitution of Zn into dolostone, assuming these dolostones
precipitated from seawater with a homogeneous Zn isotope composition.

It is noted that the 8°¢Zncamp values (0.56%o to 1.28%o) in P-dolostone (> 3%) and phosphorite are mostly
higher than that of pure dolostone. A little dolomite minerals were observed in these phosphorites (Xiao
et al, 2018). The substitution of Zn into dolomite could not explain these high 8%Zncap values in
P-dolostone (> 3%) and phosphorite. A previous study predicts that phosphate ligands preferentially
complex heavier Zn isotope, with A®®Zn,hosphate-solution = 1.0%o (Fujii & Albaréde, 2012). In addition,
8%Zncay, values in phosphorite are very close to that of bulk phosphorite (Table S1). Therefore, the
exchange of Zn between dolomite and phosphate during diagenesis may possibly enhance §%°Znc,m,
values in P-dolostone (>3%) and phosphorite. Here we suggest that the wide range 8%Zncar, values in
dolostone could reflect Zn isotope fractionation during the substitution of Zn into dolostone, rather
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than Zn isotope composition of Ediacaran seawater. The higher 8%Zncarp values in P-dolostone (>3%) and
phosphorite than those of pure dolostone may be attributed to the exchange of Zn between dolomite
and phosphate during diagenesis.

5.2. Heavy Zn Isotopic Composition of Phosphorite

In phosphorite, carbonate fluorapatite is the dominant phosphate mineral that forms during early
diagenesis (Follmi, 1996). In upwelling environments with high productivity in the overlying water column,
phosphogenesis can occur in pore waters saturated with phosphate sourced from decaying organic matter
(Follmi, 1996; Jarvis et al., 1994). The close relationship between organism and phosphogenesis was also
demonstrated in many cases by the occurrence of phosphatized stromatolites (Follmi, 1996, and
references therein). In non-upwelling phosphogenic environments, pore water phosphate is generally
regulated by iron redox pumping (Folimi, 1996; Heggie et al, 1990; Nelson et al, 2010, and
references therein).

However, Zn distribution in phosphorite is not well understood yet. Jarvis et al. (1994) suggested that Zn
could occur in the apatite structure through the replacement of Ca®* cations. Recent study observed high
Zn concentration in phosphatic particles from late Paleocene-early Eocene phosphorites in Tunisia, using
LA-ICP-MS (63-325 ppm; Garnit et al., 2012). In addition to Zn mainly present in phosphatic grains, Zn may
also be transferred into phosphorite via adsorption of Zn onto Fe-Mn oxides and incorporated in or adsorbed
on organic matter. Consequently, Zn isotope fractionation during the complexation with phosphate and the
adsorption of Zn onto Fe-Mn oxides and organic matter are discussed.

5.2.1. Complexation of Zn by Phosphate in Seawater

In general, the fates of Zn and phosphate seem to be strongly connected. For example, Zn and
phosphate coexist in the organic matter of diatom, and the lengthscale of Zn regeneration is similar to
phosphate (de Souza et al., 2018; Vance et al,, 2017). Theoretical calculations have indicated that Zn phos-
phate species preferentially concentrate isotopically heavy Zn, whereas Zn®* and malate species
concentrate the lighter Zn isotopes, without pH dependence (Fuijii et al., 2014; Fujii & Albaréde, 2012).
Zn isotope fractionation between Zn bonding with phosphate and dissolved Zn?* in solution is on the
order of 1%o at 5 < pH < 8 (Fujii & Albarede, 2012). However, recent experiments exhibited a smaller
Zn isotope fractionation between inorganic hopeite [Zn;(PO,4)>4H,0] and dissolved Zn?* at pH = 7.2, with
A% Znpopeite-solution = 0.25%o (Veeramani et al., 2015). This fractionation of Zn isotopes due to phosphates
has been argued to explain the heavier Zn isotope compositions in plant root than leaves (Fujii &
Albaréde, 2012; Veeramani et al., 2015) and the positive excursion of 8°Zn in the 2.9-2.5 Ga banded iron
formation (Pons et al., 2013).

In this study, the bulk phosphorites yield heavier Zn isotope composition, mostly between 0.50%o to 1.28%o.
Our results show that phosphorite exhibits much higher §°°Znp i values than modern oxic sediments (at
129 m depth) without phosphate in the Black sea (0.22%o to 0.36%o, Vance et al., 2016), which may reflect
the significant influence that phosphate has on Zn isotope fractionation. Therefore, Zn isotope fractionation
between phosphate complexing ligands and free Zn?* ion in seawater is a likely first-order control on the
heavier Zn isotope compositions observed in phosphorites. However, the obviously different Zn
concentrations in the lower and upper phosphorite layers may be associated with the adsorption of Zn onto
organism and/or Fe-Mn oxides.

5.2.2. Zn Isotope Fractionation Associated With Organism

Early experimental study showed that diatoms in freshwater and seawater were preferentially enriched in
isotopically heavy Zn (A®®Znceisolution = 0.27%0 to 0.35%oc), no matter what Zn was fixed in cells or
adsorbed on the surface (Gélabert et al., 2006). This is confirmed by Kébberich and Vance (2017), who
found that extremely low Zn uptake rate could result in the enrichment of isotopically heavy Zn in diatom,
but more rapid Zn uptake rate did not produce Zn isotope fractionation between diatom and the external
free Zn pool. Recently, the GEOTRACES investigation demonstrated either invariant or decreasing 5%7n
values toward the surface in modern ocean (Conway & John, 2014, 2015; Zhao et al., 2014), which may
also suggest no net Zn isotope fractionation when Zn is fixed into a diatom opal (Archer et al., 2016;
Zhao et al., 2014), or the adsorption of heavy Zn isotope on organic particle surface (John & Conway,
2014; Kdbberich & Vance, 2017). Other experiments have suggested that lighter Zn isotopes are preferred
in diatom cell (A%%Zncei-solution = —0.80%0 to —0.2%o), but heavier Zn isotopes are preferred on cell or
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Figure 4. Correlation of 8'3c with 8'%0 (a) and 3%7n values (b) for all phos-
phorites in the Weng'an area. (a) The blue area (marine) is dominantly marine
pore fluids; black dash lines reflect significant mixing with meteoric water.
Both areas define the “lithification” zone (Knauth & Kennedy, 2009). Later
deep burial and/or metamorphic alteration produce data to the left of the
lithification domain, as shown by the red arrow. No samples are located in
the forbidden zone in this study. (b) Three possible mechanisms may be
identified, including (1) the inorganic adsorption or complexation is reflected
by the high 8%Zn and positive 53¢ values, (2) the organic adsorption is
suggested by high $%zn and negative 8'3¢ values, (3) the biological utili-
zation is indicated by the low 8%¢Zn and negative §'3C values. DT = the
Datang section and YP = the Yingping section.

organic particle surface during adsorption (Gélabert et al., 2006; John
et al, 2007; John & Conway, 2014). Natural observation across the
north-south transect of the Tasman Sea also indicated preferential
uptake of lighter Zn isotopes by phytoplankton (Samanta et al.,, 2017),
which can explain the heavy Zn isotope composition in surface water.
In summary, lighter Zn isotopes were preferentially taken up by phyto-
plankton, but surface adsorption of Zn on the organic particle surface
leads to a heavier isotope composition.

Organisms are generally considered to play an important role in
phosphogenesis (Follmi, 1996). The positive correlation of C and O
isotopes may indicate diagenetic alteration in our phosphorites
(Figure 4a). During early diagenesis, buried organic carbon would be
degraded, which may decrease the C isotope composition to negative
values, but depending on carbonate content in phosphorite. Due to the
alteration of organic carbon, we cannot evaluate the affection of organism
on Zn concentrations in our phosphorites. Assuming that the biological
uptake and adsorption of Zn onto organic particle surface dominated
the Zn isotope fractionation of phosphorite, these phosphorites should
exhibit negative 8'3C values and variable 5°°Zn values. The varied 5°°Zn
values in the lower phosphorite layers could be associated with main
organic particle adsorption and minor biological utilization processes
(Figure 4b). In contrast, inorganic adsorption may strongly regulate Zn
isotope composition in the upper phosphorite layers (Figure 4b). It is
interesting that the Weng'an biota (multicellular eukaryotes) is present in
the upper phosphorite layers. However, the relationship between 5%7n
and 5'3C values did not indicate a significant biological utilization of
Zn by the Weng'an biota. In summary, a kinetic biological uptake driven
Zn isotope fractionation probably is not playing an important role in
our phosphorites.

5.2.3. Fe-Redox Pumping Mechanism

Previous experimental studies have suggested preferential adsorption of
isotopically heavy Zn onto Fe-Mn oxides relative to the host solution, with
A7y side-seawater = +0.6%o for hematite (Pokrovsky et al., 2005), +0.29%o
and +0.5%o for goethite and 2-line ferrihyrite, respectively (Juillot et al.,
2008), and 0.16%o0 to 3.0%o0 for birnessite at high ionic strength (Bryan
et al, 2015). Moreover, Fe-Mn crusts are commonly isotopically heavy in
Zn (8%Zn = 0.9-1.0%0) compared to deep water (3°°Zn = +0.5%o;
Maréchal et al., 2000; Little, Sherman, et al., 2014). The heavy Zn isotope
compositions of modern Fe-Mn crust and nodules may be attributed to
the change in the coordinated environment of the Zn ion during adsorp-

tion onto Fe-Mn oxides (Bryan et al., 2015; Little, Sherman, et al., 2014) and/or the role of phosphates as carrier
of heavy Zn and as the “master regulators” of biological productivity in soils (Chadwick et al., 1999; Maréchal

et al., 2000).

The enrichment of phosphate in seawater and pore water is usually ascribed to Fe-redox pumping, during
which adsorbed phosphate on Fe-oxides would be released beneath Fe-redox boundary (Follmi, 1996;
Nelson et al., 2010). The adsorption of Zn onto Fe-Mn oxides could play an important role in transferring
isotopically heavy Zn into phosphorites. The same enrichment in heavy Zn isotopes has been observed in
the lower and upper phosphorites, although the iron and Zn concentrations are very different in the two
phosphorite layers (Figure 2). The lower phosphorite was deposited under anoxic condition without Ce
negative anomalies, where the occurrence of diagenetic pyrite indicates Fe-oxide reduction and bacterial
sulfate reduction during diagenesis (Xiao et al.,, 2018). In this condition, the released Fe could be fixed as
pyrite without an additional release into seawater, which results in higher Fe concentrations in these
phosphorites. In this case, the isotopically heavy Zn that adsorbed onto Fe-oxides in shallow water would

FAN ET AL.

5254



100 Journal of Geophysical Research: Oceans 10.1029/2018JC014068

nnnnnnnnnnnnnn
'AND SPACE SCiENCE

12 be fixed as sulfide phase. However, the low Zn concentrations in these
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1.0 1 oxide adsorption.
i It is interesting that there are broadly positive correlations of 3°°Zn values
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a W @ Upper phosphorite (YF) pump may be a critical mechanism that enriches phosphate and Zn in pore
0-2 0 1‘0 2'0 3‘0 4'0 5'0 6'0 7'0 80 water due to the release of phosphate and Zn that has been adsorbed
onto Fe oxide. The released Fe would return to pore water or seawater
Zn (ppm) due to the absence of bacterial sulfate reduction and re-oxidation in
1.2
suboxic water, but the released Zn may be quantitatively/partially fixed
E § with phosphate or carbonate. Such a repeated redox interaction may
101 Fe-Mn crust explain higher Zn and lower Fe concentrations as well as broadly positive
o i correlation between §°Zn values, Zn/Fe ratios, and Zn concentrations in
c 0.8 4 % % the upper phosphorite layers from the Yingping section (Figure 5). In
N L] regard to the upper phosphorite layers from the Datang section,
“ 061 correlations between §°Zn values and Zn/Fe ratios and Zn concentrations
% are not very strong, which may suggest a weak influence of the Fe-Mn
04 | oxides adsorption on Zn concentrations and isotopes in these
B Upper phosphorite (DT) phosphorites, compared to that of the Yingping section.
b § @ Upper phosphorite (YP)
0'20_00 0_'02 0_64 o.loe 0_68 0.10 5.3. The Lighter Zn Isotopic Composition in Organic-Rich Shales
Zn/Fe The organic-rich shales from the slope and basin sections exhibit overall

Fi 5. Plots of 45570 val 5 wati ey lower §%6Znpu values (0.23%o0) and a narrow range in values from
"grine 3. 1o 9f Measkre - VAIUEs Versus £n concentrations and £n7- 4 66040 to 0.45%e (Figure 3). New data are consistent with data reported
Fe ratios for the upper phosphorite layers from the Datang and Yingping

sections in the Weng'an area. DT = the Datang section and YP = the Yingping for different-aged marine shales from the Montagne Noire of France
section. (0.20%o0 to 0.32%o), sapropel from the Mediterranean (0.26%o to 0.29%o),
deep-sea surface sediments from the central Atlantic Ocean (0.17%o to
0.35%0; Maréchal et al.,, 2000), and organism-rich continental margin sediments from the eastern Pacific
margin (—0.15%o to 0.32%o; Little et al., 2016). Little et al. (2016) suggested that §%°Zn values of authigenic
Zn in these organic-rich shales should be mostly between —0.4%o and +0.1%o, which was determined by

calibrating lithogenic and authigenic Zn using Zn-Al systematics.

Two mechanisms have been suggested to explain the light Zn isotope composition of organic-rich shales.
First, biologic uptake may prefer to incorporate light Zn isotopes in phytoplankon (John et al., 2007).
However, more and more evidence from surface water suggested that the scavenging of Zn by organic
particles may dominate the distribution of Zn isotope in surface water (Conway & John, 2014, 2015; Zhao
et al, 2014), resulting in enrichment of heavy Zn isotopes on the surfaces of the organisms. Therefore,
biological involvement might not explain the light Zn isotopic signals that are observed in organic matter rich
shales (Little et al., 2016).

Second, authigenic Zn mineral precipitation could be a potential mechanism that results in light Zn isotope
enriched in minerals. For example, Zn sulfides (sphalerite and wurtzite) are typically rich in light Zn isotopes,
with A%8Zn, fde-solution = ~—0.3 to —0.6%o (Fujii et al., 2011). Recent experiments and natural studies have
also reported the same fractionation direction, with A®®Zng, e solution = ~—0.3%o (Archer & Vance, 2004;
Jamieson-Hanes et al,, 2017; Veeramani et al., 2015). This potential mechanism has been widely used to
explain lower §%Zn values in sphalerites (Veeramani et al.,, 2015) and organic-rich shales (Little et al., 2016;
Vance et al., 2016). If Zn precipitation in deep seawater is dominated by Zn sulfides, then the Zn isotope
composition of the Zn sulfide fraction should be equal to or lighter than that of the water column.
Previous studies have suggested that the deep-water Wuhe section may have been deposited under
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ferruginous conditions with intermittent euxinic conditions (Han & Fan, 2015; Sahoo et al., 2016), where the
dissolved Zn could be scavenged from seawater by H,S that was reduced from dissolved sulfate. If the
dissolved Zn was quantitatively precipitated as sulfide under sulfidic condition, the sediments would be
isotopically similar to seawater-derived Zn (Tang et al., 2016; Vance et al., 2016). For example, the euxinic
sediments in the Black Sea record the Zn isotopic signature of the deep ocean, which has been attributed
to the quantitative removal of Zn from the water column by Zn sulfide precipitation (Vance et al., 2016).
Therefore, the highest §°6Zn value (0.45%o) of black shale (WH-43) deposited in euxinic condition may
proximately reflect Zn isotope signal of ambient seawater. However, other lower §°°Zn values of our shales
precipitated from ferruginous condition could indicate Zn isotope fractionation between Zn sulfides and
the water column. In this case, the average §°°Zn value of deep water may be close to 0.5%o, based on the
average §%°Znpy value (0.23%o) of our shales and the previous observed Zn isotope fractionation between
sulfide and solution with A%%Zn,irde-solution = ~—0.3%o (Archer & Vance, 2004; Jamieson-Hanes et al., 2017;
Veeramani et al., 2015).

5.4. Implications for Zn Geocycling in a Phosphorus-Rich Ediacaran Ocean

Scott et al. (2013) proposed that the Zn concentration in seawater was broadly uniform over time and has
maintained near-modern levels that were several orders of magnitude above the biolimiting concentration,
which has been confirmed by other investigations regarding Zn concentrations and Zn/Fe ratios in banded
iron formation (Robbins et al., 2013, 2016). Recently, investigation of Zn isotope signature of banded iron
formations has suggested that the Zn geochemical cycle has been near steady state for the last 1.8-1.9 Ga
(Pons et al., 2013). If it is the case, near-modern weathering intensities and output of Zn can be assumed
for the early Ediacaran ocean. Little, Vance, et al. (2014) estimated that the average °°Zn value for the riverine
influx (5.9 x 108 mol/year) is 0.33%o. However, the deep ocean has a homogenous Zn isotope composition,
with an average of 0.55%o (e.g., Conway & John, 2014; Moynier et al., 2017; Zhao et al.,, 2014), which requires
an oceanic sink that is isotopically light for Zn (Little, Sherman, et al., 2014; Little, Vance, et al., 2014). Recently,
sulfide minerals in organic-rich sediments that are deposited at continental margins have been recognized as
potential sinks for light Zn isotopes (Conway & John, 2014; Little et al., 2016).

In this study, shallow-water phosphorites have heavy Zn isotopic composition (0.80%o) and low Zn concen-
trations. The relatively uniform §°°Zn values are consistent with the average of modern Fe-Mn crusts and
nodules (0.90%o0) and biogenic carbonates (0.91%o), which are heavier than modern deep-water. The oxic
output associated with Fe-Mn oxides would remove approximately 70% of the total dissolved Zn from the
oceans, which is an order of magnitude higher that than contained in carbonates (Little, Vance, et al.,
2014). Recent publications have suggested that the early Ediacaran ocean in south China was characterized
by a redox-stratified structure, where shallow water was oxic and deep water was ferruginous (Han & Fan,
2015; Li et al., 2010). In the phosphate-rich shallow water, the complexation of Zn with phosphate may be
the first-order control for the heavy Zn isotope composition in our phosphorites. The adsorption of Zn onto
Fe-Mn oxides may also play an important role in increasing 8%6Zn values of phosphorites, especially for the
upper phosphorite layers (Figure 6). During the early Ediacaran, enhanced marine phosphate concentrations
would have resulted in higher primary productivity and increased organic carbon burial because phosphorus
ultimately limits net primary productivity (Planavsky et al., 2010). Additionally, Zn is a key life trace metal and
is a component in a wide variety of metallo-peptides and polymerases. Many Zn metalloenzymes are used in
processes involving DNA and RNA syntheses (Dupont et al., 2010; Robbins et al.,, 2016, and reference therein).
However, the Weng'an biota (multicellular eukaryotes) preserved in the upper phosphorite may not play an
important role in enhancing the biological utilization of dissolved Zn in surface seawater. This observation
could suggest that the biological utilization of dissolved Zn in seawater before the occurrence of the
Weng'an biota is similar to that of after. In such phosphate-rich and high productivity conditions, dissolved
Zn that bonds with phosphate in seawater would also be removed by the adsorption onto organism.
During these processes, isotopically heavy Zn would be enriched in the phosphorite, but isotopically light
Zn would remain in the surface water (Figure 6). This interpretation is supported by observations made from
profiles from the North Pacific Ocean (Conway & John, 2015), the Southern Ocean (Zhao et al., 2014), and the
North Atlantic Ocean (John & Conway, 2014), where shallow water has a light Zn isotope composition, which
may reflect scavenging on phytoplankton or shallow remineralization. Therefore, phosphorite may represent
an important sink of isotopically heavy Zn in the phosphate-rich shallow water environment.
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Figure 6. Zn geochemical cycling in a phosphorus-rich ocean during the early Ediacaran. Dissolved Zn bonded with
phosphate (such as ZnH3(PO4),(H,0)4 ZnH2PO4(H20)5+) was delivered to the seafloor by (1) photoautotrophically,
chemoautotrophically, and heterotrophically produced organic matter, (2) the adsorption onto organisms and Fe-(oxyhydr)
oxide particles. The later mechanisms would transfer isotopically heavy Zn into phosphorites and deep ferruginous water
(a). Zn phosphate species adsorbed onto Fe-(oxyhydr)oxide particles and organisms would be released into pore water,
accompanied with reduction of Fe-(oxyhydr)oxide and degradation of organic matter in the phosphogenesis zone of the
Weng'an (WA) phosphorite ore area (b). Subsequently, Zn phosphate species would enter into francolite, which may
preserve a heavy Zn isotopic composition. However, the regeneration of Zn phosphate species sorbed on organism and
Fe-(oxyhydr)oxide occurred in the deep part of the water column, where dissolved Zn ions may quantitatively or
partially precipitate as smithsonite and/or sulfides (sphalerite/wurtzite) with near zero or ~0.3%o fractionation
(A“anater column-mineral) between these Zn minerals and deep seawater in the Wuhe (WH) and Xiangtan (XT) sections
(c). This diagram is modified from Hiatt et al. (2015).

Conversely, the adsorption of Zn bonded with phosphate onto Fe-Mn oxides and organic particles could
also transfer isotopically heavy Zn into deep water (Figure 6), which could lead to an increase in dissolved
Zn and phosphate concentrations in deep water. However, the redox conditions of the deep-water
environment would regulate Zn levels in the deep part of the water column. For example, euxinic
conditions have caused lower dissolved Zn concentrations in the deep water of the Black Sea (Vance
et al,, 2016). In contrast, euxinic sediments in the Black Sea exhibit Zn/Al ratios that are two to nine times
higher than those in oxic sediments. In this study, the deep-water Wuhe and Xiangtan sections are
interpreted to be deposited under ferruginous conditions with intermittent euxinic conditions (Han &
Fan, 2015; Sahoo et al., 2016). In anoxic conditions, isotopically heavy Zn adsorbed onto Fe-Mn oxides
and organisms would have been released into seawater through the reduction of Fe-Mn oxides and
degradation of the organisms, which could result in a heavier Zn isotope composition in deep water.
This hypothesis is supported by several observations of 3°°Zn values from the northeastern Atlantic and
Southern Ocean (Atlantic sector), where seawater at intermediate depths exhibits a positive excursion of
up to 0.7%o0 (Conway & John, 2014, 2015; Zhao et al,, 2014). These observations from different modern
oceans by different researchers indicate that Zn isotope fractionation associated with internal cycling
resulted from the regeneration of isotopically heavy Zn adsorbed onto organisms and Fe-Mn oxides or
the precipitation of isotopically light Zn in sulfides (Conway & John, 2014, 2015; John & Conway, 2014;
Zhao et al.,, 2014). Heavier Zn isotope excursion at middepth seawater in the South Ocean may reflect
regeneration of adsorbed Zn onto organism surfaces because oxygen supply is not low (John & Conway,
2014). However, the shift in 5°°Zn values to 0.6%o at SAFe in North East Pacific Ocean was explained by
sulfide precipitation (Conway & John, 2014, 2015). Based on recent knowledge, we suggest that the lower
86Zn values measured in slope and basinal sections could indicate a significant contribution by sulfide
(sphaleritea/wurtzite) precipitation in ferruginous deep water of the early Ediacaran oceans (Figure 6).
Noteworthy, the highest 8%6Zn value (0.45%o) in a euxinic black shale (WH43) may indicate that Zn isotope
signal of anoxic seawater in the Nanhua basin was similar to that of modern deep seawater. More
investigations will be needed to estimate Zn isotope composition of global deep seawater in a
phosphorus-rich redox stratified ocean during the early Ediacaran.
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6. Conclusion

The Zn isotope compositions of the early Ediacaran shallow water phosphorite and dolostones and
deep-water organic-rich shale, located in South China, were investigated in this study. The wide range of
observed §°Zncam, values in dolostone and phosphorite may reflect Zn isotope fractionation during the
substitution of Zn into dolomite and the exchange of Zn between dolomite and phosphate, respectively,
rather than seawater signals. Almost all phosphorites exhibit heavier Zn isotope composition than those pure
dolostones. This observation may provide supporting evidence for previous theoretical calculations that
demonstrate that the bonding of Zn with phosphate can enrich isotopically heavy Zn in Zn phosphate
species. In the phosphorus-rich Edicaran ocean, the adsorption of Zn by organisms may play an important
role in increasing 8°Zn values in the lower phosphorite layers. In contrast, the inorganic processes
(e.g., Zn bonding with Fe-Mn oxides) may enhance §°°Zn values in the upper phosphorite layers. The
Weng'an biota preserved in the upper phosphorite did not significantly uptake light Zn isotope. These
processes could also transfer isotopically heavy Zn into deep water. However, the deep-water organic-rich
shales show light Zn isotope composition, similar to that of the continental crust, which may reflect Zn
isotope fractionation during sulfide (sphalerite/wurtzite) precipitation in middepth environment. In a
phosphorus-rich redox stratified ocean, phosphorite may be an important sink of heavy Zn isotope, whereas
those ferruginous black shale could be isotopically light Zn sink.
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