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Abstract: Deposition of black shale of the Lower Cambrian Niutitang Formation (NTT) of the
Yangtze Block, South China, in association with the Ediacaran-Cambrian (E-C) transition was
accompanied by widespread formation of phosphate nodules. Petrological and geochemical studies
of the nodules and host sedimentary rocks were carried out to elucidate hydrographic conditions of
the Early Cambrian ocean. Our results reveal that NTT phosphate nodules are composed principally
of concentrically banded carbonate fluorapatite (CFA) that likely reflects changing Eh and pH
conditions contemporaneous with diagenetic nodule growth. Accumulation of organic-rich

sediment and nodule growth may have been induced and sustained by contemporaneous volcanic



and hydrothermal activities on the Yangtze Block. The introduction of voluminous nutrients with
volcanic ash, including phosphate and aqueous Fe and Si, promoted the bloom of plankton,
including sponges and lower algae leading to organic matter enrichment. Productivity may have
been further enhanced by upwelling of phosphate-rich bottom water that resulted in widespread
phosphogenesis and formation of phosphate nodules. The hyalophane-quartz association
documented from phosphate nodules suggests the possible interaction of K-feldspar-rich volcanic
ash and Ba-rich hydrothermal fluids at lower pH levels in association with nodule growth. The
formation of phosphate nodules of the Niutitang Formation, then, reflects the complex interaction
among primary productivity, volcanic and hydrothermal activity, and the accumulation of organic

matter at a critical period of Earth history.
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1. Introduction

The Ediacaran-Cambrian (E-C) transition is a major turning point in Earth history
characterized by global environmental and biological changes, including the break-up
of the supercontinent Rodinia (Li et al., 2008), the establishment of anoxic or even
sulfidic bottom-water conditions (Kimura and Watanabe, 2001; Och et al., 2013; Pi et
al., 2013; Gao et al., 2016; Cheng et al., 2016, 2017; Zhang et al., 2017; Yeasmin et al.,
2017), the stepwise oxygenation of the global ocean (Scott et al., 2008; Jin et al., 2016),
and subsequent Cambrian radiation of animals (Steineret al., 2007; Li et al., 2017).

Lower Cambrian black shale deposits that host chert, phosphorite, and Ni-Mo



polymetallic ore, widely distributed across the Yangtze Block provide a unique
opportunity to investigate the evolving oceanic environment at this critical period of
Earth history (Goldberg et al., 2007; Jiang et al., 2007; Steiner et al., 2001, 2007; Och
etal., 2013; Pi et al., 2013; Gao et al., 2016; Cheng et al., 2016, 2017; Li et al., 2017).

Phosphorites and phosphate nodules are widely developed in modern and ancient
marine sediments (Baturin, 1982; Follmi, 1996; Nelson et al., 2010; Dabard and Loi,
2012). Modern phosphorites are most common to continental shelf and shelf sites that
have experienced upwelling, including the Gulf of California, Chile, Peru, and Namibia
(Baturin, 1982; Froelich et al., 1988; Follmi, 1996). Similarly, ancient phosphorites
reported from various sedimentary facies and paleogeographic locations (Nelson et al.,
2010; Dabard and Loi, 2012; She et al., 2013), have been linked to enhanced biological
productivity, perhaps fueled by upwelling of nutrient-rich bottom water (F6llmi, 1996;
Shen et al., 2000; Nelson et al., 2010; She et al., 2013; Li and Schieber, 2015; Muscente
etal., 2015).

Phosphorite deposits and phosphate nodules are commonly associated with slowly
deposited transgressive system tract and immediately overlying highstand system tract
deposits, especially condensed black shale successions (Jiang et al., 2007; Loi et al.,
2010; Nelson et al., 2010; Dabard and Loi, 2012; Zhu et al., 2014; Li and Schieber,
2015; Muscente et al., 2015). Low sedimentation rates stabilize diagenetic zones within
the sediment column for protracted periods of time (Dabard and Loi, 2012; Muscente
et al., 2015) favoring the growth of nodules. The connection of phosphate nodule

formation and episodes of markedly diminished sedimentation/burial rate demonstrate



the potential use of nodule intervals for correlation of sea (base) level fluctuations.
Phosphate nodules can also form in response to hydrothermal (Zhu et al., 2014; Zhu
and Jiang, 2017) and submarine volcanic activities (Berner, 1973). The range of
conditions under which phosphate nodules may make them especially useful for
deciphering depositional conditions and diagenetic modification of the host sediment
(e.g., Shields and Stille, 2001; Kidder et al., 2003; Jiang et al., 2007; Dabard and Loi,
2012; Zhu et al., 2014; Li and Schieber, 2015; Xin et al., 2015; Zhu and Jiang, 2017).
The present study considers the conditions under which phosphate nodules of the Lower
Cambrian Niutitang Formation of the Yangtze Block, South China, formed during the
E-C transition. We present results of a comprehensive integrated study of these deposits
based on petrological and geochemical investigation.
2. Geological setting and sampled section

The major geologic elements of South China include the Yangtze and Cathaysia
blocks (Fig.1). The former comprises three Lower Cambrian sedimentary facies,
including carbonate platform, transitional, and slope-basinal facies from northwest to
southeast (Fig.1; Chen et al., 2009; Gao et al., 2016). The Rongxi section, the focus of
the present study, is located ~14 km northwest of Xiushan City in Chongging Province
(Fig. 1). Early Cambrian paleogeographic reconstruction suggests that Rongxi section
was located in the transitional belt of Yangtze Block (Guo et al., 2007; Steiner et al.,

2007).

Figure 1 Near here



The Lower Cambrian Niutitang Formation (NTT) of the Rongxi section rests
unconformably on dolomite deposits of the Dengying Formation, which consists
principally of black siliceous shale, bedded chert, tuff, and black shale, in ascending
order (Fig. 2 and 3). Phosphate nodules are most common to the lower part of the NTT
black shales overlying conspicuous tuff and chert layers (Fig. 2 and 3). At least three
tuff layers have been documented from within the phosphatic succession of the Early
Cambrian Meishucuian Stage on the carbonate platform of South China (Compston et
al. 2008). A tuff layer (Bed 5) in the Zhongyicun Member of the Meishucun section has
been dated in multiple studies using zircon SHRIMP U-Pb method as 538.2 + 1.5Ma
(Jenkins et al., 2002), 536.5 + 2.5 Ma (Sawaki et al., 2008), 539.4 + 2.9 Ma (Compston
et al., 2008), and 535.2 =+ 1.7Ma (Zhu et al., 2009) (Fig. 2). The tuff layer above the
Liuchapo chert in the Ganziping section has yielded an age of 536.3 + 5.5 Ma (Chen et
al., 2009). A tuff layer about 5 m below the Ni-Mo horizon of the Zhongnancun section
(Pi et al., 2013) has a U-Pb age of 532.3 + 0.7 Ma (Jiang et al., 2009). Compston et al.
(2008) report a younger U-Pb age of 526.5 + 1.1 Ma for a tuff layer within the basal
Shiyantou Member (Bed 9) of the Meishucun section (Fig. 2). Dating of the Ni-Mo ore
layer below which phosphate nodules and associated phosphorite deposits of South
China have been observed (Steiner et al., 2001; Zhu et al., 2009; Pi et al., 2013; Jin et
al., 2016) by the Re-Os method yields an age of 521 + 5 Ma (Xu et al., 2011). Thus, the
age of the NTT phosphate nodules can be constrained between 538 and 521 Ma (Fig.

2).



Marine deposits of the Yangtze Block preserve the record of a transgressive-
regressive cycle that spanned the Fortunian to Cambrian Stage 3 (Goldberg et al., 2007;
Wang et al., 2015; Yeasmin et al., 2017). The Fortunian transgression on the Yangtze
Platform was dominated by carbonate and phosphorite deposition. A thin condensed
succession that includes chert, black shale, and phosphatic nodules accumulated slowly
in the adjacent slope-basin area (Steiner, 2001). Transgression continued into Cambrian
Stage 2 time and was accompanied by widespread deposition of the NTT black shale,
including the studied phosphate nodules in its basal part (Goldberg et al., 2007; Steiner
et al., 2007) (Fig. 2). Overlying deposits reflect marine regression that persisted into

the early part of Cambrian Stage 3 time (Wang et al., 2015; Yeasmin et al., 2017).

Figure 2 Near here

Figure 3 Near here

3. Samples and analytical methods
3.1. Samples

Six phosphate nodule samples and eleven host rock samples were collected from
the Rongxi section at an abandoned phosphorite mine (Fig. 2 and 3). Detail information
of the samples is provided in Table 1. All samples were ground to a 200 mesh size in

an automatic agate mortar.



Table 1 Near here

3.2 Analytical methods

Optical observation of polished thin sections of nodule samples was performed on
a Zeiss Axioskop 40 A pol microscope. Thin sections were then coated with platinum
for analysis using a Carl Zeiss EVO MAL0 scanning electron microscope (SEM)
equipped with INCAXx-sight electron dispersive X-ray dispersive spectroscopy (EDS)
system detector (Oxford Instruments, UK) for imaging at backscatter electron (BSE)
mode at 20 kV. Optical investigations were conducted at the Laboratory of Structural
and Sedimentological Reservoir Geology, Sinopec.

Carbonate was removed from powdered samples with dilute HCI after which total
organic carbon (TOC) and total sulfur (TS) contents were measured using a Leco CS-
230 analyzer. Analytical precision was better than 10 %. This work was conducted at
the State Key Laboratory of Petroleum Resources and Prospecting of the China
University of Petroleum (SKLPRP-CUP), Beijing. X-ray diffraction (XRD)
measurements of powdered samples were conducted at the Microstructure Laboratory
for Energy Materials of CUP using a Bruker D8 Advance diffractometer.

Major, trace, and rare earth element (REE) concentrations were measured at the
Analytical Laboratory of the Beijing Research Institute of Uranium Geology. Major
oxides of host rocks were determined on a Philips PW2404 X-ray fluorescence analyzer
on fusion glasses of a 1:10 ratio of sample to Li.B4O7 in accordance with Ma et al.

(2015). Major element (Fe, Al, K, Na, Ca, Mg) concentrations of phosphate nodules



were determined on a PerkinEImer 5300DV ICP-OES using sample powders digested
in a mixture of super-pure HNO3z+HCI+HF in high-pressure Teflon cups as outlined by
Gao et al. (2016). Trace and REE concentrations of all samples were determined on a
PerkinElImer NexION300D ICP-MS using sample powders digested as per above.
Analytical precision was better than 5 % for major and trace elements and 10 % for
REE. Enrichment factors (EFs) were calculated as X-EF=[(X/Al)sampie/ (X/Al)pans],
where X and Al represent weight percent concentrations of elements X and Al of the
sample and the Post-Archean Australian Shale (PAAS) standard (Taylor and McLennan,
1985). Ce, Eu, and Pr anomalies were calculated according to Shields and Stille (2001);
ie., Ce/Ce*=3Cen/(2Lan+Ndn), Eu/Eu*=Eun/(SmnxGdn)Y2 and
Pr/Pr*=2Prn/(Cen+Ndn), where N refers to elemental concentrations normalized to
PAAS (McLennan, 1989).
4. Results
4.1. Petrological and mineralogical features
4.1.1. Phosphate nodules

NTT phosphate nodules display a variety of shapes, including globular, ovoid, and
oblate, and range from 0.2 to 5.0 cm in diameter. Nodules are wrapped by
microlaminations of host shale suggesting that they formed early in the diagenetic
history of these deposits prior to sediment compaction. XRD analysis reveals NTT
phosphate nodules to be composed mainly of carbonate fluorapatite (CFA) and
subordinate quartz and hyalophane (Fig. 4A). Further, optical and SEM observations

reveal a concentrically layered internal structure (Fig. 5A and Fig. 6A, B).



Figure 4 Near here

Nodule cores are dominated by crystalline CFA (Fig. 7A, B) which exhibits optical
characteristics similar to quartz under cross-polarized light (Fig. 5A). Solid bitumen
(SB) is concentrated along edges of crystalline CFA (Fig. 6C). Crystalline CFA is
accompanied by lesser cryptocrystalline CFA and accessory amounts of pyrite and
hyalophane (Fig. 6C). The first layer outward from nodule cores is composed mostly
of cryptocrystalline CFA (Fig. 6A) which exhibits total optical extinction under cross-
polarized light (Fig. 5A). The following layer comprises quartz, hyalophane, and
subordinate K-feldspar (Fig. 6A, D-F and Fig. 7C, E). The elemental composition of
hyalophane ((K,Ba)Al.Si>Os; Frondel et al., 1966) is evident in EDS spectra (Fig. 7D
and Table 2) and XRD patterns (Fig. 4A). Hyalophane observed in the present study
appears to be relatively enriched in Ba and depleted of K (Table 2). We are not aware
of other reported occurrences of hyalophane in phosphate nodules. Sponge spicules,
walled by CFA and quartz (Fig. 6E, F) and filled with solid bitumen (SB), have been
observed in this layer. The outer layer of studied nodules is compositionally similar to
the first layer, i.e., dominated by cryptocrystalline CFA (Fig. 6B). Solid bitumen present
in this layer displays various morphologies, including spherical, elliptical, and rod-like.
It is also observed as amorphous material, some of which appears to fill sponge spicules.
The walls of these microfossils are composed of CFA and occasional trace amounts of

hyalophane (Fig. 6H) and pyrite.



Table 2 Near here

Figure 5 Near here

Figure 6 Near here

Figure 7 Near here

4.1.2. Host and associated rocks

The phosphate nodule layer is underlain by a tuff layer (Fig. 3) comprised chiefly
of muscovite, quartz, and hyalophane and lesser CFA, gypsum, albite, K-feldspar and
pyrite (Fig. 4C). These deposits overlie a phosphorite layer (Fig. 3) composed
principally of CFA and quartz and subordinate gypsum, muscovite, albite, and
hyalophane (Fig. 4B). Phosphate nodules are hosted by black shale (Fig. 3) consisting
of quartz, muscovite, gypsum, albite, and CFA (Fig. 4D).
4.2. Bulk organic geochemistry

The studied phosphate nodules are carbon-rich with TOC values ranging from 7.9
to 9.1 % (average = 8.6 %; n = 6) (Table 1). Total sulfur (TS) of the nodules is low,
varying from 0.09 to 0.2 % (average = 0.1 %; n = 6) (Table 1). Chert, phosphorite, and
tuff are characterized by low TOC (0.5-1.9 %) and TS (0.04-0.5 %), whereas black

shale samples are enriched in organic carbon (TOC = 4.8-18 %; average = 10 %; n=9)
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and sulfur (TS = 0.2-3.2 %; average = 1.3 %; n=9).
4.3. Element geochemistry
4.3.1. Major elements

Phosphate nodules display elemental and oxide concentrations of Fe, Al, K, Na
and Mg of less than 1 %, but are markedly enriched in Ca, containing more than 30 %.
Major oxide concentrations of associated rocks are quite variable (Tables 3and 4). As
expected, chert is dominated by SiO (96.2 %) (Tables 3 and 4). The dominant oxides
of the phosphorite include CaO (30.3 %), SiO2 (29.9 %), and P20s (22.1 %) (Table 3
and 4). Tuff is dominated by SiO> (43.7 %) and Al>Os (22.7 %) (Tables 3 and 4). The
tuff sample contains 5.4 % K>O, strongly enriched relative to PAAS and close to values
documented from K-bentonite associated with the Lower Cambrian black rock series
of South China (Zhou et al., 2007). The dominant major element oxides of analyzed
black shale samples are SiO2 (37.0 to 54.4 %) and Al>O3 (3.8 % to 12.1 %) (Table 3

and 4). It is noteworthy that these deposits are enriched in P20s relative to PAAS.

Table 3 Near here

Table 4 Near here

4.3.2. Trace and rare earth elements

NTT phosphate nodules display high concentrations of redox-sensitive trace

elements and metals, notably V, Mo, and U. Moreover, analyzed nodule samples are
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enriched in Ba relative to PAAS (McLennan, 1989) (Table 5). Concentrations of redox-
sensitive metals (e.g., V, Mo, Ni) in the host rocks are 10-100 times higher than in
phosphate nodules. It is worth noting that the tuff and black shales are characterized by

abnormally high concentrations of Ba, ranging from 4,000 to 46,500 ppm (Table 5).

Table 5 Near here

NTT phosphate nodules and the phosphorite sample display the highest total REE
contents (XREE > 500ppm) of the Rongxi section sample suite (Table 6). The tuff and
black shale samples are characterized by XREE values ranging from 94.1 to 362 ppm,
and the chert samples is markedly depleted of XREE (Table 6). REE concentrations of
NTT phosphate nodules normalized to PAAS exhibit a convex-upward pattern with
pronounced negative Ce anomalies (Ce/Ce* = 0.39-0.46), slightly positive Eu
anomalies (Eu/Eu* = 1.00-1.25), and higher Y/Ho ratios (44.2-49.2) (Fig. 8A). Host
and associated rocks display generally diminishing values from low to high atomic
numbers as well as moderate negative Ce anomalies (Ce/Ce* = 0.36-0.78), slightly
positive Eu anomalies (Eu/Eu* = 1.11-2.07 with the exception of the single negative
Eu anomaly associated with the chert sample), and lower Y/Ho ratios (34.0-46.8) (Fig.

8B).

Table 6 Near here
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Figure 8 Near here

5. Discussion
5.1. Oceanic conditions during Early Cambrian time
5.1.1. Redox conditions

Redox-sensitive trace elements, notably U, V and Mo, are considered especially
useful to paleoenvironmental reconstruction of sediment that accumulated under
oxygen-deficient and/or sulfidic bottom-water conditions (Algeo and Maynard, 2004;
Algeo and Lyons, 2006; Algeo and Rowe, 2012; Tribovillard et al., 2009; Scott and
Lyons, 2012). Absolute concentrations and enrichment factors of these elements as well
as their degrees of co-variance with TOC have been used to elucidate redox conditions
(Algeoand Maynard, 2004; Algeo and Lyons, 2006; Tribovillard et al., 2009; Scott and
Lyons, 2012; Pi et al., 2013). Mo concentrations of analyzed NTT black shale samples
(30.8-329 ppm; average = 151 ppm; n = 8) suggest deposition under at least
intermittently euxinic conditions (Scott and Lyons, 2012). Mo concentrations of chert,
phospharite and tuff samples of less than 25 ppm (Fig. 9) indicate non-euxinic

conditions though porewater may have contained sulfide (Scott and Lyons, 2012).

Figure 9 Near here

Mo-TOC relationships serves as an independent means of discerning bottom water

redox conditions (Algeo and Maynard, 2004; Algeo and Lyons, 2006; Tribovillard et

-13-



al., 2006; Pi et al., 2013). Organic-rich shale deposited under anoxic bottom conditions
generally exhibit modest Mo enrichment and strong TOC-Mo covariation owing to Mo
residence primarily in organic phases (Algeo and Maynard, 2004). However, strong
Mo enrichment and weak TOC-Mo covariation documented from black shale deposited
under euxinic conditions reflect the concentration of Mo in authigenic sulfideor
oxyhydroxide phases (Algeo and Maynard, 2004). The weak correlation of Mo and Al
abundances of the NTT black shale samples (Fig. 10A) indicate that Mo was scavenged
from seawater rather supplied with the detrital flux. Moreover, elevated Mo/Al ratios
of these deposits display a moderate negative correlation with TOC (correlation
coefficient (R) = -0.45, P(a) > 0.05, n = 8; Fig. 10B) suggesting deposition under
euxinic conditions (Algeo and Maynard, 2004). Interestingly, the single chert sample is
strongly enriched in Mo indicating anoxic conditions whereas the phosphorite and tuff
samples, by virtue of their low Mo concentrations appear to reflect deposition under

oxic-suboxic conditions (Algeo and Maynard, 2004) (Fig. 10B).

Figure 10 Near here

Algeo and Tribovillard (2009) and Tribovillard et al. (2012) described the use of
patterns of authigenic U and Mo covariation as a means of discriminating redox
conditions of diverse marine depositional systems. Mo-EF values generally mimic the
trend of increasing Mo concentration upward through the Rongxi section (Fig. 9).

Uranium, though enriched through the studied section, does not display increasing

-14 -



enrichment up-section (Fig. 9). Most black shale samples are characterized by
(Mo/U)autn ratios 1 to 3 times that of modern seawater (Fig. 11), suggestive of anoxic-
euxinic bottom water conditions in an open marine environment (Algeo and
Tribovillard, 2009). Therefore, anoxic-euxinic bottom water conditions appear to have
prevailed during deposition of NTT black shale and chert, perhaps becoming more

strongly euxinic over time.

Figure 11 Near here

5.1.2. Primary productivity

Avariety of geochemical proxies have been employed to reconstruct past changes
in primary productivity, including C and N isotopes, organic biomarkers, TOC, and
trace metal (Ba, P, Cu, Ni, Cd, Zn) abundances (Paytan and Griffith, 2007; Tribovillard
et al., 2006; Schoepfer et al., 2015; Shen et al., 2015; Liu et al., 2015). Among them,
TOC, organic phosphorus (Porg) and biogenic barium (Banio) are the most widely used
for reconstructing primary productivity in both modern and ancient sediments
(Schoepfer et al., 2015; Shen et al., 2015). Moreover, the use of elements that behave
as micronutrients (Cu, Zn, and Ni) is also finding greater use as productivity proxies
(Liu et al., 2015; Tribovillard et al., 2006). As no single proxy is inherently more
reliable than others, primary productivity assessments should be made based on the

covariation of multiple proxies (Paytan and Griffith, 2007; Schoepfer et al., 2015).
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Strong positive co-variance among TOC, P, and Cu abundances of the studied NTT
samples (R = +0.67, P(a) < 0.05, n = 10 for TOC vs. Cu, exclusive of the tuff sample;
R = +0.67, P(a) < 0.05, n = 9 for TOC vs. P, exclusive of the tuff and phosphorite
samples; R = +0.70, P(a) < 0.05, n = 9 for Cu vs. P, exclusive of tuff and phosphorite
samples) demonstrates their potential as primary productivity proxies. Organic carbon
content is perhaps the most direct proxy of productivity (Pedersen and Calvert, 1990),
yet a substantial portion of organic matter (OM) is lost during transportation to the sea
floor and burial processes (Froelich et al., 1979). Thus, measured TOC values reflect
the combined effects of primary surface water productivity, and OM preservation within
the water column and during burial (Schoepfer et al., 2015; Shen et al., 2015). Organic
P is calculated by the following relationship: Porg=Ptota — AIX(P/Al)detr, in Which Prota iS
the total P of the sample and (P/Al)qet is the Al-normalized detrital P content. Similarly,
biogenic Cu content is calculated as follows: Cupioc=Cutota — AIX(Cu/Al)getr. The
(P/Al)getr and (Cu/Al)getr values are estimated from Al vs. P and Al vs. Cu crossplots in
which the samples displaying the lowest P/Al and Cu/Al ratios are presumed to contain
minimal biogenic P and Cu (Shen et al., 2015; Schoepfer et al., 2015). Application of
this methodology to the present study yields a (P/Al)getr ratio of 0.0077 and a (Cu/Al)getr
ratio of 0.0003. Cunio values of NTT black shale samples range from 12.1 to 145 ppm
(average = 66.7 ppm, n = 7); the chert and phosphorite samples have moderate Cubio
values of 26.2 ppm and 46.3 ppm, respectively. The elevated Cupio value of the tuff
sample (135 ppm) probably reflects the presence of sulfides (e.g., pyrite; Fig. 4C) as

Cu is mostly hosted by pyrite within sediments (Tribovillard et al., 2006). Porg Values
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of black shale vary from 0.004 to 2.8 % (average = 0.7 %; n = 7). As might be expected,
Porg is greatest in the phosphorite samples (9.6 %) whereas chert and tuff display Porg
values of 0.02 % and 1 %, respectively (Fig. 9).

Calculated Cupio and Porg values are normally elevated in highly productive
upwelling zones of the modern ocean, ranging from 1.32 to 53.1 ppm (average = 24.9
ppm; n = 15) and 0.01 to 1.90 % (average = 0.27 %; n = 27), respectively (Murray and
Leinen, 1993; Boning et al., 2004). Thus, Cunic and, to a lesser extent, Porg values of the
NTT black shale compare favorably with sediment deposited beneath modern high
productivity upwelling zones (Fig. 9). Moreover, Porg Values of the NTT black shale and
chert samples may be underestimations given the tendency of phosphate to recycle back
to the water column under anoxic conditions (F6llmi, 1996; Algeo and Ingall, 2007;
Nelson et al., 2010).

In summary, the studied shale interval appears to have accumulated beneath very
productive surface water. Early Cambrian palaeogeographic reconstructions place the
Yangtze Block in the Northern Hemisphere tropics (~5-25°N) (Steiner et al., 2007; Li
et al., 2008). Modern phosphorite deposits are well-documented from areas of coastal
upwelling in tropical regions (30°N-30°S) (Baturin,1982; Follmi, 1996). Thus, the
Rongxi section, by virtue of its inferred paleogeographic position on the slope belt of
Yangtze Block (Chen et al., 2009; Yeasmin et al., 2017), would have been favorably
positioned to experience enhanced organic matter export induced by the upwelling of
phosphate-enriched deep water thus favoring accumulation of phosphorites and P-rich

black shales.
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5.1.3. Possible impact of contemporaneous volcanic activity on OM enrichment
The inconsistent relationship of TOC, Porg and Cubio With inferred redox conditions
based on Mo geochemistry and Mo-U covariation (compare Mo profiles with TOC
profile, Fig. 9) suggests that OM enrichment was driven principally by productivity. It
is worth noting that TOC of the black shale is most concentrated lower in the sequence,
a short distance above and below the tuff layer (Fig. 9). The association of K-rich
volcanic ash and NTT black shale of the Yangtze Block attests to the coincidence of
volcanism and deposition of carbonaceous sediment during Early Cambrian time (Zhou
et al., 2007 and this study). The possibility that volcanic eruptions may have enhanced
surface water productivity finds support in the relatively strong positive co-variance of
TOC and K among the studied samples, excluding the single tuff sample (R = +0.81,

P(a) <0.01, n =10; Fig. 12).

Figure 12 Near here

Modern volcanic eruptions are commonly accompanied by the release of
biolimiting nutrients, including N, P, Si, Fe, and Zn, which can significantly elevate
marine primary productivity in the photic zone (Baturin, 2003; Olgun et al., 2013).
Indeed, Si, P, and Fe concentrations in a region of the Mediterranean Sea affected by
volcanic ash fallout are 10-2,000 times higher than open ocean abundances (Olgun et
al., 2013). Abundant sponge spicules in NTT phosphate nodules could be attributed to

a bloom of silica-secreting organisms coincident with deposition of the host shale
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perhaps driven by an abnormally high Si influx. Weak-moderate positive correlations
of Si and K concentrations (R = +0.47, P(a) > 0.05, n = 10; Fig. 13A) and Si abundance
and TOC (R = +0.32, P(a) > 0.05, n = 10; Fig. 13A) indicate that some Si may have
been derived from volcanic ash. Fe concentration also displays a moderate positive co-
variance with TOC (R = +0.46, P(a) > 0.05, n = 10; Fig. 13B) hinting of some role in
the enhancement of productivity. The strong positive correlation of Fe and K
abundances (R = +0.63, P(a) > 0.05, n = 10; Fig. 13B) suggests that the increased supply

of Fe may have been contributed by volcanic ash.

Figure 13 Near here

5.2. Phosphogenesis and possible sources of phosphate

The presence of phosphorites and phosphate nodules in a sedimentary deposit is
generally attributed to the biological accumulation of phosphorous well in excess of
that delivered from terrestrial sources (Shen et al., 2000; Nelson et al., 2010; She et al.,
2013). High pore water phosphate concentration is a prerequisite for phosphogenesis.
Indeed, apatite will form only if pore water is supersaturated with respect to apatite
(F6llmi, 1996). Sequestration of P in sediment occurs in association with burial of OM,
Fe-hydroxide (FeOOH), phosphatic skeletal material, and authigenic apatite (Follmi,
1996; Algeo and Ingall, 2007; Nelson et al., 2010; Muscente et al., 2015). Prior to the
ecological diversification of organisms with phosphatic skeletons, major sources of

phosphate in pore waters included P desorbed from FeOOH and that released from OM

-19 -



(She et al., 2013; Muscente et al., 2015). Redox conditions of bottom and pore water
appear to exert strong control on the burial of P desorbed from FeOOH. Oxic conditions
favor phosphate mineralization (Nelson et al., 2010) whereas anoxia induces the release
of phosphate adsorbed onto FeOOH particulates to pore water and the water column
(Algeo and Ingall, 2007; Muscente et al., 2015). The described redox-dependent
mechanism accounts for the uptake and removal of phosphate across oxic-anoxic
boundaries within the sediment column (Algeo and Ingall, 2007; Nelson et al., 2010).
In addition, the burial and microbial decomposition of OM release considerable P to
pore water, much of which diffuses into the overlying water column (Nelson et al.,
2010). Nevertheless, some released organic Pis retained in pore water to be precipitated
as apatite. The organic-rich nature of the studied phosphate nodules (average TOC =
8.6 %) suggests that the delivery of phosphate was tied to the flux of OM.

It is generally recognized that the Neoproterozoic period witnessed a series of
widespread phosphogenic events (Shen et al., 2000; She et al., 2013; Muscente et al.,
2015). The end of Cryogenian glaciation was accompanied by a sharp increase of
atmospheric CO2 and consequent enhanced continental weathering (Planavsky et al.,
2010; She et al., 2013). The increased riverborne flux of phosphate into the global ocean
promoted a bloom of marine plankton (e.g., cyanobacteria; She et al., 2013; Gao et al.,
2016) that resulted in widespread phosphogenesis, including in that region of the ocean
represented by the Rongxi section. Though volcanic ash could have been a source of
phosphate (e.g., Olgun et al., 2013) incorporated into NTT nodules and phosphorite

beds, the weak negative correlation of P and K (R =-0.28, P(a) > 0.05, n = 11) argues
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against such a scenario.

Minimal co-variance of P with several detrital proxies (Al, Th, and Ti) rules out a
strong flux of riverborne P. The strong positive correlation of P,Os and > REE
concentrations in Ediacaran Doushantuo Formation phosphate nodules (Xin et al., 2015)
suggests that REE are concentrated in the apatite fraction of nodules. Y/Ho ratios of
NTT nodules (44.2 to 49.2) exceed freshwater values (approximately 27; Gromet et al.,
1984; Taylor and McLennan, 1985) but are close to the lower range of modern seawater
values (48 to 59; Nozaki et al., 1997). A large amount of sponge spicules, phosphatic
skeletal material (Fig. 6F-H) and higher OM contents in the nodules suggests that
phosphate was principally sourced in organic remains of marine plankton that had
assimilated phosphate and REE from seawater.

5.3. Hyalophane-quartz association and hydrothermal activity

Hyalophane is a member of the feldspar group of tectosilicates and is considered
to be a barium feldspar commonly described from low to medium-grade metamorphic
and volcanic or magmatic systems as a substitution for feldspar minerals (Deer et al.,
2001). It has also been identified in sedimentary exhalative (SEDEX)-type Pb-Zn or
Ba-Zn deposits, including those of the Czech Republic (Kiibek et al., 1996), Spain
(Moro et al., 2001), South China (Han F. et al., 1993; Han S. et al., 2015), as well as
Mississippi  Valley (MVT)-type Pb-Zn deposits (e.g., Ireland; Riegler and
McClenaghan, 2017). Irrespective of its host rock, the presence of hyalophane is usually
attributed to alteration caused by Ba-rich hydrothermal fluids (Ktibek et al., 1996; Han

et al., 2015; Riegler and McClenaghan, 2017).
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The presence of hyalophane in ore deposits is generally related to hydrothermally
induced diagenetic alteration of K-feldspar (Croxford and Jephcott, 1972; Han F. et al.,
1993; Kiibek et al., 1996; Riegler and McClenaghan, 2017). For example, hyalophane
and adularia in McArthur River lead-zinc-silver deposits, Northern Territory, Australia,
generally restricted to tuff, tuffaceous shale, and ore bodies, has been attributed to the
interaction of volcanic ash and high-salinity alkaline hot brines (Croxford and Jephcott,
1972). The hyalophane-quartz association is most strongly developed in the second
layer of the studied NTT phosphate nodules (Fig. 6B). As stated earlier, the tuff layer
of the Rongxi section is enriched in hyalophane (Fig. 4C; Tables 2 and 5). Associated
phosphorite and black shale also contain hyalophane (Fig. 4B, D). The close association
of hyalophane, K-feldspar, and quartz in the NTT phosphate nodules (Fig. 6E) suggests
that K-feldspar may have been largely replaced by Ba?* as per the following reaction:
2KAISi30s (K-feldspar) + Ba?" = (K, Ba)Al,Si»0s (Hyalophane) + 2K* + 4SiO,.

As stated above, the presence of hyalophane is generally attributed to Ba-rich
hydrothermal fluids. Hydrothermal activity occurred widely across the Yangtze Block
during Early Cambrian time and may have provided elevated fluxes of Si and Ba
necessary for the formation of chert and barite (Chen et al., 2009). Hydrothermal
activity may be evidenced by positive Eu anomalies (Steiner et al., 2001; Zhu and Jiang,
2017). Although NTT phosphate nodules and host rocks exhibit positive Eu anomalies
(Fig. 9), one must be aware that such an anomaly may be a relict of Ba interference
during ICP-MS measurement (Dulski, 1994; Shields and Stille, 2001; Jiang et al., 2007).

Indeed, the strong positive co-variance of Eu and Ba concentrations of NTT phosphate
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nodules (R =+0.73, P(a) > 0.05, n = 6) may reflect Ba interference. However, the weak
correlation of Eu and Ba of the host rocks (R = +0.11, P(a)) > 0.05, n = 11) suggests that
the positive Eu anomalies are hydrothermal in origin. Moreover, the strong enrichment
of NTT phosphate nodules and host black shale in Cr, Ni, Mo, Th, U, and Ba is
consistent with hydrothermal input (Li and Gao, 1996). Moreover, significant Ba
enrichment of the tuff layer of the Rongxi section suggests that hydrothermal and
volcanic activities were coeval. It is plausible, then, that K-feldspar-rich volcanic ash
reacted with Ba-rich hydrothermal fluids advecting along deep faults to produce
hyalophane and silica within newly deposited sediment.
5.4. Microenvironments of nodule formation

The ready substitution of REE®* for Ca?* in apatite (Kidder et al., 2003) likely
accounts for the enriched REE values of phosphorite and phosphate nodules in REE
(Zhu et al., 2014; Jiang et al., 2007, and this study). REE compositions of the NTT
deposits potentially record the REE pattern of ambient waters during diagenetic
formation and can be used to evaluate depositional or digenetic microenvironments
(McArthur and Walsh, 1984; Shields and Still, 2001; Zhu et al., 2014). Jiang S-Y and
colleagues have reported on investigations of carbonate and phosphate fractions of
phosphate nodules (Jiang et al., 2007; Zhu et al., 2014; Xin et al., 2015; Zhu and Jiang,
2017). They describe a seawater-like REE pattern preserved in the carbonate fraction
and a hat-shaped REE pattern recorded in the phosphate fraction, a likely representation
of mixed seawater and porewater signatures. Recently, Chen et al. (2015) related the

hat-shaped REE pattern to the simultaneous preferential adsorption of light and heavy
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REEs to Mn- and Fe-oxyhydroxides, respectively, leaving the residual REE content of
porewaters enriched in intermediate REEs. Thus, the hat-shaped REE + Y pattern of
the NTT phosphate nodules (Fig. 8A) probably reflects mixed seawater and porewater
signatures.

The Ce anomaly can be used as a redox proxy in marine sediments when REE is
primarily of hydrogenous origin rather than lithogenous origin (Chen et al., 2015;
Zhang et al., 2016). The Y/Ho ratio is quite useful for distinguishing REE of
hydrogenous origin from that derived from lithogenicsources. NTT phosphate nodules
cluster off the ideal hydrogenous — lithogenous trend of Zhang et al. (2016) on the Y/Ho
versus XREE crossplot (Fig. 14). Strongly enriched REE levels of the nodules relative
to Y/Ho likely reflects the diagenetic addition of REE supplied by hydrogenous
components (e.g., OM, Fe-Mn oxyhydroxides) rather than lithogenous sediment (e.g.,
clay minerals; Chen et al., 2015). Moreover, Y/Ho values of phosphate nodules (> 44;
Fig. 14) suggest that more than half of their REE content was sourced in seawater. Thus,
Ce anomalies are used in the present study to elucidate the early diagenetic environment
under which the NTT phosphate nodules formed.

The Pr/Pr* ratio is commonly used in conjunction with the Ce/Ce* ratio because
of the possible misrepresentation of negative Ce anomalies that may reflect oxic
conditions caused by elevated La contents (Bau and Dulski, 1996). The distribution of
phosphate nodule data on the Ce/Ce* versus Pr/Pr* discriminant plot (i.e., genuine
negative Ce anomaly suggested by Ce/Ce* < 0.95 and Pr/Pr* > 1.05; Shields and Still,

2001) indicates that La concentration had no influence on Ce anomalies of the studied
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samples. The negative Ce anomalies documented from CFA of the studied phosphate
nodules (Ce/Ce* = 0.39-0.46; Fig. 8A) are consistent with formation under oxic-
suboxic microenvironmental conditions (Jiang et al., 2007; Zhu et al., 2014; Zhu et al.,

2017).

Figure 14 Near here

Negative Ce anomalies suggest that the NTT phosphate nodules precipitated under
oxic-suboxic conditions, an interpretation is at odds with the present and previous
investigations relating deposition of the NTT black shale to widespread anoxic or even
euxinic conditions (Goldberg et al., 2007; Guo et al., 2007; Och et al., 2013; Gao et al.,
2016; Cheng et al., 2016, 2017) (Fig. 9-11). Jiang et al. (2007), citing Ce anomalies <
0.4 in cores of phosphate nodules that increase outward to nodule rims, postulated that
phosphate nodules may have grown across redox boundaries. Moreover, a recent LA-
ICP-MS mapping analysis of a phosphate nodule hosted by Lower Cambrian black
shale suggests that nodule growth is controlled by pore water redox conditions (Zhou
et al., 2017). Specifically, nodule growth appears to initiate under oxic pore fluid
conditions and is terminated by establishment of an anoxic microenvironment (Zhou et
al., 2017). Therefore, it is plausible that the existence of oxygenated pore water soon
after deposition resulted in the release of P from aerobically oxidized OM, which
triggered precipitation of phosphate. The exhaustion of dissolved oxygen in the pore

water environment via aerobic respiration brought nodule growth to an end.
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5.5. Proposed model of phosphate nodule formation

Marginal areas of the Yangtze Block received increased fluxes of nutrients during
Early Cambrian time (Fig. 15A). The increased flux of nutrients, including river-borne
and volcanic, resulted in a bloom of marine plankton. Primary producers included
sponges (Fig. 5B and 6E, F), marine algae (e.g., red and green alga), and bacteria
(Steiner et al., 2001; Braun et al., 2007). The redox-stratified nature of the ocean at this
time (Goldberg et al., 2007; Och et al., 2013; Jin et al., 2016; Cheng et al., 2016, 2017)
induced the release of phosphate adsorbed onto FeOOH and contained within OM into
the water column. Coastal upwelling of P-rich bottom water increased planktonic
productivity in oxygenated surface water and consequent accumulation of phosphorite
and carbonaceous shale on the shelf margin (Fig. 15A). Regions of the shelf margin
characterized by elevated seawater phosphate concentrations may have been favorable
for the formation of NTT phosphate nodules. The postulated formation of the nodules
based on our analysis of the Rongxi section is described below:

(1) Marine plankton flourished in the photic zone as a result of the increased input
of nutrients. Aerobic oxidation of newly deposited OM released phosphate and
dissolved oxygen to pore water leading to the rapid precipitation of crystalline CFA in
the nascent nodule core in an oxic microenvironment (Fig. 15B1). Desorption of
phosphate from organic matter would have produced gradients of diminishing
phosphate away from OM particles.

(2) Continued aerobic bacterial respiration of OM by would have diminished free

oxygen content in the sediment thus lowering Eh levels of the microenvironment
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(Callow and Brasier, 2009). Consequent oxic-suboxic conditions favored the slow
formation of cryptocrystalline CFA overgrowths on previously-formed crystalline CFA
(Fig. 6A and 15B2; Li and Schieber, 2015).

(3) Increasing burial depth and continued bacterial oxidation of OM would have
further lowered aerobic pH and Eh levels of the microenvironment proximal to the
forming phosphate nodules (Callow and Brasier, 2009). Increased acidity favored
dissolution of CFA and silica precipitation (Dorozhkin, 2012; Muscente et al., 2015).
At minimum pH, K-rich volcanic ash started to react with Ba-rich hydrothermal fluids
resulting in the precipitation of hyalophane and quartz. The contemporaneous
dissolution of sponge spicules likely contributed to the silica reservoir of this diagenetic
environment (Fig. 15B3).

(4) Residual free oxygen was eventually markedly diminished or exhausted by
aerobic respiration. Bacterial sulfate reduction (BSR) of OM of the host sediment
further lowered the Eh of pore water (2CH,0+S04*” — HCO* +HS +CO2+2H.0;
Callow and Brasier, 2009) resulting in the diagenetic formation of pyrite (Fig. 15B4).
The continued accumulation of OM resulted in the formation of microbal mats at the
sediment-water interface that may have acted as barriers to the diffusion of aqueous
phosphate from the sediment thereby maintaining high pore water phosphate
concentrations and rapid mineralization (Wilby et al., 1996). Phosphate supersaturation
of the pore water environment favored the continued formation of cryptocrystalline
CFA overgrowths, which diminishd phosphate concentration close to phosphate

nodules (Fig. 15B4). Phosphate gradients established within the forming nodules
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maintained diffusion of phosphate distant from the nodules until most aqueous
phosphate was exhausted via precipitation of the forming nodules or concentration
differences reached equilibrium levels, either of which would have diminished nodule
growth. However, the transition of the host sediment pore water environment to
strongly anoxic (even euxinic) conditions as a result of intense BSR would have
suppressed the precipitation of CFA effectively ending nodule growth (Zhou et al.,
2017). Itis evident, then, that the size of phosphate nodules was a function of the supply

of phosphate and microenvironmental redox conditions.

Figurel5 Near here

6. Conclusions

Early Cambrian volcanic and hydrothermal events of the Yangtze Block appear to
have been critical to the accumulation of NTT organic-rich black shales and the growth
of hosted phosphate nodules. A voluminous flux of nutrients, including phosphate, Fe,
and Si, to the ocean from volcanic ash and rivers resulted in a marked increase of
surface water productivity and the consequent enhanced export of OM to the sea floor.
Upwelling of phosphate-enriched bottom water along the shelf margin of the Yangtze
Block ultimately fueled widespread phosphogenesis and formation of phosphate
nodules.

NTT phosphate nodules consist principally of CFA and display a concentric

internal structure that may have been controlled by changing Eh and pH during the
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diagenetic history of the nodules and host sediment. Precipitation of CFA is favored by
oxic-suboxic pore water microenvironments, although bottom water may have been
anoxic-euxinic. To reconcile the co-existence of these contrasting redox conditions, we
propose that much of the newly deposited OM contained few amounts of free oxygen
under higher primary productivity. The release of dissolved oxygen from the decaying
OM created an oxic microenvironment near the sediment-water interface that favored
CFA precipitation. The hyalophane-quartz association documented from NTT
phosphate nodules may reflect the geochemical interaction of K-feldspar-rich volcanic
ash with Ba-rich hydrothermal fluids at the lower pH levels induced by the oxidation
of OM. Thus, the NTT phosphate nodules record the complex interaction of enhanced
biological productivity and volcanic and hydrothermal activity associated with the E-C

transition.
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Figures and Tables:

Figure 1. Simplified paleogeographic map showing the Yangtze Block during Early Cambrian time (modified after Chen et al., 2009; Steiner et al., 2001), distribution
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of chert, granular phosphorites (Steiner et al., 2007) and Ni-Mo sulfide ores (Steiner et al., 2001; Xu et al., 2013).
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Figure 2. Lithologic columns of the Lower Cambrian Niutitang Formation, including the sampled
Rongxi section, the Meishucun section, Yunnan Province (Compston et al., 2008; Zhu et al., 2009;
Wang et al., 2015), the Zhongnancun section, Guizhou Province (Pi et al., 2013), and the
Ganziping section, Hunan Province (Chen et al., 2009). Locations of these sections are shown in
Figure 1. BYS = Baiyanshao; XYTS = Xiaowaitoushan; ZYC = Zhongyicun; DH = Daihai; SYT

= Shiyantou; BDW = Baidaowan; UNN = Unnamed.
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Figure 3. Photograph showing the sampled interval of the Rongxi section and corresponding
stratigraphic column. Red points represent sampled locations; yellow arrows indicate phosphate
nodules. The geological hammer is 27 cm long. Refer to Figure 2 and Table 1 for lithologic symbols

and sample details, respectively.
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Figure 4. XRD patterns of phosphate nodules and host rocks; (A) RX-071-P1, phosphate nodule;
(B) RX-055+2, phosphorite; (C) RX-055+3, tuff layer; (D) RX-056, black shale. Q = quartz; CFA
= carbonate fluorapatite; Hy = hyalophane; Mu = Muscovite; Gyp = Gypsum; Na = Albite; K = K-

feldspar; Py = Pyrite.
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Figure 5. Optical photonicrographs showing textural features of NTT phosphate nodules.

(A) cross-polarized light. The core of nodule consists mainly of crystalline carbonate fluorapatite
(CFA); (B) Reflected light. The nodule rim is enriched in solid bitumen (SB), which displays various
morphologies, including spherical, elliptical, and rod-like (red arrows), as well as amorphous solid

bitumen (yellow arrow).
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Figure 6. Backscattered electron micrographs showing textures of NTT phosphate nodules. White
squares denote areas analyzed by EDS and referred to in Figure 7; (A, B) multilayer concentric
structure; the core consists mainly of crystalline CFA; the first layer outward from the core

consists primarily of cryptocrystalline CFA. The next layer is dominated by hyalophane (Hy) and
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quartz (Q); the rim consists mostly of cryptocrystalline CFA; (C) nodule core comprised of

abundant CFA (crystalline and cryptocrystalline), SB, and pyrite (Py). SB is concentrated along

the edges of crystalline CFA; (D) the Q-Hy association in the first layer outward from the nodule

core; cryptocrystalline CFA is found throughout the layer; (E) the association of Hy, K-feldspar

(K-f), and Q; (F) microfossil (probably sponge spicule) consisting of two layers. The core is filled

with SB, whereas the wall is composed principally of crystalline CFA and Q; (G) nodule rim

enriched in needle-like SB (filling sponge spicules?); (H) sponge spicule wall composed mainly of

crystalline CFA, and lesser Hy.
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Figure 7. EDS spectra of representative minerals of NTT phosphate nodules. EDS spectra

numbers correspond with respective solid red squares in Figure 6; (A) crystalline CFA; (B)

cryptocrystalline CFA; (C) quartz; (D) hyalophane (K, Ba); (E) K-feldspar; (F) solid bitumen.
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(Elderfield and Greaves, 1982); (B) host rocks of the Rongxi section (PAAS from McLennan, 1989).
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beneath upwelling zones of the modern equatorial Pacific Ocean (Murray and Leinen, 1993) and off Peru (Boning et al., 2004).
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Figure 10. Crossplots of (A) Al versus Mo concentrations and (B) TOC versus Mo/Al of the
studied host rocks of the Rongxi section. Anoxic and euxinic thresholds, as well as the anoxic

trend proposed by Algeo and Maynard (2004).
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Figure 11. Mo-EF versus U-EF crossplot of Rongxi section samples exclusive of phosphate
nodules samples. Diagonal lines represent multiples (0.1, 0.3, 1, and 3) of the Mo:U ratio of
present-day seawater. The light-green field represents the “particulate shuttle” trend, characteristic
of depositional systems in which intense redox cycling of metal (especially Mn-) oxyhydroxides
occurs within the water column (modified from Algeo and Tribovillard, 2009; Tribovillard et al.,

2012).
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Figure 13. K concentration and TOC versus (A) Si concentration and (B) Fe concentration for shale,

phosphorite, tuff, and chert of the Rongxi section. Concentration of major elements (Si, K, and Fe)

is calculated from the concentration of major oxides (SiOz, K20, and Fe;Os+FeO, respectively).
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Figure 14. Y/Ho versus XREE for NTT phosphate nodules and associated deposits of the Rongxi
section. The red curves represent a mixing trend between a hydrogenous (modern seawater)
component and a terrigenous (lithogenous) component of an average upper continental crust
composition (McLennan, 2001); percentages given as the amount of the hydrogenous component
(Chen et al., 2015; Zhang et al., 2016). The majority of REE in phosphate nodules and phosphorite
sample (> 50 %) are derived from hydrogenous sources; chert, black shale and tuff samples contain

20-50 % hydrogenous REE.
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Figure 15. Proposed model for the formation of phosphate nodules in the NTT black shales. Refer

to text for discussion.
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Tables:

Table 1 Basic information and bulk geochemical parameters of NTT phosphate nodules and host

rocks

Sample Lithology Size (cmxcm) TOC (%) TS (%)
RX-056-P1 Phosphate nodule 3.1x3.4 8.7 0.09
RX-071-P1 Phosphate nodule 2.6%2.7 7.9 0.09
RX-071-P2 Phosphate nodule 2.3%x2.3 9.0 0.1
RX-072-P1 Phosphate nodule 2.2x2.7 8.3 0.2
RX-072-P2 Phosphate nodule 2.1x2.3 9.1 0.2
RX-072-P3 Phosphate nodule 1.6x1.8 8.4 0.1

RX-055 Bedded chert 1.9 0.04
RX-055+1 Black shale 17.3 0.4
RX-055+2 Phosphorite 1.0 0.5
RX-055+3 Tuff 0.5 0.5

RX-056 Black shale 18.2 0.9

RX-057 Black shale 11.8 0.9

RX-058 Black shale 12.6 3.2
RX-058+1 Black shale 12.6 2.5
RX-058+2 Black shale 4.9 0.2

RX-059 Black shale 10.1 1.3
RX-059+1 Black shale 4.8 0.7
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Table 2 EDS data and calculated molecular formula of hyalophane within the phosphate nodules

C O Al Si K Ba Ca
Element Molecular formula
wt.%
EDS-01 9.1 41.8 9.7 17.4 3.6 18.4 ND Ko.3Bao.4Al1.1Si1.90s
EDS-02 ND 43.9 10.9 19.6 3.5 21.4 0.8 Ko.3Bag sAl1 2Si>0g
EDS-03 ND 44.8 105 19.2 4.3 21.1 ND Ko.3Bag.4Al1 1Si>Og
EDS-04 9.6 41.9 9.7 16.4 34 19.0 ND Ko.3Bao.4Al1.1Si180s
EDS-05 11.7 38.5 94 15.8 2.2 22.5 ND Ko.2Bao.sAl1.2Si1.90s
EDS-06 10.0 41.0 10.0 17.1 2.9 19.0 ND Ko.2Bao.4Al1.2Si1.90g
EDS-07 11.0 41.8 8.1 20.3 5.8 10.9 2.3 Ko.3Bao.sAl1.2Si2.10s
EDS-08 8.5 39.6 10.1 18.1 3.8 19.9 ND Ko.3Bao.3Al1,0Si2.00s

ND, not detected.
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Table 3 Major element concentrations for NTT phosphate nodules

Fe Al K Na Ca Mg

Sample
%

RX-056-P1 05 0.3 0.09 007 331 0.1

RX-071-P1 01 06 02 02 321 03

RX-071-P2 0.2 03 0.09 01 305 03

RX-072-P1 03 03 01 004 319 04

RX-072-P2 03 09 03 01 301 0.08

RX-072-P3 0.1 0.2 0.07 003 328 05
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Table 4 Concentrations of major element oxides for host rocks

SiOz Al;03 Fe20s MgO CaO NaO K20 MnO TiO P20s FeO LOlI SUM

Sample

%

RX-055 96.2 0.4 0.04 0.07 0.1 0.02 0.07 0.004 0.01 0.04 <0.1 24 99.4
RX-055-1 37.0 10.5 2.6 1.2 8.2 0.06 2.9 <0.004 0.4 6.4 1.7 23.8 94.8
RX-055-2 29.9 4.2 0.6 0.3 30.3 0.5 0.7 <0.004 0.06 22.1 0.5 7.3 96.5
RX-055-3 43.7 22.7 24 2.0 3.0 0.4 5.4 <0.004 0.6 2.5 0.6 9.3 92.3

RX-056 43.0 11.0 2.2 1.3 3.7 0.6 3.2 <0.004 0.6 2.3 1.9 25.3 95.2

RX-057 63.3 10.0 1.0 1.1 0.1 0.8 2.6 <0.004 0.6 0.09 0.8 15.6 96.2

RX-058 54.4 121 4.6 1.0 0.6 1.3 3.1 <0.004 0.8 0.1 1.6 16.5 96.1
RX-058-1 48.6 11.6 3.8 1.1 41 12 2.9 <0.004 0.7 2.9 1.4 17.8 96.0
RX-058-2 28.5 3.8 4.4 10.3 16.8 0.5 0.8 0.391 0.2 0.1 1.1 30.6 97.6

RX-059 53.0 10.7 34 0.7 2.2 1.8 3.0 <0.004 0.8 0.2 0.8 15.5 92.2
RX-059-1 50.2 11.4 4.4 2.5 7.2 15 2.9 0.08 0.8 0.2 0.9 145 96.6

LOl, loss on ignition, largely reflects carbon dioxide (CO.) from carbonate minerals.
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Table 5 Selected trace element concentrations and associated parameters for NTT phosphate nodules and host rocks

\% Cr Ni Mo Th U Ba Cu Zn Ni ~ Mo/Al  Pog Cubio EF- EF-

Sample

ppm ppm/% % ppm U Mo
RX-056-P1 509 947 531 165 165 643 660 97.6 980 531 587 NA NA 739 588
RX-071-P1 176 902 431 494 464 523 7550 243 525 431 8.05 NA NA 275 805
RX-071-P2 157 817 524 553 411 717 1790 149 321 524 203 NA NA 851 204
RX-072-P1 485 67.0 50.0 9.95 429 116 1570 835 2000 50.0 31.2 NA NA 1170 312
RX-072-P2 158 102 67.1 156 759 805 13800 454 114 671 16.6 NA NA 277 166
RX-072-P3 185 129 537 288 306 86.0 1440 29.7 133 537 141 NA NA 1360 141
RX-055 914 969 166 391 035 797 466 268 166 223 182 002 262 119 182
RX-055-1 6400 4360 117 135 8.43 104 8970 113 117 186 243 277 964 606 244
RX-055-2 969 470 252 6.38 216 220 7170 530 252 149 284 962 463 317 285
RX-055-3 3070 96.3 70.2 142 513 754 46500 171 70.2 242 1.18 1.01 135 203 119
RX-056 3640 3760 132 575 870 504 13000 119 132 233 989 097 102 280 99.0
RX-057 4340 2300 86.6 30.8 7.30 47.6 11500 415 86.6 829 5.79 0 256 289 580
RX-058 4700 228 291 220 10.2 53.0 16500 83.1 291 395 345 0.004 640 268 345
RX-058-1 7570 262 319 201 10.0 223 13700 164 319 637 3238 123 146 118 329
RX-058-2 528 309 837 912 251 37.7 4000 182 837 2050 449 005 121 599 449
RX-059 1590 103 199 329 105 448 21300 17.0 199 763 580  0.06 0 255 581
RX-059-1 949 876 231 146 9.73 52.0 22100 400 231 266 243 0.05 220 279 243

PAAS? 150 110 550 100 146 310 650 500 850 550 0.10 - - - -

Non-hydrothermal sediments® - 380 148 79 32 - 149 - 259 148 - - - - -

Hydrothermal sediments® - 69.1 239 123 34 140 1080 - 2040 239 - - - - -

a PAAS from Taylor and McLennan, 1985.°, Non-hydrothermal and hydrothermal sediments from Li and Gao, 1996.
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Table 6 REE concentrations and associated parameters for NTT phosphate nodules and host rocks.

La Ce Pr Nd Sm Eu Gd Th Dy Ho Er m Yb Lu Y > REE
Sample Y/Ho Ce/Ce* EuU/Eu* Pr/Pr*
ppm

RX-056-P1 108 106 314 155 36.9 950 411 6.9 36.7 7.00 183 270 154 210 344 577 49.2 0.39 1.15 1.20
RX-071-P1 343 329 74.8 331 76.2 215 86.7 16.0 87.9 16.7 419 590 306 3.80 755 1470 452 0.45 1.25 1.22
RX-071-P2 239 221 54.1 244 55.3 15.3 62.4 114 64.2 124 319 470 250 3.00 577 1040 46.5 0.42 1.23 1.23
RX-072-P1  95.9 118 33.9 174 43.6 950 459 740 359 6.50 15.9 2.30 12.6 1.70 312 603 47.9 0.44 1.00 1.16
RX-072-P2 344 339 73.2 324 74.0 19.2 81.4 14.9 82.6 164 414 6.00 314 3.80 724 1450 44.2 0.46 1.16 1.20
RX-072-P3 233 212 57.9 272 61.8 15.8 70.3 119 62.4 11.9 289 430 224 280 546 1067 459 0.40 1.13 1.23

RX-055 272 231 071 340 070 010 080 017 110 026 076 014 088 0.13 9.40 14.3 36.5 0.36 0.88 1.25
RX-055-1 66.1 58.2 17.3 86.8 215 540 236 460 284 6.30 184  3.30 190 280 246 362 38.9 0.36 114 1.19
RX-055-2 219 182 482 230 520 134 625 118 703 148 387 590 315 430 693 984 46.8 0.38 111 1.20
RX-055-3 65.3 76.8 14.9 67.1 15.6 6.00 16.9 3.20 186  4.00 12.7 2.70 183  3.03 150 325 37.7 0.54 1.73 1.15

RX-056 536 499 113 507 102 300 105 190 123 280 860 160 100 150 107 228 37.8 0.44 1.35 1.21

RX-057 525 483 880 326 4.70 150 460 085 550 140 450 086 520 0.79 52.2 172 37.3 0.49 157 127

RX-058 424 552 8.60 357 640 210 520 078 390 080 230 044 290 044 260 167 34.2 0.64 1.75 112
RX-058-1 52.7 64.3 12.3 58.8 12.7 3.60 12.7 2.10 11.8 250  7.00 1.13 6.50 0.93 106 249 42.4 0.54 1.34 1.10
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RX-058-2 177 248 380 178 470 160 560 110 660 140 390 068 400 060 59.8 941 427 0.64 1.44 1.02

RX-059 491 658 105 445 770 210 570 080 420 08 250 046 280 043 311 198 37.8 0.64 1.45 111

RX-059-1 332 552 740 314 660 280 630 110 6.00 120 350 063 380 058 418 160 34.0 0.78 2.07 1.04
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Highlights

(1) Phosphate nodules display a concentric structure that may be controlled by changing Eh and pH
during the diagenesis.

(2) Discovery of hyalophane-quartz associations in phosphate nodules reflects possible interaction
of volcanic ash and Ba-rich hydrothermal fluids.

(3) Wolcanic and hydrothermal activities appear to be critical to the formation of organic-rich black

shales and phosphate nodules during the E-C transition.
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