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Abstract

Phosphate nodules are abundant in the lowermost section of the Lower Cambrian black shale sequence along a NE-trend belt in
the Yangtze Platform, south China. In this study, we examined the Neoproterozoic-Cambrian Mufu Mountain section near Nanjing
of Jiangsu province, and conducted a detailed trace and rare earth element (REE) study on the phosphate nodules. We employed a
step-leaching acid dissolution protocol of 1 M HAc and 1 M HCl, respectively, to separate carbonate from phosphate mineral
contributions in the nodules. Both the HAc-leached and HCl-leached fractions of the phosphate nodules show similar symmetrical
variations in trace and REE concentrations and ratios. The total REEs and a number of redox-sensitive trace metals such as V, Cr,
Mo, Ni abundances show a systematic increase from the core to rim, whereas the U and Mn abundances decrease from the core to
rim in most of the nodules. Similar trends are also observed for the Rb/Sr, U/Th, Co/Ni, and V/Ni ratios, but these trends in the
HAc-leached fractions are less pronounced than the HCl-leached fractions. All of the HCl-leached fractions for the nodule cores
show seawater-like shale-normalized REE patterns, but the rims of the nodules display slightly MREE-enriched and HREE-
depleted patterns. We suggest that the phosphate nodules may have formed in a basinal setting beneath a stratified water column
during Early Cambrian, and the compositional variations of REEs and redox-sensitive trace elements from the core to rim may
record a changing redox condition and fluid mixing during different stages of nodule growth. The cores of the nodules preserve
more pronounced negative Ce anomalies and progressively HREE-enriched patterns, which may retain primary Early Cambrian
seawater chemistry, whereas the nodule rims record chemistry consistent with changed redox conditions and/or influences from
pore fluids such as generated from degradation of organic matter.
© 2007 Published by Elsevier B.V.
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1. Introduction

Phosphate nodules occur in marine sediments
throughout geological history (Ilyin, 1998; Stalder and
Rozendaal, 2004) and in present-day phosphate

mailto:shyjiang@nju.edu.cn
http://dx.doi.org/10.1016/j.chemgeo.2007.07.010


585S.-Y. Jiang et al. / Chemical Geology 244 (2007) 584–604
sediments (Rasmussen et al., 1998). The phosphate
sediments occur in organic-rich, diatomaceous sedi-
ments, for example, in South Africa, Peru-Chile and
Baja California (Veeh et al., 1973; Birch, 1979;
Schuffert et al., 1994), all of the areas have a very
high bioproductivity in the world (Walsh, 1981).
However, phosphates are also found in low-productivity
oceans, in which case bacteria and organic materials
probably played an important role in the assimilation of
phosphorus (O'Brein et al., 1981).

It is well known that phosphate nodules can in-
corporate abundant rare earth elements (REE) during
their growth in marine sediments during very early
diagenesis (Kidder et al., 2003). The REE concentra-
tions, shale-normalized REE patterns, and Ce and Eu
anomalies in the phosphate nodules and phosphorites
are useful indicators of post-marine depositional
environments. For example, the middle REE-enriched
(MREE, defined as Sm–Ho) shale-normalized REE
patterns (the so called “hat” pattern) commonly exist in
many phosphate sediments, such as biogenic apatites
(Wright et al., 1987; Grandjean-Lecuyer et al., 1993),
the “old phosphorites” (Ilyin, 1998), phosphate nodules
(Tlig et al., 1987), and apatite stromatolites (Bertrand-
Sarfati et al., 1997). It is suggested that this type of REE
pattern is caused by diagenetic alteration (German and
Fig. 1. Sketch map of Yangtze platform during Precambrian–Cambrian interv
Elderfield, 1990; Shields and Stille, 2001). As a result,
these samples rarely retain primary seawater REE
distribution patterns with a characteristically progres-
sive enrichment in the heavier REEs and pronounced
negative Ce anomaly. Ilyin (1998) found that almost all
phosphorites older than Mesozoic yield socalled “old
phosphorite” REE patterns, which contain pronounced
negative Ce anomaly and depletion in heavy REE
(HREE, from Ho to Lu). In contrast, the seawater-like
REE patterns with a negative Ce anomaly and
progressively heavier REE enrichment are only com-
mon in some post-Jurassic phosphates (Shields and
Stille, 2001). In this study, we report seawater-like REE
patterns for the phosphate nodules from the Lower
Cambrian black shales in the Yangtze Platform of South
China, and together with a number of redox-sensitive
trace elements, we discuss their significance on
contemporary seawater chemistry, diagenetic processes,
and palaeo-ocean environments.

2. Geological setting and studied section

Phosphate nodules widely exist in the Lower Cambri-
an black shales, and they are particular abundant in the
lowermost section just below a conspicuous Ni–Mo
sulfide ore layer in the Yangtze platform, south China
al, and the distribution of phosphate nodules in Lower Cambrian strata.
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(Chen et al., 2003; Yang et al., 2004; Jiang et al., 2006, in
press). It is worth noting that all phosphate nodules exist
above the hiatus surfaces (Zhu et al., 2003) in the Lower
Cambrian strata in South China, consistent with what is
reported by Kennedy and Garrison (1975) and Marshall-
Neil and Ruffell (2004). Fig. 1 shows the palaeogeo-
graphic conditions of Yangtze platform and the distribu-
tions of phosphate nodules during early Cambrian. From
the diagram we can distinguish three distinct facies
regions (Steiner et al., 2001; Zhu et al., 2003): carbonate
platform, protected basin, and deep-ocean basin (Fig. 1).

In the Mufu Mountain near Nanjing of Jiangsu
province, a typical Neoproterozoic to Cambrian section
is exposed in the open pits of a dolomite mine. The
Mufu Mountain section consists of three formations,
from bottom to top, the Neoproterozoic Dengying
Formation of dolostone; the Early Cambrian Mufu
Mountain Formation composed of black shales with
phosphate nodules and interbedded siliceous rocks; and
the Early-Middle Cambrian Paotaishan Formation
composed of chert nodule-bearing dolostone (Fig. 2).

3. Samples and analytical methods

Six representative phosphate nodules were collected
during this study from the lowermost part of the Early
Fig. 3. Photos for phosphate nodules from the lowermost part of the
Early Cambrian black shale sequence in the Mufu Mountain section
near Nanjing of Jiangsu province. A) six selected whole nodules,
B) outcrop of nodule-bearing black shale, C) six selected half-cutted
nodule sections.

Fig. 2. Sketch stratigraphic column showing the Neoproterozoic–
Cambrian sequence in the Mufu Mountain section near Nanjing of
Jiangsu province.
Cambrian black shale sequence in the Mufu Mountain
section (Fig. 3A,B). The phosphate nodules were sliced
into two halves (Fig. 3C). In each nodule sample, we
used an electric drill to collect sample powders from
core (C) to rim (L and R), and five samples (L2, L1, C,



Table 1
Electron microprobe analyses for major elements in phosphate nodules

Sample spot Mineral phase CaO P2O5 SiO2 Al2O3 MgO FeO MnO SrO BaO F SO3 Total

L4 Phosphate 54.60 44.02 0.034 0.002 0.085 0.048 0.000 0.000 0.000 0.077 0.198 99.03
L3 Phosphate 53.59 41.64 0.035 0.000 0.005 0.045 0.013 0.092 0.000 0.034 0.256 95.70
L2 Phosphate 49.84 39.89 1.77 0.146 0.004 0.172 0.000 0.098 0.112 0.019 0.332 92.37
L1 Phosphate 52.36 39.06 0.160 0.008 0.000 0.000 0.036 0.000 0.059 0.024 0.250 91.94
R1 Phosphate 50.43 38.21 1.009 0.005 0.005 0.009 0.000 0.069 0.105 0.012 0.312 90.16
R2 Phosphate 52.27 39.99 0.715 0.005 0.000 0.019 0.010 0.097 0.098 0.006 0.277 93.48
R3 Phosphate 50.67 40.26 0.402 0.000 0.000 0.000 0.000 0.058 0.099 0.000 0.260 91.74
R4 Phosphate 54.53 42.65 0.022 0.000 0.000 0.000 0.010 0.000 0.020 0.019 0.222 97.46
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R1, R2) were collected for each nodule. Because the
nodules contain crosscutting veinlets within them, we
have tried to avoid these vein materials and choose only
those areas where macroscopically observable veinlets
were absent to extract the phosphate nodule samples.
Petrographic observations show that the nodules are
mainly composed of microcrystalline apatite (francolite)
and organic matters, without pellets and fecal fabrics.

About 100 mg of each sample were weighted in
Teflon beakers and leached by 1 M HAc under an
ultrasonic bath for several hours to dissolve the carbonate
fractions in the nodule samples. The residues were then
dissolved in 1 M HCl on a hotplate at about 120 °C
overnight to dissolve the phosphate fractions. After
dissolution, the sample solutions were centrifuged, and
the supernatants were transferred to clean Teflon beakers,
then the solutions were evaporated to near dryness, 1 ml
concentrated HNO3 was then added and dried twice to
get rid of the HAc or HCl in the samples. Finally the
samples were dissolved in 5% HNO3 solution spiked
with an internal standard Rh (10 ppb) for analysis. All the
samples were analyzed by high resolution inductively
coupled plasma mass spectroscopy (HR-ICP-MS) tech-
nique at State Key Laboratory for Mineral Deposits
Research of Nanjing University. In order to keep the Ba
interference into minimum, we adopted a membrane
desolvating sample introduction system (Aridus,
CETAC, USA) during ICP-MS measurement. The
analytical precision is estimated to be b10% according
to duplicate analysis of samples and standards.

Major element concentrations of the nodules were
analyzed using a JEOL JXA-8800 electron microprobe
at State Key Laboratory for Mineral Deposits Research
at Nanjing University, China. Element determinations
(Ca, P, Si, Al, FeTotal, Mg, Mn, Ba, Sr, F and S) were
carried out using a beam size of 3 μm, an accelerating
potential voltage of 15KV, and a probe current of 15 nA.
Standards used were natural minerals and synthetic
compounds, including hornblende (Si, Na, Mg, Al, Ca,
Ti), apatite (F), fayalite (Fe, Mn), and K-feldspars (K) in
the analytical procedure. Matrix effects were corrected
using the ZAF software provided by JEOL.

4. Results

4.1. Major element compositions

Generally, the nodules are almost completely com-
posed of phosphate minerals with contents of CaO
ranging from 49.8 to 54.6 wt.% and those of P2O5 from
38.2 to 44.0 wt.%. Other oxide concentrations are gen-
eral less than 0.1 wt.%, however, the sulfur contents vary
from 0.20 to 0.33 wt.% SO3 (Table 1). The contents of
major element P2O5 and CaO show concave patterns in
the nodule traverse, increasing form the core to rim with
values range of 42.6% to 44.0% (P2O5) and 54.5% to
54.6% (CaO) in the rims (R4 and L4 in Table 1), and
38.2% to 41.6% (P2O5) and about 50% (CaO) in the
cores (C).

4.2. Rare earth element (REE) compositions

REE results of both the HAc-leached and HCl-
leached fractions of the six phosphate nodules are listed
in Table 2 and 3, respectively.

The total REE concentrations of the nodules show a
large variation, with the HCl-leached fractions from 6.4 to
701.5 ppm and the HAc-leached fractions from 9 to
126 ppb (Table 2). The low absolute REE abundances in
the HAc-leached fraction are due to the very low con-
centration of carbonate in the nodules and the con-
centration values are calculated based on the bulk sample
weight before leaching. Both the HCl-leached and HAc-
leached fractions of the nodules display general symmet-
rical variations in total REE concentration with values
increasing from the cores and inner layers to the outer rims
(Fig. 4).

In the six nodule traverses, the HCl-leached fractions
of the cores and inner layers (C, L1 and R1) show a
pronounced negative Ce anomaly and a characteristically



Table 2
Analytical results of REE concentrations for the HAc-leached fractions of the phosphate nodules

ppb 1C 1L1 1L2 1R1 1R2 2C 2L1 2L2 2R1 2R2 3C 3L1 3L2 3R1 3R2

La 11.4 11.2 11.0 15.3 19.0 3.1 2.9 4.0 3.2 5.6 3.2 2.5 4.8 2.4 3.9
Ce 6.0 10.6 16.6 16.7 34.3 5.5 8.2 4.8 4.0 10.0 0.6 0.9 8.5 3.7 4.0
Pr 2.2 2.3 3.7 3.5 8.1 0.8 0.9 1.3 1.1 2.2 2.2 0.9 2.8 0.7 2.3
Nd 9.0 5.6 10.2 7.4 24.6 1.1 1.3 1.7 1.1 4.2 1.9 1.6 6.2 1.4 3.3
Sm 1.8 1.6 1.9 1.4 5.3 0.1 0.2 0.3 0.3 1.1 0.3 0.3 2.0 0.2 0.9
Eu 4.2 4.0 4.8 4.9 4.4 3.5 2.3 3.4 3.4 2.9 1.9 1.5 2.2 1.4 1.6
Gd 3.4 2.9 4.9 4.1 8.8 0.6 0.6 1.0 0.6 1.6 1.4 1.1 3.2 0.8 1.7
Tb 0.4 0.4 0.5 0.5 1.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.4 0.1 0.2
Dy 2.8 2.3 3.9 2.7 8.1 0.3 0.3 0.8 0.3 1.2 0.5 0.5 2.5 0.4 1.3
Ho 0.8 0.6 1.1 0.8 2.0 0.03 0.04 0.1 0.0 0.2 0.2 0.1 0.7 0.1 0.3
Er 2.3 2.0 2.8 2.9 5.7 0.1 0.1 0.6 0.1 0.8 0.3 0.4 2.1 0.2 1.0
Tm 0.4 0.3 0.3 0.5 0.6 0.01 0.02 0.05 0.03 0.1 0.04 0.05 0.3 0.05 0.1
Yb 2.5 2.2 1.8 2.9 3.5 0.1 0.1 0.5 0.2 0.5 0.2 0.3 1.7 0.4 0.8
Lu 0.4 0.4 0.4 0.5 0.6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TREE 47.6 46.3 63.8 64.1 126 15.3 17.0 18.5 14.4 30.6 12.9 10.1 37.4 11.9 21.4
Y 51.8 42.1 43.2 55.1 86.2 3.9 3.4 13.1 5.5 15.0 7.5 7.0 31.9 5.9 17.0
Y/Ho 65.1 71.3 40.8 65.0 43.1 143.0 85.2 97.6 113.6 60.3 46.6 72.9 43.1 56.8 50.6
Eu/Eu⁎ 7.70 8.65 7.24 9.21 2.95 53.34 32.50 26.51 38.29 10.19 12.91 11.59 4.09 14.34 5.79
Ce/Ce⁎ 0.25 0.47 0.71 0.56 0.77 0.96 1.54 0.62 0.66 0.84 0.10 0.18 0.67 0.77 0.45

ppb 4C 4L1 4L2 4R1 4R2 5C 5L1 5L2 5R1 5R2 6C 6L1 6L2 6R1 6R2

La 3.6 2.5 3.7 2.7 4.3 8.8 8.9 13.8 6.1 19.1 7.9 8.0 6.8 3.8 10.0
Ce 2.8 0.7 4.8 0.2 5.2 10.9 8.5 17.6 3.8 33.0 8.0 5.9 4.2 1.7 11.8
Pr 2.3 0.9 2.5 1.0 5.0 1.8 1.5 3.9 0.8 7.5 1.9 1.2 1.5 0.5 2.6
Nd 2.9 1.1 4.5 1.1 6.3 3.3 5.1 17.0 3.1 36.4 8.6 3.4 6.7 1.5 11.8
Sm 0.7 0.2 1.6 0.4 2.3 0.6 1.2 4.2 0.5 9.3 3.1 0.5 1.5 0.3 3.6
Eu 2.0 1.5 1.7 1.5 2.2 1.3 1.4 2.3 0.8 3.4 1.9 1.2 1.4 1.0 1.9
Gd 1.5 0.8 3.1 0.7 4.4 0.9 2.4 7.8 1.6 13.1 5.3 1.6 3.7 0.9 7.9
Tb 0.2 0.1 0.3 0.1 0.5 0.2 0.3 1.3 0.2 1.8 1.0 0.2 0.6 0.1 1.1
Dy 1.0 0.4 2.9 0.3 4.0 0.9 2.0 6.9 1.1 11.9 5.4 1.0 3.1 0.5 7.3
Ho 0.2 0.1 0.7 0.1 0.9 0.2 0.5 1.8 0.4 2.8 1.4 0.3 0.9 0.1 2.1
Er 0.5 0.4 1.8 0.1 2.4 0.8 1.6 5.3 1.1 7.1 4.3 1.0 2.3 0.3 5.9
Tm 0.1 0.03 0.2 0.02 0.3 0.1 0.3 0.6 0.2 0.8 0.6 0.1 0.2 0.1 0.7
Yb 0.4 0.3 1.1 0.2 1.7 1.0 1.8 3.8 1.0 3.7 3.3 1.0 1.9 0.4 3.5
Lu 0.00 0.00 0.00 0.00 0.00 0.2 0.3 0.8 0.2 0.8 0.7 0.2 0.4 0.1 0.8
TREE 18.2 9.0 28.8 8.4 39.5 30.9 35.6 87.3 20.8 150.7 53.4 25.7 35.1 11.3 71.0
Y 11.6 7.3 28.8 5.1 42.2 17.9 26.4 67.0 19.1 80.8 55.9 18.8 39.7 7.0 88.8
Y/Ho 56.8 55.2 41.4 66.3 45.8 73.2 56.4 36.9 43.5 29.1 40.5 55.0 45.0 59.4 42.1
Eu/Eu⁎ 9.09 17.1 3.46 14.0 3.19 8.56 3.87 1.86 4.43 1.40 2.19 6.71 2.70 9.49 1.60
Ce/Ce⁎ 0.36 0.14 0.49 0.04 0.42 0.66 0.47 0.53 0.33 0.61 0.39 0.40 0.28 0.24 0.47
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progressive enrichment of HREE in the shale-normal-
ized REE distribution patterns (Fig. 5), which are quite
similar to those of the seawater. Most of the outer rims
of the nodules (L2 and R2) show slightly MREE-
enriched and LREE-and HREE-depleted curves (the so
called “hat” pattern) in the shale-normalized REE
distribution patterns (Fig. 5). In contrast, the HAc-
leached fractions show a rather flat shale-normalized
REE distribution curves (Fig. 6) both for the core and
rim, and the outer rims (L2 and R2) also have higher
total REE concentrations.

In the HAc-leached fractions, there are pronounced
positive Eu anomalies with Eu/Eu⁎ from 1.4 to 53.3
(Table 2). Due to the extremely high Ba/Eu ratios in these
samples, these positive Eu anomalies are likely artfacts
caused byBa interference during ICP-MSmeasurement, as
indicated by the excellent linear correlation between Ba/
SmandEu/Eu⁎ (Fig. 7a). Therefore,wewill not discuss the
Eu anomaly in these samples. However, the lower Ba/Eu
ratios and lack of Ba/Sm and Eu/Eu⁎ correlation in the
HCl-leached fractions (Fig. 7b) suggest that the Eu
anomaly in these samples are real and can be used as
genetic indicators. In Nodules 2, 3, 4, and 6, the outer rims
show higher Eu/Eu⁎ values than the cores (Fig. 8), but the
Eu/Eu⁎ values in the Nodule 5 show a decrease from the
core to rim (Fig. 8). The Eu/Eu⁎ variation in the Nodule 1



Table 3
Analytical results of REE concentrations for the HCl-leached fractions of the phosphate nodules

ppm 1C 1L1 1L2 1R1 1R2 2C 2L1 2L2 2R1 2R2 3C 3L1 3L2 3R1 3R2

La 23.7 36.7 53.4 34.7 64.5 2.09 2.80 11.1 4.48 11.3 3.94 3.56 5.27 4.06 5.68
Ce 15.5 21.9 63.2 20.8 86.9 1.78 2.14 9.34 3.10 14.3 3.55 3.55 6.24 3.70 5.81
Pr 3.77 4.13 12.68 3.23 19.1 0.30 0.34 1.77 0.47 3.14 0.70 0.80 1.95 0.74 1.38
Nd 18.5 18.9 52.1 14.1 81.6 1.07 1.23 7.32 1.66 15.3 2.96 3.70 11.3 3.39 6.41
Sm 4.52 4.62 10.1 2.52 17.1 0.18 0.21 1.54 0.26 3.37 0.58 0.85 3.49 0.71 1.92
Eu 1.45 1.46 3.04 0.89 4.72 0.05 0.08 0.79 0.09 1.43 0.20 0.27 1.32 0.22 0.91
Gd 7.84 7.70 16.17 5.32 26 0.21 0.27 3.02 0.42 5.52 1.02 1.42 6.26 1.18 3.72
Tb 1.03 1.02 2.33 0.73 3.61 0.03 0.04 0.40 0.06 0.73 0.13 0.20 0.85 0.16 0.49
Dy 7.40 7.90 18.0 6.49 25.7 0.20 0.31 3.12 0.48 5.28 0.98 1.44 6.03 1.19 3.48
Ho 1.81 2.10 4.30 1.97 5.76 0.05 0.09 0.85 0.17 1.24 0.27 0.37 1.45 0.32 0.87
Er 5.79 7.14 11.9 7.02 15.1 0.18 0.37 2.61 0.61 3.18 0.84 1.17 4.15 1.00 2.49
Tm 0.92 1.19 1.55 1.13 1.88 0.03 0.06 0.33 0.10 0.37 0.11 0.16 0.54 0.14 0.33
Yb 6.67 7.30 8.01 7.48 9.30 0.19 0.45 1.90 0.61 1.89 0.68 1.07 3.21 0.82 1.94
Lu 1.18 1.30 1.12 1.17 1.26 0.04 0.09 0.28 0.11 0.27 0.11 0.18 0.49 0.14 0.29
TREE 100.0 123.4 258.0 107.5 362.3 6.4 8.5 44.4 12.6 67.3 16.1 18.7 52.5 17.8 35.7
Y 125 152 191 139 226 3.3 8.0 51.7 12.9 56.9 14.2 18.4 60.7 15.5 39.7
Y/Ho 68.8 72.4 44.4 70.5 39.2 62.0 84.2 60.7 77.1 45.9 52.1 49.9 42.0 47.8 45.7
Eu/Eu⁎ 1.11 1.12 1.09 1.11 1.03 1.15 1.45 1.69 1.21 1.51 1.19 1.12 1.29 1.08 1.56
Ce/Ce⁎ 0.30 0.30 0.55 0.32 0.58 0.44 0.40 0.41 0.37 0.53 0.44 0.44 0.37 0.43 0.41

ppm 4C 4L1 4L2 4R1 4R2 5C 5L1 5L2 5R1 5R2 6C 6L1 6L2 6R1 6R2

La 4.16 3.73 6.50 3.57 6.49 23.4 19.7 42.5 47.9 101.2 10.2 10.8 17.7 5.45 20.3
Ce 4.25 3.87 7.97 2.87 8.38 9.57 11.2 44.3 30.5 148 10.1 7.33 17.95 3.67 24.2
Pr 0.94 0.84 2.71 0.52 2.56 1.32 2.23 10.24 5.51 38.2 2.30 1.35 4.11 0.68 5.91
Nd 4.79 4.81 17.2 2.20 16.6 5.09 9.38 55.0 22.9 185 13.2 5.98 23.1 2.81 30.7
Sm 1.58 1.90 7.44 0.52 7.78 0.86 1.98 13.3 3.8 45.8 4.37 1.10 5.68 0.57 8.58
Eu 0.52 0.64 3.02 0.20 3.19 0.37 0.69 4.02 1.39 11.42 1.30 0.37 2.22 0.17 2.99
Gd 2.75 3.57 13.8 0.96 14.78 1.99 3.74 23.0 8.92 58.9 8.95 2.01 11.5 0.98 17.05
Tb 0.36 0.51 1.77 0.13 1.95 0.27 0.49 3.22 1.26 7.59 1.22 0.27 1.42 0.14 2.20
Dy 2.48 3.78 11.6 1.01 12.8 2.46 3.98 22.5 10.9 50.0 9.02 2.10 9.82 1.10 15.8
Ho 0.61 0.95 2.59 0.28 2.86 0.88 1.18 5.41 3.29 10.3 2.40 0.62 2.48 0.33 3.83
Er 1.78 2.76 6.50 0.92 7.34 3.58 4.01 15.1 10.8 24.9 6.95 2.00 6.75 1.17 10.3
Tm 0.23 0.37 0.77 0.13 0.86 0.57 0.63 1.85 1.52 3.08 0.88 0.27 0.83 0.18 1.25
Yb 1.38 2.16 4.17 0.83 4.47 4.06 4.36 10.65 9.26 15.58 4.83 1.71 4.46 1.23 6.61
Lu 0.22 0.34 0.58 0.14 0.61 0.81 0.80 1.55 1.45 2.00 0.68 0.28 0.65 0.22 0.92
TREE 26.1 30.2 86.6 14.3 90.7 55.3 64.3 252.7 159.4 701.5 76.4 36.1 108.7 18.7 150.7
Y 30.6 43.2 113 15.8 126 78.5 77.4 219 178 358 97.5 40.3 120 20.5 186
Y/Ho 50.0 45.4 43.6 55.9 44.0 88.8 65.6 40.5 53.9 34.7 40.7 65.4 48.5 61.7 48.6
Eu/Eu⁎ 1.14 1.13 1.36 1.29 1.36 1.30 1.15 1.05 1.10 1.01 0.95 1.13 1.26 1.06 1.13
Ce/Ce⁎ 0.40 0.36 0.29 0.39 0.29 0.23 0.29 0.43 0.34 0.53 0.37 0.35 0.41 0.34 0.45
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are less significant (Fig. 8). Negative Ce anomalies are
observed for all of the nodules. Nodule 1 and 5 show a
significant increase of Ce/Ce⁎ values from the cores to
rims, whereas the variations of Ce/Ce⁎ are less significant
in the other nodules (Fig. 8).

4.3. Selected trace element compositions

Results of the selected trace elements, in particular
those redox-sensitive trace elements, for both the HAc-
leached and HCl-leached fractions of the six phosphate
nodules are listed in Table 4 and 5, respectively.
In the HCl-leached fractions, concentrations of Sr
and Ba are extremely high from 1120 to 2792 ppm and
817 to 6144 ppm, respectively. Concentrations of Mn, V,
Ti, Zn, and Cr are also high and in the ranges of several
tens ppm, and concentrations of Mo, Ni, Sc, Co, Cu, Ga,
Rb, Pb, U, and Th are in the ranges of sub-ppm to
several ppm (Table 5). It is evident that concentrations
of Mn and U decrease from the core to rim, whereas
concentrations of V, Cr, Mo, and Ni increase from the
core to rim (Fig. 9). A decrease trend is also observed for
the U/Th, Co/Ni and V/Ni ratios, but the Rb/Sr ratios
show an increase from the core to rim (Fig. 10).



Fig. 4. Total REE concentration variation from the core to the rim for the phosphate nodules. (a) HCl-leached fractions; (b) HAc-leached fractions.
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In the HAc-leached fractions, concentrations of Mn.
Ni, Co, Sr, and Ba are relatively high in the ranges of
several ppm to hundreds ppm. But other trace elements
are all low (b3 ppm, Table 4). The trace element traverse
trends from the core to rim are generally similar to the
HCl-leached fractions, but are less significant and/or
absent in some nodules (Table 4).

5. Discussion

5.1. Rare earth element (REE) systematics

Our data show that the total REE concentrations are
higher in the outer rims than in the cores and inner
portions of the phosphate nodules, which are broadly
similar to the results obtained for phosphate nodules
from black shales of the Pennsylvanian-age and
Mississipian-age deposits in the USA (Kidder et al.,
2003). It is likely that the outer rims equilibrated
with the pore fluids that had a greater enrichment in
REE during the process of diagenesis. The late stage
pore fluids may have obtained more REE from the
organic matters and host black shales, which may then
have been incorporated into the outer layers of
phosphate nodules during progressive nodule growth
and diagenesis. In a study of the Early Cambrian
phosphorites in Yunan and Sichuan provinces of south
China, Shields and Stille (2001) suggested that during
diagenetic mineralization, phosphorites contain pro-
gressively greater REE contents due to early REE
scavenging in sediment pore waters. Elderfield and
Sholkovitz (1987) reported high REE concentrations



Fig. 5. Shale-normalized REE distribution patterns of studied phosphate nodule traverse for the HCl-leached fractions.
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in pore waters in reducing nearshore sediments. It is
suggested that the high REE concentrations in pore
waters are due to REE mobility and release of REE,
without fractionation, from sediments during early
diagenesis (Elderfield and Sholkovitz, 1987). These
authors suggested that preferential Ce enrichment
(positive Ce anomalies) and preferential heavy REE
enrichment (or light REE removal) in the pore waters
are associated with redox cycling of Fe and Mn in the
sediments (Elderfield and Sholkovitz, 1987; Sholk-
ovitz et al., 1989).
In general, all of the HCl-leached fractions for the
phosphate nodule cores show a seawater-like light REE
depleted and middle and heavy REE enriched shale-
normalized pattern (Fig. 5).We suggest that the phosphate
nodule cores may have recorded the seawater REE char-
acteristics that did not altered by post depositional,
diagenetic exchange. In contrast, the rims of the phos-
phate nodules show a middle REE enriched and HREE
depleted pattern (Fig. 5), which is a typical feature for
those phosphorites that underwent diagenetic alteration
(Wright et al., 1987; Shields and Stille, 2001). Previous



Fig. 6. Shale-normalized REE distribution patterns of studied phosphate nodule traverse for the HAc-leached fractions.
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studies have reported that the seawater-like REE pat-
terns are only common in some post-Jurassic phosphates
(Shields and Stille, 2001). Almost all phosphorite older
than Mesozoic yielded so-called “old phosphorite” REE
patterns (Ilyin, 1998), which are similar to those REE
patterns for the phosphate nodule rims in this study. Some
researchers have suggested that these “old phosphorite”
patterns faithfully reflect pre-Mesozoic seawater, which
was depleted inHREE (McArthur andWalsh, 1984; Ilyin,
1998; Picard et al., 2002). Our data certainly did not
support this view. Instead, we suggest the REEs in the
Early Cambrian seawater are the same as the modern
seawater, as recorded in the cores of phosphate nodules.
The “old phosphorite” REE patterns reflect diagentic
effects away from primary seawater signatures, as are
the cases for the rims of the studied phosphate nodules.
The finding of seawater-like REE patterns in the Early
Cambrian phosphate cores in this study may provide us
a new approach to study the pre-Mesozoic seawater
chemistry.



Fig. 7. Correlation between Eu/Eu⁎ and Ba/Sm of the phosphate nodules. a) HAc-leached fractions; b) HCl-leached fractions.
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It is likely that organic matters in host black shales
may contribute to the MREE enrichment for the rims of
the studied phosphate nodules. Kidder and Eddy-Dilek
(1994) suggested that algae and/or bacteria were
selectively enriched in MREE in the genesis of the
Kansas and Oklahoma phosphates. Elderfield et al.
(1990) found that organic-rich and/or oxy-hydroxide
grain coatings in the Tamar Estuary, England are
enriched in MREE. Through a laboratory experiment,
Stanley and Byrne (1990) discovered that the green alga
could preferentially take up the MREE.

We suggested that primary pore water and later fluid
produced by diagenesis and organic matter decomposi-
tion may have been responsible for the phosphate
nodule growth, and the primary pore water was similar
to seawater in chemistry because the phosphate nodules
initially formed at or near the interface between seawater
and sediments. As reported by Elderfield and Pagett
(1986), biogenic phosphates can acquire seawater-like
REE patterns during early diagenesis close to water–
sediment interface. Nodules formed during early
diagenesis can incorporate REE from pore water and
diagenetic fluids, and may distill REE from humic acid
only if organism in host shales had cracked before
nodules formed. Therefore, if nodules had formed
before cracking of organic material, the nodules would
retain seawater-like pore water REE characteristics. If
nodules had formed after cracking of organic material,
the nodules would show a MREE-rich pattern of dia-
genetic origin.

5.2. Eu anomaly

A Eu anomaly is a common geochemical phenom-
enon due to different valences of Eu compared to the
strictly trivalent valence typical of other REEs (De Baar



Fig. 8. Eu anomaly and Ce anomaly variation of the studied phosphate nodule traverse (HCl-leached) from the core to rim.
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et al., 1985). Eu anomalies have been reported in various
types of igneous and sedimentary rocks (Henderson,
1984). However, reduction of Eu does not seem to occur
within the ocean basins except in submarine hydro-
thermal systems and during some extreme marine
diagenesis in certain organic-rich, sulfate reducing
environments (Michard et al., 1983; MacRae et al.,
1992).

Positive Eu anomalies have been reported for some
phosphorite occurrences and phosphate nodules hosting
in organic-rich shales (Ogihara, 1999; Kidder et al.,
2003). Our results for the HCl-leached phosphate
nodules in the Early Cambrian organic-rich black shales
also show positive Eu anomalies to variable extent, with
higher Eu/Eu⁎ values for the rims in most of the studied
nodules. Commonly, positive Eu anomalies are inter-
preted as a result of extremely reducing conditions
(Ogihara, 1999; Kidder et al., 2003). In such a reducing
system, decay of organic matter would quickly use up
the minimal available oxygen, and this might favor
reduction of Eu3+to Eu2+, and then the Eu2+could move
into the phosphate nodules (Kidder et al., 2003). This
explanation is consistent with the higher Eu/Eu⁎ values
in the phosphate nodule rims in our studied samples.



Table 4
Analytical results of selected trace element concentrations for the HAc-leached fractions of the phosphate nodules

ppm 1C 1L1 1L2 1R1 1R2 2C 2L1 2L2 2R1 2R2 3C 3L1 3L2 3R1 3R2

Mn 119 58.8 40.3 83.0 42.0 46.2 49.6 32.8 40.7 44.7 53.3 59.9 142.5 68.5 113.3
V 0.6 0.3 2.8 0.8 4.4 0.3 0.6 2.0 0.2 1.0 0.4 0.3 6.0 1.0 7.9
Cr 3.1 1.1 2.6 1.0 3.4 0.7 0.9 2.6 0.6 2.4 1.3 1.1 3.5 1.3 3.3
Mo 0.03 0.02 0.1 0.05 0.1 0.01 0.02 0.02 0.01 0.04 0.01 0.01 0.03 0.03 0.04
Ni 5.1 2.8 70.0 10.1 53.0 1.9 54.2 12.2 6.2 17.2 0.7 1.3 5.3 12.4 21.2
U 0.04 0.02 0.03 0.03 0.02 0.01 0.04 0.01 0.003 0.01 0.02 0.01 0.02 0.02 0.02
Sc 0.1 0.1 0.1 0.1 0.05 0.03 0.03 0.03 0.03 0.02 0.02 0.01 0.02 0.02 0.01
Ti 0.2 0.2 0.4 0.2 0.2 0.3 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.1
Co 2.3 1.6 3.3 2.4 2.7 1.2 0.8 2.2 1.2 1.8 0.6 0.5 1.9 0.9 1.4
Cu 0.4 0.2 0.3 0.3 0.2 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.2
Zn 3.0 4.3 3.9 4.3 4.7 5.2 3.2 2.6 3.2 4.2 2.8 1.8 2.4 1.9 4.4
Ga 0.3 0.4 0.4 0.3 0.3 0.3 0.2 0.2 0.3 0.2 0.2 0.2 0.1 0.1 0.1
Rb 0.9 1.1 1.8 1.2 1.9 0.7 0.7 1.8 1.2 1.5 0.7 0.9 1.4 0.8 1.6
Sr 694 533 407 477 326 741 501 401 602 406 591 576 495 489 446
Ba 249 287 278 329 225 314 195 428 396 398 259 245 212 211 202
Pb 1.3 0.3 0.7 1.7 1.3 0.5 8.7 0.4 0.3 5.8 0.4 0.4 5.0 0.5 8.8
Th 0.003 0.001 0.002 0.001 0.000 0.000 0.001 0.001 0.000 0.002 0.001 0.000 0.001 0.002 0.000
Rb/Sr 0.001 0.002 0.004 0.003 0.006 0.001 0.001 0.004 0.002 0.004 0.001 0.002 0.003 0.002 0.004
U/Th 11.7 41.6 11.1 46.1 66.6 24.2 54.2 9.5 9.5 5.9 16.5 30.8 15.6 9.9 37.6
Co/Ni 0.46 0.58 0.05 0.24 0.05 0.61 0.01 0.18 0.19 0.10 0.95 0.43 0.36 0.07 0.07
V/Ni 0.12 0.12 0.04 0.08 0.08 0.13 0.01 0.16 0.03 0.06 0.55 0.28 1.12 0.08 0.37
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Table 4 (continued)

ppm 1C 1L1 1L2 1R1 1R2 2C 2L1 2L2 2R1 2R2 3C 3L1 3L2 3R1 3R2

ppm 4C 4L1 4L2 4R1 4R2 5C 5L1 5L2 5R1 5R2 6C 6L1 6L2 6R1 6R2

Mn 65.6 71.4 25.2 38.1 29.8 21.8 35.7 20.9 43.9 37.5 29.6 33.5 29.7 47.7 22.8
V 0.2 0.8 1.4 0.3 2.1 0.1 0.6 0.9 0.8 2.1 0.4 0.4 2.3 1.4 2.7
Cr 0.9 1.9 3.5 1.7 3.1 1.7 4.7 5.3 3.3 4.2 3.1 3.4 4.9 3.0 4.6
Mo 0.01 0.02 0.03 0.01 0.03 0.01 0.02 0.03 0.01 0.02 0.01 0.01 0.04 0.04 0.1
Ni 2.5 2.0 6.2 1.4 2.5 2.4 2.3 5.0 1.1 3.0 2.3 3.6 11.2 49.8 25.7
U 0.02 0.02 0.03 0.02 0.1 0.01 0.01 0.01 0.01 0.02 0.05 0.02 0.03 0.02 0.04
Sc 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.02 0.01 0.01 0.02
Ti 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.5 0.1
Co 1.5 0.8 1.3 0.9 1.5 3.6 1.2 1.4 1.1 1.3 6.6 2.0 2.0 2.8 2.4
Cu 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.3 0.3 0.1 0.1 0.2 0.1 0.2 0.1
Zn 2.3 2.1 2.7 1.8 2.7 2.0 1.5 2.4 2.8 4.6 2.0 3.8 2.4 2.6 3.1
Ga 0.2 0.2 0.1 0.2 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Rb 0.9 1.1 1.6 0.9 1.7 0.6 1.2 1.6 1.1 1.6 0.9 1.3 2.3 1.2 2.8
Sr 1085 796 352 829 381 569 482 524 514 513 661 523 369 657 282
Ba 303 331 334 316 340 274 214 334 279 270 277 490 317 424 300
Pb 1.3 0.7 1.7 0.5 1.2 1.9 2.8 0.5 1.1 0.8 0.3 1.3 1.0 0.8 0.9
Th 0.0005 0.001 0.001 0.001 0.001 0.003 0.001 0.0005 0.001 0.001 0.003 0.001 0.001 0.005 0.001
Rb/Sr 0.001 0.001 0.005 0.001 0.005 0.001 0.002 0.003 0.002 0.003 0.001 0.003 0.006 0.002 0.010
U/Th 34.2 19.4 40.7 12.8 59.2 4.2 8.8 24.8 12.0 36.3 17.5 13.2 30.1 4.3 41.1
Co/Ni 0.61 0.39 0.22 0.61 0.59 1.51 0.54 0.29 1.03 0.44 2.87 0.56 0.18 0.06 0.09
V/Ni 0.08 0.40 0.23 0.18 0.82 0.05 0.26 0.18 0.78 0.72 0.16 0.12 0.21 0.03 0.10
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Table 5
Analytical results of selected trace element concentrations for the HCl-leached fractions of the phosphate nodules

ppm 1C 1L1 1L2 1R1 1R2 2C 2L1 2L2 2R1 2R2 3C 3L1 3L2 3R1 3R2

Mn 33.1 28.8 20.6 34.7 18.4 43.6 42.2 17.8 25.9 24.0 26.4 27.2 37.0 30.0 29.1
V 45.2 45.0 76.5 45.2 80.2 42.8 37.7 53.1 32.0 50.0 37.4 38.7 91.5 40.1 116
Cr 25.2 24.8 40.6 24.1 38.1 19.4 16.6 29.0 15.4 27.9 17.0 19.6 35.7 18.4 39.7
Mo 0.26 0.34 1.57 0.46 0.69 0.11 0.20 0.20 0.09 0.25 0.08 0.19 0.20 0.46 0.24
Ni 1.00 1.21 59.2 2.37 44.6 1.06 2.11 3.48 2.61 11.3 0.46 1.20 2.63 10.6 53.8
U 1.51 1.50 0.71 1.07 0.5 0.8 0.6 0.3 0.5 0.37 1.17 0.87 0.70 0.78 0.46
Sc 13.6 12.7 12.9 11.5 12.5 4.9 5.2 6.7 5.2 6.68 5.30 9.53 10.7 8.55 9.05
Ti 41.1 50.1 59.1 43.3 62.1 41.0 62.4 71.2 38.4 56.4 43.7 46.4 60.0 42.3 62.8
Co 0.26 0.29 0.47 0.37 0.38 0.24 0.25 0.36 0.20 0.33 0.15 0.18 0.26 0.23 0.31
Cu 0.78 1.82 3.98 1.61 2.18 0.70 0.45 1.41 0.58 1.26 1.13 1.45 3.55 1.28 2.08
Zn 40.3 32.7 30.3 38.2 28.1 50.0 39.0 50.1 34.8 44.5 89.2 29.4 30.9 26.3 21.9
Ga 0.90 1.00 1.62 0.90 1.86 0.67 0.46 1.03 0.50 0.90 0.73 0.73 1.06 0.70 1.25
Rb 3.41 3.59 5.69 3.33 5.80 1.79 2.15 4.48 1.78 4.61 2.43 2.60 4.75 2.67 5.49
Sr 2792 1975 1355 1614 1120 2663 2321 1248 1661 1261 2451 2552 1426 2373 1484
Ba 2071 1562 1141 1686 817 2952 2412 3397 1951 2873 6144 2107 1603 1875 1146
Pb 0.69 0.72 0.93 0.44 0.81 0.12 0.26 0.34 0.23 0.41 0.22 1.79 1.03 0.57 0.69
Th 0.26 0.23 0.23 0.21 0.23 0.07 0.13 0.18 0.12 0.24 0.14 0.20 0.39 0.20 0.33
Rb/Sr 0.001 0.002 0.004 0.002 0.005 0.001 0.001 0.004 0.001 0.004 0.001 0.001 0.003 0.001 0.004
U/Th 5.83 6.40 3.14 5.16 2.09 11.7 4.95 1.57 4.01 1.56 8.12 4.43 1.80 3.98 1.39
Co/Ni 0.26 0.24 0.01 0.16 0.01 0.23 0.12 0.10 0.08 0.03 0.33 0.15 0.10 0.02 0.01
V/Ni 45.2 37.07 1.29 19.1 1.80 40.3 17.9 15.3 12.3 4.45 81.9 32.3 34.8 3.78 2.16
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Table 5 (continued)

ppm 1C 1L1 1L2 1R1 1R2 2C 2L1 2L2 2R1 2R2 3C 3L1 3L2 3R1 3R2

ppm 4C 4L1 4L2 4R1 4R2 5C 5L1 5L2 5R1 5R2 6C 6L1 6L2 6R1 6R2

Mn 37.6 29.0 14.4 24.3 17.0 27.7 21.2 14.9 27.7 21.2 26.6 18.3 14.9 24.8 15.4
V 24.9 38.9 63.9 28.5 61.8 30.9 36.6 53.3 41.3 54.5 24.1 26.5 47.9 25.3 44.9
Cr 16.9 20.5 36.4 18.1 35.3 20.1 25.7 36.8 25.4 35.6 20.5 18.1 33.7 19.1 31.8
Mo 0.11 0.25 0.20 0.10 0.21 0.10 0.12 0.25 0.11 0.19 0.13 0.09 0.29 2.50 0.54
Ni 1.40 1.94 6.26 1.17 2.76 0.76 1.34 2.35 1.31 2.40 1.08 1.09 2.49 36.8 26.7
U 1.40 0.75 0.74 0.89 1.28 0.99 0.28 0.45 0.27 0.52 1.42 0.66 0.44 0.54 0.60
Sc 8.40 9.36 10.08 8.00 9.79 8.63 9.42 14.9 13.3 15.3 11.9 8.28 10.7 8.64 11.7
Ti 50.0 53.1 79.8 40.8 80.4 36.5 51.2 70.2 47.8 63.3 46.5 49.0 73.4 47.2 75.5
Co 0.21 0.18 0.29 0.19 0.33 0.34 0.24 0.29 0.29 0.31 0.92 0.30 0.47 0.54 0.70
Cu 2.18 1.53 3.89 1.17 4.10 0.68 0.91 3.85 1.17 1.65 1.32 1.30 1.98 2.53 2.23
Zn 48.0 59.5 58.5 42.6 43.6 19.9 32.0 20.0 19.0 16.9 39.7 52.9 24.8 56.8 57.0
Ga 0.80 0.67 1.07 0.63 1.29 0.59 0.62 1.15 0.87 2.10 0.70 0.92 1.31 0.87 1.29
Rb 2.43 2.70 4.93 1.67 5.37 1.80 2.60 4.62 2.60 4.97 2.77 3.48 6.46 2.87 6.48
Sr 3264 2435 1293 2758 1268 1771 1813 2149 2092 2240 2097 1443 1003 2353 873
Ba 3644 4818 4761 3651 3437 1457 2394 1033 1219 1091 2668 3494 1669 3648 3605
Pb 0.55 0.59 1.66 0.33 1.91 0.57 0.74 1.26 0.53 0.91 0.87 1.74 1.10 0.63 1.25
Th 0.37 0.25 0.36 0.26 0.23 0.23 0.21 0.36 0.22 0.47 0.22 0.34 0.30 0.31 0.44
Rb/Sr 0.001 0.001 0.004 0.001 0.004 0.001 0.001 0.002 0.001 0.002 0.001 0.002 0.006 0.001 0.007
U/Th 3.78 2.96 2.06 3.42 5.63 4.24 1.33 1.26 1.23 1.10 6.39 1.92 1.46 1.75 1.35
Co/Ni 0.15 0.09 0.05 0.16 0.12 0.45 0.18 0.12 0.22 0.13 0.85 0.27 0.19 0.01 0.03
V/Ni 17.8 20.0 10.2 24.4 22.4 40.5 27.4 22.6 31.4 22.7 22.2 24.3 19.2 0.69 1.68
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Alternatively, a hydrothermal fluid component can also
cause significant positive Eu anomalies (Michard et al.,
1983, Stalder and Rozendaal, 2004). In our case, we
believed that the positive Eu anomalies were more
likely caused by redox conditions, because Eu3+can be
readily reduced into Eu2+in reducing conditions and
the Eu2+can replace Ca2+easily in the phosphate
minerals. If this were the case, the degree of the Eu
anomaly would indicate that the sedimentary environ-
ment had changed from suboxic/dysoxic to anoxic
conditions during the nodule formation. It needs to
point out that we can not totally rule out the contri-
bution of submarine hydrothermal fluid to the phos-
phate nodule formation, since a number of studies have
suggested a submarine hydrothermal origin for the Ni–
Mo sulfide bed within the same host black shale se-
quence in south China (Steiner et al., 2001; Jiang et al.,
2006, in press). However, clear evidence pointing to
this hydrothermal origin is still lacking, and more work
need to be done in this regard.

5.3. Ce anomaly

Ce anomalies have been found exclusively in ocean
basins, with seawater being typically depleted in Ce with
respect to its REE neighbours La and Pr (Elderfield and
Greaves, 1982; De Baar et al., 1985). It is suggested that
the extent of Ce anomaly in seawater is mainly controlled
by the redox conditions and has been used as a tracer to
distinguish between anoxic and oxic water bodies in the
geological past (Wright et al., 1987; German and
Elderfield, 1990). In addition, factors such as microbial
activity that catalyses the oxidation of Ce3+, the pH,
water depth, and age of the seawater body may have also
played a role in affecting the Ce anomaly (German and
Elderfield, 1990; Moffett, 1990).

Negative Ce anomalies are observed for both the HCl-
leached and HAc-leached fractions of the phosphate
nodules (Figs. 5, 6). It is possibly a result of the source
being ambient seawater with a pronounced Ce depletion
(Morad and Felitsyn, 2001). Negative Ce anomalies are
common in Cenozoic reworked phosphates and have
been interpreted as reflecting oxidation by seawater
(McArthur and Walsh, 1984). Shields and Stille (2001)
suggested that the negative Ce anomalies may reflect a
redox-stratified ocean during the Early Cambrian time in
south China. They proposed that ocean stratification is
actually a prerequisite for the development of phospho-
genic systems (Shields and Stille, 2001). In this study, we
found that all of the phosphate nodule cores show
pronounced negative Ce anomaly with Ce/Ce⁎b0.4,
whereas some of the phosphate nodule rims display less
Ce anomaly with Ce/Ce⁎N0.4 (Fig. 8). It is likely that
the early stage of the phosphate nodule growth may
occur above the redox boundary, which will be more
likely to retain the seawater-like negative Ce anomaly.
The late stage of the phosphate nodule formation may
end up below the redox boundary, and tend to undergo
considerably more REE remobilization due to higher
REE availability and reducing conditions during REE
scavenging (Shields and Stille, 2001).

5.4. Redox-sensitive trace element composition

Previous studies have demonstrated that some redox-
sensitive metals, such as Mo, V, Ni, Cr, U, and Mn, in
marine sediments can yield powerful information linked
to local or global paleo-oceanographic variability
(Anderson et al., 1989; Yarincik et al., 2000; Yang
et al., 2004). Anoxic sediments are typically enriched in
Mo, V, Ni, Cr and U (Lewan and Maynard, 1982;
Anderson et al., 1989; Wignall, 1994), while oxidized
sediments are likely enriched in Mn, leading in places to
Fe–Mn oxides and crusts.

In this study, almost all of the HCl-leached fractions of
the phosphate nodules showan increase in contents ofMo,
V, Ni and Cr from the core to rim (Fig. 9). However, the
concentrations of U andMn decrease from the core to rim
(Fig. 9). It is likely that the increase of the redox-sensitive
metals record the changing redox conditions during
nodule growth. The decreases in Mn along with nodule
growth indicate a progressivelymore reducing diagenesis,
because reducing process produces soluble Mn2+, which
diffuses away from the site of reduction (Morford et al.,
2001). TheV, Cr, Ni andMo concentrations are thought to
coincide with reducing conditions (Lewan and Maynard,
1982; Anderson et al., 1989; Wignall, 1994). Commonly,
these elements are associated with organic matter, and
during the progress of diagenesis, decay of the organic
matter may release these elements and caused the increase
of these elements in the phosphate nodule rims in our
study. The high Ba contents in the phosphate nodules may
also relate to the decomposition of organic matter that
release bio-barite and cause Ba mobile during anoxic
diagenesis. Torres et al. (1996) have documented a
diagenetic mechanism by which biogenic barium is
remobilized in the sulfate reducing zone, moves up and
reprecipitates as disseminated barite grains or veinlets.

5.5. Origin of the phosphate nodules and
palaeoenvironment

Marine phosphate deposits occur along many of the
continental margins in the world as nodules, irregular
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masses, sands, pellets, and oolites (Burnett, 1977). The
origin of these phosphate deposits has long been debated.
Some early researchers invoked direct inorganic precipi-
tation ofmarine phosphorite from seawater (e.g., Kazakov,
1937).Marine phosphatemay precipitate fromporewaters
of anoxic sediments, andBurnett (1977) suggested that the
phosphate content within the pore waters is generally
higher than the overlying bottom waters by as much as
several orders of magnitude. Experimental data have
shown that Mg2+ ions inhibit the precipitation of apatite
(Martens and Harriss, 1970), but diagenetic reactions
could significantly deplete anoxic pore waters of Mg2+
Fig. 9. Redox-sensitive trace element variation of the studied pho
that raise the Ca/Mg ratios of the pore waters to the point
where apatite may precipitate (Burnett, 1977).

The supply of dissolved phosphate ions in pore waters
is a prerequisite for phosphate precipitation. Stumm and
Leckie (1970) invoked two mechanisms to supply phos-
phate ions to anoxic pore waters. One is from the de-
composition of phosphorus-containing organic materials,
and another is from the reduction of hydrous ferric oxides
that bind phosphate to their surfaces under reducing
conditions. REE concentrations in phosphate nodules are
up to 50–100 times higher than shale-normalized values,
which are several orders of magnitude greater than bulk
sphate nodule traverse (HCl-leached) from the core to rim.



Fig. 10. Variation in trace element ratios of the studied phosphate nodule traverse (HCl-leached) from the core to rim.
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REE content in seawater (Elderfield and Greaves, 1982).
Therefore, Felitsyn andMorad (2002) believed that direct
extraction of REE from marine pore waters can be
precluded as the most important mechanism to explain
the REE enrichment in authigenic phosphate, and they
suggested that organic matter might have been the most
important source of REE in phosphate nodules. In
addition, Stalder and Rozendaal (2004) suggested a
source of hydrothermal fluid for phosphate and REE,
which may be also a likely factor in our studied case.

In Fig. 11, we propose a genetic model for the
formation of abundant phosphate nodules in the Lower
Cambrian black shale in south China. In this model,
seawater can be divided into three layers based on redox
conditions, i.e., the upper oxic layer with dissolved
oxygen from atmosphere; the middle dysoxic layer as
a result of continuously replenish of oxic benthic flux,
and the bottom anoxic layer. In this system, major
phosphorite deposits may precipitate on shelf or slop in
suboxic/anoxic conditions, in connection with upwelling
of nutrient rich water (Trappe, 1998), while phosphate
nodules form after the strong upwelling stage in an
organic-rich basin of deeper seawater. Near the sedi-
ment–water interface of seafloor, where most of the



Fig. 11. Model for phosphate nodule and phosphorite formation in the Lower Cambrian black shale strata in south China.
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freshly settled organic material is oxidized, phosphate is
released to the sediment pore water from which it can
escape to the overlying water (Martens et al., 1978).
Alternatively, phosphate can be adsorbed to iron oxides
and move with benthic flux (Krom and Berner, 1980;
Slomp et al., 1998), which bring large amount of REEs
and trace elements like Mo, V, and Ni. When the benthic
flux pass an organic-rich basin, parts of the Fe–Mn
oxyhydroxides in flux will be reduced and enter pore
water together with P and REEs. PO4

3− will combine with
Ca2+ to form nodular phosphate, and lot of REEs and
trace elements are incorporated into nodules. Fe2+ would
go down and deposit as FeS2 (Froelich et al., 1988) when
encountering H2S, which may either come from hydro-
thermal or from reduction of marine sulfates.

6. Conclusions

a) Phosphate nodules from the Lower Cambrian black
shales in the Mufu Mountain section in south China
are symmetrical in geochemistry with an increase of
REE and a number of redox-sensitive trace elements
such as V, Cr, Ni, and Mo from the core to rim. The
variations of trace element concentrations can be
interpreted as that phosphate formed from seawater
and diagenetic pore fluid during diagenetic processes.
b) The phosphate nodule cores show seawater-like
shale-normalized REE patterns, which may represent
the characteristics of the Early Cambrian seawater. In
contrast, the phosphate nodule rims displayMREE-rich
and HREE-depleted patterns, possibly resulting from
significant diagenetic effect, with REE-rich pore fluid
deriving after organic decay during later diagenesis.
c) Phosphorus in phosphate nodules was likely orig-
inated from seawater, coagulated by ferric oxyhydr-
oxides adsorption or released by degradation of
organic matter, enriched in seawater-sediments inter-
face, and deposited in an organic-rich ocean basin.
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