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Abstract

The Cambrian Gezhongwu Formation in Southwest China is the lowest Cambrian phosphorite

unit. The Formation belongs to the Meishucun stage with small shelly fossils. Rare-earth element ( REE)
data from the Gezhongwu phosphorites of Zhijin documented the depositional conditions. The total REE

concentrations are high in the Gezhongwu phosphorites, which are especially rich in yttrium. The PAAS-
normalized REE patterns of the Gezhongwu phosphorites are characterized by negative Ce anomalies and
slight enrichment of MREE, as being hat-shaped. The hat-shaped patterns suggest that the REE originated
from depositional environments rather than from subsequent diagenesis. The negative Ce anomalies indi-
cate that the depositional environments are oxic. The positive Eu anomaly, the high total REE and the hat-
shaped REE pattern revealed contributions from the normal marine environment mixed with hydrothermal
water to the REE budget of the Gezhongwu phosphorites.
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1 Introduction

Marine biogenic phosphorite is regarded as one of
the main suitable rocks to decipher the geochemical
signatures (e. g. REE contents, REE patterns, and Ce
anomalies ) of marine depositional environments
(Wright et al. , 1987; Grandjean et al. , 1987; Ber-
tram et al. , 1992; Ilyin, 1998 ; Yang Jiedong and Sun
Weiguo, 1999; Mazumdar et al. , 1999; Chen Duofu
et al. , 2003). Phosphorites commonly display highly
variable REE patterns ( Jarvis et al. , 1994; Shields
and Stille, 2001) due to variations in the composition
and amount of associated detritus, depositional envi-
ronment, sea- and pore-water redox, pH, age, and
water depth ( German and Elderfield, 1990; Jarvis et
al. , 1994; Bertrand et al., 1997; Hannigan and
Sholkovitz, 2001; Picard et al., 2002 ). However,
REE signatures may be modified by burial diagenesis
(Elderfield and Sholkovitz, 1987 ; German and Elder-
field, 1990; Murray et al. , 1992; Reynard et al.,
1999 ; Shields and Stille, 2001 ; Yang Yaomin et al. ,
2004 ), or by surface weathering ( McArthur and
Walsh, 1984; Bonnoit and Flicoteaux, 1989; Hanni-
gan and Sholkovitz, 2001). Therefore, there is a con-
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siderable uncertainty about whether the REE from ma-
rine phosphorites can be used as a reliable indicator of
seawater composition.

One of the most important global phosphogenesis
events took place at the Precambrian-Cambrian bound-
ary. Such event is attributed to oceanic turnover that
resulted in transgression of nutrient-rich, anoxic waters
onto continental shelves ( Cook and Shergold, 1984 ).
The Gezhongwu Formation in Guizhou is the lowest unit
of Cambrian, Meishucunian in age. Phosphorites from
this formation are REE-rich. This paper dealt with the
REE geochemistry of the Gezhongwu phosphorites.

2 Geological setting and sampling

The Gezhongwu section is located in the Gezhong-
wu phosphorite mine in the eastern part of Zhijin Coun-
ty, Guizhou Province, Southwest China (Fig. 1). The
Gezhongwu phosphorite beds belong to the Meishucun
stage, and are distributed in the southwest of the cen-
tral Guizhou uplift, Yangtze block. This region is dom-
inated by normal faults with local small-scale drapes.
The Gezhongwu Formation is a major phosphorite-pro-
ducing layer with a maximum thickness of 22 m. It
conformably rests on the Sinian dolomites of the Dengy-
ing Formation, and is overlain by the Early Cambrian
black carbonaceous shales of the Niutitang Formation
consisting mainly of Y-rich bioclastic dolomitic and si-
liceous phosphorites.
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The dolomitic and siliceous phosphorites alternate
with phosphoritic bioclastic dolomite, resulting in len-
ticular, wavy and chevron cross-beddings. The phos-
phate rock consists mainly of francolite, which is amor-
phous, aphanitic and gelatinous as replacements of bio-
clast and intraclast. Twelve phosphorite samples were
collected from the Gezhongwu section. Detailed petro-
graphical description and sample localities are shown in
Fig. 2.

Lower Carboniferous

Lower Triassic

»= The location of the profile 2 50 ___700m

Fig. 1. Geological sketch map and sample localities in
the Zhijin area.

3 Analytical methods

Fresh samples were carefully prepared before
crushing. Fine-grained material was sorted under bin-
ocular microscope to obtain pure samples. Grains,
from 60 to 80 mesh in size, were selected and thor-
oughly cleaned in an ultrasonic bath using double-dis-
tilled deionized water and dried at 100C for several
hours. Subsequently, the samples were milled as fine
as less than 200-mesh. One hundred milligrams of
powdered sample were digested with 1 mL of HF
(38% ) and 0.5 mL of HNO,(68% ) in screw top PT-
FE-lined stainless steel bombs at 190°C for more than
12 hours. The solution was then drained and evaporat-
ed till dryness with 0.5 mL HNO, ( repeated two
times). The final residue was redissolved by adding 6
ml of 40% HNO,, followed by resealing the bombs
and getting them heated again over the electric oven at
140%C for 3 hours. Upon cooling, each final solution
was diluted to 100 mL by adding distilled deionized
water. The reagent blanks were treated exactly as the
samples. Analytical reagent-grade HF and HNO, were
used and purified prior to use by sub-boiling distil-
lation. The PTFE bombs were cleaned with 20%
HNO, ( volume/volume ) heated to 110°C for 1 hour.
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Fig. 2. Integrated stratigraphical column of the Gezhong-
wu section, showing the positions and features of sam-
ples. 1. Chevron cross-bedding; 2. dolomite; 3. wash;
4. black carbonaceous shale; 5. phosphorite; 6. small
shelly fossil; 7. undulated lamina; 8. spicula; 9. ripple
biscuit; 10. Hyolitha fossil; 11. phosphoritic rock; 12.
siliceous rock; 13. biodetritus.

The REE were analyzed by Finnigan Mat Element
high resolution ICP-MS at the Key Laboratory of Ore
Deposits, Chinese Academy of Sciences, Guiyang,
China. All instrumental operating parameters are refer-
enced in Qi Liang and Gregoire (2000). To guarantee
the quality of the data, we analyzed standards GBPG-1
of GeoPT7 and AMH-1 of GeoPT5 (an international
proficiency test for analytical geochemistry laborato-
ries). The precision was checked by multiple analyses
of standard samples GBPG-1 and AMH-1.

Data from 14 analyses are listed in Table 1. The
average standard deviations are less than 10% , and the
average relative standard deviations are better than 5%
for Y and REE. The accuracy is checked by comparing
our ICP-MS data with the standard reference data and
two internal reference samples of DBS-12 material in-
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cluded in Table 1. The data fit well with the standard
data and between two internal reference samples of
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DBS-12 material without systematic bias.

Table 1. Abundances of REE, Y and Zr in standards GBPG-1 and AMH-1 and internal reference
sample DBS-12 determined in this study ( x10~°)

GBPG-1 AMH-1 DBS-12
R A b R a b c a b
La 52.95 51.47 51.18 15.87 15.69 16.06 15.72 11.8 11.26
Ce 103.2 104.23 101. 66 33.03 33.41 34.73 32.68 15.97 14.6
Pr 11.45 11.25 11.11 4.21 4.04 4.05 4.34 2.84 2.67
Nd 43.3 42.27 41.15 17.69 16.61 16.81 18.15 13.62 13.34
Sm 6.79 6.88 6.644 3.68 3.89 3.78 3.85 3.35 3.34
Eu 1.79 1.67 1.68 1.16 1.04 1.05 1.16 0.88 0.86
Gd 4.74 4.52 4.51 3.34 3.31 3.09 3.57 4.68 4.33
Tb 0.6 0.59 0.6 0.51 0.5 0.52 0.52 0.71 0.68
Dy 3.26 3.06 3.26 2.84 2.92 2.83 3.02 4.16 4.07
Ho 0.69 0.64 0.63 0.57 0.55 0.58 0.59 0.93 0.93
Er 2.01 1.93 1.98 1.52 1.52 1.53 1.61 2.38 2.45
Tm 0.3 0.31 0.29 0.21 0.21 0.23 0.22 0.32 0.29
Yb 2.03 2.1 2.11 1.37 1.41 1.45 1.41 1.67 1.65
Lu 0.31 0.29 0.3 0.21 0.23 0.19 0.21 0.22 0.21
Y 18 17.53 18.27 16.44 15.57 16.23 16.59 29.86 40.49
Zr 231.8 219.99 251.22 146 143.39 145.53 145.2 9.5 8.61

Note: R. Reference data of GBPG-1 and AMH-1 are obtained from round 7, GeoPT7 and PT5 (an international proficiency test for analytical
geochemistry laboratories) , respectively, a, b in GBPG-1 (two copies), a, b, c in AMH-1 ( three copies) , and a and b in DBS-12 (two cop-
ies) ; this study, average of 14 in which standard deviations (1) are less than 10% ; average relative standard deviations are better than 5% .

In this paper, Ce/Ce” denotes Cey/( Lay X
Pry)®’; EwEu*, Euy/(Smy x Gdy)*®; and Pr/
Pr*, Pry/(Cey xNdy)®®, where N refers to the nor-

malization of concentrations against the standard post-
Archean Australian Shale (McLennan, 1989).

4 Results and discussion

4.1 REE concentrations

The total REE concentrations range from 412.55
x 10 ~® to 1059.59 x 10 ~° in the siliceous and dolomit-
ic phosphorites, from 242.92 x10~° to 384. 14 x 10~
in the phosphatic dolomites. The two types of sample
are all chemically sedimentary rocks, but differ in way
of their incorporation with the REE. Dolomite is perfect
in crystal structure. As Mg ions are different in ionic
radius from REE, dolomites are exclusive to the latter.
Phosphorite consists of francolite, which is of open-
hexagonal prism and Ca resembles REE in ionic radi-
us, REE may be incorporated into phosphorites by iso-
morphous replacement. This is the main reason why
phosphorite is rich in REE. Contrast with the pub-
lished data, these analyzed values are higher than
those of the Early Cambrian phosphorites (46.63 x
107° - 332.63 x 10™°) from the east of Yunnan
(Yang Weidong and Qi Liang, 1995). They are in the
range of ‘old’ (Vendian-Early Cambrian) phosphor-

ites (Ilyin, 1998), close to the world-average of 700
x 10 7 ( Altschuler, 1980). These coincide with the
resulls obtained by Li Shengrong and Gao Zhenmin
(1995), i.e., the X REE is high in normal sea-water
sediments.

Yitrium (114.90 x 10°° —387.09 x 107°) is
markedly enriched in the Gezhongwu phosphorites rela-
tive to average shales (27 x 107% in PAAS). Iis over-
all concentrations are comparable to the global average
of phosphorites (40 x 107% =610 x 10 °; Altschuler,
1980). The observed Y enrichment is possibly due to a
preferential uptake of Y relative to other lanthanides.

The HREE concentrations of the Gezhongwu phos-
phorites ( X HREE 37.4 x 10 ° t0 169.2 x 10 %) are
distinctly higher than those of shales (17.5 x 107° in
PAAS), but the values are much lower than the LREE
concentrations (205.6 x 1075 to 890.4 x 10 ®) of the
Gezhongwu phosphorites. Very low concentrations of Zr
(7.9%107° 1026.78 x10™°) and HREEs vs. Zr cor-
relation factor (r =0.2) suggest that the detrital zir-
con fraction contributed little to the HREEs. Although
zircons were not dissolved completely, REE analysis is
permitted. Consequently, HREE depletion in the fran-
colite phase resulted in the HREE-depleted patterns in
some phosphorite samples. Similar HREE depletion
was reported by Ilyin (1998) for many ‘old’ Asian
phosphorites.
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Table 2. REE , Y and Zr contents of the Gezhongwu phosphorites ( x10 )
Sample No. G-1 G4 G-7 G-11 G-12 G-13 G-17 Z-1 Z3 Z-5 Z6 79
La 157.01 241.06 160.46 101.11 163.39 136.68  268.38 72.47 193.34  153.79 120.47  234.42
Ce 135.55 197.92  120.11 85.39 116.30 112.59  229.30 48.52 126.47 103.04 89.05 175.41
Pr 38.16 54.51 32.52 20.39 31.98 27.74 60.97 13.37 34.19 28.10 21.86 48.44
Nd 163.63  242.27 143.36 94.76 139.99  123.43  262.41 57.72 147.97  121.30 93.24 205.70
Sm 30. 66 48.39 28.04 18.16 25.62 23.47 51.56 9.98 27.85 22.97 17.22 36.36
Eu 9.27 13.38 8.92 7.49 7.14 9.32 17.75 3.50 8.67 7.18 6.38 12.67
Gd 36.61 55.87 32.86 22.47 31.50 30.72 63.77 13.29 34.50 28.78 22.33 46. 56
Tb 4.99 6.98 4.12 2.78 4.04 3.78 8.24 1.75 4.57 3.70 3.06 6.43
Dy 28.96 38.95 22.93 15.37 22.67 21.12 46.10 10.16 26.17 21.52 17.58 36.99
Ho 6.15 7.91 4.92 3.22 4.70 4.59 9.45 2.12 5.66 4.71 3.95 8.20
Er 15.49 20.25 11.98 8.00 12.11 11.00 23.95 5.66 14.75 11.85 10.29 21.43
Tm 1.78 2.26 1.34 0.86 1.34 1.23 2.76 0.68 1.64 1.35 1.14 2.43
Yb 8.40 10.90 6.24 3.68 6.06 5.57 13.17 3.25 7.59 6.18 5.37 11.78
Lu 1.01 1.30 0.77 0.46 0.71 0.66 1.78 0.47 0.99 0.79 0.62 1.39
SREE 637.7 942.6 578.5 384.1 567.5 511.9 1059.6 242.9 634.4 515.3 412.6 848.2
XLREE 534.3 798.2 493.4 327.3 484.4 433.2 890.4 205.6 538.5 436.4 348.2 713.0
YHREE 103.4 144.4 85.1 56.8 83.1 78.7 169.2 37.4 95.9 78.9 64.3 135.2
Y 285.7 375.8 238.8 168.5 247.1 231.5 361.3 114.9 292.5 237.4 212.6 387.1
Zr 15.27 19.78 9.25 15.30 25.83 24.96 18.70 7.88 14.85 12.11 17.80 26.78
Lay/Smy 0.74 0.72 0.83 0.81 0.93 0.85 0.76 1.06 1.01 0.97 1.02 0.94
Ce/Ce" 0.40 0.40 0.38 0.43 0.37 0.42 0.41 0.36 0.36 0.36 0.40 0.38
EwEu” 1.30 1.21 1.38 1.75 1.18 1.63 1.46 1.43 1.32 1.32 1.53 1.45
Ery/Luy 2.33 2.37 2.38 2.64 2.60 2.54 2.04 1.85 2.26 2.28 2.51 2.35
Dyy/Smy 1.12 0.95 0.97 1.00 1.05 1.07 1.06 1.21 1.11 1.11 1.21 1.21

4.2 PAAS-normalized REE patterns

PAAS-normalized REE concentrations plotted a-
gainst the respective atomic numbers are characterized
by slight MREE enrichment, forming the hat-shaped
REE patierns (Fig. 3). These REE patterns reflect
the original seawater chemistry, differing from the con-
vex or bell-shaped patterns that are typical of strongly
altered phosphorites ( Lecuyer et al. , 1998 ; Picard et
al., 2002). In addition, Barfod et al. (2002) have
shown that Pb isotopic systematics in the Cambrian
phosphorites also reflects depositional conditions rather
than diagenetic conditions. Therefore, the REE pat-
terns in the Cambrian phosphorites might have pre-
served the primary signatures of seawater.

All of the phosphorite samples show a character-
istic negative Ce anomaly with variable Eu enrichment.
If the Eu anomaly is ignored, all phosphorite samples
will display normal seawater patterns. Europium is be-
lieved to be the only other REE, which may change its
valency in the near-surface environment ( Brookins,
1989), whereby Eu’* may be reduced to Eu’" under
extremely reducing conditions. The Eu’*/Fu’* redox
potential decreases considerably under elevated temper-
atures ( Sverjensky, 1984 ), with temperatures greater
than 200°C. being normally required for Eu®" to be sta-
ble (Bau, 1991), but is less sensitive to changes in
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Fig. 3. PAAS-normalized REE patterns in the Gezhongwu
phosphorites.

pH and pressure. Therefore, Eu is found enriched in
highly reducing hydrothermal fluids ( Michard and Al-
barede, 1986; Olivarez and Owen, 1991) and in Ca-
rich, early-magmatic minerals such as anorthosites,
where Eu’" may replace Sr’* due to their similar ionic
radii ( Haskin, 1990 ). The common absence of
anorthositic bodies in the Gezhongwu section rules out
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the possibility that continental anorthosites are the
source of REEs. The Gezhongwu phosphorites recorded
the positive Eu anomalies ranging from 1.18 to 1.75,
suggesting the REEs may originate from hydrothermal
waters.

These REE plots show a relatively steep fall from
Er to Lu. Similar HREE distribution patterns have
been reported by Ilyin (1998) from many Precambri-
an-Cambrian phosphorites. Ery/Luy ratios in the
Gezhongwu phosphorites range from 1.85 to 2.64.
These values are consistent with the ratios in Cambrian
phosphorites ( Ery/Luy: 1.73 — 3.37), suggesting
that they have not suffered from diagenetic HREE frac-
tionation ( Shields and Stlle, 2001 ). The fact that
HREE depletion is commonly observed in well-pre-
served samples ( Shields and Stille, 2001 ) also sug-
gests that the HREEs are primary rather than diagenet-
ic.

Weathering is a factor leading to leaching of dolo-
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mite and enrichment of phosphate in the Gezhongwu
phosphorites. Shields and Stille (2001 ) suggested
weathering should produce a positive correlation be-
tween Lay/Smy and Y/Y*. There is no such a positive
correlation observed in the Gezhongwu phosphorites
(Fig. 4). Leaching experiments on phosphatic shales
showed that MREE were leached preferentially over
other REEs ( Hannigan and Sholkovitz, 2001), sug-
gesting that the weathered remnant samples should
show MREE depletion, in other words, show enrich-
ment in HREE and LREE. HREE depletion in the
Gezhongwu phosphorites is thus unlikely the result of
surface weathering.

In conclusion, the later diagenetic and weathering
processes seem to have only minimally affected the
REE patterns of the Gezhongwu phosphorites. The hat-
shaped REE patterns seem to be primary ( McArthur
and Walsh, 1984 ; llyin, 1998 ; Lecuyer et al. , 1998
Picard et al. , 2002).
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Fig. 4. Crossplots of various parameters calculated from the PAAS-normalized REE abundances of the Gezhong-
wu phosphorites. Plots show there is no correlation between the parameters for the PAAS-normalized REE abun-

dances.
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4.3 Ce anomaly

In the case of oxidizing conditions, Ce’* may be
oxidized to Ce** and then leached, resulting in a nega-
tive Ce anomaly. Negative Ce anomalies in francolites
may have directly inherited from seawater under oxic
condition ( McArthur and Walsh, 1984 ). Thus, Ce a-
nomalies (related to the other REE) have been used to
infer depositional redox conditions ( Wright et al.,
1987; Bertram et al., 1992; Jarvis et al., 1994;
Yang Jiedong and Sun Weiguo, 1999; Mazumdar et
al. , 1999; Shields and Stille, 2001).

Ce anomalies may be modified in later diagenesis
( McArthur and Walsh, 1984; Shields and Siille,
2001). However, Morad and Felitsyn (2001) sugges-
ted that Ce anomaly in apatites represents primary sig-
natures if there is no correlation between Lay/Smy and

>0.35. The

Gezhongwu phosphorites show no correlation between

Ce anomaly with Lay/Smy ratios

the two parameters (Fig. 4), revealing the Ce anoma-
ly is a depositional seawater signature.

Shields and Stille (2001 ) have shown that later
diagenetic processes produced a good correlation be-
tween Ce and Eu anomalies, a negative correlation be-
tween Ce anomaly and Dyy/Smy, and a positive corre-
lation between Ce anomaly and REE contents in phos-
phorites. These correlations do not appear in the
Gezhongwu phosphorites ( Figs. 4 and 5), suggesting
that diagenetic effects on the REE patterns are limited.
For these reasons, the Gezhongwu phosphorites proba-
bly reflect the depositional conditions.
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Fig. 5. Plot of Ce anomaly and the total REE abundance
of the Gezhongwu phosphorites.

Wright et al. (1987) defined negative Ce anom-
alies as oxic conditions. The Gezhongwu phosphorites
have a record of negative Ce anomalies. This suggests
that marine depositional conditions are oxic.
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Negative Ce anomalies of the Cambrian phosphor-
ites collected from Zunyi, Guizhou Province and Kun-
yang, Yunnan Province are similar ( Yang Weidong et
al., 1997), suggesting that oxic seawater conditions
prevailed in a vast area of Southwest China at the time
Cambrian phosphorites were deposited.

5 Conclusions

Characteristic features pertaining to total abun-
dances, elemental abundances and distribution patterns
of the REE in the Gezhongwu Formation phosphorites
are described. The total REE concentrations of the
Gezhongwu phosphorites are higher than those of other
Early Cambrian phosphorites, and the values of dolo-
mitic and siliceous phosphorites are higher than those
of phosphatic dolomite. Both the phosphorites are rich
in yttrium. Hat-shaped patterns of the PAAS-normal-
ized REE distribution preserved the primary signatures
of seawater. Later diagenesis and weathering processes
have only minimal effects on the Gezhongwu phosphor-
ites. Seawater served as the immediate source of the
REE in ‘old’ phosphorites, their characteristic deple-
tion in HREE may be related to the evolutionary trend
of the REE in seawater. Negative Ce anomalies in the
Gezhongwu phosphorites suggest that the depositional
conditions are oxic. The phosphorites are characterized
by positive Eu anomaly, high X REE and hat-shaped
REE pattern, suggesting that the Gezhongwu phosphor-
ites were deposited in the normal marine environment
mixed with hydrothermal water.
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