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Abstract

Black shales of the basal Lower Cambrian Niutitang Formation, southeast China, host a regionally distrib-
uted concordant, several centimeter-thick, sulfide layer which displays extreme metal enrichment, i.e., Mo-Ni-
Se-Re-Os-As-Hg-Sb >1,000 times enriched and Ag-Au-Pt-Pd >100 times enriched over bulk continental crust.
Mineable portions have about 5.5 wt percent Mo, 3.5 wt percent Ni, and 1 g/t PGE + Au. A six-point
18705/1%0s versus 1S"Re/*%Os isochron on molybdenum-nickel ore samples defines an age of 541 = 16 Ma (20)
with an initial 7Os/'%Os ratio of 0.78 = 0.19. This age is in agreement with the depositional age of the black
shale host; the initial ratio is close to present-day seawater. The sulfide layer/average seawater metal ratio is on
the order of 10° to 10, about 10 to 100 times higher than that for the black shale host and for average metal-
liferous black shale. Synsedimentary metal enrichment from seawater under anoxic (sulfate-reducing) condi-
tions appears likely but requires an unusually low sedimentation rate and/or high replenishment rate of fresh
seawater to the marine basin. The paleogeographic setting of the Lower Cambrian continental margin of the
Yangtze craton indicates local basins controlled by synsedimentary rifting. Stagnant water episodically replen-
ished by upwelling oxidized seawater is thought to be responsible for the formation of the polymetallic sulfide

layer and of phosphorite, barite, and sapropelic “stone coal” (combustible black shale) beds.

Introduction

OrcaNIc-rIcH (black) shales from marine environments
commonly contain higher amounts of molybdenum, nickel,
vanadium, and a number of other metals than does any other
sedimentary rock (Vine and Tourtelot, 1970). The enrichment
factor of such elements in black shales compared to seawater
is on the order of 105 to 10 and can be understood as a result
of redox-controlled removal of trace metals from seawater in
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anoxic bottom environments with a low sedimentation rate
(Holland, 1979); however, certain stratigraphic subunits
within black shale sequences display metal enrichment 10 to
100 times higher than that of average black shale, such as the
classical 70-cm-thick Mecca Quarry Shale Member in the
lower portion of the upper Carboniferous sequence of the
midwestern United States (Coveney et al., 1987). The forma-
tion of such extremely metal-enriched portions of black shale
sequences is commonly discussed in terms of diagenetic fluid
flow (Coveney et al., 1987; Peacor et al., 2000) and/or hy-
drothermal metal input from submarine fluid venting during
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sedimentation (Loukola-Ruskeeniemi and Heino, 1996;
Pasava et al., 1996).

The Lower Cambrian black shale sequence of the Niuti-
tang Formation (and lateral equivalents) of southeastern
China hosts a conformable polymetallic sulfide layer with an
apparently unique and extreme case of metal enrichment
(Fan Delian et al., 1973, 1984; Coveney and Chen, 1991;
Coveney et al., 1992). The sulfide layer has about 10 wt per-
cent organic matter and is extremely enriched in the element
suite of Mo-Ni-Se-Re-Os-As-Hg-Sb (>1,000 times enriched
over bulk continental crust) and Ag-Au-Pt-Pd (>100 times en-
riched over bulk crust) (Table 1). The thickness of the ore
layer is commonly a few centimeters, with a continuous lat-
eral extent of more than 1,000 m; occurrences of the sulfide
layer at approximately the same stratigraphic level are known
over a 1,600-km-long northeast trend which follows the pale-
ocontinental margin of the Yangtze craton (Fig. 1a). The ore
is locally mined and consists primarily of sulfides (mainly
bravoite, vaesite, gersdorffite, and jordisite) and phosphates
(francolite) that occur as nodular, polymictic, intraforma-
tional, flat pebblelike conglomerates and in laminated form.
The same stratigraphic sequence also hosts huge barite de-
posits, as well as phosphorite and several meter-thick “stone

TaBLE 1. Abundances of Selected Elements in Samples from the
Huangjiawan Mine (n = 7), in the Lower Cambrian Polymetallic
Sulfide Layer of South China, in Upper Continental Crust,
and in Average Seawater

Huangjiawan Polymetallic Continental

mine sulfide layer upper crust Seawater
Element (ppm) (ppm) (ppm) (ppt)
P 20,000 14,000 665 62,000
\% 1,200 948 60 2,000
Cr 107 80 35 210
Mn 320 200 600 20
Fe 120,000 100,000 31,500 30
Co 185 50 10 1.2
Ni 36,000 26,000 20 480
Cu 2,600 650 25 150
7Zn 2,950 1,600 71 350
As 17,000 10,000 1.5 1,200
Se 1,655 2,000 0.05 155
Mo 57,000 39,000 1.5 10,000
Ru <0.010 0.023 0.0001 <0.005
Rh 0.020 0.025 0.00006 0.08
Pd 0.380 0.300 0.0005 0.06
Ag 75 50 0.005 2
Sh 550 360 0.2 200
Ba 800 1,900 550 15,000
w n.a. 20 2 10
Re 11 6 0.0004 7.8
Os* 0.07 0.034 0.00005 0.002
Ir 0.003 0.0017 0.00002 0.00013
Pt 0.405 0.295 0.0015 0.05
Au 0.320 0.334 0.002 0.02
Hg n.a. 25 0.012 0.14
Pb 504 100 20 2.7
U 140 200 2.8 3,200

Os* is common Os (total Os minus radiogenic Os from 187Re decay)

Data sources: Fan Delian et al. (1984), Coveney et al. (1992), Horan et
al. (1994), Steiner et al. (2001); average upper continental crust from
GERM Reservoir Database (http://www.earthref.org), seawater from
Nozaki (1997, http:\earth.agu.org/eos_elec/97025¢.html).

JINGWEN ET AL.

coal” beds of algal or planktonic origin (combustible black
shale) which are mined (Coveney et al., 1994).

The extreme enrichment of the sulfide layer in nickel,
molybdenum, and precious metals has been ascribed to a va-
riety of processes, including hydrothermal input from fluids
released into the basin during rifting (Coveney et al., 1992;
Murowchick et al., 1994; Lott et al., 1999; Steiner et al.,
2001), extraterrestrial impact origin (Fan Delian et al., 1984),
and diagenetic fluid flow (Horan et al., 1994). A penecon-
temporaneous origin of sulfide mineralization and sedimenta-
tion has been suggested by earlier Re-Os isotope data which
scatter around a reference isochron with an age of 560 = 30
Ma (Horan et al., 1994) and by a Pb-Pb age of 551 + 52 Ma
(Murowchick et al., 1992).

The polymetallic sulfide layer is mined in the Huangjiawan
mine, ca. 15 km west of Zunyi, Guizhou, where the thickness
of the ore layer reaches up to 2 m (avg = 20 cm). The ore re-
serve at this locality is 240,000 t Mo + 150,000 t Ni and the
grade is around 5.5 percent Mo, 3.5 percent Ni, and 1 g/t
PGE + Au. In this study, seven samples were collected from
the Huangjiawan mine for a geochemical reconnaissance
study and for Re-Os isotope measurements in order to con-
strain the timing of this unusual black-shale hosted poly-
metallic mineralization better .

Geologic Setting

The conformable polymetallic sulfide horizon occurs within
the lowermost few meters of the up to >100-m-thick black
shale sequence of the unmetamorphosed Niutitang Forma-
tion. The lower part of the Niutitang Formation hosts strati-
form barite mineralization in the Gonxi district, Hunan
(Wang and Li, 1991), massive phosphorite and manganese
carbonate beds in the Tiantaishan district, Shaaxi (Hein et al.,
1999), and up to a few tens of meters thick stone coal beds.
The biostratigraphic age of the Niutitang Formation is con-
strained by a pretrilobitic (endemic) fauna consisting of bi-
valved arthropods (Perspicaris), sponges, and small shelly fos-
sils which are considered to be of Tommotian age (about 530
Ma; Steiner et al., 2001).

The Niutitang Formation rests unconformably on a >100-
m-thick carbonate sequence with karst features (Dengying
Formation) which is attributed to the uppermost Sinian (ter-
minal Neoproterozoic). The Dengying Formation is under-
lain, again following a stratigraphic hiatus, by the Doushantuo
Formation, a mostly <100-m-thick black shale, chert, and
dolomite sequence with V-Ag mineralization in some black
shale units (Fan Delian et al., 1992). The Doushantuo For-
mation rests on tillites of the Nantuo Formation which is 590
to 575 Ma in age, when correlated with the global Marinoan-
Varangerian glaciation (Brasier et al., 2000). The entire sedi-
mentary sequence is thought to represent a sedimentary shelf
environment characterized by repeated transgression-regres-
sion episodes on the Lower Proterozoic-Archean Yangtze cra-
ton (Qiu et al., 2000; Steiner, 2001; Steiner et al., 2001).

The Precambrian basement consists mainly of Proterozoic
clastic metasedimentary rocks intercalated with mafic-ultra-
mafic volcanic rocks; the upper section has been metamor-
phosed to the lower greenschist facies (Mao Jingwen, 1995).
Mesozoic terrestrial cover rocks consist of red sandstone in-
tercalated with Jurassic-Cretaceous andesites and rhyolites.
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The Huangjiawan area has a gentle dome structure (Songlin
dome) which exposes Neoproterozoic slate and metapelite in
the center, surrounded by Sinian sediments (conglomerates of
the Nantuo Formation, carbonaceous mudstone and dolomite
of the Doushantuo Formation, and dolomite of the Dengying
Formation), and the Early Paleozoic sediments of the Niuti-
tang Formation (black shale), Mingxinshi Formation (car-
bonaceous mudstone), and Jindingshan Formation (siltstone)
(Fig. 1b). The Lower Cambrian Qingxudong Formation
(muddy dolomite) is overlain unconformably by Lower to
Middle Ordovician clastic and carbonate rocks. There are no
magmatic rocks exposed in the area. The larger east-north-
east-, north-northeast-, and north-northwest-trending faults
are of post-Early Paleozoic age; however, small-scale synsedi-
mentary fractures (without hydrothermal infill) are abundant.

The Huangjiawan Ni-Mo-(PGE-Au) mineralization is con-
fined to one single ore bed, as is also observed for all other
known occurrences in the southeast China nickel-molybde-
num belt. The ore deposit is located in the southern portion
of the Songlin dome and has a lateral equivalent in the aban-
doned Xintugou (Tianeshan) mine area to the east (Fig. 1b).
The ore-bearing Niutitang Formation can be divided into six
lithological units from the bottom upward, as follows (Zeng
Mingguo, 1998):

1. An iron-manganese oxide-rich weathering crust which
occurs in discontinuous lenses on the undulating paleosurface
of the Sinian Duoshantuo dolomite (0—-0.3 m in thickness).

2. A brownish to black uranium-rich phosphorite material
intercalated with lenses of dolomite (about 0.5 m in thick-
ness). The stratigraphic equivalent of this unit is mined for
phosphate in certain localities and there can reach several
meters in thickness.

3. An organic carbon-rich hydromica claystone-shale inter-
calated with lenses of phosphorite or phosphatic nodules.
Collophane contains 200 to 300 ppm U, and the concentra-
tion of Mo, Ni, V, Y, and light REE in the claystone locally
reaches economic grade. This layer is about 0.5 to 2.5 m thick.

4. An Ni-Mo-PGE-Au-bearing sulfide ore bed, locally dis-
rupted sulfide microlenses, and flat pebblelike conglomer-
ates. Contacts with overlying and underlying units are sharp.
The ore bed is continuous over a several-kilometer strike
length with a thickness of 5 to 30 cm on average in the east-
ern part, and 20 to 50 cm in the western part. The maximum
thickness is 2 m. The Ni-Mo sulfides occur laminated (Fig.
2a), in pods, and with nodular textures (Fig. 2b-f) within car-
bon-rich hydromica claystone-shale.

5. Organic carbon-rich hydromica claystone-shale, known
as the Mo-V-bearing stone coal layer. This layer has up to 35
wt percent Cgunic and contains 0.1 to 0.3 wt percent Mo, 0.05
to 0.2 wt percent Ni, and 0.05 to 0.9 wt percent V.

6. Carbonaceous hydromica claystone-shale (>100 m in
thickness).

Detailed stratigraphic information and measured sections
of the terminal Neoproterozoic to Cambrian boundary in
south China can be found in Steiner (2001), Steiner and Erdt-
mann (2001) and Steiner et al. (2001).

The ore consists of laminated metal-rich material and
polymictic intraformational nodules. The nodules are <1 to 3
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mm long and occur as a mixture of heterogeneous microcrys-
talline assemblages of Fe, Mo, and Ni sulfides and a colloid-
like Mo-S-C phase (Fig. 2), together with organic debris,
quartz, carbonates, clay minerals, and apatite. The main host
for molybdenum is an amorphous to weakly crystalline Mo-S-
C mixed layer phase which recently was identified with the
approximate formula (Mo,Fe,Ni);(S,As)sCy, (Kao et al,
2001). The Ni-Mo-rich colloidal aggregates (or nodules) are
ellipsoidal or spherical in shape and show recrystallization to
very fine grained mineral assemblages around nodule margins
or along fractures (Fig. 2). Nickel occurs mainly in vaesite and
bravoite dispersed through the colloidal Mo-S-C nodules. Ni-
bearing pyrite is the most abundant sulfide mineral; minor
ore minerals are millerite, gersdorffite, chalcopyrite, spha-
lerite, tennantite, and covellite. The proportion of sulfide
minerals to the Ni-Mo-rich colloidal nodules is about 1 to
4-5, with the sulfide mineral proportion increasing from the
bottom upward in the ore bed.

There are also sulfide microveinlets occurring among or
cutting through the colloidal nodules. All ore minerals are an-
hedral. Gangue minerals in the ore bed are hydromica, illite,
sericite, quartz, calcite, barite, apatite, and collophane. Pyro-
bitumen is abundant and occurs in wavy laminations and
knots (C,,ganic up to 11 wt %). The ore contains abundant mi-
crofossils ?cyanobacteria, acritarchs, algae, sponges; Murow-
chick et al., 1994; Lott et al., 1999; Steiner et al., 2001).

The organic-rich, claystone-shale footwall of the ore layer
has locally abundant barite and gypsum (Coveney et al.,
1993), as well as phosphorite concretions. The abundance of
V and Cr is about 10 times higher than that of the polymetal-
lic sulfide layer, whereas Ni and Mo are about 10 times less
abundant than that of the sulfide layer. Microfossil material is
abundant and sulfide replacement of microbial mats within
the sulfide layer is common. Highly variable %S values and
fine-scale cyclic variations (SHRIMP 6*S data of —26 to
+22%o0 over a 0.2-mm distance in a pyrite nodule) point to
bacterial sulfate reduction under conditions of sulfur limita-
tion (Murowchick et al., 1994).

Re-Os Isotope Analysis

Seven 1- to 5-kg bulk ore samples from the Huangjiawan
mine were analyzed (Tables 2 and 3). The samples are from
fresh open-pit mining faces and were crushed, split, and
ground to <100-um grain size. The isotope analyses were
done in the Re-Os laboratory of the National Research Cen-
ter of Geoanalysis, Chinese Academy of Geological Sciences,
Beijing. Enriched "Os and enriched »>Re were obtained
from the Oak Ridge National Laboratory. The standard
reagents (NH,),0sClsand NH,ReO, for calibration of spikes
were spectroscopically pure products of the Johnson Matthey
Company of Great Britain. These were dissolved in HCI to
produce standard solutions (Du Andao et al., 1995).

A Carius tube digestion was used (Shirey and Walker, 1995)
whereby a ~0.1-g sample is loaded in a thick-walled borosili-
cate glass ampoule together with 1°°Os and >Re spike solu-
tions and 6 ml of 15 M HNO; and 2 ml of 12 M HCI. While
the bottom part of the tube is frozen, the top is sealed using
an oxygen-propane torch. The tube is then placed in a stain-
less steel jacket and heated for 12 h at 230°C. Upon cooling,
the tube is immersed in an ethanol-dry ice slush, the neck of
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F1c. 2. Photographs of polished Ni-Mo ore samples (plane light) from the Huangjiawan mine. Abbreviations: mo-ni = col-
loidal molybdenum- and nickel-rich sulfide nodules; occ = organic carbonaceous material; Py = pyrite. a. Laminated fabric
of Ni-Mo-rich sulfide nodules (gray) intercalated with carbon-rich hydromica claystone (dark). b. Colloidal Ni-Mo-rich sul-
fide nodules (light) and pyrite in carbon-rich hydromica shale and clastic debris (dark). c. Recrystallized pyrite and Ni-bear-
ing pyrite in colloidal Ni-Mo-S nodules. d. Recrystallized fine-grained pyrite in rim zones of colloidal Ni-Mo-S nodules. e.
Fine-grained pyrite intergrown with colloidal Ni-Mo-S phase. f. Pyrite microveinlets in Ni-Mo-S nodules.

the tube is broken, and the contents of the tube are poured
into a distillation flask and the residue washed out with 40 ml
of deionized (18 M3) water.

The Os is separated by distillation as OsO, three times. In
the first distillation step, OsOy is trapped in 10 ml of water.
The residual Re-bearing solution is saved for Re separation.
The water trap solution plus 40 ml of water is distilled a sec-
ond time. The OsO, is trapped in 5 ml of 8 M ultrapure HBr,

and the Os-bearing HBr solution is kept for 4 h at 80°C. The
trap solution is transferred to a Teflon vial for microdistilla-
tion (Birck et al., 1997). The last trap solution of 10 ul of HBr
is used for negative thermal ion mass spectrometry (NTIMS)
by a Finnigan Mat-262 instrument.

The Re-bearing solution is evaporated to dryness, 1 ml of
water added, and then heated to near-dryness twice. Ten mil-
liliters of 20 percent NaOH are added to the residue solution,
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TABLE 2. Chemical Data for Black-Shale Sample Set (Bulk Rock) Analyzed for Re-Os Isotopes

Conguric Fe Ni Mo Mn Cu v U Pt Pd
Sample no. (wt %) (wt %) (wt %) (wt %) (ppm) (ppm) (ppm) (ppm) (ppb) (ppb)
HJW-1-1 11.4 13.15 3.35 3.71 360 2,240 921 287 406 347
HJW-1-3 10.2 10.62 2.33 4.06 336 2,260 1,020 105 337 291
HJW-2-3 10.3 13.40 4.05 4.24 322 3,770 992 120 477 451
ZHL-7 11.1 12.71 3.39 3.98 292 2,690 852 168 460 446
ZHL-7-1 13.4 11.68 3.90 9.29 331 2,690 1,940 52 360 338
ZHL-7-2 12.1 10.97 4.78 7.68 193 2,290 1,390 93 386 403
ZHL-7-3 12.0 12.48 3.67 7.06 385 2,280 1,310 158 408 408

Pt and Pd data from Ni sulfide fire assay with ICP-MS finish (error is estimated at <10%), C,yguic by Leco carbon analyzer, other elements by ICP-AES
after acid digestion (HCI-HNO;-HF-HCIO,); all analyses at the National Research Center of Geoanalysis, Beijing

TABLE 3. Re and Os Abundances, Isotope Ratios, and Model Ages for Ore Samples from the Huangjiawan Mine, Guizhou

Sample no. Weight (g) Re (ug/g) Total Os (ng/g) I8TRe/1%80s 1870s/1%%0s Model age (Ma)
HJW-1-1 0.10103 10.438(42) 133.92(54) 731.2(4.2) 7.397(14) 541 (15)
HJW-1-3 0.10079 10.268(41) 124.35(50) 813.3(4.6) 8.141(15) 541 (14)
HJW-2-3 0.10060 12.682(51) 162.14(65) 736.5(4.2) 7.451(14) 541 (15)
ZHL-7 0.10343 10.901(44) 142.30(57) 700.9(4.0) 7.027(13) 534 (16)
ZHL-7-1 0.10055 12.193(49) 156.76(63) 726.3(4.1) 7.326(14) 539 (15)
ZHL-7-2 0.10156 11.358(45) 152.76(61) 673.2(3.8) 6.876(13) 541 (17)
ZHL-7-3 0.10021 10.856(43) 142.05(57) 705.9(4.0) 7.165(13) 541 (16)

Absolute uncertainties (20) are shown in the last digits in parentheses; uncertainty includes errors in (1) Re and *°Os spike calibrations, 0.1% (20), (2)
magnification with spiking, (3) mass spectrometric measurement of isotopic ratios; model age is calculated with an initial '70s/'"%%0Os of 0.78 and an *"Re

decay constant of 1.666 X 1071 yr! (Smoliar et al., 1996)

followed by Re extraction with 10 ml of acetone. Two milli-
liters of water is added to the Re-bearing acetone solution
that is evaporated to dryness and picked up in 5 ml of 0.8 M
HNOj. Small anion exchange columns are prepared accord-
ing to Markey et al. (1998). About 2 ml of this solution is
loaded on a 0.2-ml anion exchange column (AG-1 X 8,
200—400 mesh resin) followed by a mix of 3 ml of 0.8 M
HNO;, 3 ml of 1 M HCL, and 1 ml of water to wash impurity
elements. Three milliliters of 4 M HNO; is used to elute Re
that is dried-down to one drop for mass spectrometer deter-
mination (Markey et al., 1998). Single Pt filaments (EHPI or
CROSS) were used. Filament loads are ~30 ng Re and ~10 ng
Os, applied with 10 ug Ba (as barium nitrate) and 2 ug Na (as
sodium hydroxide). For both Re and Os, at least five blocks of
analyses comprising 10 scans each are cumulated.

Average blanks for the total Carius tube procedure as de-
scribed above are ca. 20 pg Re and ca. 7 pg Os with
185T0s/1%0s of 0.81 to 1.4. The analytical reliability was tested
by repeat analyses of molybdenite standard HLP-5 from a
carbonatite vein-type molybdenum-uranium deposit in the
Jinduicheng-Huanglongpu area of Shaanxi Province, China.
Seventeen samples were analyzed over a period of six months.
The uncertainty in each individual age determination is about
0.7 percent including the uncertainty of the decay constant of
!5TRe, uncertainty in isotope ratio measurement, spike cali-
brations, and spike weighing errors. The average Re-Os age
on HLP-5 was 221.3 + 0.3 Ma (95% confidence limit). Me-
dian age and mean absolute deviation were 221.34 + 0.12 Ma
(Du Andao et al., 2001). The same reference material is also
used by the AIRIE Group, Fort Collins, Colorado (Stein et
al., 1997). They produced a median age of 221.30 + 0.24 Ma

on 19 analyses run over a period of 18 months (Markey et al.,
1997).

The decay constant used for ¥"Re of 1.666 X 107! yr! has
an absolute uncertainty of about +1 percent (Smoliar et al.,
1996); however, this error is probably smaller, given the re-
sults by Shen et al. (1996) and Birck and Allegre (1998) which
agree within +0.4 percent of the value reported by Smoliar et
al. (1996).

Results and Discussion

Seven bulk ore sample powders were analyzed for Re and
Os isotopes (Table 3) and a number of major and trace ele-
ments (Tables 1 and 2). Six of the seven samples define an
isochron age of 541 + 16 (20 Ma with an initial '%"Os/'*Os
ratio of 0.78 = 0.19; MSWD = 0.46; Fig. 3). The model ages
for the ore samples are mostly within the range of 541 to 539
Ma, with one sample (ZHL-7) at 534 Ma, which was not in-
cluded in the isochron calculation. The low MSWD implies
little scatter, much different from the earlier study of Horan
et al. (1994). Note, however, that our sample suite is from
only two locations about 5 km apart, with samples taken over
an outcrop length of about 20 m in each locality.

The initial %70s/1%%0s ratio of 0.78 £ 0.19 is similar to that
of other black shales and pelagic clay (Ravizza and Turekian,
1989), but the sample powders are less radiogenic than pre-
sent-day upper continental crust samples from loess and
deltaic sediments (**70s/'%0s = 1.8-2.4; Esser and Turekian,
1993). Their ratio is also slightly different from the initital
185T0s/1%80s ratio of 1.18 + 0.02 recently obtained on Lower
Cambrian black shale samples in the Lesser Himalaya, India
(Singh et al., 1999).
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FI1G. 3. Re-Os isochron plot of Ni-Mo-(PGE-Au) ore samples from the
Huangjiawan mine. ISOPLOT software (model 1) was used to calculate the
isochron age. The regression is based on six points (solid dots), excluding
sample ZHL-7 (shaded circle). Error bars are smaller than the symbols.

The new Re-Os isochron age refines the earlier estimate of
Horan et al. (1994) who found a scatter distribution along a
reference line of 560 Ma, assuming a minimum initial
1870s/1580s of 0.12, similar to that of carbonaceous chondrites
and mantle at that time. Our new isochron age of 541 + 16 Ma
suggests that molybdenum ore formation was synchronous
with the black shale sedimentation. The initial 57Os/*30Os
ratio of 0.78 + 0.19 is similar to that of present-day metallif-
erous pelagic sediments but slightly lower than that of pre-
sent-day average seawater which has 1570s/'%0s = 1.04 + 0.04
(Sharma et al., 1997). The Os isotope composition of seawa-
ter is controlled by continental runoff (170s/***0Os > 1.2), hy-
drothermal input from seawater circulating through the
oceanic crust (1%70s/'%80s = 0.1), and contributions from cos-
mic dust (*¥"0s/*0s = 0.1; Sharma et al., 1997). Pelagic clays
from the North Pacific have been interpreted to indicate a
18705/1880s variation in seawater of 1.0 to 0.3 for the last 58
m.y. (Pegram et al., 1992). It appears that the continental os-
mium component was less important in the polymetallic sul-
fide layer than in the present-day oceans, but it is still within
the variation range of seawater with geologic time.

One data point (ZHL-7) from the seven sample set falls to
the right of the isochron, indicating that Re and/or Os in this
sample was mobile at some time after deposition. Remobi-
lization of Re and Os on a small scale could be the result of
variable interaction with ground water over an extended dia-
genetic history or of weathering (Hannah et al., 2001); how-
ever, we could not detect any textural or mineralogical differ-
ences between sample ZHL-7 and the remaining sample set.
The much larger data scatter in the earlier study by Horan et
al. (1994) may be due to analytical problems in the early stage
of Re-Os geochronology, i.e., incomplete equilibration of
spike and sample or too small a sample size. Also, the samples
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from the study by Horan et al. (1994) were from different lo-
calities several hundred kilometers apart. Given that deposi-
tion was occurring on a continental margin with highly re-
stricted basins, a slight spatial variation in the initial
185T0s/1%0s along the shelf might be anticipated.

The age of 541 + 16 Ma for the sulfide layer is very close to
the currently accepted Precambrian-Cambrian boundary of
ca. 544 Ma (Bowring et al., 1993; Landing et al., 1998), which
suggests a Manykaian age for the polymetallic mineralization;
however, the error range also includes the Tommotian stage
(around 530 Ma) which was proposed as depositional age of
the Niutitang Formation based on biostratigraphic evidence
(Steiner et al., 2001).

The Re-Os age and the initial 170s/'**Os ratio close to pre-
sent-day seawater suggest a synsedimentary ore formation
and a dominantly seawater source for the Re and Os. Rhe-
nium and Os can be scavenged efficiently by anoxic bottom
sediments (Ravizza et al., 1991) and are typically enriched in
black shales; however, most of the researchers who have
worked on the south China Lower Cambrian sulfide layers at-
tribute the extreme metal enrichment to hydrothermal vents
or seepages, with leaching of metals from deeper sources
(Coveney et al., 1992; Murowchick et al., 1994; Lott et al.,
1999; Steiner et al., 2001). Sedimentary-exhalative deposits,
however, commonly have a Cu-Pb-Zn sulfide assemblage, not
the more unusual enrichment of Ni, Mo, Re, and PGE seen
in the polymetallic sulfide layer. The wide lateral extent of the
thin sulfide layer over hundreds of kilometers in southern
China contrasts with the lenticular shape of exhalative de-
posits, which are usually located near hydrothermal vents and
are continuous over only a few kilometers, at most (Large,
1976).

Hydrothermal vent deposits have not been found in the
Lower Cambrian of southern China. Lott et al. (1999) report
fluid inclusion data from quartz-carbonate-fluorite-barite
veinlets (+ base metal sulfides) from the underlying Protero-
zoic dolostone sequence. The fluid inclusions consist of basi-
nal brines (up to 22 wt % NaCl equiv) with homogenization
temperatures in the 60° to 190°C range and were interpreted
by Lott et al. (1999) as representative of the fluid system
which possibly vented at the sea bottom farther up in the
stratigraphic sequence and produced the polymetallic sulfide
layer. Such fluid systems with basinal brine characteristics,
however, are known from all sedimentary basins, including
those in southern China (Liu et al., 1997). Large-scale basinal
brine circulation in the study area is indicated by widespread
collapse breccia in Proterozoic and Cambrian limestone-
dolostone units with traces of galena-sphalerite-fluorite-
barite mineralization (our own field observations), and by the
Mississippi Valley-type strata-bound Pb-Zn ore deposits (Yu-
tang mine) of the Huayuan district in Hunan, found in Lower
Cambrian limestone about 80 km south of Dayong (Zhou et
al., 1983; Peng, 1986; Liu et al., 1997; Boni et al., 2001). Fluid
inclusions from the Huayuan district have homogenization
temperatures in the range of 100° to 180°C and typical basi-
nal brine salinities up to 34 equiv wt percent NaCl (Liu et al.,
1997). Lott et al. (1999) did their fluid inclusion study on
quartz-fluorite veinlets in the same general geographic and
stratigraphic setting as that of Huangjiawan, but we do not
think that their study relates to the fluid system responsible
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for the formation of the polymetallic sulfide layer. We there-
fore would not agree with the conclusions of Lott et al. (1999)
who propose an exhalative-hydrothermal model for the for-
mation of the polymetallic sulfide layer, and we favor a dom-
inantly marine origin for this unusual metal enrichment.

Figure 4 compares element distribution patterns for upper
continental crust, seawater, and the Lower Cambrian sulfide
layer in south China. The primitive mantle-normalized PGE
patterns of the sulfide ore show a terrestrial fractionation pat-
tern not compatible with significant mixing of a chondrite com-
ponent. Further evidence against an extraterrestrial chemical
input are the high U, Sbh, As, Mo, Se, and Re abundances.

The ore layer displays a relatively constant enrichment fac-
tor compared to that of seawater on the order of 10° to10® for
PGEs, Au, Ag, Re, Se, V, As, Sb, Co, Pb, Hg, Re, W, Sb, Zn,
Ni, and Mo (Fig. 5, Table 1). The ore layer is about an order
of magnitude less enriched in the element group Cr-V-U-Ba-
P. The enrichment of the black shale host sequence is similar
to that of the average metalliferous black shale, with an en-
richment factor of 10° to 106 for these elements (not shown;
compare Holland, 1979). Holland (1979) demonstrated that,
in a stagnant basin, the enrichment factor R (concentration of
element i in rock sample/concentration of element i in sea-
water) is related to height of water column (h), water density
(p), sediment accumulation rate (w), and the rate of replen-
ishment by fresh sea water (every 7 years):

R=th- -w)/p-1).
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Fic. 4. Multielement plot, normalized to primitive mantle, for average
composition of south China sulfide layer compared to seawater and upper
continental crust. Data sources for sulfide layer: Fan Delian et al. (1984),
Coveney et al. (1992), Horan et al. (1994), and Steiner et al. (2001). Seawater
data from Nozaki (1997, http:/earth.agu.org/eos_97025¢.html), primitive
mantle and upper continental crust from GERM Reservoir Database
(http://www.earthref.org).
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Holland (1979) demonstrated that metalliferous black
shales can reach the observed enrichment factor of 5 X 10°
for a model of a 1,000-m deep anoxic basin with a replenish-
ment rate once every 1,000 years, and if sediment is de-
posited within the basin at a rate of 0.2 mg cm= yr~'. A 10 to
100 times higher enrichment factor in the ore layer could be
understood as a consequence of a particularly low sedimenta-
tion rate, a particularly short replenishment period, and/or
metal-enriched seawater.

The study by Jacobs et al. (1987) on molybdenum in the
Cariaco trench (off Venezuela) can be used as an example for
present-day metal enrichment in anoxic basins. The Cariaco
trench has an anoxic (sulfate-reducing) water column of 1,000
m with a bottom-water residence time of 100 to 200 years.
The amount of molybdenum in the seawater is 10 ppb (Col-
lier, 1985) which gives a flux of seawater Mo into the basin of
5 to 10 ug cm™ yr!. The proximity of the Cariaco trench to
major rivers of northern South America causes a high bulk
sedimentation rate of around 100 mg cm= yr~. As a result of
the high influx of terrigenous material, the absolute molybde-
num concentration in the Cariaco trench sediments is only 50
to 100 ppm Mo (Jacobs et al., 1987); however, for a low sedi-
mentation rate on the order of a few tenths of mg cm= yr!,
molybdenum would be much less diluted and would reach
the percent level.

Metal fixation by living organisms is unlikely to have con-
tributed significantly to the metal enrichment because in-
terelement relations in marine plankton (Brumsack, 1986;
Piper, 1994) show ratios very much different from the metal
ratios in the sulfide layer, and such material also would have
much more phosphorus than heavy metals. The strong dis-
crepancy between CwZn/Se/Ni/Mo ratios of 6:55:2:4:1 in
plankton (Piper, 1994) compared to approximately 1:3:3:40:
60 in the sulfide layer (Table 1) makes it unlikely that a sig-
nificant fraction of the heavy metals might have accumulated
as biogenic debris (Piper, 1994).



Re-Os DATING OF Ni-Mo-PGE-Au MINERALIZATION IN BLACK SHALES OF SOUTH CHINA

On the other hand, the high amount of organic carbon in
the sulfide layer indicates high biogenic accumulation, and
the redox reactions driven by this organic background could
directly precipitate redox-sensitive metals from O,-depleted
bottom water (Holland, 1979; Piper, 1994). The comparison
of the element distribution patterns of seawater and the sul-
fide layer (Fig. 5), and the interelement ratios with Cuw/Zn/Se/
Ni/Mo proportions of 1:2:1:3:65 in seawater compared to
1:3:3:40:60 in the sulfide layer support this suggestion, al-
though the Ni concentrations indicate an additional fraction-
ation mechanism, most likely changing redox conditions. The
chemical properties of bottom water change in response to
seawater advection, and sampling inevitably averages ocean
conditions over thousands of years of deposition. Given a
modest sedimentation rate of 0.2 mg cm™ yr', a shale sam-
ple 1 cm thick will represent more than 10,000 years of de-
position. Thus, a single sample may record highly variable
bottom-water redox conditions.

The redox state of deep seawater is determined by bacter-
ial oxidation of organic matter and proceeds in a sequence of
oxidation from oxygen respiration to denitrification and on to
sulfate reduction during which, first, O, is consumed, then ni-
trate, and, eventually, sulfate (Froelich et al., 1979). As O, is
renewed in bottom water by advection, the type of respiration
which occurs within the bottom water of a basin represents a
balance between the rate at which organic matter settles out
of the photic zone and bottom-water residence time. The be-
havior of redox-sensitive metals will be controlled by these
changing conditions of bacterial respiration. For example,
vanadium under oxic conditions is in the Hy,VOj state and is
reduced to a less soluble valence state at the low Eh bound-
ary of denitrification, whereas the reduction of CrOi“ occurs
at the upper Eh boundary of denitrification (Piper, 1994). A
series of studies of elemental distributions in marine basins in
which present-day sulfate reduction occurs in bottom waters
(such as the Cariaco trench or the Black Sea) have shown that
the associated sediments are a major sink for elements such
as Mo, Ni, Se, and U (see compilation in Piper, 1994). Since
the concentration of Mo in seawater is much higher than that
of any other heavy metal (Collier, 1985), molybdenum en-
richment in marine sediments is a diagnostic feature of sul-
fate-reducing conditions in the bottom water at the time of
deposition (Jacobs et al., 1987).

In the Cariaco trench and the Black Sea, the entire sulfate-
reducing portion of the seawater column contributes to the
accumulation of the hydrogenous fraction of molybdenum in
the sediments (Jacobs et al., 1987; Piper, 1994). This finding
suggests that precipitation and/or adsorption onto settling
particulate matter, rather than diffusion across the benthic
boundary, is the dominant mechanism of metal fixation, also
corroborated by the lack of a concentration gradient in the
sediment interface below anoxic water columns (Piper, 1994).

The black shale sequence at the Huangjiawan mine displays
elevated U, V, Cr, Ba, and P abundances in the footwall, which
are up to one order of magnitude higher than in the sulfide
layer. This difference in trace element abundance can be un-
derstood as a result of redox conditions which, in the footwall
zone, appear to correspond to denitrifying conditions (i.e., fix-
ation of V and Cr), whereas the high Mo-Ni signature in the
sulfide horizon reflects anoxic sulfate-reducing conditions.
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Downward remobilization of many elements, including Re,
U, Se, Hg, and Mo, is often observed in recent suboxic envi-
ronments, where these elements are dissolved in the upper-
most oxidized sediments and then concentrated at or below
the oxidation front (Thomson et al., 1993; Mercone et al.,
1999; Crusius and Thomson, 2000). This oxidative mobiliza-
tion and reconcentration in deeper sediments, spanning me-
ters of depth, could be an important enrichment process
when a reducing sediment lies exposed to bottom water O, at
a low sediment accumulation rate. This process also could
provide locally metal-enriched seawater, particularly in a re-
stricted near-shore environment. We do not have the data
necessary from geochemical profiles to discuss such a
process; however, an oxic-suboxic boundary which should be
expressed in a color change, is not observed and data on over-
lying and underlying black shale units indicate consistently
high metal contents (ca. 50-100 ppm Mo: Steiner et al.,
2001).

We therefore favor a model of water-column scavenging
similar to that of present-day sulfate-reducing environments
such as the Black Sea and the Cariaco trench, where Mo-en-
riched sediments underlie Mo-depleted water columns (Ja-
cobs et al., 1987; Emerson and Huested, 1991; Helz et al.,
1996). Sulfate reduction produces hydrogen sulfide which
probably plays a key role in the change of the marine behav-
ior of molybdenum from a conservative element to that of a
particle-reactive element (Helz et al., 1996). At seawater pH,
the concentrations of [MoO,]* and [MoS,]*~ are equal at a5
= 10736 (pH 8.3) or 1073 (pH 7.5), and the sharpness of the
transition from molybdate to tetrathiomolybdate species indi-
cates that HS™ acts as a geochemical switch (Helz et al., 1996).
Since HS™ concentrations in natural anaerobic waters range to
values above 10 M, the a5~ switch will be activated in many
such environments. The sulfidation of hard-ligand [MoOi’]
dramatically alters the geochemical behavior of molybdenum
because thiomolybdates and intermediate oxythiomolybdates
are soft ligands that are reactive with many transition metals
and organic matter. Both iron compounds and organic debris
are known to be extremely efficient scavenging agents in sul-
fidic water columns (Helz et al., 1996), and X-ray amorphous
Fe-Mo-S and Mo-S-C cluster compounds have been identi-
fied in the southeast China sulfide layer. The presence of
these compounds attests to their stability over long geologic
time periods (Helz et al., 1996; Kao et al., 2001).

Conclusions

Geologic setting and ore textures suggest a synsedimen-
tary marine origin of the polymetallic sulfide layer in the
Lower Cambrian black shale sequence of south China. The
new Re-Os isochron age of 541 + 16 Ma supports the field
and petrographic observations, i.e., congruency of bedding
and mineralization at the kilometer to millimeter scale. The
interelement pattern of the polymetallic sulfide layer is basi-
cally similar to that of average seawater and displays an en-
richment factor of 106 to 10° for a broad redox-sensitive ele-
ment spectrum. Although this enrichment factor is high,
strong metal enrichment by precipitation-scavenging from
average seawater is possible. Such a process requires a very
low sedimentation rate and replenishment of a stagnant basin
by fresh seawater on a time scale of hundreds of years.
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Synsedimentary block tectonics, sulfide clast pebble horizons,
second-order stone coal (sapropelic alginite) basins, synsedi-
mentary barite and phosphorite deposits, and the general po-
sition of the polymetallic sulfide layer along the passive conti-
nental margin of the Yangtze craton, point to paleogeographic
conditions of stagnant water basins which were episodically
replenished by upwelling oxidized seawater.
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