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　　Abstract　　Black shales of the Low er Cambrian Niutit ang Formation occur widely on the Yangtze Platform.In this study , we ana-

lyzed black shales f rom two sections(Zhongnan and Zhi jin)in Guizhou Province.The redox-sensit ive metal concent ration and dist ribu tion

of black shales f rom the tw o sect ions provide good evidence for the anoxic condi tions of the basal Cambrian ocean on the Yangtze Plat form.
Our geochemical data suggest that the black shales f rom the Zhongnan section may have deposi ted in a more strongly anoxic envi ronment

than the black shales in the Zhijin sect ion.
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　　The Low er Cambrian black shale sequence occurs

in South China along an arc-parallel linear belt ex-
tending more than 1600 km.These organic-rich black
shales fo rmed in various marine envi ronments and

typically contain higher amounts of molybdenum ,
nickel , vanadium , and a number of other economical-
ly important metals than do any other sedimentary

rocks[ 1 ,2] .Therefore , the study of these black shales

has not only paleoceangraphic implication but also e-
conomic significance.

Marine sediments such as black shale are com-
plex mixtures of detrital phases and seaw ater-derived
materials , and only the latter reco rd paleoceangraphic

conditions and chemist ry of the water mass.In par-
ticular , the redox-sensitive t race metals , such as Mo ,
V , U , Re and Mn , in marine sediments can yield

pow erful information linked to local o r global paleo-
ceanog raphic variability[ 3 , 4] .In this paper , we em-
ployed a new acid-leaching approach for the black

shales in the Low er Cambrian Niutitang Formation in

Guizhou Province to study variation and dist ribution
of the selected redox-sensitive trace metals.This new
approach can avoid bulk analy ses of primary seaw ater

precipitates w ith det rital components , obtain the pri-
mary paleo-ocean seaw ater signatures , and conclude

thei r depositional environments during the Early

Cambrian time on the Yang tze Plat form.

1　Geological setting

The Yangtze Platfo rm exposes well preserved

Sinian to Cambrian sedimentary successions. In

Guizhou Province , the Low er Cambrian Niutitang

Formation consists of a thick black shale sequence

that hosts a conformable Ni-Mo polymetallic ore hori-
zon and other non-metal mineralization such as barite ,
phosphorite and “stone coal” beds[ 1 ,5 ,6] .The Niuti-
tang Formation rests unconfo rmably on the Sinian

Dengying Fo rmation of dolomite.Absolute age deter-
minations for the Early Cambrian st rata in South Chi-
na are very controversial.Recent w ork on Re-Os and

Pb-Pb dating of the black shales and interbedded Ni-
Mo sulfide o res indicates a depositional age for the

black shales of the Niutitang Formation of around 535

M a[ 6 ～ 8] .

In this study , we collected black shale samples of

the Niuti tang Fo rmation from two sect ions , i.e.
Zhongnan section near Zunyi and Zhijin sect ion in

Guizhou Province (Fig .1).The Zhongnan section is

located in the Zhongnan village ～ 10 km west of Zun-



yi Ci ty , and the Zhijin section is located in the

Gezhongwu village ～ 10 km east of Zhijin Town.A
paleogeog raphic environment reconst ruction reveals

that the sedimentary facies at the Zhongnan section

belong to near-shore shelf facies , whereas the sedi-
mentary facies at the Zhijin section is the shallow er

w ater inshore shelf facies(Fig.2).In the Zhijin sec-
tion , phosphorites of the Early Cambrian Gezhongwu

Format ion are overlain by the investigated black

shales , whereas in the Zhongnan section the black

shales direct ly rest unconformably on the dolomite of

Dengy ing Format ion(Fig .3).

Fig.1.　Simplif ied geological map of Yangtze Platform show ing

the studied areas.

Fig.2.　Paleogeographic map of the studied sect ions in Guizhou

Province du ring Early Camb rian(af ter Wu et al.[ 9]).1 , shallow er

water inshore shelf facies;2 , near-shore shelf f acies;3 , deeper wa-

ter near-shore shelf facies.

2　Analytical methods

Black shales contain both authigenic and detri tal

components.The detri tal phases provide information
on the geog raphical provenance of that material and

its t ransport mechanism , whereas the authigenic

phases record seawater chemist ry.Previous studies on
geochemistry of the black shales on the Yang tze Plat-
form usually employed the w hole-rock digestion tech-
nique using HF +HClO4 +HCl+HNO3 , which dis-
solved every thing in black shales and may have mixed

signatures of provenance and w ater mass(e.g .Stein-
er et al.[ 10]).During this study , we used reverse

aqua regia (2∶1 HNO3/HCl)to dissolve the black

shales in an Anton Paar High Pressure Asher HPA-S
inst rument at high temperature (320 ℃)and high

pressure(130 bar).The combination of high pressure

wet decomposit ion in the HPA-S and subsequent mea-
surement w ith ICP-MS or ICP-OES represents a uni-
versal and advanced method fo r the fast and accurate

dissolution and analy sis of a variety of samples such as

organic materials , alloy , and rocks w ith a proven

analy tical reliability[ 11] .By this technique , the authi-
genic component such as sulfide , carbonate , and clay

minerals and organic carbon are dissolved which

largely carries a seaw ater-like chemical signature ,
whereas the det rital minerals such as feldspar ,
quartz , and minor heavy minerals(e.g.zircon)re-
main unat tacked.The dissolved solut ions w ere cen-
t rifuged and separated f rom the detritus.Trace ele-
ments of the sample solutions were then measured us-
ing a Finnigan HR-ICP-MS at the State Key Labo ra-
to ry for Mineral Deposits Research.The analytical

precision of the samples is better than 10%.

Fig.3.　The studied tw o sections of Neop roterozoic Denying For-

mat ion and Early Camb rian Niut itang Format ion in Guizhou

Province.1 , dolomite;2 , phosphori te nodule;3, hiatus;4 , phos-
phorite;5 , black shale.
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3　Results

Four samples of black shales f rom the Zhijing

sect ion and 9 samples of black shales f rom the Zhong-
nan section were analyzed for selected redox-sensitive
trace metals , and the results are listed in Table 1.
Overall , concentrations of Mo , V , Ni , Th and U of

black shales from the Zhijin sect ion are lower , but
M n contents are higher than that in the Zhongnan

section.Compared to the average upper continental

crust value (data from GERM Reservio r Database

ht tp://www .earthref.o rg), Mo and V show 10 ～
300 t imes enrichments , Ni and U show ～ 10 times

enrichment , and Th is only 1 ～ 2 times enriched , but
Sr is depleted.Mn in the Zhongnan section is deplet-
ed , whereas in the Zhijin section , it is 1 ～ 2 times en-
riched relative to the average upper crust.

Table 1.　Result s of ICP-MS analyses of selected t race elements in black shales of the Niu tit ang Formation in Guizhou Province (inμg/ g)

Sample No. Mo V Ni Mn Sr Th U U/ Th V/(V+Ni)

Zhijing S ect ion

GZW-27 79.7 684 278 325 101 23.7 25.5 1.08 0.71

GZW-28 26.2 405 191 1146 104 22.2 13.0 0.59 0.68

GZW-29 25.6 372 176 977 88.9 22.5 13.0 0.58 0.68

GZW-30 23.3 417 143 1142 108 22.9 11.6 0.51 0.74

Zhongnan S ect ion

ZN-28 173 254 167 184 50.8 7.33 21.5 2.93 0.60

ZN-29 42.0 537 26.1 23.4 57.2 11.1 41.2 3.70 0.95

ZN-30 70.2 1234 186 80.9 168 18.3 31.6 1.73 0.87

ZN-31 53.9 8232 42.6 19.0 56.7 69.2 80.9 1.17 0.99

ZN-32 74.4 3168 124 170 229 19.5 57.1 2.92 0.96

ZN-33 80.5 8603 254 126 64.3 22.8 81.0 3.55 0.97

ZN-34 132 11339 308 70.5 75.0 22.6 71.5 3.16 0.97

ZN-35 315 15652 399 61.7 74.4 28.4 66.7 2.35 0.98

ZN-35-1 261 16515 337 89.2 70.4 26.9 80.9 3.01 0.98

Upper C rust 1.5 60 20 600 350 10.7 2.8 0.26 0.75

4　Discussion

4.1　Redox-sensitive metals and their implication fo r

depositional redox environment

Previous studies have demonstrated that concen-
trations of redox-sensi tive metals such as M o , V , U ,
Mn in marine sediments are sensitive indicato rs fo r

paleoceangraphic conditions
[ 3 , 12 ,13]

.The enrichments

of these elements are inf luenced by the follow ing fac-
tors:(1)variations in oxygenat ion of the w ater col-
umn;(2)oxygenation of the bot tom w ater-surface
sediments;(3)concentration of the given metals in

the biogenic sources;(4)portions of the det rital in-
ventory;and (5) secondary enrichment/depletion
processes in geological samples in some cases.

The redox-sensitive metals are usually highly en-
riched in anoxic sediments , sensitive to changes in the

area of seaf loor overlian by oxygen-depleted seaw ater.
As shown in Fig .4 , the enrichment factors fo r re-
dox-sensitive metals in marine sediments vary accord-
ing to the redox conditions[ 3 ,4] .Tow ard more reduc-
ing environment (and elevated primary production),

the concentrations of redox-sensitive metals are in-
creasing.

Fig.4.　A general model for enrichment factors of redox-sensitive

metals in marine sedimen t of oxic , reducing and anoxic environ-

ments(modified f rom Ref.[ 4] ).

4.2　Concentration of M o and its relation to o ther

redox-sensitive metals in black shales

Black shales usually contain elevated Mo[ 14] .In
the Black Sea , sapropelic muds have Mo concentra-
tions up to 188 ppm[ 15] .Black shales of the Niutitang
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Format ion also show high Mo contents of 40 ～
300 ppm[ 10] , not to mention the intercalated Ni-Mo

o re bed w ithin the Niutitang black shale that may

contain up to 5.5 w t% Mo
[ 1]
.Our new data also

show high Mo contents in the black shales f rom the

Zhongnan (Mo=42 ～ 315 ppm)and Zhijin (Mo=23

～ 80 ppm)sections of the Niuti tang Formation f rom

Guizhou Province.The Mo contents are broadly cor-
related w ith the V and U contents(Fig.5), which

are well in accordance with a bo ttom water anoxic

condition.Although Mo and V both behave conserva-
tively in seawater , Mo is particularly useful fo r stud-
ies of bot tom w ater oxygenation because its seaw ater

concentration (10 ppb)is higher than that of other

trace metals
[ 16]

.It can be seen in Table 1 and Fig.5
that black shales from the Zhijin section display low er

M o , V , and U contents than the black shales f rom

the Zhongnan section , which may indicate that the

depositional redox condit ions at Zhongnan are more

anoxic than that of Zhijin.

Fig.5.　Correlat ions of Mo and V , U in the Niut itang black

shales.

4.3　U/ Th and V/(V+Ni)ratios in black shales

Arthur &Sageman[ 13] suggested that U/ Th ra-
tio in black shales is sensitive to the relative inputs of

Th-bearing clay minerals and U is f ixed in sediments

during early diagenesis in anoxic environments.Solu-
ble uranium in its oxidized state must be reduced and

fixed as tetravalent U in the sediments of anoxic

basins as opposed to its unreact ive behaviour in oxic

marine basins[ 12] .The precipi tation of U in the sedi-
ments drives dif fusion of U into pore w aters , and U is

enriched in org anic-rich sediments.It is suggested

that high U/ Th ratio reflects low redox condi-
tions[ 13] .In Fig.6 , the black shales f rom the Zhong-
nan section display higher U/ Th ratios(1.2 ～ 3.7)
than the Zhijin black shales(0.5 ～ 1.1), which again

may indicate a more anoxic environment at Zhongnan

than at Zhijin.

Fig.6.　Correlation betw een U and Th for the Niut itang black

shales.

Compared to Ni , vanadium is apparent ly mo re

ef fectively fixed in sediments in association wi th or-
ganic compounds in anoxic envi ronments[ 17] .Hence ,
variations in the V/(V+Ni)ratio would indicate rel-
ative changes in oxygenation in the w ater column ,
and higher V/(V +Ni)ratios signal more st rongly

anoxic conditions of deposition[ 13] .In a plo t of U/Th
vs V/(V +Ni)for the Niutitang black shales (Fig.
7), the Zhijin samples show low er U/Th and V/(V
+Ni)ratios than the Zhongnan samples.This is also
consistent w ith a mo re anoxic deposi tional condit ion

fo r the Zhongnan black shales.

Fig.7.　U/ Th vs V/(V +Ni) ratios for the Niutit ang black

shales.
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4.4　Mn as an effective indicator fo r bot tom w ater

environment

Fig.8.　Concent rations of Mn and V , Sr in the Niuti tang black

shales.

Mn is an effective indicator of bo ttom w ater con-
di tions due to the sensitivity of i ts solubility to redox

changes.Marine sediments deposited under the oxy-
genated condition show relatively high Mn contents

because Mn4+ precipitates readily as an oxyhydrox-
ide.During reducing and anoxic condit ions , Mn can

be dissolved from the bot tom sediment and diffused

into the overlying anoxic w ater column , leading to

concentrations that are depleted w ith respect to aver-
age shale[ 4] .Fo r example , sediments f rom the Black

Sea and Selwyn Basin that formed under anoxic con-
di tions are commonly depleted in M n

[ 18 ～ 20]
.Quinby-

Hunt &Wilde[ 20] classified four types of redox condi-
tions based on the M n contents in Paleozoic black

shales.Type 1 shales formed under oxic bot tom w ater

conditions and are characterized by relatively high M n

contents(average 1000 ppm).Type 2 and 3 shales

deposited under anoxic condition.Mn is reduced to

M n2+ , and varies between 150 and 310 ppm , but Fe
remains partly bound in oxides in type 2 shales in

contrast to type 3 shales that all the Fe is reduced.In
type 4 shales , the conditions are highly reducing and

characterized by very low Mn (average 75 ppm)and

high V (average 1500 ppm)contents.Accordingly ,
the black shales from the Zhijin section may have de-
posited in relatively oxic conditions due to thei r high

M n(325 ～ 1145 ppm)and low V (372 ～ 684 ppm)
contents(Fig .8).In contrast , the Zhongnan black

shales formed under the highly anoxic condition be-
cause they show low M n contents(19 ～ 184 ppm , av-
erage 92 ppm)and high V contents (254 ～ 16515

ppm , average 7282 ppm)(Fig.8).

In the Black Sea , the carbonate-bearing sedi-
ments display relatively high M n due to the substitu-
tion of M n2+ fo r Ca2+ in calci te[ 21] .In the Zhongnan

and Zhijin sections , the black shales contain negligible

carbonate , and there is no co rrelation between Mn

and Sr contents in the black shales(Fig .8), which

implies that carbonate-hosted M n has no significance

fo r the high M n contents fo r the Zhijin samples.

5　Conclusions

(1)The acid-leaching portions of black shales

can better represent the primary chemical signature of

paleo-oceans.

(2)The redox-sensi tive metal concentration and

dist ribution of black shales from the Niutitang For-
mation can provide good evidence for the anoxic con-
ditions of the basal Cambrian ocean in the Yang tze

Platfo rm.

(3)Black shales f rom the Zhongnan sect ion

show higher concentrations of M o , Ni , V , and U ,
and higher U/Th and V/(V+Ni)ratios than that of

the Zhijin section , suggesting a more st rongly anoxic

environment for the Zhongnan black shales.

(4)Black shales f rom the Zhijin section display

higher M n contents than that of the Zhongnan sec-
tion , reflecting a relatively oxygen-rich depositional

condition during Early Cambrian at Zhijin.

(5)The difference in redox conditions reflected

by the Zhongnan and Zhijin sect ions may imply that

the black shales deposited in dif ferent small basins or

in different palaeoceanic environments in the same

stagnated basin.
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