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Trace metal concentration in black shales can hold 
valuable information regarding ancient deep-ocean 
redox state. The size of marine reservoir of redox- 
sensitive elements (particularly molybdenum and 
chromium) is principally controlled by the extent of 
anoxicity in marine conditions following the onset of 
oxidative weathering post Great Oxygenation Event 
(~2.5-2.3 Ga). Hence, it is considered that coupled 
analysis involving redox-sensitive element/s and pri
mary organic productivity (total organic carbon) may 
provide a clue for redox behaviour of ancient deep 
ocean. Here, we use the redox behaviour of Mo and 
total organic carbon values of Vindhyan shales to 
show that the Vindhyan hydrosphere although 
initiated as a stratified sea with anoxic and sulphidic 
deep water as exemplified by the geochemical charac
ter of the Arangi Shale, the extent and veracity of 
anoxicity and euxinicity was never pervasive. It fur
ther suggests that the Vindhyan hydrosphere devel
oped euxinic deep water only during deposition of 
Arangi, Rampur and Bijaygarh black shale and was 
anoxic but certainly not euxinic during Koldaha and 
Rewa sedimentation. The low concentration of Mo and 
Cr, in general, in argillaceous intervals suggests that 
the Vindhyan Sea behaved as a moderate Mo and dep
leted Cr reservoir. The consistent low concentration of 
Cr within the Vindhyan shales also suggests restric
tion in the availability of Cr in the water column in 
the absence of any significant detrital supply of Cr at 
very low atmospheric oxygen level (<0.1% PAL; 
present atmospheric level).

Keywords: H ydrosphere, prim ary organic productivity , 
to ta l organic carbon, transition  m etals, stable isotope 
chem istry .

B eg in n in g  w ith  a bang, i.e. the G reat O xygenation  E vent 
(GOE) betw een  2.5 and 2.3 Ga, oxygenation  o f  the atm o
sphere has p layed  a pivotal role beh ind  som e profound
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and irreversible changes in  the ea rth ’s history tha t include 
oxygenation o f  the hydrosphere, and advent and d iversi
fica tion  o f  m ulticellu lar life. F rom  proxies, e.g. occur
rence o f  detrital u raninite and pyrite, absence o f  red  bed  
and m ass-independent fractionation  o f  su lphur isotope 
value in  sulphides and sulphates, it is inferred  tha t the 
early ocean-atm osphere  system  w as reduced in  nature. 
W ith  the in troduction  o f  O 2 in  the ea rth ’s atm osphere 
during the early P roterozoic (2 .5 -2 .3  Ga), oceans started 
getting  oxygenated  on a global scale, though  the oxic 
character p rincipally  rem ained restric ted  to the near
surface only1. I t is w idely believed  tha t the deep ocean 
rem ained anoxic2 and/or euxinic fo r a fa ir part o f  the Pro- 
terozoic. This connotation, how ever, d id  not go w ithout 
debate, particu larly  w ith  regard  to the scale o f  deep ocean 
euxinicity and its extent in the basin-/global-scale. Record 
o f  redox-sensitive transition  m etals, viz. m olybdenum  
and chrom ium  from  the P roterozoic chem ical sedim enta
ry record cast doubt on  global-scale ocean anoxia3. 
Indeed, it is d ifficu lt to decipher hydrosphere redox struc
ture in  the absence o f  rem nant seafloor and overly ing 
sedim ent cover o f  the concerned tim e period  since the 
onset o f  subduction as early as in  the E oarchean4.

A ssessm ent o f  to ta l organic carbon  (TOC) from  P ro te 
rozoic shale form ations has received w ide atten tion  in  re 
cen t tim es in  connection  w ith  burial o f  organic m atter 
v is-a-v is as a driv ing force fo r early oxygenation  o f  a t
m osphere and hydrosphere. Sequestration o f  organic m at
te r is considered as one o f  the m ost pow erfu l positive 
feedback  processes beh ind  the increase o f  oxygen flux  in 
the atm osphere by several tim es com pared to its decrease 
by  the decay o f  organic m atter. In  addition  to the eva lua
tion  o f  scale o f  oceanic productiv ity , its varia tion  th rough 
tim e, and TO C values also allow  us to evaluate any arg il
laceous strata in  term s o f  the ir hydrocarbon source rock 
potential. E xtrem ely h igh  positive 0 13C value (~10%o) in  
~2.3 to 2.1 G a carbonates (Lom agundi event)5 is in te r
preted  as a signature o f  greatly  enhanced organic m atter 
buria l in  oceanic sedim ent in  very  low  p O 2 condition  that 
triggered  significant increase in  oxygen pressure
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Figure 1. General geological map of the Vindhyan basin (modified after Krishnan and Swaminath ) showing disposition of lithostratigraphic 
formations within the Son valley and Rajasthan sectors. Black squares represent locations of studied shale sections within the Son valley.

in the atm osphere. In th is backdrop, the p resen t study is 
aim ed at understanding the scale o f  deep ocean anoxicity / 
euxinicity  from  a study o f  redox-elem ent (M o, Cr) geo
chem istry, organic m atter stable isotope ( £ 13C) geoche
m istry and TOC values o f  V indhyan shales deposited
below  storm  w ave base.

Background of the study area

O pening o f  the V indhyan basin  in riftogenic m ode6, re 
current occurrence o f  th ick  shale successions, in som e 
cases exceeding a th ickness o f  —150 m  (refs 7, 8) (Figure 
1) and presence o f  slide, slum p and m ass flow s w ith in  
K oldaha Shale, S irbu  Shale and Lakheri L im estone for- 
m ations9,10 bear undoubted  indication  o f  discrete episodes 
o f  tectonic perturbance and basin  subsidence th rough the 
depositional history  o f  the basin . In addition, p resence o f 
th ick  porcellan ite in the low er V indhyan11-13, kim berlite 
p ipe in trusion w ith in  the K aim ur F orm ation and occur
rence o f  vo lcaniclastics, though  in  subordinate volum e, 
w ith in  the upper V indhyan succession14 convey signature 
o f  therm al agility o f  the basin  all th rough its depositional 
h isto ry . O ccurrence o f  strom atolites and bountifu l ev i
dence o f  m icrobial m at pro liferation  from  d ifferen t strati- 
graphic levels th rough the basin  succession15,16 am ply 
support the contention  o f  organic productiv ity  in  the b a 
sin and thereby, m akes the basin lithopackage usefu l for 
understanding  hydrosphere redox  condition . A s it is

w idely believed  tha t un like m odern  open ocean basins, 
P ro terozoic basins w ere epeiric/epicratonic in character17, 
w e refer to the term  ‘deep sea’ here as a part o f  the sea 
below  storm  w ave base . Sam ples fo r the p resen t study 
w ere collected  from  all arg illaceous intervals, v iz . A ran- 
gi, K oldaha, R am pur, B ijaygarh , R ew a and Sirbu and, 
in particu lar, from  the facies varian t o f  these shale in te r
vals w hich represen t d istal she lf below  storm  w ave depo
sition.

Results and discussion

The m arked concentration o f iron form ation in the Palaeo- 
pro terozoic era (>1.8 Ga) has been  traditionally  construed 
as a proxy fo r oxidation  o f  deep ocean18. The idea is con 
tested  by C anfield and co-w orkers1,19-21 w ith  the notion  
tha t the deep ocean becam e sulphidic instead o f  oxic w ith 
oxygenation o f  the atm osphere. Increase in continental 
w eathering o f  sulphide m inerals w ith  a rise  in  atm ospher
ic oxygen pressure led to the supply o f  m ore reactive sul
phate ions in the m arine realm , w here sulphate-reducing 
bacteria  responded w ith a reduction  o f  sulphate (bacterial 
sulphate redution , BSR) and form ation o f  pyrite , thus 
stripping the seaw ater o f  iron. In fact, a stratified oxic- 
sulphidic ocean m odel (also referred  to as ‘C anfield’ 
ocean)20-22 w as invoked in  the post-1 .8  Ga period  that re 
ceived support from  studies involving oxygen-responsive 
C -S -F e  system atics, M o and Cr iso tope data and
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biom arker signatures; an  oxidized surface layer has been  
envisaged above deep sulphidic, euxinic layer 1 , 1 9 , 2 3 , 2 4 . The 
m odel, though  acknow ledged by m any, received rebuttal 
from  som e corners because o f  lim ited  isotopic variability  
in  sedim entary sulphides and suppressed isotopic fractio 
nation  at extrem ely low  sulphate concentra tion  (5% -15%  
o f m odern values). H ow ever, these m odels leave some 
questions unansw ered, w hich  include the degree and 
ex ten t o f  anoxicity  in  P roterozoic oceans and its b io lo g i
cal im plication  in  term s o f  sequestration  o f  redox- 
sensitive b ioessen tial transition  m etals, viz. Fe and M o, 
essential as m icronutrients fo r life.

The strength  o f  M o as a tracer o f  oxygenation  history 
is acknow ledged because o f  its un ique b im odal geochem 
ical character. P rim ary supply o f  M o in the ocean is as 
m olybdate (M o O ^ ) by  riverine supply 2 5  and because o f  
its long residence in  oxygenated  sea, its concentra tion  b e 
com es g rea ter w ith  tim e than  any other transition  elem ent 
in  seaw ater. One m ajor sink o f  M o in  oceanic realm  is 
sulphidic setting, w here m olybdate is converted  to thio- 
m olybdate (M oO xS4 -x 2 -) and gets rem oved by organic 
m atter 2 6 . A  sim ilar approach can  be applied  using  other 
reduced m etals such as Cr, w h ich  usually  gets bu ried  u n 
der anoxic conditions w ithout any requirem ent o f  free 
sulphide. C hrom ium  is prom ptly reduced from  C r(VI) to 
Cr(III) under the influence o f  ferrous iron  in  suboxic to 
anoxic condition and thereby becom es im m obile and in- 
so luble 2 7 , 2 8 . Therefore, M o and Cr concentrations in  arg il
laceous facies, viz. shale m ay o ffer good proxy fo r 
anoxic/euxinic condition  o f  deep sea and offer a defining 
perspective on  the redox landscape o f  P roterozoic ocean. 
Since the V indhyan  Supergroup registers a  depositional 
history exceeding 600 M a (1631 ± 5 M a; U -P b  zircon  
age from  porcellanite in  L ow er V indhyan and ~1000 M a, 
U -P b  detrital zircon age from  U pper B hander sand- 
stone)1 3 , 2 9 , m apping o f  M o, C r and TO C data from  arg il
laceous intervals th rough  the entire basin  succession is 
considered a unique opportunity  to understand  redox 
structure o f  the V indhyan Sea th rough  late P alaeoprotero- 
zo ic-M esopro terozo ic  tim e. Further, to substantiate 
inference on  the basis o f  TO C and transition  m etal co n 
centration, the study also exam ined carbon isotopic com 
position  o f  organic m atter from  the shale intervals. 
S tudies on  carbon  isotope ( 0 13C) com position  o f  organic 
m atter have established the role o f  environm ental CO 2 

and tem perature on photosynthetic isotope effect3 0  and 
thereby, po ten tia l o f  variab ility  in  organic m atter 0 13C 
data as a tool to decipher relative oxygen pressure in  the 
hydrosphere. H ence, to achieve the desired  objective, the 
p resen t study took  into purview  TOC, M o and Cr ana ly 
ses o f  all shale in tervals o f  the V indhyan lithopackage, 
viz. Arangi, K oldaha, Ram pur, B ijaygarh, R ew a and Sir- 
bu  exposed in  the Son valley , central Ind ia except poorly 
exposed G anurgarh  Shale o f  the U pper V indhyan. In  ad
dition, carbon  isotope ( 0 13Corg) m easurem ents w ere car
ried  out on  organic m atter separated  from  shale intervals,

viz. K oldaha, R ew a and Sirbu shales. H ow ever, rep roduc
ible results could  not be generated  from  organic m atter o f  
R am pur and B ijaygarh  shales because o f  the ir h igh  pyrite 
conten t and hence, are not reported  here.

M o and Cr concentra tion  and TO C values m easured 
from  shale intervals are p lo tted  using  horizontal bars in 
F igure 2, along w ith  M o/TO C  values (Tables 1 and 2). 
Low  M o (0 .2 -76 .6  ppm ), low  M o/TO C  (0 .34-17 .67  ppm  
p er w t%  TOC) and low  Cr (5 4 -1 5 9  ppm ) characterize 
V indhyan shales, irrespective o f  the ir stratigraphic status. 
A lthough  m ost M o values are below  20 ppm , sam ples 
from  B ijaygarh  Shale (three sam ples analysed) and R am 
pur Shale recorded  com paratively h igh  M o (>15 ppm , up 
to 56 ppm ) and M o/T O C  values (9 -1 7  ppm  M o p er w t%  
TOC). It is w orth  m entioning tha t sam ples w ith  h igher 
M o values show presence o f  pyrite. A lso, the generated 
data w ere co llated  against the available literature data 
from  P ro terozoic b lack  shale successions around the 
globe (refs 3, 31 and references therein) (Figure 3 a and 
b). F igure 4 illustrates a  com parative view  on  0 13Corg 
values (Table 3) obtained from  organic m atter in  K olda- 
ha, R ew a and Sirbu shales. W hereas 0 13Corg values in  o r
ganic m atter from  the K oldaha and R ew a shales range 
from  -2 8 .5 %  to - 3 2 .9 %  and from  - 3 2 .1 %  to -3 2 .9 %  
respectively; values obtained from  organic m atter o f  
Sirbu Shale are significantly  enriched and vary betw een  
- 2 3 .1 9 %  and -2 5 .3 0 % . A  clear ~ 3 %  enrichm ent in  
0 13Corg values can  be observed w ith in  organic m atter 
from  the Sirbu Shale.

In o rder to draw  inference from  the obtained data  on 
degree and extent o f  anoxicity /euxinicity  in  the deeper 
part o f  the V indhyan Sea, clue is sought from  m odern 
exam ples so as to reverse engineer and draw  correlation  
w ith  hydrosphere redox structure tha t p reva iled  during 
the P roterozoic. In contrast to the existence o f  num erous 
euxinic basins in  geological records from  w here b lack  
shales, often  w ith  pyrite, are reported, there are only a 
few  exam ples o f  euxinic basins today; the B lack  Sea and 
Caraico basin  (V enezuela) are tw o m ajor m odern  exam 
ples. It is observed from  m odern  basins tha t M o rem oval 
in  the presence o f  organic m atter and other reduced sub
stances is faste r than  tha t o f  oxygenated w ater colum n by 
a fac to r o f  2 0 0 -5000  (ref. 3). This is exem plified  by d ep 
letion  o f  M o in the w ater colum n o f  the B lack  Sea and 
low M o/T O C  value com pared to o ther oxygenated  ocean 
basin s32. In sulphidic ocean, preferen tial rem oval o f  M o 
by  organic m atter and sulphide phases as thiom olybdate 
or te tra-th iom olybdate cause its stripping from  ocean 
w ater colum n resu lting  in  relatively h igh  M o content 
w ith in  m arine shales. C onsidering sulphidic condition  as 
the m ajor cause beh ind  persisten t ocean euxinicity , it may 
be conceived tha t low  M o and low  M o/TO C  values in 
shales are signals tha t non-sulphidic deep ocean condition 
w as dom inant in  depositional history o f  the V indhyan 
Sea. However, according to Scott et al.3, the concentration 
o f  d isso lved  M o in P roterozoic ocean rem ained less than
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Figure 2. A composite stratigraphy of the Vindhyan Supergroup exposed at the Son valley. Compositional ranges (horizontal bars) of Mo, TOC, 
Cr and Mo/TOC ratio within the studied shale formations are also shown. Note consistent low concentration of Mo, Cr and low Mo/TOC ratio, but 
high TOC values within black shale units.

10-20%  o f  the m odern  ocean value for —800 M y fo llow 
ing in itiation  o f  M o cycling  w ith  GOE and hence, poor 
M o concentration  m ay no t be entirely  because o f  sulphid- 
ic deep ocean condition  b u t because o f  low  supply  by the 
river system . A ssessing  the degree o f  iron  pyritization ,
R aisw ell e t a l 33 suggested  tha t only 10% increase in sul- 
phidic pore w ater is su ffic ien t fo r depletion  o f  ocean M o 
reservoir by 90%  in —200,000 years. In  th is backdrop, the 
overall low  M o and low M o/T O C  values in  V indhyan 
shales (Figure 3 a  and b) corroborate w ell w ith the global 
trend and go against the view  o f  extensive sulphidic deep 
ocean in the Proterozoic, as proposed  by C anfield  and co- 
w orkers1,19-21. O nly the A rangi Shale, R am pur Shale and 
B ijaygarh  Shale form ations, w here rela tively  h igh  M o 
concentration, h igh  T O C  and incidence o f  sulphide m in 
eral pyrite are recorded, bear undoubted indication  o f  de
velopm ent o f  deep-basin  anoxicity  v is-a-vis sulphidic 
condition  w ith  coupled burial o f  M o and organic carbon.

The inference, how ever, no t in tandem  w ith  very  low 
to low  C r concentration, points to low er than the average 
crustal value (Figure 5), recorded  in  its shales (Table 2). 
S ubject to  availability  o f  C r(V I) in the w ater colum n,

Table 1. Mo (ppm), TOC (%) and Mo/TOC (ppm/wt%) concentration 
of Vindhyan shales

Formation Sample Mo TOC Mo/TOC

Sirbu Shale N7-28 0.6 0.67 0.88
N8-29 0.2 0.55 0.36
N9-29 0.6 0.36 1.66
SBS-6 0.6 0.72 0.83
SBS-8 0.8 1.07 0.74

Rewa Shale PS-3 0.5 0.55 0.90
PS-4 6.2 0.84 7.38
PS-5 0.3 0.68 0.44

Bijaygarh Shale BGS-1 56.1 3.20 17.52
BGS-2 54.6 3.08 17.67
BGS-3 30.64 3.15 9.72

Rampur Shale BS-1 15.1 3.62 4.16
BS-2 18.2 1.45 12.5

Koldaha Shale KSK-1 0.8 0.86 0.92
KSK-2 0.2 0.57 0.34
KSK-3 2.4 0.44 5.39
KSK-4 0.5 0.48 1.02

Arangi Shale B-30 76.6 8.43 9.08
B-31 10.5 8.18 1.28
B-33 7.17 4.4 1.62
B-36 16.64 6.9 2.41
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Table 2. Cr (ppm) and Ti (ppm) content of Vindhyan shales units

Formation Sample Cr (ppm) Ti (ppm) Formation Sample Cr (ppm) Ti (ppm)

Sirbu Shale N-1/28 146 5698.61 BGS-7 70 6523.41
N-2/28 109 5623.63 Rampur Shale RN1 116.48 5398.68
N-3/28 105 4573.88 RN2 117.55 2924.28
N-4/28 88 5023.77 RN3 118.47 3899.05
N-5/28 82 4198.97 RN4 115.89 4498.90
N-6/28 112 5548.65 BS1 114 2324.43
N-7/28 80 4723.85 BS2 112 5323.70
N-8/28 80 5023.77 BS3 117 4348.94
N-9/28 101 4948.79 RS1 116 5923.55
N-10/28 95 4423.92 RS2 112 6223.48

SS-1 131 4273.96 RS3 110 6148.50
SS-2 78 4948.79 Koldaha Shale KSK1 116.66 5848.57
SS-3 86 5473.66 KSK2 114.02 6673.37
SS-4 93 5248.72 KSK3 114.72 6673.37
SS-5 97 5398.68 KSK4 114.02 6823.34

SBS-3 83 5098.76 KSK5 114.43 6223.48
SBS-4 101 4948.79 KS1 110.23 4648.86
SBS-5 139 4798.83 KS2 112.32 6748.35
SBS-6 124 5248.72 KS3 114.52 6673.37
SBS-7 84 5398.68 KS4 115.62 6898.32
SBS-8 91 4873.81 GS1 84 3974.03
SBS-9 99 5173.74 GS2 58 4049.01
SBS-10 159 4648.86 GS3 56 3974.03

Rewa Shale PS1 113.25 5398.68 GS4 54 3899.05
PS2 109.35 6223.48 GS5 56 3749.08
PS3 112.6 7798.10 GS6 67 3974.03
PS4 112.5 7198.25 GS7 57 4049.01
PS5 111.76 9372.72 GS8 74 4049.01
PS6 113.47 9297.73 KDS0 86 3824.07
JS1 113.12 9522.68 KDS1 85 3974.03

Bijaygarh Shale BGS-1 106 5473.66 KDS2 104 3899.05
BGS-2 89 5998.54 KDS3 103 4049.01
BGS-3 85 5698.61 Arangi Shale B31 61 2056.46
BGS-4 102 5548.65 B32 70 3081.75
BGS-5 84 5398.68 B34 85 2593.73
BGS-6 79 6073.52 B35 79 2408.74

Figure 3. (a) Mo and (b) Mo/TOC values of Vindhyan shales in the backdrop of corresponding values from euxinic organic-rich shales (black
circles) reported from different parts of the globe during the Proterozoic era3. Note consistent low Mo and low Mo/TOC values in the Vindhyan 
shales except for some samples from the Arangi and Bijaygarh shales. The shaded area refers to the Great Oxygenation Event as defined by sulphur 
isotope data. Ages of Vindhyan shales are approximated based on available geochronologic dates from the basin.

sequestration o f  Cr is likely in  anoxic w ater in  the form  
o f im m obile Cr(III). The low  C r concentration in  V ind- 
hyan shales despite inferred  anoxic character o f  deep w a

te r m ay possib ly  be because o f  low  C r availability  in  the 
w ater colum n. V erification  o f  the contention  has been  
m ade from  the m utual rela tion  betw een  Cr and Ti;
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V indhyan shales, irrespective o f  the ir stratigraphic po si
tion, record  lack o f  any linear relationship  betw een  Cr 
and T i (Figure 5); Cr/T i values range from  1.19 x  10- 2  to 
4.90 x  10 - 2 , w ith  an  average o f  2.12 x  10- 2 . A  linear re la 
tionship  betw een  Cr and Ti enrichm ent in  m arine sed i
m ents is in terpreted  as proxy fo r detrital input3 1 , 3 4  and 
signature o f  soluble Cr(VI) oxyanion release by oxidation 
o f  terrestrial, soil-bound Cr(III) in  the presence o f  M n 
oxide and free atm ospheric O 2 . Low  Cr concentra tion  and 
lack o f  C r-T i relationship  in  V indhyan shales rule out 
any sign ifican t detrital C r influx  in  the course o f  V ind- 
hyan sedim entation; instead, observed Cr values are 
in terpreted  as a resu lt o f  authigenic enrichm ent (cf.
Cole 3 5 ).

Sarkar e t a l. 2 4 , on  the basis o f  heavy S 34 S values 
(25.5 ±  8 .7 % ; n = 42) in  sedim entary pyrites from  the

B ijaygarh  Shale Form ation, surm ized stratified  w ater co l
um n fo r the V indhyan  Sea w ith  anoxic and sulphidic deep 
w ater. Trace elem ent (M o) geochem istry and TO C analy
sis carried  out in  the p resen t study strengthen the con ten
tion  fo r the periods o f  A rangi, R am pur and B ijaygarh  
Shale deposition. A t the same tim e, the p resen t data raise 
a  b ig  question  on  extending the hypothesis to the entire 
V indhyan sedim entation  history and considering it as 
over-generalization . Low  M o (Koldaha, 0 .2 -2 .4  ppm ; 
Rew a, 0 .3 -6 .2  ppm ), absence o f  sulphide m ineral and 
relatively low  TO C conten t in  K oldaha Shale (0.44
0.86% ) and R ew a Shale (0 .55-0 .84% ) bear clear ind ica
tion  o f  deposition  under non-euxinic basinal condition. 
Further, very  low  M o concentration, low  TO C sequestra
tio n  and ~ 3 %  enrichm ent in  average S 13C value o f  Sirbu

Table 3. S13Corg concentration (%) of organic matter 
from Koldaha, Rewa and Sirbu shales

Formation

Sirbu Shale

Rewa Shale

Koldaha Shale

Sample code S13Corg (%%)

N-1/28 -25.30
N-2/28 -24.10
N-3/28 -22.75
N-4/28 -23.74
N-5/28 -24.98
N-6/28 -25.12
N-7/28 -24.43
N-8/28 -25.11
N-9/28 -24.45
N-10/28 -24.92
SS-1 -24.54
SS-2 -24.18
SS-3 -23.20
SS-4 -23.75
SS-5 -23.82
SBS-3 -25.03
SBS-4 -23.19
SBS-5 -23.35
SBS-6 -23.68
SBS-7 -23.80
SBS-8 -25.08
SBS-9 -24.86
SBS-10 -23.83
PS-3 -32.1
PS-4 -32.9
PS-5 -31.2
KSK-1 -32.9
KSK-2 -32.4
KSK-3 -32.2
KSK-4 -32.0
GS-1 -31.2
GS-2 -31.3
GS-3 -31.4
GS-4 -31.6
GS-5 -29.9
GS-6 -32.0
GS-7 -30.0
GS-8 -32.4
KDS-0 -28.5
KDS-2 -30.3
KDS-3 -29.5

8'3C(0,,% .

-34 -32 -30 -28 -26 -24
I i I

-22

Sirbu
Shale (n=23)
Rewa
Shale (n=3)

Bijaygarh ~3 5 ,3C(org,%o
Shale ■*---------------►

Rampur
Shale

Koldaha
Shale (n=15)

Figure 4. Range of S Corg values (horizontal bars) obtained from 
organic matter of Koldaha, Rewa and Sirbu shales. Note a significant 
~3% enrichment of S13Corg value in organic matter from the Sirbu 
Shale.

Figure 5. Scatter plot involving Cr (ppm) and Ti (ppm) from Vind- 
hyan shales (open circles), irrespective of their stratigraphy. Mean con
centration and concentration in bulk continental crust are shown as 
black diamond and asterisk. Note consistent, very low Cr concentra
tion, lower than the concentration in bulk continental crust (BCC)41 and 
poor correlation (r = 0.39) between Cr and Ti.
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Shale organic m atter in  com parison  to organic m atter o f  
K oldaha and R ew a Shale form ations b ea r ind ication  fo r 
near-oxic hydrosphere condition  at the tim e o f  Sirbu 
Shale deposition. Several studies have dem onstrated  iso 
tope fractionation  and change in  bu lk  carbon isotope 
com position  during  oxidation  o f  organic m atter36,37. P re
feren tial rem oval o f  12C  by  bac teria l and inorganic ox ida
tion  processes lead to increase in  13C  conten t o f  residue to 
the tune o f  2-3%o, as observed in  the w eathering  profile 
by  C layton and Sw etland38. S im ilar changes in  organic 
m atter £ 13Corg values along  w ith  decline in  TO C and hy 
drogen index w ere also no ticed  by T albo t and L iving- 
stone39, along subaerial exposure surfaces o f  basinal 
sequence. H ence, it is tem pting to relate —3 %  enrichm ent 
in  £ 13C org value o f  Sirbu Shale organic m atter w ith  its 
oxidation history in  near-oxic w ater colum n.

Conclusion

The study concludes tha t the V indhyan  Sea in itiated  as a 
stratified  sea w ith  anoxic and sulphidic deep w ater 
(A rangi Shale), although  the ex ten t and veracity  o f  anox- 
ic ity  and euxinicity  w ere never very  h igh  and pervasive, 
as eviden t from  M o concentration, TOC value and 
M o/TO C  ratio o f  arg illaceous in tervals th rough  the Vind- 
hyan  lithopackage. W hile the p resen t dataset corroborates 
the idea  o f  euxinic deep w ater during  A rangi, R am pur 
and B ijaygarh  Shale deposition, i t  contradicts the idea  o f  
extending sim ilar hydrosphere redox structure during 
K oldaha and R ew a Shale sedim entation. D espite being  
partly  anoxic, as ev iden t from  the occurrence o f  b lack  
shale, the basin  certainly w as not euxinic in  the course o f  
K oldaha and R ew a Shale sedim entation. Possib ly , the 
V indhyan  Sea tu rned  near-oxic by the tim e o f  Sirbu Shale 
sedim entation. M o and Cr data from  the shale intervals 
suggest tha t the V indhyan  Sea acted as a m oderate M o, 
b u t dep leted  Cr reservoir. C onsistent low  concentra tion  o f  
Cr w ith in  shale in tervals, irrespective o f  stratigraphic sta
tus and basin  anoxicity , bears ind ication  o f  the lim itation  
in  availability  o f  Cr in  the w ater colum n in  the absence o f 
any significant detrital supply. W ith  h igh  (>2%  up to 8%) 
TO C conten t and anoxic/euxinic deep w ate r condition  in  
course o f  deposition, the A rangi and B ijaygarh  Shales 
have good po ten tia l as hydrocarbon  source rocks. H ow 
ever, organic m atter type (hum ic/sapropelic) and degree 
o f  m aturation  need to be assessed to take a  final decision  
in  this regard.
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