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The quatitative techniques in the siraugraphic analysis were introduced in hydrocarbon exploraion in India in lale nineteen-sixties. Initially simple statisical meahods were used for dassification and corel ation of poorly fossiliferous sequences. Advanced quantitative lechniques, alongwith computer graphics, were amployed only after 1980, when magnetostraligraphy, automated paleoecological infomatúon-model, RASC program and geohistory analysis ennched the knowledge for scquence stratigraphy and stratigraphic trap exploraticn.
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INTRODUCTION orogenic changes, changes in provenance, changes in 

paleomagncticenergy conditions, reversals and by Suratigraphy, like most geological sciences, is essentially significant celestial changes, and 
empirical, which implies that it is firmly planted in a body 
of organiscd, cumulative observations. lt has two main 

iv) cyclic events including a series of connccted events 
which return to a starting point, and are predictable. 

The study of these events in dctail and thcir application
enables Event Suraigraphy, which has a much higher 

attributes:
i) The irreversible flow of time, and 

ii) events as preserved in the geological record and their resolution. 
spatial and temporal relations. 

The reconstruction of the likely-order and geographic 
Cxlent of events and their placcment within the geological 

time scale provide a frame-work called geological history. 
There are many categories of events, each with special through palcontological events over an area are normally 

propertics and signilicance to geological history. assumed to correspond to time planes. 

The paleontological cvents are results of the continuing 
evoluionary rends of life on earth. They differ from 
physical events in that hey are unique, non-recurTent, and 
that their order is irreversible. Correlation lines established 

Lithostratigraphy, biostratigraphy, magneto-stratigraphy Stratigraphy provides basic framework to hydrocarbon 
and seismic stratigraphy are general classification systems exploraion, which is achieved through stratigraphic 
of such categories. Internaional Sub-commission on zonation, facies analysis and correlation. Quantitative 
Stratigraphic Classification (1976) provides rules for these techniques lead to a more objective suratigraphy and a better 
systems for achieving precision and uniformity. understanding of limitations. Such techniques include: 

Stratigraphically significant categories of events include: 
i) Paleontological events characterised by first and their analysis, and 

appearance datum (FAD). range, peak occurrence, 
cO-occurrence and last appearance datum (LAD) of fossil 

1. quanification ofconventional stratigraphic attributes 

2. the application of multiple corelation criteria. 

taxa, HISTORICAL BACKGROUND 
characterised by ii) 

significant bathymetric changes, special environments 
(delta, reef), transgressions, regressions and eustatic quantitative stratigrapher when he defined several of the 

changes, 
ii) episodic events characterized by epeirogenic and 

paleoenvironmental events
Charles Lyell (1830-1833) prubably was the first

Tertiary epochs based on percentage of living moluscan
species. The Lyellian method is statistical as the 

First 'Foundation Day Lecture' of Indian Association of Palynostraigraphers, Lucknow, delivered on 28th October 1991. 
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percentages were derived from massive amounts of data 

(8,000 species and 40,000 specimens) and definitions 
furnished an identification rule for determining the age of 
unknown samples. 

Quantitative stratigraphy languished for about 120 years 
but a major renaissance began in 1950's, which is a mumber of characteristic biometric parameters as outined 
continuing at an accelerated pace. The 1960's and 1970's by Drooger (1952, 1963) and Souaya (1961). Mean values 
have brought a plethora of algorithms. 

An exhaustive review of quantitative stratigraphic 
techniques is not possible here. Some of the most 
Outstanding contributions are: Harbaugh and Merriam investigate the relationship between various parameters. 
(1968), Buzas (1970), Hay (1972), Park (1974), Perrier and The possibility of significant difference between the means 
Quiblier (1974), Schwarzacher (1975, 1980), Hazel (1971), of some parameters in different samples was tested by 
Brower et al. (1980), Mann and Dowell (1978), Brower et 
al. (1979), Reyment (1980), Hardenbol et al. (1981), 
Agierberg and Nel (1982 a,b), Griffiths (1982), Davaud 
(1982), Ghose, (1982), Abry (1984), and Grandstein et al. boundaries between the species defined quantitatively, 
(1985). 

The 

QUANTITATIVE TAXONOMY 

Raju (1974) carried out sudy of Indian Miogypsinidae 
based on simple statistical methods evolved by Drooger 
(1952, 1963). Counts and measurements were caried out on 

and often their standard errors were calculated for ceach 
parameter and for each assemblage they were thought to be 
homogenous. Scatter diagrams were plotted in order to 

application of Student's l-test, following the formula 
suggested by Simpson (1960). All the 16 species of 
Miogypsinidae are defined quantitatively. With he 

intra-basinal and inter-basinal correlation and hence 
quantitative stratigraphic studies received 

encouragement during 1978 with the adoption of IGCP 
Project 148: Quanttative stratigraphic correlation, with the 
main theme as 'Practical applicaions of quanitative 
stratigraphy'. The IGCP-148 has been concemed with the 
development 

Antilleo 
and applicaion of ncw quanitative 

stratigraphic icchniques and new algorithms, which "think" 
along stratigraphic lines of reasoning. 

Quantitative suratigraphy became fcasible with the 
introduction of reliable time scale models based on a careful 

Cushmoni 

Excentrico 
integration of biostratigraphy, magnetostraigraphy, seismic 
slraligraphy and radiometric dating (van Hinte, 1976 a, b, 

Jurassic and Cretaceous: Berggren, 1972; Hardenbol & 
Berggren, 1978, Tertiary). The resultuing linear time scale 
forms the base for most of the advanced quantitative 
SLratigraphic techniques. 

Globulina 

Droogeri 

Thecideoei 
formis 

Indico 
Globulina 

QUANTITATIVE TECHNIQUES IN INDIAN 
STRATIGRAPHY Dehoortii e 

Tani 

The fomative era in Indian stuatigraphy was initiated 
with the formation of Oil and Natural Gas Commission in Bontomensis , Gunteri 

1956. Prior to this date, exccept for parts of Assam-Arakan 
Basin where subsurfacce stratigraphic conurol was adequate, 
strauigraphy of most of the Indian basins was based on the 
knowledge of outcropping sequences. Straigraphic data 
werc insignificant and stratigraphic problems were not even 
properly apprecialed. 

With the intensification of oil exploration, more and more 
subsurface stratigraphic information 

Formosensis 

Complonato 

was generated. 

techniques 
cf. bermudezi z 

ldenification criteria and interpretative 
gradually developed to handle larger sets of data. With the
growth of suratigraphic information and data generation, 
quantitative studics were initiated in the late sixties, and 
since then they allained a sustained growth. 

Text-figure 1. Phylogenenetic relationship and evolutionary history of 
Miogypsinidae (Raju, 1974). Distinct stages in nepionic acceleraion define 
the miogypsinid species quantitaively. 
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Text-figure 2. Showing quantitative biometric parameters utilised by Shukla (1982-1986) for differentúation of nummulitüd species. Scatter plots of these 
parameters for the three nummuliüd species are given in Text-figures 3 & 4. 

were initiated in 1976. After a decade, further studies were 
resumed in 1986, which are aimed at rendering help in 

stratigraphy becomes unambiguous. The study established 
phylogeneic relationship and successfully demonstrated the 
evolutionary. history of miogypsinid 
reasonably short vertical ranges, the Miogypsinidac provide 

a finer biosuratigraphic zonation for latest Oligoccne to 

Early Middle Miocene sequence (Text-fig. 1). 
Raju and Drooger (1978) initiated quantitative studies on 

Indian Planolindernia. The studies for Lepidocyclinidae 

species. With correlation of Oligo-Miocene sections, wherever 
Miogypsinidae are not present. 

The quantitalive criteria in the identification of 
nummulitid foraminifera were formally applied by Schaub 
(1951). Taxonomic standardisation for most of the 
European nummulitid species has since been achieved. 
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Stratigraphic ranges for the European species were refined 
and cvolutionary lineages were worked out. Shukla (1982) 
initiated biometric analysis of Indian Nummulitidae with 
the objective of achieving finer suratigraphic zonations for 
shallow water Paleogene carbonates through taxonomic 
standardisation. Distinctive qualitative characters were used 
in distinguishing important morphometric groups of species 
(Shukla, 
(Text-fig. 2) characterising each species 
morphometric group were established. 

Biometric parameters for about 100 nummulitid species 
have been established. The scatter plots, as an example, for 
the biomeuric parameters of the three morphometrically 
similar species, N. beaumontiN. chavannesi and N. 
pulchellus (PI.1, figs 1,3,5) illustrated in Text-figures 3 and 
4 provide criteria for identification. The quantiative 
taxonomic studies are also being extended to other 
foranincferal genera, including Assilina, Discocyclina, 
Fasciolites and Globorotalia. 

display of Foraminiferal Number, z index, percentageof 
suborders, commulative percentage of taxa, similarity index 

and paleoecology (Text-fig.5), triangular plot for percentage 
of suborders (Text-fig. 6), faunal frequency and range charts 
(Text-figs 7,8), alongwith complete borehole record for 
paleoecological interpretations. Softwares for computation 
and plotting techniques for composite petrographic 
parameters have also been developed. 

The Hutton's principle 'present is the key to the past' 
continued to be the basic assumption in paleoecological 
reconstructions, but precision in the interpretation improved 

alongwith the improvement in the knowledge about the 
recent ecological realms and their inhabiting fauna. As the 
oil exploration techniques advanced, involving the location 

of straigraphic and subtle traps, the demand of accuracy in 
paleoecological interpretations further increased to suite the 

more sophisticated nature of exploration. 

Kalyanasunder et al. (1986) applied appropriate statistical 

and computational 

ecological parameters, developed suitable algorithm for 

computer application and 
identification technique as a paleoecological information 

86). Quantitative biometric parameters 

within a 

techniques for quantification of 

QUANTITATIVE PALEOECOLOGY evolved an automated 

The significance of paleoecology has been apparent to the model. 
petroleum industry for many years. Simple quantitative 
methods were gradually introduced to enhance the accuracy 
of interpretations. The concept of speciation (number of 
ranked species in an assemblage). Foraminiferal Number 
(number of individuals per gram of dry sediment), faunal 
dominance (percentage occurrence of dominant species in a 

population), cummulative percentage 

triangular plots of suborders Textulariina, Milioliina and 

Roaliina, diversity indices (relationship of the number of 

species to the number of individuals in an assemblage) and 

similarity indices (similarity between samples) employed 

alongwith the sedimentary microfacies analysis provide a 

fairly accurate palcoecological reconstruction. Ratios of the 

Lwo faunal groups, differing in their mode of life 

(planktonic/benthonic ratio) have also becn utilised. 
A computer software ECOMOD (ecological modelling) 

has been developed to standardise the paleontological data 

handling (Gancsh & Roy, 1984). The data input constitute 

the list of taxa with absolute numbers or frequency range of 

accordance 

The study incorporates the recent foraminiferal data and 
physico-chemical parameters for more than 100 samples 
from western Continental Shelf of India, between 18°N and 
22°N laitudes. Eight ecogroups (E1-E8) were recogniscd in 
the region in the depth range of 20 m to 2500 m, mainly on 
the basis of bathymetry, characterised by their 

faunal plots, physico-chemical parameters and the faunal assemblages. 
Two 1-D matrices (samples from E1 to E8, alongwith their 
physico-chemical parameters in the rows and taxa in the 

columns), one with 170 species (1-D species) and the other 
with 61 genera (1-D genera) are developed and incorporaied 
in the model (Text-fig. 9). The matching method based on 
Bayesian model is applied, whereby the taxa of an unknown 
ecology are compared with the description and properties of 
each ecogroup in turn, and the best matching ecogroup is 
identified (Text-fig. 10). 

The information model is an online computer assisted 
system developed on VAX 11/780 computer. The input at a 
terminal is sample-wise list of foraminiferal species, with 

their recorded their actual number of individuals. The model can be in with 
occurrence 

stratigraphic/depth levels. ECOMOD output provides 

facilities for an echochcck of all input parameters, 

computational and sorting results on the printer and graphic 

updated and can be applied to any basin by tuning the I-D 
matrix for local conditions. 

PLATE 1 

Showing three Nunmulites species, N. pulchels (1,2), N. beaunonti biometne parameters for these species and their interelationships are given 

(3,4) and N. chavannesi (5,6),, which are morphokog1cally similar. 

Equiorial secions (2,4,6) provide criteria for their differcntiation. The 
in text-figures 3 & 4. 
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Text-figure 3. Scatter plots of biometric paraneciers of the three species illustrated in Plate 1, figure 3. The parameters for N. beawnonti (x) plot 

separately in all the five cases. N. puchellus (A) and N. cha vannesi, (©) are more allied, and can be dilferentiated by the ratio of diamcter and numer of 
scptal filaments (C), and by the ralio of width and height of chanbers (F'). 

CORRELATION equally effect the contemporaneous sedimentation and 
biota. In general, the organic remains are more sensitive 
indicators of thhe depositional environments and serve well A scdimentary sequence represents a suratilicd record of 

the physico-chemical conditions that existed during the to infer the successive environmentat changes. 
deposition of the scdiments. The encrgy factors and 

bathymcury that constitute the environments of deposition established a sequence of paleobathymetric luctuations, 
Pandey and Soodan (1971) studied the microfauna and 
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Text-figure 4. Spiral diagram (A) and chamber pattem (B) for the three species illustrated in Plate l. All the three species can be distincuy differentiated 

by both of the paramelers. 



GEOPHYTOLOGY 

OIL & NATURAL GAS COMMISSION 
WELL:GS-16-1A GODAVARI OFF SHORE 

Author, Kolyonsunder, R. 

PALEOECOLOGY PERCENTACE 6F 
SUBORDEA 

50 

PERCENTAGE OF 
SIAILRRIT 

50 

PERCENTACE 0F CENERA FORAMMIFEAAL 
NUMBER 

0.0 23.8 47.70.0 

- INDEX 

6.5 13. 10 100-0 10 20 30 40 50 60 70 60 90 100bo 100 0 20 40 0 80 100 

E 

718 

181 

L10 

L10 

0 

N" MwtCULo DIMAI LLJOA L1GEN IN DS 88MILIOLIS TamLAN 

Text-figure 5. Computer-graphics showing microfaunal parameters including Foraminiferal Number (number of individuals in one gram of dry sediment), 
index (Fisher relationship index beiween number of species and total foraminiferal count), percentage of foraminiferal suborders and taxa and similarty 

indices, alongwith paleobathymetric interpretation's. 
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the use of the ratios of the two faunal groups, differing in 
mode of their life, as a correlation tool. Pandey and Soodan 
(1971) consider that foraminiferal frequency variations in 
the brackish and deltaic sequences, such as the Barail 
scdiments of Upper Assam, would reflect the subtle changes 
in the environment and can be used as a correlative tool. 
They correlated the Barail succession met in Rudrasagar 
welis. The rend analysis based on the Least Square Method 
was introduced to make the frequency correlation more 
effective. Mohan (1971) correlated Barail sequence met in 
three wells of Geleki Field (Text-fig. 12), where simple 
moving averages were also utilised alongwith foraminiferal 
trends. 

MILIOLINA NELL- 
LCGCND 

HPER SALINE LAGOONS 

NORNL MARINE HARSHEts 

NORNAL NARINE LRGOONS 

HOS1 SHELF SEAS 

HPO seLINE MARSHES 

HYPER SRLI NE NRRSHES 
(HHOLE TRIANGLE) 

RJTRLIN TEXTULARINA 
Vistelius (1961) published a paper on sedimentation ime 

urend function which created considerable interest in 
ireating the quantised sedimentary data as a time series for 
stratigraphic 
experimentally applied Vilstelius's (1961) technique in 
smiall part of Mohand Anticline in the Siwalik hills, south of 
the Dehra Dun Valley (Pers. Com.). Raiverman (1972) and 
Raiverman et al. (1979) covered Himalayan foot-hills lying 
between the rivers Ravi and Yamuna (approx. area 12,000 
sq. km.) in the course of a decade and brought out a new set 

of geological maps using time series correlation. Since these 
correlations are essentially based on a pattern of cyclic 
variation with time in the grain size of the sedimentary 
sequence, the fundamental stratigraphic unit raised by this 
procedure has been termed 'ENSEQ' (abbreviated from 

energy sequence; Raiverman et al., 1983). Eight ENSEQS 
have been recognised in the Cenozoic sequence of the 
Himalayan foot-hill fold belt (Text-fig. 13). Raiverman 
(1985) recommends that multivariate approach should be 
applied to identify each ENSEQ. 

Ranga Rao and Kunte (1985) applied Markov-chain 
analysis to the sedimentological data collected from the 
Lower Siwalik sequence of Jammu Hills, for dctection of 
repetitive processes in the deposition of the sequence. They 
opine that the Lower Siwalik sequence of Jammu Hills was 
deposited in a complex fluvial regime. 

Balan et al. (1986) analysed heavy mineral data îrom 
Himalayan foot-hills by factor (R-mode and Q-mode) and 
cluster analysis to identify suratigraphic units and to 

TRIANGLE PLOT FOR PERCENTACE 0F $CRTER 

Text-figure 6 Summary riangular plot showing the fields for different 
environments. Most of the samples in this example have a very high 
percentage dominance of Rotalina and belong to a shallow shelf. Sample 
6, however, is suggestive of hypersaline lagoons. 

correlation. A.T.R. Raju of ONGC 

related ultimately to the local transgressions and 
regressions, in the Kopili Formation met in Disangmukh 
and Rudrasagar wells of Upper Assam. They (Pandey & 

Soodan, 1971, Text-fig. 1) demonstrated the utility of 
paleobathymetric trends in corelation. Simultaneously, 
Gerald R. Strude of Humble Oil and Refining Company, 
New Orleans, opined that in areas of regional transgressions 
and regressions, detemining paleo-water depth fluctuations 
in sections of individual wells aids in the correlation of a 
biozone (Strude, 1971). He illustrated the correlation of 
three South Louisiana wells in different fault blocks by 
utilising paleo-bathymetric trends. 

During the analysis of paleobathymetric trends, Pandey 
and Soodan (1971) observed that the number of rotalids 
(mostly Roralia) in the faunal assembalage 
significanly with the paleobathymetric fluctuations. Mohan 
and Singh (1976), while auemping the correlation of Early 
Miocene carbonate reservoirs of Bombay High Field, 
observed that even a slight paleobathymetric change 
induces a compositional change in the faunal assembalage. 
Thercfore, a quantitative assessment of species dominanee, 
principal associations and percentage variation of species, 
specifically susccpuible to bathymeuric changes, can be 
dircculy utilised for correlation. Mohan and Singh (1976) 
carried out quantitaive assessment of the faunal population 
to cvolve paleobathymeuric curves for the correlation of 
Early Miocene reservoirs in Lwo wells of Bombay High 
(Text-fig. 11). 

Suratigraphic data mostly include observations made 
along regular intervals of üme or space, ideally comprising 
a túme scries. Simple operaions by smoothening time series 
were iniiated in the ONGC during mid-sixies in the arcas 
where stratigraphic correlation was difficult due to the 
absence of index species. Stehli and Grcath (1964) suggest 

varies 

establish Stratigraphic correlation between ditferent 
sections. They observed that lithic fragments in the 
Cenozoic strata (sparsely fossiliferous) bear direet 
relationship with different suages of Himalayn Orvgeny, 
and are significant tool for suratigraphie correluion. 

Advanced quantitaive methods in biosuratigraphic 
correlation make use of the special properties of 
paleontological record, viz., their uniqueness, 
non-recurrent and irreversible ature. The mathematical 

and 

solutions in these correlations view he biostrauigraphie
sequenee as random deviates lrom a true solution. In 
addition to the method of Unitary Association (Guex, 1977; 
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Text-figure 7. A typical example of foraminiferal frequency chart. Instead of faunal frequency (in symbols), exact numbers of the individuals can also be 

recordcd. Program also takes care to calculate Foraminiferal Number and index and is aimed to help in paleoecological interpretations. 

Davaud, 1982) and Multivariate analysis (Hazel, 1977; 

Brower et al., 1979; Reyment, 1979), which have been vertical range, 2) facies independence and 3) widespread 

generally used, specific modcl sludies have recently been geographical distribution. In biostratigraphic, it is desirable 

proposcd for measurement of biostratigraphic attributes, to quantify these attributes. Different fossils have different 

derivation of relative biostratigraphic values (RBV) of relative biostratigraphic value. Values ranging from 1.0 

fauna (Brower et al., 1979; Brower, 1984) and Ranking 

and Scaling (RASC) techniqucs (Agterberg & Nel, 1982 a, 

1982 b). Different fossils have different biostratigraphic values data for species in the multivariate analysis of assemblage 

and complete spectrum exists in time correlation, ranging 
from the index fossil to a species that conveys no uscful 

informaion. Index fossils have three attributes: 1) short 

(ideal index fossil) to .0 for a taxon with no suratigraphic 
information have been developed to quantify the RBV of 

particular species. The RBVs ideally serve to account the 

zones. 
The RASC programme was used to erect the CenozoicC 
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IDENTIF ICATION MATRIX VALUES ARE 
**********---- 

E 1E2 B 
VSP INDEX PERCENT 

CHARACTER 
CHARACTER ********* 

AMMONIA ANNECTENS 
AMMONIA ANNECTENS 
AMMONIA ANNECTENS 
AMMONIA BECCARII 
AMMONIA BECCERII 
A. BECCARII VAR.TEPIDA 
A.BECCARi VAR.TEPIDA 
AMMONIA TATA 
AMMONIA DENTATA 
ANOMAL INA SP. 
BAGGINA SP. 

1-18% 
I1-15% 
16-3 8BX 
1-5% 
6-280% 
-5x 
6-8 
1-10% 
I1-66% 
I-6% 
I-5% 
1-5x 
6-16% 

48.2 
12. 
26.B 
6B.B 

12.0 
26.0 
12.B 
25.5 
26.B 

BOLIVINA SP. 
CIBICIOES REFULGENS 
GYROIDINA SP. 
TEXTULAR IA GRAMEN 
GLOBIGERINOIDES RUBER 
AMMONIA ANNECTENS 
AMMONIA ANNECTENSS 
BOLIVINA SP. 

BULTMINA MARGINATA 
CASSIDUL INA LAEVIGATA 
DISCORBIS SP. 

6-16% 
1-5% 
1-6% 
4-5% 

B.2942 
B.2942 
.2942 
B.2942 
.3249 
1.BI92 
I.8192 
I.B192 
1.B192 
I.B192 

I.D 
26.B 
76.3 

5% 
11-1 16% 
16-80% 12. 

26. 
12.E 

48.B 
4. 

1.8 
26.B 
12. 

-5% 
0-2% 
1-10% 

-5 
0-3% 

63. 
I.D 

BOLIVINA SP, 
BOL IVINA SP. 
BOLIVINA SPATHULATA 

I.B192 
1.øi92 
I.0192 

I.9744 
I.9744 
2.6058 

26.0 
I2.B 
25. 1. 

40.B 

26.3 
68.B 

HYALINEA BALTHICAA 
PULLENIATINA 0BLIQULOCULATA I-6% 
A.BECCARII VAR.TEP IDA 
AMMONIA DENTATA 
AMMONIA BECCARII 
BAGGINA SP. 

-3 
4-16% 
0-2% 
1-20% 
I-1 
1-15% 
I-1B% 
ff-30% 
I-5x 

6-15% 
I-26% 
1-6% 

BOL IVINA SPATHULATA 
8UL IMINA MARGINATA 
CALCARINA CALCAR 

-5% 
1-10% 
6-20% I2.E 

I.B 
-5% 
-3% 

I1-30% 
6-15% 

-25% 
-I% 

2.6058 
2.5058 
2.6058 

CANCARIS INDICUS 
CANCARIS 0BLONGUS 
CASSIDUL INA LAEVIGATA 
CASSIDUL INA LAEVIGATA 
CIBICIDES MCKANNAI 
CIBICIDES MCKANNAI 
CIBICIDES LOBATULUS 
CIBICIOES REFULGENS 
DISCORBIS SP. 
ELPHIOIUM CRISPUM 
ELPHIDIUM INCERTUM 

ELPHIDIUM SP 
EPONOIDE S REPANDUUS 
FLORILUS ASTERIZ2ANS 
FLORILUS SP. 
GLOBIGERINA BULLOIDES 

GLDBIGERINITA GLUTINATA 
GLOBIGERINOIDES CONGLOBATUS 1-5 
GLOBIGERINOIDES RUBER 
GS.ROBER 
GS.SACCULIFER 
GYROIDINA SP. 
GYROIDINA SP. 
HANZAWAIA CONCENTRICA 
HYALINEA BALTHICA 
GLOBOQUROINA DUTERTRI 
PULINIATE INA UBLIQULOCULATA I-5% 

QUINQULOQULINA TROP ICALIS 
QUINQULOaULINA LAMARCKIANA 1-5% 
QUINQUL0QUL INA SEMINULUM 
TEXTULARIA GRAMEN 

TEXTULAR IA GRAMEN 
TRIFERINA SP. 
UVIGERINA CANNARIENSIS 

52.D 28.0 
26.E 
12.B 
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QUINQUL0QUL' INA SEMINULUM 
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FLORILUS SP. 
QUINQULT 
BOLIVINA SPATHULATA 

5B. 
26.2 

2.6858 
2.6058 
2.6058 

2.6058 

26.0 I.B 
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5 
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1-1B% 
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I.D 

f2. 
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I2.D 
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I-18% 
I-1ø 
I1-65% 
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INA LAMARCKIANA 1-5% 

I.B . 8594 
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I2. 
48.2 
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. .337 
5. 0337 
6.0337 

I. 
f.D 

12.0 
I.E 
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1-28% 
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B.E 
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GS.RUBER 

9. 9154 

9.9154 
12. 

I-3% 

-2% 
B-5% 
1-5% 

-5% 
-5% 

6-1B% 
1-25% 
B-3% 

T2.B 
12.0 

1.B 
88. 
12. 

I.B 
12. 

58. 
3549 

12.3549 
18.2452 

I.Y 
25. 
25.B I-23% 

I-5% 
I-10% 
-15% 

T8.2452 
f8.2452 
18.2452 
18.2452 
18.2452 

25. 
-2% 25 

25.B 
1.D -5% 

40. 
25. 

6-25x 
QUINQULOQULINA TROP ICALIS B-5% 

1-I0% 
I-25% 
6-50% 
I-5% 

3.2452 
1-18% 5E.D 2452 
I-3 
4-5% 
1-5% 
1-10% 

18 
25.B0DB 
33.I744 
39. 
SI.5068 

40.E UVIGERINA CANNARIENSIS 
HANZAWAIA CONCENTRICA 
A.BECCARII VAR.TEP IDA 
ELPHIDIUM INCERTUM 

12. 1. 

26. 75. 
---- --=----==-===-=- --------- 

Text-figure 9. An example of 1-D matrix with 39 species, from ecogroup El and E2. A Percentage abundance and per cent probability for selected 39 

species characterising the ecogroups El and E2. B. Vaious Strain Potential (VSP) index per cent for the 39 species alongwith their percentage abundance. 
VSP index per cent helps to assess the merit of the species as a potential ecogroup separator. 

(Gradstein 
Kalyanasunder (1986) have successfully applied RASC 
programme for evolving Neogene foraminiferal stratigraphy 
of Krishna-Godavari Basin, utilizing the fossil event data from 208 
from 7 offshore wells. RASC programme can be easily 
extended to carry out an automated correlalíon. 

foraniniferal stratigraphy of the Canadian Atlantic Margin during 1979 in collaboration with the National Geophysical 
Research Institute, Hyderabad and Wadia Institute of 
Himalayan Geology, Dehra Dun (Ranga Rao et al., 1982). 
Paleomagnetic measurements were carried out for samples 

along 
Parmanandal-Uuerbeni, Balli and Nagrota sections near 
Jammu. Bentonitized tuff bands present within the Upper 
Siwalik sequence were subjocted to absolute daung by 

& Aglerberg, 1982). Srikanth and 

sites of the Upper Siwalik, 

MAGNETOSTRATIGRAPHY fission urack method. 
Direction and intensities of natural remanant magnetism 

The magneLOsuragraphic studics were initiatcd in ONGC (NRM) were measured at the National Geophysical 
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PROGRAM AUTOECO FOR IDENTIF ICATION OF AN UNKNOWN 
WITH PRESENCE-ABSENCE DATA AGAINST AN 
IDENTIF ICATION MATRIX OF PERCENT POSITIVE 
CHARACTERS OF THE TAXA. 
THE NAME OF THE 1D MATRIX IS: I IMAT.DAT 

Q 2 M= 61 

LABEL OF UNKNOWN IS: 
GRAB 4 

GRAB 
EMP:22.5-26.5 SALINITY :35.347-36.999 oXYGEN cONTENT:3.8-6.6 pH:7.85-8.32 

4 BEST IDENTIFICATION IS :E2 (43-50 MTS) 

SCORES TO ON COEFF ICIENTS 1 2 5 

E2 (48-58 MTS) B. 1000000ØE +01 3.44523644E +00 B.2882648B8E +00 
El (30-4B MTS) B.43636166E-08 0.55022281E +00 B.36411592E+08 

CHARACTERS AGAINST E2 (48-58 MTS) 

CHARACTER PERCENT IN TAXON VALUE INUNKNOWN 

A.BECCARII VAR.TEP IDA 
BULIMINA MARGINATA 

6-58% 
B-2% 

12.03 
12.B0 

CHARACTERS AGAINST E1 (30-48 MTS) 

CHARACTER PERCENT IN TAXON VALUE INUNKNOWN 

AMMON IA ANNECTENS 
BOLIVINA SPATHULATA 
FLORILUS ASTERIZANS 
GLOBIGERINA BULL0IDES 
GLOBIGERINITA GLUT INATA 
GS.RUBER 
PULLENIATINA 0BLIQULOCUEATA 1-57 
TEXTULARIA GRAMEN 

11-15% 
3% 

0-2% 
B-15% 
I-20% 
6-25% 

12.D0 
.DD 

12.BD 
1.D0 
1. 
1.BB 

12.DB 
1.D0 1-3% 

ADDITIONAL CHARACTERS THAT ASSISTS IN SEPARATING 
FROM 

PERCENT 
EI (30-40 MTS 

PERCENT 
E2 (40-50 MTS) 

ELPHIDIUM INCERTUM 1-5% 1.0 75. 

Text-rigure 10. An example of best matching ecogroup bascd on Bayesian model. Grab-4 sample from the bathymetric group between 30-40 m was 

selected for testing thee model and compared with El and E2 ecogroups in this sample. The coefficients (WILLCOX PROBABILITY, TAXONOMIC 
DISTANCE, STANDARD ERROR SCORE, GAUSSIAN INTEGRAL and PATTERN DISTANCE) based on VSP index per cent given in Text-ig. 98) 
favour ecogroup E2 as best identification. Characters against ccogroup El and E2 are also separately printed. 

Rescarch Institute, on an astatic magnctomcter. Stability 
Lests were carried out to verify whether NRM is due to the latitudes against the sratigraphic positions of the sampling 
primary magnetization, or it has been introduced by sile in Nagrota scction, where filtcen magncüc reversals 
secondary components afler the deposilion of the beds. 

Alternating ficld (a.f.) demagnetization tochniques wcre 

used for removal of the effect of the secondary components. 
Corrections for bedding orientation were also carricd out. 

Site mean dircctions were calculatcd using the stalistics 

suggested by Fisher (1953). Text-figure 14 shows VGP 

were established. These were correlated with the polarity 
chrons by the evidence of vertebrate fauna and absolute 
ages of the bentonitized uff bands. The Upper Siwalik 
sequence has been dated as Pliocene, Pleistocone (0 - 5 Ma) 

comprising Gilbert, Gauss, Matuyama and Brunhes polarity 
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WELL-D WELL-E 
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- 1350m- 
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-1375m- 

-1400m 

Text-figure 11. Corclation of the Early Miocene reservoirs beiween two wells of Bombay High. Faunal corelaionkis based on palcobathymeiric 
curves. 

chrons. T 
The studies, since extended to cover the entire Siwalik 

sediments, have provided an approach for numerical age 
deteminaion for precise subdivision and correlation of the 
Siwalik strata. 

R m/Ma.. ..(1) 
Ma 

The rates of sedimentation will be more mcangingiul if 
the thickness of units are restored to their initial thickness 
(To) by accounting for compaction. The compaction of 
shales is understood broadly and is beginning to bè known 

Geohistory analysis is a quantitative stratigraphic in case of sands. However, compaction in carbonates is litle 
investigatcd. Perrier and Quiblier (1974) opine that 

paleobathymetric informtion in time depth framework. The calcareous muds have compaction rates similar to those of 
technique in its modern quantified form was first described clays but solubility of carbonate at shallow deph and the 

GEOHISTORY ANALYSIS 

technique that combines the stratigraphic and 

by van Hinte (1978), although relaive ime-depth diagrams development of earlier lithilication may lead to 
werc published much earlier (Lemoine, 1911; Bandy, complexilies in the sequence of compaction. Hardenbol et 
1953). Inspired by the work of van Hinte (1978), the studies al (1981) utilised the porosity dopuh function 
relatcd to Gcohistory Analysis were initiated in 1980 1o 0.7/1+.001z developed by Horowitz (1975), for accounüng 

for the compaction in shaly sediments. For sandstone 
compaction, a relationship between porosity and depth of 
burial has been proposed by Horowiu in Hardenbol et al. 
(1981). They have assumed that reet carbonates undergo 
compaction comparable to the porosity reduction of sand. 

The assignment of numerical ages to the palcotops or They further assume that grain carbonates compact like 
other stratigraphic markers had made it possible to compute sand containing 30% shale, and micrites like shales 

depict iming and magnitude of geologic events in Bombay 

offshore Basin. 

Sedimentation rate 

the scdimentalion rate (R). If the time span of the interval is Conaining 35% sand. 

expressed in Ma (10 ycars) and the thickness (T) in meters, Neither he present thickness (Tp) nor the initial 
thickness (To) can be idealy used for calculation of 'pure then 
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Text-igure 12. Correlation of the Barail succession in three wells of Geleki Oil Field, Upper Assam, uulising arenaceous foraminiferal trends. The top of 
the Barail Main Sandstone has becn marked by electric logs. The lowemost correlation line fa), based on arenaccous foraminiferal trends, corrclates the 

top of a thin sand near the top of Barail Main Sandsione. Simple moving averages have also been considered (after Mohan, 1971). 

between present thickness (Tp) and present depth of burial 
DP. developed by Perrier and Quiblier (1974), to 
dctemine the initial thickness (To). For achieving the 
corelative significance of sedimentation rates, net thickness 
(TN)was graphically determined using the relationship 
established by Gretner and Labute (1969) between initial 
thickness (To) and net thickness TN), 

Mohan (1985, Fig. 8) established sonie porosity-depth 
relationship for Bombay Offshore region as: 

rate of sediment accumulation, which can only be calculated 

from the net thickness (T) 
TN 

R m/Ma..... ****\ 

Ma 

The net thickness (TN) where porosity = 0, can be 

calculated by: 
TN = Tp ( 1-Øp )... 

where Tp is present thickness and Øp. is presert porosity. 
Hinte (1978) 

Sedimentation rates in prediction of ages, deciphering 
Custatuc changes, esimating time span of missing sections 

and the amount of removed thickness (erosional hiatus). 

Mohan and Kumar (1982) established the sedimentation 

rales for the Paleogene and early Neogene sequence of 

Bombay Offshore region. They utilised the relationship 

....(3) 
0.7 

(4) 
1.0025 z 

van emphasised the application of ******i ssassoed 

Where z is depth in meters. He (Mohan, 1985) utilised this 
relationship for calculation of compaction in shale and 
assumed that micrites compact 20% less than shales. 

A comparison of sedimentation rates between Bombay 
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Text-figure 14. Magnetostratigraphy of the Upper Siwalik from Nagrota, 
ncar Jammu (after Ranga Rao el al., 1982). The age of the upper limit of 
Gauss polarity chron is corroborated by absolute age determinalion of a Text-figure 13. Classificai on of Teriary scquence in Ilimalayan foothills, 

bascd on energy sequence (ensq) modclling (after Raivennam, 1985). 

Opuimum grain size ircnd curve has been detcmincd by uilising moving 

averages of 70 data poinis at regular intervals of 10 f 

bentonitic bed by fission and track method (2.31:0.54 Ma). Established 
ranges of vertcbrale fossils in the Upper Siwalik sequence havc also bcen 
incicatcd. 

unconformity by Cxurapolation of scdimentation rate 
(Mohan & Kunar, 1982, figs 5,6,7; Mohan, 1985, fig. 7). 

Offshore region and DSDP silc 219 (Mohan & Kunar, 
1982, fig. 4) suggests that the lucluations in the trcnd of 
sedimentaion rate are of regional naure, at least in the 
Indian region of the Arabian Sea, though actual rales may 
vary at different sitcs according Lo thcir local toctonic 

setuing and by nature and opography of the clastic source. 
The uncorrecied rate of scdimentation (uR, rate without 

accounting for compaction) is uscful in cxtrapolation of age 
at any horizon in estimation of thickness ahcad of bit during 
drilling. Time span of missing sections was establishcd by 
precise dating of he youngest bed from the succession 
below the unconlormity and the oldest bed above the 

Subsidence rates 

The subsidence curve for he bascment can be plotted by 
restoring the sediment column above the bascmcnt to its 
original thickness at various times within the loul 
depositional time span as demonsratcd by van Hinte (1978) 
who also stresses that with shallowing or decpcning the 

amount of subsidence would be, respectively, less than or 
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MODEL OF 
GEOLOGICAL 

COLUMN UNLOADED 
COLUMN 

Sea Level- 

WAT ER 
(03 WDI 

Sea Flobor WD2 
SOLID 

SEDIMENTS 
(2-7) 

BOMBAY HIGHJ SEDIMENTS (S) 

BASEMENT 
.. 

BombayS/ 

CRUST 

Text-figure 16. Location of three selectcd wells A, B and C in Bombayy 

High Region. 
MANTLE 

(3:3) (Rs) is the tectonic rate of subsidence (R), if botom of the 
sequence is the basement 

Total resultant subsidence of the basement is mainly 
caused by accumulating sediment load, lithospheric cooling 
and tectonic activity. Eustatic sea level changes also effect 
the subsidence pattem. Horowitz (1975) suggests an 
isostatic loading model for Airy type of crust to calculate 
subsidcnce due to sediment load, which seems to be 

adequate for a loading correction in most basins as long as 
sediments are more or less uniformly distributed. The 
isostati� comparison is given by the equaion: 

EQUATE 
OVER BURDEN WEIGHTS- 

AT DEPTH OF 
COMPENSATION 

WDI+ S WD2 +MD 

M (WDI WD2)+ S 

MD 726 S 
Text-figure 15. Isolatic backstripping model for Airy ype of crust 

llusuraling the impect of sedimentation on basement subsidence. The 

manue displacement (MD) as a result of scdiment loading is 0.7261 times 

the thickness of the solid sediment column. WDI+S = WD, +MD . (6) ******** 

greater than the sediment thickness (sce Bandy & Arnal, 
1960, fig. 13). Therefore, in order to establish subsSidence water depths and MD is the mantle displacement aler 

raies, paleobath ymetry (one aspoct of the environmeny 1S isostatic adjustment, and WD2 = WD1 +S = MD. 

the most important analysis. Eustatic change during the 

deposition of the unit also effects the paleobathymetry. Rale huscment bclow sea level (WD2), if the sedimentary 

of subsidence (Rs) can be wriucn as: 

Where s is sediment thickness, WDI and WD2 are the 

Stcckler and Watts (1978) opine that depth of the 

column were removed, would be: 

To- (W + E) 
.(5) s Pm-PS (s Ps-PW Oz dz. Rs WD2 = WDI +|. 

Ma o Pm-Pw o Pn-Pw 

Where, To is initial thickness of sediments, W is change in 

watcr depth and E is change in eustatic levcl. 

Rate of subsidence stands for "average rate of wCIC, F is 3.33 gn/cm",, Ps is 2.7 gms/em with no 

Subsidence with respect to sea level", ifE is excluded from POOSy W IS 1.03 gms/cni . Porosity, Oz is considered

the form, and for "average rate of subsidence with respect to 

Ic gcoid, ifE is included in dhe form. Rate of subsidence 
Cquaon (7) can be written as: 

ero lor solid sedimen. Substituting the value of WD2. 
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evolved the exponential subsidence curves for lithospheric 
cooling for the identification of thermal subsidence. PALEOBATH 

00 200m WATER SL 

- Eustatic changes and regional subsidence/uplift 
Hardenbol et al.. (1981) suggested furher improvenments, 

such as correction for eustatic sea level changes. The 

calculation of long tem eustatic sea level changes is based 
on an isostatic comparison of an Airy type crust and is 

given equation: 

PLEIS 

PLIO N2IT 
NI9T 500 m 

6-5 M0 

WD1 + TS = WD2+EF+ MC + Ru. (9) 
Where, WD1 is original water depth, TS is hermal 
subsidence from model subsidence curve evolved Royden et 

al. (1980), WD2 is the present water depth, MC is the 

mantle compensation after an eustatic change and Ru is the 

present day expression of the regional uplift. Hardenbol er 

al. (loc. cit.) determined mantle compensation (MC) effects 

by: 

1000m 

1500m 

I5 MO 
N9T 
N8 T 

MC=BE 

Pm-Pw 

Pw 
...0.45 EF. (10) 

N7 T 2000m 

Where, EF is the eustatic level difference, Pw 1.03 
gn/cm and Pm 3.33 gm/cm°.

Substituting the value of MC,Euation (9) can be 
written as: 

N6 T 

N6 M 

2500 m 

WD1+WD2+TS -Ru 
EF **********. ...(11) 

1.45 
N 5 E Hardenbol et al. (1981). recommend that in ouher than 

water filled basins, isostatic compensation can be achieved 
by rcmoving the sediments and restoring the water depth as 
follow: 

3000m 
N 4 T 

N 3 T 

3500m WD1-(WD2 + WR) + TS - Ru 

PARACON PI9 E 
PARAC P13 T EF= ***°*****°*aa** ..12) 

PARACON PI3 T 1.45 

Where, WR is restored water column after backstripping 
and taking into account unloading adjustment and porosity 
restoration of the underlying section. 

Mohan (1985) suggests that established numerical values 
of the quantificd glcbalsca level changes can be used for 
calculalioin of regional uplift (Ru) and regional subsidence 

(Rs) 
RS 145 EF +(WD2 + WR) - WD1 -TS..(13) 
Ru 1.45 EF -(WD2+ WR) + WDI + TS..(14) 

PARACON PO T 
4000 m 

To4057m

Tex-figure 17 . Siraligrapy and coccology of well c. P8, N21 etc. 
plankinic foruniniferal zones. T = "Top, M = Midule, E = Early, Paracon 

P'araconfomiiy. 

WDI+S-MD=WDIHS Pm-PSdz {s Ps-Pw_ dz...(8)
Jo Pm-Pw o Pm-Pw 

Manle displacement (MD) is a result of sediment 
loading works out to be 0.7261 imes the hickncss of the 
solid sediment column (Text-lig. 15). 

Royden et al. (1980, sec Hardenbol et al., 1981, fig. 6) SuBsidence period (Paleocene-Early Eocene) is not at all 

Mohan (1985) carried out geohistory analysis for three 
wells in Bombay High region (Text-fig. 16). Out of these 
three wells, in two wells A and B, the rapid themal 

documentcd. The well C only has sedimentation 
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representing 
paleoecology illustrated in Text-fig. 17). The toal 
post-Middle Paleocene subsidence curve for the basement at 
the site C (Text-fig. 18) has been plotted by restoring the 
sediment column above the basement o its original 
thickness at various times within total depositional time 
(Table 1). 

The study suggests that most of the Paleogene 
unconformities have been caused by fall in eustatic level 

(Text-fig. 
detemined 
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