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UNDISCOVERED PETROLEUM RESOURCES OF SOUTH ASTIA

By John Kingston

ABSTRACT

Undiscovered recoverable petroleum resources in the 15 major basins of
South Asia are estimated. The principal geologic and historic factors
requiring consideration in the assessment, especially for the play-analysis
approach, are described and estimated, and, as required in this approach, are
numerically quantified even though in many cases the information is tenuous.
These estimates are expressed in ranges which are summarized in a play—-analysis
form for each play or basin (Appendix A).

With the play analyses as guides, final ranges of assessments were made
by a consensus of 10 USGS geologists, and the results are shown as probability
curves (Appendix B).

Aggregation of the mean probability for groups of basins within each
country (Table 1, Appendix B) indicates that the undiscovered petroleum
resources of Pakistan amount to 0.35 billion barrels of o0il (BBO) and 34.37
trillion cubic feet (Tcf) of gas; India, 2.91 BBO and 27.83 Tcf of gas;
Bangladesh, 0.09 BBO and 18.91 Tcf of gas; and Burma 1.43 BBO and 8.44 Tef
of gas.



INTRODUCTION

South Asia for this assessment is taken to be the areas of Pakistan,
India, Bangladesh, and Burma. The sedimentary basins considered have an area
of some one million square miles and a volume of 3.4 million cubic miles
(fig. 1). The number of major basins is 15, of which five produce oil and
gas and two produce essentially gas. Exploration of the remaining eight
unproductive basins has reached the drilling stage. An additional 15 minor
sedimentary basins are of such low petroleum potential they are not considered
in this study.

Exploration to date has apparently established original reserves of
approximately 6 billion barrels of oil (BBO) and 50 trillion cubic feet (Tcf)
of gas. "Discoveries"” (or at least appreciable shows) have been made in 10
of the 15 basins being considered.

The purpose of this study is to provide a basis for a quantitative
assessment of the undiscovered recoverable hydrocarbon of the region. To this
end, every appropriate estimate of a geological or historical factor is
quantified numerically even though it may be only a guess; the rationale for
the numerical estimate is explained. Later information may cause the revision
of the number, which then can be plugged back individually into the system,
effecting a corresponding change in the overall resource estimate.

Although background geology is presented briefly as necessary, the focus
of this study is directly on the significant geologic factors concerning
petroleum occurrence. The study is structured to support what is essentially
a play-analysis approach to the assessment of undiscovered petroleum
resources.

The 15 petroleum basins of South Asia, with the exception of the three
0il producing basins, are in an immature to early-mature stage of exploration.
The resulting knowledge of the geologic factors affecting the hydrocarbon
prospects of the area are published in varying degrees of completeness, but
with enough detail for a play—analysis approach rather than relying solely
on gross volumetric-yield analogies to tectonically similar basins.

There are eight generally recognized assessment methods for undiscovered
petroleum: 1. geologic analogy, 2. Delphi, 3. areal yield, 4. volumetric
yield, 5. geochemical balance, 6. field number and size, 7. summation of
prospects, and 8. extrapolation of discovery rate (White and Gehman, 1979).
Four of these methods are commonly used in this assessment: 1. geologic
analogy, 2. extrapolation of discovery rate, 3. volumetric yield (considering
individual geologic factors only), and 4. modified Delphi (our final step
after play analysis). Gross areal and volumetric yield methods are not
herein used. Geochemical balance, field number and size, and summation of
prospect methods usually require more data than available for South Asia and
likewise are not used.

The play—analysis method used here is a modified volumetric yield method
with each of the appropriate geologic factors considered separately (Roadifer,
1979). The analysis is built up of seven principal estimates, i.e., acres of
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untested trap area, percent of untested trap area which is presumed to be
productive, feet of average effective pay, percent of oil (versus gas),
primary oil recovery in barrels per acre-foot (BBLS/AF) (a function of reser-
voir characteristics), gas recovery in thousands of cubic feet per acre-foot
(MCF/AF), and natural gas liquids (NGL) recovery in barrels per million

cubic feet of gas (BBLS/MMCF). The estimates are made in ranges of values

to indicate varying degrees of certainty. These ranges are summarized in

the play-analysis forms shown in Appendix A. For brevity's sake, only the
most likely case, or mode, of each range is used in the text discussion of
the rationale for the various estimates.

The most difficult of the estimates is the first one, that of trap area,
since detailed seismic maps are rarely available. One usually must depend on
extrapolation of available mapped portions of the play area, the estimated
number of future discoveries of average-sized fields, or structural analogs
to tectonically similar plays or basins. In some play analyses, in essence,
we skip over the first estimate and begin with the second one, e.i. "trap area
which is productive” (i.e. potential field area).

As a preliminary guide, the most likely, or mode, probabilities of the
estimated factors have been multiplied together on the play-analysis forms in
Appendix A to give a general overall estimate of the undiscovered recoverable
resources of oil, gas, and NGL.

The reader must be aware that only if all the factors are equally credibly
known can they rationally be aggregated to obtain a realistic overall estimate
of resources. Usually this is not the case, and the amount of resources
actually is controlled by the weakest or limiting factor or factors. For
example, in the Indo-Gangetic Basin of India, the untested traps are so large
and numerous and the reservoirs are so thick that, when multiplied by the
minute probability of the traps being productive, the product could indicate
a reasonable hydrocarbon potential. Actually, the large amount of trap and
reservoir in this case is superfluous, and the petroleum potential is only
negligible, being limited by the lack of source rock. To emphasize this
point, each of the play's description sets forth the overriding limiting
factor, or factors, as a check on the estimates.

The basins of South Asia often have more than one play, but lack of
more precise and detailed data usually requires the lumping of the plays
within the basin. In several basins, however, the plays were too significantly
diverse to be lumped and are handled separately, e.g., the plays of Bombay,
Kutch, Indus, Krishna-Godavari, and Bengal Basins. Future studies of South
Asia will attempt to break out more of the plays for separate handling.

This study is part of The World Energy Resources Program (TWERP) of the
U.S. Geological Survey (USGS) whose objective is to assess the undiscovered
petroleum resources of the world. The petroleum geology as expressed in this
report, including the play analyses, was presented to a board of 10 USGS
geologists, who, after an in-depth discussion and deliberation from the perspec—-
tive of individual experiences, arrived at a subjective consensus as to the
amount of recoverable undiscovered petroleum in each basin or convenient group
of basins. Because the unknown cannot be recorded with precision, a curve of
probabilities better conveys the true nature of the estimate rather than a



single average value. Conditional upon recoverable resources being present,
initial assessments are made for each of the assessed provinces as follows:

(1) A low resource estimate corresponding to a 95-percent probability
of more than that amount; this estimate is the 95th fractile (F95).

(2) A high resource estimate corresponding to a 5-percent probability
of more than that amount; this estimate is the 5th fractile (F5).

(3) A modal ("most likely") estimate of the quantity of resource
associated with the greatest likelihood of occurrence.

The results of the final estimates are averaged, and those numbers are
computer processed by using probabilistic methodology (Crovelli, 1981) to show
graphically the resource values associated with a full range of probabilities

and to determine the mean, as well as other statistical parameters. (See
Appendix B.)

The mean probability is an important objective of this study. It not
only embodies with due emphasis the most likely quantities of the probability
range, but, significantly, includes the appreciably higher but less likely
quantities; that is, it takes into account the possibility of substantial
"sleepers,"” e.g., subtle traps and unknown plays.



REGIONAL GEOLOGY
Geologic History

The basins of South Asia are closely related tectonically to two events:
(1) the Mesozoic break-up of Gondwana, and (2) the continental blocks' north-
ward movement on the Indian Plate and eventual docking at the Tertiary sub-
duction zone on the south edge of the Asian continental mass. The principal
blocks concerned are the Indian Continental Block, the Afghan Continental
Block, the Sunda Continental Block (Burma, Malaysia, Indonesia, Thailand),
and the Asian Continental Block (fig. 2).

The regional events pertinent to the formation of the hydrocarbon
provinces are as follows:

1. Late Jurassic-Early Cretaceous. The pull-apart of India from
Australia-Antartica created a rifted continental-margin along the east coast
of peninsular India and the foreland of the Bengal and Assam Basins, which
resulted in rifted continental margin basin formation with typical horst and
graben structure.

2. Mid-Cretaceous. The pull-apart of India from Africa also created a
rifted continental margin along the west coast of peninsular India and the
foreland of the Indus Basin, which resulted in continental margin basin
formation with typical horst and graben structure.

3. End of Paleocene. The northward moving Indian Continental Block
contacted an Asian fore-arc island or, more likely, the previously-arrived
Afghan Continental Block. The Indian Plate began oblique subduction under
the Afghan and, somewhat later, the Sunda Blocks.

4. Early Eocene. The Indian Continental Block achieved a relatively
stationary and high position, especially in the west (Indus Basin) where it
was wedged against the Afghan Continental Block. Widespread carbonate rocks
developed over the shallow margins of the Indian Continental Block (main
Bombay—-Shelf productive reservoirs), with flysch being deposited over the
oceanic continental crust areas (mainly Bengal Basin vicinity) and deltas being
deposited in grabens of the western pull-apart margins (main clastic reservoirs
of west India).

5. Oligocene. Collisions and subduction of the northward-moving Indian
Block were renewed with the Afghan Block, and possible first contact was made
with the Asian continental mass. Erosion took place in the vicinity of the
Indus Basin, and deposition of deltas occurred in Assam, and probably Bengal,
(main clastic oil reservoir of east India).

6. Miocene and younger. The Indian Plate has continued to move northward,
directly subducting beneath the Himalayas and being obliquely subducted under the
Afghan and Sunda Continental Blocks. The Kirthar Range ("Axial Ridge") of
Pakistan (range between Indus and Makran Basins) and the Arakan Yoma (range
between Bengal and Burma Basins) rose and shed sediments; most sediments (flysch
and deltaic facies), however, derived from Asian continental mass. Fold-
structure formation occurs along the Himalayas, Kirthar Range, and Arakan Yoma.







Regional Trends

This plate action results in a number of basinal and structural trends
listed below with associated basins (fig. 1):

1.

2.

West Indian Rifted Continental Margin - Konkan, Bombay, Cambay,
Kutch Basins, and foreland of the Indus Basin

East Indian Rifted Continental Margin - Cauvery, Palar, Krishna-
Godavari Basins, and foreland of the Bengal and Assam Basins

West Indian Collision Belt = Indus Foldbelt (Kirthar Range,
between Indus and Makran Basins)

East Indian Collision (accretionary) Belt - Bengal Foldbelt, Assam
Thrust Belt (Arakan Yoma, between Bengal and Burma Basins)

North India Trench - Indo-Gangetic Basin and elements of Potwar and
Assam Basins.

Burma largely Fore—arc Trend - Burma and Andaman Basins

Makran Fore—arc Basin - largely an accretionary wedge

Regional Thermal Gradient

The area is generally cool, the average thermal gradient ranging from
1 to 2° F per 100 ft; the area has little of the high-heat trends such as
characterize back-arc basins. An exception is the Bombay-Cambay region where
the heat gradient reaches 3°+ F per 100 ft; coincidentally, this region
contains most of the o0il production of South Asia.



INDIVIDUAL BASIN ASSESSMENTS
Bombay Shelf

Introduction

The Bombay Shelf and Cambay Graben are part of the West Indian Rifted
Continental Margin Trend. They are discussed first, because these more
thoroughly explored basins serve as analogs for the lesser known basins to
be discussed later (fig. 1).

Location and size of area

The Bombay Shelf is on the central part of the eastern continental shelf
of peninsular India and is centered around Bombay. As here defined, it extends
northward from the Panjim (Goa) High (16° N.) to the Saurashtra Arch (about
22° N), including most of the so-called "Saurashtra Basin."” 1It_has an area of
approximately 56,000 mi2 and a sedimentary volume of 140,000 mi3 (figs. 1 and
3).

Exploration and production history

Exploration of the Bombay Shelf led from the successful exploration of
the Cambay Graben, commencing in 1961 and 1962 with marine seismic surveys.
In 1971 the Bombay High was first mapped, and in 1974 the first wildcat was
the Bombay High discovery. As in other basins of South Asia, a single field,
the Bombay High, has a major part of the basin's reserves. Prominent smaller
oil and gas fields are Panna, Bassein, Heera, Ratna, R-9, R-7, South Tapti,
Mid Tapti, Dahanu, (fig. 4). Evidently the offshore seismic data are of good
quality, and the exploration of the Indian 0il and Natural Gas Commission
(ONGC) 1is vigorous; so, even though only a decade has elapsed since the first
discovery, we deem the exploration campaign to be in an early mature stage,
possibly 75 percent complete. During this period several plays were established,
the principal one being drapes over Cretaceous—Paleogene horst/graben features.
Other very subsidiary plays are drag folds, rollovers associated with growth
faults, carbonate buildups, and pinchouts. Exploration to date has resulted
in some 22 discoveries or substantial shows. The wildcat success ratio is
indicated to be about 30 percent (Sahay, 1984), perhaps a reflection of the
good quality of the seismic data.

From various sources, Indian Petroleum and Petrochemicals Statistics
(1981-82) and the Center for Monitoring Indian Economy (1984), we estimate
original recoverable reserves of 2.70 billion barrels of oil (BBO) and 13.35
trillion cubic feet (Tcf) of gas for the Bombay Shelf (a total of 5 BBOE).
Mitra, P. and others (1983) indicate slightly higher quantities, i.e., 18.83
barrels of o0il equivalent (BBOE) in place (or about 6 BBOE recoverable).

Structure
General tectonics
The structure of the Bombay Shelf is that of a typical rifted continental

margin formed when India pulled apart from Africa during the Cretaceous. The
north—-northwest-trending horst and graben structure is indicated on the depth
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to effective basement map (fig. 3) and cross-sections A-A' and B-B' (figs. 5
and 6). This north-northwest—trending rift-structure is transected, in the
northern part of the shelf, by east-northeast trending sinistral wrench faults
such as the Narmanda Fault and parallel faults, which cause the alignment of
Ankleswar Field, the Kosamba and Olpad Fields and, likely, the Saurashtra,
Diu, and Dahanu closures (fig. 4). Listric faults and associated roll-over
anticlines are reported along the shelf edge (Mitra, P. and others, 1983).

Untested trap area

The principal play is for petroleum accumulations trapped in carbonate and
sandstone reservoirs in drapes or fault-closures associated with horst-graben
tectonics (but probably including some indistinguishable traps of drag-fold
origin in the Narmanda Fault vicinity). The area of play is limited to the
so-called platform area (as opposed to the shelf marginal areas) of some
26,000,000 acres (figs. 4 and 5). Excluding the unique giant, the Bombay High,
970,000 acres of trap have been mapped as indicated by the prospect maps of
Sahay (1984) and Berger and others (1983). At this early-mature stage of the
exploration, a decade after the first discovery, we estimate that 70 percent
of the ultimately discoverable trap area (exclusive of the Bombay High) has
been mapped, indicating that 1,390,000 acres of trap (5 percent of the play
area) will eventually be tested. Assuming an area approximately equivalent to
the already mapped trap—area has been tested, 420,000 acres of trap remain to
be tested in this play.

There are additional secondary plays to the drape folds, which apparently
are as yet unproductive although they have been subject to some exploration.
Mitra and others (1983) say there are some 80 leads for rollover and other
growth—-fault associated closures in the shelf margin area of approximately
10,000,000 acres (figs. 4 and 5). The prospect maps of Sahay (1984) and Berger
and others (1983) indicate that about 300,000 acres of trap in 20 separate
structures have apparently been drilled. Assuming these 20, presumably larger
structures, tested half the trap area, there would be 300,000 acres of trap in
60 closures remaining to be tested.

Another secondary play is for accumulations in carbonate buildups and
mud mounds. Mitra and others (1983) indicate more than 200 buildups ranging
in size from 185 acres to 9,400 acres. We estimate from their map that there
are some 250,000 acres of buildup and mud-mound trap areas, little of which
has been tested.

Other possible plays may be Miocene sand pinchouts in the northern deltaic
area and traps in Mesozoic sediments beneath the Deccan traps (assumed as
basement at this stage of the exploration). These latter plays may have some
potential but are speculative and of unknown quantity and are not treated
separately in this assessment.

To summarize the untested trap area, we estimate 420,000 acres remain of
the primary play. Additionally in rather unknown and less prospective plays,
there are 300,000 acres of rollover traps associated with shelf-edge listric
faulting and 250,000 acres of carbonate buildups and mud mounds.

11
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Percentage trap area productive

On the basis of 50 to 60 percent fill in the Bombay High (Rao and
Talukdar, 1980), and nearly 100 percent on the smaller Bassein trend fields
(fig. 4), an average of 60 percent fill is assumed. This, together with the
reported 30 percent success ratio, indicates a petroleum productive area of
about 18 percent of the untested trap area in the principal drape play.

The untested traps of the two main secondary plays, the growth-fault
rollovers and the carbonate buildups, would be less productive. The position
of the roll-over play adjacent to the presumably organically—-poor outer margin
basin indicates less fill. Furthermore, none of the tests to date apparently
have been successful. We estimate that the percentage of trap area productive
is half that of the drape play or 9 percent. Similar factors affect the
productivity of the carbonate traps; the buildups, occurring at the top of
the carbonate section, are surrounded by younger and presumably organically-
poorer shales, and there is no reported drilling success. The percentage of
trap area productive for this play is also judged to be 9 percent.

Stratigraphy
General stratigraphy

The general stratigraphy is displayed in figure 7 showing the correlation
between the Bombay High and Bassein Field. The sedimentary section is limited
to the Tertiary. Except for a basal sand section, the lower part of the
stratigraphic column is dominantly carbonates giving way to clastics, largely
shales, upward in the section but at laterally varying levels; e.g., at Bassein
the top of the carbonates is in the late Eocene and on the Bombay High in early
Miocene. The lateral distribution of carbonates versus clastics, as shown on
section A-A' and B-B' (figs. 5 and 6), is strongly localized by the horst and
graben—influenced bottom—topography. Though the clastics are largely shale,
appreciable thicknesses of delta sands occur in the northern part of the shelf
adjoining the Cambay Basin.

Reservoirs

The producing reservoirs are principally carbonates. As indicated in
figure 7, the significant reservoirs are concentrated near the top of the
carbonate section. On the Bombay High, the producing pay, the L III zone, has
an effective thickness of 56 ft. A second pay, the L II zone, is of unknown
thickness. Since there is no apparent attempt to produce it, we estimate it
to be quite thin, perhaps 20 ft, giving an overall thickness of 76 ft for the
Bombay High reservoirs. The L III zone is made up of a number of thin,
individual reservoirs, each with its own oil-water and oil-gas contacts, so
that a large number of precisely-targeted, deviated holes are required, each
limited in production. This, combined with the general shallowness of the
field of around 5,500 ft, requires a large number of small production platforms
around the structure. It appears that the thinness of reservoirs may be the
overriding factor limiting the hydrocarbon resources of the basin. Other
thinner reservoir zones are present but are evidently uneconomical to produce

15
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at this time (fige. 7). The main reservoirs are micritic carbonates with about
25 percent of the porosity of secondary origin; the overall average porosity
appears to be about 20 percent. Elsewhere in the play area the carbonate
reservoirs appear to be less developed. At Bassein there are 56 ft of net pay.

There are also sand reservoirs in this drape structure play. In a few
wells Paleocene-Eocene basal sands are oil bearing, namely, at the Bombay
High, east of the Bombay High, B-57, and parts of R 12 and R 13 structures of
the Ratna area. These clastic sequences reach thicknesses of 2,000 ft in the
Ratna area, but the amount of effective reservoir thickness appears to be
minor, discontinuous, and of limited area. Also Miocene deltaic sands in the
northern part of the shelf adjoining the Cambay Basin are oil bearing. These
sands appear to be discontinuous and are generally developed in areas where
the carbonate reservoirs are less developed.

We assume that the drape play extends over both the areas of carbonate
and sand development and that the reservoirs of both areas have a comparable
thickness and quality. Considering all factors, we assume that the average
net reservoir thickness probably averages around 60 ft over the play area.

Additional reservoirs of other plays are those involved with the rollover
features associated with growth faults along the shelf margin and those of the
carbonate buildups and mud lumps. No thickness data are available, but the
shelf margin reservoirs are probably thin, possibly averaging 50 ft.

The carbonate buildups are probably several hundred feet thick but the
amount of porosity is unknown. If they have been tested no results have been
published; we surmise that similar to carbonate reservoirs of the drape play,
the effective pay will be thin, perhaps 50 ft thick. The distribution of the
reefs and mounds is discussed under Untested Trap Area.

Seals

Since the section from mid-Miocene upwards is primarily shale, seals
should generally be good. However, there are some nonproductive closures with
0il residues found on the ridge adjacent to the Ratna discovery area (Basu and
others, 1980), and the shallower Bombay High is 50 to 60 percent filled,
while the more deeply covered Bassein trend is nearly 100 percent filled, all
of which may indicate leaking.

Source-rock section

From organic richness and maturity considerations discussed below, the
source section is limited to Paleocene to early Miocene shales.

Generation and Migration

Richness of source

The shales which have enough organic content (Total Organic Carbon
(T.0.C.) >.5 percent) range from Eocene to Early Miocene; the younger strata
are generally deficient (Basu, 1980). It appears, however, that the source

shales are only moderately rich, perhaps not averaging much over 1.0 percent
T.O.C.
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The Eocene to early Miocene strata in the graben area east of the Bombay
High area and in the low around Dahanu are in a generally deltaic facies, and
the organic matter is presumably of terrestrial origin. This origin is
confirmed by the high wax content of the Bombay Shelf oil.

Most of the fields appear concentrated around the graben areas east of
the Bombay High; to date, little oil has been discovered adjacent to the thick
shale depocenter to the west. It is postulated that the organic matter was
better preserved in the graben areas versus the more open-sea area to the
west, and this is confirmed by higher T.0.C. values where sampled.

Depth and volume of mature sediments

The average thermal gradient of the Bombay Shelf is 3°F per 100 ft or
higher. This, together with the rate of subsidence, places the top of the
mature zone at about 5,000 ft. By coincidence, this depth is close to that of
the top of sufficiently rich organic content, thus supporting the limitation
of the source shales to the Eocene-Early Miocene section. With a top at 5,000
ft, the volume of mature (and partly overmature) sediments is 92,000 mi3.

01l versus gas

Production to date from the Bombay Shelf is largely oil, but perhaps
selectively so. On the basis of the terrigenous source and fair seals, it is
estimated that the areal fill of most traps may be 55 percent oil and 45
percent for gas. The rollover/growth-fault play of the margin edge, however,
involves largely a shale section where some primary oil migration may be
impeded so that accumulations may be only 40 percent oil.

Migration timing versus trap formation

Assuming a constant subsidence rate and high thermal gradient through the
Tertiary, generation and migration would commence as soon as the source strata
reach a depth of 5,000 ft (1,500 m), which happened in the shale deeps about
Oligocene time (H3, fig. 4). Although this is somewhat prior to the Bombay
High reservoir and seal deposition (Early Miocene) possibly allowing some
hydrocarbon to escape from the system, the migration timing ensures that oil
could have entered the reservoir early, preserving it to some extent from
later destructive diagenesis.

Limiting Factors

It appears that the single overriding limiting factor regarding
hydrocarbon accumulation is the thinness of the reservoirs.

18



Cambay Graben
Introduction
Location and size of area

The Cambay Graben extends northward on land from the Bay of Cambay (Lat.
21° N.) on the west coast of India (figs. 1 and 8). It is contiguous and
geologically related to the Bombay Shelf. The Cambay Graben has an area some
20,000 mi2 and a sedimentary volume approximately 22,000 mi3.

Exploration and production history

Seismograph surveys began in this area in the middle fifties. The first
wildcat was drilled in 1958 and discovered the Cambay Gas Field. 1In 1960, the
Ankleswar 0il Field, the largest field, containing apparently about half of the
Cambay Graben's reserves, was discovered. Since then a very vigorous exploration
went after more subtle traps, pinchouts, lenses, and very small one-well fields,
leading to the discovery of some 54 o0il and gas accumulations. Although trap
size decreased, a rather high success ratio of approximately 38 percent (or
556 bbls/ft) has continued; however this may be expected to decrease in the
future. We deem the Cambay Graben to be in a mature exploration stage, i.e.
possibly 80 percent complete. From Indian Petroleum and Petrochemical Statistics
(1981-82), we estimate original reserves of 1.17 BBO and 0.9 Tcf of gas.

Structure
General tectonics

The structure of most of the Cambay Graben is that of a typical and
relatively symmetrical graben (figs. 8 and 9). The southern quarter, however,
has apparently been displaced eastward by a series of sinistral wrenches (figs.
3, 8, and 10); the Ankleswar structure appears to be an associated drag feature.
There are a number of plays in the basin (drape closures, drag closures, and
stratigraphic traps), but in the absence of detailed information, the Cambay
Graben is treated as one play.

Untested trap area

By estimate of closure area in a mapped part of the basin (Avasthi and
Venkataraman, 1979), we extrapolate that 6.3 percent of the basin is under
closure (806,000 acres). Owing to the rather mature stage of exploration,
we estimate possibly 80 percent of the Cambay Basin closures have already been
tested, leaving 161,000 acres untested.

Percentage trap area productive

Few data are available concerning hydrocarbon fill. Inspection of the
Nawagam Field cross-section (Mehrotra and others, 1979) indicates a fill of
perhaps 60 percent (although the section does not include the spill point, and
the oil-water contact varies erratically from sand to sand). Sixty percent is
taken to be an average figure for the Cambay Graben. This figure, along with
the historical success ratio of 38 percent, diminishing to perhaps 25 percent,
indicates petroleum production in about 15 percent of the untested trap acreage.
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Stratigraphy
General Stratigraphy

The general sequence is shown in figure 11. This Tertiary section, unlike
the adjoining Bombay Shelf, is made up almost entirely of deltaic shales and
sandstones. The lateral distribution of sandstones and shales is shown diagram-
matically in figure 12, where Eocene deltaic sands may be seen shaling out
southward away from the sediment source.

Reservoirs

The Nawagam Field has an estimated 82 ft of effective sand porosity;
Ankleswar has 62 ft and Cambay 38 ft; others may be thinner, an average is
possibly 60 ft.

Seals

There is considerable shale in the section and seals generally should be
efficient; however, there is a profound Oligocene unconformity just above the
Ankleswar Field reservoirs, so there could have been some leakage. An average
seal efficiency of 70 percent is assumed for the basin.

Source-rock section

From reservoir-shale associations and thermal maturation considerations,
the source rock of the basin is almost surely the Cambay Shale and related
Tarapur Shale. The main reservoir sands of the Cambay Graben interfinger, or
are isolated within, these shales (fig. 12).

Generation and Migration

Richness of source

The chief source strata are the Cambay Shale which have a thickness of
1,500 to 5,000 ft. The average T.0.C. 1is about 2.5 percent with a maximum of
14.08 percent (Berger and others, 1983). The deltaic Cambay Shale (as well
as the Tarapur Shale) should contain mostly terrigenous organic matter, and
this is supported by the fact that the oil of adjoining sands has a uniformly
high wax content. Preservation of organic matter in this graben, partly isolated
from the sea, should be near optimum.

Depth and volume of mature sediments

Thermal gradients of 2.33 to 3.32°F per 100 ft have been recorded, and
an average of about 3.0°F per 100 ft is assumed for the basin. This gradient,
along with the rate of subsidence, places the top of the thermally mature
sediments at 5,000 ft (1,500 m), which is about the same as for the Bombay
Shelf. The volume of mature (and over-mature) sediments would amount to
5,250 mi3.
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