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ABSTRACT

Adhi represents atypical pop-up and salt-cored structure
located in eastern Potwar. The popped-up core is
bounded by thrusts, which rather circumvent the
anticline. Miocene rocks are exposed at the surface
whilethereservoir targets of Eocene carbonates; Permian
conglomerates and Cambrian sandstones are encountered
within 2200- 2700m in the core area. The field has been
on production since 1980 and produces oil and gasfrom
Sakesar limestone, and gas/condensate from Tobra and
Khewra clastics. Structural complexities and high-
pressure problems in the post-Eocene sediments have
been the major cause of failure of several wells on the
structure. The interpretation of more than 1000 line km
of vintage 2D seismic data did not fully resolve the
subsurface geometry of this complex structure. 3D
seismic datawas, therefore, recorded during 1998-1999
in the Adhi ML. The data (30 fold) was shot over the
Adhi structure with the aim to improve its subsurface
structural delineation, including the bounding thrust
faults and the flanks to select location for
appraisal/development wells.

The 3D dataimproved the understanding and mapping
of different reservoirs and hel ped resolve the structural
complexities. The application of the Geovolume
Visualization Interpretation technique on Adhi 3D data
has further improved the internal as well as external
reservoir information and has resulted in better
understanding of the geological model.

INTRODUCTION

Adhi gas-condensate field isajoint venture of Pakistan
Petroleum Limited (PPL), Oil and Gas Development
Company Limited (OGDCL) and Pakistan QOilfields
Limited (POL). The mining lease (Fig-1), located about
40 km south of Islamabad in eastern Potwar, is operated
by PPL. Potwar is the traditional oil-producing region
of Pakistan where thefirst oil discovery from Miocene
sands was made at Khaur-1 in 1915 by the then Attock
Qil Company.

Adhi is a salt-cored typical pop-up structure bounded
by thrusts, which rather circumvent the popped-up core.
The three main reservoirs are Sakesar carbonates
(Eocene) that produce ail of varying API gravity ranging
from 22-40, and Tobra conglomerates (Permian) and
Khewra clastics (lower Cambrian) which produce 52
API condensate from the core area. However, Adhi 14
which was drilled outside the core area tested 40 API
condensate from Tobra and 26 API oil from Khewra.
The Eocene to Cambrian package is about 450-500 m
thick, which overlies Salt Range Formation
(Infracambrian). In Adhi-13, which was drilled at the
apex of the core, the top Eocene was encountered at
about 2200m. In Adhi-14, so far the deepest well and
thefirst to be drilled across the thrust north of the core
area, top Eocene was encountered at about 2,950 m.
The Sakesar is found to be water bearing on the flanks
of the core and across the thrust.

The salt served as the decollement surface and has
played the mgjor rolein the present structural geometry




of the field and the abrupt uplift of the core area. Over
1000 line km 2D data was not able to fully resolve the
structural complexities of the field. The 3D data was,
hence, acquired and its interpretation has improved our
understanding of the subsurface structure.

Seismic attribute analysis has been in use for thirty
years, but the advancement in recent computing and
visualization power allow interpreters to integrate
seismic attributes into geophysical interpretation in
ways never before possible. The paper discusses the
choices of attributes for Adhi 3D data, and describes
methodology for extracting the maximum information
out of seismic attributes using the basic techniques of
Geovolume Visualization and Interpretation (GV1). We
have applied multi-attribute analysis on the 3D data,
which increased internal as well as external reservoir
information. A combination of multi-attribute volume
enhances visibility of both deep-seated minor faults
and structural trends. The amplitude and phase spectra
of the seismic datain atime window around a horizon
can provide information about lateral variation within
reservoirs. Visualization of geobody in the volume
render mode delineates the whole reservoir area.

REGIONAL GEOLOGY

Potwar Plateau is located at the northern margin of the
Indian Plate. The sub-basin is characterized by a) thick
Infracambrian evaporite deposits, b) condensed
stratigraphic sequences from Cambrian to Eocene times,
wherein Ordovician to Carboniferous rocks were either
not deposited or were eroded during the regional Permian
unconformity, with Tobra conglomerates (Permian)
directly overlying the lower Cambrian succession, and
¢) thick Miocene-Pliocene molasse. It was followed by
the severe structural deformation of late Pliocene to
Middle Pleistocene related to the Himalayan orogeny.
Eastern part of Potwar Plateau was a higher area at the
end of Mesozoic asis evident by the post-Cretaceous
unconformity. Successfully older formations are
underlain by the Paleocene rocks from west to east to
the extent that the entire Mesozoic is absent from the
eastern two third area of the Potwar Plateau.

The stratigraphic succession as encountered in Adhi
fieldisshownin Figure 2. All of these rocks are exposed
along the escarpment of the Salt Range marking the
southern boundary of the Potwar Plateau.

SEISMIC SURVEYSAND INTERPRETATION

Thefirst seismic survey on Adhi structure was conducted
in 1964 prior to the drilling of Adhi-3. Being single

fold data it was unable to resolve the structural
complexities as was proved by the failure of the well.
Between 1976 and 1994 more than 1000 km of multi-
fold 2D data (24-60 fold), using both vibroseis and
dynamite source, were acquired in different phases.

The total set of datawas interpreted on aworkstation
and the field was divided into the Central Anticline
representing the axial part and the Northwestern and
the Southeastern limbs representing the two flanks. The
interpretation showed Adhi popped-up structure to be
along and narrow (14-15 km x 1.5 km) salt-cored
anticline trending NE-SW, bounded on both the flanks
by wide fault zones where the seismic data was not
possible to interpret. The Eocene to Cambrian package
in the core is thrown up by several hundred meters
relative to the subthrusted parts on the flanks.

The several vintages of 2D seismic data recorded over
Adhi, totaling over 1000 line km, show misties of
varying degrees. This is an inherent problem of 2D
seismic reflection method in areas of structural
complexities and steep dips, which cannot be resolved
by the processing.

To properly image the Adhi structure, and to resolve
the subsurface geometry across the bounding thrusts,
it was decided to acquire 3D seismic data. The 30 fold
3D data (vibroseis) was shot in 1998-99 over a surface
area of about 225 sq km (Fig.1) to acquire a migrated
subsurface target of 60 sq km. The survey design was
made and supervised by BGP a Chinese contractor and
the acquisition/processing was done within the country
by OGDC. The interpretation was carried out at PPL
by a consultant using an Ultra 60 Sun workstation and
Landmark software. The core and the bounding thrusts
are now very clearly defined. However, the dataresponse
of the thrusted block is poor on the eastern flank.
Mapping of the western thrusted flank shows that the
throw rapidly decreasesfrom about 1,300 m in the south
to about 250 m across the northern tip of the core and
becomes negligible further east as it circumvents the
core. The depth structure map of the core area, on top
Sakesar, is shown as Figure 3. Figure 4 and Figure 5
are the Inline and Crossline sections, respectively,
through the Adhi structure.

3D VISUALIZATION

New visualization technology allows 3-D seismic
interpreters to rapidly analyze enormous data volumes.
Along with this technology come new techniques that
take advantage of the visualization breakthroughs.
Workstation and paper-section techniques used before




3-D visualization required laborious, time-consuming
line-by-line interpretation. This is no longer cost-
effective. True volume interpretation, which does not
rely on the creation of maps and/or cross sections, is
the next logical step to finding more reserves with fewer
wells.

3D MULTI-ATTRIBUTE GEOVOLUME
VISUALIZATION INTERPRETATION (GVI)
TECHNIQUES

Conventional approach for interpreting 3D isin 2D or
2.5 D environment. GeoProbe™ a Magic Earth Inc.
proprietary visualization program was used to create
the figures for this article.

The four main techniques of GV are recognition, color,
motion, and isolation (Sheffield, et al., 2000).
Recognition refers to determining the distinguishing
characteristics of an event to be mapped, then processing
the data to enhance those characteristics for the purpose
of visualization and geobody mapping. Color refersto
the selection of an optimum color scheme for visuaizing
the property of interest. Motion is one of the most critical
aspects of GVI; it is motion that taps the human sub-
conscious and allows interpreters to see relationships
between data in space and time. Isolation is the ability
to separate the events of interest from other data, and
is another key feature of GVI. (Harvey et. al., 2000)

These Geovolume visualization and interpretation in
3D environment with multi attribute analysis enhance
the structural boundaries as well as internal reservoir
information for Adhi 3D. The following attributes were
used for structural and stratigraphic enhancement of
data

I nstantaneous Phase

I nstantaneous Phase enhances the continuity of events
by ignoring the amplitude information in time samples.
It is always a value between —180 and +180 and is
primarily used to visualize stratigraphic relationships
(prograding reflections, onlaps, pinchouts etc.) on a
regional and local basis. In some cases, fluid contacts
can be seen and phase reversals can indicate water
contacts. Instantaneous phase and phase pi can be used
to pick discontinuous low amplitude events and to
extend the interpretation of regional events into
discontinuous areas.

I nstantaneous amplitude

I nstantaneous amplitude measures reflection strength
in time. It is primarily used to visualize regional

characteristics such as structure, sequence boundaries,
thickness, and lithology variations. In some cases, bright
and dim spots can be hydrocarbon indicators, and tuning
characteristics can sometimes be used to identify
reservoirs on alocal basis.

I nstantaneous Frequency

Instantaneous Frequency is rate of change of the
instantaneous phase from one time sample to the next.
It is primarily used to visualize regional depositional
patterns and sequence boundaries. In some cases high
frequency absorption can cause shadow zones beneath
condensate and gas reservoirs, also frequency tuning
can indicate changes in bed thickness (possibly
pinchouts). Spikes indicate noise and/or fractures.
Instantaneous frequency can be useful in recognizing
regional events and may be helpful to evaluate areas of
interest for thickness variations.

Semblance

Semblanceisameasure of coherency for lateral changes
in the seismic response caused by variation in structure,
stratigraphy, lithology, porosity, and the presence of
hydrocarbons.

Semblance is calculated over a vertical “Window
Length” (in samples). Smaller window lengths generate
sharper discontinuities, but also create more noise.
Window lengths that are too long “smear” the
discontinuities. It is recommended to start with awindow
length of 12 samples on 4 ms data, and modifying the
window length, if necessary, in small increments from
that starting point. Using 3 tracesisfaster, and is often
what we use for quick first look, but the 9-trace
calculation is more accurate and is preferred for
interpretation purposes.

I nstantaneous amplitude/ Squareroot (Frequency)

- lamp/sgrt(Freq)

This attribute defined is the instantaneous amplitude
divided by the square root of instantaneous freguency.
It isasand shaleindicator for siliciclastic environments
highlighting the low frequency / high instantaneous
amplitude events.

External and Internal Reservoir Analysisfor Adhi
3D Seismic Data

Visualization is main component in GVI technique.
Depth structure map of Sakesar limestonein Figure 3
is conventional 2D environment In Figure 6 Sakesar
limestone surface is displayed with its both flanks and
Wells.




Semblance has been calculated over an entire area. In
Figure 7 amplitude and semblance volumes are used to
define the geoboundary of thewhole reservoir at Sakesar
surface. Dark blue lineation on semblance volumeis
an indicator of fault. Major and minor faults are isolated
by the variation in colors. Elongated Adhi anticlineis
clearly marked on semblance volume and Sakesar
surface is picked in green color.

Tobra and Khewra are deeper at Adhi. In Figure 8
Khewra surface is picked and visible in green color.
Semblance and amplitude volumes again identified the
geoboundary at this level. Minor faulting at that level
isindicated in to the reservoir areabelow picked horizon
in Figure 8.

Sakesar limestone has been easily picked on seismic
due to strong acoustic impedance. Khewra sandstone
is difficult to pick due to the presence of minor faults,
which are visible in Figure 8. Instantaneous Phase
enhances the continuity of eventsin the area. In Figure
9 phase and amplitude attributes are in seismic section
and seed point is marked on high negative amplitude.
Khewra is easily interpreted on phase volume;
stratigraphic changes like thickness variation, pinchouts
and faults are marked.

Along with phase, instantaneous frequency is used to
enhance sequence boundaries of the area. In Figure 10
phase and frequency attributes are present. Sharp changes
in frequency indicate fractures/faults. In frequency
attribute, discontinuities are marked with sharp changes
in frequency.

Internal reservoir analysisisthe main task after defining
the geoboundary. In Figure 11 Khewra surface with all
wellsis bounded between two major faults marked on
the basis of semblance. The visualization of surface,
faults and wells hel ps interpreters for making geobody.

Khewra surface is picked on high negative amplitude.
In volume render mode the cluster of negative amplitudes
isvisualized. In Figure 12 encapsul ated geobody between
faults and along the Khewra surface is displayed. By
setting up transparency parameters interpreter can
visualize Khewra reservoir. This geobody is further
used for volumetrics.

Average amplitudes are extracted over Khewra Surface
within awindow of 6 samples around a horizon and
displayed on surface. The average amplitude over the
surface is an indication of stratigraphic thickness. In
Figure 13 blue colored area is thicker as compare to
green.

Detection of Faults and Fractures

After carrying out the experimentation work on various
attributes, it was found that semblance provides best
information regarding mapping of faults. Figure 14
shows faults appear as a dark color pattern on the
semblance surface. Average semblance is extracted over
awindow of 6 samples for both Khewra and Sakesar
formation.

Semblance on Sakesar is displayed in Figure 15. Area
of intense faulting is immediately identified on the
surface. The surface shows that over the crestal part of
Sakesar sandstone faulting is predominant on the
southeastern flank and southeastern plunge. Thisintense
faulting is related to compressive phase of orogeny.
However where the areais free from intense faulting
conjugate set of faulting are also visiblein Figure 17.
For Sakesar reservoir these faults are very important in
terms of fluid flow associated with this fault pattern
and afracture pattern likely to be present. Well studies
are ongoing to find a genetic relation between fault
pattern and fracture system.

Semblance over Khewraformation is shown in Figure
16 both intense thrusting and conjugate fault pattern
are present on Khewralevel aswell. However conjugate
faults are not as dense as seen in Sakesar with semblance
visible in Figure 18. This is due to Khewra being a
sandstone reservoir. The fractures associated with these
faults may provide additional hydrocarbonsin terms of
producing properties.

Attribute lamp/sqrt (Freq) was also analyzed over
Khewra surface. This attribute displayed on the surface
is shown in Figure 19. This attribute may reveal two
seismic facies; Blue facies show zone of good porosity
sandstone and green facies show zone of moderate
porosity. This 3D was not providing fruitful information
about fluid contacts.

DRILLING HISTORY

Thefirst four wells on the Adhi structure were drilled
by ajoint venture of PPL/POL between 1956 and 1967,
and three of these were abandoned within Miocene due
to a combination of severe high pressure and total |oss
of circulation problems. Adhi-3 wasdrilled in 1965-66
after carrying out single fold seismic survey in 1964.
It was eventually abandoned at 3,272.5 mwithin Murrees
(Miocene), as it was found to be located on the
downthrown side in a zone of structural complexities.
This well did not encounter any drilling problems of




high pressures. It indicates that the main reasons, for
the pressures above hydrostatic at shallower depthsin
the core area, is the abrupt uplift which brought the
deeply buried sand lenses close to the surface wherein
the original deep burial pressures were not dissipated,
and also the presence of deep-seated communicating
faults. A total of five wellsnamely 1, 2, 4, 6 and 8 had
to be abandoned due to the overpressure problem.

Adhi-5, the discovery well, was ajoint venture of PPL
and AMOCO and was drilled in 1978 after acquiring
24 fold 2D seismic data. It was successfully drilled
down to 2,810 m in the Salt Range Formation. The well
was found to be oil bearing in Sakesar (30 API), whereas
gas-condensate (52 API) was encountered in Tobraand
Khewraformations. Thefield was declared commercia
in 1984 after the successful drilling Adhi 7 and Adhi
9 wells. Since then five more wells have been completed
as producers.

However, the drilling of Adhi-13 and Adhi 14 is
significant. Adhi 13, drilled on the now known apex of
the core found additional oil reservesin Sakesar, wherein
the upper part of the oil pool contains dissolved gas.
Adhi-14 was thefirst well to be drilled outside the core
area and is now the deepest well in the lease. It was
drilled to a depth of 3,400 m with TD in Khewra
sandstone, and encountered oil in Khewra (26 API )
and relatively heavier condensate in Tobra (40 APl),
compared to that found in the core. However, the Sakesar
was found to be water bearing. It may be noted that
the typical overpressuresin Miocene as encountered in
the wells drilled in the core area were not that severe
in Adhi 14. Out of the total fourteen wells drilled so
far on the structure, eight have been successfully
completed as producers. Currently six wells are on
production, as Adhi 7 has been abandoned due to
operational problems and Adhi 14 isyet to be hooked
up. Adhi 15 is currently being drilled. (Fig-1)

RESERVES

The oil pool in the fractured Sakesar limestone is
underlain by an aquifer with the maximum gross oil
column of about 100 m that covers an area of about 9-
10 sg km.

However, in Tobra and Khewra reservoirs the aquifer
has not been encountered so far. About 20 m of top
Tobraand 30 m of top Khewraare hydrocarbon bearing
from Adhi 11 in south to Adhi-14 in the north, for a
distance of about 10 km, with the exception of Khewra
in Adhi-14 where the gross pay is considerably reduced
dueto reservoir deterioration. The structural difference

of the highest well Adhi 13 and the deepest Adhi 14,
at Tobralevel, is more than 750m but the same gross
pay has so far been encountered, particularly in Tobra,
in al the wells. Both Tobra and Khewra seem to bein
hydraulic communication as indicated by the straight
line relationship of the RFT pressures recorded in the
two reservoirs. However, the shallower reservoir Sakesar
has a higher and a different pressure regime.

As mentioned above additional oil and gas reserves
have been found in Sakesar, and the reserves of Tobra
and Khewra are likely to increase further as indicated
by the results of Adhi 14. The current estimates of
reserves are, however, as under:

Formation | Oil (MMbbl) | NGL (MMbbl)| Gas

(Tcf)
Sakesar 1.98 - -
Khewra

Reservoir Behavior

As of 30 June, 2003 about 35 % of NGL and 25 % of
associated gas reserves have been produced but the
drop in reservoir pressures is relatively small. This
phenomenon has been observed through out the
production history from the core area and pressure
support from beyond the bounding thrusts was
considered a possible explanation for it. The results of
Adhi 14, drilled across the thrust, have confirmed the
presence of hydrocarbonsin Tobra/ Khewrareservaoirs,
about 256 m down dip of the nearest Adhi 12 drilled
on the northern tip of the core. The pressure support,
at least from the northern part of the field seemsto be
present, where at one place the thrust has a negligible
throw.

PRODUCTION
Sakesar carbonates

Sakesar is afractured reservoir, with negligible matrix
porosity. The production from Sakesar commenced in
1980 and was initially from two wellsi.e. Adhi 5 and
Adhi 7 . These two wells are structurally at the same
level and both eventually watered-out. The presence of
an oil-water contact close to the lowest perforationsis,
therefore, plausible, and is assumed at 2, 3, 40 m below
seismic datum.

Adhi 13, drilled at the apex encountered Eocene more
than 100 m shallower compared to Adhi 5 and Adhi 7.
It encountered producible oil, and also dissolved gasin
Sakesar. Currently the Sakesar productionis only from
Adhi 13 with about 2,800 bbl/d of oil and 11 MMcfd




of gas. The development plan of the field isin hand to
maximize the production from the Sakesar reservair.

Tobra and Khewra clastics

Production from Tobra/lK hewra reservoirs commenced
in 1984. A total of 670,737 barrels were produced from
Tobra/Khewra when the field was temporarily shut
down on 15 May, 1986 to install the LPG/NGL Plant.
The plant was commissioned in March, 1990 and the
regular production commenced in January, 1991. Since
then the field is continuously on production from
Tobra/Khewra reservoirs, and new wells are added as
and when completed. The current production from
TobralKhewrareservoirsis about 1,300 barrels of NGL,
63 tonnes of LPG and 20 MMcfd of gasfrom six wells.

FUTURE DEVELOPMENT PLAN

The plan envisagesfurther drilling to tap thefull potential
of Sakesar and Tobra/lK hewrareservoirsthrough separate
set of wells. Adhi 15, currently being drilled, may again
encounter the Sakesar reservoir at the same level asin
Adhi 13, and help better estimate the il reserves. Plans
for another four wells are also in hand, while more
wells may have to be drilled in future, both in the core
area and also on the thrusted flanks, particularly in the
north. Similarly plans are in hand to at |least double the
capacity of the LPG/NGL plant to cater for the
production from additional wells. The presence of
hydrocarbons has been confirmed beyond the core area.
The structure extends both in north and south of the
present 3D coverage and, hence, additional 3D survey
may also be acquired in future.

CONCLUSIONS

- Adhi is a salt-cored pop-up structure bounded by
thrusts.

- In addition to the core the thrusted flank, particularly
in the north, is also be hydrocarbon bearing with an
edge-water drive. So far the aquifer has not been
encountered in Tobraand Khewrareservoirs.

- The overpressures encountered at shallower depth,
during drilling, are due to the abrupt uplift of the core,
and also the presence of deep-seated communicating
faults.

- 2D seismic has not helped in proper understanding of
the subsurface structural complexities.

- 3D seismic data enabled the subsurface mapping with
amuch higher level of confidence.

- GVI technique provides multiattribute analysis and
3D working environments.

- Semblance attribute identifies the zone of intense

faulting and moderate faulting.

- Conjugate set of faulting is visible over Sakesar and
Khewra surfaces.

- We conclude that results of present 3D seismic are
not good enough to detect fluid contactsin Sakesar and
Khewraformation. Reprocessing of datawould certainly
enhance thisinformation.
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up structural configuration of the Adhi core.

Thethrow of thethrust (A) reduces from about 900 m at thislocation to about 250 m at the northern tip

Fig. 4 - 3D Inline 270 through Adhi-13 highlighting the pop
of the coreas shown in Figure5.




Fig. 5- 3D Crossline 360 along the crest, and through Adhi 14 and Adhi 15 wells. Thrust (A) continues
along the northwestern flank of the core and has a throw of about 900 m as shown in Figure 4.

Fig. 6 - Visualization of Sakesar limestone surface with itsboth fault flanksin 3D environment.
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Fig. 7 - Amplitude and semblance volume with Sakesar limestone surface.

Fig. 8 - Amplitude and semblance volume with Khewra sandstone surface.
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Fig. 9 - Two instantaneous phase volumes on amplitude cross-section.

Fig. 10 - Instantaneous frequency and instantaneous phase volumes on amplitude cr oss-section.
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Fig. 11 - Khewra surface with two major faultsand wells.

Fig. 12 - Kherwa sandstone geobody in volume render mode.
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Fig. 13 - Average amplitude extracted over Khewra surface.

Fig. 14 - Khewra surface with extracted semblance and amplitude volume.
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Fig. 15 - Semblance extracted over Sakesar surface.

Fig. 16 - Semblance extracted over Khewra surface.
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Fig. 17 - Semblance extracted over Sakesar surface indicates conjugate faults system.

Fig. 18 - Semblance extracted over Khewra surface indicates conjugate faults system.
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