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Summary

With the dedine of production and increase in demand of fossl-fuel, econamicaly producing gas from
uncorventional sources (tight gas, coa bed methane (CBM), and gas hydrate) is a grea
chalenge today. The large volume and long-term potential, attractive gas prices and
unprecedented interest in world markets, brings the unconventional gas into the forefront of
our energy future. Tight gas exists in underground reservoirs with microdarcy-range
permeability and have ahuge future potential for production.

Four criteria that define basin-centered gas accumulations, including low permeabili ty,
abnormal presaure, gas saturated reservoirs and no down dip water leg. Although
"tight gas sands" are an important type of basin-centered gas reservoir, na al of them are
Basin-centered gas (BCGAS). A concerted technology effort to bah better understand
tight gas resource taracteristics and develop solid engineering approaches is necessary
for significant production increasses from this low-permeadbility, widely dispersed
resource. Gas production from atight-gas well will be low on a per-well basis compared
with gas production from conventional reservoirs. A lot of wells have to be drill ed to get
most of the oil or gas out of the groundin urconventional reservoirs

Exploration efforts in low-permeability settings must be deliberate and focus on
fundamental elements of hydrocarbon traps. Understanding gas production from low
permeabili ty rocks requires an understanding of the petrophysical properties-lithofaaes
asciations, facies distribution, in situ porositi es, saturations, effedive gas permeabiliti es
at reservoir condtions, and the achitedure of the distribution d these properties.
Petrophysics is a criticd tedhndogy required for understanding |ow-permeability
reservoirs. Improvements in completion and dilli ngtechndogy will allow well i dentified
geologic traps to be fully exploited, and improvements in product price will alow smaller
acamulations or lower-rate wells to exceal econamic threshalds, bu this is true in
virtually every petroleum province Well Clusters and Onsite Waste Management are the
key comporents of New Tedhndogy Concepts for tight gas development

Geologists, engineers, log analysts, and aher professonals have to come to the mmmon
table with anead to better understand and predict reservoir properties in low-permeabili ty
reservoirs and wse that information in resource evaluation, reservoir charaderization and
management. There is no fea of running out of oil or natural gas. An enormous volume
of unconventiona oil and gas will be there to fill the gap orce onwventional oil begins to
dedinein the next 5to 20years.



I ntroduction: TheKey Words

Thetitle “Tight Gas Reservoirs— An Unconventional Natural Energy Source for the
Future” contains a few key words like Tight Gas Reservoirs, Unconventional Energy
Source and Future. Thefirst group d words ‘ Tight Gas Reservoirs’ says abou the type
of reservoirs and the natural resource @ntained in it where & the second goup i.e
‘Unconventional Energy Source spells abou the scde of econamics of exploitation
with the present techndogical know-how and the last word ‘Future’ deds with the time
frame. When looked in totality, it speeks abou the type of natural energy resourcethat is
being focused by the geoscientists and the energy planner world-over as an adternative to
the drealy dedining sourceof fossl fuel.

The present study purports to make aglobal review of the various works and current
researches relating to tight gas reservoirs and gain a solid scientific backgroundin this
asped, then to apply these ideas to a pradical evauation d oppatunitiesin India. The
‘esenc’ of the study is a systematic review of mgjor tight gas plays in the different parts
of the globe. Geologicd -characteristics (depositional environments, lithoogies,
diagenesis), fracture potential, reservoir development, resource density, and owerall
resource prize will be aldressed.

The overview will i nclude definitions of tight gas reservoirs and related concepts sich as
basin-centred gas and the Deg Basin versus conventional resource paradigms. The
concept of reservoir sweet spots — bath stratigraphic and structural — will be summarized.
A spedrum of tight gas play types will be described to provide aframework of reference
in comparing spedfic plays.

The central theme to the paper will be to assesswhether thisis ared possbility or may
be simply a‘pipe dream’, over the medium-term (20 years or more).

From Conventional to Unconventional Reservoirs. the Future of
the Oil and Gas Business

Conventional reservoirs are those that can be produced at econamic flow rates and that
will produce eonamic volumes of oil and gas withou large stimulation treatments or any
speda rewmvery process. A conventional reservoir is esentially a high- to medium-
permeabili ty reservoir in which ore can dill a verticd well, perforate the pay interval,
and then producethe well at commercial flow rates and recover economic volumes of oil

and ggs.

On the other hand, an unconventional reservoir is one that canna be produced at
eoonamic flow rates or that does not produce e&onamic volumes of oil and gas withou
asgstance from massve stimulation treaments or speda remvery processes and



techndogies, such as gean injedion. Typica unconventional reservoirs are tight-gas
sands, coal-bed methane, heavy ail, and gas daes.

Figure 1 depicts the
resource triangle of both
the  onventional and
unconventional resources.
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Fradured, tight and urconventional petroleum reservoirs

Fractured, tight and urconventional petroleum reservoirs, athough lesscommon and less
well understood than conventional sandstone and carbonate reservoirs, have bemme an
increasingly important resource base. Fradured reservoirs are composed of naturally
fradured rock. Tight reservoirs contain no natura fradures, bu cannot be produced
eonamicdly withou hydraulic fracturing. Unconventional reservoirs include tar,
bitumen and heavy oil reservoirs as well as coalbed methane, shale and basin-center gas
reservoirs and rely on emerging exploration strategies and rew production techndogies
to be ommercialy productive. As a group, al of these reservoirs are increasingly
important contributors to world all and gas reserves and production.

Fractured, tight and urconventional reservoirs are often perceived as entailing higher
costs and risks than conventional reservoirs. Historicdly, they have been unpopuar with
geologists and petroleum engineers. Geologists find that techniques such as regiond
fades mapping and sequence stratigraphy, which are useful for finding and ddlineaing
conventional reservoirs, are often ineffedive for fradured, tight and unconventional
reservoirs. Engineers look urfavorably on them becaiuse they are difficult to evaluate and
recvery techniques must be judiciously chosen and carefully applied in order to avoid
production problems. However, new techndogies developed in recent yeas are making
more and more of these accumulations econamic.



Many individuals may think that unconventional reservoirs are nat important now but
may be very important in the future. Actualy, unconventional reservoirs are very
important now to many nations. The U.S. currently produces substantial volumes of
natural gas from tight sands, gas sales, and coalbed-methane reservoirs. At the present
time, >25% of daily U.S. gas production is recmvered from tight and unconventional
reservoirs and >25% of daily Canadian al productionis recovered from heavy oil sands.
Also, heavy-oil production, espedally in California, is quite important to the national
eonamy. Other courtries, such as Canada, Venezuela, and Russa, produce substantial
volumes of heavy ail, while courtries such as Australia, Argentina, Egypt, Canada, and
Venezuela produce gas from low-permeability reservoirs. Clearly, fractured, tight and
unconventional reservoirs represent a great resource base that has come of age. A number
of such fields are in production right now, bu in many areas production with the arrent
techndogy is hardly economicad. Econamicdly producing gas from these unconventional
sources is a gred challenge today. Now it is the time to carefully examine these
reservoirs and the new and emerging approades and techndogies that are being used to
find and develop them.

The Golden Age of Gas

With a dimming paosshility of an econamicaly viable dternative sources of energy in
nea future, ever widening gap between the energy demand and suppdy and the dedine
of production of conventional fosgl-fuel, the thrust on unconventional sources of gas (tight
gas, coa bed methane (CBM), and gas hydrate) is glowingly increasing World-over. The
large volume and long-term potential, attradive gas prices and urprecedented interest in world
markets, brings the unconventional gas into the forefront of our energy future. With the
succesgul marketing of natural gas as an “environmentally-friendy” fuel, demand d gas
has increased sharply in the opening years of the 21st century. As it is lessdamaging to
the environment, gas may command a premium price over other fossl fuels. Increasingly
therefore, a significant percentage of the world's energy demand will be satisfied by
natural gas. Some experts believe that gas consumption may excea that of the oil by the
yea 2025 (Fig.2). Today©s unconventional resources will play a criticd role in the
Nation©s energy base in the next century.
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Unconventional gasreservoirs

Substantial amourts of gas have accumulated in geologic environments that differ from
conventional petroleum traps. These aetermed unconventional gas and occursin “tight”
(i.e, relatively impermeable) sandstones (Tight Gas), in joints and fradures or absorbed
into the matrix of shales (Shale Gas), adsorbed in coal cleats or matrix (Coa Bed Gas),
asociated with gas hydrates, dissolved o entrained in ha geopresaured...

"Future energy resources of the world, paticularly gas, will be found in what we
consider today to be unconventiond reservoirs, espedally low-permeability reservoirs in
shaes, diltstones, fine-grained sands, and carbonaes. These are nat, in fact,
undscovered resources, since their occurrences are fairly well-known. Howeve, we do
not have adequate geologic data to evaluate the contribution such reservoirs will maketo
the Nationd energy endowment in the future.

What is a Tight Gas Reservoir?

“Tight gas’ lacks aformal definition, and usage of the term varies considerably. Law and
Curtis (2002 defined low-permeability (tight) reservoirs as having permeabili ties less
than 0.1 milli darcies. Therefore, the term "Tight Gas Reservoir" has been coined for
reservoirs of natural gas with an average permeabili ty of lessthan 0.1mD (1 x 10*° m?).

Recently the German Society for Petroleum and Coal Science and Technology (DGMK)
annourced a new definition for tight gas reservoirs elaborated by the German petroleum
industry, which includes reservoirs with an aver age dfedive gas per meability lessthan
0.6mD.

Tight gas Reservoir is often defined as a gas beaing sandstone or carborate matrix
(which may or may not contain natural fradures) which exhibits an in-situ permeabili ty
to gas of less than 0.10 mD. Many ‘ultra tight' gas reservoirs may have in-situ
permeébili ty down to 0.001mD

~ injected with blue @oxy. The
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Fig.30.Thin section Photo
of a tight gas sandstone.
i The blue areas are pores.
The pores are irregularly
distributed through the
reservoir and the porosity
of the rock can be seen to
be much less than the
i conventional reservoir.

The pores are poorly conreded by very narrow capillaries resulting in very low
permeabili ty. Gas flows through these rocks generaly at low rates and spedal methods
are necessary to produce this gas.

What Makes areservoir tight ?

There could be a number of reasons for making a reservoir tight. Basicdly the
permeabili ty that determines the easy at which afluid can flow, isamultivatriate function
governed by the Darcy’s law of fluid flow in porous media. Eff ective porosity, viscosity,
fluid saturation and the caill ary presaure are some of the import parameter controlli ng
the dfective permeability of a reservoir. Besides the fadors relating to the fluid nature,
the rock parameters are equally important. These ae antrolled by depositional and past-
depositional environments the reservoir is sibjeded to. The depositional setting like degp
basinal site or the over-bank levees in flood pain areas are more prone to the deposition
of very fine sand to silt and clays, which form poor reservoirs on lithification. It is not
necessry that the muddy sandstones are having low permeability. Low-permeability
sandstone reservoirs in the United States are not dominated by “immature, muddy
sandstones with large volumes of diageneticdly readive detrital clay matrix, bu rather
are generally clean sandstones deposited in high-energy depositional settings whase
intergranular pores have been largely ocduded by authigenic cements (mainly quartz and
cdcite)” (Dutton et a., 1993. Post-depositional diagenetic events adt many times
negatively, reducethe dfedive porosity and thereby make the rock lesspermeable.

Interaction between Quartz Cementation and Fracturing in Sandstones- Quartz
cementation and fractures are complexly interrelated. Quartz cementation influences
fradure systems by affeding the rock medhanicd properties at the time of fradure
formation, which, in turn, influences fradure aperture distributions and clustering.
Additionally, cementation affeds flow properties of fradure networks by partialy or
completely ocduding fracture pores. Due to extensive canentation by authigenic days,



the matrix permeddility of these sandstones is extremely low, on the order of
microdarcies

Tight Gas Reservoir Distribution: Typesof Tight Gas reservoirs

Many explorationists think o tight or low-permeability reservoirs as occurring only
within basin-centered, or deep basin settings. However, tight gas reservoirs of various
ages and types produce where structural deformation credes extensive natura fradure
systems whether it is basin margin o foothills or plains. Fradured, tight and
unconventional reservoirs can occur in tedonic settings dominated by extensional,
compressonal or wrench faulting and folding. Late burial diagenesis of the sandstone
may also result tight reservoirs. Although " tight gas sands’ are an important type of
basin-centered gasreservoir, not all of them are Basin-centered gas (BCGAS)

What Is A Basin-Centered/Deep Basin Gas System?

Basin-centered gas /Deep Basin (>15,000t) accumulations are acomponent of BCGSs
that Law defines as "an abnormally-presaured, gas-saturated accumulation in low-
permeability reservoirs lacking a davn-dip water contact". They are charaderized by
regionaly pervasive gas-saturated reservoirs, containing abnormally-pressured gas
acaimulations (Fig.4). The up-dip boundry of the Deg Basin is ssmewhat nebulous, as
ead reservoir unit may haveits own up-dip edge.
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Fig.4.Basin Centred GasAccumulation Model

The first description d a low-permeability gas province that are cmmonly asciated
with basin-centered systems is by Masters (1979, who described the deep, gas-saturated



Cretaceous sandstone reservoirs of western Alberta, the San Juan basin in New Mexico,
and Wattenberg field in the Denver basin of Colorado. All these basins have relatively
low porosity and permeability (7 —15%, 0.15— 1.0 md), moderate water saturations (34—
45%). The reservoirs are located in the degoer portions of the basin. Masters (1979 also
noted water-bearing strata structurally updp of gas-bearing strata. To describe the
trangition from gas to water, Masters (1979) stated that "...the water-saturated sedion
grades imperceptibly through a transition zone 5 to 10mi wide into a gas-saturated zone,”
and that “...there is no evidence for a stratigraphic or structural barrier between the water

and gps zones.”
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Juxtaposition o water-
beaing dtrata that lie
updp o gas-saturated
reservoir has been
explained by the @ncept
of a water block
(Masters, 1979, in which
the relative permeability
to gas would dramatically
deteriorate & higher water
saturations, rendering the
reservoir rock incgpable of
prodwing gas (Fig. 5).
The water block described
by Masters (1979)
esentidly forms the up-
dip sed on large basin-
centered gas
acaimulations.

Fig.5The mncept of water block (Masters, 1979 has been used to explain how,
within lithologically continuous units, downdip gas-bearing strata could be trapped
by updip water-bearing strata. In this model, water effedively provides the updip

seal.



Attributes common to BCGSs include: A continuous gas accumulation
isregiona in extent,
can have diffuse bourdaries,
has existing "fields" that commonly merge into aregiona accumulation,
does not have an obvious sed or trap,
does nat have awell-defined gas-water contad,
has hydrocarbors that are not held in paceby hydrodynamics,
commonly is abnamally presaured,
has alarge in-place resource number, but avery low recovery fador,
has geologic "swed spots’ of production,
typicdly has reservoirs with very low matrix permeabiliti es,
commonly has natural reservoir fraduring,
has reservoirs generally in close proximity to sourcerocks,
has littl e water production (except for coal-bed gas),
has water commonly found updp from gas,
has few truly dry holes, and
has Estimated Ultimate Recmvery (EUR) of well sthat are generally lower than
EUR®Osrom conventional gas acaimulations.

There aetwo basic types of BCGSs: direct and indirect

A dired type is defined as having a gas-prone source rock while an indired type is
defined as having an ail -prone source rock

Attributes of direct BCGS

Gas-prone source rock

Presaure medanism-hydrocarbon generation
Under-/over-pressured

Relative permeabili ty/ capill ary block sed
Variable temporal integrity of sea

Top cuts aaoss $ructural/ stratigraphic bourdaries
Gas migrates dhort distances

Top d BCGA Commonly >0.7% Ro

Attributes of indirect BCGS

Oil-prone source rock

Pressure medhanism - ail crading
More likely under-pressured
Lithoogic sed

Long temporal integrity of sed
Top conformable with bedding



Gas migration dstances can be short or long
Top d BCGA >1.3-1.4Ro

The term basin-centered includes gas systems varioudy referred to as degp-basin gas
systems, tight-gas systems, and continuows-type gas systems. In many basin-centered
acamulations, source rocks are thought to be in close physicd proximity to reservoir
rocks, and structural and stratigraphic traps, in the sense of conventional hydrocarbon
systems, are thought to be of little importance Table 1 summarizes the atributes
commonly associated with basin-centered gas systems.

Commercial production d gas from these BCGA is generally asociated with areas
having improved productivity and/or permeability These ae described as sved spats.
Surdam (19979), designated swed spats  as thaose reservoir rocks that are charaderized
by porosity and permeability values greater than the average values for tight sands at a
spedfic depth interval. Commercial production from BCGAs is grongly dependent on
the presence of open natural fractures and the ability to conrect these natural fracture
systems through hydrauli ¢ fracture stimulation (Surdam 19979).

Trapping Medanism of Deg Basin Gas

Dee Basin Gas is an abnamal gas acaumulation whase formation condtions, trapping
mechanism and dstribution are different from those of normal gas accumulations. Deep
basin gas acawmulation is charaderized by gentle dip angles, subrormal presaire,
gaswater inversion and co-occurrence of reservoir and source rock. The major processes
asociated with deg basin hydrocarbon accumulation are related to hydrocarbon
generation and accumulation dsdpation. The fundamental condtions favourable to the
formation d deep basin gas accumulation include aplentiful gas urce, tight reservoir
andtight sed under the reservoir.

Two balances are the prerequisite for formation and preservation of deg basin gas
acamulation. Oneis the force balance that occurs between the upward forces, including
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gas volume epansion pesare and bwyancy, and the downward forces including
hydrostatic pressure and capill ary presaure. The other is material balance that occurs
between the supgy amount of gas and the escaping ges. If the anourt of gas charging the
reservoir is more than that of escaping gas, the distribution range of the accumulation will
expand upto the boundary limited by the force balance and vice versa, a lower supgdy
will cause shrinkage of the range.

The force balance determines the theoretical maximum range of dee basin gas
acaimulation. In this range, gas expelled from the source rock can be accumulated to
form a deep basin gas pod. The greater the amount of gas that is expelled from the
source rock, the larger will be the distribution range of deg basin gas acamulation.
Beyondthis range, gas that is expell ed from the source rock has no choice but to migrate
under the force of buoyancy to form anormal gas acamulation.

Overpresaure is basicdly caused by two vdume danging processes:. shrinkage of
maturing kerogen acammpanied by creaion o compadable non-equili brium porosity and
credion d fluid hydrocarbors whose volume exceals both arigina and creaed paosity.
Presaure is maintained in the bottom of the basin by a rate of generation and reservoir
charge that exceals the migrational rate capacity of the system as controlled by the
cpillary entry pressuure of confining nonsource rocks. Hydrocarbon generation
overpresaures have aeaed hydraulicdly induced fradures that have enhanced the low
matrix permeabili ty of nearby sandstone reservoir rocks

Shallow Gas Systemsin Tight Reservoirsin Basin Margins

Shallow gas accumulations in tight reservoirs on basin margins fal into three distinct
systems. early generation biogenic, late generation biogenic, and nonassciated
thermogenic.

For example, the southeastern margin o the Alberta basin hes early generation bogenic

gas in Cretaceous, marine dastic reservoirs. Reservoirs and source rocks are interbedded;
gas has nat migrated significantly since generation shortly after deposition. Gas is
methane-rich with microbial isotopic signatures. Fields tend to be underpresaured and
have littl e c-produced water.

The northern margin of the Michigan basin has late generation kiogenic methane in
fradured Antrim Shale (Devonian). The marine blak shale ads as both reservoir and
sourcerock; gas migration is minimal. The gas was generated in the recent geologic past .

The northwestern margin of the Anadarko basin has nonassociated thermogenic gas
produced from heterogeneous Permian rocks in the Hugoton embayment. Reservoirs on
the basin margin are widely separated from the areas of thermogenesis in the deeper
basin. Gas has migrated substantial distances up the basin margin and contains the
heavier hydrocarbors charaderistic of thermogenic gas.
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Examples:

i) Shallow biogenic gas trapped in tight reservoirs in the Western Plains and Rocky
Mountain Basins of North America forms a substantial unconventional gas resource
hosted in Cretaceous-Tertiary clastic reservoirs. SBG generally occurring at depths of
less than 1,000 m (3,300 ft) represents a poorly understood by-passed resource A
potential for greaer than 70 TCF of gas-in-place has been determined in the Western
Plains region extending from central Albertain Canada into the U.S. mid-west. The play
potentially continues outh to the Gulf Coast.

A broad areal extent, subnama formation presaures ranging from 20 to 70% of
hydrostatic and cccurrence in low permeability sand-shale sequences charaderizes the
resource. Subnamally presaured gas-charged sands often show a transition updp to
normally presaured water-wet sands. Downdip flow, which is usually observed in the
water-wet sedion, may enhance the trap in some caes. SBG is often by-passed duwe to
dee invasion, relatively high water saturation (45-75%) and fresh formation water
(<10,000 pm), which together invali date conventional petrophysicd analysis and testing
tedhniques.

Reaognition d the unique hydrodynamic signature and an understanding of the basin
evolution required for its occurrence are key to identifying and exploiti ng the shallow gas
resource and extending the play into ather basins.

ii) Aredly-extensive, low resource-density shallow gas plays = e.g., Second White
Speds, Milk River, Horseshoe Canyon, Paskapoo.

Debate Taps Petroleum Systems- Drilling deeer into the
debate:;

It started at the AAPG annual meding in Salt Lake City 2003- a new Grea Debate.
Three independent Denver geologists gave a presentation challenging the conventional
wisdom of basin-centered gas accumulations, and onwhat controls production from gas
fields like the giant Jonah Field in Wyoming©s Greder Green River BasinThe debate
continued at a Rocky Mourtain Assciation d Geologists© symposium on "Petroleum
Systems and Reservoirs in Southwest Wyoming."

The controversy is more than academic. Potentially billi ons of cubic fed of gas could be
at stake depending on which theory is championed.

Some spedfic thoughts on a couple of basins
"We just didn©t understand the medhani®s ... so it became atopic of conversation among

us as to how petroleum systems function and haw traps are formed in areas of low
permeabili ty reservoirs,” Shanley said. "What were the antrolli ng factors?”
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Over several years they developed a new concept for low-permeability reservoirs like
those in the Greaer Green River Basin, and determined that most fields are not part of a
continuows-type gas accumulation a a basin center gas system in which productivity is
dependent on the development of "sweet spats.” Rather, most gas fields there occur in
low-permeabili ty, poa-quality reservoir rocks in conventional structural, stratigraphic or
combination traps ("sweet spats’). The basin is neither regionally gas-saturated na near
irreducible water saturation, and that water production is both common and widespread.
All of the larger fields in the Green River Basin are controlled by conventional trapping
medanisms and producedown dp water.

"Understanding field occurrence a well as reservoir and well performance in these low-
permeabili ty gas systems requires an uncerstanding of multi-phase, eff ective permeabili ty
to gas at varying degrees of water saturation uncer condtions of overburden stress”
(Shanley, et a 2004). "Understanding low-permeabili ty gas s/stems such as those found
in the Greater Green River Basin does not require a paradigm shift in terms of
hydrocarbon systems. Low-permeability gas systems shoud be evaluated in a manner
similar to and consistent with conventional hydrocarbon systems.

Succesdul exploitation d resources within low permeaility gas systems requires a
focused, deliberate dfort that fully understands the unique petrophysicd nature of these
reservoirs and is able to integrate that information with all elements of petroleum systems
anaysis, particularly an understanding of trap-related elements.

Petrophysical Attributes of Low-permeability Reservoirs and
I mplicationsfor Trapping Medcanisms

The most significant differences between conventional reservoir and low-permeabili ty
reservoirs lie in the low-permeability structure itself, the response to overburden stress
and the impad that the low-permeability structure has on effective permeability
relationships under conditions of multiphase saturation. Figure 5 provides a comparison
of traditional reservoir behavior with low-permeabili ty reservoir behavior. In atraditional
reservoir, there is relative permeabili ty in excessof 2% to ore or both fluid pheses across
awide range of water saturation. Further, in traditional reservair, critical water saturation
and irreducible water saturation ccour at similar values of water saturation. Under these
condtions, the &sence of widespread water production commonly implies that a
reservoir system is at, or nea, irreducible water saturation. In low-permeabili ty reservoir,
however, irreducible water saturation and critical water saturation can be dramatically
different. In traditional reservoir, there is awide range of water saturations at which bah
water and gas can flow. In low-permeability reservoir, there is a broad range of water
saturations in which neither gas nor water can flow. In some very low-permeabili ty
reservoir, there is virtually no mohil e water phase even at very high water saturations.
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Fig.5. Schematic illustration of capillary pressure and relative permeability
relationships in traditional and low-permeability reservoirs rocks (Shanley et al.,
2004. Critical water saturation (Syc), critical gas saturation (Syc), and irreducible
water saturation (Syr) are shown.

Because of the dfedive permeabili ty structure of most low-permeability reservoir, there
is a large range of water saturations over which bah water and gas are essentially
immobile. A ladk of water production (or recovery from a test) shoud na be used to
infer that the rocks are &, or near, irreducible water saturation ror shoud these regions be
regarded as water free. Instead, low-permeability reservoir rocks shoud be regarded as
having insufficient permeability to either gas or water over a wide range of water
saturations.
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Figure 6 highlights the relationships between capill ary presaure, relative permeabili ty,
and paition within atrap, as represented by map and cross £dion views in conventional
and low permeabili ty reservoirs. In bath cases (A) and (B), the map ill ustrates a reservoir
body that thins and pnches out in a structurally updp dredion. In conventional
reservoir, water production extends downdip to a free-water level (FWL). In the midde
part of the reservoir, bah gas and water are produced, with water decreasing updp. The
updp pation d the reservoir is characterized by water-free production d gas. In low-
permeability reservoirs, significant water production is restricted to very low structural
pasitions nea the FWL. In many cases, the dfedive permeability to water is 9 low that
there is little to no fluid flow at or below the FWL. Above the FWL, a wide region d
littl eto nofluid flow exists. Farther updp, water-freegas productionis found.

Fig. 6A. Schematic illustration highlighting relationships between capillary pressure,
relative permeability, and position within a trap, as represented by map and cross &ction
views for areservoir with traditional rock properties. The map illustratesa reservoir body
that thinsand pinchesout in a structurally updip direction. (Shanley et al., 2004)

15



Fig. 6B. Schematic illustration highlighting relationships between capillary presare,
relative permeability, and position within a trap, as represented by map and cross ®ction
viewsfor areservoir with low-permeability. The map illustratesa reservoir body that thins
and pinchesout in a structurally updip direction. (Shanley et al., 2004)

Based on the petrophysicd studies and the relative permeability variations in low-
permeability, poa-quality reservoir rocks as illustrated abowve, Shanley et a., 2004,
concluded that the gas fields in the Greaer Green River basin are not examples of basin-
center or continuows-type acamulations, nar are they a unique type of petroleum system
as generally believed. All these occur in conventional structural, stratigraphic, or
combination traps rather than regionally gas saturated urconventional basin centered
type. Further, they opined that the only truly continuous-type gas accumulations are to be
found in hydrocarbon systems in which gas entrapment is dominated by adsorption
similar to coal-bed methane, some oil -prone source rocks, and some organic-rich shales.

Low-permeability reservoirs have unique petrophysicd properties, and failure to fully
understand these dtributes has led to a misunderstanding of fluid distributions in the
subsurface. An uncerstanding of multi phase, effedive permeability to gas as a function
of bath varying water saturation and overburden stressis required to fully appredate the
controls on gas-field distribution as well as the controls on individual well and reservoir
performance A better understanding of the relationship between rock fabric and gas
productivity requires careful investigations into multi phase permeabili ty under condtions
of varying water saturation and ret-overburden stress as well as an analysis of capill ary
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presaure and net-overburden stress The ladk of widespreal water production daes not
imply that vast areas of a sedimentary basin are at irreducible water saturation. Instead, it
implies a mmplex, effedive permeabili ty-to-gas relationship.

Shanley et a. (2004, made some startling remarks on the controversy of basin centered
and low-permeability reservoirs, which are criticd to the future exploration and
production d these resources. Some of these mnclusions are briefly discussed below.
| Exploration efforts in low-permeability settings must be deliberate and focus on
fundamental elements of hydrocarbontraps.
| Improvements in completion and dilling technology will alow well identified
geologic traps to be fully exploited, and improvements in product price will alow
small er accumulations or lower-rate well s to exceal econamic thresholds, bu thisis
truein virtually every petroleum province
| Petrophysics is a aiticd tecdhndogy required for understanding low-permeabili ty
reservoirs.
| Low-permeability reservoir systems like those foundin the Green River Basin are
not examples of "basin-center” or "continuous-type" accumulations, nar are they a
unique type of petroleum system.
| Only truly “continuos-type’ gas accumulations are foundin hydrocarbon systems
in which gas entrapment is dominated by adsorption, such as coalbed methane, or
where the reservoirs are in close juxtapasition with their sourcerocks.
| .Resource asessments of these regions have aumed a @ntinuous, recoverable gas
acawmulation exists acdoss a large aea locdly interrupted by the development of
"sweet spots.” However, thisviewpoint is at odds with the reservoir characteristics
of low-permeabili ty reservairs.
| Significant production is dependent on the presence and identificaion o
conventional traps.

Therefore, Shanley et al., 2004, llieve that existing resource etimates are likely
overestimated. Resource asesanents in these low-permeability "basin-centered” regions
must recognize the reservoir properties inherent to these rocks and shoud integrate the
necessary concept of source trap, seal, migration and charge, and ke condwted in a
manner consistent with the assesgnent of conventional oil and gas systems

Much Ado About ... ?

While readions to the new moda have varied from both extremes, there are some
geologists who wonder what all the fussis abou.

"They seem to be making the point that you can©t just drill anywhere in the center of a
basin and et gas. Wed©ve known that for the last 20 years” said Larry McPe&k, a
geologist with Thomasson Partner Asociates, Denver.

"You neal some reason to have aswed spat, and that sweet spot may be wntrolled by

structural and stratigraphic changes," he said. "The two views don©t have to be mutually
exclusive.
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"My only concern is that some might take avay from this discusson a negative outlook
on hkasin centers as hydrocarbon hurting grounds,” he continued. "That would be
unfortunate, because there is atremendouws amount of oil and gas in basin centers because
it isthe cooking pat, andif you have any sort of trap it is apt to befill ed.”

Shanley emphasized that the groupisin noway detrading from the prospedivity of these
basins or basin centers.

"We want to be perfedly clear that we think there ae substantial gas resources in these
basins," he said. "These are gas-charged, hydrocarbonrich basins that have a multit ude of
trap styles. They are mmplex, and in that complexity lies opportunity -- but it is not the
low risk hurting ground many believe it to be. "We simply canna pray to the gods of
fradure stimulation, dilling fluids and strong prices to make gas come out of the
ground" he alded. "So, we fed the industry needs to think in terms of the risk processby
evaluating source, reservoir, sed andtrap, just as companies doin ather regions.

| dentifying the different types of reservoirs (fracture vs gandard Matrix):
Describing Petroleum Reservoirs of the Future

Natural verticd fractures are important factors in the e@namic production of gas from
tight reservoirs because the permeability of the natural fradures is aimost always much
higher than the unfractured rock. However, most of the gas resources reside in the rock
pores and move out of the rock to the wellbore via fractures. Different techniques are
used in identifying and studying the tight gas reservoirs and the associated fradures.

Petrographical M ethods:

Spedal emphasisis given onthe study of cements and aher authigenic minerals sich as
clay minerds, that partialy fill the primary and secondary pore spaces using opticd- and
eledron microscope eaminations, along with XRD-analysis and aganic carbon
measurements. The descriptive dharaderisationis sippated by the quantitative results of
petrophysicd examinations such asinner surface- and condtctivity measurements.

Fig.7. Image from thin
sedion of a sandstone. The
pore spaces have been filled
by a specia resin that makes
them appea blue and can
eaily be identified. Notice
the fine day mineras (illite),
grown on the pore surfaces
during diagenesis. Clay
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minerals are most likely the main cause for pore throat clogging during hydraulic
fraduring treaments.

Thin sedions provide avery clear impresson d therelation between sedimentary grains,
cement minerals and dagenetic day minerals.

The same sandstone
sample  contemplated
under eledron
microscope. For the
much higher resolution,
the three dimensional
appeaance ad the
posshility of element
anaysis by EDX
tedhnique, the minerals
can easlly be identified
than by thin sedion
analysis. Magnificaion
can be increased up to
several thousand times.

Weéll log Analysis:

Besides dandard logs, Formation image logs are used to determine the presence and
orientation d natural fradures. Nuclear magnetic resonance log analysis can detect
possble depleted zones and provide estimates of formation permeébili ty.

Most unconventional reservoirs characteristicaly have low porosity and low
permeability. Because most logging tods were developed to evaluate formations with
high porosity, they often lose their sensitivity in low-permeadbility, low-porosity
reservoirs. Better formation-evaluation methods for low-porosity reservoirs are of vita
importance If techndogy can be developed that will give us a better estimate of
formation permedbility, along with formation paosity and water saturation, the
development of unconventional reservoirs can be improved substantially.

3-D Seismic Horizon-Based Approachesto Fracture-Swarm Swed Spot

Horizon attributes (e.g., dp, azimuth, and curvature) derived from 3-D seismic data hold
considerable potential for identifying fradure-swarm swed spats in low permeabili ty
reservoirs (Hart et al., 2003. Typicaly, these atributes are used to define subtle faults
that can play important roles in compartmentali zing conventional reservoirs. However, in
low permedbility gas reservoirs, where fradure permeability is criticd, these same
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attributes can be used to define high-permeability fradure swarms. Based onthree cae
studies, two clastic (Mesaverde Blanco Field and Basin Dakota Field) the other carborate
(Ute Dome Paradox Field), from the San Juan Basin areaof northwestern New Mexico, .
Hart et al., 2002 opned that development drilli ng plans for low permeabili ty reservoirs
shoud take into acount geologic heterogeneity that can be associated with fradure
swarms.

Picking prospedsin tight gas sands using multiple azimuth attributes

Multi ple-azimuth 3D seismic dtributes and petrophysicd data help find the swed spats

Fig. 9. Workflow of prosped development methodology

Figure 9. shows the work flow of prosped development methoddogy in tight gas
reservoir. The procesdng is generaly focused onstadk analysis of anisotropy in multiple
azimuths followed by pre-stack anaysis of amplitude variation with doffset (AVO). The
processed data and subsequent statisticd analysis of seismic atributes are interpreted for
identification d fradures prospective for commercia gas production. This can be
validated with the relationships between seismic atributes and measured reservoir
properties, such as clay content, as well as fracture density interpreted from borehole-
image logs.
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P-wave velocity and permeability distribution of sandstones from a fractured tight
gasreservoir

Fractures are an important fabric dement in many tight gas reservoirs becaise they
provide the necessary channels for fluid flow in rocks which usually have low matrix
permeabiliti es. Laboratory measurements have shown the diredional dependence of the
permeabili ty and P-wave velociti es. Higher permeabili ty values are generally in the plane
of the nearly horizontal sedimentary layering with regard to the core axis. With the
occurrence of subwvertical fractures, however, the highest permeabiliti es were determined
to be parallel to the cmre ais. At higher confining presaure, sedimentary layering is
approximately the only effective fabric dement, resulting in a more transverse isotropic
Vp symmetry. Furthermore, water saturation increases the velocities and deaeases the
anisotropy but does not change Vp symmetry. This indicaes that at this tate, all fabric
elements, including the fractures, have an influence on P-wave velocity distribution.
2002 Saiety of Exploration Geophysicists

Formation/Production testing

Reservoir permeability and presaure ae generaly cdculated from G-function analysis of
pump-in tests and from presaure build uptests.

Examining similarities and differences of Tight Gas Development:
Reviewing lesonslearnt and best practices

Better reservoir knowledge and increasingly sensitive tedhndogies are making the
prodwction d unconventional gas econamicdly viable, and more dficient. This
efficiency is bringing tight gas, coal-bed methane and ggs hydrates into the read of more
companies aroundthe world. However, production from tight gas reservoirsis dill i nits
infancy, only limited knovledge is avail able dou the causes of the problems concerning
frac stimulations of low permeability reservoirs. Econamicaly producing gas from the
unconventional sourcesisagred chall enge today.

Besides the wgnition and solution d technicd problems the petroleum engineas and
geoscientists have to deal with the question whether some low permeability reservoir
rocks may be potentially vulnerable to seaondary skin effed (medanicd damage caused
by the frac treatment itself). The most important of these damage feaures may be the
loosening and transport of fines from the pore-fillings such as clay minerals due to
treament-induced stressand their redeposition at the tight pore throats.

Tight gas reservoirs require alvanced tediniques to enable migration dstances from
formation to well to be reduced. Therefore modern techndogies for the production d
tight gas reservoirs are horizontal and multil ateral wells, as well as under-balanced
drilling. Stimulation and cementing techndogies are proving most significant for
improved econamic production. Conventional and nowel techndogies are deployed for
field development of tight gas reservoirs.
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The fundamental question to be answered is can we get econamic production from micro
Darcy, possbly condensate rich gas fields? Answer to this fundamental question
depends on

Petrophysical and geologicd aspeds. permeabili ty, parosity, water saturation,
condensate rich gas, capill ary forces, presence of readive days, etc.
Field/well modelli ng

Drilli ng and completion + the need for UBD/UBO

Hydrauli ¢ fracturing

Novel completion and stimulation techniques

Conventional methods of producing gas from tight reservoirs usually requires sme form
of artificial stimulation, such as hydraulic fraduring. Wells completed in tight reservoir
rocks have to be stimulated by one or severa hydraulic fracs in arder to achieve an
eonamicdly adequate production rate. Compared with more permeable rocks, tight gas
reservoirs often show a much weger resporse to the frac treaments, resulting in low
production rates and a high econamic risk. It is known that natural rock fradures are an
important fador in the emnamic recovery of gas from tight reservoirs. Advanced
methods of gas production in these environments are taking advantage of gas flow from
natural fractures in the reservoir rock. The distribution, aientation, and density of these
fraduresis key to proper planning and well scheduling in tight gas reservoirs. In addition
to these physical attributes, reservoir engineers also need detail ed analyses of the dfects
of interstitial clays and fluids. The nature of the natural fractures and aher characteristics
of the reservoir were sufficiently well-determined that drilling could be accurately
direded.

Understanding gas production from low permeability rocks requires an understanding of
the petrophysica properties-lithofades asociations, fades distribution, in situ porositi es,
saturations, effedive gas permeabiliti es at reservoir condtions, and the architedure of the
distribution d these properties.

Development methods of tight reservoirs include a resolution d the traditional methods
problems of the fields development. However in contrast to the traditional methods the
development methods of tight reservoirs mainly dired to prevention d the problems on
the scde of micropares. Those problems result from the interadions between moleaules
of fluid and of reservoir rock and develop through formation d the boundary phases
(films and layers). The boundary phases drastically transform dynamics of filtration and
in some caes suspend that one. Structure and properties of the bourdary phases are
predetermined by the reservoir rock properties, pealliarities of the hydrocarbon fluid
compasition, temperature and presaure in a depaosit.

The fields development is acompanied with problems resulting from the highly
heterogeneous atial distribution d permeability and paosity throughou the reservairs,
stratification d deposits, variable production rate of wells inducing the seledive baottom
water intrusion to the deposit and giving rise to the trapping of hydrocarbons behind the
hydrocarbors - water front, fall out of condensate, paraffins, resins and asphaltenes etc.
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Traditional methods of fields development resolve those problems on the scde of a
deposit.

Further modern techndogies for the production d tight gas reservoirs are horizontal and
multil ateral wells, as well as underbalanced drilling. Compared with more permeable
rocks, tight gas reservoirs often show a much weeer resporse to the frac treaments,
resulting in low production rates and a high economic risk. As production from tight gas
reservoirs is dill i nits infancy, only limited knowvledge is avail able @out the caises of
the problems concerning frac stimulations of low permeabili ty reservoirs.

Well Testing in Tight Gas Reservoirs

The low permeability of these reservoirs dows down their resporse to presaure transient
testing so it is difficult to oltain dynamic reservoir properties and to production so it is
difficult to charaderize the gasin place. The need to hydraulicdly fradure wells in these
reservoirsto oltain commercial flow rates adds to the mmplexity of the problem.

Determination of real composition of fluidstrapped in tight reservoirs

Determination o the red composition d fluids trapped in a tight reservoir is a
groundwork of the cdculation d the deposit adual resources. The greder a variety of
comporents dislved in fluid and greater a specific surface of reservoir rock the lessa
compasition d an average sample taken from the bottom hole wrresponds to the red
fluid compasition in a deposit. A compasition d an average sample taken from the
bottom hoe mmputed on a basis of a gas condensate testing of wells approximately
corresponds to a fluid composition in the largest pores and interstices. That fradion d
fluids to a lesser degree influenced by the reservoir rock. The rheological properties and
phase behavior of the substantial fradion d hydrocarbon resources are transformed to a
high degree by the tight reservoir rock. Thaose resources involved to the recmvery at the
variation d temperature, pressure and ancther physicochemicd condtions sgnificantly
vary the value of the predicted reaverable resources.

The Use of An Integrated Approach for Reducing Uncertainty of In-PlaceVolume
Estimation and Productivity Forecast in Tight Gas Reservoirs

To reduce the uncertainty in the estimation d hydrocarbonin place ad fluid contad in
tight gas reservairs, it is esentia to integrate cre data and log analysis. A newly
developed saturation-height function approach has been successully applied to cdibrate
log analysis to better define petrophysical properties such as formation water saturation
and free water level in tight gas reservoirs. The applicaion d this approach has played a
criticd role in exploration and development decisionrmaking processes for tight gas
reservoirs.

Unlike most of the models pulished in the literature, this approach accommodates

different forms of J-Sw regressons, which is applicable to dfferent pore geometries and
very powerful in tight gas reservoirs. Using this approad, water saturation is caculated
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continuowly from log porosity and free water level withou formation resistivity and
Archie eporents. This approach also estimates free water level by iterating on water
saturations until matching those derived from log data.

Overview of Tight gas areasworldwide: Which spots hold the most
reserves ?

Out of the 5500 TCF of the world’s gas reserves, a large percentage of the reservesisin
tight formations of 1 mD down to 0.005mD. Current USGS studies suggest that
enormous quantities of gas and dl may betied up in urconventional reservoirs.

Tight gas production first developed in the Western United States San Juan Basin, fueled
by improvements in hydraulic fracturing techndogy. By 1970, approximately 1 trilli on
ft* per yea were being produwced nationwide. Price incentives in the form of tax credits
and advancing techndogies during the 1980©s increased development, with production
levels eventually reaching the arrent level around 2.5trilli on ft* per year. This represents
13% of current lower-48 gas production. There are goproximately 40,0 tight gas wells
producing from 1600reservoirsin 900fields.

Estimates of gas-in-place @ntained within tight gas snds vary considerably but they
mostly agree on ore aped, that thisis alarge resource some estimates suggest as much

as 100 000x 10° m3worldwid potential. Total gas in placein the United States may
exceal 15,000Tcf, with annual production between 2and 3 Tcf. In the Rocky Mourtain

region, the U.S. Geologicd Survey suggested a mean reaverable resource of 160.5tcf

gas, 568 million bh oil, and 1829million kbl of natural gas liquid (NGL) aaoss four
basins in urconventional, continuous-type acomulation hated in sandstone reservoirs.

More recently, the U.S. Geologicd Survey has conducted additional detailed geologic
studies and rew assessments of severa key basin, including those basin  with large
unconventional resource potential. These studies suggest that continuous-type sandstone
reservoirs contain mean, undscovered resources of approximately 80.6tcf gas and 2500
million bl NGL in the Green River basin of southwest Wyoming, 18.8tcf gas and 33.4
million bl NGL in the Uinta and Piceace basin, and 26.2tcf gas and 144.4 milli on bbl

NGL in the San Juan basin

USGS investigations have led to larger gas-resource estimates for some western basins.
The Gas Research Institute (GRI) has estimated a new field gas paentia in low-
permeabili ty reservoirsin the Rocky Mourtain regionto exceal 206tcf gas

Studies in the Piceance Creek and Greaer Green River basins indicate that estimates of
gas recoverable with advanced techndogy excea previous estimates by as much as six
times. Advanced techndogy assumes exotic drilling and well -completion methods, some
of which are airrently being tested with reasonable success

In Germany the potential resources of undscovered andtight gasisin the range of 50to

150x 10° m3. Potentially producible gas from low-permeabili ty horizons in the Northern
Greda Plains of Montana and the Dakotas could excead 100trilli on cubic feet.
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Tight Gas Reservoirs- SomeWorld Examples

Devonian:

Jean Marie Member and related carbonates (NEBC)

Misgsdppian / Pennsylvanian / Permian:

Triassc:

Jurassc

L ower Cretaceous

Upper Cretaceous

Mattson Formation (Liard Basin)
Stoddart Group (NEBC Focathill s and PeaceRiver Plains)

Montney * turbidite play (PeaceRiver Plains)

Doig + shoreface/channel sands + Groundbrch play (NEBC)
Hafway + NEBC Focthill s, PeaceRiver Plains

Baldonrel / Pardonet + (NEBC Foathill s)

Rock Creek (west-central Alberta)
Nikanassn + Buick Creek (NEBC, West-central Alberta)
Kootenay (southwestern Alberta)

Cadomin / Basal Quartz (Alberta / B.C. western Plains and
Foathill s)

Bluesky / Gething (Peace River Plains, west-central Alberta)
Falher / Notikewin (NEBC and adjacent Alberta)

Notikewin / Upper Mannvill e channels (west-central Alberta)
Cadotte (west-central Alberta and adjacent B.C.)

Viking £ (west-central Alberta)

Dunwvegan (west-central Alberta and adjacent B.C.)
Cardium + Kakwa shoreface (west-central Alberta and adjacent
B.C.) Belly River (west-central Alberta)
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Tight Gas potential in India - a sketchy picture:

Tight gas reservoirs in its wider meaning can be foundin any geological and tedonic
setting. However, the basin centered/degp gas system do cccur in axial part of the rift
basin, the foredee part of the foreland basin o the synclina part of the orogenic belts.
Keging these facts in mind and the over all geodynamic scenario of the India, a few
areas look prospedive for basin centered gas prospeds.

The Assam Arakan fold-thrust system in natheastern India represents along orogenic
system that includes the Cachar fold belt in south and the Naga Schuppen belt in the
north. In south, the mgority of this belt consist of Tertiary clastic rocks (except the
Lower to mid- Eocene Sylhet Limestone) that are deformed into broad, open synclines
separated by tight anticlines and a few thrust faults. The Paleogene Dishang Group
constitute shallow marine to deepwater turbidite deposit that may play an important role
in the subsurface a a potential tight gas reservoir in the mourtail belt. In the foathill
region d Assam foreland, lenticular sandstones within the Paleogene sequence may aso
form potential targets for tight gas reservoirs.

Many sizedle gas ®gages in the Naga schuppen belt indicate anple gas generation at
depth. The distribution of the gas sepages suggest that the generation below the thrust
belt within the aitochthonous sdimentary section, ndably in the coa bearing Barail or
the Kopili/ Dishang shales. Presaure compartments, formed as a result of adive
hydrocarbon generation, combined with lithdogic, tedonic and dagenetic seding, are
expeded to have been episodicdly fractured by "seismic valving', a medhanism related
to theinteradion d tedonic stressand elevated pore presaure.

The east coast passve margin basins like Krishna Godavari, Cauvery, Mahanadi etc. may
hold good pdential for tight gas reservoirs particularly in the deg basinal side.

The Cambay aborted rift contains different sub-basins with dfferent sediment fill s.
Some of the depressons like Bharuch, Tarapur, Wamgj etc. are good local where basin
centered gas are expeded.

Key existing and needed technologies

No single tod delineaes the combination o lithologies and geometries of faults and
fradures aswociated with commercia tight gas sand reservoirs. Seismic (espeaaly
multicomporent threedimensional seismic) information, spedalized wireline logs,
cementing and stimulation methoddogy, drilling and measurement, conventional
subsurface data, reservoir engineeing data, and simulation are dl necessary. Each
domain depends on inpu from others, and the importance of validated, timely
information to users in all areas of expertise, at any point in the process is recognized
aaossthe industry.

Advanced tedhniques like horizontal drilling and techndogies that permit efficient
fraduring of multiple zones per well alow gas to migrate ashorter distance to read a
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locaion where it can enter a well and ke produced. When these reservoirs extend
verticdly for several thousand fed, new fraduring techniques are required. To crede
better solutions adapted for gas, industry researchers will need to urderstand unabrlying
flow physicsin greder detalil .

Geologists, engineers, log analysts, and aher professonals have to come to the ammmon
table with anead to better understand and predict reservoir properties in low-permeabili ty
reservoirs and wse that information in resource evaluation, reservoir charaderization and
management.

NEW TECHNOLOGY FOR TIGHT GAS SANDS

A concerted techndogy effort to better understand tight gas resource dharaderistics and
develop solid engineeing approades is necessary for significant production increases
from this low-permeabili ty, widely dispersed resource The aurrent understanding of the
tight gas resource and past experience with production enhancement techniques, from
nuclea detonations to hydrauli ¢ fracturing, bah indicate that significant gas recovery can
be adtieved, orly by positioning a wellbore in the nea vicinity of the formation to be
produwced. To meet the eonamic requirement of wellbore paositioning close to the
prodwing formation, tens of thousands of wells would reed to be drilled to reat
targeted production levels—a staggering econamic and environmental challenge.

The basic components for construction d atight gas sand well i nclude rotary drilli ng of a
wellbore eventually completed with a hydraulic fradure stimulation. Many techndogy
improvements over past yeas, while incremental in nature, have cmbined to al ow costs
to be reduced while exploration tedhniques have dlowed better well |ocdions to be
seleded. The incrementa improvements have combined to dffset the impad of lower
quality rock being developed. It is postulated that for a significant increase in tight gas
produwction levels, a greaer than "incremental” techndogy development must be
developed.

New Tednology Concepts

"Township Drainage” - The @ncept of draining an entire "township” with a single
surface area of adivity isrequired, in contrast to the multiple locaion approadh. This can
be adieved by "Well Clusters® in pdentia tight-gas produwctive aess. Further,
environmental impad can be minimized by "Onsite Waste Management" - Nothing
leaves the location except saleable product. All waste materials (drill cuttings, drilli ng
fluids, produced fluids) are safely re-injeded into appropriate zones in the same
formations. Recycle of materials is maximized.
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New Tednology Components

The concept of bringing off shore techndogy onshore i.e the multiple-well single
locaion, with many wells being drill ed from a single location and with lengths of
some wellbores reating a few miles, alowing wide cverage. This will reduce
rig moving costs, locaion preparation costs and road bulding costs.

Drilli ng the well with red-time near-bit sensors for sending information to the
wellsite geologist who can integrate these data with Mud-logging and seismic,
and dter the target as the new information dctates. "geosteering"and look-ahead
seismic steaing of the drill bit helps to maximize the quality and quantity of pay
zone penetrated by the drill bit.

Use of new fraduring techndogy help accessng the payzones, e.g., with multiple
jobs, ead optimized to spedfic formation properties. Each treament, while not
achieving propped lengths once evisioned, can be pumped at significant cost
savings and effective proppant placement allows for quick and complete well
cleanup, enhancing productivity.

The multiple wellbores may be drilled and completed with the latest "slimhole”
techndogies and tubdars (Coil ed tubing)to minimize material and increase speed
of drilling. This drilling environment allows for utilization d underbalanced
drilling for al wellbores: this incresses rate of penetration, limits wellbore
damage axd povides better insight into payzone seledion, gimarily through
targeting and exploitation d naturally fradured environments.

One wellbore can be used for disposal of al required materials on site,
eliminating the st of trucking and land filli ng of these materials. Drill cuttings,
drilli ng fluids and subsequently produced water never leave the locdion.
Operating expenses can be reduced by the centralized locaion d the wells. Cost
of gas compresson, metering, well workovers, well monitoring, providing safety,
travel and labor are dl reduced.

The environmental footprint can be minimized due to multiple wellbores at a
single location. A great ded of adivity below the surface couped with a
minimum of surface disturbance and land uili zation hdds environmental costs
down and maintains a paositive industry image. Environmental concerns of air
emissons, nase, footprint etc., are mitigated by the environmental control
enabled by the duster of wells.

Many of these techndogies exist today, althoughtheir application is limited to prolific
prodwcing areas (e.g., offshore and orshore Alaska) due to the high cost of techndogy
applicaion. A part of the challenge for the future will be to contain these costs, al owing
deployment to low permedbility environments. Some of the techndogies neal to be
developed and some have naot yet been adequately thought about. The future will require
a ontribution from all participants. The following table summarizes the quantitative
impad of the new technology assumptions.
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Asaumption I mpact

Geosteaing, Zone Seledion Maintain Porosity at 5%
Geosteaing, Underbalanced Drilli ng Zone Selection (e.g., |Maintain  Permeability at
Natl. Fracs) 0.001md

Geosteaing and Underbalanced Drilli ng Add 6 to Well Costs
Multi-well | ocaions Reduce Well Costs 5%
On-Site Waste Management Reduce Well Costs 5%
Advanced Fradure Treatments Reduce Treament Cost 25%
High Angle Drilli ng Add 26 to Well Costs
Coiled Tubing Drilli ng and Tubuars Reduce Well Costs 10%
Hydrauli c Fracture Conductivity Increase by 40%

L essons L ear ned

The future for exploration canna be with the familiar, conventional anticlinal and
stratigraphic buoyancy traps. In the U.S. most of these traps have been discovered. All of
the major companies agreewith that conclusion and have shifted their investment to the
Gulf and Overseas

New onshore gas will largely be from basin-centered gas systems. At present most
basin-centered gas fields have the following parameters. therma gas, sandstone
reservoirs, Cretaceous age, gas shows, permeaility lessthan 3 md, are widely fractured
requiring fracs for commercial production, are synclinal or on basin flanks and are
roughly parallel to strike, are downdip from water, and can be large to extremely large.
Exploration competency in the new basin-centered fields will require more flexibili ty
and more highly-experienced subsurface technicd expertise than was necessary for
discovering fields related to buoyant traps.

Review of different tight gas reservoirs of the world in general and United States in
particular suggests that the tight gas resource is ubiquitous: al geologic basins in the
United States contain some tight gas. These reservoirs of various ages and types produce
where structural deformation credes extensive natural fracture systems whether it is
basin margin ar foathill s or plains. Fractured, tight and urconventional reservoirs can
ocaur in tectonic settings dominated by extensional, compressonal or wrench faulting
andfolding.

It is of interest to look badk over the past twenty yeas of history with regard to tight gas
production and speculate as to what fadors adually drove the activity which resulted in
more than doubling of annual production. The question can be quickly narrowed to two
aressin general:
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1. GasPricelncentives
2. Impact of New Technoogy

Tight gas well drilling adivity was primarily price-driven as oppased to the advent of
some new techndogy or breakthrough in understanding of the tight gas resource.
Certainly the significant deaease in adivity that took dacein 1986,coincident with a
significant decrease in gas price, would further suggest that no lresthrough techndogy
or combination d techndogies existed to maintain adivity levelsin the a&sence of price.
All of thisis not to suggest that techndogy was dormant during this time period bu that
it was probably nat the aucia fador.

Importance of New Technologies

In the @ming decades, production from unconventional oil and ges reservoirs will
bemme even more important al over the world when conventional oil production kegins
to dedine. To prepare for the future, it isimportant that the oil and gas industry focus on
the tecdhndogies that will be needed to continue development of oil and gas from
unconventional reservoirs. A few of the important techndogies are listed in the
foll owing.

Spedal formation-evaluation methods.
Spedal reservoir-engineering methods.
Speda completion methods.

Massve hydrauli c-fracturing treaments.
Stean injedion.

Horizontal and multi branched well bores.
Advanced drilli ng methods.

A common characteristic of many of these unconventiona reservoirs is that the
formations can be several hundeds or even thousands of fed thick. To produce such
reservoirs, multizone completions, oriented perforating, massve hydrauli c fracturing, and
cased-hale logging methods are dl required to maximize recovery and minimize the cost
asciated with well completions. In many cases, haizontal or multibranched wellbores
aong with stean injedion can improve recvery from heavy-oil reservoirs. Findly,
becaise most of the money developing every field is required for drilli ng the wells, any
advancements in dilling methods that reduce costs can substantially improve the
emnanmics of developing urconventional reservoirs.

Gas production from a tight-gas well will be low on a per-well basis compared with gas
production from conventional reservoirs. A lot of wells have to be drill ed to get most of
the oil or gas out of the groundin unconventional reservairs.

Small well spadng is required to deplete alow-permeability reservoir in a 20- to 30-year
time frame. Thus, to substantially increase oil and gas production from unconventional
reservoirs, the industry will need many more rigs and alot more equipment. Currently, it
does nat have enough rigs, logging trucks, cement trucks, or fraduring trucks to develop
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unconventional reservoirs to any gred extent in any part of the world. In addition to
needing more wells and more ejuipment, the industry also will require many new
engineas and geoscientists.

There is no fea of running out of oil or natural gas. An enormous volume of
unconventional oil and gas will be there to fill the gap orce cnwventional oil begins to
dedine in the next 5 to 20 years. However, increased al and gas prices and better
tecdhndogy will be required to bring much of those resources to market.

Conclusions and future diredions for exploration of and production
from low-permeability systems:

Tight gas reservoirs have a huge future potential for production.

Four criteria that define basin-centered gas acamulations, including low
per meability, abnormal presaire, gas saturated reservoirs and no down dip
water leg.

Although "tight gas sands' are a1 important type of basin-centered gas reservair,
not al of them are Basin-centered gas (BCGAS)

Past tight gas sands production was fueled by both techndogy and gas price
incentives, primarily price incentives.

Gas price incentives for the future are thought to be limited, therefore techndogy
development must play the magjor role for future increases.

The rate of current techndogy improvement is just offsetting the increasing
challenges created by lower quality reservoir rock, increasing costs from
environmental issues and dovnward pressure on gas prices from energy
competition.

A concerted techndogy effort to bah better understand tight gas resource
characteristics and develop solid engineaing approades is necessary for significant
production increases from this low-permeabili ty, widely dispersed resource.
Exploration efforts in low-permeability settings must be deliberate and focus on
fundamental elements of hydrocarbontraps.

Gas production from atight-gas well will be low on a per-well basis compared with
gas production from conventional reservoirs. A lot of well s have to be drilled to get
most of the oil or gas out of the groundin urconventiona reservoirs.

Improvements in completion and dilling technology will allow well identified
geologic traps to be fully exploited, and improvements in product price will alow
smaller accumulations or lower-rate well sto exceal econamic threshalds, bu thisis
truein virtually every petroleum province

Petrophysics is a aiticd techndogy required for understanding low-permeabili ty
reservoirs.

Well Clusters and Onsite Waste Management are the key comporents of New
Tedndogy Concepts for tight gas devel opment

Although, tight gas reservoirs hold huge potential, simply praying to the gods of
fradure stimulation, dilling fluids and strong prices to make gas come out of the
grourd will not do. The industry needs to think in terms of the risk process by
evaluating source, reservoir, sed andtrap, just as companies doin ather regions.
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|  Geologists, engineers, log analysts, and aher professonals have to come to the
common table with a need to better understand and predict reservoir properties in
low-permeability reservoirs and we that information in resource evaluation,
reservoir charaderization and management.

| There is no fea of running out of oil or natural gas. An enormous volume of
unconventional oil and gas will be there to fill the gap once mnventional oil begins
to dedinein the next 5to 20 years.
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