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Abstract

In many tight gas basins of the western USA, gas productive and non-productive sandstones are difficult to distinguish. Gas shows, calculated water
saturations, and saturation-height profiles all appear similar, capillary pressure derived height functions are difficult to apply, and classic rock-typing
procedures lack predictive capability.

Basin analysis of several Rocky Mountain basins in which low-permeability sandstone reservoirs produce gas suggests that hydrocarbon charge and
migration occurred well in advance of maximum burial and uplift. Furthermore, these same models indicate that reservoir porosity and permeability
were significantly greater than values commonly found today. We suggest that at the time of gas charge reservoir capillary pressure curves were
characterized by lower displacement pressures. During burial, continued decreases in porosity and permeability caused both water saturations and gas
column heights to increase. Upon uplift, gas accumulations either spilled or structurally readjusted resulting in capillary imbibition and, in some
cases, secondary drainage then imbibition. Within trapped accumulations, gas expansion upon uplift also resulted in increased gas column heights.

We suggest the basin history of these low-permeability sandstones resulted in many non-productive sandstones being at, or near, residual saturations
whereas many productive sandstones follow a capillary imbibition or secondary drainage-imbibition profile. Because of the complex pore geometry
that characterizes many low-permeability sandstones, residual, or trapped gas, saturations fall within a similar range as the water saturations of the
gas productive sandstones making the two difficult to distinguish. The lack of significant observable variation in saturation-height is a reflection of
the imbibition or secondary drainage trend.

Conventional petrophysical evaluation is fundamentally based on drainage capillary principles. Low-permeability reservoirs that have experienced
late uplift following an earlier phase of charge are unlikely to be characterized by capillary drainage and are more likely to be characterized by
imbibition or secondary drainage and possibly imbibition.
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Overview.

« Earlier (Part 1) work focused on prolific fields (> 50 bcfe)
Conventional aspects of tight-gas accumulations and the
Importance of traps.

Considered consequences for risk — reseurce appraisals, etc.

Unconventional aspects concerned stress, effects and multi-
phase flow in low-permeability reservoirs.

* Expanded the concept of ‘permeability jail* in tight reservoirs.

« Today (Part Il) - present a dynamic view of tight-gas

= Incorporate & discuss
« Burnal history & HC generation
* |Implications for gas-column evolution.
« The cause of widespread shows outside of defined traps.
* The impact of basin-history on petrophysical ‘evolution’, etc.




Tlight-gas; hasins
\Western USA

« Our work focuses on
the Greater Green
River Basin, southwest
Wyoming

Observations and
conclusions applicable
to other tight-gas
basins in the USA and
In western Canada.

Modified from Wood Mackenzie Map, 2006




Up-front cenclusions

Many tight-gas basins ofiwestern North America are characterized
Py -

= early gas charge (apprex. 45 - 60 Ma)

= |ate structural uplift and re-erganization (apprex. 5 - 7 Ma).

« At the time of HC charge, many_reservoirs were not tight-gas

sandstones.

= Reservoirs charged before maximum burial depth.
= Porosity: 2x or more, what we find today.
= Permeability: 10x — 1,000x what we find today.

During burial - pore-volume decreased, reservoirs became tight-gas
sandstones, & many gas columns increased thickness.

During uplift — gas columns adjusted to uplift & increased, some
traps spilled, many capillary systems departed from primary
drainage to imbibition ( or 2° drainage/imbibition)




So what?

Large areas within tight-gas basins at residual, or near residual gas
saturation.

« Residual saturation ranges between 30— 70% Sw

« Distinguishing residuall (nen-preducible) from ‘pay’ is very difficult.
Many (mest?) reservoirs not in primary drainage equilibrium

= DIg challenge for petrophysical analysis —
 Petrophysics largely based on primary drainage equilibrium.
« Saturation vs height not applicable.
» Rock-typing difficult as predictive tool.

This dynamic view explains
=« Widespread gas shows yet difficulty establishing production.
= Difficulty relating performance to Sw
= Success of ‘late traps’

Renewed emphasis on elements of petroleum system, in particular
trap evoelution & geometry and gas re-migration.




Greater Green River Basin
southwest Wyoming

53 Fields w/ EUR > 50 BCF gas

92% of GGRB Production

Colorado
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Saturatien - Height Water Saturation (%)
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Summary ofi key: field observations

« Most wells'encounter gas shows while drilling.
« Both within traps...and outside of trap areas
« Many of those wells de not produce significant gas

« Rarely calculate high Sw in reservoir-quality rock even in
water-hearing zones.

« Similar Sw and Sw-H trends in both producing and non-
producing wells
= Saturation models often perplexing / non-discriminating
=« Performance prediction can be very difficult

» Rock-typing has limited success in predicting reservoir
performance




Briefly consider -

« Our perspective Is that these outcomes are a reflection of
pasin history —

= Relatively early charge followed by continued burial and late
upliit.

* Look more closely at:
= HC timing and charge process
= burial -- changes in reservoir rocks and gas columns
= Uuplift -- changes in gas columns & saturation trends
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Basin History.
Jonah Field sHe 12:27)

1-Dmodel

HC generation &
expulsion prior to
resenvoir @
maximum depth of
purial
= Resernvoir interval
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Basin History
Jonah-Pinedale area — Coskey, 2003-05
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Basin Histery
Jonah area: Resernvolr porosity vs HC charge
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s 15-25%+

From Coskey, 2004



Basin Histery
Jonah area: Resernvolr porosity vs HC charge

Mid-Lance SHB 13-27 .
Reservoir Primary seurce

rocks.
= Hilliard
= Mowry
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From Coskey, 2004



Porasity - Depth Model

Resenvolr Quality —
Caplillary: Pressure Model

Porosity (Fractional)
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Resenvelr evolution durng bural
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Capillany Pressure Evolution
Pseudo capillany pressure curves

Pseudo Capillary Pressure Relationship (Drainage direction)
(method of Hawkins, Luffel, and Harris, 1993)
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Capillany Pressure Evolution
nitial saturation — final saturation
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Tight-gas hydrecarben model

Initiall change

Initial’ gas charnge prior to
maximum: depth of burial.

Enhanced resenvoir
properties relative to
today.

Pc / Height

Gas displaces water —
drainage capillary process

Saturation and height are
closely related.




Tlight-gas hydrecariben model

with bural...

Gas compresses

But - gas celumn (H) increases
due to the decreasing pore-
volume in the trap.

= How much ‘h' increases
dictated! by trap configuration

Pc / Height

Diagenesis causes pore-
throats to get smaller which
Increases Pc¢ — causing water
to be iImbibed and Sw to
Increase.

Saturations — move to the NE
(higher Pc & Sw)

= Both drainage & imbibition




Porasity - Depth Model

Resenvolr Quality —
Caplillary: Pressure Model
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Greater Green River
Regional uplii

Uplift and: structural re-
erganization @ 5-7 Ma

Uplift estimates range
3,000 to 8,000’

Withini GGRB uplift

varies spatially

Gas columns adjust to
changing; structure
Some traps spill

Seme re-adjust and
columns move

Some remain the same

0 SHB 13-27 %Ro
o SHB 1-28 %Ro |
A Ross 33-7 %Ro
X JF 1-4 %Ro
o WW 1 %Ro

® 3295




Tight-gas hydrecarben model
Uplift...

During uplift...if the
structurall attitude of the trap
changes...

=« Gas could ‘adjust’ to
changing structural attitude

= [rap could spill completely

= [rap could partially spill

The changes in position of
gas would be by both
drainage (gas displacing
water) and imbibition (water
displacing gas) depending
on trap and position within
the trap.




Capillary Pressure Curves

Drainage & Imbibition — Lance Fm., Pinedale - GGRB
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Hysteresis is the difference in the two paths.
Notice that the final’ imbibition saturation does not equal 100% water

saturation.

Final Sw = approx 28% at Pc = 0, often called residual saturation or trapped
saturation. Final saturation depends on initial saturation.




Capillany Pressure — scanning loops
tight-gas hysteresis & residual saturation (11.3%, 0.043 mb)

:

IMost previous work
& First Imbibition on imbibition related

—&— Secondary Drainage torenhanced oll
~0— Second Inbibition

e~ Tertiary Drainege recovery.

~o— Third Imbibition Residual / trapped
saturation depends

on initial saturation

5

Recent work on
tight gas hysteresis
reported similar
results.

Sw slope much

more steep on

‘ —2 ‘ imbibition and

10 20 30 40 5 60 70 8 9D resulting drainage.
Wktting Phase Saturation (%)

=
o

Approx Height Above Free Water Level (ft)
=
S

From Byrnes, Cluff & Webb, DOE 2007



Residual Saturatiens
Aspect Ratio — Wardlaw: & Cassan, 1978

« Work on residual
largely; In waterfloed RECOVERY EFFICIENCY
community.

+ Classic woerk by
\Wardlaw

Residual saturation

largely driven by
pore / throat aspect
ratie and initial
saturation

« Tight-gas reservoirs
have very high
pore/throat aspect
ratios |
= Observed through 3 COORDINATION

stress effect on NUMBER
permeability:




Tlight gas residual saturations
IHg-saturatien on extrusion & counter-current imbibition

Residual saturations - Tight Gas Measurements

(1) Mercury Injection Capillary Pressure - final residual saturation following extrusion (n = 63)
(2) Counter-current imbibition (n=12)
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Tight-gas: hydrecariben model

Uplift, gas expansion and re-distribution

« Uplift causes —
Structural re-adjustment

Gas expansion (dropiin
pressure)

Gas re-distributed due to
pBUeyancy.

This causes —

Drainage process in some
areas (3, 4 & 6)

Imbibition processes in
some areas (1, 2 & 5)

Residual saturation: in
some areas (5)

Pc / Height

Notice the wide range of
capillary pressures (column
heights) as a function of Sw.




Tight-gas: hydrecariben model

Uplift, gas expansion and re-distribution

« Within a narrow range ofi Sw
— have a wide range of Pc
and a wide range of
outcemes

« Allithe wells weuld give
gas-shows while drilling

All'the wells would
calculate “pay”

Some of the wells would
produce gas — with little
water

Some of the wells would
produce gas — with
substantial water

Some of the wells would
produce water — with; little-
to-no gas.

Pc / Height




Up-front cenclusions

Many tight-gas basins ofiwestern North America are characterized
Py -

= early gas charge (apprex. 45 - 60 Ma)

= |ate structural uplift and re-erganization (apprex. 5 - 7 Ma).

« At the time of HC charge, many_reservoirs were not tight-gas

sandstones.

= Reservoirs charged before maximum burial depth.
= Porosity: up to 2x, or more, what we find today.
= Permeability: 10x — 1,000x what we find today.

During burial - pore-volume decreased, reservoirs became tight-gas
sandstones, & many gas columns increased.

During uplift — gas columns adjusted to uplift & increased, some
traps spilled, many capillary systems departed from primary
drainage to imbibition ( or 2° drainage/imbibition)




So what?

Large areas within tight-gas basins at residual, or near residual gas
saturation.

« Residual saturation ranges between 30— 70% Sw

« Distinguishing residuall (nen-preducible) from ‘pay’ is very difficult.
Many (mest?) reservoirs not in primary drainage equilibrium

= DIg challenge for petrophysical analysis —
 Petrophysics largely based on primary drainage equilibrium.
« Saturation vs height not applicable.
» Rock-typing difficult as predictive tool.

This dynamic view explains
=« Widespread gas shows yet difficulty establishing production.
= Difficulty relating performance to Sw
= Success of ‘late traps’

Renewed emphasis on elements of petroleum system, in particular
trap evelution & geometry and gas re-migration and timing.
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Petreleum; System Event Chart
generalized for uplifted \Western basins

Reservoir deposition

Source rock deposition

Seal deposition

Generation — Expulsion —
Migration

Initial charge — Capillary drainage

Reservoir burial & Porosity loss

Initial trap formation

trap

Stru

ctural & oth

Br traps

Uplift & structural reorganization

HC spill & remigration

Capillary Imbibition, 2° drainage,
etc.

Several large fields are in late-stage structures (Pinedale)....
Classic petroleum systems analysis would heavily discount these late traps.
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