ANOMALOUSLY PRESSURED GAS DISTRIBUTION
IN THE WIND RIVER BASIN, WYOMING

Topical Technical Progress Report

Reporting Period Start Date: October 1, 2001
Reporting Period End Date: March 31, 2003

Dr. Ronald C. Surdam

Project Manager & Principal Investigator

D.O.E. Award No. DE-FC26-01NT41325

Department of Energy Contracting Officer: Delia E. Ball

Ronald C. Surdam, Zun Sheng Jiao,
Yuri Ganshin, and Sharon Kubichek
Innovative Discovery Technologies, LLC
1275 N. 15th Street, Suite 121
Laramie, WY 82072

March 31, 2003



Disclaimer
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for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe on privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring
by the United States Government or any agency thereof. The views and opinions of the authors
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Executive Summary

Anomalously pressured gas (APG) assets, typically called “basin-center” gas accumulations,
represent either an underdeveloped or undeveloped energy resource in the Rocky Mountain Laramide
Basins (RMLB). Historically, the exploitation of these gas resources has proven to be very difficult
and costly. In this topical report, an improved exploration strategy is outlined in conjunction with
a more detailed description of new diagnostic techniques that more efficiently detect anomalously
pressured, gas-charged domains. The ability to delineate gas-charged domains occurring below a
regional velocity inversion surface allows operators to significantly reduce risk in the search for APG
resources. The Wind River Basin was chosen for this demonstration because of the convergence of
public data availability (i.e., thousands of mud logs and DSTs and 2400 mi of 2-D seismic lines);
the evolution of new diagnostic techniques; a 175 digital sonic log suite; a regional stratigraphic
framework; and corporate interest.

In the exploration scheme discussed in this topical report, the basinwide gas distribution is
determined in the following steps:

1. A detailed velocity model is established from sonic logs, 2-D seismic lines, and, if available,
3-D seismic data. In constructing the seismic interval velocity field, automatic picking
technology using continuous, statistically-derived interval velocity selection, as well as con-
ventional graphical interactive methodologies are utilized.

2. Next, the ideal regional velocity/depth function is removed from the observed sonic or
seismic velocity/depth profile. The constructed ideal regional velocity/depth function is the
velocity/depth trend resulting from the progressive burial of a rock/fluid system of constant
rock/fluid composition, with all other factors remaining constant.

3. The removal of the ideal regional velocity/depth function isolates the anomalously slow
velocities and allows the evaluation of (1) the regional velocity inversion surface (i.e.,
pressure surface boundary); (2) detection and delineation of gas-charged domains beneath
the velocity inversion surface (i.e., volumes characterized by anomalously slow velocities);
and (3) variations within the internal fabric of the velocity anomaly (i.e., variations in gas
charge).

Using these procedures, it is possible to construct an anomalous velocity profile for an area, or
in the case of the Wind River Basin, an anomalous velocity volume for the whole basin. Such an
anomalous velocity volume has been constructed for the Wind River Basin based on 1600 mi of
2-D seismic data and 175 sonic logs, for a total of 132,000 velocity/depth profiles. The technology
was tested by constructing six cross sections through the anomalous velocity volume coincident with
known gas fields. In each of the cross sections, a strong and intense anomalously slow velocity
domain coincided with the gas productive rock/fluid interval; there were no exceptions.

To illustrate the applicability of the technology, six target areas were chosen from a series of cross
sections through the anomalous velocity volume. The criteria for selection of these undrilled target
areas were (1) they were characterized by anomalous velocity domains comparable to known gas
fields; (2) they had structural, stratigraphic, and temporal elements analogous to one of the known
fields; and (3) they were located at least six sonic miles from the nearest known gas field. The
next step in the exploration evolution would be to determine if the detected gas-charged domains
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are intersected by reservoir intervals characterized by enhanced porosity and permeability. If, in any
of these targeted areas, the gas-charged domains are penetrated by reservoir intervals with enhanced
storage and deliverability, the gas-charged domains could be elevated to drillable prospects.

Hopefully, the work described in this report (the detection and delineation of gas-charged
domains) will enable operators in the Wind River Basin and elsewhere to reduce risk significantly
and increase the rate and magnitude of converting APG resources to energy reserves.
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Anomalously Pressured Gas Distribution
in the Wind River Basin, Wyoming

INTRODUCTION

Basin-center and deep-basin gas assets, or
more accurately, anomalously pressured gas
accumulations (Figures 1A,B) represent a huge,
relatively untapped North American energy. For
example, in the Wind River Basin, Wyoming
(~8500 mi?) the USGS estimates that the in-place
APG resource is nearly 900 Tcf (Figure 2; John-
son et al., 1998). However, cumulative produc-
tion, to date, from the anomalously pressured
portion of the stratigraphic section in the Wind
River Basin is less than 1 Tcf. This type of
gas-in-place to production imbalance is typical
in most of the RMLB. Obviously, these huge,
undeveloped or underdeveloped gas resources,
which occur in all the RMLB, need to be more
effectively exploited. In the past, the exploita-

CONVENTIONAL

UNCONVENTIONAL

tion of APG resources in the RMLB has been
difficult and costly, but there are a few notable
exceptions, such as the Jonah Field in the west-
ern Green River Basin, the Standard Draw-Echo
Springs Field in the Washakie Basin, and the
Cave Gulch Field in the Wind River Basin, and
relatively older successes in the Alberta, Denver-
Julesberg, and San Juan basins. These notable
successes demonstrate that the task of exploiting
the APG assets in the RMLB can be accom-
plished, and that the financial rewards can be
great. To more fully exploit APG assets in the
RMLB will require new strategies, technologies,
and diagnostic techniques, all with the dedicated
objective of substantially increasing the rate and
magnitude of converting these gas resources to
energy reserves.

Transition Zone
("Pressure Seal")

basin scale

"Sweetspots"

 pressure
compartment

Surdam et al. (2000) %

Figure 1. Schematic diagram illustrating the two elements crucial to hydrocarbon exploration in gas-
saturated, anomalously pressured rocks: (1) the pressure boundary (i.e., regional velocity inversion surface)

and (2) sweet spots.
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Figure 1B. Seismic stack section that cuts through a petroliferous basin, showing the distribution of
conventional oil/gas and anomalously pressured gas fields. The relationship between the regional velocity
inversion surface and the APG accumulations is also shown.

“Basin-Center” Gas Accumulations
North America

Figure 2. Map showing the Rocky Moun-
tain Laramide Basins and Anadarko and
Sacramento Basins, where the new IDT
exploration strategy and diagnostic tools
for APG accumulations have been applied.
The black arrow points to the Wind River
Basin, WY.




In the Wind River Basin of Wyoming, like
most RMLB, the first step to achieving a sub-
stantial increase in the rate and magnitude of
converting anomalously pressured gas resources
to energy reserves is to gain a vastly improved
understanding of the regional distribution of the
targeted gas asset. The application of integrated
new and improved diagnostic techniques that
result in a more effective determination of the
regional distribution of APG assets will serve
as the centerpiece of this topical report. These
diagnostic techniques will be applied to the Wind
River Basin of Wyoming, but they are generally
applicable to all the RMLB.

NEW EXPLORATION STRATEGY

The research being conducted at Innovative
Discovery Technologies (IDT) — which is
supported by DOE under Contract DE-FC26-
01INT41325 — is dedicated to demonstrating a
new and more effective way to explore for and
exploit APG assets in the RMLB. The IDT tech-
nology is the product of more than 10 years
of research in 30 basins from around the world
(Table 1). From this experience, several key

ROCKY MOUNTAIN BASINS

Powder River Basin, WY
Bighorn Basin, WY

Wind River Basin, WY
Badger Basin, WY
Washakie Basin, WY
Green River Basin, WY
Hanna Basin, WY

Hoback Basin, WY

Great Divide Basin, WY
Sand Wash Basin, WY, CO
Denver Basin, CO
Piceance Basin, CO
South Park Basin, CO
Uinta Basin, UT

San Juan Basin, NM

West Canada (Alberta) Basin, Canada

Other North American Basins
Western Anadarko Basin, OK
Sacramento Basin, CA

interpretive exploration elements have been iso-
lated that are critical to the efficient, effective
discovery and exploitation of anomalously pres-
sured, “basin-center” gas resources. These key
interpretive exploration elements include, but are
not limited to, the following petroleum system
attributes:

1. Gas distribution;

2. Gas migration conduits;

3. Gas content of the reservoir rock/fluid
systems;

4. Fracture swarm distribution;

5. Linear fault orientations; and

6. Reservoir attributes associated with

enhanced porosity and permeability in the
targeted production intervals.

Explorationists presently have at their dis-
posal the technology and diagnostic techniques
to evaluate all of the above critical elements
of a petroleum system. The strategy that IDT
espouses is based on determining the potential
for spatial overlap of the optimum values of as

INTERNATIONAL

Mahakam Delta (East Kalimantan), Indonesia
Kiru Trough (Sumatra), Indonesia

Waropen Basin, Indonesia

Offshore Camaroons (West Africa), Cameroons
Bohai Bay, China

South China Sea, China

Yellow River Delta, East China

Cooper Basin, Australia

San Jorge Basin, Argentina

Neuquen Basin, Argentina

Maturin Basin, Venezuela

Cauca Valley, Colombia

Table 1. List of basins in which the IDT exploration strategy and associated technologies have been applied.
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many of the key interpretive elements as possible
(Figure 3). The degree and quantity of overlap
of the optimum values for each of the key inter-
pretive elements determines the uncertainty of
defining APG production “sweet spots.” Gas
production sweet spots are defined spatially as
the intersection of a gas-charged fluid domain
with a reservoir rock domain characterized by
enhanced porosity and permeability (Figure 4).
The focus of this report is the techniques used

to define gas distribution and gas migration con-
duits within the Cretaceous-Tertiary stratigraphic
interval of the Wind River Basin.

TECHNOLOGY DEMONSTRATION:
RESULTS AND DISCUSSION

Wind River Basin

The Wind River Basin is an ideal setting
for demonstrating a determination of gas distri-
bution on a basinwide scale in a typical RMLB.
This unique demonstration has never yet been

 Gas Migration
Conduit

weetspot

elineation I

attempted in any RMLB because of data limita-
tions, and is only now possible in the Wind River
Basin because of the convergence of public avail-
ability of thousands of mud logs and DSTs;

2400 mi of 2-D seismic lines (from Echo Geo-
physical Corp.; see Figure 5); the IDT technol-
ogy and a digital 175 well log suite compiled by
IDT (Figure 6); the availability of a stratigraphic
framework compiled by the USGS; and corpo-
rate interest. All of the data sets mentioned
above have very good basinwide coverage.

Procedure for Evaluating Gas Distribution and
Gas Migration Conduits

In the analytic approach advocated in this
report, the diagnostic scheme for evaluating gas
distribution in an RMLB begins with the con-
struction of detailed velocity profiles, velocity
fields, and finally, a velocity volume. In the
case of the Wind River Basin, the evaluation
began with the analysis of 175 sonic velocity
logs, which proceeded as follows:

' Reservoir

Characterization
Attributes

Figure 3. lllustration of an integrated strategy that examines the overlap of critical exploration elements.
Exploration risk reduction is a function of the degree to which the optimum values of the critical elements

overlap. From Surdam (2001).



SweetSpot Delineation

Regional Pressure
Surface Boundary
“Velocity Inversion”

Enhanced
Porosity/Permeability
“Fracture”

Enhanced
Porosity/Permeability
“Intergranular”

Velocity Anomaly
“SIOW’I

Targeted Reservoir
Interval

Figure 4. Schematic diagram illustrating that the gas production sweet spots are defined spatially as the
intersection of a gas-charged fluid domain with a reservoir rock domain characterized by enhanced porosity
and permeability.

asin Seismic Da

18 00 w

ta Base

Index Map for Echo Geophysical Co. Wind River B

Figure 5. Index map of the 2400 mi of 2-D seismic data that are available for this project.
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Figure 6. Index map showing the location in the Wind River Basin of the 175 digital well logs used in this project.

1.

The sonic velocity/depth profiles were
digitized, smoothed, and normalized.

Next, the ideal regional velocity/depth
function was removed from the observed
velocity/depth profile, which allowed iso-
lation of anomalously slow velocities

(Figure 7).

Isolation of the anomalously slow veloci-
ties allowed evaluation of (1) the poten-
tial for a regional velocity inversion sur-
face (i.e., the boundary between normally
pressured rock/fluid systems above and
anomalously pressured rock/fluid systems
below, which can be either over- or under
pressured); (2) gas-charged domains (i.e.,
volumes characterized by anomalously
slow velocities); and (3) variations within
the internal fabric of the velocity anom-
aly.

Sonic Log Smoothing and Normalizing

If a well bore is in good condition and there
are no problems with the logging environment,
the sonic tool is capable of recording very accu-
rate interval transit time profiles with depth. In
practice, this ideal setting is not common. Even
with good digitized sonic logs, several additional
tasks are required before constructing a velocity/
depth profile for the log. First, spike noises
must be removed and cyclic skips must be
replaced. These tasks are accomplished by pro-
grams designed to remove or smooth the spikes
and cycle skips. Second, the effects of coal
and carbonate-rich lithologies on the velocity/
depth profile, which can be significant, must be
removed. Third, missing (i.e., unconformity) or
repeated (i.e., faults) sections must be replaced or
removed from the observed sonic velocity/depth
profile. These types of smoothing and normal-
izing have been used in this study.



Representative Sonic Log Velocity
Profile for the Rockies
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Representative Anomalous Velocity
Profile for the Rockies
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Figure 7. On the left panel are an observed sonic velocity profile (red) and an ideal regional velocity/depth
trend (black). On the right panel, the ideal regional velocity/depth trend has been removed from the sonic
velocity profile. The vertical black line is the ideal regional velocity/depth trend.

Ideal Regional Velocity Function

The ideal velocity/depth function is deter-
mined by integrating the geologic, geophysical,
geochemical, and petrochemical characteristics
of a specific basin or region including, but not
limited to:

Burial history,

o Stratigraphic/lithographic framework,
o Thermal/maturation systems,

« Hydrodynamic pressure regimes,

e Fluid composition, and

o Petrologic characteristics with petro-
chemical data (i.e., sonic velocity logs
and seismic interval velocity profiles; see
Figures 8A-C).

This integration results in a grossly improved
understanding of the shape, constraining factors,
limitations, and range of uncertainties associated
with the velocity/depth function, and, most
importantly, the potential for regional variations
in the ideal velocity/depth function. Note that
the procedure described in Figures 8 A through
8C results in the removal of the velocity effect
of many factors, not just the gas effect. The
constructed ideal regional velocity/depth func-
tion is basically the velocity/depth trend resulting
from the progressive burial of a rock/fluid system
of constant rock/fluid composition, with all other
factors remaining constant (Figures 8 A-C).

Once the ideal regional velocity/depth trend
is determined, a very useful velocity baseline
is established that is invaluable in a variety of
comparisons and velocity evaluations, particu-
larly because, in the RMLB and in many other



"}Sala)ul Jo uIseq

JO Bale ue ul uonouny yidap/AuoojeA jewsou jeuoibal ayy bulysiigeise ul sazijin | q| seinpasold asimdals ayy Jo swelbelp onewsayoss "D-yg sainbi4

~— |eung

/ (yudn)
Ayuwuoyuooun

(#) —N— ()

10943 |[eUOISOI]

~— yidaq

(+) =——N— ()

(se1ey asuapisqns)
10843 |elng

OZI|BWLION »
yloows «
azibiq »

109|8S «

Juaunsnipy
Juonenjeag

UO1}93S JO UONIBAGNS/UOIIPPY J1U0}93L

~

anuiuod
|

10243 |euoisoig

o +
sah

|

anuuoo sanwJiojuoaun
oy soh
widn
anujuoo
1
10843 [eung

MO| Jewou ybiy

aouapisqns jo sajel

Al0)SIH |eung

}

josuod Anjenp eleg

}

(11e18) 8j1301d A1ID0]9A DIWISISS/OIUOS PAAISSUO

uonoun4 yidag/Auosojap jeuoibay |eap] 8y} Buiuiwialeq 40} ainpasoid



~— ydeq

120
pabiey) sen

(#) =——N— ()

10343 |eo)

oa  s1

_SS _Ie0D

#) —IN— ()

1003 o1Bojouyl

- |eung

Wned sniyy

#) ——IN— ()

10343 21u031d9L

uoljeiniel\ uogies0lpAy

\

anuniuod

Oy m..Q—I

S|e09 You-sen) Jo adussaid

\

anuniuod

Oy 007

ainssaidianQ ueisauy

}

19913 a16ojoyn

}

anuiuog
1

10943 JewtayL

MO|

_

anunijuod

)

jewliou

jusipely) jewsay

oy ol

19)43 |eo)

Juaunsnlpy
juonenjeng

<«— ainssald

1083 onelsolpAy

ybiy

ainssaidiang
ueissuy

}oay3 aneysolipAy

-<—— ainjesadway

[T

19843 dluoldaL

UO1}99S JO UONORAGNS/UCHIPPY J1U0}93)

19943 [eway L

(#) ~—N— (1)

(#) ——A— ()



<«— |eung

(#) =——N—> ()

108y uonoedwon

-——oauwi]

o'k

olleYy UOljeWLIOjSURIL

() ——IN— ()

00
10243 uoneiniely uogJesoipAy

anuiuoo

puail
yidag/Anoojap
Jeuoibay |eap]

oy soh
A101s1H 2nsuabelq

4

183 uoioedwon

)

10913 onauabeiqg

uawisnipy
juoljenjeas

-~ |eung

salbojoy}i aanejuasaiday 1o} puai] uonosedwo)

\

anunuod

Ow\.\ m&o
uolsodwod pinjj alod

19943 pInjj-aiod

\

anuniuod

Oy .m&?

uoneiniel\ uoqiedoipAy

10343 uoljeianie

#) ~——IN— ()

109443 anvuabelq

<~— yideg

se9 O%H

(#) —IN— ()

19943 pInid alod

10



parts of the world, rock-fluid systems character-
ized by velocities significantly slower than would
be predicted by the ideal regional velocity/depth
function are gas-charged and anomalously pres-
sured — some overpressured and some under-
pressured (Surdam, 1997). To illustrate this
point, note that the background gas, gas shows,
and gas flares from the mud logs have a very
close correlation with the anomalously slow
velocities from all 175 sonic logs (for an exam-
ple, see Figure 9).

Analysis of the 175 sonic logs using this pro-
cedure is an important first step in the construc-
tion of velocity and anomalous velocity volumes
for the Wind River Basin. However, 175 sonic
logs spread over 8500 mi? yields a sampling grid
too widely spaced to be of use in delineating
anything but the gross aspects and configuration
of the basin wide velocity field (Figure 10).

Coastal Owl Creek #1

Seismic Velocity Field

In order to construct a more detailed and
useful velocity field for the Wind River Basin,
it is necessary to make the transition from sonic
velocity to seismic interval velocity. The veloc-
ity field must be constructed from a more closely
spaced sampling grid than is provided by the
sonic logs, and the velocity construction must
accurately portray the present-day velocity char-
acteristics of the rock/fluid system of interest.

In the Wind River Basin, the seismic lines
chosen for inclusion in the velocity field con-
struction were constrained by a single criterion.
This criterion stipulated that the seismic survey
offset must be large enough to resolve anom-
alous velocity domains at the depth of the
Mesaverde Group. At present, 145 or more 2-D
seismic lines, which cover 1600+ miles, have

5n3e26
Anomalous Velocity Background Gas Gas Show Flare
0
5000 I 4 Fort Union B
Py B L Fort Union
3 10000 * L
d = °®
'S_ Lance 3 "
) L
15000 P
=] L Meeteetse ° ° %
Mesaverde e, .‘$ . e °®
F Cod: Cld
20000 g e . -
Frontier .. ere ®
2500 L M| Udldy 1 1 1 1 1 1 ) 1 1 1
-gooo 0 2000 0 2000 4000 6000 O 2000 4000 6000 O 20 40 60 80100 140
m/s Unit Unit Feet

Figure 9. A typical anomalous velocity profile showing that the anomalously slow velocities below 13,000 ft
present-day depth have a very close correlation with the background gas, gas shows, and gas flares.



Anomalous Sonic Velocity Model, Wind River Basin

meters/second
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300
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Figure 10. 3-D model of anomalous sonic velocity in the Wind River Basin based on the 175 sonic logs

shown in Figure 6.

been analyzed. For each of the seismic lines

in the study, a highly detailed seismic interval
velocity/time profile has been constructed at
every CDP, with vertical velocity picks at 2-4
ms intervals. Approximately 132,000 velocity/
depth profiles have been constructed and evalu-
ated for the study. The transition from sonic
velocity to seismic interval velocity results in an
increase of nearly three orders of magnitude in
the available velocity/time of depth profiles in
the Wind River Basin. The IDT research team
is using a new, automated picking technology
designed by Yuri Ganshin that uses continuous,
statistically-derived interval velocity selection,
as well as conventional graphical-interactive
methodologies (Figure 11A). In both cases,
standardization with velocity/depth profiles
from the sonic logs is important. Figures
11A-C demonstrate the increased velocity reso-
lution and definition using the new automated,
continuous, statistically-derived methodology.
Using these procedures, a velocity field was

12

constructed for each of the evaluated 2-D seis-
mic lines in the Wind River Basin study (for
example, see Figure 12).

Anomalous Velocity Volume

The next step in the evaluation of the gas dis-
tribution and migration conduits was to create an
anomalous velocity volume. In other words, for
the Wind River Basin, volumes containing only
rock/fluid systems were characterized by anoma-
lously slow velocities. This task was accom-
plished by removing the ideal regional velocity/
depth (or time) function from the observed
velocity field for each 2-D seismic line (Figure
13; compare with Figure 12). The result is an
anomalous velocity construction, or the isolation
of all domains in the seismic velocity field that
are slower than would be predicted by the ideal
velocity/depth (time) function at a specific depth
or time.



Velocity Comparison
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Figure 11A. Plots of interval veloci-
ties versus depth. Note the signifi-
cant differences between velocities
obtained from average sonic data
and those velocities graphically-
derived from seismic data; and the
similarities between the sonic veloc-
ities and those velocities obtained
from continuous statistically-derived
seismic data.

Graphically Derived Interval Velocity Profile

8000 10000

400
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350

12000

14000 16000 18000

Interval Velocity [ ft/s ]

Figure 11B. Seismic interval velocity profile derived from conventional graphically-derived data sampled at
every 10th CDP and vertically at 20 ms intervals.

13



Continuous Statistically Derived Interval Velocity Profile
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Figure 11C. Seismic interval velocity profile derived from continuous statistically-derived data sampled at
every CDP and vertically at 2-4 ms.

Typical Inverval Velocity Profile
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Figure 12. Typical seismic interval velocity profile derived from the IDT technology employing a combination of
both conventional graphical and continuous statistical techniques standardized with sonic velocity data.
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In order to construct the anomalous velocity
volume, the 2-D anomalous velocity data from
each seismic line were linked together to form
an anomalous velocity 3-D data set. Using
Dynamic Graphic’s geospatial modeling soft-
ware, the anomalous velocity data set was grid-
ded and modeled (i.e., facies file) and used to
construct a 3-D anomalous velocity volume (Fig-
ures 14A-C).

The 3-D anomalous velocity (AV) volume
can be used to:

1. Delineate the regional velocity inversion
surface, or the depth at which the
observed velocity value begins to become
significantly slower than would be pre-
dicted at that depth by the ideal
regional velocity/depth function (i.e.,
equivalent to the regional pressure sur-
face boundary, which separates normally
pressured, water-dominated fluids above
from anomalously pressured, gas-charged
fluids below; Figure 15).

2. Easily isolate the gas-charged rock-fluid
systems (i.e., anomalously slow veloci-
ties) (Figures 14B).

3. Quantify the magnitude of the velocity
anomaly by comparing it to a standard, or
baseline (i.e., ideal velocity/depth func-
tion), which allows the internal fabric of
the velocity anomaly to be compared both
horizontally and vertically (Figure 14A).

The quantification of anomalously slow
velocity values (i.e., the removal of the
ideal velocity/depth function from the observed
velocity/depth profile) is critical to delineating
gas distribution and to detecting gas migration
conduits. The establishment of the anomalous
velocity profile, cross section, or volume allows
evaluation of gas attributes that can be related
to exploration/exploitation success in areas con-
taining APG resources (Surdam, 1997; Surdam,
2001a; Surdam, 2001b; Surdam, 2001¢c; Surdam
et al., 2001).

Anomalous Velocity Profile

Time [sec]

m/s
Gas Field 400

200

-200
-400
-600
-800
-1000
-1200
-1400
-1600
-1800
-2000

Figure 13. Anomalous velocity profile derived from velocity field illustrated in Figure 12. Removal of the
ideal regional velocity/depth function neatly isolates the anomalously slow seismic interval velocity domains

(i.e., gas-charged domains).
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Gas Migration Conduits

Vertical gas migration conduits typically are
characterized by positive relief on the regional
velocity inversion surface, which is an indicator
that gas is moving up higher in the section than
in adjacent areas characterized by lower relief on
the surface. Many of the significant gas accumu-
lations in the RMLB are characterized in part
by positive relief on the regional velocity inver-
sion surface (e.g., Jonah, Standard Draw-Echo
Springs, and Elmworth).

In the Wind River Basin, the regional veloc-
ity inversion surface (Figure 15) suggests sig-
nificant vertical migration of gas (see positive
relief on Figure 15) has occurred. Many of the
topographic highs on the regional velocity inver-
sion surface in the Wind River Basin are 3000
ft higher than the surrounding areas (Figure 15).
Each of the highs represents the vertical migra-
tion of gas (i.e., gas chimney); thus, these areas
represent conduits characterized by enough per-
meability to allow vertical gas migration.

Regional Gas Distribution

The anomalous velocity volume is a repre-
sentation of the regional gas distribution in the
Wind River Basin. The uncertainty of the rep-
resentation relates directly to the proximity of
analyzed 2-D seismic lines. Even away from
the locations of the 2-D lines, this volume yields
important information with regard to the shape,
trends, and regional variations of the distribution
of anomalously slow velocity domains (i.e., gas-
charged volumes).

CONCLUSIONS

The anomalous velocity volumes shown in
Figures 14A-C and 15 illustrate the distribution
of gas-charged domains in the Wind River Basin
below the regional velocity inversion surface.
Construction of the distribution of gas-charged
and water-charged domains significantly reduces
exploration uncertainty in Wind River Basin

Anomalous Velocity Model, Wind River Basin
From 2-D Seismic Data, View to South
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Figure 14A. Anomalous velocity volume for the Wind River Basin based on the 2-D seismic framework

outlined in Figure 5.



Anomalous Velocity Model, Wind River Basin
AV > 1600 m/s, View to South
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Figure 14B. Anomalous velocity model for the Wind River Basin for anomalous velocity values 1600 m/s
slower than the ideal regional velocity/depth function.

Anomalous Velocity Model, Wind River Basin
Rock Volume with Normal Velocity, View to South
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Figure 14C. Anomalous velocity model for the Wind River Basin showing the rock/fluid systems falling on the
ideal regional velocity/depth trend (i.e., water-dominated fluid-flow system).

17



Anomalous Velocity Model, Wind River Basin
Top of Anomaly, View to South
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Figure 15. The velocity inversion surface in the Wind River Basin; this surface separates normally pressured,
water-rich domains above from anomalously pressured, gas-charged domains below.

(Figures 14A-C). Even more exploration uncer-
tainty (i.e., risk) can be achieved by determining
where target reservoir intervals characterized by
enhanced porosity and permeability intersect and
penetrate the anomalous velocity volume (Figure
4), shown in Figures 14A and 14B for the

Wind River Basin, and especially those targeted
domains extracted from the volume chosen for
special attention (Figures 17A and 17B). The
technology demonstrated in this topical report
detects and delineates gas-charged domains, but
additional work in the form of evaluating the
porosity and permeability characteristics of res-
ervoir units penetrating the gas-charged domains
is essential to elevating gas-charged domains to
the level of a drillable prospect (Figure 4). How-
ever, the diagnostic techniques presented in this
topical report will greatly aid in the search for
and prioritization of gas-charged domains and
the selection of exploration targets. The work
described in this report will significantly aid
operators in the Wind River Basin and elsewhere
by providing essential assistance in reducing risk

18

and in increasing the rate and magnitude of the
conversion of APG resources to energy reserves.
To support these conclusions, the following dis-
cussion of the validity and applicability of the
technology in the Wind River Basin is presented.

Validation

To test the validity of the strategy and tech-
nology outlined in this report, several cross sec-
tions through the anomalous velocity volume
coincident with producing gas fields were con-
structed. All the fields chosen for this test are
characterized by production from the Lower Ter-
tiary and Upper Cretaceous stratigraphic sec-
tions. Three fields were chosen from the eastern
Wind River Basin (i.e., Northern Dinty Moore,
Boonville Dome, and East Madden fields), and
three fields were chosen from the western Wind
River Basin (i.e., Muddy Ridge, Pavillion, and
Sand Mesa). In each of the six cross sections,

a strong and intense anomalously slow velocity



Anomalous Velocity Section through East Madden Field
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Figure 16A. Cross section through the Wind River Basin anomalous velocity volume (Figure 14A) at the
location of the East Madden field. The productive section of interest is the Lower Tertiary-Upper Cretaceous

interval (i.e., TlIfu-Kme). Note the significant anomalously slow velocity domain characterizing the anomalously
pressured gas production in the East Madden field.

Anomalous Velocity Section through Boone Dome
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Figure 16B. Cross section
through the Wind River Basin
anomalous velocity volume
(Figure 14A) at the location
of the Boone Dome field.
Note the significant anoma-
lously slow velocity domain
characterizing the productive
interval on the hanging wall of
the Owl Creek Thrust fault.




domain coincides with the gas productive rock/
fluid interval; there is not a single exception.

For example, see Figures 16A and 16B,
which are the cross sections through the anoma-
lous velocity volume coincident with the East
Madden and Boone Dome fields. These fields
were chosen for illustration because they repre-
sent two very diverse structural settings and
because the velocity anomaly associated with
the Lower Tertiary-Upper Cretaceous section
at East Madden is one of the largest in the
Wind River Basin (Figure 16A) and the veloc-
ity anomaly at Boone Dome is intense, but rela-
tively small (Figure 16B). The Boone Dome
field is associated with a structural trap on the
hanging wall of the Owl Creek thrust fault
at the northern edge of the Wind River Basin
(Figure 16B). From Figure 16B, it is apparent
that the gas accumulation at Boone Dome is

above a water-rich section (blue areas in Figure
16B). In strong contrast, the gas accumulation
in the Lower Tertiary/Upper Cretaceous section
at the East Madden Field, associated with struc-
tural closure on the northern flank of the Wind
River Basin, is in a more “basin-center” like
setting with a water-rich section above and no
apparent water leg below, at least down to 3.0
sec TWTT (Figure 16A). It is important to note
that without exception in each of the six fields
tested, the gas production is closely and spa-
tially associated with an intense velocity anom-
aly (i.e., anomalously slow velocity domain).

In each of the six tests, the strategy employed,
the technology outlined, and the diagnostic
techniques described in this report neatly

and accurately delineate the anomalously slow
velocity domain associated with the gas produc-
tion.

Anomalous Velocity Section through Prospect 6
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Figure 17A. Cross section through the Wind River Basin anomalous velocity volume (Figure 14A) illustrating a
highly prospective undrilled area. Note the intense anomalously slow velocity domain associated with the Lower
Tertiary/Upper Cretaceous interval (TIfu-Kme). For purposes of evaluation, compare Figures 16A and 17A).
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Application of Technology

To further illustrate the utility of the technol-
ogy being demonstrated, six highly prospective
and undrilled targets were chosen from a series
of cross sections through the anomalous velocity
volume. These six selected exploration targets
were from a variety of structural and geographic
settings; both the hanging and footwall of the
Owl Creek Thrust; the northern and southern
limbs of the basin as well as basin-center; and
both the eastern and western portions of the
basin. The prime criteria for selection of the
targets were as follows: (1) they had to be char-
acterized by an anomalous velocity domain com-
parable to one of the known gas fields (i.e., both
in size and intensity); (2) they had to be in a
spatial setting (i.e., structural, stratigraphic, and
temporal) analogous to one of the known gas
fields; and (3) they had to be at least six miles
from the nearest known gas field.

Anomalous Velocity Section through Prospect 2
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For an illustration of the selection process,
see Figures 17A and 17B, which show two of
the anomalously slow velocity domains that were
chosen as highly prospective areas; these targets
fit the selection criteria outlined above. For field
analogies, compare Figures 16A and 17A and 16B
and 17B. In this rather mature exploration area,
none of the six selected targets have been drilled,
so obviously without application of the technol-
ogy espoused in this topical report or utilization of
some other similar, innovative and unconventional
approach, they will remain undetected.
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