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ABSTRACT

Alaska Natural Gas Hydrate Production Testing, Test Site Selection,
Characterization and Testing Operations

DOE Award Number: DE-FE0022898

The objective of this Department of Energy (DOE) - United States Geological Survey
(USGS) Interagency Agreement (IA) was to provide geologic and geophysical
technical support to identify and characterize gas hydrate production test sites on the
Alaska North Slope. This effort was designed to address critical issues associated with
production of gas hydrates and has confributed to our understanding of the geologic
nature of the gas hydrate accumulations, the geophysical characteristics of in situ
natural gas hydrates, and it has led to the development of plans for an extended gas
hydrate production test in northern Alaska. This project was designed as a cooperative
research effort, with the USGS providing technical geoscience support in a partnership
that included the DOE, the Alaska Department of Natural Resources, the Japan Oil Gas
and Metals National Corporation (JOGMEC), and Petrotechnical Resources Alaska
(PRA).
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1. EXECUTIVE SUMMARY

1.A. Infroduction

Work conducted under this Inferagency Agreement (IA) was intended to provide
support to the Department of Energy (DOE) and its research partners in understanding,
predicting, and testing the recoverability and potential production characteristics of
onshore natural gas hydrate in the greater Prudhoe Bay area on the Alaska North Slope
(ANS) and other areas deemed suitable for potential long-term production testing of
gas hydrate. To do so, this project was designed to evaluate the occurrence and
resource potential of the known gas hydrate accumulations in the Eileen Gas Hydrate
Trend in northern Alaska (Figure 1a, b). This project consisted of one task that included
two subtasks. The first subtask involved the geologic and engineering assessment of gas
hydrate accumulations in the Eileen Gas Hydrate Trend. The second subtask supported
DOE and their industry partners with evaluation, planning, and preparations for drilling
and testing of gas hydrate research wells in northern Alaska.

The cooperative research conducted under this IA by the U.S. Geological Survey (USGS)
was built on the strengths of a well-established applied research program and
information obtained from a long history of highly successful field research projects in
Alaska and other areas. The overall objectives of the research conducted under this IA
were to understand the ultimate energy resource potential of gas hydrates and to
evaluate the technologies required to safely produce gas hydrate. These objectives
were addressed through a highly integrated research program structure, which
confributed directly to the development of gas hydrate field characterization
techniques that provided the information and data needed to identify and
characterize the occurrence of gas hydrate accumulations suitable for gas hydrate
production testing and analysis. The gas hydrate production test design part of this IA
was established to provide input into the methods and procedures for safely testing gas
hydrates in Alaska and other settings.

This report is the “Final Technical Report” in support of the DOE-USGS IA titled “Alaska
Natural Gas Hydrate Production Testing, Test Site Selection, Characterization, and
Testing Operations” under DOE Award Number DE-FE0022898. This report provides a
comprehensive review of all aspects of the cooperative research and project planning
efforts conducted under this agreement between the DOE and the USGS. This report
begins with a systematic review of the primary objectives and goals of the research
and project organizational efforts conducted under the IA. The project background
section of this report includes a comprehensive review of the geologic controls on the
occurrence of gas hydrate in northern Alaska with a focus on the known gas hydrate
accumulations in the greater Prudhoe Bay area. The main body of the report describes
the geologic criteria and other considerations used to identify and characterize
potential gas hydrate production test sites within this cooperative effort. This section is
followed by details of two test site review efforts that led to the selection of a site in the
western portion of the Prudhoe Bay Unit (PBU) that was determined to possess all the
geologic and operational requirements needed for the successful completion of a
long-term gas hydrate production field test. As described in this report, the test site
review effort included the driling of a stratigraphic test well in 2018 at the location

6



WBSAS auledid DYDY SUDI] = SdV1 ‘©Bnjal SJIPIIM

[OUOIION DIV = YMNY ‘ONSDIY Ul 9AISSSY WNSJ0ILSd [PUOLDN = VN "(200Z ‘€661 ‘Holl0D WOl palipow) sainjoa) Jaylo pub ‘sauljadid ‘sebo||ia
‘SeLDPUNOQ [DD1L0d JODW ‘SOYD| ‘SIBAL ‘BUIlISDOD JO UOILDDO| 8y} Buimoys 8dolS YLION OSOlY 8yl 1o dow oiydoibosb pazjpisuss (V) | ainbi4

WASYTV o -

‘
J12q o1uabolo abuey syooig dew
10 ealy
8441 4 «CSk 951 091 V9l
T T T L} L} L
L9 T /\ - L9
T T 8 ! J..I
SIMN 0S5 Sz 0 Ny T
N _ o &
- r— ' - l'r
-89 e m o N | - -89
\ ! ..\.f.'\.\..l &../.4\. Sl
ﬂ.. . ._ .m,, vﬂ\wwaoI
“lo I {3 =7 g
v {3 ; /S !
w._ ;3 /2 .
2 i H < by ;
= % s X elw AT Vsl
S ..a.w IMNY O g e o mEuom:
i ° Y - 2 ! 4 ade)
.69 ,Ma .IW ﬁ\qN , H e ! / (31w J83no) 4 .69
[$) W > Sdvl K ' ! sIvjem delS eysely
pr- -\ 8 . Q 8, 1 .
\_ s VAN 32 - )
. a1y 2001 4 9 %, /7 Juiog
Temena s asioypeaq nsbinN oye7 2 ¥
siAopey xmm AV o h yndseysay % P
et uspwen B P 4 veoy I %pinsebyy )7 T Y
0L [ (uny 133n0) \ A T * . Ne mwww eas 4 0L
Bg uoSLLIBH °, NG
siajem aje)s eysely feg | 5. L7 WBLMUIEM yaxynyo
aoypnid ,/.,..\..,\\, T AN \\\
Aeg ,, Lo \\ .
eag poneag s I (moueg
ueasQ a2y
moueg
oL [ jJuiod ERLA
N
1 1 1 1 1 1 1 1
844 8L +CSl 2951 -091 Bl -89L

0L



09

-89

.69

.0

okl

WBLSAS auliadid PYSOIY SUDI] = SdV1 ‘©Bnjal SJIP|IM [PUOLDN DIV = JMNY ‘OISOIY Ul DAISSSY WNS|0I48d [PUOKDN = VAN
(2002 ‘€661 ‘HBII0D WOl palipow) 8do|S YLON DSOIY 8y} JO saininad} 21uoios) Jolow pup sadulroid olydoiboisAyd ayy jo dow (g) | 8inBi4

Arepunoq asuinoud oiydeiboisAyd

B e abun|d jo uonoalip sajedipul molle abiej—yole [einjpnig AIT

WASYTY -

}ingj [BWION -~ —~— <~ abunid jo uonoallp sajesipul mouie abie-ybnou) [einjonis AN|
wa)sAg wnajosed [ejoL
e1eiph}| S2S ExSEN WUON (eouinoid abuey syo0.g) 3129 d1uabolo abuey syooig dew
J0 ealY
N4’ -8PL +CS) 2951 <091 Bl
T T T T ] T
L 4 .29
1 1 R
S3TIN 05 14 0 Ve P .
e = 4 .89
o =
T uy, .
- oUINOI
[ SIS U Y (3w J83N0) X 5&.0 owvﬂ 4 .69
........ o Z
..... Sisjem 3jels eysely ,a\wv QAfv\
VN | %y,
; o % %
=2as o 2Si0uPeERa /ginsbinN we ‘0\ 0@ <
T e ‘ & ynsebyy pm@.wv
HIAOBTEN opLue: Rl P - ./ z
L uspwe) Va I\I...v\./.\/ e \%\@muoo xﬂ =< 1.0z
N Yoge,, [N . . i O
75 yBUMUIEA NS
/h/@SS\QQ P~r e s ess RS o
- il - 1 b N
A /. monyy  J§ Y
/molleg -/ &9
o ~ )
\satmw.\ o«(
S eag pojneag Juog p. S 4.1
N
1 1 1 1 1 1 1
0L 844’ 871 +CSk 2951 -09L 9L -891



selected for production testing. The Hydrate-01 Stratigraphic Test Well met all the
project objectives and confirmed the occurrence of highly saturated gas hydrate-
bearing reservoirs suitable for long-term production testing. With the success of the
Hydrate-01 Stratigraphic Test Well, the project leadership groups turned their attention
to the development of a comprehensive plan for the proposed production tests. As
reviewed at the end of this report, the USGS coordinated the effort to develop and
maintain the project “Science and Operational Plan” that was designed to capture the
entire scope of the “Alaska Gas Hydrate Production Field Experiment.”

1.B. Project Objectives

The objective of this DOE-USGS IA was to provide geologic and geophysical technical
support to identify and characterize gas hydrate production test sites in the ANS as
specified in the goals of the 2005 Energy Act for National Methane Hydrates R&D, the
2013 DOE-led U.S. inferagency roadmap for gas hydrates research, and elements of the
USGS mission related to energy resources.

Under this IA, the USGS led the geologic research effort in support of the test site
characterization. The USGS also provided technical information and reviews of specific
components of the future driling and production testing program, including, but not
limited to, driling operations, analysis of physical properties of pressure cores, planning
for post-field testing of cores, core flow, and downhole logging and coring plans. In
general, the goals of the task and subtasks under this IA remained the same over the
duration of this project (09/01/2014 - 01/15/2021) with the USGS leading the geoscience
aspects of the DOE-sponsored effort to conduct an extended (12-24 months) gas
hydrate production test on the ANS. The USGS played a key role in the planning and
operation of the DOE-JOGMEC-USGS sponsored gas hydrate production test on the
Alaska North Slope, focusing on the identification and characterization of the PBU
Kuparuk 7-11-12 gas hydrate test site and contributing to the design of the test well
program.

1.C. Project Scope

The primary overall goal of the DOE-sponsored gas hydrate research efforts in Alaska is
to conduct a scientific field production test in northern Alaska from one or more gas
hydrate-bearing sand reservoirs using “depressurization” technology. The project was
originally envisioned to include the drilling and evaluation of a stratigraphic test well
(which was completed in December 2018), followed by the establishment of a
production test site (including a geoscience data well, two production test wells,
deployment of well-monitoring systems, and surface monitoring), and the testing of
reservoir response to pressure reduction over a period of about 12 months or for
whatever period the parties find operations at the site to be valuable. The next driling
and production testing phase for this project is anticipated to start sometime in 2022.

Within the scope of the DOE-sponsored gas hydrate research efforts in Alaska, the DOE-
USGS research partnership is infended to provide support to the DOE and its research
partners in understanding, predicting, and testing the recoverability and potential
production characteristics of onshore natural gas hydrate in the greater Prudhoe Bay

9



area on the ANS (including but not limited to Prudhoe Bay, Kuparuk River, and Milne
Point areas) or other areas deemed suitable for potential long-term production testing
of gas hydrate. To do so, this project was designed to evaluate the occurrence and
resource potential of the known gas hydrate accumulations in the Eileen trend.
Geologic, geochemical, and geophysical (two-dimensional, 2D, and three-
dimensional, 3D, seismic surveys) data and other related data sources, including
wireline and mud log surveys of wells of opportunity, were used to assess the
occurrence and nature of the known gas hydrate accumulations in northern Alaska.

This cooperative project consisted of one task and two subtasks in each of the project
phases. The first subtask in each phase of the project involved the geologic and
engineering assessment of the Eileen related gas-hydrate accumulations in the greater
Prudhoe Bay area. The second subtask supported DOE and their industry partners with
the evaluation, planning, and preparations for driling and testing of gas hydrate
research wells in northern Alaska. Eventually, this project evolved to include four distinct
phases (Phases 1-4) with each phase established through formal contractual
“modifications” to the original IA as listed and reviewed below in this section of this IA
Final Report.

Phase 1
Original Award (09/01/2014 -12/31/2015)
Task 1: Gas Hydrate Production Testing Support

Subtask 1.1: Geologic occurrences of gas hydrate, analyzing available Eileen geologic
and geophysical data

The USGS shall refine current interpretations of the regional Alaska North Slope gas
hydrate stability field as well as the distribution and properties of previously identified
gas hydrate accumulations in the Eileen Gas Hydrate Trend through the collection and
incorporation of new well log and seismic data.

Subtask 1.2: Gas hydrate field test technical and operational support

The objectives of this subtask are to (1) provide technical and scientific leadership and
advice for formulation of a research drilling and production testing program designed
to assess the nature and production potential of gas hydrate on the Alaska North Slope;
(2) provide personnel and resources to enhance field and laboratory analyses of
material recovered (under separate DOE projects) by conventional and pressure core
systems; and (3) partner in the synthesis of data from logging, direct sampling, and
geophysical and geologic characterization studies conducted under separate DOE
projects.

10



Phase 2

Mod-1 (09/01/2014-12/31/2016)

Mod-2 (09/01/2014-12/31/2017)

Task 2: Gas Hydrate Production Testing Support (continued)

Subtask 2.1: Geologic occurrences of gas hydrate, analyzing available Eileen geologic
and geophysical data

The general goals of this subtask under Phase 2 are the same as those identified in
Subtask 1.1 with the USGS leading the geoscience aspects of the DOE-sponsored effort
to conduct an extended gas hydrate production test on the Alaska North Slope. The
specific focus of USGS geologic studies shall expand to further characterize two
additional high-priority potential gas hydrate test sites for consideration of testing: The
Milne Point Unit Cascade site and Prudhoe Bay Unit Kuparuk 7-11-12 site. The USGS shall
work closely with the Alaska Department of Natural Resources geoscientists and shalll
access crifical confidential industry 3D seismic data volumes from the area of the Milne
Point and Prudhoe Bay units.

Subtask 2.2 Gas hydrate field test technical and operational support

The USGS shall work with DOE, who will coordinate with JOGMEC, and Petrotechnical
Resources of Alaska (PRA), to generate a preliminary plan for the long-term gas hydrate
production fest in northern Alaska with a specific emphasis on identifying and designing
the data acquisition requirements for the proposed test well program. The USGS shall
provide DOE the reservoir data needed to model the production response of the gas
hydrate accumulations being considered for testing.

Phase 3
Mod-3 (09/01/2014-12/31/2018)
Task 3: Gas Hydrate Production Testing Support (continued)

Subtask 3.1: Geologic occurrences of gas hydrate, analyzing available Eileen geologic
and geophysical data

The general goals of this subtask are the same as those identified in Subtasks 1.1 and
2.1. During the DOE planned site review and apypraisal project stage, the USGS shall
work with DOE and appropriate project interest groups to conduct a detailed geologic
and geophysical analysis of the Prudhoe Bay Unit Kuparuk 7-11-12 site.

Subtask 3.2 Gas hydrate field test technical and operational support

The USGS shall work with DOE to develop a plan for the long-term gas hydrate
production test in northern Alaska with a specific emphasis on identifying and designing
the data acquisition requirements for the proposed test well program. The USGS shall
conftribute to the development of an integrated project “Statement of Requirements”
(SOR) for the proposed test well program. The USGS shall work with providers to
develop both distributed and gauge-based wellbore monitoring systems to evaluate
the potential contribution of these systems to the Alaska North Slope gas hydrate test
program.

11



Phase 4

Mod-4 (09/01/2014 -8/31/2019)

Mod-5 (09/01/2014 - 6/1/2020)

Mod-6 (09/01/2014-1/15/2021)

Task 4: Gas Hydrate Production Testing Support (continued)

Subtask 4.1: Geologic occurrences of gas hydrate, analyzing available Eileen geologic
and geophysical data

The general goals of this subtask are the same as those identified in Subtasks 1.1, 2.1,
and 3.1. During this performance period, the field phase of this project is expected to
start with the drilling of the stratigraphic test well to verify the viability of the PBU Kuparuk
7-11-12 production test site. The USGS shall contribute to the acquisition, processing,
and analysis of well log data sets and sidewall cores.

Subtask 4.2 Gas hydrate field test planning technical and operational support

The USGS shall work as a member of the newly formed project “R&D Committee” to
review and modify the existing operational plan in support of the “Alaska Gas Hydrate
Production Field Experiment” well test plan, and incorporate results of the recently
completed Hydrate-01 Stratigraphic Test Well and other international gas hydrate
production testing projects.
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2. PROJECT BACKGROUND

2.A. Gas Hydrate Technical Review

Gas hydrates are naturally occurring “ice-like” combinations of hatural gas and water
that have the potential to provide an immense resource of natural gas from the world’s
oceans and polar regions. Gas hydrates are known to be widespread in permafrost
regions and beneath the sea in sediments of outer continental margins. It is generally
accepted that the volume of natural gas contained in the world's gas hydrate
accumulations exceeds that of known gas reserves (Makogon, 1981; Collett, 2002). It is
also generally accepted that gas hydrate in sand-rich reservoirs (with high intrinsic
porosities and permeabilities) are conducive to production (Moridis and Sloan, 2007;
Moridis et al., 2009). In addition, gas hydrate production tests in Arctic terrestrial settings
(Dallimore and Collett, 2005; Anderson et al., 2011a, 2011b; Boswell and Collett, 2011;
Hunter et al., 2011; Ashford et al., 2012; Schoderbek et al., 2012; Boswell et al., 2014,
2017) and deep-marine environments offshore Japan (Yamamoto et al., 2014) have
confirmed that the depressurization of hydrate-bearing sand-rich reservoir systems, the
same process used to produce conventional natural gas, is the most promising
technical approach for the production of gas hydrate.

Gas hydrates are crystalline compounds that result from the 3D stacking of “cages” of
hydrogen-bonded water molecules. Generally, each cage can hold a single gas
molecule. The empty cagework is unstable and requires the presence of encapsulated
gas molecules to stabilize the clathrate crystal. The compact nature of the hydrate
structure makes for highly effective packing of gas. A volume of gas hydrate expands
between 150- and 180-fold when released in gaseous form at standard pressure and
temperature (14.696 pounds per square inch (psi), 68°F).

Clathrate hydrates can form in the presence of gas molecules that are in the size range
of 4.8 to 9.0 angstroms. Three distinct structural types can form depending on the size
of the largest guest molecules that can be included in the clathrate cage of water
molecules. There are considerable complexities in the structure-size relation; however,
methane and ethane individually form Structure | (sl) hydrate, but in certain
combinations also form Structure Il (sll) hydrate. Propane and isobutane form sl
hydrate, either individually or in combination with ethane and methane. Normal-
butane and neopentane form sll hydrate only when methane is present as well, and
larger hydrocarbon molecules form Structure H (sH) hydrate, again where methane is
present. On a macroscopic level, many of the physical properties of gas hydrates
resemble those of ice because hydrates contain about 85 percent water on a molar
basis. For a complete description of the structure and physical properties of gas
hydrates, see the summary by Sloan and Koh (2008).

2.B. Alaska North Slope Gas Hydrate Petroleum Systems

The long history of conventional oil and gas exploration and oil production in northern
Alaska along with dedicated gas hydrate test well projects (as reviewed below in this
section of the IA Final Report) have yielded the geologic and reservoir engineering
data needed to study and assess the occurrence of gas hydrate within the Eileen Gas
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Hydrate Trend on the Alaska North Slope (ANS). Gas hydrate research projects on the
ANS have identified exploration targets and confirmed the presence of definable gas
hydrate accumulations through driling. The Eileen Gas Hydrate Trend has emerged as
one of the best-defined areas of gas hydrate occurrence in the world and will continue
to be a focal point for gas hydrate research studies into the future. Also in this section
of the report, industry-acquired well and seismic data along with the results of
dedicated gas hydrate research drilling projects will be used to examine the geologic
conftrols on the occurrence of gas hydrate in order to provide the analytical tools with
which to effectively identify and evaluate candidate gas hydrate production test sites.

In recent years, the concept of a gas hydrate petroleum system, similar to the concept
that guides conventional oil and gas exploration, has gained acceptance (Collett et
al., 2009). In a gas hydrate petroleum system, the individual factors that contribute to
the formation of gas hydrate can be identified and assessed; the most important
include (1) gas hydrate pressure-temperature stability conditions, (2) suitable host
sediment or “reservoir,” (3) gas source, and (4) gas migration. In the following
discussion, these geologic conftrols on the stability and formation of gas hydrate
deposits in northern Alaska are reviewed and evaluated.

2.B.1. Gas Hydrate Stability Conditions

Gas hydrates exist under a limited range of temperature and pressure conditions such
that the depth and thickness of the zone of potential gas hydrate stability can be
calculated given information on formation temperatures, pore-pressure gradients, and
gas and formation water chemistry. Depicted in the temperature/depth plot in Figure 2
are a series of subsurface temperature profiles from an onshore permafrost area and
two laboratory-derived gas hydrate stability curves for different natural gases (modified
from Holder et al., 1987). This gas hydrate phase diagram (Fig. 2) illustrates how
variations in formation temperature, pore pressure, and gas composition can affect the
thickness of the gas hydrate stability zone. In this example, the mean annual surface
temperature is assumed to be 14°F (-10°C), and the depth to the base of permafrost
(32°F; 0°C isotherm) is varied for three example temperature profiles, at permafrost
depths of 1000 feet (ft) (305 meters (m), 2000 ft (610 m), and 3000 ft (214 m). Below
permafrost, three different example geothermal gradients of 2.19°F/100 ft (4.0°C/100
m), 1.76°F/100 ft (3.2°C/100 m), and 1.10°F/100 ft (2.0°C/100 m) are used to project the
sub-permafrost temperature profiles. The two gas hydrate stability curves represent gas
hydrates with different gas chemistries: one with 100 percent methane, and the other
with 98 percent methane, 1.5 percent ethane, and 0.5 percent propane. This phase
diagram (Fig. 2) is constructed assuming a hydrostatic pore-pressure gradient of 0.433
pounds per square inch per foot (psi/ft) (9.795 kilopascals per meter (kPa/m)).

The zone of potential gas hydrate stability in the phase diagram (Fig. 2) lies between
the depths of the two intersections of the geothermal gradient and the gas hydrate
stability curve. For example, in Figure 2, the temperature profile projected to an
assumed permafrost base of 2000 ft (610 m) intersects the 100-percent methane-
hydrate stability curve at about 656 ft (200 m), thus marking the upper boundary of the
methane-hydrate stability zone. A geothermal gradient of 2.19°F/100 ft (4.0°C/100 m)
projected from the base of permafrost at 2000 ft (610 m) intersects the 100-percent

14



Temperature (°C)
-10 0 10 20 30

0 I 0
\ N Hydrate
\ od stability
500 L v \ ~.~ X 1500
\ N\ N
\ \.,\,’_
o VX 3000
o . D
o) \ 4500 =
= k=
c 1500 | EXPLANATION N\ =
& Permafrost depth a
= ()
8 @® 305 meters QO
s A 610 meters \ “ -1 6000
914 meters
2000 |- ¢ \\ \\
Geothermal gradient \ ‘ N
=mmm  40°C/100 meters \‘
3.2°C/100 meters =1 7500
— 2 0°C/100 meters
2500 = Gas chemistry
= A- 98% methane
1.5% ethane
0.5% propane 9000
mmwmm  B- 100% methane
3000 L L ! L 1
15 30 45 60 75

Temperature (°F)

Figure 2. Gas hydrate phase diagram showing the depth and temperature conditions suitable for the
formation of gas hydrate under various condifions of permafrost depth, geothermal gradient, gas
chemistry, and a pore-pressure gradient of 0.433 psi/ft (9.795 kPa/m). Modified from Holder et al.
(1987). psi/ft = pounds per square inch per feet, kPa/m = kilopascals per meter
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methane-hydrate stability curve at about 3609 ft (1100 m); thus, the zone of potential
methane-hydrate stability is approximately 2953 ft (200 m) thick. However, if permafrost
is extended to a depth of 3000 ft (914 m) and if the geothermal gradient below
permafrost is 1.10°F/100 ft (2.0°C/100 m), the zone of potential methane-hydrate
stability would be approximately 6890 ft (2100 m) thick.

Most gas hydrate stability studies assume a hydrostatic pore-pressure gradient (see
Collett, 2002). Pore-pressure gradients greater than hydrostatic conditions correspond
to higher pore pressures with depth and a thicker gas hydrate stability zone, whereas a
pore-pressure gradient less than hydrostatic corresponds to a thinner gas hydrate
stability zone. The gas hydrate stability curves in Figure 2 were obtained from laboratory
data published by Holder et al. (1987). The addition of 1.5 percent ethane and 0.5
percent propane to the pure methane gas system shifts the stability curve up and to
the right, thus deepening the base of the zone of potential gas-hydrate stability. 1t is
well known that dissolved salt can depress the freezing-point of water. Where present in
a gas hydrate system, salt (such as NaCl) also lowers the temperature at which gas
hydrates form.

Collett et al. (1988) and Collett (1993) included extensive analyses of gas hydrate
stability conditions in northern Alaska. In support of this test site review project, Lee et al.
(2008) also used log data from wells drilled since these earlier studies for updating the
permafrost (Fig. 3) and methane hydrate stability maps (Fig. 4A-C; Table 1) in northern
Alaska as reviewed below.

On the North Slope, the subsurface temperature data needed to assess the distribution
of the gas hydrate stability zone are provided by high-resolution, equiliorated well-bore
surveys in 46 wells (Table 1) and from well log estimates of the base of ice-bearing
permafrost in 102 other wells (Collett, 1993). Beginning in 1958, a series of 46 North Slope
wells, considered to be in or near thermal equilibrium, have been surveyed with high-
resolution temperature devices (Lachenbruch et al., 1987a, 1987b; Lee et al., 2008).
Geothermal gradients, which are needed to predict the depth and thickness of the
gas-hydrate stability zone, can be interpreted directly from these equilibrated
temperature profiles. However, specific evaluation of subsurface temperatures at any
one particular site on the North Slope is subject to error because of the vastness of the
region and the limited number of equiliorated well-bore temperature surveys. To
augment the limited North Slope temperature database, Collett et al. (1993)
developed a new method to evaluate local geothermal gradients.

In this method, well-log picks for the base of the ice-bearing permafrost from 102 wells
(Fig. 3) were combined with regional temperature constants derived from the high-
resolution surveys (Table 1) to extrapolate temperature data. The comparison of
geothermal gradients calculated from the high-resolution temperature surveys and
projected from known ice-bearing permafrost depths are similar over most of the North
Slope, with gradient values in the ice-bearing sequence ranging from about 0.82°F/100
ft (1.5°C/100 m) in the Prudhoe Bay area to about 2.47°F/100 ft (4.5°C/100 m) in the
National Petroleum Reserve in Alaska (NPRA). The calculated and projected
geothermal gradients from below the ice-bearing sequence range from about
0.88°F/100 ft (1.6°C/100 m) to about 2.85°F/100 ft (5.2°C/100 m).
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Subsurface pore-pressure gradients calculated from shut-in pressures recorded during
drill-stem testing in wells from the North Slope range from 0.41 to 0.50 psi/ft (9.3 to 11.2
kPa/m), with an average gradient of 0.43 psi/ft (9.7 kPa/m), near hydrostatic (Collett et
al., 1988). To further evaluate pore-pressure conditions, we also used gamma ray and
density well logs to study overburden compaction profiles. Within the near-surface (0-
5000 ft; 0-1524 m) sediments of the North Slope, no significant pore-pressure
discontinuities were observed. Thus, a hydrostatic pore-pressure gradient (0.433 psi/ft;
9.795 kPa/m) is generally assumed when considering gas hydrate stability conditions in
northern Alaska.

Most of the previous studies of gas hydrate stability conditions in northern Alaska have
assumed a pure methane chemistry for the gas being included in the gas hydrate
structure (Collett, 1995). The analysis of mud-log gas-chromatographic data from
industry exploratory wells generally indicates that methane is the dominant
hydrocarbon gas in the near-surface (0-5000 ft; 0-1524 m) sedimentary section of the
North Slope (Collett et al., 1988). Analysis of gas evolved from recovered cored gas-
hydrate-bearing sedimentary sections in the Prudhoe Bay and Milne Point fields confirm
that the in situ gas hydrates are composed mostly of methane in this portion of the
North Slope (Collett, 1993; Lorenson et al., 2011; Lorenson and Collett, 2018).

Pore-water salinity data within the near-surface sediments of the North Slope are
available from petroleum production tests, water samples from cores within and below
permafrost, and spontaneous potential well-log calculations. These data indicate that
the pore-water salinities within the sands both above and below the ice-bearing
permafrost section are low, ranging from <1.0 parts per thousand (ppt) to as high as 19
ppt (Collett et al., 1988). Analysis of core-derived pore-waters from the Mount Elbert
well (Torres et al., 2011) also confirm the presence of low-salinity pore water, with an
average background concentration around 5.0 ppt. The updated gas-hydrate stability
calculations in Lee et al. (2008) for northern Alaska were made assuming a pore-water
salinity of 5.0 ppf.

The methane-hydrate stability zone in northern Alaska, as mapped (Figures 4A-C)
(modified from Collett, 1993), covers most of the North Slope. The offshore extent of the
gas hydrate stability zone is not well established. Geologic studies (for example,
Molochushkin, 1978; Judge et al., 1994; Osadetz and Chen, 2005) and thermal
modeling of subsea conditions (Osterkamp and Fei, 1993) indicate that permafrost and
gas hydrate may exist within the continental shelf of the Arctic Ocean. Subaerial
emergence of portions of the Arctic continental shelf to current water depths of
approximately 400 ft (~122 m) (Bard and Fairbanks, 1990) during repeated Pleistocene
glaciations subjected the exposed shelf to temperature conditions favorable to the
formation of permafrost and gas hydrate. Thus, it is speculated that "relic”" permafrost
and gas hydrate may exist on the continental shelf of the Arctic Ocean to present
water depths of approximately 400 ft (~122 m). We assumed the model-derived
predictions for permafrost and gas hydrate stability conditions are accurate and the
offshore limit of the nearshore permafrost-associated gas hydrate stability conditions as
depicted in Figures 4A-C for the most part corresponds to the 400-ft (~122 m)
bathymetric contour. However, more recent studies suggest that the present-day gas
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hydrate stability zone on the Alaskan Beaufort continental shelf may only extend to
water depths of about 65 ft (~20 m) (Brothers et al., 2012, 2016; Ruppel et al., 2016).

2.B.2. Reservoir Rocks

The study of gas hydrate samples indicates that the physical nature of in situ gas
hydrates is highly variable (reviewed by Sloan and Koh, 2008). Gas hydrates are
observed as (1) occupying pores of coarse-grained sediment; (2) nodules disseminated
within fine-grained sediment; (3) a solid substance, filing fractures; or (4) massive
nodules composed mainly of solid gas hydrate with minor amounts of sediment.
However, most gas hydrate field expeditions have shown that the occurrence of
concentrated gas hydrate is mostly controlled by the presence of fractures and (or)
coarse-grained sediments in which gas hydrate fills fractures or is disseminated in the
pores of sand-rich reservoirs (Collett, 1993; Dallimore and Collett, 2005; Riedel et al.,
2006; Collett et al., 2008a, 2008b; Park, 2008; Yang et al., 2008; Fujii et al., 2009; Lee et
al., 2011; Collett et al., 2014; Kumar et al., 2014; Lee and Collett, 2005; Yamamoto, 2015;
Konno et al., 2017; Collett et al., 2019c). Torres et al. (2008) concluded that hydrate
accumulates preferentially in coarse-grained sediments because lower capillary
pressures in these sediments permit the migration of gas and nucleation of hydrate. The
growth of gas hydrate in clay-rich sediments, however, is less understood. Because high
concentrations of gas hydrates in Arctic permafrost regions are in sand-dominated
reservoirs, such lithologic units have been the focus of gas hydrate exploration and
production studies in northern Alaska. Production testing and modeling have also
shown that concentrated gas hydrate in sand reservoirs is conducive to existing well-
based production technologies (Moridis et al., 2005, 2009; Anderson et al., 2008;
Dallimore et al., 2008a, 2008b, 2012; Yamamoto and Dallimore, 2008).

The northern Alaska oil and gas province extends 600 miles (mi) from the Chukchi Sea
on the west to the Canadian border on the east (Figs. 1A-B); its maximum width is
about 200 mi and the total area is about 54,000 square miles (mi?). The geology and
petroleum geochemistry of rocks on the North Slope of Alaska are described in
considerable detail in a number of publications (Gryc et al., 1951; Lerand, 1973; Grantz
et al., 1975; Carman and Hardwick, 1983; Bird and Magoon, 1987; Gryc, 1988; Bird, 1998;
Mull et al., 2003). The sedimentary rocks of the North Slope can be conveniently
grouped into four sequences representing major episodes in the tectonic development
of the region and, to a degree, reflecting its lithologic character. Defined on the basis
of source areq, these sequences (proposed by Lerand (1973) and applied to northern
Alaska by Grantz et al. (1975) and modified by Hubbard et al. (1987)) are, in ascending
order, the Franklinian (Cambrian through Devonian), the Ellesmerian (Mississippian to
Jurassic), Beaufortian (Jurassic through Lower Cretaceous), and the Brookian
(Cretaceous to Holocene). All of the known and inferred gas hydrate occurrences on
the North Slope are in Cretaceous and Tertiary reservoirs of the Brookian sequence (Fig.
5), which are the focus of the following discussions on the geologic history of northern
Alaska.

Before the completion of coring and downhole-logging operations in the BPXA-DOE-
USGS Mount Elbert Gas Hydrate Stratigraphic Test Well in the Milne Point field (Hunter et
al., 2011), the only direct confirmation of gas hydrate on the North Slope was obtained
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Figure 5. Lithostratigraphic column for the North Slope of Alaska (modified from Mull et al., 2003). The
cored interval as shown from the Mount Elbert well recovered lower to middle Eocene marine and non-
marine sediments of the Sagavanirktok Formation. GRZ = high gamma ray zone, Hue = Hugh Shale

in 1972 with data from the ARCO-Exxon Northwest Eileen State-2 well, located in the
northwest part of the Prudhoe Bay field. Studies of pressurized core samples, downhole
logs, and the results of formation-production testing confirmed the presence of three
gas-hydrate-bearing stratigraphic units in the Northwest Eileen State-2 well (Fig. 6)
(Collett, 1993). The gas-hydrate-bearing core in the Northwest Eileen State-2 well was
recovered from a depth of 2156 ft (657 m). The well was drilled with chilled drilling muds
in an attempt to reduce thawing of permafrost and decomposition of the in situ gas
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Figure 6. (A) Downhole logs from the Northwest Eileen State-2 well depicting the depth of Units B, C, D,
and E; data shown include the natural gamma ray log, bulk-density, neutron porosity, acoustic velocity,
and electrical resistivity data. (B) Insert of well logs from the cored gas hydrate interval (Unit C) in the
Northwest Eileen State-2 well. Data shown include well logs and methane (CH4) mud-log curve. See
Figure 8 for well location. APl = American Petroleum Institute, g/cm3 = grams per cubic centimeter,

% = percent, km/sec = kilometers per second, ohm-m = ohm-meters, msec/ft = miliseconds per fooft,
ppt = parts per thousand

hydrate that might exist. A pressure-core system was also used to recover core samples
at near in situ conditions in order to reduce core disturbance attributed to gas hydrate
dissociation. The presence of gas hydrate in the recovered core was confirmed by a
pressure test as described by Hunt (1979, p. 167).
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The confirmed gas hydrate occurrence in the Northwest Eileen State-2 well provided an
ideal starting point for the development of gas hydrate well-log evaluation techniques
(Fig. 6). Numerous studies since this early work, including Collett (1993), have shown
that in most cases only two well-logging devices are needed to identify potential gas
hydrates: they are the electrical resistivity and acoustic fransit-time logs. For the most
part, a gas hydrate-bearing sand reservoir is characterized by relatively high electrical
resistivities and rapid acoustic transit fimes in comparison to water-saturated sands.
However, resistivity and acoustic logs behave similarly within a sedimentary section that
is saturated with either gas hydrate orice. Hence, gas shows on the mud log produced
from decomposing hydrate generally provide the only means of conclusively
differentiating a gas hydrate from ice in Arctic permafrost regions.

Collett (1993) examined well-log data from 445 wells for evidence of gas hydrate based
on the well-log responses observed in the Northwest Eileen State-2 well. Most of the
wells were located in the greater Prudhoe Bay area; however, all wells in NPRA and
most of the exploratory wells to the south and east of Prudhoe Bay were reviewed.
Since this earlier work, Lee et al. (2008), Inks et al. (2009), and the U.S. Geological Survey
Alaska Gas Hydrate Assessment Team (2013) examined the well log data from about
600 additional exploratory and development wells for the presence of gas hydrate.
These well-log-based studies revealed the occurrence of two large gas hydrate
accumulations, which have been named the Eileen and Tarn gas hydrate
accumulations.

The Eileen gas hydrate accumulation was first described by Collett (1993) as six laterally
contfinuous gas-hydrate-bearing sandstone units, each of which has been assigned a
reference letter (A-F, in ascending order; Fig. 7). Many of the wells that penetrated the
Eileen accumulation have multiple gas-hydrate-bearing units, with individual units
ranging from 10 to 100 ft (3 to 30 m) thick. All the wells are geographically restricted to
the area overlying the eastern part of the Kuparuk River field, the southern part of the
Milne Point field, and the western part of the Prudhoe Bay field (Figs. 7-8). The lateral
boundaries of the gas-hydrate-bearing units as mapped by Collett (1993) are based in
many places on widely spaced well control and therefore are open to interpretation
and further refinement. Also, the lateral continuity of gas hydrate occurrences
between well sites is still poorly defined, but 3D seismic prospecting in the Milne Point
area by Inks et al. (2009) has provided additional insight to the lateral nature and extent
of the well log-inferred, gas hydrate-bearing units in the Eileen accumulation (discussed
in a later section of this report). It is also important to emphasize that seismic surveys
(reviewed by Inks et al., 2009; Lee et al., 2009) and downhole logs (Collett, 1993) from
wells in the western part of the Prudhoe Bay field indicate the presence of several large
free-gas accumulations trapped stratigraphically downdip below five (Units A-E) of the
log-inferred gas hydrate-bearing units. The total mapped area of all six gas hydrate-
units in the Eileen accumulation is about 635 mi2 (1645 km?); the areal extent of
individual units range from 1 to 155 mi? (2.6-401 km?) (Fig. 8).

Collett (1993) concluded that the Eileen gas hydrate accumulation is in rocks of the

Mikkelsen Tongue of the Canning Formation (Fig. 5), which were deposited during a
basin-wide marine transgression in the Eocene. This sequence (which is mostly marine)

26



‘uoljisod dipumop o ul sPB 2aJ) dpu) PUD SUOZ AIgRIS SIDIPAY SOB By} JO 850Q BY4 Of PUBIXS S8IDIPAY SPB g pup

V SHUN ‘Plal Abg 20ypnid 9y} OLul plal) JOAIY Jniodny 8yl WO} YNOS PUD JS0S 8y} O} “JOASMOH "UOI}D8S SS0JO BUIpUBI-{SDBYLIOU O} -1SOMUINOS
SIY4 4O yiod ayi BUOID 108102 S| YDIYm ‘DU0Z AHIGLS S1DIPAY SOB ay4 JO 950g 8y} 9A0QD BUIpud SO UMOYS 10 UOKDINWNDI0 USS|IF 8y} Ul

g puUD Y S{uN Jo suollod Buunag-ainIpAY SPB 8yl *(S661 ‘HB(I0D WOl palipow) Jomawnl) 21ydoibiyouys [ouocibal D JONIISUOD O} PasSN SISXIDW
uoIPIBLOD BO| 81D SBUI| PIOS PaJqUINU Y] 4 YBNOoIYL V SIS1S8| 9DUalal SU} YIM PBIILUSPI 810 UOLDINWNDID Ud9|IF 9y} Ul sjun Buupaq
-9JDIPAY SOB By "UOI}DSS SSOID BY} JO UOIIDDO| 8y} 10} § 8INBIl4 995 “Sp|al} |10 JaAly Jniodny pup Apbg a0ypnid 8y} Ul sauoz spb-aa1) BulAjiapun
PaIDIDOSSO BY} PUD SUOIDINWNDI0 SDIPAY SOB UID] PUD US| 9y} JO JUSIXD |DDIUSA PUD |DISI0| 8yt BUIMOYS UOID8S SS0ID BOJ ||oM / 24nBi4

(syun w-wyo 000'z-z'0) Bol AuAisisey = STY (SHOQ) Ajige:s sjelpAy seb jo sseg -- ... seb-sa14 . sjelphy seo _H_
(snun |dv 051-0) Boj Aes ewwen = yo
, . NOILYNV1dX3
00z | | % ”
W 7 "\ I \,, ww ks 3
§ { X — P 2
j % (F { |- I - 0009
b $ £ Ny — Ik “
1 18 HF E {3 :
{ N W % i E
! S : 1 3
e Lﬁ M ——H oL 3 .
g 0081 1 J/ ~ I i3 £ 000'

3 ~ | B i E
A I W I r
2 m N/ / /|W| ;W / s 3 g
s - pN— 1 = 3 =
5 s ¢ = ¢ E -
3 Jo—1 3 / TR m | M M 3 £ 00075
o f ¢ e ] | { )
o w7 3. | 3 o
R | N [ | . 2
®» o, — 3 . T . | : =
ot | M g i 1] ~mp== - g
s} i N « e ¢ u E e 2
2 1o~|m [ - .w../.'.... I ~ 31 £ |\M}/ uooomﬁ
s 3 3 R L) G SO S B i : 3
3 i 2 W v.s\ /V. | (=4 M / 3 o
c M —(} 5 W\ w../ ) m ~ 3 5
W. - M [ [ w. QN/ 7 i M 3 Q
%) — ﬂ = = Z 3 3 o F , m
¢ Je—1 S ; <= ils 0002 5,
s T = EERNIE: S e
f ] | s N T s

\ w \\f.ﬂ‘ w W m 3 < F ¢

S / = ¢ E 0001
.N\ “J s < 3 l% = M 3
1 - 5 N2z e
e = g \Z | £ 3
B j £ S
0 s3 wo  fem ¥t sau)uo Fn m?w sl F o
|-puejs| Jospulsy | ajeis feg L-ll-¢ T Sleis 8-0l NuM 8-al NuM € 3eS Isom Gl Yes s\ BYENZ Ukel z-enbup
g IhpAmo syniednyj p Useli3 MN \J

27



‘sjoadsoud ajpIpAy sob dow puo

AJIJUSPI O} PBSN SWIN[OA DIWISISS JE 1UIOd SUIW 8y} JO 8UljiNO 8y} Yim Buojp ‘7 2InBl4 Ul g-y UOILD8s SSOID BO| ||om 8y} puUD S||oM YDIDasal S10IPAY
SPB 92| JOH PUL “IUINIS HIUB| ‘LSg|3 JUNOW “(TIAMN) Z-2404S USS|IT 1SOMUHON B} JO SUOLDDO| 8U} 81D UMOYS OSIY (€441 #8100 Woij palipow)
SPJal} IO JUIOd SUIIW PUD “JBAIY Jnundny ‘Abg aoypnid 8y} o suoilod BUIAJSAO SUOIDINWNDDD S10JPAY SOB UID| pupb ud9|13 8y} jo dow ‘g ainbi4

Asnuns olwsias
4 Q-€ uiod suliN

SEEN

1934001

puai] ajelpAH ¢

0'6 0

Eptd

gy O
|
|

seo) uag|ig

fn’lﬁl ~

piguio
juiod au|

% |

Ronins EER
.oep_m; L

104 SU|IjA+—00c

1100002

=

[
R
| pioy 102
1olemiBNG

tpion {

ojeiphy 7

- i

u:o._, ] 9jespAH
seo uwie]

- Z

000lGl
|

28



thins southwesterly and coarsens laterally into a sand-rich sequence in the western part
of the Prudhoe Bay field. Analysis of drill cuttings (Collett, 1993) and core from the
Mount Elbert well (Rose et al., 2011) indicates that the gas-hydrate-bearing reservoirs in
the Eileen accumulation consist mostly of fine grained to very fine grained sands and
coarse silts with minor amounts of interbedded coarse sands, conglomerates, and
shales deposited in a range of nearshore marine and nonmarine environments.
Considering the sand-rich nature of the section at the site of the Mount Elbert well, the
interval containing the Eileen gas hydrate-bearing sands are now assigned to the
Sagavanirktok Formation (Molenaar et al., 1987b; Bird, 1998; Rose et al., 2011) and are
considered the age equivalent of the more distal early Eocene marine shales and
minor sands of the Mikkelsen Tongue farther to the east.

In 1992, while driling the Cirque-1 well near the western edge of the Kuparuk River field,
a shallow gas zone (depth of about 2330 ft; 710 m) was encountered that subsequently
blew out the well (Alaska Oil and Gas Conservation Commission, 1992). It was later
determined that the well also encountered a thick gas-hydrate-bearing interval that
contributed to the gas flow problem (Collett and Dallimore, 2002). Subsequent drilling
of the Cirque-2 well confirmed the occurrence of gas hydrates near the base of
permafrost within the depth interval of about 820 ft to 1150 ft (250-350 m) (Collett and
Dallimore, 2002).

Downhole log data from industry exploratory and development wells located along the
western margin of the Kuparuk River field, tied to the well-log responses in the Cirque-2
well, reveal a large gas hydrate accumulation that has been named the Tarn gas
hydrate accumulation (Collett, 1993). As shown in Figure 8, the Tarn gas hydrate
accumulation lies in a fairway extending from the Till-1 well in the north, through the
Cirgue-Tarn areaq, to near the North Meltwater field to the south. The gas-hydrate-
bearing stratigraphic interval in the Tarn area appears to be the updip equivalent of
the Upper Cretaceous West Sak Sands, which are estimated to contain more than 20
billion barrels of in-place viscous oil and are the focus of development activity in a
downdip position to the east of the Tarn gas hydrate accumulation (Werner, 1987).
Preliminary analyses of other recently completed wells along the western margin of the
Kuparuk River field indicate that the Tarn gas hydrate accumulation may be larger than
the Eileen accumulation; however, the Tarn accumulation lies mostly within permafrost
unlike the Eileen accumulation, which straddles the base of permafrost.

In 2003, the USGS initiated a study to develop seismic interpretive methods to identify
and characterize gas hydrate accumulations and to further characterize the nature of
hydrate-bearing reservoirs on the Alaska North Slope. This study dealt primarily with the
analysis of a 3D seismic data set from the area of the Milne Point field as provided fo
the USGS by BP Exploration Alaska, Inc. (Figs. 8-9). Detailed analysis and interpretation
of available 3D and 2D seismic data sets, along with seismic modeling and correlation
with specially processed downhole well log data, have led to the development of a
viable method for identifying sub-permafrost gas hydrate prospects within the gas
hydrate stability zone in the Milne Point area (Lee et al., 2009, 2011; Inks et al., 2009).

Initial seismic interpretation indicated a range of potential gas hydrate prospects,
including accumulations at the base of the gas hydrate stability zone (in contact with
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Figure 9. Milne Point area gas hydrate prospects identified with 3D seismic interpretation. Modified from
Inks et al. (2009). As a condition of the seismic data use agreement, the latitude and longitude of the
seismic data and the interpreted features cannot be shown on this map.

underlying free gas) and additional hydrate prospects higher in the stratigraphic
section. However, well log data showed that the gas hydrate and free gas saturations
in the deeper reservoirs were low (Inks et al., 2009). In 2005, the USGS project team
completed their delineation, description, and ranking (including probabilistic
volumetrics) of 14 gas hydrate prospects (Fig. 2) within the Milne Point area. The seismic
characterization of the gas hydrate prospects was based on rock physics relations
calibrated with downhole log data from nearby offset wells; this enabled the prediction
of gas hydrate “pay” thickness and gas hydrate saturation from analyses of seismic
amplitudes and peak-trough travel-times (Lee et al., 2009).

The highest ranked Milne Point gas hydrate prospect, named Mount Elbert, is depicted
in Figures 9 and 10. The pre-drill site evaluation predicted that Mount Elbert would
contain approximately 145 BCF (billion cubic feet) of in-place gas in two reservoir sands
(Units C and D after Collett, 1993) (Inks et al., 2009). The Mount Elbert prospect, like all
of the most promising Milne Point prospects, had not been penetrated by existing wells.
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Figure 10. Milne Point Mount Elbert gas hydrate prospect. Shown are a three-dimensional image of a
fault-bounded, high-amplitude feature (in a pallet of colors ranging from yellow to magenta, the
yellow-imaged portion contains the thickest and most concentfrated gas hydrate) and bounding faults
(in green) (Modified from Inks et al., 2009). As a condition of the seismic data use agreement, the
latitude and longitude of the seismic data and the interpreted features cannot be shown on this map.

Therefore, it was decided to drill a stratigraphic test well to confirm the existence of
reservoirs, test the prospecting and assessment methodologies, and enable the
collection of additional reservoir data to support reservoir-simulation modeling and
production test design (Hunter et al., 2011). The Mount Elbert Gas Hydrate Stratigraphic
Test Well was completed in February 2007 and yielded one of the most comprehensive
data sets yet compiled on naturally occurring gas hydrates. The test well was designed
as a 22-day program with the planned acquisition of cores, well-logs, and downhole
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production test data. It was first drilled and cased to a depth of 1952 ft (595 m), then
was continuously cored to a depth of 2494 ft (760 m). After coring, the well was
surveyed with a research-level wireline-logging program including nuclear magnetic
resonance and dipole acoustic logging, resistivity scanning, borehole electrical
imaging (Figs. 11-12), and advanced geochemistry logging. Following logging,
Schlumberger Modular Dynamic Testing (MDT) was conducted at four open-hole
stations in two hydrate-bearing sandstone reservoirs (Fig. 12). Each test consisted of
flow and shut-in periods of varying lengths, with one lasting more than 13 hours (hr).
Gas was produced from the gas hydrates in each of the tests. Gas hydrates were
expected and encountered in two stratigraphic zones (Figs. 11-12): (1) an upper zone
(Unit D) that contained approximately 46 ft (~14 m) of gas hydrate-bearing reservoir-
quality sandstone, and (2) a lower zone (Unit C) that contained approximately 52 ft
(~16 m) of gas-hydrate-bearing reservoir. Both zones displayed gas hydrate saturations
that varied with reservoir quality as expected, with typical values between 60 and 75
percent. This result conclusively demonstrated the soundness of the gas hydrate
prospecting methods developed primarily by the USGS (Lee et al., 2011).

The Milne Point 3D seismic gas hydrate prospecting effort also provided a greater
appreciation of the lateral nature of the well-log-inferred, gas-hydrate-bearing
sedimentary units in the Eileen accumulation. Asreported by Collett (1993), the
thickness of the well log-inferred gas hydrate intervals in the Milne Point area range from
approximately 10 to 100 ft (~3-30 m). However, the nature of the gas hydrate
occurrences between wells is poorly constrained. Collett (1993) assumed that the
deposits were laterally continuous and were representative of hydrate occurrences
throughout the Eileen accumulation. The Milne Point 3D seismic analysis, however,
revealed a much more “patchy” nature, as depicted in the gas hydrate prospect map
in Figure 9, with individual gas hydrate prospects ranging in size from about 0.1 to 2.7 mi2
(~0.3-7.0 km?). The thickness of the seismically imaged gas hydrate occurrences in the
Milne Point effort were also determined to range from approximately 30 ft (~? m) fo a
maximum thickness of approximately 65 ft (~20 m). However, Lee et al. (2009, 2011)
demonstrated that within the Milne Point 3D seismic data volume, there is no significant
seismic response to gas hydrate reservoirs with less than a cut-off thickness of about 25—
30 ft (about 8-9 m). This indicates the probability that the relatively thinner log-inferred
gas hydrate occurrences in the Milne Point area are not being seismically imaged. It is
therefore likely that gas hydrates between well sites within a given stratigraphic unit are
more regionally extensive than those imaged by Inks et al. (2009), but thicknesses can
only be inferred from available data. The local variability in the nature of the Eileen gas
hydrate accumulation is likely controlled by the components of the gas hydrate system
(that is, reservoir conditions and continuity, hydrocarbon trapping relationships, gas
source, and gas migration to name a few of the most important factors).

The Eileen and Tarn gas hydrate accumulations clearly demonstrate the role of the
reservoir in a gas hydrate system. In both cases, gas hydrate is in pores of coarse-
grained sedimentary rocks. It is also clear that the accumulation of gas hydrates is
limited to the zone of methane hydrate stability in northern Alaska. Of most importance
for this analysis of potential gas hydrate production test sites, however, is that the
seismic-inferred hydrate accumulations on the Alaska North Slope occupy limited,
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Figure 11. Open-hole well logs from the cored section of the Mount Elbert gas hydrate stratigraphic
test well. Modified from Hunter et al. (2011). API= American Petroleum Institute, g/cms3 = grams per
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discrete volumes of rock bounded by faults, lateral stratigraphic changes, and downdip
water contacts much like conventional hydrocarbon accumulations.

2.B.3. Gas Source and Migration

It has been shown that the availability of large quantities of hydrocarbon gas from both
microbial and thermogenic sources is an important factor controlling the formation and
distribution of natural gas hydrates (Collett, 1993; Kvenvolden, 1988,1993; Collett, 2002;
Lorenson et al., 2011). Carbon isotope analyses indicate that the methane in many
oceanic hydrates is derived from microbial sources; however, thermal sources have
been observed within several hydrate deposits in the Gulf of Mexico, the Caspian Seaq,
the Black Sea, and onshore in the Mackenzie Delta of Canada and in northern Alaska
(reviewed by Collett, 2002). Studies in northern Alaska (Lorenson et al., 2011) and
Canada (Dallimore and Collett, 2005) have also documented the importance of
thermogenic gas sources to the formation of highly concentrated gas hydrate
accumulations.

Typically, not enough microbial methane is generated internally within the gas hydrate
stability zone alone to account for the gas content of most gas hydrate accumulations
(Kvenvolden, 1993). In addition, most gas hydrate accumulations are in sediments that
have not been deeply buried or subjected to temperatures high enough to form
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Figure 12. Well log-derived gas hydrate saturations, density porosities, and sediment permeabilities for
the two gas hydrate-bearing intervals (Units C and D) cored in the Mount Elbert gas hydrate
stratigraphic test well (modified from Hunter et al., 2011). The intervals tested (Schlumberger Modular
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thermogenic gas. Thus, in most cases, gas is likely concentrated in the hydrate stability
zone by a combination of processes, one of which, gas migration, appears to be the
crifical component within most gas hydrate systems.

In the greater Prudhoe Bay areaq, the Sagavanirktok Formation (Fig. 5) is cut by a series
of northwest-frending high-angle normal faults, generally downthrown to the east
(Werner, 1987). Similar faults cut the underlying rocks in this area, suggesting a genetic
linkage between the two fault systems that could provide conduits for oil and gas
migration from the underlying Prudhoe Bay and Kuparuk River fields. Geochemical
similarities suggest that oil and presumably the associated gas within the Sagavanirktok
Formation were “spilled” from the underlying Sadlerochit Group reservoir as a
consequence of regional filting during the middle to late Tertiary (Carman and
Hardwick, 1983; Masterson et al., 2001).

Geochemical analyses of drill cuttings and core samples from wells in both the Eileen
and Tarn gas hydrate accumulations indicate that methane is the principal gas in these
accumulations (Collett, 1993; Lorenson et al., 2011). Stable methane-carbon isotopic
analyses show that the methane within the gas hydrate is likely from mixed microbial
and thermogenic sources, with the apparent thermogenic methane migrating from
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deeper sources, including the Prudhoe Bay field. Masterson et al. (2001) and Lorenson
et al. (2011) have shown that evaporative fractionation and biodegradation of the
Sadlerochit-sourced oil in the Sagavanirktok Formation is also an important source of
gas within the gas hydrates of both the Eileen and Tarn gas hydrate accumulations.

Collett (1993) adapted a generalized cross section (Fig. 13) from Carman and Hardwick
(1983) to describe the history of the Eileen and Tarn gas hydrate accumulations. Collett
postulated that as thermogenic gas and associated oil moved up the Eileen and other
fault zones and encountered the relatively porous and permeable northeast-dipping
sandstone reservoir units of the Sagavanirktok, some of the gas may have been
rechanneled updip along these beds. The updip-migrating gas may have mixed with in
situ microbial methane and collected in structural and stratigraphic traps where falling
temperatures at the end of the Pliocene deepened the permafrost section and
converted the trapped gas into gas hydrate.

|
| =3
BROOKIAN
SEQUENCE
ELLESMERIAN Y
Eileen
SEQUENCE Fault fault
zone zZone
Kuparuk River Prudhoe Bay
Qil Field Qil Field
West East
cAS HYDRATE [ FREEGAs [ oL
BGHS = Base of gas hydrate stability / Gas migration

Figure 13. Schematic west to east cross section through the Prudhoe Bay and Kuparuk River fields
illustrating possible gas-migration paths and spatial relations between the Eileen and Tarn gas hydrate
accumulations, free-gas and oil accumulations, Eileen and other fault zones, and base of gas hydrate
stability (modified from Carman and Hardwick, 1983).
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As discussed above, gas hydrate in onshore Arctic environments is typically closely
associated with permafrost. It is generally believed that thermal conditions conducive
to the formation of permafrost and gas hydrate persisted in the Arctic since the end of
the Pliocene (about 2.59 million years ago) (Collett, 1993, 2002; Lee et al., 2008). From
Milne Point seismic and other studies, it also appears that most permafrost-associated
gas hydrate accumulations probably developed from preexisting free-gas fields that
originally formed in conventional hydrocarbon traps and were later converted to gas
hydrate upon the onset of glaciation and cold Arctic conditions (Collett, 1993, 2002;
Lee et al., 2009, 2011; Inks et al., 2009; Boswell et al., 2011a, 2011b).

2.B.4. Eileen Gas Hydrate Trend Petroleum System - Summary

In this section of the IA Final Report, well log and core derived data from industry and
hydrate research wells, along with available seismic data, were analyzed to refine our
understanding of the distribution of gas hydrate in northern Alaska. The occurrence of
gas hydrate in the Eileen Gas Hydrate Trend at the reservoir pore-scale is controlled by
the availability of gas supply as well as the petrophysical properties of the host reservoir.
Stratigraphic variation (i.e., reservoir controls) within the reservoir unit, as discussed
above, serves as a primary control on the pefrophysical properties of the host reservorr.
Finally, the interplay between the structural-stratigraphic relationships of the reservoir
unit and the efficiency of gas delivery to the reservoir are collectively the fundamental
conftrols on the occurrence of gas hydrate in the Eileen Gas Hydrate Trend.

Within this project, gas hydrate system analysis was one of the primary tools used in two
closely related gas hydrate test site review and characterization studies. Understanding
the geologic controls on the occurrence of gas hydrate through the above-described
system analysis approach proved to be instrumental in the 2011 test site review effort
that led to the identification of the site that ConocoPhillips ultimately drilled the Ignik
Sikumi test well. Similar analytical approaches, built on the 2011 test site review, were
also used to support the second 2017 test site review effort that led to the selection of
the PBU 7-11-12 test site and the drilling of the Hydrate-1 Stratigraphic Test Well in 2018.
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3. TEST SITES REVIEW AND SELECTION

With the successful completion of the BP Exploration Alaska Incorporated (BPXA) 2007
Mount Elbert gas hydrate stratigraphic test well in the Milne Point Field, the Eileen Gas
Hydrate Trend, located in the greater Prudhoe Bay area, became the focal point for
gas-hydrate geologic and production studies. A critical goal of these new efforts
became the identification of the most suitable site for gas hydrate production testing.
A total of seven potential locations in the Prudhoe Bay (PBU), Kuparuk River (KRU), and
Milne Point (MPU) production units were identified and assessed relative to their
suitability as a long-term gas-hydrate-production test site. The test-site-assessment
criteria included the analysis of the geologic risk associated with encountering reservoirs
for gas-hydrate testing. The site-selection process also dealt with the assessment of the
operational/logistical risk associated with each of the potential test sites. From this
review, several sites in the PBU were determined to be the best locations for extended
gas-hydrate production testing. The work presented in this report identifies the key
features of the potential test sites in the greater Prudhoe Bay area and provides new
information on the nature of gas-hydrate occurrence and the potential impact of
production testing on existing infrastructure at the most favorable sites. These data
were obtained from well-log analysis, geological correlation and mapping, and
numerical simulation of expected gas production responses.

Before the start of this test site review effort under this IA, a series of short-term scientific
tests (Dallimore and Collett 2005; Dallimore et al., 2008a, 2008b; Yamamoto and
Dallimore 2008; Hunter et al., 2011) had provided a wealth of petrophysical information
and insight on potential gas-hydrate reservoir performance. However, a reservoir’s
initial production response often provides limited insight into actual deliverability
because of transient effects that are very difficult to understand. Because the time
required for the production response to stabilize may be many months or more, a key
criterion for gas-hydrate production testing is the availability of a site that allows
contfinuous access over a sufficient duration to provide meaningful data on reservoir
performance. This could mean only a month or so if the test produces large and stable
volumes quickly; it could mean several years if all the planned contingencies for
supplemental testing need to be invoked. Therefore, in addition to favorable geologic
conditfions, a potential field site also must provide year-round access to the well and
needed services and infrastructure. On the ANS, this requires access to an existing
gravel pad.

The remainder of this section of the report provides a summary of the geologic criteria
and other considerations used to identify and characterize potential gas hydrate
production test sites. The key geologic consideration that is discussed for each
potential test site relates to the occurrence of gas hydrate reservoir sedimentary facies
suitable for testing. Because of the long history of industry-led exploration activities and
USGS resource assessments in northern Alaska, this study had access to a large number
of pertinent published reports and databases. One of the more important sources of
information was the various data sets published with the previously completed USGS
assessments of unconventional and conventional resources in northern Alaska,
including the following: (1) 1995 USGS Gas Hydrate Assessment (Collett, 1995); (2) 2008
USGS Geologic Assessment of Undiscovered Gas Hydrate Resources on the North Slope,
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Alaska (U.S. Geological Survey Alaska Gas Hydrate Assessment Team, 2013); (3) 2018
USGS Geologic Assessment of Undiscovered Gas Hydrate Resources on the North Slope,
Alaska (Collett et al., 2019a); (4) 1999 Oil and Gas Resource Potential of the Arctic
National Wildlife Refuge 1002 Area, Alaska (ANWR Assessment Team, U.S. Geological
Survey, 1999); (5) 2002 Petroleum Resource Assessment of the National Petroleum
Reserve in Alaska (Bird and Houseknecht, 2002); (6) 2005 Oil and Gas Assessment of
Central North Slope, Alaska (Garrity et al., 2005); and (7) 2007 Geologic Assessment of
Undiscovered Coalbed Gas Resources in Cretaceous and Tertiary Rocks, North Slope
and Adjacent State Waters, Alaska (Roberts, 2008).

The USGS also maintains several specialized data sets that were used in this review.
One of the most important data sets is a copy of the State of Alaska well log database
(Alaska Oil and Gas Conservation Commission, 2020) — this database contains the
publicly available downhole log data from more than 5,000 North Slope exploratory
and development wells. For the most part, log data from wells in Alaska are released
by the State two years after the completion of a well. This well log database was also
used to develop an unpublished USGS Alaska formation tops file as maintained by Ken
Bird (USGS, Menlo Park, California), Dave Houseknecht (USGS, Reston, Virginia), and Phil
Nelson (USGS, Denver, Colorado). The USGS Alaska formation tops file, containing
listings of penetration depths of all the major geologic “markers” and formations tops
encountered during drilling, numbers about 450 wells as of December 1, 2020. This file
was developed mostly as a product of the various USGS Alaska North Slope assessment
studies.

A number of well log correlation sections were developed as part of this study and
other USGS gas hydrate research projects in northern Alaska. Lewis and Colleft (2013),
for example, compiled a series of nine correlation sections, containing well log data
from more than 122 wells, extending from just west of the Colville River in NPRA to the
east near the Sagavanirktok River (Fig. 14). These sections include (1) “well log picks”
for the tops of all the major formations and well log markers, (2) depths of the well log-
inferred gas hydrate accumulations (including those within the Eileen and Tarn gas
hydrate accumulations), (3) depths of the top and base of the gas hydrate stability
zone, and (4) depths to the base of permafrost and (or) ice-bearing permafrost. Other
important published well log correlation sections were available from Molenaar et al.
(1987a) and Decker (2007).

This project also made use of several extensive grids of 2D seismic lines and 3D seismic
volumes (Fig. 15). As part of the U.S. Government-managed NPRA exploration program
in the 1970s and 1980s, the USGS supervised the acquisition of more than 15000 mi
(24140 km) of 2D seismic data. Miller et al. (2000, 2001) included reprocessed digital
seismic data for a series of regional reference seismic lines (approximately 4200 line-
miles; 6760 km), which formed a 20x20-mi grid covering the entire NPRA. As discussed
earlier, the 3D seismic data volume from the MPU covering an area of 155 mi2 (400 km?2)
(Figs. 8-10) (as released to the USGS by BP Exploration Alaska, Inc.) was used to develop
and document seismic methods for identifying a series of nine gas hydrate prospects
(accumulations) in the MPU (Lee et al., 2009, 2011; Inks et al., 2009).
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Figure 14. Map showing locations of well log correlation sections within the greater Prudhoe Bay area as
compiled by Lewis and Colleft (2013).

Another important USGS-acquired database that was used in this gas hydrate test site
review effort included gas geochemistry data from 35 Alaska North Slope industry “wells
of opportunity” (Table 2, Fig. 16; Lorenson et al., 2011; Lorenson and Collett, 2011). The
“wells of opportunity,” as described by Lorenson and Collett (2011), are mostly industry
exploratory and development wells from which the USGS obtained drill cuttings and
flowed gas samples in order to ascertain the composition and source of the gas within
the inferred gas hydrate accumulations. For the wells listed in Table 2 and highlighted
on the map in Figure 16 as wells with either significant or limited evidence of
thermogenic gas in the gas hydrate stability zone, the area around these wells is more
likely to contain a higher number of gas hydrate accumulations. The same is also true
for the area around known conventional oil and gas fields. As discussed above, gas
hydrate accumulations are commonly closely associated with more deeply buried
conventional oil and gas fields that have leaked or possibly spilled gas that has
migrated into the overlying gas hydrate stability zone, thus leading to a greater
likelihood for the occurrence of gas hydrate.
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Well API number | Operator at completion | Well name | Surface N latitude | Surface W longitude
Wells with significant evidence of thermogenic gas
50029233020000 BP EXPL ALASKA INC MT. ELBERT 1 70.4556 149.4132
50029232950000 CONOCOPHILLIPS AK KUPARUK RIVER UNIT WEST SAK 1R-EAST 70.3954 149.5591
50029232960000 CONOCOPHILLIPS AK KUPARUK RIVER UNIT WEST SAK 1H-SOUTH 70.3949 149.5579
50029210840000 ARCO ALASKA INC KUPARUK RIVER UNIT 2B-10 70.28%4 149.9375
50029211840000 ARCO ALASKA INC KUPARUK RIVER UNIT 2D-15 70.2840 149.7617
50029206990000 ARCO OIL & GAS CORP WEST SAK 23 70.4037 149.9383
50103200860000 ARCO ALASKA INC KUPARUK RIVER UNIT 3H-9 70.4118 150.0117
50029216560000 ARCO ALASKA INC KUPARUK RIVER UNIT 3K-9 70.4332 149.7608
50029219970000 CONOCO INCORPORATED [MILNE POINT UNIT E-4 70.4554 149.4367
50029203530000 SOHIO PETROLEUM CO PRUDHOE BAY UNIT R-1 70.3455 148.9108
50029220470000 BP EXPL ALASKA INC PRUDHOE BAY UNIT S-26 70.3536 149.0302
50029220460000 BP EXPL ALASKA INC PRUDHOE BAY UNIT Z-7 70.2977 149.1955
50029217870000 BP EXPL ALASKA INC PRUDHOE BAY UNIT Z-8 70.2978 149.1996
50103203490000 PHILLIPS ALASKA INC KUPARUK RIVER UNIT TARN 2N-305 70.1713 150.3143
50103203600000 PHILLIPS ALASKA INC ATLAS 1 70.1518 150.5505
50029230610000 BP EXPL ALASKA INC MILNE PT UNIT SCHRADER BLUFF S-15 70.4097 149.4663
50103204770000 CONOCOPHILLIPS AK CARBON 1 70.2479 151.8888
50103204800000 CONOCOPHILLIPS AK SPARK 4 70.2884 151.7924
50103204790000 CONOCOPHILLIPS AK SCOUT 1 70.2867 151.9571
50103205060000 CONOCOPHILLIPS AK IAPETUS 2 70.4079 151.1831
50279200170000 FEX LP AMAGUQ 2 70.3932 155.8066
50029232990000 CONOCOPHILLIPS AK ANTIGUA 1 70.1809 149.5267
50279200110000 CONOCOPHILLIPS AK KOKODA 1 70.2850 153.1375
50279200120000 CONOCOPHILLIPS AK KOKODA 5 70.3344 153.2046
50103204810000 CONOCOPHILLIPS AK PLACER 1 70.3467 150.3983
Wells with limited evidence of thermogenic gas
50279200180000 FEX LP AKLAQYAAQ 1 70.5573 155.4204
50279200130000 CONOCOPHILLIPS AK NOATAK 1 70.3802 153.1335
50301200030000 U S DEPT OF INTER AK WAINWRIGHT 1 70.6441 160.0237
50103201900000 EXXON CO USA THETIS ISLAND 1 70.5539 150.1522
50279200090000 TOTAL E&P USA INC CARIBOU 26-11 1 70.1898 153.0876
Wells with no evidence of thermogenic gas
50279200190000  |FEX LP [AKLAQ 6 | 70.7123 | 154.6077

Table 2. List of wells of opportunity (see Fig. 16) in which analyses of gas samples have been used to
ascertain the composition and source of the gas within each of the gas hydrate assessment units in
northern Alaska. Wells highlighted in blue are characterized by significant evidence for thermogenic
gas in the mapped limits of the gas hydrate stability zone, whereas wells highlighted in green are
assessed to have limited evidence of thermogenic gas in the gas hydrate stability zone (Collett et al.,
2012). APl = American Petfroleum Institute

This part of the |IA Final Report includes a review of ANS-gas-hydrate occurrences in the
greater Prudhoe Bay area, with particular focus on the evaluation of their suitability for
extended-duration gas-hydrate testing. This review summarizes the criteria used in the
test-site-evaluation process and discusses the nature of the most favorable sites for
testing. For these sites, the report includes detailed evaluation of well-log data and
numerical simulation studies relevant to designing and conducting a gas hydrate
production test. It is important to highlight that there were actually two different gas
hydrate site review and selection efforts: (1) The first site review effort in 2011 led to
selection of the PBU L Production Pad (PBU-L Pad) near where the Ignik Sikumi well was
eventually drilled and tested in 2011/2012; (2) The second test site review effort
completed in 2017 led to the selection of the PBU 7-11-12 Pad in the PBU where the
Hydrate-01 Stratigraphic Test was drilled in 2018.

Because the second 2017 test site review was partially based on the results of the first
2011 test site review and the related technical results associated with the driling and
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testing of the Ignik Sikumi well, this part of the IA Final Report includes reviews of both
the 2011 and 2017 gas hydrate production test site selection efforts along with the
analysis of the Ignik Sikumi test well results.

3.A. Site Selection in Support of the Ignik Sikumi Test Well

Within this project, USGS and DOE technical staff worked closely with State of Alaska
Department of Natural Resources (SOA-DNR) staff and industry interest groups to
develop a set of potential test site options. At the start of this project, two relatively
mature DOE-led gas hydrate production research projects were being conducted in
partnership with BPXA (Hunter et al., 2011) and ConocoPhillips (Farrell et al., 2010). The
BPXA-DOE program had been underway since 2002 and produced many key
conftributions to the evaluation of ANS gas hydrates (as reviewed above in this report),
including the successful drilling of the Mount Elbert stratigraphic test well in the MPU in
2007 (Hunter et al., 2011). Under the DOE-USGS IA, as described herein, the USGS first
took the lead to work with the members of the BPXA and ConocoPhillips project teams
to develop recommendations as to the most appropriate location of a proposed test
site that could be the focus of a joint test and would address the interest of both
industry partners. Given the primary criteria of access to infrastructure and reduced
geologic risk by drilling offset wells with confirmed gas-hydrate occurrences, seven
potential surface locations within the PBU, KRU, and MPU were considered. These sites
were grouped into four locations for detailed evaluation (Tables 3 and 4; Fig. 17).

The criteria against which these sites were further evaluated are shown in Table 4.
These criteria dealt primarily with two factors: (1) mitigating geologic risks that included
reservoir quality, reservoir temperature, nature of bounding units, nature of production-
modeling forecasts, and presence of multiple potential testable zones; and (2)
mitigating operational/logistical risks including the ease of physical access to the test
location, driling/completion complexity, capability/capacity of local facilities, local
need/use for gas produced during the test, disposal of water produced during the test,
impact on ongoing industry operations, and overall program complexity.

3.A.1. Evaluation of Locations in the Milne Point Unit (MPU)

The 2007 BP-DOE-USGS Mount Elbert stratigraphic test well fully mitigated any geologic
risk at the Mount Elbert test site prospect, and no other significant inferred gas-hydrate
accumulation in the MPU has yet been confirmed by well data (as reviewed above in
this report); consequently, any production test conducted in the MPU would likely test
the Mount Elbert deposit. The occurrence of gas hydrate at the Mount Elbert site
features two reservoirs (Units C and D) characterized by shallow marine sands with low
clay content, high porosities, fine-grained sand, and high gas-hydrate saturations (Figs.
11,12, and 17). However, log data indicate that the lower unit (Unit C) is likely in
contact with free water, which could significantly complicate an extended well test.
Most importantly, the position of this reservoir just below permafrost would pose
additional operational difficulties related to the low formation temperature (between
36 and 37°F; 2 and 3°C;). Furthermore, driling into the accumulation from one of the
existing gravel pads (MPU B-Pad or E-Pad) would require a high-angle or horizontal well
path that would cross at least one major fault, adding additional complexity to the well
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driling and completfion and logging operations, as well as to the analysis of the test
data. Logistically, the MPU sites provide ample infrastructure support.
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Figure 17. Montage of drill log data from Prudhoe Bay Unit (PBU), Kuparuk River Unit (KRU), and Milne
Point Unit (MPU) area. The data are shown relative to interpreted base of ice-bearing permafrost. The
indicated zones of reservoir temperatures are approximate only. Note that the PBU logs (Wells 5, 6, and
7) show inferred gas hydrate in multiple zones and are the deepest (warmest) identified locations of
gas hydrate in areas with established surface facilities. The next data point downdip from these wells
(Well 8) has relatively poor log data and anomalous responses that may reflect driling effects.

3.A.2. Evaluation of Locations in the Prudhoe Bay Unit (PBU)

Two locations (PBU L-Pad and the site of the Kuparuk State 3-11-11 well) in the PBU area
were evaluated. Af both locations, a series of stacked gas-hydrate-filled sands have
been identified in existing well data (Figs. 17 and 18). The sands (Units C, D, and E) are
expected to be very similar petrophysically to the units cored and logged in both the
Mount Elbert and Eileen State 2 wells. Furthermore, a well location closely offset to the
PBU L-106 well will likely also encounter a fourth gas-hydrate saturated sand (Unit C2) at
the base of the reservoir section. The gas-hydrate-bearing sands at the PBU L-Pad site
total approximately 218 ft (66 m) in thickness. The primary test target, the Unit C sand, is
approximately 30 ft (~10 m) thick, and is approximately 7°F (~4°C) warmer than the
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. Intrinsic -
Depth Lower . Gas hydrate Porosity - Temperature Pressure Salinity
Target (ft) contact Thickness saturation (%) (%) perr(nrﬁgl))lllty (°C; °F) gradient (ppt)
Milne Point Unit — Mount Elbert Prospect
Unit C 2132 Water 52 ft (16 m) 65 35 1000 3.6; 38.5 Hydrostatic 5
Unit D 2014 Shale? 47 ft (14 m) 65 40 1000 2.4;36.3 Hydrostatic 5
Prudhoe Bay Unit — L-Pad vicinity
Unit 2318 Shale 62 ft (19 m) 75 40 1000 5.7;42.3 Hydrostatic 5
C2
Unit 2226 Shale 56 ft (17 m) 75 40 1000 5.7;42.3 Hydrostatic 5
C1
Unit D 2060 Shale 50 ft (15 m) 70 - 1000 3.5;38.3 Hydrostatic 5
Unit E 1915 Shale 50 ft (15 m) 60 - 1000 2.5;36.5 Hydrostatic 5
Prudhoe Bay Unit Down-Dip from L-Pad
UnitC* | 2500 | Shale | 60ft(18 m) | 75 | 40 ] 1000 | ~12;~37 [ Hydrostatc | 5
Kuparuk River Unit — West Sak 24 vicinity
UnitB | 2260 | Shale? [ 40ft(12m) | 65 [ 40 ] 1000 | 25:36.5 | Hydrostatic | 5

*Conditions assumed for the Prudhoe Bay Unit Down-Dip “L-pad” site

Table 3. Summary of reservoir parameters for potential gas hydrate production test sites and targets in
the Prudhoe Bay Unit (PBU), Kuparuk River Unit (KRU), and Milne Point Unit (MPU) area (Collett et al.,
2012).

PBU Kup PBU KRU

Parameter ME:dE ME;JdB PE;JdL St. 3-11- | Down-dip West KPU 1H
11 L-Pad Sak 24

Reservoir H H M M L H H
Temperature
Ownership L L H H H M-L M-L
Site Access M M L L H L L
Geologic Risk L L L L H M M
Data Availability L L L M H M M
Well Risk L-M L-M M M H M M
Facilities Access L L L M H M L
Gas Disposal H H H H H H H
Interference w/Ops L ? H? L L L H?
Water Disposal L L L M H M L
Use for Gas L? L? M M M L L?
Test Options M-H M-H L L M-H H H

Table 4. Information considered in the assessment of locations for a long-term production test. H = high
risk associated with this parameter (unfavorable), M = medium risk, L = low risk (favorable), 2 = Denotes
uncertain conditions (Collett et al., 2012).

most promising target in the MPU. Units D and E also provide excellent uphole targets to
accommodate operational contingencies or to provide testing options across a range
of initial temperature conditions. Geologic risk for the Unit C, D, and E sands is low given
the nearby well control. The second evaluated PBU location would closely offset the
Kuparuk State 3-11-11 well. The geology seen in this well mimics that of the PBU L-106
well (Figs. 17 and 18), with the exception that the C2 sand does contain gas hydrate.
Also, the Kuparuk State 3-11-11 well is not on an operational gravel pad and, therefore,
would require significant investment in infrastructure development and greater
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operational logistical support for the testing program. In comparison to the L-Pad
location, however, it would have reduced complexities related to potential
interference with ongoing or planned near-term operations.
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Figure 18. Gamma-ray, electrical resistivity, density porosity and sediment shale volume logs from the
Prudhoe Bay Unit L-106 well, Alaska North Slope. Also shown is the approximate depth of Units C, D,
and E (Collett, 1993).

3.A.3. Evaluation of Locations in the Kuparuk River Unit (KRU)

Gas hydrate reservoir targets are present along the eastern margin of the KRU and
could be accessed from several existing well pads. However, well data from KRU are
generally of lower quality than those at PBU, making geologic interpretations less
certain. In addition, the reservoir sands occur structurally updip (to the west) of the
potential PBU sites, placing the Unit C and D gas-hydrate reservoirs well within the
permafrost section. However, Unit B, which is a very high quality reservoir throughout
MPU and PBU but is often fully water saturated in those units, appears to be gas hydrate
saturated from the available KRU log data. Overall, the temperature and reservoir
quality of the KRU targets in the Unit B are expected to be very similar to those in MPU
but with somewhat higher geologic risk. Operationalrisk in KRU is also elevated
because of the occurrence of only a single reservoir target, providing limited testing
flexibility.
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3.A.4. Evaluation of Downdip Locations in the Prudhoe Bay Unit (PBU)

Given the prevailing easterly structural dip and the regional extent of the targeted sand
units, there should be opportunities to tfrack the gas-hydrate-bearing Unit C, D, and E
sands downdip to the east of the PBU L-Pad site. Previous USGS mapping indicates that
these units will cross below the base of gas-hydrate stability approximately 10 km to the
east of the PBU L-Pad. Unfortunately, this area lacks existing surface facilities, rendering
long-term testing unfeasible. Nonetheless, all options for establishing a test site were
carefully reviewed because one could provide access to gas-hydrate-bearing
reservoirs at temperatures as high as 54°F (12°C). However, there is a lack of well
penetrations with suitable well-log data in this region as well. The only control point in
the area is the Beechy State 1 well (Figs. 8 and 13), which encountered apparent free
gas in the Unit D sand. Therefore, it is not possible to confirm with any confidence the
continuity of the reservoirs between the Beechy State location and the western PBU
wells. As aresult, any location selected would have very high geologic risk. Significant
additional seismic-interpretation and well-correlation work would be required to
determine if gas hydrate exists at any potential site in this area.

3.A.5. Gas Hydrate Production Modeling in Support Test Site Selection

At the start of this test site review project, significant advancements in gas-hydrate
production computer simulators had allowed for the first time the systematic analysis of
the possible geologic and engineering controls on the production gas hydrates.
Several previous studies (Moridis et al., 2009, 2010, 2011a, 2011b) that focused on
simulating production from hydrates in northern Alaska had shown some promise.

To better understand the potential reservoir response for the locations considered in this
study, the DOE and USGS collaborated with the participants of the International Code
Comparison Group (Anderson et al., 2011a, 2011b) to conduct numerical gas-hydrate
production simulations for the idealized MPU, KRU, PBU, and downdip-PBU seftings (Figs.
17 and 19). These analyses relied heavily on the reservoir data acquired from the
Mount Elbert test well in order to compare production between different geologic
settings and between the various participating modeling approaches. To make these
comparisons easier, the geologic representations entered intfo the models were
simplified and homogenized. As a consequence, the most meaningful data from this
effort are not the absolute predicted production values but instead are the
comparative productivity between sites, the determination of those parameters to
which productivity was most sensitive and the relative performance of the various
models (Anderson et al., 2011b). Given the similarity between the KRU and MPU
settings, only three sets of modeling runs were undertaken (Fig. 19). Although these
cases differed somewhat in reservoir thickness and pressure, sensitivity runs clearly
demonstrated that initial reservoir temperature is the primary control on the modeled
production rates, with reservoir petrophysics, including intrinsic reservoir permeability, in
situ permeability, and mobile-water saturation also being important (Anderson et al.,
2011b). The initial MPU/KRU modeling results showed consistent predictions between
the various participating codes, with very modest production rates and long lead times
(time before first gas production). Analysis of the PBU case (production from the
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Figure 19. Comparison of typical production simulation results for Alaska North Slope gas hydrate
reservoirs. (A) A setting typical for known Kuparuk River Unit (KRU), and Milne Point Unit (MPU)

reservoirs (37—39°F; 3—4°C); (B) Westend Prudhoe Bay Unit (PBU) setting (41—43°F; 5—6 °C); (C)
Downdip PBU setting (50—54°F; 10—12°C) (Anderson et al., 2011b).
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composite Unit C sands) resulted in production rates about five times those of MPU and
with zero production lead time. The downdip-PBU case revealed the clear benefits of
higher temperatures, with rates increasing another five-fold (Anderson et al., 2011b).
Subsequent incorporation of more detailed geologic input data sets for these locations,
incorporating the detailed vertical reservoir heterogeneity, resulted in increased
production and elimination of the production lead time (Anderson et al., 2011b).
Additional production modeling of the gas-hydrate deposit at the PBU L-Pad site, as
reported by Moridis et al. (2010), has contributed to our understanding of the
production potential of this site and has been considered in the modeling work
published in Anderson et al. (2011b).

3.A.6. Prudhoe Bay Unit L-Pad Test Site

From the review of the seven potential surface locations (Table 3 and Fig. 17) for a
proposed gas-hydrate production test, the PBU site, parficularly the L-Pad location, was
determined to be the optimal site for any gas-hydrate production test on the ANS. The
site offered the best combination of low geologic risk, maximum operational flexibility
(multiple zones), low operational risk (ability to drill vertical wells adjacent to
infrastructure), and, from the production modeling efforts, a high likelihood of near-term
and meaningful reservoir responses. The primary concerns associated with this location
were the logistical issues associated with gaining approval of three major resource
industry partners as well as the ability to conduct the testing program in a manner that
will not interfere with ongoing or planned future operations from the PBU L-Pad.
Although MPU remained a possibility, the MPU sites were determined to be less
favorable because of a much more complex operational environment (colder
reservoirs, requirement for deviated wells, and limitation to a single potential target
reservoir). The KRU locations were assessed as offering no geological advantages over
the MPU location but with greater geologic risk because of generally poor well data.
The PBU downdip location, though offering the potential for encountering the warmest
reservoirs in the region (and, therefore, potentially the most successful test in terms of
rates), was clearly impractical because of the lack of existing facilities to support a test
and high geologic risk related to lack of well data.

The following subsection of this report deals with the detailed geologic and engineering
analysis of the PBU L-Pad site that was ultimately selected for the ConocoPhillips/DOE
Ignik Sikumi CO2/CH4 exchange field trial (Silongarmlert, 2010; Schoderbek et al., 2013;
Boswell et al., 2017). The examination of the PBU L-Pad included the analysis of the
downhole log data from the PBU L-106 well (Fig. 18) to develop a more complete
understanding of the reservoir properties controlling the occurrence of gas hydrates at
this site. Log data from another 54 PBU L-Pad wells were also examined to assess the
potential structural complexity and reservoir-quality/-continuity issues throughout the L-
Pad area. Finally, numerical modeling results relevant to determining the optimal final
test site with respect to existing L-Pad wellbores were reviewed, including considerations
of potential maximum areas of thermal disturbance from existing wells as well as the
area of virgin reservoir conditions available to conduct the planned test without
affecting the stability of existing wellbores.
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High-quality well logs acquired in the PBU L-106 well (Fig. 18), as obtained from the
public files of the Alaska Oil and Gas Conservation Commission
(http://doa.alaska.gov/ogc/), were used to characterize the physical properties
conftrolling the occurrence of gas hydrates in the vicinity of the PBU L-Pad. To analyze
the acquired electrical resistivity log data, the Archie equation (Archie 1942; Pearson et
al., 1983) with a shaly-sand correction described by Lee and Collett (2006) was used.
To analyze the downhole acoustic log data, a rock-physics model proposed by Lee
(2007, 2008) was used.

Gas hydrate saturations estimated from the resistivity log data in the L-106 well with a
shaly-sand correction (Simandoux, 1963; Worthington, 1985; Western Atlas Intfernational
Inc., 1995) (Figs. 20 and 21) are almost identical to those estimated without a shale
correction. The relation between gas-hydrate saturations and acoustic velocities in this
study were modeled using the three-phase Biot-type equation (TPE) (Lee, 2005, 2007) by
assuming that gas hydrate acts as a load-bearing component of the sediments.
Saturations estimated from the P-wave velocities (Fig. 20) are comparable to those from
the resistivity, whereas saturations estimated from S-wave velocities (Fig. 21) are less
than those from the resistivity log measurements. It was speculated that the differences
in saturation calculations are primarily because of errors in the measured velocity log
data, with the S-wave velocity measurements being most affected, because the
saturations estimated from the P-wave velocities are close to those estimated from the
resistivity log data.

The site selection review effort in support of the analysis of the PBU L-Pad location
included the consideration of (1) avoiding the penetration of gas hydrate-bearing
reservoir sections that may have been compromised (partial-to-full gas hydrate
dissociation) by heat effects related to long-term production and injection of warm
fluids in the L-Pad wells and (2) the gas hydrate test itself adversely affecting the
mechanical stability of existing wells by gas hydrate dissociation related to the planned
test. To pursue these issues, thermal- and production-modeling studies were
conducted. The production modeling efforts were designed to determine the potential
area of reservoir depressurization that would be associated with different test volumes
so that the test can be halted before existing wells might be affected. The modeling
efforts were based on earlier modeling scenarios performed by the International
Methane Hydrate Reservoir Modeling Code Comparison Group (Anderson et al., 2011q,
2011b). The earlier reservoir descriptions, however, were homogeneous descriptions of
the L-Pad area and neglected the reservoir complexities as shown in Figures 22, 23, and
24. As shown by Anderson et al. (2011b), significant differences between assumed
homogeneous and heterogeneous reservoir conditions can yield very different model
results. Therefore, to better constrain the possible extent of disturbance caused by
long-term depressurization of a gas-hydrate reservoir and to more accurately model
the possible gas- and water-production rates, a heterogeneous reservoir model was
constructed.
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Figure 20. Measured and calculated baseline compressional-wave (P-wave) velocities along with gas
hydrate saturations estimated from the P-wave velocity and resistivity logs in the Prudhoe Bay Unit L-106
well, Alaska North Slope (Collett et al., 2012).
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Figure 21. Measured and calculated baseline shear-wave (S-wave) velocities along with gas hydrate
saturations estimated from the S-wave velocity and resistivity logs in the Prudhoe Bay Unit L-106 well,
Alaska North Slope (Collett et al., 2012).
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Figure 25. Predicted gas and water production from the PBU L-106 Unit C gas hydrate-bearing reservoir
section at a constant bottom-hole pressure of 2.7 MPa. The solid black and dotted gray curves
represent the rate of gas produced at the wellhead and gas released in the reservoir respectively and
correspond to the left y-axis. The rate of water production is found on the right y-axis and is indicated
by the dashed black line (Collett et al., 2012).

The initial hydrate saturation for the gas hydrate-bearing layers modeled for Unit C in
this effort range from 0 to 72 % (Figs. 22 and 23). Figure 24 shows the predicted extent of
hydrate dissociation from 180 days of depressurization (assumed constant bottomhole
pressure of 2.7 MPa). Note that the x-axis is logarithmic and that the maximum
perturbation is predicted to occur at the top (C1 unit) of the Unit C hydrate-bearing
sand. This disturbance is on the order of 330 ft (approximately 100 m) radially from the
wellbore, which is located along the left side of the image in Figure 24. Figure 25 shows
the predicted gas and water production rates from the heterogeneous reservoir
simulations of the PBU L-Pad Unit C hydrate-bearing sand deposit (C1 and C2 units). As
one can see from Figure 25, the water rate is predicted to start at its maximum and
decrease throughout production, while the modeled gas rate increases quickly
throughout the early stages of production. As shown in Figure 25, the heterogeneous
reservoir simulation results in predicted gas rates on the order of 3.5x10¢ ft3/day (100000
std m3/day), with produced-water rates ranging from 1000-3000 barrels/day (200-500
m3/day) throughout the first 6 months of depressurization. After 180 days of production,
it is predicted that a cumulative total of 458x10¢ f13 (13.0x10¢ std m3) of gas would be
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produced. On the basis of the results of the production-modeling studies on a potential
depressurization test of 180 days, it can be concluded that a hydrate-depressurization
test should not be allowed to reach beyond approximately 330 ft (~100 m) from the
center point of the proposed test well.

In conclusion, based mainly on the assessment of the geological conditions and
operational risks associated with conducting a successful gas hydrate production test,
the PBU L-Pad site was selected as the best candidate test site for the
ConocoPhillips/DOE Ignik Sikumi CO2/CH4 exchange field trial because of the unique
combination of relatively warmer reservoirs (providing greater potential for successful
testing in ferms of measurable gas production rates) and the high likelihood of
encountering multiple thick reservoirs suitable for long-term testing (providing for more
testing options and flexibility).

3.A.7. Ignik Sikumi CO2/CH4 Exchange Field Trial

The selected field test site for ConocoPhillips/DOE Ignik Sikumi CO2/CH4 exchange field
trial was initially to be located on the PBU L-Pad. The test well, Ignik Sikumi, was
eventually drilled from a temporary ice pad adjacent to the PBU L-Pad in early 2011
and the injection/production test was performed in early 2012. Production operations
began in January 2012 and ended in May 2012, when the well was plugged and
abandoned. The 2011 Ignik Sikumi field program included drilling a single, near-vertical
test well and performing extensive wireline logging through a thick section of gas
hydrate-bearing sand reservoirs (Figs. 7, 8, and 26). A total of three hydrate-bearing
stratigraphic units (Units C, D, and E) were encountered in the Ignik Sikumi test well. For
the purpose of this project, Unit C was further subdivided into a lower Unit C and an
upper Unit C, also named C1 and C2, respectively, in other publications (Collett et. al.,
2012, Boswell et al., 2017). In comparison to the upper Unit C, lower Unit C is more
heterogeneous with a high number of interbedded prominent clay-rich beds
(Schoderbek et al., 2013; Boswell et al., 2017). Sand-rich intervals below the hydrate-
bearing portion of the upper Unit C and in Unit B are water-bearing at the site of the
Ignik Sikumi test well (Figures 7 and 26). Log analysis of hydrate-bearing reservoirs
yielded gas hydrate saturations >75% in the more uniformly bedded upper Unit C.
Scheihing (2010) also used available well log data and 3D seismic data to build a
“highly generalized structural map” of several of the gas hydrate-bearing stratigraphic
units in the area of the Ignik Sikumi well. The resulting mapping showed that the gross
interval thicknesses of the sand-dominated sections are fairly consistent across the area.

In 2012, the Ignik Sikumi field testing program included a CO2-CH4 hydrate production
test that consisted of an initial injection phase and a subsequent extended duration
depressurization flow-back phase. The test was conducted in the same vertical well
(total depth of 2597 ft; 792 m) drilled in 2011 and targeted the gas hydrate-bearing
sands in the upper part of Unit C. The first stage of the test consisted of injecting 210000
ft3 (5947 m3) of a CO2-N2 mixture over a period of 13 days. Flowback of the well
commenced following the reconfiguration of the surface equipment. Over four distinct
well flow periods, the Ignik Sikumi well produced nearly 1000 mscf of gas at peak rates
as high as 175000 ft3/day (4955 m3/day) (Schoderbek et al., 2012, 2013; Boswell et al.,
2017).
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Figure 26. Well log display for the Ignik Sikumi test well indicating Units B, C, D and E. Grey shading
highlights the occurrence of gas hydrate within reservoir quality sands of Units C, D and E. Data shown
include the natural gamma ray, caliper (HCAL), electrical resistivity (AT90), bulk density (RHOB),
acoustic transit time (DT), neutron porosity, nuclear magnetic resonance porosity (NMR/CMR) logs, as
well as calculated density porosity, NMR density-derived gas hydrate saturations, and Archie-
calculated gas hydrate saturations.
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3.B. Site Selection in Support of the PBU 7-11-12 Test Site

In 2011/2012, the Ignik Sikumi gas hydrate test further confirmed the nature and
occurrence of gas hydrate on the ANS and the short-term response of gas hydrate
reservoirs to depressurization (Schoderbek et al., 2013; Boswell et al., 2017). 1gnik Sikumi
test results indicated significant challenges to gas hydrate production by chemical
injection and confirmed the favorability of reservoir depressurization as the primary
production mechanism. In 2013, JOGMEC further demonstrated the potential
effectiveness of depressurization technology relative to gas hydrates with a deepwater
test in the Nankai Trough offshore Japan (Yamamoto et al., 2014). It remained
unknown, however, how gas hydrate reservoirs will respond to depressurization over
longer timeframes. There existed at the time only the wireline pressure transient tests
from Mount Elbert (2007), the 6-day depressurization test at Mallik in Canada (2008), the
19 days of post-injection depressurization at Ignik Sikumi (2012), and the 6-day (2013),
12-day (2017), and 24-day (2017) deepwater depressurization tests conducted by
JOGMEC in the Nankai Trough (as reviewed by Boswell et al., 2020a). The global gas
hydrate science community was in full agreement that tests of longer duration were
required to advance the assessment of gas hydrate as a potential energy resource.
With the goal of a long-term production test, from 2014 through 2017 the DOE,
JOGMEC, and the USGS, along with contract support from PRA, and with the technical
support of the SOA-DNR, worked to identify a potential location and develop a plan for
an extended gas hydrate production test on the ANS. This effort included a
comprehensive review of potential testing sites within the Eileen Gas Hydrate Trend,
which had been the focus of the previous site review effort that eventually led to the
driling and testing of Ignik Sikumi well. The new site review and selection effort again
focused on assessing locations with favorable geologic conditions and limited logistical
and operational risks for the proposed extended gas hydrate production test.

The results of the Mount Elbert and the Ignik Sikumi test wells provided the data needed
to further develop and calibrate geophysical and well log analysis methods used to
characterize gas hydrate accumulations in both Arctic permafrost and marine
environments (Lee and Collett, 2011; Schoderbek et al., 2013; Boswell et al., 2017). The
production studies associated with the well tests in the Eileen Gas Hydrate Trend
supplied important gas hydrate reservoir engineering data and provided insight to gas
hydrate production concepts along with data to calibrate gas hydrate production
simulators (Anderson et al., 2011b). As reviewed above in this report, the gas hydrate-
bearing reservoirs in and around western portion of the PBU have also been the focus of
several other detailed geologic and geophysical studies in support of the 2011/2012
Ignik Sikumi gas hydrate production testing project (Collett et al., 2012; Schoderbek et
al., 2012, 2013; Boswell et al., 2017).

The objective of this section of the |A Final Report is to describe the methodology and
results of studies conducted by the USGS and others to characterize the occurrence
and geologic controls on gas hydrate accumulations in the Eileen Gas Hydrate Trend.
Building from previous analyses performed in the area (Collett et al., 2012), this
investigation utilized borehole logs from additional wells and considered the results of
published seismic framework studies (Schoderbek et al., 2012, 2013). This allowed us to
expand the geologic framework and yielded an improved understanding of the local

57



and regional occurrence of gas hydrate in the Eileen trend. A new Archie-based
resistivity log analysis method, that includes special consideration to physical meaning
of the empirical parameters within the Archie relationship (Archie, 1942), was used to
generate a more complete gas hydrate reservoir saturation model for the Eileen trend.
In addition, the acquisition of nuclear magnetic resonance (NMR/CMR) well logs and
formation test data from the Mount Elbert (Collett et al., 2011b) and the Ignik Sikumi
(Schoderbek et al., 2012, 2013; Boswell et al., 2017) test wells provided critical
information on the porosity and permeability relationships in the Eileen tfrend gas
hydrate reservoirs. This section of the report further reviews the results and geologic
findings from the Mount Elbert and Ignik Sikumi gas hydrate test well projects and
concludes with a systematic review of the structural-stratigraphic and reservoir controls
on the occurrence of gas hydrate in the Eileen Gas Hydrate Trend.

3.B.1. Reservoir Controls on Gas Hydrate in the Eileen Gas Hydrate Trend

Well logs have been used to assess the occurrence of gas hydrate in numerous
sedimentary basins (Collett and Lee, 2012) and have been used in this study o
delineate and characterize the properties of the gas hydrate-bearing reservoirs in the
western portion of the PBU. For a more complete review of well log responses to the
presence of gas hydrate, see Collett and Lee (2012) and Schoderbek et al. (2013).

Reservoir Lithology

Clay content, which is often referred to as shale volume (Vsn) in conventional reservoir
analysis, is one of the primary factors controlling the occurrence and concentration of
oil and gas in conventional reservoir systems (Asquith and Krygowski, 2004). Collett and
Lee (2012) also recognized that the occurrence of pore-filling gas hydrate in clastic
reservoir sections is controlled in part by the presence of clay.

In this study of the occurrence of gas hydrate in the PBU, the volume of shale (Vsn) within
the log-inferred gas hydrate intervals was calculated from gamma-ray logs using
standard log analysis procedures for the type and age of sedimentary section in the
Eileen Gas Hydrate Trend. The relationship between gamma-ray log values and
sediment shale volumes (Vsn) used in this study area is shown in Equations 1 and 2 (Serra,
1984; Lee and Collett, 2011):

_ GR—GR¢p
GRsp—GRcin

(1)

IGR
Vs, = 0.083 (237Ier — 1) (2)

where Igr is @ gamma-ray index or volume of shale, GR is a gamma-ray log value, GRcin
is a constant gamma-ray value for the cleanest (i.e., lowest shale content) sand in the
reservoir section (lowest APl log value), GRsn is a constant gamma-ray value for a pure
shale in the sedimentary section (the highest APl log value), Vsh is a volume of shale
corrected for Tertiary rocks, which is partially related to the degree of compaction that
the sedimentary section has experienced.
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Gamma-ray logs from a total of 90 wells located in the western portion of the PBU (Figs.
27, 28, and 29) were used to calculate Vsh in each well for the targeted reservoir
sections of interest, from Unit B through Unit E. Since gamma-ray logs were not
normalized in this study, the clean sand and shale baselines, required for the Vsh
calculations (Equations 1 and 2), were selected on a well-by-well basis. For the sand-
dominated portions of reservoir Units C and D, the estimated shale volumes (Vsn) ranged
from near 0% to a maximum of about 30%.
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Figure 27. Satellite image showing the location of study area. Wells used in the study were drilled from
PBU L-Pad, PBU V-Pad and the Kuparuk 3-11-11 Pad. The Northwest Eileen State 1 and 2 and State
Socal 33-29-E wells were drilled from temporary ice pads. Location of the Mount Elbert well, also used
in the study, not shown.

Reservoir Porosity

Advanced well logging tools are routinely used to examine petrophysical properties
such as porosity and nature of pore-fill. In this study, the analysis of nine wells with
sufficient log data to determine presence of gas hydrate, located in the western
portion of the PBU (Figs. 27, 28, and 29), reveals the widespread occurrence of gas
hydrate in Units C, D, and E (Collett et al., 2011a, 2012; Lewis and Collett, 2013). The
same units were shown to be hydrate-bearing in three previously drilled gas hydrate
research wells: Northwest Eileen State 2 (Collett, 1993), Mount Elbert (Boswell et al.,
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2011b), and Ignik Sikumi (Schoderbek et al., 2013; Boswell et al., 2017). The well path
trace map in Figure 29 shows the location of the top of Units C, D, and E as penetrated
in each well. Density log data from available wells in the PBU study area were used to
estimate porosity within the gas hydrate-bearing units of interest. The Archie
relationship and the NMR-density log porosity data were used in this study to calculate
gas hydrate saturations (as reviewed below).

The comprehensive well log data set from the Ignik Sikumi well was an excellent starting
point for the calculation of gas hydrate reservoir porosity and fluid saturations for the
Eileen trend. For this test well, the presence of gas hydrate is inferred from resistivity
(AT90) and acoustic sonic log data (DT). Resistivities of 20 ohm-m and greater and
transit fimes less than 140 usec/ft were determined as gas hydrate indicators (Fig. 26).
Based on these criteria, three gas hydrate-bearing intervals are interpreted within the
Ignik Sikumi well: ~2215-2332 ft (~670-710 m) measured depth (MD) in Unit C, ~2060-
2130 ft (~630-650 m) MD in Unit D, and ~1907-1954 ft (~580-600 m) MD in Unit E (Fig. 26).
Unit C was also subdivided into an upper Unit C and a lower Unit C for description
purposes. The 30-ft-thick (9-m) section within the upper Unit C (~2243-2273 ft; ~680-6%0
m MD) was selected for testing during the 2012 CO2-CH4 exchange ftrial.

The standard density porosity relationship was used to calculate porosity (¢p):

Puma — P
¢, = ———L (3)
pma_pw

where pma is the matrix density (assumed value of 2.65 g/cms3), pb is formation bulk
density (g/cm?) as measured from the density log, and pw is the formation water density
(assumed value of 1.02 g/cms3). Density log data from five wells with log data in gas
hydrate intervals (Northwest Eileen State 2, PBU L-112, PBU L-106, Ignik Sikumi, and Mount
Elbert) were used to derive density-porosity trends throughout the delineated Eileen Gas
Hydrate Trend. The density-log derived porosities in the gas hydrate-bearing portion of
the upper Unit C in the Ignik Sikumi test well averaged about 35 % (Fig. 26).

Reservoir Gas Hydrate Saturations

Gas hydrate saturations (Fig. 26) were determined through the Archie analysis methods
utilizihg measured resistivity log data (Archie, 1942; Collett and Lee, 2012), as well as a
density and NMR porosity log method (Kleinberg et al., 2005). Gas hydrate saturations
estimated from the NMR and density porosity approach do not depend on empirical
relationships; thus, the accuracy of the estimation depends only on the accuracy of
NMR and density log measurements. Therefore, NMR and density log-derived gas
hydrate saturations were assumed as the most accurate and were used to constrain
the hydrate saturation estimates derived using the Archie method for the Ignik Sikumi
well.

The NMR well logging tools primarily respond to the presence of movable hydrogen

molecules in the rock formation. Thus, gas hydrates cannot be directly detected with a
downhole NMR logging tool because they behave like they are part of the solid matrix.
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Therefore, it can be concluded that NMR porosity is a measurement of the pore space
that is not occupied by gas hydrate. It is a measurement of the pore space volume
occupied by free water, capillary-bound water, and clay-bound water. As a result, the
NMR derived porosities will significantly under-estimate the true or total-formation
porosities in gas hydrate-bearing reservoirs. However, the comparison of accurate in
situ total porosities from an independent source, such as those calculated from density
log measurements (Equation 3), with apparent NMR-derived porosities, allows
estimation of gas hydrate saturations fromm NMR measurements. A set of equations was
developed for computing gas hydrate saturations using porosities estimated from
density and NMR logs (Kleinberg et al., 2005; Collett and Lee, 2012):

D= 1=S,)¢ (4)

Sh _ ¢_ZNMR (5)
P~ P
,17, —rw Imh (6)
loma_low
_ ¢D +ﬂ‘h¢NMR

¢

1+ 4, 7)

where ¢nmr is the same as the water-filled porosity and is the NMR log reading itself, Sn is
the NMR-density porosity-derived gas hydrate saturation, ¢ is the total porosity,
representing the pore space occupied by water and gas hydrate, An is a correction
constant, pw is the formation water density (assumed value of 1.02 g/cm3), pn is the gas
hydrate density (assumed value of 0.9 g/cms3for structure | gas hydrate; Sloan and Koh,
2008), pma is the matrix density (assumed value of 2.65 g/cm3), and ¢o is the density
porosity derived assuming a two-component system (matrix and water; Equation 3).

For the NMR-density porosity derived gas hydrate saturations, the “total-porosity” value
for the gas hydrate-bearing units was derived from bulk density well log data using
Equation 3. Input parameters for the density porosity log calculations are summarized in
Table 5. Grain or matrix density and fluid density values, required for the density porosity
calculations, are usually derived from core data. These types of data were not
generally available from the wells in the study area. Therefore, published grain (matrix),
water, and gas hydrate densities, formation temperatures and pore water salinities from
Mount Elbert acquired cores and other sources (Collett, 1992; Lee and Collett, 2011;
Collett, et al., 2011a, 2011b; Collett and Lee, 2012; Lee and Waite, 2008) provided
accurate estimates of these geologic and petrophysical parameters for the wells used
in this study (Table 5). The calculated NMR porosity was compared with the density log
derived porosity to identify gas hydrate-bearing intervals (Fig. 26, frack 5) by the
separatfion between the two porosity curves. The NMR-density derived gas hydrate
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saturation log for Units C, D, and E is shown in Figure 26 (track é), with the gas hydrate
saturations in the upper part of Unit C averaging about 75%.

Gas hydrate, much like oil or gas, acts as an electrical insulator, and can be detected
with resistivity tools. Resistivity log measurements can also be used to estimate gas
hydrate saturations. The Archie (1942) equation, which relates porosity, pore-fluid
resistivity, and rock resistivity, is often used to calculate fluid saturations in gas hydrate-
bearing sand reservoir systems (reviewed by Collett and Lee, 2012). According to
Archie (1942), the water saturation (Sw) of a formation containing hydrocarbon-bearing
sediments can be derived from the resistivity log as:

S, =1=-§ 9)

R
FF=| -

where, a and m are Archie constants, tortuosity factor, and cementation exponent,
respectively, nis an empirically derived parameter, called saturation exponent, Rw is
the resistivity of the connate water (ohm-m), ¢ is the porosity, Rt is the formation
resistivity as measured by the deep-reading resistivity log (ohm-m), Sh is the Archie
equation-derived gas hydrate saturation, and FF is a formation factor.

The parameter n, which depends on the reservorir lithology, has been shown to vary
between 1.7 for unconsolidated sediment and 2.2 for sandstone and is typically 1.9
(Collett, 2001). The a and m are empirically derived parameters often obtained from
logarithmic porosity-resistivity cross plots (Pickett, 1966), the physical meaning of which
will be described in more detail below. Porosity values (Equation 3) can be estimated
from other porosity logs, such as density logs. The resistivity of the pore water (Rw) can
also be calculated using Arp's formula, if the salinity and temperature of the formation
water are known (Arp, 1953; Schlumberger, 1998; Collett and Lee, 2012). The Archie
method relies heavily on the selection of accurate values for the empirical parameters
a and m, which can be derived from Pickett plots (Pickett, 1966; Hilchie, 1982; Serrq,
1984; Asquith and Krygowski, 2004).

The Archie method is based on the general concept of comparing the resistivity of
conventional hydrocarbon-bearing reservoirs with the resistivity of 100% water-saturated
mostly sand-rich reservoirs. Since the gas hydrates in the Eileen tfrend are found mostly
in conventional sand-rich reservoir sections and the gas hydrate-bearing reservoirs
appear to contain an appreciable amount of free- and bound-water within
interconnected pores (Collett et al., 2011a; Schroderbek et al., 2013; Boswell et al.,
2017), it is reasonable to assume that the Archie method could be used to calculate
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accurate gas hydrate saturations with the well log data from the ANS as reviewed by
Collett and Lee (2012).

In the Archie method, if the baseline salinity of the formation water is known within the
stratigraphic section of interest, the data from the deep reading resistivity log can be
plotted against the density porosity log values on a Pickett plot (Figs. 30 and 31) to
derive the required Archie parameters, which can then be used to directly calculate
the water saturations (Equation 8). The Archie m parameter can be derived from the
slope of the “water-line,” which is a line fitted through the data points representing
100% water-saturated sand units as posted on the Pickett plot. The intercept of the
water-line with the porosity cross-plot axes at unity (which is ¢ equal to unity or 100%
porosity) yields the value for the relationship of (a*Rw), where a is the Archie tortuosity
factor (Equation 8). To simplify this process in this study, the formation factor (FF,
Equation 10) was used instead of the well log-measured formation resistivity in the
Pickett plots (Figs. 30 and 31). In this case, a plot of the water-line as projected to
intercept the porosity axis at ¢=100% (shown as 0.1 decimal percent) will yield the direct
value for a, while m is derived from the slope of the water-line.

n=2.0 a=1.0
1.0
2
‘»
O
S
@]
o
=
‘n
c
(0]
(]
2\ 23\ 2\ 2\ 2\ 2\ 2\ 2
\ \ W\ AN DN W WA N
\‘:) \f‘P 2 DD 5 42
0.1 f
1.0 10.0 100.0 1000

Formation factor

Figure 30. Example Pickett plot annotated to depict the cross-plot method used to derive Archie a and
m parameters (modified from Serra, 1984). Porosity shown in decimal percent.
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When NMR logs are not available, core data can be used to yield accurate values for
the empirical Archie parameters. But in either case, it is important to consider the
underlying physical controls and meanings of each of the Archie parameters. The
Archie parameter a is often called the Archie tortuosity factor, and in some cases the
cementation intercept, lithology factor, or lithology coefficient. This parameter is meant
to correct for variation in compaction, pore structure, grain size, and matrix mineralogy
(Archie, 1942). The value of a can range from 0.5 to 1.5 and is controlled by the electric
current path length. A value of a = 1.0 is often used to represent clean (no clay),
nonconductive, sand-rich reservoirs, while any variations from 1.0 are most often
attributed to more clay-rich rocks that are relatively more conductive. Maute et al.
(1992) presented an approach to determine Archie parameters m and n and in some
cases a from standard resistivity measurements on cores. Maute et al. (1992)
concluded that ais a “weak-fitting parameter with no physical significance,” thus, it is
recommended tfo fix a to unity. Mathematical analysis demonstrated that, for most
reservoirs, the change of a=1 to a# 1 had a small effect on the Archie-derived
saturation values. The Archie a parameter most likely accounts for hidden variables
such as conductive minerals. In other words, a is a correction factor with no specific
trends relative to lithology (clay), grain size or compaction, and it is used to adjust
Archie-derived saturation values.

The Archie cementation exponent, m, models how much the pore network affects the
conductivity of the reservoir, as the rock itself is assumed to be nonconductive. If the
pore network is assumed to be represented by a set of parallel capillary tubes, a cross-
sectional area average of the rock’s resistivity would yield a porosity-dependent
cementation exponent of m=1 (Archie, 1942). While this hypothetical rock does not
exist in nature, the Archie parameter m does generally increase with increasing
tortuosity of the pore space connectivity and decreases with increasing connectivity.
The Archie cementation exponent, m, has been observed to range from 1.3 to 2.6, with
lower values related to unconsolidated sands. Common values for the cementation
exponent for unconsolidated rocks are expected to range from 1.3 to 1.8 (average 1.5),
while for consolidated sandstones it usually ranges from 1.8 to 2.0 (Archie, 1942; Crain,
1986; Kadhim et al., 2013). The effect of gas hydrate growth on pore space tortuosity is
not well known (Spangenberg, 2001). The permeability of the gas hydrate-bearing
reservoirs is significantly impacted by the presence of gas hydrate (reviewed by Collett
and Lee, 2012; Boswell et al., 2019), which may indicate that the conduction of
electrical currents through a gas hydrate-bearing formation could be similarly
impacted by the distribution and nature of gas hydrate at the pore-scale. Because of
the unconsolidated nature of most of the cored gas hydrate occurrences on the ANS,
the Archie cementation exponent, m, for these reservoirs would be less than 1.8, with an
expected average value around 1.5 as derived below in this report. The Archie
saturation exponent, n, is usually fixed to a value close to 2.0. The Archie saturation
exponent is, for the most part, dependent on the wettability of the grain surfaces in the
reservoir rock and is controlled by the presence of either conductive or nonconductive
fluids bound to the grain surfaces. Water-wet rocks maintain a continuous filim of
conductive water along the pore walls making the rock conductive. Oil-wet rocks
have discontinuous water films along the grain surfaces, making the rock less
conductive. Since gas hydrate has not been observed growing on grain surfaces (as
reviewed by Chaouachi et al., 2015) and the analysis of NMR and formation test data
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shows significant amounts of both bound water and free-water in gas hydrate sand

reservoir systems (Collett and Lee, 2012; Schroderbek et al., 2013), the rock matrix in

most gas hydrate-bearing sand reservoir systems can be considered water-wet, and
the Archie saturation exponent, n, can be set to 2.0.

Four wells from the area of the PBU-L Pad in the Eileen trend had sufficient resistivity well
log data to allow the calculation of gas hydrate saturations (Figs. 27, 28, 29, 30, 31A-E,
32, 33 and 34A-D) (Ignik Sikumi, PBU L-106, PBU L-112, and Northwest Eileen State 2). As
discussed previously, the Ignik Sikumi well also had NMR log data from the gas hydrate-
bearing reservoir, which aided the selection and calibration of the appropriate Archie
parameters. A series of modified Pickett plots, as depicted in Figures 31 A-E document
the methodology used to select a and m parameters for the gas hydrate-bearing units
in the Ignik Sikumi and other wells analyzed in this study. Asreviewed above,
logarithmic cross plots (i.e., a modified Pickett plot) of porosities (¢) versus deep
resistivity presented by FF in this case (Figs. 30 and 31A-E) can be used to select a
“water-line” for the water-wet sands in the reservoir section being examined. The slope
of the water-line and porosity axis intercept at 100% porosity (or unity) can be used to
estimate the Archie m and a parameters, respectively. Analysis of the well log data
from the Ignik Sikumi wells revealed the presence of water-bearing sand intervals both
within and below several of the gas-hydrate-bearing reservoir sections. Specifically, the
sand-rich interval below the gas hydrate-bearing sand section in the lower part of Unit
C in the Ignik Sikumi well (Figs. 26 and 34A) and the entire B Unit were reported as water
bearing in Schoderbek et al. (2013); therefore, these confirmed water-saturated sand
unifs should help with the selection of the “water-line” for the water-wet sand unifs.

A critical assumption when using the Pickett plot method is that all the reservoir data
points depicted on the plot have the similar matrix parameters and pore water salinities.
These data points should form clusters, allowing to project a trend line. The series of
modified Pickett plots in Figure 31A-E show results of well log data values distribution
based on reservoir and lithology in the Ignik Sikumi well. Figures demonstrate the
methods used in this study to ascertain the required Archie a and m parameters. The
goal is to understand the geologic nature of each data point as plotted and to select
only the reservoir sections (within Units B, C, D, and E) with similar reservoir properties and
that yield reasonable data distributions, leading to the accurate selection of Archie
parameters from the cross plots. The first step in this process is to eliminate all the non-
reservoir sections from consideration. This step was accomplished for each of Units B, C,
D, and E by eliminating the reservoir sections with calculated Vs» values of 30% and
greater (Figure 31A-E). The next step in the process was to determine if the pore fill in
each of the remaining reservoir sections is either water or gas hydrate. The presence of
gas hydrate was inferred from the deep-resistivity log data with gas hydrate being
indicated by log values of 20 ohm-m and greater. In several cases, compressional-
wave transit-time log data (sonic log) were also used to differentiate water-bearing
from hydrate-bearing reservoir sections with travel times of 140 usec/ft and less used as
the gas hydrate-bearing threshold. The results of this reservoir discretization process for
the Ignik Sikumi well is depicted in Figure 34A, where the non-reservoir sections are
identified in gray, the predominantly water-bearing reservoir sections are shown in blue,
and the predominantly hydrate-bearing reservoir sections are shown in green. Figures
31A-E show Pickett plots with the mostly water-bearing reservoir sections data (shown in
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Figure 33. Log display for Ignik Sikumi well depicting two scenarios for the selection of the Archie a and
m parameters from Figure 32. Track 3 shows the scenario when Archie parameters a=1.0 and m=2.5
satisfy the selection criteria defined in the text. Track 4 shows the scenario when Archie parameters
a=1.6 and m=2.0 satisfy the same selection criteria. However, only the second scenario provides
physically reasonable parameters for gas hydrate saturation for this well data. Grey shading indicates
the gas hydrate-bearing portion of the Units C, D and E. APl = American Petroleum Institute, GR =
Gamma ray, NMR = Nuclear Magnetic Resonance, Sn = gas hydrate saturation

blue) and the mostly hydrate-bearing reservoir sections (shown in green) in Units B, C, D,
and E of the Ignik Sikumi well. As previously discussed, the Archie parameters for
unconsolidated rocks, like those expected in non-hydrate-bearing sediments of the
Sagavanirktok should exhibit average values around a=1.0, and m=1.5. For reference
purposes only, the “water-line” (blue line) corresponding to Archie parameters of a=1.0,
and m=1.5 has been plotted in Figures 31A-E. It is important to highlight that this line
does not correspond to any actual posted data trends in this example and is included
for only reference purposes. Also plotted for reference purposes in Figures 31A-E (and
will be discussed later in this report) is a “water-line” (red line) representing the Archie
parameters of a = 1.6 and m = 2.0. In the cross plot of all the available log data from
the potential sand-dominated water-bearing reservoir sections within Units B, C, D, and
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Figure 34. (C) PBU L-112 well log display as drilled in the Eileen Gas Hydrate Trend depicting the vertical
distribution of reservoir and non-reservoir sections within the Units B, C, D, and E and the reservoir fill type
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Figure 34. (D) Northwest Eileen State 2 well log display as drilled in the Eileen Gas Hydrate Trend
depicting the vertical distribution of reservoir and non-reservoir sections within the Units B, C, D, and E
and the reservoir fill type (i.e., gas hydrate or water). Shale volume shown in decimal percent. API =
American Petroleum Institute, GR = Gamma ray, Vsh = Shale volume, AT90 = Resistivity log
measurement, RHOB = Bulk density, DT = Sonic fransit-time
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E, the data points do not lend themselves to a confident determination of water-line;
thus, Archie parameters using the Pickett method are hard to determine in this example
from the Ignik Sikumi well (Fig. 31A).

The next step in the process was to further subdivide the log data as shown in Figures
31B-E info the four sediment units defined in this study (i.e., Units B, C, D, and E). In
Figure 31B, we consider only the log data from the Unit B in the Ignik Sikumi well, which is
known to be a sand-rich, water-saturated reservoir (Schroderbek et al., 2013). As shown
in Figure 31B, there is no apparent data frend (water-saturated reservoir blue data
points) that would yield reasonable Archie parameters for the Unit B. Next, we identify
on the cross plot in Figure 31C the well log data values associated with the known
hydrate- and water-bearing reservoir intervals in Unit C of the Ignik Sikumi well (water-
saturated reservoir blue data points and gas hydrate-bearing reservoir green data
points). The data corresponding to the water-saturated intervals for Unit C, as shown in
Figure 31C, are clustered together and exhibit lower FF log values. However, the data
points as plotted for the water-bearing intervals again fail to yield a reasonable enough
spread in the data distribution to allow selection of a unique water-line. The Pickett
plots for Unit D (Fig. 31D) and E (Fig. 31E) known hydrate- and water-bearing intervals
also do not exhibit enough of a data spread to fit unique water-lines to the data for
either of the reservoir units. It was determined that, because of the limited distribution
of the plotted well log-derived data values (¢ and FF) for the wells examined in this
study, the standard Pickett plot approach could not be used as a single method to
yield reliable Archie a and m parameters.

To overcome the limitations of the Pickett cross-plot method, we have infroduced
another visual well log data plotting method to estimate the Archie a and m
parameters. In this technique, a series of Archie resistivity log-derived gas hydrate
saturation curves for a given well are calculated and plotted at the same scale
assuming a range of probable Archie parameters (Fig. 32). As a starfing point, the
value for a was set to 1.0. The adjustments to the Archie a parameter were made if the
value for a would not satisfy the physical properties of the sediments or the expected
gas hydrate saturation conditions for values for a ranging from 1.0 to 1.8. The value for
m, assuming unconsolidated rocks, should range from 1.3 to 1.8 due to the expected
low tortuosity of the current flow path through these types of sand-rich reservoirs.
However, it can be as high as 2.6 in consolidated rocks as reviewed previously in this
report. Saturation curves were built to accommodate the whole range of the Archie
parameter m. Archie parameter n was set to 2.0 as discussed earlier in this report. For
the Ignik Sikumi example well depicted in Figure 32, equations were formulated to
generate a series of gas hydrate saturation log curves assuming the following range of
Archie parameters: 1.0<a<1.8, 1.3<m<2.5 and n=2.0. Each of the calculated well log
curves were grouped by their Archie parameter a in respective well log tracks. In
addition, the data constraining NMR-density porosity-derived gas hydrate saturation
well log curve for the Ignik Sikumi well and the water-line (in this case, the calculated 0%
gas hydrate saturation line) were plotted in each well log frack (Fig. 32). The, overall,
criteria for best fitting of the Archie-calculated gas hydrate saturations log curve in the
Ignik Sikumi well required that curve (1) cross the water-line af the top and base of
each gas hydrate-bearing interval in Units C, D and E; (2) overlay the water-line in the
hydrate-free Unit B (i.e., water saturated); (3) closely follow the NMR-derived gas
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hydrate saturation log; and (4) have Archie parameters that are within the expected
range for the physical conditions for the reservoirs in the Ignik Sikumi well. The format of
the composite well log displays in Figure 32 allows for the quick visual comparison of the
Archie-calculated gas hydrate saturation log curves and gas hydrate log saturations
from other sources, such as NMR-derived. Although many curves could satisfy several
of the key criteria defined above, the gas hydrate saturation curve calculated using
a=1.6 and m=2.0 demonstrates the best fit to criteria for the Ignik Sikumi well.

Figure 33 (tracks 3 and 4) demonstrates deeper understanding of the interrelationship
between the Archie a and m parameters and saturations for Ignik Sikumi well. The
figure depicts two scenarios for the selection of Archie a and m parameters. As
discussed earlier in this report, the Archie constant a does not have physical meaning
and is mostly used to correct for hidden or unknown variables. In the first scenario, we
set the value for the Archie parameter a to 1.0. Figure 33 (track 3) shows that when
a=1.0, m must be as high as 2.5 to satisfy the defined criteria for the “water-line” and
NMR-derived gas hydrate saturation line. Such a high m value suggests that the rocks
are highly consolidated. Although gas hydrate has been shown in the Mount Elbert welll
to be “load bearing” and act as part of the matrix frame, it does not appear that gas
hydrate plays a significant role in making the sediment matrix more rigid (Schroderbek
et al., 2013). Therefore, we would not expect highly consolidated rocks in the Ignik
Sikumi well, and the value of 2.5 would be too high for accurate sediment
representation. In the second scenario in Figure 33 (track 4), where a=1.6 and m=2.0,
the Archie-derived gas hydrate saturation log curve closely matches the saturation log
derived from the NMR and demonstrates zero gas hydrate saturation values in non-
reservoir sections. In the water-bearing Unit B, both Archie- and NMR-calculated curves
are matching. Also, the Archie parameters fall within the range of conditions believed
to be suitable for the gas hydrate reservoir in the Ignik Sikumi well (Figs. 32 and 33).
Clearly, many different combinations of the Archie a and m parameters can be used to
generate gas hydrate saturation log curves that can be fit to various independent data
sefts, but the selected parameters must be physically meaningful and accurately
predict the physical conditions of the reservoir being examined. In this example, the
parameter a was adjusted to keep the value for m within a reasonable range of values
for the expected physical properties of the reservoir.

Results of the previously described integrated log display method are tested on the
modified Pickett plofs in Figures 31A-E The water-line (red line) representing the Archie
parameters of a = 1.6 and m = 2.0, shown in each of the Pickett plofs in Figures 31A-E,
for the most part intercept the cluster of water-bearing data points for Units B and C.
The analysis of the resistivity and acoustic sonic log data from the Ignik Sikumi well also
indicates that Unit B and a portion of Unit C were confirmed to be water saturated
(Schroderbek et al., 2013). Thus, this indicates that the visual log display method used in
this study appears to yield reasonable values which corelate with other approaches.
Understanding the physical properties that control the selection of the Archie
parameters allows the log display method to be used for wells without NMR- or core-
derived saturations. This method was also applied to three additional wells (Table 6) in
the area of the PBU-L Pad of the Eileen trend as depicted in Figures 34A-D.
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Parameter Value (unit) Description

Pma 2.65 (g/cm?) Matrix density

Pw 1.02 (g/cm?®) Formation water density

On 0.9 (g/cm3) Gas hydrate density

Rw 1.08 (ohm-m) Formation water resistivity at 5 ppm salinity

Table 5. Input parameters for gas hydrate porosity and saturation calculations using Equations 3, 6, and 8.

Well a m n
Mount Elbert 1 1.9 2
Ignik Sikumi 1.6 2 2
L-106 1.6 2.1 2
L-112 1.6 2.1 2
Northwest Eileen State 2 1.6 2.1 2

Table 6. Archie parameters a, m, and n for wells in which gas hydrate saturations have been calculated.

One of the goals in calculating gas hydrate saturations was the determination of
whether one set of Archie parameters can be used for multiple units in the same well.
Picket plot approach alone did not yield definitive results. The new log display method,
however, allowed for greater flexibility in the calculation of gas hydrate saturations and
one set of derived Archie parameters were able to reasonably predict gas hydrate
saturations throughout all the hydrate-bearing units in each of the wells examined in this
study (Table 2). It was also noted that the well log-derived gas hydrate saturations
varied between the three gas hydrate-bearing units (Units C, D, and E) in all four wells
examined in this study. The highest gas hydrate saturations were observed in the upper
part of Unit C, with generally lower saturations in Unit D and the lower part of Unit C,
and much lower values in Unit E. These variations in calculated gas hydrate saturations
are not assumed to be an indication of partial filling of available pore space but are
believed to be the product of the petrophysical properties of each unit as reviewed
below. The water-saturated reservoir sand units (i.e., reservoir units with no gas hydrate),
however, are likely the result of larger scale structural and stratigraphic controls and the
source of the gas to charge the available reservoir sand units as reviewed below.

Reservoir Fluid Content and Permeability

As previously reviewed in this report, the permeability of the reservoir system to the
migration of water and gas is an important control on the formation of gas hydrate in
nature. Advances in NMR logging, formation wireline testing, and conventional
formation testing yielded important information on how gas hydrates are physically
distributed at the pore scale (Kleinberg et al., 2005) and the type and concentration of
the pore-filling substances (i.e., gas hydrate, free water, clay- and capillary-bound
water). Within the Eileen Gas Hydrate Accumulation, the hydrate-bearing reservoirs in
the Mount Elbert and Ignik Sikumi test wells were NMR logged and the formation was
tested by a combination of wireline deployed tools and flow tests (Collett et al., 201 1b;
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Schroderbek et al., 2013; Boswell et al., 2017). Sediment cores recovered from the
Mount Elbert well also yielded additional information on the petrophysical properties of
the hydrate-bearing reservoir units in the Eileen trend. Porosity in the low-shale content
sand reservoir sections of Units C, D, and E average about 40%. Core-derived estimates
of intrinsic permeabilities in the hydrate-bearing reservoirs of the Mount Elbert well were
high, with peak values measuring as high as 1000 mD (Boswell et al., 2011b). Sediment
cores from the Mount Elbert hydrate-bearing units are generally fine-grained sands and
coarse silts (Winters et al., 2011). Small changes in porosity (~4%), caused by going from
poorly sorted to well-sorted intervals or due to modest decreases in grain size, result in
significant changes in reservoir intrinsic permeability, thus, limiting the ability of gas and
water to migrate into the potential reservoir sedimentary faces (Winters et al., 2011;
Boswell et al., 2011b). Clay-dominated layers bounding the sand bodies also serve as
low permeability impedance boundaries to the vertical flow of gas and water.

The in situ NMR log measurements of effective permeabilities in the Mount Elbert
hydrate-bearing reservoirs yield low values (0.01 to 0.1 mD), which have been afttributed
to the presence of gas hydrate filing the larger pores and impeding fluid flow in the
reservoir section. Evaluation of wireline formation tests of the upper Unit C in the Mount
Elbert well also yielded low effective-permeability estimates in the range of 0.12 10 0.17
mD (Anderson et al., 2011a). The NMR log in the Mount Elbert well also indicates the
presence of both bound and moveable water in the hydrate-bearing portion of the
reservoir units, with the moveable water phase in the upper Unit C exceeding 15% of
measured pore volume. The successful depressurization of the upper Unit C by fluid
withdrawal during the formation wireline testing confirms the observation that even low
effective-permeability hydrate-bearing reservoirs contain moveable water. The NMR
log in the Ignik Sikumi well (Fig. 35) also indicated the presence of clay-bound (~6%),
capillary-bound (~7%), and movable water (~6%) in upper homogeneous and highly
saturated hydrate bearing portions of Unit C (Schroderbek et al., 2013). Estimates of
sediment permeabilities based on NMR measurements were calculated by both the
Schlumberger-Doll Research (SDR) and Timur/Coates methods (Kleinberg et al., 2005).
Both approaches generated permeability values greater than 1000 mD in the water-
bearing portion of the Unit C and B sands, but effective permeabilities were calculated
to be less than 1 mD in the hydrate-bearing portion of the upper Unit C.

The Schlumberger wireline deployed Pressure Express (XPT) and Modular Dynamic Tool
(MDT) formation testing tools were used in the Ignik Sikumi well fo measure formation
pressures and estimate fluid mobility (i.e., permeability) in Units C and D (Schroderbek et
al., 2013). Estimated XPT- and NMR-derived effective permeabilities were in most cases
<0.1 mD, similar to the values predicted from the NMR log. During the injection phase of
the Ignik Sikumi production test, where 215900 Msf (6113.6 m3) of mixed N2and CO2 gas
was injected into the upper Unit C, the effective permeability at the start of the test was
estimated to be 5.5 mD and it decreased to values as low as 0.6 mD by the end of the
injection phase (Boswell et al., 2017).

Recent analysis of recovered pressure core samples from offshore Japan (Konno et al.,
2015) and India (Yoneda et al., 2019) have shown that the effective permeabilities
within gas hydrate-bearing reservoirs may actually be higher than those predicted from
analyses of NMR log and MDT testing data from both Arctic terrestrial and marine gas

83



Ignik Sikumi

. o o Porosity Gas hydrate
Correlation Resistivity NMR (CMR) Permeability NMR and density satration
GR AT90 Water content KTIM NMR(CMR) porosity | NMR/DEN saturation|
o] AP| 100] 2 Ohm-m 200040 percent 100 0.01 MD 10000f0 percent 60} 0 percent 100 5
KSDR Density porosity Archie saturation
0.01 MD 100000 percent 600 percent 100
-1750
L
g Permafrost? 2
-1800 )
=
L
—
-1900 c
3
-1950
__ -2000
5]
b
0] o
©
o -2050 "é‘
b =)
3
o
8 -2100
—
o
Y ho
g‘ -2150 (é =
£ 35
[=% — - —
& -2200
-2250
-2300 (&)
=}
(=
> |
-2350 —
[0
2
o
-2400
-2450
-2500 ég 3' o
=
1=
=)
-2550

' Gas hydrate Clay-bound water
Free water ‘ Capilary-bound water

1850

1900

1850

2000

2050

2100

2150

2200

2250

2300

2350

2400

2450

2500

2550

2600

Measured depth, in feet
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hydrate research wells (as reviewed by Boswell et al., 2019). These new pressure core
results show that the effective permeability of hydrate reservoir systems may be more
variable and range from less than 1 mD to several 10s of mD. The analysis of the Ignik
Sikumi production test injection data also indicated much higher initial reservoir
permeability with a reported value 5.5 mD (as reviewed above in this report). No
pressure cores have been recovered from the gas hydrate research wells drilled in the
ANS; thus, we were unable to check the validity of the NMR- and MDT-derived
permeabilities for the Eileen trend. For analysis of the permeability confrols on the
occurrence of gas hydrate in this review, we have assumed that the NMR log-derived
permeabilities can still be used to assess the relative petrophysical controls on the
occurrence of gas hydrate in the hydrate-bearing reservoirs encountered within the
Eileen trend.

As shown in Figures 34A-D, the well log-derived gas hydrate saturations vary between
Units C, D, and E in the Eileen tfrend. As reviewed above, the non-hydrate bearing
portion of the pore-volume in each reservoir is occupied by a combination of
clay-bound, capillary-bound, and movable water. We infer that each of the partially
saturated hydrate-bearing reservoir sections are filled to their “petrophysically defined
capacity,” with the gas hydrate content varying with grain size, clay content, and
bound- and free-water content. The dependency between petfrophysical properties
and gas hydrate and water content in a reservoir can be seen in the Ignik Sikumi well
display in Figure 35, where despite the fact that upper Unit C has the lowest observed
water saturations (or highest Sn), this unit actually contains relatively more free-water
and less bound water because of the low shale volume.

The concept of a petrophysically defined capacity for a gas hydrate occurrence was
first developed in the 2008 U.S. Department of the Interior Minerals Management
Service (now known as the Bureau of Ocean Energy Management) assessment of in-
place gas hydrate resources in the Gulf of Mexico (Frye, 2008). In this assessment study,
the fraction of a particular rock volume, identified by lithology type, that contains
“effective” void space (i.e., porosity) and can contain gas hydrate was first calculated.
For the next step in this process, the percent of the porosity that can be occupied by
gas hydrate as a function of lithology and porosity type (sand, shale, and fractured
reservoirs in this case) was derived from a database of wells where well logs and core
data had been used to estimate gas hydrate saturations for a wide range of reservoir
conditions.

Structural and Stratigraphic Controls on the Occurrence of Gas Hydrate

In this section of the report, we combine new information from this study on well log-
determined gas hydrate occurrence and reservoir saturations with a refined structural
and stratigraphic framework for the hydrate-bearing sand units to examine the
structural and stratigraphic controls on the occurrence of gas hydrate within the Eileen
Gas Hydrate Trend.
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Pre Ignik Sikumi Test Geological Framework Studies

One of the first critical steps in the Ignik Sikumi test well project was the selection of a
suitable production test site, which was conducted as a cooperative effort by
geoscientists from the DOE, ConocoPhillips, and the USGS (Farrell et al., 2010; Collett et
al., 2015; Schoderbek et al., 2013). Asreviewed above in this report, seven sites,
thought to contain gas hydrate within the Eileen trend, were examined based on
criteria of infrastructure access and geologic risk of encountering gas hydrate, amongst
other considerations. Eventually, two sites were selected for further detailed evaluation
in the Westend of the PBU: (1) the PBU L-Pad and (2) the Kuparuk State 3-11-11 wellsite
(Collett et al., 2012). Based on available log data, both locations were inferred to
contain gas hydrate-bearing sands at the Unit C, D, and E levels, similar to the logged
and cored gas hydrate occurrences in the Northwest Eileen State 2 and Mount Elbert
wells.

Seismic data were not available in this initial evaluation of gas hydrate prospects in the
Westend of the PBU; however, gamma-ray logs from 55 development wells from the
PBU L-Pad were available and used to map the local distribution of potential gas
hydrate reservoirs in and around the well pad, with only one well (PBU L-106) containing
a full suite of well logs for gas hydrate saturation estimation. The Kuparuk State 3-11-11
well site was less developed, with only one well penetration, and a thinner gas hydrate
reservoir section (Fig. 34E). Therefore, the PBU L-Pad became the focus of the Ignik
Sikumi test planning effort (Collett et al., 2012; Schoderbek et al., 2012, 2013) (Figs. 27, 28
and 29).

As part of the initial PBU L-Pad area test site review process, a numerical simulator was
run to predict how a gas hydrate production test well would perform at this site. To
construct the numerical simulator, gamma-ray log data were used to build a structural
and stratigraphic framework for the area around the PBU L-Pad (Collett et al., 2012).
Scheihing (2010) also used available well log data and a 3D seismic data volume to
build a highly generalized structural map of several of the potential gas hydrate-
bearing stratigraphic units in the area of the PBU L-Pad (Fig. 36A-B). The structure map
on the top of the youngest known gas hydrate-bearing unit (i.e., Unit F) in Scheihing
(2010) was used by ConocoPhillips to construct a 3D structural model for the PBU L-Pad
gas hydrate accumulation. The resulting map and reservoir model showed that the
gross interval thicknesses of the sand-dominated sections are fairly consistent across the
area. Based on previous studies, Scheihing (2010) described Units C, D, and E as gas
hydrate-bearing and Units B and F as water saturated.

Post Ignik Sikumi Test Geological Framework Studies

In support of the analysis of the Ignik Sikumi test results, the USGS conducted an
expanded and more detailed field study of the gas hydrate occurrences both in and
around the PBU L-Pad. This new effort refined our understanding of the geologic
conftrols on the occurrence of gas hydrate within the greater Eileen Gas Hydrate Trend,
supported gas hydrate production modeling studies (Anderson et al., 2014; Boswell et
al., 2017), and contributed to gas hydrate assessment efforts in the USGS.
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Figure 36. (A) Seismically defined structure grid of the top of Unit F in the area of the PBU L Pad. (B)

Generalized stratigraphic cross section with inferred fault positions for the Units B—F in the area of the
PBU L Pad derived from available 3D seismic data volumes. Both displays were modified from
Schoderbek et al., (2013), location and depth scales of the depicted cross section and structure

images were not provided.
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Well log data from a total of 112 wells in the Westend of the PBU and surrounding areas,
including the State Socal 33-29-E, Northwest Eileen State 1 and 2, PBU L-112, Northwest
Eileen 01-01, PBU L-106, Ignik Sikumi 1, Kuparuk 3-11-11, PBU V-107, and Mount Elbert 1
wells, along with additional oil field development wells drilled from the PBU L-Pad and
the PBU V-Pad (Figs. 27, 28 and 29) were acquired from public files maintained by the
Alaska Oil and Gas Conservation Commission (2020). As reviewed previously, a total of
90 wells that had sufficient gamma-ray log data through the target interval of interest
(Units B through E) were used to map the geologic structure and determine the reservoir
properties of the gas hydrate-bearing reservoirs (Figs. 28 and 29). Most of the wells in
study area are located on oil field development gravel pads and were drilled as
deviated wells from the pads to penetrate the deeper oil reservoirs some distance from
the pads as shown in Figs. 28 and 29.

Access to only published seismic images and analysis (Silpngarmlert, 2010; Schoderbek
et al., 2013) and the limited nature of the well data in the study area made it
challenging to thoroughly characterize and map the geologic structure, the distribution
of the major reservoir sand units, and the occurrence of gas hydrate within them.
Previous studies on the ANS indicated that the general orientation of the regional deep
faults in the oil-bearing Sadlerochit sandstone are northwest to southeast (Fig. 36A-B)
(Chatterton, 1983; Schoderbek et al., 2012, 2013; Boswell et al., 2017). Deep faults in the
vicinity of PBU L-Pad also have a nearly north-south orientation (Chatterton, 1983).
Additional structural studies along the western margin of the Prudhoe Bay oil field have
described the local faults as near vertical, connecting deep and shallow sediments
that have served as migration conduits, in some cases, seals (Chatterton, 1983;
Silpngarmlert, 2010; Boswell et al., 2011b; Collett et al., 2011a, 2011b; Schoderbek et al.,
2012, 2013; Boswell et al., 2017). Because of the highly deviated nature of most of the
wells utilized in this study, the well log data were analyzed for distortions related to high-
angle penetrations of both geologic units and faults. As a starting point, all the
available well log gamma-ray signatures were converted to true-vertical depth (TVD)
displays and correlated across the study area (Fig. 37A-B). Evidence of fault-related
displacements were inferred where wells showed repeated (or anomalously thickened)
or missing (or anomalously thinned) sections. Discontinuities along some of the shallow
mapped horizons were attributed to sediment erosion rather than to faulting.

The stratigraphic framework as shown on north-south and west-east oriented cross
sections (Fig. 37A, B), through the approximate center of the study area, showed the
presence of potential multiple thick sand reservoir units. Gross interval thicknesses are
generally consistent across the study area. The upper boundaries of the major gas
hydrate-bearing sand reservoir units (Units A—-F) appear as well-defined, continuous
features on the well log correlation sections and are indicated by low gamma ray log
values associated with increased sand volume.

The map of seismically defined geologic structure map of the top of Unit F
(Silongarmilert, 2010) (Fig. 36A) was georeferenced with maps created in this study for
the Units C and D (Fig. 38A, B) to verify and extend the well log-derived structural
framework. The locations of the faults as determined from the well log interpretation
agree well with the seismically imaged faults mapped by Silpngarmlert (2010). The well
log-inferred faults in the area of the PBU L-Pad are mostly high angle normal faults and
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Figure 37. (A) North-south and (B) west-east cross sections though the PBU L-Pad. Wells PBU L-02 and
PBU L-116 both show missing section associated with faults. Index map indicates the locations of the
cross sections relative to the PBU L-Pad and maior faults depicted in Fiqure 38.

their mapped locations are nearly coincident with the published seismically mapped
location of the faults at the top of Unit F. The more deeply buried, nearly vertical fault
systems mapped by Chatterton (1983) were also georeferenced with the structures
defined in this study and showed close spatial correlation between the two mapped
systems. The close correlation between the well log- and seismic-inferred structural
framework in the area of available overlapping data allowed the well-log-inferred
structural framework to be projected beyond the limits of the well log database.
Seismically imaged, large-displacement faults as shown by Silpngarmlert (2010) were
included in the composite structural-stratigraphic map (Figure 38A, B). The maps on the
top of Units C and D developed in this study reveal a monoclinal structure with a dip of
about 3-5° to the east-northeast. This monocline is disrupted by several large arcuate,
down-to-the-east, normal faults that frend roughly northwest-southeast.

A stratigraphic cross section using select wells with enough log data to distinguish the
presence of gas hydrate has been plotted in Figure 39 through a portion of the Eileen
Gas Hydrate Trend and the location of the PBU L-Pad and the Ignik Sikumi well. Figure
39 also depicts the relationship of the delineated reservoir sections fo the base of ice-
bearing permafrost (BIBPF) and the predicted base of the gas hydrate stability zone. In
the area of the PBU L-Pad (Fig. 39), the upper Unit C in the Ignik Sikumi and PBU L-106
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wells are inferred to be occupied fully by gas hydrate at high concentrations (Figs. 34A,
B). The lower Unit C, however, is only partially filled with gas hydrate, with a gas
hydrate/water contact occurring at depth of approximately 2248 ft (685 m) below sea
level in both the PBU L-106 and Ignik Sikumi wells. Considering the common gas
hydrate/water contact depth in both the PBU L-106 and Ignik Sikumi wells, and the fact
that both wells are located in the same mapped fault block (Fig. 38A), it is likely that the
hydrate/water contact extends throughout the mapped fault bock. Assuming the
occurrence of gas hydrate in the Unit C conforms to the structure map on top of Unit C,
the “PBU-L pad gas hydrate accumulation” can be mapped as shown by the yellow
shading in Figure 38A.

The major PBU L-Pad “west bounding fault” showed more than ~100 ft (~30 m) of throw
at the depths of Units C and D (Figs. 38A and 39) and is interpreted to act as the lateral
trap to the gas-hydrate-filled portions of Units C and D in the mapped structure. The
eastern limit of the lower Unit C gas hydrates accumulation at the PBU L-Pad is defined
by the hydrate/water contact observed in the PBU L-106 and Ignik Sikumi wells at a
common depth of 2248 ft (685 m). The closure along the northern part of the structure
appears to be against a series of northwest- to southeast-trending arcuate faults. The
conftrol on the occurrence of gas hydrate in Unit C to the south is less clear. In Figure
38A, the PBU L-Pad west bounding fault and the Unit C structural contours are shown
extending to the south with the southern limit of the gas hydrate accumulation in this
fault block depicted as unknown. As shown in the map of Unit C in Figure 38B and the
well log cross section in Figure 39, the Kuparuk 3-11-11 well is inferred to be located in
the same fault block with the PBU L-106 and Ignik Sikumi wells, as such it would be
reasonable to expect that the gas hydrate/water contact could be at the same depth
in all three wells. In the Kuparuk 3-11-11, however, the occurrence of gas hydrate is
limited to the upper Unit C (base of which is at a depth of 2219 ft (676 m), with no gas
hydrate in the lower C Unit (Figs. 34E, 38A, and 39).

As shown in Figures 38A and 39, the PBU L-112 and Northwest Eileen 01-01 wells also
penetrated gas hydrate-bearing sediments in the upper Unit C in a down-thrown fault
block west of the PBU L-Pad “west bounding fault.” In both wells, the upper C Unit is
only partially filled with gas hydrate, with a gas hydrate/water contact occurring at a
common depth of approximately 2222 ft (677 m). The Northwest Eileen State 2 and
State SOCAL 33-29-E wells are located to the northwest of the PBU L-112 and Northwest
Eileen 01-01 wells and are separated from them by an up-to-the-northwest normal fault
(Figure 39). Unit C in the Northwest Eileen State 2 (Fig. 34D) and State SOCAL 33-29-E
wells appears to be partially filled with gas hydrate with the well-log inferred gas
hydrate/water contacts at depths of 2196 ft (670 m) and 2179 ft (664 m), respectively.

At the far downdip end of the cross section in Figure 39, the PBU V-107 well is separated
from the Units C, D, and E gas hydrate occurrences in the greater PBU L-Pad area by a
series of north-south trending faults (Figs. 38A, B) and the well logs from PBU V-107 did
not indicate the presence of gas hydrate at any depth in the PBU V-107 well.

The structure map of the top of Unit D closely matches that of the top of Unit C (Figs.
38A and B). The top of Unit D is marked by an abrupt contact from what appears to be
a high-quality sand reservoir section into an overlying high gamma-ray shale (Fig. 39).
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Using the same well log analysis criteria to identify the presence of gas hydrate as was
used for the analysis of Unit C, it appears that Unit D is gas hydrate bearing throughout
most of the area examined in this study (Fig. 38B). Within the fault block penetrated by
the PBU L-106, Ignik Sikumi, and Kuparuk 3-11-11 wells, the depth to the base of the gas
hydrate occurrence in Unit D varies between wells and conforms to the stratigraphic
dip, unlike that for Unit C. In addition, the reservoir portion of Unit D is inferred to be fully
occupied by gas hydrate at high concentrations (i.e., to its “petrophysically defined
capacity”) in the immediate area of the PBU-L Pad. Thus, the occurrence of gas
hydrate in Unit D appears to be controlled in part by stratigraphy and reservoir quality.

The areal extent of gas hydrate occurrence in the shallower Unit E could not be
determined with certainty due to the poor data quality and distribution of the wells at
shallow depths around the PBU-L Pad. As depicted in Figure 39, it appears that the Unit
E reservoir section is completely filled with gas hydrate much like Unit D in the PBU L-Pad
fault block. However, both Units D and E were determined to be void of or only partially
filled with gas hydrate in the wells drilled updip of the PBU-L Pad.

Finally, the more deeply buried, massively bedded, high porosity, sand-rich Unit B in the
PBU L-Pad area wells was interpreted to be only water bearing with no gas hydrate (Lee
et al., 2011; Lee and Collett, 2011; Torres et al., 2011), which has been attributed to the
lack of tfrap development in this reservoir section.

The Eileen Gas Hydrate Trend - Controls on the Occurrence of Gas Hydrate - Summary

Gas hydrate in the Eileen Gas Hydrate Trend occurs over a wide range of conditions as
shown in the well log correlation section depicted in Figure 39, where the lower
boundary of the well log-inferred gas hydrate occurrences is often marked by sharp
contacts, despite the reservoir, in some cases, having additional sand-rich, water-
saturated reservoir units below the base of the deepest gas hydrate occurrence. This
suggests that the reservoir intervals were only partially filled to their capacity by gas
hydrate as seen in lower Unit C in the Ignik Sikumi (Fig. 34A), PBU L-106 (Fig. 34B), PBU L-
112 (Fig. 34C), Northwest Eileen State 2 (Fig. 34D), and Northwest Eileen 01-01 wells.
Further analysis of gas hydrate to water contacts across the study area suggests the
presence of laterally extensive hydrate- and water-bearing reservoir sections along with
a series of major north-south frending faults that compartmentalize the reservoirs into
several discrete structural fault blocks. These fault blocks contain thick gas hydrate
accumulations often in contact with underlying water-bearing reservoir sections.

The examination of the well log correlation section depicted in Figure 39 and well log
displays of the hydrate-bearing reservoir sections in Figures 34A-E also indicates that the
occurrence of gas hydrate in the Eileen Gas Hydrate Trend is controlled in part by the
“quality” or clay content (defined as volume of shale or Vsn within this study) of the
potential reservoir sections. For example, the Unit D reservoir section in the PBU L-106
(Fig. 34B) and Ignik Sikumi (Fig. 34A) wells (as defined by sedimentary sections with Vin
values of <30%) appear to be completely filled with gas hydrate at high saturations.
However, the gas-hydrate-bearing portion of the Unit C reservoir section in the same
two wells is underlain and is in direct contact with water-saturated reservoir sections
(i.e., with Vih values of <30%). Along the well log correlation section in Figure 39, the Unit
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C gas-hydrate-bearing reservoir section in the Kuparuk 3-11-11 well (Fig. 34E) thins to
about half of the thickness of the reservoir section observed in the PBU L-106 and Ignik
Sikumi wells (Figure 34A, B), and the gas-hydrate-bearing reservoir section appears to
be underlain by both thinly bedded non-reservoir Vsh-rich sections and water-saturated
reservoir sections. A critical question reviewed here is what are the geologic and
reservoir controls on these two very different gas hydrate occurrences in the same
stratigraphic section?

A closer examination of the well log data in Figures 34A, B reveals that the hydrate- and
water-bearing reservoir section in Unit C of the PBU L-106 and Ignik Sikumi wells are
about 297 and 203 ft (21 and 62 m) thick, respectively. However, the hydrate- and
water-bearing reservoir section in Unit C of the Kuparuk 3-11-11 (Fig. 34E) is only about
151 ft (46 m) thick. In comparison, the lower Unit C in Kuparuk 3-11-11 consists mostly of
a series of thinly bedded non-reservoir shale-rich sections and interbedded water-
saturated sands.

As previously discussed, the petrophysical properties of the sedimentary section are
important controls on the occurrence of gas hydrate. The well log displays (Figures
34A-D and 35) clearly show that the occurrence of gas hydrate within the stratigraphic
section (Fig. 39) at a given site is controlled in part by the quality of the reservoir or in this
case the volume of clay (in this study described as shale volume, Vsn) within the
stratigraphic section. All the well log inferred, gas hydrate-bearing reservoir sections in
the Eileen trend exhibit well log-inferred Vsn values of less than 30%. It is assumed that
clays dispersed in the coarse-grained sediment matrix in each potential reservoir
section limit the entry of gas intfo the available pore-space and subsequent nucleation
of gas hydrate; thus, limiting the “petrophysically defined capacity” of the fine-sand
and coarse-silt reservoirs to contain gas hydrate. In the case where the sedimentary
section has Vsn values of less than 30%, gas hydrate or water is found completely filling
the available reservoir section.

The analysis of the well log data and insights gained from previous published seismic
data studies has clearly shown that the occurrence of gas hydrates in the Eileen Gas
Hydrate Trend is controlled by a series of interrelated petrophysical, stratigraphic, and
structural controls. The major results of the analysis of the geologic controls on the
occurrence of gas hydrate in the Eileen Gas Hydrate Trend include the following:

e Structural-stratigraphic mapping, based on well log correlation studies and
previously published seismic mapping projects yielded a more detailed
understanding of the occurrence and distribution of three prominent gas
hydrate-bearing stratigraphic units (Units C, D, and E) within the Eileen Gas
Hydrate Trend.

e Reservoir quality indicators (including gamma-ray derived shale volumes) and
the analysis of the well log data (including resistivity and acoustic transit-tfime
logs) provided the criteria to accurately define the limits and geologic controls
on the occurrence of gas hydrate in the Eileen Gas Hydrate Trend.
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NMR log data, when combined with independent sources of accurate in situ
sediment porosities (such as from density log data), was shown to yield accurate
gas hydrate saturations and reservoir petrophysical data on the hydrate-bearing
reservoirs as penetrated in the Ignik Sikumi gas hydrate test well in the Westend
of the PBU.

Various forms of the Archie relationship, with special consideration given to the
values of the required Archie a, m, and n parameters, yielded gas hydrate
saturations from resistivity log data that compare favorably with gas hydrate
saturations calculated by other methods. It was also shown that the Pickett plot
method alone did not yield reliable empirical parameters for Archie calculated
gas hydrate saturations in this study; however, a new visually based well log data
plotting method was developed and shown to yield accurate Archie
parameters within the hydrate-bearing reservoir sections in the Eileen Gas
Hydrate Trend.

The Archie-derived gas hydrate saturations for the five wells (Northwest Eileen
State 2, PBU L-112, PBU L-106, Ignik Sikumi, and Mount Elbert wells) examined in
this study from the Eileen Gas Hydrate Trend varied between well locations and
gas hydrate-bearing units (Units C, D, and E). These variations were shown to be
a product of the petrophysical properties of the host reservoir.

In the Eileen Gas Hydrate Trend, the hydrate-bearing reservoirs were shown to be
limited to sedimentary sections with clay content (shale volume as defined in this
study) of 30% and less. The “petrophysically defined capacity” of a reservoir to
contain gas hydrate was attributed to the relative volume of clay (shale) in the
reservoir section.

Well log correlation studies and petrophysical analysis of available log data have
shown that the lateral distribution of gas hydrate in at least one of the mapped
hydrate-bearing units (Unit C) is controlled by changes in stratigraphy from areas
of more massive and thicker sand-rich reservoir sections to more thinly
interbedded non-reservoir clay- and sand-rich sections.

One of the more striking discoveries in the area of the PBU L-Pad is the presence
of laterally continuous, flat-lying, gas-hydrate/water contacts that revealed the
presence of laterally continuous down-dip water accumulations that are in
direct contact with overlying hydrate-bearing reservoir sections; thus,
documenting the presence of partially hydrate filled reservoir sections.

3.B.2. Reevaluation of Test Site Locations in the Eileen Gas Hydrate Trend

The science and engineering studies in support of the 2007 Mount Elbert Gas Hydrate
Stratigraphic Test Well project and the 2011/2012 Ignik Sikumi Gas Hydrate Production
Test Well project yielded two of the most comprehensive datasets on the occurrence of
gas hydrates in an Arctic permafrost setting including those within the Eileen Gas
Hydrate Trend. This section of the IA Final Report provides a detailed reexamination of
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the potential test sites along the Eileen Gas Hydrate Trend with a focus on the gas
hydrate accumulations in the PBU.

This new 2017 test site review considered similar criteria to the initial 2011 site review
effort that led to the selection of the PBU L-106 test site and the drilling of the Ignik Sikumi
test well. The site selection criteria used in this new 2017 effort were similar to the
approach used in the 2011 review, as listed in Table 4; several additional more complex
concerns were also evaluated as listed below:

o State of Alaska regulations required that all producing (“live wells”) wells be
accessible by either ice roads or all-season gravel roads.

e As previously reviewed in this report, the use of ice roads and ice drill pads are
limited most years to the months of January through mid-May, thus limiting the
duration of any testing program.

¢ Other access options like insulated ice roads/pads that have been used for the
summer storage of drilling rigs were considered to extend the proposed gas
hydrate testing operation window; however, it was concluded that these more
complex options were not feasible.

e Another consideration included the construction of a new gravel pad and/or
building an extension onto an existing gravel development pad or road. It was
determined that the length of time required to build a new gravel pad (12-18
months) and the associated cost and permitting process would add significant
challenges to the project.

e The primary option for a test site became gaining access to an active
development pad or possibly an old exploration pad that had been either
abandoned and/or converted to a storage pad with no facilities, which are
often used to support other general field operations.

¢ In this new site review effort, additional emphasis was also given to the
requirements to effectively and safely dispose of both fluids and gas produced
during the gas hydrate test.

Given the various considerations of site access, favorable geologic conditions, testing
requirements, and limiting impact on unit operations, a total of six surface locations in
the MPU and PBU were evaluated as candidate sites for an extended gas hydrate
production test (Table 7; Figs. 40, 41).

Evaluation of Locations in the Milne Point Unit (MPU)
Mount Elbert Well Site
The reevaluation of potential gas hydrate production test sites in the MPU included the

consideration of testing the Mount Elbert Prospect, which was previously drilled and
confirmed to contain significant gas hydrate accumulations with the completion of the
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Figure 40. Map of candidate sites (Table 7) for gas hydrate production testing as targeted in the Prudhoe
Bay Unit (PBU) and Milne Point Unit (MPU) during the 2016-2017 test site review effort as conducted under

the DOE-USGS Interagency Agreement.

Candidate test sites | Reference well names | Well API number
Milne Point Unit Sites
Mount Elbert [Mount Elbert - 1 | 50029233020000
MPU K Pad MPU K-25 50029226500000
MPU K-38 50029226490000
Cascade-1 50029223260000
Prudhoe Bay Unit Sites
PBU L Pad PBU L-106 50029230550000
PBUL-112 50029231290000
NW Eileen 01-01 50029228580000
Ignik Sikumi - 1 50029234430000
West Kuparuk State 3-11-11 |West Kuparuk State 3-11-11 | 50029200140000
Kuparuk 7-11-12 |Kuparuk State 7-11-12 | 50029200620000
West End Test 13-21-11-12 |West End Test 13-21-11-12 | 50029210330000

Table 7. List of candidate sites (Fig. 40) for gas hydrate production ftesting as targeted in the Prudhoe

Bay Unit (PBU) and Milne Point Unit (MPU) during the 2016—2017 test site review effort as conducted

under the DOE-USGS Interagency Agreement.
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2007 Mount Elbert stratigraphic test well (Figs. 9-12). In this reexamination of the Mount
Elbert Prospect option, it was determined that the Unit C and Unit D gas hydrate-
bearing reservoir sections (Figs. 9-12) could be drilled from the either the MPU-A or MPU-
B production pads, which would provide year-round access to the proposed gas
hydrate producing test well(s). The possibility of also establishing the test well with a
high-angle completion through the hydrate-bearing test interval provided the project
with additional testing options. Additional engineering analysis and new production
modeling efforts, however, indicated that the low temperature conditions (between 36
and 37°F; 2-3°C) of the Mount Elbert Prospect gas hydrate reservoirs and the added
engineering complexity of driling a “long-reach” well at this site would add a significant
degree of risk to this project. Thus, the MPU Mount Elbert Prospect option was not
further considered in this test site review effort.

Milne Point Unit K Pad Site

Within this project, remapping the Eileen Gas Hydrate Trend in the greater Prudhoe Bay
area provided critical new insight intfo the occurrence of gas hydrate on the ANS and a
detailed appreciation of the reservoir parameters needed to understand the
production response of the gas hydrates. As a product of this effort, a new potential
gas hydrate test site was identified in the southeast corner of the MPU associated with
the conventional oil and gas Cascade Prospect (Table 7, Figs. 40-41). Well log data
acquired from the industry drilled Cascade #1 exploratory well and two development
wells drilled from the MPU K production pad (MPU K-25 and MPU K-38 wells) revealed an
~500-ft-thick (~152-m-thick) resistivity log inferred hydrocarbon-bearing stratigraphic
section occurring near the base of the regionally projected gas hydrate stability zone
(Figs. 42, 43). The well log correlation section shown in Figure 43 displays the lateral
characteristics of the anomalous resistivity log inferred hydrocarbon-bearing
stratigraphic section, which correlates to the Unit B gas hydrate-bearing reservoir
section (top of Unit B defined by the log correlation marker C13) as originally defined by
Collett (1993). In this case, however, the analysis of the acoustic wireline log from the
Cascade #1 exploratory well revealed that the anomalous resistivity log inferred
hydrocarbon-bearing stratigraphic section is characterized by low acoustic velocity log
values that are indicative of the presence of free gas and not gas hydrates. Also as
displayed in Figure 43, the Unit B reservoir section in the area of the Cascade #1 well
and the MPU K Pad is shown to occur below the predicted base of the gas hydrate
stability zone, further indicating that the anomalous resistivity log interval actually
contains free gas and not gas hydrate.

To further assess the potential for gas hydrate prospects along the southern border of
the MPU, the USGS also analyzed the 3D seismic data volume that had been provided
to the USGS by BPXA to reexamine the previously identified gas hydrate prospects in the
MPU (Fig. ?). As shown in the seismic section depicted in Figure 44, we have highlighted
the seismic inferred occurrence of hydrate and free-gas reservoir sections in the area of
the MPU K Pad. As shown, it again appears that the Unit B reservoir section is free-gas
bearing and does not contain gas hydrate. Because the MPU K Pad is located along
the edge of the provided 3D seismic data volume, we were not able to fully evaluate
the lateral nature of the Unit B gas-bearing section as drilled and logged from the MPU
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Figure 44. Seismic section showing the lateral and vertical extent of the Unit B free gas-bearing
stratigraphic interval associated with Cascade Prospect (Cascade-1 Well) in the Milne Point Unit (MPU)
(Table 7; Fig. 40). As a condifion of the seismic data use agreement, the location and associated
depth scale of the depicted seismic line cannot be shown in this display. GR = Gamma ray log, Mud
Gas Log = Mud loggers total gas log as recorded during the drilling of the Cascade-1 Well, C13 Log
Marker = Well log stratigraphic correlation as shown in Figure 43



K Pad. In 2017, with approval from the PBU Working Interest Owners (WIOs), USGS
scientists worked with SOA-DNR technical staff to further characterize the potential
occurrence of gas hydrate around the area of the MPU K Pad. This cooperative effort,
which made use of an extensive regional proprietary seismic database, concluded that
the MPU K Pad would not be a suitable site for an extended gas hydrate production
test.

Evaluation of Locations to the East of the Milne Point Unit (MPU)

In April 2013, the DOE and the SOA-DNR signed a Memorandum of Understanding
(MoU) designed to collaborate on the pursuit of gas hydrate research opportunities in
Alaska. One of the outcomes of this cooperation included a comprehensive review of
potential testing sites within an area of unleased acreage adjacent to the east of the
MPU. In November 2014, DOE-NETL also signed an MoU with JOGMEC to collaborate on
the development of a long-term testing opportunity in northern Alaska. These new
cooperative agreements expanded the test site review effort to include two new
data/knowledge streams in support of (1) the remapping and detailed reservoir
characterization of the Eileen Gas Hydrate Trend in the PBU-MPU and (2) the
identification and detailed characterization of gas hydrate prospects on the SOA
unleased lands (also known as North Shore area) east of the MPU. Under the new DOE-
NETL/JOGMEC MOU, the USGS worked with JOGMEC and DOE technical staff on the
gas hydrate prospecting effort on the SOA land that was set aside for gas hydrate
research. This effort, as coordinated by JOGMEC, led to the identification of a series of
eight new seismic inferred gas hydrate prospects in the area of the SOA unleased lands
east of the MPU. These newly proposed test sites were assessed to have unfavorable
geologic, logistical, and operational risks as compared to the proposed test sites within
the western portion of the PBU.

Evaluation of Locations in the Prudhoe Unit (PBU)
Prudhoe Bay Unit L Pad Site

In 2017, the USGS reexamined the potential gas hydrate accumulations in and around
the PBU L-Pad, which is located near the site of the Ignik Sikumi test well as drilled and
tested in 2012/2013. This study again included the integrated analysis of well log data
fromm more than 70 wells across the Eileen trend to yield one of the most detailed
reservoir models for any known gas hydrate accumulation. The primary reservoir test
section in the Ignik Sikumi test well was the “upper Unit C” (also named the “C1 sand”)
at a depth of 2243-2273 ft MD (684-493 m MD) (Figs. 26 and 34A), which was confirmed
to be at an in situ temperature of about 5°C (41°F). These same reservoir conditions
would be expected for the Unit C reservoir section in any well drilled from the PBU L-Pad
(Fig. 45). During the later stages of the Ignik Sikumi test, gas production was maintained
by flowing the well at bottom-hole pressures below those that would destabilize
methane hydrate (i.e., depressurization production). The endothermic cooling
associated with in situ gas hydrate disassociation and gas production resulted in a drop
of the reservoir temperature to about 1°C (34°F) over about 18 days of nearly
continuous production. This significant drop in reservoir temperatures would have
eventually led to the formation of ice in the reservoir section and likely the reformation
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(Table 7; Fig. 40) showing the well log-inferred occurrence of gas hydrate (yellow shading) associated
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of the gas hydrate. In planning for the proposed extended gas hydrate production
test, it was decided that the in situ temperature of the Unit C reservoir section in the
area of the PBU L-Pad would be too low to conduct a useful long-term gas hydrate
production test. It was also determined that because of the large number of industry
development wells drilled from the PBU L-Pad, any gas hydrate testing operations
conducted from the pad would have a relatively high probability of negatively
impacting PBU operations.

Kuparuk State 3-11-11 Well Site

The Kuparuk State 3-11-11 well pad test site in the Westend of the PBU was also
evaluated in 2011 as a potential test site in advance of the Ignik Sikumi test as reviewed
above in thisreport. The Kuparuk State 3-11-11 well pad is located about 2 miles to the
south of the PBU L-Pad (Figs. 17, 38, 39, 40, and 46). The geologic conditions of the gas
hydrate reservoir section (Units C-E) at the Kuparuk State 3-11-11 site are similar to those
encountered in the Ignik Sikumi test well. However, the “lower Unit C" (also named the
“C2sand”) does not appear to be gas hydrate bearing in the Kuparuk State 3-11-11,
which represents a likely production testing challenge with potential water production
negatively impacting the results of any test of Unit C. In addition, the expected in situ
temperature of the Unit C reservoir section at the Kuparuk State 3-11-11 site would be
too low for long-term gas hydrate production testing. During this site review effort, it
was determined that the gravel exploration pad associated with the Kuparuk State 3-
11-11 well site had been removed and the site was revegetated. Considering the
limited nature of the available reservoir testing options at this site, the low in situ
temperature of the deepest target gas hydrate-bearing reservoir section, and the lack
of a useable gravel pad, the proposed Kuparuk State 3-11-11 site was removed from
further consideration for future testing.

West End Test 13-21-11-12 Well Site

The Prudhoe Bay Unit West End Test 13-21-11-12 well pad overlies the most structurally
downdip targeted gas hydrate-bearing reservoir section in the Eileen Gas Hydrate
Trend (Figs. 39-41, 47). The well log data as acquired in the West End Test 13-21-11-12
industry exploration well (Fig. 47) indicated that only the Unit B reservoir section at a
depth of 3155-3210 ft MD (3071-3126 ft below mean sea level — MSL) exhibits the well
log responses indicative of the presence of gas hydrate. The considerable depth of the
Unit B reservoir section in the West End Test 13-21-11-12 well and relatively low quality
acoustic log data from this well added considerable geologic risk to the selection of this
site for future testing. In addition, the presence of only one possible gas hydrate-
bearing reservoir section would also limit the testing flexibility at this site. The West End
Test 13-21-11-12 well site has no current production and is used for staging drilling rigs
and other field equipment. Based on the geologic uncertainty associated with this site
and the apparent limited number of testable reservoir targets, the West End Test 13-21-
11-12 site was not advanced for further consideration as a long-term gas hydrate
production test site.
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107



Kuparuk 7-11-12 Well Site

As previously reviewed in this report, the 2017 test site review and selection process was
based upon the physical accessibility of the site (gravel pad and road access),
proximity to ANS infrastructure, confidence in the presence of gas hydrate-bearing
reservoirs, and the possibility of multiple reservoir targets suitable for testing. The
targeted reservoirs for this field test should possess high porosity, high (intrinsic)
permeability clastic sand-rich reservoirs as previously documented in the Terfiary
Sagavanirktok Formation reservoir section in the Eileen Gas Hydrate Trend (Collett et al.,
2011a, 2011b; Boswell et al., 2020b). For the field test, reservoirs below the permafrost
with an in situ temperature no lower than ~40°F (~5°C) were targeted. Wireline-
deployed well logs, as acquired from industry exploratory and development wells, were
the primary dataset used to identify and evaluate potential gas hydrate reservoir
targets. Eventually, the 2017 test site review and selection process determined that the
western PBU location that best combines known and possible gas hydrate occurrences
with an existing gravel pad and no ongoing industry activities was the gravel pad at the
site of the Kuparuk 7-11-12 exploration well (Figs. 39-41 and 48-51). The pad lies at the
intersection of the main PBU Spine Road and the road to the PBU Z-Pad to the south. As
part of the test site review and well-planning effort, a portion of an industry-acquired 3D
seismic data volume was made available to the project partners through agreements
with PBU WIOs, which allowed for more detailed mapping of the potential hydrate
reservoir sections in the area of the gravel pad from which the Kuparuk 7-11-12
exploration well was drilled (Boswell et al., 2020b; Lim et al., 2020).

The gas hydrate accumulations in the western part of the PBU occur within the Tertiary
Sagavanirktok Formation. The Project Partner site review process indicated that two
hydrate-bearing stratigraphic units (Units B and D) had the potential to be encountered
with suitable reservoir conditions to conduct the desired gas hydrate testing. These
reservoirs are well known from log data acquired at the NW Eileen State-2 well in 1970,
from log and other data acquired at the Ignik Sikumi test well in 2012, from log data
acquired in the Kuparuk 7-11-12 well, and from log data acquired in numerous industry
exploratory and development wells drilled throughout the PBU, MPU, and the KRU
(Collett et al., 20114q).

Detailed analysis of the log data acquired from the Kuparuk 7-11-12 well (Figs. 48-50),
indicated the potential occurrence of three hydrate-bearing reservoir sections,
including the following: Unit B reservoir section at a depth of 2845-2895 ft MD (2778-
2828 ft below mean sea level — MSL); Unit C reservoir section at a depth of 2590-2640 ft
MD (2523-2573 ft below mean sea level - MSL); and Unit D reservoir section at a depth
of 2340-2390 ft MD (2273-2323 ft below mean sea level — MSL). As shown in Figures 48
and 50, the hydrocarbon-bearing reservoir sections associated with Units B, C, and D
are characterized by high resistivity log values ranging from 50 to over 100 ohm-m. The
fast-acoustic transit-time well log values (averaging about 105 microseconds per foot)
acquired in Unit D appear to confirm the presence of gas hydrate. However, acoustic
well log data acquired in Units B and C appear “cycle skipped,” which often indicates
the presence of free gas (i.e., not gas hydrate). However, the analysis of borehole
temperature data (Lachenbruch et al., 1987a, 1987b) obtained in nearby wells (Fig. 51)
and the analysis of the gas hydrate stability conditions indicated that the base of the
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methane hydrate stability zone should extend to a depth of 3025 ft MD (922 m MD) or
about 40 ft (about 12 m) below the base of the Unit B resistivity log inferred
hydrocarbon-bearing reservoir section. During the site review process, it was theorized
that driling operations below the surface casing set at 2500 ft MD (762 m MD) in the
Kuparuk 7-11-12 well negatively impacted the stability of gas hydrates in Unit B leading
to the dissociation of the in situ gas hydrate. Thus, when the stratigraphic section was
eventually logged some 19 days later, the acoustic log indicated the presence of high
transit-time (i.e., low velocity) free gas in these two reservoir sections. To better
constrain these risks, USGS scientists obtained the necessary confidentiality agreements
to view PBU seismic data and worked with SOA-DNR geophysicists to provide an initial
assessment of the geologic conditions at the site. Despite the available log data from
the Kuparuk 7-11-12 exploration well and seismic data analysis of the candidate test
site, geologic risk remained with respect to the condition of the target reservoirs. It was
determined that a stratigraphic test well would be required to confirm reservoir
occurrence and condition (Okinaka et al., 2019, 2020).
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Figure 50. Resistivity and acoustic transit-time log display for Units B, C, and D in the Prudhoe Bay Unit
(PBU) Kuparuk State 7-11-12 showing evidence for the resistivity log inferred presence of hydrocarbons
and acoustic log evidence for the occurrence of gas hydrate and possible free gas.
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4. PBU 7-11-12 Test Site Planning, Operations, and Technical Findings

In review, the primary goal of the Alaska gas hydrate production testing program is to
conduct a scientific field production test from one or more gas hydrate-bearing sand
reservoirs using conventional “depressurization” technology. The project was designed
to include the drilling and evaluation of a stratigraphic test well, followed by the
establishment of a production test site (including a geoscience data well and two
production test wells that will also be instrumented as monitoring wells), and then the
testing of reservoir response to pressure reduction over a period of 12 months or for
whatever period the parties find operations at the site valuable (Fig. 52).

As reviewed above, from 2015 through 2017, DOE, JOGMEC, the USGS, and the SOA-
DNR worked together to assess potential locations for an extended gas hydrate test on
the ANS. This review conclusively determined that the one location that combines
known gas hydrate occurrences with an existing gravel pad with no ongoing industry
activities was the gravel pad at the site of the Kuparuk 7-11-12 exploration well, within
the Westend PBU (Fig. 53).
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Figure 52. Schematic of the nominal 7-11-12 site field test design. The location of monitoring systems
and associated gauges and other well completion design elements are shown for planning purposes
and are subject to change. Dashed line depicts the approximate position of a fault crossing the
Hydrate-01 Stratigraphic Test Well. PTW1 = Production Test Well Number 1, PTW2 = Production Test Well
Number 2, STW (2018) = Stratigraphic Test Well (Hydrate-01), GDW = Geoscience Data Well, GR =
Gamma ray well log, Res = Resistivity well log, LWD = Logging while drilling, DTS = Distributed
temperature system, DSS = Distributed shear system, DAS = Distributed acoustic system, ESP = Electrical
submersible pump, HPTC-IlIl = High Pressure Temperature Corer
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Despite the available log data from the 7-11-12 site and other nearby wells, geologic
risk remained after the site review effort with respect to the condition of the target test
reservoirs. The 7-11-12 data confirmed the presence of gas hydrate within Unit D and
within lower-quality reservoirs of Unit C. However, the upper reservoir section in Unit C,
which was the primary reservoir target at the Ignik Sikumi test, appears to be mostly
water wet at the 7-11-12 location. The reservoir section associated with Unit B is clearly
hydrocarbon-bearing, and the log data appear to suggest the presence of gas, but
there are good reasons to believe that the unit lies within the gas hydrate stability zone
and the observed gas is derived from gas hydrate destabilized during the drilling
process. The primary target interval (Unit B) was anficipated to occur at a depth of
~2900 ft TVD (~885 m TVD), approximately 1000 ft (~305 m) below the base of ice-
bearing permafrost. This unit was the primary target given its greater depth and
expected warmer temperature (~50°F or ~10°C). The upper reservoir section of Unit C
lies at ~2550 ft MD (~777 m MD); however, this unit appears largely water-wet at the 7-
11-12 location. Unit C does contain gas hydrate at the 7-11-12 well, but it appears to
be only minimally charged. Unit D presents the lowest geologic risk of the examined
targets and exists at conditions very similar to those of Unit C that were tested at the
Ignik Sikumi location. Units B and D were not expected to be in direct contact
(vertically or laterally) with hydrate-free, water-bearing stratigraphic sections, the
presence of which could complicate the proposed test. Within the 7-11-12 well, each
unit was assessed to be ~30 to ~50 ft (~9 to ~15 m) thick, with elevated gas hydrate
saturations of 70% and higher. The remaining pore fill was expected to include bound
and free water only (i.e., no free gas). In order to refine the final location of the bottom
hole for the stratigraphic test well, the project proponent team worked with the PBU
WIOs to further access and analyze seismic data in the vicinity of the Kuparuk 7-11-12
pad to build on the seismic studies completed by the SOA-DNR.
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4.A. Planning and Operations of the Site 7-11-12 (Hydrate-01) Stratigraphic Test Well

The stratigraphic test well was to be drilled for the purpose of confirming reservoir
occurrence and conditions suitable for a successful long-term gas hydrate production
test and for collecting information needed to enable the design of production test
completion components. Inreview, the preferred test reservoir conditions included the
following: (1) at least 41°F (5.0°C) formation temperature, (2) at least 15 ft (5 m) of net
reservoir thickness, (3) no direct communication with water-saturated units, and (4)
high-quality (high infrinsic porosity and permeability with high gas hydrate saturation)
reservoir conditions. For planning, the stratigraphic test well would be drilled to a depth
of ~3000 ft (~215 m) using chilled oil-based drilling fluids to impede gas hydrate
dissociation and assure acquisition of high-quality logging while driling (LWD) and
wireline (WLL) log data. The well would also be drilled directionally to reach the
identified bottom hole location to the east of the 7-11-12 pad (Figs. 54-56).

This part of the IA Final Report provides an overview of the operational aspects of the
Hydrate-01 STW, including (1) pre-drill project and operational planning, (2) review of
driling operations, (3) synopsis of the completed logging operations, (4) acquisition of
sidewall pressure cores, (5) areview of the well completion including the installation of
fiber-optic monitoring cables, and (6) an analysis of the major lessons learned from the
operational review of the Hydrate-01 well.

4.A.1. Hydrate-01 Pre-Dirill Project and Operational Planning

In January 2016, the SOA-DNR reviewed the physical condifion of the PBU 7-11-12 pad.
The pad was remediated in the winter of 2005, which included filing reserve pits and
returning them to natural habitat, removing berms, and other activities which left
approximately 1.62 acres of useable area. The pad had been used for temporary
storage activities and as a vehicle turnout. Site reviews indicated potential
contamination at the interface of the gravel and tundra within the center of the pad,
which was carefully characterized prior to any site remediation operations. Additional
gravel was added to the pad in 2018. The pad was found likely to be suitable in size
and condition for the drilling of the stratigraphic ftest well.

From 2017 to 2018, DOE, JOGMEC, and the USGS developed an operational drilling
plan that enabled the needed science to be conducted in a manner that would not
disrupt industry’s ongoing field operations in the area. In 2018, BPXA proposed to
operate the ANS Site 7-11-12 Stratigraphic Test Well, which was given the official name
of the PBU Hydrate-01 Stratigraphic Test well (also known as the Hydrate-01 STW) in
cooperation with the PRA-lead project team as a means to “warm up the rig” to be
used for the PBU 2019 industry drilling program. After an extensive planning effort, the
project partners moved forward with the Hydrate-01 STW, which was drilled and
completed in December 2018 by BPXA as the PBU Operator. BPXA drilled the well using
the Parker 272 rotary driling rig through a Drilling Services Agreement executed with
PRA in association with a confract between DOE and PRA. The operational plan for the
Hydrate-01 STW was developed under a modified version of the BPXA “Decision Support
System,” which featured the development of a “Statement of Requirements” (SOR)
document that specifically describes the project objectives and requirements (Okinaka
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et al., 2020). The following operational planning documents were generated in support
of the Hydrate-01 STW:

Hydrate-01
Hydrate-01
Hydrate-01
Hydrate-01
Hydrate-01
Hydrate-01
Hydrate-01
Hydrate-01
Hydrate-01
Hydrate-01
Hydrate-01

BPXA Statement of Requirements Report
Well Operations Program Plan

Well Construction Plan

Well Plan Survey Report

Well Anticollision Summary Report

Drilling and Completion Fluids Plan

Fiber Optic Installation Plan

Drilling Fluid Temperature Control Plan
MWD/LWD Data Acquisition Program Plan
Contingent Wireline Logging Program Plan
Mud Logging Program Plan

Hydrate-01 SOA-AOGCC Permit to Drill Application

As defined during the project planning effort, the primary objectives of the Hydrate-01
well included the following:

Confirm the presence, temperature, thickness, reservoir saturation, and grain size
of gas hydrate-bearing Sagavanirktok Units B (primary target), C, and D
(secondary targets) in the target area in order to determine if the site is suitable
for a future gas hydrate production test well(s) and a geologic data collection

well.

If a suitable gas hydrate accumulation is confirmed, complete the STW as @
monitoring well for the future production testing phase of the project. If logging
data do not indicate sufficient hydrate presence, abandon the well.

Upon approval of the SOR by all stakeholders, the engineering design, contracting, and
permitting phases of the project were performed by PRA and the research partnership
under the operatorship of BPXA.

4.A.2. Hydrate-01 Drilling Operations

Drilling and data acquisition operations were conducted by BPXA in the Hydrate-01 STW
from the acceptance of the Parker 272 drilling rig on 05-December-2018 through the
release of the drilling rig on 01-January-2019 (Fig. 54). Program objectives were to
acquire geologic and engineering data including sidewall pressure cores, LWD data,
wireline-acquired log data (as a backup to LWD data, if required), and the deployment
of formation monitoring systems pending the confirmation of suitable gas hydrate
accumulations for production testing.

The Hydrate-01 STW was initially drilled as a vertical well to a depth of about 600 ft MD
(183 m MD) and then deviated to target a bottom hole location about 1000 ft (305 m)
to the northeast of the well’s surface location on the Kuparuk 7-11-12 gravel pad (Figs.
55 and 56). The Hydrate-01 STW was completed to a total depth of 3558 ft MD (1085 m
MD) or 3290 ft TVDss (1003 m TVDss) (TVDss = true vertical depth subsea).
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Much like typical industry wells on the ANS, the Hydrate-01 STW drilling operations
included the installation of surface casing below the permafrost section to help
maintain borehole stability (Fig. 56). The 9-5/8" surface casing was landed and
cemented in place to a depth of 2440 ft MD (744 m MD). The 8-1/2" production hole
section was drilled with refrigerated (chilled) mineral oil-based mud (MOBM) drilling fluid
to limit the dissociation of in situ gas hydrate and to maintain in-gauge borehole
conditions to enable the acquisition of high-quality LWD data and sidewall pressure
cores. The MOBM was cooled to a targeted temperature ranging from 15 to 35°F
(about -9 to 2°C) by circulating the drilling fluids through a heat-transfer chilling unit
connected to the Parker 272 drilling rig. Mud logging-acquired drill cuttings samples
and gas geochemistry data were collected within both the surface and production
hole section of the Hydrate-01 STW for real-time geologic characterization, archival
storage of drill cuttings samples, and to fulfill USGS geochemical sampling requirements
and protocol.

In support of the primary objectives of the Hydrate-01 STW, LWD tools were included
within the bottom-hole assemblages (BHA) used to drill both the surface hole (12-1/4"
hole) and production hole (8-1/2" hole) sections of the STW to enable the assessment of
the targeted reservoir units (Table 8) as reviewed later in this report. The downhole
logging program also included a contingency open hole wireline logging program.
Contingency wireline logging was included in the well plan to deal with the possibility
that the LWD data proved to be insufficient to characterize the presence of hydrates in
the target intervals. Ultimately, the analysis of the LWD-acquired logging data
confirmed the occurrence of gas hydrate and suitable reservoir conditions for
production testing in both Unit B and Unit D, thus eliminating the need for confingency
wireline logging. The determination of suitable reservoirs for testing also led to the
decision to move ahead with the acquisition of sidewall pressure cores (Yoneda et al.,
2020a, 2020b) and the installation of casing with fiber-optic cables for the measurement
of formation temperatures and the acquisition of acoustic geophysical data (Lim et al.,
2020).

Pressurized sidewall core samples were acquired from the reservoir and non-reservoir
stratigraphic section associated with Units B and D (Table 9; Yoneda et al., 2020q,
2020b) in the Hydrate-01 STW as reviewed later in this report. The Hydrate-01 STW well
was also outfitted with continuous fiber-optic monitoring cables, which were used to
acquire a 3D vertical seismic profile (VSP) after the completion of the well (Lim et al.,
2020). These same cables will be used to monitor downhole temperature conditions
and acquire additional 3D VSP data throughout the remainder of the gas hydrate
testing program.

After the completion of the production hole section of the Hydrate-01 STW with the
running and cementing in place the 5-1/2" production casing to a depth of 3548 ft MD
(1081 m MD) (Fig. 56), a wireline deployed gyroscope directional survey tool was run in
the 5-1/2" casing to acquire highly accurate downhole well placement information. In
addition, thermally insulating fluid was placed inside the casing, a bridge plug was set
at 2390 ft MD (728 m MD) (Fig. 56), a 3-1/4" abandonment tubing was run to a depth of
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2383 ft MD (726 m MD), and cement was pumped to fill the casing and tubing from the
bridge plug to the surface.

It is important to highlight that the Hydrate-01 STW was completed without any
recordable safety incidents. When considering the overall driling and associated
operational performance of the Hydrate-01 STW (Figs. 54-55), the pre-drill estimated
22.1-day program plan was exceeded by 5.6 days. The recordable “non-productive
time" associated with Hydrate-01 STW operations can be mostly attributed to (1) an
operational stand-down due to field operations outside the scope of this project, (2)
unplanned surface casing completion “top job"” remediations, and (3) performance
issues associated with the mud chiller system.

4.A.3. Hydrate-01 Logging Operations

The primary well data obtained from the Hydrate-01 STW featured the acquisition of a
full suite of Schlumberger LWD and measurement-while-driling (MWD) well logs (Table
8). LWD/MWD operations in the 12-1/4" surface hole included the deployment of
arcVISION, SadnVISION, Sonic Scope, and TeleScope tools. The LWD/MWD program in
the 8-1/2" production hole section included the deployment of arcVISION, adnVISION,
Sonic Scope, proVISION, and TeleScope tools. Table 8 contains a complete summary of
Schlumberger LWD tools that were run in the Hydrate-01 STW along with the depth of
each LWD log run. The primary log run was Run LWDOO1 within the 12-1/4" surface hole.
Drilling/logging operations in the 8-1/2" production hole section were conducted in two
parts: Runs LWDO003 and LWDO004. As shown in Table 8, the three primary log runs in the
Hydrate-01 (i.e., LWDOOT1, LWD003, and LWD004) each included additional
measurement-after-drilling up-hole running surveys to acquire additional repeat log
data over important and/or anomalous stratigraphic intervals.

Due to the careful control of driling rates, the use of MOBM, and attention to
maintaining cold mud temperatures throughout the driling process, the 8-1/2"
production hole section was in very good condition resulting in outstanding LWD data
quality. The acquisition of a full suite of high-quality MWD/LWD data, including gamma-
ray, resistivity, acoustic, and NMR well logs enabled the assessment and confirmation of
the occurrence of gas hydrate in the targeted Unit B and Unit D reservoirs (Suzuki et al.,
2019; Boswell et al., 2020b; Haines et al., 2020), achieving one of the primary objectives
of the Hydrate-01 STW.

4.A.4. Hydrate-01 Acquisition of Sidewall Pressure Cores

To gather grain size and other data needed for the design of the production test well,
sidewall pressure cores were collected in the Hydrate-01 STW using Halliburton's
CoreVault tool (Okinaka et al., 2020; Yoneda et al., 2020a, 2020b). After the 8-1/2"
production hole was advanced to a depth of 3260 ft MD (994 m MD), the CoreVault
tool was run to obtain pressurized sidewall cores from the hydrate-bearing portions of
Units B and D, along with additional core samples from the non-reservoir shale
bounding stratigraphic sections associated with Units B and D. A total of 34 cores were
successfully recovered during five runs of a wire-line deployed pressure corer in the
Hydrate-01 STW (Table 9). A total of 13 pressure core samples were extracted,
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Core Run Core Depth BP Sample | BP Sample | Stratigraphic Assigned
and Core (ft MD) ID Depth Unit Laboratory
Number (ft MD)
1-2 3,006.01 1-2 3,006.00 Unit B Stratum
1-3 3,007.04 1-3 3,007.00 Unit B Stratum
1-4 3,008.05 1-4 3,008.00 Unit B Stratum
1-5 3,009.05 1-5 3,009.00 Unit B Stratum
1-6 3,011.02 1-6 3,011.00 Unit B Stratum
1-7 3,013.08 1-7 3,013.00 Unit B Stratum
1-8 3,015.01 1-8 3,015.00 Unit B Stratum
1-10 3,019.02 1-10 3,019.00 Unit B Stratum
1-12 3,023.05 1-12 3,025.00 Unit B Stratum
1-13 3,026.03 1-13 3,027.00 Unit B Stratum
2-1 3,032.00 2-18 3,032.00 Unit B Stratum
2-2 3,033.01 2-19 3,033.00 Unit B Stratum
2-3 3,035.05 2-20 3,035.00 Unit B AIST
3-1 2,498.02 3-22 2,498.00 Unit D AIST
3-2 2,501.07 3-23 2,501.00 Unit D AIST
3-3 2,501.07 3-24 2,504.00 Unit D Stratum
3-4 2,504.15 3-25 2,507.00 Unit D AIST
3-5 2,511.04 3-27 2,511.00 Unit D AIST
3-6 2,513.05 3-28 2,513.00 Unit D Stratum
3-7 2,516.07 3-29 2,516.00 Unit D AIST
3-8 2,519.03 3-30 2,519.00 Unit D AIST
3-9 2,522.06 3-31 2,522.00 Unit D Stratum
3-10 2,525.10 3-32 2,525.00 Unit D AIST
- 3,010.04 4-33 3,010.00 Unit B AIST
- 3,014.09 4-34 3,014.00 Unit B Stratum
- 3,016.04 4-35 3,016.00 Unit B AIST
- 3,018.04 4-36 3,018.00 Unit B AIST
-5 3,024.02 4-38 3,024.00 Unit B AIST
- 3,040.01 4-39 3,040.00 Unit B AIST
- 3,078.07 5-44 3,078.00 Lower Seal Stratum
- 3,074.03 5-45 3,074.00 Lower Seal Stratum
- 3,070.02 5-46 3,070.00 Lower Seal Stratum
- Unknown Unknown Unknown Lower Seal Stratum
5-5 Unknown Unknown Unknown Lower Seal Stratum

Table 9. Listing of sidewall pressure cores recovered in the Hydrate-01 Stratigraphic Test Well using the
Halliburton CoreVault system (Collett et al., 2020). Also shown is the laboratory to which each core was
assigned. AIST = National Institute of Advanced Industrial Science and Technology in Sapporo, Japan;
Stratum = Stratum Reservoir labs in Golden, Colorado, U.S.
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preserved in liquid nitrogen, and shipped to the laboratories of the National Institute of
Advanced Industrial Science and Technology in Sapporo, Japan, for advanced
laboratory analysis (Yoneda et al., 2020a, 2020b). The remaining 21 core samples were
shipped to the Stratum Reservoir labs in Golden, Colorado, for routine and advanced
core analysis.

4.A.5. Hydrate-01 Well Completion and Monitoring Systems

With the confirmation of gas hydrate-bearing reservoirs within the Hydrate-01 STW, the
decision was made to move ahead with the conversion of the Hydrate-01 STW to a
monitoring well. This conversion included outfitting the well with continuous fiber-optic
monitoring cables (clamped the casing and cemented in place). Two redundant sets
of distributed temperature sensors (DTS) and distributed acoustic sensors (DAS) fiber-
optic cables were clamped to the outside of the 5-1/2-inch production casing (Fig. 56),
deployed to the bottom of the hole, and cemented in place. This installation
completed the second major objective of the Hydrate-01 drilling program as defined
within the project SOR. The DTS was used to collect formation temperatures over the
entire length of the Hydrate-01 well during the 5-1/2-inch production casing cementing
operations, over a short operational window of several days in the middle of March-
2019, and continuous DTS monitoring was started in May 2019. The deployed DAS
cables were used in March 2019 to obtain a large 3D VSP dataset over the site of the
planned gas hydrate production test (Lim et al., 2020).

4.A.6. Hydrate-01 Operational Lessons Learned

At the end of the Hydrate-01 STW project, BPXA convened an “End of Well Review,”
which included the analysis of the lessons learned based on actionable conclusions
about what went right, what went wrong, and what could be done to better prepare
for future operations. The major actionable lessons learned from the Hydrate-01 STW
operations included the following:

* Directional drilling vendor delivered the planned directional drilling program,
despite removing the rotary steerable system (RSS) from the BHA.

* Driling fluids vendor successfully ran a mineral-oil-based mud system with no
issues; the rig team handled the mud without any contamination problems.

* The volume of surface casing cement was insufficient and did not circulate to
the surface due to likely considerable surface hole enlargement within the ice-
bearing permafrost section, causing the need for surface casing fop jobs.

* The time required for the unplanned surface casing cement “top job™
remediations were impacted by the lack of 24-hour coverage of the cement
crew and lack of available lightweight cement on the ANS. Additionally, the
time needed to develop the required compressive strength of the pumped
cement was longer than anticipated, thus indicating the need for additional
“pilot testing” of all cement products.
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e The performance issues associated with the mud chiller system were attributed to
the fact that the impact of a reduced internal mud chiller flow-rate was not fully
appreciated; additional flow-rate sensitivity analysis should help understand the
effect of the flow regime on the performance of the mud chiller system. For
future projects, include both active (primary system) and passive (backup
system) mud chiller systems.

* Improve ability to monitor mud temperatures in a digital format at various
locations on the rig (i.e., before/after mud pumps, possum belly, pits).

* Despite causing drilling delays, the deployed mud chiller system was able to
adequately cool mud and provide the conditions for obtaining excellent LWD
data and sidewall pressure cores.

* The equipment configuration used to run and cement the 5-1/2-inch production
casing was successful in delivering the second primary well objective to deploy
DTS/DAS monitoring system.

* The lack of lead time restricted equipment options and added cost; planning for
equipment orders should begin about 8-12 months before the start of operations.

4.A.7. Hydrate-01 Operational Summary

The Prudhoe Bay Unit Hydrate-01 STW was spudded by BPXA on 10-December-2018.
Downhole data acquisition was completed on 25-December-2018 and the rig was
released on O1-January-2019. The STW was drilled in two sections. The surface hole was
drilled to a depth of 2248 ft MD (331 m MD) and cased, the “production hole section”
was drilled to a depth of 3558 ft MD (1085 m MD) and also cased. A thermally chilled
mineral-oil-based mud was used to maintain drillhole stability and quality of the
borehole-acquired data. The primary borehole data were acquired using a suite of
Schlumberger LWD tools. To gather grain size and other data needed to inform the
design of the production test well, sidewall pressure cores were collected using
Halliburton's CoreVault tool. In addition to confirming the geologic conditions at the
test site, the Hydrate-01 well was designed to serve as a monitoring well during future
field operations. Therefore, two sets of fiber-optic cables, each including bundled DAS
and DTS, were clamped to the outside of the well casing and cemented in place. In
March 2019, the project team worked with SAExploration to acquire 3D DAS VSP data in
the Hydrate-01 STW, which was the largest 3D DAS-VSP ever conducted. Additionally,
since the December 2018 completion of the STW, borehole temperature surveys have
been acquired with the DTS deployed in the Hydrate-01 well.

The Hydrate-01 STW that was drilled in support of a proposed ANS gas hydrate
production test project was completed in December 2018 with the following major
results:

* The Hydrate-01 STW was drilled without any recordable incidents or injuries.
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* The well confirmed the occurrence of gas hydrate in two targeted reservoir
sections.

* A complete research-level suite of LWD downhole log data was acquired in the
Hydrate-01 STW, which confirmed the presence of two high-quality reservoirs,
each with high gas hydrate saturations that are suitable for gas hydrate
production festing.

* The targeted reservoirs were determined to be acceptable for production
testing; therefore, the DTS and DAS systems were installed in Hydrate-01 STW,
allowing the well to serve as a monitoring well for future festing.

* Pressurized sidewall cores were recovered from both targeted gas hydrate
reservoir units and their associated seals. Results of laboratory analysis of the
petrophysical and geomechanical properties of the recovered sidewall pressure
cores have been used to design the completion requirements for the future
production test wells.

4.B. Hydrate-01 Stratigraphic Test Well Technical Findings

The Hydrate-01 STW met all project objectives and confirmed the occurrence of highly
saturated gas hydrate-bearing reservoirs (Boswell et al., 2020b), which were designated
Unit B and Unit D by Collett et al. (2011a, 2011b) (Fig. 57). Unit B, the deeper of the two
reservoirs, comprised of well-sorted, very fine grained sand to coarse silt. The hydrate
was interpreted to be filing 65 percent to more than 80 percent of the porosity in the
upper ~40 ft (~12 m) of Unit B (Boswell et al., 2020b; Haines et al., 2020; Suzuki et al.,
2019). Unit D, the shallower of the two reservoirs, exhibits similar gas hydrate saturations
to that observed for Unit B. In addition, Unit D has a water-bearing section at its base,
which could provide opportunities to investigate additional scientific and well design
options as a potential follow-on to the testing of the primary Unit B target (Suzuki et al.,
2019; Boswell et al., 2020b; Haines et al., 2020).

Critical to this effort is the evaluation of potential reservoir conditions in three
dimensions. To support that assessment, the program acquired and evaluated a DAS
3D vertical seismic profile dataset (Lim et al., 2020) in March 2019. Mapping of local
and bounding faults and interpretation of any major lateral changes in reservoir
character in the area will inform the final selected location for subsequent wells in the
planned testing program.

4.B.1. Hydrate-01 Gas Hydrate Reservoir Conditions

As described by Boswell et., (2020b), Unit D was encountered at a depth of 2493 ft MD
(760 m MD) and consists of two zones (Fig. 57). The upper 37 ft (11 m) of the unit (to
2531 ft MD; 721 m MD) is relatively massive, with density porosities averaging ~37%.
Resistivity is consistent at 100 ohm-m and shows no significant separation between the
various measured resistivity logs. Comparison of density porosity and NMR porosity
indicates gas hydrate saturation throughout the upper part of Unit D is ~70%. Initial
interpretation of NMR fransverse relaxation (T2) data indicates that the 30% water
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content is defined as 88% bound- and 12% free-water. The lower 24 ft (7 m) of Unit D (to
2555 ft MD; 779 m MD) exhibits a gradual decrease in porosity and increase in gamma
ray with depth. However, despite the generally gradual change in reservoir quality,
NMR and resistivity data show a sharp transition (~2531 ft MD; 771 m MD) from highly gas
hydrate saturated to water saturated with a high percentage of the water (~80%)

being mobile, which appears to be a gas hydrate/water contact within the Unit D
reservoir section.

Unit B was encountered at 3001 ft MD (915 m MD) (Boswell et al., 2020b) (Fig. 57). The
reservoir appears massive and homogeneous to a depth of 3031 ft MD (924 m MD). This
upper section of Unit B has a density porosity of ~40%. Resistivity consistently averages
~100 ohm-m, but the upper ~5 ft (~2 m) shows slightly higher values (up to 250 ohm-m)
in those tools with greater depth of investigation. The lower 36 ft (11 m) of the unit
shows a gradual decrease in reservoir quality that is matched by a similar decrease in
inferred gas hydrate saturation. This indicates that the reservoir is fully charged with gas
hydrate from top to base, with the degree of gas hydrate saturation being controlled
by the petrophysical properties of the reservoir. NMR log data show no evidence of
any substantial free-water zones in the Unit B reservoir section. Assuming gas and water
chemistries that are typical of the ANS (Collett et al., 2011a), the base of gas hydrate
stability is likely to occur from 50 to 100 ft (15 to 30 m) below the base of Unit B.

4.B.2. Hydrate-01 Gas Hydrate Reservoir Petrophysical Properties

As described by Boswell et al. (2019, 2020b) and Yoneda et al. (2020a, 2020b), planning
for subsequent test wells necessitated the collection of grain-size data from the
Hydrate-01 STW. Given the unconsolidated nature of the units and the inevitable loss of
sample with dissociation upon retrieval, the acquisition of pressure cores was necessary
to assure recovery of physical samples. To gather the samples, Halliburton's CoreVault
system was deployed, collecting samples from both the reservoirs and the bounding
units associated with Units B and D (Collett et al., 2019b, 2020). Mineralogy and grain-
size studies (Yoneda et al., 2020a, 2020b) indicate the reservoirs are well sorted and
quartz rich, with the grain size of the sampled reservoir section ranging from coarse silt
to very fine sand. Additional analysis of the recovered pressure cores yielded in situ
effective permeabilities measured in Units B and D on the order of 10 mD (Yoneda et
al., 2020a, 2020b).

Evaluation of LWD NMR data provided a second interpretation of in situ effective
permeabilities within the gas hydrate reservoirs. Standard methods of NMR analyses
suggest low values (on the order of 0.1 mD) associated with high bound-water fractions.
However, reevaluation of the NMR log data (Yoneda et al., 2020b) indicates that higher
permeability values consistent with those obtained from pressure cores are possible for
the gas hydrate-bearing reservoir sections logged and cored in the Hydrate-01 STW.

The USGS (Haines et al., 2020), using an effective medium theory rock-physics approach
(Helgerud et al., 1999), has estimated gas hydrate saturations from compressional (P)
and shear (S) wave log data acquired in the Hydrate 01 STW (Fig. 58). Haines et al.
(2020) assumed that gas hydrate occurs as load-bearing material (i.e., part of the grain
matrix). For Unit D, approximately ~500 ft (~150 m) above the base if gas hydrate
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stability (BGHS), both P-wave and S-wave acoustic logs indicate moderate gas hydrate
saturations (75 %) with S-wave results slightly lower than those for P-waves. For the Unit
B, located just above the BGHS, we obtain moderate to high gas hydrate saturation
estimates (approaching 80%) from both the P-wave and S-wave sonic logs. The P-wave
saturation estimates agree well with results from electrical resistivity-based estimates,
whereas estimates from NMR LWD data generally suggest 5 to 10 % higher saturations;
the S-wave results suggest lower saturations. These differences likely indicate
complexities in the distribution of gas hydrate at the pore scale in Units B and D (Haines
et al., 2020).

4.B.3. Hydrate-01 Gas Hydrate Reservoir Production Modeling

Gas hydrate production models based on the analysis of Hydrate-01 STW acquired LWD
data and sidewall pressure core samples were developed through a collaborative
DOE-JOGMEC numerical simulation effort to predict the thermodynamic and hydraulic
response of the Hydrate-01 STW gas hydrate-bearing reservoir sections to
depressurization (as reviewed by Myshakin et al., 2020). The developed gas hydrate
production models combine both gas hydrate-bearing sections in Unit B and Unit D
together with the intermediate Unit C and the over- and under-burden sand and shale
sections. The vertical heterogeneity in porosity, gas hydrate saturation, and
permeability distributions for reservoir and non-reservoir units was assigned using “fine
mesh discretization” (Myshakin et al., 2020) (Fig. 59). Given the uncertainty regarding
effective in situ permeability, geologic models constructed for reservoir simulations
represent an integration of measurements, including (1) a conservative (low-
permeability) case (Case-B) was built using standard NMR methods, (2) a core-
calibrated (higher permeability) case (Case-A) that uses sidewall core data (available
only from the reservoir sections), and (3) a third “most likely” case (Case-C) that uses
the initial NMR-based values in the non-hydrate-bearing sections and the relevant core-
calibrated values within the reservoir sections (Figs. 59 and 60). The depressurization
method was applied to Unit B to induce gas hydrate destabilization at constant bottom
hole pressure values. The results of the initial numerical simulations (Fig. 60) were used to
support the development of production scenarios, well design, surface facilities design,
and field test procedures with the main goal to perform efficient and safe scientific
production testing.
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Figure 60. Gas (A) and water (B) production rates as predicted for the PBU Kuparuk 7-11-12 reservoir
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depicted using open circles. Modified from Myshakin et al. (2020). Results shown assume three
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5. PBU 7-11-12 Test Site Production Testing Planning

With the successful confirmation of the presence of hydrate-bearing reservoir sections
suitable for production testing at the site of the Hydrate-01 STW, the next goal of the
ANS gas hydrate production testing effort was to partner with an experienced industry
operator for the planned production test (Okinaka et al., 2020). The project partners,
including DOE, JOGMEC, and the USGS have worked together to recommend the
design of the remaining wells, surface production facilities, and testing procedures to
allow the implementation of efficient and safe scientific production testing and
monitoring that will address a range of questions associated with the response of gas
hydrate-bearing reservoirs to depressurization. The PBU 7-11-12 test site production
testing plan as reviewed in the following part of this report is the last project deliverable
included within the DOE-USGS IA.

As reviewed previously in this report, the plan for the *Alaska Gas Hydrate Production
Field Experiment” is fo conduct a long-term (12 months or more) scientific reservoir
response test utilizing depressurization production technology, currently scheduled to
start in 2022. These activities will provide an initial assessment of the potential fo
successfully produce gas hydrate resources in similar settings throughout the U.S. and
the world.

The DOE-JOGMEC-USGS partnership, also known as the “Collaborative Gas Hydrate
R&D in Alaska Project Owners Group (POG),” is responsible for developing the scientific
objectives and for recommending well designs and operational procedures for the ANS
gas hydrate production test. The planning efforts in support of this project included the
modification and generation of existing and new planning documents, including the
following: (1) an updated version of the project prospectus that deals with the major
goals and design aspects of the planned ANS gas hydrate production test, (2) a
comprehensive outline of the gas hydrate production test data acquisition
requirements, and (3) the development and refinement of a detailed depressurization
well test plan and a contingency test well intervention plan.

As noted above, the POG's efforts have looked beyond the stratigraphic test well
phase of the project to determine design requirements for the testing phase.
Cooperative gas hydrate production modeling studies conducted within the project
partnership (as reviewed above in this report) have been used to predict what flow
rates are to be expected during a test of the Unit B reservoir section (Myshakin et al.,
2020). These studies have also been used to consider the test well design requirements
(completion design, sand control, flow assurance systems, gauges/measurement and
conftrol systems, production monitoring systems) to implement a successful production
test.

Within the gas hydrate field test planning effort, the USGS coordinated the effort to
develop and maintain the project “Science and Operational Plan” for the *Alaska Gas
Hydrate Production Field Experiment.” This “Science and Operational Plan” (Table 10)
represents both an internal project planning and briefing document intfended to
provide a comprehensive systematic review of the objectives of the entire “Alaska Gas
Hydrate Production Field Experiment.” This project planning document is also intended
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Alaska Gas Hydrate Production Field Experiment
Science and Operational Plan

Part |. Introductionand Science Plan
I.1. Executive Summary
|.2. Data to be Acquired to Achieve Science Objectives
I.3. Test Site G&G Characterization
1.3.1. Hydrate-01 Stratigraphic Test Well Results
1.3.2. DAS-VSP (MARCH-2019) Data Analysis
Part ll. Operational Recommendations
.1 Well Delivery GDW/PTW-1/PTW-2: Drilling
I.2. Well Delivery GDW/PTW-1/PTW-2: Completion
I.3. Well Delivery PTW-1/PTW-2: Sand Control
I.4. Well Delivery PTW-1/PTW-2: Artificial Lift
I.5. Well Delivery PTW-1/PTW-2: InterventionPlan
Il.6. Operational Facilities
I.6.1. Testing Procedure PTW-1/PTW-2B/PTW-2D
11.6.2. Subsurface Facilities
11.6.3. Surface Testing Facilities
11.6.4. Well Production Intervention Plan
11.6.5. Data Acquisition and Management
I.7. Well Derived Geoscience Data Acquisition
I.7.1. Mud Logging Program
I1.7.2. Downhole LWD/Wireline Logging Program
11.7.3. DTS/DAS/DSS and Gauge Based P&T Systems and Surface
Monitoring Systems
I1.7.4. Stabilization of Borehole Temperature Conditions
1.7.5. Pressure Coring System & Operations
I1.7.6. Coring Plan
11.7.7. Well Site Core Flow and Analysis
1.7.8. Post Well Site Core Shipping, Processing and Analysis
I.8. Production Data Analysis and Decision Making
11.8.1. Decision-Making on Test Progression
11.8.2. Decision-Making on Intervention
I.9. Geophysical Data Acquisition
11.9.1. DAS-VSP Data Analysis - Before and After Production Test
11.9.2. CWT Data Analysis - Before and After Production Test

Table 10. Outline of the "Science and Operational Plan” that was prepared as part of the project
planning effort in support of the "Alaska Gas Hydrate Production Field Experiment” under the direction
of the Japan Oil, Gas, and Metals National Corporation (JOGMEC), the U.S. Department of Energy —
National Energy Technology Laboratory (DOE-NETL), and the U.S. Geological Survey (USGS)
“"Collaborative Gas Hydrate R&D in Alaska” Project Owners (POs).
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to provide the POG selected Third Party Operator (TPO) with a comprehensive review
of the project technical requirements and expert recommendations to advance the
design and implementation of the “Alaska Gas Hydrate Production Field Experiment.”

The operational recommendations included in this project planning document provide
expert insight to gas hydrate specific operational tasks and concerns. As such, this
planning document makes extensive use of lessons learned from previous partner-led
field projects, with particular importance placed on the review of the operational results
of the 2018 ANS PBU Hydrate-01 Stratigraphic Test Well (Collett et al., 2020) as compiled
and reviewed in this planning document. The provided expert insight and lessons
learned entries within this planning document are infended to communicate to the
selected TPO specific technical information that can be considered in the
development of the well drilling and testing program plans to be generated by the TPO.
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6. Accomplishments of the Alaska Gas Hydrate Interagency Agreement

In review, the objective of this DOE and USGS IA was to provide geologic and
geophysical technical support to identify and characterize gas hydrate production test
sites on the ANS and to develop plans for an extended gas hydrate production testing
program. In addition, the primary goal of the project supported by this IA is to conduct
a scientific field production test in northern Alaska from one or more gas hydrate-
bearing sand reservoirs using conventional “depressurization” technology. The project
has included the drilling and evaluation of a stratigraphic test well, which was
completed in December 2018. This will be followed by the establishment of a
production test site (including a geoscience data well, two production test wells,
deployment of well monitoring systems, and surface monitoring), and the testing of
reservoir responses to pressure reduction over a period of about 12 months or for
whatever period the parties find operations at the site to be valuable.

The technical support provided by the USGS under this cooperative |IA was organized
under two project subtasks: Subtask 1.1. Geologic Occurrences of Gas Hydrate,
Analyzing Available Eileen Geologic and Geophysical Data, and Subtask 1.2. Gas
Hydrate Field Test Technical and Operational Support. Under Subtask 1.1, the USGS led
the effort to refine the interpretations of the regional ANS gas hydrate stability field as
well as the distribution and properties of previously identified gas hydrate
accumulations in the Eileen Gas Hydrate Trend through the collection and
incorporation of new well log and seismic data. Under Subtask 1.2, the USGS has (1)
provided ftechnical leadership and advice for formulation of a research drilling and
production testing program designed to assess the nature and production potential of
gas hydrates on the ANS, (2) provided personnel and resources to enhance field and
laboratory analyses of material recovered by pressure core systems, and (3) partnered
in the synthesis of data from logging, direct sampling, and geophysical and geologic
characterization studies conducted under this agreement. The collective
accomplishments of the research efforts conducted under this cooperative |A are
further reviewed below in this section of the report and summarized in Tables 11 and 12.

Research conducted under this cooperative IA revealed the relatively complex nature
of the occurrence of gas hydrate in the Eileen Gas Hydrate Trend, with gas hydrates
occurring in a series of coarsening upward, laterally pervasive, sand reservoirs systems
with mostly fine-grained sand beds exhibiting high gas hydrate saturations that are
interbedded with non-reservoir shale (clay-rich) beds. For the most part, the I1A
managed partnership identified gas hydrate occurrences were laterally segmented
into distinct northwest- to southeast-trending fault blocks with often well log-inferred
downdip water contacts. Depositional facies control on the occurrence of gas hydrate
in the study areaq, presented in the form of reservoir shale content, porosity, and
permeability trends, was also observed within Eileen Gas Hydrate Trend. The USGS-
supported efforts revealed that most of the gas hydrate-bearing reservoirs in the Eileen
trend are found in combination structural-stratigraphic traps and are only partially
hydrate filled with distinct downdip water contacts. These findings suggest that
traditionally recognized parts of a petroleum system that control the occurrence of
conventional gas accumulations (i.e., reservoir, gas source, gas migration, and timing of
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Alaska Gas Hydrate Production Field Experiment — Planning & Accomplishments

. USGS research and resource assessments in Alaska

+  Gas hydrate production testing interest in Alaska — Before 2016

. Mapping and characterization of gas hydrate accumulations in the Eileen Trend

. Production test site G&G analysis and selection — MPU Cascade and PBU 7-11-
12

. Development of the initial goals of the Alaska Gas Hydrate Production Field
Experiment

. Public and private sector outreach and engagement in Alaska

. Detailed G&G and reservoir engineering examination ofthe PBU 7-11-12 Test
Site

. Development science and operational project plans and task specific Statements
of Requirements

. Planning and execution of the Hydrate-01 Stratigraphic Test Well drilling program

« Analysis of geologic (well logs and core derived) and geophysical data acquired
from the Hydrate-01 well

. Gas hydrate production modeling studies with data from the Hydrate-01 well

. Production testing monitoring technology R&D review — distributed and gauge-
based systems

. Gas hydrate geophysical response modeling — focus on 3D/4D VSP acquisition,
processing, and analysis

. Development of the Alaska Gas Hydrate Production Field Experiment Science
and Operational Plan

. Development of the GDW/PTWs well delivery, completion, monitoring, and
production testing plans

. Development of the GDW and PTWs G&G and production testing data (logging,
coring, geophysical, monitoring, etc.) acquisition and analysis plan

. Review and development of well response systems to measure produced
fluid/gas volumes and P/T responses with surface and down hole equipment

. Execution of the Geoscience Data and Production Test wells drilling and data
acquisition program

. Conduct production testing in PTW-1 and as appropriate in PTW-2 consisting of
pressure reduction and monitoring, with intervention as needed and surface
operations including gas, water, and solids disposal

. Test results data analysis, post-testing production modeling code calibration
studies, and reporting

Table 11. Completed project planning and accomplishments associated with the Interagency
Agreement (IA) between the Department of Energy (DOE) and the U.S. Geological Survey (USGS) under
DOE Award Number DE-FE0022898.
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factors controlling the accumulation of gas with the reservoir-trap system) also control
the occurrence of gas hydrate in the Eileen Gas Hydrate Trend.

The test site review effort under this agreement focused on the known and expected
gas hydrate occurrences in the Grater Prudhoe Bay area and their suitability for
extended-duration production testing. The first test site review effort as described in this
report dealt with the 2011 analysis of the Eileen Gas Hydrate Trend and the selection of
the PBU L Production Pad site, near which the Ignik Sikumi well was drilled and tested in
2011/2012. Building on the results of the Ignik Sikumi test well program and the
information gained from this project, the USGS coordinated a second (2017) test site
review and analysis effort that led to the selection of the PBU 7-11-12 test site and the
driling of the Hydrate-01 Stratigraphic Test Well.

The Hydrate-01 Stratigraphic Test Well was drilled in 2018 from the PBU 7-11-12 test site in
the western portion of the PBU to verify the geological and reservoir conditions at a
proposed gas hydrate production test site. The Hydrate-01 Stratigraphic Test Well met
all project objectives and confirmed the occurrence of highly saturated gas hydrate-
bearing reservoirs in the identified Unit B and Unit D Eileen Gas Hydrate Trend
stratigraphic units. The reservoirs were found as expected; Unit B was confirmed to hold
gas hydrate at high concentrations, and the Unit D reservoir section was found to be
only partially charged, with the lower part of the reservoir section being water wet.
With the success of the Hydrate-01 Stratigraphic Test Well, the project leadership group
moved on to develop the project “Science and Operational Plan” for the “Alaska Gas
Hydrate Production Field Experiment” production testing effort at the PBU 7-11-12 test
site.
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G&G
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GHSZ
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HSZ
A
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JOGMEC
KRU
LWD
MAD
MD
MDT
MOBM
MPU
MSL

Authorization for expenditure
Alaska North Slope
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Alaska Oil and Gas Conservation Commission
American Petroleum Institute
Electrical resistivity

Barrels

Billion cubic feet

Base of gas hydrate stability

Base of gas hydrate stability zone
Bottom-hole assembly
Bottom-hole pressure

Base of gas hydrate stability zone
Base of ice-bearing permafrost
BP Exploration Alaska Incorporated
Below sea level

Methane

Carbon dioxide

Casing

Nuclear magnetic resonance logging tool
Distributed acoustic system
Density

U.S. Department of Energy
Department of Natural Resources
Distributed shear system

Acoustic transit time

Distributed temperature system
Geoscience Data Well

Geologic and Geophysical

Gas hydrate

Gas hydrate stability zone
Caliper

Hydrate stability zone
Inferagency Agreement

Incident Management Team
Japan Oil, Gas and Metals National Corporation
Kuparuk River Unit

Logging while drilling
Measurement-after-drilling
Measured depth

Modular Dynamic Tool

Mineral oil base mud
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Mean sea level
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P/T Pressure and temperature
PTW-1 Production Test Well Number 1
PTW-2 Production Test Well Number 2
P-wave Compressional wave

R&D Research and development
RHOBB Bulk density

RSS Rotary steerable system

SDR NMR Schlumberger-Doll Research
sH Structure H hydrate

sl Structure | hydrate

sl Structure | hydrate

SOA State of Alaska

SOR Statement of Requirements
STW Stratigraphic Test Well (Hydrate-01)
S-wave Shear wave

TAPS Trans Alaska Pipeline System
TAS Temperature Array Sensors

D Total depth of well

THSZ Top gas hydrate stability zone
T2 NMR transverse relaxation
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TPE Biot-type equation

TPO Third Party Operator

3D Three-dimensional
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TVDss True vertical depth subsea

2D Two-dimensional

USGS U.S. Geological Survey

VSP Vertical seismic profile

WIO Working Interest Owners

WLL Wireline logging

XPT Pressure Express logging tool
Symbols

a Archie fortuosity factor

C Celsius

° Degrees

Oh Hydrate density

Pma Matrix density
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