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Natural gas hydrates are ice-like crystalline substances
occurring in nature where a solid water-ice lattice

gas i il the
major component of natural gas) in a cage-like structure
known as a clathrate.

Using a mass balance assessment methodology, the
Bureau of Ocean Energy Management estimated a mean of
51,338 trillion cubic feet of in-place gas hydrate resources
in the Federal Outer Continental Shelf of the Lower 48
United States.
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Introduction

This report summarizes the results of the Bureau of Ocean
Energy Manag (BOEM) of the undiscovered
in-place gas hydrate resources for those areas of the U.S
Outer Continental Shelf (OCS) adjacent to the Lower 48 states
and within the limits of the 200 nautical mile U.S. Exclusive
Economic Zone ( , 1c). hydrate
resources on the U.S. OCS adjacent to Alz ve not yet
been assessed in this effort. The OCS comprises that portion |
of the submerged seabed whose mineral estate is subject to

Federal jurisdiction. This assessment represents a |
comprehensive appraisal of relevant data and information |
available from a variety of proprietary and non-proprietary

data sources.

Gas hydrate resources are assessed as in-place volumes and
reported as the amount of natural gas that re: in the form |
of gas hydrate in any reservoir in the subsurface of the OCS, |
without regard to technical recoverability. This differs from ko
BOEM’ sments of conventional oil and gas resources | 1 n/ict .
SRR 201 D18 wheo mtivaced — : BOEM Resource Evaluation Division gas hydrate webpage:
oil and gas r re reported as technically recoverable
and economically rable volumes. BOEM does not
report the larger in-place volume of undiscovered
conventional oil and gas resources.

http://www.boem.gov/Oil-and-Gas-Energy-Program/Resource-
Evaluation/Gas-Hydrates/index.aspx

Gas hydrate resources on the OCS are assessed using a
alance model that incorporates US States
s of model component input. The [ Juseez

ment approach provid range 0CS Planning Area
of resources at the model cell level and at levels aggregated to B
greater geographic extents. More detailed information about s — 1, |
the geology and assessment methodology will be made
available in separate national and regional assessment reports. Figures 1a and 1b. In-place gas hydrate volume distribution

for the Atlantic (top) and Pacific OCS (bottom). Red colors
indicate maximum accumulations; blue colors indicate
minimal accumulations
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» BOEM Leadership About BOEM

» Organization Chart

The Bureau of Ocean Energy Management (BOEM) manages the exploration and development of the nation's offshore
» BOEM Regions resources. It seeks to appropriately balance economic development, energy independence, and environmental
protection through oil and gas leases, renewable energy development and environmental reviews and studies.

» Public Engagement
Key functions of BOEM include:

» Procurement . L . .
Business o The Office of Strategic Resources, which is responsible for the development of the Five Year Outer

Opportunities Continental Shelf (OCS) Qil and Natural Gas Leasing Program, oversees assessments of the oil. gas
and other mineral resource potential of the OCS, inventories oil and gas reserves and develops production
projections, and conducts economic evaluations that ensure the receipt of fair market value by U.S. taxpayers
for OCS leases.

» Reorganization © BOEM handles the actual Qil and Gas Lease Sales, along with Marine Minerals negotiated agreements
and official maps and GIS data.

» Reforms

» Employment o BOEM is responsible for offshore Renewable Energy Programs. The Renewable Energy Program grants
leases, easements, and rights-of-way for orderly, safe, and environmentally responsible renewable energy
» Budget development activities.

) o BOEM's Office of Environmental Programs conducts environmental reviews, including National
» Sitemap Environmental Policy Act (NEPA) analyses and compliance documents for each major stage of energy
development planning. These analyses inform the bureau’s decisions on the Five Year Program, and
conventional and renewable energy leasing and development activities. Additionally, BOEM's scientists
conduct and oversee environmental studies to inform policy decisions relating to the management of energy
and marine mineral resources on the OCS.

© BOEM is supported by three regional offices in Mew Orleans, La., Camarillo, Calif., and Anchorage, Alaska.
The regional offices manage oil and gas resource evaluations, environmental studies and assessments,
leasing activities including the review of Exploration Plans and Development Operations and
Coordination Documents, fair market value determinations, and geological and geophysical permitting.
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Oil and Gas Production
on the US OCS

Reserve Estimation

Exploratory & Development
Well Drilling

Lease / Tract Award
(“fair market value determination”)

Lease Sale

S-Year Program

Offshore Development
Lifecycle — U.S. OCS

> Assessment of Undiscovered
______ > Oil & Gas Resources
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BOEM Gas Hydrate Assessment Efforts — A Timeline:

c. 2003 MMS begins resource assessment of gas hydrate on OCS
previous assessment by USGS (1995)
Methodology + GOM input files

2008 GOM assessment results / documentation released

2009 Atlantic model / input files
2011 Pacific model / input files

2012 Lower 48 assessment Fact Sheet released _ P
2013 Atlantic full documentation released; Pacific to follow

2014  Alaska OCS BOEM



Update on BOEM Lower 48 Assessment
Matthew Frye
BOEM — Herndon, VA

6 June 2013 Bureau or Ocean Enerey Mlanacement

wf In-Place Gas Hydrate Resources
= Region 95% Mean 5%
tcf tcm tcf tcm tcf tcm
Atlantic OCS 2,056 58 21,702 614 52,401 | 1,483
Pacific OCS 2,209 63 8,192 232 16,846 477
Gulf of Mexico OCS | 11,112 314 21,444 607 34,423 974

US States
—USEEZ
D OCS Planning Area

US States

[ Juseez
0 50 100 200 300 400
[ ] OCS Planning Area I ——— .

from BOEM Fact Sheet RED-2012-01

0 75 150 225 300
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Evolution of BOEM model structure

* Spatial, mass-balance model
remains intact

* Resources reported as “in-
place” volumes

* Biogenic gas only

* Adaptation of model structure
and input files to reflect local
geology and data availability

* Nointroduction of Geologic
Risk

Module [Model Pacific Model Atlantic Model 2008 Gulf of Mexico Model
Thickness constrained by
Container |Gross HSZ thickness [sediment thickness input present, but no real impact constrained by Salt input
Inversely proportional to
Container [Undersaturated Zone [charge (0 to 200 m) Symmetric beta (0 to 400 m) Inversely proportional to charge (0 to 200 m)
Charge Sediment Thickness [Spatial input Spatial input (ISO 1 and ISO 2) |Estimated from gamma distributions
Charge Migration 100% wertical 100% \ertical Combination of vertival & dip driven
Charge Migration Efficiency |Function of BSR Function of BSR Randon draw from beta(4, 10) distribution
Charge Generation Proximal cell smoothing Not Modeled Not Modeled
Input Sand Percent Depofacies approach Direct mapping (seismic/well) [Direct mapping (seismic/well)
Input Seafloor Age Constrains thickness age Not Modeled Not Modeled
Spatial allocation of empirical
Input Total Organic Carbon |data (4 unique areas) single distribution single distribution
Spatial allocation of empirical
Input Geothermal Gradient [data (2 unique areas) single distribution single distribution
Presence changes gas composition used in
Container module and adds fracture
Input Surficial Anomaly Not Modeled Not Modeled saturation to Concentration module
Subseafloor depth to salt influences HSZ
Input Salt Not Modeled Not Modeled* thickness
Input BSR Used for Migration Efficiency |Used for Migration Efficiency Not Modeled?
Process  |Gen

The following inputs were developed for the Pacific based on local information, and may comprise a different functional form than the same
inputs in the GOM: GTG, WBT, TOC, Quality

While shallow salt has not been included in the Atlantic assessment model, it is noted that a ssw/nne trend of piercement salt features of
limited areal extent is recognized in the Carolina Trough.

2BSRs were not included in the original GOM model; MMS now has identified over 150 BSRs in the GOM.

Charge
Module

Charge Distribution

Integration
Module
Rock Volume
Distribution

Hydrate Saturation
Distribution

In-Place
Methane Hydrate
Distribution

Container
Module

Concentration
Module
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. (]
Washington D.C:

Mid-Atlantic
Planning Area,

South Atlantic

New Orleans Planning Area

Straits of Florida
Planning Area

North Atlantic
Planning Area

® U.S. Cities

Fed State Boundary

US EEZ
US States

|:| OCS Planning Area

North Atlantic, Mid-Atlantic, South Atlantic, Straits of Florida comprise a total area in excess of 269 million

acres (420,000 mi?; 1,089,128 km?).

For this assessment, the Atlantic OCS has been partitioned into 57,066 cells of size 3 km x 3 km, with a total

study area measuring approximately 514,000 km?

Bill Shedd & Jesse Hunt (retired) BOEM GOMR — Atlantic GH assessment champions (spatial)
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Boston @

Boston @

Georges

Baltimore Bank Basin
P Canyon
o o X Trough
Washington D.C, %"

L
A
Am

Washinhgton D.C, b d

U.S. Cities

DSDP Wells

SE Georgia
A, Embayment o * ODP Wells
A

A%

Industry Wells U.S. Cities

”; [}

Fed State Boundary 2D Seismic Data

USEEZ Fed State Boundary
USEEZ
US States
US States
OCS Planning Area
9 |:| OCS Planning Area

51 permitted wells, including five stratigraphic test wells drilled between 1975 and 1979 and 46
industry wells drilled between 1977 and 1984.

50 ODP/DSDP wells used

access to over 200,000 line miles (~320,000 line km) of 2-D multi-channel seismic data.
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Spatial Inputs — Atlantic OCS

ATL run 31 2807 ATL run 31 31-32
Water Depth (m) 2808 - 2938 Sand (%) 33-34
® 300-421 2939 - 3067 ® 0-1 35-36
® 422-538 3068 - 3196 ® 2.3 37-38
® 539-651 3197-3326 @ 4-5 @ 39-40
® 652-758 3327- 3463 ® 6-7 ® 41-42
® 759-853 ©  3464-3604 8-9 ® 43-4
®  854-962 ®  3605-3745 10-11 @ 45-46
® 93-1112 ® 3746-3884 2:13 @ 47:48
1113 - 1304 ®  3885-4025 14-15 @ 49-50
1305-1529 @  4026-4167 16-17 @& 51-52
1530-1757 @ 4168 -4306 Wl 5354
1758-1976 @  4307- 4458 i 5556
TR SR 2-23 57-58

2182 - 2366 @  4636-4844 24-25 59-60
2367-2531 @ 48455071 w02 or-e
K . 0 75 150 225 sol\oﬂiles 2532 -2675 ® 5072-5315 | 0 75 150 225 3og1iles 29-30 63 - 65

Water Depth —— HSZ Sand % —— GH Concentration
Gas Generation
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Spatial Inputs — Atlantic OCS

ATL run 31

|| ATLrun31 1367 - 1442 ATL run 31 1685 - 1797 BSR
absent
|| Isopach 2 (m) 1443 - 1515 Isopach 1 (m) 1798 - 1908 )
& 0<% Totew13on ® o0-140 . confidence moderate
®  146-247 1593 - 1665 ® 41-243 2019-2130 O ceominetigh
® 248-319 1666 - 1733 ® 244320 2131-2245
® 320-38 1734 - 1807 ® 321-405 2246 - 2364
® 387-45 1808 - 1885 ®  406- 506 2365 - 2484
® 454534 ®  1886-1959 ® s07-622 ®  2485-2597
o 535-626 ®  1960-2035 ®  623-740 ®  2598-2702
627-724 ®  2036-2131 741 - 856 ®  2703-2799
725827 ® 2132-2242 857-977 ®  2800-2895
§28-921 ° 978-1102 @  2896-2995
922-1008 @ N03-1227 @ 2996-3097
1009-1098 @ 1228-1347 @ 3098-3202
109-1190 @ 1348-1462 @  3203-3318
191-1280 @  2723-2849 1463-1573 @  3319-3449
150 225 3'3&"65 1281-1366 @  2850-3010 150 225 30&"% 1574-1684 @ 3450-3690 190 25 300

ISO1 — Gas Generation ISO2——> Gas Generation BSR —> Migration Efficiency

SF to Base Pleistocene Top Pliocene to base Tertiary
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Stability Equation (modified from Milkov and Sassen, 2001)

f(WD) = -{(GTG x &) x HSZthk/1000} - {ae”*"°+c +v}+{(J X In(HSZthk + WD) - »)-1}

— — _/ ~ J —— -
geothermal gradient water bottom phase stability expression
expression temperature
\— /
~

sediment temperature expression

where,

wD = water depth in meters

GTG = geothermal gradient, in °C/km

€ = multiplicative term for the influence of local salt on sed temp
HSZthk = thickness of the hydrate stability zone in meters

o) = slope of phase stability equation

% = intercept of phase stability

) = error of water bottom temperature equation

A = additive term for the influence of local salt on phase stability

a, b &c = parameters of water bottom temperature equation
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Non-Spatial Input — Geothermal Gradient

GTG (C/km)
19- 26
27 -29
30-32
33-34
35-36
37 - 38
39-40

41 - 46

Probability density

GTG - Beta fit parameters

value | std (est.)

shapel| 8.058 | 0.0518

shape2| 5.298 | 0.0335

0.0 0.2 04 0.6 0.8 1.0

Scaled GTG

Mean = 33.6 °C/km
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Spatial Outputs — Hydrate Stability Zone

ATL run 31
ATL run 31
Net HSZ (m 284 - 293
Gross HSZ (m) 448 - 463 ™
® 0-4 294 - 303
® 0-13 464 - 476 .
® s5-12 304-313
® 14.37 477- 488
® 13-4 314-322
® 38-59 489 - 500
. ® 25-40 323-332
-82 501 -512
S ® 41-62 333-342
3 - 108 513-523
® 63-9 ® 343-352
®  109-139 ® 524-535
® 91-12 @ 353-36l
®  140-173 ®  536-547 23-15
123-151 @ 362-371
174 - 206 ® 548-559 152-176 @
52-176 372-380
207 - 240 ®  560-571 177-198 @
- 381-388
241279 2-582
® 572-582 199-217 @ 389-397
280-318 ® 583-592 218-233 @
218-233 398 - 406
319-352 %
319 - 35 ®  593-603 234-248 @  407-416
353-380 ® 604-614 249-261 @ 417-427
381 - 406 ® 615-626 :
00 262-273 @  428-439
407 - 428 ® 27-638 Miles

Gross HSZ Net HSZ
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Spatial Outputs — Gas Generation

Microbial Gas only!

0 75 150 225 300
O \Vliles

ATL run 31
Generation (g)

5.7e+012 -

1.1e+013 -

1.3e+013

1.4e+013 -
1.6e+013 -
1.8e+013 -
2.0e+013 -
2.3et+013 -
2.6e+013 -
2.9e+013 -
3.3e+013 -
3.6e+013 -

1.0e+013

1.2e+013

1.5e+013
1.7e+013
1.9¢+013
2.2e+013
2.5e+013
2.8e+013
3.2e+013
3.5e+013
3.9e+013

O 0 000 0 0 0 0

4.0e+013
4.4e+013
4.7¢+013
5.0e+013
5.3e+013
5.6e+013
6.0e+013
6.5e+013
7.0e+013
7.5e+013
8.0e+013
8.5e+013
9.1e+013
9.6e+013
1.1et014
1.2e+014
1.2e+014
1.3e+014
1.4e+014

1.5e+014

-4.3e+013
-4.6e+013
-4.9¢+013
-52e+013
- 5.5e+013
-5.9e+013
- 6.4e+013
-6.9e+013
- 7.4e+013
- 7.9e+013
- 8.4e+013
-9.0e+013
-9.5¢+013

- 1.0e+014

- 1.1et014

- 1.6e+014

TOC (wt %)

Base Methanogen Asymptotic TOC Sediment
Productivity Conversion Efficiency Permeability
. Generation Generated
Total Organic
—p genres
Carbon Mass P roduct.n ity | > Aiehaie
Function Mass
Thickness
: f
Peak 35° C ] weu
o
Cease 70° C Sediment Temperature | D ,:uncuon
Arguments
Function
2 O
Scal
Water Bottom Geothermal [l sotes
Temperature Gradient D Output
Weibull fit parameters
. value std (est.)
BR93, HC500, HC544, HC598, HC599,
b = scale 0.885 0.014 HC676, HC857, HC902, WI273, WI372,
WI495, WI586, WI587, COST B-2, COST
g - a= Shape 1.144 0.015 B-3, and DSDP/ODP scientific wells
2 from Leg 1, Leg 11 (Boyce, 1972), Leg
% megn ToC 43 (Cameron, 1979), Leg 44 (Myers,
z (weight %) 0.842 1978), Legs 51 and 52 (White, 1979),
3 Leg 76 (Sheridan et al., 1983), Leg 93
K] =4 (Meyers, 1987), Leg 95 (Poag et al.,
g 1987), Leg 150 (Mountain et al., 1994),
Leg 164 (Paull et al., 1996), Leg 166
(Eberli et al., 1997), Leg 171 (Norris et
o~ al., 1998), and Leg 172 (Keigwin et al.,
Ch 1998).
o |
o
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Spatial Outputs — Charge

0
Miles

ATL run 31

Charge (g)

1.1et+012 -
2.6e+012 -
3.let012-
3.5¢+012 -
4.0e+012 -
4.7¢+012 -
54et012 -
6.3¢+012 -
7.2¢+012 -
8.1e+012 -

9.0e+012 -

9.9¢+012

2.5¢+012
3.0e+012
3.4e+012
3.9¢+012
4.6e+012
5.3e+012
6.2¢+012
7.1e+012
8.0¢+012
8.9¢+012
9.8e+012

- 1.1e+013

® 00

1.2e+013

1.7¢+013 -
1.9¢+013 -
2.1e+013 -
2.4¢+013 -
2.6e+013 -
3.1e+013 -
3.7¢+013 -
4.2e+013 -
4.7e+013 -
5.2e+013 -
5.8¢+013 -
6.6e+013 -
7.6e+013 -

8.6e+013 -

9.6¢+013
l.le+014

1.2e+014

1.3e+013 -

1.5e+013 -

1.4e+013
1.6e+013
1.8¢+013
2.0e+013
2.3e+013
2.5¢+013
3.0e+013
3.6e+013
4.1e+013
4.6e+013
5.1e+013
5.7e+013
6.5¢+013
7.5e+013
8.5e+013
9.5¢+013

- 1.0e+014

Probability density

Migration efficiency recognizes:

* Gas not expelled from fm.

* Gas trapped below HSZ

* @Gas expelled at seafloor
| A B
E I I I I [ I < T T | T T T
00 02 04 06 08 10 00 02 04 06 08 10

Migration efficiency

e

T T I T T T

00 02 04 06 08 10
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Sand Void = (Molume)(Porosity)

Volume Sand = (X)(y)[(T)(sand%)] From Container Module:
Porosity Sand = f(d) (T) Net HSZ thickness

(d) Midpoint depth net HSZ
Shale Void = (Molume)(Porosity) _ _
Volume Shale = (X)(y)[(T)(1-sand%)] From input file:
Porosity Shale = f(d) sand %
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Spatial Outputs — Saturation

® 0.028

@ 0.038

@ 0.054

0.062

0.082
0.087

0.092

@ 0.046 -

0.069 -
0.076 -

0.096 -

0.099 -

Y 0.103 -
0 75 150 225 300 0.106
J Miles

ATL run 31

Sy £ Saturation (dec. %)
A @ 0.020-

0.027
-0.037
- 0.045
0.053
- 0.061
- 0.068
0.075
0.081
- 0.086
-0.091
-0.095
0.098
0.102
0.105
-0.108

0.109
0.113

0.116 -
0.119 -

® 0.121

® © ¢ ¢ o o

0.124
0.127
0.131

0.134 -

0.138

0.143 -

o 0.148

0.154
0.162
0.175

0.193

0.216 -

-0.112
-0.115

0.118

0.120

-0.123
-0.126
-0.130
-0.133

0.137

-0.142

0.147

-0.153
-0.161
-0.174
-0.192

-0215

0.243

GH Saturation (% bulk rock volume)

Density
N
1

T T T T T T
0.0 02 04 06 08 1.0
Gas hydrate Saturation (SatS)

Density
6
1

T T T T T 1
0.0 0.1 02 03 04 05

Gas hydrate saturation - shale

veeenen.Conditional on Charge
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ATL run 31
Volume (TCM)
@ 0.000000 - 0.000025

0.000026 - 0.000075

@

® 0.000076 - 0.000155
@ 0.000156 - 0.000270
@

0.000271 - 0.000401

S
“

0.000402

0.000550 -

0.000748 -

0.001021
0.001401
0.001901
0.002471

0.003001

- 0.000549

0.000747

0.001020

- 0.001400
- 0.001900
- 0.002470
- 0.003000

- 0.003460

P 0.003461

¥ 0.003841

0.004331
0.004961
0.005421
0.006101
0.007101
0.008271
0.009591
0.010901
0.012501
0.014201
0.016101
0.018301
0.021001
0.023901
0.028201
0.034001

0.044501

- 0L003840
- 0.004330
- 0.004960
- 0.005420
= 0.006100
-0.007100
- 0.008270
- 0.009590
- 0.010900
-0.012500
- 0.014200
-0.016100
- 0.018300
- 0.021000
- 0.023900
- 0.028200
- 0.034000
- 0.044500

- 0.056500

|n-P|ace GH Volume Per cell values (mean)

Integration Module

For each model cell, we:

eCompare charge to available container
—> retain smaller of two

eConvert from RTP to STP

Beta(5,1.6) mean=164,mode=168

Probability Density

00 05 10 15 20 25

T T T T T T T
140 145 150 155 160 165 170
Conversion Factor
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2000

2400

| o T R G T

2800 3200

In-Place Gas Hydrate (Tcmg) - Atlantic OCS

Y

Hydrate Total Hydrate Total In-Place Total In-Place
Concentration Total Net HSZ Charge Volume Volume
Statistic (decimal) (trillions of m®) | (trillions of m® | (trillions of m3) | (trillions of ft%
Min. 0.015 4482 1.90 1.76 62.13
5% 0.034 10208 63.44 58.22 2056.10
25% 0.048 15598 363.49 280.08 9890.78
50% 0.060 19175 836.33 530.16 18722.41
Mean 0.064 19624 1463.83 614.54 21702.00
75% 0.075 23647 1956.19 845.19 29847.53
95% 0.103 29781 5117.93 1483.82 52400.36
Max. 0.168 40655 13173.50 3261.36 115173.30
Var. 0.000 34606400 3048820.00 199824.00 7056684.65
120 - 100%
= Frequency
100 e Cumulative %
- 80%
80 z
- 60% B
g s
$ 60 e
- 40% 2
40 5]
- 20%
20

— 0%
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Atlantic OCS
. . . . 0.744444 0.746667 0.747778 0.753333 0.758889 0.764444
Calibration / Verification o o o ° o o
2
ODP Leg 164 area BCM/km
0.751111 0.752222 0.753333 0.756667 0.760000 0.763333
° ° ° ° ° °
. 164-997
— P
: 0.756667 0.757778 0.757778 0.758889 0.760000 0.762222
° ° ° o °
164-995
0.762222 0.763333 0.764444 0.765556 0.764444 0.765556
o — (<) (<) o (<) (<] o
164-994
. Thickness of . Gas- Volume of Volume of 74444 0.775556 0.774444 0.773333
DepthU(;fi tl (;gglng hydrate- Seodrlor‘gftnt hydrate hydrate/km2 gas within ° ® °
bearing zone p 4 saturation hydrate/km2
Site (mbsf) (m) (%) (%) (m3) (m3) 0 15 3 45 6
994 212.0-428.8 216.8 57.0 3.3 4,083,577 669,970,673 =
995 193.0-450.0 257.0 58.0 5.2 7,731,352 1,267,941,673 l Kilometers [
997 186.4-450.9 264.5 58.1 5.8 8,839,915 1,449,746,073

Collett and Ladd (2000)
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Pacific OCS

Tectonically complex
e Relatively data-poor

* Except that the data that do
exist are fairly well distributed

* More opportunities for
spatially-resolved inputs

* Full reporting release TBD

Ken Piper (retired) - BOEM Camarillo
Regional champion for GH assessment
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Spatial Inputs — Bathymetry + BSR

A bathy_UTM_small 2779 - -2670
VA Elev 2669 - 2549
4‘ . -5097 - -4732 -2548 - -2396
. -4731 - -4599 -2395 - -2211
. -4598 - -4468 -2210--2013
. -4467 - -4345 -2012 - -1826
. -4344 - -4225 -1825 - -1650
. -4224 - -4100 -1649 - -1474
. -4099 - -3963 -1473 - -1294
-3962 - -3817 -1293 - -1119
-3816 - -3654 -1118 - -948
-3653 - -3464 -947 - -774
-3463 - -3300 . -773 - -600
-3299 - -3163 . -599 - -423
-3162 - -3021 . -422 - -240
-3020 - -2894 . -239 - -98
-2893 - -2780 e 97-41
240 360

= }
D N\ L
s\ .
0 60 120 240 360 480
2L ,
i '

Water Depth —— HSZ
* ETOPO1 - NOAA
Amante, C. and B. W. Eakins, ETOPO1 1 Arc-Minute Global Relief Model:

Procedures, Data Sources and Analysis. NOAA Technical Memorandum NESDIS

NGDC-24, 19 pp, March 2009.

BSR —> Migration Efficiency

*limited to areas of seismic data coverage/literature
*no advanced statistical forecasting

Field and Kvenvolden (1985); Trehu et al (2004)
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Spatial Inputs — Crust Age

Crust_Age_geo
age (million years)
0.00-0.88
0.89-1.72
1.73-2.49
2.50-3.20
321-397
3.98-4.79
4.80-5.62
* 563-644
* 645-727
+ 7.28-809

* 810-9.08

*  9.09-1046
10.47 - 12.05
12.06 - 13.34
13.35 - 14.61

14.62 - 15.91
15.92 - 17.02
17.03 - 18.04
18.05 - 18.97
18.98 - 19.86
19.87 - 20.69
20.70 - 21.48
21.49-22.24
22.25-23.01
23.02-23.82
23.83-24.76
24.77 - 25.81
25.82 - 26.89
26.90 - 28.17
28.18-29.79
29.80 - 31.60
31.61-33.62

run21
OldestSedc
®  Oligocene
Lower miocene
Middle Miocene
Upper Miocene
Pliocene

Pleistocene

I1SO Age | Duration |Age of Base| Thicknes,

Crustal Age Code Code (my) (mya) s

Pleistocene Pist 6 1.95 1.95| thick/1
Pliocene Plio 5 3.10] 5.05| thick/2
UpperMio ] 4 5.95| 11.00| thick/3
MiddieMio MM 3 7.25] 18.25 thick/4
LowerMio LM 2 6.40| 24.65( thick/5
Oligocene Olig 1 5.35 30.00| thick/6

240 360 480

1Kil

Basement Age —> Gas Generation

Muller, R. D., M. Sdrolias, C. Gaina, and W. R. Roest (2008), Age, spreading
rates, and spreading asymmetry of the world's ocean crust, Geochem.
Geophys. Geosyst., 9, Q04006, doi:10.1029/2007GC001743. Via NOAA/NGDG
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Spatial Inputs — Sediment Thickness

run21
Thickness

0-125

A

126 - 244
245 - 348
349 - 447
448 - 555
. 556-699

' ) . 700-838
J

. 839-944

. 945-1039
1040 - 1132
1133 - 1238
1239 - 1364
(e < 1365-1508
\ 1509 - 1658

1659 - 1803

1804 - 1929
1930 - 2036
2037-2142
2143 - 2264
2265 - 2411
2412 - 2581
2582 -2752
2753-2914
2915 - 3071
3072-3237
3238 - 3468
3469 - 3747
3748 - 4076
4077 - 4489
* 4490 - 4864
¢ 4865-5814

*  5815-7000

0 60 120 240

360 480

] Kilometers

Seismic Data interp
Well penetrations
Modern bathymetry
BOEM basins

_ ‘ 3 N Sed_Thick_USGS_(1995)

| Thickness Contour (m)
200
201-300
301 - 400
401 - 600
601 - 800
801- 1000
1001 - 3000
3001 - 5000
——— 5001 - 7000

I ~ GLORIA geology
3 unIT

o

Do
%

SEDIMENT THICKNESS MAP OF THE PACIFIC OCEAN PROVINCE
T.. Collett, D. L Barnett, W. R. Beeman, Compilers

Sediment Thickness — Gas Generation

—> HSZ limitation
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S

°
(®]
[
©
(@)
>
~ ~
Thick = 100m -
~
~
. ~ ~
100m (Pleisto) @ 4.5° for 1.95 my ~ ~'D//b
~ ~ -
* : run21 \
o OldestSedc
| : o) Oligocene ~
Lower miocene ~
~

Middle Miocene ~ ~

Upper Miocene ~ ~ C

Pliocene ~

O Pleistocene . = \rgst
Thick =999m ~
~
~

333m ( ) @ 15° for 5.95 my
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333m ( ) @ 45° + 333m (Plio) @ 30° + 333m (Pleisto) @ 15° for 1.95 my

GTG =45° C/km
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Spatial Inputs — Depofacies

. Depofacies End Member Lithology — Sand and Shale

ID

‘:| Fan
Pacific Margin Depofacies

\:I Abyssal Facies name Description

' Slope Proximal Basin Sand-rich; rapid, focused sedimentation in structurally-controlled basins

I Slope Mud-rich; often a zone of coarse sediment bypass; intra-proximal basin

Intra_Fan Sand-rich; coincident with named fan features; includes channel, levee,
—= I Submarine Fan lobe, debris flow, etc.
\ | ProximalBasins Intra-Fan Mostly mud-rich; occasional thin, low concentration turbidites
Basement ridge, fractures, and seamounts with varying thickness of

Abyssal Basement |sediment cover; mostly sand-starved

Beta parameters
Name |ID Shape 1 |Shape 2| Mean Std Dev
Proximal Basins 1 0.670 1.926 0.258 0.231

Slope 2 0.966 13.626 0.066 0.063
(Submarine) Fan 3 3.677 7.085 0.342 0.138
Intra Fan 4 1.747 57.802 0.029 0.022
Abyssal 5 1.788 120.140 0.015 0.011

Sand %

Depofacies —> GH Concentration
Gas Generation
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Spatial Inputs — Development of the Depofacies Model

e OCSwells_sand
% e ODP_DSDP_sand |

[ states

S~
4 } T - pacific_eez
o FEDSTATE
o | =
8 Depofacies
o

GLORIA geology
UNIT Y. Fan
T o)
o il [ Abyssal
B ° \
& ‘\< Slope
Bsb ° ° 9
Bss e Vi Intra_Fan
CcM \
sb W ProximalBasins
s {
Sdf

Sdi
Sf
Sfof
Ss

GLORIA interpretation
(USGS OFR 91-396)

Deep water fan morphology
(various literature, eg Nelson, Normark)

Modern seafloor expression
Wellbore penetrations
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Spatial Inputs — Example of the Depofacies Model

e OCSwells_sand 10
e T 94+ —
® ODP_DSDP_sand | 8 1
| states 1
—— pacific_eez = 2 1
g 1
—— FEDSTATE E 4+
Depofacies 2 1
Fan 14
Abyssal 0 !_H_l::::::::::::::
| O PR PR P PP
Slope
Sand Percent
Intra_Fan

ProximalBasins

Slope: The slope depofacies comprises those geographical areas
landward of the abyssal basin floor that are not included in the
Proximal Basin facies. In the northern POCS, this includes areas
landward of the subduction zone; in the southern POCS, the
definition is more closely controlled by seafloor morphology.
Continental slope facies are typically mud-dominated, but do
include localized sand-rich depocenters of both shelf-edge deltas
and the incised valley / proximal channel facies of submarine fans.

For this study, we have sand data from a total of eighteen (18)
well data points (17 ODP/DSDP + 1 OCS well), plus an additional
two ODP wells (Leg 146 sites 889 and 890) just north of the U.S.
OCS. A histogram of the sand percent data from these 20 wells
shows a mean value 6.6 %.
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Partial Spatial Inputs — TOC

L
® R 7 Run21
{ o
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° - B} .
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Partial Spatial Inputs — GTG

Shape 1 | Shape 2 Min Mean Max Std Dev
GTG all Events N of fault 4.071 4508 15.000 43.474  75.000 9.681
GTG B S of fault 3.723 4.784 15.000 54.385 105.000 14.480
e 20-27
* 28-33
34-38 Scaled beta, north of MFZ
39-43 (]
44 - 48 Cl ] 77
49 - 54 - B
55-60 i 7
61-66 Eh
.« 67-71 ) o
° 72-105 Scaled beta, south of MFZ i
April 28, 2011 i 77 )
GTG_all dataset B =
~ e e e
ote
- 25 K
2 2
’, = ‘ ‘ ‘ ‘ ‘
/\ 0.0 02 04 06 08 10
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Spatial Outputs — Stability Zone
N ‘ run21 416-423 %

HSZ_Mean 424 -431
.« 0-33 432-437

run21
\ A Thickness

34-80 438 - 442
12 dxedd] HSZ limited by thickness
125-171 448 - 451
172-212 452 - 456

203-246 ¢ 457-461 (Not anissuein ATL)

U7-280 ¢ 462-466
281-306 +  467-473 (Slmllar to saltin GOM)
307-325  + 474-480
326-346  +  481-487
347-366  + 488493

367 - 385 . 494 - 500

386 - 397 . 501 - 506

398-405 ¢ 507-513 " ;ﬁs - ; bathy_UTM_small - -2779-2670 \
" L3 Elev 2669 - -2549 A
406-415 ¢ 514-525 * - 25482306
[ R, 235 2211 4
. 4508 --4468 -2210--2013 = 060 120 240 360 480
A OO0 e e, i it
~ 4344 - 4225 1825 - 1650 |
4224 - 4100 ~1649 - 1474
/ « 40803063 4731294
L o~ R— 12031110
N
L SO P
\ M0 e 7730
W 003183+ s09-a23
- e a2-240
-3020 - -2894 . 239--98
P
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Spatial Outputs — Stability Zone

- < . ¢ ;",‘,_ > run21 416-423 . - _d run21 194 - 201
‘ = ‘f¢ HSZ_Mean 2 ‘ y : NetHSZ_Mea 202-210

i s b . 0-33 432-437 . ; : . 0-8 211-217
34-80 438 - 442 .f‘/\ . 9 218-223

81-124 443 - 447 25-42 224-230

125-171 448 - 451 43-60 231-235

172-212 452- 456 61-76 236-242

213-246 457 - 461 77-89 243-249

247-280 462 - 466 90- 101 250-257

281-306 467-473 102-115 258 - 266

307-325 474480 116- 128 267-276

326- 346 481-487 129- 141 277-285

347 - 366 488 - 493 142-153  +  286-295

367-385  + 494-500 154-165  +  296-306

[ 386-397 +  501-506 | 166-176  +  307-326
398-405 +  507-513 177-185  + 327-359

406-415  +  514-525 186-193  *  360-430

0 60 120 240 360 480 240 360 480
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Spatial Outputs — Gas Generation

' R run21 2.42¢+013 - 3.03¢+013
= E
\ o Gen_Mean 3.04¢+013 - 4.10e+013
L o

0.00e+000-5.21e+011 = 4.11c+013 - 5.58¢+013 SpatIaHnﬂuenceS:

5.22e+011 - 1.18e+012 . 5.59¢+013 - 7.28e+013

1.19¢+012 - 1.90e+012 7.29¢+013 - 9.11e+013

1.91e+012 - 2.59¢+012 9.12¢+013 - 1.08e+014

B ————— * Sediment Thickness

2.60e+012
33364012 - 4244012 1.25¢+014 - 1.41e+014 o C t A ti
L~ . - © 425e+012-5.30e+012 1.42¢+014 - 1.61¢+014 rus ge ( Ime)
5.31e+012 - 6.47e+012 1.62¢+014 - 1.86¢+014 1 1 1 1 HH
( ol <G * Depofacies distribution (permeability)
‘ : 6.48¢+012 - 7.84¢+012 1.87¢+014 - 2.18¢+014
\ ) 785¢+012-948¢+012  +  2.19¢+014 - 254c+014 ° TOC varia b|||ty
. * 9.49¢+012-L11e+013  +  2.55¢+014 -2.94e+014

L6013 13008013+ 2954014~ 35364014 * GTG variability

1.31e+013 - 1.58¢+013 L 3.54¢+014 - 4.52¢+014

1.59¢+013 - 1.95¢+013 . 4.53¢+014 - 5.86e+014
1.96¢+013 - 2.41e+013 . 5.87¢+014 - 8.53¢+014

Base Methanogen Asymptotic TOC Sediment
Productivity Conversion Efficiency Permeability
- : Time = o
Total Organic .enera?u?n o
it —»| Productivity | -»> Methane
Function Mass
Thickness

.\' D Input

T = I Sediment Temperature | Function

- ”/ 4 D Arguments
‘ / Function

. 2 ~

Scalars

% % G BER 48 Water Bottom Geothermal
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Spatial Outputs — Charge

run21

Charge_Mea
0.00e+000 - 3.17e+011
3.18¢+011 - 7.06e+011
7.07¢+011 - 1.09¢+012

1.10e+012 - 1.52¢+012

)
L * 1.53e+012 - 2.00e+012
¢ 20let012-251et012
> * 2.52e+012-3.13e+012
¢ 3.14e+012 - 3.90e+012
l 3.91e+012 - 4.83¢+012
4.84¢+012 - 6.07¢+012
6.08¢+012 - 8.18¢+012
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2.50e+013
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1.47e+014
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Migration efficiency recognizes:
* Gas not expelled from fm.

* Gas trapped below HSZ

* @Gas expelled at seafloor
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Spatial Outputs — Saturation

»

run21 — Sand Void (Volume)(Porosity) 1
Sat_Mean 0.107471 - 0.107993 Volume Sand

0.024600 - 0.050600 0.107994 - 0.108560 (X) (y) [(T) (San d%)]
0.050601 - 0.094800 0.108561 - 0.109190 PO rOS|ty Sand = f(d)

0.094801 - 0.097300 0.109191 - 0.109880
0.097301 - 0.099300 0.109881 - 0.110693
0.099301 - 0.100871 0.110694 - 0.111616 Shale VOld — (Volume)(PorOSIty)
0.100872 - 0.101955 0.111617 - 0.112588

0.101956 - 0.102773 0.112589 - 0.113649 V0|ume Shale = (X)(y)[(T)(l'Sand%)]
0.102774 - 0.103447 0.113650 - 0.114887 PorOSIty Shale — f(d)

0.103448 - 0.104026 0.114888 - 0.116387 v
0.104027 - 0.104558 0.116388 - 0.118191

0.104559 - 0.105058 0.118192 - 0.120487

0.105059 - 0.105546 0.120488 - 0.123946 Beta pdf and Histogram, Sand Saturation

0.105547 - 0.106022 0.123947 - 0.128649

0.106023 - 0.106498 0.128650 - 0.133859

0.106499 - 0.106974 0.133860 - 0.141767

2 o~
2
5
o
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N

Spatial Outputs — In Place Volume

run21 * 0.005501-0.006260 In-Place Gas Hydrate Resources
Vol_Mean ©0.006261 -0.007110

L) Region 95% Mean 5%

0.000000 - 0.000125 . 0.007111 - 0.008060

\ 0.000126-0.000370 = 0.008061 - 0.009010 tcf tcm tef tcm tef tem
‘\ = 0.000371-0.000606  *  0.009011 - 0.010100
‘ 0.000607-0.000839 = 0.010101 - 0.011700 Atlantic OCS 2,056 58 21,702 614 52,401 1,483
\‘ 0.000840-0.001080  *  0.011701 - 0.013400
I 0.001081-0.001350 = 0.013401 - 0.015300 Pacific OCS 2,209 63 8,192 232 16,846 477
“’/ I 0.001351-0.001630 = 0.015301 - 0.017600 Gulf of Mexico OCs | 11,112 314 21 444 607 34,423 974
[ 0.001631-0.001920 = 0.017601 - 0.020500

0.001921-0.00290 = 0.020501 - 0.024200
0.002291-0.002730 = 0.024201 - 0.028600
0.002731-0.003170  *  0.028601 - 0.033900
0.003171-0.003620 = 0.033901 - 0.040400
0.003621-0.004170 *  0.040401 - 0.047700 L g t I t H H _ h b H .
0.004171-0.004840 = 0.047701 - 0.056300 argest accumuiations In n€ar-snore basins:

0.004841 - 0.005500 . 0.056301 - 0.088900

* Thick sedimentary sections

e Higher TOC

* Greater sand component

» Sufficiently old/mature column
* Enhanced migration efficiency
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Net HSZ thickness vs. Volume
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Pacific Resource Density

Units BCM/km?2
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Statistics: resource density (BCM/km2)
Mean 0.310445834
Median 0.18125
Standard Deviation 0.438355356
Minimum 0
‘ : j— Maximum 5.06875
Sum 14498.75179
BCM /kan? Count 46703
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Path Forward: Pacific Reporting, Alaska DW (Bering, Beaufort, Trench, Gulf of Alaska)

+ 3477-3885 71.48-76.04
5 *  3886-4294 76.05 - 81.69
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Assessment of In-Place Gas Hydrate Resources of the
Lower 48 United States Outer Continental Shelf

Natural gas are ice-like
occurring in nature where a solid water-ice lattice

gas i il the
major component of natural gas) in a cage-like structure
known as a clathrate.

Using a mass balance assessment methodology, the
Bureau of Ocean Energy Management estimated a mean of
51,338 trillion cubic feet of in-place gas hydrate resources
in the Federal Outer Continental Shelf of the Lower 48
United States.

US States
—— UsEEz

Introduction

0CS Planning Area.

This report summarizes the results of the Bureau of Ocean
Energy Manag (BOEM) of the undiscovered
in-place gas hydrate resources for those areas of the U.S

Outer Continental Shelf (OCS) adjacent to the Lower 48 states
and within the limits of the 200 nautical mile U.S. Exclusive
Economic Zone ( Figures la, 1b, 1¢). Gas hydrate
resources on the U.S. OCS adjacent to Alaska have not yet [
been assessed in this effort. The OCS comprises that portion |
of the submerged seabed whose mineral estate is subject to

Federal jurisdiction. This assessment represents a |
comprehensive appraisal of relevant data and information |
available from a variety of proprietary and non-proprietary
data sources [

Gas hydrate resources are assessed as in-place volumes and |
reported as the amount of natural gas that re: in the form |
of gas hydrate in any reservoir in the subsurface of the OCS,
without regard to technical recoverability. This differs from LN
BOEM’ sments of conventional oil and gas resources |
(eg.B act Sheet RED-2011-01b), where undiscovered

oil and gas resources are reported as technically recoverable

and economically rable volumes. BOEM does not

report the larger in-place volume of undiscovered

conventional oil and gas resources

Gas hydrate resources on the OCS are assessed using a
spatially-resolved mass balance model that incorporates US States |
uncertainty at various levels of model component input. The [ Juseez

stochastic nature of the assessment approach provides a range
of resources at the model cell level and at levels aggregated to
greater geographic extents. More detailed information about
the geology and assessment methodology will be made
available in separate national and regional assessment reports.

] 0CS Planning Area

o 75 w0 ms

O el \ i |

Figures 1a and 1b. In-place gas hydrate volume distribution
for the Atlantic (top) and Pacific OCS (bottom). Red colors
indicate maximum accumulations; blue colors indicate
minimal accumulations

Thank You !

Matthew Frye

Resource Evaluation Division
BOEM — Herndon, VA
matt.frye@boem.gov

6 June 2013

BOEM Resource Evaluation Division gas hydrate webpage:

http://www.boem.gov/Oil-and-Gas-Energy-Program/Resource-
Evaluation/Gas-Hydrates/index.aspx
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