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Presentation Outline

* Introduction
« UT-GOM2-2 Science Expedition, WR 313
 Hydrate Science



Why are we here?

« 5-22% of the world’s organic carbon is trapped as
gas hydrate

— A viable energy source? Response to climate change? Role in
Earth’s carbon cycle (microbial factory)?

* Project centerpiece: coring mission to GOM
deepwater hydrate reservoir
— Determine physical, chemical, and biological properties

— illuminate origin, dynamic behavior, and response of system to
perturbation.

— First U.S. effort to acquire samples in deepwater hydrate
reservoirs.

— Novel technology to extract rock cores at in situ pressure deep
beneath the ocean, bring them to the surface, and study them in ;
laboratories around the world.




GOM2 Obijectives

To locate, drill, and sample methane hydrate deposits
To store, manipulate, and analyze pressurized hydrates samples

To maximize science through sample distribution, analysis, and
collaboration

UT-GOM2-2
Scientific Expedition

* Characterize GOM hydrate-bearing
WR 313

sands
A 1BD-

* Geochemical profile

* Measurement of in-situ pressure,

* Modification and Testing of coring equipment temperature

* Core preservation * Dissolved methane and gas
* Expedition Planning composition
| 2020 | 2021 2022 | 2023 | 2024 | 2025
Phasze 4 Phaze 5 Phase &
10/19-09/20 10/20-09/23 10/22-09/25

Current Status



Accomphshments to Date

Successful Field Execution: GOM2-1

Improvements of pressure coring
and core analysis equipment

Fundamental contributions in
characterization, laboratory analysis,
and modeling

Two Dedicated AAPG Volumes
summarize GC 955 findings

International research collaboration
on pressure core analysis

Ready to execute the GOM2-2
Expedition, WR 313







UT-GOM2-2

Location: Terrebonne Basin,
northern Gulf of Mexico

Sites: WR313 H002 and HO03
Dates: May, 2023

Vessel: Helix Q-4000

Duration: Max 34.5 days off-
shore, 14 day post-cruise

dockside core analysis
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Science Objective 1: . Understand Reservoir System

1

Sgh ~ 80%
K (In situ/effective) ~ 0.1 - 10 md

D Gashydrate () sand

@ silt £8 Clay \ K (seal) ~ 0.01-0.3 md

Sgh ~ 0%

K (Intrinsic/pre-consolidation) ~ 300 - 1000 md
K (final/post-consolidation) ~ 1-100md f(grain size, depth)
Sgh ~ 0%

Modified from Boswell & Collet, 2016

Steps:
= Obtain pressure core

= Characterize:

hydrate concentration, gas
composition, age, sediment
texture, pore water
chemistry

= Material behavior

permeability, compression,
capillary behavior, strength

= Elucidate reservoir
production behavior to
inform reservoir
simulation
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Science Objective 2: . Understand Basin System

Understanding the Basin System

Microbial methane generation

Increasing distances and
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Hydrate in veins

generation at depth

Malinverno & Goldberg, 2015

Acquwe Depth Profile:
Collect cores, gas, and pore
water samples, pressure and
temperature with depth

Characterize dissolved
methane/hydrate concentration,
gas molecular composition
(microbial source), pore water
geochemistry and sedimentology,
variation in organic carbon with
depth, age of sediments.

Interpret:

how microbial factory works
(shallow vs deep methane
generation)

How are the products
transported to the deposit

Elucidate system behavior of
entire carbon cycle



23 UT-GOM2-2

Adds:
" - + 20d Coring hole  * Redundancy and
EXpedltlon OptIOn and more cores = improved
interpretations
Explores:
+ Spot Pressure < How microbial gas is distributed
Coring - How hydrate deposits form

» Additional hydrate bearing sands.

el © o Explores:
Coringna\\/r?S I'DOFa * Where and how microbial gas forms

measurement * Age and residence time of fluids
* How hydrates impact climate cycle

Minimum Plan « Characterize hydrate reservoir
HO002 » Subsequent research illuminates methodologies for

w/ 10 Pressure cores of a potential production
hydrate-bearing sand

10



23 UT-GOM2-2

Adds:
T - + 2nd Coring hole  * Redundancy and
Expedition Option e
interpretations
Explores:
+ Spot Pressure < How microbial gas is distributed
Coring « How hydrate deposits form

« Additior ate bearing sands.

+Add Conventional Explores:
Vv | . .
Coring and PT * Where and how microbial gas forms

measurement * Age and residence time of fluids
* How hydrates impact climate c

Minimum Plan « Characterize hydrate reservoir
HO002 » Subsequent research illuminates methodologies for

w/ 10 Pressure cores of a potential production
hydrate-bearing sand

11



UT-GOM2-2 Current Most-likely Operations

00
Drilling | —=
Il PCTB-FB BHA w/ center bit
] PCTB-CS BHA w/ center bit

7000

Tools and Coring

B APC conventional core 8000
0 XCB conventional core

Bl PCTB-FB pressure core (mud)
[ PCTB-FB pressure core (sand)

Depth below sea level (ft]

9000
[ PCTB-CS pressure core (mud)
[ PCTB-CS pressure core (sand)

B T2P penetrometer 10000
Blue Sand
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UT-GOM2-2 Most-likely Operations (16 Days)

Revision: 1 ADD CC CASE WITH CEMENTING Date: Sept 19, 2022
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Challenges

1) Permitting (13 different permits, many have to be repeated)
2) Contracting, Insurance, Bonding, UT Approval

3) Drill hole ~3,000 feet (~900 m) below mudline in 6460° water depth
 ~14,000 bbl. mud
* 10,000 ft of pipe
* Plug and Abandon

4) Conventional core, pressure core, direct pressure and temperature
measurements.

5) Mobilize and perform science program twice (at sea and dock)
1) 10 portable laboratories
2) 32 scientists, 6 subcontracts, 3 service agreements
3) Helix Q-4000 and 15 partner organizations

6) Continuous re-assessment of budget and science tradeoffs, before
and during expedition.

14



UT-GOM2-2 Science Team
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UT-GOM2-2 Operations
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'UT-GOM2-2 Out on the Q 4000

Helix Q-4000

Area for:
Coring tools L ' Yk - ; e .
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UT-GOM2-2 ‘Dockside’ Core Analys1s

Areas for:

Pressure Core Processing and
Analysis

Quantitative Degassing

Pressure Core Transport
Conventional Core Processing and
Analysis

Pore Water Squeezing and Analysis
Preservation of Microbiology, M&D,
Void Gas, and Headspace gas
samples

Whole Core Scanning

Thermal Conductivity and Sediment
Strength

Split Core Scanning

Spit Core Layout 18
Spit Core Sampling



Pressure Core

Pressure
Care

Gamma Density
P-wave Velocity
CT Imaging
Hydrate Saturation
PW Dissolved Methane
Permeability
Compressive Strength
Micro-Raman
Micro-CT (NETL)
PCCT (USGS)

PNAT (AIST)

Microbiology
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Gas Geochemistry
Hydrocarbons (C1-C6)
o,

Hydrocarbons (C1-C6)

Noble Gases:*He, 2Ne, 3%Ar, Kr, and Xe

Isotopes: §**C-CH, 8D-CH, 6'*C-CO,

> Isotopes: §**C-C,H

> Clumped Isotopes: *CH,D, 12CH,D,

UT-GOM2-2 Analyses

60+ Planned
Analyses

Conventional &
Depressurized Core

Conventional

Core

Thermal Imaging
Void & Headspace Gas

Thermal Conductivity

Sediment Shear
Resistivity
Gamma Density
P-wave Velocity
Natural gamma
Magnetic susceptibility
CT Imaging
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. Shore-based Laboratory

TBD Laboratory

Pore Water
Geochemistry
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Water

section

Salinity

Alkalinity and pH

DIC and 8%C-DIC

DOC

Chlorinity
so,, Br, F
Ca, Mg, Na, K
Li, B, Cs, Rb, Ba, Sr, 87Sr/%Sr
Si, NH,, dissolved sulfide, PO,
Trace Metals

820, 3D of pore water
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Archival

Half

Split Core
Magnetic
Susceptibility
High Def
Photography

X-ray Fluorescence

Color

Spectrophotometry

Sediment

Working Half .
— Properties

Smear Slide
Course Fraction Microscopy
Biostratigraphy: Primary
Sediment Shear

MAD: wet and dry weights

~

Isotopic Analysis
Rock Magnetism
Grain Size: Laser Particle
Carbon Nodules, if present
Sulfide nodules, if present
XRD including clay details
Grain Size: Hydrometer

MAD: Grain Density

Biostratigraphy: Secondary
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UT-GOM2-2 Website

Find:
= Prospectus

= Sample Requests

= Science Party
Updates

» Post-Expedition
Publications

UT-GOM2-2: Gulf of Mexico Deepwater Hydrate
Coring Expedition

EXPEDITION HOME EXPEDITION PROCEEDINGS PROJECT HOME

Expedition UT-GOM2-2 General
Information

Location: Terrebonne Basin, northern Gulf of Mexico
Sites: WR313 H002 and WR313 H003

Dates: January — May, 2023

Chief Scientist: Peter Flemings

Sponsor: U.S. Department of Energy

Expedition Summary &
Scientific Objectives
The University of Texas at Austin (UT), Genesis of Methane Hydrate Bk

in Coarse-Grained Systems: Northarn Gulf of Mexico Slope Project
(GOM?), will perform the UT-GOM2-2 drilling and coring expedition in the Terrebonne Basin, Gulf of Mexico outer continental shelf.

https://ig.utexas.edu/energy/gom2-methane-hydrates-at-the-university-of-texas/gom2-2-expedition/

20


https://ig.utexas.edu/energy/gom2-methane-hydrates-at-the-university-of-texas/gom2-2-expedition/

Hydrate Science: Bringing it home

Pressure core o Years of
Scientific effort at Transport to UT

sampling and e ol

experimentation
at institutions




Science: Hydrates as Visco-Plastic Materials

No-time dependency

traditional geotechnical model

Void K =o' )o o', = constant
ratio 0= 0n0a l
4 4
. > -«
Ch -» <«
-> <«
-> «
> >
Time Time
€a

Strength 4 |
-> -«
-> -«
-> -«
-> -«

>

Strain rate, €5

Material behavior can depend on time or strain rate

Time dependency
visco-plastic material

Vo!d K,
ratio
> >
Time Time
Strength e

4
Strain rate, €5
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Visco-plastic
behavior

Our previous work showed:
« Strain-rate dependency for material behavior

Dewator gress (MPa)

Effective confining pressure: 2.5 MPa
Pore pr&ssum' 10 MPa

WJ Uh

1 S%&/min
i0.1 Safmmin

0.001 */min

Hyd rale saturatnn ﬁq Go. 1 %%
Porosity = 43.2 %

15 2
Axial strain (%)
(Yoneda et al. 2022)

» Horizontal stresses increase with hydrate saturation (Fang et al. 2022)
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Visco-plastic behavior

Sample selection

P- locit mini-
Depth | Gamma density xian\;g;e#\'?g 4 Facies| PCATS
mbsf g/lcm? i X-Ray
image
1.5 2.5(500 3500
=
+ 435.64 g
Qo
=
©
(%))
+435.7 4
I 435.84
I 435.94
I 436.0
+436.1

Sample 8FB3-3

/

Test device

P

P

confining

P.

sample-bottc

P

actuator

sample-top™ |

Core liner —

We explored further the viscoplastic behavior through geomechanical tests in
GC955 pressure core samples
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Visco-plastic behavior

Compression Stress ratio, K,
0.00 1.2 =
O"a a
0.02 | Q o, hoid ] ¥ hold
' B 1.0 hold M
(=]
< 004 | £ X /
c 5 08t Pressure
-c—U E .‘.: -
43 0.06 + .(% © core
— W 06
S 008 | 29 —
< =0 S® i Hydrate-free
010 | & Hydrate-free Q 0.4 4
3
0.12 TR 0.2 T
0.1 1 10 0.1 1 10
Effective axial stress, o’, (MPa) Effective axial stress, o', (MPa)

« We conducted constant rate uniaxial strain experiments (CRS) and measure the stress ratio
KO, including lengthy axial stress hold periods.

* Hydrate-bearing sediments behave visco-plastically:
« The sediment compresses significantly during the stress holds
« The stress ratio K, increases during stress holds, converging to isotropic conditions.

25
(Cardona et al., under review)




Visco-plastic behavior

Time-scales: deformation and stresses

0.55 —T 1.2
- 1.0 o
o, 054 X
- O
o -+
= eaeemunti || B R R L 08 O
® 2
O
L 053 %
- 0.6
t=4 hrs
stress hold at
0’,=3.8 MPa
0.52 e Ll Ll ' 04
1 10 100 1000

Time, t (min)

K, increases at t ~ 4 hrs, after a significant deformation Ae has occurred. We envision:
(A) The hydrate is load-bearing and deforms, but does not exert stresses laterally

(B) Limited space to deform: deformation rate decreases and K, increases.

(C) The hydrate pushes sideways and K, continues to rise

(Cardona et al., under review)



Visco-plastic behavior

Hydrate-bearing sediments

micromechanical view
o’ or time

B Hydrate B Pore water W Solid grain

 We envision the hydrate is a viscoplastic medium
 The hydrate is load-bearing:

o Flows viscously and expels pore water

o Remains trapped upon compression

o Transfers the load laterally

27



Visco-plastic behavior

Modeling the behavior of hydrate-bearing sediments

0.000 Model (no hydrate)
wfb
< 0.005 r Pressure
S B AR core
17 .
© 0.010 v
<>‘:< t=4 hrs
0.015 ]
1 10 100 1000
1.0 Pressure
§<° core
2 08
©
n
g 0.6 no hydrate
n v
t=4 hrs
04 111l Lo el Lol 1
1 10 100 1000
Time, t (min)

(Cardona et al., under review)

Hydrate-bearing
sediment

» Linear solid model (spring and

dashpot)

Skeleton

Hydrate

* Model accurately predicts
compression trends and highlight the
deformation is related to viscous

hydrate flow.

« Complex interplay between
deformation and K, is not captured

=

i

WS
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Visco-plastic behavior

Hydrate viscosity Time-scale for relaxation

Deviatoric stress,
q=0,(1- Ky a

qO \
O-’hyd %/e """" !
>

& Time

Skeleton | Hydrate

Viscosity
n

Stress hold Relaxation time, 7,

Model viscosity: n = 1.2x10" Pa.s (MPa) (hrs)
Pure hydrate = 2x10'3 Pa.s (Durham et al., o, =1 o5
2003) ,

Pressure cores = 2x101° Pa.s (Yoneda et al., 0,=38 18
2022) 0. =13 1

Stress concentration in porous media
hydrate implies o’ 4> 0’ and may explain

: : : : 29
lower viscosity values in sediments

(Cardona et al., under review)



Visco-plastic behavior

Implications: creep and high in-situ stresses

reservoir settlement
Production- Creep-
induced induced

<&

v

<

[
>

-

Tl LLLLET IS0

Hydrate layer

—
& »

‘produced hydrate zo'ne

Stress, Pressure

[

L

Isotropic
stress state

* Reservoir settlement far from the wellbore after production

has ceased: unproduced hydrate can creep.

* In-situ stresses in hydrate-bearing layers may be isotropic
- affects completion and drilling strategies (e.g.,

excessive torque, pack-offs, casing collapse).
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Project Summary

« Science program to elucidate hydrate reservoir
behavior and basin scale carbon cycle.

* Energy, response to climate change, role of hydrates in carbon
cycle
* Big Science & Engineering: complicated
planning, logistics, and execution. High risk.

* Technical Results: One example: new insight
iInto visco-plastic material behavior of hydrate
reservoirs that will feed into simulation models of
the hydrate reservoirr.

31






Visco-plastic behavior

Hydrate-bearing sediments

micromechanical view
o’ or time

B Hydrate B Pore water W Solid grain

We envision the hydrate is a viscoplastic medium
The hydrate is load-bearing:

o Flow viscously and expels pore water

o Remains trapped upon compression

o Transfers the load laterally
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GOM2 Obijectives

 To locate, drill, and sample methane hydrate deposits

« To store, manipulate, and analyze pressurized hydrates samples

« To maximize science through sample distribution, analysis, and collaboration

UT-GOM2-1
Marine Field Test
GC955

* Obtain and Equip
Pressure Core Center

* Modification and
Testing of Coring
equipment

Test deep-water pressure coring

Test pressure core transport and
handling

Test scientific procedures

Tests analysis capabilities
GC955 characterization

Sample distribution and analysis

Workshops and publications

UT-GOM2-2
Scientific Expedition
WR 313

* Characterize GOM
hydrate-bearing sands

* Modification and Testing of TBD:

coring equipment * Geochemical profile

* Core preservation * Measurement of in-situ

« Expedition Planning pressure, temperature

¢ Dissolved methane and
gas composition

2014] 2015 | 2016

2017

| 2018 2019 \ 2020

| 2021 2022 | 2023 | 2024 | 2025

Phase 1
10/14-08/15

Phase 2
10/15-01/18

Phase 4

Phase 3
10/19-09/20

01/18-09/19

Phase 6

Phase 5
10/23-08/25

10/20-03/23

1

Current Status 34
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High Effective Permeabillity

old slide from 2021 presentation

Colorbar: Median Grain Size, Dso, (um)

44 52 60

68

7 84 92

>100

Brooks-Corey model
(Berea Sandstone)

Pore-filling model

Grain-coating model
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3 N E
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[ \ \

[ . 13FB1-1

I jﬁ( UT-GOM2-1 Pressure Cores (This study) (krw=0.007

3 O UT-GOM2-1 Pressure Cores (Yoneda et al. this issue) \\ .

F| 0 AT1-C Pressure Cores (Konno et al. 2015) \ s

L| O NGHP2 Pressure Cores (Yoneda et al. 2018) _

|| /A Alaska Pressure Cores (Yoneda et al. 2021) Keff _1 to 10 md
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Hydrate Saturation, Sh (-)
(Fang et al., in press)

Preferential flow
channels

Hydrate grows inward
from grains

Sediment grains

Interconnected hydrate

(Yoneda et al., in press)
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Visco-elastic behavior
W T T T T T &

O
. Oh l l l l l vl' Oh
Hydrate strength strain rate dependent
z " otd-stide from/'2 |
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' Before hydrate E tal. i
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Effective Vertical Stress, a'v (MPa)
Commonly described by flow law: Higher lateral stress in hydrate reservoirs
o [ 0Q ] b * Impacts stress state
S I Hydrate can be load-bearing 26

« compaction during production



Technology Development
Pressure Core Geomechanical Testing

old backup slide from 2021 presentation

K,: effective stress chamber
Procedures and seal rings were modified to increase the
max applied effective stress from 4 to 20 MPa.

Measurements were validated by comparing results from
K, to classical devices.

K, is now able to characterize UT-GOM2-2 pressure cores
(in-situ stress levels ~10 MPa)

14 0.7
— Consolidometer O Triaxial
o 12 O KO: effective stress chamber O KO: effective stress chamber
® 40t W 06
g N
@ 08 - hbu
© L 1l
§ 0.6 f 05
04 -
02 Ll 04 I T T
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Effective axial stress, a', (MPa) Effective axial stress, o', (MPa)

critical seal 37




Visco-elastic behavior
old backup slide from 2021 presentation

R
ﬂ 'W Stress Ratio (K,) proportional to

After hydrate .
diseomation hydrate saturation
b 13)
Before hydrate A 1.2 ' ' ' T
dissociation 2 In-situ o'y (3.8 MPa)

a o 1.0 '

I Sediment grains A a = :

I Hydrate % b ; 0.8 i

JE ZerF)—IateraI strain & hi_ Ko values .
*— Horizontal stress Vertical effective stress '5 0.6 \ .
Vertical stress ov=0v-u : ] /__ N
w7 Load carried by hydrate C > 0.4 —e 9 0"
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0.0 1.0 20 3.0 40
It bears the load during compression. Effective Vertical Stress, o'v (MPa)

(Fang et al., in press)
(Yoneda et al. in press) 38



‘23 UT'GOMZ'Z I.:l::r;s)zb”ity
ags . * Redund a d
Expedition Options nterpretations
» More post-cruise science at
all institutions

Funds understanding of:

Expeditioniwilibe rebatanced * How the microbial gas system works

with eve_ry,mcrea_se to » Exploration models for finding microbial gas deposits

* Maximize Science  Characterization of additional hydrate bearing sands

+ Betterleverage * Role of marine mud microbial gas in the climate cycle
operational costs Better Leverages

» Develo
since 2014

Funds illumination of: Most Iikely as

* Processes by which hydrates form

* How the microbial gas model works-microbiology

» Exploration models for finding hydrate deposits

* Role of hydrates in the climate cycle

Leverages

* Investment in microbiology, sedimentolog geochemistry,

geomechanics since 2

s sampling and analysis capability

all’22

 Reduce risk

Funds

» Characterization of the hydrate reservoir

» Subsequent research illuminates methodologies for potential production

Leverages

* $14M 2017 expedition, UT-GOM2-1 pressure coring test

» $14M seismic and well data

» $9M DOE pressure coring/technology development

 $Developing UT ($2M), NETL, and USGS Woods Hole pressure core analysis
capability

» $30M Incurred effort by staff, students, and administration
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*July 28, 2022 expedition estimate, does not include required
effort/field pay, expedition travel, post-expedition analysis or UT F&A.
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AGENCY REQUIREMENT

UT-GOM2-2 Permits

BOEM Qualified Operator Certification
BOEM BOEM Qualification Update
BOEM Lease Bond
BOEM Right-of-Use and Easement (RUE)
BOEM Initial Exploration Plan %
BOEM Revised Exploration Plan a
LDNR CZM Consistency Cert. g
US DOE NEPA Environmental Questionnaire (EQ) ©
BOEM Permit to Conduct Geological or Geophysical Exploration for

Mineral Resources or Scientific Research on the OCS 8’
BSEE Application for Permit to Drill (APD) -8
BSEE Application for Permit to Modify (APM) Sf
US CG Letter of Determination (LOD)
US EPA NPDES Electronic Notice of Intent (eNOI)
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UT-GOM2-2 Partners

TR Consulting Inc; Safety and Operations
Pettigrew Engineering

Corlng and T2P Deployment

[
H e I Ix Vessel and Rig Operations

ENERGY SOLUTIONS

Mi SWAE/ Drilling Fluids
4 WorkstRINGS

, lmrsnmAnaan Drill String
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Alejandro, I'd like to include a really basic slide about rheology
here.

On the left I'd like to have ‘the traditional geotechnical model’. That
model shows strength independent of strain rate. Under uniaxial
loading it shows a constant ratio of horizontal to vertical effective
stress. It shows no creep during stress holds.

In contrast, on the right side, I'd like to see a discussion of the
rheology of visco-plastic material. These should all be simple
cartoons or sketches.

I'd also like to see on this slide or the next one, the grain scale
cartoon you have in your paper, that illustrates the role of the
hydrate in the pores and our cartoon vision of how it is working. 43
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