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Background >>> Architecture & HW >>> Examples >>> Conclusion
Intention

» Introduction to EM monitoring for EOR
» Equipment overview

» Examples:

— Monitoring
— SBHT & FSEM

» Conclusion &
Recommendation
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What is Monitoring & EOR? ~’

. : , . |
Monitoring: Observing reservoir . [-2eep Induction DEPLETION
changes with time & TCR L

, @ CHFR TCR L

Enhanced Oil Recovery (EOR): e -
Using additional stimulation to L 2|0 2
produce oil [ H

x050

Steam flood reduced 35 Q-m (
. . . . 1 '\
reservoir resistivity to 7 QQ-m \\0& N
X ™ ‘::::- >
>
1
( )

After Zhou et al., SPWLA 2002
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Market overview

> EOR market 2015: 20.4 Billion US $
— Geophysical data: temperature & pressure
» EOR market predictions 2020:

— https://globenewswire.com/ - 283 billion US $
— Conservative 8% growth = 30 billion US $
— ‘more than triple’ = 70.6 Billion US $ http://www.environmentalleader.com/

Grand View Research
Market Research & Consulting

Geophysical data 2
Global enhanced oil recovery (EOR) market volume by technology, 2012-2020 (Million
ONLY feed forward methods B d ®

- GREAT opportunity

— ALL cause resistivity contrast 20 billion S
s n il B
2012 2013 2014 2015 2016 2017 2018 2019 2020
www.slideshare.net sThermal = Gasinjection = Chemical
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Why electromagnetics (EM) & microseismics?

~

SENSOR RESOLVING POWER
CAPABILITY
Distance Fluid Surface-to- §aﬂace-to- \_ | Borehole
surface / borehole \

Seismic Excellent Poor Excellent Excellent OK\(more noise)
EM Ok (5% of depth) Excellent (water Ok Excellent Excgllent (less

to HC) nojse & distance)
Gravity Poor OK (oil to gas) Poor \Eoor (no source) _#”Poor (no source)
Strongest Seismic EM/seismic Seismic/EM/ Seismic/EM Seismic/EM/
Synergy gravity gravity

© 1999 - 2017 KMS Technologies

With permission of WellDynamics (now Halliburton)
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Today’s technical advances: -

» EM (E & H) & microseismics in one unit

» State-of-the-art seismic architecture (node)
— Wireless array
— Large memory SD cards

» EM requirements
— Broad band (DC-80 kHz, low noise, low drift)
— Multi-components, multi-physics
— Transition to digital sensors- partial
— High dynamic range
— 8 km long range wireless & WIFI (2 types)
— Autonomous, can record for weeks
— GPS timing & atomic crystal (marine option)
— Lower cost

» Processing is seismic software compatible

=3

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D 6
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Land acquisition requirements

>

3D acquisition
Rough terrain — helicopter
2D lines |

Borehole linkage

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D
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EM technical status - Monitoring ~

» Land: technology available, application new
— Hydrocarbon apps require conductor AND resistor sensitivities
— Smaller technical challenges: 3D, S/N etc.
— =2 integration requires unique TALENTS

» Borehole: standard — all available
— Induction logs (low resistivities) & Laterologs (higher resistivities)
— Array tools extend range with large OVERLAP
— 3D induction
— Borehole mud gives some limitations (near surface in exploration)
— Fully integrated into value solutions

» Airborne: conductive targets; not important for monitoring

» Marine: in principle same as land easier science, more
difficult operation

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D 8
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Anisotropy is EVERYWHERE - Problem solved

25 m

=R

T

TR e

W s ste—

,
-sli Ui
R

i

I IIMII-I

Courtesy Baker Atlas Vertical Scale il it
Iogglng servoir
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UNBIASED resistivities with contraints from multi-physics |

«

Problem: Mapping porosities in carbonates
EM methods combined EM constraint by seismic

Start w/
right log

Start w/
left log

7

O O T T L L

7

O O T T T L L

electric field and magnetic field

electric field and magnetic field electric field and magnetic field

- 10
- (Q-n
- 100
0 5 10 15 km “ 0 5 10 15 o
Profile length »—> Profile length »—> After Strack, 1992
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UNBIASED resistivities with contraints from multi-physics Il

«

Problem: Mapping porosities in carbonates

EM methods combined EM constraint by seismic
- "'l?'

o B NEED to cons rairiqlf%%/@metry 9 SEISMTC ?ata
. NEED to use and H-> unblased sectlon

magnetic field and magnetotellurics magnetic field and magnetotellurics

magnetic field and magnetotellurics km

electric field and magnetotellurics

electric field and magnetotellurics

IGMKoIn 82190
0 5 10 15 km

electric field and magnetotellurics

IGMKdin 82290

0 5 10 15 km

Profile length »—> Profile length »—> After Strack, 1992

© 1999 - 2017 KMS Technologies
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Dense acquisition > better images ~’

Integrated
Hi-res MT, gravity & seismic

Zerilli, et al 2002
Courtesy DEA

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D 12
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Architecture & hardware ~’

» Introduction to EM monitoring for EOR
» Equipment overview

» Examples:
— Monitoring

— FSEM &
Shallow Borehole

» Conclusion

Receiver

RS

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D 13
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Architecture & hardware: 2016 - 150 KVA transmitter

Ry <y
L il ]
R \
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Architecture & hardware: Land & shallow borehole |

A

Radio GPS
Antenna Antenna
Electrode |

l:l—l—‘
E Field =

Measurement =] |

‘:"'_ KMS-820
/|/ T [Coil F—~— Acquisition System Y
el - 5
Measurement l
e GPS [[Coil —x— S
Antenna Antenna
o ! B //
KMS-810
Acquisition Transmitter Radio GPS
and Receiver Controller e Antenna Antenna
lectrode |
E Field

Measurement

—lpeame | "
KMS-550 o] | KMS-820
100 kW Acquisition System
Land Transmitter
\ Coil \

miles) or

unlimited with /‘/

Radio
Antenna

Optional Computer

relaying mode ;

Electrode

E Field
Measurement

H Field
Measurement

© 1999 - 2017 KMS Technologies
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Architecture & hardware: Land & shallow borehole li ~

A

Radio GPS
Antenna Antenna

e I I

Hz
loop receive

Hy

KMS-810
Acquisition Transmitter
and Receiver Controller

KMS-550
100 kW

g Land Transmitter 3C geophone

up to 8 km (5 <

miles) or °

unlimited with Q

: v

(4 relaying mode :
- EaE

Radio
Antenna

Electrode — 5
E Field =
Measurement =1 & ]

H Field
Measurement

Optional Computer
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Architecture & hardware: Land & shallow borehole lil ~

Shallow borehole tool

Borehole site
KMS-820

"*\Nm Ez
Electrode band

Strength member,

Electrode cable
KMS digital cable
(

Geophone cable

Plastic casing

fluxgate

Non-conductive housing
3C geophone chamber w/gim

EX, Ey EIectrodeHy

E Field

¥remen! =
} —I]

FlzZ 5
loop receiver

Hy

TAH_Z,
Hx

L. 3C gimbal

» unlimited with

Radio
Antenna

Optional Computer

relaying mode >
- g,

Electrode

E Field e
Measurement =1 &
I:lJ_

H Field
Measurement

© 1999 - 2017 KMS Technologies
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Receiver (KMS-820): for MT & CSEM, transmitter control, MMT

MARINE

|
3 Node
. on deck

«

Seismic
module

Combined seismic & EM node

\ SHALLOW BOREHOLE TOOL / For 2 months operation
TRANSMITTER
T

100 KVA

EM module

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D ’Ik
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KMS-Pro software: MT, Lotem & marine CSEM

field

Time-series data
Calibration curves

~

FFT->Frequency domain

Robust processing

Apparent resistivity conversion

Invert to stable model

Magnetotellurics (MT)

© 1999 - 2017 KMS Technologies

~EmE O\

Edit field parameters

Pre-stack processing

Post-stack processing

Apparent resistivities
Chargeability

Inversion

\ tCSEM™ . /

Long offset transient EM (Lotem) \ J
MARINE - tCSEM™

> 17 years of excellence in electromagnetic R&D

Header editing
Coordinate checkup
Directory structure checkup
Source parameter input

Rx orientation input

Time markers checkup and editing

DC leveling (whole record)
DC leveling checkup

Rotation in max. and min. direction

Quick stack
Quick stack checkup

DC leveling (whole record)
DC leveling checkup
Rotation in max. and min.
direction

Apparent resistivity conversion

Inversion

7 4
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KMS-5100 Transmitter — 100 KVA 2016

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D
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Outline

» Objective & history
» Architecture & hardware

> Examples: "
— Monitoring

— Shallow borehole
& FSEM

» Conclusion

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D
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Reservoir Monitoring: Fluid variations & Seal integrity T

After Carlson, 2013 ’ P

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D 22
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Typical Heavy Oil reservoir = multi-sensor/multi-physics g

SW Typical oil reservoir

NE

Variations
-> Magnetic sensors

Surface
~40-50m

Variations

- electric sensors&
Ez

microseismic

Variations
- Low frequency magnetic
sensors

a
v

~40km

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D 23
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Heavy Oil 3D modeling results ~

Slide 24

Electric field Ez (z =10 m)

@
=3
=]

&
=]
=]

5 ~ flooded

S 500+ A\

£ 000ks === unflooded | Water-flooded area

/ : contour may be

3 0 N determined with great

E 1000y i ~_:\:].\\S i

é ol a: 10's accuracy

6 I 1s
. 0200 400 600 800 1000 1200 1400 1600 1800 2000

x (m)
100*(E2z-EZ 00060 EZuntiooded 100%(EZ-EZ 00060 EZunfiooded

00 late-time effect: up to 500% “0.1¢ | Mid-time effect: ~80%

4001 3 1 401 A 4 ]
e (several times) _ / ¢ \ above reservoir boundaries
g & 200/ \ 1
& 200) 1 8 | 0.01s )

5 0.1$ T H 074 \ \\ l
) .40} ]
-200+ e T

H i H ; i i H 60 i § : : 1 3 ; 5
200 400 600 800 1 TO 1200 1400 1600 1800 2000 00 400 0 1200 1400 1600 1800 2000

600 800 1
x (m) 10x (m)

SPE-184089-MS - Integrated Geophysical Reservoir Monitoring for Heavy Oil < Dr. Herminio Passalacqua
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Always carry out Feasibility & Noise test FIRST

Monitoring project workflow

Deliverables & objectives

Feasibility & noise test

Input data:

well log data
geologic information
seismic horizons
noise measurements

V

- Verification 3D mod If\
\ bench arks

e e V)

Noise data analysis:
noise level, spectra
sensor analysis

© 1999

- 2017 KMS Technologies
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Feasibility: 3D modeling results compared with sensor noise

Transients with expected noise levels

*

Tx
Rx

Seismic Horizon 3 & 4
size 6000 m x 4500 m

whole block

© 1999 - 2017 KMS Technologies

Induced Voltage (V/m?/A)
O—l

Block 34, sigma 2 S/m

TEM coil 1 kHz

TEM coil
40 Hz sampling

KMS air loop at Hockley
sampling 40 Hz
#stacks 880, 18 h recording time

| 14 1d

Time (s)

> 17 years of excellence in electromagnetic R&D
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Reservoir Monitoring: Example layout design

Water Injection well

Production well

o receivers

~

Microseismic sensors\

© 1999 - 2017 KMS Technologies

. 3C 3C
Site MODULE | Ex-Ey Ez Hz fluxgate H | geophone
B | KMS-820 X X X
o |KMS-831 X
Yc | SBHT x x
E - electric field sensors
H - magnetic field sensors
> 17 years of excellence in electromagnetic R&D 27
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Ghawar: Fluid displacement heterogeneity

«

Fractures

)

Courtesy S. Dasguta SEG distinguished lecture
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Percent change g

* Interpex Limited Model Suite : E@g
File View Help
Sfok| &)X S [ o | = 2]
rrrrrrrrrrr unding KMS Technologies
W T T T T T 1300 ¥ ¥ T
Resistivity 3of layer 22 1
1 4101 1
1 5.606 1950 -
S 7.663 — 1
41 10.48 ] = ——
1 1432 1
: S 2000 |-|- -
s S = ]
s o S 4 =
: ] E anso—-
1 ks - — Source:
] i » Step off
i 1 * 10A
7 ] « 500 m
] _ « Offset =1500 m
h .10_ 2150 ]
| 0.001 0.01 0.1 1 " 100 1000 ‘ h ey

e Time (sec) R@ceiver: di=10m R esistivity {0 hm-m)

Depth =1950 m
\ ‘ 223872 0-m [21&1 m 4]

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D 29




Background >>> Architecture & HW >>> Examples >>> Conclusion
Constructing the block model

Thickness (m)

0
Removed oll

1-15
F q-20 }
r -25

&

-30

Potential Receivers @
test well
a5 Sou_rce
locations

After Colombo et al. 2010

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D
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Surface-to-borehole anomaly (%): E, S

0.1

—— 1500 m offset
— 2500 m offset
= 3500 m offset

T 7 — i morea]
o w\ OFFSET VARIATIONS

N\ /]
\
\\\\t‘/// * Anomaly very small
\\

Voltage difference from 1D model response (nV)

04 Y //! » Surface-to-surface negligible

-0.5

N

-0.6-
10

10 10
Time (s)

10
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Ghawar: ADD BOREHOLE: Integration!

«

rosarvoiiayer

rosaroiteyer

: 15

l°

i

x

g8 )
110 :

B :

[7,]

Q

[=Y]

=

S .

S 15

(V]

5

® Period of 5 years

(72}

0

< B0

After Colombo et al. 2010
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Surface-to-borehole 4C/EM system | s’

Geowaves

EM module 20 m

6-level

Geowaves

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D 33
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Surface-to-borehole 4C/EM system I s’

Geowaves

EM module
:

Geowaves

© 1999 - 2017 KMS Technologies R&D 34
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wnys

- e B S - -
[ —————) I — - BESEES. CTTIEL D FETESE T I ED N - - VA DD S S SRS B N s N 1
] —1 .

RESERVOIR MONITORING

ARRAY Electromagnetics

. 195 channels, wifi, wireless or LAN
. 3C magnetic field (DC to 40 kHz)

a 3C microseismic

. 2C electric fields

. Shallow borehole (microseismic/EM)

|IM ‘ F Colorado 2015 & 2016

CSEM transmitter tests
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Reservoir Monitoring: Raw data example: microseismic/EM monitoring "

[ NN ) #* KMS Technologies (c) 2016 (rev. 2016.04.01)
bl /7 2 [32000 BES! & Lk
s oo - B )
3000
2000
Z 1000 EX
o Channels read
-1000 samples El EJ
.20020 E+6° T T T T T T T OTROE+eT T T T T T T T TEOEyeT T T T T T T TR oEyeT T T T T T T T TR0k -
1.0E+4 N002
L 5000 Ey Channels plot
E
’—” samples L:]
S0 G I OE 30+
2000 NO003 Channels
1000 ¥ Auto Scale
® o Hz 9
-1000 _Scale
samples .
20 Fg———————————— e 3 OEf 30+ min___max g
Ch1 |-1000 Z|[roo0 s
004/005 ™ =
0 Geophone X Ch2 |-1000 L;] 1000 >
% Ch3 |-1000 1000 E
-100 sonie Ch4 |-1000 1000 @
20EF8T T T T T T T T ZoEssT T T T T T T T BOoEssT T T T T T T T BOEss T T T T T T T 5OE+ Chs [-1000 @ 1000 LEJ
388 006/007 Geophone y Ché |-1000 L;J 1600 2
| 300
| > 200
‘ E 100 DC level auto
0
-100 samples DC level
| _2% E+6° T T T T T T T20E+eT T T T T T T T T2oE+eT T T T Tt T T T T2oEyeT T T T T T T T 20 E+ I:I
0
} -100 Geophone z
-200
| 2800 i e el ’
| -400
} -500 samples
} -6[}:'0 E+6" 7 7 T T T T T RoEs+e” T T T T T T T RoE+6T T T T T T T T RoE+6 T T T T T T T T20E+
|
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Outline D\

» Objective & history
» Architecture & hardware

» Examples:

— Monitoring
— FSEM & SBHT g

» Conclusion
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Reservoir Monitoring comments ~’

» Monitoring
— Seeing anomaly - Easy
— Understanding results — complicated
— Issue 1: Image focus

e Surface-to-borehole
* Through Casing
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Reservoir Monitoring comments ~’

» Monitoring
— Seeing anomaly - Easy
— Understanding results — complicated
— Issue 1: Image focus

e Surface-to-borehole
* Through Casing
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FSEM: Focused source solution to volume imaging

«

Integration volumes
F transmitter

receivers

FREQUENCY DOMAIN

||I TIME DOMAIN

Rykhlinskaya, E., & Davydycheva, S., 2014, U.S. Patent 8,762,062 B2.
Davydycheva, S., 2016, U.S. Patent Application US 2016/0084980 A1.

© 1999 - 2017 KMS Technologies > 17 years of excellence in electromagnetic R&D

20



Background >>> HW architecture >>> Examples >>> Conclusion
FSEM: Focused source solution to volume imaging

CSEM versus Focused Source

~

Frequency domain CSEM Time domain CSEM Focused Source EM
a2 —f=0(DC) i —t=0 Ml
g f=0.1 Hz x >
2, - 1=0.25 Hz w ® o
c —f=1Hz a @
o (S T
> T € e . L
B i e e 5 R i — ~
- z z
1S .
5 Anomaly: 200% - 40%

—qO -5 0 5 10 qO -5 0 5 10 10 -5 0 5 10
X (km) X (km)
-12 -12 FSEM: axial focusin:
§3X10 3X10 a X using
5 \_/\__\_ £ \/\_\_
x 1S
] s 0 %
@ - So————" L
8 2 DC 5 1s. § 2
a Qe SO D B 2s. ®
5 T i U CUSU
§1 B e 4s. E 1 -
Q 0.1 Hz & =
3 0.25Hz < 8s.
o
<Y 5 0 5 101 Hz % 5 0 5 10 9o 5 5 10
X (km) X (km) X (km)
" Log (R (am)) at ¥ Anomaly: 40% = 10% Log, (R (2m) at Y=0
00 m & o ' » Smaller reservoir can be detected
o s e % > Higher spatial resolution
-6000 -4000 -2000 N ?m) 2000 4000 6000 -6000 -4000 -2000 X ?m) 2000 4000 6000
> Shallow structure removable
]
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Alternative: Shallow borehole tool - Ez

~

ik Site 1 (on Tx axis) 1 % = Site 3 T T —onea im0 . ;
i by 1D flood, 2200 .
! —— 1D flood, 2400 \
10} i 10 1 L [ o [ e 3D floodD 1050
=3 . ; = . = 3D floodD 2200
3 ; ! 3 e 3 3 ;
£ gl £\ 1 E s £\ ] R gl AN d] [ 3D floodD 2400
N 2/ e\ N 75 2\ | /ia\ chut a0l ol £
G 9 ey 5 ¢ if \ il 5 6 i ‘ / ;
o \ / o / \ / o /f
24 / / 2 4 2 4 / Ve
© / © / 7 © / 4 A
& . & f 4 < / N\ ‘
! 1 7 1
o2 4 P o2 A LN < 20 &7 ><
W’j' _‘:,:j’ s =< | Sasasas o - -
[() RERERERES - PPt crintnt = < S 0
i Anom m im
T THCNS nomaly enhancement 5 times
107 10" 10° 10’ 102 10"
time (s) S, e o

Borehole site

-*\wm Ez
Electrode band

Strength member,

Electrode cable
KMS digital cable

Geophone cable

€— Plastic casin, '3

fluxgate

Non-conductive housing
3¢ geophone chamber w/gim
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Reservoir Monitoring comments ~’

» Monitoring
— Seeing anomaly - Easy
— Understanding results — complicated
— Issue 1: Image focus

e Surface-to-borehole
* Through Casing
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Summary & 5 year vision

» New instruments allow us to re-visit

— Full anisotropy 3D models \/

— 3D tensor acquisition
— Tie to borehole measurements

» Value recognized (but NOT understood) -
PILOT demonstration are required

» 3D models give better inside
» Integration with other methods is key
» Big potential in reservoir monitoring

~
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