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Objectives >>> Issues & need for EM >>> Examples >>> Future O
History: Integration seismic - EM D g

» Early 1980: Prairie Eagle acquired CSEM data with
seismic system (Columbia Plateau)

» Vozoff mid 1980 W. Australia, porosity mapping

» 1988, China shows limitations of single site EM/inversion
» 1989, India limit in single site acquisition (Deccan traps)
» Teamex (US patent 5,467,018 ) 1990

» 1990s: very Quiet & lot of talk

» Gao et al. in Petrophysics, 2013: Combined borehole
iImaging: array acoustics & array induction

» Since 1999 we ALWAYS integrate seismic & EM:
borehole - marine - land - marine



Objectives >>> Issues & need for EM >>> Examples >>> Future
History: Integration seismic - EM b
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Objectives >>> Issues & need for EM >>> Examples >>> Future
Issues

» Different physics

» EM methods generally incomplete
— E-field sensitive to resistors
— H-field biased to conductors
— Anisotropy requires both
— Anisotropic model mandatory (mostly)

» Comparable data density to seismic needed
» Cost/channel must come down
» Last but not least: Information focus

Courtesy EMGS
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Objectives >>> Issues & need for EM >>> Examples >>> Future O
Hydrocarbons are resistive!l...Water is conductive! s’

Resistivity [€2m]

-1 0 1 2 3 4
10 10 10 10 10 10

Resistivity log

Seawater: 0.3 Om

Water-bearing
sediments:
1-2Q0m

Hydrocarbon
reservoirs:
10 - 100 Om

ONLY Electric fields see this

Courtesy EMGS
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Objectives >>> Issues & need for EM >>> Examples >>> Future
What is reservoir monitoring? Track fluid movement

Downhole Well
Surveillance
Qil \ater Contact

Oops | forgot the reference
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Objectives >>> Issues & need for EM >>> Examples >>> Future O
Reservoir example: typical mixed sensors required D\

SW
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Variations
- Magnetic
sensors

Surface
~40-50m

Variations
- electric
sensors& Ez

Variations
- Low frequency
magnetic sensofs

microseismic
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~40km
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Objectives >>> Issues & need for EM >>> Examples >>> Future
Reservoirs seal: EM & microseismic - effective stress
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Overburden & fluid stress in
balance

When fluid pressure too high

- quick sand

Seal BRITTLE = porosity
reduction =2 resistivity increase
Seal FRACTURE > porosity
increase—> resistivity increase
Microseismic signature from
fracturing

EM responds to fluid movements
9

EM signature from brittle &
fracturing
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Objectives >>> Issues & need for EM >>> Examples >>> Future O
Limitations overcome during the past 20 years D g

» Anisotropy

» Anisotropy — Anisotropy

» Borehole to surface calibration/integration
» Target focus

© 2009- 2015 KMS Technologies > 15 years of excellence in electromagnetic R&D 9
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Anisotropy: Layer cake geology - anisotropy
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Objectives >>> Issues & need for EM >>> Examples >>> Future
Anisotropy is EVERYWHERE
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Objectives >>> Issues & need for EM >>> Examples >>> Future
Anisotropy is EVERYWHERE 2 5m 4 23m
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Objectives >>> Issues & need for EM >>> Examples >>> Future
Anisotropy: Original motivating log (Shell 1990)
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Depth [m]

Objectives >>> Issues & need for EM >>> Examples >>> Future o
Unconventionals: ADD BOREHOLE: Fractures > anisotropy ~’
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Objectives >>> Issues & need for EM >>> Examples >>> Future O
How do we get there? EM Methods ~’

» Magnetotellurics — passive not detailed enough
» Controlled Source Electromagnetics (CSEM)
(the ONLY way to get vertical current flow)
— Time domain EM - a single signal generating event

— Frequency domain EM - a fixed frequency continuous
event

© 2009- 2015 KMS Technologies > 15 years of excellence in electromagnetic R&D 15



Objectives >>> Issues & need for EM >>> Examples >>> Future O
EM Methods e

» Magnetotellurics — passive not detailed enough
» Controlled $oprasEleattomannetics (CSEM) B

) Transmitter
— Time do gnal generating

— EM—afi DuS event

Transenitear
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Objectives >>> Issues & need for EM >>> Examples >>> Future o
EM Methods: dual focus time domain CSEM ~’
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Objectives >>> Issues & need for EM >>> Examples >>> Future

EM Methods: Focussed Source EM - FSEM
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Normalized R

Objectives >>> Issues & need for EM >>> Examples >>> Future
EM Methods: Focussed Source EM - FSEM

FOCUSED: Anomaly ~75%

FSEM: complete focusing

Anomaly ~20%

Standard CSEM: dipole-dipole
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Objectives >>> Issues & need for EM >>> Examples >>> Future
New ARRAY acquisition - better images

Wireless
True array system
Large dynamic range
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Objectives >>> Issues & need for EM >>> Examples >>> Future o
Dense acquisition (Ax = 50 m) - better images D g

Zerilli, et al 2002

© 2009- 2015 KMS Technologies > 15 years of excellence in electromagnetic R&D 21



Objectives >>> Issues & need for EM >>> Examples >>> Future o
3D modeling & noise test: Real Asian oil field: Model & a priori data o

Rh =2.8 Om, Rv=2.9 Om

TVDGL (m)

Rh=4.0 Om., Rv=4.5 Om
Rh =3.3 Qm, Rv=3.5 QOm

Rh =6.0 OQm, Rv =6.5 Qm

10’
Resisitivity (ohm.m)
> 15 years of excellence in electromagnetic R&D 22
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Objectives >>> Issues & need for EM >>> Examples >>> Future O
3D modeling & noise test: Real Asian oil field: 1D - Ez step off response ="
in 30 m well with offset 1 & 2 km
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Objectives >>> Issues & need for EM >>> Examples >>> Future
ALTERNATIVE: 3D modeling & noise test: Real Asian oil field FSEM

Relative inline Ez-field atz=30 m
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FSEM: complete focusing

Offset: 1000 m
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FSEM: axial focusing
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Objectives >>> Issues & need for EM >>> Examples >>> Future
3D modeling & noise test: Real Asian oil field:
General field setup: noise testn July 2014

Ex North 99 m

Lemi-120/-121

Cable coail /
33.3mx33.3m to be buried
108 turns ' .
lying on ground s orientation:
Lemi-121 emi- North
vertical East :
& vertical
Electric field sensors: electrodes
)
|
ElL Yt / Ey East +70 m
]
AESEG Lemi-120
to be buried
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Objectives >>> Issues & need for EM >>> Examples >>> Future O
3D modeling & noise test: Real Asian oil field: D\

Resistivitv and phase. 2.5 hours recordina time
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Objectives >>> Issues & need for EM >>> Examples >>> Future
3D modeling & noise test: Asian oil field: Seismic horizons & water front
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Objectives >>> Issues & need for EM >>> Examples >>> Future O
3D modeling & noise test: Real Asian oil field: Sample survey Iaj/out D g
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Objectives >>> Issues & need for EM >>> Examples >>> Future O
Asian reservoir monitoring equipment 4/2015 D\

= " = ,——-’v -, ——'
R TR BT E T T --

195 channels

3C magnetic field
3C microseismic

2C electric fields

Colorado: Aprll 2015 transm'I't
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Objectives >>> Issues & need for EM >>> Examples >>> Future @
UNCONVENTIONALS: Bakken simulating FRACTURE monitoring D\~

transmitter

borehole
receiver

http://www.statoil.com/en/NewsAndMedia/News/2011/Pages/XXX160ct2011.aspx
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Objectives >>> Issues & need for EM >>> Examples >>> Future O
UNCONVENTIONALS: From a log to an anisotropic model D g

Log data courtesy of Microseismics Inc.
Cumulative Resistance (Ohm-m*2)
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Objectives >>> Issues & need for EM >>> Examples >>> Future O
UNCONVENTIONALS: : Lower Bakken before & after production .

Log10(R (Qm)) at Y=0
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Objectives >>> Issues & need for EM >>> Examples >>> Future o
UNCONVENTIONALS: Bakken simulating PRODUCTION monltorlnq D\

Borehole-to-surface, Rx at reservoir level

Electric field,

Slice: Electric field, z component at t )Q#69001 5 (vm) z-component, V/m
-5 0] 5
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/ 20
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Objectives >>> Issues & need for EM >>> Examples >>> Future o
Extending array EM to marine and borehole D\

Borehole system:
e Shallow holes — permanent
* Deep —standard BHS system add on

Marine system:

* Cabled exploration

* Deep — using standard
OBS; add EM

TSR CoU S N
3

— sonsor .
= s I
i s - i?)—‘\ Marine MT + SEISMIC acquisition system KMS870
-
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Objectives >>> Issues & need for EM >>> Examples >>> Future
Summary

» Electromagnetics has BIG potential in
shale gas/oil development & monitoring
»We need NEWEST methods
— Land CSEM,
— E & H measurements,
— 3D induction logs,
— Surface-to-borehole integration,

«



Objectives >>> Issues & need for EM >>> Examples >>> Future

~

Why are wireless arrays so late?

WHAT HAS CHANGED?

* Wireless ..unlimited*? EM channel system
e Scalable transmitter wireless integrated
More technical:

* Optimized 3D design is mandatory

* Like focused logs we can NOW focus
below the receiver

* NOW 3D imaging makes sense
SN B I e
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