EM/microseismics for water front
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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 Barrels) =

16 billion S

- GREAT opportunity

- ALL cause resistivity contrast I I I
l " I l I l

018 019 2020

www.slideshare.net hermal = Gasinjection = Chemical
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Why electromagnetics (EM)?

» Determining composition, boundaries and movement

» EM images fluids & fluid movement

» Combination of Seismic & EM offer best solution

» EM has proven as a valid tool for hydrocarbon detection

«

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

Seismic Excellent Poor Excellent Excellent OK\Ymore 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) 4" Poor (no source)
Strongest Seismic EM/seismic Seismic/EM/ Seismic/EM Seismic/EM/
Synergy gravity gravity

With permission of WellDynamics/Halliburton
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Reservoirs seal: EM & microseismic - effective stress D\

"

Overburden & fluid stress in
balance

: 7 * When fluid pressure too high
o 1 e\ | —>quick sand
. NUCC Lo  Seal BRITTLE = porosity

S R | reduction = resistivity increase
| ‘  Seal FRACTURE —>porosity
oo ~ increase—> resistivity increase
' : w— e Microseismic signature from
- A > | fracturing

= . e EM responds to fluid movements
P >
e EM signature from brittle &

fracturing

After Carlson, 2013
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Land acquisition requirements
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Status NOW g

> EM & 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

© 2009 - 2016 KMS Technologies > 15 vyears of excellence in electromagnetic R&D 8
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N. Germany: Dense acquisition - better images

Zerilli, et al 2002
Courtesy DEA

© 2009 - 2016 KMS Technologies > 15 years of excellence in electromagnetic R&D 9



Background >>> Workflow >>> HW architecture >>> Examples >>> Conclusion O
N. Germany: Sub-salt case history PUNCHLINE g

Y

Sub-Salt dome imaging.

Evaluate noise sources & define model.
Feasibility w/ forward models.

Risk: noise. BEFORE ¢
Survey: extensive parameter testing.
Production: 370 sites in 2 months (incl. tests)
MT interpretation to stable 2D model

3 weeks of integration in Client office
Multi-methods - final model

\ R A, Tl T AN A A 74

Buehnemann et al 2002
Courtesy DEA
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Anisotropy is EVERYWHERE

Vertical Scale

2.5 mm 25 cm

S
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Sub-laminations laminations

Courtesy Baker Atlas
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HOW DID WE GET STARTED: Bakken unconventional s
BAKKEN: From a log to an anisotropic model

Log data courtesy of Microseismics Inc.
Cumulative Resistance (Ohm-m*2)

RH Log & reduced model RV ¢ | 50°|° | 1000|0
9700 [ [ [ ‘ \‘ | | | ‘ | | | | ‘ | [ [ ‘f ‘ [ [ [ [
e Upper Bakken at
p— ] 9861 ft depth 3
k=2 Sl )
L——==]] /,/
=== — ; Cumulative resistance
9900 j"'f —
_ - Lower Bakken
8 | at 9931.5 ft
£ =Fi dep
Q. C:-‘::;
8 10000 — ~ =
P “n.\
= s \\‘
- “~~._ Three Forks at 10000 ft
| i
Resistivity (©2-m) Cumulative conductance
1020 [ o1 | . | . |

1 10 100 1000 20 40 60 80
© 2009 - 2016 KMS Technolobftidivity (Ohm-m) Cumulative Conductance; (Siemens) 12
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HOW DID WE GET STARTED: Bakken DEPLETION monitoring s’
Borehole-to-surface, Rx at reservoir level

Electric field,
z-component, V/m

A 1.018x1071°
%1078

Slice: Electric field, z component at t 51%969001 s (V/m)
-5 0]

20

| i

{-20
3 km x 3 km

/ -40
" -60

-5
I Q587x10°1°
9;12&3 x

Lower Bakken/

~

© 2009 - 2016 KMS Technologies > 15 years of excellence in electromagnetic R&D Ted



Deliverables & objectives

Background >>> Workflow >>> HW architecture >>> Examples >>> Conclusion
Overall Workflow

Feasibility & noise test

Input data:
well log data
geologic information
seismic horizons
noise measurements

Verification 3D modeling
benchmarks

Define target variations

Resolution study

Noise data-analysis:
noise level, spectra
sensor analysis

Pilot study design

~
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Workflow: design s’

Survey layout Tx length 500 m
Crossed dipoles

—
Rx reference 1 | Microseismic sensors
Offset=1-3 * depth-to-target \
| kS
KMS Shallow
: : 3c 3C
S0 ms::t'm Ex&Ey | Hz fluxgate H | geophone botrzgrle
O 820 X X X X X
o | 831 X i A
— E - electric field sensors\\
Tx3 transmitter H - magnetic field sensors

Shallow Borehole Tool — KMS-888
includes 3C seismic, 3C magnetic &
3C electric sensors

© 2009 - 2016 KMS Technologies 19
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Architecture & hardware: original 2009 design UPDATE ~’

Borehole site «
KMS-820 |

Hz
loop receive

Hy

£
Hx

Strength member,

KMS digital cable
(

Magnetometer

Jﬁm X

Non-conductive housing - {
. 3C gimbal ;
a i \
E =
O

i NV °
4 relaying mode 9
- ’
Radio Radio GPS
Antenna Antenna Antenna
Electrode |
g e ey

E Field — ‘
Measurement = |

Acquisition System id
H Field

Measurement

iis

Optional Computer

© 2009 - 2016 KMS Technologies > 15 years of excellence in electromagnetic R&D 16
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Receiver (KMS-820): for MT & CSEM g

MARINE

Node
on deck

==

Geophone cables FG board

duct

Electrode band
Strength member__J

Electrode cabie
KM digital catle
{2 %10 wires)

Seismic ol (1 N Geophere e

module ) iy I Pastic casiog 1
bisifh ! ¥ I fugate magnetometer 7 S — =
: / ed{ Combined seismic & EM node

i e inconean il - coma
For 2 months operation

100 KVA

Magnetometer

€

EM module

© 2009 - 2016 KMS Technologies > 15 years offexcellencein electromagnetic R&D 17
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KMS-5100 Transmitter — 100 KVA 2016

© 2009 - 2016 KMS Technologies > 15 years of excellence in electromagnetic R&D
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A 195 channel system ~
B v S T e e~ ST T N A S - T G N R TS R W

100 KVA TRANSMITTER

© 2009 - 2016 KMS Technologies > 15 years of excellence in electromagnetic R&D 19
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Outline D\

» Background
» Hardware

» Examples:
— Monitoring
- FSEM & Ez
-~ MM TCR

» Conclusion
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Example: 3D reservoir Feasibility

South

«

Add 3D seismic results o
< C
3 -12
107
3 ;
5 13
N 10 ¢
m E
ko) L
10—14§
sk 2600 m Range of RMS values of
10k 2800 m different data sets after
i 8000m | processing
10'16 P r e ororrrrE E o rrrf E  r o rrreef P r o rorreeN
10° 10° 10" 10° 10’
Time (s)
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Reservoir Monitoring: Raw data example: microseismic/EM monitoring s’

00 #* KMS Technologies (c) 2016 (rev. 2016.04.01)
iy &5 @ A S
! 32000 2] & 4
i = s ORSS v &%
e oo [ - T

3000 E
2000 X
>
1000
E 0 Channels read
-1000 samples El@
-20020 E+6° T T T T T T T OTR20E+sT T T T T T T T2 oE+sT T T T T T T T2 oEyeT T T T T T T T T2 0E+ =
1.0E+4 N002
L 5000 Ey Channels plot
E
0 L ol * ‘ E’T
’-—” samples L:J
S0 G 3 OEf 30+
2000 NO003 Channels
1000 Auto Scale
‘> 0 H Z
E
-1000 _Scale________
samples .
20 Fg———————————— e 3 OEf 30+ min__ max
-1000 21| 1000 -~
004/005 i ™ L:J
0 Geophone x che [0 I 2
- Ch3 [-1000 @ 1000 2
E =
-100 | Chd4 |-1000 @ 1000 @
samples = =
D 2T | - -1 < - S S | - ALY i) 2 Chs |-1000 L;J 1000 LEJ
500 006/007 che [0 (T [
400 Geophoney S
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
| 00 Geophone z
-200
| 2300 it e el .
| -400
1 -500 samples
} -G(E(J E+6° 7 T 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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FSEM: Focused source solution to volume imaging

Integration volumes

receivers

| transmitter

FREQENCY DOMAIN

D
-~
|
-

Rykhlinskaya, E., & Davydycheva, S., 2014, U.S. Patent 8,762,062 B2.
Davydycheva, S., 2016, U.S. Patent Application US 2016/0084980 Al.
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FSEM: Focused source solution to volume imaging

~

Data & models
STANDARD CSEM 35 : : , : ——
A . . ... .. . 3D model (1) [——-EyEC: model
E EX RXT EX RXZEX XS 1 Ex inline: Rx1 3 “ _._;YX‘VO%;:“M""
:5 5 ; : : ; Ex ?nl?ne: Rx2 25 % Measured
o 10 [ : : : e Ex inline: Rx3 %‘
E g : : ; —-Ey: Rx1 = @ W C
D o : ——-Ey: Rx2 3 1 *
2 10 ¢ s 5 -Ey: Rx3 §15 *
@ : AR R model <l *ook | S
i : Y X 05 Inline & cross-line DC responses
%) 10° L " - o0 900 1000 100 1200 1300 14‘00
6 7 8 9 10 1 12 Rx position (m)
N (3] 8 Inline responses Ex & Ey at DC (Tx: 70 A 340m, Rx 50 m) (mushr22n)
& & 3 % 7 ' £y EC: mode % ; - : £y EC- model |
- x . . . ——EyEC: ——Ey EC: model
S - é 4= = Focused Rx1 3 x_ 3D model 2 -Ey WC: model | 3 3D model (5) _Ezwc;Tm:el‘
£ “I ? @ Focused Rx2 ——Ex: model B iodel
o 015} % 5 5 Focused Rx3 o2 k-Mossured | 25 * Measured |
[ I = = = model E 2
o 0.1 [&] = 3 P = 2
o = (%) ) 3 3
S 005} s y 245 2.5
o : H ' 3 1:
S o — £ g
S .05 [ : : n— T !
S o1 FSEM 05y % a8 ==
i 1 H i | i 1 L L L i
6 7 8 9 10 1 12 b a0 o0t nw w0 w0 fn s oo di0 20 1m0 o
time (S) Rx position (m) Rx position (m)
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FSEM: Focused source solution to volume imaging ~’

——= 3D model interpretation—

25

3D model (5) of salt dome

Z lm)

/y Part 1

1600
1800

O ——
1500 ~1000 500 ¢

Log, (R (am)) at |=-350

Log, (R (2m) at Y=500

25
2 2
s 15
12
1 1
’
12
b 1
0 — 1 Part 3
~1500 Bl -500 ¢ Al
X (m) 1
" Cm), =1
\
s
600
oo
-

Leg oR (@m)) at Y=800

1 Log, (R (am)) at 1=1100
200!
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Alternative: Shallow borehole tool - Ez

Ezatz=10m

o[ Site 1 (on Tx axis) 7} » Site 2
i Offset:

" {7 ™ 1050m i
ES & i & g 2200m
o **x / o 2400 m /N /
v 6 1 / 5 6 ) : t
o / 7 [} / /
2y \ o 2 4 : =
41 N

2 e sk 2 X

o et = e < oI  Eadl

el 0 <
2 2
102 10" 10° 10’ 102 10" 10° 10
time (s) time (s)

3C geophone chamber w/gim

Borehole site

Strength member,

KMS digital cable

Geophone cabl
€&— Plastic casin, g

fluxgate
Non-conductive housing

Change of Ez (%)

Site 3
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Deep borehole tool: Through Casing; H, & E

Tx: 100 A, 200 m long, 1 km to BH, 1/9 Hz 3 Hz 1Hz
No ;% ? Surface — to — borehole tool
0 < In casing
oo FE: [ 1000+ Ez component
e FD: e
;g; 1500 }; 1500 Air =
4 g <«
0] 2000 1 ] Cased well:
1 km from Tx
2500 fIm(EZ 2500+ Im( Z)‘ Re(EZ) 2500+ Im( Z) R’E(EZ)
W0 s 0 5 R 0085 5 0 5 R =10 Om
Ez-field along casing (mV/m) Ez-field along casing (mV/m) Ez-field along casing (mV/m)
0 0 0 T T T
Ly
No casi rg/
500 - s DS bols
No casing FEt lipes Hy component
1000 CaS|ng 1000 FD: Sym bO|S 1000 i
3 3 1\ FE: lines £ |
£ £ E In casing
o i Q i
g 150 g 150 ! - g g
) In casing Re(By)
| Re(By) ™ ImiBy) Signal well above
Re(B
_|Re(By) | our sensor level
2500 ¥ : 2500
A000 500 0 500 1000 J m ( gy) -1000 &slogn gR\SIo? 00 20 A0 S0 0 0 100 0 2
B-feld along borehole (i B-field along borehole (uT) B-field along borehole (1T)

© 2009 - 2016 KMS Technologies > 15 years of excellence in electromagnetic R&D 20
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Summary

» Monitoring
— EM technology for CSEM monitoring available
— Seeing anomaly - Easy
— Understanding results — complicated
— Issue 1: Image focus

» Surface-to-borehole
* Through Casing

— FINAL goal permanent sensors

«
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Acknowledgements
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Outline D\

» Objective & history
» Architecture & hardware

» Examples:
— 11 channel MT
— Monitoring
- FSEM

» Conclusion
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LN

FSEM: Focused source solution to volume imaging

Frequency domain CSEM

| Time domain CSEM

Focused Source EM

x 3 ! 3 z 3
w —f=0(DC) —t=0 —t=0
g f=0.1Hz x t=1s > t=1s
E, | f=0.25 Hz o Y /5O A R R t=2s
S ——f=1Hz 3 ks ~t=4s
@ = Rh -
g e T o | =88]
8 S E1- | R— S -
® || T Z =
£ .
5 Anomaly: 200% - 40%
[a}
%0 5 0 5 10 10 -5 « (E ) 5 10
X (km) m
10 > Smaller reservoir can be detected FSEM: axial focusing
£3 . . . 3
S /\ > Higher spatial resolution
x e \__\__
- - N———— S 2\_/ - 0 o™
52 DC < Pl 1 o 2
g b ——— S N, S. ﬁ
g- % M’\‘W* 2 S g "’ma
o 1, 6 1 4 S B 1 PUBR - i S B O
o 01 Hz 2 >
= — 0.25Hz < 8s.
a RS ‘ 1 Hz . v
<90 5 0 5 10 %o -5 0 5 10 % 5 0 5 10
X (km) X (km) X (km)
- e remay ANOMaly: 40% - 10%  wremars .
g 1000 Hé;?, g 1000 é:g
N 5000 0 N 2000 0
6000 -4000  -2000 o 2000 4000 sooo  O° 6000  -4000  -2000 o 2000 4000 6000 O
X (m) X (m)
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FSEM: Objectives FSEM example salt dome ~’

» Proof that FSEM focuses the image below
the receivers on a 3D structure

» Test data was acquired by KMS in 2015 at
2 occasions: 3D structure = salt dome
Hockley

» Data was modeled in 3D - Anisotropic

— Normal CSEM
— FSEM processed data

> Verification of results with Lease Owner
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FSEM: Focused Source EM: Survey setting

‘f/@m -

Rectangular test site:
width 900 m, length 2000 m

WELLS W/LOGS
THAT PENETRATE

%Lr;\';lia 7 Anloc2

BS-4400 BS-5900
Magnolia23 Anloc1A

BS-8500 S-5900
Magnolia 1E Eone%olﬂ Lone Wolf 2

- S-4450  BS3570
2202 Eﬁj}o LoneWolf5 ~  #3
BS-6550 eor{  BS-3350

Magnolia 13 Lone Wolf 8
BS-5750

55451015  Direct 1 BS-MULTIPLE

BS-4200 BS-MULTIPLE

© 2009 - 2016 KMS Technologies
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Tx North: -340 m
(29.9659° 95.8274°)

Tx South: 0
(29.9628° 95.8273°)

900 m

(29.9547° 95.8272°)
1100 m

(29.9529° 95.8271°)
1300 m

(29.9510° 95.8271°)
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FSEM: Measurements vs 3D model: transients in Rx1, Rx2, Rx3

~

Offset-corrected data (lines) vs STANDARD CSEM

i
(o]

mOdel (dOtS) % Ex inline: Rx1
— DC levels: checked to 1 nV = uk Ex inline: Rx2
— Time-decay curves 2 10 ¢ Eé‘ i"g‘ii Ba
3 . kT ——-Ey: Rx
Ex (inline) & Ey (cross-line): E .a —— -Ey: RW2
— In all receivers: similar time- 2 1 -Ey:Rx3
decay g model
— Ry is comparable to Ex because 3 107} ;
at the edge of the salt dome I T~
currents tend to turn around its 5 10° ~ , ~Ey Rx3
corner(s) 6 7 8 9 10 11 12
Circular dipole data:
— Show focused vertical current < 2
— All receivers behave different: ool < = = Focused Rx1
— Rx3 is NOT above salt: vertical : - P 2 ' Focused Rx2
current is positive 0.15 S FOC;SIed Rx3
— mode
— Rx2 & Rx1 are above salt: 01r

vertical current is ne(};]hgible
(model) or even slightly
negative (data)

— Difficult to match “zero cqrrent
down” above shallow resistor

— Difficult to match the data
wiggles at early times (shallow
effects)

© 2009 - 2016 KMS Technologies
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FSEM: 3D model (best) of salt dome (Part 1)

>

E 1000/
N 1200

» Best matching salt dome
model derived

It consists of 7 parts

-500

Log10(R (©2m)) at

800}

1400

1600}

-1000 -500 0 500

1000

36
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FSEM: 3D model (5) of salt dome (Part 2) gest matching salt dome

= o= : sacren A T —
l L I T . - ,:'3..,.. _.'r{;ﬁ:h T . @ ropocan
e b \o @ rroposcan
| N3 B Acreags camad per propose
WOOR lewse

' [-800 -400] from Hs

>

model derived
It consists of 7 parts

W

Log10(R (@m))at | -350

- o
l| i i L - '“‘J pe

................................ 3:‘;: . -'-3?- ':]. "‘-l[

[300 600] from Tx-sg% ¥ ﬁ.,; REC DY

l[600 950] from Tx-south

[950 1150] from Txsauth:=

g
.-

[1250 1700] from Tx-south ;
ll 1 3
|I \ \ { ;
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FSEM: 3D model (5) of salt dome (Part §) gest matching salt dome

model derived
> |t consists of 7 parts

«

W Logm(R (Qm)) at | 500 E
0 .
2.5
400
‘ E 12
800
'[600 950] from Tx-south /1) i E 1000/
| - | Rx1 ~© N 1200!
[950 1150] from Tx=south:= Rx2 o Part3
0 AERRLIVE 1600/
RX3 1800+
¥ 2000
[1250 1700] from Tx-south i Lo -1500 -1000 -500 () 0 500 1000
| _'_‘:', | “5 -
| -“S"h 5'
. Y X
l o ..LE':" g ...3 ~
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FSEM: 3D model (5) of salt dome (Part 4) pgest matching salt dome

model derived
> |t consists of 7 parts

«

Logm(R (Qm)) at | 900

F 12.5

- Part 4

[1250 1700] from TX'SOUth R) L= -1500 -1000 -500 0 500 1000

AR R R R RAREEE e
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FSEM: 3D model (5) of salt dome (Part §) gest matching salt dome s

model derived
> |t consists of 7 parts

Shallow conductive wet area
Logm(R (Qm))at 1100 E

F 12.5

3 10003

N 1200

- Part 5

1600/

1800}

2000,

L -1500 -1000 -500 0 500 1000
e

R AR R RAREEE RN
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wnys

model derived
> |t consists of 7 parts

W Logm(R (Qm))at | 1200 E
0 R

200

L 125
400+
6001

12

800+
€ 1000}

™ 1200+

gy Parto
1600+
1800+
20
-1500 -1000 -500 0 500 1000

(m)
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FSEM: 3D model (5) of salt dome (Part ¥) gest matching salt dome ~’

model derived
> |t consists of 7 parts

W Logm(R (Qm))at = 1300 E
- ]

2.5
12

[1250 1700] from TX-SOUth i . -1500 -1000 -500 () 0 500 1000
| k. 3
| .:3"“ ;
| \ A=
| 4 3
H
| N
l e o,

B - ——— “m o = =
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FSEM: 3D model (5) of salt dome (Part ZA)gest matching salt dome ~’

E
N

W

200

400

600

800

1000+

1200+

1400+

1600+

1800,

© 2009 - 2016 KMS Technologles

v South

200

-1000

-1500

model derived
> |t consists of 7 parts

Logm(R (Qm))at = 1600 E

-500

125

0 500 1000
(m)
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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) -
» Integration with other methods is key
» Big potential in reservoir monitoring



