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® Seismic While Drilling
— Whatis it?
— How does it work?

— QOvercoming challenges in a drilling
environment

® Review examples of different
applications

® Potential new application
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Seismic While Drilling

Length: ~ 14 ft
Pressure Rating: 23k — 30k PSI
Any Hole size > 8 3/8”
Any Hole angle
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Seismic While Drilling

Length: ~ 14 ft
Pressure Rating: 23k — 30k PSI
Any Hole size > 8 3/8”
Any Hole angle

T

~_ trajectory to
top drilling -
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Seismic While Drilling

Length: ~ 14 ft
Pressure Rating: 23k — 30k PSI
Any Hole size > 8 3/8”

Any Hole angle
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Seismic While Drilling

stationary
in slips for

Length: ~ 14 ft
Pressure Rating: 23k — 30k PSI

7-10 shots fired ==
from airgun array — | |
while pipe is —

Any Hole size > 8 3/8” Saionay ] e ———

Any Hole angle

——_ trajectory to
stop drilling
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ZERO RIG TIME FOR NORMAL DRILLING ACQUISITION

4 x Playback Speed 4 x Playback Speed when shooting

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022) 8



Seismic While Drilling

Length: ~ 14 ft
Pressure Rating: 23k — 30k PSI
Any Hole size > 8 3/8”
Any Hole angle

> FORCE

1 Pipe
! & stationary
« in slips for
drilling !
~——(B) = AE—

7 - 10 shots fired
from airgun array

while pipe is =
stationary

l “

E— === planned —i
e —..—  trajectory to =
—_—— — stop drilling -
e =

p——— ~ e e —— L ——
— e o e
e —— e e — — I —
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Seismic While Drilling

Length: ~ 14 ft
Pressure Rating: 23k — 30k PSI
Any Hole size > 8 3/8”
Any Hole angle

> FORCE

1 Pipe
& stationary
« in slips for
drilling 3
B ——
7 - 10 shots fired -
from airgun array — —_— —
while pipe is e —
stationary Y - 1

“Q

- Seismic LWD tool with

- —

— ] fr—_ surface synchronized high
e = - precision clock records =
e ——— ‘_T_’ ~_ shots with hydrophone and
—‘,_" vt ~__ Geophone sensors. Shots
e s —
—_— = ~ - stacked for RT transmission__

——— -—;,. - ——  Planned -
e — . — _ trajectory to =
e i stop drilling -
T e ]
—-/-‘—

- — - - B _————— -
e S s
— —_—— P — e —
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Seismic While Drilling

i Pipe
A o §tati_0nary
Length: ~ 14 ft — = ariting 3
. =~ B B A—
Pressure Rating: 23k — 30k PSI  ,_. ..ot ' —— —
romangiara- RT Stacked waveform =
Any Hole size > 8 3/8” sigma=———B | === {olometry. Data transmitted |

— — — telemetry. Data transmitted

:@;ior onshore processing

Any Hole angle

‘©

- Seismic LWD tool with

:__, = ",_;:-: " surface synchronized high
e = precision clock records =
e ——— - shots with hydrophone and
e —————) . Geophone sensors. Shots
— -— = stacked for RT transmission__
S===————————=—Planned =
= — . — _ trajectory to =
———— — —— stop drilling -
— ar— —-— —
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Seismic While Drilling

Length: ~ 14 ft
Pressure Rating: 23k — 30k PSI
Any Hole size > 8 3/8”
Any Hole angle

> FORCE

__A4B)

7 - 10 shots fired

Pipe
stationary
in slips for
drilling i

——— M\

=——— RT Stacked waveform

from airgun array —
while pipe is

= . samples sent to surface via

stationary

~ wired drill pipe or mud pulse ©
telemetry. Data transmitted

C for onshore processmg

Seismic LWD tool with

— = . surface synchronized high
. & =~ ~ precision clock records

3, __shots with hydrophone and

1
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Geophone sensors. Shots

" Planned ;
trajectory to =
stop drilling -

Real Time Lookahead VSP

Two way time

Measured depth

RT Lookahead
image is

updated ~1hr
after each
drilling
connection
every 30-40m

OTC-30811-MS e Safe Landing Of A Deviated Well With A Rig
Source VSP Using RT Lookahead Seismic Technology e Neil Kelsall
etal
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Seismic While Drilling

Length: ~ 14 ft
Pressure Rating: 23k — 30k PSI
Any Hole size > 8 3/8”
Any Hole angle

> FORCE

7 - 10 shots fired
from airgun array —

Pipe
stationary

in slips for
drilling i

—_— ) ——

while pipe is
stationary

A

P
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i

RT Stacked waveform =
samples sent to surface via
wired drill pipe or mud pulse ~
telemetry. Data transmitted

C for onshore processing

- Seismic LWD tool with

surface synchronized high
precision clock records
shots with hydrophone and
Geophone sensors. Shots

iy

z

| R ‘

- trajectory to
stop drilling

bove the

Real Time Lookahead VSP

Two way time

Two way time

|I\‘/Ieasured depth

RT Lookahead
image is
updated ~1hr
after each
drilling
connection
every 30-40m

R e e

(e
(1 S
”l ! { E-K\):K-.\’.\ Lok 4]

OTC-30811-MS e Safe Landing Of A Deviated Well With A Rig
Source VSP Using RT Lookahead Seismic Technology e Neil Kelsall
etal
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Seismic While Drilling

The only technology that
can provide over 100m of
lookahead while drilling:

Depth uncertainty
reflectors ahead reduced
down to as little as +/-
10m.

Borehole seismic

acquisition without using
rig time for normal
acquisition.

> FORCE

7 - 10 shots fired =
from airgun array
while pipe is

Pipe
stationary

in slips for
drilling )

——TJA

RT Stacked waveform
—— samples sent to surface via

|

stationary

— wired drill pipe or mud pulse ~
telemetry. Data transmitted

C for onshore processing

- Seismic LWD tool with
surface synchronized high
precision clock records
. shots with hydrophone and
. Geophone sensors. Shots

1

=~ ———=stacked for RT transmission
_‘:_‘;i,. = Planned =
:’;—.’:_—_ — ——— trajectqry to E
=—__Jb——w_ stop diilling__=
:—— ~ - s ————— - - - =:
U - P e =
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Real Time Lookahead VSP

Two way time

Two way time

Measured depth

RT Lookahead
image is
updated ~1hr
after each
drilling
connection
every 30-40m

OTC-30811-MS e Safe Landing Of A Deviated Well With A Rig
Source VSP Using RT Lookahead Seismic Technology e Neil Kelsall
etal
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ACQUISITION CHALLENGES

Noise Types:

Raw RT waveform acquired with noise

A A -

T

Raw RT waveform acquired without
noise

« Vibration through
pipe and casing

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022) 16



ACQUISITION CHALLENGES

Noise Types:

 Vibration through
pipe and casing

* Pipe movement due
to rig heave

< FORCE
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Raw shot data with pipe motion

} ._“‘
— A - N
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ACQUISITION CHALLENGES

Noise Types:

 Vibration through
pipe and casing

* Pipe movement due
to rig heave

< FORCE
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Raw shot data with pipe motion
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ACQUISITION CHALLENGES

Noise Types:

 Vibration through
pipe and casing

* Pipe movement due
to rig heave

< FORCE
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Raw shot data with pipe motion
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ACQUISITION CHALLENGES

Noise Types:

 Vibration through
pipe and casing

* Pipe movement due
to rig heave

< FORCE
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Raw shot data with pipe motion

} ._“‘
— A - N
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ACQUISITION CHALLENGES

Raw shot data with pipe motion

- A

Noise Types:

|

L;
| i

-‘4“

E‘Ai‘:ﬂl |y 1L. i
- ‘\/-Mw

 Vibration through
pipe and casing

'I

E)

/

!

* Pipe movement due
to rig heave

N

Raw shot data without pipe motion
(Active heave compensation engage

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022) 21



ACQUISITION CHALLENGES

. Raw shot data with boost pump noise
Noise Types:

 Vibration through
pipe and casing

Seismic -

First
Arrival

* Pipe movement due
to rig heave

 Riser Boost pump
noise

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022) 22



ACQUISITION CHALLENGES

Noise Types:

 Vibration through
pipe and casing

* Pipe movement due
to rig heave

 Riser Boost pump
noise

> FORCE

—_ . . p—e —
B == = - = = —. Seismic —— P T iy
——— |V S First AR e
| = T Armival e Al R T

— = - o — P e — o7

== = r—s T e ) e,
- = —— = - = SR> -

h -
———— = sSeismic
= = s
= —— = First
— = Arrival

Raw shot data without boost pump
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ACQUISITION CHALLENGES

Hydrophone with MPD active
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Noise Types:

» Vibration through pipe
and casing

* Pipe movement due
to rig heave

. A N .
A A . A A A
WJ&\:AJ-:AA/&MtA{&

« Riser Boost pump noise

Geophone with MPD active
(Deviated well)

* Managed Pressure
Drilling System
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Rig Heave

> FORCE

Less noise when pipe

<
reaches high or low points
‘

J\/\/\/\/\/\_

SOLUTIONS TO ACQUISITION CHALLENGES

e

AN J

' Tool Memory |
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Rig Heave

> FORCE

Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)

Noise in data with

pipe molion

J\/\/\/\/\/\_

' Tool Memory |

SOLUTIONS TO ACQUISITION CHALLENGES

c

—
N\ —p—
\—p—
N\ —p—
.
\—p—
' Tool Memoryj]
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SOLUTIONS TO ACQUISITION CHALLENGES

« Rig Heave

The smart stacking
algorithm stacks only the
clean shots for Real Time
transmission

Real Time Data

' Tool Memory |

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)

27



Rig Heave

> FORCE

SOLUTIONS TO ACQUISITION CHALLENGES

N

Real Time Data

' Tool Memory |

Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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SOLUTIONS TO ACQUISITION CHALLENGES

Legacy RT Stack Smart RT Stack
pal
=y — ﬁMm
M\/%M PP O

 Rig Heave

e
L e

. e

 — e

[Real Time Data ]

[ Tool Memory |
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SOLUTIONS TO ACQUISITION CHALLENGES

140 Number of levels per well
120 using Heave Compensator

HS 100
« Rig Heave = .
o »
E O eo
2 i>) 40
0 1.
1 2 3 4 5 6 7
Well #
—J\[+ B Legacy RT Stack
(Real Time Data ] B Smart RT Stack
L

[ Tool Memory |
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SOLUTIONS TO ACQUISITION CHALLENGES

 Rig Heave

«  Managed Pressure
Drilling

\
Reservoir

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)



SOLUTIONS TO ACQUISITION CHALLENGES

 Rig Heave

«  Managed Pressure
Drilling

\
Reservoir
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SOLUTIONS TO ACQUISITION CHALLENGES

 Rig Heave

«  Managed Pressure
Drilling

\
Reservoir
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SOLUTIONS TO ACQUISITION CHALLENGES

 Rig Heave

«  Managed Pressure
Drilling

\
Reservoir
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SOLUTIONS TO ACQUISITION CHALLENGES

 Rig Heave

«  Managed Pressure
Drilling

\
Reservoir
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 Rig Heave

«  Managed Pressure

Drilling

> FORCE

SOLUTIONS TO ACQUISITION CHALLENGES

e Reservoir

Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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 Rig Heave

«  Managed Pressure

Drilling

> FORCE

SOLUTIONS TO ACQUISITION CHALLENGES

Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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SOLUTIONS TO ACQUISITION CHALLENGES

 Rig Heave

«  Managed Pressure
Drilling

700 ms
(2000 ms max) .

a Reservoir

d FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022) 38



 Rig Heave

«  Managed Pressure

Drilling

> FORCE

SOLUTIONS TO ACQUISITION CHALLENGES

First energy arrival

%\ —ﬂ/\/kﬂ—-u—\,_,*—g_hv-

f . Background

noise Reflected energy

Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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SOLUTIONS TO ACQUISITION CHALLENGES

Rig Heave

Managed Pressure
Drilling

} Background
noise
- ‘\\ = —
{ \\

\
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SOLUTIONS TO ACQUISITION CHALLENGES

|

Break connection to add or remove drillpipe
— (Seismic Acquisition)

 Rig Heave

«  Managed Pressure
Drilling

Circulating Pressure

Downhole pressure is CONSTANT
between drilling and connections

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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SOLUTIONS TO ACQUISITION CHALLENGES

|F

 Rig Heave

Break connection to add or remove drillpipe
— (Seismic Acquisition)

«  Managed Pressure
Drilling

Hydrophone
Sensor

(I

Circulating Pressure

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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SOLUTIONS TO ACQUISITION CHALLENGES

I ) Break connection to add or remove drillpipe

— (Seismic Acquisition)

 Rig Heave

«  Managed Pressure

Drilling Gate Valve 4

|

Hydrophone li‘

Sensor 7
l 6 Circulating Pressure

LEY ¥

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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> FORCE

SOLUTIONS TO ACQUISITION CHALLENGES

ng Heave High Noise

Managed Pressure
Drilling

Low Noise
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With
MPD Active

With
Trapped Pressure
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OTC-30811-MS « Safe Landing Of A Deviated Well With A Rig Source VSP Using RT Lookahead Seismic Technology * Neil Kelsall

SAFE WELL LANDING - DRILLERS OBJECTIVES

sw Well 3/7-11 NE

m Safely drill a deviated
exploration well on time and
budget

m Penetrate and log reservoirs in
the Jurassic and Permian
formations

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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OTC-30811-MS - Safe Landing Of A Deviated Well With A Rig Source VSP Using RT Lookahead Seismic Technology * Neil Kelsall

DRILLERS CHALLENGES — PORE PRESSURE

m Large pore pressure uncertainty =" EEEEEEEESil
below the Base Cretaceous —;—3 Pore Pressure
Unconformity (BCU) Ea e —~——

C=mf-2500

m 300 bar difference in pore EaEn
pressure between offset wells 3 1 T = -
within a few kilometers —H Y

. 978" | t

m  After the BCU will the pressure be A\ Casing =

a high case or a low case? v
. {

m Set97/8" casing shoe close to the |2 | 135000 P £
BCU to provide maximum well AR 11 Offset well
control S pressures

o, 4:‘.1 ] ] [
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DRILLERS CHALLENGES — DEPTH UNCERTAINTY

\
3346 m TVD

'y
175 m MD open hole
150 m
Pre-Dril 3496 m TVD
BCU @ 3496 m TVD +/- 75m
- . Pr— T 2 x depth uncertainty
safety margin

Need to set casing in close proximity T
to BCU for max kick tolerance safety $ P

\4
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Measured depth
- i

I
) S
£ N |
-— N§.
C%\ ¥ 5 5shib b
=
=
= &

‘.

|

> FORCE

LOOKAHEAD RESULTS

Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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Two way time

Measured depth

N T —

g g N e
e S RS e et ROt ™ el O

> FORCE

LOOKAHEAD RESULTS

250

Range of Bit to Target (m) vs Predicted Depth
with Uncertainty

Range to target (m)
200 150 100 50
- === Min Depth e=@== Pred Depth

- - - - Max Depth PD Max Deptt

Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)

3400
3420
3440
3460
3480
3500
3520
3540
3560
3580
3600

(w)urdeg
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Measured depth

Two way time

:

g g N e

> FORCE

LOOKAHEAD RESULTS

- 165m +/- 20m

250

Range of Bit to Target (m) vs Predicted Depth

AR b RGRR RY

200 150 100 50

- === Min Depth e=@== Pred Depth

- - - - Max Depth PD Max Deptt

Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)

3400
3420
3440
3460
3480
3500
3520
3540
3560
3580
3600

(w)urdeg
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Measured depth

s

AN

N NP

Two way time

N T T —
e~ e N

((ﬁ"

i {55 i
e
ik \ e

> FORCE

i o
e 51
i

{
p)
K
AN

LOOKAHEAD RESULTS

139m +/- 17m

250

Range of Bit to Target (m) vs Predicted Depth

Rahg b WREERAINTY
/—o 3429
200 150 100 50
- - = = Min Depth e=@== Pred Depth

- - - - Max Depth PD Max
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3400
3420
3440
3460
3480
3500
3520
3540
3560
3580
3600

(w)urdeg
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Measured depth

s

A AN

s N A

N T T —
. T )

Two way time

> FORCE

it
)}/ }' )

it

e
RS
A

LOOKAHEAD RESULTS

250

Range of Bit to Target (m) vs Predicted Depth
KUHGR gt Nty

T g ————® 342
200 150 100 50
- === Min Depth e=@== Pred Depth

- - - - Max Depth PD Max [
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3400
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3440
3460
3480
3500
3520
3540
3560
3580
3600

(w)urdeg
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LOOKAHEAD RESULTS

Measured depth

s

AN

e
SEN N -

Two way time
==

88m +/- 12m

2030 2
“ BCU .r 2 (j’ - U\\ \7
Rt

a i 0D

g g N g

4,
E

Range of Bit to Target (m) vs Predicted Depth

Rahge tb G MY

L I,

250 200 150 100 50

- === Min Depth e=@== Pred Depth
- - - - Max Depth PD Max De

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)

3400
3420
3440
3460
3480
3500
3520
3540
3560
3580
3600

(w)urdeg

53



LOOKAHEAD RESULTS

Measured depth

Final decision made on Range of Bit to Target (m) vs Predicted Depth
Depth of 12.25” section TD ralbitly Bggrtainty

at 3402m TVD 3400
3420
b . 3440
£ 24m above predicted target s
"; at 3426m TVD 3480
© 3500
Ci) 3520
\ 3540
— 53 88m +/- 12m 4560
3580
3600

250 200 150 100 50 0

- === Min Depth e=@== Pred Depth
- - - - Max Depth PD Max Deptt
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LOOKAHEAD RESULTS

Measured depth

Range of Bit to Target (m) vs Predicted Depth
P
» * 3400
3420
® 3440
k= 3460
= Predrill || 30
‘;U } = 3500
o ? 3520
= 3540
= 3560
' BC 3580
3600
250 200 150 100 50 0
- === Min Depth e=@== Pred Depth - - - - Max Depth
PD Min Depth e==== Predrill Depth PD Max Depth
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LOOKAHEAD RESULTS

N,
A

Measured depth A\

3346 m TVD S

Stop Dirilling
and set 9 7/8’casing!

3402 m TVD

3426 m TVD +/- 12m _1_ (SWD predicted BCU, from—a
range of ~100m)

Two way time

3496 m TVD

2 x depth uncertainty
safety margin

+ +/- depth uncertainty

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)

(Predrill BCU depth)
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LOOKAHEAD RESULTS

N
A

Measured depth N\
| i %\

3346 m TVD 4

3402 m TVD (Actual Logged BCU depth in

3425 m TVD 8.5in section)
3426 m TVD +/- 12m * (SWD predicted BCU, from a

range of ~100m)

Two way time

3496 m TVD - . .
(Predrill BCU depth)

2 x depth uncertainty
safety margin

+ +/- depth uncertainty

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022) 57



LOOKAHEAD RESULTS

N
A

Measured depth A\

3346 m TVD b

Minimized open hole
for High Kick Tolerance

111 m MD

3402 m TVD

Two way time

(Predrill BCU depth)

2 x depth uncertainty
safety margin

+ +/- depth uncertainty

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)

3496 m TVD - - —
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LOOKAHEAD RESULTS

« Objective achieved

« Uncertainty reduced from +/- 75m to +/- 12m

«  Optimum safety with a casing depth that gives maximum kick tolerance

« No rig time used for acquisition or data transmission — transparent to
normal drilling operations.

/ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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WHAT'S THE PROBLEM? WHERE IS THE SALT FACE?

P90 Case |

Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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WHAT'S THE PROBLEM? WHERE IS THE SALT FACE?

> FORCE

Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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SEISMIC ACQUISITION DURING DRILLING CONNECTIONS

e

26,000 ft (8k '
t (8km) ‘ e '_‘.

Boat - Airgun Array
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Depth (ft)
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@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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SALT PROXIMITY SURVEY RESULTS

Salt Proximity Results Z
— - /

/4

Reflective Base Salt
Salt Proximity Points

Reservoir

Comparison of observed
SWD-OVSP waveforms with
Finite Difference modelling

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)



WELL 1 + WELL 2 SALT PROXIMITY SURVEY RESULTS

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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WELL 1 + WELL 2 SALT PROXIMITY SURVEY RESULTS

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)
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Shell
Schiumberger

A Deepwater Salt Proximity Survey using
Seismic While Drilling to Reduce Salt
Positioning Uncertainty

EAGE

Kl N, Jenacn 1, Boyer 1%, Chen 7', LI ¥, My B, Saped A%, AW 8. Giopal
s

~Mewmee TX USA
LsA

Introduction

In 2098 an cperatr acquired a Sat Fraxity Sunvey while
driling 3 deveicpment wek. The well s b @ decpwater
aified ocated benesth mee than 4,000 Soet of wiker, in e
Gult of Mexco, US. The Neid's main reseneir is a thick and
highly pressured subeal furbidte sand  forman
Miccens.

The cejective af the sak proxmity survey was % hep
deineate the extent of the resenoir by magpng Te
itersactng sak fank with Fcreased accuracy over e

surtace sekmic image. Seisvic imaging of highly dpping

saif flank can sigrificantly Improwe seisTic Imaging of such
complex  subgak  stucsres; ihus, provding better
characterzalion of resevor geometry, properties, and
consequEntl, resoues.

A salt proxmity survey aikows K calbrating the sbautace
model by measudng travelimes, azmuth, and vertical
angies of the refracted seismic signal from the surface to
downhoie receners near the sak fank. The
Irawetime and directon of the signal aliow for magpng e
sl el points and deineatng the sall flank location,
enazing for more accurale placement of fixe wels
Theee possible cases for identiying the sait flank location
are shown n Figure

Figure 1 Fossinle scenarios for the jocation of the sak face and
e resanvolr extent

Method and Theory

Preich wertcal sesmc profle {VEF) modeting wih 30 oy
adng wes necessary 10 estabiish Mo optivum oot

seaionng the selsric airgun amay, which woud provide the
e spread of salt et points for the panned wel
vajciory. Modeled trwvelimes for zero-oftsat VSP (ZVSF)
and oftsat VEP [OVSF) wil enatie for delermining the record-

#ma windaw by the SWD tocl. One of these models & shown
n Figure 2. The color coding Naicates veiodty and shows the
expected ray paths from & sesmic souce keated near the
wethead (g source) and @ source hat Is ciet om he
wethead (vessel source) by appraximatey 5 mi

Figure 2 (2) Aeprace moseNvg, and (3) mogeles sat ext
paints for ) source (olue) and vessel source (red)

SWD uses logging-whike-driling (LYWD) technology (Esmersay
o al. 2001) In which & seismic LWD o is placed In the
driing Ectiomhoie y {BHA} behind e oril 5t
Ecrendle selsmic data are acqured dung when making
driippe connections, which allow for acoustcaly quet
downnole CoNdions W o mud fow or pie movement
Seismic shol data are recorded i the ool s memary and stack
data from each sefies of shols can be Iranamited from
downncle %0 the surace via mud pulse telematry (MWD}
duing driling cperations. This real-time stack Gata enabied
quallty cantrol (OC) of e dafa being acqured and esured
had MR

Rocordng i datase prosenisd saveral crallnges:
Findt utradeep (28,000 ) SWD survey bekow salt
anﬂ 2 very langa source et (-28000 ). Godd

. mvn ‘bandwdth with comglex logging BHA, iclading
ubradecp resstity |nou.-am.a 1005 and righ-rate of
B ) A S

. Shant aripipe Wmmmwmmmﬂn
effcient automated arlkhp.
. Large dfference in travelmes from ©g sowce and
and Muod recanfing window (n
dawnhoe tool

Caretd pranning between the cperator and senice providers
alicwed for avercoming these issues. The SNR coud be
Improved by using @ borehole sekmic argun army
approximately four tmes the size of 3 conventional borehole
Zource. which was compesed of 12 guna Wi an air voume
of 2400 In? and cperating & 2,000 pei (see Fgure 3 iower-
right image]. The algun aray requied deplymant fram a
vessel fited wih 3 fiL&orpuTEese cane (see Figure 3. ower
et image)

vr7ovs, Sgun 1,200 2
e s S sianet

Migure 3 (Ve 2y el cosrae) Swans LAD o2 za:
swlwgiensy g ssuce, 13gen 2430

MWD bandwidih can be managed by using the highest data
transmissian speed posstie and by dviding he diling nun into
phases. This procedure alowed for priorkizing the data
Iransmissian from the setsmic LD tool a5 1 passes ihrough sat
And Moves ALOVE T reservOr

Data were acqured during the relsively snort pipe connections
during driling and tripaing cperatcas. which provided tme % §
107 shots fram 2o the g and vessel scurce.

The =] oo the
aneway travetimes betwoan the rig scurce and vessel source
coud have a Gfference of over 1500 ms. This conditon was
avercome using @ patented techrique (Kesal, N. et al. 2017)
The technique cansiss of independendy varyng the §ring tme
af the g source and vessel source such that the festamval
enery 4 recanded In the downhole ocis recarding window (see
Figure &)

Real-Time QC and Memory Data

Realtime stacsed wavelom dta oan be senk ugnole fram the
recarded shots fired ty the vessel source. A 300.ms waveform
was ransmitied 1o surace during driling aperations afler each
drilpipe cconecton had been made. As shown i Figure 5, the
data showed a ciear bt complex snal with a good SNR

Depth (1)
IR EREREE]
IREEEERENE

Figure 5 (o) Hydrophone sexsor 0818 o real some during dniling and ()
Jrom posirun mewary doia

In addion o the Mydroghone sensce data, three<ompanent

ot were also racorded 10gether with 100] Grentason.

The tol oriematon wes delermined from the MWD drecticoal

foaface and the ofsel ange between the radal geophone

sensos and e MWD %ol melwence poit Knowng the

arientaion of the tool was imgorant 10 estatiish the drecton of
Y or

The sat mmvy ks ek e pachomit i e
postun Hydrophs

o ks, The Sk Tamit an st Figare &, which
Prowes @ range of peasibie salt exit locations. bt with much,
less uncormainty than the predrl model. The cbgened primary
amhal was significantyy laler than the predicted amval fom the
preari] model To calkeate the model to the ctgerved data, the
sal envy poiks and the shape of the sat structure were
mediied

Figure 6 (a) Sxit prOXATIY procersing reralcs and () apdaied 20k
rest mierpreizase.

Conclusions

The saif prowimity survey I this well successtully proved the
cancept for conducing SUch @ survey using SWD with Do a
rig source and an ofset vessel source. In addBon, e surey
praved that tris survey mathod Is even possibie In same of the
word's deepest wells using 3 lange source

Dita were acquired durng drling cperations and durg puling
ot wiihut using Addbonal rig ime as required dnng & emal
drding run, Increasing the effciency and praving the econcmics
of this acqisition methed.

The key %0 the success of this comelex project resuted from the
defated pianning between fhe cperakr and e service
prowiders. Teamwork and  cootinual communications proved
Ciifca to aasembing and mobizing the e amount of
equipment and spaciatzed Fersanne 1o the pracise place at the
exact tme followed by further careful communicaticos durng
the data accuisi cashere teane

3000 e bl g weon

[
crows 19 and vessal.

The final resudts from the salf praximity survey das processng
have proved 1o be valatle for he operstce and pamners by
Imoroving the reservor madel, frming up reserve esimates,
and optmizing wel pacemend for fdure welk n the
devecpment

Figure 4 Varstie-ime offsetio-surfece fing fime appted 1o
vessai and ) selsmic sources

Earerary, C. Unertl, W, e Mantherm, A 200 Scbrsic Meassremest
il Ol oot Bouicks ek LW, Pl a4 4
SPWLA Azl Lagging Syepunten, Hosaon, e L5

SPWLA-

Xelwdl, ¥ Wi, M Arvutvong, P, Lacafts, 7. 3017, Methods ot syparatns
o gl acceadc dsta acquintioe 1S Pave 9435815

Salt/Sediment proximity to delineate salt boundaries with P and PS waves using Seismic While

Drilling in the Gulf of Mexico

Jensen, B.*, J. Bayer (Shell E & P), Y. Li, T. Chen, and K. Maison (Shell International E & P)

Summary

Between 2018-2019, Shell acquired two VSP surveys in two
deep water wells in the Gulf of Mexico (GOM) using a
Seismic While Drilling (SWD) tool and both a g source
(ZWSP) and a boat source (OVSP). The major objective of
the surveys is to delincate the sali-sediment boundary at the
salt base and flank. We designed complex WSP surveys and
exccuted them in an economic and effective manner. We
developed a comprehensive analysis and processing method
to imegrate P wave sediment and salt proximitics with
converted PS salt proximity. We use the 2018 SWD-VSP
survey to demonstrate how we define the salt boundary with
the integrated resulis. Our results show that we can delineate
the salt boundary with better accuracy and with a high degree
of confidence. This successful VSP survey provides
significant business and technical value.

Introduction

Seismic While Dnlling (SWD) is a downhole seismic
method used for acquiring V'SP data (Esmersoy et al., 2001;
Underhill et al., 2001). A seismic tool package containing
one hydrophone and one 3-component (3C) geophone is
placed in the drilling BHA behind the drill bit while air-gun
arrays firc at the surface. The V5P data is acquired during
drill pipe connections which allows for acoustically quict
conditions downhole with no mud flow or pipe movement.
SWD has widely been proved as a useful check-shot tool,
but with limited application for salt proximity surveys (Rois
ctal., 2011). In 2018-2019, Shell carried out two SWD-VSP
surveys with both rig and boat sources in two deep water
development wells nearby in the GOM (Kelsall et al., 2019).
A major objective of these surveys was to delincate the
extent of the reservoir by mapping the intersecting salt flank
with increased accuracy over the surface seismic image. We
will demonstrate, using the 2018 VSP survey data. how to
integrate drilling, sonic, and ZVSP check-shot data with the
sediment and salt proximity surveys to delincate the salt
boundary at the salt base and flank with increased accuracy
and with a high degree of confidence.

Diata, Method, and Hesults

We carried out pre-survey VSP ray-tracing modeling (Fig.
1) with a rig and a boat source {ZVSP & OVSP) for both the
salt and the sediment proximity surveys to delineate the salt
boundarics. Accurately locating the salt boundary at salt
flanks and the salt base is cntical for updating velocity
models, estimating reservoir size, minimizing drilling risks,
and optimizing future well locations. Salt proximity is a

© 2019 SEG
SEG International Exposition and 88th Annual Meeting

seismic refraction method, which measures the P-wave first-
arrival times and directions (azimuth and incidence angles)
using 3C geophones placed in a well in sediment close to the
salt. We apply 3D ray tracing in two velocity models (salt
flood and sediment models) to caleulate the salt exit points
(e.g. Lietal, 2003a, b). For a well drilled inside of salt, we
use a scdiment proximity method (O°Boen, 2005) to
determine the salt-sediment boundary using 3C geophones
in the well and an offset seismic source at the surface of the
sediment basin. The sediment proximity also measures the
first arrival times, azimuth, and incidence angles. However,
this method uses a sediment velocity model and a half-space
salt velocity model to caleulate the salt entry points, which
define the salt top boundary.

In our SWD-VSP survey, one hydrophone and one 3C
geophone are in an SWD tool on the BHA of the drill sting
and we fire two air-gun arrays of 1,500 cu. in. (ZVSP) and
2,400 cu. in. (OVSP) at the surface to acquire the VSP data
inside and below the salt. This method enables us to integrate
both salt and sediment proximities to delincate the salt
boundaries. Using the SWD-OVSP data recorded inside the
salt, we calculate the salt entry points via sediment proximity
and use the results to calibrate the top of the salt. We then
update the top of salt flood model and use this with the
OWSP data recorded below the salt to calculate salt exit
points at the salt base and flank, delincating salt proximity to
the reservoir.

To minimize the velocity uncertainties of the salt and the
subsalt sediment, we integrate the ng source (ZVSP) check-
shot data, sonic P-wave velocity data (Fig. 2), and the Vp/'Vs
ratio from both the ZVSP and the sonic data to confirm and
refine velocities in the salt and subsalt sediment. An average
salt velocity of 14,822 ft's from LWD sonic perfectly
matches with that of the dirty salt model generated from the
surface seismic data. Discrepancies between the observed
and modelled ZVSP first arrival times are less than 0.1%
from 17000 fi depth to the base of salt (BoS) This
discrepancy slightly increases to 0.2% from the BoS to
26,000 fi depth. At a depth of 28,000 ft, the discrepancy
increascs to 00.75%. We account for these obscrvations when
we refine and adjust the salt velocity and subsalt sediment
velocity in the salt and sediment velocity models used for
proximity surveys.

We acquire the 4C SWD data of the ZVSP and the OVSP in
1 “ping-pong” shooting style duning a drilling trip in and trip
out of the borehole i ensure enough depth coverage nside
and below the salt for both proximity surveys. When the
SWD tool is first tipped in at a shallow depth, we make test

10.1190/segam2018-3214740.1
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SEISMIC + EM LOOKAHEAD / LOOKAROUND
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EM LOOKAHEAD

Bit

Electromagnetic Field

ahead of the bit
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Lookahead range depends on:

- Resistivity contrast between
formations

- Qty and spacing of Receivers in
BHA (max 3)

- Distance between Transmitter
and bit

Modelling can indicate lookahead
range to expect for each
environment

69



EM LOOKAHEAD
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Lookahead range depends on:

- Resistivity contrast between
formations

- Qty and spacing of Receivers in
BHA (max 3)

- Distance between Transmitter
and bit

Modelling can indicate lookahead
range to expect for each
environment
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SEISMIC + EM LOOKAHEAD VS EM LOOKAHEAD ONLY

BHA with 10m
EM lookahead +
Seismic

140m

Predicted Target"

------------------
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|
BHA with 10m
EM lookahead
only
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----------------------
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SEISMIC + EM LOOKAHEAD VS EM LOOKAHEAD ONLY

| |
BHA with 10m BHA with 10m
EM lookahead + EM lookahead
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SEISMIC + EM LOOKAHEAD VS EM LOOKAHEAD ONLY
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SEISMIC + EM LOOKAHEAD VS EM LOOKAHEAD ONLY

BHA with 10m BHA with 10m

EM lookahead + | EM lookahead |
Seismic only
ismic RES_ROP RES__ROP
I' “Rops-lom/hr J
4 \/ Im |
po
30m
safety

+/} 50m

----------------------
----------------------

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)



SEISMIC + EM LOOKAHEAD VS EM LOOKAHEAD ONLY

BHA with 10m
EM lookahead +
Seismic
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SEISMIC + EM LOOKAHEAD VS EM LOOKAHEAD ONLY
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SEISMIC + EM LOOKAHEAD VS EM LOOKAHEAD ONLY

BHA with 10m BHA with 10m
EM lookahead + EM lookahead
Seismic only
ismic RES__R RES_ROP
|
ROP 5-10m/hr
A
J1L/\ i I
30m \/dm
safety 4
|
}F ................ _
ROP 5-10m/hr
L. N— S S e |
15m [\ /dm I +/} 50m
safet T
\ 4
9 T
+/} 10m
Predicted Target ¢
[ ] ' IIIIIIIIIIIIIIIII
..................... Yo
......................

@ FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022)



SEISMIC + EM LOOKAHEAD VS EM LOOKAHEAD ONLY
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SEISMIC + EM LOOKAHEAD VS EM LOOKAHEAD ONLY
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® Riserless drilling near artic

® Objective to safely drill close to
reservoir top without accidental

penetration

® Seismic + EM lookahead

drilling BHA to mitigate risk
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ARC

TeleScope

IrisSphere w/3 receivers
SeismicVision

SEISMIC+EM LOOKAHEAD

SeismicVISION

Wired Drill Pipe

RT data transmission volume comparison

IrisSphere Receivers

IrisSphere Transmitter
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m Accurate RT
Seismic Depth
prediction
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REALTIME SEISMIC RESULT
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TVD (m)

TVD (m)

Top Reservoir

Remote Detection

Top Reservoir
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Reservoir
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WALKABOVE VSP SURVEY WHILE PULLING OUT OF HOLE
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POTENTIAL SEISMIC WHILE DRILLING APPLICATION:
“GPS FOR THE BHA®

GPS - Trilateration
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"
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MORE WELLS PER RESERVOIR?

Potential with borehole
seismic triangulation

With normal survey method
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“SEISMIC GPS”

11,000 m A
V|
® Lateral uncertainty 4000 >
m e
reduced to 10-20m e
60°
) ) Reservoir Objective -
® Reduced rig time for
survey measurement
VS Ger Drillers + Directional Uncertainty (Normal Sur
® Statllonary pipe time < Target 1 - 35 m
5 minutes =
< aY
) 100 m ;
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® Lateral uncertainty
reduced to 10-20m

4000 m

® Well landing with VSP
has reduced depth
uncertainty to +/-10 m

® Requires velocity model

® Maybe not suitable in
very complex geology
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LATERAL UNCERTAINTY OF WELLBORE POSITION
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LATERAL POSITION OF WELL FROM TRAVEL TIME
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LATERAL POSITION OF WELL FROM TRAVEL TIME
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LATERAL POSITION OF WELL FROM TRAVEL TIME

X1Y1 Z = X,Y, Z = X,Y, Z =

01-40010 0,'200,0 01010 Y

- ‘ -500 -400 -300 -200 -100 0 100 200 300 400 500
. 820
' ZOOm*

x
200m
[ J
® 3830

m
£ 840
846 ms GE) [ ]
[= 850
860
870
X,Y,Z=0,0,-1815 880

Ko ) FORC E Fundamentals of Borehole Seismic Technology (Kelsall, Rufino & Guerra, 2022) 92



LATERAL POSITION OF WELL FROM TRAVEL TIME
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LATERAL POSITION OF WELL FROM TRAVEL TIME
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LATERAL POSITION OF WELL FROM TRAVEL TIME
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LATERAL POSITION OF WELL FROM TRAVEL TIME
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LATERAL POSITION OF WELL FROM TRAVEL TIME
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LATERAL POSITION OF WELL FROM TRAVEL TIME
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LATERAL POSITION OF WELL FROM TRAVEL TIME
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Recap

® Seismic While Drilling
— What is it?
— How does it work?
— Qvercoming challenges in a drilling environment

® Review examples of different applications
— Efficient seismic checkshot / VSP acquisition
— Well Landing
— Highly deviated well conveyance
— (Geo-stopping — Look-ahead
— Combination with EM look-ahead / look-around

— Salt Proximity

® Potential new application
— Reducing lateral wellbore position
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