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« INTRODUCTION

* Why consider multi-physics data ?
* What are the challenges of multi-physics analysis ?
e What do we mean by multi-physics analysis ?



Properties of the earth

What do we want to know ? What can we measure ?
Reservoir properties
and condition

Geophysical Attributes

f Earth (,

Lithology j properties j
Mineralogy Impedance
Porosity Reflectivity
Pore fluids f V, ‘ AVO
Saturation V, Attenuation
Stress o, Poisson’s ratio
Pore pressure Q (?) Ap — up
Temperature R Curvature
Permeability L—J anisotropy
etc. etc. h

At any point in the Earth there is only a small number of properties that can be measured.

© Edinburgh Geoscience Advisors Ltd 2021
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Benefits of a multiphysics approach

/ easured well log data Interpreted lithology and fluid \
Well log i e ',
analysis : : Multiphysics: Petrophysics and
= : % rock physics
/ Measured geophysical attributes \

Multiphysics: Modelling,
inversion, analysis

Geophysical
analysis

\_

Also residual

saturation

Residual
®7/ & saturation

| Alvarez, etal, 2018,
+  Interpretation, 6(3),
r 5G1-5G17
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Challenges and pitfalls in integration

www.edinburghgeo.co.uk

Physics

e Electric and elastic properties must be coupled through
a single earth model that accurately and consistently
describes each.

Sensitivity

e There must be overlap in sensitivity of the methods
applied to the properties within the intervals of
interest.

Scale

e Seismic, CSEM and well log data sample the earth at
very different scales, which must be reconciled in an
integrated interpretation.
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Approaches to multi-physics integration

Quantitative

integrated Joint inversion:
Co-rendering interpretation EM and seismic data.

| | |

Qualitative
9Alleuenp

Structurally constrained Petrophysical
inversion joint inversion

Multiphysics for structure
Multiphysics for properties
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Approaches to multi-physics integration

Quantitative

integrated Joint inversion:
Co-rendering interpretation EM and seismic data.

| | |

Qualitative
aAleyuenp

Structurally constrained Petrophysical
inversion joint inversion

Apply only if
Apply suitable
anywhere

Applicability

© Edinburgh Geoscience Advisors Ltd 2021
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« EXAMPLES

* |Integrated interpretation
 Petrophysical joint inversion



Approaches to multi-physics integration: properties

Quantitative

integrated Joint inversion:
Co-rendering interpretation EM and seismic data.

| |

Qualitative
aAeIUEND

Structurally constrained Petrophysical
inversion joint inversion

© Edinburgh Geoscience Advisors Ltd 2021
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Integrated analysis

& D3 D )
i
)
Step 1
i
- - Geophysical
] oty VG pzeurice ' il - DA attributes
; Step 2
: -....‘ -.. - . ; 12 Rock and fluid
. 5 properties
0 DOE ACO -
2100 ) _1‘
Petrop al Data - -o °
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Introduction to the study area
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Data available:
* 936 km? 3D seismic

* 1912 km?nodal CSEM
data

 Well: 7324/2-1(Apollo)

Drill or drop decision: how prospective is the block ?

Alvarez et al, 2018
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Mixed drilling results: Seismic doesn't have all the answers...

Type Log (Apollo)
== : Multi-well cross plots: Sto formation
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In situ Alvarez et al, 2018
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Integrated analysis

e0p al Data Data
D D ;
i
)
Step 1
i
) Geophysical
S S peduncs 3 S0 . A attributes
Step 2
obod .t . ; 12 Rock and fluid
properties
0 DO ACO
i
=il il
i
00 Dr D i
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Seismic setting

Variance extraction at top Realgrunnen
Highlighting potential leaking faults

A A
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Quaternar ’ ,:;l:"“.,, ¥ P I ant I: wFr It \ "‘.‘“l ?"'l“ i
i s Ty T e " . | Non-leaking Fau sf gy oy
D bt A~ - oy |l e Y \ ’. M _ i N -
i Leaking Faults: e . o A - o TG, RPN 00 rn

Top Hekkingen | o/
e SIN) -
[ Top Realgrunnen .

=
op runomen
'l

-1100- \

' ’ i e i

A AREE W VN R 1 L AR/ W .""""""""""T """ NI T M 0 fl
m "
] I‘l ’“ "] Potential Legking Faylts
i "% o~ . TR 06 (Hjgh Variadnce,|High Envelope)
| o g *
‘, "'&;“..' g
| #0 '
; y,v" " ‘ 7]
| f o
i t~| " .’ 00 R U ... . 10°
! ‘ 00 05 10 15 20 25 30 35 40
o e ittt - Envelope
Alvarez et al, 2018 = Potential leaking faults
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Starting point: Elastic attributes

P-wave Impedance Poisson’s ratio
Minimum Amplitude Top Realgrunnen Minimum Amplitude Top Realgrunnen —
— Top Fruholmen minus 5 msec Top Fruholmen minus 5 msec

1 I‘ " | | : 1
) | 5400.00

5300.00

| s200.00

510000

5000.00

490000 |

4800.00

4700.00

—4600.00 |

—4500.00

440000 |-

' o
420000 [

Alvarez et al, 20718
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Porosity Map
Arithmetic Average Top Realgrunnen — Top Fruholmen

Porosity Estimation
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y =-30702x% + 1175.1x + 2103.7
R?=0.8972

1800

2000

Stg Fm. Average porosity vs. Depth

porosity (%)
0.1 0.2 0.3

Alpha 0.239
Wisting 0.228
@ hoop offsets

Trend for
closest wells

regional trend

0.085 ®
Trend line 2. order polynomial

TVDSS (m)
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L
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Color-coded by
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Alvarez et al, 2018
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Well log analysis and
litho-fluid facies
definition

/nsitu Wet Oj/

.

T
I
!

2D PDF -
estimation Litho-fluid facies definition
-mm--
| Shale >60%
[ | Wet Sand <10% =100% - -
. ] Oil Sand <10% <20% >80% -
Bayesian
classification of (] Fizz Gas Sand <10% >80% <1% <20%
seismic data. [ | Gas Sand <10% <20% <1% >80%

Alvarez et al, 20718

Ip (m/sec*gr/cc)

Statistical rock physics: facies definition

Apollo Well at different fluid conditions

Gas Fizz

10500
9000}
‘ : : LR
[0 0] SOOI S .'.'.:...... R . \:
7000 /ncréase f/é//'d
6500 EEL v compre55/b///ty&
: _ : sand Content
8508 015 02 025 03 035 04 045
Poisson’s ratio
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Statistical rock physics: facies definition

Apollo Well at different fluid conditions

Insitu Wet Oijl Gas Fizz

Well log analysis and
litho-fluid facies
definition

uuuuuuuuuu

e

= tas

m
i
i

estimation Litho-fluid facies definition

10500 5 : ! ? :
9000k i ¢ 0 "
L Wet Sand <10%  =100% - - 8 .
o0 85001
e — . *
B . ] Oil Sand <10% <20% >80% -- o 2000
ayesian < i
i 0, 0, 0 0, &
classification of ] Fizz Gas Sand <10% >80% <1% <20% = s _ o W : ‘ |
=~ # DA ; i
seismic data. i Gas Sand <10% <20%  <1%  280% oo+ T ncredse fuid
@ In situ Porosity 65001 e i .,QQ(’,?.P@?S,/‘.?/./,’.U/,FS’_
. : - sand content
P ity S . In situ Porosity minus 2 % 6000k ................ R— S — ................. ................. S ]
orosity Scenarios ' . . | | ;
@ In situ Porosity minus 4 % 5508 5 015 02 025 03 0.35 04 0.45
Alvarez et a/-, 2018 @ In situ Porosity minus 6 % Poisson's ratio
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Statistical rock physics:2D PDFs

Ip vs Ap : PDFs estimated using upscaled logs
through Backus Average
Seismic Resolution

Ip vs Ap for different Fluid & Porosity Scenarios
Log Resolution

. 10500 ! ; ! ; ! ; g T 10500 . . . !
Well log analysis and SR N B B ; ; : ;
: . . 10000 osity 10000}
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E 7500k =t é 7500}
R — —_—— b — '
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6500} 6500\
2D PDF
. . 6000 6000
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Litho-fluid facies definition
T e vy | sw | so | s
P A
Bayesian - Shale >60% - - ==
classification of L Wet Sand <10% =100% - = (A  Insitu Porosity
seismic data. : 0 0 o . In situ Porosity minus 2 %
- 0il Sand <10% <«20%  >80% Porosity Scenarios | y mi 6
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@ In situ Porosity minus 6 %
| Gas Sand <10% <20% <1% >80%

Alvarez et al, 20718
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Statistical rock physics: Bayesian classification

Ip vs Ap : PDFs estimated using upscaled logs
through Backus Average

( P(Cj|x) 2 Probability of a particular class (C;) given
an observed x

11000
10500

Well log analysis and
litho-fluid facies P(C P(x'Cj)P(Cj) < P(x|c;)® Conditional Probability of x given ; 1::;2
initi J | ) g 9000
definition P(x) P(C;) = Prior probability of a particular class (C;) & 5,
\. p(x) > Describe the distribution of the seismic o
data point ~000
T 6500
6000
2D PDF - . .
ST Probability of belonging to each facies Ap (m/secgr/ccf
P(Gas — Fizz Gas Sand |Ip, Ap) P(Oil Sand |1p, Ap) P(Wet Sand |Ip, Ap) P(Shale|lp, Ap)
11000 | 11000 11000
. 0.8
-5 10000 0.8 '©10000 7 "010000
—__ g i

Bayesian *8 9000 0.6 *§ 9000 o *8 9000

classification of = 8000 £ 8000 0 a0

seismic data. & 7000} 27000 02, & 7000

6000 0 6000 6000

Ap (m/secxgr/cc)? Ap (m/secxgr/cc)? Ap (m/secxgr/cc)? Ap (m/secxgr/cc)?

Alvarez et al, 20718
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Most likely facies

5 24/2-1

Ip vs Apcolorcoded by most likely facies i i . i
Prospect is predominantly classified as ail sand, nevertheless the

11000 . . . oy ehe
gas/fizz gas sand facies is also a possibifity.
10000
- Shale ‘ X
9000 . [\
- Wet Sand \ \ w ‘ I N
tease Porosity —T \ | I e S (e
8000L+ pocionvens) [} —omsand | — .
: | - —Gasor Fizz GasSand» "“’ﬂ o N
7000(---- — 1 L A1 A
6000 ! “

What is the hydrocarbon saturation ? ‘

Seismic can't tell us !
Alvarez et al, 20718
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Integrated analysis

& [)a )
Step 1

s

A Geophysical

oty VG pzeurice ' il - DA attributes
; Step 2
....‘ -.t - . ; 12 Rock and fluid
. 5 properties
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Petrop al Data Pa o DN\
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CSEM derived transverse resistance

Transverse Resistance from CSEM .
TR=Average resistivity * thickness In depth from seismic Porosity Map

) ey . — Arithmetic Average Top Realgrunnen — Top Fruholmen
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Alvarez et al, 20718
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Putting it together
Data

& D3 D )
i
)
Step 1
i
- - Geophysical
] oty VG pzeurice ' il - DA attributes
; Step 2
: -....‘ -.. - . ; 12 Rock and fluid
. 5 properties
0 DOE ACO -
2100 ) _1‘
Petrop al Data - -o °
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Simandoux relationship:

CSEM derived

sssss

L _¢"s. V.,
pb apw pcl

I
1500.00

—1400.00

—1300.00

~1200.00

—1100.00

1000.00

—900.00

800.00
[ 700.00
600.00

Seismic derived
Sw=100%

584000 Sea000 502000 506000 600000 G04000
n | 1 1

608000 612000
1 |

—120.0000 -
—115.0000
~110.0000
—105.0000
—100.0000

N

—80.0000
75.0000
70.0000

60.0000

95.0000
0.0000
85.0000

0000

(ohm.m?)

Scaled TR from CSEM and Seismic

Seismic derived
Sw=40%

584000 583000 502000 59000 500000 604000 503000

012000

130.0000
-: 125.0000
—120.0000
—115.0000
~110.0000
—105.0000
—100.0000

N

—80.0000

95.0000
90.0000
85.0000

75.0000

eeeeee

* Transverse resistance is scaled to account for anisotropy and resolution differences.
* Lithology driven variations in resistivity are clear

* CSEM results are more consistent with the water wet case than the 60% hydrocarbon saturated case.

www.edinburghgeo.co.uk
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Litho-fluid facies from Seismic & CSEM

Multi-well crossplot from offset wells

20
0 0.1 02 03 0.4 05 2 o @
ot = 18 . .
17 — Residual Gas S ey
16 ) Sotdiction Hydrocarbon
o s s = Saturation
14 .
= -
2 s gl [? a E’
E g 1 g &
i Z| 10 2 g
3 2l S 2 i
g - &l o8 Tight Sands or
g s g4 Carbonate
6 = (Lithological/Porosity
© @ 5 e Anomaly)
4
: (c) 0]
< a 2
0 0.1 0.2 0.3 04 0.5 1 z & %
e . Resistivity (from CSEM)
A Commercial Hydrocarbon Saturation }
High P( Hydrocarbon Sand | Ip, Is
B  Residual Gas Saturation gh P(Hy [ 1p, 1s)
C  Wet Sands
Low P( Hydrocarbon Sand | Ip, Is)
D  Carbonate

Alvarez et al, 20718
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Litho-fluid facies from Seismic & CSEM

2] (4) |

Also residual |
saturation |

Significant
Hydrocarbon
Saturation

T Colour coded by point density

Residual Gas
Saturation

Tight Sands or
Carbonate
(Lithological/Porosity

Anomaly)
@

P( Hydrocarbon Sand | Ip, Is)
(from Seismic)

BN T | i I
500 1000 1500 2000 2500

(c)

P( Hydrocarbon Sand | Ip, Is)
(from Seismic)

Transverse Resistance (from CSEM) Resistivity (from CSEM)

Residual
saturation r

Alvarez et al, 20718
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Approaches to multi-physics integration: properties

Quantitative

integrated Joint inversion:
Co-rendering interpretation EM and seismic data.

| | |

Qualitative
aAeIUEND

Structurally constrained
inversion

Petrophysical
joint inversion

Andreis et al, 2018
Alvarez et al., 2017
Miotti et al., 2018

© Edinburgh Geoscience Advisors Ltd 2021
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Petrophysical joint inversion (PJI)

N

Step 1

Geophysical
bute : Sadle : : ' ; attributes

Step 2

0100 Rock and fluid
properties

Jointly invert electric
and elastic attributes
i il for rock and fluid

T R e g properties
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Study area

Prospect 1 : .. i .
S _ Dipolesource

in X
Ringvassoy-Loppa Fault Comy | o =
‘. Ra
\ it 800 m
e 35
Harstad Basin & % 5
Modified frol lland et al, 2013 o,

. - - - ﬁl_' = 1
Modified from Halland et al, 2013

10-100 m

EMreceivers

Offsets of 0 - 8500 m

Prospect 2 .
Data available:

e 2D seismic (PGS GeoStreamer®)
* Towed streamer EM

* Two well logs: 7324/8-1 (Wisting Central) and
7324/7-1S (Wisting Alternative)

Polygons courtesy Norwegian Petroleum Directorate

Example courtesy PGS. Alavrez et al, 2017.
© Edinburgh Geoscience Advisors Ltd 2021
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Petrophysical joint inversion (PJI)

Data

Step 1

Geophysical
attributes

Step 2

0100 Rock and fluid
properties

Jointly invert electric
i and elastic attributes
== = il alliaile for rock and fluid
= | TR properties
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Prospect 1

Litho-fluid
facies

Prospect 2

Clay content

Total Porosity

Prospect 1 Prospect 2

l Alternative I

Central

Is this the answer ?

Rock property estimation from seismic & well-log data

. Clean oil or fizz gas sand

Clean wet sand or shaly oil
sand or shaly wet sand

. Shale

0.2000
0.1500
0.1000
0.0500
0.0000

Alavrez et al 2017 No...we still don't know the saturation: could be fizz or commercial

www.edinburghgeo.co.uk
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Petrophysical joint inversion (PJI)

e0p al Data Data

Step 1

Geophysical
attributes

Step 2

0100 Rock and fluid
properties

Jointly invert electric
| and elastic attributes
== = il alliaile for rock and fluid

f = M Ay bR properties
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Structurally constrained CSEM inversion

7324/7-2 7324/7-1S 7324/8-1 Projection of 7324/8-2
(Hanssen) (Alternative) (Central) (Bjaaland)

o
)

ontal electric dipole, 10m dep

1

er: 8-10km lor

3F <100 deph

Depth (km)
P
linear(ohm-m)

~

Vertical resistivity

=

24 km 22 km 20 km 18 km 18 km 14 km 12 km 10 km 8km
8160443 N 8159271 N 8158100 N 8156928 N 8155757 N 8154586 N 8153414 N 8152243 N 8151072 N
600307 E 601928 E 603549 E 605170 E 606781 E 608413 E 610034 E 611655 E 61R76 E

25

(o
N - o
linear(ohm-m)

Horizontal resistivity
Depth (km)

»
2

T T T
24 km 22 km 20 km 18 km 18 km 14 km 12 km 10 km B8 km

8160443 N 8159271 N 86158100 N 8156928 N 8155757 N 8154586 N 8153414 N 8152243 N 8151072 N
600307 E 601928 E B03549 E 606170 E 606791 E 608413 E 610034 E 611655 E 61376 E

, , Note: color scale differences !
Alavrez et al 2077, Inversion performed using MAREZDEM (Key, 2016)
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Petrophysical joint inversion (PJI)

N

Step 1

Geophysical
bute : Sadle : : ' ; attributes

Step 2

0100 Rock and fluid
properties

Jointly invert electric
and elastic attributes
i il for rock and fluid

T R e g properties
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Reconcile scales: Invert for saturation at seismic scale

How to do this ?

Jointly invert CSEM derived resistivity and seismic properties:

BUT
Porosity Vclay .. or Ip, Is, PR...

Does not account for difference
in scale — measurements are not X

+

Depth

pointwise consistent.

SO
Just plain wrong !
v

Map through transverse resistance and then combine or jointly invert:

Resistivity Resistivity
—> —>

BETTER
Porosity Vclay ....orlp, Is, PR

Everything mapped to the
same scale
- N S BUT
FI. ?»3 ,,,,,,, IO
) o
A

Takes no account of non
reservoir facies.

Jointly invert transverse resistances using seismic facies as a framework:

Seismic ““Define Calculate resistivity —————
v~ P Calculate TR
e A Sw i ' {
pe—PEN | NN

CSEM TR
Pr=rWSN | N

COMPARE:
Update IS No

Agree ? Yes ‘ Stop
www.edinburghgeo.co.uk
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Rock Property Inversion for Sw

Hanssen:

Found oil Bjaaland:

Found residual saturation

Alternative Central l

. Clean oil or fizz gas sand

Litho-fluid facies

(from seismic and . Clean wet sand or shaly oil

well-log ) sand or shaly wet sand
. Shale
HC Saturation
Hydrocarbon
Saturation
(from CSEM, seismic

and well-log )

* The seismic data alone cannot distinguish between commercial and non-commercial hydrocarbon saturation

* The inclusion of the CSEM resistivity information within the inversion approach allows for the separation of these

two possible scenarios
WO pOssI | Alavrez et al 20177
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« THOUGHTS ON FUTURE APPLICATIONS



Future applications

Carbon capture and storage

CO, saturation - year 60 ' Offshore groundwater mapping
_/ e 0.9 - 5 G G S s s e (0 e G b G5 b D G G D D GHD GHD b G G ©

Seafloor hydrothermal systems and massive sulphides

02 clinoforms

Gustafson et al., 2019

40 60 "7 80’ 100 120
Distance from shore (km)

20 Weitemeyer, 2020, Eminar, MacGregor et al., 2021

Decommissioning

Environmental studies: Permafrost mapping

== Marine sediments (< 3 Qm) — Partially thawed (< 20 Qm) == Ice-bonded permafrost (< 100 Qm) wmm Ice-bonded permafrost, higher ice saturation (> 100 Qm)

Windfarms

Depth (m)

Sherman et al., 2017

|
0 5 10 15 20 25 30

Inline Distance (km)

...EM and multiphysics are useful anywhere you need to know something about the earth.
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« CONCLUSIONS



Conclusions

* Multiphysics analysis has applications in a range of resource
characterisation, environmental and engineering problems.

* Approaches are developing fast and becoming ever more quantitative

* Multiple data types doesn't necessarily mean multiple surveys - with
careful planning, data can be acquired from a single platform, keeping
costs down.

* Always use multiple data types - you'll get a better answer !

www.edinburghgeo.co.uk © Edinburgh Geoscience Advisors Ltd 2021
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