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Problem Overview

Challenges (GEA overburden shales)

A Compaction & Subsidence
A Fault reactivation

A Wellbore instability

A Narrow drilling windows

A Fluid containment

G&G model

A Volume fractions of minerals and organic matter
A Porosity

A Gassaturation

A Clay types & volumes
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Problem Overview

Challenges (GEA overburden shales)
A Compaction & Subsidence

A Fault reactivation

A Wellbore instability

A Narrow drilling windows

A Fluid containment

G&G model & high resolutiorpetrophysical inputs
A Volume fractions of minerals and organic matter
A Porosity
A Gassaturation
A Clay types & volumes
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Previous EvaluatiOfwmamaenges

Meutron-Density-GR.
d | i

Bit Size

Model 1. Conventional logs

A Conventional logs G O sy

A Solving only single mixed clay, quartz, water, g
A Highly subjective

| Miocene Middle

A Inconsistencies* across the field »

ACouldn’t solve i mport
dolomite, pyrite...)

Middle Miocene Marker

Outputs >> Input measurement:

Miocene Lower
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Previous EvaluatioRu cnaenges
Model 2 Adding capture only spectroscopy

A Mineralogy fixed to spectroscopspectrolith®)
A Clay typing difficult

A Better total clay control than Modédl (variation vertically anthterally)
A Similar observations from XRD, SEM+EDS
A Are these variations real?

A Computed porosities too highno correction for organic matter

00000

<> XRD

& SEM +EDS
| 0 Capture Spectroscopy «
*

Outputs > Input measurement:

Depth 2

" Clay Fraction >
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Previous Evaluation Challenge

Clay diagenesis
A Various authorsHjerlykke 1997;Thyberget al, 2000; andarcusseret al., 2009

A Not seen orTh-K crossplot
A Observed on neutromensitycrossplot .
A Transition with depth, validated by literature

HTHO (ppm)

A Attempted zoning: single mixed clay

A High interpreter subjectivity D
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HFK (%)

Depth (MD) T 11025

1.5

=]

RHOZ (gfcm3)

Organic matter (diatomite)

A Very low density

A Very high neutron porosity

A Excessive porositiesdads inclusion of organic matter)
A Log measurement to solve (organic carbd©OC)

I
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Previous Evaluation Challenge
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Previous Evaluation Challenge
Gas and light hydrocarbons

1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7

RHOZ (gfcm3)
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Previous Evaluation Challenge

Gas and light hydrocarbons
A Observed during drilling

A Seismic obscure zone
A Migrated from reservoir over geologic time
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Previous Evaluation Challenge

4.5

Gas and light hydrocarbons 4
A Observed during drilling

VPWS

3

A Seismic obscure zone

2.5

A Migrated from reservoir over geologic time =

A Seen orV,/V,—DTCO crossplot (qualitative ~

Unconso

lidated Sedimen%&
Fo

=
w5

Gas Sands

50

100

DTCO (us/ft)

so10 [ e )

HOZ (gfcm3)

APLC (ft3/ft3)
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Previous Evaluation Challenge
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Previous Evaluation Challenge

4.5

Gas and light hydrocarbons 4
A Observed during drilling

VPWS

3

A Seismic obscure zone

2.5

A Migrated from reservoir over geologic time =

A Seen orV,/V,—DTCO crossplot (qualitative ~
A Same depths as organic matter

HOZ (gfcm3)

APLC (ft3/ft3)

so:: [N cepr (0] o
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Previous Evaluation Challenge

Gas and light hydrocarbons 4

4.5

A Observed during drilling
A Seismic obscure zone

3.5

3

VPWS

2.5

A Migrated from reservoir over geologic time =

A Seen orV,/V,—DTCO crossplot (qualitative ~ M‘
A Same depths as organic matter

HOZ (gfcm3)

APLC (ft3/ft3)
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Carbonate stringers
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Previous Evaluation Challenge

4.5 =
w5

Gas and light hydrocarbons 4 .
A Observed during drilling

3

VPWS

A Seismic obscure zone

2.5

A Migrated from reservoir over geologic time | . =88
A Seen orV,/V,—DTCO crossplot (qualitative ~ M‘

50 100 150 200

DTCO (us/ft)

A Same depths as organic matter o T

Depth (MD)

Carbonate stringers

A Hard to drill
A Associated gas below some stringers

HOZ (gfcm3)

A Laterally extensive
A Both calcite and dolomite

o A Log measurements to solve (Ca, Mg, M

so:c [N cept (5] oo r:._; 3
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Methodology

NFES Norwegian Formation Evaluation Society

56th Annual SPWLA Symposium July-28, 2015 Long Beach, California




Methodology

Two step interpretation
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Methodology

Two step interpretation

Acquisition
planning

LOG DATA
Spectroscopy
Density Processing
Neutron Iteration - 1
Spectral GR
Resistivity

Processing
Iteration - 2

Process
Inputs

CoP Validation

SLB

Yes

FINAL
RESULT
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Methodology

Two step interpretation
A Legacy GEA database (cuttings & core: XRD, XRF, SEM+EDS, TOC, petr

Acquisition
planning

LOG DATA
Spectroscopy
Density Processing
Neutron Iteration - 1
Spectral GR
Resistivity

Processing
Iteration - 2

Process
Inputs

CoP

VEULEWT)]

SLB

Yes

FINAL
RESULT
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Methodology

Two step interpretation

A Legacy GEA database (cuttings & core: XRD, XRF, SEM+EDS, TOC, petr
A Log Measurements (using high definition spectroscopy)

Iteration - 1

Processing
Iteration - 2

VEULEWT)]

Yes
FINAL
RESULT
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Methodology

Two step interpretation

A Legacy GEA database (cuttings & core: XRD, XRF, SEM+EDS, TOC, petr
A Log Measurements (using high definition spectroscopy)
A Iteration 1: limited database information

Iteration - 1

Processing
Iteration - 2

VEULEWT)]

Yes
FINAL
RESULT
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Methodology

Two step interpretation

A Legacy GEA database (cuttings & core: XRD, XRF, SEM+EDS, TOC, petr
A Log Measurements (using high definition spectroscopy)

A Iteration 1: limited database information

A Iteration 2: integration with GEA database

Iteration - 1

Processing
Iteration - 2

VEULEWT)]

Yes
FINAL
RESULT
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Spectroscopy Principles

Radtke et. al, 2012
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Spectroscopy Principles

Spectral Spectral

b : Interpretation
Acquisition Analysis P
» Capture » Elemental Yields * Elemental Weight < Petrophysical
« Inelastic Fractions answers

Radtke et. al, 2012
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Spectroscopy Principles

e Interpretation
Acquisition y P
» Capture » Elemental Yields » Elemental Weight < Petrophysical
e Inelastic Fractions answers

Radtke et. al, 2012
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Spectroscopy Principles

Rt Interpretation
Acquisition / P
» Capture » Elemental Yields * Elemental Weight < Petrophysical
« Inelastic Fractions answers

Radtke et. al, 2012
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Spectroscopy Principles

Rt Interpretation
Acquisition / P
» Capture » Elemental Yields * Elemental Weight < Petrophysical
« Inelastic Fractions answers

Radtke et. al, 2012
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Spectroscopy Principles

Spectral Spectral Interoretation
Acquisition Analysis P
» Capture » Elemental Yields * Elemental Weight < Petrophysical
* Inelastic Fractions answers

LY Capture
N N \.wf\‘ A

Radtke et. al, 2012
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Spectroscopy Principles

Spectral Spectral Interoretation
Acquisition Analysis P
» Capture » Elemental Yields * Elemental Weight < Petrophysical
* Inelastic Fractions answers

LY Capture
N N \.wf\‘ A

Radtke et. al, 2012
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Spectroscopy Principles

Spectral Spectral Interoretation
Acquisition Analysis P
» Capture » Elemental Yields * Elemental Weight < Petrophysical
* Inelastic Fractions answers
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Spectroscopy Principles

Spectral Spectral Interoretation
Acquisition Analysis P
» Capture » Elemental Yields * Elemental Weight < Petrophysical
* Inelastic Fractions answers
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S peCtrOSCO py P rl n CI pl Spectroscopy

directly

» Minerals (limited)

» Matrix Properties
*TOC
* Sigma

Spectral Spectral Interoretation
Acquisition Analysis / P
» Capture » Elemental Yields * Elemental Weight < Petrophysical
* Inelastic Fractions answers

Pyrite
Dolomite

HGd Cl Capture DMg - Fe.. Al S Calcite

\‘, ! \\"'\\.\, S K ) X . : QFM

b b ) \.‘/".\ Clay
Mg
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Radtke et. al, 2012
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Spectroscopy Principl €5

» Minerals (limited)
» Matrix Properties
*TOC

* Sigma

Spectral Spectral

Interpretation 3 Multimineral

Acquisition Analysis Analysis

) * Minerals (full)
* Petrophysical « Organic matter
* Porosity
* Saturation

» Capture » Elemental Yields » Elemental Weight
* Inelastic Fractions

Pyrite
Dolomite
Calcite
QFM
Clay

LY Capture
R | W \’.w“\‘ A

Radtke et. al, 2012
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Mineralogical solution

Using direct spectroscopy outputs
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Mineralogical solution

Using direct spectroscopy outputs Tradel [ Tracea [Traced [Trades | Fodes [Tt [Tode? | Woded [Tracks

Ungertainty Ungeraingy

A Elemental dry weights and uncertainties | kel foe b [ | b [ |
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Mineralogical solution

Using direct spectroscopy outputs Trck [Tace? | Tracd [ Trackd | acks [Tmckd [ Trace? [ Tadkd | Tacis
A Elemental dry weights and uncertainties m ) P ) O s N I
A TOC = TETICA organic content DD D T e
A Measured AR clay volume i L k
A MagnesiumA calcite vs. dolomite %
A Manganesey rhodochrosite E PoE
. organic matter = == = = >
[ [
t
LT E]
¥ | rirstrors - - - - !
&/ ©pyrite | ~--T-- > ]
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Mineralogical solution

Using direct spectroscopy outputs Trde | o [Tk [ Traded | o’ | ek [ Trac? | rades | ek
A Elemental dry weights and uncertainties m U T O O O O e I
A TOC = TETICA organic content L S rCECrorCECEaT
A Measured AR clay volume i L |
A MagnesiumA calcite vs. dolomite %
A Manganese) rhodochrosite E
| organic mattdi = = = = - >
A Organic free matrix densit§ Density Porosit Eir
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Mineralogical solution

Using direct spectroscopy outputs o

A Elemental dry weights and uncertainties i P e,
A TOC = TETICA organic content “ i;iiﬂ- E
A Measured AR clay volume E 53207 3

A MagnesiumA calcite vs. dolomite E

A Manganesey rhodochrosite i :

A Organic free matrix densit§ Density Porosity f 4

A SigmaA water saturation g% I
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Multimineral Model
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Multimineral Model

|nputSZEIementaI dry weights (12) & uncertainties, other log measurements (
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Multimineral Model

|nputSZEIementaI dry weights (12) & uncertainties, other log measurements (

Outputs:

A Mineral volumes: Clay types (4), Carbonates (2), quartz, feldspars, mica
iIron minerals (2), rnodochrosite (1)

A Porosity & Fluid volumes: gas and water (2)
A Organic matter (1)
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Multimineral Model

|nputSZEIementaI dry weights (12) & uncertainties, other log measurements (

Outputs:

A Mineral volumes: Clay types (4), Carbonates (2), quartz, feldspars, mica
iIron minerals (2), rnodochrosite (1)

A Porosity & Fluid volumes: gas and water (2)
A Organic matter (1)

lterative inversion techniqUE&LANPIus*

3
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Multimineral Model

|nputSZEIementaI dry weights (12) & uncertainties, other log measurements (

Outputs:

A Mineral volumes: Clay types (4), Carbonates (2), quartz, feldspars, mica
iIron minerals (2), rnodochrosite (1)

A Porosity & Fluid volumes: gas and water (2)
A Organic matter (1)

lterative inversion techniqUE&LANPIus*
Ground rules:

A Retain default end points (unless specific justification)
A Constraints & zoning based on GEA database

i
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Linking Minerals to Elements

Minerals
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Linking Minerals to Elements

(D —
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Linking Minerals to Elements

on ——

Elements to minerals is not always a unigue mapping
A Some elements can be mapped uniquely (with assumptions), others no

Dry Wt % > Sulphur Manganese

0
MINERALS
lllite

Kaolinite
Smectite
Chlorite
Quartz
K-Feldspar
N-Feldspar
Musc-Mica
Calcite
Dolomite
Rhodochrosite

Pyrite
Siderite
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Linking Minerals to Elements

«—jm

N

Elements to minerals is not always a unique mapping
A Some elements can be mapped uniquely (with assumptions), others no

Dry Wt % > Sulphur Manganese

0
MINERALS
lllite

Kaolinite
Smectite
Chlorite
Quartz
K-Feldspar
N-Feldspar
Musc-Mica
Calcite
Dolomite
Rhodochrosite

Pyrite
Siderite
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Linking Minerals to Elements

«—jm

N

Elements to minerals is not always a unique mapping

A Some elements can be mapped uniquely (with assumptions), others no
A Density has end points in all rock minerals:

Dry Wt % > Sulphur Manganese Density

0
MINERALS
lllite

Kaolinite
Smectite
Chlorite
Quartz
K-Feldspar
N-Feldspar
Musc-Mica
Calcite
Dolomite
Rhodochrosite
Pyrite
Siderite
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Linking Minerals to Elements

—
—

N

Elements to minerals is not always a unique mapping
A Some elements can be mapped uniquely (with assumptions), others no
A Density has end points in all rock minerals:

r % > Sulph M i . . .. .
oy e sulpnr anganese Density U Poor discriminator between rock mineral
U Strong driver for porosity

0.2 0.4 06 |0 0.2 0.4 0.6 @ 2

-

0 6
MINERALS

lllite
Kaolinite
Smectite
Chlorite
Quartz
K-Feldspar
N-Feldspar
Musc-Mica
Calcite

Dolomite

Rhodochrosite

Pyrite
Siderite
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Linking Minerals to Elements

Elements to minerals Is not always a unique mapping
A Some elements can be mapped uniquely (with assumptions), some not
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Linking Minerals to Elements

Elements to minerals Is not always a unigue mapping
A Some elements can be mapped uniquely (with assumptions), some not
A Particularly difficult: mapping Al & Si to the Aluminsiticates

Aluminum Silicon Iron Potassium Sodium

0 005 01 015 02 025 0 0.1 0.2 0.3 0.4 0.5 0 01 02 03 04 05 06 0 0.02 004 006 008 01 012 0 0.05 0.1

Kaolinite
Smectite
Chlorite
Quartz
K-Feldspar

O E—
e —————

N-Feldspar

\_Musc-Mica
N o o e -

Dolomite

Rhodochrosite

Pyrite

Siderite
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Linking Minerals to Elements

Elements to minerals Is not always a unique mapping
A Some elements can be mapped uniquely (with assumptions), some not

A Particularly difficult: mapping Al & Si to the Alumirssiticates
A No Al in quartz:
U once Si is distributed to other Si minerals, leftover can be used to solve gu:

Aluminum Silicon Iron Potassium Sodium
0 005 01 015 02 025 0 01 ©02 03 04 05 O 01 02 03 04 05 06 0 0.02 004 006 008 01 012 0O 0.05 0.1
lllite | [
Kaolinite | |
Smectite | |
Chlorite [ ]
Quartz
K-Feldspar | ]
N-Feldspar I | ]
Musc-Mica 1 |
Calcite |
Dolomite 1

Rhodochrosite
Pyrite
Siderite
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Linking Minerals to Elements

Elements to minerals Is not always a unique mapping
A Some elements can be mapped uniquely (with assumptions), some not

A Particularly difficult: mapping Al & Si to the Alumirssiticates

A No Al in quartz:
U once Si is distributed to other Si minerals, leftover can be used to solve gu:

A Irona pyrite, siderite, iron chlorite

—————————————

Aluminum Silicon " Iron \| Potassium Sodium
0 005 01 015 02 025 0 01 02 03 04 0510 01 02 03 04 05 U.6=o 0.02 0.04 0.06 008 0.1 012 0 0.05 0.1
lllite : | : [
Kaolinite : | 11
Smectite [ | : |
Chlorite : I ]
Quartz | :
K-Feldspar : | |
N-Feldspar : | : ]
Musc-Mica 11 I I
Calcite : | :
Dolomite 13 :
Rhodochrosite : |
Pyrite | :
Siderite ‘\ U
. . N o e e e e e f, "
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Linking Minerals to Elements

Elements to minerals Iis not always a unigue mapping
A Some elements can be mapped uniquely (with assumptions), some not
A Particularly difficult: mapping Al & Si to the Aluminsiticates
A No Al in quartz:
U once Si is distributed to other Si minerals, leftover can be used to solve gu:
A Irona pyrite, siderite, iron chlorite

Aluminum Silicon Iron Potassium Sodium
0 005 01 015 02 025 0 01 ©02 03 04 05 O 01 02 03 04 05 06 0 0.02 004 006 008 01 012 0O 0.05 0.1
lllite | [
Kaolinite | |
Smectite | |
Chlorite [ ]
Quartz
K-Feldspar | ]
N-Feldspar I | ]
Musc-Mica 1 |
Calcite |
Dolomite 1

Rhodochrosite
Pyrite
Siderite
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Linking Minerals to Elements

Elements to minerals is not always a unique mapping
A Some elements can be mapped uniquely (with assumptions), some not

A Particularly difficult: mapping Al & Si to the Alumirssiticates
A No Al in quartz:
U once Si is distributed to other Si minerals, leftover can be used to solve gu:
A Irona pyrite, siderite, iron chlorite
A Potassiumé orthoclase, biotite, muscovite, illite

Aluminum Silicon Iron Potassium Sodium
0 005 01 015 02 025 0 01 ©02 03 04 05 O 01 02 03 04 05 060 0.02 004 006 008 01 012 10 0.05 0.1
lllite | [
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Linking Minerals to Elements

Elements to minerals is not always a unique mapping
A Some elements can be mapped uniquely (with assumptions), some not

A Particularly difficult: mapping Al & Si to the Alumirssiticates
A No Al in quartz:
U once Si is distributed to other Si minerals, leftover can be used to solve gu:
A Irona pyrite, siderite, iron chlorite
A Potassiumé orthoclase, biotite, muscovite, illite
A Sodiuma Nafeldspars

Aluminum Silicon Iron Potassium Sodium
0 005 01 0415 0.2 0.25 0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 06 0 0.02 0.04 006 0.08 0.1 0.12 0 0.05 0.1

lllite
Kaolinite
Smectite
Chlorite
Quartz
K-Feldspar
N-Feldspar

Musc-Mica
Calcite

Dolomite
Rhodochrosite
Pyrite

Siderite
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Linking Minerals to Elements

Elements to minerals is not always a unique mapping
A Some elements can be mapped uniquely (with assumptions), some not

A Particularly difficult: mapping Al & Si to the Aluminsiticates

A No Al inquartz

A Iron& pyrite, siderite, iron chlorite

A Potassiun@ orthoclase, biotite, muscovite, illite

A Sodiuma Nafeldspars

A Calcium + Magnesium mostly sufficient to solve main carbonate minera
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Building the Petrophysical mode

Integrating log with local knowledge & geologic informati

A Many minerals can be solved via spectroscopy
A Challenging to solve all the aluminum silicates solely based on logs

. : A GEA legacy database
Mineral constraints<------% : .
A Literature survey in Area
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Building the Petrophysical mode

Integrating log with local knowledge & geologic informati

A Many minerals can be solved via spectroscopy
A Challenging to solve all the aluminum silicates solely based on logs

GEA legacy database

Multimineral . Mineral constraints<-———% ¥ A
solver b Iterature survey in Area
. . . . o3 &,ﬁ
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Building the Petrophysical mode

Integrating log with local knowledge & geologic informati

A Many minerals can be solved via spectroscopy
A Challenging to solve all the aluminum silicates solely based on logs
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Integrating log with local knowledge & geologic informati

A Many minerals can be solved via spectroscopy
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Building the Petrophysical mode

Integrating log with local knowledge & geologic informati

A Many minerals can be solved via spectroscopy
A Challenging to solve all the aluminum silicates solely based on logs
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Building the Petrophysical mode

.y . T GEA legacy database
Muttimineral Mineral constraints«-—-—1 Literature survey in Area
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Building the Petrophysical mode

A Selection of minerals made for each formation
U Calcite pyrite, siderite, and quartz were solvesierywhere
U Dolomite was not solved for in the Upper Miocene afédeformations
U Rhodochrositesolved in the Oligocene anower formations
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Mineral Model Results

A Calcite dolomite stringers

Caliper
6 “in 1%
Bit Size Resistivity Density
8 in 16 |¢ wmm 200 [1.71 g/em3 271
Gamma Ray RO Neutron

0 gAPI 200 |02 ohmm 200 |06 f3M3 O |1 fi3m3 0fo bfib! 0.25

n\r,\[\v,‘l'x,g ~a 4

\

1 ol"l‘

Upper Miocene Marker

o~

e a Ya ~\p~s’—\’\4

{

Oligocene

NFES Norwegian Formation Evaluation Society

56th Annual SPWLA Symposium July-28, 2015 Long Beach, California




Mineral Model Results

A Calcite dolomite stringers
A TOC
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Mineral Model Results

A Calcite dolomite stringers
A TOC

A Organic matter fart of matriy)
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A TOC

A Organic matter fart of matriy)
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Mineral Model Results

A Calcite dolomite stringers
A TOC

A Organic matter fart of matriy)
A Matrix grain density{OC corrected

A Porosity éccounting for organic matter on log responses
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Mineral Model Results

A Calcite dolomite stringers
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A Organic matter fart of matriy)
A Matrix grain density{OC corrected
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Hordaland
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Results

Hordaland
A Very high levels of TOC

~ highest in study well (# 3)
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Results

Hordaland

A Very high levels of TOC
~ highest in study well (# 3)

A Matrix grain density
~ 2.75g/cm3A4 2.25¢ 2.55 g/cn®
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Results

Hordaland

A Very high levels of TOC
~ highest in study well (# 3)

A Matrix grain density
~ 2.75g/cm3A4 2.25¢ 2.55 g/cn®

A High porosity
~ as high as 45 pu
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A Gas highest in Middle Miocene
A No gas in Oligocene, Eocene
A Main clays: smectite, kaolinite
A Minor amounts of quartz

A Carbonate stringers present
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A Low levels of TOC
A Decreased porosity
~ 20 pu

A Slight gas saturation

A Lower amounts of smectite
A Increased amounts of quartz
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Results

Nordland
A Low levels of TOC

A Reduced porosity
~ 35 pu
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Results

Nordland
A Low levels of TOC

A Reduced porosity
~ 35 pu

A Gas saturatior-negligible to none

A Lower amounts of smectite
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Conclusions & Lessons Learnt

Overburden

A Reliable knowledge of lithology & rock minerals paramount

A Limited coverage via cores and cuttings

A Logs required for extensive coverage and high vertical resolution

A Advanced spectroscopy required to tackle complex mineralogy

A Important to guide log based interpretation with local geology

A Petrophysical answers used as inputs to geologic and geomechanical mo

A Benefits for future wells drilling, completions, production, and abandonme

Key to answering complex mineralaghallenges:

Integration oflogs and advanced spectroscopy with local knowledge,
petrologicaldata, and geologicahformation
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