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Outline

e The critical link
e Rock Physics / Petrophysics

Pore space properties
Density of rocks

Natural radioactivity of rocks
Elastic properties

Anelastic properties
Electrical properties

Correlations between properties

® Seismic methods

VSP

Crosswell

Single well

Micro seismic monitoring

Seismic while drilling

Fracture monitoring

Passive seismic

3D VSP

VSP for engineering applications
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Borehole Electromagnetics
The methods
Cross well EM
Single well EM
Seismoelectric measurements
Borehole gravity

Gravity principles & examples
BHGM & Gradiometers

LLogging
Natural Gamma ray tools
Density tools
Borehole imaging
Resistivity logs
Sonic logs




Outline

e Critical Link

e Rock Physics

e Seismic Methods
e Borehole EM

e Borehole Gravity
e | ogging

® Summary
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Outline

e Critical Link
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Borehole geophysics: as critical link

e Establish ‘pain’ / Challenge
® The issues
e How do we solve I1t?
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Breakthrough
needed

Bypassed production
Mis-positioned wells

Low well productivity

Expensive testing -
Reserves uncertainty

Aquifer drive ??

<32%

After DeepLook consortium vision
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I-he-Challenge

\Vision
2010

0%+ recovery

Optimal well
targeting

Right facilities

Minimum water
production

70%




Interwell sweet Spoets

. method will meet the need, therefore &
technologles must be to meet the need.

*To in the interwell space within
5 to 10% error in accuracy.

Hydrocarbon

© Copyright KJT Enterprises Inc. 2000, 2001




NN\ | [ /S
N\ |7/ 7/

Oil is trapped by surface

Wre.

|:|Top seal [ SYFormation water —

-Oil -Sea water
-Non pay '? Perforations
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The scale
ISSUe

(after Peeters, pers. comm, 1998)
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Seismic -waves

' ULLLAL I:“_‘" (T
! 11 IREL T
SO -nwwrl||_t_u,u_\'|'lf_fll|j|\'f!l "
L] |.--|-ll -

Al shasobdat i

)
NN AL L

Wave Ohserved at Fixed Time Wave Ohserved at Fixed Location

=
tn

Amplitude (A)

(=]
o

Amplitude (A)

=
tn

Period (T)

Wave Height
=
tn =
Wave Height
=

Wavelength (A)

1
ot

1
[

6 8 10 12
Distance

© Copyright KJT Enterprises Inc. 2000, 2001




SEISMAC SIGNAL FREQUENCIES

exploration ultra
natural geophysics well Sonic

earthquake | logging

phonons
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I borehole
free geophysics
oscillation
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The Data
Gap
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Benefits: Borehole- Geophysics

Better link between data -

Resolve feature at sub-= seismic scale
Extend borehole detail into formation
Find bypassed reserves

Predict ahead of the drill -
Optimized field development

Monitor production -

Increase recovery rate
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Borehole seismics — the critical link
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Outline

Rock Physics
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Geophysics: as: pathfinder

Well logs

properties Interpretation

Physical

Field instruments

- . — .
Field acquisition Field data

|

Processing concepts _

Theory Interpretation

Analog modeling \
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Borehole

Borehole
geophysics

Surface

Subsurface
Image




What IS “Petrophysics:?

"Petrophysics"as pertaining to physics of
particular rock types. ... Study of physical
properties of rock related to pore & fluid
distribution ..."

G. E. Archie, 1950, ptoneer in application &
quantification of rock physics in petroleum
engineering

© Copyright KJT Enterprises Inc. 2000, 2001




Rocks' Physics: fundamentals

Pore space properties

Density of rocks

Natural radioactivity of rocks
Elastic properties

Anelastic properties
Electrical properties

Correlations between properties
Summary & conclusions
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Pore space properties

Pore volume

/ porosity @

—— Fluid flow In pore
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channels
permeability k

Interface grain
surface-fluid

specific surface S




Quartz sand-scan

Scanning Electron Microscopy (SEM) photdgraph of quartz sand. The total
bulk volume (v) is comprised of grains and fluid filled pores (v = A x h)

(@) | (b)
- SEMPHOTO BULK VOLUME

Porosity is the bulk volume fraction found in pores. Hydrocarbon saturation is the volume fraction
of pores filled with hydrocarbons.

(after van Ditzhuijzen,-1994)
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Rock type- distripbution

Only HC

All-rocks : -
producing reservoirs

Carbonates Shale Miscellaneous Carbonates
Sandstone Sandstone
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Porosity. — definition

Matrix m

volume of pores

Orosity =
P 4 total volume of sample
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Eluids 1ncthe pore Space
— the term: “saturation”

volume fluid |

saturation ; =
pore volume

a volumetric model

rock matrix

clay [:apillary movable hydro-
boun‘j water —water carbon

|
= cffective >

«——total porosity ——»

. . SYS99
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Rocks' Physics: fundamentals

Pore space properties
Density-of rocks

Natural radioactivity of rocks
Elastic properties

Anelastic properties
Electrical properties

Correlations between properties
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Pensity-of rock coenstituents

gas oil,water rock forming  minerals

Rock density decreases with increasing
porosity

Porous rock density increases with
Increasing water saturation
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Borehole Gravity: Meter (BHGM)
deptiy of mvestigation

Invaded Transition Uninvaded
zone zone zone

50 cm 100 cm

— Density log (max. 1.5 cm)

I ——
BHGM (several meters)
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Rocks' Physics: fundamentals

Pore space properties

Density of rocks

Natural radioactivity of-rocks
Elastic properties

Anelastic properties
Electrical properties

Correlations between properties
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Natural- gamma activity of rocks
— T ypes ofF measturement

Produces a gamma spectrum

K U Th

measure .

integral

. . SYS99
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ThR/IK=Peé Crossplot

Montmorillonite

Chlorite

Muscovite lllite

.Feldspars

<+— Mixed Layer Clays

. Biotite

Glauconite
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Rocks' Physics: fundamentals

Pore space properties

Density of rocks

Natural radioactivity of rocks
Elastic properties

Anelastic properties
Electrical properties

Correlations between properties
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\Wave: propagation: 13- rocks

e Gassmann (1951) - theory of elasticity In
porous rocks; assumes. relative motion
between solids & fluids is negligible

e Biot (1956) - extension to Gassmann incl.
dynamic effects such as pore connectivity,
fluid viscosity and hydraulic skeleton
permeability.

e Geertsma & Smit (1961) equations In terms
of compressibility & frequency
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Borehole seismic

example

SOURCE: EAST-WEST

CRACK ORIENTATION

ISOTROPIC
REGION

ANISOTROPIC,

REGION

(MODIFIED AFTER CRAMPIN, 1984)

KNS®WYright KIT Enterprises Inc. 2000, 2001

NORTH 45° WEST

SLOW SHEAR

SJ_: NORTH 45° EAST

FAST SHEAR

BOREHOLE

YPATHS




Rocks' Physics: fundamentals

Pore space properties

Density of rocks

Natural radioactivity of rocks
Elastic properties
Anelastic_properties
Electrical properties

Correlations between properties
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Elastic wave: attenuation

Definitions & parameters

wave front

amplitude A

N

——

Travel-time difference = Velocity

| | i istance x
Amplitude difference — Attenuation distance
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Rocks' Physics: fundamentals

Pore space properties

Density of rocks

Natural radioactivity of rocks
Elastic properties

Anelastic properties
Electrical properties

Correlations between properties
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Electrical” resistivity: ofr “clean”
porous-rocks-=——ARCHIE'S equations

The logical walk:

Clean porous rock: no clay or another

conductor than pore water.
A, ‘«?W

P =

Rock conductivity (or resistivity) is proportional
to water conductivity (or resistivity).

Rock conductivity 1s controlled only by water
conductivity, amount & distribution or geometry
of “conductor water”
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Resistivities & dielectric constants

Rock type

Magmatic
Granite
Syenile
Diarite
Gabbro, Diabase
HBasalt
Peridolite

Melamaorphic
Quarzite
GEnaiss
FPhyllite

Sedimentary
Dolomite
Limestone
Sandsione
Sand

Clay B

waler cantent waler content
-+ 3

increasing decreasing increasing

© Copyright KJT Enterprises Inc. 2000, 2001



Highlights electrical- methods

Sensitive to fluid
Used to define OIP

Largest number of different methods
Induction
Galvanic
Dielectric
Imaging
Diplog
Casing inspection
Largest number of different tools
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Rocks' Physics: fundamentals

Pore space properties

Density of rocks

Natural radioactivity of rocks
Elastic properties

Anelastic properties
Electrical properties

Correlations between properties
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Resistivity: = velecity: Rudman fermula
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Basic interpretation: principles

e Natural gamma rays used for lithology
definition; high gamma rays - high shale
content

e Gamma- gamma density; bulk density

e Neutron density - hydrogen concentration

® Resistivity; fluids (oil -water)

© Copyright KJT Enterprises Inc. 2000, 2001
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Outline

e Scismic methods
\/SP
Crosswell

_ _ Single well
Seismic Methods Micro seisrric nonitoring

Seismic while drilling

Fracture nonitoring

Passive seismic

S BAVSE

VSP for engineerng applications
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Outline

e Seismic methods
VSP
Crosswell
Single-well
Micro seismic monitoring
Seismic while drilling
Fracture monitoring
Passive seismic
3D V/SP
VVSP_for engineering applications
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Borehole seismic ray paths

Shallow 3-component 2. Downgoing multiple

reference geophone . :
1. Direct arrival

3. Upgoing reflection

Movable 3-component
wall- lock geophone ©

4. Upgoing multiple
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Raw V'SP data (Checkshot survey)

Surface
source

geophone

Courtesy Western Atlas Logging Services
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Basic V'SP Processing. Elow

Commoen; Depith Stack

!

Describe hield geometry ~—— Static shift

|

Eirst arrival time picking l

Galnl correction
} \Velocity analysis

\Waveiield separation

!

[Dewngeing Upgoeing

Compute: Decon

OpErators Deconvolve

Align! ter 2-way/: time

Corridor stack
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Crosswell=seismic:surveys

Surface
me geophone

Weatherlng

- 1-Crosswell
2-VSP

= 3-Reverse VSP

4-Surface

5-Single well

Borehole
geophone

Borehole
source
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Cross-well
Acquisition layout & tomographic coverage
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P=velecity-& S-velecity: tomegram
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& 8
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OFFSET (FT) OFFSET (FT)

E 3
1.4 1.6 1.8 2 2.2 -

0.9 1 1.1 1.2

Courtesy Baker Atlas VP (X 104 ft / S) VS (X 104 ft / S)
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Cresswell example

Baseline

Meters down Well 3

14 16

Baseline

Meters down Well 3

: T2 e
(b.) GW-3 to GW-4 s )

© CopyagrttJIT Enterprises Inc. 2000, 2001

After Air Injection

18 20 10 12 14 16 18

After Air Injection

12 14 16
Time (msec)
n
1 4-187 79
Amplitude x 10’

(after Majer et al., 1997)




Single Well=acquisition

=
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Single well:-time lapse

Before After .
Air Injection Air Injection
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Fracture drilled afterwards

AfterMajer.et al.- 1997
© Copyright KJT Enterprises Inc. 2000, 2001




Single Well= I'maging 1n: Gulf: ot MeXxIco

3,029 ft — X 1

118.08 ft
Encountered top of Salt at 3,220 ft 17[ ft

3,200t
(first srll_op

A /

?
~ Array moves down

: L 13
?

2 4,400 ft (last shot)

? Total Well Depth: 4,500 ft
it B S o B e P S S

alt
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Large scale SWS example

1
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Eracturing: menitoring

e Mini-frac monitoring - single well
e Hydraulic fracturing monitoring — multi well

Fluid flow

Seismic
recelrver

I

m

Packer
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3-C hydroe-frac-data example

STATION: 12
9.92

007

X1 mfs

R

-9.81
T=384.000 ms
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A A VAR
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T=000.000 ms
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Looking:ahead of the bit
e *

.+ Real-time checkShot & VSP surveys ‘

. " A
- Rea|—!|me pore pressure prediction

3
« Salt-proximity survey$
3

.+ Improved borehole trajéctory surveys
{

« Real-time Continuous Seisntic Velocity Loq

- lIdentification of bit position “*elative to tQI geologic n

Wit
PR

« Prediction of formation tops ahead™of the

v %
PR
rd r 4 J‘

Courtesy Baker Atlas
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Seismic-\While-Brlling principles

Direct-Arrival Signal Reflected
\ / Signal

Pilot

Sensor I—) \A / ~ A
0
Time(s)

Cross-

correlation |
Geophone

Courtesy Baker Atlas

/[ /ST
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SYNTHETIC
SOMIC LOG
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Outline

e Seismic methods

Passive seismic
3D V/SP
VVSP_for engineering applications

© Copyright KJT Enterprises Inc. 2000, 2001




Clamping/cementing- effects

Slimhole tool

Vertical component, horizontal waves

@ — el AN o

Cemented-in geophone

(O el s

Micro-geophone tool

Stimhole too!
100 ms !

@ -

Slimnhole tooi
Vertical component, 30° wave incident

Q) f\ Cemented-in geophone
@ Micro-geophone tool

10ms
| I
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ISMIC Sensors
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Model: study:z 1ntelligent well-seismic

Producer .
] e Use real reservoir

Sliding sleeves l eAlternating WAG Injection
Pee)

1 *Model single well seismic

Simulate fluid front move
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Maedel study dlfferent Medels

-

'ﬂ-'i 0 S5 3 O T iﬁz o et e S B
_z;}% 3 % BE B0 £ R 9 D Reﬂectorbeyondﬂurdfront

T
5
i
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Model- study: geometry

E
s
]
2
g
8

sandstone

'fum

| gas front 1

L well UN1

water front

© Copyright KJT Enterprises Inc. 2000, 2001




3D V'SP Data Acguisition

Purpose-built, integrated data
acquisition system

Reflectivity volum

Multi-level 3-component 3-D
downhole receivers

/-

Advanced energy source

controller speeds up operations Rectangular grid acquisition

& Improves data quality

Advanced navigation system
integrates all borehole seismic,
navigation, & source sync data

Simultaneously acquiring 3-D
VSP & 3-D surface seismic
data reduces costs &
maximizes synergy
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Why 3-D VSP?

Surface Seismic-3-D

Ekofisk, North Sea (from Dangerfield, 1996)
Surface Selsm|c 3 B)

CopAsiMy I NRFth, Rea (frem o sgs.Pal et al., 1996)




Data: Processing

e Standard procedures
e Pre-survey modeling

3-D-VSP Proeessing Flow

|
Common depth Stack

/|
First Break Picking

e Special processing ]
Describe Field Geometry

Statistical tool orientation
Statics’ application
Wavefield separation

Velocity Inversion
5 e e T
Imaging Separation

=»Kirchhoff migration
- Deconvolve
> VVSP-CDP transformation Operators |

e 3D Visualization

Compute Decon

e Data volume considerations
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Oseberg: 3—-D: V'SP Migration

3-D-surface seismic inline
SECtion (processed by EIf)

Time (ms)

ection-pasted

r-stirfacesseismicinlimessection
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3=D V'SP Migration

Surface Seismic VSP Splice

3-D Surfac | Surface

Sersmic-Section Seismic & 3-DV/SP Section
© Copyright KJT Enterprises Inc. 2000, 2001
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band pass

After spherical
divergences and
(after Jarvis & Knight.




is & Knight., 2000

o
2
A

©

Q

)]
ol
A
©
o
0p)
A
p)
>

<b)

©
qu)
N

o

]

T

G

qu)

<b)
Z

)
© Copyright KJT Enterprises Inc. 2000, 2001

(after Jarv




Outline

e Borehole Electromagnetics

Cross well EM
Single well EM
Seismoelectric measurements

Borehole EM
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Outline

e Borehole Electromagnetics

Cross well EM
Single well EM
Seismoelectric measurements
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Upsecaling...upsecaling.. upscaling

1 1 1 1
0.01 0.1 1 10

Image logs

Core plugs Whole cores Well logs Borehole geophysics
B ‘ IIIIIIIIIIIII-|IIIIII Apparent ReS|st|V|ty Log

|

II|||I| 1 Commermal Induction Log

| |||I| e
=l

it
[
(i hnmmlu i

|1IIII“I||... ———
: ""'IIIIIII stivity (ohm-
JIIIIII“' l\lﬂ Resistivity (ohm-m)

© Copyright KJT Enterprises Inc. 2000, 2001




Devine test: data & Inversion
amplitude

—  1-D inversion

— — induction log

580

Transmitter Position (m)

560

540 T T I ) T T T T )
560 570 580 590 600 610 620 630 640 650 660

Receiver Position (m)

640 4

620

600 -

580

560

Transmitter Position (m)

540 T LA e T T T '|
560 570 580 590 600 610 620 630 640 650 660 5 ¥

Receiver Position (m) Conductivity (S/m)
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Single well-EN

Resistivity (Ohm-m)

S
=Y

SCIL toal

Extended Log | &

Horizontal Field

Borehole Induction Log

Courtesy of EMI Inc.
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Seismoelectrcs:: signal- origin

Stonely wave generated Fracture generated

Borehole  gormation

Stoneley
wave

<____

Extension

L
>3
(a1
=
>
(D)
p—
O
=
o
e
9]

Compression

—— ——

Borehole
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Outline

Borehole Gravity

© Copyright KJT Enterprises Inc. 2000, 2001




Borehele
Gravimeter (BHGIM)

L&R “zero-length” spring balance

Capacitor force related to
gravitational acceleration

Standard deviations
3 uGal.

Strack Capacitey's Plat
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Single well BHGM (3" years)

Densaity, g/om?
208 212 216 220 224 228 232

Repeat BHGM
across Rabbi field
gas/oil. contact In

Gabon.

Porosity: 24%
Gas p: 0.082 g/cc
Oil p:0.780 g/cc
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HIgh: resistivity, High N counts,
High-density="T1ght-Zone

0 Gamma {(APl) — 80 BGHM (g/fce) 2.50
-10.00 S.P.—10.00 Deep Resistivity —— 200.00
Shallow Resistivity 200.00

Meulron (counts) —1200.00
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KIB:-Final 1nterpretation

= calculated measured

L) ] ' 1 | I [ T
2.6 2.8 30 26 228 3.0 3.2
Apparent Density "~ y-y Log Density

3 3

g/cm g/cm
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Outline

Logging
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Borehole infermation: components

e Mud logging
® Core analysis
Measuring/Logging while drilling - MWD/LWD
Wireline logging
Borehole seismics.....
Formation testing.....
Well completion ........
Production logging ...
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EWD/IVIWID: geosteering examples

Base of Marker on
Seismic Map

Base of Marker
Target Formation X on LWD Curves
on Seismic Map

Target Formation
on LWD Curves
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Outline

e | ogging
Natural Gamma ray tools
Density tools
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Natural- Gamma Iogrprinciple
« measured in APl units (U-of H test pit)

« Gamma rays are emitted by K, U, Th

Rl Formation

(after van Ditzhuijzen, 1994)
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Energy: spectrum

U Uranium series

spectrum with typical energy
1.76 MeV (%“Bi)

Th Thorium series

spectrum with typical energy
2.61 MeV (298Th)

40K Potassium isotope

monoenergetic 1.46 MeV
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Gamma — gamma._density. principle
e gamma rays are absorbed

by formation
/% M bulk density measurement

MUD CAKE

HYDRAULIC

DISPLACEMENT
ARM INCIDENT G.R. PHOTDN

DETECTOR L
(CALIPER) / "$” EJECTED PHOTO-ELECTRON

SCATTERED PHOTON
INCIDENT G.R. PHOTDN
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Density: logs (y=y ; neutron)

Gammaray | Bulk density | Gamma rays are
absorption | (g/cc) emitted by tool.

Degree of gamma ray .
absorption by the
formation is directly o

o Formation

related to formation

s =0 Ensity  oIvVES Ul ke dEnsTitys Iow could rhean gas I

o Heutren s ghs (hnan hydrocarbons) SO called gast efliect

(porosity determined by the

unit) hydrogen concentration,
which is related to
porosity.

X\ GAMMARAY
. ORNEUTRON =

Cementing Stab-In Sub

| Logging Tool Indexing Unit Density Window Plate
__ + = . "' MWD tool

¥ - !

)ecentralizer GRE Nose
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Outline

e | ogging

Borehole imaging
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Combined




sSummary: Progress

Quantitative use of borehole seismics
Passive monitoring Is growing

Borehole EM being considered

Borehole gravity Is there but very limited
Logging extends depth-and scaling
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sSummary: Euture

e Anisotropy will be key in scaling

® Pore pressure prediction we need hard data
e Deep Reading Single Well will appear

® Fracture mapping will grow
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