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Table 1. Geophysical methods for oil and gas exploration.

BERE | MR 5i—4 | BchdmTomt Mg
- i . BE WO TR B R
LR (EPE EEE)
i NS . = WAL DTS BT
WHERE . BEHS
o £ . WPLREE A= FSvThRdk
BERRE i . (BE) B8 B ST
EHREC |- LLER MR LORD
EREE HEBRR |+ ALEHEVR ALK R E R EHART
v )L DEERL




Fix s - A - RIRT AR TR T D8 E D MHEE FIEOME R E RS 181

FWNTIENEE T D Z & &R L7z, Rickman et al. (2008) I3,
brittleness FEIE 2 AR 7 Y b & Vo VRO TEIL,
WY U TR EMRNRT ) e, KW sR e
FWRT Y U HIEE R F D Z b B R LT, AL — b -
ARy FoBMGEE LTL, aTEHcE SV
BRRER 72 D NI AT & FERE 95 2 & DVREEE D i
WEH/ONDZENMBNTWD, Ll ZOFIEE,
RIS R OFER L oW, RE T MORE
M T B, ACSEIF R OIED D OFEMNI XSS5
BREEEEAETHONHTH S,

DXz, Yo TZEORT Y o LS g )
I RT A= EWET D X, IrEEME 1 H D
WY = — VEBFICE T D AL — k- ARy hORKM
ICBWCTHEETHLZ Enbns, 12120, ribT 5 XL
I ICHIER R T — & > O MR s ) & T i 2 1)
VYT DI LIRS TII AW, e LCHE
M/ T A —2 OREE ORI T LT L E 5 rlRErEICHE
BETAVLENRD S,

DUR I, HOGRME Y & 88 & B TN T A —
2L BB T A EARICE SN T, MEBEE T —
DO M JJF R T A —H &R D FIEIZ DN TR
b, WK, M, WEMEEANET S L, P
B (v,) & SEEE (v) X (Hh K& @ TERER
FTHEIND,

K +4G/3
Vo= +p/ (1)

G
V,= .[= 2
s - (2)
MHXEQRUTBNT, K &G EplEZENTIIEE
FPER, HAWTR, BETHL, HXEQKXLD, K
FEBMER (K), TAWRE (G)ITLLTO 3) e @) R
nEnNEHEND,

K =pV,—4pV/3 3)
G =pV? “4)

Bz, AT Yotk (v) v 73 (E) IZLLTFD
G) AL @ RicEnENEHIND,

2 A2
Lo 2V )
2V2-2V2)

(6)

V2 2V?
E:NM&—@W{l “ s)

(Vi=2v)

HIE 8T A—=Z OFT, RT Y U HITEEIC X
S PR & S IHE CIRIESND A, YRR
EZDMDNT A —Z I EIERB LI L 725, 72721,
WENEH 2 E L TELN 2 M /8T 2 — 2 138)

T A= THY, IREEME AT T L0
TN T A — S DTN D 5 RITIEENLET
H5,

2.2 AFLlIENFTEYETE

I TR, ALBRNTFEEYHEE BT DB NSO A )
PEIZDWTCIRR D, HIERAT — X281 DIRIRR
AVO (Amplitude Versus Offset) fi#fTIZ 1V, 7ERM KK
T A B RET DERITHBICR D R E LT, BRI
& BRI T A AR L E D SR STV D
(Van Koughnet et al., 2003) , ZAUid, FLERPNIZ IS CRERE
FUREFN 72 T A LIMFAE L 2D BB 57, HUEEAE
T HICRE B ERITLTLE 72, T AfAFIE
DR/ WEBEET — % OHGHBIT 5 2 & DR EE
2O Th D, FLENOFFEDOHEIZ I THUERE
T2 XD AVO FRPEIC IR U CHE SO TS LY
B HERET D Z & % Van Koughnet et al. (2003) (% A
B OTERIINLE T D 19 ROHLIECTES S v7o
JET— 2 ZFS W TR L7, Van Koughnet et al. (2003) 73
B U7, FLBRAN TR OFEE & % & 5 i AVO Ky
PE (2 Z TlE AVO gradient) O B % Fig. 1 (AT
Y. LR FRE Y OFEE & B L ORI (Fig. 1a)
IZBWTIE, AL T OFEICIL U TR EEHRN T
W OIS U CHMARIGEZ R L TN DIEx L
T, AVO $5#k & OBIE (Fig. 1b) 2B WL, = ORF%
DM 72 > TWD 2 E B2 5,

LN FE Y OFERE & AVO Kt & O BIR N EHENE &
BT 2EE, LN FREY & & e AL R & MR iR
HELEOMBIEANEMETH D720 ThH D, WK THZS
AT LR RIZ IS T 2 HUBR IR FR e ORI HENE (R /3
B, MRS ORBEESKAFENE) 1250 Tid Biot (1956)

[e#2 o m & mRk o ]
(a) (b)
0’0 o ® o O
o o0 %% e 0
¢ o ® o
L 4 o
® o ® 0
w| ® o 0% o Oe ¢4
& o © B¢ o ¢
o
1 4 ® o o
¢ oo T
L 4 ¢ 0
* o © ¢ <@ ° L 4
* 0 ¢ o o o
0% % o®e %
— BE — — AVO ———
I x N Gradient X
Fig. 1. Tllustration of the importance of density in differentiating

between different types of pore fluid and lithology (schematically
drawn from Van Koughnet et al., 2003): (a) depth versus density
versus fluid/lithology type (color), (b) depth versus AVO gradient
versus fluid/lithology type (color).
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Fig. 2. Various distribution types of clays in sand grains: (a) laminar

type, (b) structural type, (c) dispersed type.
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Fig. 3. The gusher at Spindletop, January 10, 1901. This was
the first major gusher in the world (from Wikipedia).
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Fig. 4. Relationship between radiation pattern and scattering angle
(schematically drawn from Luo and Wu, 2018): (a) scattering

geometry, (b) radiation patterns for velocity and density.
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Progress and perspective on the estimation methods for subsurface density
distribution in oil and gas exploration: identification of issues in existing
exploration schemes and investigation of possible contributions of muography

Jun Matsushima®

ABSTRACT

Subsurface density investigation using cosmic ray muons (muography) has been evolving and diversifying its
application due to continuous improvement of measurement systems. Investigation of its applicability in oil and gas
exploration can promote wider discussion to take forward its application to different promising areas. To increase the
reliability and applicability of density information, it is important to identify issues in existing exploration schemes
in terms of estimating subsurface density distribution and to investigate possible contributions of muography. This
review paper first clarifies the superiority of density information, and then reviews the technical progress of gravity
and seismic surveys which have been playing an important role for estimating subsurface density distribution, and
finally, based on the reviews, proposes several suggestions to encourage the application of muography to oil and gas

exploration.
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