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Interpretation of Some Geologic Structures of Unconsolidated

or Partially Consolidated Sediments

Yujiro OGAWA", Katsunori TANAKA"" and Kiyofumi SUZUKI™®

Abstract

O O It has long been recognized that unconsolidated or partially consolidated sediments can be

intensely deformed during burial, either from gravity-driven subhorizontal extension, or from
tectonic shortening. Such deformation can be evaluated in the context of experimental and em-
pirical results from engineering geology literature. We try to summarize this knowledge using
several submarine and on-land examples that illustrate the concepts of pore-fluid pressure,
shaking, permeability, and consolidation, and are applicable to the interpretation of geologic
structures that develop in unconsolidated or partially consolidated sediments. We first review
dish, web, and vein structures, scaly clay and liquefaction features, which are typical of uncon-
solidated or partially consolidated sediments along convergent plate margins. Then, some exper-
imental aspects of permeability test results are applied to fluid flow phenomena in and around
accretionary prisms to characterize the role and the importance of fluid flow parallel to the o0, di-
rection. The results are further applied to explain the concentration of hot springs of a non-vol-
canic origin along active, strike-slip faults, as well as how seepage along convergent margins oc-
curs in an en echelon pattern on conjugate sets of strike slip faults. Additional experimental
work is suggested to develop a better understanding of these geologic structures.

Key words[] pore-fluid pressure, permeability, shaking, scaly cleavage, geologic structure, un-

consolidated sediments, partially consolidated sediments
goooooooobo, ooo, oo, bbb, obboo, boobobo, booooo

oo, oooooobobobooogoogoo

IDo0oooao
oooooobbooooooooooobo,
gboboboooooboobobooooog Hubbert and Rubey] 195900 00000000
goooooooboob, bbo 20000 ogbooooooooobobobooooobogoo
OO0 Terzaghil 19250 00000000000 gbooobooobooboboooboooobo
oo, bobooooobobobooooog gooooooobooooob, oboogoobooo

0o
oo
oo
0o
oo

oo

Jjooo0oooOoDOoooooDOooooogoooon

gooboooooboooobooboooogoo

gooboooooooboooobooboo

Earth Evolution Sciences, Graduate School of Life and Environmental Sciences, University of Tsukuba
Methane Hydrate Laboratory, Institute of Advanced Industrial Science and Technology

Present address: Chinzei-Keiai High School



gopbooooboo, oboobuooole-18
gbobobooooboooobobobobo
ooooo,1971g O0oO0O0O00O00o00o0O0
gooboboooooooobooboobobo
goboobooobooobooooooboon,
goooooboo, oobobooboobobobo
gooooooogoboboboooogoobooo,
19770

gog, obooooooooboboboobo
gooboboooooooobooboobobo
U, gbobooooboooobobobobo
goooooboo, oobobooboobobobo
gooo, bobooooooobooboobobo
gbobobooooboooobobobobo
gboobooboooooooobobobobo
gooo, boooo, ooobooobooboboo
ugo, bobooooobooooboobobobo
gobbooobooboboobboooboobo
gooboboooooooobooboobobo
gbobooboooboo, oboboobobobobo
gboobooboooooooobobobobo
U, oboboboooooooboobobobo
goooooooboboooooog, boooo
goooboobooooog, obobobobo
gooboobooooooooobooo, bobo
gboobobooooooo, boboboobo
gooooboooo, oooboboboobo
goooobooooo, boboooboobo, o
ugo, bd, ooooobooooboboboobo
go, bobooooooooob, boboobo
gooboboooooooobooboobobo
gbobobooooboooobobobobo
gogd

gioodooboooooogo
gbooboobooooog, oboboboobo
gooooob, oooboooobooboboobo
gooboboooooooobooboobobo
O00OdJaeger, 196200 ODOOOOOOOOOO
gooooboooo, oooboboboobo
gooooooog, bboboboboooooo
U, gbobooooooooboooboo, oo

ogbooooooooobobobooooobogoo
ooooooo, bobobooboooooo, O
00000 TerzaghiOOOQOOOOOOO, O
ogbooooooooobobobooooobogoo
toodooog oooooooooooooo
gbooooooooboobo, obooooobooo
obooooooooobobob, oogogo
obooooooooboobob, boooboooboo
ooooooboooob, boobb 1100
obobobobobobuo edboboobgoo
O00o,000000000O0OO Paterson
1978000 100000000,

0o* =o.— ab 010

n

MF:0000, D000:000O0DODOODO
o010, O0OO0O0O 10000 OO0, o",00
goooog

O00bO0OOdOeDb 1000000, ODOOODOO
ogbooooooooobobobooooobogoo
00000000000 OORutter, 197210 O
oo, oooooooboboboooooo, O
oooooooooobobobo, coogo
opoboooo,0mbobeb0bO0100O0O0
gooooooooob, bo, ooooobooo
ooobooooo, e01000000000OO
ooboobobog, boooboboobbmooo
gb, ooooobobobooooom
ooooooooog, obbobooooogoo
gooo,

Ot=C+uck, 020

MtO0oooo, coooo, poooooo
oo, oooooooboboboo, ooobogo
goooooooo,

no*=1 030

Mm7.,0000000, DODODDODOOO

boooooobooboobobobooooboooboon
gboooooooboobobobooooobogn
ooooooog, obobobooogoogoo
oo0oOoOoOoOoOoOoOoOoOoOOOOOOO, Fyfe



et @l.019780 00 0000000000000
000000000000 J. Geophysical Re-
search 0000000000 DO0ODOOOOCOO.
Geophysical Research, 1990, B6; 1995, B6 O
000 0 Nakashimal 1993, 19950 0 O O
gooobooooboooooboooooooo,
goooododoooooo, ooooooo
goododdddooooooooooooog

0000 Jones and Addid] 19860 Joned] 19940

goooooooooo, oooooooooo
000D0000o0oooooooooog, Moore
0 19890] Moore et all]1 1988; 1991 Plattl 19900
Behrmann(] 19920] Maltman( 1994al] Brown
0 19940 Byrneld 199400 Karig and Morgan

0 1994[] Morgan and Ask(0 20040 0 O 0 0 OO

oooo, ooooooooooooooooon
J0o0o0oooDooooDoDoDO0oOooo200300
gooooooo

000, oooooooooog, oooooo
Joooooooooooooooooooo
0ooooooo, 0oooooooooooo
Joooooooooooooooooooon
o0ooogo, 1998; Morgan and Ask, 200411
Jooooooooooooo, ooooooo
Joooooooooooooooooooon
gooooooooooooooooo, ooo
gooooooooooooog, ooo* oo
O0"0mud pressure0 000000000000
gooDooooooooobDoooooooao
0, 00000Doooooooooooooon
gooooooooooooooooog, oo
gooooooooooooooooo, ooo
oooooo, ooDooooDOoooooooo
0 Brown, 1990; Brown and Orange, 199300 00O

gboboooooboboboboooboooboonog

goooooodd, oooooooooooog
godboboooooooooooboobooooo
O, LiO 20010 Li and Ogawall 20010 Li et
al20030 000000000 OOOOOO0O
goooodoodoooooooog, oooo
gpoooood

dodooooooooooooo, ooooo
Jodooooooooooobobobobobbooo
dodoooooooo, ooooboooooo
dodooooooooooooooooooon
oooooooooo, bbo3bhoooog
doooooooog, ooooooboooooo
dodooooooooooooooooooon
goooooooo, oooobobobbobobooo
000, 00000 0O0hydrostatic pressurel]
ooodd, ooooooooooooooooo
godooooooooooooo,

OP'i=pugz 040

MmP,:000,p, 000000, gdodoog,
20000

goooooOoO0, DooooOooOOooOOoOoOoOOo
0, ooooooooooooooooooao,
goooOoOoOooo, ooboooooooooo
gooo0oO0oO0oO0OOoOOO0OOOOOODOODOOO
goooooooooo, ooboooooooo
go0ooOoOoOoOoOoOoOoOoOoOoOoOOobOOooOoo
00000 OoooobO0obOOoOoo40000O
goooOoOoOoOoOoOoOoOoOoOoOoooooooo
go0ooOoOoOoOoOoOoOoOoOoOoOoOOobOOooOoo
000000 0hydraulic fracturingfl 00 0 O
goooOoOoOoOoOoOoOoOoOoOoOoooooooo
goooOoOoOooo, ooboooooooooo
goooooOoOoOoOoOOOOOOOODOOO, O
goooOoOoOoOoOoOoOoOoOoOoOoooooooo
goooOooo, oboboooooooooooo
OO0, O0o0oO0oOoOoOOoOO0OOOOOOOOODOOO
Oooooooooooooooooooooo
ooooooo, oboooo, Sibsond 197500,
goooooOoOoOoOoOOOOOODOOO, oDoo
gooooooooooooooo, oboooo
O0000D00OOseismic pumpingd 00000
gooo0oO0oO0oO0OOoOOO0OOOOOODOODOOO
goooOoOoOoOoOoOoOoOoOoOoOoooooooo
0000, oOoo0oooooooooooOoo
0O, O0o0o0o0oO0oOoOoOOoOOoOOOOOOOODOOO
goooooooooo, ooboooooooo



oooo, doodoooooo, ooooooo
goooooood

ooo, dododddooooooooooog, o
goooodoodoooooooooooo, o
gododoobooooouobboooouoboboo
Robert et al.0 199500 MacCaig et al.00 200000,
gooooddddooooooooooooo
0 O dilatancy pumpingd OO OO0 O O0O0O
goooboddddooooooooooooog
JOd0o00oO0ooOd, Twiss and Moores, 19920
goooooooobouoo, oobooba, »
dlgb2000d0d0dd0fd0oooooooooo
0d, 0o0ooooOo0o00oodoooo I1oag
oooodo, ooooooooooooo 1,
0o0o0o0oooooooob INMooooooad
o0, booooo200000000000
goooooowoobobobbobobbobooobooo,
godooooooooooooog ooooo
gooooooood, oooooooooooo
ogoo, dddddoooooooooooog
0, booooooobooooooooooo,
goooodooooooo, oooooooo
0000000000 0000 OO0 Donath, 1961;
04d, 1971; Uemura, 19811 00, OOOO0O
gooooddddooooooooooooo
000000, Nakashimal 1993, 19950 O O
goooooooao
goooododoooooo, ooooooo
gooooddddoooooooooog, oo
O, 0ooooooboo—0o0ooooood
0 O ™I hybrid shear/tension fracture; 0 0 0O,
goododdddooooooooooooog
00000000 Supped 19850 0 0000 0O
oo00ogd, 00 Plattd19900 00000000
gooooddddouoog, oooooooog
goooboddddooooooooooooog
gooooddddooooooooooooo
oooo

DT2_4T00-*11_ 4T02:O D5D

gooog, booooobooboooboooo

O4000047,0 Ac004Y2 7,000000

o0 ro0o0o0o0o0og pO0O0O0O0OOO,

o', 00O, 000000000000 000O

gboboooooboooobob1moon,
obooboobooboboobooboobooonn

ms50000000D0O00O0og, Dobouoo ¢

0Ocod2l,000000, Doooooooo
00001000000, 000007, 0472
gbooooooooboobo, obooooobooo
ogbooooooooobobobooooobogoo
boooooobooboobobobooooboooboon
o, ooooooooboboboo, ooobooo
goooooooooboboboooooo, o
boooooobooboobobobooooboooboon
ooodoooooooooog, bboboboobooOo
oo —00ooobooooooooooo
ooooo, bobobobobooobooobooo
gboooooooboobobobooooobogn

O slickenfiber(11 0 2[0J O 0O, 2002[1]

oo, boboooboobobobooooboooboon
gbooooooooboobo, obooooobooo
oooooooooobobo, ooooogoo
obooooooooboobobooo, booboo
gboooooooobo

g200000ooooocoobog, oboboobo
gooooooboooooooboobooboobooo
U, oooooooboobobobooooobogoon
ogbooooooooobobobooooobogoo
gbooooooooboobobooboooo, boo
gboooooo, boboboboooooobooo
ogbooooooooobobobooooobogoo
ooobOooobooesnooooooonDoon
gooo, oooboobobobooooobooon
ogbooooooooobobobooooobogoo
oooooobooooooboboobooboobooo
OO00DO0O0OoDO0OOoOoboo201000000
oooooooooobo, obooogoogoo
obooooooboooboobobooboooooo, o
000000000 00OOOO0O000Sibson,
19750 OO, D0OO0OO0OO0ODOOObOOoOoooon
O000000O00O0O0D0O0O0O0OMcCalpin,



FEAGER AT 12 - 4T, * —4T2=0

T

Transition between compressional
and tensional failure occurs when
P P —2T(/2- 1) =Py

Bl RT

S\ ~T—10 2T 3

5oy KA

e R Z R T)

SrEn A
A 7Y REIlE S8R Y B A

On

b0

ooooooooooo

Fig. 10 2-D expression of a Mohr diagram based
on Griffith crack theory after Platt 19900
O upperl] and three types of fracture( fail-
ures[1] lower[]l The horizontal axis below is
exaggerated to show the tension fracture.
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Fig. 5[0 a0 Occurrence of small clasts around
blocks within liquefied strata, Misaki Forma-
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oped in the Shimanto Group] block-in-matrix
relation[] Shimanto City, Kochi Prefecture.
Relation of mudstone to sandstone reversed
in the two examples.
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Fig. 100 A typical diagram of a consolidation test with a muddy material. In
the test, vertical compression stress under a horizontal constraint is
increased, and the results are shown. Vertical axis is void ratio( e[]
and horizontal axis is logarithm of vertical stress log p" (I p" : effec-
tive stressl] The early stage straight line[J upper left, A[J represents
elastic deformation, and the later straight line[] BO is a different an-
gle of dip. The right-convex partd CU is due to cementation etc. during
diagenesis. Representative values of the two axes are shown.

0000000 Lambe and Whitman, 1979011 O
gooooddddooooooooooooo
0, oo oog
goooododddooooooooooog, o
gooooddddooooooooooooo
gl oomooo
ogooood, dodoooooooooooog
gooooddddooooooooooooo
goododdddooooooooooooog
goooboddddooooooooooooog
00, doddddooooooooooooo
gooododdddoooooo, oooooog
goooboddddooooooooooooog
godooooooooooooooo,ooo
gooooddddoooooooog, oo
goooododddooooooooooog, o
gdoo0oobooooooboobobooooo
gopoodooobooobobooo, boooobooo

goooon

ogooo, oooo, bobobooooogoo
boooooobooboobobobooooboooboon
100 CUooooooooOooooooooo
oo, oooooobobobooogoogoo
boooooobooboobobobooooboooboon
gboboobobooo,0boobobogooobooon
oooooooooobobobo, coogo
ooooooog, obobooboooo, boo
goooooooo, boboooo, oogo
goooooooooboboboooooo, o
ooooog, oboboboboooooobooo
gboooooooboobobobooooobogn
ooog, bobbobooboboboobobooboobooo
oo

gboboooboooboooboo, boobdod
ooooooouoboewbbbDbDDODDODDODODO
Oooooog, ond Ko, OOOOOOOOO



20000000000 K O,00000000
gooooddddouoog, oooooooog
000000 0DOODOO OO -coefficient of
earth pressure at rest0 0 OO0, OO O0ODO
goododdddooooooooooooog
jodoooooooooooooog, Ko
godooooooooooooooomoo
ogoo, dddddoooooooooooog
goooobmooo, ooboboooooooog
goooodooooooo, oooooooo
gooooddddouog, ooooooooog
ooooo, ddddoooooooooooog
oo, doooodod, oooooooooo, o
goodoooooooooog, Kkooodo
gooooooooa

oodoo, bobooooooobooooooo
0o, ddodddd, ooooooooooog
goooboddddooooooooooooog
000, ddddoooooooooooooo
00000000 Karig and Morgan, 199411 O
goooododdoooooooog, oooog
gooooddddooooooooooooo
0000000 Moore and Vrolijk, 19920 00O,
goooboddddooooooooooooog
goooodoodoooooog, oooooo
goooooododdogoooog

IvOoopooooooooooogo

giogooobobobooobooooooo

O000OOpermeabilityd 0 200000000
O O Middleton and Wilcock, 1994; O O, 2003
oo, ggboooobo, booboooooa
goooooboobobobobobooobooa, bg
gooooobooooooo, ooboooog
gooo3000g0ouogouog, boooooo
goo, oobd, bbobobooooa, bg
gooo, obooooooobooooooog
ggooooboooboobobooobooa, ba
gobooboobgooboboboboo, oooobg
goooooboooooooboobooooog
gogoooooboo, bobobooobooo, g

gooooooooooooooooooao,
20030 000000000, ODOboOoOoOooa
dddoooooooooooooboooooo
O00O0OooOo00O, Moored19890 00O, D OO
00O 000 0O Sereaton et al., 1990; Tarney et
al., 1991; Saffer and Bekins, 1998, 1999, 2002;
Morgan and Ask, 20040 000, 300000
000O0oO0oOoOoOooOoOoOO0OO0OD0DOdOgawa and
Vrolijk, 200611
dodooooooooooooooooooon
doddoooooooooooooon, Alex
Maltman 0 00 0 0O 0O 0O O O OO Bolton and
Maltman, 1998; Bolton et al., 1998, 1999; Dew-
hurstetal., 1996 00000000, OOO
doodoobboooboboooobooooboooa
ood, oooooooooooooooooo
0, oooooooooooobooboo, oo
dddoooooooooooooboooooo
dodooooooooooo, oobooooo
goooooooooo, oobobbobboboobooo
0, oooooooooooooboooooo
doooooooooo, oooooooooo
Jodooooooooooobobobobobbooo
dddoooooooooo
d2000000000000404d
gooboobbooobobooooouoooboa,
000 SibsonO 19750 0, o, 00000000
o000, oobooooobobooooooo
110 0ooooooooooooooag, 0o
dddoooooooooooooboooooo
Od0o0o0o0ooboo0oo e, 0000O0O0O000n
000D0O00oo0ooooogd, 2002; Takahashi et
al, 2004 000, DODODOOOOOOO
0do0o0ooooooo20000000000
oooooooooooooboo, o300oad
do0oooooobooboboooooooon
O, cx000000000O0OO0DOOODOOO
Jodooooooooooobobobobobbooo
dddoooooooooooooboooooo
do0odooooooooooooooooon
U, oooooooooooobobbobobooo



fauit

limit of shear
disiocation

fluid migration direction A |
(after fault movement)
3« shear displacement vectors

oooog, 2002 e, 00000000OD0OO
goooogoooooooooooooog, o
00300000000

0300000 c.000000000000
0310 0000000000000 00ooDgo

oooo

ooooooo, ooooooooooooon
goooooooo, Dooooooooooo
ooooooo, oZ 000000000000
Jooooooooooooooooooan
O Davis et al., 1983; Byrne and Fisher, 1990;
Behrmann, 1992000, O00O0O00O0O0OOOO
oooogd, ooooooooooooooa,
U000 stateatrestl 0 OOOO0OOOOO
ogoooooooDoo, oh 000000000
Joooooooooooooooooooon
00, 012000000, DOoOoooooo
ooo, o, 000000D00OD0OOODOOOO,
goooooooodg, ooooooo, ooo
0oo0ooopoopooo, 0ooooog o0

N
<

dilation

zone

010000000000 0O0OOOODODDOO
Do, 00000O0O0O0DO0OCDOCOOOO
0000000 Sibsol 1975010 O [ Fyfe
etal.019780 000 0O

Fig. 110 A diagram first shown by Sibson0 197500
who explains how the fluid flows effec-
tively in the direction of toward o: on
the fault plane in the strike-slip stress
regime. After Fyfe et al.00 197801

00000, DO0DO0DOO0bOOooooooogon
000, OO0 Westbrook and Smith( 19830 O
000, O00O0ooOOobOobobooooooon
oo0Do0ooodo, DodooooOooooo
“ bootpressure” OO0 OO O0OO0O, ODOOOOO
o000, oooooboboobooo, oogo
oooooooooobdobo, ooo, ogo
oooooobog, obobobooooooo
o0, 0oooO, boboboboooooooo
oo00101000000, OooDOOoOooao
0 Kobayashi, 20020 000000000000
000, OooooOobobooboooooo, O
000000000D0bOO0bOooooooogn
o0, 0oooOooobobobooogoooo
000, O00O0ooOOobOobobooooooon
000000000D0bOO0bOooooooogn
O, O0oooboooobobobooogoooo
0000000000 Ogawaetal., 1997010 00
O, 0000 o, 000D000000ODODO0ODO
00 18a0 000, DOOOOOODbOObOOoDbO



Deformation front

Proto-thrust zon

Thrust front

Accretionary prism‘\

UZ=U3
‘@tal thrust l
ag :(71
— ‘———g X

o.,=0
2 | Decollement

e

Ocean floor
0,=0 \ ag =02
g.=0 \
> e 2x=93 +—7x91
State at rest i g y: 93
O'y= g3 ~ —
] Strike-slip
= Normal fault  fault regime
- regime R A
z e
9 AN
= v/
£ A
//] //
o
a4
/
///
T S 4
Ty

—

0

Distance

0 12000000000000000cx0000000O000O0DC0O0O00

Fig. 120 A schematic diagram showing the possible site of vertical 03 stress
just in front of a reverse fault system as in the accretionary prism.

gboobooboooo, ooboboboboobo
gboobooboooooooobobobobo
gooooob, booooooboobobobo
gbobobooooboooobobobobo
gooo, booooo, boboboboobo
goooboobooooooooobooobooo, 0o
gboboobobooo, boboobobobobo
gooboobooooooboo,booboo™moo
oo, boboooooooobooboobobo
gbooboboooooboooooboooboo, oo
gooooboooooooooboobobo, o
gooboboooooooobooboobobo
gooooob, ceOboogooooo, 0o
gboobooboooooooobobobobo
gooobooboooooooobooobg, obo
gboboboooooboooog, oboboobo

dooooooooooo
03200000000000D000D0DOO0
dodooooooooooooooooooon
doooooooboobobooooboooo
0, oooooooooooooboooooo
doooooooooooo, oooo, ooo
g, ooobo, ooboobooooboog, oq
oo, dooobooboobooooooo
O, ooooooooooooooooooo
0 O 0O 00 Curewitz and Karson, 199700 O 14[11
ooo, I-10o0ooo, ooboooooooo
dodooooooooooooooooooon
goodood, boobobO0oooood oq
0000 os000ooooboo, oobooooo
JosO0O000o0oooo, bobooooooaa,
Jodooooooooooobobobobobbooo



Oab

0 B0OOOO0OO0OO0OO0OO0OO0O0OD0 oo, 000000000
oooo0obomaOoooooboooo, bbooo
oooooo0ooo0oo0oo0oO0OoOoooO0o0z20a0
pooooooooooooooo, ooo
ooo0oO0oooo0oO0ooooo0oO0ooo0OO03mOO
O0@oo0smO0@OMOO0O0O0000O00
Ogawaetal.019970 0 000 bOO0OOODOO
oobo0oo, ooooOoooOoOoooOoOoooao
poodobobOooooooooOooOoooooao
pooooooooooooooooo, ooo
oooooooooo

ObO

Fig. 130 Examples of the occurrence of fractures under
09, which are vertical in front of a reverse fault.
0 a0 Conjugate sets of Calyptogena colonies show
displacement, suggesting Riedel shears. After
Ogawa et al.00 1997010 b0 Scoria-lapilli injecting
the conjugate shear planes under a strike-slip
stress regime, Misaki Formation at Hamam-
oroiso, Miura City. These are also considered to
be Riedel shears.
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Fig. 140 Deformation styles at three places at the edge and
step-overs of strike-slip faults. Ps: Horizontal com-
pression, Ext: Horizontal extension, Sh: Shear. After
Curewitz and Karson 199700 Hot springs occur at
extension areas.
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