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(1980)). G DML L IF 22D TI2E L LT O /NSO @ills — 212 X
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7 OEBMEDOHE T (X0 (1961, 1962), J1u%, J¥F (1974), HoOSHINO et al.(1972))
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Fig. 1. Active folding areas in the Inner zone of Northeast Japan.

(A) Active folding area along the Yoneshiro River, Akita Prefecture.

(B) Active folding area along the Oguni River, Yamagata Prefecture.

(C) Active folding area along the Shinano River, Niigata Prefecture
The active folding area near Ojiya (0J), is indicated by the
hatched zone enclosed by a rectangle.
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T X 5w —E L& 0 viscoelastic Mo fEIITEAR A K/ IEME (substratum) o ik
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cient TH5, ZDFHROWMIZF
TLEZoFRzMs M ¢ K&
Oy ik, BETC 2 il & 5.2
fiihm O biad w £T5. 40
& LT single load P, #Efic X %
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vertical shearing force p, & bend-
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ing moment m, &izoWT DS Fig. 2. V iscous slab res.tmg on substratum, bent
by an axial compression force 7.

WOEME R D HER DX ST n: uniform axial compression force per unit

3. width of the slab acting in the direction of
its middle plane parallel to the axis (after
op Nadai, 1963).
L =kw ; i
oz ’ Py: vertical shearing forces.

m,: bending moments.

: contact pressure with the substratum.
: extraneous vertical pressures.

: thickness of the slab.

R w: deflection of the slab.
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Fig. 3. Bening distortion of viscous slabs under axial compres-
sion n (after Nadai, 1963).
Above, wrinkles grow when n=n,.
Below, wrinkles remain unchanged when n=n, but funda-
mental mode disappears.

% (Fig. 3).
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Fig. 4(a). Vertical crustal movements in the Ojiya active folding area as found
by the precise reveling for the period of 1968-1978 as shown by displace-
ment contour lines of a 2mm interval (after Mizouk et al., 1980).
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Fig. 4(b). Vertical crustal movements along the line
PP’ given in Fig. 4(a).
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Fig. 5(a). The precise level net in the Ojiya active folding area, the axes of the
folding structure (A: anticline, S: syncline) and the deformed terraces of
Koshijippara and Kodappara. (b) A geological cross section along the line

QQ’ (after Miyashita et al., 1970).
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DWTLHEFTLODH D L2 5 L, FENETZNEBIRC KT 5@l H4m (Fig.
6) NOFEHMOWEDTHRAMSB Z & A TES. TolEoWEIT Kalzuka (1967,
1968) DfEREZEECANhD &, FH m=1 x5 EL L=2l L 1<

0.5<2(1/m)<20 km (24)
Eleh. WERBMITNEEZT 3 7R TOFEHLI A ETREOfEY L &35 &,
L=21~60 km (25)
LB DT, R (24) KXV (25) » LIEFIOWEE m oHHE

38°N__

37N

138°E 1y Anticlinal oxis: X 139°E
Y : Synclinal axis: X

Upper and middle
Neogene sediment :

Fig. 6. Distribution of the anticlinal and synclinal axes of active
folds in the southern part of Niigata sedimentary basin (after
Geographical Survey Institute, 1950).
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Fig. 7T CR¥IE% & S0 MG GR,
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No s 10t viscosity coefficient p1 I3 ZHE i after Tnami of al, 1974,
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107" /year, rp~1 ERL T ENTES. oTK (B9) LU (9) 2T,

204~1.17x10' em=117m }

(40)
2H,;~3.18x10' cm=318 m
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Fig. 8. Variation of the tilting rates (D))n/a,, (D:)n/@, in an arbitrary scale

and 7= (D)) n/(D,)» as functions of tectonic stress ¢ and wave number m
for t,=10° years.
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FERh o Fe 3 B WA A APIBE R S RSO B IR T 1 100 barsHiffk & 2 bh b
2%, HEHE (June, 16, 1964, M=17.5) O[5 I T A 126 bars (AK1(1966)) TH % —77,
Hidb A A PIRE TR O SR 2o (R R IR C A B NI R HE e & DR E BRI HBIE (Oct.
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16, 1970, M=6.2) oK T 15 bars (B&JIIS (1975)) THhA. EHFGM O EHL
BHERE SR 5 RGO MO TR S IS T O ER & —8T 5 2 LIxER
BT %o RIS DK E Xm0\ THEdE, BHE (1973) RO KEEER AL 0T
BRI & MBI I\ 7o 3 EE ) & LT 180 bars BEEMZM & FE 2 7o, HHF (1976)
VLI EBINC IR TR A TR AT SIS ILFE DR DWW T O Z B i b &0
WCHE LRI W T OB & LT 100 bars FRIEEDOERE 2 1o,

TERGRD DHEE Sh A SIS G E S T h o iR | O B lnax ERETH DT,
lmax 7% 10 km FBEECHIUTHERIE T 133~400 bars TH D, lmax 7% 20km THHK
33~100bars &7c%. & LisHE N2 EHEIR COMERE R ST X D EFHTHLOT
BT, L v/AXREEOBMEERENIEL LT TR T 5 WY H % DI
WU, XOAEREEOEIMEERIE I —E Y & 2 oRIEOMIFIC OV T DR LA
HEF L, EHIEHR—EEL T/ 5 LA IRT 5 0 BlEEE 2 RS2 5 5 AT
HEFT B, ZOMNLFE L TERMZE o e — 82 KEENE & WM Tt
RPN RS TG A e 5 &SNS ORI ZE L A HEE TE S ARELH 2.

TERG O T CHEREIS T OHEE & 75 B A CIEE e HiHIL viscosity coefficient p DHE
HETHDH., &2 TRDI g~ 1.5%X10% poises DEIXIERE 2l/m=10km OFEHIZ2W
<, BEDZEWHAEE LiBF: 10° OSBRI 235 L EHE LB A OETH D,
ZOEBRMAE L Il g p Ofih B HES.

Mo DI O T DIIRIIFIGE & LT, KUMAGAI and Ito (1965, 1968, 1970,
1971) iz X B20/ER icdot= B creep test b BH. T DFEHM DL p=3~6X10* poises
s Nz bhTws (To (1979)). %7 Ito (1979) ke = F v bk XL OTEIH R
KicRIF 5 HPULE O RIS 7 — 2 455 orogenic erust @ p & LT 10% poises &
W3 fli x e, —7F Griggs (1939) (25 HET TOHEAD creep test %4775\ Solen-
hofen FHKEI>T 1.83% 10" poises &\~ fili% 2 T\ b, A (1976) % Griges
L ARED ST TG LR OYRE I DU T 10% poises &) ik 2 fedd, Z OGS %
strain rate 2% 107%/s &\ 5 X THh Eikflis s o Lo ¥ LT p=10" poises
ENS RN F D F FHEEEOEAOBEICHTULE S L F b sy, Crittenden
(1976) ® Lake Bonneville | TiziE < 100km % TD g OFfti & LT 10° poises
EWH R TS,

A% D viscosity coefficient g oW T OFHIIE F A DILTH & ZFERET %
FOLVHEKRELELAERDDOT, p OEHFECOCTREIMGHRT S L
DTN T DD IND L Z 1T » TLIERDO G ENL . AR THEE L
i p~1.5x10% poises MmHR (1) CHITIDFFEH t. wRkDB L (,=3u/E~
4.5%10"s~15000 years (E=10" dyn/cm? ¢ {HET%.) &ich. EHMETHORRIN
A — IR t,~100 years THBH T EnD Kty (L/6,<1) Tha L\ 2b, DOk
BIERI RO = F A h TR I D LV ORI 52 5.

> TR BT e F A TIEBIEEIZV L U - 228, T b t=0 1k TR
Bxst (1) TRT X 5 2R 20, 5 TGS L b 2ob D& F X T s, Z ORI
VEHERTE OB R IR O TBR B O TR X D 2IRINCAE UIcb DTH - TH Ll
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BHEWCIIHRESA TR EER D o T BB AL 5D TH-Th v, Bilig oI
TR G IART X 5l ¢ & & dic 2H.(H)=2a,e°mt 72 AT THEL m o 'CﬁF?R
N ZE(LT 5. BIIUIHES DIRIE 20, & BIZED IS OIRIG 2H () 18I v ke e it

(D)my Do)y Tm I ENBR (B9) 1 X ibé:&#f%é.%®%£mmu®I9k
m=62l/m=10km) 1%} LT, 2H,~318m L X 2a,~11Tm L7 3. WHEDOXE
2(Hyp—0r)=201 m (38210075 FERNCERIE T o O X b BHBET2ELT Licz &
12 X 55RO MISHZE R O BRI IET 5. KAIZUKA (1967, 1968) (I HEL
FT —2icb & OEF LIS ORI E LT 100~200m &5 1{lik 2 Tuwb. §E
- T I ZCTHEE SN FAMIHEE OIRIFIZ SN &L X —H L TuwBb E v b,

PL et s oo guskp %, R4 W, 28, SRS, HERUEom
B L O, 2Lk TR T A HERE R & o IS IR R Ein o T O BRI
FMESEDOTEFR T NADAI DEF AT X DT T2 5 2 Eavbhh ot

6. #& i

A OGN R 5 fhaR DI & ERE T & OIS DV T ORI L £ LD D X
5ThS.

D IS oo FREZIET 5 2 S X bE IR HEE T 2 eV T
&5, ZOEEOLREEH 20km LU, BT BHERIFICHM T2 MR oL w
1I~3km ERET D &, AL 183~400bars L7 5. 7078 LT A TR &
JiE & D contact pressure IIEILEC I HFEIITHB EF 2 5.

) BT 5VPROWIEEEE R %, 72O Poisson’s ratio, G 7, il
HESDSZI S 2 B LcBUE & ColEi], BIEIT 10 5 A HE & #lliE RO L
TR 220k T O IGIZEILEE & D ey 2ABEMT H I MEPIR O viscosity 23skd b h
S % EA R 10 km OFHREE2 100 TETER S h, HoBBHIEL 7 2MN2iE 1 Th
5HETH. SEHOEE 2km, Poisson’s ratio 0.25, 35S 200 bars &35 & FEiR
@ viscosity 1% 1.5X10%* poises &7c5.

i) GRS sk e — K OBIRBEIT DIl 107 /year L L, 232 1) B LOv
i) Ik F B IV5 &, IR 5km OFMET O (=0 (ZEEIUL L E »
FolE 8 TR GUHE 11 117 m, (=10° years WG % BAED B o
BT 318m &7eb.

iv) ﬁ@mﬁ%m“énamwmﬁwk%é1%~wmmxmmﬁﬁm%$¢5mg

CAES IEIRRET O ER IS L — X —Th b, AL RO PN I+ 2 IRl
;;eé:rE:??‘?Em &f]!é&ﬂ_@;u’f ;FLJ‘J%%_ G D N ATEMIHE OIS Th D L r B &
MWTES.

V)  FHIZET 5 TR O viscosity off 1.5X10% poises DWW T LR AR B D S 52
L7 B BIHIM DI TdIHE R T3 2 LT E WD, WSS T D creep @ 52
Rt T2 3 5 M O ZET O FE AL S 72 270 B HfEE T 7ol 3~6X10%° poises 7g\u» L
i3 10% poises &MiFT 22 ENWHETSHS. i Modulus of elasticity E=10"
dyn/em? % i 3% & PR Ofigitk ik & LCoMER 100 iEod — 2 —Th b,
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HSETONFE A o — 1 10° 57 & 35 &, iR iE 5 ZER Rz E e & &
BT ENTES,

vi) LDLEo®Es SEIMART 2N & LTS 2km, viscosity # 1.5X10%
poises DT A 2, ~hic$y 200 bars OFELHIE % 100 FREQCHIIEN LoD
FCaZEREE5 L, EEMY 10km oFidRiE 300 m R E THREL, T Ol
MCOEBHEE TR — F o GIRE .z LT 107" /year RS &/cb 2 L2 U
oo IO BREEERD o5 LEIIHGE ORI IT B IR], LR owd:, ARk
X OSSN X » T B,
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21. Tectonic Stress and Viscosity Coefficient of the Earth’s Crust
as inferred from Crustal Movements related with Active Folds.

By Megumi MIZOUE,

Earthquake Research Institute, University of Tokyo.

It has been pointed out from geological and geomorphological evidences that the
time rate of undulatory crustal movement shows a remarkable dependence on its wave-
length. Specific studies on the problem were made by MaTsupa (1960, 1961, 1964), Kal-
zuka (1967, 1968) and OTa (1968, 1969). Kaizuka compared the rate of folding in the
Quaternary with the mode of undulatory crustal movements in the present. He indi-
cated such regularities of folding as the smaller the wavelength, the greater the rate
of folding and the rate of present folding is in the same order with that of the Quater-
nary folding.

NaxkaMura and Ota (1968) critically reviewed the history of active fold study in
Japan. They discussed the tectonic significance of undulatory crustal movements from
a geological point of view introducing a case study of an active fold along the Shinano
River, where apparently steady progress of folding was detected with the maximum
tilting rate of 10-° per year during the past 80 years without noticeable earthquakes.

In order to make an extensive study of an active fold, a precise level net covering
the folded area of about 10x20km? near Ojiya, Niigata Prefecture, Northeast Japan was
set up in 1968 with the installation of 63 bench marks. Since 1968, 37 bench marks were
kept in proper condition for a 10 year period, and were subjected to relevelings in Oct.
1978. Characteristic mode of movements in the area were successfally detected for the
interval of 10 years from 1968 to 1978, the results of which were reported by Mizouk,
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NaxkaMura and Izutuvya (1980).

It is confirmed by the relevelings that remarkable undulatory modes of movements
with the wavelength about 5~10 km is superimposed on the northward tilting movement
in the active folding area near Ojiya (Fig. 4). The undulatory mode is in good harmony
with the detail pattern of both geological and geomorphological features of the Quaternary
fold (Fig. 5). An asymmetrical mode of movement with respect to the synclinal and
anticlinal axis coincide with the Quaternary fold structures in the area. It is concluded
from the evidence that the fold structure has been formed with the maximum rate of
the order of 10-% per year during the past 10*~® years up to 1978.

A theoretical model of a viscoelastic slab resting on substratum under an axial
compression force (Napai, 1963) is introduced to simulate the growth of the undulatory
movement related with active foldings. An outline of the Napal's model (Napal, 1963)
for a viscoelastic slab resting on substratum under an axial compression force follows.

Let us consider the case of one-dimensional bending of an infinite, horizontal slab of
viscoelastic material (E=Young’s modulus, p=viscosity coefficient) with a uniform
thickness h, resting on a substratum with a bedding constant % loaded by single, trans-
versal forces and by a uniform axial compression force 7 per unit width acting in the
middle plane parallel to the 2 axis. Assume the positive 2z coordinate and deflection w
pointing downward (Fig. 2). '

In the absence of extraneous distributed pressures (P=0), the equilibrium conditions
of the vertical shearing forces p, and of the bending moments m,

0Py _y.
Py =kw
om, o
Y 5 - ox »
give
*my 9Py Fw 02w
T el =kw+n o 1)

If we denote the modulus for an elastic slab and Poisson’s ratio by N and v respectively,
the relation between the deflection w and the bending moment m, is expressed by,
after placing a dot above a quantity whenever it is differentiated with respect to the
time ¢,

o
Now (mﬁ%r.), t, =St
€

ox E
o'w o (. . m
N == T (mar ). @

After differentiating Eq. (1) with respect to the time ¢ and substituting the second
derivatives 9?m,/0x2 and 8°*m/dx% in the preceding equation, we see that the deflection
w of a viscoelastic”slab carrying an axial compression force 7 acting in the % direction
may be determined from the differential equation

7w 9% ( L) 9w k( w >_
N Py n+ Y +{ 7+ t. ) ot +k{w+ t, =0. 3)

After multiplying Eq. (3) by ¢, and disregarding those terms which obtain the factor
t. (since it is supposed to be small), but using the modulus for the viscous slab,

Eh* 3 wh?

No=Nte=150 % & ~ 11— @

this equation simplifies to
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ol ofw o,
N067+n axz' —;—I\«ﬂ)go. (5)

We may note that the corresponding equation for an elastic slab (not having visco-
sity) supported on an elastic foundation loaded by an axial compression force =,

4 2,
%Jrn dui+kw:0 (6)

N dux?

has a very similar form.
Returning to Eq. (5) and letting

w=X(x) (¢, (7
we obtain
X _ 9/, o
/Ny X7+ (/N X~~~ = eonst ®

and may distinguish two cases, depending on whether the constant ¢ having the dimen-
sion of a time is negative or positive:

Case 1: ¢=—t,,
Case 2: c¢c=t,,

tq, tp representing essentially positive constant times. Instead of the generalized form
of Eq. (7), the defiection w can be expressed in the form of

T

w=a,e‘nt cos 'ml 9)

where m is an integer, satisfying Eq. (5) if the constant ¢, is chosen equal to

¢ = (/No) - (m?z?/1%) —k/N,
m m“zr‘/l" .

(10)

The constant ¢, takes on either a positive or a negative value, depending on whether
the compression force

> kI >
"gW , Cm‘<'_0 , (11)

and if m=1, ¢, coincides with ¢;=1/t, or ¢;= —1/t;, respectively, in the former notation.

A series of terms of this form permits consideration of the defiections in an infinite
viscous slab on substratum under an axial compression force #, for example, in the case
that the initial undulations of the slab at time =0 are prescribed as an even, arbitrary,
periodic function of @,

t=0, w:f(x):iamcosf’ifi, (m=1,3,5, ). 12)
1

We may note some strange occurrences in the terms of thecorresponding series expres-
sing the defiections of the slab at time ¢:
x

W=y @, cnt cos-—’r-n—z:—, (13)
m

if the compression force 7 takes on one of the values of indifference,

IoB

=" . .
™ omeg

K (14

for which in the corresponding term the factor ¢, in the exponent of e‘m’ vanishes.
The corresponding harmonic in the series of Eq. (13) remains, all harmonies lower than
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the stationary one evanesce, and all higher harmonics grow with time ¢. When the
thickness h, viscosity coefficient ; and Poisson’s ratio v of the slab and the bedding
constant k£ a given, the deflection w and its rate w with respect to the time ¢ of any
specific mode m depend only on the compressional force n (Fig.3). Thus, the compression
force m can be evaluated from the information of the upper boundary of the wavelength
range in which the growth of the undulatory deformation of the slab is detected.

The Nadai’s model for the deformation of a viscoelastic slab might be excessively
simple to apply to the detailed process of active foldings. Due to the simplicity of the
model, however, an active folding can be described by the limited informations of the
following parameters:

i) the thickness %2 and Poisson’s ratio » of a folded stratum and the bedding con-
stant k relating to the contact pressure with a substratum,

ii) the wavelength ! for a fundamental mode and the wave number m of a pre-
dominant mode of foldings,

iii) the time duration {, required to produce a deflection w,

iv) the amplitude (D;),, of the rate of tilt movement §(3w/sx) /6t caleulated from
the rate of the deflection 0w/dt in the present, and the (D,),, of the averaged rate of
tilt movement (dw/9%)/t; for the period of %, and

v) the ratio 74 of (D)n/(De)m, as given by (dw/at)/(w/t,).

As one of the major factors controlling the rate of folding, physical properties of
sedimentary layers, which vary considerably with depth, have a decisive effect on fold-
ings of shorter wavelengths of 0.5~20 km (Fig. 6). Based on the data from deep drilling
core samples in the center of the Niigata sedimentary basin, in the inner belt of North-
east Japan Inami, et al. (1974) indicated that the sedimentary layer can be classified into
the three distinct layers corresponding to the stages of compaction. They made an in-
vestigation on compressibility at hydrostatic pressure up to 2000 bars on dry samples of
about 60 kinds of rocks collected from both surface exprosures and exploratory wells in
the oil bearing areas. The results indicate that at porosity less than about 30% (for
argillaceous rocks) or 15-20% (for arenaceous rocks), compressibility changes regularly
according to porosity, while at more than the above porosity, compressibility becomes
as large as that of liquid.

In the conclusion of the above investigation, the following three stages of compac-
tion were recognized. Stage 1: The mineral grains within the rocks do not touch each
other. The rocks behave like soil and physically rather like liquid. Stage 2: The mineral
grains come into contact. The rocks consist of the mechanically stable framework of
these grains. Physically, they are plastic solid. Stage 3: Authigenic minerals appear
among the mineral grains. Cementation is common in every part of the rocks.

In argillaceous rocks, primary porosity is around 80%. At 80 to 30% porosity, com-
paction belongs to stage 1. At 5 to 15% porsity, it changes from stage 2 to stage 8.
In arenaceous rocks, primary porosity is approximately 50%. Stage 1 is considered to
be between 15 or 2025 and 50%. From 15 or 20% it becomes stage 3. Stage 2 is pos-
sibly absent in arenaceous rocks.

From the above experimental results on physical properties of sedimentary rocks, it
can be expected that a sedimentary layer will behave as a viscoelastic slab in the stage of
compaction defined as Stage 2 by Inami et al. (1974). Considering the porosity-depth rela-
tion (Fig. T), it is assumed that the depth range corresponding to Stage 2 is from 2 to
4km. Therefore, the thickness of a viscoelastic slab % for the Nadai’s model should be
taken as about 2km. There would be very little possibility from the above consideration
that either liquid-like (Stage 1) or highly rigid (Stage 3) formation can produce a folding
of short wavelengths through viscoelastic process.

The wavelength of the fundamental mode of L(=2l) is assumed to be equal to the
maximum width of Niigata sedimentary basin with a thickness more than 4 km indicated
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by the thickness contours of Neogene and Pleistocene formations. The width L=2l is
found to be about 60 km along the direction perpendicular to the general trend of the
axis of foldings. The wavelength of predominant mode of foldings in Niigata sedimen-
tary basin is in the range of 0.5<2(l/m) £20 km, which gives the wave-number 3<m <120
accordingly. It is also shown by revelings that no noticeable growth in the mode of
m <3 has been found in the area. With the values of m=6 and !=30km for Eq. (14),
the compressional force » per unit width of the slab is expressed as

7~1.01x10" k-cm?. (15)

Considering the effect of the buoyant force ¢g=—4dp-g caused by the density contrast
dp=pc.—ps, where p; is the density of the folded slab and p. is the density of the con-
solidated underlying layer and g is gravity, the bedding constant is defined as k=4p-9.
With p.~2.7g/em®, ps~2.3g/cm?® from the results by Hosuino et al. (1972) and g~10°
cm-s~2, we obtain k~0.4x10° g-ecm~2-572, The compressional force # per unit width is
calculated from Eq. (15) as n~4.04x10°g-s72=4.04x10"® dyn-em~! = 4.04x10"° N-m-1,
Accordingly, compressional stress ¢ =n/h acting on the slab is 133~400 bars when the
thickness of the slab % is 1~2km. The tectonic stress as inferred from the active
folding data can be compared with the stress drop of 126 bars for the Niigata earth-
quake of 1964, M=7.5 (Ax1, 1966) and the tectonic stress of about 100 bars as evaluated
by Uenmura (1976) on the basis of the data obtained from creep test of dry mudstone
of the early Pliocene Nishiyama Formation.

With £,~10° years~3.2x10%s, the viscosity coefficient for the folded upper crustal
layer is found to be 1.5x10% poises. The result can be compared with the value of
3~6xx10% poises by Kumacar and Ito (1965, 1968, 1970, 1971) from ceep tests on granite
beams, 10%2 poises by Ito (1979) estimated from the Quaternary crustal movements in
the Himalayas and in southwest Japan, and 10*' poises given by CRITTENDEN (1963)
derived from isostatic loading of Pleistocene Lake Bonneville.



