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1. In order to study the deformation of the earth’s crust in the
regions believed to have been considerably disturbed by the Sanriku
earthquake of March 3, 1933, with which the great tunami was asso-
ciated, the horizontal displacements of triangulation points in the
prefectures of Iwate and Miyagi and the vertical displacements of the
bench-marks along the level lines Tokyo-Miyako, Kamaisi-Kurosawaziri-
Akita and Isinomaki-Ayukawa were measured the results of which
were recently published®.

This paper is an attempt to study modes of deformation of the
earth’s crust by means of the data of horizontal and vertical dis-
placements of triangulation points and bench-marks just referred to.

2. The triangulation points in the region under consideration,
the horizontal displacements of which were measured, are 10 primary
triangulation points and 26 secondary triangulation points, the latter
being mostly near the Pacific coast.

The horizontal displacements of the primary triangulation points
occurred in the time interval of these 39~33 years, or from 1890~
1900 to 1933, which differs from that in which the displacements of
the secondary triangulation points occurred, that is, 36~24 years, or
from 1897~1909 to 1933. _

The horizontal deformation, 4 etc., are therefore calculated with
reference to the primary triangulation points, being separated from
those calculated with reference to the secondary triangulation points.

The quantities that represent the horizontal deformation of the
earth’s crust are
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1) Rikuti-Sokurysbu (Military Land Survey), “Report of Revision of Trian-
gulation and Levellings in the Sanriku Districts”, (Tokyo, 1934).
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where u, v are z- and y-components of horizontal displacement, and 4,
¢ S, 11y 72 S, are divergence, rotation, shear, principal axes of strain,
and maximum shear respectively.

These quantities are calculated as before® on the assumption that
in the area limited by a triangle, the three vertices of which are the
triangulation points, the deformation is uniform and continuous. Since,
in the present case, no conspicuous faults appeared in association with
the earthquake, this assumption might be ‘justified to a certain degree;
whereas, as in the case of the Kwanté and the Tango earthquakes,
etc.”), in which discontinuous movements along the faults were observ-
ed, the assumption might not be admissible.

The geographical distribution of the triangulation points and the
level lines in the region under consideration are shown in Fig. 1. The
triangulation points forming triangles and the amounts of the horizon-
tal deformations are given in Tables I a, Ib.

In the amounts of the horizontal deformations given in Tables
Ta, Ib, we notice that:

(i) The horizontal deformations calculated for the triangles
formed by primary triangulation points are generally smaller than
those formed by the secondary triangulation points.

(ii) The horizontal deformation in the region are generally
smaller than those in other regions where the earth’s crust was
disturbed by acute movements associated with destructive earthquakes.
This point is discussed later.

2) T. TeErADA and N. M1YABE, Bull. Earthq. Res. Inst., 7 (1929), 223.
3) C. Tsuso1, Jap. Journ. Astr. Geophys., 8 (1933), 95.



288 , N. MIYABE.  [Vol. X111,

- -
mﬁ/@ Raizin -fﬁgM T0r) TR
. . ; \Toyasaka
== KUROSAWAZIRI \//—f\v ol Ay [
/ B l‘oms Loy 4
'b on, H'/\ imeiura-yama )

Coybzan N
_2 @ Tore-yama y \ A;v,nsf\bf;z;ma
» ~— a -
® Yokeisi-dake MDUSAWA § /j/\ N
Imadz-yomo G Sakitarma
SAKARL v
I.’igam/-\yama Q / Y, D‘ ’
1agasoks-yamy O/ CTEIH-yema

4
@' Tebasine-yama @g .
Sciancgene

— Murone-yama m’ e X
Sugawa-dake 5 &
©\. _/ o/;/abmn-yama
TTIHOSEKH KESENUMA ﬁ%\\;’\ ‘ O
~.

]
'\OAwyv-yamu Kame-yama %) Q
Qe \;s

Q Nagomariyema

)
i (k\
3 Tomarierma
i N
O
Ay

& torota

< Chinafura- yoma Q
4 y N
Kanhé-zanq‘ f I/ So0eii
WAKUYA \
Y Giudiyoma
Kenzys-sai
f " 2 " g ] Frimary Tizngulation Point.

. O Secondary Tiargulation Point
. \©lﬁhu»i-yama o~ Lawlicg Route

SCALE  FCR MAR
0 19 20Km.

INDEX HAR

Dy AYUKAVA

Fig. 1. Distribution of triangulation points and level lines. (Arrows
show the horizontal displacements of the triangulation points.)

Table I a.
4 ete. of triangles formed by primary triangulation points, given in 10-°
Triangulation points ‘ 4 ‘ 2¢ l S ’ T 1 T ‘ 0.
Tadukayama, Konhozan, }—1a| 039 | 212| o72| -353 | s7o0¥
Mikuniyama,
Tabasineyama, Sugawadake, } —0.15 049 | 1-19 1-04 | —1-33 75991/ ’
Konhdzan,
Tadukayama, Sugawadake, } 019 0-51 | 1-22 110 | —1-33 59°31
Konhdzan, . :
Tadukayama, Tabasineyama, } —0.13 055 | 1-20 106 | —1-33 14°01/
Konhdzan, Taduk : )
Tabasineyama, Tadukayama, _ . . . 1. oxq/
Sugawadak’% . } 016| 064|106 | 090 | —122| 77°51
Muroneyama, Tadukayama X . . . orc/
Faborimeyam, ’ booas| 022|109 | 128 | —091| 6255
Goyozan, Tadukayama . _ . A . o, Q19497
. Maroheyamea. ’ } 0.62| —089 | 132 037 | —2:27 | —81°42
aneyama, Muroneyama _ . . Y . 0q17
bTabasir;eyamzif, . d’l } 0.98 0:29 | 0°57 0-41 1-55 25°11
Tabasineyama, Yakeisidake, . X . . __zrope/
e adaike, } 0.01| 194|109, 1-10| —1-08 | —65°01

(to be continued.)
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Table I a. (continued.)

Triangulation Points |4 | x| s T | 0
GO{\gfxi’;;lg;’Ifo‘ma’ b 157|064 0as| 112 | —203 | 7800
Ra%g‘ﬁgigsﬁaﬁji’asmeyama’ b —018| —073 | 076 | 057 | —0-94 | —8sear’
Raif;r{ffsgi‘gegjggf’ama’ J -0z o ost| 2| 07| —2°2
Raizintdge, Goydzan, Taneyama, —0.32 074 | 022§ —0-10 | —0-54 | —66°11/

Table I b.
4 ete. of triangles formd by secondary triangulation points, given in 10—

Triangulation Points ' 4 | %L I S g J Ts | 61
Kerl’{zgg?;;&gikuniyama’ } —236| —014 | 5:01| 264 | =737 | 22°44’
K"’I’{};‘z‘;gg‘z’aﬁ{’ik““iyama’ ' } 283l —070 | 465 | 748 | 12| 7270
Ok?éx?;;e?zgﬁfn a, Konhozan, b o034 014|227 60| —193| s1oav
Ta‘é‘;gsﬁ;‘:{,’;‘; Okinakurayama, = | 434) _167 | 356 | 790| 079 | —35008"
e ukawa, b o202| o067 | 1on) 3es| 02| 693w
Tk e, orhzan, } 050 157|083 033 | —133 | —81°08/
Nogamoxiyoma, Tomarihama, | ‘309 994 | 192| s01| 117| 2
Tu}l@égf&%ﬂ{;gri?,a’ } —248| —0-18 | 1-88 | —0-61 | —4-36 9°09/
Ozaki, Kenzyozan, Hudiyama, 151} —0-44 | 261 412 | =110 48°00/
Okg‘fé‘ﬁf’ayama’ Kenzyozan, } 109 =170 | 077 | 186 | 033 | —68°30/
Horoha, Ozaki, Hudiyama, 116| 048 | 258 | 374| —142 | 58°23
Horoha, Okinakurayama, Ozaki, 257 —0-13 | 1-24 3-81 1-33 46°09’
Sidﬁ%ﬁg‘{g Okinakurayama, boost] 110|286 | 37| —255 | 1401
Tomarihama, Sidukawa, Horoha, | —0.70 169 | 1-74 1-07 | —2-44 13°237
Sasﬁﬁi%riﬁé,mbekos’.yama’ } 114| —0-62 | 274 | 388 | —1-61 | 7940
Muroneyama, Atagoyama, Tuya, 347 | —1-42 | 0°99 4-46 2:48 | —76°37/
M“gg’;gzg’g":ﬁe{qabek°5iyama’ } 3.06| —0:37 | 081 | 387 | 2924| 28%%
Nitg?n’gf,;g;bekmyama’ }o234) 199 |179| 413| o55| —73°10
Nabekosiyama, Tuya, Kameyama, 3.86 0-03 | 0:47 433 3-39 68°127
Tal&i‘é‘;%yggi:’akurayama’ 074 085 089 | 164 —015| 42°2
M“;g&eg’ ama, Tuya, Nabekosi- 3.54| —0:38 | 119 | 473 | 235 75°33/

(to be continued.)
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Table I b. (continued.)

Triangulation Poiinrtsm 7 } 4 ’ 26 IWSm T . Tg ‘ 01
At%g;gjk‘gg’aggf‘ak“ra’ bowor| 1a3|0e9| 156 058 | 60°1v
Atagoyama, Takakura, Tuya, —0.84| —2-13 | 3-64 2-80 449 | —11°09/
Tuya, Nagamoriyama, Kameyama, 0.36| —2:36 | 4:60 496 | —4-24 32°40/
Na.%%ﬁ‘;ﬁﬁ’g’:‘ng” Tadukayama, } —041] —128| 269 298 | —3-10 | —19°45
G"fﬁgg’bé’;&f‘gi’ama’ } ~243| 311 108 | —135 | —3-51 | —44°26/
Im?rdﬁ?g‘;;mlgfgasakiyama’ b o84 126 232 316| —148 7°91/
GOQfggﬁ?;:;‘;‘:eyama’ } 132 134 210 | 3-41| —0-78 | —34°15
Sitg‘;ﬁfﬁgﬁ’:’a’ Akasibayama, b-260| 204|170 | —090 | - 430 —47°3%
Akg?ﬁﬁgﬁ‘;’ Imadeyama, } —219| 291 136 | —0-83 | — 355 | —64°48’
Im??:gﬁ;na?{’iygffimiyama' } —0.85| 238|179 | 094 | — 264 35°4%
Im%‘iﬁfmh?ateiﬁyama’ } —2.27| 349|184 | —043 | — 411 —58°19/
Higl\‘}‘;n;g:;?{?&aﬁi;?yama’ b-165| 242 217| 052 | - 3-82| —38°27/
Higﬁ‘{{‘gﬁﬁi:'sasanagane' b —188| 044|059 | —129 |- 247 —30°58/
Higamigama, eruroneyama, L 008| 250|340 348 — 332 —20°07
G°’§’j§3éylj§imiyama’ } —047| 349 1:00| 053 |— 146 16°14’
Namerisan, Toyasaka, Konhata, —3.27 210 | 056 | —2:72 | — 3-83 47°28/
Namerisan, Goyozan, Konhata, —3.08 187 | 0449 | —2:59 | — 356 | — 6°20/
Konhata, Goydzan, Akasibayama, 0.30 147 | 2:20 2:49 | — 190 | —87°01/
K°g};§‘;§ﬁr‘gggﬂgf‘yama’ }—6‘57 —045 | 4:09 | —249 | —10:66 | —12°38/
T"%ﬁﬁ,’;‘ugf;ﬁ‘fa’ }—358) 118 | 084 | —274| a42| —61°3¢/
Kamomeyams, wovasaka, } —233] 0928 080 | ~153 |- 313| 9%
Ka%g;“}fgg:‘a Toyasaka, } —393| 143|109 | —2:14 | — 432 | —34°55’

8. The geographical distribution of 4, 2¢, S,., 71, 7. calculated by
means of the horizontal displacements of the primary triangulation
points are shown in Figs. 2~5, while those by means of the data of
the secondary triangulation points are shown in Figs. 6~9.

In the modes of horizontal deformation in this region suggested
by the geographical distribution of 4, etc. (see Figs. 2~9), we notice
the following points:

(i) Although the divergences 4’s in the triangles formed by
the primary triangulation points are on the whole negative, in those
formed by the secondary .triangulation points, the signs are positive
in several regions and negative in others. In the latter, we can
distinguish regions in which the signs of 4 alternate, being positive
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in one and negative in the next. As the triangles formed by the
secondary triangulation points are generally smaller than those formed
by the primary ones, it may suggest that the mode of deformation
was, in detail, more complicated and conspicuous, although it was on )
the whole a contraction, as may be seen from the &’s in the triangles
formed by the primary triangulation points.

(ii) The geographical distribution of rotation is somewhat
complicated. Disregarding their amounts, the sense of the rotational
deformation of the earth’s crust in this region was on the whole
counterclockwise.

(iii) Judging from the geographical distribution of the princi-
pal axes of contraction and elongation in the triangles formed by the
primary triangulation points, the earth’s crust in this region generally
had contracted in the direction E—W, while it was elongated in the
direction N—S. Contraction of the earth’s crust in an E—W direc-
tion may conduce an upwarping deformation of the Kitakami block.

(iv) The geographical distribution of the principal axes of
strain in the triangular areas formed by the secondary triangulation
points is much more irregular than in those formed by the primary
triangulation points, as in the case of distribution of 4, just referred
to. We notice however that the region in which the axes of ¢ontrac-
tion and in which the axes of elongation are greater are distributed
alternately along the Pacific coast, corresponding to the distribution
of regions of positive -and negative divergence.

It may be stated here, as has been pointed out by Dr. Tsuboi®,
that the derived amounts of crustal deformation are only relative, see-
ing that the points of origin (Yakeisi-dake and Raizin-tége) were as-
sumed not to have been displaced, so that in the event that they had
been displaced, all the measured displacements would be relatively
affected according to their distance from the points of origin.

4. The vertical displacements of bench-marks along the level lines
shown in Fig. 1 are those that occurred during the 30 years or more
interval since the previous survey. The dates of the surveys along
the different sections of the level lines are given in Table IL

Table II. Dates of Levelling Surveys.

Section Previous survey Recent survey
Isinomaki-Ayukawa June~July, 1900 May~June, 1933
Isinomaki-Kamaisi Aug.~Dec., 1900 May~Aug., 1933
Kamaisi-Miyako Apr.~June, 1901 June~Aug., 1933
Kamaisi-Kurosawaziri Sept.~Nov., 1900 Aug.~Nov., 1933

4) C. Tsusol, Jap. Journ. Astr. Geophys., loc. cit.
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The results of the rerunning of level lines are shown in Figs. 10~
129, In these curves showing the vertical displacements of the earth’s
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crust, we notice that (1) the vertical displacements are generally nega-
tive, that is, the earth’s crust sank relative to the standard datum
during the interval between the old and new surveys. To go into
details, the depression is more marked in the north near Kamaisi than
in the south near Sidukawa. The vertical displacements along the
line that crosses the Kitakami mountain range, from Kamaisi to Kuro-
sawaziri, show upwarp, which however is not readily apparent owing
to considerable fluctuations in the heights of the upwarp. (2) As
will be seen from Figs. 10~12, the vertical displacements along the

5) Reproduced from the Report of the Military Land Survey, loc. cit.
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level lines fluctuate, these fluctutations being supposed to be due to
irregularities in the trends of the lines, and to tiltings and other
movements of the smaller crustal blocks.

The maximum amplitude of the fluctuation due to irregularities
in the trends of the level lines may be

, w'=¢x,” : _

where ¢ is the angle of general tilting and 2 the maximum deviation
in the position of a bench-mark from the general trend of the level
line.  Assuming ¢=10-° and z=10km, we have for the maximum
fluctuation »

W =¢r=10"°%x10°cm=1 cm,
which is of an order of magnitude comparable with the actual ampli-
tude of fluctuation in the vertical displacements.

9. As the level lines pass through regions in which are triangu-
lar areas with secondary triangulation points as vertices, the mean
vertical displacements of the bench-marks distributed in the tri-
angular areas are compared with the 4's of the triangles in which
the bench-marks are distributed. In Fig. 18, the values of the J's of
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Fig. 13. Horizontal divergence and vertical displacements along the
line Isinomaki-Kamaisi. (Segments of dotts the horizontal diver-
gences, along sections of level lines in a' triangular areas, the
general tendency of which is denoted by a curve of dotted line.)

6) Cf. N. M1vaBg, Bull. Earthq. Res. Inst., 10 (1933), 278.
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the triangular areas are shown by segments of dotted lines, the horizon-
tal extents of these segments being corresponding to the lengths of
the level lines in respective triangles. The vertical displacements of
the bench-marks are also plotted in the same figure. Although these
two curves are approximately parallel to each other in their general
trends, there is a region in which the correlation between these two
quantities are negative. ~The general positive correlation between w
and 4 is also shown in Fig. 14, in
which the &’s are plotted against
the %w’s of the corresponding
triangular areas.

The positive correlation just
mentioned may, in some cases, be

5

do0
explained by a flexural deformat- .
ion of the earth’s crust, as shown '
by Prof. Terada” In this case 'E
we have, for the relation between
horizontal divergence and w, 1o

_ou_ _pow

ox du?
10 0

The correlation between the dh in cm.

vertical movements and the hori- Fig. 14. Relation between 4 and oh
zontal divergence are not always in the region between Isinomaki
ope . and Kamaisi.
positive, there being a number of
cases in which the correlation is negative®, so that flexural deforma-
tion does not always explain the correlation between vertical movement
and horizontal divergence. If, however, the earth’s crust were com-
posed of a number of crustal blocks, tilted, upheaved, and depressed in
various ways, it would be possible, by means of certain modes of block
movements, to explain the positive and negative correlations between
w and 4 in the region under consideration®.

It may however be possible to explain the correlation between the
vertical movements and the horizontal divergence, without considering
the block movements.

When a surface layer of uniform thickness, lying horizontally be-
tween two rigid blocks, is subjected to pressure from below, as shown

7) T. TERADA, Proc. Imp. Acad., 6 (1930), 53.
8) N. MIvaBE, Bull. Earthq. Res. Inst., 9 (1931), 1.
9) C. Tsuror, Jap. Journ. Astr. Geophys., loc. cit.
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in Fig. 15, the horizontal and vertical displacements, » and v, at a
point on the surface, are given by Prof. Sezawa!® in the following forms:
4, the Lamé constant of the layer, being assumed to be infinite,

2 =3 {A,(—masinhma)— D,mcosh ma)

- =3B, +C,m'ycos mx, (1) N
and \
2mv=3(—D,m’)sinm’z, (2) \
where oy MMttt ey
_(an+1)=
. g\\
e n'r Fig. 15.
b’ ) (Arrows show pressure

a=thickness of the surface layer, from below.)

b=horizontal extent of the surface layer,

and A,, D,, B,., C,, D,, are constants determined by boundary con-
ditions. The value of 4, in this case, is therefore given by
A=g—x= 5[2{ —m[A, sinh mz+ (4,2 + D,,) cosh ma])

— S =1 (Bl +Clym’) ysin me . (3)
On comparing this expression with that of (2), we can say that in
certain cases in which the first term of the right-hand side of (3) is
negligible compared with the second term, the correlation between 4
and v, that is, the horizontal divergence and vertical movements, will
be positive according to the signs of the principal terms of the series
2{—m'(B,,+C,,m’)}sinm’z and 2(— D, m)sin m’z.

m’

In the case of crustal deformation associated with destructive
earthquakes, the block movements show themselves conspicuously, as
in the case of the Kwanto earthquake of 1923 and that of the Tango
earthquake of 1927. In these cases, therefore, various modes of block
movements can be taken to explain the positive and negative correla-
tions between w aud 4. In the case of crustal deformation in Iwate
and Miyagi prefectures, the deformation may be regarded rather as
chronic, as will be discussed in the next paragraph. In these cases,
therefore, both the block movements and the crustal deformation

10) K. SEZAWA and G. NISHIMURA, Bull. Earthq. Res. Inst., 8 (1930), 13.
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shown by Sezawa’s calculation may be considered to be probable ex-
planations of the correlation between w and 4.

6.. As already stated, the order of magnitude of the horizontal
divergence in the region under consideration is smaller than in those
of other regions disturbed by destructive earthquakes.

The frequency distribution of horizontal divergences in the tri-
angular areas of the primary triangulation points is quite different

from those of the Kwantd district, as will be seen upon comparing
Fig. 16 and Fig. 17. In the case of the Kwanto district, the frequency

F
requency
Frequency
“
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Fig. 16. Frequency distribu-
tion of 4’s of triangles form-
ed by primary triangulation

Fig. 17. Frequency distribution of 4’s of
trianles formed by primary triangula-
tion points in the Kwantd district.

points in regions of prefec-
tures of Iwate and Miyagi.

maximum occurrs at a greater value of 4. The same thing will also
be observed upon comparing the frequency distribution of horizontal
divergence in the triangular areas

of the secondary triangulation
points of this region (Fig. 18)

with that of the horizontal diver- 10
gence within the blocks in the
Kwanto district, shown in Fig.
191,

These facts may suggest that
the earth’s crust in this regions
was not greatly disturbed by the
destructive earthquake of March
3, 1933. The fact noticed in the Fig. 18. Frequency distribution of 4’s
preceding paragraph that, in cases of triangles fo.rmed. by seconda.lry tri-
of fluctuations in vertical dis- angulation points in the regions of
placemen’cs of bench-marks along of prefectures of Iwate and Miyagi.

Frequency

11) The approximate extent of the crustal blocks in the Kwantd district is
comparable with that of the triangular area of the secondary triangulation points
in the Sanriku district, which explain the reason for our comparing the frequency
distribution of the magnitudes of their horizontal divergences.
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Fig. 19. Frequency distribution of 4’s of
crustal blocks in the Kwant6 district.

the level lines, block movements are less evident, may support the
sugges’clon just mentioned.

Although block movements were less evident, crustal blocks exist
none the less. As we have shown'®, in the quiescent stage followmg a
considerable period of time after a destructive earthquake, or in regions
where the earth’s crust has not been disturbed by a destructive earth-
quake during the time interval between successive levelling surveys,
as in the case of the Kwant6é and the Tékaido districts, block move-
ments are less evident, although carefull investigation confirmed the
presence of crustal blocks.

7. Summary. In the present paper, the horizontal deformation
of the earth’s crust in Iwate and Miyagi prefectures are calculated
by means of the data of horizontal displacements of the triangulation
points distributed in the region under consideration. The geographi-
cal distribution or modes of the horizontal deformation are discussed
in relation to the vertical movements measured along the level lines.

After comparing the frequency distribution of horizontal divergen-
ces in this region with that of the Kwantd district, it is suggested
the earth’s crust in this region was not disturbed much by the earth-
quake of March 3, 1933.

In conclusion, the writer wishes to express his sincere thanks to
Professor Torahiko Terada for his valuable suggestions. His thanks
are due also to Mr. S. Inomata for his assistance in calculating the
horizontal deformations and in preparing the figures for this paper.

12) N. M1vABE, Bull. Earthq. Res. Inst., 11 (1933), 639.



306 Deformation of the Earth’s Crust in Iwate and Miyagi. [Vol. XIIL,

23, BF, EHE TR 2 MO #IE
WEHFER OO i &

BA8 43 A 3 AOSREOUNRE o130 ITBE L C, WROBIMER~ s HLUT, =
i A |2 KHER R DT (LT 0%, ARFUTR TR, AE A U S MR IET, 2O
ROWR LT ONHELR~NTDH 5. :

4, OB L UL RILO> B T—20BER I T, I OHMIRITHT 5 0ADEYE
OREREDS, BIMMHF IS SR L-CMES 22 ThH 5. BIAIL divergence {200 TRTEL , D
frequency maximum HZPETIL 0~23X10-5 D 13 1 51idH 5O, BAHLT DR 4~5%
10-% FE(L 10X107° DT L A12H 5. . ' S '

X, EEBBNOCTRCL, NILEDP D 2 YPHE TR .

REQWFL, TONHONBETEH 3 YBELZI UL 2RO TUR > 2OELR
BTs. :




