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MINOR SEISMIC AREAS
GENERAL CONSIDERATIONS

Significant, seismic activity is not altogether restricted to the principal
active belts and the interior or marginal fractures of the stable masses,
Two large areas, and several smaller ones are characterized by fairly fre-
quent minor shocks and occasional larger ones.  These arcas neccssarily
fall between the stable masses and the active belts. The trans-Asiatic
zone may perhaps belong in this classification, since it lies between the
stable mass of northern Asia and the Alpide active struetures. ITowever,
its shoeks are larger and much more frequent than those of the other regions
now discussed.

NORTH AMERICA

Previous diseussion has covered the earthquakes of the Pacifie coast and
Caribbean region, and also the marginal shocks of the Canadian Shield.
The remaining shocks of North Amecrica oecur in the intervening area,
which is included in the United States and northern Mexico. For the
former, see Heek (1938h).  The Mexican shocks in question occur in the
structural belt which extends north through the United States in the Rocky
Mountains, where there is moderate activity. Probably the largest known
shoek of this belt was destructive at Bavispe, in Sonora (Mexico), May 3,
1887. The larger shocks of recent years (magnitude 65 to 6%) in this
structural provinee were as follows:

1925, June 28 01 46° N, 112° W, Montana

1928, Nov. 1 04h 27° N. 1054° W. Chihuahua, Mexico
1931, Aug. 16 11h 30.6° N, 104.1° W Texas

1934, March 12 150 42° N, 1121° W, Utah

1935, Oct. 19 04" 461° N. 112° W, Helena, Montana
1935, Oct. 31 18t 465° N, 112° W. Helena, Montana

The epicenter for the 1928 shock is revised, with origin time at 04:12:49,
and quality C.

Earlier and smaller earthquakes demonstrate a general distribution of
moderate seismic activity throughout this region, decidedly lower than that
of the Pacific belt to the west of it (which includes the shocks of western
Nevada and Owens Valley).

Minor earthquakes are fairly common in the southern Appalachian belt,
Probably the largest of these in recent years, the Virginia earthquake of
April 10, 1918, was of class ¢ at best, as it was recorded only at the few
nearer stations in eastern North America. -

Near the Atlantic coast is the epicenter of the Charleston earthquake of-
1886. The large area over which this shock was perceptible shows that it
must have been of class b; while the effects near the epicenter were so
comparatively moderate, and show so peculiar a distribution and relation
to the geology, as to suggest intermediate foeal depth, although that can
hardly have been so much ag 100 km. Other shocks in the same area have
all been small.
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Off the northeast coast is the Grand Banks earthquake of November 18,
1929 (elass b, Table 1). Historical data suggest minor activity in the same
region. This epicenter is near the edge of the continental shelf, which
may here be determined by active structures.

Another exceptional disturbance was the group of carthquakes in 1811
and 1812 in the Mississippi Valley, not far from New Madrid (Missouri).
One or more of these carthquakes must have been of magnitude 8 at least.
Taking into account the cnormous arca disturbed and the violent effects
near the epicenter, they must be ranked as the greatest shocks in the history
of the United States.  The structural relations of these shocks are not vet
clear but the region iz one of continuing minor seismicity.

Oceasional notable shocks, still less frequent and in general smaller than
those of the Appalachian belt, ocenr in the central United States.

NORTHEASTERN AsLA

The region of extreme northeastern Asia was not included in the Eurasian
stable mass, largely for structural veasons.  The geology of this area is
little known; most authorities agree in himiting the Angara shield at the
Verkhoyansk mountains in the region of the Tena River.  This is the area
terminal to the known extent of the Aretie active belt. No shocks are
known m Siheria east of this distriet, except along the coasts.  This of
course should exelude the very active peninsula of Kamchatka, which is 2
mass belonging to the Pacifie belt.

Figure 8 shows two epicenters on Sakhalin (Karafuto). The shock of
1024 was destruetive on the isiand.  Revision gives the following:

1924, March 15 10:31:22 40° &, 1425° E. B b

The other epicenter is that of July 10, 1932. Both shocks were shallow.
This is important, because the region is one of frequent deep shocks
(discussed with the circum-Pacific belt); these may account for other
shocks felt in this region and in Manchuria west of it, where no shallow
shocks have been loeated. The few other shallow shocks placed in this
region in the Summary are cither imperfectly recorded or are misplaced
deep shocks.

At 56° N. 130° E. is the shoek of January 22, 1939 (Table 4).

Two shocks (July 15 and October 10, 1931) are known from the epicenter
at 59.3° N. 147.8° Tu., on the north shore of the Sea of Okhotsk.

An important epicenter (unmapped) is on the Arctic coast northwest of
Bering Strait at 67° N, 172° W, The principal shock oceurred on February
21, 1928, at 19:49:04 (revised: quality A, class ¢).  Aftershocks from the
same cpicenter occurred on February 24 and 26 and on May 1, 1928, Not
far to the east is another unmapped epicenter. Revision gives:

1926, July 14 2ORDR 66° N. 163° W, C d

This is on the north coast of Seward Peninsula, Alaska. It appears that
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castern Siberia and this part of Alaska are parts of the same structural and
seismie province,

Purely coastal or marginal activity like this is characteristic of the stable
masses, as well as of other minor seismic areas. However, any conclusions
must be drawn with caution. Northeastern Asia is almost uninhabited,
and there are no seismological stations near it. Seismicity comparable
with that of most of northern Europe could not be detected there.
Probably the region is analogous to the other areas discussed 10 the present
section.

CENTRAL AND WESTERN EUROPE

The exceptional circumstances of our information about the seismicity
of Europe call for special treatment.  Figure 14 shows epicenters selected
on principles not applied to the other regional maps. Within the limits
of the map every reliable epicenter given in the International Summary
for January 1931 to March 1934 has been plotted.  This includes a number
of minor shocks of class ¢, not otherwise considered.

A further list of epicenters (Table 20} resulted from a search through the
International Summary and later bulletins for the large Furopean shocks
from 1918 to 1939. It contains only shocks well recorded out to 45° at
least. The two Italian shocks of 1930 are of class ¢; the others are in the
upper range of class d, with magnitudes probably all 6 or larger. Smaller
shocks of class d in Figure 14 are as follows:

1931, April 24 15% 31.1° N. 19.9° E.
1932, Jan. 2 23h 30.0° N. 17.5° E.
1032, May 22 17" 38.5° N. 15.0° E.
1932, Aug. 3 11% 10.0° N. 19.5° E.
1933, March 7 14" 41.1° X, 15.4° E.
1024, Feb, 4 gn 41.4° N. 19.3° E.

African shocks shown on Figure 14, are from Table 15.  All but two of
these (1920, 1923) are comparable with those of Table 20. Almost all
were reported strong or destructive on the African coast. The shock of
April 19, 1935 on the coast of Libya, is far the largest shock of recent years
in this region.

The shocks of Table 20 were destructive in the localities named. Epi-
centers for the first two have been revised; those following, down to 1933,
are taken from the International Summary, and the later ones are approxi-
mately as given by the central office at Strasbourg.

The European area is divisible into several provinees of different charac-
ter, some of which have been discussed in previous sections. In order of
decreasing seismicity, these may be listed as follows:

(1) The Balkan and Aegean area.

(2) Italy and adjacent areas.

(3) The Rhine region.

(4) Great Britain, Scandinavia, and the North Sea.
(5) The remainder of western Eurcpe,

(6) The Baltic shield.
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The Limits of the Balkan active area are roughly the meridian of 20° E.
and the parallel of 41° N, (Fig. 10). 'This is a part of the trans-Asiatic
zone, comparable with many other parts of it in seismicity. North and
west of the indicated limitz activity is far smaller. The northwestern

Tarie 20— Larger shocks n weslern Kurope, 1918-1939
Limits 37°-55° N., 5° W.-20° 1.,

Epicenter ‘
Day Time B Region

Latitude, Longitude,

degrees degrees
1920, Sept. 7 058 44 N, 10 K. Carrara, Italy
1927, Feb. 14 03" 43 N 18 <. Herzegovina
1928, March 7 1on AN.6 N 15.8 I Calabria, Ttaly
1928, March 27 08k 16.5 N, 13.0 . Udine, Ttaly
#1930, July 23 00" 41.1 N 15.4 T Irpino, Ttaly
*1030, Oet. 30 o7 43.6 N 13.5 Iu. Off Ancona, [taly
1930, Nov. 21 o2k 40.0 N. 19.5 E. Albania,
1931, June 7 oov 53.8 N\ 1.2 K. North Sea
1933, Sept. 26 03t 12.0 N 14.2 K. Abruzzi, Italy
1936, Oct. 18 03> 46.2 N. 12.5 K. Venetia, Italy
1038, March 27 11+ 458N, ¢ 17.0F. Croatia,
1938, June 11 10" B6N. | 3.6k Belgium
1939, May 20 0gh 4LIN. | 193F Albania

* Of elass ¢; all others of class d.

corner 1s in a quite active district, near the coast of Albania; two shocks in
Table 20 fall close to it.  Another shock, just to the east and consequently
not mapped, was that of January 28, 1931, 05, at 40.1° N. 20.5° k.,
destructive at and near Koritza.

The Italian seismic area includes Italy and Sicily, the Adriatic, and the
Dinaric mountains to the east. The activity is higher than that of north-
western Furope, but decidedly lower than that of the principal seismic
regions. The two largest shocks of Table 20, in Italy, are still only of
class . The Messina earthquake of 1908 was approximately of magnitude
7, on the border between classes b and ¢.  The area belongs to the Alpide
zone, Neo-Europa of Stille,  The shoeks of North Africa and of the Betie
mountains in southeastern Spain belong to the same group, So do the rave
and minor shocks of the Pyrenees and southern Franee, from the geological
point of view; the seismologist would rather group them under the slightly
active regions of western Europe.

The shocks of the Alps are not easily included with the “Alpide’” activity
of Ttaly; they are smaller and less frequent. (See Wanner, 1934.) They
are classified more naturally as members of the belt of epicenters extending
northwest from Switzerland parallel to the Rhine structures, in the trend
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of the Italian and Adriatie zone. This is a region of minor seismicity, such
ag would not even be noticed in general discussion if it were anywhere else.
In a region like northeastern Asia, such activity would be quite unknown.

SHALLOW SHQOCKS

CLASS b *
CLASS ¢ X
CLASS d x
CLASS e o

DEPTH 270&m. ¥

'Nd,'o f o 15
Nordawist o v oa o by gk

Figure 14, Map of epicenters, western and central Europe

For a recent discussion of the Rhine structures considered as rifts see
Cloos (1939, p. 445—462). The Rhine region is eapable of producing an
occasional shock comparable with those of Table 20, (See Sieberg, 1940.)
Such were the strong shock at Basel in 1356, and the South German
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earthquake of November 16, 1911. The latter provided much valuable
seismological information bearing on the crustal structure of Europe
(Gutenberg, 1915). The Belgian earthquake of 1938 (Table 20) perhaps
belongs with the following group.

The northern region of Caledonian folding (Stille’s Palaco-Europa)
shows notable minor seismicity. In view of the complete quiescence of
muich younger structures, it is highly improbable that these shocks repre-
sent any persistence of the Caledonian orogeny to the present time,
Stresses of more recent origin have produced fractures in the Caledonian
mass, or have rejuvenated old fauits of Claledonian age. In Scandinavia
these stresses are generally attributed to the uplift of the land after removal
of the Pleistocene ice load. (See Gutenberg, 1941.)

The history of Norwegian carthquakes was summarized by Kolderup
(1913), in a paper which has been followed by a series of annual reports.
The available history is comparatively short, Kolderup’s ecarliest shock
being dated 1612.  Probably none of these shoeks were larger than class d.
Instrumental records are available for the largest (October 23, 1904).
This was a shock similar to those of Table 20 in the Skagerrak near 5383° N,
102° E. On March 9, 1866, there was a somewhat smaller shoek on the
northwest coast near Trondhjem and Kristiansund,

The comapilation for Great Britain by Davison (1924) is the most ex-
tended eritical history available for a region of such low activity. Davison
lists the earliest authentic British earthquake as of date 974, His list
suggests nearly uniform seismieity in the time covered, as the frequency of
listed shocks does not greatly vary until the beginning of scientific investiga-
tion in the seventeenth century. The low level of activity is apparent
from the fact that from 971 to 1924 Davizon lists only 1191 shocks, of all
sizes down to the smallest; and over 600 of these are accounted for by
swarms of minor shoecks at Comirie and Menstrie in Scotland.  As Davison
points out, the activity in Scotland differs from that in England and Wales;
more small shocks are known in Seotland, and the stronger shocks there
constitute a large fraction of the total for Great Britain. The Seottish
shoeks are more plainly associated with known structures than the others;
thus many important shocks have oceurred along the Great Glen Fault,
at Inverness and southwest of 1t.

The largest shock listed by Davison oecrred at Colehester, in the south-
east of England, in 1884, The North Sea shock of 1931 (Table 20) was
still larger, and thus ranks as the largest shoek in the British region for a
thousand years. Other shocks have ocewrred still farther out in the North
Sea, such as that of January 9, 1927, near 59° N. 5° L.

The region designated by Stille as Meso-Europa is transcected by the
Rhine belt of activity; otherwise its seismicity is extremely minor. For
a discussion of Germany see Sicherg (1940).  Swarms of small shocks in
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Vogtland, Saxeny, have been deseribed by Etzold (1919). Small locally
damaging shocks have occurred about the coasts of France, particularly
near Nantes and in the Channel Islands; similar shoeks are known from the
coast, of Portugal, although some of the destructive shocks affecting that
region originated far to the southwest in the Atlantic continuation of the
Mediterranean zone.

AUSTRALIA AND OTHER REGIONS

Australia east of the stable mass is a region comparable with the Appa-
lachian belt of North America in strueture and seismicity. The known
shocks ave all small; most of them are on the south and southeast coasts,
particularly near Bass Strait. The marginal shoeks of the stable mass
near the west coast and in South Australia have been previously noted.
The small shocks of the interior of Queensland may possibly also be
marginal in the same sense.  One of these was responsible for the establish-
ment of a station at Brisbane. (See Bryan and Whitchouse, 1938.) The
seismicity is on a lower level than that usually considered in this study.

The Cape region of South Africa is also one of Palacozoic folding.
Shocks oceur in the interior, marginal between the Palacozoic area and the
African stable mass. The shocks of the Mcendoza region in Argentina
(discussed with the Pacific belt) are similarly placed between the border
of the Bragilian shicld and the Palaeozoie pre-Cordillera.

MINOR SEISMICITY

Minor earthquakes cccur almost anywhere. Practically all existing
seismological stations have recorded local earthquakes in their immediate
vieinity. However, seismographs with Jong-period characteristics, such
as are suitable for recording distant earthquakes, often fail to write legible
records of nearer shocks, even when these are perceptible at or close to the
gtation. Short-period instruments, which are sensitive to small loeal
shocks, have mostly been installed in active areas; comparatively few are
in regions of minor seismicity.

This influence of the type of seismographie installation on our knowledge
of local seismicity 1s demonstrated by recent developments in the north-
eastern United States, This had long been eonsidered as a region of rare
scismie disturbance, although a few moderately strong shocks (such as
that of 1755) were known. Since the installation of short-period Benioff
ingtruments at several stations in this area an unexpectedly large number
of small local earthquakes are regularly recorded. The bulleting of the
Northeastern  Seismological Association show local disturbanees cach
month. Some of these have been traced to artificial sources such as quarry
blasting; but many are undoubted natural carthquakes,

There are few regions where we have both historieal and instrumental
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data on minor activity. Ilurope is the only area of low scismicity for which
both are available, and even in Europe many of the instruments are ill-
suited for the study of minor local shocks.

The somewhat different problem of minor activity in a region of marked
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Froure 15.—Map of epicenters and faults, southern California

seismicity may be studied with the aid of the results in southern California,
where a loeal group of eight stations is in operation, with supplementary
data available from temporary installations and stations outside the area.
Figure 15 shows all epicenters for shocks of magnitude 3 or more in the
area 33° 35° N., 116°-119° W. during the years 1934-1940 inclusive.
Each epicenter is given a symbol indicating the magnitude of the largest
shock associated with it in that period.  The numerous smaller shocks from
identical epicenters are not indicated. In addition, shocks of magnitude 6
and over in reeent years have been shown, as follows:
1916, Oct. 23 (28 34.7° N. 118.9° W. San Andreas Fault
1918, April 21 22h 33.7°N. 116.9° W. San Jaeinto Fault

1933, March 11 o1b 33.6° N. 118.0° W. Inglewood Fault
1937, March 25 168 33.5° N, 116.6° W. San Jacinto Fault
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The principal known faults are indicated in the figure; the “foothill
fault zone,” consisting of a series of disconnected traces along the front
of the Ban Gabriel range, is shown as a dashed line. The general lack of
clear association between minor shocks and important faults should be
noted. MNost of the many small shocks are loeated elose to one or another
of the numerous minor faults which are common throughout the region.
Only the larger shocks show definite association with the larger fractures.
Tt should be added that the oniy major earthquake known to have oceurred
in this area, that of January 9, 1857, originated on the San Andreas Fault.
There was probably displacement along all that part of the fault shown on
the western half of our map, extending northwest far beyond its limits.
In recent years most of this part of the fault has been almost completely
quiescent (note the absence of epicenters for small shocks); the same
applies to most of that segment of the same fault zone along which dis-
placement took place in the major earthquake of 1906, farther north.

In a later section it will be shown that the larger earthquakes represent
a dominant fraction of the seismic energy released. Thus it follows that
most of this energy is released along the major structures.

GEOGRAPHICAL SUMMARY

The results of the study are presented in summary form in Figure 16.
Instead of using individual epicenters, this map represents the active
zones as continuous, though care has been taken to break them where
present evidence does not seem to warrant drawing them through. The
zoneg are shown as widened where activity is intense. Shallow, inter-
mediate, and deep carthquake zones are distinguished by different shading,.

Deep shocks, in the restricted sense, show a distribution which is difficult
to interpret. Like the shallow shocks, they occur chiefly in belts or zones,
although it is not known whether the limited active areas in South America
(Fig. 1) are parts of a single belt.  These belts are rather plainly associated
with the circum-Pacific struetural and seismic belt, which must then be
taken to include the Sunda are in the East Indies. Belts of deep shoeks
often run roughly parallel to surface structures, and generally on the side
away from the Pacific basin. In some regions, as near the Sunda are and
the Marianne Tslands, this paralleling is at shorter distance than in others,
like Manchuria. The transverse belt across the Japan Sea diverges com-
pletely from the apparently associated belt of surface struetures.

In the Pacific region intermediate shocks oceur in belts which are usually
parallel to belts of shallow shocks, and almost always run directly along
orogenic lines of Cretaccous or Tertiary age. These lines arc generally
also those of active or recently extinet voleanism; but in many parts of the
world, notably in the Atlantic and in Hawaii, voleanoes are not accom-
panied by intermediate shocks.



100 SEISMICITY OF THE EARTH

Outside the circum-Pacific belt intermediate shocks are known only from
a few localities in the Alpide part of the trans-Asiatic zone. Among these
are the very active sources in Rumania and in the Ilindu Kush; several
others are related to the folds surrounding the Indian stable mass.

There are some well-known seismic zones characterized by a large
majority of intermediate shocks, with a few shallow shocks, and carth-
quakes of large magnitude in both classes. Among these are the west
coast of South America, the Marianne Islands line, and the vicinity of the
New Hebrides.

Especially in the Pacific region there are numerous eases where the belts
of shallow, intermediate, and deep shocks have a particular relation to
the surface structures. Shallow shocks oceur between the oceanic troughs
or foredeeps and the nearest land or island chain; intermediate shocks
generally under the island chains (the orogenic lines of late date, noted
above); and very deep shocks still farther removed from the ocean troughs.
In northern Japan and the Marianne Islands line the oceanie front of this
structure is that of the deeps bordering the main Pacific basin; in South
Ameriea and the Philippines the front is on external parts of the Pacific
Ocean, probably continental in structure; in the Sunda are the front is on
the Indian Ocean.  Finally, in the region of the New Hebrides and Solomon
Islands the front, with its foredeeps, is on the southwestern side, away
from the Pacific basin, and the whole order of structures is reversed from
that prevailing farther east and west.

In several regions, such as Japan and South America, there are two
separable groups of intermediate shocks; one at depths near 100 km., the
other at 200 to 300 km.

Shallow shocks chiefly oceur on the circum-Pacific belt with its various
branches, the trans-Asiatic zone, and the Arctie-Atlantic and Indian
Ocean belts. The latter two, as well as the Faster Island branch of the
Pacific belt, follow occanic ridges which are in reality submarine mountain
ranges, corresponding to the manner in which other scismic belts follow
known mountain systems and island chains.

Some other important shocks have been deseribed as marginal to the
continental stable nuclei. In general these shocks do not fall on the
edges of the continental shelves, save for a few ecases where there is reason
to suspect that the edge of the shelf coincides with that of the stable shield.
Apart from this, the limits of the shelves are nonseismic; if they are deter-
mined by structures, those structures are now inactive.

The scismic zones divide up the entive smface of the globe into blocks,
the interiors of which are relatively nonseismie. One of these blocks is the
Pacific basin; the others, at least the larger ones, are continental in charac-
ter. In the central region of each continental block is the stable shield or
continental nucleus, with active interior fractures and marginal seismieity.
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F1Gure 16.—World map showing seismic belts
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Between this stable shield and the active zones bounding the block is a
wide zone which is not quite as inactive as the stable shield itself. That
part of this substable zone adjacent to the stable shield often contains an
old mountain system, such as the Appalachian system or the mountains
of eastern Australia; in such a mountain system the seismieity is often
slightly higher than in surrounding areas.

The exact boundaries of the blocks arc not always clearly defined. Thus,
the North American block lies between the Pacific and Arctic-Atlantic
belts.  Should it include the substable region of northeastern Asia as well
as northern Alaska? There is nothing to separate the North and South
American blocks on the Atlantic side. The African block is not well
defined on the northeast, where its relation to the Arabian mass is uncertain,
and may be compared with that of North America to Greenland.  The
mutnal boundarics of Tndia, Australia, and Antaretica fali in the Indian
Ocean where shocks are few and other data incomplete,

There are isolated areas of Pacific structure. The two most definite
of these are the Caribbean and the region surrounded by the Southern
Antilles between South Ameriea and the Antaretic; the former is definitely
closed, while the latter may not be.  The status of the similar Macquarie
Island loop is uncertain. Tt is not known how much of the Antarctic
Pacifie is continental in character, but the region may contain several
areas of Pacific type. Fvidenee from amplitudes of refleeted scismic
waves suggests an area of Pacifie type in the Aretic basin off the north-
western American coast.

FREQUENCY AND ENERGY OF EARTHQUAKES

Very little can be stated about the frequeney of oceurrence of deep-
focus earthquakes. Even the larger deep shocks arc catalogued with
reasonable fullness only since about 1931. Small deep-focus shocks are
hard to identify, and the magnitude of the smallest such shoek which ean
be listed in a given region depends largely on the number and equipment
of the local stations. Thus, the numerous local stations in Japan, together
with the close attention of Japanese seismologists to the problem, makes
the listing for the vicinity of Honshu, at least, more complete than any-
where else in the world; while in South America, the possibility of studying
simultancously the records written at Huaneayo and at Pasadena has led
to listing many shocks, espeeially at intermediate depths, which other-
wise would have been overlooked.  On the other hand, it is well estab-
lished that deep shocks have been lacking in California, at least in recent
years.

Table 21 shows the total number of known deep-focus shocks; the depth
ranges are within 25 km. of the depths given at the head of each eolumn.
Numbers are listed separately for the chief active areas. Shocks less
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than 80 kin. deep have been omitted; in many regions it is nearly impos-
sible to separate them from shallow shocks, and their number is un-
doubtedly greater than that indicated by the small representation in our
lists.

TasLE 21, —Number of shocks listed atl various depths

Depth in km. (Range +25 km.)
Region
100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 | 550 | 600 | 650 | 700

Mexico, Central America. . ... ... 200 4] 2 1
South Ameriea...... ............| 46 22/ 18 7| 2 1 5 11
New Zealand, Tonga, Samoa. . ... 11 30 3 1 2[ 1 4 6 9 10 51
New Hebrides to New Guinea. ...| 220 16/ 9 1] 2] 3| 3] 1
Sunda Islands .. .............. .. 21 12 9 1 1; 3 1 100 1
(Celebes to Mindanao. ... ... ... .. 3] 6 10 2| 4 1 1 3 11
T.uzon to Kiushiu. .. ............| 10| 7| 4] 3
Japanese Islands. . ... ... ... .| 33 26 12 5[ 12| 27| 25 12| 14) 14 6 1
Hindu Kush. . .. ... ... ... ... . .. 1 14 25
Others ... . ... ... . ... ... 11 13] 1| 1

Total .. ... ... ... 178 109, 82 46 23| 32| 36| 13| 23| 25| 34] 19 7

The number of shocks falls off rapidly with inereasing depth, down to
the lower limit of intermediate shocks at 300 km.; below this the general
distribution for the whole earth is fairly uniform with depth unti] the
greatest depths are approached.  This is not true of the individual regions,
since nearly every limited area has two or more characteristic depths near
which shocks are most frequent.

The range in magnitude for deep shocks appears to be about the same as
for shallow shocks, but no safe eriterion has been applied to assign magni-
tude to a deep shock. Even from the greatest focal depths known, some
shocks arc recorded with body waves as large as those of the largest shal-
low shocks.

The following discussion refers exclusively to shallow shocks so that
conelusions with reference to the general seismicity of the earth are subjeet
to modification whenever it becomes possible to take account of deep
shocks systematically.

For the larger magnitudes, data are given in Table 22. TIrom 8% to
8 the shocks are all from Table 5. There are 36 in 37 years. For 7§
there are 18 shocks in Table 5; 2 shocks given in Table 4 as 7.7 have been
added to this total. Combined averages are 1.0 shocks per year of magni-
tude & or over, and 8.3 shocks per year of magnitude 7 to 7.9. Classifica-
tion of shocks in the International Summary for 1931-1933 gives about
284 earthquakes of magnitude 6 to 6.9 or about 95 per year.
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The shocks of lowest magnitude in cach table are probably slightly too
few in number, as doubtful cases have generally been omitted. At these
lowest levels in the respective tables it is probable that the geographical
coverage is incomplete, so that shocks in remote regions have escaped
inclusion.  This is certainly true for the shocks of elass d.

TanrLe 22.— Freguency of large shallow shocks

Magnitude No. of shocks No. per year

8% 4 0.1
81 8 - 0.2
s 04 37 vears 0.6
73 20 0.5
T.6-7.4 12) 1.5
7.3;,7.2 24:8 years 3.0
7.1;7.0 2% 3.3

To sum up, there are roughly: one shock per year of magnitude 8 and
over, 10 shocks of magnitude 7 to 7.9, and 100 shocks of magnitude 6 to 6.9.
Over this range there is approximately a tenfold inerease in frequency for
every deerease in magnitude by one unit.

No reliable statisties for shocks of magnitude less than 6 can be set up
for the world as a whole.  Such shocks must be studied in limited regions,
on the assumption that in gencral they bear a constant proportion to the
larger shocks of the corresponding areas.

At present Southern California is the only area for which shoeks of the
smaller magnitudes are recorded, located, and catalogued with sufficient
regularity for the purpose. Data used in the following paragraphs have
been compiled by Mr. R. To. Rogers, who is also responsible for a majority
of the epicentral determinations, and for routine assignments of magni-
tude to the nearest half unit on the Pasadena seale.

For the years 1934 to 1939 inclusive, and for an area selected for its
favorable situation with respect to the recording stations, including most
of Southern California and a small part of adjacent Mexico, the numbers
are:

Magnitude No. of shocks Sum
gg ;} 4
H B o
i
3 677
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Shocks of magnitude less than 3 are omitted, as they certainly are not
uniformly catalogued over the area. Those of magnitude 3 are probably
not completely covered, particularly in the remoter corners of the area.
Noting this, the rule of tenfold inerease in the number of shocks for one
unit decrease in magnitude still holds approximately.

For smaller shocks the data are fairly complete for the same years, 1934—
1939, in the area between the limits 334°-344° N, 117°-118° W.  This
lies just east of Pasadena, and is well covered by the three first-class sta-
tions at Pasadena, Mt. Wilson, and Riverside (Fig. 15). The following
list probably includes all shoeks in this small area down to magnitude 21,
The number for magnitude 2 is probably somewhat too small, but not by
any large factor, as shocks of that size write conspicuous records on the
sensitive short-period instruments at the stations named. Some of these
may be due to blasting operations (even major blasts seldom exceed magni-
tude 2 seismormetrically).

Magnitude No. of shocks Sums
1
: o !
1 i
/ 10 18
1
: 2
1
> 175, 208

This supports the rule of tenfold inerease down to magnitude 3; but the
smaller shocks are evidently not so numerous as might be expected on that
basis.  This is of course to be anticipated, as the number of earthguakes
cannot go on increasing uniformly with deereasing magnitude, but must
have a maximum of frequency at some level.

Assuming that the Californian shocks are representative of general con-
ditions, and attaching the results from California to those found dirvectly
for the whole world in the higher magnitude levels, the conclusions follow:

Magnitude Annual number

Great earthquakes.......... .. .. .. Ce........ Sormore 1
Major earthquakes. ............ ... .. . e 779 10
Destructive shocks.......... ... ... ... ... .. 6-6.9 100
Damaging shoeks. ...... ... 5-5.9 1000
Minor strong shoeks........... .. . 1-4.9 10000
Generally felt. ... ... .. ... .. .. 3-3.9 100000

The total number of shocks potentially strong enough to be perceptible
to persons in a settled area (magnitudes 2 and over) must be of the order of
several hundred thousand per year. Including aftershocks and swarms
of small shocks, the total may be well over a million.
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Ixtrapolation to the high side would suggest one shock of magnitude
9-9.9 about every 10 years. Certainly since 1900 no shock over magni-
tude 83 has taken place. Nonc of the greater shocks for which we have
reliable historical descriptions appear to have been of much higher magni-
tude, although a shock of magnitude 9% would release energy about 100
times that of the largest known shock, and ought to occupy an exceptional
place in the historical record.  The great Indian earthquake of 1897 ap-
parently showed no effects excecding those of the Kansu earthquake of
1920; and the selsmograms of the Alaskan shock of 1899 suggest a magni-
tude between 81 and 83, A more serious question relates to the magni-
tude of the Lishen earthquake of 1753, since the phenomena of seiches
indicate that the swrface waves were very large over the whole of western
Furope. Kven this shock could hardly have exceeded magnitude 9.

Presumably the frequency of earthquakes decreases rapidly as the mag-
nitude approaches an upper limit, This limit must be set by the strength
of crustal materials, so that it is impossible for stresses to accumulate he-
yond a certain eritical value. From isostatic data, Tsuboi (1940} caleu-
lates the maximum energy of an carthquake as 5.6 X 10% ergs. This
agrees within the limits of error with the energy of the largest earthquakes.

At the other end of the scale, there 18 probably a lower limit for the
magnitude of ordinary earthquakes, representing the stress neeessary to
open a fracture in a weak zone. Just after a large shock, when the zone
has already been disturbed and fractured, small stresses more casily
produce movement; this partly explains the large number of small after-
shocks usually following a large earthquake.

From the figures on frequenecy given above it is clear that the release of
seismic energy occurs chiefly in the shoeks of larger magnitude. Thus,
although there may be 10 times as many shocks of magnitude 7 as of mag-
nitude 8, each of them releases only 1 per cent of the cnergy of that re-
leased by one of the larger shocks, and the total energy release in magni-
tude 7 is still only one tenth that in magnitude 8  The relation continues
down the scale, as far as the rule of tenfold numerieal increase holds.
This phenomenon was noted for the lower magnitudes in Southern Cali-
fornia in the first paper on magnitudes by Richter (1935). Tt was found
that in any limited distriet the shocks of largest magnitude occurring dur-
ihg any interval of observation liberate nearly all of the seismic energy
for that interval. This result, az shown above, extends to the whole world
and to the largest shocks.

Mechanieally, it must be concluded that the larger stresses accumulate
without reference to the release of energy in minoer shocks or along minor
structures. In general, it is not true that minor shocks function as a
“safety valve” to delay the oceurrence of a great earthquake, Rather,
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minor shocks on minor structures are symptoms of a regional strain, only
a small part of which is being transferred away from the major structures
along which it will eventually find release in a major earthquake.

The total energy released by a shock of magnitude 82 has been estimated
at 10% ergs (Gutenberg and Richter, 1936). Using this and the corre-
sponding figures for lower magnitudes, Table 22 shows a release in energy,
in shocks of magnitude 8§ and over, of 9.0 X 10% ergs in 37 vears, or 2.4
X 10% ergs per year and 0.4 X 10%* ergs per year for shocks from magni-
tude 7 t0 7.9. If we add one tenth of this for magnitude 6 to 6.9, and so
on for lower magnitudes, the energy released by all shocks is close to 3 X
10% ergs per year, or 10V ergs per second. This means performance of
work at an average rate of 10 million kilowatts. Nearly one third of this
energy release is represented by the four largest shocks (magnitude 81)
in Table 5 and over 80 per cent by the shocks of magnitude 8 and over.

Of 53 shoeks in Table 5, one is in California and another in Nevada; of
68 in Table 4, one ig in California. This would suggest assigning to Cali-
fornia about 1 to 2 per cent of the seismicity of the world. If that of the
southern California arca chosen for statistical purposes were taken as
one fourth of 1 per cent, there would result about 1000 shocks of magni-
tude 5 and 5% annually for the world, as given above,

Roughly 80 per cent of the seismic energy of the world is released in the
circum-Pacific belt and its branches, over 15 per cent in the trans-Asiatie
zone, and less than 5 per cent in the rest of the world.

This energy is not released at a uniform rate, nor regularly distributed
over the seismic regions. There are years, and shorter intervals, when
activity is abnormally high, and others when it i1s unusually fow. Fur-
ther, for a period of weeks, significant activity may be concentrated in a
limited region. These effects apparently are within the limits of normal
statistical fluctuation but may exceed them in certain regions. (See
Wanner, 1937.) These highly irregular variations bear no evident rela-
tion to the minor periodicities which have sometimes been claimed. These
periodicities, superposcd on the large general fluctuation, are somewhat
controversial; the reader should compare the findings of Tams (1931, p.
419-433), Conrad (1932), and Davison (1938),

Few definite changes in seismicity have oceurred during historieal time,
Chronologically long histories for such active regions as Japan, China,
the Near East, and Italy indicate activity of about the same character as
in very recent years, with shocks of the same range of magnitudes occurring
in the same areas, apart from a few individually exceptional events. For
less active regions, the best available history is that of Great Britain,
extending over about a thousand years with no sign of secular change.

Otherwise comparatively quiet regions may have short periods of un-
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usually high seismiecity. The following is quoted from Kunitomi (1937,
preceding p. 1}):

“Now-a-days, in Tydsen, slight attention 1s given to the study of earthquake
owing to a minority of loeal shoeks.  Nevertheless, about 300 years ago, at an active
period, frequent strong shocks were experienced all over the peninsula and inflicted
severe damage to the buildings and human beings. Therefore, the scismological
observation must not be neglected even in the present time of less aetivity.”

A recent case of this sort is that of the long series of strong shocks in
the Indian Ocean, near 34° 3, 57° E., {rom 1925 to 1933, In a settled area
such a series of shocks would have brought about a scrics of disasters.
There may have been such a time of increased sersmicity on the African
Rifts about 1910-1913. An unusual number of very destructive shocks
is known from Palestine and Syria during the eleventh and twelfth cen-
turies.

Individual shocks, or brief groups of large shoeks, frequently have this
cexceptional character.  Txamples are the Mississippi Valley shocks of
1811-1812, the Charleston carthquake of 1886, the Baffin Bay shock of
1933, the west Cuban carthaguake of 1880, and the destruetive shock at
Basel in 1356.

Seismicity must have changed greatly in the course of geologic time.
Stresses produeing shocks in northern Europe have been attributed to
unloading of the Pleistoeene iee burden; this may apply to some of the
Canadian shocks. Though present seismicity affords almost no elue to
the location of the geologically older structures, yet the formation of these
structures must have been accompanied by many earthquakes, Present
evidenee of broad regional association of carthquakes and voleanoes may
be applied to stratigraphical and structural evidenee of past voleanism in
many parts of the world which are now relatively stable.  Contemporary
shocks at intermediate depths follow voleanie lines, which in their turn
follow Tertiary orogenie trends.

How far the present major active belts ean be traced back into geological
history is an important question, to which ouly tentative answers arc
possible.  The eircum-Pacific belt, in one form or another, has certainly
had a long history, corresponding to the geological antiquity of the Pacifie
basin; its scveral scetions and branches have undoubtedly undergone
many changes and much deformation. The history of the trans-Asiatic
zone must be connected with that of the inland sea Tethys.  The Atlantic
and Indian Ocean belts mark the contacts between important scetions of
the erust, whiech have certainly existed as units during most of the Ter-
tiary while their remoter history is more doubtful.

FARTHQUAKES AND OTHER PHENOMENA

The association of voleanic and scismic regions is rather general and
loose. Both earthquakes and voleanoes are connected with the weaker
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crustal zones, and consequently show a similar distribution over the world
when studied on a small-scale map, Both are most frequent in the circum-
Pacific belt of structures and its branches. Proportionately fewer vol-
canie vents than earthquakes are known in the trans-Asiatic zone; while
voleanoes, and islands of voleanie rock, are frequent in the Atlantie and
Indian Ocean in association with moderate seismie activity.

Voleanie vents are usually at distances measured in hundreds of kil-
ometers from the principal tectonieally active faults and struetures, This
applies to shallow earthquakes only, since intermediate shocks frequently
oceur dircetly under the structures marked by volcanic vents.

Probably no causal connection exists between intermediate shocks and
present voleanie activity, since both are very likely due to the same remote
Orogenic processes,

Large gravity anomalies have been much studied with reference to
earthquake epicenters, since such anomalies suggest an abnormal condition
of the crust likely to be accompanied by unusual stresses.  Narrow belts
of large negative gravity anomalies are known to oceur off Japan, in the
East Indies, and in the West Indies. These anomalies are generally found
associated with oceanic troughs or foredeeps, however, the greatest nega-
tive anomaly is generally not over the trough, but adjacent to it. This
adjacent belt is frequently marked by epicenters of shallow earthquakes.

Troughs, rises, belts of gravity anomalies, voleanic chains, and seismic
belts of different classes tend to occur together in a definite order of asso-
ciation, which is best explained with reference to a particular example
(Fig. 17). The hypocenters of shallow and deep earthquakes near the
section AB are projected onto the plane of the section. Gravity data
are taken from Matuyama (1936). (Sec also Kumagai, 1940.)

Tn this region earthquakes, gravity anomalies, voleanic vents, and strue-
tures are aligned along relatively narrow belts with a northeast-southwest
trend. The section crosses these belts nearly perpendicularly. Near its
southeast end the deep Pacific basin descends into the deeper Japan Trench,
Shallow shocks occur chiefly under the steep continental slope west of this
trough. Along this slope is the belt of greatest negative gravity anomalies,
the greatest scismicity practically coinciding with the center of the belt.
On land the gravity anomalies beeome positive, and are accompanied by
voleanism and shocks at intermediate depth down to 250 km. The deeper
of these probably form part of a separate belt of epicenters. The second
voleanic belt marked in the figure probably coincides only accidentally
with the epicenters of certain deep shocks, since it has a nearly north-
south trend, while the line of deep shocks erosses it in a northeast-south~
west direction (Fig. 8). The still deeper shocks shown under the Asiatic
mainland are part of another helt.

The foci of deep and intermediate shocks appear to fall on a single smooth
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surface dipping at about 30 degrees under the continent. However, in no
region where deep shocks ean be investigated, is there conclusive evidence
of such an active surface; rather, the shocks occur in belts traversing the
hypothetical surface, and leaving large parts of it blank. This may be
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due to the incompleteness of our information, or the active belts may be
intersections of the supposed surface with other struetures. Such an
inclined surface need not be a continuous fracture zone, but may simply
be a locus of maximum stress.

Like most “typieal examples,” Figure 17 is exceptional in that all the
features which it is desired to illustrate are clearly represented. The
choice of such sections is especially limited by the lack of gravity data in
many important regions. A more or less continuous belt of negative grav-
ity anomalies runs east of the Marianne Tslands and then northeastward
in the vicinity of the deep troughs off Honshu (Matuyama, 1936). The
known belt begins at about 28° N, 143° E. and trends slightly west of north,
following the west slope of a trough, accompanied by shallow shocks
(Fig. 8). West of this, along the line of small islands, is the much more
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active belt of intermediate shocks, accompanied by positive gravity anom-
alies, Near 35° N. the gravity anomalies are less marked; but they
become strongly negative again to the north, where there is very high
seismicity.

In a (unpublished) discussion at the 6th Pacific Science Congress in 1939,
Professor Matuyama stated that “strong negative anomalies follow the
eastern coast of Honsyu at some distance off the coast and turn in the
direction of the Marianne Islands in the neighborhood of the Fossa Magna.
In the eentral and southern parts of Honsyu positive gravity anomalies
prevail. A line of minimum gravity anomalies which, however, in most
of the region still are positive, follows the central part of southern Honsyu
and then turns southward. This minimum coincides with the belt of
shallow earthquakes in this region.”

All these phenomena are well exemplified in the region of Sumatra and
Java. The gravity data are those of Vening Meinesz (1940). The struc-
tures and attendant phenomena are distributed along a series of curving
bands parallel to the trend of the Sunda arc (Fig. 9). Beginning at the
south and west, the floor of the Tndian Ocean rises gradually to shallow
depths, emerging at Christmas Island.  North of this belt of shallow sea
there is an extremely steep descent into the Java Trough, a typical fore-
deep. Off Sumatra this descent is not so steep, and the depth reached is
shallower. Next inland is a line of small islands, separated by shallow
straits, off the Sumatran coast. This line continues as a ridge, which does
not emerge, off the coast of Java north of the Java Trough. The belt of
strong negative gravity anomalies, discovered by Meinesz, practically
coincides with this ridge. Between Java and the Java Trough these
anomalies are large, but there is little accompanying seismicity; while in
the continuation of the same belt, along the islands west of Sumatra, the
negative gravity anomalies are less marked, and the seismic activity is
intense, consisting exclusively of shallow shocks. Inshore from this belt
slightly greater depths again occur before the coasts of Sumatra and Java
are reached. This coastal belt is a region of positive gravity anomalies
and earthquakes at intermediate depth. The deepest of these shocks oe-
cur under the voleanic belt of the two large islands. Finally, in the seas
north of Java there is an cast-west belt of shocks at very great depth.

Flsewhere in the East Indies the structural conditions are more com-
plicated, which renders discussion of the meaning of gravity anomalies
more uncertain. The belt of strong negative gravity anomalies runs
round the Banda Ses from Timor to Ceram, and includes the few well-
located shallow shocks, while intermediate shocks are clearly interior to
the are. Such structures as the Weber Deep interior to the arc, and the
line of islands through Flores and Weter, complicate the pattern to be
interpreted. The gravity anomalies and seismicity of Celebes are still
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harder to bring under any gencralization. Between Celohes and Hal-
maheira a very strong belt of negative gravity anomalics follows a small
submarine ridge northward to the Talaud Tslands; there is strong seismicity
at shallow depth along the same line. A line of intermediate shocks
crosses here from west to east, and there is other activity near by.

A belt of strong negative gravity anomalies also exists in the West In-
dies, where it is associated with deep troughs, voleanism, and seismicity.
For the gravity data and diseussion see Hess (1938) and Daly (1940, p.
285). Shocks in this region are relatively few, and often not well loeated.
Only in the vicinity of the lesser Antilles do the phenomena simulate those
in the East Indies and off Japan. Strong negative gravity anomalies occur
to the cast, near the Barbados Ridge; while the islands themselves (ex-
cluding Barbados) ave to the west, and are associated with volecanizm,
positive gravity anomalies, and at Jeast one intermediate shock.

The few gravity obscrvations available in the Tonga region (sce Heis-
kanen, 1936; Daly, 1940, p. 255) fit in well with the existence of an oceanie
trough, voleanism, and shocks at all depths, to complete a pattern similar
to that of the Sunda are. The only other region in which available gravity
data suggest something of the same sort is in northern India. (See Daly,
1940, p. 224-247.)  Here there is a narrow belt in which gravity anomalies
are strongly negative, although they can be removed in large part by a
special choice of isostatic reduetion.  This is interesting in view of the
common comparison of the Ganges depression to foredeeps like the Java
Trough. The location of the gravity anomalies, and of the belt of shallow
carthquake epicenters, is quite analogous to that found elsewhere. How-
ever, the {few intermediate carthquakes known here are a poor counterpart
for those of the Sunda ave (the aetive indu Kush source is much farther
west); no deep shocks oceur; and there is no comparable voleanie activity,

Observations in the Atlantic Ocean have not diselosed any gravity dis-
turbances comparable with those noted above. The mid-Atlantic Ridge
is not marked by any outstanding gravity anomalies, so far as present
information goes. (See Meinesz 1939.)  Negative anomalies are known
from the region of the African Rifts (see Heiskanen, 1936), and very large
positive anomalies recently have been found on Cyprus (Mace and Bul-
lard, 1939).

The unilateral grouping of occanic troughs or foredecps, gravity anomaly
belts, shallow and deep carthquakes, and voleanism is most frequently
found on the Pacific margin, as in the type case of Japan. The outermost
structure usually is the deep trough, with ecarthquakes and other phe-
nomena oceurring in order, successively farther from the Pacific basin.
In the case of the Sunda are, the Indian Ocean plays the part which is
clsewhere taken by the Pacifie.  In the West Indies and in the Southern
Antilles, the Atlantic occupies this position.
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The polarity of the whole series of structures in any given region can
usually be inferred from the relative posttion of oceanic troughs and land
structures; where the structural lines are eurved, the troughs are usually
on the convex side.  Tn the New Hebrides and Solomon Islands, the po-
larity is apparently the reverse of that in most parts of the Pacific margin.
Here the troughs are on the southwestern, or continental side, the shallow
shocks are between these and the island ehains, while intermediate shocks
arc under the islands or heyond them toward the open Pacific, with a few
deep shocks still farther out.

The whole eomplex of related structures and phenomena, is plainly pro-
duced by stresses which are usually associated with the boundary of the
Pacifie, but which may locally assume either polarity with reference to it.
This polarity, or one-sidedness, excludes symmetrically bilateral physical
models. The not fundamentally dissimilar once-sided models of Kuenen
(1936) and of Griggs (1939) probably ean be modified to fit the facts.

Their frequent association with earthquakes is only one type of evidence
indicating that oceanic troughs, or foredeeps, are due to processes still ac-
tive and continuing, as is required by the mechanical models. This is
important since it is sometimes suggested that persistence of these strue-
tures, together with large negative gravity anomalies, implies great
strength of the erust and the underlying material, or a relatively high
viseosity (in excess of 10%).  Otherwise, it is argued, the troughs in ques-
tion would have only a very short term of existence on the geologieal time-
seale.  On this basis the crust should adjust itsel only very slowly to
mequalities of stress; this econflicts with the usual interpretation of the
post-glacial uplift in Fennoscandia and Canada, which ealls for a relatively
rapid return toward isostatic conditions with removal of the glacial burden.
Apparently it would then be necessary to seek some other explanation of
this uplift, and calculations of the viscosity of the erust based on the rate
of uplift would be invalidated. This type of argument ignores the possi-
bility that stresses, such as may be associated with subcrustal conveetion,
are regularly at work maintaining the erust in its deformed state.  Tn such
a model it must be noted that deep-foens earthquakes should be expected
to oceur not at the level of maximum flow, but at that of maximum stress
associated with the flow.

Many authors have corrclated deep and shallow earthquakes with
oceanie troughs and deeps.  This 1s a general correlation like that with
volcanic activity; it applies to small-scale maps, but requires modification
in detail. Epicenters usually do not fall in the deep troughs themselves,
but on their marginal slopes or along the crests of adjacent submarine
ridges. Frequently, as occurs south of Sumatra and Java, the ridge
adjacent to the deep is not seismieally active, but becomes active in
another part of its course where the adjacent depths are less marked.
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However, most of the greater deeps are in regions where seismicity is at
least moderately high. This of course applies to the true structural
troughs, and not to the irregular areas of great depth which oeeur in the
oceanic basins, particularly in the Pacific.  On the other hand, earthquakes
occur in many oceanic regions, as in the Atlantic and Indian oceans, where
there are no assoeiated deeps; the seismie belts then follow the ridges.
Structures of somewhat different character, usually associaled with
seismicity, are the greatl clongated depressions in the interiors of some of
the continents, Txamples are the great African lakes, Nyasa and Tan-
ganyika, and in Asis, Lake Baikal, the Turfan basin, and the Jordan Val-
ley. 'The mechanism which has created and maintained rift depressions
of this kind probably differs from that assumed for the oceanic troughs.

MECHANISM

In discussing dynamical implications of the present seismicity of the
world, it must not he forgotten that contemporary earthquakes indicate
only the fractures, stresses, and displacements now in action. These may
well differ, and in some cases they certainly do differ markedly, from those
associated with the formation of even late Pleistocene structures, A few
tens of thousands of years is ample time for extensive and significant
changes 1n the local distribution of stress.  Thus, the fact that the present
seismicity of Furope is not mechanically connected with the Alpine folding
has been emphasized by Sieberg (1932a), who attributes contemporary
shocks to fractures produced in the rigid Alpine mass after the conelusion
of folding. However, his ingenious localization of these fractures on the
basis of the very limited earthquake data has not found general aceeptance.

Exeept for comparatively superficial voleanic shocks, earthquakes repre-
sent a process of fracturing involving shear. Present evidence indicates
that this is as true of deep shocks as of shallow shocks.  Consequently, in
dynamic interpretations of earthquakes the mantle of the earth must be
considered capable of first supporting large shearing stresses, and then
fracturing as these becore still larger; this must be truc, at least locally,
down to the depths near 700 knw., the lower limit of deep-focus shocks as
now known. This is not inconsistent with the plastic flow required to
maintain isostasy, as all evidence indicates that the material of the mantle
flows slowly under long-continued and constant stress, with a more or less
incidental accompaniment of sudden fracturing. (See Gutenberg and
Richter, 1939h.)

Division of the earth’s surface into comparatively rigid blocks has an
important bearing on teetonic hypotheses. It calls especially for inter-
pretation in conneetion with auy of the forms of the theory of continental
drift. Undoubtedly these blocks have not always had exactly their pres-
ent size and shape, and they may have greatly changed their relative po-
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sitions. At present we know that in certain regions, as in California, large-
scale horizontal displacements continue in the same sense over the whole
region, and apparently have operated in the same or a similar way through
most of Recent time. Comparison with the direction of similar horizon-
tal displacements on the opposite side of the Paeific, as in the Philippines
(Willis, 1939b) and Japan (Tsuboi, 1939), indicates that the continental
masses on both sides are being pushed southward relative to the Pacific
basin. Many more observations are needed before this can be accepted
as an cstablished fact of extended application. There is both seismological
and geological evidence in other parts of the world that displacement is
oceurring continuously in the same direction.

A result not anticipated by the writers is the frequent close coincidence
of the active zones, which are found to separate the stable blocks, with the
“orogens” of Kober (1933). As he points out, these zones are chiefly
mountainous in character; the ridges in the various oceans are submarine
mountain chains. The agreement with Kober’s zones is not necessarily a
confirmation of his interpretation of these contemporary structures in
terms of geological history, or of his ideas about the processes now taking
place. The agreement chiefly applies only to the larger lines, and fre-
quently is very divergent in the smaller details. Moreover, Kober does
not discriminate the Pacific stable area from the structurally different
continental blocks; and he draws “orogens” subdividing the Pacific area,
which are unconfirmed by this study and frequently eonfliet with its con-
clusions.

Problems of interpretation are cspeeially acute with reference to the
existence and seismicity of the Mid-Atlantie Ridge. Tts parallelism with
the continental coasts is so close that it practically demonstrates a me-
chanical connection with them. However, it is still possible to consider
the Ridge either as a remnant leit over from a former conneetion between
America and the Old World, or as a young structure originating at the
contact between rigid blocks. (For a summary with references, see Du
Toit, 1937, Chapter X.) It ean hardly he a young structure in the sense
in which the very active zones of the East Indies and other similar regions
are young, for it lacks many of the associated phenomena found in such
regions, which have been taken as evidence for the contemporary oceur-
rence of suberustal flow. Thus there are no parallel deep troughs, and
no belts of negative gravity anomalies; the gravity anomalies over the Mid-
Atlantic Ridge are slightly positive (Meinesz, 1939). Intermediate and
deep shocks are absent, which indicates that there are no large stresses at
great depth. Present seismicity and voleanism do not necessarily imply
that the processes which created the Ridge are now in action. The Ridge
may represent an orogeny of Tertiary age, in which the folding has at
least temporarily ecased, and the now practically rigid structures are being
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broken up by diastrophic processes, along faults which are either of recent
origin or recently rejuvenated. For a discussion from the geological
point of view se¢c Bucher (1940).

The foregoing diseussion is neccessarily speculative, and is intended
mercly as a guide in using the seismological data. In the major part of
the paper, which coneludes with the Geographical Bummary, eare has been
taken to present facts of observation, with only the minimum of hypothesis
necessary to organize them into an intelligible form. The sections following
thereafter necessarily include gradually inereasing proportions of hypo-
thetical material, With the suggestions just brought forward it is felt
that a foundation for geological and geophysical interpretation has been
provided.

GENERAL SUMMARY

The relative seismicity of all parts of the earth, for a limited period, is
discussed with maps. The data are chiefly instrumental. The paper
deals mainly with shallow shocks, but new data on deep-focus shocks are
included.

A revised table is given listing 54 great shocks from 1904 to 1939, All
large shocks from 1926 to 1933 are listed, and epicenters are given for many
others,

The earth’s surface consists of relatively inactive blocks separated by
active zones of three groups:

(1) The eircum-Pacific zone includes a large majority of shallow shocks,
a still larger fraction of shocks at intermediate depth, and all the very deep
shocks.  For shallow shocks the most active regions are Japan, the Aleu-
tian are, western Mexico, Melanesia, and the Philippines. In Japan the
zone divides into an Iast Indian and a Polynesian branch, the latter follow-
ing the andesite line. Three loops surround outlying areas of probably
Pacific structure: the Caribbean loop, the loop of Suess’s Southern An-
tilles (including South Georgia and the South Sandwich Islands), and a
newly identified loop southwest of New Zealand, here called the Macquarie
Tsiand loop. A branch passes near the Galipagos group and follows the
Taster Island Ridge, along a zone of suspeeted continental structure.

(2) The Mediterranean and trans-Asiatic zone includes the remainder
of the large shallow shocks and of the intermediate shocks.  The epicen-
ters fall along structural trend lines.

(3) Narrow belts of shallow shocks extend (a) through the Aretic and
Atlantic Oceans, following the Mid-Atlantic Ridge; (b) through the west-
ern Indian Ocean from Arabia into the Antarctic, probably connceting
with the South Antillean loop; and () a similar but less active belt follow-
ing the African rift valleys.

The Pacific basin (exeept in the Hawaiian Islands) and the continental
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nuclear shields are nearly inactive.  Between the stable shields and the
active belts are arcas of minor to moderate activity, with oceasional large
shocks.

Small shocks apparently occur everywhere,  The relation of minor ac-
tivity to the larger shocks is discussed, using southern California as an
example.

The annual average includes about one great shock, about 100 po-
tentially destructive shocks, and about one million shocks potentially
strong enough to be felt in a scttled area.  Seismic energy is released at a
mean rate of about 107 kilowatts; most of this is in the large shocks.

There is regular association, with notable regional exceptions, of earth-
gquakes at various depths with voleanoes, gravity anomalies, and oceanic
troughs or foredeeps. The several phenomena are frequently found in
successive adjoining belts in a particular unilateral order. The persistance
of oceanic troughs and gravity anomalies, together with the oceurrence of
earthquakes, requires that in these regions there iz a continuously operating
mechanism, such as would be provided by constant suberustal flow.
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