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Abstract—We present a seismological and hydrodynamic

investigation of the earthquake of 13 April 1923 at Ust’-Kam-

chatsk, Northern Kamchatka, which generated a more powerful and

damaging tsunami than the larger event of 03 February 1923, thus

qualifying as a so-called ‘‘tsunami earthquake’’. On the basis of

modern relocations, we suggest that it took place outside the fault

area of the mainshock, across the oblique Pacific-North America

plate boundary, a model confirmed by a limited dataset of mantle

waves, which also confirms the slow nature of the source, char-

acteristic of tsunami earthquakes. However, numerical simulations

for a number of legitimate seismic models fail to reproduce the

sharply peaked distribution of tsunami wave amplitudes reported in

the literature. By contrast, we can reproduce the distribution of

reported wave amplitudes using an underwater landslide as a

source of the tsunami, itself triggered by the earthquake inside the

Kamchatskiy Bight.
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1. Introduction

In the Winter and Spring of 1923, the eastern

coast of Kamchatka was the site of a series of major

earthquakes, two of which generated devastating

tsunamis. Their effects, investigated in detail in the

years following the events by Troshin and Diagilev

(1926) and later Meniaı̌lov (1946) were summarized

by Soloviev and Ferchev (1961). The main shock

(hereafter MS) occurred on 03 February 1923 at

16:01 GMT, (03:01 local time on the 4th), in a very

sparsely populated area along the Kronotskiy Bight

(Fig. 1). It provoked serious damage both in Petro-

pavlovsk-Kamchatskiy to the south, and Ust’-

Kamchatsk in the north, and was followed by a

powerful tsunami reaching run-up heights of 6 m,

which washed away a warehouse at Ust’-Kamchatsk

(Soloviev and Ferchev 1961). Incidentally, the tsu-

nami motivated what is believed to be the first far-

field warning by Jaggar (1930) at the Hawaii Volcano

Observatory, which unfortunately was not heeded,

leading to considerable damage and one casualty on

the Island of Hawaii (Okal 2011).

Among its numerous aftershocks, the event of 13

April (O.T. 15:31 GMT) near Ust’-Kamchatsk

(hereafter the UK event) stands out as featuring

properties typical of a ‘‘tsunami earthquake’’. We

recall that the name tsunami earthquake was intro-

duced by Kanamori (1972) to characterize events

whose tsunami is significantly larger than expected

from their seismic magnitudes, especially conven-

tional ones. Fukao (1979) and later Tanioka et al.

(1997) and Polet and Kanamori (2000) have

explained their properties as due to anomalously slow

rupture along the fault, resulting in red-shifting of the

seismic spectrum towards lower frequencies.

Another, mechanically different, scenario can involve

the triggering by the earthquake of a major under-

water landslide, which can act as ancillary tsunami

generator, a classical example being the Papua New

Guinea disaster of 17 July 1998 (Synolakis et al.

2002); these are not generally considered ‘‘tsunami

earthquakes’’. The catastrophic 1946 Aleutian tsu-

nami is believed to have featured both an

anomalously slow seismic source, and a locally

devastating landslide (Okal et al. 2003; López and

Okal 2006).

As hinted by the traditional magnitudes (‘‘MPAS’’)

assigned by Gutenberg and Richter (1954) to the MS

(8.4) and UK (7.2) events, the latter is clearly a

smaller source from a seismological standpoint. In
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Figure 1
Relocation of the 1923 Ust’-Kamchatsk earthquake. Our preferred relocation is shown as the red dot, with associated Monte-Carlo ellipse, and

small black dots identifying the negligible moveout of the epicenter as a function of constrained depth; the triangles are the initial ISS location

(light gray) and the recent ISC relocation (in blue); the inverted green triangle is Gutenberg and Richter’s (1954) solution, the brown square

Engdahl and Villaseñor’s (2002) Centennial Catalog epicenter, and the magenta diamond E.R. Engdahl’s recent solution (pers. comm., 2017). For

reference, we show epicentral estimates for the 1923 main shock (in dark gray with the same symbols), and for the 1917 event at Cape

Kamchatskiy (in light gray). Also shown are the epicenters of the events at Ozernoy (1945 and 1969; solid green dots) and Cape Kamchatskiy

(1971; open green dot). Kam. B.: Kamchatskiy Bight; Kro. B.: Kronotskiy Bight. To avoid clutter, the results for the 1936 Cape Kamchatskiy

event are shown in the inset at left, on the same scale and with the same symbols as for the UK earthquake, but displaced 6� in longitude. Note the

total identity of the 1917, 1936 and 1971 epicenters
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Ust’-Kamchatsk, it caused only marginally more

damage than the main shock, despite a clearly shorter

epicentral distance. Yet, the tsunami from the UK

event was significantly stronger than that of the

mainshock. It ran up 11 m at Ust’-Kamchatsk, killing

at least 23 people and totally destroying several

canneries and other infrastructure. According to

Zayakin and Luchinina (1987), the maximum run-up

(20–30 m) took place in the vicinity of the First Creek

(‘‘Pervaya Rechka’’), and of the cannery Nichiro

which was completely destroyed, one of its cutters

being deposited on a terrace 20 m high and 1 km

inland. This location is estimated to be 27 km WSW

of Ust’-Kamchatsk (note that their Fig. 3.10.2, p. 20,

like all others, bears no scale). Inundation distances

reached 7 km along the river valley at the mouths of

the Kamchatka River.

It is worth noting that no mention is made of a

tsunami following the aftershock on 24 February

1923 (A12 in Table 1), to which Gutenberg and

Richter (1954) assigned a larger magnitude

(MPAS ¼ 7:4) than to the UK event, thus supporting

the anomalous character of the latter. In this respect,

the sequence of 1923 Kamchatka events is compa-

rable to the 1932 Mexican series (Okal and Borrero

2011): a mainshock with a significant tsunami (03

February 1923/03 June 1932), a strongest aftershock

without a tsunami (24 February 1923/18 June 1932),

and a very powerful tsunami during a clearly smaller

aftershock (13 April 1923/22 June 1932), the latter

being a typical tsunami earthquake.

These remarks motivate a detailed seismological

and hydrodynamic reassessment of the UK event of

13 April 1923, which is the subject of this paper.

2. Relocation

We relocated the 1923 Kamchatka sequence,

starting with the foreshocks of 02 February, and

including all regional activity for the 6 months fol-

lowing the main shock. We used arrival times listed

in the International Seismological Summary (ISS)

and the iterative, interactive technique of Wysession

Table 1

Relocations performed in this study
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et al. (1991), which includes a Monte Carlo algorithm

injecting Gaussian noise into the dataset; for events in

1923, we use a standard deviation of the noiserG ¼ 8 s.

Results are listed in Table 1 and on Figs. 1 and 2.

With the exception of events A8, A10 and A11, no

floating depth relocations converged, and hypocentral

depths were thus constrained to 10 km. We note that

Event A10, initially proposed by the ISS at 55�N,

162.5�E, relocates to the Sea of Okhotsk slab, at a

depth of 443 km; while the event is very poorly

constrained (with only 4 arrival times), there is no

reason to include it as part of the aftershock sequence,

and we exclude it from Fig. 2.

As shown on Fig. 2, aftershocks A5, A14, A7,

A10 and A12, reasonably well located with semi-

minor axes of their Monte Carlo ellipses not
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Figure 2
Relocation of the 1923 series. Individual events are shown with their numbers keyed to Table 1, and associated Monte Carlo ellipses.

Foreshocks in green, Mainshock in dark gray, UK event in red. Event 10, relocating to the the Sea of Okhotsk slab, is not shown

1260 A. Salaree and E. A. Okal Pure Appl. Geophys.



exceeding 50 km in the direction parallel to the

trench, would suggest a rupture zone � 260 km long,

to which Event A11 could also belong, and which

also includes the two foreshocks (F1 and F2; shown

in green on Fig. 2). We note that the largest after-

shock (Event A12; MPAS ¼ 7:4) would, in this

context, map at the edge of the fault zone, thus sup-

porting the model proposed for smaller, intraplate

earthquakes by Ebel and Chambers (2016). Event A8,

relocating at a floated intermediate depth (103 km),

may be triggered by stress transfer inside the slab.

Events A4 and A6 are too poorly located to draw any

conclusion.

Of particular interest is the relocation of the tsu-

nami earthquake of 13 April 1923. The original ISS

epicenter (55.7�N, 162.5�E) would fit at the end of

the rupture area defined above, but the solution

relocated as part of the GEM-ISC project (Storchak

et al. 2015) moves inland, 18 km NNE from Ust’-

Kamchatsk (56.36�N; 162.70�E), and only 20 km

from Gutenberg and Richter’s (1954) estimate

(56 1
2

�
N, 162 1

2

�
E; rounded off to the nearest 1/2�). By

contrast, Engdahl and Villaseñor’s (2002) location,

part of their Centennial Catalogue, maps about 35 km

south of the initial ISS epicenter, and more than 105

km from the revised ISC-GEM one. Our own solu-

tion, 57.35�N, 162.91�E, locates about 110 km north

of the ISC-GEM epicenter, and its Monte Carlo

ellipse encompasses most of Ozernoy Bight. Finally,

a new solution by E.R. Engdahl (pers. comm., 2017)

relocates to 56.56�N, 163.03�E, 30 km NNE of the

GEM-ISC epicenter, and misses our ellipse by only 3

km. The disparity between modern relocations based

a priori on the same dataset reflects its poor quality

and probably results from the elimination of different

sets of poor fits by various authors. Their choice

remains to some extent subjective in interactive

algorithms such as Wysession et al.’s (1991) where

incompatible solutions are removed by the operator

in an interactive process, and possibly inconsistent

among fully automated ones. The situation is aggra-

vated in the case of ‘‘tsunami earthquakes’’ by the

slow nature of the source, which causes emergent

arrivals in the near and far fields, with inconsistent

picks on the part of different station operators, as

described by Bell et al. (2014) in the case of the 1947

Hikurangi earthquakes in New Zealand. Finally, note

that relocation at a different constrained depth affects

our epicenter only marginally (a total of 16 km

between depths of 5 and 100 km; solid dots on

Fig. 1).

The bottom line of these relocation efforts is that

the UK event most probably occurred north of the

rupture zone of the MS, being triggered by Coulomb

stress to the vicinity of the triple junction near Cape

Kamchatskiy, or even farther north, in the Ozernoy

Bight, in the direction of the epicenter of the large

earthquake of 22 November 1969 (57.76�N,

163.54�E; MS ¼ 7:3). That event was given a mostly

strike-slip mechanism (/ ¼ 46�; d ¼ 71�; k ¼ 38�)

by Fedotov et al. (1973), but a low angle thrust one

(/ ¼ 225�; d ¼ 16�; k ¼ 97�) by Cormier (1975), for

which the auxiliary plane is close to the strike-slip

plane. As detailed in Sect. 4, it generated a substantial

tsunami along Ozernoy Bight (Fedotov et al. 1973;

Martin et al. 2008), but recorded in Ust’-Kamchatsk

with an amplitude of only 20 cm.

Note that the area of Cape Kamchatskiy was the

site of two major events, on 30 January 1917 and 15

December 1971, respectively. The latter (MS ¼ 7:8)

is well located at 56.04�N, 163.17�E, and was studied

by Gusev et al. (1975) and Okal and Talandier

(1986). Its mechanism (/ ¼ 276�; d ¼ 21�;

k ¼ 158�) can be interpreted as predominantly strike-

slip on a shallow dipping plate, expressing the

extremely oblique subduction of the Pacific plate

under the Bering Sea along the westernmost part of

the Aleutian-Commander island chain. Okal and

Talandier (1986) obtained a moment of 6 � 1027 dyn-

cm from the modeling of surface waves at mantle

periods. The earthquake generated a moderate tsu-

nami, reaching an amplitude of 47 cm on the

maregraph at Ust’-Kamchatsk (Gusev et al. 1975).

The 1917 event was given a magnitude MPAS ¼ 8:1

by Gutenberg and Richter (1954). Modern relocation

efforts (56.14�N, 163.17�E, ISC-GEM; 56.07�N,

163.16�E, this study) suggest a location identical to

that of the 1971 event, but no tsunami was reported,

despite the occurrence of the event in daylight (02:45

GMT or � 13:38 solar time). In addition, a smaller

earthquake took place on 13 November 1936, which

we relocated at essentially the same location

(56.04�N; 163.19�E; inset on Fig. 1). This event was

assigned MPAS ¼ 7:2 by Gutenberg and Richter

Vol. 175, (2018) The ‘‘Tsunami Earthquake’’ of 13 April 1923 1261



(1954). An instance of anomalous wave action was

described following the 1936 shock, but it took place

at night during stormy weather, leading Soloviev and

Ferchev (1961) to doubt its interpretation as a tsu-

nami. Figure 1 shows a total identity of epicenters for

the 1917, 1936 and 1971 events.

Finally, we also examined the earthquake of 15

April 1945 (MPAS ¼ 7:0) which Bourgeois et al.

(2006) proposed as the origin of tsunami deposits in

the southern Ozernoy Bight. Even though the ISS

entry mentions ‘‘Pasadena suggests deep focus’’,

Gutenberg and Richter (1954) list it as shallow; a

floating depth relocation does converge on (56.99�N,

163.96�E; 69 km), but the residual for constrained

solutions is practically insensitive to hypocentral

depth, and there is no reason to assume that the event

is not shallow, especially given the absence of mod-

ern seismicity deeper than 50 km in the area.

In addition to the arrival times listed by the ISS

and used in the various relocation efforts mentioned

above, another constraint on the location of the UK

event could be macroseismic data, i.e., the intensities

at which the earthquake was felt. According to

descriptions reported by Zayakin and Luchinina

(1987), significant destruction took place in Ust’-

Kamchatsk, suggesting local intensities of 8–9 on the

MSK scale, as opposed to, e.g., 6–7 in 1971. Dis-

tances from Ust’-Kamchatsk to the various proposed

epicenters are shorter for solutions in the Kam-

chatskiy Peninsula (19 km to the ISC-GEM epicenter,

49 km to E.R. Engdahl’s new solution, 43 and 45 km

to the 1917 and 1971 epicenters, 50 km to the closest

point of our Monte Carlo ellipse) than to the solutions

inside the rupture area of the mainshock in the Gulf

of Kamchatka (58 km to the ISS solution and 90 km

to the Centennial Catalog’s); however, these fig-

ures are not sufficiently different to allow ruling out

any of the epicenters on this basis. Further use of this

approach is hampered by the fact that macroseismic

data is only available from one site—Ust’-Kam-

chatsk—and that the probable epicentral locations are

located in an area which did not support any popu-

lation in 1923 (and still does not for the most part).

In conclusion, in view of the results of modern

relocations (ISC-GEM, this study, E.R. Engdahl), we

regard as very improbable that the UK earthquake of

13 April 1923 was a genuine aftershock of Event M3

at the northern end of its rupture zone. It could have

occurred at the same location as in 1917 and 1971,

but with a moment estimated at half that of the 1917

event (see Sect. 3). It would be unlikely that an

earthquake of that size would have followed the 1917

event at the same location, except in an aftershock

context, which would then violate Utsu’s (1970) law,

predicting a difference of 1.1 magnitude units (as

opposed to 0.2 in the present case) between a main-

shock of the size of the 1917 earthquake and its

maximum aftershock.

Rather, we propose that the UK event was dis-

placed to the north, either inside the Kamchatskiy

Peninsula, as suggested by the ISC-GEM, Engdahl,

and for that matter, G–R solutions, or even at the

Ozernoy Bight, in the southern part of our Monte

Carlo ellipse.

We also note that Lake Nerpichye, which occu-

pies a large fraction of the Kamchatskiy Peninsula to

the north of Ust’-Kamchatsk, became salinized after

the April 1923 event and remained brackish for

several years (Gorin and Chebanova 2011). This

suggests an invasion of seawater during the tsunami,

with some resilience which could have been helped

by coseismic deformation of the boundaries of the

lake, as would be expected from an earthquake source

located under the Kamchatskiy Peninsula, and pos-

sibly under the lake itself.

3. Estimates of Seismic Moment

In this section, we obtain seismic moments at

mantle wave periods for the principal events of the

1923 sequence, as well as for the 1969 and 1945

Ozernoy Bight, and 1917 Cape Kamchatskiy earth-

quakes. Table 2 lists the available waveforms. For

such historical events, and given the small number of

records, it is impossible to invert a moment tensor,

and we simply compute a mantle magnitude Mc ¼
log10 M0 � 20 (M0 in dyn cm), corrected for a prob-

able focal mechanism (Okal and Talandier 1989). For

earthquakes MS3 (mainshock), F2 and A12, we use a

geometry representative of the subduction of the

Pacific plate under Kamchatka (/ ¼ 210�, d ¼ 20�,

k ¼ 90�); for the other events, we also use the

mechanisms published for the 1971 earthquake

1262 A. Salaree and E. A. Okal Pure Appl. Geophys.



(/ ¼ 276�, d ¼ 21�, k ¼ 158�; Okal and Talandier,

1986) and for the 1969 Ozernoy shock (/ ¼ 225�,

d ¼ 16�, k ¼ 97�, Cormier, 1975; and / ¼ 46�,

d ¼ 71�, k ¼ 38�, Fedotov et al. 1973).

• For the mainshock (MS3; Fig. 3a–c), we were able

to gather records on mechanical instruments at

CTO, LPZ, UPP, STR and GTT, and on the

Golitsyn electromagnetic seismograph at DBN

(including a second passage G2). This dataset

suggests a moment of 5 � 1028 dyn cm at the

longest available periods (T [ 170 s); Fig. 3); this

value is slightly larger than proposed by Kanamori

(1977) on the basis of the aftershock area

(3:7 � 1028 dyn cm), but in agreement with our

earlier estimate (Okal 1992) based only on the UPP

records (5:5 � 1028 dyn cm). Note also that it

predicts a fault length of 225 km under Geller’s

(1976) scaling laws, in good agreement with the

proposed distribution of aftershocks (260 km;

Fig. 2).

• For the foreshock (F2, 02 FEB 1923, 05:07 GMT),

the Love and Rayleigh wavetrains recorded at GTT

are compatible with the low-angle thrust geometry

and a moment of 2 � 1027 dyn cm, at mantle

frequencies (5–6 mHz).

• In the case of the main aftershock (A12, 24 FEB

1923), the only records available (the GTT

Wiecherts) suggest a slightly rotated subduction

mechanism (/ ¼ 225�, d ¼ 20�, k ¼ 90�) with a

moment of only 8 � 1026 dyn cm.

• The lone record obtained for the 1917 earthquake

(R1 at GTT; the EW record holding the Love wave

being too faint to process) cannot put constraints

on its mechanism, but tentatively suggests a slow

source, with a very strong increase of moment with

period (slope of -0.22 logarithmic units per mHz

on Fig. 3d), both in the strike-slip geometry of the

1971 earthquake, and in the less probable one of a

low-angle subduction. The moment at mantle

periods (� 6 � 1027 dyn cm) is equivalent to that

Table 2

Seismic records used in moment estimates
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Figure 3
Mantle magnitudes corrected for focal mechanism, Mc (Okal and Talandier 1989) derived from spectral amplitudes of surface waves at mantle

periods. The dashed lines and yellow band give the average and standard deviation of Mc over the entire frequency band, and the purple

dashed line its linear regression. The depth and focal mechanism assumed in the correction are printed next to the date. a Mainshock (Event

MS3); b Main Foreshock (Event F2); c Main Aftershock (Event A12); d 1917 Cape Kamchatskiy Event; e 1936 Cape Kamchatskiy Event

1264 A. Salaree and E. A. Okal Pure Appl. Geophys.



in 1971, and the two earthquakes could then be

repeats of each other, 55 years apart, with a seismic

displacement of � 2:8 m, inferred from their

common moment using Geller’s (1976) scaling

laws.

• In the case of the 1936 earthquake at Cape

Kamchatskiy, the various spectral amplitudes are

compatible with the oblique geometry of the 1971

event and a moment of about 4 � 1027 dyn cm (by

contrast, a subduction geometry predicts a node of

excitation of G1 at HON which is not observed);

that moment scales to 2.4 m of slip (Geller 1976)

(Fig. 3e).

• In the case of the 1969 Ozernoy earthquake (Fig. 4),

in addition to Fedotov et al.’s (1973) thrust mech-

anism, low angle thrust solutions were proposed by

Cormier (1975), Stauder and Mualchin (1976) and

Daughton (1990). The latter used body-wave mod-

eling to infer a complex source with a total moment

of 5 � 1027 dyn cm, but did not consider a strike-slip

solution, despite the lack of constraint on the slip

angle. Using a representative selection of WWSSN

records, we find that the low-angle thrust mechanism

proposed by Cormier (1975) leads to an unaccept-

able scatter of moment values; in particular, it cannot

reconcile the Love-to-Rayleigh ratios at Windhoek

(WIN), as it would place the station in a node of

excitation of Love waves. We prefer the mostly

strike-slip mechanism of Fedotov et al. (1973),

which predicts a more consistent set of moment

values, reaching � 3 � 1027 dyn cm at mantle wave

periods.

Figure 3
continued
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• By contrast, the 1945 earthquake, 90 km farther

to the south, has spectral amplitudes better

reconciled by Cormier’s (1975) subduction

geometry, than by Fedotov et al.’s strike-slip

mechanism, with a suggested moment of 1 �
1027 dyn cm (Fig. 5). Note that no seismicity at a

level comparable to the 1969 and 1945 events has

occurred in the area since the start of the Global

CMT catalog in 1976 (Dziewonski et al. 1981;

Ekström et al. 2012).

• Finally, in the case of the UK tsunami earthquake

of 13 April 1923, we could not obtain usable

records at mantle periods from any Wiechert

instruments (including at Göttingen), and could

process only the two Golitsyn components at DBN.

As shown on Fig. 6, the spectral amplitudes of

Rayleigh and Love waves at DBN are best

reconciled in the geometry of Fedotov et al.’s

(1973) mechanism for the 1969 Ozernoy earth-

quake (with a moment of 1:0 � 1027 dyn cm

Figure 4
Same as Fig. 3 for the 1969 Ozernoy earthquake. a Thrust mechanism proposed by Cormier (1975); note the large scatter, notably for station

WIN. b Preferred strike-slip mechanism (Fedotov et al. 1973); note improved fit to dataset

1266 A. Salaree and E. A. Okal Pure Appl. Geophys.



around 200 s), or of the 1971 oblique subduction

(with a moment of 1:2 � 1027 dyn cm). Low-angle

thrust subduction mechanisms predict much larger

Love spectral amplitudes, which are not observed.

This supports the model of the UK earthquake not

being a genuine aftershock, but rather occurring by

stress transfer outside the rupture area of the

mainshock along the Kamchatka subduction zone.

In the absence of adequate short-period

seismograms, it was not possible to quantify the

slowness of the UK event through an Energy-to-

Moment parameter H (Newman and Okal 1998),

but a remarkable aspect of Fig. 6 is the growth of

moment (or magnitude Mc) with period, the slope

of the regression being � 0:13 logarithmic units per

mHz. This number is typical if not in excess (in

absolute value), of those for other tsunami earth-

quakes, such as the 1932 Mexican, 2010 Mentawai

Figure 5
Same as Fig. 3 for the 1945 Ozernoy earthquake. Note that a strike-slip mechanism a gives a poor fit, notably to Rayleigh waves at HON. The

thrust mechanism b is preferred
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Figure 6
Same as Fig. 3 for the Ust’-Kamchatsk tsunami earthquake of 13 April 1923. Note that the spectral data fit the strike-slip geometries of the

1969 Ozernoy earthquake (a), and to a lesser extent of the 1971 Commander Islands event (b), better than the thrust fault one expected of a

genuine aftershock (c). Note also the steep slope regressing Mc against frequency, which identifies the earthquake as slow

1268 A. Salaree and E. A. Okal Pure Appl. Geophys.



or both 1947 Hikurangi events (Okal and Borrero

2011; Okal 2011; Okal and Saloor 2017). This is in

contrast to the mainshock (MS3) and the main

aftershock (A12), for which the negative slopes on

Fig. 3 are only � 0:03 and 0.0 logarithmic units per

mHz, respectively, suggesting that those events do

not feature any anomalous source slowness. Note

also that the UK event has both a larger moment

and a smaller magnitude MPAS than the main

aftershock A12. In a more classical plot using a

logarithmic scale for frequency (Fig. 7), we hint at

a hole in the spectrum around 10 mHz, which is

confirmed by a systematic grid search for static

moment and rupture time, in the form of a classic

sinc xs=2 moment release time function, yielding

M0 ¼ 3 � 1027 dyn cm and s� 100 s, significantly

longer than expected under classical scaling laws

(Okal 2003), which could be explained by a slower

rupture velocity. All these remarks confirm the

slow character of the UK earthquake, and its nature

as a tsunami earthquake. Incidentally, we note that

Gusev (2004) has quantified the 1923 UK tsunami

through a ‘‘tsunami magnitude’’ Mt ¼ 8:2, which

he then assigned to the parent earthquake, in the

process noting that it was larger than its conven-

tional seismic magnitude, M
ðGRÞ
s ¼ 7:2. This

procedure is questionable since it tacitly assumes

that the tsunami was fully generated by the

earthquake; it becomes very unfortunate when, in

subsequent publications, this value is then equated

to a moment magnitude Mw, leading for example

Bourgeois and Pinegina (2017) to describe the MS

and UK events as a kind of pair, when their

seismological properties clearly advocate a large

difference in size. In short, the UK event cannot

have a moment for its dislocation as high as 2:5 �
1028 dyn cm, (Mw ¼ 8:2), as used for example by

Bourgeois and Pinegina (2017), since this would

lead to vertical ground motion spectral amplitudes

of 5 mHz Rayleigh waves at Göttingen (D ¼ 70�)

on the order of 20 cm.s, corresponding in turn to

time-domain zero-to-peak amplitudes of � 2 mm,

or an easily detectable 1.5 cm on a horizontal

mechanical instrument with a magnification of

� 10 in that frequency band (Okal and Talandier

1989).

4. Tsunami Investigations

Before proceeding to simulations of the tsunami

of 13 April 1923, we review tsunami data docu-

mented in the vicinity of Cape Kamchatskiy, either

from actual observations during the 1923 and other

Figure 7
Same as Fig. 6b using a logarithmic scale for frequency. The solid purple line is a best fit of the spectrum of a classical sinc xs=2 moment

release time function, suggesting a corner time s� 100 s
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events at the very few past or present settlements

along the coast, or from sedimentological work by

Bourgeois et al. (2006), Martin et al. (2008) and

Bourgeois and Pinegina (2017), for which age esti-

mates can be bracketed by ash deposits from known

major eruptions at the nearby volcanoes Bezymianniy

and Shiveluch.

• 13 April 1923 Detailed reports of the tsunami

following the UK event by Troshin and Diagilev

(1926) have documented large run-up values

reaching 20–30 m, with the tsunami affecting the

northern coastlines of the Kamchatskiy Bight, from

Cape Shubert to Cape Kamchatskiy (Fig. 8).

According to Soloviev and Ferchev (1961), a first

and small wave arrived at Ust’-Kamchatsk 15 min

after the earthquake, ‘‘at approximately 02:15’’,1

followed 15 min later by a second catastrophic

wave rising up to 11 m, destroying the structures at

Demby, and flowing 7 km into the mouth of the

Kamchatka River; note however that Minoura

et al. (1996) have argued that this exceptional

penetration was facilitated by the gliding of the

waves over a coastal plain covered by a thick layer

of frozen snow. Higher run-up values occurred to

the west of the Kamchatka River, with the

maximum value of 20 m (Soloviev and Ferchev

1961) or 20–30 m (Zayakin and Luchinina 1987

reported at Nichiro, where the canneries were

totally destroyed, as well as at Tsutsumi. In this

context, Borisov (2002) reports (presumably based

on Troshin and Diagilev (1926)) that a small cutter

from the Nichiro cannery was deposited on a 30-m

terrace at the location Gorbusha, which we inter-

pret to lie 1–2 km inland, at the back of a coastal

plain gently rising to an altitude of no more than 6 m.

As such, the documented heights of 20–30 m do

represent run-up on a sloping beach, as opposed to

a splash on a steep cliff. By contrast, and according

to Soloviev and Ferchev (1961), themselves quot-

ing from Troshin and Diagilev (1926), the waves

(and consequent damage) decreased eastward,

notably over a distance of � 10 km along the spit
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Figure 8
Area affected by the 13 April 2013 tsunami, as reported by Troshin and Diagilev (1926) and Soloviev and Ferchev (1961). The highest

reported run-ups were documented on the Demby landspit (11 m) and at Nichiro (20–30 m). The yellow line is our best interpretation of

Soloviev and Ferchev’s First Creek

1 Note here an inconsistency in absolute timing since the

origin time of the event is 15:31 GMT, or 02:31 local time on the

14th. The legal time in Kamchatka was GMT?11 in 1923; it was

advanced one hour in all time zones of the USSR in 1930, and

hence would have been GMT?12 in 1971 (see below).
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separating Lake Nerpichye from the ocean. There,

the old Demby cannery at the western end was

destroyed, the radio station and the new cannery at

its center were only partially affected, and the

water rose a mere � 1 m at Perevoloka, at its

eastern end (Zayakin and Luchinina 1987),

although this interpretation has been questioned

in the context of the salinization of Lake Nerpichye

in the 1920s (Gorin and Chebanova 2011). Finally,

and according to Soloviev and Ferchev (1961), the

tsunami reached a maximum run-up of 4 m at

Nikol’skoye (Bering Island), although the exact

location of this report and hence the relevant

morphology of the coastline is unknown. The

tsunami also produced a 30-cm wave at Hilo,

Hawaii; 20 cm at Honolulu, Hawaii; 8 cm at

Tofino, B.C.; 15 cm at San Francisco; and swirls in

Los Angeles harbor. The latter are described as

taking place between 6 and 10 a.m. on the 14th

(The Los Angeles Times 1923), i.e. between 14:00

and 18:00 GMT. This can be interpreted as a

delayed harbor resonance upon arrival of waves

propagating outside the shallow-water approxima-

tion, as observed at distant harbors during the 2004

Sumatra tsunami Okal et al. (2006a, b). The timing

would be reconciled with 100-s waves propagating

at a group speed of 87 m/s in an ocean averaging

4.5 km in depth, over a distance of 7000 km

(detouring around the Aleutian island chain), but

the non-linear nature of the resonance precludes

any quantitative interpretation. The same article

(The Los Angeles Times 1923) mentions a devas-

tating inundation of the Korean coast north of

Pusan, with more than 1000 lives lost, but that

disaster apparently occurred at least 24 h prior to

the UK earthquake, and is, therefore, unrelated. In

seeking to simulate the tsunami of 13 April 1923,

the critical dataset to be modeled will consist of the

local tsunami amplitudes of 11 m at Demby and

more than 20 m at Nichiro, of the much weaker

ones at Perevoloka, and to a lesser extent of the

decimetric amplitudes in Hawaii and along the

Pacific coast of North America.

• 15 December 1971 The tsunami was registered

with an amplitude of 47 cm at Ust’-Kamchatsk, but

was apparently not observed visually, due in part to

its occurrence at low tide (Soloviev et al. 1986).

Martin et al. (2008) later attributed to the 1971

event deposits identified at heights of 10 m on the

Kamchatskiy Peninsula (56.19�N; 163.35�E). It is

unclear how such a run-up could have remained

undetected by the � 10 people manning the

lighthouse and weather station at Cape Afrika

(altitude 7–8 m), even taking into account the

night-time occurrence of the event (solar time

� 19:23; legal time 20:30 GMT?12). On the other

hand, and despite the seismic similarity between

the events of 1917 and 1971, comparable tsunami

effects in 1917 might have gone unnoticed if that

location had been uninhabited, a reasonable

assumption given that the lighthouse was built in

1960. In this context, it is worth noting that

Bourgeois et al. (2006) describe tsunami deposits

at Stolbovaya Bay (56.68�N; 162.92�E), inter-

twined between the tephra layers of 1854

(Shiveluch) and 1956 (Bezymianniy), for which

they discount the 1923 event as a possible origin

(and suggest that the deposit may result from the

1945 event), based on a comparison of the relevant

run-up (5–6 m) with that reported in 1923 for

Bering Island (4 m). This argument tacitly assumes

a 1923 epicenter in the Pacific Ocean south of Ust’-

Kamchatsk for which the distance to Stolbovaya

would be greater than to Bering Island; if, as we

have argued, the UK epicenter is either in the

Kamchatskiy Peninsula, or north of it, the argu-

ment fails, and the deposits in question may have

come from the 1923 UK event, which is also larger

than the 1945 source.

• 22 November 1969 A very significant tsunami was

reported north of the Kamchatskiy Peninsula,

principally along the Ozernoy Bight, where run-

up was described as having reached 12–15 m at a

then existing meteorological station at the mouth of

a river Ol’khovaya (literally, river of the alders)

(Fedotov et al. 1973); the interpretation of this

report is made difficult by the existence of two

rivers by that name, with mouths at 57.12�N,

162.80�E and 57.62�N, 163.23�E, respectively

(Anonymous 2001); the authors’ Fig. 6 would

support the latter location. The tsunami was also

reported as far north as Lavrov Bay (60.3�N;

167.2�E), 400 km from the epicenter (Fedotov

et al. 1973). By contrast, it was recorded with a
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minimal amplitude (27 cm) at Ust’-Kamchatsk.

Martin et al. (2008) conducted a sedimentological

investigation of tsunami deposits along Ozernoy

Bight, confirming run-ups on the order of 5–7 m,

but casting doubt on the larger value reported by

Fedotov et al. (1973) at Ust’ Ol’khovaya; however,

neither of the two possible locations was sampled

by the authors.

• 30 January 1917 No tsunami reports are available

for this earthquake, despite a daylight occurrence

(origin time 02:45 GMT or 13:37 solar time), and

its similarity with the 1971 event. We note

however that seven out of the ten Pacific-wide

maregraphs having reported the 1971 tsunami do

not appear in the NOAA run-up database until

1933, with two more reporting only amplitudes

larger than 10 cm until 1927, which may explain

the lack of observations.

4.1. Hydrodynamic Simulations

We simulate the Kamchatka tsunami of 13 April

1923, using the MOST algorithm (Titov and Syno-

lakis 1995; Titov and González 1997; Titov and

Synolakis 1998) which solves the non-linear shallow

water approximation of the Navier-Stokes equations.

It has been extensively validated against actual

tsunami surveys and laboratory experiments (e.g.

Synolakis et al. 2008; Titov et al. 2016).

The bathymetry grid used in our simulations was

digitized from Russian marine maps (Anonymous

2001), considerably more precise than available

global models such as GEBCO (Fisher et al. 1982),

especially in the immediate vicinity of Ust’-Kam-

chatsk (Fig. 9). We use several interpolations of the

grid, the finest one at a resolution of 7.5 arc-seconds

for smaller scale sources. The simulation time series

were recorded at 41 virtual gauges located near the

shoreline of the Gulf of Kamchatka.

4.1.1 Modeling an Earthquake Source

Following standard practice, we calculated static

displacements from the earthquake source, to be

used as initial values of the hydrodynamic simula-

tions, using Mansinha and Smylie’s (1971)

algorithm. In the absence of a fully constrained

focal solution for the UK event, we assumed the

focal mechanism proposed by Fedotov et al. (1973)

for the 22 November 1969 event, and approximated

the fault dimensions from the event’s size using

earthquake scaling laws (Geller 1976). Because we

could only use records from one station in our

calculation of the seismic moment from mantle

waves (M0 ¼ 3 � 1027 dyn cm), we used three

magnitudes of Mw ¼ 7:0, Mw ¼ 7:6, and Mw ¼ 8:0,

with the second magnitude as our preferred result

(Fig. 7), and the former and the latter as lower and

higher end members.
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Figure 9
Bathymetry of the Gulf of Kamchatka a from the GEBCO global model (Fisher et al. 1982) and b digitized from a Russian marine map of

Kamchatka (Anonymous 2001). The yellow stars in both figures depict Ust’-Kamchatsk
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As to the event’s location, we tested four different

scenarios as discussed in Sect. 2. We label the

location scenarios as GR (Gutenberg–Richter), ISS,

ERE (Engdahl relocation)) and RE (the relocated

epicenter in this study) as shown in Figs. 1 and 10. In

the case of the ISS location, we use the thrusting

mechanism in Fig. 6c.

We used time steps of Dt ¼ 1 s during 12-hr

windows in a grid with a resolution of 23 arc-seconds

to satisfy the CFL conditions (Courant et al. 1928).

This resolution is valid for the coarse grid as

prescribed e.g. by Shuto et al. (1986) and Titov and

Synolakis (1995, 1997). We ended the calculations at

a depth of 4 m near the coastlines and, therefore,

assumed the calculated amplitudes at the virtual

gauges along the coastline as proportional but not

equal to the actual documented run-ups.

Figure 10 shows the static displacements (bottom

slices) as well as fields of maximum calculated

amplitudes (top slices) for a maximum assumed

magnitude of Mw ¼ 8:0, for all four possible

locations.

Simulations from our relocated epicenter (RE) or

the customized Engdahl relocation (ERE) produce
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Figure 10
Static displacement maps (bottom slices) as well as simulation results (top slices) for the maximum magnitude (Mw ¼ 8:0) considered in this

study. Results for each scenario are labeled accordingly. Triangles and stars in all figures represent Ust’-Kamchatsk and the corresponding

epicenter in each scenario. The gray vertical columns show the maxima of calculated amplitudes at the 41 gauges along the coastline of Gulf

of Kamchatka
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only minimal amplitudes in the Gulf of Kamchatka

(maximum � 1:5 m), making it improbable to reach

the observed run-up amplitudes; the ISS source

would generate higher amplitudes, but their distribu-

tion along the coast remains broad, illustrating the

dimensions of the source (Okal and Synolakis 2004).

The GR scenario (top left on Fig. 10) gives a better

distribution of amplitudes along the coast, but they

remain too weak (maximum � 2:4 m) to justify an

observed run-up of 20 m on a very flat beach. Thus,

none of the four possible scenarios yields satisfactory

fields of amplitudes along the Kamchatskiy Bight.

4.1.1.1 Ray-Tracing Experiments The inability of a

northern source, such as RE or ERE, to efficiently

inundate the coasts of the Kamchatskiy Bight can be

further examined by ray-tracing experiments, fol-

lowing the techniques of Woods and Okal (1987) and

Satake (1988). We apply Jobert and Jobert’s (1983)

solution of the 2-D Eikonal equations on a

heterogeneous sphere using a field of variable prop-

agation velocities in the shallow-water

approximation, to trace tsunami rays from our relo-

cated epicenter using a 4th-order Runge-Kutta

scheme. While some energy would be expected to

diffract around the Kamchatskiy Peninsula in viola-

tion of geometrical optics (assumed by the ray-

tracing methodology), this experiment provides a

general illustration of the expected distribution of

wave energy in the region.

As shown in Fig. 11a, a tsunami originating at our

relocated epicenter (RE; yellow star) does not reach

Ust’-Kamchatsk (yellow triangle), the rays approach-

ing the Kamchatskiy Peninsula being focused by the

shallow bathymetry into the deeper parts of the

Kamchatskiy Bight, its northern coast thus being

masked from the source by the Peninsula. In addition,

using the concept of seismic reciprocity (Aki and

Richards 2002), we can predict that no high ampli-

tudes would be observed in Ust’-Kamchatsk from any
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Figure 11
Tsunami ray tracing experiment from our relocated epicenter. Black curves represent tsunami rays, with the tick marks at every minute. The

background undispersed velocity field is calculated from our bathymetry grid. The scale is measured for both depth (top) and velocity

(bottom). In (a) the source is set at the relocated epicenter (RE, star), while (b) is a reverse diagram centered on the receiver at Ust’-

Kamchatsk (triangle). The white dots represent Cape Kamchatskiy

1274 A. Salaree and E. A. Okal Pure Appl. Geophys.



source located north of Cape Kamchatskiy (Fig. 11b).

Note that this result is independent of the nature of

the tsunami source, and would equally apply to a

landslide source, as studied below.

4.1.2 Landslide Sources

Having ruled out any of the legitimate earthquake

scenarios as the source of the 13 April 1923 tsunami,

we next consider the possibility of a landslide source.

Generation of major tsunamis by underwater land-

slides triggered by large earthquakes has been

documented in numerous instances, including the

catastrophic events of 1998 in Papua New Guinea

(Synolakis et al. 2002) and 1946 in the Aleutians

(Kanamori 1985; Fryer and Watts 2001; Okal et al.

2003; von Huene et al. 2014). Even earthquakes with

epicenters located significantly onland have created

tsunamigenic offshore landslides, with recent exam-

ples documented in 1954 and 1980 at Orléansville/El

Asnam (Soloviev et al. 1992), 1990 on the south-

western slopes of the Caspian Sea (Salaree and Okal

2015), and 2013 in Pakistan (Hoffmann et al. 2014),

the record triggering distance (900 km) being for the

1910 Rukwa earthquake (Ambraseys 1991).

Modeling landslides as potential sources for this

event is motivated by the local nature of the tsunami,

whose maximum amplitudes are concentrated along a

short (� 35 km) stretch of relatively straight coastline

between Cape Osypnoy and Ust’-Kamchatsk (Fig. 8),

beyond which the amplitudes fall sharply reaching

only 1 m at Perevoloka (Soloviev and Ferchev 1961).

While the dataset of reported run-ups is insufficient to

compute a formal aspect ratio of its distribution, this

observation fits qualitatively Okal and Synolakis’

(2004) model.

The triggering of an underwater landslide by an

earthquake requires two conditions: an adequate

slope to carry the slide and a sufficient acceleration

to destabilize its material. Regarding the former, we

have obtained numerically the gradient of the bathy-

metric grid used in our simulations and present in

Fig. 12 its modulus and azimuth (direction of steepest

descent), following the technique used in previous

studies (Okal et al. 2014; Salaree and Okal 2015).

Underwater slumps have generally been observed on

slopes between � 3% and � 6%, the upper bound

reflecting the capacity of the slope to hold the

precarious material; they can also take place on

slopes as low as � 1% in very shallow waters (e.g.

Skempton, 1953; Prior et al. 1982; Brunsden and

Prior, 1984). Figure 12 shows that such slopes are

amply documented in the Kamchatskiy Bight. In

addition, we note an abundance of aerial slides along

the eastern shore of the Kamchatskiy Bight, between

Ust’-Kamchatsk and Cape Kamchatskiy (Fig. 13),

suggesting the possibility of such mass failures on the

sea floor, under the assumption of a morphological

continuity between onland and offshore slopes, as

suggested by Kawata et al. (1999) in the case of the

1998 Papua New Guinea event.

As for the peak accelerations expected from the

UK earthquake at the proposed slide locations, they

will obviously depend on the epicenter, focal geom-

etry and source spectrum of the event, neither of

which is fully constrained. Simulation of peak ground

acceleration, using the algorithm by Campbell and

Bozorgnia (2003), for the RE and ERE epicenters,

predicts maximum vertical accelerations of, respec-

tively, 0:03 � 0:01g and 0:09 � 0:03g in the northern

Gulf of Kamchatka (Fig. 14) for Mw ¼ 7:6. Although

the former does not seem sufficient to trigger a

landslide, the latter is about the triggering threshold

(0.1 g) as proposed by Keefer (1984). Possibly larger

seismic moments such as M0 ¼ 1:0 � 1028 or Mw � 8

may increase these values, although the slow nature

of the source may limit their efficiency at the high

frequencies controlling ground acceleration. Notwith-

standing this reservation and irrespective of its exact

source parameters, we note that the earthquake was

felt at MMI VI in Ust’-Kamchatsk (Soloviev and

Ferchev 1961), corresponding to peak accelerations

of 0.1 to 0.2 g (Wald et al. 1999) which provide

ample justification to the hypothesis of an underwater

landslide in the Kamchatskiy Bight, only 30 km

away, a location with ample sediment discharge by

the Kamchatka River draining the volcanic province

of Central Kamchatka (Kuksina and Chalov 2012).

In order to simulate the landslide tsunami, we

used the block model approach for landslides as

proposed by Synolakis et al. (2002). Following

Salaree and Okal (2015) we model the slide as an

instantaneous hydrodynamic dipole consisting of a

trough and a hump of respective (positive) amplitudes

Vol. 175, (2018) The ‘‘Tsunami Earthquake’’ of 13 April 1923 1275



162˚
162.2˚

162.4˚
162.6˚

162.8˚
163˚

56˚

56.2˚

0
10

km

GRADIENTMODULUS

162˚
162.2˚

162.4˚
162.6˚

162.8˚
163˚

56˚

56.2˚

0
10

km

GRADIENTAZIMUTH

0
10

km

162˚
162.2˚

162.4˚
162.6˚

162.8˚
163˚

56˚

56.2˚

5
10

15

A
m

p
lit

ud
e

 (
m

)

Pe
re

vo
lo

ka
U

st
’−

Ka
m

c
ha

ts
k

D
e

m
b

y

Ts
ut

su
m

i

N
ic

hi
ro

−5000 −4000 −3000 −2000 −1000 −500 −250 −100 −50 0 50 1000

m

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 10.0 50.0

(%)

−180

−150

−120

−90

−60

−30

0

30

60

90

120

150

180
(degrees)

1276 A. Salaree and E. A. Okal Pure Appl. Geophys.



g� and gþ, separated by a lever of length l in the

direction x of steepest descent, with a Gaussian

profile along x and a sech2 one across it, the initial

deformation thus taking the form (Okal et al. 2009)

gðx; y; t ¼ 0þÞ ¼ � g� expð�a�x
2Þ � sech2ðc�yÞ

þ gþ expð�aþðx� lÞ2Þ � sech2ðcþyÞ ð1Þ

We applied time steps of Dt ¼ 0:4 s over 12 h time

spans in our digitized grid interpolated down to 7.5

arc-seconds in order to accommodate a sufficient

number of grid points per wavelength (e.g. Shuto

et al. 1986). We designed 14 landslide scenarios

(Table 3) following the slope map of the Gulf of

Kamchatka calculated from our bathymetry grid as

shown on the two bottom slices in Fig. 12. The col-

umns in the upper slice in Fig. 12 indicate the

maximum calculated amplitudes at 25 virtual gauges

along northern margins of the Kamchatskiy Bight.

These columns are color coded to match their cor-

responding slide scenario in the Bight. As readily

seen in Fig. 15 and detailed below, only slide sce-

nario (N) provides an acceptable wave amplitude

offshore of Nichiro, and an appropriate fall-off far-

ther northeast along the shore.

In order to analyze the stability of the model (N)

solution, we varied the dipole length from 5 to 15

km and its azimuth from 150� to 160�, in unit

increments and recorded the time series at Nichiro.

We then selected maximum amplitudes at 25 gauges

(Fig. 15). The result, in Fig. 16, shows that the

suggested dipole is stable, in the sense that the

highest amplitudes are concentrated around Nichiro

with amplitudes falling to 1–2 m at Perevoloka, as

best demonstrated with the average of all the curves

(red curve in Fig. 16).

In conclusion of this section, Model (N), featuring

an underwater slide initiating at 56.065�N, 162.200�E
and sliding 10 km along a local slope of 1–2%, in the

azimuth 155�, with a total volume of 0.4 km3, gives a

satisfactory model to the fundamental observations

available for the tsunami of 13 April 1923, namely

the peak run-up of � 20 m at Nichiro and its rapid

northeastward decay, reaching only 1–2 m at

Perevoloka. It could easily have been triggered by

bFigure 12

(Bottom) Modulus of the gradient field calculated from bathyme-

try; (middle) azimuth of the bathymetry gradient field; (top) 3-D

bathymetry of the northern Gulf of Kamchatka with arrows

representing the designed landslide dipoles in tsunami simulations.

Maximum simulated amplitudes from the landslide scenarios at

each of the 41 gauges are shown as vertical columns which are

color-coded to match their corresponding arrows

Table 3

Dipole model parameters

Model Head (trough) Lever Hump

Lat.

(�N)

Lon.

(�N)

g� a� c� l Az gþ aþ cþ
(m) (km-2) (km-1) (km) ð�Þ (m) (km-2) (km-1)

A 55.90 162.14 25 0.2 1.4 15 120 15 0.12 1.16

B 56.10 162.23 15 0.7 2.5 13 140 9 0.4 2.0

C 56.05 162.35 15 0.2 1.4 8 110 9 0.12 1.16

D 56.12 162.36 25 0.2 1.4 10 125 15 0.12 1.16

E 56.14 162.32 15 0.2 1.4 7.2 125 9 0.12 1.16

F 56.13 162.45 25 0.2 1.4 17 130 15 0.12 1.16

G 56.20 162.52 15 0.2 1.4 14 145 9 0.12 1.16

H 56.18 162.66 15 1.2 0.8 9 220 9 0.57 0.7

I 56.08 162.75 25 0.2 1.4 7 230 15 0.12 1.16

J 56.05 162.81 25 0.2 1.4 7 230 15 0.12 1.16

K 55.99 162.61 25 0.2 1.4 6.6 115 15 0.12 1.16

L 56.05 162.58 25 0.2 1.4 12 125 15 0.12 1.16

M 56.03 162.23 25 0.10 0.8 10 120 15 0.25 0.30

N 56.06 162.20 25 0.08 0.8 10 155 17 0.25 0.30
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an earthquake of moment 3 � 1027 dyn cm located in

the southern part of the Ozernoy Bight or the northern

Kamchatskiy Peninsula, which encompasses the ISC

and ERE solutions as well as the southern part of our

RE confidence ellipse.

The field of wave heights from landslide sources

is known to decay with lateral distance along a beach

in the near field as a result of their smaller dimension

as compared to dislocations. However, this property

was derived by Okal and Synolakis (2004) only in the

simple case of a bathymetry with translational

symmetry along the shore. We explore on Fig. 17

the possible additional influence of laterally varying

bathymetry, as we note on Fig. 15 an asymmetric

trend in the decay of amplitudes away from Nichiro,

which is faster to the NE than to the SW. We extend

our ray-tracing experiments to the case of Landslide

model (N), schematized as a dipolar source consisting

of a trough (T) and a hump (H), by shooting rays

equally spaced at regular 4� degree intervals in

azimuth from each of the poles, using time steps of

20 s. Figure 17b is an interpretation of the dataset on

frame (a), obtained by color-coding the density of

points in (a) per 0:05� � 0:05� area. Both frames

show that the actual bathymetry of the bight acts to

strengthen the decay of the wave in the northeast

direction, towards Ust’-Kamchatsk from its maxi-

mum around Nichiro; they predict a slower decay,

and thus larger amplitudes towards the SW, where

however the coast quickly becomes rugged and

elevated, suggesting that it was most probably

uninhabited in 1923 and that any wave action would

have remained unreported. This experiment provides

physical insight into the general pattern of directivity

of the wavefield of the preferred Landslide source

(N) for the tsunami of 13 April 1923.

Another potential datum from the historical

reports of the UK tsunami is the time interval of 15

min separating the two major waves at Ust’-Kam-

chatsk (Soloviev and Ferchev 1961), which could be

Figure 13
Examples of onland slides on the coastal slopes of the Gulf of Kamchatka (image courtesy: Google Earth)

1278 A. Salaree and E. A. Okal Pure Appl. Geophys.



interpreted as expressing the dominant period in the

spectrum of the local tsunami wave. As such, it is

tempting to use this observation as a further con-

straint on the source of the 1923 tsunami. In simple

terms, the spectrum of an earthquake-generated

tsunami should be controlled primarily by the

dimensions of the source, principally its fault width

W; we have verified that wavetrains simulated off

Ust’-Kamchatsk for our various earthquake scenarios

have spectra peaked around 1450 and 2100 s,

respectively, for the average and upper bound

moments. By contrast, landslide tsunamis, emanating

from spatially smaller sources, should have higher

frequency spectra. However, it has long been known

that tsunamis recorded at shorelines have spectra

strongly affected by the natural frequencies of bights
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Figure 14
Calculated peak ground acceleration (PGA) at 10 Hz in units of g for the 13 April 1923 event, assuming a thrust mechanism with a magnitude

of Mw ¼ 7:6 and a focal depth of 10 km. a The attenuation curve showing acceleration decay with distance. Distances to the Engdahl
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and bays, an idea already expressed by Omori (1902).

Rabinovich (1997) has shown that the resulting

spectral peak of a tsunami record is a complex

combination of source and receiver properties, which

can be unraveled only using a sufficiently rich

dataset, comprising for example the spectral proper-

ties of background noise in the absence of the

tsunami signal. In this context, a single datum for

what may be interpreted as a dominant period cannot

provide additional constraints on the source of the

tsunami. We also note that the lone available report

(‘‘Fifteen minutes after the first wave, a second wave

moved in’’), compiled from witness memories by

Troshin and Diagilev (1926), months if not years

after the fact, cannot be taken as more than an order

of magnitude of the time between the two waves, and

clearly lacks the precision required to be used as a

scientific datum.

5. Conclusion

Our principal conclusions on the Ust’-Kamchatsk

earthquake and tsunami of 13 April 1923 can be

summarized as follows:

• The UK earthquake of 13 April 1923 is confirmed

as an anomalously slow event, featuring a weak

spectrum at short periods, and a seismic moment

increasing significantly at mantle frequencies (5

mHz). In this context, it is comparable to other

‘‘tsunami earthquakes’’ occurring in the aftermath

of a major subduction event, such as during the

1963 Kuril and 1932 Mexican series.

• On the other hand, the majority of modern

relocation efforts (ISC-GEM, E.R. Engdahl’s, and

our own solution) suggest that the UK earthquake

did not constitute a genuine aftershock of the main

event of 03 February, but rather took place north of

the Kamchatka subduction zone, possibly at Cape

Kamchatskiy, more probably inside the Kam-

chatskiy Peninsula, or even as far away as the

Ozernoy Bight. The latter could also help interpret

tsunami deposits identified by Bourgeois et al.

(2006) at Stolbovaya Bay as dating back to

between 1854 and 1956.

• The scarce dataset of available mantle wave

records is difficult to reconcile with the subduction

geometry of the mainshock, further suggesting that

the UK earthquake is not part of a classic

aftershock sequence. On their basis, the static

seismic moment is estimated at 3 � 1027 dyn cm,

suggesting a seismic slip on the order of 2.2 m.

• In this context, we note that the slip released during

the 1971 earthquake (estimated at 2.8 m) is in

excellent agreement with that predicted by plate

tectonics models for the 35 years elapsed since the

1936 event (NUVEL: 7.8 cm/year in the azimuth
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311� (DeMets et al. 1990); REVEL: 7.5 cm/year in

the azimuth 306� (Sella et al. 2002)), while the slip

accumulated between the previous tsunami docu-

mented in the Commander Islands in 1849

(Soloviev and Ferchev 1961) and 1936, would

amount to 6.5–6.8 m, a figure intermediate between

the estimated slips of the 1917–1936 doublet (5.2 m)

and of a possible 1917–1923–1936 trio (7.4 m). On

this basis, it is not possible to exclude the common

location of the 1917, 1936 and 1971 events as an

epicenter for the UK event.

• While the dataset of reported run-up values from

the UK tsunami remains scant, it is characterized

by very large (20 m or more) values at Nichiro,

falling down to 2 m or less at Perevoloka, about 40

km away. This combination of high run-ups and

peaked distribution cannot be simulated using any

legitimate seismic source, especially since a rapid

fall-off with distance along the beach constitutes a

robust discriminant between dislocative and land-

slide sources (Okal and Synolakis 2004).

• While the seismic dislocation must have con-

tributed to the tsunami, we show that it is

insufficient to account for the distribution of

observed amplitudes. Rather, we give a model of

generation of the UK tsunami by a landslide which

satisfactorily reproduces this distribution, with an

acceptable offshore wave amplitude at Nichiro

(12 m). The source parameters for the landslide are

consistent with the known gradient field of

bathymetry, with the macroseismic effects of the

earthquake reported at Ust’-Kamchatsk, and with

the ubiquitous presence of aerial landslides along

the nearby elevated shorelines.

The present study exacerbates the strong diversity of

environments and mechanisms for ‘‘tsunami earth-

quakes’’. As previously reviewed (Okal 2008; Okal

and Saloor 2017), these events have generally been

described as falling into two categories: ‘‘Aftershock

tsunami earthquakes’’ (ATEs) occurring in the after-

math of mega events, and ‘‘Primary tsunami

earthquakes’’ (PTEs) taking place as mainshocks.

Typical examples of ATEs are the 20 October 1963

Kuril or 22 June 1932 Mexican earthquakes, and of

PTEs the 1992 Nicaragua or 1994 and 2006 Java

events.

Previous work had already pointed out diverse

patterns for ATEs, with some events (e.g., Mentawai

2010) simply rupturing an extension of the plate

interface upwards from the mainshock (Hill et al.

2012) while others (e.g., Kuril 1963 (20 Oct.) and

1975) would take place by stress transfer along splay

faults in accretionary prisms, as originally proposed

by Fukao (1979). The 1923 Kamchatka tsunami

earthquake presents a variation to the latter, where the

stress transfer can occur across a plate boundary, into

an a priori different tectonic environment. In
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addition, our study provides new evidence for the role

of underwater landslides, triggered by earthquakes, in

the generation of tsunamis with catastrophic ampli-

tudes on nearby shorelines. In this respect, the UK

event is comparable to the great 1946 Aleutian one,

which similarly combined a very slow seismic source

and an underwater landslide, even though that

earthquake would qualify as a PTE, and featured a

much larger seismic moment.

Finally, we note that the reported maximum run-

up (at least 20 m) and inundation (7 km into the

mouth of the Kamchatka River) were larger than

measured along a similarly flat shoreline during the

1998 Papua New Guinea tsunami (15 m and at most 1

km (Synolakis et al. 2002)); thus a comparable

societal disaster was avoided only thanks to the

sparse population of the affected area. Considering

the fundamentally non-linear nature of the sliding

process, and our obviously limited knowledge of the

relevant population of precarious masses with

potential for destabilization on the sea floor, the 1923

Ust’-Kamchatsk earthquake casts an ominous augury

in terms of seismic hazard for coastal communities in

seismic areas worldwide.
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