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This paper reviews the seismicity of northern India
during the little-known period from 1892 to 1915 and
summarizes evidence for 50 events, few of which are
listed in parametric catalogues. Using instrumental
data and established procedures, surface-wave magni-
tudes are calculated uniformly and epicentral loca-
tions are reappraised.

Introduction

As we cannot know what will happen in the future, to esti-
mate likely earthquake hazards we have to find out what
happened in the past and extrapolate from there. Previous
research has uncovered evidence of destructive earth-
quakes in areas where only small events have been
experienced recently. This is not surprising: the time-scale
of geology is vastly different from that of human history.
It follows, that if we took account only of information
about the last few decades of advanced instrumentation,
we would have no way of knowing whether an apparently
‘quite’ area is in fact at risk from a damaging earthquake.

The purpose of this paper is to assess, by combining
instrumental and macroseismic information, the location
and to assign uniformly calculated surface-wave magni-
tudes to earthquakes in northern India and Pakistan for the
24-year period of instrumental recording between 1892
and 1915, both inclusive. It draws on new sources of
macroseismic information, supplemented by re-examina-
tion of instrumental reports, to evaluate the position and
size of significant earthquakes in the region between lati-
tudes 25° and 35°N and longitudes 65° and 95°E, which
includes much of Pakistan, northern India, Nepal and
southern Tibet.

With the exception of the very large earthquakes in the
region during that period, few of the 50 events we have
retrieved are listed in national or global parametric cata-
logues. The information and procedures presented here
are important for the unambiguous evaluation of tectonics
and of seismic hazard in this part of the region.

Sources of information and location

The study area includes the Quetta—Chaman Fault, the
Hazra Arc, the Himalayan Frontal Thrust and the area to
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the north in Tibet of the Karakorum Fault and the Indus-
Tsangpo suture zones (Figure 1).

In preparing this work our first task was to search all
existing catalogues known to us covering the region for
the period 1892 to 1915 and to compare and combine
entries. For each earthquake we examined all pertinent
data and references cited and retrieved additional macro-
seismic and instrumental information. Our main sources
of macroseismic information are the local and the inter-
national press, limited to the Civil & Military Gazette,
Paisa Akhbar, Lahore; Statesman, Calcutta; Times of
India, Bombay and The Times, London. These are sup-
plemented by Oldham'* (12 June 1897, Assam), Mid-
dlemiss’, Baduwi®, and Omori’ (4 April 1904, Kangra);
Heron® (21 October 1909, Baluchistan), Christiansen
and Ziemendorff7, Oddoneg, Paterson9, Rosenthalm,
Rudolph'!, Sieberg'?, Szirtes", Walker'!, District Gazet-
teers of India, as well as unpublished consular correspon-
dence, particularly from the less accessible regions of the
North-West Frontier and Baluchistan which have been
useful.

Instrumental data come from station bulletins world-
wide, reporting phase data and ground amplitudes as well
as from bulletins of regional networks such as Notizie sui
Terremoti Avveniti in Italia 1897-1915, published by the
R. Ufficio Centrale di Meteorologia e Geodinamica in
Rome; Reports, Seismological Investigations 1895-1915,
Circulars 1899-1913 and Bulletins 1913—-1915 published
by the Seismological Committee of the British Associa-
tion for the Advancement of Science; Bulletin de la
Commission Centrale Seismologique Permanente 1902—
1908 and 1911-1913 supplemented by the Bulletins of Ist
class stations in Russia for Irkutsk 1902-1903, 1912—
1914, Pulkovo 1912-1915, Sverdlovsk 1913-1915, Tash-
kent 1913-1915, published by the Imperial Academy of
Science in St. Petersboug; Monatsberichte 1899-1906
and Wéchentlicher Erdbeben-Bericht 1905-1915 der Kai-
serlichen Hauptstation fiir Evdbebenforshung in Strass-
burg, as well as Gutenberg’s unpublished work-sheets and
station bulletins from many of the stations listed in Table 1.
For the recording capabilities of these early stations, see
Ambraseys and Finkel'’, material which is indispensable
for the study of the seismicity of the first two
decades of this century, not only for earthquakes in north-
ern India but also in Europe, the Mediterranean region,
and the Middle East.
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Into this improved data set, a separate body of infor-
mation could then be incorporated, that of unassociated
station onset or maximum phase readings of earthquakes
in the region. This was done by examining station bulle-
tins and identifying events with large surface-wave ampli-
tudes recorded about the same time at regional stations,
such as Bombay, Calcutta, Colombo, Irkutsk, Kodaikanal
and Shimla. If arrival or maximum phase readings sug-
gested common origin, readings from other, more distant
stations were sought and the general position of the event
can then be tested and occasionally confirmed by macro-
seismic evidence, which on its own could not have identi-
fied the event or been used to estimate magnitude. For
most of the earthquakes identified in this way, readings
from near stations were available from low-magnification
undamped Milne instruments. The most reliable reading
from these instruments is the time of the maximum ampli-
tude, and the best available instrumental control comes
from assigning this arrival to the velocity of the Airy
phase maximum of surface waves. The slow velocity
reduces uncertainties due to errors in reporting times'®. In
the best instances for the early period, instrumental loca-
tions appear to be accurate to a few, up to five degrees —
enough to reveal gross mislocations or to establish the
general area of an earthquake, but not enough to be pre-
ferred over well-determined macroseismic locations.

If the general location of the earthquake identified in
this way was within or near our study region, we then
searched for associated macroseismic information in
newspapers and in technical reports. For the north and

Levore,

east parts of the region, which are rather remote, we used
unpublished information from the India Office Records in
London, particularly Political and Secret Correspondence
(I0: L/P&S) from Baluchistan, Dir, Gilgit, Kabul, Kalat,
Katmandu, Sibi, Swat, Tashkent, and from the files of
the Meteorological Service (Earth Tremors 005.1914) at
Quetta.

For some earthquakes in the last few years of the
period, there are enough reliable reports of P phases to
enable computer relocations to be carried out using the
present procedures at the International Seismological
Centre (ISC). The use of such procedures, however, still
cannot overcome uncertainties of location arising from
poor azimuthal distribution of stations. This search pro-
vided useful and sometimes detailed information revea-
ling the occurrence of relatively large shocks which were
previously unknown, allowing the instrumental determina-
tion of their surface-wave magnitudes and the identifica-
tion of mislocated positions.

Epicentre locations

Instrumental epicentres for earthquakes in the first half of
the period investigated are very approximate, and they
must be used with caution. For this period the British
Association for the Advancement of Science (BAAS)'"'®
published a considerable number of epicentres of the lar-
ger shocks for some of which it seems, macroseismic
information was used but not quoted, to determine the

Figure 1.

Location map of earthquakes in northern India during the period 1892 to 1915. Numbers refer to entries in

Table 4 and size of circles denotes events of Mg < 6.0, 7.0 and 8.0. A, Allahabad; B, Bombay; C, Calcutta; D, Delhi;
K, Katmandu; Kr, Karachi; k , Kabul; L, Lahore; Ls, Lhasa; P, Peshawar; Q, Quetta; R, Rawalpindi; S, Shillong;

Sr, Srinagar.
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approximate position and time of the event, whenever it
was possible. This class of determinations is not really
instrumental. When local observations were not available,
as is the case with most of the earthquakes in remote parts
of the region, epicentres are likely to be in error. The
same applies to epicentral determinations made by Strass-
burg and by Russian stations.

Macroseismic epicentres are also an approximate indi-
cation of the location of an earthquake. For large events,
such locations are adequate for the determination of their
magnitude or for their association with local tectonics,
considering that earthquakes of Mg> 6.5 will have rup-
tured faults tens of kilometres or more in length, in which
case the definition of epicentre loses its practical meaning.

Table 1. Seismographic station used for events 1892-1915
Station N/§° E/we De Az° Period Instrument
Azores 37.75 —25.67 83 309 1903-1915 M
Baku 40.38 49.90 27 301 1912 G
Baltimore 39.30 -106.82 110 7 1901-1913 M
Batavia -06.18 106.83 44 140 1900-1915 M
Beirut 35.90 35.47 38 29 1904-1914 M
Beograd 44.82 20.45 48 305 1911-1915 A%
Bidstone 55.40 -3.10 62 320 1901-1915 M
Bombay 18.547 72.82 13 211 1900-1917 M
Calcutta 22.53 88.37 11 133 1900-1914 M
Cape —33.93 18.48 86 227 1900-1915 M
Cartuja 37.18 —-3.60 68 301 1905-1915 A
Cheltenham 38.73 —76.85 108 341 1904-1909 M
Christchurch —43.38 172.60 112 128 1901-1913 M
Colombo 6.90 79.87 23 180 1906-1915 M
Cork 51.88 8.47 66 317 1912-1914 M
Debilt 52.10 5.18 58 315 1908-1915 A%
Edinburgh 55.92 —3.18 62 321 1901-1915 M
Gottingen 51.55 9.97 55 314 1903-1914 A%
Graz 47.77 15.45 52 309 1907-1915 A%
Guilford 51.25 -0.50 61 315 1910-1915 M
Hazlemere 51.08 -0.72 62 315 1906-1914 M
Helwan 29.85 31.35 42 283 1904-1913 M
Hohenheim 48.72 9.22 56 311 1912-1915 m
Honolulu 21.32 —158.02 104 55 1901-1915 M
Irkutsk 52.27 104.32 29 32 1901-1914 M
Irkutsk 52.27 104.32 29 32 1912-1914 G
Kew 51.47 -0.32 61 316 1900-1915 M
Kodaikanal 10.23 77.47 20 187 1900-1915 M
Krakow 50.05 19.93 47 312 1909-1915 B
Ksara 33.82 35.87 37 288 1910-1914 m
Leipzig 51.35 12.38 53 314 1904-1913 A%
Ljubljana 46.05 14.52 52 307 1913-1914 G
Lvov 49.82 27.03 44 312 1912-1915 B
Malta 35.90 14.52 54 295 1906-1915 M
Mauritius -20.10 57.88 54 206 1900-1915 M
Osaka 34.70 135.5 47 69 1901-1915 (0]
Perth 31.95 -115.83 71 148 1901-1915 M
Pola 44.87 13.85 53 306 1912-1915 A%
Potsdam 52.38 13.07 53 315 1902-1915 A%
Pulkovo 59.77 30.32 44 327 1912-1915 G
San Fernando 36.47 -6.20 85 271 1900-1915 M
Shide 50.68 —1.68 62 315 1900-1913 M
Stonyhurst 53.85 —2.47 62 318 1909-1915 M
Strasburg 48.58 7.77 57 311 1906-1915 A%
Sverdlovsk 56.83 60.63 30 339 1913-1915 G
Sydney -33.87 151.20 93 128 1906-1915 M
Tashkent 41.33 69.30 14 325 1913-1915 G
Tokyo 35.68 139.75 50 67 1900-1910 M
Toronto 43.67 —79.40 104 345 1900-1912 M
Trieste 45.65 13.77 53 307 1911-1915 A%
Uccle 50.80 4.37 58 314 1909-1913 A%
Uppsala 59.85 17.63 51 325 1905-1915 A%
Vieques 18.15 —65.43 121 320 1903-1906 M
Victoria 48.52 —123.42 99 15 1900-1912 M
Vienna 48.25 16.37 51 310 1907-1915 A%

D, distance of station from centre of study area taken at 300N, 80°E in degrees; Az, azimuth
of station in degrees; Apparatus: B, Bosch; G, Galitzin; m, Mainka; M, Milne; O, Omori;

V, Vincentini; W, Wiechert.
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For a number of earthquakes, chiefly in Tibet, there is
total lack of macroseismic information and instrumental
data are insufficient to provide a solution. In these cases
we adopted the epicentres which are given by BAAS or
improved on them. Nevertheless, the macroseismic evi-
dence is by far the most reliable, and we give it more
weight.

Surface-wave magnitude

Before we proceed with the evaluation of magnitudes, it is
important to review briefly the development of the sur-
face-wave magnitude Ms. According to Abe19, Mgy, the
magnitude which is based on surface waves for shallow
events first used by Gutenberg and Richter™, is equivalent
to the surface-wave magnitude. Mgz was devised in order
to extend the local magnitude M defined in the previous
year’' to teleseismic distances and was more thoroughly
developed in a subsequent paper”’. The Mgy original scale
was based on the maximum horizontal ground displace-
ment A4,,,,, but it was specified that measurements were to
be made at periods near 20 s, although it is evident from
Gutenberg’s work-sheets, that quite often Gutenberg him-
self did not observe this rule. He used periods from 10 to
25 s, and quite often values which differ from those pub-
lished in station bulletins. There are different interpreta-
tions of the structure of Gutenberg’s magnitude Mgg, of
its changes over the time of its development and of the
method this author used to choose maximum phase ampli-
tudes, a subject which is outside the purpose of this
paper'>**?*_ Table 2 lists all the earthquakes in our region
for which surface-wave magnitudes have been estimated
by various authors. For some of these events estimates
vary widely for reasons which will shortly be seen.

Prague surface-wave magnitude

An improvement of the scale was made by Soloviev> who
proposed a surface-wave magnitude in which the maxi-
mum ground particle velocity (4/7)y.x, a physical quantity

which accounts better for the seismic energy flux at a
seismographic station than the ground displacement A4,
at 20 s period, was used as the variable. Soloviev’s scale
is not restricted to a given period, and Mg can be calcu-
lated within a broad range of distances of 4 to 80°. The
general formula for the station surface-wave magnitude
Mj; was defined later as:

M;; = 1log(A/Tmax + s(D, h) + C. (H

In the above equation, 4 is the ground displacement in
micrometres and 7T is the period in seconds associated
with the maximum particle velocity (4/T)y,x. S(D, ) is an
empirical ground velocity-distance calibration function
which expresses the change of particle velocity with epi-
central distance D and focal depth %, and C is a correction
term which allows for the effects at the recording site,
wave path, variations in depth and focal mechanism®.

Following Soloviev, Karnik et al*” and Vanek et al.28,
a calibration relation is given by the following equation:

s(D) = 1.66 log(D) + 3.3. ©2)

This new equation was derived originally from the
weighted average of 14 attenuation functions existing at
the time for epicentral distances between 20 and 160° and
for an wide range of surface-wave periods. These 14
attenuation functions, and subsequent functions used to
control eq. (2) are given in Soloviev?, Karnik®, cf.
Lienkaemper24. Later, the validity of eq. (2) was con-
firmed further for smaller distances of a few degrees’ ™~

The calibration relation given by eq. (2) was adopted
by IASPEI in 1967 (ref. 33), specifically in order to avoid
the limitations imposed by the restriction to near 20 s
period waves in Gutenberg’s method. Equation (1), com-
monly referred to as the original ‘Prague formula’, was
then defined as:

Ms = 10g(A/T)max + 1.66 log(D) + 3.3 + C.. 3)

Table 2. Published earthquake magnitudes
Date oT N° E° Ms Mg Mp May Maz Mas
18921220 0020 30.9 66.5 m 6.79" 0 0 0 0 6.2°
1897 06 12 1106 25.5 91.0 m 7.98! 8.74 8.7 0 8.2° 8.0%
1905 02 17 1142 26.0 96.0 B 7.11 0 7.3 0 7.1 6.8
1905 04 04 0050 33.0 76.0 m 7.83 8.0 8.6 8.1 8.1 7.5
1905 09 26 0128 28.8 74.1 R 6.44 0 7.1 0 0 0
1908 03 05 0220 30.2 677 m 6.43 0 7.5 0 7.3 6.9
1908 08 20 0953 32.0 89.0 B 7.04 0 7.0 0 7.0 0
1909 10 20 2341 28.9 683 m 7.12 7.2 7.0 7.1 7.1 7.0
1911 10 14 2324 31.0 80.5G 6.42 6.8 0 0 0 0
1913 03 06 0208 30.0 85.0B 6.41 6.2 0 0 0 0
1913 03 06 1103 30.0 83.0B 6.50 6.4 7.3 0 0 0
1915 12 03 0239 29.5 915B 6.65 0 7.1 7.0 0 0

Mg, Gutenberg and Richterél; Mp, Dudaéo; May, Abelg; My», Abe and Noguchiso; M3, Abe and Noguchi734
ICalculated in this study; 2Abe’?; *Kanamori and Abe®; 4Gutenberg694
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In this equation, C is a station correction term, which
allows for the effects at the recording site and wave path.
Recommended period ranges corresponding to maximum
amplitudes of surface-waves at different epicentral dis-
tances were also given by other sources®’"***. The Prague
formula was devised to be used with shallow events
(h <40-50 km) and to have a depth adjustment for deeper
events. Derivation of depth correction’® will not be dis-
cussed here. With few exceptions, workers and agencies
do not use the Prague formula according to its original
definition. Since the mid-to-late 1970s, surface-wave
magnitudes reported by both the National Earthquake
Information Service (NEIS) and the International Seis-
mological Centre (ISC) have been computed and pub-
lished using the Prague formula, but each agency selects
data using different criteria which are not consistent with
the definition of the original Prague formula.

Up to 1975, NEIS published estimates of Mg from read-
ings on horizontal components at individual stations, but
from May 1975, the assessment has been made only from
the vertical component of the surface-wave within the
restricted period range of 18 to 22 s and for distances
between 20 and 160° (e.g. ref. 24). It is theoretically more
correct to use the vertical, rather than the horizontal com-
ponents because the vertical component records only
waves of Rayleigh type, while the horizontal records both
Love and Rayleigh waves, with resulting complication in
attenuation characteristics. No depth or station corrections
are applied by NEIS and Mg magnitudes are not generally
computed for events with focal depths greater than 50 km.

Before 1971, ISC neither reported long-period ampli-
tudes and periods nor calculated M. During 1971 and
1976, 1SC reported amplitudes and periods for all compo-
nents, and Mg was calculated by combining vectorially,
the maximum reported amplitudes of the two horizontal
components at periods near 20 s for stations in the dis-
tance range 20 to 160°, and using the attenuation relation-
ship from the Prague formula. These determinations were
given with the station readings only and were not included
with the epicentres. Between 1976 and 1978, magnitude
determinations from the vertical components were
included for very few events, the distance range was
extended to between 5 and 160° and the range of allow-
able periods to between 10 and 60 s.

Since 1978, event magnitudes determined using these
criteria have been given with epicentres, but for the whole
period up to today, only those stations at distances
between 20 and 160° are used in averaging them and are
given as ISC Mg estimates. These are estimated only for
events at depths of 60 km or less. Thus, Mg magnitudes
reported by ISC are calculated with the exclusion of
amplitude and period data from distances smaller than
20°. This implies, for instance, that no recordings from
Indian seismographic stations can be used to calculate Mg
for earthquakes with epicentres in this region, which
obviously is not necessarily true.

CURRENT SCIENCE, VOL. 79, NO. 9, 10 NOVEMBER 2000

NEIS and ISC thus use different selection criteria in
choosing stations for the calculation of Mg, and for a par-
ticular event, the number of stations used and their distri-
bution in azimuth may be different. In addition, ISC
usually uses more station readings in determining event
magnitudes than NEIS but neither of them reports stan-
dard deviations of their estimates.

Station magnitudes M estimated for the same event
from different stations often diverge. Some such diver-
gences represent real irregularities in wave propagation
while systematic magnitude station errors may arise from
other factors, and these can be corrected using station
corrections. Event magnitudes are calculated from the
arithmetic mean of station magnitudes and we may briefly
discuss the problem that possibly escapes attention
because it is so familiar, i.e. the method of averaging sta-
tion magnitudes Mjs; to calculate event magnitude Ms. In
current procedures, My is calculated from the arithmetic
mean of station magnitudes Ms;, which involves the mean
of log(4/T) terms for different stations. However, the
average seismic energy density at a station is proportional
to (4/T) and not to log(4/7T) and therefore when Mg ; val-
ues are averaged, the Mg is underestimated. This would
not be a problem if the underestimation was constant but
in reality, it varies depending on the variance or distribu-
tion of station magnitudes, Ms;. Consider the general sta-
tion magnitude equation:

Mg =log(4/T) + b log(D) + ¢, @)
where b and ¢ are constants. This can be transformed to:
M co
10 % =10°D°(A/T). &)

M, . . .
Therefore 10 *' is proportional to the energy density at
the station. Hence the new event magnitude, Ms,, could
be more correctly defined as:
M,
Ms = */N]. (6)
Note that if there is only one station magnitude then
Mg = Ms ,, therefore the original station magnitude defini-

tion is correct. It can be shown, by means of an expan-
sion, that

MS < MS,na (7)

as long as the difference between 10”5 and 10" is not
too great. The difference between Ms, and M; can be esti-
mated by R:
R=[/N - 10"y m10)10")%),  (8)
which depends on the variance of 10", Although there is

no exact relationship between R and the variance of Mg,
they are roughly proportional. Thus the underestimation in
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magnitude by using My rather than Mg, is greatest when
the station magnitudes are widely distributed about the
event magnitude. R is a good estimator of the error when
the underestimation is less than about 0.25 but a poor
estimate for larger errors. This is due to the higher order
term in the expansion becoming more important, and the
errors can be significant.

Station corrections

Station correction C; in eq. (3) for a particular station i is
defined as the mean of the residual Mg — M over a period
of time, i.e. C;=X(;Ms — Mg)/N, where Mg is the event
magnitude, M is the station magnitude and N is the num-
ber of events observed by the station. To the best of our
knowledge, the first systematic estimation of station cor-
rections from earthquakes in Europe was made by
Karnik’ who employed the original Prague formula to
assess corrections for 170 earthquakes, mostly from
Europe. He used earthquakes in Europe and adjacent
regions, of all magnitudes and depths, during the period
between 1904 and 1951. Station corrections were calcu-
lated from shallow earthquakes in Iran’’; the Eurasian
continent35, Central America”, worldwide® and for the
Middle East up to longitude 100°E (ref. 41).

Distance correction of the original Prague formula

There is considerable discussion in the literature as to the
best practice for the determination of surface-wave magni-
tude. Since its adoption by IASPEI in 1967, there has
been much debate about the adequacy of the ampli-
tude-distance function of M in eq. (2) discussed ear-
lier* ™ It must be pointed out, however, that most of
these authors examined the Prague formula at periods near
20 s in the distance range 6 or 20° to 160°, using Mg esti-
mates made by NEIS or ISC, and not from station read-
ings made according to the original definition of the
scale.

Ambraseys and Free” examined the distance depend-
ency of the residuals from station magnitudes and they
found that the restriction of the data to the 18 to 22
period range causes the original Prague formula to require
a correction of its distance term for both global and
regional data. The selection of data over the much broader
range implicit in the original version of the Prague
formula reduces this requirement. They concluded that the
distance dependence dM = M;; — M;,, where M, and M;;
are the station magnitudes calculated without and with
distance correction, remains statistically significant but
small, when they adhere to the original definition of the
Prague formula*®. Thus,

dM =0.518 — 0.282 log(D). (9)

1242

However this correction becomes significant for magni-
tudes derived exclusively from few close stations which is
usually the case with small events.

Amplitude/period data

In the calculation of My from damped instruments we used
only ground amplitudes as reported in station bulletins.
When trace amplitudes were given, because of the uncer-
tainties in the calibration constants of early analogue
seismographs, these values were not converted into
ground amplitudes and were not used.

Reappraisal of magnitude in the northern Indian
region

For the present study and for the period 1892 to 1915,
amplitude and period data for the calculation of station
magnitudes Ms; were taken from station bulletins. For
practical purposes, our re-evaluation was divided into
two broad, overlapping periods of observation, dictated
chiefly by the type of instruments available. One, an early
period from 1892 to 1913 in which the majority of
instruments worldwide was undamped or lightly damped
pendula, and two, the period from 1903 to 1915, of
medium-period damped analogue recorders.

One method to calculate an equivalent surface-wave
magnitude My for events in the early period, 1897 to
1913, is to use the maximum amplitude from the Milne
pendulum, culled from the Shide Circulars® and station
bulletins, using the formula:

My = log(4) + 1.25 log(D) + 4.36, (10)
where 24 is the peak-to-peak trace amplitude in milli-
metres on the single component of the Milne pendulum
and D the epicentral distance in degrees. This formula
was originally derived from earthquakes Mg>5.0 and
D > 4° in Eastern Europe, the Mediterranean region, Iran,
western Asia and Africa for which trace amplitudes for
the calculation of My as well as ground amplitude/period
(4/T) data were available for the calculation of the corres-
ponding value of Mg (ref. 37). Equation (10) is used in
this study to calculate My earthquakes in the period 1897
to 1913. A similar relation

M, =log(4) + 1.66 log(D) + 3.63, (1)
was derived for large shallow earthquakes (M =7.0)
worldwide recorded at large distances™!. Table 3 lists
the events for which My, and M, were calculated, together
with their standard deviation dM and the number of
station magnitudes N used, (forM>6.0 and for
M < 6.0).
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For the second period, which starts in 1903 with the
operation of analogue seismographs in Europe at Pots-
dam, Gottingen, Uppsala and Leipzig, we used the origi-
nal Prague formula and Mg estimates were corrected for
both station and distance (e.g. Msc) using the modified
Prague formula®®. Table 3 lists the earthquakes for which
Mg and Msc were calculated together with the standard
deviation dM of the estimates and the number of station
magnitudes N.

Summarizing, in the case of earthquakes for which
amplitude and period data from damped seismographs
are available, Mg may be calculated from the Prague
formula® or from its modified version, Mgc with distance
and station corrections’>*'*® In the case of earthquakes
for which amplitude and period data from damped
mechanical instruments are lacking, trace amplitudes from
Milne recorders may be used together with eq. (10)
or eq. (11) to assess equivalent magnitudes My. The

Table 3. List of earthquakes with M > 6.0 and M < 6.0 (1892-1915)

Date oT Epicentre Mg dyM Msc dM N Mwm dyM Ma dM N
M=26.0

18921220 0020 309665m O 0 0 0 0 6.79* 0 0 0 02
189706 12 1106 25591.0m O 0 0 0 0 7.98% 0 0 0 09
19011017 0557 305685m O 0 0 0 01 6.14 0.15 6.04 0.23 07
19011118 0004 32.077.0B 648 0 623 0 01 6.31 031 6.18 0.28 10
1902 11 04 1133 32.091.0B 6.67 005 647 001 02 6.42 032 636 0.31 13
19021213 1708 30.085.0B 692 0 6.67 0 01 6.36 036 6.29 0.37 14
1903 12 03 2126 195950m 656 O 6.43 0 01 6.54 035 633 047 03
1903 12 23 0300 295675m O 0 0 0 0 590 0.12 570 0.16 05
1904 03 31 0216 31.089.0B 697 007 691 008 02 6.65 026 6.62 0.25 20
1904 03 31 0545 31.089.0B 622 001 6.17 014 02 6.20 024 613 0.29 12
190502 17 1142 30.095.0B 7.11 0.19 7.11 0.14 05 6.71 0.26 6.68 0.31 18
1905 04 04 0050 321764m 783 0.18 7.83 005 06 7.54 023 754 029 20
1905 09 26 0128 303699m 644 021 644 008 04 6.44 032 634 0.37 14
1906 02 27 1940 315775m 645 0.11 640 022 05 6.45 027 6.38 0.20 16
1906 05 12 0550 28.092.0B 649 0.13 644 017 05 6.29 021 6.19 0.25 12
1906 08 15 2211 25071.0m 6.05 035 6.08 025 05 590 032 579 0397 05
1907 03 29 2053 350700m 620 039 6.15 029 06 6.15 034 6.13 0.37 12
1908 03 05 0220 30267.7m 658 030 643 030 07 6.50 032 643 0.39 12
1908 06 03 1556 28.067.0B 624 029 6.18 030 08 6.14 034  6.06 0.40 09
1908 08 20 0953 32.089.0B 7.12 026 7.04 020 08 6.75 031 6.73 0.23 17
1909 10 20 2341 289683m 7.16 022 7.2 025 09 7.19 023 7.06 0.32 16
191008 17 1158 27.067.0m 633 034 633 027 08 6.45 022 639 025 17
191110 14 2324 31.0805G 643 030 642 028 11 O 0 0 0 0
1912 08 23 1402 33571.0m 635 041 632 026 12 6.35 026 631 0.27 20
1912 08 23 2114 33571.0m 630 031 627 0.14 07 6.01 025 596 0.26 16
1913 03 06 0208 30.085.0B 642 038 641 026 07 6.28 029 624 0.36 14
1913 03 06 1103 30.083.0G 655 023 650 026 09 6.52 032 649 0.30 18
191303 18 0120 33.091.0R 6.18 022 625 032 04 595 0.16 598 0.18 09
1914 10 09 0239 328753m 639 033 623 028 06 O 0 0 0 0
191504 28 0319 33.5930R 6.16 038 6.05 023 04 O 0 0 0 0
191512 03 0239 31.0930R 674 029 665 028 07 O 0 0 0 0
M<6.0

1902 06 16 0136 30.079.0m 6.09 O 593 0 01 6.04 020 588 0.28 04
1903 12 23 0300 295675m O 0 0 0 0 590 0.12 570 0.16 05
1904 07 27 0520 33.072.0B 579 0.11 574 004 02 6.03 023 589 0.30 11
1907 07 12 1720 250700m 529 0.15 526 0.11 04 5.60 036 543 0.42 05
1908 01 12 1019 30267.7m 563 006 558 0.08 03 5.88 033 567 0.39 06
1908 04 04 0618 253926m 588 0.15 587 010 06 6.00 032 592 0.39 06
1909 09 07 1528 33.070.0B 599 027 599 0.11 06 591 021 581 0.22 08
191008 13 2119 28.090.0B 539 0 547 0 01 5.53 022 541 036 07
19121101 1900 29.067.0m 577 O 545 0 01 5.75 024 575 024 03
1913 03 27 0913 295675m 552 0 563 0 01 o0 0 0 0 0
1913 03 27 0815 265665m 547 002 544 021 02 O 0 0 0 0
1913 05 14 0850 345692m 496 0 507 0 01 o0 0 0 0 0
1913 06 26 2330 31.077.0m 448 O 459 0 01 o0 0 0 0 0
1914 02 06 1142 290650m 563 028 570 030 14 O 0 0 0 0
1914 04 30 2200 300740m 543 0 519 0 01 o0 0 0 0 0
1914 05 21 0826 32.069.5B 572 026 569 021 01 O 0 0 0 0
191406 17 1700 27.0940m 518 O 494 0 01 o0 0 0 0 0
1914 11 04 1106 320700m 586 038 572 028 06 O 0 0 0 0
191503 03 0145 32.073.0m 547 006 519 012 02 O 0 0 0 0
1915 05 05 1512 30.084.0R 6.10 037 598 021 04 O 0 0 0 0

B, BAAS estimates; G, Gutenberg and Richter®'; m, macroseismic locations; R, re-assessed in this study.
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comparison of Mgc with My in Table 3, shown in Figure
2, confirms the good agreement between the two methods.

Abe’s® equivalent surface-wave magnitude M,, eq.
(11), also may be used. It has been derived from large
events Mg >7.0 recorded at large distances and for
My > 6.0, as Figure 3 shows, it gives values which are
almost identical with those from eq. (10). However, for
smaller events, usually recorded at shorter distances
(D <30°), eq. (11) underestimates M), systematically by
0.1 to 0.3 magnitude units. Note that eq. (3) used in this
paper to assess surface-wave magnitudes is the relation-
ship used by ISC/NEIC to estimate surface-wave magni-
tude and that eqs (10) and (11) are equivalent relations
which have been calibrated against eq. (3).

Epicentral distance

Station epicentral distances D are either from macroseis-
mic locations or from instrumental determinations adop-
ted from various sources or, for a few events, recomputed
in this study using standard ISC procedures with the
available phase input data taken from bulletins. With the
exception of macroseismically well-documented events,
instrumental locations appear to be accurate to a few
degrees, and in a few cases to more than 10°, which is
enough to allow estimation of the size of an event with
acceptable error. This is because majority of the obser-
ving stations are at epicentral distances of more than 40°
at which an error of 5 to 10° would correspond only to an
uncertainty to not more than 0.3 units in station magnitude.

Moment magnitude

There is some confusion in the literature about the
definition and use of seismic energy magnitude My,
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Figure 2. Comparison of magnitudes Msc, from the modified Prague

formula with equivalent surface-wave magnitude My, from Milne ins-
truments {eq. (10}), for events recorded by both types of instruments.
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moment magnitude M, and surface-wave magnitude M.
Seismic energy magnitude My is defined as a linear tran-
formation of the logarithm of the seismic moment M,
given by:

Mg ~ My < (2/3)log(M,) — 10.73, (12)
in which M, is in dyn.cm units (10~ Nm)’’. Kanamori™
derived eq. (12) from the observation that in most large,
Mg >7.5, shallow earthquakes the stress-drop is about
30 bars, which he combined with the energy (£) and
magnitude (Ms) relation for earthquakes in California, i.e.
log £=11.8 + 1.5M5 which in reverse form, is similar to
eq. (12).

Moment magnitude M for shallow earthquakes in Cali-
fornia in the range 5.0 < Mg < 7.5, was then defined™ as
being equal to My from eq. (12). However, equality
M = My = Ms, as defined above, holds only for events
that rupture the entire thickness of the seismogenic zone
and its validity, therefore is regionally dependent™. M is
nothing more than a definition or a transformation of M,
through eq. (12) and for the region of our interest,
M # Mg for Mg <6.0. For the sake of clarity we use M
and Mg in this work.

Relations between surface-wave magnitude Mg and
seismic moment M,, and vice versa, provide suitable func-
tions for the correlation between one source size indicator
and the other. The current relationships for assessing M,
from the surface-wave magnitude Mg of shallow earth-
quakes have been derived from global or large sub-global
data sets for active 1regi0ns40’55’56 and for stable continental
regions’ %,

Ekstrom and Dziewonski’ derived global average rela-
tionships between Mg and log M,, in which the independ-

75
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Figure 3. Comparison of equivalent surface-wave magnitudes My
from eq. (10), with Ma, from Abe’s equation (eq. {11)).
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ent variable is log M,. They used 2341 reported M, values
from the Preliminary Determination of Epicentres (PDE),
and corresponding scalar moments from the Harvard
CMT catalogue. Only events up to 1987, for which both
the NEIC and the CMT depths are < 50 km, in the log(44y)
range 23.5 to 28.6 were considered. A relationship was
then determined in the form:

Mg=k—(a+b)/6+1ogM, for logM;<a, (13)

Mg =k—(a+ b)/6+log My — (log My — a)”*(b — a)
for a<logMy<bh, (14)

Mg=k+ (2/3)log M, for log M,>b. (15)
Note that eq. (13) was derived on the assumption that the
slope of the regression is one for log M, < a, and eq. (14)
on the assumption that the slope is 2/3 for log M, > b.
The constants in eqs (13) to (15) were determined by
minimizing

N
Y [Mg(log M;; a, b, ky-Mg 1,
P

with respect to, a, b and £.

Rather than summing over N earthquakes, a reduced
data set was used in which Mg was averaged for earth-
quakes in narrow bins of log M, of 0.1 units, so that only
about 40 summary data points were considered.

A good fit to the reduced data for earthquakes with
moment as the independent variable in the range 2 x 10**
to 10°® dyn.cm was obtained with a =24.5, b =26.4 and

=—10.76, which reduces eqs (13)-(15) to:

Mg=-19.24 + log M, for log M, <24.5, (16)
Mg =—19.24 + log My — 0.088 (log M, — a)’
for 24.5<log M, <264, (17)

Mg=-10.76 + (2/3)log M, for log M,>26.4.
(18)

These authors then rewrite eqs (16) to (18) in the form:

log My =19.24 + Mg for Mg<5.3, (19)
log My = 30.20 — [92.45 — 11.40M5]°”

for 5.3<Ms<6.8, (20)
log My=16.14 + 1.5Ms for Ms>6.8. (21)

However, since eqs (16) to (21) and eqs (16) to (18) are
rewritten, formally, they are not the correct relationships
for estimating log M, from M
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Regional bias in M, does exist and global average
moment—magnitude relationships, such as eqs (16) to
(21), may be inappropriate for the assessment of long-
term seismic slip on faults. It also will not hold for
the estimation of tectonic motion in regions, the rate of
which is known from GPS measurements, and for the
investigation of aseismic creep. Continental data show
that the transition from a slope of unity to a larger value
occurs at larger moments for continental events™™ for
which

log(Mp) = 19.24 + My for My < 7.16, (22)

log(M,) = 15.66 + 1.5Mg for Mg =>17.16. (23)
To overcome the problem with eqs (19) to (21) which
have been derived by fitting the data with log(M,) as the
independent variable, and at the same time to take into
account the regional bias in eqs (16) to (21), we derived
the following set of bi-linear relationships

log(Mp) = 19.08 + My for Mg < 6.0, (24)

log(M,) = 16.07 + 1.5Mg for Ms> 6.0, (25)
for the eastern Mediterranean and the Middle East region
up to 70°E, using CMT or P/SH moments and the corres-
ponding uniformly reassessed Mg values of 577 shallow
(7 <40 km) earthquakes, in the log M, range 22.4 to 27.3,
in which My is the independent variable.

Discussion

The earthquakes shown in Figure 1 are widely scattered
and although there is great variation in the accuracy of
location, they delineate the main seismically active areas
now established by modern seismological studies, as well
as provide evidence for destructive earthquakes in less
active regions. We may discuss a few cases, which dem-
onstrate the procedures we used to locate or relocate
events, assess their magnitude and estimate their moment
magnitude.

Location

An example of rough location is provided by the earth-
quake of 3 December 1903. It was located by BAAS'
north of Lhasa in Tibet at 32.0°N, 93.0°E. The earthquake
was not well recorded and not even a rough instrumental
solution is possible. However, we know that this shock,
caused panic at Shwagu (19.5°N, 95.0°E) and was felt in
the Bhano district in Burma, 1400 km south of the loca-
tion given by BAAS'®. For an adopted location in Burma
the magnitude of the shock is 6.5 + 0.35.
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Occasionally, confusion of station readings or of felt
reports belonging to two separate events, closely spaced
in time results in mislocations. The earthquake of 17 Feb-
ruary 1905 at 11 h 42 m GMT was well-recorded instru-
mentally, but macroseismic information which could help
constrain the solution is totally lacking. Using maximum
phase readings from Milne instruments worldwide and body
phases from European and Russian stations, a rough solu-
tion puts the event at 30°N, 95°E, in south-east Tibet, and
gives a magnitude of Mg 7.1. This location is supported by
the large surface-wave amplitudes recorded exclusively by
near Indian and Russian stations that confirm a general
position close to that estimated by BAAS'", at 26.0°N,
96.0°E, in northern Burma from where, however, we can
find no felt reports. Another, very different location"
places this event 5400 km east of our position in the
Pacific, 1100 km east of the coast of Japan where a sepa-
rate shock had been felt at 09 h GMT. It is probable that
the epicentral location by Szirtes", east of Japan was
influenced by the felt reports from the East Coast of
Honshu’.

For the earthquake of 26 September 1905 (Mg=6.4)
we have relatively good macroseismic and instrumental
data which place the event in the Sulaiman mountains
near 30.3°N, 69.9°E, but 300 and 440 km west of the
locations reported by BAAS'" and Szirtes' respectively.
Duda® assigns a magnitude of 7.1 to this event for which
we can find no justification.

Instrumental locations, not aided by good macroseismic
information, are unreliable as the following case shows.
The earthquake of 15 August 1906 at 22 h 10 m (GMT)
was relatively well-recorded and BAAS'® places its epi-
centre in Turkestan (sic), at 44°N, 95°E, where it is
reported as felt. It is very probable that these felt reports
belong to the earthquake in Kazakhstan of 13 August at
18 h 45 m (GMT), which was widely felt north-east of
Alma Ata (44.5°N, 79.5°E) and that BAAS was misled in
choosing a location in the Altai Mountains in Mongolia.
This is because the earthquake of 15 August (Mg 6.1)
occurred in the Rann of Kutchch, 3000 km south of the
BAAS (1913) location, a region which showed some
activity during that period. The shock was widely felt on
16 August at 02 h 45 m (local time), in the districts of
Rajputana and Gujarat and around the Bay of Cambay,
Jodhpur, Ahmedabad and Mirpur where it lasted several
seconds. On 12 July 1907 another earthquake occurred in
the same region which was felt at Ahmedabad, Jodhpur
and in the Sind. The location given by BAAS'® for this
second event, most probably adopted from macroseismic
information is close to these sites.

Depth

It is obvious that instrumental data of this early period are
totally insufficient to allow depth determination, except
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indirectly when combined with good macroseismic infor-
mation, in which case it is possible, sometimes to diffe-
rentiate between shallow and deeper shocks. For example,
the earthquake of 6 February 1914 was strong at Chagai
and Kharan in Baluchistan, near 29.0°N, 65.0°E. There is
no evidence that it was felt very far, not as far as Quetta
200 km away. The shock was well-recorded and its sur-
face-wave magnitude calculated from 14 stations is 5.7.
Gutenberg in his work-sheets gives an epicentral location
close by the macroseismic but assign to it a depth of
100 km and a long-period body-wave magnitude of 6.8,
which is rounded off to 7.0 (ref. 61). The large number of
station readings of relatively small surface-wave ampli-
tudes, and the lack of known aftershocks, suggest an event
in the lower crust.

The earthquake of 29 March 1907 in Badakhshan,
occurred north-east of Kabul, in the time of a deep earth-
quake in the Celebes, 6400 km east of Kabul, to which
Gutenberg and Richter®' assign a depth of 500 km and a
body wave magnitude my, of 7.3. For this earthquake
although details are lacking, we know that the shock was
widely felt in the region of Kabul and it was perceptible
as far as Shimla. Maximum phases recorded at Indian and
European stations suggest a subcrustal event north-east of
Kabul. Its magnitude, assuming a crustal depth, is Mg 6.1.

Macroseismic and instrumental information about the
earthquake of 23 August 1912 at 14 h 02 s is sufficient to
locate it in the Kohat Urakzai region in north-west Paki-
stan near 33.5°N, 71.0°E, where it caused damage and
loss of life. A second shock seven hours later, at 21 h
14 h, which was also well recorded, added to the damage.
Gutenberg and Richter®’ do not mention the first shock
and locate the second shock at 36.5°N, 70.5°E, to which
they assign a depth of 200 km. However, well-developed
surface waves at all stations, the small area over which the
shock was felt compared with its magnitude (Mg 6.3) and
its aftershock sequence, suggest a crustal event.

Magnitude

For the early period, the Chaman earthquake of 20
December 1892 in Baluchistan offers a good example of
the use of Abe’s method™ to estimate magnitude from
trace amplitudes recorded by undamped instruments other
than Milne. It is also the earliest event for which we have
scanty, but good instrumental data. The earthquake was
recorded by Rebeur-Paschwitz undamped seismographs at
Nikolaiev and Strassburg®>®. Using Abe’s method and
the trace amplitudes from the two stations, we calculate a
magnitude of 6.7, which is considerably larger than the
value of 6.2 assessed by Abe. As a check, we calculated
Mg from the length and slip on the observed surface fault
break which was associated with this event using the
empirical formula®, and got a value of Mg 6.8, same as
what is calculated from instrumental data.
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Seismograms of the 12 June 1897 Assam earthquake recorded at Rocca di Papa near Rome (A =65°). a, N-S and E-W

motions obtained from a standard pendulum of period 8 s and magnification 12.5; b, N-S and E-W motions recorded by a 22 s period pendulum

(for details see ref. 66).

For the earthquake of 12 June 1897 in Assam there are
more data from early seismographs than for the Baluchis-
tan earthquake. These come from six instruments in
Ttaly®>*® and Figure 4, one from Russia®’ and two from
the UK'". Using again Abe’s method and the recorded
trace amplitudes, we find that the magnitude of the event
is M 8.0 (+ 0.15). This value is very close estimates of
8.2 (ref. 68) and 8.0 (ref. 52) and to the unified magnitude
m 8.0, calculated by Gutenberg®. However, Richter’
inflated this value to 8.7 by converting Gutenberg’s uni-
fied magnitude m into My through the empirical relation:
Ms=1.59 m — 4.0, arelation derived for California for Mg
estimates based on surface waves with periods close to
20 s. Richter’s estimate 8.7, which has been adopted by
later authors, places the Assam earthquake among the
largest known shallow events, which in spite of its very
large size left no vestiges of surface faulting.

There is also a great difference in the size of the Kan-
gra earthquake of 4 April 1905 estimated by different
authors. Its surface-wave magnitude has been assessed
between 7.5 and 8.6, and a discussion of the problems
associated with these estimates is given in Ambraseys and
Bilham''. We reappraised the magnitude of this event by
two different methods and sets of instrumental data. In the
first method we calculated My from 19 Milne stations,
which give My = 7.54 (+0.23). In the second method we
calculated Mg from 6 station operating damped seismo-
graphs, which give 7.8 (+ 0.05), which we believe to be
the magnitude of this event.

Moment

Magnitude-moment scaling laws are different for small
events for which log(M,) and Mg have a 1 : 1 relation. For
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Figure 5. Ratios of the moments derived from eqs (19)—(21) My and

eqs (22)—+23) My; with respect to My, from eqs (24) to (25) as a
function of magnitude Mg for the earthquakes in Table 3. The hump of
the plot for My, near Mg 6.0, is due to eq. {20).

earthquakes of intermediate size that rupture the whole
depth of the seismogenic layer the ratio decreases to
1:1.5, perhaps reaching smaller values for very large
earthquakes. For earthquakes in the eastern Mediterranean
and Middle East, this transition occurs at Mg 6.0 com-
pared to 6.6 in the case of global average and 7.2 as in the
case of global continental earthquakes. For the estimation
of tectonic motions, the assessment of strain release and
for the scaling of attenuation laws in terms of M, regard-
less of these uncertainties, the fact remains that a linear
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log (M,) — My relation with a 1: 1.5 slope should not be
used throughout the magnitude range. For this region,
which includes only a small part of our study area, the
transition from a slope of unity to a larger value occurs
not at a larger but at a much smaller magnitude than for
the average global or the continental data sets used by
Ekstrom and Dziewonski™ .

Figure 5 shows the seismic moment ratio My/Mgy,, in
which My, is derived from eqs (18) to (21), and My, from
eqgs (22) and (23), plotted against the surface wave magni-
tude Mj of the earthquakes in Table 4. We notice that the
global relations eqs (19)—(21) overestimate My, for the

eastern Mediterranean and Middle East regions, by a factor
between 1.4 and 1.6 for small events and by 1.2 for large
earthquakes. Also, the continental relations (eqs (22)—(23))
overestimate My, for small events but they underestimate
it by as much as a factor of 0.4 for larger shocks.

Taking as an example the events with Mg2>6.0 in
Table 4, the global relations (eqs (19)—(21)) give a total
moment, which is 2.8 times greater than that from the
continental relations (eqs (22)—(23)) and 1.2 times larger
than the Middle East relations (eqs (24)—(25)). If we
exclude the two large earthquakes of 1897 and 1905,
the total moment from eqs (19) to (21) is twice that from

Table 4. Seismic moments and moment magnitudes 1892-1915

Date oT Epicentre Msc log(Mo1)  log{Mp) M, M;

1 1892 12 20 0020 30.9 66.5 m 6.79 26.32 26.26 6.82  6.78
2 1897 06 12 1106 25591.0 m 7.98 28.11 28.04 8.01 796
3 1901 10 17 0557 30.568.5m 6.14 25.46 25.28 6.24  6.12
4 1901 11 18 0004 32.077.0B 6.23 25.57 25.42 6.32  6.21
5 1902 06 16 0136 30.0 79.0 m 5.93 25.22 25.01 6.08 5.94
6 1902 11 04 1133 32.091.0B 6.47 25.88 25.78 6.52  6.46
7 1902 12 13 1708 30.085.0B 6.67 26.15 26.08 6.70  6.66
8 1903 12 03 2126 19.595.0 m 6.43 25.82 25.72 6.48  6.42
9 1903 12 23 0300 29.567.5m 5.90 25.18 24.98 6.06 592
10 1904 03 31 0216 31.089.0 B 6.91 26.51 26.44 6.94  6.90
11 1904 03 31 0545 31.089.0 B 6.17 25.50 25.33 6.27 6.16
12 1904 07 27 0520 33.072.0B 5.74 25.00 24.82 594 582
13 1905 02 17 1142 30.095.0B 7.11 26.81 26.74 7.14  7.10
14 1905 04 04 0050 32.176.4m 7.83 27.89 27.82 786 7.82
15 1905 09 26 0128 30.369.9m 6.44 25.84 25.73 6.50 6.42
16 1906 02 27 1940 315775 m 6.40 25.79 25.67 6.46 6.38
17 1906 05 12 0550 28.092.0B 6.44 25.84 25.73 6.50 6.42
18 1906 08 15 2211 25.071.0 m 6.08 25.39 25.19 6.20 6.06
19 1907 03 29 2053 35.070.0 m 6.15 25.47 25.30 6.25 6.14
20 1907 07 12 1720 25.070.0 m 5.26 24.50 24.34 5.60 5.50
21 1908 01 12 1019 30.267.7m 5.58 24.83 24.66 582 571
22 1908 03 05 0220 30.267.7m 6.43 25.82 25.72 6.48  6.42
23 1908 04 04 0618 25392.6 m 5.87 25.15 24.95 6.04 590
24 1908 06 03 1556 28.067.0 B 6.18 25.51 25.34 6.28 6.16
25 1908 08 20 0953 32.089.0B 7.04 26.70 26.63 7.07  7.02
26 1909 09 07 1528 33.070.0 B 5.99 25.28 25.07 6.12 598
27 1909 10 20 2341 289683 m 7.12 26.82 26.75 7.15  7.10
28 1910 08 13 2119 28.090.0 B 5.47 24.71 24.55 574 5.64
29 1910 08 17 1158 27.067.0 m 6.33 25.70 25.57 6.40 6.32
30 1911 10 14 2324 31.080.5G 6.42 25.81 25.70 6.48  6.40
31 1912 08 23 1402 33.571.0 m 6.32 25.68 25.55 6.39  6.30
32 1912 08 23 2114 33.571.0 m 6.27 25.62 25.48 6.35  6.26
33 1912 11 01 1900 29.067.0 m 5.45 24.69 24.53 573  5.62
34 1913 03 06 0208 30.085.0B 6.41 25.80 25.69 6.47  6.40
35 1913 03 06 1103 30.083.0G 6.50 2592 25.82 6.55 6.48
36 1913 03 18 0120 33.091.0R 6.25 25.60 25.45 6.34  6.24
37 1913 03 27 0913 29.567.5m 5.63 24.88 24.71 586 574
38 1913 03 27 0815 26.566.5 m 5.44 24.68 24.52 572  5.62
39 1913 05 14 0850 345692 m 5.07 2431 24.15 548 537
40 1913 06 26 2330 31.077.0 m 4.59 23.83 23.67 5.16 5.05
41 1914 02 06 1142 29.0 65.0 m 5.70 24.96 24.78 591 579
42 1914 04 30 2200 30.0 74.0 m 5.19 24.43 24.27 556 545
43 1914 05 21 0826 32.069.5B 5.69 24.95 24.77 590 578
44 1914 06 17 1700 27.094.0 m 4.94 24.18 24.02 538 528
45 1914 10 09 0239 328753 m 6.23 25.57 25.42 6.32  6.22
46 1914 11 04 1106 32.070.0 m 5.72 24.98 24.80 592 5380
47 1915 03 03 0145 32.073.0 m 5.19 24.43 24.27 556 545
48 1915 04 28 0319 33.593.0R 6.05 25.35 25.15 6.17  6.04
49 1915 05 05 1512 30.084.0 R 5.98 25.27 25.04 6.12 596
50 1915 12 03 0239 31.093.0R 6.65 26.12 26.05 6.68  6.64

My from eqs (19) to (21); Moy, from eqs (22) to (23); M; moment magnitude (eq. (12)) from eqs (19) to
(21); M; moment magnitude {eq. (12)) from eqs (22) to (23).
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eqs (22) to (23) and 1.2 times larger than that from eqs
(24) to (25). It is difficult to estimate realistic errors in
velocities or slip rates from seismicity and M,, given the
uncertainty in the original Mg values and the bias in the
different Mg — log(M,) relations used. We consider it
likely that the global relations (eqs (19)—(21)) yield an
upper bound to the seismic moment release and that the
regional relations (eqs (24)—(25)) yield a more realistic
estimate.

However, in estimating total moment the contribution
made by the more numerous small events to the total
moment release, invariably omitted, must be included in
the summation of scalar seismic moments. These smaller
events, because of the incompleteness of the data below a
certain magnitude are usually not accounted for in the
summation. How considerable their contribution can be
will depend chiefly on the choice of the log (M,) — Ms
relation. For bi-linear or nonlinear relations and for nar-
row magnitude ranges of summation, their contribution
can be considerable: it can be as large as the moment con-
tributed by the large events’”. This increase in total
moment together with long-term observations fits better
with direct measurements of velocity fields derived from
space-based geodetic methods and also alters the current
view about regions of high aseismic deformation’’.

Conclusions

In establishing seismicity for tectonic understanding and
earthquake hazard evaluation, it is important to extend the
record as far back in time as possible. By combining
instrumental and macroseismic information, we assessed
the location and assigned uniformly calculated surface-
wave magnitudes and seismic moments to 50 shallow
earthquakes in northern India and Pakistan in the early
period of instrumental recording from 1892 to 1915, both
years inclusive. From Table 2 we can see how many earth-
quakes have been missed out in modern parametric
catalogues and by how much individual magnitude esti-
mates differ. Of the 31 earthquakes of Mg > 6.0 we identi-
fied, only six are listed in Gutenberg and Richter®', which
demonstrates how incomplete the earthquake record is for
this early period.

The most widely accepted measure of earthquake size is
magnitude, derived from instrumental measurements.
Many different types of magnitudes have been developed,
depending on the type of instrument used and parameter
measured, serving different purposes. Of the various mag-
nitude scales currently in use, the main one for the study
of tectonics and seismic hazard from historical data is the
surface-wave magnitude M, expressed as moment magni-
tude M for comparison with modern events.

The new data we present here give a small and incom-
plete example of the importance of the study of past earth-
quakes for the unambiguous evaluation of tectonics and of

CURRENT SCIENCE, VOL. 79, NO. 9, 10 NOVEMBER 2000

and of seismic hazard in this part of the world. There is a
wealth of macroseismic and instrumental information for
the first half of this century in various local repositories
and little is known to have been done to retrieve and distil
it for this part of northern India and neighbouring areas.
Although not dealt with here, our investigations show that
for the first half of this century the completeness of the
earthquake record of India is low and needs improvement.
Any advancement of our knowledge about the assess-
ment and mitigation of earthquake hazard should be
accompanied by a growth in our accumulation of reliable
observational data and field information from past earth-
quakes. One feels that much effort is being diverted to
solving numerical problems on guessed input parameters
and that more data from observations are now required.
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