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Classic Paper in the History of Geology

Andrija Mohorovic'iC's investigation of the
earthquake of 8.10.1909

The outstanding Croatian geophysi
Andrija Mohorovid¢ (1857-1936), we
Director of the Meteorological Obsen
tory in Zagreb (from 1892), a Member
the Yugoslav Academy of the Arts and ¢
ences (from 1893), and Associate Profe
at The University of Zagreb (from 191
In 1893 he was awarded a doctorats
meteorology at The University of Zagr
An excellent comprehensive account of
life and work has been published in Crc

Section |

In his Introductory section (pp. 2—8) Mohordiidiscusses three of

the main seismological theoretical problems of his day. These were:
1) the causes of the differences in the seismograms for the same
earthquake obtained at different stations; 2) problems that occurred
in the reading and interpretation of well-defined seismograms; and
3) the mode of propagation of earthquake waves through the Earth.
It is specially interesting that in this introductory section the author
gives certain arguments against the prevailing view that the main
earthquake phase was represented only by ‘surface waves’ (pp. 7-8).

ian and English by Skoko and Mokré' i X Section 11
(1982). ~ |Figure 1 Andrija In the short second section (pp. 8-9) Mohofitvitescribes the iso-

A strong earthquake occurred in IMohorovidic seismic lines of the Kupa Valley earthquake of 8 October, 1909, on
Kupa Valley, 39 km south of Zagreb, on & the basis of macroseismic data and its epicentre was determined as

October, 1909, which was well recorded in the Geophysical Obser-peing at a single point with coordinates 45° 29' N and 16° 03' E.
vatory at Zagreb and from which Mohordidcollected much data.
He also obtained macroseismic data from elsewhere in Croatia, andgction |11

seismograms from all the European observatories. It was speciallysjyce wave travel-time tables are the foundation for every investiga-
important that he received many observations from stations thatijoy of wave propagation Mohordidcdevoted this section to a

were less than 800 km from the epicentre at the time of the e‘T’lrth'detailed presentation of the process whereby he made his ‘travel-
quake. The large amount of data enabled him to contour the epicengma taple diagram’ (Table 1).

tral area very precisely and the numerous good-quality seismograms
inspired ‘a hope in him that he would be able to see more deeply into190

the mechanism of earthquake sho_ck propagation” (p. 1)'.Hi5 holoetravel—times for all types of waves for this earthquake to 29 observa-
was based on the fact that at that time good wave travel-time tables o< tom which he had obtained high-quality seismograms. He

(‘hodographs’) were available for distances of between 1,000 andthen s ;
N R, plotted the data on a graph (with distances on the ordinate and
10,000 km from an epicentre (Emil Wiechert and others). Those fortimes on the abscissa) in the form of dots and circles. Finally, he

smaller distances were not reliable, but the data from the 1909 earth- . - : -
quake in Croatia promised to make good this deficiency. drew curves connecting the dots and circles on the diagram. Addi-

. oy . . tionally, he used earthquake data from: Calabria (8 September,
After close analysis of the data, Mohoragipublished his cel- X . : e - s
ebrated. but rathery little read pape©nt thg Earthquake of 1905); the Balkan Mountains (4 _Aprll,_ 1904); India (4 April, 1905);
8.10.1909 in 1910. This work, published simultaneously in Croat- and two earthquakes of uncertain epicentre (for 1 June, 1905, and 8

ian and German, had the following sections: Foreword; 1. Introduc-November‘ 1905). He recalculated the data several times, fitting

tion; 2. Epicentre of the earthquake of 8.10.1909; 3. Seismograms: 4Fhem to his curves; and in this way he corrected his wave travel-time

Propagation of waves in the uppermost layers of the Earth: 5. Nor-curves until finally he obtained a very precise and absolutely new
mal Primary waveP); 6. Transverse waves; 7. Reflected waves in 9€neral ‘travel-time table diagram’ (Table 1; Figure 2 in the present
the uppermost layers of the Earth; 8. Further confirmations of the!®X) for all close-range earthquakes. With this diagram Mohdgovic

correctness of the theory; 9. Determination of the depth of the could give a direct answer to his principal question: what is the

hypocentre: 10. The influence of hypocentre depth on certain phasedn€chanism of wave propagation for close-range earthquakes? As
11. Concluding remarks. usual, however, a large number of new questions appeared.

Unfortunately, Mohoroviit published this major work in a _Contrary to all previous authors, Mohordiiéound that longi-
local journal of rather small circulation, which issued only a few tudinal and transverse waves were not singular. On his ‘travel-time
reprints. These, however, were exchanged with the major seismofable diagram’ they appeared as four separate curves (black bold
logical observatories in Europe. Today the original text is a biblio- ines) and were assigned special names (pp. 18, 38 and Table 1): nor-
graphical rarity. Furthermore, Croatian and German are used todaynal or Lower [level] Primarie¢P), individual or upper [level] Pri-
by only a limited number of researchers. This is why it is very impor- maries(P), normal or Lower [level] Secondari¢S) and Upper
tant for contemporary science and for the history of our science tollevel] Secondarie€S). MohoroviGc described the general features
inform a wide circle of researchers about the nature of Mohiévic ~ Of these waves and their wave travel-time curves (pp. 18, 22, and 23)
work. However, the size of the work (56 pages in Croatian alone) and described the problems involved in their construction. In addi-
does not permit it to be presented in full, and not even in extendedion, he emphasised that they wereditferentlongitudinal or trans-
segments. Therefore the present paper proceeds chiefly by exposkerse waves but were merely waves that had travelled from the same
tion, with only a limited number of direct quotations. It is a difficult source by different pathways and consequently did not reach the sta-
task to present the author’s arguments because the paper was origiions at the same time (p. 34). Mohoragicealised that those facts
nally written in the form of a narrative of the investigator's actual could not be interpreted in terms of the ideas about the uniformity of
research process, with reference to all his ideas, dilemmas, trials, anthe Earth's interior that prevailed at that time.
solutions.

Mohorovidc precisely determined the epicentral time for the
9 earthquake and the aftershocks. He then calculated the averagt

Section IV
Discussing the propagation of earthquake waves in the uppermost
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Earth’s surface and the direction where the
wave is propagated in both points. If we
assume that the velocity is a function of the
radius vector, then the well-known formula
for refraction is valid:

a
]
time/min

lPsine=LP0 sine, =a (&8}
C Cy
where a is the propagation time of the refracted
waves.

By further mathematical manipulation (pp.
24-25), substituting appropriate values, and making
integrals, Mohorovii€ arrived at an equation for the
determination of the wave velocity at all observa-

tion points:
k
c=e %) @

where Kk is an exponent indicating the increase of
velocity with depth.
After successfully establishing this simple
equation (3), Mohorovié, by suitable substitutions
and integration, came to two new important equa-

epicentral distance/km

100 200 300 400 S00 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 tions (pp 25 and 26), by means ()f Wh|Ch |t was p()s-
sible to find: the timét) of the wave travel from the
hypocentre to some point on the Earth’s surface (4);
and the epicentral distan¢®) of that point for var-

Figure 2 Diagram of Mohoroviic's theoretical travel-time table
(Skoko & Mokrovic1982).

layers of the Earth, Mohorolittwrote (pp. 23—24): ious values of angle at the hypocentre (9):
When I...became aware that there are two types of first- p T2 ol
arriving waves reaching places between 300 and 700 km from = (k+ Degr® [ PorsinTeq —r T cos %J Q)

the epicentre, but only the first type arrives at places less than
300 km, while for more than 700 km only the second type @:L[ I {kﬂ . }]
arrives, | tried to explain this previously unknown fact. PESLA N A ©)
This became Mohorovi€'s new main question. He then wrote:
Since it is absolutely impossible that two different types of
longitudinal waves can start from the hypocentre..., and since
normal or Lower [level] Primary waves (P) only make an
appearance at a certain distance from the epicentre, | first
looked for an explanation of the individual or Upper [level]
Primaries (), which could be traced close to the epicentre.
Further, Mohorovi wrote:
The attempt to calculate the depth of the hypocentre
according to the hypothesis that the P waves are uniformly
propagated failed.... The calculation showed that the speed of
propagation must slowly increase with depth.
The attempt to calculate the depth of the hypocentre by
already known formulae for wave propagation also failed

where t' is the distance from the Earth’s centre to the point at which
the velocity ¢’ is determined.

Returning to the problem of the hypocentre depth calculation
(p. 27), Mohorovit¢ wrote: ‘we have only the travel-time table at
our disposal’. ‘The shape of the curve from the station closest to the
epicentre is known only as much as the accuracy of measurement
from certain observatories allows. The [actual] shape of the curve
from the epicentre to the closest station is unknown’. However, the
time-difference is known from the moment the wave is recorded at
certain stations and the epicentral distance of inflection is also
known—in other words, the inflection is the point at which the
travel-time curve changes from a concave to convex shape in the
upward direction. On the basis of that empirical information, accord-
ing to Mohorovitg, it is ‘possible to determine the hypocentral depth

because the equations were too complicated. with certainty’ (p. 28).
~ From that point, Mohorovic realised that he now had to con- In order to apply the theoretical travel-time curve ‘it is neces-
tinue his investigation on the basis of two completely new general 55y to determine three unknowns;: Po andk’ (p. 28). It is possible
premises. The first assumed that the velocity of seismic We)ies to obtain these by experiments only by systematic selection of values
the uppermost part of the Earth increased with depth, while the secfor these unknowns and the use of their combinations in equations
ond was based on the assumption that at a certain (pttere until results that fit are obtained on the travel-time tables.
must be a bordering or boundary surface that separates the upper and  This task Mohorovie¢ finished by calculations and in tables
lower parts of Earth. (pp. 29-33), using the example of the earthquake in the Kupa Valley.

MohoroviGi¢ next ‘tried making some simple assumptions The theoretical travel-time table best fitting the actual measurements
about the increase of velocity with depth, hoping that he would from this shock was obtained with the following assumptions: that
thereby discover some simple formula’ (p. 24) for calculating the the hypocentre was located at a depth of 25 km; that the original
time of seismic waves’ propagation. He controlled the ‘approach to velocity (P— ) = 5.60 km &'; and that the exponekt= 3.0. When
the truth’ of his formulae by comparing the results of calculation he placed these values in Equations (4) and (9) he obtained a theo-
with his wave travel-time curves. After several attempts, he reachedretical travel-time curve that had minimal discrepancy as compared

the following starting position (p. 24): with measured values. With much delight he concluded (pp. 32-33):
Let Ry be the radius vector from the Earth’'s centre to the The average difference of both curves is smaller than the
hypocentre; let P andp be the radius vector and angular error in the time-curve construction.... The difference of both
distance of the appropriate point to which the ray of the curves is so small that we may conclude that Equations (4)
earthquake travels during time t; letloe the starting velocity and (9) represent the time-curve very precisely in every detail.
at the hypocentre and let ¢ be the velocity at the point With this Mohoroviac confirmed his first fundamental assump-
determined by P@ and t. At the same time, lef&nd e be the tion about the increase of velocity of seismic waves with depth and

angles between the prolongation of the radius vector to the  also showed that it is possible to determine the depth of the hypocen-
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tre and calculate the seismic waves' velocity at any depth for which
the exponential function law (Equation 3) is valid.

Towards the end of this section, Mohora&ipp. 33-34) started
to deal with his initial problem: why do individual Primary waves
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Earth’s surface.... This is why the phenomenon that normal
Primary waves are registered only at greater distances from
the epicentre is explained by the need for the wave to reach
the lower surface of the upper layer [of the Earth] at such an

disappear at a distance of about 720 km from the epicentre, and why angle that refraction is possible.

is it that two longitudinal (and two transverse) waves reach some
points? Treating those two questions, he wrote:
There was an earlier explanation as to whyp&ssibly
reached the distance of 720 km.... We shall provisionally keep
to this distance since all further hypotheses are based on the
assumption that the curve ends somewhere.
If the end-point of the curve is 720 km from the epicentre
than the wave ray reaches the lowest point on its route
according to Equation (12) (p. 27):

P =P k+lsine,

which means that it reaches a depth of 54 km at distance 3°
4' 6" (411 km). And if the largest impulse angle at the
hypocentre is 100° only, which fits to the final point of the
curve at the distance of 666 km, than the deepest point
reached is 49 km.

To hypothesise further | had to assume some depth that
could be closely confirmed by observation. | decided to take
the depth to be 50 km.

There followed the most important conclusion of Mohotad/is

work (pp. 33-34):
Since Ran reach only a depth of 50 km the boundary surface
of the uppermost layer of the Earth is found at that depth. At
that depth it must be that the material of which the Earth’s
interior is composed suddenly changes, because [at that
depth] there is a sudden increase of earthquake wave-
velocity.

(12)

Section V

In his fifth section, Mohorovi€ determined that ‘normal Primary
[waves] are propagated in the Earth’s interior at a much higher
velocity than that of individual Primaries’ (p. 34). Then he system-
atically chose different values for certain parametéxd, (e, @, d, k

and k1), made calculations using them, and obtained results that

could be compared with the P curve on his travel-time table. On

completing this complicated task (pp. 34—37) he was able to con-

clude that (p. 38):

All waves that start from the hypocentre between angles of 0°
and 133° 49' stay in the upper layer.... Waves that leave the
hypocentre at the angle of 133° 49" are reflected at the lower
surface and appear at the Earth’s surface at the distance of
79 km.

However, among the waves that penetrate into the Earth’'s
interior: only the few waves that leave the hypocentre at a
somewhat greater angle [and can be refracted] reach the
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Figure 3 Waves whose rays emerge from the focus at an angle e
between 0° and 100°13', pass through the Earth’s crust and
produce, on seismograms, theaRd S phases of longitudinal and
transverse waves (Skoko aiMbkrovic, 1982, p. 114).
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Section VI

After dealing with longitudinal waves, Mohoroidavent on to

investigate transverse seismic waves. He had concluded that:
both wave-types, individual and normal Primaries, are of just
one type, which differ one from another only by the fact that
they travel by different routes to the Earth’s surface. This
means that both types are longitudinal waves (p. 38).

Mohorovi@c then distinguished two types of transverse wave:
transverse (Secondaries) of individual Primaf#sand transverse
(Secondaries) of normal Primari€S) He assumed that the ‘main
earthquake phase’ is in fact produced by transverse waves associ-
ated with normal Primaries (p. 38). He determined also that there are
differences in the longitudinal and transverse wave velocities. For
the latter, he derived similar mathematical and combinational inves-
tigations and made comparisons with travel-time curves (pp.
39-41), as had been done for the longitudinal waves.

It is important to remark that Mohorowicdiscovered that the
transverse wave velocity in the Earth’s uppermost layer increases
with depth from 3.23 km-5at the surface to 3.321sat its lower
boundary (pp. 40—41). On passing through that boundary surface the
speed increased radically to 4.182 ki s

Section VII
Since Mohorovi&@ had given a proof in his previous section that ‘at
an important depth of some 50 km there is a surface where strong
wave refraction occurs’ he concluded that ‘at this surface, as also at
the Earth’s surface, various wave reflections must occur’ in the
Earth’s uppermost layer (p. 42). He further wrote:
Two types of reflections may occur:
a) alower reflection (fRwhere every ray reaches the Earth’s
surface after being previously reflected from the lower
surface,
b) an upper reflection @R where every ray reaches the
Earth’s surface after being previously reflected from the
upper and then the lower surface.

Those two kinds of reflection may be repeated as many
times as are needed to dissipate all the initial energy.

Various changes may occur upon reflections of L
(longitudinal) waves into S (transverse) waves and vice-
versa, so that we may get several time-curves instead of only
two (p. 42).

Following this, Mohoroviic reviewed which kinds of waves
might originate from th&; (a, B andy cases) an®&s (a, 3, y andd
cases) types of reflections, and he assumed that: ‘as reflection is
repeated the number of possible travel-time curves is increased’ (p.
43). Finally Mohorovi@ calculated (pp. 44 and 45) and drew (Table
1) travel-time curves for seven cases of reflectiBsS RsP,
RsP:S, RiS RsP, RiPS, andRiP), using pre-defined tables with cal-
culated wave pathways and travel-times (pp. 44—46).

Section VIII
The whole of the eighth section (pp. 46-52) is dedicated to proofs
that reflected waves really exist. Mohoradicfirst discovered all
the aforementioned phases on seismograms of earthquakes thal
occurred on 13 December, 1909, and 28 January, 1910, from obser-
vatories in Vienna, Munich, Toronto, Jena, Leipzig, and Strasbourg.
Then he observed reflections on the seismograms of 15 earthquakes
recorded in Zagreb in 1908, 1909, and 1910. Finally, he wrote deci-
sively (p. 52):
From the given examples it can be observed that reflections
really do exist and that they can be found in valid earthquake
recordings. Between 300 and 700 km we see them in all
seismograms.
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He added also his practical experience: Zoeppritz, 1907; etc.) before Mohord¥éis work, but he was the
It is much easier to find reflections in weak earthquakes than  first person to make theoretical travel-time tables for close-range
in strong ones, because in the former only the first reflections  earthquakes and differentiate on them precisely all phases of the Pri-

occur. mary, Secondary, and reflected wave positions. Wiechert (1906) had
hypothesised that the Earth’s interior consisted of several homoge-
Section IX nous concentric layers, but it was Mohoragievho was the first to

In his ninth section, MohorovVié gave a critical review of contem-  demonstrate this by the use of precise and accurate empirical data.
porary mathematical methods for calculating the hypocentre dis-While solving these problems, MohordMaised published seismo-
tance (pp. 52-53) and recommended that (p. 54): grams from various earthquakes, but the motive and foundation for
The best method of distance calculation includes means the whole investigation were data recorded from the Kupa Valley
whereby all the recorded phases are compared with the  earthquake of 8 October, 1909. For this reason, this earthquake is
travel-time curves. In close-range earthquakes we first read  cited as a classic in all seismology textbooks, and Mohoidldac
all the strong deviations and the time differences between investigation led to a ‘turning-point’ publication in the history of
them and we mark the first deviation on the ruler with a seismology, and indeed for the whole of geology.
millimetre gauge. Than we move the ruler over the travel-time The great importance of Mohoroviés work was first recog-
table diagram until all, or at least most, of the phases fittothe  nised by the Gratz seismologist Hans Benndorf (1912). He empha-
travel-time curves. Then we have obtained the most probable sised that it was one of the most important seismological publica-

distance. tions, though he made a number of critical remarks about the
reported results. Beno Gutenberg (1915) confirmed Mohardsic
Section X discovery.
According to Mohorovii, the hypocentre depth influences the coor- Mohorovidc continued his work: he constructed and improved

dinates®, then the inflection point position, and... the distance that is his travel-time tables for large epicentral distances; contributed to
reached by the waves that are reflected...from the lower boundary ofmethods for the precise location of the epicentres of earthquakes,
the Earth’s uppermost layer. Because of that, travel-time curves aredrawing so-called ‘Mohorovi epicentrals’; constructed a new,
being changed for theandSwaves. more sensitive seismograph; made a systematic study of the influ-
Additionally he made the interesting assumption that: ‘If the ence of earthquakes on buildings, etc.
hypocentre lies in the lower layer of the Earth then the earthquake Mohorovitic's work proved that it was possible to investigate
would have neithdPnorS; it would therefore be an earthquake with-  the Earth’s interior by means of seismic waves and for this reason,
out the maximal phase’. But in saying this ‘| have to assume that inand because of his many other contributions, the boundary surface
the lower layer of the Earth there are no seismic activities’ (pp. between Earth’s crust and mantle was given the name of

54-55). Mohorovidc discontinuity’, or ‘Moho’ for short (A.F. Birch, 1952).
In addition, Equation (3), usually given today in the formn(m)k,
Section XI is named Mohorovic’s Law (Skoko & Mokrovig 1982, p. 109).

Finally, after all his assumptions and calculations, MohdGi®vicote

that by means of his Equation (3) it was possible to calculate theAcknowledgment

velocity of seismic waves very accurately, and Equations (4) and (9)

gave satisfactory results for all wave travel-times within the limits of | am most grateful to David Oldroyd, Secretary-General of INHI-
precision that could be achieved at that time. Than he underlined theGEO, for his editorial assistance in completing this paper.

point that numerous earthquake data analyses would need to be per-

formed before the problem of wave propagation could be completely
solved. For this reason, he recommended that all observatorieReferences

should take great care about the accuracy of their earthquake record-

ings (which involved the quality of their chronometers and the uni- Birch, A.F., 1952, Elasticity and constitution of the Earth’s interior: Journal
formity of the rate of rotation of the recording paper of their instru-  of Geophysical Research, v. 57, pp. 227-286.

ments) and that with close-range earthquakes (up to 2000 km) the)}vlohc_)rovmc, A., 1910, Das Beben vom 8.X.1909: Jahrbuch des Meteorolo-
should read all the visible stronger deviations and period changes, as glsggcet?og?jervatfrlggﬁs in Zagreb (Agram), fuer das Jahr 1909, v. 9 (part
V.Ve” as the_ma_ln phases. This W.Oljlq greatly ass,'St further InVesng"’l'Skok’Q D. and l\/’lgkpr'ov'ic‘].,. 1982, Andrija Mohorovic¢iBiography and Sci-
tions of seismic wave propagation in the Earth_ S uppermost layer. ~ ontific Work: Skolska knjiga, Zagreb.

‘This [paper] should be considered only as the first attempt’ (p. 56).

xR Aleksandar Grubic
Particular travel-time tables for individual earthquakes, and The Faculty of Geology and Mining
theoretical travel-time tables for longitudinal, transverse, and surfaceBelgrade University
waves, had already been compiled and published (Oldham, 1906Dusina 7, Belgrade
Milne, 1903; Imanura, 1904; Rizzo, 1906; Benndorf, 1905; 1906, YUGOSLAVIA
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