Recent investigations of a Bronze Age eruption (*)
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Ricevnto il 25 Agosto 1970

SusMsany — The first part of the paper is a short aceount about the
« International Beientific Congress on the Voleano of Thera », organized by the
Greek Arclhaeological Berviee. In the second part, the author deals with
the problem of the so-called Minoan tsunami of veleano Santerin, Nome
caleulations are made concerning the energy of this tsunami in ease of ddif-
ferent wave-heights, The notion of free teetonic energy is introduced and
treated. The author siates that the relationship between the height and
the energy of a tsunami, expressed mathematically by Tida is nseful in
the case of the Santorin Minoan eruption, too.

Rrassunto. — La prima parte dell’articole &€ una breve relazione snl
Coengresso Seientifico Internazionale sul ¥uleano di Thera, organizzato dal
servizie Archeclogico Greeo. Nella seconda parte I'autore tratta il problema
del cosiddetto Minoan tsunami del Vuleano Santorin. Sono stati eseguiti
aleuni caleoli sull'energia di guesto tsunami nel caso di varie altezze d'umda,
Hi introduce e si tratta il concetto di energia libera tettonica. [lantore
precisa che il rapporto tra 1'altezza ¢ Uenergia di un tsunami, espresso mate-
waticamente da Tida, & utile anche nel caso dell’eruzione Mincan di Santorin,

Voleano Santorin (Bantorini, Thera) ig situated in the Aegean-
gen, North from Central Crele, 36°24' N and 25°24' E about. It
is a4 group of three voleanic border islands and (at present) two

{(*} Report ahout the International Scientific Congress on the Volcano
of Thera.

(**) M. Be., F.R.A.8., geographer, Vice-President of International As-
sociation of Planetology (IUGS-UNESC0); Seeretary of Commission of
Planetary Physics of TAP; President of International Lunar Society,
VI. Lenin-blwd, 82, T11. 62, Budapest, {Hungary).
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central islands, one of them still now-a-days is active, in a caldora.
The dimensions of the ealdern are ws follows: diameler in E-W di-

rection is 7,5 lom, in N-8 11,0 km; its greatest depth at its northern
part is abont 390 metres under the sea-level; the height of the walls

J —w, .
-~ —
- 3
.I
= Oea
RASTIA . —~
_/_- b A Y
i \
| \
)
/
_— :
| q D 4
(A MENT e Fhera
b SaLY & |
v 4 I
7 )
{ b Me T
é L
PALAEA WMENT
2 CED
/ . bl
~J
(&
ASPRONTISTI
oL
*
] THERA
{ .
/ AxT
» L]
N e
i
[
L
miles
Fig. 1 _\|;1|J of the islands of Santorin,

in some places exceeds 300 meires. The names of the central islands
are Palnea and Nen Kameni; the names ol the borderer islands — thad
are the walls of the ealdera — are Thera (the largest part), Therasia
and Aspronisi (the smallest part) respectively. The highest point
ol the Kamenae-islands is aboul 131 metres above the sea-level. The
volume of the caliders under the level of the water is estimated {o be
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about 40-45 ln?, that is much bigger than the velune of Krakatoa
calders. The surface of the water inside the walls of the caldera
is 83 km? 1t is generally accepted that during the formation of the

g, 2 —~ Model of Bantorin, miude on {he basls of the DBritish Admirality
chart {(after Gelanepoulos: Atlantis, Thomas Nelson amd  Sons 1.TD,
Luondon, 1949)

Hantorin caldera about 72 km? of material * disappeared ” from the
sinrfuce of the FKarth, due in 99 per cent to the collapse phenomenon
and in 1 per cent to effective explosions. The lavas of TPalaea
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Kameni as well as those of the more recent ernptions were first eha-
racterized as andesites with hypersthene and augite ... Now Georga-
las (1) prefers to eall the lavas * daeifoides 7,

Congerning the most ancient eraptions, as far as we can see for
them back in the time, Byan recently stated (Heezen (2)) that a great
eruption ecewrred about 80.000 vears ago.  Aecording to Heezen and
Ninkovich (3) the second catastroplie eruption of voeleano Santorin
{on ity former nagme: Stronghyle) had taken place in the Bronze Age,
at about 1100-1300 yvears B.C,  This latter eruption generally is called
as the * Minoan " one, since — aceording to the archaeclogical re-
searches, carried out by Marinatos (4:5.6.79) — this gigantic outburst de-
stroyed all the Minoan settlements on Stronghyle itseli and many
Minoan settlenents on Crete, as well as on the neighhouring islands, too.

The formation of the mighty caldern wus the direct cousequence
of this Minoan ernption. At the same time other natnral events
alse oceurred: earthquakes, tsunamis and even tornadoes, too [see
for instance Galanopoulos (B), van Bemmelen (*), Marinos (2¢)]. Con-
cerning its intensity, the respective Santorin ernption is comparable
with that of some Indonesian voleanoes; Krakatow in 1813, Tainbora
in 18135, ele. ("), The totrd energy released had the order of 1027
ergs (12). 1 should like to return later to a particular problem of
the energy-ealealation.

Since the Minoan eruption had an exeeptiounal role in the life
and history of the nations in the proximity, as far as all the Cyceladie
islands to the North, Crete to the South, Egypt and Syria to the
Sountheast and East respectively, it is understandable that the Greek
Archaeologica]l Service decided to organnize o great cougress with the
partieipation of archaeologists, historians, oceanograpliers, reorraphers,
voleanologists, geophysicists and other experts.  The time of the con-
mess was chosen as September, 1989, since this early-autunm time
is very favourable in Greece Lo take o jonrney from Athens to Suntorin
and to Crete by ship. Really, the congress had heen taken place het-
ween the 15th and 23rd, Seplember, 1869, All flie participants were
guests of the Greek Governement and of the Greek Arvchacological
Bervice which is under the directionship of Professor D, h. e, Spyridon
Marinatos, member of the Academy. There were about 120 seientists
from 16 countries. The lectnres had taken place partly in Athens
and partly on the ship * Knossos ' (10.000 ton). All the papers
atd the muterial of discussions are intended to be published as a special

T

HAeta " of the congress. he participants had opportunities to visit
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the active voleanie centers of the Santorin, where Professor Y okoyama
of Hokkaido carried out gravimetrie observations, eontinuiing his
researchies on this subject, as regards the gravity anomaldies of voleando
ealderas; Turthermore to take visits on the sites of recent areliaeologioal
reseatrches of Marinatos at Akrvotivl (S orind and at Amnissos (Crete).
We have seen the world-famous Minoan palace at Knossos, Orete as
well as some musewns, too.

T, 3 = The Nea Kameni voleanie island, viewed from Taz(
(phto of 1he autlor).

The lectures and the disenwssions deall with the most different
problems.  Wor example: exaet time of the Minoan outburst; archa-
eological explanations of the fndings; the tectonies of ihe Medi-
terranean; comparison witlh voleanic eruptions on oilier parts of the
world: effects of the Minean voleanie catustrophie on Egapt, on Crete
and on other lands; energies of the eruption: present problem of
Immar voleanism in the lighi of the Apollo-11 experiment, ete. There
was o debate eoncerning the height of the Minoan fsunami. Hince it
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is very important from the point of view of 1y caleulations of energy,
I should like to deal with this interesting problem here in ity details.

According to Gelanopoulos (8): “ There is now plenty evidence
that the collapse of the eentral part of the former Stronghyle island
wag abrupt enough to set up sea-waves of prodigious height that swept
clean all the coasts of the eastern Mediterranean. Pumice earried by
the sea waves was found in sediments of a post-glacial terrace 5 m

IFig. 4 — Island Thera. In the foreground there is the surface of Nea
Kameni. The ship is the * knossos™ of 10000 ton. The town on the
caldera-wall is Phera (plhote of the author),

above sea level North of Jaifa-Tel Aviv., Aceording to AL Plannenstial,
the pumice eame {rom the SBantorin eruption. Further, archaeological
evidence points out that the port and hulf of the e¢ity of Ugurit, in
Syria, were destroyed about 1400 B.C. by a tsunami. ... Assuming
an eustatic rise of the sea-level by 2 m in the fime interval of about
314 thowsand years, the height of the sea waves in Jaffa — Tel Aviv
should have heen at least 7 m. Disregarding now the loss fromn ab-
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sorption and taking into account that the sea waves produced during
the birth of the caldera had at a distance of about 900 ki a height
of more than 7 m, we may easily caleculate that their height at the
starting point should have been at least 210 m. The caleulation of
the initial height of the tsunami is in accordance with Marinos’ re-
cent estimation (20). G. Marinos and his associate have found lavers of
pumice in three places on the island of Anaphi, situated at a distance
of about 25 km East of Santorin. ... All these layers were found at
the heads of ravines or valleys on the island. Marinos and his as-

Fig, 5 The edee of the caldera-wall, viewed from the Soutl.
The town is Phera (photo of the anthor).

sociate have good reasons to believe that the pumice on Anaphi was
carried by the tsunami following the formation of the voleanic ecavity
of Santorin 7. It is noteworthy that one of these three layors were
found 250 metres above the level of the sea, at a distaneo of 1630 metres
from the cousst.

M.ane D). Vitaliano and Prof. Ch. Vitaliano {1#) have argued against
this statement, writing as follows:  Imasmnuch as Anaphi lies close
enough to Santorin to have received airborne pumice in the climatic
explosions, the Aunaphi pumice must be viewed with reservations as
evidence of the height of the Minoan tsunami .

This may be also true, of course, however I do not share the M.me
and Prof. Vitaliano’s opinion. As it was mentioned above, namely,
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all three luyers of pumice were found atf the heads of ravines v valleys.
Supposing that the punice had been carried by the air-shoeks, throu-
ghout the air, the pumice would distributed over a grenter part of
the island Anaphi, by and large in the saume general distribution.
But since the three layers were found just at the heads of valleys,
they had to carried really by the water of the sea slone.  This water
had been pecumulated at the mouth of the valley and reached higher
anil higher levels during its further way throughout the narrow valley
to its upper end. Owing to these considerations I prefer the value
of 210 metres a3 the initial height of the Minoan tsunai, in aceordance
with the suggestion of Prof. Galanopoulos and Prof. Marinos, respec-
tively. In some of my own caleulations I used this value. However I
declared that T am willing to vepeat the ecaleulations on the
basis of other values for the height of the tsunami. I should like to
made it here, in the present paper. The following values were chosen:
30 m — corresponding roughly to the tsunami-height after the Krakatoa
eruption (*) — 60 n1, 90 m, 120 m1, 150 m, and 180 m, respechively.

In the course of practical calenlation I was foreed to use the
relationship between the height and encrgy ol tsunamis, established
by Iida (1) since — as {ar as [ know — special mathematical expression
for the tsunwnis of voleanic-collapse origin is not exist as yel. T think
thatl Lhe simple relation, expressed as o table in [ida's (1) paper is
uscful in every cases when there is a tsunami in the sea, the muxi-
mal height of which is known, — independently from the origin
{eanse) of the respective sea wave, that is independent from the

problem whether it is & wave cansed by a ¢rnstal delormation of the
sen bottom duc to a tectonic earthquuke or it s a tsunami of
voleanic-collapse origin, {Sec later, Loo).

{*) During the Krakatoa-tsunami in 883 Lhoe height of sea waves
reached a value of about 30-36 metres on the coastal area. Aceording Lo
Lida (1) the energy of a tsunami, cansed by earthquake, with a heighl of 32
metres ot Lhe coasl is about 2,66 1% ergs, [ i very probable that a certain
part of Lthe onergy in the sea wave wuas transferred to the water from the alr
wave (18], The energy of the air blasi in the Krakaloa ease was estimated
also by Harkrider and Press (%) as high as the total explosive energy of
a nuclear bomb, equivalent to 100-130 megatons of TNT. Tt is equal Lo
4, 18- 106,27 10 ergs, sinee — according to Tmbo (1%) I megalon cor-
responds to 4,18.10% crgs. TG i very roasonable to assume that the energy
ol the Minoan tsunami of Sanlorin had a greater height and greater energy
than thal of the lsunami of Krakaton and the energy of air waves wuas al
least as high as that of the air blast of Krakatoa.



RECENT [NVESTIGATIONS 0OIF A BPRONZE AGE ERUPTION 199

By the extrapolation of the datn of Tida (14) and taking into aceount
the sverage values, I obfajned the following results as regard the
energy of tsunamis of different maximal height on the coast:

Table 1

Tsnnami-height car : ; Tsungmi-enerey (5
: metres Tsunami-magnitude Feihe :,_:.:I @ ()
3 4,654 1.528 - 1)
fid} 2,66 6,252 1(*
04} 3.23 1,374 - 1028
124} 5,65 2,455 - 1028
1) T} 3,081 - 1028
130 7,22 5,395 102
214 745 T, 413 - L
lHda's formula is as follows:
log fu, = 21,4 + 0,6 m 1]

where m iy the so-ealled tsnnami-magnitude.

It ix generally accepted that as o consequence of certain voleanic
eruptions large enlderas may formed due to the emptying process
of the magma-chamber under the voleano (7). Suel phenomenon oc-
curred in the ease of Mount Mazanin (Oregon), too.

Owing to such a proeess mighty energies are releasing in different
forms.  One of these energies is the total collapse energy, . which
can be computed by the following way:

E, — Mgh. [2]

In expr. [2] M is the total mass collapsed, g the aceeleration due to
gravity and & the total way of the movement of the mass I in the
vertical divection.

It the voleano — the collapse of whieh is under consideration —
is gitunted on the open sen or ocean (e.g. Krakatos, Santorin), it may
oceur fhat the caldern will Gl up with water and ag a consequence
of the collapse-phenomenon and sudden changes in the topography of
the sea — ocean — hottom, great waves, that is tsunamis originated
from the proximity of the volesnic island.,  According to Sehuiling and
Yink (18) the totol eollapse energy iy used for carthquekes, tswnamis and
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for other geophysical phenomena. Ou this basis we can introduce the
notion of free tectonic energy:

Boe — B, — By [2]

where K, i3 the energy of tsunami.

Let us ealeulate the value of free tectonic encrgy in case ol Han-
torin Minoan eruption, using dilferent values for the depth of magma-
chambor and for the height of the tsunami. We used the following
suppositions:

a) — total energy of water, filling the basin, bordered Dby the
walls of the caldera: 0,2-10% ergs (1), is indicated with £, ;
b) — the total way of collapse in the vertical sense is
H=="+1knm, [4]

where % is the depth of the roof of magmi-chamber under the sea
level and H is the depth of the final magma-level inside the magma-
chamber (at the moment of the beginning of the collapse), measured
froan the sea level (the eliosen value of 1 km is a rather arbitvary one,
of course);

¢} — acceleration of gravity g roughly is 108 em gec?;

d) — the mass of the subvoleanic column is M, its density is
2,8 ¢ ey

8) — the mass of the collapsed material, including the preexisted
voleanic mount is M, its density is 2,5 4 em3, its total volume is 72
km? and thus

My = M |- 1,8 10v7g; [5]
and — lastly — the base of the preexisted voleanic monnt had an
area of § = T0lcmez.  In these cases we obtain the following values:

Table TT

I3 i H M, E.=(Muylh+ B,
km | kwm 107 ¢ 105 orgs
1 i 2 3,060 6,32
2 | 3 4,020 12,26
3 4 6,980 28,12
4 ‘ B 8,970 45,05
3 | 4 10,930 465,78
10 | Ll 20,700 227,50
15 | LG 31,200 499,40
20 21 40,200 844,40
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Combining these dada and the data, presgented in Table T, further-
more laking inte account expr. [3], we received the following values

for the free tectuic energy:

Table 111

height of tsunaml in melres

5 30 G0 90 120 154 180 210

|TH
free tectonic energy in 1025 ergs

1 6,167 5.445 4,044 3.845 2,330 0,025 | < 0

2 12,107 11,035 1), 8586 G805 %2510 [ER 1] 4 847

3 27,967 25,4495 26,746 25,6485 24,139 22725 20,707

1 44,897 44,425 43.6706 42,593 1449 30,600 37637

5 65,027 3. 150 1,400 63,325 1,789 1,385 58,367
11} 227,747 227,275 226,526 225445 | 223,019 233,505 | 220,487
15 99,247 408,770 498,026 | 496,045 195,419 194,005 0 491,987
20 434,247 843,775 5434020 0 841,945 0 840,419 39,005 BR36,987

Very similar values may be obtained if § = 80 km?, instead of T0-
To ealeulnte Lhese values — however — is nol heecessary, sinee the
data presented in Table 101 show cleavly that, beginning from
certain value of &, the free tectonie energies are almost the same than
the ¥, that is only o small per ceni of £, is nsed for lsunami.

These energies, expressed in Table TTT, are enormons ones.  For
comparison we can refer to the faet that the total seismic energy,
released on the whole surface of the Earth between Jannary 1, 1896
sl the end of May, 1962 was somewhad smaller than 60-1028 ergs (19),

Wit Tiad hyppened with fhe [ree tectonic energy? [t is @ problem
of eapital importance.

The present author is convineed that, ot least a pact of this free
teetonic energy, lud to relensed as earthquakes, more exactly: in
the form of a long series of rether strong emthguakes. A similar case
had heen experienced dwing and after the collapse of Fernandina
caldera of the Galapagos voleanic group in 1968 (20) where many shoeks
had been ocewrred and some of them veached the magnitude 5,0
{Richior). 16is very diffienlt fo Imagine a mighty eollapse-phenomenon
of gigantic mass without any slake of the ground. IHowever it is
probable that only @ relatively smaull per eent of free tectonie energy
was used for senerating such a sequence of shocks. [ omay suggest
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that the remaining part of free lecfonic enerqy was used fo cause certain
changes in the level of the bollom of the Aegean-sea around the voleano
Santorin. Sorry, at present — that is about 3400 years after the
event, — we are not able to measure the dimensions of the crustal
deformations, happened as a direct consequence of the collapse-
phenomenon. However if the changes in the sea-bottom topography
were high enough, both in the horizontal and vertical direction, then
the energy, necessary to produee them might have been in the ordea
of 1023-10% prgs or perhaps 1027 orgs, that is in the order of the free
tectonic encryy.

As Prof. Minalkami of Japan had expressed on the oceasion of
the congress, the tsunamis are due o sudden fopograplical ehanges on
the sea-bottom. These topographical changes (erustal deformations) are
the direct sonsequences of strong earthquakes, ax it oceurred — for
instance — in case of the great FPokyo-shoek on the 1st, September,
1923. But aceording to the considerations of ilie present author,
diseussed above, some lind of crusial deformaiions may be the eonse-
quence of caldera-maling eollapse-process, foo. It iz now quite clear
and evident that sueh type of erustal deformations wmay dalso cause
tsunamis. Thervefore lida’s formula (4), that is expr. [1], can be wused
tn ease of tsunamis of wvolranic ecollapse-origin and nwot only in case of
tsunamis of earthquake-origin., Accordingly to use the respeciivo for-
muly in the caleulation of the energy of SBantorini Minoan tsunami is
quite rightful — quod erat demonstrandunt,
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