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ABSTRACT

Tiltmeters vere installed at two sites on Mount Etna, and
these recorded tilt during the period tetween September 1973 and
Fay 1977. The resultant data were examined for a) short-period,

tidal signals and b) long-period, secular changes.

Spectral analysis did not produce any clear information
regarding the nature of tidal signals on the volcano, and no firm
" conclusions could be drawn as to whether the eruptive or guiescent

phases of Etna effected or were affected by the tides,

The long-period tilts showed some correlation with volcanic
activity, but overall there was insufficient data to enable no more
than speculative predictions of eruptions or inferrences as to the internal

mechanisms of the volcanc to be made.

Statistical analysis of the periods between eruptions lends
considerable support to the theory that summit and flank eruptions

are fed by separate but inter-connected magma conduits.

- . -

A detailed analysis of nearly four hundred years of eruptions
fails +to give any support for theories proposing the triggering of

eruptions by mechanisms such as earin tides or sunspots.
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CHAPTER I
INTRODUCTION

Volecanoes have fascinated man since he first set eyes upon them
and these most spectacular of all natural phenomena have often been
regarded as gods or homes of gods, Not merély did they strike awe iﬁto
| mens hearts but they also possessed an almost overwhelming attraction,
that of providing the surrounding land.with a rich, fertile soil often
in an otherwise barren landscape. This attraction was often to prove
fatal and over the centuries volcanoes have exacted a terrible toll on
those unfortunate enoﬁgh to have to depend upon them for their 1ivélihood.
In A.D. 79 Vesuvius, in the most famous of all eruptions; killed around
2,000 people in fhe towns of Pompeii and Herculaneum. Krakatoa in
Indohesia, in one of the most violeqt eruptions of all time killed over
36,000 people and in 1902 Mt. Pelee in the Caribbean Island of Martinique
destroyed 30,000 lives in a matter of seconds. It is because of disasters
suéh és these that a need for predicting voicanic eruptions arises., The
problem is not just one of predicting an eruption to within a few days
but also predicting the ferocity and overall danger to life; in all the
-eruptions just %entioned there was considerable evidence beforehand to
warn the inhabitants, without the need for sophisticated scientific
observations, but misunderstandings of the situation, underestimating
the danger, and bureaucratic maladministiration combined to ensure such
an enormoﬁs death toll. One of the main problems facing those trying to

p:ediét eruptions was highlighted in 1976 when the French government,
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fearing a repeat of the 1902 lt. Perée disaster, evacuated a2 large arez
of nearby Guadeloupe anticipating an eruption of Soufriere. This
action was taken against the advice of Haroun Tazieff, the leading
volcanologist on the site and the resultant non-eruption created a
good deal of recrimination all round as well as financial problems

for the Guadelpupe goverament. The prime considerations then are

accuracy in terms of time of eruption and the danger {o life.

Fortunately for those iiving in the shadow of Etna the danger
to life is not great. Etna's eruptions are not violently explosive
in the manner of Vesuvius or Krakatoa, although such eruptions have
occurred in historical times notably in 1669, 5ut are characterized
by lzrge vélumes of extruded lava, This lava moves at.é slow enough
rate to allow people and livestock to be evacuated at the last moment;
_ Viﬁeyards and orchards are not so 1ucky‘and much fertile land was
des{royedain the large 1971 eruption. Even though there is no direct
threat to life, a fore-knowledge of an eruption would be of undoubted
help to any administration in providing it with valuable planning

time.

Volcand prediction is still very much in its infancy. Decker
(1973) considefs the term 'prediction' to be too precise and
deterﬁinistic and prefers to use the term 'forecasting', and while
advances are always béing madg there is still a long way to go before

confident predictions can be made.



The principle methods used to determine the state of a volcano

area the menitoring of:-

1) Seismic and microseismic activity.
2) Crustal Deformation (Tilt).
3) Changes of the geothermal temperature.

4) Variations in the geomagnetic, gravity and geoelectric fields.

5) Various geochemical parameters such as the temperature, volume or

composition of fumarole gases,

~

.The two most popular approaches are via seismic activity and
crustalldeférmation. Referehces to the other approacheg can be found
in Minakami (1974),vDe§ker (1973) and Yokoyama (1972). The monitoring
Of‘seismic activity is a well advanced field of research pioneered in
Japan (Minekami, 1974; Kubotera and Yoshikawa, 1963; and many others)

" but also in the USSR (Tokarev, 1971 Gorshkov, 1960) and on Hawaii
(Jaggar,‘1920). A reconnaissance sﬁrvey of Etnean seismicity and
microseismicity has recently been completed (M. Muniruzaman, 1977)
an& fhe results indicate that further, more exteﬁsive, coverage may

prove fruitful.

The mo’nitoring of crustal deformation, as with the seismic
monitoring, is a well established approach, and here the Hawaiian
voleanoes have been extensively studied (J;ggar! 1920; Jaggar and
TFinch, 1929; Jones A.E, 1937 and others) as have many Japanese volcanoes
(Bagivara 1947; Hagiwera et al., 1948, 134%a, 1949b, 1951; Hegivera and

Kasahara 1951 and others) and more recenily tilt stations have been



established on other volcanoes around the world (Fiske et-al:; 1977;
Fedotov et al 1977). All the early measureﬁents of crustal deformation
were based on precise levelling surveys and it was not until the
development of the portable water-table tiltmeter (Eaton, 1959) that

continuous monitoring was possible,

The geophysical techniques listed abové héve not only found use in
eruption prediction but have also been applied to the examination .ef
of the internal mechanismhof the volcano (Eaton and Lipman, 1977;
Wadge, 1974, 1976) and in the fﬁture the two approaches will probably

go hand-in-hand, the one supplying information about the other,

On the whole, Etna has been a neglecteﬁ volcéno; geological

observations were begun by Lyell in the early nineteenth century but

it took the.eruption of 1971 to stimulate any rezl interest in the

use of geophysical methods, and then it was British volcanologists,
who took the initiative. There had been some previous geophysical

measurements, including a gra#ity survey (Klerkx, 1970) and some
: ‘ ' which

‘seismic profiling across and'down through Sicily,(yielded little

information on Etna.

Measurements of crustal deformation have since been carried

out by two separate approaches a) A series of biannual precise

levelling surveys by a team from University College, London under

'J. Guest and b) Continuous +ilt monitoring by Imperial College,

Lordon under R.G. lMason and G, Valker.
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The initial aim of the research described in this thesis was to
extend the continuous tilt monitoring programme begun in 1973 (&_-iadge,
1974) with the intention of gathering more information with regard to
volczno prediction and the internal mechanisms of Etna.  (Mason, 1975). :
However, a precise gravity survey in 1974 (Mason et al., 1974) revealed
unexpected differences between the tidal gravimetric factor (ratio of

Observed:predicted tidal amplitudeé) at the various sites on the volcano,
and as a result it was decided to make a more thorough investigation

of this phenomena and a detailed gravity study has been recently

) cbmpleted (3ohamed, 1978). The aim of this research then extended

from one of crustal deformation qonitoring to an examination of tidal
signals during eruptive and quieséent phases of the volcano (Phillips,
1978). The predictive aspect was also extended from one based simply

on geophysical techniques (in this case crustal deformation only) to
include a statistical approach similar to that of Decker (1973) and an
investigation of the possibilities of eruption triggering by other
phenomena such as Earth tides and sﬁnspots: both of which have attracted
increasing_@ﬁtention in receﬁt years, Here again an assessment of the

influence of tides or sunspots can provide valuable information on the

internal mechanism of Eina.

. The layout of the remainder of this thesis is as follows:=

In Chapter 2 the tackground geology of Mount Etna and the
neighbouring region is triefly described, as is the complicated

plate iecionic setting of Sicily.

i1



The relevance of Earth tides was referred to above, and
Chapter 3 deals with the basic theory, and then proceeds to a-
discussion of previous Farth tide measurements, and some of the
difficulties and perturbing forces associated with such measurements,

in particular their relevance to the work on Etna.

Thus Chapters 2 and 3 provide a broad background to the problems

" considered in this thesis, and the investigation of these problems is
analysed in the rest of tﬁe thesis continuing with Chapter 4 where the

two tiltmeters used ip this research are described, and their installation

and operational history on Etna is also detailed.

Chapter 5 is concerned with the results obtained from the two
tiltmeters and analyses the results with reference to both tidal and
longer period signals, attempting correlations with known volcanic
activity.

Volcano forecasting and eruption triggering is dealt with in

vChapter 6 and an assessment of the internal structure of Etna is

attempted.

‘The final Chapter, 7, summarises the results of the previous

chapters and makes suggestions for further research.

'During the course of this research the computer has been of
paramount importance in the analysis of results and the prediction of
tides. Three prograns have been extensively used, (1) TIDE, (2) SPECANL,

and (3) TIDECOM. The first two are modified versions of programs

12



vritten by J.C. Harrison, while the third, TIDECOM, was specially
vritten for this research. Descripticns of these programs have

been included in an appendix.



CHAPTER 2

MOUNT ETNA - ITS BACKGROUND AND LOCALE

2.1 INTRODUCTION

Mount Etna, standing as it does in the centre of the

Mediterranean(Fig., 2.1) has been close to one‘méjor civilization

or another for well over 5,000 years and its influence on them must

have been quite considerable. The Greeks were certainly well acguainted
with Etné and their literature contains numerous references to it.

Both Hephaestus’(The Greek 'Smith' god) and Vulcan, his Roman
.equivalent, were supposed to house their forges deep within her bowels
and a later Greek philosopher, Empedocles, lived throughout the year

oﬁ Etna and is reputed to have leapt into the crater as a rather
gréndiosé act of defiance to the gods. In due course the Torre del

Filosofo on the upper Southern flank of the volcano was named in his

honour and he may well have reéarded that as due recompense,

Although eruptions on the volcano have been recorded as far
back as 1500 B.C. (Imbo 1965) scientific research, as'generally
where the geological sciences wére concerned, was late in coming,
Maps ;nd dravings of fhé volcano were prodﬁced in the late eighteenth
century (q.v. wadge.19?4 for references) but it was not until the
mid-nineteenth century that the first major geological work was

reported (Wadge 1974). Geophysical research was even later in its

14
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inception and almost all the significant work has been carried out in

the 1960's and 1970's.

Etna's historical notoriety resides not only in its prominent
location but also, and primarily, because it is Europe's largest and

most active volcano. The summit reaches over 3,000 metres in height

and has geographical co-ordinates of 37°45'N and 15°01'E, The whole
volcano spreads over 1300 kmsz. At its base it-is approximately
elliptical having a north-south axis of fifty kilometres and an east-
- west axis of forty kilometres. Its size and éctivity contribute to

make Etna rank second only to Vesuvius as Europe's, if ndt the World's,

most famous volcano.

Considering the enormous number of recorded eruption, more than
o£ any other volcano except Stromboli, and its prominent location in
oﬂe'of the most pépulous of regions historically speaking, it is
perhaps surprising how 1ittle is known of the workings of Etna.
Partly, this is due to the late involvement of science, but also to
the manifesiﬁéomplexity of the'volcano. These are over two hundred
adventive cones (secondary cones,fformed on the flank of an'existing
~ volcano) covering its gugface"(F;g,Z,g), many of them from recent
eruptions, and their comparative abundance would alone indicate

a complicated system of channels or widespread fragmentation within

the volcano, facilitating the transference of magma.

16
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A discussion of the eruptive feztures of Etna is reserved
for Chapter 6. In the rest of this chapter the relevant geology

"of Etna and Sicily and their tectonic setting will be considered.

18



2.2 GEOLOGICAL FEATURES OF SICILY

A brief consideration of the geology of Sicily is helpful in
providing a greater understanding of the setting of Etna and its owmn

major geological features.

Sicily can be divided geologically into four separate structural

blocks (Caire 1970), (Fig. 2.3), (1) The Ragusa -.Iblei Carbonate
Platform, (2) The Neogene Sedimentary Basins, (3) The Flysch Nappes,

(4) The Peloritani Massif.
1., BRagusa - Iblel Carbonate Platform.

The Ragusa Plateau in Sicily'sAéouth—east is an external
palaeogeographic unit and has not been affected by the tangential
Alﬁine tectonism and may be considgred as an extension of the Sahara
Desert beyond the Sicilian - Tunisian basin, It is striated by a series
of normal faults striking SSW and SSE and is separated from the
Caltanisetta Basin (g.v.) by a system of faults and flexures extending
ﬁNE into the Iblean mountains, which represent the passage of basaltic

extrusions during the early Miocene, including those underlying the

Quaternary volcano of Mount Etna.

2. Néogene Sedimentary Basins,

This region comprises almost all of Western Sicily reaching

Catania in the east and lying between the Ragusa Plateau to the south

i9
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and the letroedi and the Peloritani lassifs to the north. The most
important of these basins is the Central Sicilian (Caltanisetta)
Basin, The tectonic uplift of Sicily during the lower Pliocene has
resulted in upper gliocene and lover Quatéﬁéry deposits being found
in this basin at heights of several hundred metres.

3. The Flysch Nappes.

The central northern region of Sicily iS‘composed of a series
of flyséh napres dating from the Cretaceous to the Miocene, These
. nappes are similar to their correspondlng equlvalenta in North Africa.
The most internal nappes show, in plan view, curving boundarles, concave
- tec the northwest and also overthrusts which have moved from the inside
to the outside of these arcs, The Monte Soro Nappe, which forms the
main element of the Nebrodi Mountains, extends south of the Peloritani

iountains (q.v.) and underneath Mount Etna.
L4, The Peloritani Massif

The Peloritani Massif, lying to the northeast, is the Sicilian
continuation of the Calabrian arc., It comprises a metamorphic
basement with granitic intrusions affected by reversal and overthrusiing

towards the south.

This orief description of the salient aspecis of the geology of
Sicily provides an appropriate introduction to a description of the

geology of Mount Etna iiself.
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2.3 GEOCLOGY OF MOUNT ETHA.

Submarine basaltic volcanism has been traced back to the Middle
Triassic period for the south eastern region of Sicily (Cristofolini,.
1973) giving rise to pillow lavas and hyaloclasites through fissures
in a carbonate platform. The Iblean mountains, further north, are the

site of volcanic rocks dating from the Miocene, Pliocene and Pleistocene

ages, During the Middle Quatermary, submarine fissure eruptions of
basaltic magma occurred in a shallow, Sicilian clay, gulf in the area
_Presently occupied by‘Mount Etna. The tectonic uplift of Sicily
resulted in these submarine eruptions becomiﬂg sub-aerial and in due
‘course gave rise to the complex volcanic system compfising Mount Etna.

This northward trend in volcanism is illustrated in Fig. 2.4.

Mount Etna itself sits upon a sedimentary basin composed of
fiysch type deposits of Cretaceous to Miocene age in the north, Miocene
sandstones in the west and Pleistocene alluvial deposits in the Plain

of Catania to the south,

The most impressive structural feature andvone'of the most
important geological aspects of the volcano is the enormous depression,
east of the summit, called the Valle del Bove (Fig. 2.5). Its provision -
of a cross-section of the volcano complex is foremost amongst the
reasons for its geological importance. Klerkx (1968) determines at

least four sfages in the development of BEtna from an examination of

22
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the Valle del Bove. The four stages reveal a westwards trending
volcanism starting from a site at the Valle del Calanna and deveioping
via Trifoglietto I and II in the Valle del Bove itself up to the present

volcanic centre of Mongibello. These stages are depicted in Fig, 2.6.

The most widely accepted explanation of the origin of the Valle
Qel Bove is due to Kieffer (1969), vho postulates its formation in a
violent pumiceous explosion resulting in the destruction of Trifoglietto
II, In view of the radio-carbon dates of 5000°'%130 years B.P. obteined
for the widespread ash.deposits of the eastern and south~eéstern slopes
of the Valle del Bove (Sturiale,l967) he assumed this to be the probable
date of the cataclysﬁ. Although Klerkx'(l968, 1970) indicates that the
atite - andesites of Trifoglietto IT are much older than 5000 years this

does not rule out Kieffer's proposed solution.

As a result of a gravity sﬁrve& of Etna'(Klerkx and Evrard, 1970)
considerable doubt must now be cast on the p&nxice ~ explosion theory,
'hqﬁever. The gravimetric.map preduced as a fesult of this theory clearly
indicates a positive anomaly (27 mgals) situated in the Valle del Bove
_over the area proposed by Klerkx (1970) as the centre of Trifoglietto
11, Accordiﬁg to Yokoyama (1963), however, pumiceous calderas should

give rise to negative and not positive graviiy anomalies.

Rittran (1973) also suggests an explosive genesis for the Valle

del Bove, similar to that forming the Bandaji San Caldera in 1883, This

25
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hypothesis =still seems to run into the same problems as the previous
one and, as Ritftmann himself states 'none of these attempis offers a

satisfactory explanation'.

A further problem as yet unsolved, has been the queétion of a
central magma chamber. Whilst most authors favour the non-existence
. of such a chamber reseaxrch into th'e transportation of magma within
the volcanc shows the problem to be extremely complicated. In passing
it might be added that this is not particularly surprising, given the
eruptive history of Etna. It is instructive to consider the degree
of variance between authors on the matter of a magma éhamber.A Hitﬁmann
(1973), during an éssessment of various chemical analyses of Etnean
lavas states "..... These facts confirm the non-existence of a single
.great magma reservoir beneath Mt, Etna." and he continues by saying
thgt the variance in lava composition can be easily explained by
assuming that the magma rises aiohg a series of.abyssal fissures from
a deep source, Contrariwise Cristofolini (1973) commenting on the
‘peirography,of Etnean lava fipws, says "..i.. the above stated
conditions can be fulfilled only if the maéma undergoing differentiation
is étored in relatively large batches .....". These two statements
may not, however, be at quite such odds as they initially appear
siﬁce Rittmann only commits himself specifically against a "single
great magna reservoir" and Cristofolini does not propose a single
chamber so much ;s a series of distinct ﬁagma storage locations,

_This is a view supported by Carter and Bell (1975) who find that the

27



chemical data oppose the idea of a large magma chamber, which would
involve considerable crystal fractionation but is in accordance with

the sub-volcanic dyke-sill plexus of Vadge (1974).

Although geOphysical evidence relating to this seminal problem
will be discussed later it is pertinent to note that Machado (1965)
@educes not only the existence of afmagma chamber but also its
magnitude and location., Based on a comparison of the observed and
theoretical seismic intensities from the 1908 Messina earthquake he
'estimafes & chamber forty kilometres wide by one hundred kilometres
in length at a depth of five kilometres. Since this result is based
on a study of intensities and not magnitudes and also for an earthguake
- occurring some sixty years before the publication of this paper it
must be regarded with a good deal of caution. Further research along
these lines was begun by a group from Cambridgé University in 1977

but as yet no results are available.

From geodetic evidence Wadge (1976) considers that the Chasm
can act as a magma reservoir for flank eruptions. -This would appear
to be a very reasonable conclusion considering the divergence of

opinion based on purely geological grounds,

28



2.4 GEOMORPHOLCGY AND THE SUMMIT REGION

The morphology of a volcano is generally determined by the
products of any eruption and their manner of effusion; it will thus

parallel the history of the activity of the volcano.

Rittmenn (1962) regards Etna as a basaltic shield volecano

overlain by a strato-volcano, the basal part of which is dominated by
lavas. There are three distinct morphological units., The highes£ of
these is the summit cone rising some 300 metres above the summit

. plateau (Piano del Cratere)., This Piano del Cratere is almost
certainly the laiest of several infilled calderas and forms the
sceond moﬁphological unit. The third unit is represented by the
flanks of the volcano, which generally become steeper at higher
Altitudes. 'There is, however, an abrupt change of slope at 1800
métres and this 1800 metre level is also important when considering

the location of flank eruptions (q.v. Chapter 6),.

The three units can be seen in the volcano profiles of Fig.2.7.
Summit Region

The summit region comprises the main central crater and a
slightly smaller, théugh more active, secondary crater known as the
Northeast Crater. The central crater contains within it two cratered

cones, the '19084' crater and the Chasm (La Yoragine) and a collapse

29
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crater, the Bocca Nuova, Guest (1973) has described the geology
of the summit region and a map of the region is shown in Fig. 2.8.
Changes were recorded by Murraj (1977) mainly around the Northeast
Crater. The Chasm is less than twenty years old while the central
cpater as & whole dates back over three hundred yearé. Spallanzaxre

(1798) reported by Wadge (1974) gives a review of several descriptions

of the summit region, indicating the ephemeral nature of the craters

and cones within the central crater.
The Calderas.

There aﬁe two calderas lying Jjust below the summit. The Cratere
del Piano lies at an altitude of 2900 - 2950 metres and +o the north,
at a slightly‘lower level, is the Cratere Ellitiico so named because
of its eliiptical outline. The ezact temporal-relationships between
the calderas is not known but both indicate that caldera collapse has
5een anAimportant factor in determining the siructure of the summit

region over the past few thousand years.

The Flanks,

Etna's flanks are characterised by the number of adventive cones
and craiers distributed over their surface. Wadge (1974) estimates that
they represent some 2700 years of flank activity assuming a constant rate

- of production, which seems a reasonable assumption,
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2.5 TECTONIC. SETTING OF SICILY

The tectonics of the Mediterranean has been the subject of
much discussion in recent years, and for the region around Sicily
and Southern Italy in particular a considerable amount of research

has been conducted and yet has still resulted in rather vague

solutions which immediately prompt the question; "why does Etna

appear to be on the wrong side of the Burope-Africa plate boundary?"

Palaeomagnetic data from volcanic rocks in the Ragusan
platform shows that Sicily has been fixed with respect to the African
plate from the Upper Cretaceous but until the Plio-Pleistocene was
palaecomagnetically Gistinct from the European plate (Barberi et al.,

1974(a)). From this, it can be reasonably inferred (Grindley, 1973)

‘that the African plate, carrying Sicily along with it, collided with

the European plate towards the end of the Oligocene,fesulting in the
formation of the Aeolian arc volcanoes. Iﬁ the Lower Miocene, the '
thrusting nappes and metamorphic belt of the Peloritani Mountains

to the north of Etna were formed.

A definitive placing of the plate boundary in this region is

‘hampered by the lack of seismic data from the region (McKenzie, 1970).

The available seismic date indicates that the African platelis under-
thrusting the Furo-Asiatic plate with a slope of approximately 580 in

the Lipari region and 35° in the Aegean region (Caputo et al., 1970)

(22
(8]



(Fig. 2.9) a conclusion which is supported by the available gravity,
volcanic and heat flow data (Caputo et al., 1970). The plate boundary
determined by McKenzie (1970) is vague in the region of Sicily for the
reason indicated above, but an analysis of geochemical data (Barberi

et al., 1974 (a)(b)) confirms the position of the plate boundary north
of Etna (Fig. 2,10), whilst still being tentative regarding its definitive
lineation. The dextral motion of Calabria with respect to Sicily shown
by Barberi et al. (197% (a)(b)) and indicated in Fig. 2.10 should be
detectable by the.current electromagnetic distance measuring equipment
‘now available. The only attempt to measure this (Caputo et al., 1974)
giveé results that are far from being conclusive, primarily because only
four points were chosen, two on either side of the Straits of Messina,
the purported plate boundary and also)for reasons the authors themselves
indicate, the short time interval between the firstvand last measurements

and the comparatively small variations in line length.

Seismic iﬁvestigations in northern Sicily (Giese et al., 1973)
suggest a crustal thickness off38 kms. in fhé region of Etna, and Barberi
et al. (1974 (a)) say that the érustal thickness increases from the
Sicily Channel in the south to the. north coast of Sicily and that it
rmay reach 40 ﬁms. under Etna although the& point out'that the crust/
mantle interface is indistinct in the north. Belderson et al, (1974)
deduce: the existence of a poorly develcped ridge in the Ionian Sea
céncentric with thé CalabrianAarc. The exiétence of this Calabrian
ridge implies crustal shortening related to the compression concomitant
" with the Benioff zone beneath the Czlabrien arc. This compressioh is

probably due to the south-easterly moiion of the Tyrrhenian region.

34



] N T

LIPAR
-\‘_.,\j

FIG. 2.9 (after

Caputo

al

oy

et

1570}

-t

alonz the dolbted line.

92

~
3



VINIQSVS

TUNISIA

FIG . d. lO

Hohab;e location of the uro-.&.frs_cgn olc.te boanda::y in the
vicinity of Sieily.. (after Barberi et al., 107hb) 8

. Arrows 1nd.|.cate the direction of mot:«.o*l

€49
N



Geochemical studies of the Aeolian arc to the north of Sicily
reveal it to be in a senile evolutionary state (Barberl et al., 1974(b))
and additionally a comparison of the 87Sr/8 Sr ratio for Etnean and
Aeolian lavas reveals a difference (.7033 to .7045) which shows a
dissimilar provenance for the two systems, contrariwise the volcanlc
rocks from the Sicily Channel give the same 7Sr/SOSr ratio, indicating
a similarity in the tectonic setting for the two regions, a finding
which is supported by morphological considerations (Wadge, 1974). The
87Sr/868r ratio has also been used to support arguments showing that

Etna's source magma has not been affected by crustal assimilation.

There have been many attempté to explain Etna'’s unusual position

vis-a~vis the plate boundary. Barberi et al. (1974 (a)) relate the

_geochemistry of the<volcanic products of Eastern Sicily to the various

compressional and distentional £ect6niés of £he area, and to probable
changeé in the Afro-European.platé boundary since the Triassic,
Eastern Sicily has, howéver,ﬁbeen on the_bqrder between the colliding
continental plates since the’Upper Miocene, giving rise to local
distensive tectonic features related to the stress field directed

normally to the motion of the oceanic uthoéphere. There is no attempt

by Barberi et al. (1974(b)) to explain how distensive tectonics could

exist above a subducting plate. To solve this Grindley (1973) proposes
a high rate of arc migration and claims that '...... rates of arc
migration are sufficiently rapid to allow crustal dilatation normal

to the Calabrian arc at the present day......'. The overriding



impression must be, however, that this is an intractable problem
requiring a great deal more investigation which, it is satisfying

to note, is being carried out.
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2.6 TECTOXIC CONTROL OF MOUNT ETNA

The fault systen controlling Mount Etna is shown in Fig.2.11.
There are three major series of faults (Rittmann, 1973): one trending
NNE - SSW along the coast of Sicily, a second is directed ENE - VSH

and a third ESE - WNW, The ascent of magma is facilitated by faults

and the distribution of eruptive centres reflects the tectonies of

the basement (Fig.2.2). The ENE strike-slip faults south of the

centre of Etna have considerable influence on the basement of Etna
(Ritsema, 1969). The most important fault is, nevertheless, the NNE
frénding ‘Messina Fault'., This is an extreﬁexy active fault responsible
for the ﬁajor_earthquakes of 1783 aﬁd 1908 as well és many minor gquakes.
Thére is also evidence that Etna ié rising isostatically. The sedimentary
_tasement has risen as indicated by outcrops of Sicilianléﬁﬁﬁ (QuateRary)
at a height of 800m. on the eas£ern slépe an& 1050m. on the western
slope (Rittmann, 1973). Grindley (1973) calculated this rate of

uplift to be about lmm/yr. Francavigalia (1959) and Ogniben (1963)
consider the uplifted basement to be a WNW-ESE trending anticline

whilst Rittmann (1963) prefers a horst-like feature controlled by

a N-S trending normal fault parallel to the Ionian graben,



The major fauli systen around Zt.Bina (ai‘tér Rittnam, 1963)

40



CHAPTER 3

EARTH TIDES

3.1 IKNTRODUCTION

Tides on the earth, both solid earth and ocean, arise because
of the differential gravitational attraction of the sun and the moon

on different parts of the earth coupled with the relative motion of

those perturbing bodies,

The tides can be grouped iﬁto three separate categories dependent
upon the periodicities of their components, fhese are long-period,
diwal and semi—diuznal. The long-pericd tides include all tides
with periods in excess of one.day and arise because of the motion of -
‘moon around the earth (month) and the earth around the sun (year).

The diumal tides arise because éf tﬁe éarths axial rotation. Tides
occur with periods of a half of the fundamental periods, that is,
semi-annual, fortnighily and semi-diuxml The reason for this can be
simply explzined with reference to Fig.3.1l. A perturbing body I
acting on the Ezrith E exerts a greater gravifational attraction at A

than ét 0 and a lesser>at B,



-tidal '
. ““bulge H

Fig., 3.1
Tidal bulge formed by the Barth's surface

relative to the Earth's nmass centre

Ihis results in a tidal Buige, relative to the earth's ﬁass
-centre. In practice this tidal bulge lags three degrees behind the
~line of centﬁgs OM because-of;friction due to the rotation of the

Earth, Since the rotational period of the Earth is less than that
of the moon round the earth, the lagging tides are carried ahead of
the moon. Perturbational effects give rise to many tidal components
with periods adjacent to the ones referred to hére, a detailed

development of which is given in section 3.



One of the effects of Earth tides and also one of the earliest
observed is to cause fluctuations in the water level in wells and
this has lead to considerations of the effects of the tides on

volcanoes due to fluctuations in magma column levels. This phenomenon

and other related topics are considered in Chapter 6 where tidal triggering

of Etnean eruptions is analysed.

The elacticity of the earth, the 1iquid core and its structure
and rheology in general all act to modify the Earth tides and one of

the major uses of tidal observations is as an experimental test of the

lvarious Barth models. Tidal measurements have also been used in the

examination of more esoteric theories such as gravitational shielding
during a fotal eclipse but in thies study we shall only be concerned with
the tides as indicators of particular tectonic features (Tomaschek,
1957).

The nomenclature for the fafious tidal components intraduced
by Dérwin (1882) invol?eé the letters M or S, depending upon.whether
the originator of the componeﬁt is the Moon .or tﬁe Sun, and a subscript
nuneral indicating the period, 2 for semi-diwnaland 1 for diymal.

This is a useful notation for the principal terms but is inadequate

~ when one has to deal with the hundreds of components obtained from a

complete tidal analysis (Cartwright and Taylor, 1971).
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As will be shown in the following section, the period of any

tidal component can be expressed as follows:-

Period = a T + bs + ch + dp + eN' +Lpg

where T, s, h etc., are certain fundamental astronomical periods, T,

for example, being the mean lunar day, s the tropic month, h the tropic
year, etc., and a-f are integer coefficients appropriate to the particular
component. This expression is comnonly referred to as the argument of
the tidal component. Doodson (1922) devised a scheme whereby each
component is specified by é six-digit argument nﬁmber made up as

follows:-i
a (b+5), (c+5), . (@+5), (e+5), (£+5)

The reason for adding 5 to each of the coefficients éxcept a is that
it was initially thought these coefficieﬁts can have values ranging
from -4 to +4, and so by adding 5 to each of them the possibility of
some of the digifs being negative is avoided., In fact, very occasionally,

some of the coefficients do exceed this range (Cartwright & Taylor, 1971).

Thus, for example,

T e haé“béiiod 2n ané.érgument nunber  255.555

01 " n ‘T"'ZS-*'P and_ n " ) 135 .655

44



The first three digits are grouped together and are known as
the constituent number. It is possible, from an inspection of the
argument number to determine the length of data required to separate
any two components, for example, components differing in the first digit
require only one days data, a months data is required for components
differing only in the second digit and a yearkdata for those differing
in the third digit. Componénts having similar constituent numbers
require several years data and the importance of this is illustrated

- in Chapter 5.
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3.2 THEORY

The theory regarding the forces exerted oﬁ the Barth by the
Sun and Moon was developed in detail by Bartels (1957) originally
in connection with ocean tides, There were many earlier theories

notably those of Darwin (1882, 1907), Love (1909, 1911) and Doodson

(1922) but Bartels was the first to use an accurate lunar theory.

The following discussion is derived and adapted from Bariels.

prd
~

Fig. 3.2.

Diagram illustrating the notation of the expression of

the tidal attraction of the moon.
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Consider a point P on the surface of a sperical Earth, radius

a, centre O and the loon, centre M at distances Z and R from P and O

respectively (Fig. 3.2). Then the grzic;arvriifationalu iﬁéﬁéﬁfial at P due

to M ise~
vV =Gz 3.1
and Z2= a.2 + Rz - 2aR cos?b : 3.2
2 -
Thus V= GM 1 +(_§._ - 2a cosb [? 3.3
' R R R

and since a<<R V=GM| 1 + a cosB + (% (3 cos2b- _J:) Foveas | 34
: ' R R , 2

The first term )GM/R, is simpiy the familiar Newtonian
gravitational potential and sincé it is independent of © it does not

give rise to any tidal forces.

The second term, GMa cos9/R2, is the centripetal potential and

this also does not produce any tidal forces.

This leaves the expression, GN&Z(B coszg -$) /R3 , and higher
terms. In general since a/R o 1/60 only the above term is normally
~7 “considered. It may be noted, in passing, that the terms of this -

expansion are Legendre polynomials in cos 8.
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Thus the tidal potential due to the moon can be written.

V= GI-i_:_;_ [(%f (cos 29 +%ﬂ — 3.5

Where ¢ is the mean Earth - Moon distance, and 4 is the mean
radius of a spheroidal earth, and is equal to B\fa.?‘b vhere a and b

are the semi-major and semi-minor axis lengths of the earth.

A similar expression can be derived for the tidal potential on
the Earth due to the Sun.v The term'(d/c)3 and its solar equivalent
- varies with the Earth ; Mooh distance and thus has a qonthly periodicity.
Since, however, the orbit is»approximately circular we can take, as a

first approximation:
Gi o~ 1 .
c .
and a similar approximation can be made for the solar term,

The expression, 3GM cz/th, is comménly known as Doodson's

¢constant, D. It is convenient to write the expression in the form:

T
D=3 M gd (sin® X )
_ 7 1 = | 3.6

vhere M and’E are the masses of the lioon and Earth respectively, g

is ihe'mean gravity, d is the mean Earth radius, a is the equatorial

afin
oo



radius of the Earth, and sin X = a/R is the sine of the lunar
parallax (Explanatory Supplement to the Astronomical Ephemeris,

1976) Currently accepted values of these parameters are given in

Table 3.1 (i‘elchior, 1978)

PARAMETER VALUE
M/E - /813
da 1 6,371,023.6 m
& o 9.82024
a | 6,378,160.0 m
sin % |  0.01659251
Table 3.1

Parameters of the Lunar Orbit

In the tidal equation, 3.5, the term (cos 206 + 1/3) varies
between + 4/3 and - 1/3. This is the same for both the Moon and
the Sun. The value of D is related to the amplitude of the tidal

potential. The value of Ds,(D for the Sun) can be obtained from D

in' the following way:-
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Ds = D.S 3.7
M

where S is the mass of the Sun.

Using the values given in Table 3.1 in equation 3.6 we obtain:

D= 2.627723 1S™2

and from equation 3.7
Ds = 0.45990 D

’ Thus the effect of fhe Sun on ‘tidal phenomena is approximafely
half that of the Moon. This is quite different from the normal
gravihational attraction and arises because the tides are a
differential effect giVing a term proportional to the inverse cube of
the Earth-Sun or Earth Moon distance, The tidal effect falls off very
rabidly‘with distance and the tidal éffects due to other planets even»_
when considered at maximum perturbation axre negligiblg, being less

than 10~ times that due to the Moon.

The tidal force, F, at a point on the Earth's surface is given

by
F =~grad Vv

and then, irom Fig. 3.3



Z= - v H vertical component 3.8a

3

X= - }_)l ; N-S horizontal component 3.8b
r3b :

Y = -2v ; E-W horizontal component '3.8¢c
r sinPaA '

o Fig. 3.3

Directions of tidal forces on the Earth's surface

2 is the variation in the acceleration of grévity og, therefore,

at the surface of the Earth:

Ag=.~@l) » = -2V
’ T =d> —ad

r

St



and its.numerical value is; .08249 mgal

Thus the Moon produces a tidal range of 0.165 mgal and the Sun,
0759 mgal.

The deviation of the vertical, or tilt, is derived from

equations 3.8 a-c and is given by:

me tann =1 2V, N-S tilt 3.9a
dg 7@ ,
n, & tann, =_1 2V E-W tilt 3.9b
dg sin® 9 :
The total tilt, n, is given by:
n= 2D sinZ2 2 - . - 3.10
gd , .

where Z is the polar angle. This yields a numerical coefficient

8.399.10'-8 rad. for the Moon, and »3.862.10—8 rad for the Sun, giving

a total possible tilt range of 245.31 nrads.
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3.3 ASTRONOMICAL DEVELOPMENT

The expression 3.6 for the tidal potential "V is inconvenient
when it comes to evaluating V because of the need to know £, the
local co-ordinate of the perturbing body. The expression can be

simplified by introducing certain astronomical terms (Fig. 3.4). From

a consideration of spherical trigonometry:
cos & = Sin @ sin & - cos 39 cos S cos H 3.11

" It may be noted that egqn., 3.11 differs from the equivalent expression
given by Melchior (1966) in its use of - cosH for cosH, this is a
" matter of convention and does not affect the further development of

the theory.

Substituting from 3.11 into 3.6 gives .
Y= D. (d/c)B[(coszz?coszgcos& - sm?&s:.ncgcosﬁ
' +3(51n25')—14 3)( sinS. 1 3)]

‘

3.12

The equation thus proviﬁes three terms in spherical harmonics
(Fig. 3.5) described in greater detail by Melchior (1978). Essentially
the three tefms are dependent upon the déclination of the perturbing
body &, the latitude of the observation §ite §7 and, in two of the

terms, the hour angle H.
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FIG [ 3 ."'l’

Celestial Sphere and Astronomical Co-ordinates
illustrating the terms used in the text.

C - Observer 2 -~ Zenith P—- Pole M - Moon

¢ - Latitude.
along the

a2long the ecliptic
‘ equator

§ - Declination

RA - Right Ascension?)
A - Longitude

Y -~ Vernal equinox; H - Hour angle; Ty ~ Local Apparent Sidereal Time

711 - Local co-ordinate of the perturbing body (9)
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FIG. 3.5
The seni-diwneal, diwmal é.ncl long-yeriod tides
represented as three types of second order spherical harmonics.
a) Semi-diurnal tides ( Sectorial 'func»‘tion)v |
b) Diurnal tides ( Teéseral func’oibn)
‘¢) Leng-poriod $ides ( Zonal functicn) )

The shaded and wnshaded aread show the regions, on. the Earth's

“surface, vhere the tide is negative and positive 'respectively;
(after lelchior, 1966) N . :
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In the following discussion certain astronomical terms are

used and these are listed in Table 3.2,

T mean lunar time
£ mean solar time
s mean longitude of the Moon
h mean_lopgifude of.the Suﬁ
D o longitﬁde of the lunar perigee
N =-N - longitude of fhe lunar ascending nod¢
(N'is retrbgrade)
s . mean longitude of the perihelion
Table 3.2

Orbital Parameters
Sidereal time t'= ¥T+s=t+h (Fig. 3.4)
Thus t= T +s-h

The variables s, .h, P, N, and ps are all time-dependent and

values are listed in the Astronomical Ephemeris.

un
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Certain of the terms in equation 3.12, & and d/c, are
time-dependent. The equations used to_evaluate . them are complicated

and need not be given here. They can be found in Melchior (1978).

As referred to above,equation 3.12 gives three terms. Because

of the time depehdency of § and d/c each of the terms is comprised of

a series of time-dependent components.

Long-period waves derive from the term: 3 (sinng - 1/3).
 (sin*&- 1/3). D. (d/c)B. They are called long period since they are
dependent on the orbital periods of the Sun and Moon around the Earth

-only and not on the axial period of rotation of theanrth.

The most important long~period terms areg aconstant term Mo
resulting in a permanent flattening of the Earth; a fortnightly term
Mf of argument 2s and period 13.66 days and a monthly term }Mm of

argument s-p and period,27.55 days.

A similar expression can be derived for the Sun and gives rise

to the following major components:

So - a constant term similar to o

A semi-annual wave SSA of argument 2h and period 182.62 days and an

annual wave S2 of argument h-ps and period 365.259 days.

2
Diurnal terms derive from the expression:- sin ng.m 28 cosH.D.(d/c)

W
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and as with the long~period waves this expression can be expanded
to give a series of lunar diumal terms of which the most impor{;ant

are:

01 of argument T~ s and period 1.035 mean solar days

Klm of argument T+ S and period 0.997 m.s.d.

the solar expression generates the following waves:
P2 of argument t~h and period 1.000 m.s.d.

and Kis of argument t + h and period 0,997 m.s.d.
"since t + h = ¥+ S the Sun and Moon both give rise to waves of

fhe same frequency.
Simila:d&for s.emi-j-diwml waves the general term is:
cos? & cos?f cos 2H., D, (cl/c)3
.é.nd this leads to the i;ollow’ing lunar terms:
V2 of a.xléument 2% and period 12 hrs, 54 mins,
and K2m of argument 2 (T+s) and period 11 hrs. 58 mins,
and corresponding solar terms:

S2. of argument 2T + 2s-2h and period 12 hrs.
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and K2s of argument 2 (t + h) and period 11 hrs. 58 minms,

As with the diurhalterms the arguments of K2s and K2m are the same.

A {ull analysis yields many hundreds of different waves

(Cartwright &nd Taylor, 1971).

The above énalysis considers only the vertical potential,

Tilt terms can be computed from eqgn. 3.9 a and b and components

for all three terms are listed in Table 3.3.

‘Period Vertical , N-S 1 Bw
Tong | 3(sin%?;i/3)(sin25Q1/3) ~3sin2§(sin28L1/3) -
Diwnal -si;2§sin25bosH | 200s2§éin25695§ 2sin{sin2dsinK
Semi=- coszfcoszg cos2H : Siﬁ2§cosz. S cos2H cos § cos? sin2H
Diurnal :
'Tablg 3.5

.. Coefficients of Tidal Tilt.

An inspection of Table 3.3 shows that ﬁhe same waves will be found
 in tidal tilt as in tidal gravity: The latitude variation is different
however. Figs. 3.6,A347a and 3.7£—gi;; the amﬁiitudé-véiiatié; o% the
principal waves as a function of latitudé and Fig. 3.8 shows the curves

described by the direction of the vertical at different latitudes.
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3.4 LOVE NUMBERS

So far the Earth-tide theory has only considered the poténtial
on a rigid Farth. In practice the earth.is not rigid; it yields
elastically to the tidal forces. This has two consequences, (1)
the surface rises and falls tidally, the sense being such as to increase
the amplitude of the tidal changes of gravity, and (2) the mass distri-
bution of the earth is modified in such a way as to decrease the tidal
amplitude. In an effort to characterize the tidal potential to account
for these effects, Love (1911) introduced two dimensionless quantities
which bear his name, later Shida (1912) introduced a third quantity to

provide a complete description of the phenomena.

The displacements at the Earth's surface due to tidal forces can

be written (Melchior, 1966):

Z = hv/g radial = - 3.13a

X = E)V : - N-S v 3.13b
872b ‘ '- -

y=_20 EL! IRy o 3.13¢
- 35&»9 A . . :

ﬂwheré.hmiéufﬁé firét L&#;-number—;hdve is Shidé}s nuﬁber;
The redistribution of material in the Earth results in a

modification of {he potential which can be expressed as follows:
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V' = kV

Yhere V' is the potential due to the deformation and k is the

second Love number. The total tidal potential becomes (1 + k) V.

Thus h represents the ratio of the height of the Earth tide to
the height of the corresponding static ocean tide at the surface,
assuming the oceans to be incompressible: k represents the ratio of
the additional potential pfoduced by this deformation to the deforming
potential and { represents the ratio between the horizontal displacement

of the crust and that of the corresponding static ocean tide.

From these definitions,‘parameters can be derived which reflect
the relationship between the predickEd tide for a rigid Earth and

observations made on the real Earth.
1, Variations of the Intensity of Gravity

The total gravitational potential acting on the Zarth can be

written (Melchior, 1966).
Vo =V+Vv'+29% +Vo
. ‘ °or -
where - 9 Vo = go
RS
and the variation in g is given by:

Do [ 0o
g=[2V + DV [ 2’{
&?r FEI %?9



and, as derived earlier, dV = 2 V

A2y, = =D = 2
32 5k %
and %V_l_ = - 3_\/_;_

: ‘
since 9V /or is the attraction of a mass coating, and on the Earth's

surface V" = kV

and using Clairaut's Theorem: V = K2 (A~C) (cos2@+ 1/3
--—r3

where C is the moment of intertia of the layer about the axis of

rotation and A is the value of the other two principé.l noments
of interia:

. Bg=2Y (1+h-3/2)
L U rh =R

= - (14h- 3/2k) év/ar

Comparing this with equation 3.8a, it is seen that the ratio

of the tidal potential for an elastic earth to that for a rigid earth

is given by: ©=1+h-~3/2k

wheregis the ratio of the tiidal potential for an elastic earth to

that for a rigid earth. S , is known as the Tidal Gravitational

‘Constant .
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2. Deviations of the Vertical with respect to the crust

As mentioned earlier, if the earth were compleiely rigid
there would be no deformation of its surface. On the other hand
if the earth possessed no rigidity at all, that is, it were a
perfect liquid then its surface would constantly deform so as
remain an equipotential of the resultant field, Thus the surface
of the earth would always be normal to the vertical and there would
be no deviation of the vertical. In‘practice, therefore, yielding
of the earth reduces the amplitude of tilt from that expected for a

rigid earth.

From equation 3,9a the N~3 tilt, n,, measured on the surface

In the case of deformation the potential, V, becomes (1 +k)V

as mentioned pre?iously. Thus the deviation of the vertical is given

by - (1) 2V
. dg 28

However, the surface of the earth also deforms, and in such

a way as toc reduce the tilt. The tilt due to this deformation is

. given by: -h oYV _ (Melchior, 1978)
dg ‘00 '

(2%
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Thus the tilt measured at the surface,i , in a N-S direction

is given by:

1= (1+k-h) 9V
(1+k=h) Al

dg 3

Similarly it can be shown that the E-W tilt,(j , 1s given

4= (Lk=h) DV
dg Sinb

Then comparing these equations with 3.8b and 3.8c respectively,
it is seen that the ratio of the deviation of the vertical for an

elastic éarth_to that for a rigid earth is given by:

) r’= 1+k-h

The tidal deformation is accompanied by cubic expansions of

e st TRV N

the earth, An analysis, similar to those given above, yields a

e

coefficient, T, where:j

e

S s

f=hh- 6L

Tt must be stressed at this point that Love numbers are

parameters relating to the vhole Farth and not to localised regions

on it. The first attempt to determine theoretical values for these

numbers used Kelvin's assumption of a homogeneous and incompressible

T P
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Earth. Takeuchi (1950) in a pioneering paper evaluaied Love's number
for a series of Earth models based on Bullen's work on density
distributions within the Earth and assﬁming different values for m,
the rigidity of the Earth's core. His results are summarised in

Table 3.4, from

M 0o 10 100 10t 1083
h| .606 .601 .600 530 .109
k| .281 .275 .275 .243 .055

082 ,081 .081 .083 .092
© |1.184 1.188 1.187 1.165  -1.026

¥ |0.675 0.674 .675 0.713 0.946

Table 3.4

Values of Love Numbers etc. for different Earth.rigiditiesJFJhc$ wnibs

‘which it can be seen that fé: an increase in rigidityugg?lo" ces wals
S-changes by less than 2%. The pﬁsition is complicated by the fact
that h, k, and € are frequency dependent and different values hold
for each of the components listed in Table 3.4, Melchior (1978)
1i§ts values of different components for different Earth models

and these are summarised in Table 3.5.
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IFplodensky

Jefireys and Vicente

Fodel 1 Iiodel II Central Particle Roche lodel
Model
Py 10153 1.153 1.209 1.172
Eq 1.137 1,143 1.183 1.185
01 360 1.6k 1.221 .21
Gutenberz -~ Bullen (_p;lollj Gutenburg - Bullen 4
12 he 1150 - 1.1%0
Jerireys - Bullen A Jefireys - Bullen B
12 hr 1.151 1.152

TABLE 3.5

Conputed values of the graviuetric factor at various

tidal frequencies according to different models of the Earth.

(adapted froa various sources)
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3.5 VORLD-WIDE OBSERVATIONS

Observations of tidal tilt and gravity have been carried out
over many years and had the original objective of determining & and
Y and thu;i&mprove the knowledge regarding the rheology of the Barth,
Unfortunately, matters have been less simple than was originally
anticipated and "..... the output is confusing and disappointing”
ILennon and Baker, 1973). The theoretical predictions mentioned
earlier where manifestly different Earth models result in Love numbers
‘with a range of only 2—3% indicates the accuracy of observational data
required. So far this has not Seen forthcoming. Lennoh and Baker
(1973) and Baker and Lennon (1973a) citing evidence fiom around the
world show anomalies of ®40% in North-South tilt, T 155 in East-iest
i1t and * 8 in gravity variations for the M2 cbmponent, usually the
easiest to measure, Table 3.6 giveé‘exﬁerimentally determined values
of S-fof different tidal componenté and a comparison with Table 3.5
i}lustrates their divergénce from each other and from theory. Tt can
also be seen, from Table 3.6,’that the gravitational constant for tidal
components of similar frequency, for example}, M2 and Sg)may differ from
each other By up to 8% at the same site. In part this may be explained
by %n“inadequéfe amount of data (d.v. Chapter 5), but this does not seem
to explain all the differences, and there is no satisfactory explanation

of these differences.
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STATICH DIYS OF S(z-zé) 8(s,) S(xy) 8(0’1)
OBSERVATIOH
Hyderabad 132 11562 1156 1.1076 1.1409
Hong Eong 130 1.2025 i.212 1.1491 l.'i993
Llice Springs 266 1,1673 1Ak L1371 1.1644
Port lLowresby KL <226l 268 0.ok2L 1.0650
Cairo 60 1.1340 1,143 1.1462 1.1591
Brusells 2302 11946 1.225 13493 1.1610
Trieste 104 1.2119 1l.221 1,1584 1,1769
Cambridze 60 1.1961 1,119 1.1133 1.13191

- T4BIE 3.6

‘Gravimetric factors measured at various stations throughout the world
(adapted from Helchior et als, 1976; Ducarme and Melchior, 1978)

STATTON THSTRUMENT T31E per lmb chanse of pressure
- Oura E-W Tilt ~-28.13 nrads
N-S Tilt 72575 nrads
- Akibasan B-W Talt ..+ =£6,18 nrads
3 | T4t per 1°C :chenge of temperature
Atibasan E-I7 Tilt

-5 Tilt

-=18.91 nrads

~1.42 nrads

Effects of pressure and tenjerature on tilt
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. Instrumental inadequacies do not seem responsible for these
anomalous results (Lennon and Baker, 1973)'a1tﬁough the siting éf
instruments may be an important factor, Particularly with respect
to instruments installed in tunnels (King and Bilham, 1973) via the
strain-tilt coupling effect, and those sited near faults (King, 1971;

Tomaschek, 1957). These effects can be compensated for, however, by

careful siting of the instruments. Harrison (19762), utilising finite
element techniques to investigate theoretically varied topographies,
has shown that very large tilts can be induced on comparatively gentle
‘slopes and that these perturﬁations extend to considerable depthsvso
that it becomes impracticable to use deep enough holes to alleviate
this problem. Additionally, geological inhomogeneitiés can also modify
surface tilts. In general,all these problems are exacerbated by the

use of short base-line tiltmeters.

dne effect which cannot be éompensated for, though, is that due
“to the oceans, . generaily knpwnbas the ocean loading effect (Melchior,
1§78). Ocean. tides vary 00nsiaerably over the Eérth, and the problem
of calculating the loading is extremely complex. Fortunately for this

study the Mediterranean is comparatively tide free and the loading is

small, Zadro and Chisputini (1975) have calculated it to be 0.2 fgal.

for the vertical chahgé in gravity and about 15 n rads for the }M2

component of tilt.

~J
o)

" g



A problem often neglected in Earth tide studies,though of
Particular importance in this study is the additional ground
deformation arising from meteorological influences. ~ Solar heating
of the ground can considerably disturd tilt measurements, and
diurnal amplitudes of 500nrads. have been observed at depths of
3 metres (Tomaschek, 1957). This is larger than the total tilt
tide, which is of the order of 300 nrads. Tomaschek derives an

expression for the tilt aﬁgle:—
Ws = mlsin 25 cos(t-M)+n cos?8 cos (Zt-N)_] Wo
vhere m cos M = = cos 29 , n cosN = sin B cos ® , msin M= Sin®

n sin N = cosp , > is the Sun's declination, B is the pole
. distance of the station (¢.v. Fig. 3.4) and Wo is proportioral to

the maximum vertical deformation.

Ws consists mainly of a semi diurnal.term, with a smaller
. diurnal term. This unfortunately does not correspond with observaticn,
where the diwrnal term predominates ) and this implies that the

perturbtation is strongly dependent upon local topography.

- Berger (1975) -considered the problem of an infinite homogeneous
hé.lf-space and the effects upon it of a temperature variation

considered as a travelling vave. His conclusion was that at most
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Athese tilts would amount to 2 n rads. per °C and that there was

little advantage to be gained from burial-of the instrument exceﬁt

at great depths. Harrison and Herbst (1978), however, object to
Berger's conclusions on the grounds that the realAworld is not an
infinite half-space:ggé.is, in this case, not a particularly
enlightening approximation, Using finite element modelling

techniques they conclude that the tilt changes can be quite considerable,

depending upon the surface topography. For a temperature change of

" 10% they calculate that the tilt in the vicinitj of a 60° slope

wouid reach 86)Lfad. They add, however, that these effects can be
mitigated by burying the instrument. A further imp&rtant point

they raise is that any meteorélbgicél source of stress in the near
surface layers, such as frost or changes in volume associated with
changes in moisture content, caﬁ bévexﬁected-to give similar effects.
Thejr conclusions are'supported b& the §tudies of Shirokov and
Anokhina (1973) who com{;ine the theoretichl studies of Jobert (1960)
and Popov (1960) with their éwn experimentai s%udies. Their general
conclusions are that temperature tilts can differ considerably between

closely related points but that burial of an instrument even as little

as,tﬁo metres can reduce the magnitude of the tilts by a factor of

a 100 although the temperature variation mzy be reduced 500-800 times,

‘indicating that the uppermost surface layers are responsible for the
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formation of local diurnaltemperature tilts, Considering the effect
on purely tidal measurement, they found deviations of up to 94% from
the mean in calculations of Yy during different months analysis,

Homma (1950) calculated the effect of different installations on

the tilt,

Since the Sun is the cause of theseradditional deformations
their periods are mainly 12 and 24 hrs., with long term components.
- This means that those éomponents most likely to be contaminated by
this effect are S2 and Pl, ’ | '

it has been observed (Tomaschek, 1957) ihat the toial maximum
of thermal tilt occurs at 6.00 a.m. and this agrees well with

observations on Etna,

The general conclusions derived from the preceding discussion
of thermal tilt are that it is strongly dependent upon topography,
it may be reduced by burial of the tiltmeter, and it can give rise

to very large tilts compared with the average tidal tilts.

~ The other problems affecting tidal measurements are

atmospheric tides and atmospheric pressure variations, The effect
of atmospheric tides on Earth tide measurements is comparatively small
and is principzlly on the S2 component and it has been ignored for

the purposes of this research, The effect due to atmospheric pressure

~}
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variations is not inconsiderable and was first demonstrated by -
Darwin (1907). For a pressure change of 33 m bars. and an assumed
modulus of rigidity for the Earth of 6.10" dyn.cmz, then the influence
on a gravity meter due to the elasticity of the ground will be

7P gal. which is far from negligible. The effect on tilt will bé

-of the order of 25 prad. which is comparable to 10% of the total signal

and represents an important source of noise. Tanaka (1969) considers
the effects of various meteorological influences and tidal measurements

in Japan some of whose results are reproduced in Table 3.7,

Generally, pressure variations follow a diumal period or have
long term effects. The same problems of analysis apply to them as to
thermal effects)and the problems of data processing and the analysis

of tides are reserved until Chapter 5.
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CHAPTER 4

VOLCANO TILT MEASUREFENTS AND THE ETNEAN TILTNETERS
4,1 TILT VSASUREMENTS ON VOLCANOES

There is hardly any need to justify the measurement of tilt on

volcanoes. The earliest detaliled tilt observations date back to Omori
(1911) and much of the early research was carried out in Japan or Hawaii.
The pioneefing work of Jaggar on the Hawaiian volcanoes is particularly
interesting. In an early paper (1920) he comments upon a marked
corfelation between the measured tilt énd the ambient temperature and
also bet?een +iit and rainfall. From & volcanclogicai point of view,
hovever, the most important correlation he observed was that betﬁeen
tilt and eruptive activity, manifesting itself in the inflation of the
volcano.prior to eruption accompanied by deflation during an eruption.
Jaggar's paper was followed by a number of papers on the same subject,
notably Jaggar and Finch (1929), Wilson (1935) and Jones (1937) on

Hawaii, and Minakami (1942, 1947 and 1950) working in Japen,

Two major advances occurred in the late 1950's, the development
of the theory of an expanding sperical magma chamber in an ideal, semi-

infinite medium (Hogi, 1958) and the introduction of the water-tube
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tiltmeter (Baton, 1959). The theory was initially developed by

Yamzkawa (1955), in Japanese, and in an English version by Machado
(1974) .

LR

The deformationsat a point within the crust are extremely
complicated, but simplify for é point A, on the earth's surface to
- give:

Dx=32P . x o " 5.1a
A (x2az2pl2




Ah = :%BP . 2
(xz_'_zZ):’/l

where Ax is the radial displacement and

Ah " " vertical " at a point (x, 0)

5.1b

due to a sphere, radius r, at a depth z, under a hydrostatic pressure

difference P, where, in the partiecular case, which is approximately

true for many rocks, Poisson's ratio 0= 4, i.e. whereA(lame's
. o

constant) = pi (the modulus of rigidity).

The tilting of the surface can be evaluated from the equation:

T 252
A x
which gives CT=9r3P. x/z

b pz? (Lwzf/ g2 P2

The maximum tilt, T m, occurs when x = z/?.

and

th cltm= 2 (1.25)%7, - x4
s v[Tne 2 )R

&~ 3,49 X
349 1-&-;8 22)5/7_‘
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(It m2y be noted that some authors give a different numerical
coefficient for equation 5.3. This appears to be a mistake, propagated

. through several papers, due to an initial misprint).

Ah has its maximum value dho at x = O

and Aho = ErB P
Mo

= ~1.349, Tm

W

£-1,167.Tn T s

The Mogl model has been found to apply successfully t& some
volcanoes, notébly Kilavea (Eaton, 1962 and Fiske and Kinoshita, 1969)
but it does not appear tq be justifiable for the summit reg;qn of
Etna (Wadge, 1974) or its flanks'(Heﬁbegt et al., 1978). ‘iﬁvépite
of inteipretational difficulties and the somewhat naive nature of its
assumptions the Mogi modél continues to be used as the basis of other,

more sophisticated models (for example, Yokoyama, 1971, 1974).

A completely different approach to the problem was attempted by
Dietrich and Decker (1975) who -used finite element techniques to
evaluate different magma chamber models. 'They argued against the

use of Mogi's model on the grounds that it assumes a point source of
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dilatatior and is only accurate éf the chamber is small in comparison
to its depth which is unlikely considering evidence from extinct
.volcanoes. Cne interesting conclusion that can be drawn from the
results of Dietrich and Decker is that éompletely different models
give results similar enough to indicate that it woﬁld be difficult
to distinguish between different models on the btasis of real data,
The general conclusion is that in order to determine an appropriate
model déta must be gathered from as wide an area of the volcano as

possible and over as iong a period of time as poééible.

Soon affer Mogi published his paper the second major development
in volcénic t1lt measurement cccurxed with the ccnstfuction, in Hzwaii
of a portable water-tube tiltmeter by Eaton (1959). It had been
shown by Hagiwafa (1947) that a.tiltmeter operating on the principle
éf'theiself—leveiling of a liquid surface could overcome the difficulties
caused b& the 10051 effects of the short baseline of pendulum tiltmeters.
Eaton improved on this instrument and installed both permanent and
portable units around Kilauea. The great advantage of these tiltmeters
is their long base 1ine (25-50 mgtres) vwhich alleviates spurious local
 tilts. The.problem associated with the installation of the ¢ofrect

type of tiltmeter is a fundamental one. In addition to the usual

Qo
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problem of cost versus accuracy/sensitivity there is the additional
problem of portability against accuracy. Eaton's tiltmeter, though
noninally a portable system nonetheless requires a base line of 25-50 -

metres,

The most commonly used instrument in the measurement of tidal

tilts is the horizontal pendulum, which, since it requires very stable
operating environments, is.generally unéuitable for volcanological
research, For the latter purpose, borehole tiltmeters are more

useful, since they are less prone to the problems of cavitation (King
and Bilham, 1973) discussed later in this cﬁapter. Results from a
borehole tiltmeter employing a 50cm. vertical pendulﬁm compared
favourably ﬁith simultaneous measurements from a 5 metre baseline liguid-
level tiltmeter (Allen, 1972). One 'of. the prob1exﬁs associated with a
Barehole instrument is in the recovery of data. This is a particular
problem on volcanoes'whgre the‘tiltmeter would generally be installed
some distance from any sort of buildings, including any volecanological
observatory; since buildings and trees induce ground tilts in response
to atmospheric conditions or human movement. A common approach to the
problem is~to telemeter the data‘to an insfrument house but on volcanoes
telemeter links are prone to damage by iightning, and to ensure a

continuous record it is common practice.to install a recorder, usually
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an analogue instrument, either in or alongside the borehole, to act

as a back-up system. In this study the instruments were designed

to operate unattended for about a year aﬁd it was arrange& to collect
the data once or twice a year when new power supplies could be installed.
Visits could only be made during the summer months since during the

winter the whole site is heavily inundated with snow to a depth of

at least 10 feet.

Recently there has been a novel and most enterprising approach
" 1o the recovery of data and this hés been to use an Earth Resources
Technology Satellite (ERTS) to monitor tiltmeters over a wide area
(Endo et al, 1974). Using the ERTS, volcanoes throuéhout North and
Central Americ; and in Jceland can'ﬁe monitored, but at present other
volcanoes, including Etna, are not within the range of the sétellite.
However, if the systen ié succeséful'thén thefe may be further
developﬁents along this line. The.project described by Endo et al. was
established in 1972 ahd ﬁs we;l as monitoring tiltmeters on volcances,
seismic event counters were also monitored, prinecipally in California
and Vashington State but also in Central America, fhe tiltmeters used
were of the same design as that used on Etna and from the results of
Endo et al. increased confidenée may be placed in the instrument;

Summarizing their results, simultaneous measurement made with a mercury-
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tube tiltmeter, a water-tube~tiltmeter and the 1eve1~bﬁbb1e borehole
tiltmeter on Hawaii agree to within a few microradians; the tilt was
not noticeably affected on Kilanea when 50 cm. of rain feil in one
month. On the other hand the tiltmeters were damaged several times
by lightning, which seems to induce high electric currents in the

cables. As well as putting the instruments out of action, at least

two of the meters exhibited excessive long term drift even after they

had been re_pa.ired. The authors also came to the conclusion, in agreement
with King (1971) that the shallow installation of tiltmeters in volcanic

-ash or sand is better than in solid rock. Their general conclusions

are favourable to the Autonetiés tiltmeter, which is of the type used

in the study of tilt on Mt. Etna and whose performance is discussed

ip the fdllowing section. They were not, however, concerned with its

verformance at Earth tide sensitivity.
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4.2 FIELD INSTRUMENTS - DESCRIPTION

Two tiltmeters were used in the course of this research.
The first, a borehole instrument, was originally installed in 1973

.(Wadge, 1974) whilst the second, a block-mounted instrument, intended

for observatory use was installed in 1976. Both these instruments
are Autonetics* Biaxial Tiltmeters model numbers SE541B1 (Borehole
Instrument) and SES41A1. The tilt sensor is the same for both
instruments only its mounting differing, so that a single description

will suffice.

The tiltmeter sensor case (fig.h.l) comprises a glass cap and
base, the cap being cylindrical with a céncave inner surface having a
spherical radius of 12 inches, 'Foui eﬁually'spaced platinum electrodes
are mounted on the underside of the cap, and a single platinum
electrode centrally on the base. The sensor is‘iiilled with a
conducting fluid leaving enough space for an air bubble which, when
the sensor is levelled, covers an equal area of each of the cap

electrodes,

«

*Autonetics is a trade name of the North American Rockwell Corporation.
- Manufacture of these instruments has now been transferred to

Kinemetrics Inc.
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Yhen the sensor is tilted, the areas covered by the bubble
change, and this causes a corresponding change in the electricai
resistances between the four electrodes and the central electrode,
which thus provides a measure of the amount of tilt. These
resistances are neasured by two A.C. hridge circuits (Fig 4.2).

Each A.C. bridge incorporates opposite pairs of electrodes enabling

‘the ti1% of two orthogonal axes to be measured simultaneously. The
total range of the 12 inch .radius tiltmeter sensor is 7?m rads. but the
output range of the tiltmeter is controlled by'the dynamic voltage

" range and the scale factor gain for the particular instrument. It

is typically about 200 yrads.

The electronics.of the two tiltmeters are agéin substantially
identicalithe only differences being in component specificatibns to
effect different scale factor gains, The electronics module performs
the functions of impedance matching, amplifying, démodulating and
filtering both akes of the levél detector outputs to proQide analogue
éignals. The electronic ciréﬁit consists of two identical resistance
bridges, each containing two precision resistors, a null adjustment
trimmer and- a quadrature nulling trimmer capacitor connected to the
output of the bubble level electrcdes. The output of the bridge when
exéited with a 5.0 Hz . square>wave can be adjusted to null when the
tiltmeter sensor is éligned to the gravity vector. A synchronous full-
wave demcduiator-ccnverts tﬁis émplified A.C. voltzge to a D.C. output

voltage for recording. The demodulator output provides a means for
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To Bridge Amplifier

- N

; quére-waxe supply" o

oG be o
Eqpivalenﬁ bridge cirétif for oné axis of thé filtmetér.
The'variable resistors are one pair of cap éiectrodesi ,
The 10 yF capacitors act as D;C filters,'and“the’7.8 X resistors -

are high precision,standard resistors used to complete the bridge

circuit.



detecting wide bandwidth signals in the range 1-10 Hz. The unit
provides a stage for each channel to allow the gain to be adjusted
and an active integrator having a selected time constant of 0.2 to
20 seconds. The unit also has circuitry that provides its own centre
tapped regulated excitation signal to the bridge circuits with

adjustable amplitude control, The electronics are mounted on a

single printed circuit board and installed in a watertight box
approximately 4% x 8% x 11% inches in size. An input and output
termiﬁal strip are mounted adjacent to the cifcuit board within the
box . Connections are provided between the circuit board and these
terminal strips. Two switches are also insfalled within the box,
one of ﬁhich switches in an integrating circuit, creating a time
delayed output signal, while the other is used for calibration,

A block diagram of the tiltmeter is shown in Fig. 4.3.
.‘ Aspects specific to each tiltmeter will now be described.
.Block-Mounted Tiltmeter

This tiltmeter is designed for use on a_stable flat_surface
such as would be provided by a concrete block in a seismic vault.
- The sensor unit is located in a metal mount/tilt téble (Fig.-4.4).
Tﬁé metal container aitenuates thermal gradients and provides a
~stable mechanical attachment to the surface being monited, Daia

relating to this instrument is'given in Table 4,1,
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Borehole Tiltmeter

This instrument is designed for use in boreholes at depths
typically around 2~3 metres. The sensor is located in a metai
mounting container 2 inches in diameter and 2 inches long. As with
the block-mounted instrument this metal container attenuates thermal
gradients and also seals against moisture, A cylindrical shaft of
2 inches diameter and 35 feet long is attached to the container,
Electrical connections are made between the sensor and a small terminal
-Board located within the cylindrical shaft (Fig.4.5). 1In order to
avoid the possibility of resisténce changes in the 1eaas connecting
the borehole unit and the electronics unit affectingﬂthe accuracy of
the measurement; the standard resistances forming the other arms of
the bridges are mounted oﬁ the terminal board, as also are fixed
capacitors which are conﬁected in series with the sensor resistors
in the éther two arms. A cable, aﬁproximately 12 feet long, is
connected to the opposité end of the terminal board and extends out
§f the shaft and connects to the input terminal strip in the
electronics module, Waterproof connections are made at the shaft
end and the opening to the electronics box, The data sheet for this

instrument is contained in Table 4.2,
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DATA SHEET BLOCK MOUNTED TILTMETER  SE 541 AT

Functional Characteristics

Linear Sensor Range: ¥ 7 m raildéﬂ.r o
Output Range: : 375 prads.

Output Impedance: £100 &»

Scale Factor: 20 mV /parad,

RMS Resolution Limit: 8 x 1072 rads. at 1 Hz bandwidth

Stability: Drliftra.te < 0.4 prad, peak in 20 days

Frequency Response (at 70°F): Flat within 3 df) from DC to 1 Hz;
~ 40 db per decade from 1 to 10 Hz

Thermal Characteristics

Oporating Range: - 30°% to 60°
Storage Range: - 5000 to 7000
'i‘emperature Gradient Sensitivity: Drlft L] 907 prad / °¢ where T
‘ } | o éppea:cs directly across sensor
block sides.
Absolute Temperature Sensitivity: .011 mrad. change / p rad
o o _offset / °C

~ Power Cpnsgm?tionz 650 m. watts.

Current Drain: . 0.027 amps @ 12,6 V
Voltage: . $12 V Kinimum to = 15 V Maximum
Table 4.1.
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DATA SHEET BOREHOLE TILTMETER SE 541 Bl

Functional Characteristics

1+

Linear Sensor Range: 7 m pads.

Output Range: + 175 prads,

Output Impedance: <100 L

Scale Factor: Lo mV/;&rad

RHS Resolution Limit: 8 x 107 rads. at 1 Hz bandwidth
Stability: . Drift rate <O.4 prad. peak in 20 days

Frequency Response (at 70°F): Flat within b from D.C. to 1 Hz;
‘ - 140 dB per decade from 1-10 Hz

Thermal Characteristics

Operating Range: | - 30% fo 60°¢

étorage Ranges ‘ -'50°C to 7000

Temperature Gradient Sensitivity: Drift o 90’JLrad./ °¢ where T appears
| . ‘ directly across sensor block sides |

¥

Absolute Temperature Sensitivity: .01l prad. changé/Jurad. offset / °c

Pover

Power Consumption:  j¥ 650 mwatts

Current Drain: | 0.027 anps @ 12.6 V

Voltage: - , -~ . % 12 v pC Minimum to = 15 V Maxinum

Table 4.2,
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4.3 LABORATORY AND FIELD ASSESSMENT OF THE TILTMETERS

The details of the laboratory tests used to evaluate the
data of Tables 4,1 and 4.2 are given by Cooper (1970), together

with the mathematical theory of the sensor response.

Sore of the performance data, claimed by the manufacturers
-are questioned by Morrissey (1976) in a USGS technical report
specifically evaluating the Kinemetrics TH-1 tiltmeter (This model
is identical to those used on Etna). Morrissey is particularly
. critical of the instrumenti's temperature stability and found that the
output voliage was especially éensitive to changes in the thermal
en&ironment cf the électronics. Autonetics themsel&es-do not specify
whether their ‘absolute temperature;sensithdiy value" is related to
the instrument as a whole or just the sensor. Morrissey's findingé
indicate that a 10°C change can affect the output by up to 1prad.,
this ié a value aprroximately 10 {imes la;ger than that given by the
" manufacturers. So far as the stability of the insitrument is concerned
fhe results are more promising. A.tést'apparafus comprising a pendulum
suspension was arranged, enabling the sensor to be suspended so that
the bubble axis always aligns with the local gravity vector. The
resolution of the systen 1is of tidal amplitude (O.lJArad) and tides
aré not evident, but éecular errors ( 7 2 days) are lgﬁger than 1 prad.
The only checks Qarfied ou£ on the particular instruments used on Etna

were to measure the scale factors)and so reservations must be placed on



the stability, thermsl or otherwisé; of %ﬁe £il£meters.. Tﬁe éroblem‘
is not as important as it would seen, fortunately; since the major
source of error arises due to temperature changes in the environment
of the tiltmeter sensor or electronics, and the temperature honitored
at the different tiltmeter installations showed changes much less than
5°C per annum, and considerably less over the course of a day, even

though the air temperature might vary by 40°¢ or more during the

same period,



4,4 INSTALLATION OF TILTMETERS ON EINA
(2) Borehole Tiltmeter

The borehole tiltmeter was originally installed in Seﬁtember -
1973 (Wadge, 1974) at an altitude of 2580 metres within a levelling
site which had previously been selected for fhe purpose of installing
.2 tiltmeter. The location of the filtmeter site, on the southern
~flanks of the volcano, is shown in Fig. 4.6. The tiltmeter was
installed in a 15 metre deep borehole which was lined with an aluminium
. alloy tube. The electronics module along with the recorders ana
additional electronics was seaied in a waterproof con£ainer and
, buried in a separate hole about 0.5 metre deep which, to prevent
unnecessary disturbance to the tiltmeter senso;T%he electronics

and power supplies, was located about 1.5 metres from the borehole.

.Initially, the tiltmeter operated continuously between September
28th, 1973 and August 8th, 1974. During this period the temperature

' at the sensor was also recorded. Between August 1974 and August

1975 the syé%em did not operafe successfully_and no useful data was

recovered,

One ﬁeakness of the original installation was that no provision
was'made for putting time marks on the record; as the main objective
vas to study long term changes, an absolu@e accuracy of only a few
hours was tﬁought necessary, and for this, reliance was placed on the

uniformity of the chart speed. In August 1975 the system was slighily
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modified, The main modification being the provision of a 24 hourly
timemark on the record, This substantially increased the timing
accuracy at the data processing stage. A modification was also

made to the arrangement of the recorders.‘ Instead of recording the
separate input channels on separate Rustrak chart recorders both
channels were now recorded on the same recorder again at an hourly
sampling rate with 6ne tiltmeter axis recorded as a series of short
dots and the other axis by a series of dashes, The two recorders
were connected in series so that both would record the same signal
and thus provide a back-up system should one recorder fail. In the

event this proved a necessary precaution,

Another change that was made was that the thermister arrangement
monitoring temperature at the sensor was removed)since the variation
in temperature over the recording period, which covered both winter

mdwmw,Md%wn%n@Meﬂﬁ%ﬁ

The site was visited in October 1975‘§o recover the previous
record and install a new one., 'No modifications or adjustments were
made to the é}stem but it was noticed that the waterproof box containing
the electronics and recording system had in fact allowed moisture to
enter but it was only a small amount and did not appear to have
adversely affected the system, In Octobe; 1976 the site was once more
visited. From the recovered record it was evident that the system had
failed.at the beginning of March 1976. An examination of the electronics
igdicated the probable caﬁse of failure to bé a lightning strike at or

near to the tiltmeter site. . Lighining poses a constant threat to
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installations of this sort on volecanoes and has caused the failure

of many such systems threoughout the world., Extensive alterations
had to be made both to the tiltmeter electronics and also to.the
ancilliary elecironics controlling the timing and recorders, One

of the Rustrak recorders had seized up, a problem which this type

of recorder is prone to, and was removed from the system. None of
these alterations effected any change in the logic of the system

or in the resultant record.. ¥hen the system was re~installed it

was found that one axis was off scale, necessitating a re-alignment

" of the tilfmeter and this was performed in the manner described by
Wadge (1974) and Allen et al. (1973). A final visit.to the site

was made in November 1977 with the intention of renewing the'chart
record. When the waterproof box was opened it was found to be
several inches deep in wgter and that all the electronics in the box
wére severly damaged. It was evident that the extensive repairs
required could only be carried out under proper laboratory conditions
ip London, The tiltmeter sensor and shaft were also recovered as it
was decided that the site was not entirely suitable for studies,
principally because of its proximity to the Valle del Bove. As was
seen in the preceding chapter the siting of‘tiltmeté¥s is a fundamental
consideration when trying to alleviate spurious signals, so that
siting an instrument within a few metres'of an almost sheer 900 metre
high precipice is inviting disaster. An additional problem was due
to the slope of the surrounding ground directing suriace and sub-

sﬁrface vater towards the tiltmeter, possibly inducing spurious tilts.

ph
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A better location would require an area of flat terrain to avoid

these problems.
(b) Block-Founted Tiltmeter

Ve were fortunately able to obtain use of the seismic vault
at the Astrophysical Observatory at Serra La Nave (Fig. 4.5) to
install this instrument. It is well placed to observe Etna and

within easy access of Catania and the main centres of accommodation

offered on Mt, Etna.

The vault and its construction are described by Bottariand
Riuscetti (1967). Their co-ordinates for the station are in error,

however, and have been re~-calculated by the author to be:-

37°%1740" N; 14°58'26" E and 1725m. height.
A plan view of the vault is shown in Fig. 4.7.a and a cross-section
of the concrete block is shown in Fig. 4.7b., The vault was sited
-after careful consideration of the local géology. The main block
is installéd on a largé pahoehoe lava flow at least seven metres
deep, Other nearby lava flows were avoided because of their lack
of extent, and as an additional précaution six boreholes were sunk
in-and around the area of the vault to ensure the absence of large
cavities, The vault is covered by sand‘and slag to secure thermal

‘insulation and intermittent measurements over the course of a year

have confirmed that the‘tehperature within the vault is around

-
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14% - 15°¢ (N. Henbest, personal communication). According to Bottai
and Riuscetti microseismic disturbances from waves, wind and urban
activity is kept within acceptable limits. Additionally the vault

is provided with a 220 V A.C. electrical supply.

The system was installed in the vault on August 12th, 1976,

with the Y-axis aligned towards the summit (radial) and the X-axis
tangential. The initial a&:ra.ngement is shown in the block diagram
Fig.4.8. The tiltmeter electronics require a 12V D.C. supply and to
achieve the greatest accuracy should be operated continﬁously. In
an effort to ensure this a»i 12V D.C. stabilized supply was used to
float charge two 12V batteries (Nos; 1 and 3) using the available
220V supply. The signal was fed via a timer-biplexer to an Esterline
‘Angus 'Speed Servo II' chart recorder. The timer-biplexer allowed
the signals from the.two axes to be displayed in alternate half-hour
periods. The Esterline.Angus chart recorder is a 220V A.C. operated
recorder 'with a 12 inch wide chart and héving a range of input
voltage options from 0.5mV to 100V full scale deflection

and & range of chart drive speeds from 25 m.m./ hour

to 25 mm./é;c., it also posses;es.én input impedancé of 20 megohms
for millivoltage inputs or 1 megohm for voltage inputs. Because of
its A.C. operation the recorder was poweied by the mains supply

available in the vault, however,since the local supply is unreliable

J
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an emergency A.C. power supply was arranged, using a 12V D.C. to
220V A.C. inverter, the 12V D.C. being provided by a second set.

of batteries, also float charged off the mains and the system
arranged to come into action upon failure of the mains by theAprovisiqn
of a mains relay. The recorder was run at 25 m.m./hour and the
recorder sensitivity set at 10V F.S.D. (this corresponds to 500 prad
Full Seale Deflection). This is a éomparatively low sensitiviﬁy,
considered that tidal effects are less than 0.53xrad, and was set to
allow for the excessive drift which was anticipated immediately
.following installation; No perceptible drift was observed during
the first twenty~four hours and the sensitivity was thén increased
to 0.5V (25 prad). Again, over the next twenty-four hours driftwas
minimal and the sensitivity once more increased, this time to 100mV
(5prad). At this sensitivity the Y-axis (rédial) drifted off-scale

whereas the X-axis remained well on-scale,

In practice, the inverter system was found to be unreliable,
and in View of the fact that the Observatory had its ovn emergency
generator, pgwer cuts being a common occurrence, it was decided.to
 re-design the system to operate without this’Eack-up support. This
proved successful and oh the few océasions when powef was not available
to the vault the nature of the recorder enabled the time loss to be
calculated. Another modification to the“system was the inclusion

i +
of a Cambridge CS5 Charit Stopper, allowing an additional - 8 chart
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widths., This second arrangement is shown in Fig. 4.9. Vhen the
chart-stepper was initially interfaced the sensitivity was increased
to 30mV (1.5 prad.) but the resultant record was too noisy and fhe
sensitivity was consequently reduced to 100mV (5JLrad). The system
vas then left to run during the 1976/77 winter months. The vault

was visited in January, 1977 (by a team from Leicester University)

and the chart record changed. The vault was visited a second time

in May, 1977 and further modifications were made to the system, The
chart~stepper was removed and the sensitivity reduced to 5V (ZjOJLrad).
‘The inclusion of the chart-stepper.had been intended to,facilitdte
Vthe recording of Earth tides., It now appeared, however, to be
affecting the re~-zeroing of the tiltmeter axes and it'ﬁas decided

that an adequate length of recoid had been recovered to permit a
preliminary study of tilt‘tides to be undexrtaken, The third and final

system configuration is shown in Fig. 4.10. - :

When the vault was visited for a third time, in November 1977,
the tiltmeter electronics weré'discovered to have failed and when due
consideration was taken of the plight of the borehole tiltmeter the

decision was .made to return the instrument to England,

' ”The“péféisféﬁt bfeéﬁdown ofifheAinstrumeﬁt or oﬁé ﬁartiéula;
axis of an instrumentiwés the main reason for their return., Although
the borehole instrument was normally in operation at all times when
the observatory tiltmeter was running,only ten days of data were

recorded simultaneously on both instruments. The observatory instrument
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provided the greater length of record because its faults could be

more readily detected and repaired.

"hen the borehole instrument

was operating, however, it was capable of running for several months

but of course any breakdown would go unnoticed until the site was

subsequently visited, which might be several months later., The periods

of operation for each instrument are given in Table 4.3,

Boreho

Radial

1/12/73-19/2/74

28/9/76-7/10/76

le

Tangential
1/12/73-19/2/74
15/10/75-1/2/76

Observatory

Radial

28/8/76-16/9/76
21/9/76-24/10/76
24/10/76-19/11/76
18/12/76-10/1/77
24/1/77-16/2/77
7/5/77-18/5/77

Tangential

28/8/76-16/9/76

LA

21/9/76~24/10/76

7/5/77-18/5/77

TABLE 4,3

" DATES OF OPERATION OF THE TILTMETERS

Pad
ek
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CHAPTER 5

THE TILTMSTER RESULTS AND THEIR &

PROCESSING,

5,1 INTRODUCTION

The preceding chapters have discussed both the historical and
the theoretical background to this research. The remainder of this
thesis deals with the results, their processing, and the conclusions

drawn therefrom.

The present chapfer is concerned ¥ith the data obtained with
the two tiltmeters that were installed on Etna., For reasons discussed
in Chapter 1 of this theSis, the tilt data were considered to be made
- up of iwo, separable, constituenis. The first of these was a short-
period coﬁstituent, that is, one composed of tilts with a period of

less a day, and the second, a long~period constituent,

[
/

The short-~period tilis, then, the major tidal periods, and their
analysis has thus been principally directed to an assessment of the

effects of tidal tilt on Etna.

* The long-period tilts, on the other'hand, can be reaéonably

assumed to include the majority of the volcano induced tilts,that is,

fead
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tilts due to internal movements of magma. Whilst it is possible

that certain localized movements may haye a short periodicity, the
evidence available from other volcanoces, as well as general'theoret%cal
considerations, indicates that these magmatic movements are a long-

term phenomenon,

112



5.2 DATA PROCESSING

The data from the two tiltmeters was recorded on chart recorders
as described in Chapter 4. The Rustrak chart recorders used with
the borehole meter have a 6cm. chart width and record onto pressure

sensitive paper. The Esterline-Angus recorder usesl?2 inch wide heat

sensitive paper. Samples of the output are shown in Figs. 5.la and 1b,

Both tiltmeters were used in the integrating mode, thus effectively
_ Tiltering out any sighal below a 20 second period. This is essential,
since the meter responds to microseismic ﬁoise, which has a predominant

- periodicity of 5-10 seconds aﬁd an amplitude similarito the Earth tide

signal.

The two types of record presented different.Problems ét both
the data processing and the anaiysié siage. The borehole recorders
were assumed to have run smoothly without any stoppages for the lifetime
of the power supplies. .The 1974 record did not have any time-marks,
and the time scale of the record was derived by dividing the length
of the record by the total time elapsed (Wadge, 1974). Doubt was cast
on the acc&racy of the time-keeping of the system, however, (J. Horsfall,
Private Communication). The ﬁost likely cause of any variation lies in
the Rustrak recorde# rather than in the timing circuit. TIdeally the

‘recorders should be free of dust and operate in a dry atmosphere.
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data reco; ded on the borehole tiltueter (a)
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of d the tangenticl axds vy a series of dashes.

The observatory tilineter operates continuously,recorcing each axis

aliernately for en hour..
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Whilst this can be achieved in a laboratory environment it is
considerably more difficult in the field, and for the borehole

site it was more or less impossible. Tﬁe same problems were not
evident in the Obser?atory, where the instruments were well shielded‘
from the elenents. -Here the vicissitudes of the electrical mains
_supply vere the main problem., After the standby power system broke
down no further attempt was made to deal with the problem and reliance
had to be placed in the mains supply. It was possible to detect
short stoppages (<12 hours), or excessive reductions in voltage,

at the data processing stage by making use of the periodic diurnal
tilt. ' In agreement with Tomaschek (1957), it was observed that there
ﬁas a thermally induced diwrnalsignal having peaks at about 6.00 a.m.
and 6.00 p.m. This piovided a means for discriminating between
discontinuities in the record arising from power failure§ and those
arising from discontinuities in real tilt, In fact there were very
few occasions on which -this was a problem; thé longest stoppage
amounting to only six hours.f The tilt signal was interpolated over
the stoppaé;s by simple liﬁeér interpolation. The observed correlation
between tilt events and euptive activity, detailed in section 5.6,
permits a reasonable degree of confidence in the timing of both
tiltmeters. The reduced sensitivity of the borehole instrument in

conparison with that of the Observatory prevented a diurml signal

being easily observed and so a similar check could not be carried out.
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The records from both instruments were digitised on a2 semi-
automatic digitiser (Oscar-J*) which provided a hardcopy output via
a typewriter, the results then being punched onto computer dafa
cards for further processing. The digitiser is arranged to output
a number between O and 999 depending upon the position of a cursor.
This number is converted into microradians by a conversion factor
applied in the computer program immediately prior to data analysis., This
conversion factor is dependent upon the width of the chart paper and the
_recording sensitivity of the recorder as well as on the sensitivity

of the tiltmeter.

* Oscar-J is a trade name of the Benson-Lehner Company Ltd.
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5.3 SPECTRAL ANALYSIS

After digitization all the data was processed in the same
way using the computer program SPECANL., The details of this program
are included in the Appendix but the salient aspects of spectral

analysis will be described here.

A signal can be considered to be composed of three parts; &
random component, a lineai trend and periodic components.Limiting
the discussion to a consideration of the type of signal encountered
in this study, the random component is of two férms;.instrument

induced noise caused by the tiltmeter and recording system and

environmental noise predominantly due to microsdsmic activity but
- with a major contribution from the wind. All the noise is at a
" much higher frequency than the periodic elements of interest., This

kmeans.that they can be filtered out without adversely affecting the

signal. There are two stages to this filtering; in the first place

~ the input signal to the tiltmeter is passed through the integrating

circuit referred to previously. The second stage of filtering

employs a special tidal filter known as a Doodson filter, The

selectivity of this filfer is illustrated in Fig. 5.2. This filter

is specifically designed to filter out all non-tidal signals. As can

be seen from Fig. 5.2 periods in excess of seventy-two hours are

© 70% filtered, while for 12 and 24 hourly periods there is zero

filtering.

.
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Where the response curve becomes negative(at 2 and 8 hours
respectively) the‘signals at these periods are enhanced. They are,
however, not periods close to the t@dal_pgpiqu considered here, and
thus cause no problem. The long-pericd signal removed by the Doodson
Filter is composed of long period tidal components, mainly £he
fortnightly tide, instrumental drift and long period ground movements

recorded by the tiltmeter. It is recovered by subtracting the filtered

data from the original data and as discussed in section 5.1 is
important volcanologically. It is considered in detail in Section

5.6.

. The filtered data is then spectrally analysed by Fourier
" analysis, Spectral analysis techniques are widely described in the

literature notably by Jenkins and Watts (1969) and Bath (1975).

. According to the principles of Fourier analysis any curve,
f(t), can, subject to certain restrictions, be represented by a

series of sine and cosine terms

. |
£(t) =8"+ 2 (2nCos 27Ant + b, sin 27 nt ) 5.1

and the constants are given by:-

5o = _1__}' £(8) at 5.2a
2T :
=Tz
1 Tl
an = T £(t) cos 2xXnt  at 5.2b
T
Tl
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1'/7_
bp = lg £(t) sin 2xnt 4t 5.2¢

T
-le T
The coefficients &, and by are the Fourier coefficients and
it is these that are calculated in harmonic analysis. In practice,
of course, all data is processed after some form of digitisation,

This leads to the development of a discrete Fourier series given

by s~
vl v/,
£ (V)= 2+ Ze‘ﬂ' cos zinyV + i by sin 2n@ v 5.3
aed N 01 N

for a series .of N + 1 discrete, equally spaced, intervals with

v=1, 2, ==, N and then:-

N
N 1 . .
N :
& = 2 z f (v) cos 2nxv 5,41
N o-1 v N .
. N' . - N
bn= 2 z f(v) sin 2nkv - ~ 5.4c
N o N

and for a given harmonic term

i .
An (an2 +by 2~) 2 is the amplitude

and q)

Two problems arise when dealing with digitised, finite

i}

tan ~% (dafan) " " phase

length records. The first of these is known as aliasing and arises

£28
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from the digitization of the record. Digitisation implies a sampling
interval, and as can be seen from Fig. 5.3)§f a simple sine function
is sampled at intervals At then it is not possible to distinguish

between frequencies £ + n for n = 0, ¥ 1, z 2 etc. Thus high
24t

frequencies appear, or are ‘'aliased', at low frequencies, This means

that estimates of the amplitude of the low frequencies will be invalid

because of the contamination due to aliasing. The corollary of this

is that the highest frequency that can be measured is given by

i

24¢

" where At is the sampling interval. 1/24t is known as the Nyquist
frequency. To avoid this the data is initaliy filtered to feduce

the magnitude of the high frequency'signals and then digitised at a

frequency high enough to avoid aliasing onto tidal signals. In the

course of’this research all the @ata has been digitised at either

héurlylintervals or, in a few cases, three hourly intervals, which is

standard practice in tidal analysis,

The problem arising from the finite length of the signal is more
serious. It can be shown (Bath, 1975; Jenkins and Watts, 1969) that

for a record of length T the minimum spectral separation is given by:-

AT Y

3=

that is, signals which differ in frequency by less than Af cannot be
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o = Sampling point

At= 0.2 sec

.1 sec
F1G.5.3

i Two aliazsed sine waves displaying identical
sanple points. The 1 Hz signal is resolved but the 4 Hz is not.

(after Muniruzzaman, 1977)
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uniguely determined but will contaminate each other. This is equivaient
to the Rayleigh resolution criterion;iquppﬁigsi Ihisris of crucial
importance in tidal analysis and Fig, 5.h'gives the length of data,

in days, required to separate particular components. Many of the
components are separable with a months data but some, notably S2 and

K2 and Pl and K} require six months., The longest continuous record

obtained in this study is three months and so where values for S2 and
K2 and Pl and KL are shown separately they must be understood to
represent not two wniquely determined values but two closely related

signals,

.Another problem due to the finite length of the.record arises

because spectral analysis is a transformation from a time-domain

representation to a frequepéy domain representation.‘ A Tinite length
of data can be considered to be aﬁ infinite length of data convolved
with a 'boxcar' window (Fig. 5.5a). The frequency domain representation
is then given by the Fourier t;ansfarm of the data multiplied by the
Fourier transform of the window (Fig. 5.52). This means that the
-resultant amplitude will be spread and have sicielobes, both leading
to'inaccuraté-results. This probleﬁ cannot be entireiy eliminated
uﬁﬁt qah>berfedﬁéeaib& théiuse 6f diffeiént spectfal windoﬁs. Avgréat
deal of attention has-béen paid to windowing techniques, particularly

in the works cited, in order to determine the best window for a

particular problem. On the whole, differences between them are not
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significant so far as they relate to this study, and the particular
one chosen is the Hamming window Fig. 5.5b. This has much reduéed
sidelobes compared with the boxcar window and so there is less

contaminaticn of adjacent frequencies.

A good working estimate of the confidence limits that can be
placed upon a spectral estimate can be obtained using a modified
X% test (B&th, 1975). Fig 5.6. shows the confidence limits against
degrees of freedom for a 95% significance level. The number of
degrees of freedom, k, is given by; k = 2T/& where T is the length
of the data sample and A s tﬁe sampling interval, Fér example for
one moﬁths record sampled every three hours, k = 486 and a power
estimate P' cémpared with a true péwer P would have a ratio O.?'(PV?'
- < 1.55. This obviously presents a severé limitation on the inter-
pretation that can be placed on the results particularly in regard to

tidal estimates,

To check the program and also to observe the effects of certain
types of noise signal a series of tests on SPECANL were performed;
in all these tests the data was subject to the same filtering

procedure as all the real data.

In the-powei spectra shown subsequently in this chapter the
. tidal signal has been separated into ten components, the ten chosen
being the most important of the semi-diuwnaland diuwrmsl terms,and their

~amplitudes and periods are given in table 5.1 below., As none of the
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available records was longer than three months, it can be seen, from
figure 5.4, that the S2 and K2 constituents cannot be separated.
This also applies to the Pland K1 consfituents. They have been
shown separately in the figures merelyvfor:the sake of convenience,
and this is also the reason for equaliy spacing the components. In

addition the power estimates have been normalized with respect to

M2 = 1.0. This is common practice in tidal analysis.

Component Period (Hrs,) Amplitude

@ 2687 079

01 25.82 s

P - 2k.o7 .193

K1 23.93 58

n 23100 | - 033

N2 12.66  _ 191
-3 1263 1.0

2 | 129 1 - .028

s2 12.00 | L65

[ S v 11.97 v.127

Table 5.1

Tidai Components Used in Analysis,



a) 12 HOUR SINE WAVE

A straightforward sine wave with a period of 12 hours was
digitized hourly for 14 days. This test checks the power loss
between adjacent components. As can be seen in figure 5.4, 14 days
is just below the minimum resolution time for S2 - M2 resblution.
The result of this is that the amplitude of the M2 signal is 48% of
that of the S2 signal. Tﬁe transference to the diwnalrange is
insignificaﬁt however, being less than 0.3%, The resultant spectrun

is shown in figure 5.7 a.
b) 24 HOUR DISTURBANCE

This test is similar to the previous one, a 24 hours signal

‘of ijkrad range being added to a normal tidal signal for 29 days.
This signal is much larger than théitidal signal by a factor in
excess of three. The pesultant spectra is shown in Figure 5.7b Fig.
.5.8 gives the normalised amplitudes of a prediced tide and the
disturbed signal. Apart from the Pl K1l signal only the J1 amplitude
is noticeably different; other differences één'be readily accounted
for by dif%erences in sampling time. Ve cén thus Ee confident that
-ény.ﬁeft;rb%tioﬁn%ilimﬁéﬁifeét i;;ei%.at ité.t;ue ffeéuéncy ;ithra

smaller influence at adjacent frequenciés, the magnitude of this

“influence being dependent upon lhe length of the record.
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c) STEP FUNCTION

This test and the following one were designed to examine
the response of the program to the sort of tilt signal encountered
on Etna. In this case a step is applied to a straight line. The
resultant power spectrum is important, though it is that predicted
by theory, since sudden changes of tilt are common and even after
filtering their effecis re.ma.in, as shown in Fig. 5.7¢, the power
being concentrated at the longer periods and decreasing steadily

with increasing frequency.
d) RAMP TEST

This is designed to test the effect of uniform drift.
'Theoreticélly all this should be filtqred out and no spectrum
£esult. However, th; Doodson filtér is a 19 point filter, and so
the first énd last 19 points are not filtered out, only modified
- in amplitude. It is‘thesé 38 points that account for the spectrum
of Fig. 5.7d. This effect is reduced with increased record length

and would be dwarfed by any other periodic signals within the data.
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5.4 ETNEAN TIDAL POWER SPECTRA

In the ensuing discussion the terms 'radial' and 'tangential'
vill be used then referring to a tiltmeter's alignment. As explained
earlier, each tiltmeter was oriented so that one axis responded to

tilt in the radial direction with-reSPect to the summit of Etna

and the other in the tangential direction. Figurel4.5 illustrates
the use of these terms and also those regions where velcanic activity
occurred during the course of this research, The arrows indicate the
directions of uplift for a positive change in tilt, that is, a positive
change in the radial tilt indicates summit inflation whilst a positive
tangential tilt indicates infiation to the east. The agimuths of the

radial axes are:
o
1

¥ 10 - ‘Borehole

1+

13.5°
- 19.0°

- CObservatory

The map also ilIustrates the considerable advantage that would
‘result from having ai least'gne tiltmeter sited on the northern slopes,
for example, in the direction of the Rifugio Linguaglossa (rif.ling.)
especially as most of the activity of recent years has occured on these

- northern flanks. - - - S . - -

~The graph of theoretical tidal 11t amplitudes against latitude

- (figures 3.7a and b) shows that for 350N‘the tide is predominately
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composed of the 2 component in both N-S and E-VW directiéns.

The power sypectra for azimuths 13.6° and 103.6° on Etna are shown

in figures 5.9 a and b réspectively and here the domination of the

M2 component can be seen clearly. The S2 and K2 components each
possess about half the power of M2 and the diurnalcomponents 02,

P2, and K2 about 20% each. The spectra are remarkably similar and

" it follows that the spectra for any azimuth on Etna will be similar -
to these. It is not very‘surprising that these spectra resemble each
other so closely, since, from fig. 3.8, it can be seen that the

$ilt vector at the Etnean latitude (~ 35°N) is very nearly circular,

The inference‘that can be drawn from these spectra is fhat, if
vthe tides are the major influence on tilt, then spectra due to tilt
_data from the volcano shouid exhibii a similar power distribution,
However, due to the factors discussed in Chapter 3, in particular the solar
héating effect, there will be an increase in thé power at 24 hours and
12 hours, thus affecting the P] and S2 coﬁponents respectively.
‘Additionally, since we are ﬁot able to separate the 52 and X2 or PI
and K1 components with the 1éngths of data available, there will be

contamination of the K2 and X1 power estimates. To a lesser extent

there will be contanination of the J1 and 12 terms.

It is convenient to divide the data into separate pericds to
" allow for ease of interpretation. These periods will be designated

as a) ¥Wintex '73-'74, covering the period lst December 1973 until
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the 19th February, 1974, b) Vinter '75-'76, covering the period 15th
October 1975 until the lst February 1976, c) Autumn 1976, covefing
the period 28th August 1976 until the l?th November 1976, d) Winter
'76-177, covering the period 10th December 1976 until the 16th Febru;ry ’

1977, and c) Summer '77, covering the period 7th to 18th May 1977.

In the following figures, 5.16 to 5.11 , depicting power
spectra, where both radial and tangential components have been
simultaneously recorded, the radial component has been indicated by
a solid line and the tangential by a dashed line, Where only one

component has been recorded it is indicated by a solid line,
a) Winter '73-'74

During the perioa only the borehole tiltmeter was in operation,
and the record was remarkable fornfhe.occurrénce, during the period
1lst January until 19th February‘;74, of an apparently diwmzal signal
~well in excess of the frediqted tidal signal. This large signal
- was recorded prior to and dﬁring_the eruption beginning on January

30th (Vadge et al., 1975).

The aata was split into two portions, one cbvering the
comparatively quiet period before lst {anuary and the other covering
the rest of the data. Figure 5.1 is the computed tidal power spectra
| for the radial and tangential components for the period 1/12/73 -

» 29/12/73. These clearly differ from a normal tidal signal (figure

[y
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5.8). These differences may be accounted for by reference o the long-
period éignal (figure 5.13a) where the rapid tilt changes cause an
effect similar to that generated by the step function (figure 5. 7¢ ).
The differences between the radial and tangential axes may be similarly

accounted for by reference to the differing long-period signals.

When the spectra for the period 29/12/73 - 19/2/7%4 are considered
(figure 5.10 b), the large éuasi—diunﬁl signal can be immediately seen.
However, instead of occurring at the P2 K2 frequency (i.e. 24 hours)
"it is, in fact, the J1 component which is foremost. There does not seem
any adequate reason for invoking a tidal explénation since the magnitude
of J1 is small qompared to the other components. Similarly no climatic
argument would satisfactorily explain this, A possible explanation is
inaccurate instrumental timing but this is belied by the good corres-
pondence obtained between volcanic and tilt activity, described in
section 5.6, The condusion, at present, is that this quasi~diurnal

signal cannot satisfactorily be explained.

b) Winter '75-'76

An anomalous guasi-diumsl signal was again observed during
January 1976 though, on this occasion, not associated with any volcanic

activity. As with the '73-'74 data the data was split into two parts,
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15/10/75 ~ 21/12/75 and 21/12/75 - 1/2/76. At this time only
the tangential axis was operating, so no comparisons can be made

between the radial and tangential components.

For the first period, the spectrum (figure 5.11a) is similar
to that of the '73-'74 data (figure 5.11a), Figure 5. 11b for the
period 21/12/75 - 1/2/76 shous heavy contamination at both 12 and
24 hours, the P1 X1 signai.being particularly large. This contamination
strongly implies that climatic factors are operaﬁing. Although this
quasi-diurnd signal occurred at the same time.of the year as the
corresponding signal in 1974 there does notvseem any similar cause,
basicaliy because of differences iﬁ the frequency of the signal, and

also in the activity of the volcano,
¢) Autumn '76

Although there was a good deal of data gathered during this
.period, it yields few results of volcanological interest from the
point of view of spectral analysis. This is.unfortunate because it
includes the only record simultereously recoﬁcded ocn both borehole
and observatory instruments 28/9/76 to 7/16/75. The long-period
-.éignélé,mhoﬁevef,-arerinteresting, wovover, and these will be discussed

later, in section 5.6. Before leaving this period it may be remarked

"that all the signals exhibited large diurnalsignals. These can most
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probably, be explained by climatic effects, in the absence of any

other explanation.

Similarly the data for periods d) Winter '76-'77 and e) Summer
'?77 provide little of interest in terms of power spectra. In fact,

these two periods only provided three short sections of data and so

the lack of any reasonable spectra is not surprising.

For the interested reader, the spectra not illustrated here have

- been included in a separate appendix (B).
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ETNEAN TIDAL POYER SPECTRA - CONCLUSIONS

The fidal tilt spectra then generally demonstrate one or other
of two forms. In the first the normalized amplitudes are similar for
all components, with the Pl Kl term generally the largest but with
3 times the I'2 amplitude, The other form of the spectrum is characterized
‘by enormous diumal amplitudes 2%'7‘times M2. Although the first occasion
on which these large diiwrmal amplitudes were recorded coincided with a
Etnean eruption (January 1973) the later examples bore no particular
- relation to any such activity. The most likely explanatlon for this
effect is that égas.occa51oned by large scale temperature changes in
the vicinity of the tiltmeter. Harrison and Herbst (1978) have shown
that in hilly éreas local tilts due to diurnsl temperature éhanges can
be very large, in some céées up to 50prads, This is well in exXcess
of the diunal variationsbobservéd on Efna, where temperature changes

can amount to 30°C over the course of a day.

" The effect of ralnfall is mofe difficult to assess., Wood and
King (1977) found that rainfall caused anomalous tilts of around 1y rad
at a tilt monitoring 51te in Central Callfornla and such tilts could
be even larger on Etna due to.the terrain., It is ettremely unlikely,
hoivever, that rain could have caused the regular quasi-diwral signal

since it would reguire the rain to fall at a specific time each day
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for a number of days. The large diumal tilts in fact continued for

thirteen days.

A more likely cause is melting snow, The anomalous signals
were observed during the winter months and there is snow on the

upper slopes from October until May. Snow itself is a good thermal

insulator (G.C.P. King personal commmication) and its depth above

the borehole tiltmeter is.likely to have been at least ten feet, which
would have maintained the ground temperature at a very stable value:

If then é’warm spell caused the surface snow to melt and rﬁn off this
hill induce anomalous tilts due to differenfial 1oading, the lower
slopes éossessing less snow and it melting faster than the upper
slopes. Since the temperature actually measured at the sensor during
1973-74 vas stable to within 2°C over the year and less than 1°C over
fhe period of the large amplitude signals, the possibility of the

tilts being caused t& rain or melted snow percolating past the tilt'
.sensor (Wood and King, 1977). can be rejected. in this case. The results
obtained made the calculation of the Love Numbers h and k impracticable
even though a simultaneous tidal gravity survey was conducted

(1. Mohame&, 1978). The obse;vea M2 amplifﬁde variéd between 100 nrad.
and 700 nrad. compared with the predicted value of 346 nrad. That the

measured amplitude can be smaller than the theoretical tide is due to



the pover being spread over a range of frequencies in the Fourier

anzlysis vhen only short lengths of data are available,

The attempt 1o measure tilt tides on Etnez must therefore be
considered not to have been a success. Although the instruments are

capable of resolving the tidal signai it is very close to the limit of

resolution and an accurate determination of tidal tilts using these
tiltmeters requires very low noise levels which cannot be attained on

Btna,

There has been one4previous attempt to ﬁeasure.tidal tilts on
Etna (Jones L., 1965). This attempt involved the installation of
ltwo'Vérbaandert - Melchior horizontal pendula in an observatory built
in a cave 1 km. north of Nicolosi. Although these instruments are
stahdard‘tidal tiltmeters the results.obtained from the first year%
operation were extraordingrily erratic. The diminishing factor, ¥ o
forsz varied between 1.136 and 0,88 compared with the accepted
vorldwide value of around o.7; the variations for S2 and N2 were even
‘more widely spread as were the values of phase; This installatlon vas
intended to be the first of four tilt stations on Etna but there is no
published reccrd of any of theée others]if they were operative, and
it is believed that no further tilt observétfggg were ever built

(4. Rittmann, personal communication).
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5.5. ETHEAN ACTIVITY 1973-1977

Since one of the main intentions behind this research is the
prediction of activity on the volcano it is important now to examine
the data for correlations with such activity. A general summary of

activity over the period November 1973 to May 1977 is given in the

following pages., This summary has been garnered from reports by

Cuest et al. (197%), Booth (1975), Kieffer et al. (1975), Mwrray (1977),
Guest and Murray (1977) as well as personal observations and personal

" communications from J. Murray, I. Mohamed and N. ﬁénbest. Reporfs
during the winter months are-limited because of the heavy snowfall,
“which may last from October until Méy. It is likely that events which

nay be important precursors of activity would be unnoticed.

In the following summary the periods when the tiltmeters were

in operation have been indicated. -



1973

Borehole
tiltneter

in operation

'y
November - Strombolian activity at NE Crater.

Januvary 30th - Small fissure opened at 1680m. on Western slope.

Fruption initially characterized by strong, almost continuous

Strombolian activity.

February 9th - Small scoria cone of 30-40m. height had been built

up at side of the eruption and activity became intérmittent,
February 17th - Cessation of activity.

Between Fébruary 9 = 15 lava was extruded at an average

lrate of 1.7 m3 secl.

March 11 - Renewal of activity in the same area as the previous
eruption. ‘ /

Continuous until:
March 23 when all activity ceased.

During the two eruptions approximately 6.106 n’ of lava

Jras produced.

Seﬁtember 29th - N E Crater resumes Strombolian activity.

October 10th - Iava overfloved lip of FE Crater



1975

Intermittent Lava flows until February 24.

‘Fetruary 23/24 - NE Crater activity ceases., Effusive activity

Borehole

tiltueter
in operation

starts 1 km. to the north at 2600m. from vents on
the north~-east rift. Activity from this site continued
throughout the summer and was generally quietly

effusive, rates varying from less than 0.1 m3 sec.1

to 1.6 m3 secl.

July-August - Variable activity at the North flank

vent,

September 12 ~ Cessation of activity at north-flank
veni, NE crater exudes lava on Western edge.

Throughout 1975 explosive .activity occcurred in both

the Bocca Nuova and the Chasm.,

November 28 - Activity:at NE Crater stops and a new vent opened

north-east of Punta Lucia., Initially explosive

Cactivity.

Winter 75/76 ~ Pit opened on the western side of the NE Crater

engulfing the new cone formed during September/

_ October.
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lay 16 - June 4 (Period of Observation) - Bocca Nuova exploding
at a rate of 20 to 180 explosions per hour., BEstimated
depth of Chasm of several hundred metres. Effusive

activity near Punta Lucia.

May 25 - Violent explosions start at Chasm at a rate of 20 to 25
explosions per minute, Activity reduced over the next

4 few days. NE Crater inactive.

June 17 - New vent opened in region of NE Crater with Strombolian

activity.

August 20 - Eruption stopped. During this period there was no

1 . lava eruption from this site and the NE Crater
Observatory

tiltmeter in itself was inactive.

operation ' 7
28/8/76 - 19/11/ | . "
September 8th -~ Activity stops at Punta Lucia and a large flow

Borehole e sterts 2 km. north and 1 km, west of the Due Pizzi
tiltmeteor in
overation at an altitude between 2300 - 2400 m.

289,76 - 7/10

September 15 - October 4 - 1ittle activity in summit region,

September 27 - Flow from near the Due Pizzi ceased emerging and

ongi~
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1977

Qbsrevatory
in

tiltoeter
operation

September 28 - New boccas opened east of Monte i Deserti.
October 1 - New boccas opened west of the Due Pizzi,

Activity continues from near Punta Lucia until the

end of the year.

liay - No effusive activity in summit region. Heavy snow

cover precludes knowledge of activity elsewhere,

November 21/22 - Eruption commences at the NE Crater having
| been preceded by increases in microseismic activity,

Explosive activity.

November 25 - Renewal of activity at NE Crater.
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5.6 LONG-TERM TILT ACTIVITY

Figures 5.12 to 5.18 are plots of the long-term tilt activity,
after filtering., As with the spectra, where radial and tangential data
have been recorded simultaneously. the radial signal is given by a solid

line and the tangential by a dashed one, In the one example where there

was simultaneous recording at the observatory and borehole sites the

three axes have been marked on the same figure (5.16 ).

° Figure 5.12 ié a test curve using about three months predicted
data. The fortnightly and monfhly components are cleérly visible, while
the semi—annual and annual effects are manifested b; the slight trend
in the curve. It is important to note that the magnitude of the tilt
has a range of aboutBnrads. This is considerably smaller than any of{
the long-period tilt§ obéerved,'which are generally in the order of tens
of &Lféds. There is, thus, very 1ittle likelihood of any tidal effects

being observed.

!/

Again, for convenience, the available data has been subdivided

into five periods, being the same as used in the spectral analysis,

a) Winter '73-'74
" Figure 5.134 & b covers the period 1/12/73 to 19/2/74, which

included the first efuptive period of the 1974 eruption. This data
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has been analysed previously (VWadge et al., 1975) but without separation
of the long and short period effects, or removal of the large amplitude
(4 rads), short period (quasi-diurnal) effects, discussed earlier. Prior
to the eruption (Fig. 5.132), the changes in tilt are small, amounting to
less than two prads. Immediately before, and during the eruption, the
magnitude of the tilts incresse to about IOJLIadS, although in the light
of later data, these changes are not particularly large, although the

rapidness and the subsequent equally rapid change (Jan. 21st for the
tangential, and Jan, 27th for the radial axis) could indicate the

‘movement of magma, the Radial axis indicating summit deflation

followed by inflation. The ensuing period until 19th Feb. is marked

by a gradual summit inflatiion of 8_}~rads. between January 21lst and
January 30th. The tangential record indicates WSW inflation, i.e.,
dipping towards the Valle del Bove at the same time. Thisvinflation

ends with a sudden deflation of 4 jirads and a large tangential tilt
change of 13 prads. This tilt activity'cofiesponds very closely with

the observed eruptive activity which comprised the opening of a

at this tine indicating a deflation in the west, anply reflects this
activity. A'change in activity on Februaxy 9th from continuous to
intermittent activity is also promptly recorded in the tilt record as

is the cessation of activity (19th Fetruary). The clear correspondence betem
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volcanic activity and tilt activity for this eruption provides a
strong justification for the use of .tilt monitoring on Etna and -
the accuracy of recording magma movements. The changes in eruptive

state are very quickly observed on the tilt record)a point vhich

will be returned to when the rest of the records have been considered.

b) Winter '75-'76

As mentioned earlier, only the tangential axis of the borehole

_instrument was operating over this period (fig.5.1%4a & b).

It is a period of excessive tilf markea particularly by a
western flank inflation of nearly QQSLrads. between 2nd November '75
and January 8th.'76. This'corresponds to a vertical change of 10 cm.
o&er a distance of a kilometre in the tangential direction. Unfortunately,
without,the benefit of a corresponding radial axis it is impossible to
pinpoint the location(of.this inflation or to say whether there was any
summit inflation or deflation. As this record is over the middle of
winter, reports of volecanic activity are sparse, though there is a
change in activity on November 28th from the NE Crater to Punta Lucia,
end this is—mirrored by the smgllAtilt change at 23ra No&ember. The
vinte¥ reéoft meééiy séafes tﬁat-égeférwas rené#ed activity afsuné the

NE Crater but from the tilt observations'alone it appears that there

vas definitely activity during the first and second weeks of January

o>
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1976, though as to its nature or location little can be said.
c) Autumn '76

In conirast to the spectral data, the period from August '76
until February '77 was the most fruitful. As, for a period of ten
days (28/9 - 7/10), not only vas the Observatory Tiltmeter operating
but also the Borehole tiltmeter, albeit the radial axis only, Because
of excessive initial drift, the boreholé tiltmeter was allowed to
settle down for the first sixteen deys following its installation

on August 12th.

The'firsﬁ usable record coverea the period froﬁ August 28th
iuntil 16 September Fig. 5. i5. 'vThe - first tilt activity
occurs around the lst of Septémber with a summit inflation amounting
to‘73arads. continuing until Septémbei 5£h. The activity north-west
of the Due Pizzi begins on September 8th and the radial axis indicates
'this by a small summit inflatipn followed by a larger deflation
contiﬂuing from the 12th until the 15th. of September. The tangential
~axis, however, records a continuing inflation A‘in an easterly direction,
As all the a;tivity at this time occurs close to the radial axis it
is difficult to distinguish between activity at the different centres

since they would have no noticeable effect upon the tangential axis,

-Figure 51&hows tilt activity for late September through COctober,
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T4ilts recorded at the observatory during the period
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This is the only time, unfortunately, for which there is any
simultaneous recording at both Cbservatory and Borehole sites apd
though it is only for a short time (10 days) it is quite interesting.
On Cctober & there is a rapid, 1arge(33j;rads.) radial tilt at the
borehole site, spread over two days, indicating a summit inflation.
Although the summit inflation is also shown by the Observatory
tiltmeter (fig5,16b)it is smaller (12prads) and not so rapid, starting
two days earlier and spread over five days. One possible explanation
of this is that as the borehole site had recently been visited and

‘ the tiltmeter electronics re-installed there was some short term
electronically induced tilt acting in a contrary direction to that

of the volcano.

The record from the Obsérvatéry indicates that the onset of a
iarge radial tilt coincides with the onset of erupfive activity
(September 29th) at the Due Pizzi. Confirmation of the tiltmeter
recording is provided.by the simultaneous measurements made by a team
. ffom Leicester Universiéy (Henbest et al. 1978) vhere both rates and
magnitudes of tilt changes correspond very closely with those observed
in this study (fig. 5.19 ). The fluctuationé in summit inflation
and deflation during the middle of October accompanied by a steady
inflation tovards the east most probably indicates cycles of activity

from the different eruption centres, small accumulations of magma being
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followed by effusioﬁs witﬁ the westward deflation being partially
effected by lava loading. At this point issue must be taken with
Henbest et al. (1978) wvho distinguiég_ﬁé;ﬁéénmtﬁé“éﬁéfa Lucia and
the Summit directions on the basis of the radial‘and tangential
tilts. As was stated previously it is a practicable impossibility
to do this sincé the accuracy of élignment is unlikely to be better

than : 1° and the angle subtended at the Observatory by the Summit

and Punta Luecia is only 7.50.
+ d) Winter '76-'77

The winter of '76-'77 was recorded, somewhat intérmittently,
by the radial axis from thne Observatory (Fig. 5.17 a, b, & c¢).
Again reports of volecanic activity over the winter are sparse
and it appears from Fig., 5.17 that there was 1little near summit
acfivit&. Tilt changes are irregular and, at a maximum of 4prads,
small compared with those recorded during beriods of known acﬁivity.
It is thus believed that the ‘sort of activity shown in Fig., 517a
is typical }ér the volcano dufing a/semi—quiescent phase when the
effects of the climate, particularly snow and tﬁe a§sociated variable

_ loading effects are taken into account.

January and February of 1977 ( Fig. 5.17b and 5.17 c) show a

marked summit increase amounting to 453Lrgds. There is no recorded

)
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activity at this time and indeed the volcano appears to have been
comparatively quiet with no effusive activity until November 1977.
This inflation may then result from one or more of the following

three causes i~

1) Long term meteorological effects - This is the least likely

| considering the magnitude of the changes, though localised
snow falls and underground water movements could produce this
sort of tilt. Its duration and consistency of rate militate

against this solution,

2) Recovery from previous eruption - This effect reélly leads on to

the third possible cause which is:-

35 Inflation leading to Further Eruptions - as the two are in many
"respécts similar depending upon whether the status quo is eruptive

activity or not. However, the next eruption was some ten months
away and the short recording taken during May (fig . 5.18 )
shows oniy a very slight degree of inflation ( <1lprad ) and it
cannot reasonably be regarded as such. fhe January - February
inflaiion may be best regarded, then, as a recovéry from the
‘yrevious years eruptions and could indicate magma storage of some

sort at high ekvations.
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Long~Term Tilt Activity - Conclusions,

There is no doubt that a clear correlation. can be obtained
between eruptive activity and tilt deformation. The value of this
correlation as a tool for prediction is uncertain. There are two
major pfoblems;.firstly there is no evidence of any pattern of tilt
prior to an eruption, This is perhaps not surprising, considering
the complexity of Etna and the variability of its eruptions. It is
highly 1likely, though, that each eruption has distinctive tilt
precursors or 'fingerprint', by which it can be recognized, and thét
eruptions from a particular centre would have similar"fingerprints'.

A knowiedge of these 'fingerprints' would then enabie an observer to
predict the régjon of activity. At present, however, far too little
'information'has been gained and too few eruptions monitored to atﬁempt

a predicticn on this basis. For greater accuracy three tiltmeters
would»be required, as are three éeismometgrs in detecting an earthquake
location. The second ﬁroblem is the lack of a consistent time delay
'between thé observation of éﬁ anomolous tilt aﬁd the occurrence of an
eruption, Long termvinflatién andldéflation is seen but it is often
easier to notice such changes in retrospect than when they are occurring.
An associated difficulty is that these inflations §r deflations can often
be'of the same order or smaller than the diwval noise (i.e. & lor{rad)

~and it is only on the day of the eruptions or one or two days prior

oy
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to it that noticeably large tilts occur. Predicting eruptions :

more than one or two days in advance, on the basis of tilt oﬁservations,
may become a job for a skilled interpreter with a thorough knowledge
of the tilt precursors to previous eruptions. Fortunately, from the
viewpoint of saving li&e, precise eruption prediction is not requifed.
Whilst there is always the possibility of a vént opening near to a
village or any of the other-inhabited areas of the volcano this has,
happily, never yet happened. There is, of course, always the potential
" danger to tourists, who annually deluge the volcano, when sightseeing
near the summit; although the volcano guides‘are careful to prevent
tourists endangering their own lives5sma11 boccas may open suddenly

as with the Bocca Nuova in 1955.

The greatest danger to life comes not from any sudden cataclysm
but from the more insidious effects of the lava destroying sheep grazing
. land, vineyards and orchards. It was this overwhelming damage to the

land and the ensuing starvation that was the main cause of death in

the 1669 eruption.

The Aain use of the tilt déta is then to provide greater
information on the actual movements of magma within the volcano and to
contribute to predic£ion via a knowledgewof the internal structure of
Etna. A major oversight with all theoretical models of volcano

deformations is that they are not concerned with the problem of lava
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loading. That this is a problem with Etna is illustrated in the
paper by liurray et al. 1977 vho reported a subsidence of one metre
over & two km., area on the northern slopés, an effect which was
eventually considered to be due to surface movements of lava

(IAVCEI, Durham 1977). The rapid tilts immediately prior to effusive

activity indicate that this is not a simple case of a magma chamber

or column inflating or deflating but is more likely due to the

thrust exerted upon the ground by the 1a\.va or other effusive material:
From the data available it is impossible to test in detail any of the
magma chamber theories conclusively and considerably more data will

have to be collected before such an assessment 1s possible.
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CHAPTER 6

PREDICTIGN OF EZRUPTICKHS

6.1 INTRODUCTION

In the previous chapter the monitoring of crustal deformation

in real time was discussed and the possibility of utilising such
information for short range prediction of eruptions. A second
_approach, to eruption @rediction can be made by considering ther
eruptive history of the volcano to detéct such phenomena as related
periods between eruptions or the correlation of eruptions with possible
tiiggering phenomena. Eina is particularly amenable to this sort of
analysis because of its regular and high eruption rate and because

its location has enabled it to be observed and reéorded for far longer

. than most volcanoes.

Before proceeding to discussion of Etna's eruptions its eruptive
mechanisms will be described, in so far as they are, at present,

understood.
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6.2, ERUPTIVE MECHANISKS OF NOUNT ETNA

Rittmann in 1963 published the, now generally accepted,
theory of eruption types for Etna. He defines three types of
eruption in addition to 'terminal' eruptions which are lava overflows

of the central crater; these are, subterminal, lateral and eccentric.
a) SUBTERMINAL ERUPTIONS

Subterminal eruptions differ from terminal eruptions in that
the magma, having been largely degassed in the main vent, flows into
the main body of the volcano before emerging a short distance down

the flanks in the form of a bocca.

b) LATERAL ERUPTIONS

‘ lateral eruptiéné originéte by fracturing of the central magna
condui£ due to hydrostatic pressuie. _The'fracfure travelé rédially
avay from the summit and small pyroclastic cones are formed where
lthe fracture breaches the sufface, lava flowing from the lower

extremity of this cone or cones. The resultant disturbance in the

central conduit usually causes a violent ash eruption at the summit,
¢)- ECCENTRIC ERUPTICNS

The third type of eruption, eccentric eruptions,give rise to no
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central activity at all and the erupticn is completely independent of
the central conduit system. These eru;*iqqgmgenerallyﬁoccur on the

lower slopes of the volcano and are dictz‘ed by the local fault structure
with no accompanying radial fracturing. VYery often eccentric eruptions
are manifested by violent explosive activity rapidly building up cones
and producing a gas-rich lava. Ritimznn regards them as independent

minor Volcaﬁoes and for this reason it ic qﬁite possible that their
eruptive behaviou¥ is governed by influerces unconnected with those
governing subterminal énd lateral erupticzs. The three types of eruption
are inus;{;i in Fig. 6.1. '

This classification whilst pos%esaing the undoubted virtue of
simplicity has been‘found wanting in rec:ont years particularly in its
inébility to adequately describe ;he neirwiously complex eruption of
1971. Rittmann et al. (1971) attempting <o describe this eruption
evolved a scheme almost-equally notabls Top its complexity. Many authors
especially Carapezza (1962) stress the i~ortance of the regional
tectonic factors and these are undoubtediy influential. It is probably
‘safe to say that Rittmann's classifieation provides an adeguate but

simple description of Etnean erupticns.

Yadge (1974) examined historical eruptions on Etna, principally

from a tectonic viewpoint. He showed thzt rather than being. randomly
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distributed over the volcano)flank eruptions ére more likely to occur
round the 1800m. level and the azimuthal orientations of fissure
eruptions fit into three main directions)though he does not assess
the statistical significance of these resulis, It would appear to
indicate, however, certain specific fault trends within the volecano
rather than random fracturing. Wadge's conclusions about a magma
ireservoir essentially Sndicates a central, vertical, cylindrical

body acting as the main magma reservoir coupled with a 'plexus'

" reservoir extending into the sedimentary basemeni abogt 2,000 metres
below the summit. The interactions between the two reser%oirs are
complicated and not fully understood. Fig. 6.2 illustrates this theory
of magma storage, and it will be reéssessed later with reference to
the results of Chapter 5 ahd in the light of the statistical

investigations of this Chapter.
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6.3. BPCSE PERIOD STATISTICS FOR ETNA
a) Theoretical Considerations

The first method of examining the eruptive history of Etna
is concerned vith repose periods, that is, the lengths of time
separating eruptions, and is due to Wickman (1965 a, b, ¢, d, e).
The fundamental assumption is that eruptions may be regarded as random
‘events in time and the seqﬁence of eruptions is a stochastic process.
The theory is similar to that of renewal theory (Cox, 1962) and to
" comply with this éertain secondary assumptions mﬁst be made. These
are:~ -
1) Eruptions and repose periods are well defined in time. Wnilst
it is generally straightforwafd enough to determine the onset
of an eruption it is often difficult to be sure when an eruption
has ended. This is partiéulaf1y~so far'Etna where an eruption
at one part of the volcano may be followed by another elsewhere,
This leads to inaccuracies when considering short reposes but
there are enéugh eruptions available to counteract this problem.
A related problem is that of persisteni activity from the Central
Crater - this is included under the repose period and it is
Apféﬁébie thai hiétbricai réporfé of eruptions lasting tens of
years are, in‘fact, a series of separate eruptions with persistent

activity in between.
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3)

k)

5)

6)

The eruption time is a non-negative random variable, continuously
distributed over the range (0,00), its distribution being
determined by a probability densit& funetion (p.d.f) £(x) = C
for negative %. This assumption is enticed for the particular

mathernatical approach.

The folloving aésumptions are based on the premise that a
voleano can occur in different states and the probability of a
given kind of eruption varies from state to state. In view of
what has been said about Etna's eruptions this would seem a very

reasonable premise.

During a repose period the activity of a volcano can be described
by one of n states, Ei, Ez...En, each stateiif« ocecurring with a

[2]
probability TTh0¢) and Zi M0 = 1
. L

During a particﬁlar state only a limited number of kinds of

eruption, k, occur; and

The eruption -~ times belongihg to each type of eruption within

a state have the same p.d.f. , finally,

RS

The different states are mutually independent.

Two specific functions are now defined:



The survivor function F(x) defined as the probability that a

repose period has not ended up to time x. That is

F(x) = prob. (X>x )

= 'raf (W) aun

X

and F(0) = land F (@) =0

vhere £ (x) is the probability density function of a randon

variable X (in this example, time) and

T (x) = Lt prob ( x<zLx+bx)
30 Ax

~ with S:: (x) ax =1

[

thus | f (x)= --F" (x)

b). The Age-Specific Eruption Rate, Q (x). This is defined as follows:-

Consider a repose period known not to have ended at time x then

£ (x) =1t prep ( XX Cordux]x<A )
Dr0 Ax

thus.?(x) g{ves the probability of an immediate erup:tion for the volcano

at a time x. Now for any two events A and B, the conditional probability

is given by

prob. (A/B) = prob (A and B)
prob B

-
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but the event '"x<Xx+Ax" and ¥ xz<X %is the same as the event
Mo <X Kb Thus

?(x) = Lt prob. ( 7:<X\<g<-\-_b:-:)_., 1

e e

pr>0 Ax prov(¥dx)

= £ (%)
F(x)

Then since f (x) = ~ F'(%)

Px) = %%

In analysing data using this approach, two graphs are plotted.

-4 ( In F(x) )
ax

The first is a plot of the loganthm of the survivor mimber, N, against

time, N is defined as:~
N = No F(t)

Vhere No is the total number of repose periocds, Thus N is the

number of reposes that have not ended at a given time, t.

The second graph is a plot of the eruption rate, jO , against

time wheres:- ‘ - : ,

- _a ( In n(E
99(t> E’% (t) )

Thus fis given by the gradient of the first graph (N/t), and
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gives the probability of an eruption at a time, t.

To illustrate the theory two gréphé’Were’constructed using
artieificpl data (figure 6.3). Ten thousand random numbers, between
0 and 100, were generated and the occurrence of a particular digit

(e.g. 9) was assumed to denote an eruption. The number of random

numbers separating any two occurrences of the digit is then regarded

as being the repose period in months.

Since the numbers were generated with a uniform distribution,

the probability of occurrence of a particular number is 1%, that is,

P - lo-zlmonths -1, Figure 6.3a shows a distribution with sixty

random reposes, and 6,3b a distribution for one hundred random reposes.
On both graphs two straight lines have been constructed, the solid line

representing a value of §)= .01, -that is, the value predicted by theory,

and the dashed line is the least ~ squares fitted line:

These results and also for N = 50 (not graphed) ¥ given in Table 6.1.

N Correlation
9 o
00 | .0108%.0013 - 99%
60 | .0108%.0006° - | 97.5%
50 | .01061%.0017 98%
. Table 6.1

Random Number Repose Statistics
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Both graphé thus give values of i’very close to the theoretical
value. They Zxe approximate much more to ‘§)= .01 for shorter repose
periods. Fig. 6.3a shows large deviationé from the theoretical line
for ionger repose periods especially those in excess of 80 months. The
respective eruption-rate graphs have ﬂgg been drawn since the gradient

of the N/% graph is a constant, and so the 3)/f graph would simply be

a horizontal line at the particular value of the gradient.
b) Repose Period Statistics for Selected Volcanoes

Wickman (1965 a, b, c and 4) evallid f for a number of different
world wide volcanoes. Three of the volcanoes considered have been
-seiected here to show some of the different forms the eruption rate
can take. Fig. 6.4 shows the survivor function and eruption rate

graphs for Semerﬁ, Miyake-Zima and Vesuvius volcanoes.

- Semeru is a larée strato-volcano on an island off the coast of
Java. There have been 51 rec§rded eruptions betwéen 1818 and 1947,
the period used by Wickman (1965, b). The volcano is reporied
(Junguhn, 1854) to be in a state of persistént activity and as with
Etnean summi% eruptions it is difficult to distinguiéh between persistent
activity and new eruptions. The initial high eruption rate arises

because there has been no attempt to correct for persistent activity.
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For Miyake-Zimas, a .strato-volcano in the Izu Farianas Arc, a
completely different state of affairs exists. There have been only
eleven eruptions recorded over nine hundfed years (1085-1940) and
inevitably this reduces the level of confidence that can be placed
in the result. ©Nonetheless the time dependence of gDis obvious. The
?mplication of this graph is that the probability of occurrence of an
eruption depends upon the time lapsed from the previous eruption., It is
a reasonable assumption in the light of this result to say that Miyake~-
. Zima possesses a magma chamber which is substantially emptied for

each eruption.

The eruption rate for Vesuviué is different frém both Miyake-

| Zima and Semeru, The aspect 6f moét interest from the Etnean viewpoint
is that it exhibits the phenomenon of a 'loading time', in the initial
portion_of the curve. Usually tﬁis ioading ié indicaiive of a magma
chamber, as it arises because the volcano has a minimum repose period,
'the loading time, which is directly related to the time taken for the
chamber to fill to an eruptive level. Unlike Miyake-ZiM2@ | however,

. Vesuvius does not erupt when a physically predeternined level is reached
nor do its éruptions follow on affer each o{her at régulér intervalé.
What is probably indicated here is that a minimum quantity of magma is
required to initiate'an eruption and that a volume of lava and associated
eruptive products in excess of this is expelled dwring an eruption but

that the occurrence of this eruption is triggered by causes other than
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merely the quantity of magma available. After the initial loading
periodJ§Jis independent of time and the probability of an eruption
is independent of the tirme Japsed from the previous eruption; this

is an example of a Markov process.

In a later paper Wickman (1976) proposes different Markov

models to explain the various types of eruption rate characteristics.
¢) Previous Repose Period Statistics for Etna

Wickman's analysis of Etna, (1965c) is not as thorough as some
of his other work and sefves to illustrate tﬁe problgms encountered
when handling Etna data. He did notvhave access to Imbo's I.V.A,
Catalogue (1965) and -instead relied upon the list prepared by von
Waltershausen (1880). 1In itself this limited the ﬁumber of available
efuptions (45 as against 83) but also there was no distinction made
| " between flank and sumﬁit.eruptions, a point stressed by Wadge (1976).
When a comparison was made between Imbo/Wadge eruptiQn times and the
Wickman/von Waltershausen times a number of discrepancies were found.
Another point raised by Wickman arises over‘reports of long eruptions,
for instancé 1614 - 24, 1669 —_82;3& is considered that these long
eruptions may, in fact, consist of & number of short eruptions,
separated by short répoées)thus reducing'the nunber of observed short
reposes, This assumption appears to be justified in view of the fact

that these lengthy eruptions are not recorded in more recent times.
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The same consideration, however, does not apply to summit eruptions
vhere nurerous lengthy eruptions have been observed in the twentieth

century, e.g. 1901-06, 1913-17, 1919-23 and 1935-40.
d) Results for Etna

The eruptions used in the following analyses are listed in Table

6.2. 1600 was selected as the starting date, sinece the records of
eruptions, prior to this date, are very meagre (Imbo, 1965))in many
instances no more than the year of the eruption being given. This is
still a problem after 1600 and, rather than ignore an eruption completely,
the time has been approximated to the middle of the yeaxr in whibh the

. eruption either began or ended, whichever the case may be.

It will also be noticed that on some occasions flank and sumnit
eruptions occur simultaneously and this explains vhy +the total number
of reposes, 83, is not the same as the sum of the flank (50) and summit

- (47) reposes.

/

From the information given in Table 6.2 the following repose

period data_sets were computed.

1) Between separate flank eruptions, 2) between summit eruptions
3) btetween any two consecutive eruptions irrespective of rhether
they are flank or summit eruptions. Fig. 6.5 shows graphs of the

survivor functions for these cases. As with the random number data



ERU.CTCS OF BTIL 1600 - 1974

FLAK sU2IT
1603 15,7, - 1
1607 2316/ - 1
1609 [7/ -2
1610 6/zf - %

1633 21/e -1
1634 - 38 19/12f - Z7/4/
1W8he - b7 20/11) - 151/
1651 ~ 53 16/1f - 15/6/

1669 11/3/ - 15/7/
1669 - 82 ?
1682 /sl -t
1633 7
1689 /3] - 1
| | ‘ 1693 7
1702 - 8/3/ - 13/3/

W3- 221 - (Y
w32 - 33 9/1e/ - 30/1/
1735 - 36 4/10/ - 15/7]
s esfil - 19
wue -5 7] - /91
ke <9 [of - [31

1755 . 9/3] - 15/3/
1755 - 53 1

1753 - 59 /uf - [z

TARLE 6.2
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ERUETIC:S OF ETI: 1600 - 1974

DT SUILIT

1759 /i) - asind
1759 19/4% -~ 1/8f

1759 - 63 ?
1763 5/2f - 10/3/
1763 20/6/ - 120/9/
176k = 65 7
1766 a7jyl - 6/11/
weo 20/l - /¢ |
1781 /5] - 10/5/
| | 1787 10/7/ - 22/7/
1792 11/s/ - 12/5/ | 92 /sl - 1t
1792 =93 1/6/ - 29/3/ |
| 1796 - 99 ?
1802 ?

1802 1s5/11/ - 18/11/ ‘
1805~ 07 [l - 2
1805 11/7/ - 3/8/
1605 - 09 38/ - z7/5/
1809 23/ - 9/
1811 -~ 12 27/10/ - a/bf

1819 275l - 1/8/
| | 1851 B3/ - 3/u
1352 1/11/ ~ 22/13/
1825 - 29 28/ - /el
1502 27/11/ - 29/12/
1chs /11 - 23/1a

T4BIE 6.2 (cont.)
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k317¢
TANK

1352 - 53

1369
1374
1379

1883
1856

1908

1910

20/8/ - 27f5/

20/5/ - 30/6/

269/ - 1
29/8/ - 31/8/

26/5 - 56/

22/3/ - zlt/B/

18/5/ - 7/6/

8/7/ - 29/12/

1892

1895

1899
1901

- 1907

1310

1911

1913

1917

1913

0
-

- 99

- 06"

- 17

717 - 25/7/

/8 - 8/9/

/uf - [1zf

/5 = 29/8/

| ee/3) - 1

20/6/ - 21/6/

| 26/4/~ ?

9/7 - 2
7

/5

212 - [2
27/5) - 1

1B/l - 6/
chf6f - 7
/3 - [7/

TEBIE 6.2 (cont.)
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ERU:TTO:S CF ETIA 1600 -~ 1974
PLLIR - SULIT

1513 <1 - 1 .
1919 - 23 /3] - 16/6/

1923 16/6/ - 16/7/ |

' 1924 - 25 7

1923 of1nf - eo/11/ |
1929 2/8f - 7
1931 - 32 Al - 73/
1934 514 - 7Y
1935 - 40 3l - 1
1940 w/3) - 1
1940 - L2 18 - 6/

1942 21/2/ - 10/3/ o

1949 - 2/12/ - 5/12/

1950 251/ - [12/

| | 1955 - 56 29/6/ - [uf

1968 wel - sl

1971 715 - 16/5 | R

1971 11/5/ - 12/6]

1974 30/1/ - 17/2/

1974 11/3/ - 23/3
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computed previously two different straight lines have been fitted

to the data. The dashed line i= the least-squares straight line

and the so0lid line is the one that most accurately follows the shortér
repose periods. The second line has been coﬁstructed in view of the
results obtained with the N = 60 random number test. The results are
summarized in Table 6.3. The Hax. reéose, column 7, is the longest

repose when considering the short reroses.

. Short Reposes Max.
Eruption All Reposes. - o -
Type N X102 Correlation(%)| x10 3 Correlation | Repose
A1l 83 |22.11%.04 99.3 20.04.20 | 99.6  |103
summit | 47 |8.06Y.15 | 98.2 13.22.26 | 99.5 100
Flank | 50 |13.48%.20 98.88 10.15.25 | 98.0 54
Table 6.3

Results for Einean Reposes

a) All Eruptions

Coﬁsidering '411' eruptions, the values of obtained by the tvo
approaches are very similar énd the difference between then is negligible,
Tgis is not unexpebfed since only nineeruptions are excluded using the
. short repose approach. The conclusion from this data set is that the

pfoﬁability of an eruption of Btna in 2 given month is approximately
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2% and independent of the time of the previous eruption.
b) Summit Fruptions

This is not the case for summit eruptions vhere the values
of g for all and short repcses differ considerably, and the data

can best be interpreted by assuming that ibis time dependent. The

change in gradient occurs for t = 120 months and a value of'*for
long reposes wvas calculated, The results given in Table 6.4 include a

similar analysis for flank eruptions.

Eruption Min, -3 b
Type Repose x 10 Correlation (%)
. | + '
Summit 120 7.0-.36 98.7
Flank 125 23.0-.43 96.4
Table 6.h

Results for Summit and Flank Reposes
c) Flank Eruptions

The flank eruptions are more complicated again than the summit

eruptions. The ‘'all reposes' best line fits the data well for reposes

hrard
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betreen 20 and 150 months but is inadequate for the longer reposes

and is also vrong for reposes of less than 15 months. Zruption rate
curves basad on the values calculafed abéve rere constructed and are
given‘in Fig. 6.6. The first aspect of these curves demanding attention
lies within the region 100 to 180 months. During this period there is

a decline in the rate of summit eruptions while it increases for

flank eruptions. Although these changes are not commensurate there
clearly appears to be a common factor between them. The higher eruption
rate for flank eruptions should be signalled by a similar increase for
'all' eruptions., That this ié not the case is due\in the main to the
greater weight given by short feposes, although as can be seen in Fig.

. 6.5. the longer reposes do indicate a higher eruption rate.

~Certain tentative hypotheseé can now be madé on the basis of
the prepeding analysis. These cén best.be apéroached by considering
Etna from the point of view of the summit eruptions. No support ai
all can be deri&ed for any theory proposing a magma chamber supplying
the summit eruptions. A magma chamber, if it is to behave as such,
would exhibit the effects of loading and discharging in the repose
pattern and these are not observed at all. If a magma chamber does
exist then it behaves purely aé an extension of a sub-crustal region
and would be detectable either directly through seismic profiling or

indirectly through petrological»considerations.
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If the evidence does not support.a magma chamber then it does
support, indeed necessarily implies, a two-state system‘(Wickman,
1976). The change in eruption rate for reposes in excess of 120
months signifies that some different mechanism has come into operation
,reducing the probability of an eru?tion. The accompanyiﬁg increased
rate for flank eruptions suggests that magma is divérted from feeding

summit eruptions into supplying flank eruptions,

A ﬁossible mechanism to effect this would be a straightforward
solidification of magma-in the central conduit obstructing the normal
flow of magma._ This would further imply that those summit eruptions
following reposeé in excess of say, twelve years should be more violent
fhan normal, a greater volume and rate of flow of magma being required
fo’remove the obstiuction. Unfortunately this is more difficult to
test than might be aﬁtipipated. Information regarding summit eruptions
is less detailed than for flank eruptions. With the information

available Table 6.5 has been éonstructed for those summit eruptions

occurring after a protracted repose.
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Date of Repose
Eruption length Description

7/7/1843 20 years Very strong, explosive, UMNo

recorded lava effusion,

4/3/1831 215 years | Very strong, explosive, ILava
effusion.

May 1781 18 years Lava effusion; lack of sufficient
information.

22/11/1723 30 years | Lava Effusion..

11/3/1669 36 years Very strong, explosive, lava effusion.

A violent terminal explosion on
March 25 resulted in the collapse

of the Gran Cono caldera.

21/2/1633 . 79 years Very strong, explosive. Insufficient

Information.

Table 6.5 (Adapted from Imbo (1965))

Data for Eruptions Following Long Reposes.

It is probable that any earlier records are increasingly

inacccurate as iegards both eruption deséription and repose length.
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The 79 years prior to 1633 may have produced sone summit acitivity
rvhich wvas unrecorded but is important for this hypothesis. The
available evidence, horever inadequate it may be does lend support

to this hyopothesis.

The flank eruptions present greater interpretational difficulties.
‘Here the possibility of a magma chamber cannot be entirely disregerded,
because of the loading effect exhibited at the beginning of the
curve. This is a more speculative paft of the curve than the rest
and must be treated accbrdingly.- Indeed, the form of a magma chamber
needed to supply such a wide area ﬁould be ektremely complex
particularly as it does not interfefe with the central conduit. The
large rise in the eruption rate forlreposes around 160 months also
indicates the possibility of a starage/aischarging‘mechanism at work,
but this could perhaps be explained ~by .:'anokiﬁg Rittmann's (1963)
view of eccentric eruptions as separate volcances controlled by
§éparate, though relateé, mechanisms. Cbviously if an eccentric
eruptive centre were under different control then grouping it along
with flank eruptions would in general lead té spurious results, The
same result‘would follow if a parficular flank conefwereAsub~controlled

by additional local conditions.
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6.4. TIDAL CONTRCL OF ERUPTIONS

Over the centuries man has sought to explain apparently
" random events by attempting to correlate them with heavenly
phénomena. HMost of these attempts either proved fruitless or
were based on specious data or argument and did not stand up
to a more rigorous scientific investigation., Over recent years
two particular phenomena have been subject to considerable
investigation re the triggering of earthquakes and volcanic

eruptions; tides and sunspots.

Tidal ﬁriggering of eérthquakes has been a coﬁtentious
subject for many years and coﬁtradictory evidence is prodﬁced
'seemingly with each new paper published on the subject. The most
reasonable theoretical justification ié giveﬂ by Heéton (1975).

He reasons that since almost all long period strain measurements
of the Barth are dominated by the Earth tide then the tidal stress
rates may be comparable with tectonic stress rates even though the
actual tidal stresses may be three orders of.magnitude smaller than
the tectonic stresses. Forvigsténce suppoée that an earthquake
resulted from stress accumulations of the order of 150 bars and
that an earthquake §ccurred in such a fault zone once a century

‘then the average.stress rate is .001 bars/6hr. compared with a tidal

stress rate of 0.1 bars/6nr. This argument is dangerous, however, in

pied
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that earthquakes are more 1likely to occur when the tectonic stpesé

rate increases to a large value than when it is constant.

It can be shown that for tidal stresses the minimum absolute
Principal stress axis is vertical for an observer near the earth's

surface since the boundary condition imposed by the earth is one

‘of no traction at its surface. Thus the remaining principal stress

axes are in the horizontallplane.

Theorétical cohsiderations or not)the problem is still
unresolved. Knopoff (1964) examined over 9000 earthquakes of
magnitude 2 or greater in the Pasadena network of Southern California
and found no significant correlation with tides. Studies of world-
wide earthquakes have been made by Shlien (1971) and Dix (1964)
amongst others and here the results ére inconclusive, e.g., in Shlien's
case some significant (5% level) correlations were obtained, but the
effect was not consistent or temporally stéble. On the other hand,
there are many who support tidal triggering. Allen (1936) and Tamrazyan
(1964) find the effect more likely with large than srall earthguakes
vhereas Ryall et al. (1968) and Willis and Taylor (1974) observed
correlations with microseismic activity. In Ryall ét al's (1968)
case the results were based on a study of 7,800 aftershocks in the
California - ¥evada border region and showed a 995 level of confidence

for a-correlation between earthquake activity and earth tide gravity
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highs. Knopoff and Gardner (1972) indicate, however, that man made
noise has a diumal period and this interferes with seismic noise

levelis and hence the measurement of microearthquakes.

Heaton (1975) is more detailed in his study of the particular
types of earthquakes affected and concludes that for earthquakes of
magnitude » 5, shallow (< 30km) larger magnitude oblique-slip and
dip-slip earthquakes are triggered by tidal stresses but there is no
corresponding triggering for shallow strike-slip earthquakes or for

. any type of intermediate or deep focus earthquakes,

The well-known association of earthquakes and volcanoeslhas
'prompted workers to consider tidal triggering of volcanic eruptions
‘and also of volcanic microseismicity. For Mt. Etna, microseismicity
during 1974 and 75 was tesﬁed for tidal correlations but the results

were inconclusive (M. Zaman personal communication).

Attempts to correlate volcanic activity with Earth tides have

only been attempted in recent years, although early workers noticed

that certain types of volcanic activity appeafed t0 possess seni-divrngl

or diunal périods e.g. Jagsar (1924). These observations were not subject

to any rigorous analyses, However, in the past ten or so years there

have been an increasing number of statistical investigatiens into

peest
.~
&

—— A % e M avmm f o eme e

B e B e L R

P T SR ST A E

e gy v e



this phenomenon, KFachado (1960 and 1967) and liendoga Dias (1962)
observed the effect with the long-per}o@ forﬁnigbtly.tides for
Azorean volcanoes., Johnston&iauk (19?2) also detected a significant
fortnightly effect for the eruptions of Stromboli this century and in
a later study lauk & Johnston (1973) extended the survey to volcanoes

throughout the world. This work seemed to indicate that andesitjce

and basaltic volcanoes behaved differently with respect to tidal

effects and that different volcanic regions were triggered at different
tidal phases. Michael & Christoffel (1975) found that over the period
January 1972 - June 1974, Mt. ﬁgauruhoe in New Zealand has eruptive

~ periods strongly cdrrelated with the fortnightly tide. In a lengthy
?aper Hamilton (1973) examined world volcanic activity and obtained
correlations with earth-tide cycles‘from fortnightly to nineteen

yearly periods. Recently Golombek & Carr (19?8) proposed tidal
triggering for seismic and volcanic activity during the 1879-1880
'eruption of Islas Quemadas in El Salvéder; once again the fortinightly
tide was responsible.. Almos£ all the observed.correlations have been with
the fortnightly tides, though Eggérs and Decker (1949) demonstrated some
connection—between volcanic activity and the semi-annual and annual

tides. - o N [ . . -~

Fron a phycical peint of view the justification for tidal

266



triggering is not readily apparent, and before proceeding to the
results obtained for Etna is is pertinent to examine the physical

background to the whole problen.

A common abproach has been to consider the volcano magma
chamber analagously with well-aquifer systems. Tidal effects in
wells have been observed back to the time of Pliny (I‘-ielchior(1961+))
and observations of lava lévels in volcanoes have shown similar
tidal cycles Jaggar (1920), Shimozuru and Nakagava (1970) . It has
also been ‘shown that the simple well-aguifer modél Fig. 6.7 does

not explain the results.

Fig. 6.7.

E - bulk modulus of water V - volume of cavity
“r - radius of the we€ll e- density of water dH - height change

in vell,

o
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telchior (1984), following on an earlier analysis by Blanchard and

Byerly (1935) showed that, for a change in volume,dV, due to tidal

forces :~

dH = av = av/v 6.1
xr? + (eeV/E ) Rr 2/V + ea/B

_ then since v > rz
an = Anfeg 6.2

where A = dV/V is the dilatation.

8

For the Earth tide A= §, 107, that is approximately three times

the linear strain and thus. for water:
dH® 1.0 cn . : 6.3

. However, the generally observed value for dH is 2 cm. The
important point arising from equation 6.1 'is that provided V >7l’\r2

then the actual values of V and r are irrelevant to dH,

Bredehoeft (1967) sought to explain the discrepancy between
predicted and observed fluctuations in terms of the porosity and
specific storage of the aquifer. The specific storage is defined as

thé guantity of water that is released or taken into storage from a unit



aquifer volume per unit change in head. This analysis can obviously
be extended to include volcano magma chambers. Howvever, magma
chambers contain magma and not vater. Returning to eguation 6.2,

8

for tasalt € = 3.100, &= 6.107° and E = 7.5.10%°

then di & 107In

These values apply to the solid and not me&tem rock but this
value is not likely to radically change. It is much less by factors
of two and more than many magma column changes accorded to tidal
effects, and would seem inadequate to trigger an eruption, even
allowing for’the pressure release on the magna promqtiﬁg degassing,

as suggested by Micheel and Christoffel (1975).

A popular alternative to a gherical magma chamber is a cylinder
and this is much less respbnsi?e to tidal influences than the spherical

model. (Fig. 6.8).




Uncer compressive forces the mass in the cylinder will remain

\

constant
= C v
and  dl = dV + Vde = O
Now 4 Q./e = do/E where dp is the resultant pressure change
and dp = @Pgdh
2 2
7e (x"dh + 2rhdr) = -Kr’h e g dn/E
giving dh g + hes = - 2dr
a(c oaE) - -

Vertical strains are small, and have been ignored. Then unless the
height is of the order of 105m. the bracketed term can be ignored and:-

d¢h = -24r
h ' r
and for the Farth tide dr =2 2 1078
I
: 7 anh ~ 1077n '
In general then dh can be igncred for all physically feasible systems.
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An zdditional factor influencing aquifers and volcénoeS'is
the ccean tide and its loading. For Ht. Etna the influence of porosity
and specific storage can only be hazarded at (Bredehoeft, in fact,
estimates the porosity and specific storage of aguifers by measwuring

their tidal variation) but as shown in Chapter 3, the ocean load for the

+Mediterranean is very small and may be neglected.,

Haying established that there are valid reasons for the simple
vwell-aquifer (magma chamber) model to be inadequate) 8ven more advanced
models still fall some way short of explaining the observed volcanological
effects where variations of 2-3 metres were measured by Shimozﬁru and

NN

Fakagawa (1970) and tens of feet by Jaggar (1920).

It is important to now consider in detail the specific Earth
tidal tﬁeory dealing wiﬁh this ﬁrobiem‘sincetthis highlights many
faults‘in the previous analyses.'.The aforementioned problems of
eruption tining reduce £he triggering to a consideration of only those
tides of forinightly or longér periods. The périodé and anplitudes
of the principal 1ong period components are given in tablé 6.6, The

argument notation is the same as that used in Chapter 3.

As shown in Table 6.6. the principal tidal contribution for the

fortnisghtly rericd comes from the vave IF and the closely related

2
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L1

VAV LPIITULE AEGULENHT IREJUELCT roIcoD

%/hour TAYs
Solar fomual . Sa L0156 h - pg .0l1067 365.25
Solar Semi-imnusl Ssa 07266 Zh 082137 182.62
Luner Hoathly I .08255 . 5-p o375 2756
Veriational
Fortnizhtly Msf  L01366 2(s - h) 1.015395 1,77
Principal 3 |
Fortnightly 1 J156hs 2s 1.098033 13.66
Nodal Varied '
Fortnightly Iiftn ,O6U3Z 25 - n 1.100240 13.63

TABIE 6.6

Amplitude, argument, frequency and period of the tidal
couponents used in the study of tidal triggering of Etnean eruptions.

© Scéer.chapter 3 for explanation of the notatien.
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component MSF. Now the MF component has a period of 13,66 days

so it is peculiar why at least three of these studies (Johnston &
Mauk 1972; lauk & Johnston 1973; Michael & Christoffel 1975) should
select the comparatively unimportant {SF component as the principal
tidal triggering component. In none of these paperé is any
justification given for this selection. Another problem overlooked
in these studies is that, v;ith the exception of Hamilton (1973), ail
consider the total tide and abstract a fortnightly component_from'

it merely by taking the period between successive maxims or minima.
This totally ignores the fact that since there aré three principal
fortnightly components with different arguments theirvcombined period
will vary. For the MF and KSF components the compound tide will be
one of 14-22 days but #111 have a beat frequency of 1.1 days. This
cpmbined period variation is quite considerable and any attempt to
corielate the times of eruptions with tidal phases 1s meaningless
without taking this into acqount. Thié apﬁarent lack of understanding
of Earth-tidal theory is also illustrated by r-xendoga Dias (1962) who
corréctly points out that the long period components have a node at"
latitudes t.35°/6‘ but appears to_believe that ihe ﬂm (lunar monthly)

component is exempt from this.



As a rider to this it may be pointed out how many of the
volcanoes investigated for tidal inflﬁences lie very close to the
35°/ 6' nodal line - apart from the Azores (38°N) and Stromboli
(38%K) there is also Nganihoe (28°S) and of course Eina (37.5°8).
This grouping at least implies that the long period tides should
exert similar influences on all the volcanoces. Interestingly the
Japanese volcances also lie close to this nodal line with only the
Hawaiian volcanoes,amongét well studied volcanoes, 1%22%% appreciably

distant from it,

The final problem is connected with the stati§tica1vapp;oach.
Many of the analyses treat an eruption as falling into a category
designated as either a success'or a failure depending upon its
location in the tidal cycle. This is a very dangerous and unrealistic
approach,.however. WMilst it is éuitelin order‘to regaxd the toss of
a coin or a die as possessing an uﬂequivocal result and stable
probability the same canﬁot be said for a voléanic eruption. Apart
from the preblams referred to earlier about tﬁe precise timing of the
inception of an eruption)regarding zh eruption as a point event nust be
done with caution. This 1rcblen was alleviated in the repose period
study because the reposes thems;lves were considerably greater than

the error inhcrent in the estimation of the time of an eruption, However,
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when it comes to determining the time of an eruption within a

period of 14 days (approx,) this problem cannot be ignored. Consider,
for example, liichael and Christoffel's result (1975). Assuming a
14,742y tide they consider a success to be an eruption within 1.5
days of a tidal maximum. They found 7 successes in 12 eruptions and
the probability of this, assuming a random distribution of eruption

in time is given by:-

- “hL) ( )5 ﬂ OLV

which is hlghly significant at the ”% significance level. However, if

one eruption is vrongly placed in time the probability reduces to:-

-

121 3 6 (11.2)6 ~ 1.7%
6! 6 (14.7 ) .7

which is still significant, though much less so. If two eruptions

are out then the probability reduces to 5.7% which is not significant.

Following on the previous discussion where it #as shown that
the compound fortnightly cycle cen vary by two days amply illustrates
the need for extreme caution in treating all such-data, especially

vhen volcanologica’l data 1s sparse.



The statistical test used in the following analysis is
simllar to that used by Mauk and Johnston (1973) and was extended
by Shlien (1971) frem an initial method by Rayleigh. Thé method
censists in determining the phase of the tide at which an eruption
occurred and plotting the results in a rose diagram. If the magnitude
of the vector sum of n unit 2-dimensional wectors (1, ?1.) is denoted
‘by R vhere f.. are the erupti phases, then the probability Fr that a
random set of n’ phases wili produce a sum vector whose magnitude

exceeds‘R is given by:-

2
Pr o e—R/n

This is only approximate but is sufficiently accurate when n > 10.
For the standard rose diagram:-

R A2+ ¥

' n . ’ [a)

vhere A, = 7 cos ( am 4, /360); By = in sin (2« P, /360)
[y § . 3

Shlien (1971) extended the test to include the possibility of triggering

at oprosite thases and a second parameter R2 is calculated thus:-

R = & + B

.

| " 0 2]
vhere A, = » cos (AW ;?,, /180) ; B, = > sin ( 2w 4, /180)

t=1 L:



Sixty-eight eruptions rvhose day of eruption was known were
program TIDECONM specially *ritten for this purpose for a 30 day
peﬁiod encorpassing the eruption. The phase of the eruption was
then calculated with the preceding maximum chosen as the point of
zero phase. As with the repose period analysis the eruptions were
distinguished as 'flank’, }summit' or 'all'. For each tidal component
a rose~diagram vas constructed and the data subject to the Rayleigh/
Shlien tegt. The tidal components selected were the three fortnightly
components MF, MFW and MSF, the monthly component Mmrand the annual
component. For the annual component it is suffieient to consider the
month of an eruption, since the phase of the yearly tide Qaries 1it£le
.with the.célendar year (ps ZO!OOO.years), a semi-annual effect being
shorn up in a calculation of P2. ,Aéditionally the total tide was
calculated for each eruption in the same way and a phase evaluated by

 measuring the time between‘the maxima before and after the eruptionvfor
each eruption individually. This procedure must be followed as it is
insufficient merely to measure the time from the preceding raximum
since there is no way of knowing what part‘of the'c§cle, if any, may

be.responsible for the triggering.



A control vas provided by a random number test. Sixty-five
random numbsrs were generated, in columns of 12, and the occurrence
of a particular number (09) vas assigned to a phase wvithin a
pvostulated 12 day tide. The results are displayed in Table 6.7 and

the complementary rose-diagrams shown in Figs. 6.9-6.27.

In Table 6.7

A Az

FemtE) e

In only one case, the MFi{ tide triggering flank eruptions) does
. the probability approach a level of significance of 5% and in all other
cases it is considerably outside this level, especially vhen compared

with P2 for random numbers.

The only reasonable conclusion that can be drawn from this
survey is thait there is no significant correlation betveen any farth
tide component and the eruption% of Nt. Etna. The MFM/Flank eruption

case can p“obably be dlsregarded as 1t is close to the szgnlflcance

level and it is h1gh1v unlikely that a tide of 13 633 days «ould have
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Frobalitics of eru,tlon triggering
for sypecific tidal componaits.
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a significant effect on a volcano vhereas a larger amplitude tide of
13.661 days would not. The empirical conclusions support the theoretical

considerations vhich also are opposed to tidal triggering.



- RANDOM NUMBER TEST
12 DAY TIDE RT 15 DEGREE INTERVALS
— - P1=0.824
P2=0.187

| FIG: 6.9
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TIDAL TRIGGERING OF ETNA
MF COMPONENT FLANK AND SUMMIT ERUPTIONS
‘ P1=0.525
P2=0.626

. FIG. 6.10
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TIDAL TRIGGERING OF ETNA
MFM COMPONENT FLANK AND SUMMIT ERUPTIONS
- P1=z0.108
P2=0.254

 FIG. 6,31
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TIDAL TRIGGERING OF ETNR
MSF COMPONENT FLANK AND SUMMIT ERUPTICONS
' P1=0.912
P2=0.165

FIG, 6,12
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TIDAL TRIGGERING OF ETNR
MM COMPONENT FLANK AND SUMMIT ERUPTIONS
P1=0.515
P2=0.668

J?IG: 6.13
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CALENDAR IMONTH

Histogran of fhe frequency of onseth c;f an eruption per calendar month
Since the periéd of the annﬁal earth tide is very close to the
length of the civil year, this data can bo used to evaluate the
trobability of tidal trigzering due to amual and ;eminannual tides.

-

The terms Fy and P, are as defined in the text.



TIDAL TRIGGERING OF ETNR
TOTAL TIDE FLANK AND SUMMIT ERUPTIONS
. ' P1=0.551
_ P2=0.748

4+ 0O

FIG, 6.15
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TIDRL TRIGGERING OF ETNA
MF COMPONENT FLANK ERUPTIONS

Pi=C.714

P220n477

- FIG. 6.16



TIDRL TRIGGERING OF ETNA
MFM COMPONENT FLANK ERUPTIONS

P;=0.040

Pz2=0.442

FIG. 6.17
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TIDAL TRIGGERING OF ETNA
MSF COMPONENT  FLANK ERUPTIONS
P1=0.764
P2=0.955

3
“

© FIG. 6.18
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TIDAL TRIGGERING OF ETNR
MM COMPONENT FLANK ERUPTIONS

P1=0.835
P2=0.826

-~ FIG. 6.19
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T ‘TLANE ERUFTIONS

P,=+267
P,=375
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CAIENDAR MONTH =~ - -
. FIG. 6.20
Hi_stdgréﬂ of the frequency of the onset of a :E'lan}

eruption per calendar moni:h. o

~ For explanation of use see figure 6.14
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TIDAL TRIGGERING 0OF ETNFR
TOTAL TIDE FLANK ERUPTIONS

P2=0.453

FIG, 6.21
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TIDAL TRIGGERING OF ETNA
MF COMPONENT SUMMIT ERUPTIONS

P1=0.792

P2=0.577

FIG,6.22
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TIDAL TRIGGERING OF ETNH.
 MFM COMPONENT SUMMIT ERUPTIONS
‘ | P1=0.672

Pz=0.547

FIG. 6.23
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TIDAL TRIGGERING OF ETNA
MSF COMPONENT SUMMIT ERUPTIONS

P;s=0.392

P2=0.397




TIDAL TRIGGERING OF ETNA
MM COMPONENT SUMMIT ERUPTIONS

P;=0.509

Pz2=0.772

FIG. 6.25
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- FIG. 6.26

Histogran of the frequency of the onset of summit eruptions

rer calendar month. .

See figure 6.14 for explanation of use.
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TIDAL TRIGGERING OF ETNR
TOTAL TIDE SUMMIT ERUPTIONS
Pi=0.859

P2=0.82:

FIG. 6.27
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6.5. SUFSPOT TRIGGERING OF ERUPTIONS

A second phenomenon which has over recent yesars increasingly
attracted attention as a possible earthquake - voléanic eruption
trigger is solar activity. Correlations between sunspot activity and
volcanic activity have been noticed by lachado (1960) and Mendoga Dias
(1962) and a detailed survey by Simpson (1967) resulted in his conclusion

that

solar activity, as indicated by sunspots ...... plays a significant

but by no means exclusive role in the tfiggering of earthquakes,

‘He found an 87.5% correlation betieen world-wide seismic activity and
_sunspot number. He élso observed that seismic activity was greatest
during periods of moderately high and fluctuating solar activity when
sélar’flares were at their greatest. He postulates two possible
mechanisms for the interaction. The first involves abrupt changes
"in the angular velocity of the earth's rotation which might arise
from magnetohydrodynamic coupling between the solar and terrestrial
magnetic fields. The second possible mechanisﬁ is through surges of
electrical éurrent through the crust of the earth. Gribbin (1971,
1973) also suggests a connection bet:een sunspot and seismic activity

involving a change in the rotation rate refersncing evidences presented

)
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by Challiner (1971) and lansinha énd Smylie (1968). As a point of
interest there have been hypothése% correlating sunspot activity
~ith Earth tiies (Bizs (39E7). licod and Wood (1965), wood (1972),)
Ckal aal fr.zraon (3073) belisve all ine:e apparent agreements arise
due to the msthed of calculation uzed. If an agreement does exist

.it will lead back into the previoué discussion.

Both ¢f these mechanisms could conceivably be triggers for
volecanic activity as well as earthquzkes as it has been shown (Davis
et al., 1974) that there is a pronounced magnetic effect associated

with volcanic activity.

To determine the possible effect of sunspot activity on Etnean
eruptions the monthly sunspot numbers for the period 1971-1974 were
assigned to one of twenty-one groups, ranging from 1-10 to 201-210,
where fhé nurbers indicate the number of sunsports in a given month.
The norrmalised probabilitieé for each group vere then caleculated.

This w=as necessary since thev§unspot numbers are not randonly
distributed overithe'range D-210 ﬁut some groups of values occur
more commonly. Forty-cne sruptions occurred during this period
and it as dacided that this number was not great eﬁough to allow a

separate analysis of flank and swmnit eruptions as previously. It
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~as then assumed that if the erupticns occurring during this period
vere randomly distributed with sunspot number then the forty-one
eruptions shoulid have as:zoclated sunspot numbers distributed with

4 -
the sama

The results of this analysis are given in Table 6.8. The

first 16 columns are self expianatory; column 3 is the normalized
rrobability obtained as shown; colwm 4 is the predicted distribution
of 41 eruptions on a random basis; it is obtained by multiplying 41
by the eqﬁivalent probability of column 3. Column 5 is‘the observed
distribution and column 6 is the b:'momia,i probability of obtaining

the observed value for the probability of columm 3.

"e.g. Gategery (51-60) Pews = 411 (.103)7(.897) % = 0.19
31381 | |

" From an inspection of fhe table it is seen that only once (cafegory

7l-80) doez the observed probabllity drop belo:. the 5% significance

threzhold aud that overall the cuserved data very adequately satisfies

-a randon distribution hypethesis. Thus, as with the earth tide case,

the conclusion is that there is no measured correlation between sunspot

activity and Etnean volcanic activity.
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~ SULSEOTS . ERUYTIQIS

GROUP :~zm-32§/GROUP W/l2gh -~ - Epreq - Eghs  ; [ROB(ODs.)
1-10 196 o156 6.1 8 A2
11-20 167 133 .55 4 .16
21-30 126 .1oc L.l 6 J1
31-L0 89 071 2.9 0 .C5
L1..50 92 | 073 . 3.0 L W17
5160 129 0103 ) 3 19
61-70 112 039 3.6 L W17
71-80 82 065 ' 2.7 6 .03
81-90 7 .037 1.5 2 26
91-100 38 - .030 1.2 0 .29
101-110 58 ReTS ‘ 1.9 1 .29
111.-120 32 026 1.1 1 37
121-130 10 ©.008 0.3 0 72
11000 18 om0 0.6 1 .33
w15 0 18 Lo 0.6 1 33
151-160 10 - .008 | 0.3 0 72
161-170 5 .00l 0z 0 .85
172280 5w oz o0 .85
181-190 - 10 . .008 043 0 .78
191.200 & T .C06 T 0.3 0 .78
201210 2 S .C02 - 0.1 0 .92

& -
TL3IE &40

Resulis of the correlation of sumsiob I

S
with Dinean eruptions.See text for esplanation
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vHarimy 7
CCRCLUSICKS

In the intrcduction to this thesis the aims of the research

vere expressed as;-

1) Atterpis to obtain long. term crustal deforration measurements as
an aid to both eruptiocn forecasting and increased knowledge of the

internal processes of the voleano.

2) Attempts to measure tidal parameters with a view to clarifying

the position as regards tidal eifects on Etna.

3) A statistical assessment of previous eruptions of Etna and based
on these results the possibility of predicting eruptions and determining

the internal mechanics of the volcano.

'4)  An investigation of the possibility of triggering eruptions by

external forces due to Zarth tides anda sunspots.

The following is a summary of the conclusions arrived at in

the course of this researchi-

1) Btne iz & 1ittle underztocd and a: vet comeratively wninvestigated
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volcano., Tie plate tectonic setting of Sicily appears to be contrary

to that vhich would be expected for Eina +to be situated vhere it is,

2) Previous geological and geophysical research give 1little or no
suppert to the existence of a central magma chamber controlling Etnean

eruptions but the complexity of Etna is such that there appears to be

nunerous magms conduits from separate sources,the whole volcano in
certain respects behaving more like a conglomeration of separate

volcaznces than a single one.

3) Previous gravity surveys indicated unusual tidal effects on the
volcano, but attempts to measure tidal tilts were hindered by excessive
noise and fault& instrumentation. ﬁo concrete conclusions could be
arrived at in the investization of tidal effects except that the
neasurement of tidal tilts on voicanées.is unlikely tb be successful

with present instrumentation.

L) Long term tilt measurement clearly indicate eruptive events and there
is a very close temporal relationship between the tilts and the associated
: eruptions. This is more likely due to surface effects due to extrusion

of lava than internal magna movements. Internal motion of magma is also

observed as rather smaller but leng pericd drifts. The possibility of

™o
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deternining the actual movements of magma is limited by the number of

instruments available and also by their inadeguate operation.

5) The statistical anzlysis of previcus eruptions provides consideréble
information cn the internal mechanisms of the volcano and corroborates
the results of previous geophysical research, Its value in predicting
.eruptions is limited since the probability of an eruption is found

to be substantially independent of time.

~ 6) There is no evidence that eruptions are triggered by Earth tides
or sunspot activity. This is in accordance with theofetical
considerations, but at variance with conclusions reééhed on other
volcances. However, many of the latter are based on an incomplete
understanding of tidal theory vhich considerably reduces their

validity.

Cverall then, nc progress has been made, or was even attempted,
in understanding the tectonic setting of Bina. This would reguire &
different geophysical approach, which will be considered in the

suggesticns for future research below.

As regards the prediction of eruptions the situation is unclear.

The monitcring of crustal deformation definitely provides indications ot
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incipient volcanic activity but is insufficient by itself to
- indicate anything more than the possibility of activity until an
erupbion actrally begins. Trere is insufficient data at present

to enabie an estimate 1o be made of where the eruption will occur,

Valuable information about the internal structure of the
volcano can be obtained by monitoring crustal deformation and such
information can also be obtained from a statistical analysis of the

intervals between erxrupticns.

In the light of the result of this research and with its aims

in mind certain suggestions for future Etnean research can be made.

The measurement of tidal tilt on volcances is incompatibie with
the measureﬁents of secular crustal deformation with the instruments
available during this research project, and since there has been no
successful attempt to measure tides oﬁ voléanoes attention should be
ained entirely at the monitofing of secular changes. The secular
changes also provide more information. Hovever, the monitoring of
the secular changes can be best effected by disposing an array of

borehole tiltmeters (at least three) around the volcano in the



vicinity of the summit. The summit is generally the site of most
activity and most inforraticn would béwgained by siting the tiltmeters
as near as possible to the centre of activity. There is, of course,
alvays the danger that the instruments would be lost uader a lava

flow.

The gathering of date from such instruments presents a problem
since access to the uppexr slopes is liﬁited by the heavy winter
sno¥ and it is a severe disadvantage not to be able to observe tilt
changes actually during an eruption: The problems of telemetering
the information hafe been referred to in‘the text, one of the most
important being lightning strikes, but this does appear to be the only
possible solution, backed up with slow recording, lqw povwer digital
recorders at the instrument sité. There should also be at least one
tiltmeter fully accessible at all times, The"Observatory' site at

Serra la Nave would be very suitabie for such an instrument.

Returning tc the measurenent of tidal tilt. This is «t preseat
out of the question with the present instrumentation. The recent
»Adevelopment'of long baseline #il%meters (Horsfall~ahd Ying, 1978) may
enable this to te achieved in the future. Such tiltmeters would

obviate the effacts of local disturbances but are extremely cumbersome
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and have not, as yet, been tested under the rigorous conditions

that would be faced on Etna.

If these suggestions were adopted, the increased instrumentation
cn Btna would require more, and more continuous, supervision, The
maintenance of continuously recording instruments has presented
. difficulties in the past, and tbe.only satisfactory selution would
appear to be to employ personnel full-time for the purpose. Greater

collaboration with the Institute of Volcanology, Catania and the

University of Catania might be helpful.

Cn a broader basis a biannual precise gravity profile for at
least the upper half of the volcano should be initiated. This would
be useful in itself but especially when combined with the current

levelling profiles of Guest and Hurray.

i A renewal of the precise distance measuring that was done in
1972 (vadge, 1974) thodgh over a wilder area would also tie in with
'a tilt monitering programne;’ Kno~ledge of Etné would also be
enlarged by rrecise distance measurements to determine the local
plate boundary. A preliminary attenpt was made by Caputo et al.
(1574) btut the results :ere jnconclusive, as discussed in Chapter

2. Theze rezsurements should ideally be repeated using a mcre

N
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accurate instrument such as the liekometer. Hovever, it may be that

both sides of the ilessina Straits are on the same side of the plate

boundary and the results would be inconclusive. If, however, Georan

becomes available measurerents to distant sites cculd bhe taken from
the summit of Sina and in due course the local plate boundary with

respact to Etna could be determined.

»
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A1 THTRODUSTICH

Threo couputer prograus have been used in the course of this
study. Two of thase, SIETANL and TIIE are nodified versions of prograas
suprlied by the Co-operative Institubs Lfor Researcn in Environmental
Sciences, and were writitea by J.C.Harrison (1971). The third rprogran
TIDECOH was written specially for this research.

SPECANL is the rrogran that was used in the daﬁa rrocessing
and is predominately a spectral analysis program, as its naze inplies.
TIDE and TIDECOK are the tuo programs that were used to predict the
tides.

The modifications that have been wmade to the prograns have

beon; nainly, to éllow thea to beAimplénented on the particular
- conputer installation at Imperial College. In a few cases thore
have been some changes in the codiné and p&ovision has Been Tor graghical

output.



SPECAHL is the vrozram that hzas been used for all the dafa
processing. It coairises {ive subroutines four of which can been cé.]led
througa the zein urogran &aq the other called by another subroutine,

The subroutines are:

REMOVO aﬁ.cnds the data to allow for any offsets. These may
hav;e arisen as a2 result of a calibration signal being applied to the
record, or when the trace has been re-ceuntralised to keep it on the

chart paper.

2. DOODSON
As its nane imphés, this subroutine applies a Doodson filter
to the offset corrected (if necessary) data. This filter can be written

- using Labrouste's notation as:

3. =-%'-0«( Z+ Yopa g+ 2o+ Y ob ¥y + Do+ U+ L Tyt Tpe )

vhere Y,=¥n+¥-n

LAy 1 .1

s ore the velues of the various data peints. The drift corrected

velue is given uy:

To=- Xo

3. FCS"JAN

FOSCA: conirols ti:e Fourier analysis ol ;the processing and in
twrn calls subrbu‘cine FRG which thén conputes the Fourler spectrum.
Initialiy the ILoodson filtereci data, Iroa wniech the 1011{; ~eriod conponents
ﬁave been removed as descibed above, is suoothed by the application of a

Hamming filter:



= T (B *iGeos(~ 7o 2an {1-1) )
wvhere Y% is the nth. smoothed yoimt |
end Y'p, ¥ M W unsmoothed, drift corrected, data point.
The Hanning filter is a low pass filter. o
I ferforms a standard Fourier analysis as has been described
in Chapter 5. The computed spectrun is calculated between limi{s specified

in the input data. The output spectrun is then smoothed by the application

a Pargen filter.

C
[

F

ALTH
This subroutine calculates a least-squares sfraight line to fit

the data, and removes it from the data. This is effectively reuoving

any long period components froa the data. It is, however, not as discrininatory

as a Doodson filter and is also inapproﬁriate for thoss cases where there
are changes in the direction of the drift, particularly important in this
study. . - o RS :‘f,: R A SRR
In practice, therefore, all tﬁe data was first filtered by a
Doodson filter and then its.syecﬁrun calculated by Fourier analysis.

[k nrta I

A block diagran of SIETANL is given in fisure AL,
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A3 TIDE
Of the two prograzas used in tidal prediction, TIDE is used
to predict the total tide. It is accurate to 0.1% (Harrison, 1971).
The nain progran first calls a subroutine NOXANL which, vhen
supplied with the required stvarting time for the tidz2l prediction,
the nuwiber of computations of the tide and the interval between cbmputations,

calewlates the polar angles of the sw and moon and their longitude

east of Greecnwicih.

4 second subroutine TITEG? is then called. Tais subroutine
wtilizes the data calculated in NOMANL and.'hgg congutes the tide for
a'specific locatioﬁ. The tide mey be either thé_gravity tide nornal to
the Barth ellipsoid,or the tilt tide in a tangent plane to the Earth
ellipsoid..

The nathenatics involved is quite complicated and is given in
detail in Harrison (1971). ‘

A block diagram of the program is given in figure A.2.
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A.3 TIIECQOH
TTILRC0I calculates separate tidal components by evaluating,
in each case, the arguzent, as describad in Chapter 3, and multiplying

by a factor depzndent upon the logaiion at which the tides are conputed.
o l - A

A subroutine ASTRO conputes the various orbital parazeters
s,h,p etc, from initial values provided by the Astronomical Erheneris,

and also the latitude dependeant terms:

LAGEFAC = 3/ 2(3 - 3sin?(2x9/360)).C
DIURFAC = sin( 4#%9/360).C
SEMIFAC = cos2(2%D /360).C

where ILNGPFAC, DIURFAC, and SEMIFAC are the factors for the long period,
diurnal and semi-diurnal terms respectively, and C is a multip]ymg

- constant.

Separate subroutines for each tidal component can then be called
as required. These calculate the arguuents for the components and then-

comrute the gravity tide only.

A block diagran of the progran is given in figure £.3
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APPEiDIX B

The following six figures are the tidal power spectra which
were not included in Chavter 5. In genergl, heavy conbazination of the
©1lt sigaals due to atuiospheric effects, or rapid tilt changes have

rendered the resulient pover specira of little value as regards tidal

signals.

As with the sinmilar figures in Chagter 5 all the power spectra

have been nor:alised with respect to M2el.
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radial axis for the period 2/1/77 - 16/2/77
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