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B determination of bank storage of river ter-
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B thermal water exploration for use as an
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munity utilization,

B cold and warm karst water prospecting,

B water engineering problems, water con-
struction works
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the best instrument for your purpose.
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Editor s note

The most observant readers probably recognized, even in the previous
number, that there was a change in the person of the editor. Commencing
with this volume we have also changed the front cover of our journal. Both
alterations mean that our journal is undergoing renovation. This process
started with the publication of advertisements: the main purpose of this
being our wish to improve the financial circumstances of Geophysical
Transactions. The technical background has changed as well, we have
out-grown our computer-based DTP system. It is to be hoped that the
introduction of more up-to-date techniques will accelerate the publishing
process and will result in a decrease of misprints.

All the above-mentioned changes are connected mainly with external
factors, the present editorial staff would like to pay tribute to the sterling
work of Mrs. Eva Kilényi, the previous editor. It was through her efforts
that this journal was raised to international level. We should very much like
to maintain this level and to support it with the appropriate external effects.
In this way, there is every chance that our journal will be an up-to-date
scientific journal from outside as well as from inside.

Dear present and future authors, we consider it a great honour that you
have chosen our journal as the vehicle for publishing your last best paper.
There is no need for us to emphasize that we need only a short time for
getting it through the press. If you meet all the — not extensive —
requirements connected with the submission of papers, it is almost certain
that you will see your paper in print within a year. Attention is drawn to
the fact that it would be helpful and most appreciated if you would also
send us your paper on floppy diskette written in textfile using any of the
standard word-processing programs (e.g. WORD5, WordStar, etc.).

Within this note the editorial staff would like to express their appreci-
ation to the numerous referees for assisting the authors with their good
advice and for helping the editors in their decision-making. Many of our
referees have been working in association with us long periods of time, we
should like to thank them for what is often a thankless task and for their
goodwill.



Finally, may I wish you every success in finding good ideas for writing
papers for Geophysical Transactions and may you prosper and gain greater
success through the published articles. For ourselves, my wish is that you
keep us in mind when you are about to submit a new paper, and that we
may have the opportunity of continuing this work into the distant future.
And we wish you a

HAPPY 1992!

Zsuzsanna Hegybird

and the editorial staff of
Geophysical Transactions



'‘Beneath our feet stretches the
open country ofthe Hungarian Plain,
crowned with hills. Over the years this
region has shaped itselfnaturally, as it
wished. | wonder what it was like in
former days. What sort of hills have
been eroded and what valleys filled
with loose deposits before this fertile
area ofgolden grain came into being,
this life-giving Hungarian plain? As |
walk upon itand eat its bread my mind
dwells upon these question which

would give me suchjoy to anser. ’
(E0tvos) E6tvos Lorand 1848 - 1919

ONE HUNDRED YEARS OLD: THE EOTVOS TORSION
BALANCE

Zoltan SZABO

In 1991 we are celebrating the 100th anniversary of the completion of
EOtvos’ first torsion balance and the first field observations carried out on
Séag hill, Transdanubia, Hungary.

The invention of the torsion balance represented an important mile-
stone in the history of applied geophysics: it was the first instrument to be
employed in oil exploration. This centenary provides an opportunity to
commemorate Lorand Eotvos the man, and Lorand Edtvos the scientist and

organizer.
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1. Eotvos the Man

Lorand E6tvés was bom in Buda in the capital of Hungary on 27th
July 1848, the year of the Hungarian revolution and fight for independence.
His father, J6zsef EOtvos, came from an impoverished noble family. As a
writer and politician of great renown, he was one of the leaders of the
movement for reform. Because of his eminence in the political field, he was
elected minister of religion and education in the first independent govern-
ment of Hungary after the revolution. As a reformer, E6tv0s was appalled
by the violent path taken during the struggle for independence, so left the
country with his family, returning to Hungary only in 1850. During his
period abroad he interested himself primarily in matters of state and
philosophy. On returning home he strove to establish peace between
Hungary and the ruling Habsburg dynasty, a policy which did not at first
gain undivided support. During the fifteen years that followed, those in
favour of agreement managed to achieve a compromise. As a result, in the
Hungarian government established in 1867, J6zsef EOtvds was again
appointed minister of religion and education.

In recognition of his literary work, Jozsef E6tvds became an associate
member of the Academy in 1835, an honorary member in 1839 and in 1866
he was elected president.

From an early age his son, Lorand, was educated by private tutors and
he later attended the Piarists’ high school, from where he matriculated in
1865. In those days it was assumed that sons of aristocratic families who
wished to receive higher education had to enter some branch of the law.
The law failed to satisfy E6tvos, but he always managed to find time to
attend lectures in the natural sciences.

In March 1866 he wrote the following words to his father: 7 was born
with ambition and a sense ofduty not only to one nation but towards the
whole of humanity. In order to satisfy these urges and to retain my own
individual independence, my aim in life will best be achieved, asfar as |
can see atpresent, byfollowing a career in science. *Despite the fact that
he had completed his law studies, his dearest wish was %o study at a
university abroad under the guidance ofenlightened professors’in order
to fully understand the natural forces at work in the scientific field.

In 1867, with his father’s consent, he took the final decision to follow
a career in the natural sciences, and to this end he enrolled at Heidelberg
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University. There he became a student of Kirchhoff, Bunsen and Helm-
holtz. First of all he studied physics, maths and chemistry. The following
six months he spent at the University of Koenigsberg, but found the lectures
too abstract and returned to Heidelberg.

During his university years he kept up a regular correspondance with
his father. These letters reveal the depth of understanding and sincerity in
the relationship between father and son. Thirsty for adventure, in 1869 the
young EOtvos planned to join Petermann the German geographer on his
expedition to Spitzbergen. His father disagreed with his son’s plans and
wrote the following: ‘On this occasion, however, | do see the need to warn
you ofmy situation, which demands that economies be made by the whole
family, including yourself Foryears | ve almostalways been in a situation
in which my expenses exceed my income ... | willingly give whatever is
necessary tofurther your scientific studies ..., but I must ask you toforgo
certain luxuriesfor the sake ofus all —andyourplanned expedition is one
ofthem. I ’'m not referring to the Transylvanian expedition but the one to
the Arctic. ’

At his father’s request Lorand E6tvos gave up his plan to travel with
Petermann and applied all his energy to preparing for his examinations. In
his letter of 8th July, 1870 he says: “.. | 've had the results ofmy doctorate
today. And my greatest delight is that this news will bring you pleasure. |
passed myfinals withfirst class honours, a distinction envied by many. ’

Shortly after his return home in February 1871, his father died — ‘the
best and truestfriend’. On his death bed he warned his son that his future
happiness depended on his devoting himself to science and keeping out of
politics. After his father’s death, E6tvds successfully applied for the post
of lecturer advertised by the faculty of theoretical physics at Pest Univer-
sity; this university now bears his name. It was characteristic of the social
climate of the time that the majority of the students attending his inaugural
lecture did so because they were curious to see a real baron giving a lecture
on physics at the university.

After a short period of lecturing in 1872 he was publicly honoured by
the king, who awarded him the chair of theoretical physics. In 1874 he was
asked to give lectures in experimental physics; four years later he became
professor in this Field. He was then given the task of combining the
departments of experimental and theoretical physics, and was appointed
director to the newly established Institute of Physics.
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In 1873 he became an associate member of the Academy, a full
member in 1883, and in 1889 he was elected president. Among his offices
he became minister of religion and education for seven months in 1894.

E6tvOs was a modest scientist who shunned the limelight. He disliked
uproarious ceremonies and did not seek moral or financial reward. In spite
of this he was acclaimed and received awards at home and abroad for his
scientific work and for his skill as an organizer. The more important
honours included the French Legion of Honour, the Franz Joseph award
from the Hungarian king, the Saint Sava award from the King of Serbia.
He was also elected honorary member of the Prussian Royal Academy of
Sciences in Berlin and was given honorary doctorates from Jagellé Univer-
sity in Cracow and the Norwegian Royal Frederick University in Oslo
(known as Christiania at the time). In addition to the above he received
several other awards during his life and was elected president or a leading
member of various social and scientific societies.

E6tvos was a well balanced individual. Besides his intensive mental
work he always found time for relaxation and sport. He often went riding
and regularly made the eleven kilometre journey from his home to the
university on horse back. In the summer he often cycled and indulged in
his passion for mountaineering . In the classic time of alpinism he ranked
among the best. As an enthusiastic photographer, he took hundreds of
pictures during his mountaineering expeditions. In his later years his
doughters accompanied him on his expeditions, and also became keen
alpinists. E6tvos’ climbing achievements in the southern Tirol made the
Hungarian professor’s name so well-known that in 1902 one peak of
2837 m in the Dolomites (ltaly) was named after him — el Cima di E6tvos
— the EOtves Peak. In the company of friends he often jokingly said that
he was prouder of his mountaineering successes than his discovery of the
torsion balance. For many years as president of the Hungarian Touring
Society, he did a great deal to popularize tourism in Hungary.

With advancing years, he strove to avoid prestigious appointments in
order to devote himself entirely to research. This prompted him to give up
his position as president of the Academy in 1905. The last years of his life
were clouded by severe illness, but he continued to lecture at the university
so long as it was humanly possible.

Up to the last moments of his life he followed torsion balance field
work with great interest. Initially he asked his colleagues to inform him of
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the daily results of their survey by telegram because he was very anxious
to know how far the results of the survey supported his theories. He had
never been able to tear himself away from his research, even during his
summer trips to the mountains. When on holiday he always kept up a
regular correspondence with his co-workers. He continued his scientific
work from his sick-bed and sent his last paper to be published only a few
days before he died on 8th April 1919.

The international scientific community and the whole of Hungarian
society mourned his death. Hungary had said farewell to one of the last
great representatives of classical physics and to the country’s greatest
natural scientist. Through his work, however, his name will live forever in
the history of physics and geophysics.

2. EOtvos the Scientist

In his scientific research Lorand Eo6tvds was not interested in those
topics that were fashionable at that time, and that would have brought him
immediate public acclaim. Instead, he was concerned with capillarity,
gravitation and magnetism, phenomena so taken for granted that a super-
ficial observer would fail to see the mysterious powers at work within them.

He was still a university student when he began to concern himself
with capillarity under the guidance of F. Neumann. This force governs the
shape of the surface of water in a glass; due to its effect drops of water are
rounded and water is caused to rise in capillary tubes. E6tvds worked out
anew way of determining surface tension called the reflection method. This
method made it possible to determine the exact surface tension of different
liquids. During his experiments E6tvds found that there was a relationship
between the surface tensions of liquids and their molar weight.

Based on this perception the rule, later to become known as the E6tvos
rule, could be concluded which states that the rate of change of molar
surface energy with temperature is a constant for all liquids. For liquids this
constant is as fundamental as is the universal gas constant for gases.

After studying capillarity E6tvés turned his attention to gravitation and
magnetism. From then onwards for the nearly forty years until his death,
he was concerned with these two fields. In his research on the spatial
changes in gravitation, he used a modified version of Coulomb’s balance.
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His research method was based on two fundamentals: one was the strict
theoretical physical aspect of the process; the other was the construction of
an unbelievably sensitive instrument.

E6tvos built two different types of torsion balance for carrying out his
gravitational investigations. The first type was a light horizontal beam
suspended on a torsion wire with platinum masses attached to each end so
that the masses were at the same level (curvature variometer). This type
was identical in form with the instrument used by Cavendish. The curvature
variometer measures the ‘curvature’ values which give the deviation of
equipotential surfaces of gravity from spherical shape, and give the direc-
tions of minimum curvature.

The first EdtvOs torsion balance
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The second type has aplatinum mass attached to one end of a horizontal
beam, while on the other end a platinum cylinder hangs on a wire so that
this cylindrical mass is at a lower level than the mass at the other end
(horizontal variometer). In both cases the beam turns around the torsion
wire in a horizontal plane and is deflected from the torsion-free position of
the wire by the horizontal components of the forces of gravity. This
seemingly insignificant modification was E6tvds’ most important inven-
tion, in fact this second version is known as the E6tvos Torsion Balance.

The horizontal variometer gives the ‘gradient’ of gravity which is
defined as the rate of change of gravity over a horizontal distance of 1
centimetre. The horizontal variometer also furnishes the curvature values
if the instrument is set up in at least five azimuths. The unit of gradient and
curvature are named after E6tvos. 1 EU = 10"6 mGal/cm; that is, if the
horizontal gradient is 1 EU the gravity acceleration at two neighbouring
points 1cm apart difference 10"1d.

Of his instrument E6tvés himself said the following: ‘It is as simple
as Hamletsflute, ifyou know how to play it. Just as the musician can coax
entrancing melodies from his instrument, so the physicist, with equal
delight, can measure the finest variation in gravity. In this way we can
investigate the Earth 5 crust at depths that the eye cannot penetrate and
the drilling rig cannot reach. ’

The mechanical parts of the instruments were designed and built in
1890 under the guidance of EOGtvos in cooperation with N. Suess in Suess*
Mechanical Workshop. Calibration of the instruments were carried out in
E6tvds’ Laboratory and the first instrument was completed in 1891. In the
same year the first observations were carried out.

A modified version of the horizontal variometer specially designed
for field work, was completed in 1898. It was shown and awarded a prize
at the Expo of Paris in 1900.

In order to increase the efficiency of field work, E6tv0s constructed a
double instrument with two balances in antiparallel arrangement (1902).

At the beginning E6tvos experimented with his instruments in the
laboratory of the university, then later in the garden of his summer house.
He carried out his first field measurements on S&g hill in Transdanubia in
1891, where he proved that errors had been made in the relative pendulum
measurements carried out by Stemeck; Stemeck was an Austrian geodetic
surveyor who had carried out measurements in the same area seven years
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earlier. EOGtvos’ first report on gravitation was written in 1888 for the
Academy. In 1896 he published his fundamental paper entitled Studies in
the Field of Gravitation and Magnetism, in which he gave a theoretical and
practical summary of his experiments to date.

The first experiments on a larger area using the Eo6tvos balance took
place in the winter of 1901 on the frozen surface of Lake Balaton. E6tvds
chose the mirror-like frozen surface of the lake to carry out his measure-
ments so that he would not have to concern himself with the disturbing
effect of topographic masses. He continued his survey work in the winter
of 1903, completing measurements at altogether forty different stations.
From the results of his torsion balance survey it was established that parallel
to the axis of the lake ran a tectonic line. This was the first geological
conclusion based on torsion balance measurements.

The first gradient map, obtained on the frozen lake Balaton (1901-03)

As a results of his success when he presented his results in Paris in
1900, E6tvos’ gravitational experiments became the focus of international
attention. The high degree of sensitivity of his instrument was doubted by
some. And it was not until the XV Congress of the Internationale Erdmes-
sung held in Budapest in 1906 at which he spoke about his latest experi-
ments that EGtvos’ claims received general recognition. He also made it
possible for interested foreign scientists to observe his torsion balance
measurements carried out in the field — in the Arad region. The participants
of the conference found E6tvds’ research so significant that they petitioned
the Hungarian government requesting that increased financial help be given
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for gravitational research. The Hungarian government agreed to the sug-
gestion and from 1907 onwards a separate fund was allocated for E6tvos’
gravitational studies. From this time onwards geophysical research was
recognized in Hungary as a separate field of science in its own right.

Kukurbata Magira Kecskés
<96m <79m <7lm

Lotabweichungen nach Osten langs des Breitenkreises von Ménes (s—mlG'S).

Geological interpretation of the torsion balance survey carried out in the region of Arad
(1906)

At first E6tvos’ gravitational measurements were carried out for
geodetical purposes, but from the very beginning E6tvés had wondered
what geological conclusions could be deduced from the results of his work.
At the XVII Congress of the Internationale Erdmessung held in Hamburg
in 1912 E6tvos wrote the following in his report of the practical application
of the torsion balance: ‘Geologists seem to agree that the most substantial
discharges ofgas occur in the immediate vicinity ofgas-bearing anticlines,
and overlying sediments. Experience gained in America (Ohio) and obser-
vations in Transsylvania, where the subsurface geological structures could
be determinedfrom superficial indications, further endorse these assump-
tions. Such geological indications, however, are absent in the sand and
humus covered surface ofthe Great Hungarian Plain. He who searchesfor



16 Zoltan Szabé

gas-bearing anticlines in this or similar areas should notfail to take note
ofconclusions drawnfrom torsion balance observations. ’

The E6tvos torsion balance packed in a horse cart used for transportation in the filed
(1907)

In 1916, on the initiative of Hugo Bdckh, an eminent Hungarian
geologist, torsion balance measurements were carried out in the region of
Egbell, where oil was produced from a recognized anticlinal structure. The
aim of these measurements was to establish the extent to which the effect
of the oil-bearing anticline is reflected in the results of torsion balance
measurements. On the basis of the survey carried out at 92 stations the
contours of the anticlinal oil field were clearly ascertained. These results
proved the efficacy of the torsion balance in oil exploration and paved the
way towards world renown for EGtvds and his balance. After his death, in
the 1920s and 1930s, hundreds of oil fields were discovered throughout the
world with the help of EGtv6s’ ingenious instrument.
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Siesta in the camp, E6tvds is sitting before the tent

Among Eo6tvds’ gravitational instruments, his gravity compensator is
also worthy of mention. This instrument is strictly speaking a curvature
variometer provided at both ends with sector-shaped deflectors, whose
position can be changed by rotation about a horizontal axis. If the deflectors
are in a vertical position their attraction to the balance is zero, in a horizontal
position their effect is maximum. If the beam of the balance is in the centre
of its case, the attraction of the deflectors is zero because of the symmetrical
disposition but if the beam is not in the central position because of
deflection by some outside mass, the deflectors become effective since they
are now not symmetrically positioned with respect to the beam (astatiza-
tion). If the position of the deflectors is changed with respect to the
horizontal direction, the sensitivity of the gravity compensator can be
further increased up to the point of instability.
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Although best known for his torsion balance, E6tvos also developed a
gravimeter. It was completed in 1901, and was based on the bifilar prin-
ciple. The experimental measurements carried out with this instrument,
however, failed to meet his expectations, so he did not publicize his
activities in this field. His gravimeter still exists today, an indication of the
extent of his love for experimentation.

In 1890 EOtvés worked out a method, the dynamic method, for
measuring the gravitational constant. The dynamic method was based on
the concept that the period of oscillation of a pendulum placed between two
parallel lead walls was depending on whether it oscillated parallel or
perpendicular to the walls. If one measures the periods of oscillation in both
positions and determines the exact mass of the attracting walls the gravita-
tional constant can be calculated.

In physics, mass can be defined in two ways, viz. inertial and gravita-
tional. The inertial mass of a body determines the acceleration given by an
applied force (Newton’s second law); the gravitational mass of the body
determines the force it experiences due to the gravitational attraction of
another body. E6tvos became concerned with the question of the ratio of
proportionality of the inertial and gravitational mass as early as 1880. In
order to examine this phenomenon, he used his sensitive torsion balance.
He examined the state of equilibrium of the balance by attaching masses
of different composition to each end of the arm of the balance. If the
qguantity of gravitational force depended on the composition of the mass,
when placing bodies of different composition on to the balance, the state
of equilibrium should change in each case. This phenomenon did not occur.
In 1908 E6tvds and his colleagues, Jen6 Fekete and Dezsd Pékar, perfected
their measurements to such an extent that they were able to establish that
the difference between the inertial and gravitational mass was at most
1/20,000,000. Their paper on the subject won them the Benecke award at
Gottingen University. The experiments carried out by E6tvés and his
colleagues on the proportionality of the inertial and gravitational mass
supports Einstein’s theory of relativity. The reexamination of the results
published in their paper recently led E. Fischbach to the debated hypothesis
of the existence of a “fifth force’.

E6tvOs was also interested in the question of gravitational absorption.
His method was the following: the beam of a horizontal variometer is placed
perpendicularly to the direction of the rising or setting sun. Let us suppose
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that two straight lines are drawn from a fixed point on the sun, one directed
to the upper weight on the balancing rod, and one to the lower. If the sun
isjust below the horizon, the parts of the two straight lines passing through
the earth will differ in length. For example, if the straight line drawn to the
upper weight just touches the earth, then the line directed to the weight
which is one metre below will pass through the earth for seven kilometres.
If this layer of the earth could change the attraction of the sun, deflection
would be indicated by the variometer. The instrument did not show any
definite deflection at sunrise or sunset. The degree of sensitivity of this
instrument was such that E6tvos could state that if the upper layer of the
earth changes the sun’s attraction the effect was less than 1:100,000,000.

In the last years of his life, E6tv0s carried out experiments which
showed that the weight of moving bodies on the earth’s surface changed
depending on the direction and speed at which they were proceeding. A
clear explanation of this change can be given on the basis of the mechanics
of Galileo and Newton. The gravitational force of the earth is the resultant
of two forces: the principal one caused by attraction according to Newton’s
law, the second one the centrifugal force caused by the earth’s rotation.
Since the distribution of the masses in the earth and the speed at which the
earth rotates are constant, the weight of objects on the earth’s surface is also
constant. The situation is different, however, in the case of moving objects.
As the earth rotates from west to east, the centrifugal force on a moving
object is greater if its motion on earth is towards the east than towards the
west. As a result of this phenomenon the weight of a body moving
eastwards will decrease, while that moving westwards will increase.

Itis interesting to note the circumstances thatinitiated E6tvs’ research
on this topic. O. Hecker, an eminent research worker at the Institute of
Geodesy in Potsdam, led a team to the Atlantic Ocean in 1901 and then in
1904-1905 to the Indian and Pacific Oceans, to carry out gravity measure-
ments on moving boats. While studying Hecker’s results in the published
report, EGtvOs noticed that no consideration had been given to the forces
developed by the motion of the boat. In a letter to Hecker, EGtvds pointed
out his error, but Hecker at first refused to give credence to this criticism.
His colleagues, however, persuaded him that E6tvds was right and so in
1908 new measurements were carried out in the Black Sea to prove this
phenomenon. Observations were made in two boats, one moving towards
the east and one towards the west. The results substantiated E6tvos’ claim.
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The international scientific world recognizes this phenomenon as the
Eotvos Effect. The E6tvos Effect has special importance nowadays in the
field of sea- and air-borne gravimetry.

In 1915 EOtvos constructed a special instrument to demonstrate this
phenomenon. The device is basically a balance with a horizontal axis, with
weights attached to the ends of the arm. The balance stands on a tripod,
which rotates evenly. When the balance is rotated the weight moving
towards the west will become heavier, the one moving towards the east
lighter. The balance will, therefore, deflect from its state of equilibrium. If
rotation period equals the period of oscillation resonance gradually in-
creases its amplitude.

Instrument to demonstrate the E6tvos effect (1915)

This experiment is yet further proof of the earth’s rotation, and has
even greater significance than Foucault’s famous pendulum experiment
carried out in the Pantheon in Paris.
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Parallel with their field work utilizing the torsion balance, E6tvés and
his colleagues determined the horizontal component and the declination
and inclination of the earth’s magnetic field at every observation point. The
extensive observational data available enabled them to give an integrated
geological interpretation of the measurements.

In order to study the characteristics of the earth’s magnetic field,
E6tves designed an instrument on the analogy of his torsion balance, called
a magnetic translatometer. It differed from the torsion balance in that the
lower weight was replaced by a magnetic needle. The needle could be
rotated around its horizontal axis and could thus be positioned in the
direction of the earth’s magnetic field. The suspending wire of the magnet
became the centre of the rotation axis of the instrument. Because of the
instrument’s high sensitivity E6tvés was able to determine the magnetic
moment of rocks and other bodies exhibiting weak magnetism. He carried
out similar measurements on old bricks and clay pots. During the baking
and cooling of the bricks and pots, several hundred years earlier, they had
acquired aremanent magnetization in the direction of the ambient magnetic
field. Since it was easy to recognize the sides of the bricks and the bottoms
of the pots on which they had rested during baking, it was possible to
position them in the same way. After having determined the direction of
their magnetization, the inclination of the magnetic field at the time of their
cooling could be defined. In 1900 E6tvds gave a lecture on his studies in
this subject, entitled ‘Magnetic Inclination in the Past’.

3. EO6tvos the Organizer

In addition to activities as a research worker and lecturer, E6tvos
played an important role in organizational work, thus promoting the
development of the natural sciences in Hungary.

In 1885, in the company of other university lecturers, he took part in
discussions on the latest scientific results. This group later became known
as the Mathematical Society, in which physicists played an ever increasing
role. As a result, in 1891 the Mathematical and Physical Society was
formed, with EOtvos as its president. The society’sjournal was entitled the
Mathematical and Physical Papers. The society was split in the year 1949,
the Physical Society took the name of Lorand E6tvds and the Mathematical
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Society was called after one of Hungary’s great mathematicians, Janos
Bolyai. In 1894, not long after E6tvds was appointed minister, the Physical
Society gave their president a festive welcome, and to honour the occasion
they announced a mathematical and physical competition for secondary
school children, the winners of which would receive an E6tvos award.

During his career as a teacher E6tvos quickly realized that a great
number of talented and hard working students were forced to stop their
studies, due to lack of financial support. He wished to help solve this
problem and so during the time he was minister, he established a residental
college, which was named the J6zsef E6tvds College — after his father.
Within the framework of the college future secondary school teachers
received excellent tuition and took part in special tutorials to promote and
develop individual scientific work. In order to assist the poorest students
no fees were required for thirty of the one hundred places.

The financial situation of some of the students is characterized by the
following story. In 1918, on the seventieth birthday of the now seriously
ill EOtvos, the leaders of the college and six of the students visited him on
his sick bed. During the conversation E6tvds asked how the six represen-
tatives of the students had been chosen. One of the students gave this
explanation: ‘Honourable sir, it was a question ofjackets. It was only those
with proper jackets who came.” The Eo6tvos College trained numerous
excellent research workers and teachers in the following decades.

To promote the natural sciences EGtvds convinced Andor Semsey, a
great Hungarian patron of the sciences to establish a scholarship which was
to be awarded to young graduates who wished to devote themselves to
scientific studies.

EOtvos kept in close touch with several international scientific organi-
zations. The foremost of these was the Internationale Erdmessung, precur-
sor of the international Union of Geodesy and Geophysics (IUGG). E6tvis
regularly attended the general meetings of this organization and on each
occasion reported on his research. As already mentioned, the 1906 general
meeting of the Internationale Erdmessung held in Budapest played an
important role in the further development of geophysical research in
Hungary.

From 1907 onwards EOtvds’ torsion balance project was financed by
a special fund. After his death geophysical research became financially
independent of the University Institute of Physics, under the name of
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Eotvos Lorand Geophysical Institute (ELGI). This group of scientists,
which, during E6tvos’ lifetime consisted of a few members, has developed
into a research establishment of about five hundred members, all striving
in his name to further develop the science of geophysics.
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SUBSURFACE ELECTROMAGNETIC PARAMETERS IN
TERMS OF THE DISTRIBUTION OF CURRENT

Laszlo SZARKA* and Gaston FISCHER**

Electric and magnetic fields below the horizontal surface of a conducting structure
have been derived in terms of the subsurface currents. The formulae obtained are valid for
any subsurface electromagnetic problems, e.g. for sea-bottom magnetotellurics or mining
electromagnetics. The simplifications of these general three-dimensional formulae to
one-dimensional and to the basic two-dimensional situations yield a clear physical
meaning to the depth-dependence of the impedance and consequently to the apparent
resistivity and the phase: in all instances the impedance at a given depth and location is
entirely determined by the complex mean depth of the currents flowing beneath the actual
measuring point.These results are extensions of similar ones published recently for
electromagnetic parameters at the surface.

Keywords: electromagnetic parameters, current distribution, magnetotellurics

1. Introduction

All electromagnetic sounding methods relying on natural or artifi-
cially-generated Fields try to determine the subsurface conductivity struc-
tures by means of some interpretational parameters (e.g. impedance,
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apparent resistivity, phase), which are derived from the distribution and/or
period-dependence of the field components at the surface.

Even after the basic geo-electromagnetic induction studies in the
frequency domain [e.g. CAGNIARD 1953, WEIDELT 1972, PRICE 1973] and
other papers dealing with different interpretational parameters (e.g.
FISCHER 1985 on the 2-D magnetotelluric phase; SPIES and EGGERS1986
on the apparent resistivity, etc.) the physical meaning of the geophysical
interpretational parameters in the frequency domain has not always become
clear.

In the paper by SZARKA and FISCHER [1989] the surface impedance
and some corresponding parameters are interpreted in a novel way, based
on the distribution of the subsurface currents. The formulae derived provide
clear physical meanings for the impedance, the apparent resistivity and the
phase. For example, the imaginary part of the surface impedance derives
directly from the depth to the centre of gravity of the currents which are in
phase with the surface magnetic field; the real part, on the other hand, is
determined by the mean depth of the out-of-phase currents. The apparent
resistivity — depending on how it is defined — is always related to the
period-dependence of some function of the real and/or imaginary part of
the complex depth of the current system; the phase tangent, in turn, is the
ratio of the mean depths of in-phase and out-of-phase currents.

In this paper the subsurface impedance formulae will be given in
analogous fashion to the expressions derived for the surface values by
SZARKA and Fischer [1989]. Similarly to this latter paper, all fields are
taken to be functions of X, y, and z , and juand e are assumed constant,
independent of space and time. Maxwell’s equations, in which displace-
ment currents are neglected, can then be written:

( d/=33jds, )
fpEdZ— iaop JJ HdS,
p loop J )
fi>tfd/=0,

©)
($Ed1=Q. @

For the horizontal electromagnetic components the resulting equations
derived by SZARKA and FISCHER [1989] are the following



Subsurface electromagnetic parameters... 27

©)

dHz
dy

Ex (x,y,()= icop\]z ix ()
0

(6)

By (x.¥fi) =iul 7+ (8)

It will be shown that very similar equations can be derived for the
subsurface electromagnetic components.

2. Depth-dependence of subsurface electromagnetic components

In Fig. 1a closed line-integral is shown for a domain extending from
an arbitrary depth z to infinity. The horizontal electric and magnetic fields
can be obtained by integration over the domain from z to infinity.

i y2) =J iy oez 4 dHZ(g)’(y’z ) g ©
Hy (x.y.z) :J Ix{x,y,z ") --.9'.'12_%‘;!’_2__2 dz " (10)

|
Exfxy.2) =icop JHy (xy.2 ')dz - OEZ(giy’z ’ S (W)

dEz(yz)
dy ‘

(12)
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Fig. 1. Closed rectangular lines for integration between depthsz and Zm
1 abra. A z és Zmmélységek kozotti integralas zart derékszogl Utjai

Pue. 1. 3aMKHYTble NPSMOYro/ibHble MYTU UHTEFPUPOBAHNUA MeXAY rNy6uHammu z u zm

The form given to eqgs (7) and (8) for the surface electric fields derives
from the use of partial integrations, as shown below for the case of the Ex
component:

(13)

e o Jzfe fiy )z
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However, if we integrate from z*0 to infinity the term zHy does not
disappear, and we obtain

fHy(x,y,z')dz' =[zHy]; -J~ we =
:_Z -
dz' (14)
dHz (x,y,zr
SJZ'UAW) %yy -2 Hy () =
_\](Z"Z) M*,y,Z')-ejL’\ dZ'

On the basis of eq. (14) the following expressions can therefore be
derived for the horizontal electric components:

Ex (X,y,Z) = ICODJ(Z' - Z) 7 ,(W ’) ___Qﬁ?(_x’}/_’_z_'z dz' Ej_EZ_(]Z(__y__Z__) dz (15)

z
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. , _ " (x,y,z0) ,_°.° aEAXx,y,z")
By (xy.2) =iwpJ (z'- 2) jy 3.2} + d2°-1 7700+ e

We would mention here the similarity between expressions (5-8),
valid at the top surface, and eqgs (9, 10) and (15, 16) which apply at depth.
This means that here too, the magnetic field at depth is given in large part
by the depth integral of the current density beneath the measuring point,
while the subsurface electric field strongly depends on the first moment of
this current density.

The perfectly analogous structures of the two sets of equations (5-8)
for the surface fields and (9, 10, 15, 16) for the fields at an interior point,
clearly demonstrate that these equations are not restricted to uniform
primary inducing fields. This can best be seen if we first consider a system
of uniform primary inducing fields at the upper surface of a conductor
bound by a plane of surface z=0 . Then, for a given period T, each of the
four equations, eqs (5-8), can be factored into amplitude and structural
factors. The structural factor would depend only on the conductive struc-
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tlre and on the period, and would therefore entirely determine the impe-
dance tensor Z at the surface. Equations (9, 10, 15, 16), on the other hand,
cannot similarly be factored because the fields at an interior point z>0
depend on the structure above that point. For example, if we imagine a
structure stable below a certain depth zo, covered with an overburden at
Z < 7Zo which we assume arbitrarily variable, then the fields at the z=Zo
surface will depend on this superior structure. Unless the structure for z<zo
is 1-D and the primary fields are uniform, the primary field at z=zo will not
be uniform. The structural features above a given depth Zocan therefore be
looked upon as producing non-uniform primary fields at the zo level. Since
the Zo level is arbitrary, it follows that egs (9, 10, 15, 16) remain valid at
the surface as well as inside any conducting structure, including situations
where the surface of the conductor is not bound by a plane surface and
where the primary inducing field is not uniform. Formulae (9, 10, 15, 16)
are therefore of quite general validity; in particular they remain unchanged
if the surface of the conductor exhibits complicated topography and if the
primary inducing field is not uniform, as for example in the immediate
vicinity of an antenna.

3. 1-D and 2-D formulae at arbitrary depths

In one-dimensional (1-D) geometry the following relations can be
derived from egs. (9, 10, 15, 16):
(a) when current flow is along the x axis:

Ex(2) = iapd(z' -2) jx( ) &7 (17)
Hy (z2) =Jjx(z' ) dz (18)

(b) when current flow is along the y axis:
(19)

By (2) =icopJ(z' -2) jy (z) dz

z

Hx(z) =-fjyiz' ) dz (20)
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With two-dimensional (2-D) structures we must distinguish between
E- and A-polarization configurations and we take the strike to be in the
direction of the x axis.

(@) In A-polarization:

Ex(y,z) =icopd(z' -z) dz' 1)
A (y,2) - dz' (22)
(b) In A-polarization:
N
E, Cyn) =koplV - 2)|jyiy,z)dz -J§d E;yy ! (23)
HX(Y,r) =-Jjy (y,2') dz' (24)

4. Impedance formulae at arbitrary depth

The impedance tensor is given in tenus of ratios of horizontal electric
and magnetic components. In the one-dimensional geometry the tensor
component Zxy (z) takes the simple form:

Jz'jxiz') dz'
. Z : : (25)
Z¥(z) =- icop — =- icop (zi-o0 - z)
lix(z')dz’
Ignoring the factor ( - icop ) we see that the 1-D impedance is

given in terms of quantities with the dimensions of depths: the 1-D imped-
ance is simply proportional to the complex mean depth below the observa-
tion point of the currents flowing beneath depth zeWe saw earlier that the
amplitude of this current distribution is, naturally, determined by currents
flowing above the measuring point, but this does not appear explicitly in
eq. (25).
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The well-known constancy of the impedance in the lowest layer
follows directly from eq. (25) since in this lowest, or /r-th layer, where the
current density at the top is jm and kl = - icop o,,, we find

f7 ,j . ei‘«z'dlz_/
Zxy (z) =- icop +icopz =

pr o XUl (26)

Kop

=-icop (z + kn) +icopz = - K

Obviously, according to eq. (26), Z« (z) in the bottom layer does not
depend on depth.
In 2-D A-polarization we find

jV | dHay.2) dz!

2y (x,z) = - icop 27)
A dHz(y,z') .
J W Z)y— sor az

= - icop (Ze - 2)

and in d-polarization

fz'jy (v.z') dz' S ----5-y-’----dz ’
2y(y,z) =-icop

Jjy (v.Z') dz' Jjy (y,zj dz' (28)

= - icop (zh -2) +f(Ej)
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Finally, in the general three-dimensional situation the component
Zx(x,y,z) can be written as follows:

00

‘l/ dz*
2 (X,y,2) = - ?]7)(: - icop
; WEYD)- dHz0Y.2) 4

(29)
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[ ~d T ~ &
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JV x(y.2) dy
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J h (W ) et 5\ }/____) dz
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dEz (x,y,z")
'J dx
n-a(E2 =
I NGRS Q— ZA— dz'

Equation (29) is clearly more complicated than egs. (25-28), but on the
basis of its one- and two-dimensional limiting behaviour all three dimen-
sional features can easily be understood. The other impedance components
can similarly be derived.
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5. New way of looking at an old example

In Fig. 2 we show the magnetotelluric phase distribution inside the
upper layer of a two-layered half-space, with 020\ = 100. For the two
logarithmic axes we have, respectively, the relative depth z/h (where his
the thickness of the first layer) and a normalized wavelength ‘ki/hi ~iT

Fig. 2. Magnetotelluric phase & inside the first layer of a two-layer half-space (01,02, h) , when
02/01 = 100n as a function of the relative wavelength X\/h in the upper layer and for various
relative depths z/h inside this layer. In addition to the five phase curves for z/h = 0,0.9,
0.99, 0.999 and 0.9999 , several straight lines connecting points of constant phase are shown

2. abra. Magnetotellurikus fazis (®) kétréteges féltér elsé rétegében (01,02, h) 02/01 = 100 esetre,
a fels6 rétegbeli relativ hullamszam (X\/h) fuggvényében, kilonbdzé relativ mélységekre (z/h). A
z/h - 0,0,9, 0,99, 0,999 és 0,9999 értékekre kiszamolt 6t fazisdiagramon kivil az allandé
fazisokat 6sszekdtd egyenes vonalakat is dbrazoltuk.

Puc. 2. MarHuToTennypudeckas asa (P) B nepBom cnoe ABYCN0AHOI0 NoaynpocTpaHcTBa
(01,02, h) pnsA cnyyas 02/01 = 100 Kak PYHKLMA OTHOCUTENbLHOro BosIHOBOIO yucna (Xi / K)
B BEPXHEM CN0e, NPU PasIMYHbIX OTHOCUTE/NbHbIX FAy6uHax (z/h). MomMmuMo NATU (ha3oBbIX
anarpamm, paccuuTtaHHbix gns z/h =0, 0,9, 0,99, 0,999 1 0,9999 noka3saHbl TakXe U NpsMbIe,
COeAUHALLME NOCTOAHHbIE (hasbl
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(where Xx is the wavelength in the first layer, ki = 2715, where 5 is the
skindepth).

The phase plots shown are not new but nevertheless they seem to be
somewhat surprising: at depths which are increasing by exponentially
decreasing amounts we find the same phase behaviour as on the top surface,
but at smaller and smaller Xxh ~JT values. Expressed mathematically
we find identical phase values at all those subsurface sites for which the
normalized local wavelength Xx/{h~z) is the same. In other words, the
geometrical set of subsurface observation sites having identical phases is
given by the equation:

X (0)/h =Xx(z) /(h-2) y >

As a practical consequence of eg. (30) we find that any surface phase
value measured at period 7(0) will be obtained at depth z at another period
T(z), which (since Xx is proportional to -iT ) is given by

T(z) =7(0) (L -z/h)2 (31)

This relation is valid only inside the first layer, i.e. for 0 <z <h. According
to eq. (31) asurface field parameter measured at a period of, say 1000 5can
be obtained at a depth z=0.9 h at 10s . Furthermore what happens at the
surface in the period range 10-1000 5 occurs in the 0.1-10 s range at the
depth z=09 h .

The self-repetition of the phase anomaly in Fig. 2 means that

(a) the shape of the phase anomaly is determined exclusively by the
resistivity contrast and

(b) the shift of the phase anomaly along the XX h axis is determined
by the thickness of layer 1 between the measuring site and the layer
boundary.

Points (a) and (b) clearly indicate that the phase anomaly at any depth
can be described entirely by what happens below the measuring site. In
other words: the phase anomaly at any depth is completely determined by
the currents flowing below the observation site.

Of course, the phase anomaly at depth can also be derived starting from
the surface anomaly and taking into account the current distribution be-
tween the surface and the observation site. In this section we have pointed
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out the importance of the first, alternative approach in a simple two-layered
case.

We believe that a careful consideration of current and charge distribu-
tion below the observation site any 2-D or 3-D problem could help at least
in the intuitive understanding of the problem. Such an approach might have
direct bearings on sea-bottom magnetotellurics [e.g. FILLOUX 1977] or in
mining electromagnetics [e.g. TAKACS 1989].

6. Conclusion and significance of the results

The above equations do not give direct solutions for any particular 3-D,
2-D or 1-D problem, but give closer insight into the behaviour of the
impedance tensor calculated from horizontal electric and magnetic compo-
nents at an arbitrary depth. The impedance in any subsurface electromag-
netic problem is directly related to the complex mean depth of the currents
flowing below the observation point.

The equations derived are simple extensions of the results of SZARKA
and FISCHER [1989] and can be obtained directly by replacing the lower
integration limit of zero by the arbitrary limit z>0 in the original formulae.
In other words, the apparent resistivity and the phase are given by the same
expressions for points inside or at the surface of a conducting structure.

As we have shown this straightforward extension implies that the
formulae we have derived are of very general validity: they remain true
even when the surfaces of the conductor exhibits a complicated topography
and when the primary inducing fields are not uniform.

The formulae derived in this paper are valid for any subsurface
electromagnetic problem, e.g., for sea-bottom magnetotellurics or mining
electromagnetics, where interpretational problems have sometimes been
especially difficult. The simple connection they establish between the
commonly-used impedance parameters at depth and the current distribution
beneath this depth should render them useful in applications of subsurface
electromagnetic exploration methods.
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FELSZINALATTI ELEKTROMAGNESES PARAMETEREK A MELYBELI
ARAMELOSZLAS FUGGVENYEBEN

SZARKA Laszl6 és Gaston FISCHER

Az inhomogén vezetd kdzeg horizontélis felszine alatti elektromos és magneses teret
a mélybeli arameloszlas fliggvényében targyaljuk. A levezetett formulak barmely felszin-
alatti elektromagneses problémaéra (pl. tengerfenék-magnetotellurikara vagy banyéaszati
geofizikara) alkalmazhatok. Az altalanos haromdimenzios 6sszefliggéseknek egydimen-
Zi0s és az alapvetd kétdimenzids esetekre torténd leegyszersitése az impedancia mély-
segfiiggésére, kovetkezésképpen a latszolagos fajlagos ellenallasra és a fazisra vilagos
fizikai értelmezést nyujt: barmely tetsz6leges felszinalatti pontban az impedanciat az illet§
pont alatti aramok komplex atlagmélysége hatarozza meg. Az eredmények a felszini
elektromagneses paraméterekre vonatkoz6 kordbbi eredmények Kiterjesztésének tekint-

het6k.
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MOAMOBEPXHOCTHBLIE 3TIEKTPOMATHWUTHBLIE MAPAMETPbI KAK
OYHKUNA TNMYBNHHOIO PACMNPEAENEHNA TOKA

N. CAPKA, I. ®NLLEP

JNeKTpMYECKoe N MarHUTHOE Nose Nof ropu3oHTaNbHOW NMOBEPXHOCTLIO HEOoA-
HOPOAHOI NPOBOAALLEl CpeAbl paccMaTpMBaeTCa Kak yHKLWA FNyOGUHHOrO pacnpe-
LeneHns Toka. BbiBefeHHble (POPMY/bl MOTYT MPUMEHATLCA B PeLUeHUUN HBbIX
MOAMOBEPXHOCTHbIX 3/1EKTPOMarHUTHbIX NPo6/1eM, HaNnprUMep, B MarHUTOTENNYPUKe
MOPCKOr0 AHa WU B MOA3EMHOW reotmsuke.

YnpouieHHoe cBefieHne 06LLero TpeXMepHOro ciyyas K 0ffHOMEPHOMY U OCHOB-
HbIM ABYMEPHbLIM AaeT ACHYI0 (PM3NYECKYIO MHTEpNpeTaLuto 3aBMCMMOCTY UMNeaaH-
ca OT rNy6uHbl U, CNef0BaTENbHO, KXYLUXCS YAeNbHbIX COMPOTUBAEHUA U (has:
MMMejaHC B MPOM3BOMbHOM TOUKE MOJS HEKOTOPOI MOBEPXHOCTbI OMNpeAensieTcs
KOMM/IEKCHON cpefAHei rNyO6uHOA TOKOB HMXKe AaHHON TOUKN.

Pe3ynbTaTbl MOTYT paccMaTpMBaThLCS B KaUeCTBe pacluMpeHUs BbIBOAOB, MONy-
UEHHbIX paHee Mo NOBEPXHOCTHbLIM 3/IEKTPOMAarHNTHbIM NapaMeTpam.
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effect of lateral inhomogeneities on the
FREQUENCY SOUNDING CURVES OBTAINED FROM THE
VERTICAL ELECTRIC COMPONENT OF A BURIED
VERTICAL CURRENT DIPOLE

Erné TAKACS*

The paper discusses how the effect of lateral inhomogeneities manifests itself in
underground frequency soundings carried out using vertical electric transmitter and
receiver dipoles in an equatorial array.

The simplified models are:

— a vertically infinite interface and sheet perpendicular and parallel to the axis
connecting the transmitter and receiver dipoles;

— a break in the horizontal high resistivity layer perpendicular to the axis
connecting the transmitter and receiver dipoles.

The former case was studied numerically, the latter one by physical modelling.

Keywords: frequency, electrical sounding, dipole, lateral inhomogeneity, in-mine
geoelectric methods, models

1. Introduction

In an earlier paper [TAKACS etal. 1986] the characteristics of a vertical
electric field of a buried vertical electric dipole in horizontally layered
medium were analysed. Survey tasks solved by applying underground
transmitter and receiver are, however, rather associated with detection of
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lateral inhomogeneities either between the transmitter and receiver or in
their vicinity. It is essential to study the nature of the effect of such
inhomogeneities because observed deviations from the response of hori-
zontally layered models suggest the presence of inhomogeneities.

The approved methods for studying lateral inhomogeneities are seis-
mic and electromagnetic tomography or dc reconstruction. These types of
measurements can be carried out only if the relative position of transmitter
and receiver can be changed in a sufficiently wide range to obtain as many
crossing transilluminating radii as possible. It may happen, however, that
this kind of measurement is unaccomplishable and the space between or in
the vicinity of the dipoles can only be studied using a given fixed array.
The question arises whether frequency sounding might have a role in
detecting lateral inhomogeneities in such cases.

To deal with the problem | have carried out physical and numerical
modelling for a variety of situations. The models chosen are simplified;
they are, however, suitable for recognizing, as a first step, the basic
characteristics. The conclusions obtained can be used as a basis for extend-
ing the study to more complicated cases.

In every discussed case vertical electric (grounded) transmitter and
receiver dipoles in an equatorial array are considered.

The complex shape of frequency sounding curves — quasi-stationary
part, possibly a maximum, then a steeply descending branch — makes the
visual recognition of the effects of both horizontal stratification and lateral
inhomogeneities difficult. The introduction of an apparent resistivity that
atany frequency is equal to the resistivity of that homogeneous space which
substitutes the inhomogeneous space considering its effect is of help. This
apparent resistivity — paif)— can be obtained from measurement of
amplitude, phase or in-phase or out-of-phase components. To derive it the
dependence of the quantity in question on the induction number — trans-
mitter-receiver separation normalized to the skin depth — in a homogene-
ous medium should be known. In addition, values of the actual transmitter-
receiver separation — R — and frequency will be used. Thus, p*if) can
be derived not from the actual field strength value but from the position of
characteristic points on the frequency sounding curve along the frequency
axis [TAKACS etal. 1986].

The other parameter used later is the effective resistivity (p”) of the
‘rock-slab’ containing the transmitter and receiver dipoles. This can be
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given knowing the resistivity pacalculated using the factor of the geometric
sounding on the quasi-stationary part of the curve and pa(/n&) calculated
at the maximum of the amplitude curve. In a continuous layer this is a very
good approximation of the actual resistivity. In the case of discontinuity it
reflects the degree of discontinuity [TAKACS et al. 1986].

In view of the fundamental behaviour of paif) it can be expected that
at lower frequencies the effect of the more distant environment of the
dipoles manifests itself as well; then, with increasing frequency, it reflects
more and more the resistivity distribution in the closer vicinity of the
transmitter.

2. Effect of infinite vertical interface

In one of the cases studied, 20 and 250 Qm media can be found at
two sides of the interface. The measuring array with a constant transmit-
ter-receiver separation — 7?=100 m — has different positions related to
the interface. The direction of R is perpendicular to the interface. The
amplitude curves are shown in Fig. 1, the phase curves in Fig. 2.

Amplitude curves corresponding to the different positions obviously
lie between the curves of 20 and 250 fim homogeneous space, respectively.
As long as the transmitter and receiver are in a medium of the same
resistivity the high frequency asymptotes of the curves coincide. It means
that an increase in frequency causes a decrease in the effect of the adjacent
halfspace. With decreasing frequency, on the other hand, its effect in-
creases. This is the reason why the maximum becomes more enhanced on
approaching the low resistivity halfspace from the higher resistivity one.
At the same time, the amplitude of the maximum related to the quasi-sta-
tionary part of the curve decreases when both the transmitter and receiver
are in the halfspace of lower resistivity and they approach the halfspace of
higher resistivity.

When the interface lies between the transmitter and receiver, the
quasi-stationary field strength remains the same at different positions of the
array, and it depends only on the transmitter-receiver separation. In our case
it is constant. Location and value level of maxima and descending branches,
on the other hand, depend on the effective resistivity of the rock volume
determined by the current field developing at the corresponding frequen-
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Fig. 1. Amplitude-frequency curves for vertical interface perpendicular to the axis connecting
the vertical transmitter and receiver dipoles in an equatorial array, for different positions of the
array
1. dbra. Az amplitido gorbéi az ekvatorialis helyzet(i vertikalis add- és vev6-dip6lust 6sszekdtd
tengelyre mer6leges vertikalis hatarfellet esetén kilonboz6 felallasok melett
Pue. L AMNAuTyaHbIe KpUBLIe YACTOTHOrO 30HAMPOBAHMUA NPU NepPeMelleH N YyCTaHOBKM

BEPTUKANIbHbIX 9KBATOPMAaNibHbIX AUNONEA BKPECT NPOCTUPAHUS BEPTUKANbHOINO KOHTaKTa
ABYyX cpel
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Fig. 2. Phase-frequency curves for vertical interface perpendicular to the axis connecting the
transmitter and receiver dipoles in an equatorial array, for different positions of the array

2. dbra. A fazis frekvenciaszondazasi gérbéi az ekvatoridlis helyzet(i adé- és vev6-dip6lust 6ssze-
kotd tengelyre merdleges vertikalis hatarfelllet esetén kiilombo6z6 felallasok mellett
Puc. 2 ®asosble KPUBble YACTOTHOIO 30HAMPOBAHUA NPU NePeMELLEHNN YCTAHOBKN

BEPTUKANbHbIX 3KBATOPMaNbHbIX AUN0Nell BKPECT NPOCTUPAHNS BEPTUKANbHOIO0 KOHTaKTa
ABYX cpej
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des. The position of the interface between the transmitter and receiver
influences this effective resistivity. The shorter that part of separation R
which lies in the lower resistivity halfspace is, the higher the amplitude and
the frequency where the maximum can be found will be.

Consequently, frequency sounding curves reflect the position of the
dividing, vertical interface between the transmitter and receiver in every
case.

The trend of paapparent resistivity values belonging to the maxima —
framed numbers in Figure 1—shows that when the larger part of separation
R gets into the halfspace of higher resistivity, sensitivity to the position of
vertical interface increases.

The phase curves in Fig. 2 are arranged in three groups according to
their position related to the interface; the array lies completely within one
of the halfspaces or it intersects the vertical interface. At curves of arrays
lying in one or the other halfspace, the curves for the homogeneous space
having the resistivity of the corresponding halfspace can also be seen for
comparison. In the figure the sign of the phase is indicated at each curve
section. In a homogeneous space, in the innermost, low frequency current
field the value of the phase minimum — negative phase angles — is
independent of resistivity. On the other hand, when the resistivity of the
homogeneous space is higher the minimum develops at higher frequencies.
With an array further from the interface a curve obviously corresponding
to the homogeneous space is obtained. Approaching the vertical interface
both value and position of the minimum change; their trend can be seen in
the figure. For the same shift changes in phase angle are larger when the
array is in the higher resistivity part.

When the vertical interface lies between the transmitter and receiver,
the transmitter is in the 20 Qm halfspace and it gradually moves towards
the interface starting from 75 m to 12.5 m the position of the minimum
shifts more and more towards higher frequencies as a result of increasing
effective resistivity; the amplitude of the minimum also increases. With
increasing frequency the potential dipole gets into the second current
system of positive phase angles. When the transmitter and receiver are in
the same halfspace the phase curves hardly separate in the second current
system at different positions of the array. On the other hand, when the
interface lies between the transmitter and receiver, the position of charac-
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teristic parts and branches of the phase curves along the phase axis is very
sensitive to the position of the interface.

In the other case, the vertical interface is parallel to the axis connecting
the vertical transmitter and receiver dipoles; the separation between this
axis and the interface varies (x=10, 20, 30 and 50 m). Both the transmitter
and receiver dipoles are in the halfspace of 250 fim. The amplitude curves
in Fig. 3 show that the lateral inhomogeneity causes a deviation from the
curve of the homogeneous 250 £2m space when the frequency decreases;
it results in a lower field strength. The closer the interface is to the array
the higher the frequency where the deviation begins. Moving from the
maximum towards the quasi-stationary section the decrease in amplitude
is stronger than for the curve of the 250 £2m space. The maximum becomes
wider with decreasing x.

With increasing frequency, on the other hand, that part of the space
which is close to the axis of the array has more and more effect on the field
strength. This can primarily be seen from the frequency dependence of
resistivity paif), which was calculated on the basis of phase angle. Its
behaviour for the two cases studied up to now is shown in Fig.4. For the
interface perpendicular to the axis of the array — part b — that part of the
transmitter-receiver separation can be seen at the individual curves in
parenthesis that falls into the halfspace of resistivity indicated. When the
array is in only one of the halfspaces the resistivity of this halfspace and
the separation x between the interface and the closest electrodes are
indicated. For a vertical interface parallel to the transmitter-receiver axis
— part a — the parameter of the curves is the separation x between the
interface and the parallel array in the 250 fim medium.

When the array is in only one of the halfspaces — parallel array and
some perpendicular arrays — the high frequency asymptote is the resistiv-
ity of the host medium. At lower frequencies the effect of the other
halfspace prevails more and more. At intermediate frequencies, however,
‘overshoots’ also appear.

3. Effect of vertical infinite sheet

An interesting case in practice is when the transmitter and receiver are
situated in the same rock and information on the homogeneity or inhomo-
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Fig. 3. Amplitude-frequency and phase-frequency curves for interface parallel to the axis con-
necting the vertical transmitter and receiver dipoles in an equatorial array, for different positions
of the array

3. dbra. Az amplitado6 és fazis frekvenciaszondazasi gorbéi az ekvatorialis helyzet(i vertikalis
ado- és vevé-dipdlust 6sszekotd tengellyel parhuzamos hatarfeliilet esetén kiilonb6z6 felallasok
mellett
Puc. 3. AMnanTygHble 1 hasoBbie KPUBbIE HaCTOTHOIO 30HAUPOBAHUS NPU MepemMelleHN N

YCTAHOBKW BEPTUKANbHbIX 3KBATOPUaNbHbIX AUNOMNEA NO NPOCTUPAHUI0 BEPTUKANBLHOTO
KOHTaKTa ABYyX cpej
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Fig. 4. Curves of apparent resistivity pj {/) for an array parallel and perpendicular to the verti-
cal interface (model of Figs. 1. and 3)

4. dbra. A paif) latszélagos fajlagos ellenallas gorbéi a vertikalis hatarfeliilettel pArhuzamos és
rd mer6leges felallasnal (Az 1. és 3. dbra modellje)

Puc. 4. KpuBble Kaxywmxcsa conpotusnenmii pd (/) Ans ycTaHOBOK, NapanfenbHbIX 1
nepneHANKYNSpHbIX BEPTUKANbLHOMY KOHTaKTY ABYyX cpes (Mogenu puc 1. n 3.)

geneity of the space between them needs to be obtained by means of
frequency sounding.

To study this potential application a vertically infinite, 20 m wide sheet
of 20 Om embedded in a homogeneous space of 50 Qm was considered.
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Fig. 5. Amplitude-frequency, phase-frequency and apparent resistivity (pO (/))- frequency
curves for array passing through the vertical sheet
5. dbra. Az amplitado, a fazis és a pl (f) latszélagos fajlagos ellenallas frekvenciaszondazasi
gorbéi a vertikalis lemezt kézrefogé felallasnal

Puc. 5. KpuBble kKaxyuwuxcs conpotusneHuii (pl (f)), a Takxe amnanTygHble u hasoBble
npu 4YacTOTHOM 30HAMPOBAHWW [ YCTAHOBKM, BHYTPU KOTOPOWM HaxoguTCca BepTUKanbHas
nnacTuHa
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The transmitter and receiver dipoles are vertical, their separation is 100 m,
the array axis is perpendicular to the sheet and its position is asymmetrical
to the sheet. The top-view of the geometric arrangement, together with the
amplitude and phase curves for the homogeneous and inhomogeneous
cases, respectively, can be seen in Fig. 5.

It is obvious that because of the lower effective resistivity in the
inhomogeneous case the maximum of the corresponding curve is shifted
towards lower frequencies. Details, however, should appear in the shape of
the curves. To enhance them, from the phases apparent resistivities p* (/)
were calculated which are shown in the lower part of the figure. For the
homogeneous 50 Qm space pO(/) = 50 Qm = const. On the other hand,
the effect of the embedded 20 Qm sheed, can clearly be seen on the apparent
resistivity curve at frequencies between 100 and 500 Hz. This example is
remarkable from the aspect of investigation of inhomogeneities located
between the transmitter and receiver. Of course, other models that more
closely approximate reality should also be studied.

The lateral zone, which has an effect on the underground measure-
ments can be investigated when a 60 m wide, 250 Qm vertical slab is
embedded into a medium of 20 Qm; and the array of 100 m transmitter-
receiver separation is in a horizontal plane, in the middle of the slab. The
amplitude curves for the 250 Qm homogeneous medium, and for the
inhomogeneous model are shown in Fig. 6. At the highest frequencies the
curves for homogeneous and inhomogeneous cases coincide or lie close to
each other because, as a result of the lateral contraction of the current
system, the low resistivity part of the space has no effect on the field
strength. In practice, at frequencies higher than about 200 kHz the electro-
magnetic field concentrates in the higher resistivity slab. At a given
frequency the width of the lateral zone having an effect on the measurement
becomes wider with increasing transmitter-receiver separation and slab
resistivity.

In the model of Fig. 7 the 10 m wide vertical sheet of 5 Qm is parallel
to the axis of the dipole equatorial array located in the 50 Qm homogeneous
space.

The distance from the sheet and the transmitter-receiver separation
are also taken as variables. The lower resistivity sheet causes a distortion
in the amplitude curves at the maximum and at the beginning of the
descending branch of the curves — which may not occur in horizontally
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Fig. 6. Amplitude-frequency curves for

vertical transmitter and receiver dipoles

in an equatorial array within the vertical
slab

6. abra. Az amplitadé frekvencia-
szondazasi gorbéi a vertikalis lemezen
belili ekvatorialis helyzet(i vertikalis
ado- és vevé-dipolus esetében

Puc. 6. AMNAUTYAHbIe KpUBbIe
YaCTOTHOr0 30HAUPOBAHUA NpK
NOM0XEHNN YCTaHOBKM
BEPTUKaNbHbIX 3KBATOPUaIbHbIX
Avnonein BHYTPU BepTUKa/bHOW

AB  zp-1cH0TAM
nnacTUHLbI

30T 2500t
20flm

Fig. 7. Amplitude-frequency curves
R=E0m  f°ralower resistivity vertical sheet
parallel to the axis connecting the ver-
tical transmitter and receiver dipoles
in an equatorial array
R=/Bm
7. abra. Az amplitidé frekvenciaszon-
R dazasi gorbéi az ekvatorialis helyzetd
vertikalis add- és vevédipdblust 6ssze-
kotd tengellyel parhuzamos kisebb faj-
lagos ellenallasa vertikalis lemez
esetén

Puc. 7. AMNNNTYAHbIe KpUBbIe
4acTOTHOrO 30HAMPOBAHUA NpU
HaMunmn BepTUKaNbHOW NNacTUHbI
NOHWXEHHOTO COMPOTUBIEHUSA
napanenbHO yCTaHOBKMN
BepPTUKa/bHbIX 3KBaTOPUanbHbIX
amnonei
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layered models. The presence of a relative minimum between the frequen-
cies 2.6 and 29 kHz is connected with the phenomenon that the current
system contracting towards the transmitter and receiver gradually leaves
the 50 £2m medium on the other side of the sheet; and the effect of the sheet
gradually ceases to exist above 29 kHz.

In Fig. 8 frequency dependence ofapparent resistivity pi (f) calculated
from the curves of amplitude, phase, in-phase and out-of-phase components
is plotted together with the curve of geometric sounding, pi (/) has a value

Fig. 8. Frequency dependence of apparent
resistivity pa if) calculated from in-phase,
out-of-phase components, phase and ampli-
tude for a vertical sheet parallel to the array

8. abra. A valés és képzetes dsszetevéb6l, a
fazisbol és amplitidobol szamitott pO (/) lat-
sz6lagos fajlagos ellenallas frekvenciaszon-
dézéasi gorbéi a teritéssel parhuzamos
vertikalis lemez esetében

Puc. 8. KpuBble Kaxyuimxcs
conpoTusneHnit pA(J) 4acToTHOrO
30HAMPOBAHUSA, paccyMTaHHblIe Mo

peanbHOA U MHMMOW KOMMOHEHTaM, a
Takxe Mo ase n amMmnNAUTygam gns
YyCTaHOBKM, NapanfienbHon BepTUKanbHOM
nnacTmHe

close to 50 £2m at the highest frequency for each R, and it decreases towards
lower frequencies. The effect of the 50 £2m part of the space on the other
side of the sheet begins to appear only at R=75 and 100 m, and rather in
the out-of-phase component. This figure demonstrates the fact — that can
be observed in other cases too — that in-phase and out-of-phase compo-
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nents of the field strength reflect geologic conditions of different surround-
ings of the transmitter dipole. Both of them are transferred into the sum-
marized geologic information of amplitude and phase.

4. Effect of a break in the high resistivity horizontal layer

At our request the effect of a break in the high resistivity plate was
studied by physical modelling in the Geodetic and Geophysical Research
Institute of the Hungarian Academy of Sciences. The structure of the model,
its data and the frequency sounding curves can be seen in Fig. 9. Moving

12>@fim h2*»cm
N« vsScm Bn i 3*w OFim h3*220ti
N yt«QB6QM ca
IS¢
L8R 58 N 6
f (MH>

Fig. 9. Amplitude and phase curves obtained by physical modelling using constant vertical trans-
mitter-receiver dipole separation for a break in the high resistivity plate

9. abra. Konstans tavolsagu vertikéalis ado- és vev6-dip6lussal végzett fizikai modellezéssel
kapott amplitadé- és fazisgorbék a nagy fajlagos ellnallasi lemez megszakadasa esetén
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from the middle of the plate — station 11— towards the break a strong
decrease in the field strength can be observed starting from station 8. A
definite change in the position of maximum along the frequency axis takes
place only if one of the electrode pairs — either transmitter or receiver
dipole — gets into contact with the break.

For arrays passing through the break — stations 4 to 0 — the
maximum gets to lower frequencies because of the reduced effective
resistivity. The field strength is lowest at station 4 when one of the electrode
pairs falls into the break. On crossing the break the field strength increases.

A Dbreak in the high resistivity plate has a drastic effect on the phase
as well, particularly at high frequencies. Phase curves reflect location better
than amplitude curves. Their shape and position depend less on the place
of break in the case of an array passing through the break.

Profile curves belonging to a constant frequency are informative too.
Profiles for the lowest and highest frequencies are shown in Fig. 10. In the

0.1 MHz

LEGEND

— relative amplitude ++ relative phase

Fig. 10. Amplitude and phase profiles for highest and lowest frequencies used in physical
modelling
10.4bra. Az amplitadoé és fazis szelvény menti alakulasa a fizikai modellezésnél hasznalt
legkisebb és legnagyobb frekvencian

Puc. 10. AMNAUTYAHbIE 1 (ha30Bble KPKBble NPY HAMMEHbLUUX U HAUGOMbLIMX YAcTOTax,
MCMob30BaBLUMXCS MY PUMUECKOM MOAENMPOBaHNM

Puc. 9. AMNINTYAHbIE U (ha30Bble KPUBbIE, NOMYUYeHHbIe NPU (HU3NUYECKOM
MOZENMPOBaHMU C MOCTOSHHBIM PACCTOSIHMEM MEXAY BepTUKalbHbIMU
nepejanLyM U NPUEMHbLIM AUMONSAMU NPU paspbiBe B NaCTUHE BbICOKOTO
COMPOTUBEHUS
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curve for 0.1 MHz reference points of the plotted values are indicated as
well. It can be seen that changes caused by the break are larger both in
amplitude and phase at high frequency. At the same time the lateral effect
is smaller than at lower frequency. For arrays passing through the break,
the shape of the curves is different too.
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LATERALIS INHOMOGENITASOK HATASA A FELSZINALATTI
VERTIKALIS ARAMDIPOLUS VERTIKALIS ELEKTROMOS
OSSZETEVOJENEK FREKVENCIASZONDAZASI GORBEIRE

TAKACS Erné

A tanulmany azt mutatja be, hogy az ekvatorialis elrendezési vertikalis elektromos
ado- és vevl-dipdlussal végzett foldalatti frekvenciaszondazasnal hogyan jelentkezik a
lateréalis inhomogenitasok hatasa.

Az egyszer(sitett modellek az alabbiak:

— az adod- és vevl-dipolust dsszekotd tengelyre mer6leges és vele parhuzamos

vertikalisan végtelen kiterjedési réteghatar és lemez,

— a nagy fajlagos ellenallasu vizszintes réteg megszakadasa az ado6- és vevé-di-

p6lust dsszekdtd tengelyre merdlegesen.

Az el6bbi esetet numerikus, az utébbit fizikai modellezéssel vizsgaljuk.
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BAVAHWE NATEPANbHbIX HEOAHOPOAHOCTEW HA KPVBbIE
YACTOTHOIO 30HAVNPOBAHUSA, MONYYEHHbLIX MO BEPTUKANBHOW
3NEKTPUYECKOW KOMMOHEHTE MOA3EMHOIO BEPTUKA/ILHOIO

TOKOBOI'O AnnNond

SpHé TAKAY

B pa6oTe paccMaTpuUBaeTCcs 3P EeKT OT naTepanbHbiX HEOAHOPOAHOCTE! B Noj-
36MHOM YacTOTHOM 30HAMPOBAHWM, BbIMONHEHHOM BepPTUKaNbHLIMU 3KBATOPUasb-
HbIMW AUNONAMM.

YNpoUeHHbIMU MOAENAMY SABASANUCE CRefdyloLue:

—YyCTaHOBKa HanpaB/ieHa BKPECT NPOCTUPaHUS U Mo MPOCTUpaHuto GeckoHeu-
HOTO BEPTUKaNbHOTO KOHTAKTa [IBYX CPeJ W TaKoii e NnacTUHbI,

—paspbiB B rOPU30HTANbHOI NNACTUHE BLICOKOTO COMPOTUBAEHNS NepneHanKy-
NSAPHO OCK YCTaHOBKMW.

MepBbIii cnydaii uccnegyeTcs NyTeM YMCNEHHOTO, a BTOPOM — (hM3MUYECcKOro
MOZenupoBaHus.
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LITHOPROBE, VANCOUVER ISLAND INTERVAL VELOCITY
CASE STUDY

Istvan KESMARKY* and Zoltan HAIJNAL**

A seismic interval velocity study was carried out in the central part of Vancouver
Island Line No.l of the LITHOPROBE project. Independently of other methods, we
concentrated on amore accurate estimation ofthe ‘high velocity region’, which is probably
the most interesting part of the subduction zone.

The main point of our effort was to carry out a series of high precision stacking
velocity analyses along the line (including several neighbouring CDPs, similarly to
applying ‘vertical stacking’ prior to velocity analysis), by taking into consideration the
dips and curvatures observable on the time section. The interval velocity calculations were
based on a 2-D model containing plane and curved dipping interfaces.

Besides interval velocity calculation, the reliability (standard deviation) of the
estimates was also strictly controlled. Taking into account the arrival time uncertainties
ofthe individual traces (standard deviation of the remaining trim statics, not decomposable
into shot and receiver components), the reliability of the estimated parameters could be
calculated via the error propagation law. This theoretical model showed that in spite of
the relatively small normal moveouts, the interval velocities could be estimated with
appropriate accuracy if 50-150 neighbouring CDPs were considered simultaneously.

The model studies carried out parallely with the data processing clearly showed the
practical limits of the accuracy of the interpretation and the achievable lateral resolution.
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1. Introduction

LITHOPROBE, a multidisciplinary earth science research program, is
investigating fundamental questions concerning the structure of the litho-
sphere in Canada [CLOWES et al. 1984]. A part of the program was the
Vancouver Island Seismic Project conducted in 1980 to study the subduct-
ing oceanic plate and the overriding continental America plate. The prin-
cipal refraction and reflection lines were shot perpendicular to the
continental margin (Fig. 1).

Fig. 1. Map of offshore-onshore study area, with the major survey lines. N-A-F, ‘USGS’ and
P-P’-J’-J are refraction lines (ocean bottom seismographs were applied in the P-J” interval). Li-
nes 1-4 are onshore reflection seismic lines [CLOWES et al. 1984]

1 abra. A tengeri és szarazfoldi kutatasi tertlet térképe a fontosabb vonalakkal. Az N-A-F,
USGS és aP-P’- J’-J vonalakon refrakciés mérések torténtek (a P-J’ szakaszon dceanfenékre he-
lyezett szeizmografokkal). Az 1-4 vonalakon szarazfoldi mérések térténtek [CLOWES et al. 1984]

Puc. 1. KapTa HaseMHbIX 1 MOPCKMNX MCCNef0BaHWUA C OCHOBHbIMU npotunsamu. Mo
npopunsam N-A-F, USGS u P-P’-J%-J 6b1711 BbINOHeHbI n3MepeHuss MIB (Ha oTpeske
npocuns P-J’ - c celicMonpueMHUKaMn Ha fHe okeaHa). Mo npounsam 1- 4 BbINOSHEHbI
HaseMHble n3MepeHns [Clowes et al. 1984]
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| Cretaceous-Tertiary sediments Paleozoic sediments & volcanics
Cretaceous-Tertiary volcanics Paleozoic metamorphics & intrusives
Jura-Cretaceous sediments *Faults

Fig. 2. Map of Vancouver Island survey area describing onshore reflection seismic lines 1-4
[Clowes et al. 1984]

2. abra. A kutatasi teriilet Vancouver szigeti részének térképe az 1-4 szarazfoldi vonalakkal
[Crowes et al. 1984]

Puc. 2. KapTa y4yacTka uccnefoBaHuii Ha 0-Be BaHKyBep ¢ Ha3eMHbIMUW npodunamu 1-4
[Clowes et al. 1984]

To study the subduction zone, a special 30-fold VIBROSEIS* section
was recorded along Line No. lacross Vancouver Island using 10.8 km long
spread lengths (Fig. 2). Additional details of the survey procedures were
described by CLOWES [1987].

Trademark of Continental Qil Co.
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A combined interpretation of the region using the described data and
additional geophysical information was attempted by SPENCE et al. [1985].
A very high density and velocity (7.7 km/s) rock mass was placed above
the subducting plate as a consequence of a gravity high and anomalous
refraction arrival times observed along a segment of Vancouver lIsland
(Fig. 3).

West DISTANCE (km) Vancouver Island East
N-s CM. Mainland

Fig. 3. Structural cross section and regional velocity segments according to SPENCE et al. [1985]
3. 4bra. SPENCE és munkatarsai altal 1985-ben publikalt szerkezeti szelvény a feltételezett inter-
vallumsebességekkel

Puc. 3. CTPYKTYpHbIii pa3pe3, ony6/nMKoBaHHbIN CrieHCcOM ¢ coTpyaHMKamu SPENCE et al.
[1985] ¢ npegnonaraeMbIMU MOUHTEPBA/IbHbIMU CKOPOCTAMMU

The reflection portion of the data set became available to institutions
for reprocessing and interpretation. At the seismic laboratories of the
University of Saskatchewan, an interval velocity study was undertaken on
a portion of this information covering the central segment of Line 1. This
investigation concentrated on establishing a more accurate estimate of the
acoustic properties of the high velocity region.

2. Theoretical background

The main point in establishing the reliability of the estimated velocities
is quite simple. Assuming identical waveforms roughly positioned along a
nearly hyperbolic reflection arrival time curve, the arrival times of these
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wavelets can be treated as random variables [AL-CHALABI 1974] due to
the effect of noise and some deterministic but unknown effects. The zero
offset arrival time tOand the stacking velocity vscan be estimated as the
parameters of a hyperbola, fitted to these random arrival times by the least
squares method. It is important to note that even the arsenal of the more
advanced and more general information theory gives almost the same result
as this simple heuristic least squares approach [KESMARKY 1985].

In the case of hyperbolic arrival times, this statistical model would
provide absolutely correct results for noise free traces. In other words this
would mean infinite resolving power and complete discrimination between
any possible velocities. In practical cases however, the possible effects of
the above mentioned ‘noise’ must be taken into consideration.

Using the data acquisition parameters (cable length, geophone and shot
spacing, coverage number, etc.) and the standard deviation of the random
arrival time shifts, the standard deviations of the resultant tOand vsparame-
ters can be calculated via the error propagation law [HAIJNAL and SERADA
1983 and KESMARKY 1985]. The results confirm the well known rule of
thumb that, in general, the reliability of the stacking velocity quickly
deteriorates for depths greater than the cable length. (The relevant formulae
can be found in the above mentioned references.)

Neglecting the non-hyperbolic components of the reflection arrival
times, the most straightforward way to improve the reliability of stacking
velocities would be the application of longer and longer cables. The
designer of the LITHOPROBE Vancouver Island survey [CLOWES 1987]
employed a cable length (10.8 km) significantly longer than the usual
lengths deployed in oil exploration. Once the data acquisition parameters
had been fixed, the only way to further improve the reliability of the
estimated velocities was to increase the signal to noise ratio by including
numerous neighbouring CDPs into the computations or in other words to
increase the quantity of input data considered. For example, a conventional
velocity spectrum calculated from a single CDP set may show uninterpret-
able results. A commonly applied practice is the vertical stacking ofagroup
of neighbouring CDP sets, prior to the velocity analysis, which means an
averaging of data along the common offset profiles. This process profo-
undly influences the reliabilities of the estimates. The noise suppression
ability of this method and the exact semblance is discussed in the Appendix.
The more stable exact semblance function has been used in the following
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investigation. Of course, these methods need special care in the case of
dipping reflections as will be discussed later.

After obtaining the estimates of the stacking velocity and its standard
deviation, the interval velocities and their standard deviations could be
calculated [KESMARKY 1985]. The estimated interval velocities are even
more sensitive to the random time shifts. In the case of thin layers the
interval velocity estimates become very unreliable and highly correlated.
Fortunately the ‘high velocity zone’ to be examined has significant dimen-
sions. It has roughly a 3000 ms interval in the time section between 4200
and 8800 ms.

Two cases for random time shifts have to be considered:

— The random time shifts have a ‘static’ nature or, in other words, for

a given trace the random shifts are the same for each horizon.
Because of these correlated shifts, the hyperbolae fitted to the
different arrivals will have the same residual NMO values. This
situation influences the estimated interval velocities in a special
way: the interval velocity errors of all layers due to this uniform
residual NMO will have the same sign. The magnitude of the
interval velocity errors will increase with depth since this ambigu-
ous residual NMO becomes larger and larger relative to the NMO
itself. There will be a positive correlation between all estimated
interval velocities.

— The case of totally random time shifts is more problematic and
generally results in much larger interval velocity errors. In this case
the random time shifts and the resultant residual NMOs are inde-
pendent for each horizon. The residual NMO ofa given horizon will
influence only the two interval velocity estimates below and above
the given interface, but a strong negative correlation will exist
between them.

An analysis was carried out to find out which extreme case outlined
previously is closer to the real situation. First, the trim statics of the upper
and lower boundary of the ‘high velocity region’ were determined. The
correlation between the trim statics of the two horizons was quite low, so
the hypothesis of the random model was accepted. If these statics were
decomposed into shot and receiver components separately, and the resul-
tant components were subtracted from the original trim statics, the residual
could be considered as representing the random time shift of the original
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reflection arrival model. The estimated standard deviation of the trim statics
was 8-10 ms (rather high) for both the upper and lower boundaries. Using
only asingle 30-fold CDP set, the standard deviation of the interval velocity
of the ‘high velocity layer’is about 205 m/s standard deviation. The vertical
stacking of more and more neighbouring CDP sets is equivalent with the
existence of fewer and fewer random time shifts due to the effect of noise
suppression. The deviation is inversely proportional to the square root of
the number of neighbouring CDP-s involved in the vertical stacking.
Consequently, the vertical stacking of 100 neighbouring CDP-s results in
ten times smaller deviations. Smaller deviations mean better resolving
power and more reliable discrimination between two different hypothetical
interval velocities.

3. Data processing

Three zones of Line No. 1 were selected for velocity analysis, shot-
points 1323-1438, 1169-1263 and 835-901. These correspond to CDP
intervals 50-250, 350-501 and 919-1040 with widths of 8955, 6750 and
3600 meters respectively (Fig. 4).

The velocity analysis using the semblance function (Appendix) was
carried out along the dipping horizons D1 and EIl of time section 1,
interpreted as the top and bottom reflectors of the underplated ‘high
velocity’ layer.

The survey fold is high (86) in zone 1, due to the special acquisition
process adopted at the west end of the line. The fold in the central and east
zones reached the range of 30-40. The reprocessing of the data set was
extended to the time section generation. The top and bottom horizons of
the ‘high velocity region’ were carefully picked. The dips and parabolic
curvatures of both horizons were compensated (flattened) by applying
appropiate bulk static corrections to the unstacked traces. An iterative
process was applied to make certain that each selected dip and curvature
resulted in the largest semblance peak in the velocity spectra. Significant
curvature was detected only at zone 3. This operation resulted in six
separate ‘super CDP gathers’, one for the upper and one for the lower
horizon of each zone for the semblance calculation. The six velocity
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spectra computed from these super gathers were focused to the correspon-
ding six reflection horizon segments.

This manipulation of data introduces errors since the reflection hyper-
bolae on the neighbouring CDP sets are not identical after compensating
for the dip visible on the time section. An analysis examined the errors
introduced by this form of data handling, which works similarly to the slant
stack, applied to common offset gathers along a certain dip. A simple 2-D
model consisting of homogeneous layers divided by dipping and bending
interfaces was subjected to the same procedure. The results reveal that these
systematic errors are much smaller than a quarter of the dominant wave-
length. In this particular case the reflection hyperbolae on the neighbouring
CDP profiles were fairly similar. The velocity spectra calculated for the
upper and lower horizon of zone 2 and 3 are shown in Figs. 5 and 6,
respectively.

The unique, well detectable peaks of the velocity spectra of zone 2 are
quite convincing in Fig. 5. The velocity spectrum of the upper horizon of
zone 3 (in the upper part of Fig. 6) contains a high velocity peak probably
related to some uninterpretable interference, so a smaller, more reasonable
local maximum has been picked. As zone 1 resulted in uninterpretable
stacking velocities, probably due to the more complex subsurface condi-
tions, it was discarded from the case study.

The interval velocity and depth calculations were based on a simple
2-D model containing dipping curved interfaces. The algorithm (recours-
ive stripping, using iterative calculation of the normal incidence path) is
the generalized form of the well-known Dix’s formula, described in KREY
and HUBRAL [1980]. The curvatures are characterized by a single radius.
The input features of the velocity spectra and the time section (t0 and
stacking velocity vs>the dip and the parabolic term p of the time horizon)
and the interpretation results (estimated depth, spatial dip, interval velocity
and radius of the reflector) are summarized in Tables I and Il, for zones 2
and 3 respectively.

The t0and depth values are related to the center of the zone. The dips
and curvatures show characteristic differences in the two zones considered.
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*0

Fig. 5. Upper (a) and lower (b) spectra of zone 2
5.4bra. A 2. zéna fels6 (a) és alsé (b) horizontjara szamitott sebességspektrum
Puc. 5. CnekTp ckopocTeli ans BepxHero (a) U HMXHero (b) ropnsoHTa 30HbI 2
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Fig. 6. Upper (a) and lower (b) spectra of zone 3
6. dbra. A 3. zéna fels6 (a) és als6 (b) horizontjara szamitott sebességspektrum
Puc. 6. CnekTp ckopocTeii 4na BepxHero (a) u HMxHero (b) ropusoHTa 30HbI 3
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input output
hor. to Vi todip termp depth vim dip curvature
ms m/s ms/m ms/km2 m m/s degree Um
upper 4200 4250 0.0044 0.000 8930 » 0.5 0
4895
lower 7380 4550 0.0313 0.000 16750 43 0

Neglecting the dip, the resultant interval velocity would be 4920 m/s.

Table 1. Interpretation results for zone 2
I. Tablazat. A 2. z6na kiértékelési eredményei
Tabn. |. PesynbTaTbl MHTepnpeTaLnm no 30He 2

input output
hor. to vs to dip termp depth vint dip curvature
ms m's ms/m ms/km’ m m/s degree 2m
upper 4640 4550 0.0215 7.472 10600 10 0.00024
4905**
lower 8760 5150 0.0639 1.851 21300 23 0.00006

**Neglecting the curvature, the resultant interval velocity would be 5643 m/s. Neglecting both
the dip and curvature, the resultant interval velocity would be 5750 m/s. So, the curvature really
gives a significant effect (16-17%o)!

Table Il. Interpretation results for zone 3
Il. Tablazat. A 3. zéna kiértékelési eredményei
Tab6n. Il. PesynbTaTbl HTepnpeTaLumn no 3oHe 3

4. Conclusions

The almost identical (-4900 m/s) interval velocities estimated from
the reflection seismic data of zones 2 and 3 are much lower than those
derived by CLOWES et al. [1984] (7700 m/s). Such a significant difference
(2800 m/s) can reliably be detected since the moveout even at the lower
horizon is not less than 200 ms and, in principle, the 1-2% relative accuracy
of the interval velocity is attainable because of the extensive vertical
stacking and the significant thickness of the layer considered. As the
standard deviation of the interval velocity estimated by our statistical
approach is only about 20 m/s because of the extensive vertical stacking in
this particular case, the interval velocity calculated from the velocity
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spectrum is in considerable discordance with the prior postulation of a high
velocity (7700 m/s) rock mass above the subducting slab. In other words,
no reflection seismic evidence of such a high velocity formation at the
previously defined depth was found.

Both observational [ODP Leg 110 Scientific Party 1978, PEARCE
1983] and seismic evidence [NELSON et al. 1985a and 1985b] attest that in
zones of tectonic convergence, sedimentary strata may be subducted to
crustal levels. At these depths, the acoustic properties of these rocks may
be highly anomalous, and depend on local effects. Recent drilling investiga-
tions [STILLER 1990, KOZLOVSKY 1984] reveal that considerable porosity
and fluid content can exist in greater than expected crustal depths. Thus
zonal material heterogeneity, with properties comparable to the results of
this investigation, can be expected to the considerable depth above the
decollment zone of the subducting slab.

The geological ambiguity of this segment of the continental margin is
further increased by the reinterpretation by DREwW and CLOWES [1990] of
the original data set. This new model subdivides the earlieranomalous zone
into a four layer structure where two thin low velocity (6350 m/s) and two
thick higher velocity layers (7100-7180 m/s) alternate with each other. The
average compressional velocity of this complex crustal interval has been
significantly reduced although it is still higher than portrayed by the
reflection data alone.

The results of this investigation are further supported by the refraction
data based model of FOWLER and PANDIT [1990]. This new crustal section
explains the relevant refraction arrival time differences by introducing a
simple anomalous segment in a portion of the subduction zone itself. The
fitting of the existing gravity data to this most recent model of the plate
convergence under Vancouver Island requires further investigation.
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APPENDIX

Noise suppression properties of the correct semblance and the
semblance after vertical stacking in the common offset domain

The semblance function has the following, well-known form:

O < (Al)

where Xykrepresents a sample of a given seismic trace (after NMO correc-
tion), index iruns from 1to/ along a time window, offset indexj runs from
1to the coverage numberJ, and CDP index k runs from 1to K. Our ultimate
aim is to improve the resultant spectra by using a larger number of CDPs.

The following formula is generally used if vertical stacking is carried
out in the ‘common offset’ domain prior to the calculation of the semblane:

Since the numerators are the same in both cases, it is enough to deal with
the denominators to show the difference. The behaviour of the two func-
tions is compared when the input traces Xy contain only pure uncorrelated
‘white’ noise n of zero mean with standard deviation a:

X;j K~ Rijk (A3)

The expected value of the denominator of eq. (Al) is:
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E (denominator of 5) = 1J XK 202 (Ad)
E (denominator of 5 ") =1JXKa2 (A5)
In contrast with (A4), the expected value of the denominator of eq.

(A2) is:

It could easily be demonstrated that in the case of pure signal xijk=Si,
the two functions S and S “have identical unit values. Since in the previous
case of pure noise the denominator of S is K times larger than that of S it
can be concluded, that the noise suppression characteristics of S is more
favourable than that of S’. Unfortunately, the calculation of S needs
significantly more computation time.

LITHOPROBE, INTERVALLUM SEBESSEG MEGHATAROZASI
ESETTANULMANY VANCOUVER SZIGETEN

KESMARKY Istvan és HAJNAL Zoltan

A LITHOPROBE projekt (kanadai multidiszciplinaris litoszférakutatasi program)
keretében intervallumsebesség meghatarozast végeztiink a Vancouver-szigeti 1-es szamu
szeizmikus vonal kdzépsd szakaszan. Els6dleges célunk a feltételezett "nagysebességl
Osszlet" minél pontosabb, mas mddszerektél fliggetlen megismerése volt, mely a szub-
dukciés zdna modelljének legérdekesebb, legvitatottabb része.

A feladatmegoldas lényege, hogy nagypontossagi szeizmikus sebességanalizisek
sorozatat készitettik el a vonal mentén a vertikalis stackinghez hasonl6an szamos (a
szokasosnal joval tdbb) szomszédos CDP csatorna csoport bevonasaval, figyelembe véve
az id6szelvényen is lathaté horizontok gorbiiletét és d6lését. Az intervallumsebesség
becslést d6lt és gorbiilt réteghatarokat tartalmazd kétdimenzids modell alapjan végeztiik.

Az intervallumsebesség szamitasa mellett a becslések megbizhatésadganak (sz6rasa-
nak) meghatéarozasat is elvégeztiik. Az egyes csatornakon mert beérkezési id6k hibainak
(a szamitott maradék statikus toldsok geofonponti és robbant6ponti komponensre nem
bonthat6é részének) szorasabdl, a hibaterjedési térvény alapjan szamitottuk a becsilt
intervallumsebességek szérasat. Az elméleti modell alapjan a viszonylag kis moveout-ok
ellenére is megfelel pontossag volt elérhet6 100-150 szomszédos CDP figyelembe vétele
esetén. Eredményeink nem tdmasztottak ala a "nagysebességl dsszlet" létezését.

Az adatfeldolgozéssal pArhuzamosan elvégzett modellezés vildgosan mutatta a kiér-
tékelés pontossaganak és az oldaliranyu felbontés elvi hatarait.
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OMPEAE/NIHVE NMOUHTEPBA/IBHbIX CKOPOCTE HA O-BE BAHKYBEP,
MPOEKT /NTOMPOB

NwTBaH KELLULMAPKW, 3onTtaH XANHAN

B pamkax npoekta JIMTOMPOB (KkaHaAckas MexAucuunanHapHas nporpamma
no uccnepgoBaHnio nutocdepsl) ObIN BbINOMHEHbI OMpeAesieHNs NOUHTepBabHbIX
CKOpOCTell Ha cpefHeMm OTpe3ke cecliMuyeckoro npounas 1 Ha o0-Be BaHkysep.
MepBuYHaA Lenb 3aKYanach B KaK MOXXHO 60/1ee TOYHOM, He 3aBUCUMOM OT APYruX
MeTOA0B, U3YYeHUU npeanonaraemMoli "ToMWmM BbICOKMX CKOPOCTEW", npeAcTaBnato-
el Hanbonee NHTEPECHYIO M Hanbosee CNOPHYIO YacTb MOAENMN 30HbI CYB6AYKLMN.

CyLlHOCTb pelleHuns 3afaymn 3aknyanacb B TOM, YTO 6blna BbINOJIHEHA Cepus
BbICOKOTOYHbIX aHa/lM30B CeMCMUYECKNX CKopocTel BAONb NPOgMAsA, NOAO6HO CT3-
KWUHTY, C 00beAMHEHNEM MHOTOYUCEHHbIX (HAMHOrO 60/blle 06bIYHOM0) COCefHMUX
Tpacc CDP, yuuTbiBas KpUBU3HY U HaK/NOH FOPU30HTOB, Hab6MOA4aeMbIX HA BPEMEH-
HbIX pa3pe3ax. OueHKa NOMHTepBabHbIX CKOpOCTel 6blna NpoBefeHa Ha OCHOBaHMUM
LBYMEPHOIM MOZENN C HAaKNOHHBIMU U UCKPUBEHHbIMU FTOPU30HTaMU.

MoMuMo pacyeTa NOMHTEPBaNbHbLIX CKOPOCTEl 6blia TaKXe BbINOMHEHA OLeHKa
HageXHoCTK (Aucnepcumn) NoayYeHHbIX faHHbIX. o pa3bpocy owmnbOoK BCTYNeHUN
MO KOHKPeTHbIM TpaccaM (TOW 4YacTW pacyeTHbIX OCTATOYHbIX CTAaTUYECKUX CMe-
WEeHWA, KOTOpPble He MOTYT ObITb pa3foXXeHbl Ha KOMMOHEHTbI NPW B3PbIBMNYHKTE U
celicMonpueMHUKe) Ha OCHOBaHMMW 3aKOHa pacnpocTpaHeHUs OWKN6H0K Obinn onpea-
eneHbl Aucnepcuyn MoayyYeHHbIX MOWHTEpPBaNbHbIX CKopocTeld. Ha OCHOBaHUM Teo-
peTu4ecKo MoLenun, HeCMOTPS Ha CPaBHUTENIbHO Masble 3HaYEHUA Moveout -OB MpU
06bveanHeHnn 100-150 cocegHux CDP MOXXHO 6b1710 4OCTMYb Hagnexall el TOYHOCTH.
MonyyYyeHHbIMW HAMK pe3ynbTaTamMy He NOATBEPXKAAETCb HanuuMe "TONWMN BbICOKNX
cKopocTein".

Mpv MogennpoBaHWMMK, BbINOMHEHHOM OAHOBPEMEHHO C 06paboTKOM AaHHbIX,
YeTKO OblM BbISBIEHbI NPUHUUNWANBHBIE Npedenbl TOYHOCTU MHTepnpeTauum u
natepanbHOIN paspeluaroLein cnocobHOCTH.
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THE INFLUENCE OF SEA-LEVEL CHANGES ON
RESERVOIR DEVELOPMENT ALONG PASSIVE MARGINS

Tom I. KILENYI*

In passive margin settings the development of reservoirs is governed largely by the
combination of sea-level changes and sediment supply. Three cases are compared, where
the overall setting is similar, i.e. a thick sequence of seaward prograding sediments yet the
development of the reservoirs is very different. The late Tertiary Nile Delta was exposed
to subaerial erosion during the Messinian Salinity Crisis and a system of braided river
channels developed on the delta front and its seaward extension. The sands filling these
channels are important reservoirs today. In the Duala-basin, Cameroon, two periods of
massive sea-level falls in the late Cretaceous and Oligocéne initiated turbidites and the
associated channel fills and fans act as resevoirs. In the offshore Tarfaya Basin, Marocco,
during Jurassic times relatively stable sea levels resulted in a prograding sediment prism.
A carbonate fringe developed along the outer margin of the shelf which acted as a reservoir
trapping the hydrocarbons derived from Cretaceous sediments further offshore.

Keywords: sea-level, reservoirs, offshore, seismic surveys, Africa, hydrocarbons

1. Introduction

In the last two or three decades hydrocarbon exploration has shifted
increasingly towards offshore areas, principally towards the margins of
continents, or rather towards the accretionary sediment prisms that extend
seawards from these margins . While the accepted plate tectonic classifica-
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England
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tions are undoubtedly useful in recognizing and classifying hydrocarbon
habitats it seems that sea level changes have a decisive influence on the
development of reservoirs and the resulting plays. In essence we will be
considering passive margins which are, on the whole, characterized by
thick, seaward prograding sediment prisms, usually very little disturbed by
tectonism, unless salt tectonics is involved. In this context deltas and
shelves are very similar, the difference is in the concentration of the
sediment supply and direction of growth. Along the west coast of Africa,
for example, in many places it is possible to look at individual seismic
sections extending seawards from the shore; these sections look exactly
like a longitudinal section of a typical delta and yet sections on either side
will show an identical picture for tens or hundreds of kilometres. Further-
more in some inland rift related basins, or other basinal depressions, similar
accretionary sediment prisms can be seen and the similarity is not related
to the nature of the plate margin (if any) underlying it, but to factors such
as paleotopography, sediment supply, sea level changes, etc.

In this paper we will attempt to show the influence of sea level changes
in the development of accretionary sediment prisms and their implications
for hydrocarbon exploration. Since changes in sea level and sediment
supply have a major influence on coarser detrital sediments, it is the
development of reservoirs that will mainly be influenced by these factors.
In the following pages three examples will be examined in some detail, in
each case the behaviour of sea level relative to the seafloor is different.

2. Rapid sea-level drop — the Messinian of the Nile Delta

The Nile Delta is a large, northwards prograding sediment pile dating
from the late Eocene; it is still actively depositing sediments along its rim
in the Mediterranean (Fig. 1). The delta did not remain static during the
Tertiary: it seems that in early Tertiary times it entered the Mediterranean
far west of its present delta cone. In recent years gas has been discovered
in significant quantities both on and offshore in the upper Miocene Abu
Madi Formation and, consequently, this formation has received a lot of
attention. In spite of this the interpretation of the formation both on the
seismic and in the wells is fraught with problems.
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Fig. 1. Schematic longitudinal section along the Nile Delta
1 abra. Vazlatos hosszanti szelvény a Nilus-delta mentén
Puc. 1. CxemaTuueckuii paspes Baoib AenbThl Huna

The late Tertiary (Miocene to recent) stratigraphy of the Nile Delta can
be seen in Fig. 2. The Sidi Salim Formation (Middle Miocene) consists of
marine shales and subordinate sandstones up to 1500 m thick; the shale is
overpressured and produces intensive diapirs in places. The Upper Miocene
Messinian rests with erosional unconformity on the underlying Sidi Salim
shales. Three formations are recognized, the Girst being the Qawasim
Formation at the base, up to 1200 m thick, consisting of a complex
succession of sandstones, conglomerates and interbedded shales. The li-
thological characteristics point to an alluvial fan type of depositional
environment. Next in the succession is the thin Rosetta Formation consist-
ing of anhydrite and salt followed by the Abu Madi Formation, up to 460 m
thick, but generally only half of this figure. Lithologically, sandstone and
conglomerates dominate the Formation with some subordinate mudstones.
The post-Miocene sequence is dominated by marine shales and sands. The
Messinian section has been described as having been deposited either in a
deep-sea turbidite/fan environment or in a sub-aerial sabkha type setting.
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We believe the seismic evidence supports the Sabkha type environment of
deposition.

The three consistent formations of the Messinian are widely distributed
over the Delta. Their contacts — either with each other, or with the under-
lying sequence — are erosive (Fig. 3). Channelling is very widespread in
the Qawasim and Abu Madi formations but the amplitude (width) of the
channels seems to be small and there are numerous, often parallel channels
which are seen to be meandering, splitting and uniting when plotted on a
map. Furthermore the channels can be grouped together according to their
trend (Fig.4) and these groups of channels overlap each other indicating
their different relative ages. Both the Qawasim and the Abu Madi Forma-
tions show this pattern.
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Fig. 3. Geoseismic section of the Messinian of the Nile Delta

3. dbra. A Nilus-delta messiniai emeletet képvisel§ szakaszanak szeizmikus id6szelvényét
jellemzé vazlat
Puc. 3. Meoceiicmnyecknii paspes meccuHuUA B fienbTe Huna

The environmental interpretation is, in our view, unequivocal. During
the Messinian Salinity Crisis the Mediterranean became separated from its
source of supply, the Atlantic Ocean, and the inland sea rapidly lost most
of its water due to the high rate of evaporation. As a consequence a very
deep depression developed, the floor of which contained hypersaline lakes,
while alluvial fans and braided river systems supplied clastic sediments.
The proto-Nile was probably the largest source of sediment of the Messi-
nian Mediterranean depression and as a consequence a vast amount of
coarse detrital sediments accumulated in this interval in the Nile delta area.

Similar sand rich deposits can therefore be expected in the Messinian
not only in the Mediterranean, but also in the other associated inland sea
remnants of Tethys, such as the Black Sea, the Caspian Sea, etc.

3. Moderate sea-level drop — Offshore Cameroon , West Africa

While in the previous example the drastic sea-level drop resulted in a
complete change in the enviroment of deposition from relatively deep water
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Fig. 4. Channel systems within the Abu Madi Formation, Messinian, Nile Delta
4. dbra. A messiniai Abu Madi forméacion bellli csatorna-rendszer, Nilus-delta

Puc. 4. Cuctema kaHanos B cBuTe Aby Maau, MeccuHuiA, fjenbTa Huna

marine to fluvial/sabkha type, in the following case the sea level drop did
not result in a change to sub-aerial conditions, it simply rejuvenated the
sediment supply in the area resulting in the development of turbidite
channels and fans.

The offshore part of Cameroon (Fig. 5.) is the northern extension of
the West African Salt Basin and is a typical marginal salt basin with up to
6000 m of Cretaceous and Tertiary sediment. The development of the
westward prograding sediment prisms began in the early Cretaceous rifting
phase with non-marine, lacustrine, fluvial and hypersaline deposits (Mun-
deck Formation, Fig.6). With the beginning of the opening of the south
Atlantic ocean drifting commenced in the Cenomanian and from this period
to the present day a dominantly clastic sediment prism has gradually been
prograding westwards. During the evolution of this sequence of sediments
the combination of global sea-level changes and local subsidence rates
resulted in two main periods of marked sea-level drops, one in the late
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Fig. 5. Sketch map of the geo-
logy of the Douala Basin,
Cameroon

5. dbra. A kameruni Douala-
medence foldtani felépitésének
vazlata

Puc. 5. CxemaTmnyeckaa Kapra
reonorumn 6acceliHa flyana

Cretaceous (particulary in the Maastrichtian) and one in the Oligocene. As
there are significant oil, gas and condensate accumulations associated with
the sands accumulated during these sea-level low-stands it is important to
discuss their origin.

Both the evidence of the seismic and wells suggest strong turbidite
activity during these periods. This is seen on the seismic in a variety of
ways: in the late Cretaceous Logbaba Formation a package of high ampli-
tude reflectors marks the sand rich sequence within which obvious chan-
nelling and mounds can be seen (Fig.7.). Interpretation of the channel
features presents no problem but the mound like features may be interpreted
either as sand lobes, which are less compacted than the shale surrounding
them, or the surface of the ‘mounds’ may be an erosion surface and one is,
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in fact, looking at a corrugated surface. We tend to favour the first
explanation on the basis of seismic characteristics. During the Oligocéne a
second marked sea-level low stand occurred. The effect of this is seen in
very deep channels cut into the shelf by the turbidity currents and further
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offshore sand lobes forming mounded sequences. It seems that the Oligo-
céne sea-level drop was more drastic than the late Cretaceous one judging
by the depth to which, in the case of the Oligocéne channels, could reach
several hundred metres. The axis of channels in both periods followed more
or less the same lines, indicating that the main topography of the basin has
remained more or less stable since Cretaceous times.

4. Stable sea-level — Offshore Tarfaya Basin, Morocco

In this particular example only the Jurassic shelf deposits are consi-
dered; from the early Cretaceous onwards continuous sea-level low stand
produced deep cutting turbidity current channels, very similar to those
described in the case of the offshore part of Cameroon.

During Jurassic times the sea level remained remarkably stable or
perhaps it is more correct to say that subsidence, sediment accumulation
and sea level changes stayed in the same relationship. As a consequence a
thick, strongly seaward prograding sediment prism built up, the main
accretion direction being lateral rather than vertical (Fig. 8.). Even so a total

Fig. 8. Schematic geoseismic section across the offshore Tarfaya Basin, Marocco
8 abra. A tengeri Tarfaya-medencét harantol szeizmikus id6szelvényt jellemzé vazlat

Puc. 8 CxemaTnyeckuii reoceiicMMYeckuii paspes vepes nNpubpexHbIi 6acceiiH Tapdalis,
Mapokko
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thickness of some 3000 metres of Jurassic sediments accumulated consist-
ing of finer grained elastics and some carbonates.

Along the shelf edge a ‘carbonate bank’ developed which kept pace
with both the seaward migration of the shelf edge and also with the vertical
accretion of the shelf. On the landward side of the carbonate bank almost
‘backreef’ like conditions developed, i.e. very shallow water with perhaps
increased salinity in which dolomites and occasional anhydrite layers were
deposited. On the seaward side the very steeply sloping seafloor was
covered with carbonate debris from the bank above. During the early
Cretaceous sea level low-stand organic rich shales were deposited off the
Jurassic shelf while on the shelf itself little or no sedimentation took place.

From the point of view of hydrocarbon exploration the carbonate banks
provide the only acceptable reservoirs, the rest of the Jurassic (and later)
sediments being mainly shales.

5. Conclusions

From the three examples given above it seems that relative sea-level
movements during the evolution of prograding sediments prisms have a
decisive influence on the development of reservoirs.

In the case of the Messinian of the Nile Delta (the first example
discussed above) the drastic drop in sea level caused by the dessication of
the Mediterranean, resulted in a complete change of the environment of
deposition. Braided streams discharging into sabkha plains took the place
of deep marine environments. The sands are largely channel fills although
sheet sands and alluvial fans can also be expected.

The recognition of sand rich horizons on the seismic is not always easy,
although the channel-like features are easy to see (Fig. 3); even so it is by
no means certain that these are filled with sand. Sealing of the reservoir
may be provided either by locally developed anhydrite or, more regio-
nally, by the deep marine shales that follow the period of basin dessication.
This type of situation has so far only been described for the Mediterranean
but it could be expected to have occurred in other remnant Tethyan basins
such as the Black and Caspian Seas.

The second example discussed in this paper concerned a much more
common occurrence: turbidite channels and fans which developed in re-
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sponse to periodic sea-level low stands. The effect of these was a periodic
rejuvenation of the area of sediment source and consequent increase in
sediment supply. The course of the channels/fans tends to remain the same
through time as the basic bathymetry of the Atlantic type marginal sag
basins tends to remain unchanged. From a hydrocarbon exploration point
of view these types of reservoirs are fairly easy to identify on seismic. The
sands are either in channel fills or in large scale mounds, and show high
amplitude reflections. The main problem seems to be the recognition of the
trapping mechanism. If salt tectonics affects the reservoir the structural
traps are easy to identify. In most case, however, the traps are stratigraphic
and the updip sealing of channel fills or mounds is not easily ascertainable
on seismic sections.

The third example, the carbonate bank shelfedge of the Tarfaya Basin,
offshore Morocco, is also a widespread setting along passive continental
margins. The high porosity carbonate banks could provide excellent reser-
voirs but there are a number of problems associated with this type of
trapping situation. In the Tarfaya Basin the source of the hydrocarbons is
the thick early Cretaceous shale sequence which was deposited downslope
from the Jurassic shelf edge in deep water. Due to the rapid burial of these
shales hydrocarbon generation started in late Cretaceous times and peak
generation was reached in the early Tertiary. Strong turbidity flows started
eroding into the Jurassic shelf soon after that and the carbonate shelf edge
was bared of cover, left with very little seal or even completely eroded
away. The trapped oil in many cases migrated away and the presence of
heavy or dead oil in these reservoirs supports this view. Only in areas in
which a thick cover of sealing shales remained in place can one hope for
significant hydrocarbon discoveries.
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TENGERSZINT VALTOZASOK HATASA TAROLOK KIALAKULASARA
PASSZiV LEMEZPEREMEKEN

Tom I. KILENYI

Passziv lemezperemeken tarolok kialakulasat els6sorban két tényezd kombinacidja
hatdrozza meg: a tengerszintvaltozas és az lledék-utanpotlas. Harom esetet hasonlitunk
0ssze, ahol az alaphelyzet hasonld: a tenger felé progradalo vastag uledéksorozat, mégis
a tarolok kifejlédése erdsen eltérd. A fiatal harmadkori Nilus delta er6ziénak volt kitéve
a Foldkozi tenger messiniai Kiszaradasa alatt. Az ekkor, a delta fronton és ennek tenger
fel6li folytatasaban kialakult meanderezé folyGcsatomakat kitdlt§ homokok fontos taro-
l6k. A kameruni Douala-medencében két er6s tengerszint-csokkenési id6szak a fels6kré-
taban ill. az oligocénben turbiditek képz6dését idézte el6, és az azokkal kapcsolatos
csatorna-kitoltések és tormelékkipok képezik a tarolokat. A marokkdi tengeri Tarfaya-
medencében a Jurdban relative allandd tengerszint mellett vastag tledékprizma alakult ki.
A shelf kiils6 szélén karbonat pad fejlédott ki, amely a szarazfoldt6l még tavolabb
letlepedett kréta Uledékekben kialakult szénhidrogének csapdéja lett.

BIVAHNE KONEBAHNA YPOBHA MOPA HA PA3BUTUE PE3EPBYAPOB
BAOJIb MACCUNBHBLIX OKPANH

T. . KnneHbn

B 06CcTaHOBKE MacCHMBHbIX OKPawWH pa3BuUTKE pe3epBYapOB KOHTPOIMPYETCH B
OCHOBHOM couyeTaHMeM KonebaHwii ypoBHA MOps M NpMBHOCA ocafkoB. ComnocTas-
NeHbl TPW ciyyas, B KOTOPbIX 06LLee MOo0XeHUe CXO4HO (MMeeTcsl MOLHas, HacTy-
nalmowas B CTOPOHY MOps To/Wa 0CajjKoB), HO pe3epByapbl TEM HE MeHee
CYLLECTBEHHO OT/IMYHbLI APYT OT Apyra.

B npubpexHom 6acceitHe Tapaiia (MapOoKKO) CpaBHUTENbHO CTabunbHbIN B
lope ypoBeHb MOpA NpuBen K BO3HWKHOBEHMWIO HacTynalwoLllei npu3mbl 0CajKOB.
Bronb BHELWHEro Kpas wenbda NpoTArnBaeTcs nosioca KapboHaToB, 06pa3oBaBLLas
pe3epByap YrneBoA0poLOB, NPOUCXOAALLUX U3 MEOBbIX OT/0XEHWUIA, pacnonoXeH-
HbIX Ha 60/blIEM yaaneHun oT 6eperoBoi MMHNK.

B 6acceiiHe [yana (KamepyH) B MO34HEM Menly U ONWTOLEHE MPOU30LW N ABa
KPYNHbIX CMaja YPOBHSA MOpPs, KOTOPble NMPUBEN K BO3BUKHOBEHWIO TYpOUAUTOB U
COMPSKEHHbIX C HAMU BbIMOJIHEHWU KaHanoB M KOHYCOB, SIBMISIHOLLMXCA pe3epBya-
pamu.Mo3gHeTpeTUYHas aenbTa Huna pasmbiBanach BO BpeMsi MECCMHCKOTO COMEBO-
ro Kpusmca, ¥ cUCTemMa BETBALLMXCS PEYHbIX pycen pa3BuBanach Ha PPOHTe AeNbThl
M Ha ee MOPCKOM MpOoAo/KeHUU. Mecku, BbIMOMHALWME 3TU KaHafbl, HbiHE Npea-
CTaBNAT COOOI BaXHbIE pe3epByaphbl.
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DETAILED STUDIES OF SEA FLOOR SEISMICITY AND
BENTHIC CURRENTS*

S. L. SOLOVIEV**

After grouping the instruments and basic methods of submarine earthquakes, an
account is given of sea-floor seismological studies carried out and new instruments
developed by the Laboratory of Seismology. It is stated, that observations by land-based
stations do not record a significant number of submarine earthquakes. As some of the
ocean bottom stations can, besides seismographs, be equipped with other sensors, such as
current-and temperature meter, benthic currents and temperature in the boundary layer
were also investigated and the results are presented here.

Keywords: seismicity, seismographs, sea floor, benthic currents

1. Introduction

Although 90% of all earthquakes occur under oceans or seas, most
seismic stations are concentrated on land, which comprises less than 1/3 of
the Earth’s surface. As seismic stations are positioned relative to submarine
seismic sources in a one-sided way and are often far apart, no detailed and
reliable data on seismicity in underwater areas can be obtained. In the past
research showed that observations by land-based stations may even give
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an incomplete or distorted view of seismicity under seas and oceans.
Up-to-date knowledge of submarine seismicity is essential for working out
correct concepts of the contemporary evolution of the Earth, for a detailed
seismic regionalization of construction sites for offshore oil and gas plat-
forms, for revealing patterns of seismic process in tsunami source areas,
and for other theoretical and practical problems.

Although the first attempts at recording earthquakes on sea and ocean
bottom date back to the pre-war period, marine seismology and seismo-
metry began to develop during the 1960s, with the Vela-Uniform and other
projects aimed at improving the monitoring of underground nuclear tests.

There are three basic methods of recording submarine earthquakes: (1)
by means of permanent seismographs linked to a shore station by submarine
cable through which the seismograph receives electric power and the
bottom-based instruments transmit seismic signals to the shore, (2) by
means of temporary expedition-type ocean bottom stations, (3) by means
of seismic radio buoys.

Cable-linked seismographs are very costly, and buoys are mainly of
use in studying seismic shocks concentrated in space (swarms or after-
shocks of strong earthquakes). Temporary expedition-type stations have
been found most useful in supplying information about sea-floor seismi-
city.

The Laboratory of Seismology, established in late 1978, has been
engaged in developing ocean bottom seismographs and applying them to
studying seismicity under seas and oceans and processes in the near-bottom
boundary layer of the hydrosphere.

2. Principal equipment

The Laboratory of Seismology has a large number of instruments
designed for studying submarine seismicity. Arbitrarily, such instruments
may be divided into anchored and pop-up types. Pop-up seismographs
seem the most promising and are therefore attracting more attention.

The first system developed and tested in the Laboratory was the
MADS-6 (1981). This composite pop-up station can carry various sensors
which are required to be in close proximity to the ocean bottom. The station
is placed on the ocean bottom and popped-up in an original manner. It can
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move through the water layer very rapidly. Its geophones make soft contact
with the ocean bottom and establish close contact with the ocean bottom
sediments. If the station gets buried in mud or sucked into oozy deposits

Fig. 1. Sketches showing the MADS-6 self-contained pop-up ocean bottom station (a) in tou-
ching the sea bottom (the dotted line showing the position of the cantilever frame with instru-
mental housings while the station is submerging freely) and (b) in the process of pop-upping:
1 — float module; 2 — supporting frame; 3 — instrument housing; 4 — cantilever boom;
5 — connecting wires drum; 6 — connecting wire; 7 — hydrofoil; 8 — rigging shackle;
9 — composite halyard; 10 — acoustic beacon; 11 — ballast release mechanism; 12 — ballast;
13 — radio beacon; 14 — radio beacon’s antenna
1. dbra. A MADS-6 fliggetlen, automatikusan felmeril6 tengerfenéki szeizmograf vazlata
(a) lehorgonyozva (a szaggatott vonalak a konzolkeret és a miszerhaz helyzetét mutatjak sza-
bad siillyedés kozben) (b) felmerilés kézben
1 — lebegé egység; 2 — tartdkeret; 3 — mlszerhaz; 4 — konzol; 5 — kéabeldob; 6 — dsszeko-
t6 kabel; 7 — sikléfelulet; 8 — rogzitégy(ir(i; 9 — kombinalt felh(izokotél; 10 — akusztikus jel-
ado; 11 — ballasztkiold6 szerkezet; 12 — ballaszt; 13 — radi¢jeladd; 14 — radidjeladd
antennaja
Pue. 1. Cxema He3aBMCMMOI0, aBTOMATMYECKM BCM/IbIBAIOLLEr0 NPUAOHHOMO ceiicmorpada
MA/C-6 (a) B 3aiKOPEHHOM COCTOAHUN (LLITPUXOBBLIMU INHUAMW MOKA3aHO MOS0XKEHUE
KOHCO/IbHOW pambl 1 MPUBOPHOro 0TCeKa BO BPeMs CBOGOAHOrO NorpyxeHus), (b) Bo Bpems
BCMN/bITUA
1—eBob6ogHONNaBaloLWii 6n0K; 2—enopHas pama; 3—pn6OPHbINA 0TCeK; 4—KOHCO/b;
5—kabenbHaa KaTyllKa; 6—c0eUHALWNIA Kabenb; 7—AN0CKOCTb COCKanb3blBaHNS;
8—3a)XXUMHOe KO/bL; 9—KOMOMHUPOBAHHbIN NOAbEMHbI Tpoc; 10—epefaTymnk

aKyCTUYEeCKUX CUTHANOB; 11—ycTpoiicTBO ANs cbpackbiBaHuA 6annacta; 12—6annact;
13—fepefaTyumK pagnocurHanos; l4—aHTeHHa NepefaTynKa pafmocurHanos
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Fig. 2 A sketch showing the ADS-8 self-contained pop-up ocean bottom station
1 — container for tape recorder and time unit; 2 — container for seismic sensors; 3 — deepwater
float; 4 — small float of strayline; 5 — radio beacon; 6 — light beacon; 7 — comer reflector;
8 — swing-out boom of seismic sensors package; 9 — cable connecting seismic sensors with re-
corder; 10 — accumulating cablereel; 11 — hydrofoil; 12 — ballast; 13 — composite halyard;
14 — ballast release mechanism; 15 — framework; 16 — acoustic beacon

2. dbra. Az ADS-8 fiiggetlen, automatikusan felmeriilé tengerfenéki szeizmograf vazlata
1 — amagnesszalagegység és az id6jelgenerator konténere; 2 — szeizmikus szenzorcsoport kon-
ténere; 3 — mélyvizi lebegbegység; 4 — hajoutmérd logzsinérra kotott jel lebeg6 egysége;

5 — radidjelad6; 6 — fényjeladd; 7 — keretreflektor; 8 — szeizmikus szenzorcsoport kileng6
konzola; 9 — a szeizmikus szenzorok és a magnesszalagegység kozti kdbelcsatlakozas; 10 — ka-
beltekercsel§ dob; 11 — sildofellilet; 12 — ballaszt; 13 — kombinalt felhGzokotél; 14 — ballaszt-

kiold6 szerkezet; 15 — keret; 16 — akusztikus jelad6

Puc. 2 Cxema He3aBUCMMOr0, aBTOMATMUECKM BCMJIbIBAKOLLErO MPUAOHHOIO celicMorpada
ALC-8
1—KOHTeliHep y3na ¢ MarHUTHON NeHTOWN W1 reHepaTopa CUrHana BPeMeHU; 2—KOHTelHep
rpynnbl CeCMUYECKUX AaTUYNKOB; 3—Ny60KOBOAHbIN CBOGOAHONNaBaOLW A 6/10K;
4—¢Bo6ogHONNaBaOLL I 610K, NPUBSA3aHHbIN K TPOCY N3MEPUTENA NPOAEHHOr0 NyTw;
5—nepefaTunk pagnocnrHanos; 6—miepesaTunK CBETOCUTHAN0B; 7—Yyr/10BO MPOXEKTOP;
8—K0NebNoWmniica KOHCONb rpynnbl CeiCMNYECKUX AaTUNKoB; 9—kabenbHoe coeguHeHue
MeXay ceMcMUYecKUMK faTHMKaMy U y3/10M C MarHUTHOM NeHTON; 10—KaTylKa HaMOTKN
Kabens; 11—A10CKOCTb COCKa/b3blBaHUS; 12—6annacT; 13—KOMOMHUPOBAaHHbIV NOABLEMHbIA
Tpoc; 14—ycTpoiicTBO AnsA copacbiBaHUA bannacta; 15—enopHas pama; 16—mepegaTumnk
aKyCTUYeCKUX CUTHaNoB
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its geophones and recorders can easily be torn off the bottom (Fig. 1). The
usable volume of the MADS-6 instrument housing is 100 dm3

The next developments were the ADS-8 (1983), ADS-M (1985),
ADS-A (1989) and other pop-up devices. These stations use a burp-out
package of seismic sensors to minimize noise from benthic currents
(Fig. 2). The main instrument housing together with the recorder is attached
to the float module and connected to the seismic-sensor package by an
electric cable. This spatial layout ensures a higher signal-to-noise ratio
during bottom measurements and better seismological information.

Besides seismographs, ADS-series stations equipped with current
meters, salinity meters, temperature and pressure meters, sediment traps,
etc. lend themselves readily to various measurements in the bottom bound-
ary layer. They are suitable for various measurements and trials (e. g.
corrosion tests) even when specimens and instruments are exposed in the
bottom boundary layer at abyssal depths for a long time.

3. Sea-floor seismological experiments and their scientific results

The Laboratory of Seismology has been carrying out detailed studies
of sea-floor seismicity, mainly with pop-up seismographs, since 1987. It
has already accomplished the following experiments:

— in the southern Aegean Sea (Cretan Sea) in April 1987

— in the south-eastern Tyrrhenian Sea in May 1987

—in the central segment of the Hellenic arc south-east of Crete in July

1988

— in the central part of the Azores-Gibraltar fault in August 1988

— in the North-Aegean trough in October 1989

— in the central segment of the Hellenic arc south-east of Crete and

in the Cretan Sea in October 1989
— in the Hellenic arc in the lonian Sea, south-west of the Peloponnese
peninsula in November 1989
—in the Gorringe Bank area (the eastern part of the Azores-Gibraltar
fault) in December 1989
In addition, some lesser experiments have also yielded valuable results.
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The Cretan Sea

In April 1987 five ocean bottom seismographs were placed some
25 km apart at depths of 1000-1800 m north-east of Crete. Working for a
week, they recorded 420 local and distant quakes of magnitude MLfrom
-0.5 to 4 and identified hypocentres for 134 quakes. The Greek seismic
stations located on the mainland and on islands recorded just 53 quakes and
identified hypocentres for two of them for the same period.

One unexpected result was that 3/4 ofthe quakes recorded by the ocean
bottom seismographs had originated in the Earth’s crust and only 1/4 of
them in the upper mantle, in the Benioff zone. According to observations
made by land-based seismic stations for the previous 80 years and surveyed
in the international seismological bulletins, the quakes registered in this
region show the opposite relation for the depth of their foci: 1/4 in the crust
and 3/4 in the mantle. It was the first time that high microseismicity of the
crust had been detected behind the Hellenic arc: it turned out that it had
been hard to do so by land based seismic stations.

As far as the peculiarities of the depth distribution of the seismic foci
recorded by the ocean bottom seismographs are concerned, apart from the
well-known aseismic asthenospheric layer at a depth of 80 to 100 km,
another similar layer was traced down immediately beneath the crust.

Studying the attenuation of amplitude of the seismic waves with
distance on the ocean bottom, seismograph records showed that the (/-fac-
tor of the lithosphere of the Cretan Sea was fairly low (Qs = 200-300).

The south-eastern part ofthe Tyrrhenian Sea

In May 1987, five bottom seismographs were installed at depths of
1000-2800 m in the lower part of the submarine slope of the Appenninean
peninsula off the coast of Calabria. They were at work for ten days. At the
same time, nine temporary digital seismographs were installed on land by
Italian seismologists and, along with the permanent stations run by various
organizations, these formed a network of 24 land-based observation sites
in Calabria. The bottom seismographs recorded about 200 tremors, mostly
feeble and with a shallow foci. Judging from the form of the records, the
tremors must have been caused by the movements of magma beneath the
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sea-mounts which may be thought of as not fully extinguished volcanoes.
For instance, a cluster of earthquakes was recorded beneath the Alcione
and Diamante Mts. Moreover, the bottom seismographs recorded a score
of quakes of tectonic origin. Half of these were found to have originated
on the Appenninean peninsula and the other half beneath the bottom of the
Tyrrhenian Sea. The land-based stations recorded only 60% of the first
group and 22% of the second. Of the quakes recorded by the ocean bottom
seismographs in the Tyrrhenian Sea, a little more than 3/4 arose in the crust
and less than 1/4 in the mantle, in the seismofocal layer, i. e. the pattern
was exactly the same as in the results of the preceding experiment in that
the level of microseismicity in the crust behind the Calabrian arc was fairly
high (contrary to what had been thought earlier) and land-based stations
had been unable to determine this.

The May 24 a tectonic earthquake occurred in the mantle, in the
Benioff zone, right beneath the network of bottom seismographs, a fact
which allowed the depth of its focus to be ascertained with a high degree
of accuracy. The depth was found to be 100 km less than the value
determined from observations of land-based stations and reported in the
International Seismological Bulletins (216 and 312 km respectively).

For the first time ever, we succeeded in detecting the hypocentres of
some very feeble tremors ( M1~ 0.5-1.5) in the mantle between the crust
and the Benioff zone. These hypocentres were found to form a kind of
vertical string linking the roots of the Alcione volcano and the assumed
asthenospheric layer at a depth of some 100 km.

The Hellenic arc south-east of Crete

In July 1988, five ocean bottom seismographs were installed some
20-40 km apart at depths of 1700-4000 m south-east of Crete, in the Kassos
strait and on the slopes of the Pliny trough. They were at work for a week.
They recorded nearly a thousand tremors and 150 hypocentres were iden-
tified. The concentration of epicentres along the eastern border of the block
of Crete, which had been detected in the 1987 experiment, was confirmed
— an indication that a violent earthquake anticipated by Greek seismo-
logists in the eastern half of Crete seems likely to be already on the way.
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More important, as a result of the more accurate determination of
earthquake hypocentres in the Benioff zone by using ocean bottom seis-
mographs, it was ascertained that this zone, just like the deepwater trough
bordering the convex side of the Hellenic arc, has en echelon structure. The
study area covered the eastern end of the Pliny trough and the beginning
of the Strabo trough 50 km to the south (which extended east beyond the
area). It was found that each of these two fragments of the Hellenic
deepwater trough is accompanied by a thin parallel seismofocal layer
beneath the island arc dipping at an inclination of about 60°. These layers
were traced to a depth ranging from 0 to 120 km beneath the Pliny trough
and from just 30 to 70 km beneath the Strabo trough. Now, the literature
claims that the seismofocal layer beneath the Hellenic arc has a loose’ form
in its upper part, dipping below the island arc at a relatively small angle
(45°).

The preliminary results of the 1989 experiment around Crete have
confirmed the conclusion that the seismofocal layer in the Hellenic arc has
en echelon structure.

The Azores-Gibraltarfault

In August 1988, five ocean bottom seismographs were placed at depths
from 3400 to 5100 m in the central part of the Azores-Gibraltar fault and
were in operation for 13 days. This Atlantic study area was chosen between
the foci of the 1941 and 1975 violent tsunamigenic earthquakes of magni-
tude 8.2 and 8.0 respectively, and it was expected that a large number of
microshocks would be recorded. However, the network of ocean bottom
seismographs deployed 50 km apart spotted fewer than a hundred tremors,
all of which originated beyond the bounds of the study area. The recurrence
of weal quakes recorded by OBS’s for the range Tb <3.5 follows exactly
the same line IgN=f(mv) as the recurrences of more violent (m*>4) quakes
in the fault determined from many years of observation by stations set up
on the lberian peninsula and on the Azores with a low b value (0.7). This
resultis likely to be due to the lithosphere in the Azores-Gibraltar belt being
less fragmented than in regions of island arcs. The lithosphere here appears
to consist of relatively large and firm blocks. This may be one of the reasons
why violent earthquakes are relatively rare.
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The 1989 ocean bottom experiment on Gorrindge Bank (in the eastern
part of the fault, which many researchers identify with the focal area of the
disastrous Lisbon earthquake and tsunami in 1755) has yielded qualita-
tively the same results as the 1988 experiment.

The North-Aegean Trough

In October 1989, seven ocean bottom seismographs were deployed at
depths of 300-1200 m along the North-Aegean trough. During 5 days of
operation they recorded 180 quakes and identified 31 hypocentres, with 2/3
of the tremors in the crust and 1/3 in the mantle, at depths to 150 km. The
seismic foci have outlined a seismofocal layer, dipping steeply (60°)
north-west. This new result is important for a tectonic interpretation of the
evolution of the trough and the Aegean Sea as a whole.

Studying the seismicity of Lake Baikal and thefirst experience in recor-
ding ocean bottom seismic oscillations in the low-frequency band

The remaining 1989 observations have not yet been processed and their
results are not presented here. Among the other work carried out by the
Laboratory mention may be made first of the observations at Lake Baikal
in the early 1980s which have shown that short-period (10 Hz) P- and S-
waves in the Baikal zone spread far and that microseismicity in the
transverse faults of the lake bottom is higher than in the longitudinal ones,
which is contrary to the earlier generally accepted view.

Secondly, the first measurements of ocean bottom seismic oscillations
in the low-frequency range are not trivial: no such measurements had been
made before in the USSR and very few elsewhere because of the lack of
suitable equipment. The Laboratory of Seismology, in conjunction with
other agencies, has developed a prototype of an analog-digital seismic
station with a passband 0f0.01-10 Hz. This station, along with a deepwater
hydrophone, was used for observations totalling 18 h each in the Atlantic;
at a depth of 1350 m around the Canary upwelling and at a depth of 960 m
over the Reykjanes Ridge south of Iceland; and for some longer observa-
tions in the North-Aegean trough in the Mediterranean.
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Spectra of ocean bottom seismic noise have been plotted and these
have been found to be very similar in different study areas. In addition to
the well known noise minimum in the 10 Hz region, a minimum in the
0.05-0.1 Hz range has been detected — a discovery which is very prom-
ising with regard to the ocean bottom recording of surface waves from
strong quakes and the application of their dispersion to studying the depth
structure of the ocean lithosphere.

4. Current and temperature measurements in the bottom boundary
layer

The pop-up stations described in chapter 2. have a high positive
buoyance and, therefore, in addition to the seismograph, their deepwater
part can carry some other sensors.

The "Potok’ self-contained digital current-and-temperature meter, now
mass-produced by the Oceanological Design Department of the USSR
Academy of Sciences, was the first such meter to be used. For the Labora-
tory, the studying of water currents in the bottom boundary layer is
important for two reasons: (1) we wish to know the mechanism by which
such currents produce noise in a seismograph, (2) we wish to try to record
tsunamis in deep water. But apart from marine seismology, the dynamics
of the benthic layer is now a major challenge to oceanographers in general.

"Potok’ meters were first put to work in the spring of 1986, but it was
not until after the spring of 1988, when the time intervals for averaging
current and temperature values had been reduced to 225 s (sometimes even
to 112 and 28 s) and the exposure of the sea-bottom instruments extended
to 40 days, that valuable scientific results began coming in.

Benthic currents overfields ofiron-manganese nodules in the
north-eastern Pacific

Two stations were placed over the Clarion and Clipperton Fracture
Zones and in the Guatemalan basin in February-March 1988. They were
equipped with sediment traps and instruments for measuring (1) two
horizontal components of current speed and the water temperature (’Po-
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tok’); and (2) salinity, temperature and pressure (STP) and the content of
oxygen (02 dissolved in water. The stations were at 5000 m and 3600 m,
respectively. The study areas are known to abound in iron-manganess
nodules (IMN) related to the gently sloping sides of the abyssal hills.

Measurements showed variation both in STP values and 0 2 content
and in the benthic dynamic characteristics. A benthic storm lasting longer
than 48 hours, with the benthic current speed, averaged over intervals of
0.5 h, reaching 13.5 cm/s, was recorded within a 36-day spell. The storm
was found to be related to a deep-penetrating synoptic whirl, and the facies
conditions of IMN formation were found to be associated with benthic
dynamics. The Mn was found to be coming to the Guatemalan basin from
the Galapagos rift and not from the central part of the Pacific, as had
previously been supposed.

‘Warm * benthic storms off Crete

During the July 1988 sea-bottom seismological experiment off Crete,
three stations were fitted with ‘Potok’ meters placed 2.5 m above the
sea-bottom. The stations were dropped at a depth of 1780 m on the
south-eastern slope of Crete (A), at a depth of 1530 m in the Kassos strait
(B) and at a depth of 1745 on the Rodos submarine ridge edged by the Pliny
trench on the north (C). Station B recorded 10 benthic storms, whose
duration took 15% of the recorded time, within a week. The current speeds
during the storms rose sharply from the meter’s sensitivity threshold
(L cm/s) to 4.4-8.5 cm/s. During one of the storms, unlike any of the others,
the water temperature was found to rise stepwise by 0.4°. Station A
recorded a similar storm but at a different time. Station C did not register
any thermodynamic processes on the sea-bottom.

Petrological analysis of the suspended sediments from the trap at
Station A, among other considerations, has led us to claim that the sea-bot-
tom stations recorded some turbidity currents generated above them, in the
upper parts of the submarine slopes. This means that an essentially new
mechanism for vertical water motion in the World Ocean and oxygen
transfer to sea depths seems to have been discovered. The ’cold’ storms
recorded by Station B appear to be relics of some complex system of
counter-currents in the Kassos strait.
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Semi-diurnal migrations ofthe Canary and Mauretanian currents

A station fitted with a ‘Potok’ meter was placed in July-August 1988
on the submarine slope of the African continent, 85 km west of Cap Blanc,
in the Atlantic. It worked for a week. It happened to lie on the borderline
between the warm Mauretanian current flowing along the coast from south
to north and the cold Canary current flowing somewhat west of it from
north to south. The benthic currents, sometimes as fast as 26 cm/s, were
found to change direction steadily twice during 24 hours (with a period of
11-13 hours) from north-north-east to south-west, with a £ 0.2° tempera-
ture change invariably accompanying it. This indicates that the two currents
are involved in the tidal movement of the ocean and that the borderline
between them now advances towards the African coast, now recedes from
it. This movement of the borderline, as the sea-bottom station records show,
is not a smooth-flowing process but is the result of the penetration of the
cold masses of the Canary current into the warm waters of the Mauretanian
current (which contributes to the well-known phenomenon of the Canary
upwelling).

Change of current speed with depth in the bottom boundary layer

In September 1988, two stations were dropped on the submarine
Reykjanes ridge, south of Iceland. They were 100-200 m apart, one — as
usual — with a ‘Potok’ meter, 2.5 m from the sea-bottom, the other with a
string of ‘Potok’ meters deployed 5, 10, 15 and 25 m above sea bottom.
The stations were at work for four days. According to their records, the
bottom boundary layer was in a very unstable state because at different
horizones the times when currents become stronger and weaker did not
coincide. But, at the same time, at all horizons a few benthic storms were
found to occur synchronously. The speed of water motion grew higher, not
as one would expect away from the bottom, but approaching the bottom.
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Benthic currents in the Mediterranean deep-water basins

Self-floating sea-bottom stations with 1 to 5 ‘Potok’ meters were
placed at 11 sites within the system of the Hellenic trenches and the Crete
basin in October-November 1989. A steady mass transfer, with the benthic
current up to 8 cm/s, was recorded (up to a depth of 5110 m in the lonian
trench). The water temperature in the bottom boundary layer in the lonian
Sea was found to have increased abnormally. A steady anticyclonic circu-
lation, with the speed of the stream on the periphery of the whirl up to
16 cm/s, was recorded in the Crete basin (at depths of 2000-2200 m).

5. Some considerations regarding further ocean bottom
seismological observations and investigations of the bottom
boundary layer

The experience accumulated by the Laboratory, particularly the disco-
very that land-based stations are not sensitive enough to get detailed and
reliable information on sea-floor seismicity, has led us to believe that
long-term observations using ocean bottom seismographs should be carried
out before proceeding to the realization of any costly engineering project
connected with seismically active sea-floor regions. This especially app-
lies to projects of bridges or tunnels across the Gibraltar and Messina straits.

It also applies to offshore marine oil and gas platforms which are
erected in seismically hazardous sea-floor areas, in particular in the south
shelf of Alaska, on the north-eastern shelf of Sakhalin Island, and on some
areas of shelf in south-east Asia, the North Sea and elsewhere.

Observations based on ocean bottom seismographs are also useful in
epicentral areas where violent earthquakes and tsunamis are most likely.

As far as investigations of currents and temperature in the boundary
layer are concerned, they are useful throughout the world’s oceans, notably
in areas of powerful geostrophic currents such as the Gulf stream and the
Kuroshio and in all straits.
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A TENGERFENEK-SZEIZMICITAS ESA MELYTENGERI ARAMLATOK
RESZLETES VIZSGALTA

S. L. SOLOVIEV

A tenger alatti foldrengések méréséhez sziikséges miszerek és alapvet6 mddszerek
csoportositasa utan a dolgozat sorra veszi a Szeizmologiai Laboratérium altal végrehajtott
tengerfenéki szeizmol6giai méréseket és a Laboratorium sajat fejlesztésli miszereit.
Megallapitja, hogy a szarazfoldi mérések nem regisztraljak a tengerfenék rengéseinek
jelent8s hanyadat. Mivel a tenger alatti mér6allomasok egy csoportja a szeizmografokon
kivil mas szenzorokkal, tobbek kdzott aramlas- és hémérsékletmérdvel is felszerelhetd,
a Laboratérium tanulmanyozta a tengeri aramlatokat és a hatarréteg h6mérsékletét is, és
a kutatasok eredményeit ajelen dolgozatban ismertetik a szerzdk.
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OETANbHBIE NCCNEALOBAHNA CENCMUYHOCTU MOPCKOIO AHA U
rNYBOKOBOAHbIX TEYEHWW

C. 1. CO/10OBbEB

Mocne knaccupukaLnm NnprbopPoB N OCHOBHLIX METOAOB PErUCTPaLUN MOPCKUX
3eMneTpsaceHni Ba paboTe paccMaTpuBaOTCS M3MEPEHNS CEiICMUYHOCT MOPCKOro
[lHa, BbIMONHEHHbIe JlabopaTopuei CelicMonormu, a Takxxe paspabotaHHas B Jla6o-
patopumn annapatypa. [enaeTcs BbIBOA O TOM, UYTO 3HauUTeNbHas AONS MOPCKUX
3eMneTpsAceHnii He (MKcMpyeTcs Ha cyule. MOCKO/bKY HEKOTOpble U3 MOABOAHbIX
CeCMMYECKNX CTaHLMiA MOryT 6biTb 060pPYyf0BaHbl HE TONbKO ceiicmorpagamu, HO
TaKXe WU ApYrumu gaTymkaMmu, B TOM Yuciie M npubopamm no M3MepeHunto NoABOAHbIX
TeuyeHWit n Temnepatyp, JlabopaTtopueli M3y4yeHbl TakXe W MOPCKUE TEYEHUs U
Temneparypbl NOrPaHUYHOro CM0s, NpUYeM pesynbTaTbl UCCE[0BAHWI U3naratoTcs
B HacTosLLel paborTe.






ERRATUM

The acknowledgment that the authors should have included at the end
of their paper

‘PRE-TERTIARY BASEMENT CONTOUR MAP OF THE
CARPATHIAN BASIN BENEATH AUSTRIA,
CZECHOSLOVASKIA AND HUNGARY’

published in Geophysical Transactions Vol. 36. Nos. 1-2 was omitted, the
editor has therefore been asked to publish the following:
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