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GRAVITY MEASUREMENTS IN THE EASTERN MEDITERRANEAN

By R. I. B. COOPER, J. C. HARRISON anp P. L. WILLMORE
Department of Geodesy and Geophysics, University of Cambridge

(Communicated by Sir Gerald Lenox-Conyngham, F.R.S.—Received 19 December 1951)

During 1950 measurements of gravity at sea were made in H.M. Submarine Talent in the eastern
Mediterranean. Forty-six stations were occupied in the neighbourhood of Malta and Pantelleria,
seventy-three stations in the part of the basin east of a line from Cape Matapan to Benghazi and
in the southern part of the Aegean sea, and six stations on two east-west lines between Malta and
Crete. Measurements were also made in the harbours of Malta, Tunis, Famagusta and Candia
and at six sea stations which had been occupied by previous observers. A critical discussion is
given of the accuracy of the results, which are presented both in tabular form and as maps of
isostatic anomalies. No attempt is made in this paper to interpret their significance.

1. INTRODUCTION
(a) Objectives

There are several geological problems connected with the Mediterranean whose solution
would be advanced if adequate gravity information were available. The western part of
the area has been surveyed with considerable thoroughness by Marti (1935) and by
Cassinis (1935). Their results, together with a few due to Vening Meinesz (1932) have been
reduced and discussed by Coster (1945). A number of stations near Sicily and in the
Tonian Sea were occupied in 1931 by Cassinis (1935), who also occupied forty-nine stations
in the eastern Mediterranean in 1935 (1942); there are here also a few isolated stations
occupied by Vening Meinesz (1948). Several surveys have been conducted on the adjacent
coastal areas, but these have not been reduced on a common basis.

The first of the outstanding problems concerns the islands of Malta and Pantelleria,
which occupy isolated positions near the edge of a shallow platform south of Sicily.
Malta consists of Tertiary limestones and sandstones which dip gently away from the edge
of the platform. The south-south-west coast presents a steep face to the sea and is almost
certainly a fault. Parts of Malta and Gozo and the intervening sea have been down-
faulted along a series of north-east—south-west faults but few other signs of tectonic activity
are apparent. Borings made on Malta have not penetrated below the Tertiary beds. An
area of positive anomalies in south-eastern Sicily (Morelli 19464) appears to continue as
far south as Malta: a detailed survey would show whether Malta was an independent
tectonic unit or a vestigial feature of an extension of the Ragusa plateau.

Pantelleria is a volcano which last erupted in 1891 (Washington 190g). It can be seen
from the Admiralty Chart (no. 165) that Pantelleria, though very close to the edge of the
platform, is separated from it by water at least 200 fathoms deep, whereas between Malta
and Sicily no such channel exists. Itis, therefore, possible that the volcanism of Pantelleria
indicates the existence of a line of crustal weakness which runs in a north-west—south-east
direction, skirting Malta to the south-west, and that Malta represents the vestiges of a large
area of Tertiary cover which has been inundated by the sea.

VoL. 244. A.889. (Price 6s.6d.) 70 [Published 17 June 1952

The Royal Society is collaborating with JSTOR to digitize, preserve, and extend access to [[& )2

Philosophical Transactions of the Royal Society of London. Series A, Mathematical and Physical Sciences. IINORY
WWWw.jstor.org


http://rsta.royalsocietypublishing.org/

j A Y

Y |

A A

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A B

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

534 R. I. B. COOPER AND OTHERS ON THE GRAVITY

Eastwards from Malta the next area of special interest is Crete and the southern Aegean.
Cassinis’s measurements (1942) showed that negative free-air anomalies up to — 150 mgals
existed south of Crete, but that large positive anomalies characterized the southern
Aegean, especially near the volcano of Santorin (4100 mgals). It seems very likely that
the Peloponnesus and the islands of Kithera, Crete, Scarpanto and Rhodes form an island
arc joining the mountain chains in Dalmatia to the Taurus mountains in Anatolia. It is
tempting to make an analogy with the island arcs of the East and West Indies, but this
analogy is by no means complete. For example, although the depth of the sea south of
Crete exceeds 2000 fathoms, there are no features apparent from the existing charts which
could be called ‘deeps’, nor is there a chain of volcanoes running through the islands.
Earthquakes of intermediate depth (mean depth 130 km) occur both inside and just
outside the arc; there are, however, no signs of a dipping plane of shear such as has been
clearly shown for the East Indian and Japanese foci.* However, there is sufficient re-
semblance to suggest that is a less strongly developed feature of the same type. It was
proposed to throw light on this by making a number of radial traverses south of Crete.
Only a few stations were planned in the south Aegean, because it was considered that
Cassinis’s work had already given a satisfactory picture of the gravity field on the inside
of the arc. 4

One of the most outstanding problems in the eastern Mediterranean is the existence,
in Cyprus, of the largest known positive isostatic anomalies in the world (Mace 1939).
In a discussion of this paper, Bullard has already pointed out that the material of the island
itself would be insufficient to account for the large values measured (over + 150 mgals),
and that the island must be underlain by a great thickness of dense rock, possibly equal
to the whole thickness of the crust. The anomalies on the island diminish rapidly towards
the north, south and west, and these strong gradients are believed to be partly responsible
for the discrepancies between the geodetic and astronomical differences of position of
stations on the coast of the island. The impression is formed that the mass responsible for
the anomalies has only small lateral extent except possibly towards the east or north-east.
The Kyrenia range, which runs along the north coast of Cyprus and extends in a narrow
peninsula for some 40 miles to the east-north-east, is also a feature of considerable interest.
It was considered, therefore, that several stations should be occupied in the Gulf of
Iskanderun and between Cyprus and the Syrian coast, as well as at several points round
the island some 20 or 30 miles from the coast. Gravity measurements have been made in
Syria and the Levant by Lejay (1938) and discussed by De Cizancourt (1948). It is
unfortunate that no gravity data are available in Turkey. Apart from the geological
interest of the results, the gravity data would be of great value in helping to determine the
geodetic co-ordinates of Cyprus.

The last principal objective of the survey was a study of the continuation of the gravity
field of the Nile Delta northward into the sea. There are some pendulum stations on the
delta itself (Cole 1944) and a harbour station of Vening Meinesz at Alexandria. It was
believed that a detailed survey of the delta itself was being made by a prospecting company,
and that these results would eventually be available for consideration together with the
results of the present survey. The study of deltaic areas affords a useful opportunity to

* See, for example, Gutenberg (1949).
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assess the resistance offered by the earth’s crust to a steadily increasing load of sediments.
In addition, this particular delta lies near the junction of the Red Sea rift and the Jordan
Valley rift and may have special characteristics. Two measurements were made at sea by
Vening Meinesz to the north-west of Alexandria, and it was proposed to extend these by
two more radial lines of stations to the north of Damietta and to the east-north-east of
Port Said.

Although there are many more problems in the eastern Mediterranean it was clear that
the solutions of these four would be useful pointers in studying the general tectonic
picture. The results would further be useful in guiding additional work of a similar nature.
Any future reconstruction of the geological history of the area must clearly be capable of
explaining the gravity data. Apart from the purely geological objectives of the survey,
the results would provide additional connexions between the various coastal surveys, and
give useful data for studying the geoid.

Submarine gravity work in the eastern Mediterranean would be favoured by the
prevalence of calm water and the low velocities of surface currents. There are several
harbours which may be visited for routine maintenance of the apparatus, renewal of
stores, and development of the photographic records but few of these are sufficiently
sheltered for base-station swings except under unusually calm conditions. There are no
navigational aids, and the charting of some of the land may be inaccurate. Soundings,
except near shipping lanes, are sparse, but could be supplemented by further data obtained
during the cruise. Despite these drawbacks it was considered that the experience gained
during the three previous British submarine gravity surveys would ensure success.

(b) Organization

The proposal that the survey should be undertaken was made by the Department of
Geodesy and Geophysics of the University of Cambridge to the Royal Society in 1949.
It was given full support, and the Society agreed to make the necessary funds available.
The matter was referred to the Defence Services Research Facilities Committee under the
. Chairmanship of Sir David Brunt. The Board of Admiralty allocated H.M. Submarine
Talent for the work, which was successfully carried out during the summer of 1950.

Two of the authors (R. I. B. C. and P. L. W.) took part in the expedition, which was
based on Malta, where the submarine was due to complete her refit in April 1950.
A preliminary visit was made in March to give instructions for the fitting of the auxiliary
equipment, particularly the special deep echo-sounder. As a result of the excellent co-
operation received from H.M. Dockyard all was ready when the gravity apparatus
arrived in H.M. Fleet Auxiliary Bacchus at the end of April. During May the equipment
was installed, base-station swings were made, and a number of local measurements and
trials carried out. Mr B. C. Browne flew out from England to take part in these operations.

At 10.00 h on Friday, 2 June, Talent set sail for Tunis, taking in all the stations of the
Malta-Pantelleria area. A landing was made on Pantelleria by boat, and the opportunity
was taken to collect fresh geological specimens for specific-gravity determinations.

Further base-station swings were made at Malta, which showed that the lengths of the
pendulums had not changed significantly during the first fifty measurements. Some delay

was caused by the failure of the crystal-controlled frequency standard, and a spare was
70-2
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flown out from England. It was possible to sail on the second part of the cruise, however,
at 16.00 h on Thursday, 22 June. This part of the expedition included calls at Melos,
Samos, Rhodes, Beirut, Famagusta and Candia. In Cyprus the authors had the good
fortune to meet Mr Burdon, the chief geologist to the Irrigation Department, who very
kindly took them by motor-car to collect specimens for specific-gravity determinations
from sites widely distributed on the island, and he also gave considerable help in identi-
fying the rocks. Further specimens were collected at Melos, Samos and Crete. The sub-
marine returned to base at Malta at 14.00 h on Sunday, 28 July, and after the completion
of satisfactory base-swings, the apparatus was dismantled and returned to England.

Altogether 119 new measurements were made. Harbour swings were made at four bases
and, in addition, five stations of Cassinis and one of Vening Meinesz were reoccupied as
checks. This brings the total number of gravity measurements at sea in the area to 205,
so that some progress may now be made with the geological interpretation.

2. APPARATUS AND TECHNIQUE
(a) General

The observations followed in general the procedure formerly described (Browne &
Cooper 1950, 1952). Parts of the equipment have been described separately (Cooper 1949).
The measurements of gravity were made with a stabilized Vening Meinesz three-pendulum
apparatus, the pendulums being timed by means of a quartz-crystal controlled frequency
standard, which was rated in turn against the time signals from Rugby (GBR). It was not
possible on this occasion to compare the fundamental crystal frequency (100 kc/s) with
any standard broadcast frequency, since the Mediterranean is not within radio range of
Droitwich (200 kc/s) and the signals emitted from WWYV (10, 15, 20 and 25 mc/s) are of
an unsuitable form for the. apparatus. Two crystals were, however, standardized at a
number of steady temperatures before and after the cruise, one being intended as a spare,
and the temperature in the frequency standard was read during each observation on
a mercury-in-glass thermometer. A thermograph recorded the temperature inside the
submarine continuously so as to detect any rapid variations which might have caused
a difference between the temperature of the thermometer and that of the crystal in the
frequency standard. Some further remarks on the timing are reserved to a later sub-
section (§2(4)).

The pressure of the air in the boat wasread from two portable survey aneroids which were
tested before departure at the National Physical Laboratory over a wide range of tempera-
tures and pressures. Their readings were compared with those at the Meteorological
station at Luqa airport, while in Malta, but checks were not possible elsewhere. The dif-
ferences between their readings, after applying the corrections recommended by the
N.P.L., never exceeded 0-5 mm Hg, and on return they were found to agree within
0-5 mm Hg with a single check against a standard mercury barometer.

. The acceleration recorder ‘was carried and one or two records were taken, but at our
usual diving depth of 90 ft. there was never enough disturbance to make the records worth
reading. The depth of the submarine was continuously recorded during each run, but
the depth-keeping was so good that only four first-order acceleration corrections were
significant.
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In most places the water was too deep to make it possible to use taut-wire gear to
determine the speed of the submarine over the bottom. It had, therefore, to be estimated
from the log, which was calibrated before the cruise during a submerged run and on the
surface over a measured mile at Malta. Allowance was made for the drift due to surface
currents by comparing astronomical or land fixes with dead-reckoning. The positions of
the observation stations were determined by astronomical methods and by land-fixes
when available. Some further remarks on navigation are made below (§2(¢)). The depth
of the water below the keel in shallow areas was recorded by the Admiralty pattern
echo-sounding set normally fitted in T-class submarines, and in deep areas by a specially
installed deep echo-sounder similar to that used in 1946.

The pendulum apparatus was stabilized so that the centre pendulum acqu1red only
a very small amplitude during each observation. In this way the time required to compute
the results of the survey was.reduced to about one-third of its normal value. Moreover,
consistent results were obtained under very ‘bumpy’ conditions in the harbours of
Famagusta and Candia, where a simple trial showed that unstabilized observations were
impossible. The measurement at Famagusta has since been checked by a gravimeter
connexion with Nicosia and found to be within 0-7 mgal of the more reliable value (see
§3(c) below). Conditions in the harbours of Rhodes and Beirut, where continuous strong
winds were blowing into the harbour mouth, proved too severe, however, for stabilized
observations to be possible.

Trouble was again experienced due to rotation of the pendulums while swinging on
their agate planes (Browne & Cooper 1952). This is discussed in more detail in §2(d)
below.

(b) The timing system
As explained above, the rate of the crystal in the frequency standard was deduced from
the temperature measured by the thermometer inside it, making use of a calibration curve

taken in the laboratory. The following figures show that this procedure was generally
satisfactory:

mean rate mean temp. expected rate
period (x10-7) (° Q) (x10-7)
1 July 20.00 h to 7 July 12.00 h 50-8 37-9 51
15 July 12.00 h to 23 July 12.00 h 515 37-4 52

"The mean rates were calculated from the time signals received from Rugby (GBR), and
the mean ambient temperature was read from the continuous record given by the thermo-
graph. It was found that the temperature inside the frequency standard exceeded the
ambient temperature by a constant amount for the ranges and for the rates of change of
temperature experienced.

The reliability of the instantaneous rates depends on the consistent operation of the
dividing circuits, which generate the 1000 c/s supplies for the clock motors from the 100 kc/s
frequency of the crystal. Considerable trouble was experienced with the dividing circuits
in the frequency standard during this voyage. After leaving Malta for the first part of the
cruise, one of the two clocks, which were run continuously from the frequency standard in
order to obtain the comparison with the time signals, stopped frequently. At first a
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mechanical fault was suspected, since only one clock was affected, and since the motor, re-
sponsible for interrupting the recording light beam in the pendulum apparatus and also
driven from the frequency standard, ran successfully throughout each observation.
During station no. 115, however, this motor stopped but the clocks did not. After this,
the precaution was taken of operating the second shutter (minute mark shutter) from
the contacts of a clockwork sidereal chronometer instead of from the contacts of one of the
clocks. This chronometer had been regularly wound and rated at the same time as the
crystal-controlled clocks from the very beginning of the work. Its instantaneous rate could
not be relied upon to better than about 0-5 part in 105 (equivalent to 10 mgals). No
observations were lost, except no. 119, where the chronometer was not wound the previous
evening owing to an oversight.

Attempts were made to locate the cause of the trouble but were unsuccessful until the
laboratory facilities of H.M.S. Forth, the submarine depot ship, became available after
Talent’s return to Malta. It was found possible for a small change in tuning of the harmonic
generating circuits to cause division by factors other than ten. It was, therefore, possible
for the circuits to become very sensitive to small alterations in the operating conditions,
such as, for example, changes in h.t. voltage. Sudden changes of phase of the 1000 c/s
voltage with respect to the 100000 c/s voltage would then occur at random. This slipping
seemed to take place mainly in the circuit producing division from 10000 to 1000 c/s.
As a result of this experience it was considered that, even after careful inspection and
accurate alinement of the circuits, no great confidence could be placed in the continuous
operation of the standard. A spare was accordingly flown from England. The spare crystal
was installed, and both frequency standards were taken on the second part of the cruise.

Before setting off, a beat counter was constructed aboard H.M.S. Forth which recorded
the beats at 1000 c/s between the two standards. The clicks of this counter could be heard
about every 2} min, and a slip in either set of dividing circuits would instantly draw
attention if it occurred during an observation. The mechanical operation of the counter
was, however, not sufficiently reliable for it to be possible to be sure that no slips occurred
when the apparatus was not being watched. The rate of the beats was counted during each
observation and afforded a further useful check on the rates of each standard.

This system was in operation for all stations between no. 140 and no. 182 and, after this,
although the dividing circuits in the spare frequency standard failed and could not be
brought into adjustment, the original continued without interruption until the end of the
voyage. It is therefore considered that the timing at all the stations after no. 140 may be
relied upon to 1 part in 107.

In the Malta-Pantelleria area individual consideration is necessary for stations nos. 115
to 139. It has already been pointed out that a sudden slip in the dividing circuits did not
necessarily stop all the motors run from the frequency standard. Therefore, even if the
interrupter motor giving timing marks did run throughout an observation, it was still
possible that one or more slips had occurred. A slip of 1x107%s in an observation of
about half an hour’s duration would give an error of about 1 mgal. Even if the clocks
ran all day, it still did not guarantee that there were no slips during an observation although
it reduced the probability very greatly. It is possible to argue statistically, however, in the
following way. '
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During the period from 11.00 h on 5 June (departure from Pantelleria) until 19.00 h
on 6 June (arrival at Tunis) one clock at least continued to run. Its mean rate during this
interval, obtained from the time signals, was (59:84-2:0) x 1077, and the mean rate
expected from the récorded temperatures was (58:54-1-0) x 10~7. The difference is not
significant, and we may further assert that no systematic difference greater than about
3x 1077 could have been present. Since slipping may cause either an apparent gain or
loss of the clock, then during any one observation occupying half an hour the amount of
slipping would be about /¢ times as great as the amount in 32 h, or about 4:3+1073% s;
this is equivalent to an error of only +4 mgals in the value of g calculated from the
measured period. For the period 11.00 h on 9 June (departure from Tunis) until 11.00 h
on 11 June (arrival in Malta) the two estimates of mean rate show a similar agreement.
This argument assumes that the slips occur at random and are not specifically caused by
the operation of the rest of the apparatus. Since the clocks were never observed to stop
during an observation this seems justifiable.

In the case of those records where minute marks were provided from the sidereal
chronometer but where the interrupter driven from the frequency standard ran con-
tinuously, it was possible to compute the instantaneous rate of the sidereal chronometer
in terms of the rate assumed for the crystal from a knowledge of its temperature. This was
done for stations nos. 113, 120 to 123 and 130 to 139, and it was found that the instan-
taneous rates of the sidereal chronometer so determined differed from the mean rates by
as much as one-third of a second per day. The mean difference for all fifteen stations was,
however, only one-thirtieth of a second per day. This suggested either that the sidereal
chronometer was disturbed by the waves while on the surface or that it had a large winding
correction. Some experiments were done with a view to determining the winding correc-
tion after return to Cambridge. The drift of rate of the instrument under laboratory
conditions prevented any precise conclusions. Itis therefore evident that these calculations
did not afford any useful check on the behaviour of the dividing circuits during these
observations.

"From our former arguments, however, it seems that for all stations for which the
interrupter motor or either clock ran continuously it is reasonable to assume that the
rate was that to be expected from the temperature noted in the frequency standard
within 2 parts in 10°. This leaves only stations 116, 119 and Tunis doubtful. Station 119
is almost certainly to be disregarded for the reason mentioned, station 116 is probably
within 4-20 mgals, and Tunis is separately discussed later.

(¢) Navigation

Standard astronomical methods were used to determine the positions of the stations.
As far as possible stations were occupied at times close to those at which observations of
position were made, to avoid errors in dead-reckoning. These times were just after sunrise,
midday, and just before sunset. For those stations near enough to land, fixes could be
obtained by bearings on conspicuous landmarks.

In the Aegean and near the coast of Crete and Turkey it was often found that the
astronomical positions were 2 or 3 miles different from those fixed off the land, using the
standard Admiralty charts. Under the excellent conditions which usually prevailed, it
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was considered unlikely for errors of observation to exceed 1 mile, and they were usually
found to be in the same sense for a number of points on the same chart. The possibility
of errors in the charts themselves was therefore considered.

It was further noticed that the positions on the Admiralty Charts did not always agree
with the positions of the maps in the International 1:1000000 series. Fortunately, all the
discrepancies turned out to involve the longitude only, and therefore the values of y; to
be assumed for the stations are not affected. Comparisons were made between Admiralty
charts 2606, Crete to Alexandretta, etc.; 2836 a, Grecian Archipelago-Southern Sheet, and
Maps NJ 35, Aegean; J36, Ankara; G20, Heraklion; G 18, Scarpanto-Rhodes. If we
accept the maps, which were all later publications than the charts, as being correct, then
the following corrections should be applied to the charts:

Rhodes Light, Cape Marmoris, Cape Khelidonia—reduce longitudes by 3-0" E.

Cape Sidero, Koupho Nisi Island, Unio Nisi Island—educe longitudes by 1-3" E.

These corrections are closely in agreement with the observations by Lt.-Commander
Stanbury. We have been informed by the Hydrographer of the Navy that Admiralty
Charts in this part of the Mediterranean are in process of being revised, when many of
these differences, none of them navigationally dangerous, will disappear. In certain cases
the charts contain notes about longitude errors. Comparisons between the maps and
charts in the west of the southern Aegean did not reveal any discrepancies, although the
observations suggested reductions of latitude here by 1-7° N.

The procedure adopted in deciding on the positions of the stations to be quoted in this
paper was therefore as follows:

(1) For stations nos. 98 to 144 and 222, for stations nos. 145 to 148 and nos. 217
to 221 and for stations nos. 160 to 164, 166 to 204 and 210 to 216 no corrections are
required to the original figures.

(2) For stations nos. 149 to 157 the mean of the astronomical and land-fixed positions
has been taken where both are available; if only one or the other method was used the
position has been accepted without correction.

(3) For stations nos. 158, 159 and 165 the land-fix has been corrected by —3-0’ E longi--
tude.

(4) For stations nos. 205 to 209 the land-fix has been corrected by —1-3" E longitude,
and then the mean taken ofthis and the astronomical position where both methods were used.

In this way it is believed that the uncertainty of the positions quoted may be taken to
be 41’ in latitude and +1-5" in longitude. ‘

(d) Rotation of the pendulums

This phenomenon has already been described (Browne & Cooper 1952). In that paper
it is stated that, after remounting the apparatus so that the pendulums swung in a fore-and-
aft plane, no further trouble was experienced. This way of mounting was therefore adopted
when installing the apparatus for the present cruise. Nevertheless, the phenomenon again
made its appearance but only on certain stations, and no clearly definable set of conditions
appeared to govern it. The trouble was never bad enough to cause the light beams to fail
to record, and no observations were lost in this way. There is, however, no means of
knowing whether the observed values of gravity were affected.
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During the Malta-Pantelleria section the phenomenon occurred at the following
stations: nos. 117, 128 to 132 and 136. At station no. 132 the effects of altering the engine
revolutions and of diving to 150 ft. were investigated without improvement. In the
second section of the cruise, stations nos. 141, 145 and 146 were affected; a brass plate was
then fixed between the pendulum box and the outer gimbal cradle to increase the rigidity
of the mounting in the athwartships direction. This appeared to have cured the trouble
until the effect reappeared on station no. 158. Small coils of 1 in. rope were then placed
under the feet of the apparatus to insulate it against vibration. This again seemed to effect
a temporary cure until station no. 173 was reached. Stations nos. 173, 175 and 177 to 181
were all affected. During this period, experiments showed that the effect was not caused
by any machinery in the boat unless it were the main motors, not even by the generators
supplying power to the apparatus, which were mounted immediately below the adjacent
deck covers. Unstabilized runs were made without rotation occurring, while the apparatus
was running from batteries only during stations nos. 182 and 183. Upon closer inspection
it was found that the spacing between the stabilizer magnet and the armature attached
to the pendulum frame had become much less than its normal setting. By consulting the
diary which was kept for all maintenance checks it was discovered that this had last
been inspected after station no. 168. After resetting the spacing no further trouble was
experienced.

The conclusion seems to be that the pendulums rotate so easily on their agate planes
that very slight changes in the conditions of disturbance can move them. Increasing the
rigidity of the apparatus in its frame and insulating it against vibration reduces the chances
of rotation but cannot guarantee that it will not occur. A reduction in the gap between
the stabilizer magnet and its armature would increase the chances of instability. Tests
made on previous.occasions (Cooper 1949) have shown that the stabilizer does not cause
rotation when it is correctly adjusted. The exact nature of the disturbances which are
involved remains obscure, because its occurrence is not apparently correlated with, for
example, the roughness of the sea, the depth of the dive, or the speed of the boat.

Eighteen stations in all were affected during the present survey. At four of these, two
runs were completed at the same station, rotation occurring on all of them. The results
are self-consistent, as table 1 shows.

TABLE 1. DOUBLE STATIONS WITH ROTATION

(free air anomalies in mgals)

station no. first result second result
132 + 203 + 249
145 + 11-8 + 134
146 — 67-0 — 64-7
175 —111-7 —114-8

This consistency does not exclude the possibility that both observations are wrong by
nearly the same amount. In the survey of the English Channel (Browne & Cooper 1952)
it was found that at station no. 52, for example, consistent runs were taken with rotation
which were 10 mgals lower than consistent runs taken when no rotation occurred. Although
the trouble at this station was more severe and the measurements with rotation were made

Vor.244. A. ‘ 71
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while swinging the pendulums athwartship, it must be conceded that the values of gravity
quoted for the eighteen stations just cited are open to objection. They, nevertheless, fit in
smoothly with the general trend of the anomalies.

The anomalies quoted in table 5 for the stations in table 1 are the means of the above
values except for station no. 132. Here the first result is based on half an hour’s observation
under standard conditions and the second on only a quarter of an hour under different
conditions of engine speed; the first result has been used alone.

3. THE GRAVITY VALUES
All values are based on

g (Pendulum House, Cambridge) =981-265 cm/s?.

This value has been chosen because nearly all previous gravity surveys based on Cambridge
have used it and it has now been accepted as the basis for the gravity survey of the British
Isles. The connexions between this value and the Potsdam standard are uncertain
(Jeffreys 1948), but no definite conclusions have been reached.* The uncertainty in the
value has been assumed to be + 0-7mgal r.m.s. error, as suggested by Bullard & Jolly (1936).
It is worth considering, however, what the effect of a change in the base value would be.
It would not affect the comparisons made at Malta, Tunis or Famagusta, because these
values are reliably connected to Cambridge, but it would affect the present survey relative
to some others in the area, notably that of Cassinis. '

The positions of the stations and of all other previously occupied sea stations in the area
are shown on map 1. '

(a) Changes in the lengths of the pendulums

Base-station swings were made at Cambridge before and after the cruise, and on three
separate occasions at Malta, where a reliable value of gravity is now known from subse-
quent measurements (Harding 1950). These results are summarized in table 2.

The agreement between the swings taken at Lazaretto Creek on 14 May with those
taken on 24 July is good. The swings taken on 20 June are not so reliable as the others.
One of them (result enclosed in brackets) was interrupted by the passage of a motor-boat,
and the period was computed from readings of coincidences in the slow-running portion.
This observation has been given one-third of the weight of the other two in calculating
the means. One of the other observations has rather a small value for the difference in
periods of the two pendulums. The evidence for a real change in the lengths during the
middle of the cruise is, therefore, not compelling, and we shall assume that no such change
occurred. o

The value of gravity at no. 3 Dock obtained by Harding and corrected for elevation
was 979-8872 cm/s?, and this was based on a value of gravity at Commerce Base, Washing-
ton, D.C., U.S.A., of 980-1190 cm/s?2. We therefore write

g (Commerce Base) —g (no. 3 Dock) = +0-2318.
To obtain the value at no. 3 Dock on the system in use in this paper, we note

¢ (Pendulum House) —g (N.P.L.) = +0-072240-0005
g (N.P.L.) —g (Bureau of Standards) = +1-0967 4 0-0002
g (Bureau of Standards) —g (Commerce Base) = —00192-0-0001.

* But see footnote on p. 547.
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Therefore
g (Pendulum House) —g (no. 3 Dock) = 1-3815.

Therefore g (no. 3 Dock) =981-265 —1-382

- =979-883 cm/s%

The connexion between the National Physical Laboratory, Teddington, England
(N.P.L.) and Pendulum House is a little uncertain. The value quoted here is the mean
of that given by Woollard (1950) and by Cook (1950). The connexion between N.P.L.
and the Bureau of Standards at Washington is that by Browne & Bullard (1940) and seems

TABLE 2. BASE-STATION OBSERVATIONS

Pendulum House, Cambridge, g=981-265 cm/sé ; latitude 52° 13’ N; longitude 0° 06" W; height 82 ft.
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T, T, difl. T+ T;)
date (s (s (10-7s) (s)
7.1i. 50 0-503,9072,3 0-503,9020,3 52-0
- 9077,2 9016,5 60-7
9082,3 -~ 9019,9 62-4
9071,0 9012,6 58-4
mean 0-503,9075,7 0-503,9017,3 58-4 0-503,9046,5
Lazaretto Creek, Malta, g=?; latitude 35° 54-0’ N; longitude 14° 29-9’ E; height 0 ft.
14. v. 50 0-504,2628,0 0-504,2572,0 56-0
2629,6 2567,6 62-0
2629,0 2567,9 61-1
mean 0-504,2628,9 0-504,2569,2 59-7 0-504,2599,0
No. 3 Dock, Malta, g=979-883 cm/s?t; latitude 35° 52-8’ N; longitude 14° 310" E; height 0 ft.
17.v. 50 ‘ 0-504,2619,4 0-504,2569,1 50-3
2617,5 2571,8 45-7
mean 0-504,2618,5 0-504,2570,4 48-1 0-504,2594,4
Lazaretto Creek
20. vi. 50 (0-504,2625,5) - (0-504,2569,2) (56-3)
s 2575, 35:5
: 2622,2 2572,9 49-3
mean 0-504,2617,9% 2573,5% 44-4%* 0-504,2595,7*
Lazaretto Creek
24. vii. 50 0-504,2620,8 0-504,2574,9 459
2622,8 “2571,0 51-8
2630,4 2573,2 57-2
2635,1 2561,9 73-2
2628,2 2570,8 57-4
mean 0-504,2627,5 0-504,2570,4 57-1 0-504,2599,0
Pendulum House
16. viii. 50 0-503,9071,1 0-503,9014,6 56-5
9070,5 9012,6 57-9
9070,6 9013,7 56-9
mean 0-503,9070,7 0-503,9013,6 57-1 0-503,9042,2
mean of (7, + T,) at Cambridge 0-503,9044,4
3T, +T,) expected at Cambridge, based on g (no. 3 Dock) 0-503,9042,4
mean value assumed at Cambridge for computing results 0-503,9043,7

All swings stabilized.
1 Harding (1950).

* Mean weighted in accordance with the recommendations in the text.
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to be very reliable. The connexion between the Bureau of Standards and Commerce Base
is given by Woollard.

It appears from the results that the changes in the lengths of the pendulums, which
are equivalent to —4-3x1077s change in the mean period, occurred mainly on the
way out from England to Malta. It has seemed wisest, however, to take a straight-
forward mean of the three sets of observations. The r.m.s. error in the results, due to
uncertainty in the period to be assumed, is then 4-1-0 mgal.

(b)) Temperature and pressure coefficients

These were taken to have the same values as had been determined prior to the work
carried out in 1948, namely,

pressure coefficients of all pendulums - 670-0 X 1077 s/atm
temperature coefficient of pendulum no. 1 480403

temperature coefficient of pendulum no. 2 43:64+0-1 x1077s/°C.
temperature coefficient of pendulum no. 3 47-94-0-1

The mean temperature coefficient of pendulums nos. 1 and 3 was redetermined after the
cruise and found to be 48-:2. Only two temperatures were used, and since the main source
of error in such determinations lies in the variations of ambient temperature during the
measurements in the heated room, the uncertainty of this value can only be estimated.
Itis probably about 1 9%,. There seems no reason not to accept the values formerly obtained
by carefully repeated experiments.

(¢) Accuracy of the observations

The accuracy of a single observation at sea of g on the Potsdam standard reduced to
sea-level may be studied by means of table 3a. In latitude 35° N the E6tvés correction
amounts to 6-1 mgals/knot east-west. Surface sets of as much as 1 knot were detected on
rare occasions in this area, but it was never possible to know what currents operated at
a depth of 90 ft. The allowance of 2-5 mgals r.m.s. error for this cause is only an estimate.
Errors in the log were eliminated by running all stations on a north-south course, except
where the proximity of the land made this unsafe; in this case the speed could be
checked accurately by fixes taken on the land before and after diving.

The r.m.s. error in a single free-air anomaly is greater than the r.m.s. error in g due to
the uncertainty in latitude. If this be taken as +41-0’, equivalent to +1-5 mgals, we
obtain +3-4 mgals r.m.s. error in a free-air anomaly.

The r.m.s. error in a single Bouguer anomaly depends both on the error in measuring
the depth of water at the station itself and on the error in estimating the depth of water
in the vicinity. The r.m.s. error in measuring the depth may be taken to be no greater
than +12 fathoms, equivalent to 41-0 mgal. On the other hand, the error in finding
the mean depths of the nearer zones depends on a number of factors and can only be-
estimated in particular cases. In areas of moderate relief it is usually very small. We,
therefore, obtain 4-3-6 mgals r.m.s. error in a single Bouguer anomaly.

The r.m.s. error in a single isostatic anomaly is greater still by the error involved in the
reduction. For this area with its dearth of soundings it is considered that this may
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amount to 43 mgals. The r.m.s. error in a single isostatic anomaly may therefore be
~ 4+4-6 mgals.

The r.m.s. error in a single measurement of g in harbour can be found by eliminating
the irrelevant errors from table 3a, to be 4 1-6 mgals. This assumes steady conditions,
but the principal real source of error in such measurements lies in the presence of com-
ponents of acceleration near to the pendulum periods, brought about by the bumping of
the boat against the side. The action of the stabilizer reduces this effect, but it is not known
to what extent. -+ 1-6 mgals is probably an under-estimate of the error to be expected at
Famagusta and Candia but may apply to Malta and Tunis. The swings in no. 3 Dock at
Malta were taken in dry dock with the submarine jacked up and, therefore, effectively on
land.

The r.m.s. error of one sea station observation of g relative to another may also be found
from table 3a to be +2-8 mgals. The dominance of the error due to uncertainties in the
E6tvos correction makes the relative accuracy of any of the anomalies much the same as
their individual accuracy. Certain stations at which the sidereal chronometer only was
in operation, or at which rotation of the pendulums occurred, have greater r.m.s. errors,
and notes to this effect are given in the table of gravity values.

The above conclusions are summarized in table 3.

TABLE 34. ROOT MEAN SQUARE ERRORS IN A SEA-STATION OBSERVATION OF g
RELATIVE TO PoTSDAM

uncertainty mgals mgals? reference
in g at base +0-7 0-49 §3
in period at base +1-0 1-00 §3(a)
in computing period +1-0 1-00 Cooper (1949)
in Eotvés correction +2-5 6-25 see text
in depth correction +0-2 0-04 Browne & Cooper (1950)
in first order correction +0-6 0-36 Browne & Cooper (1952)
in second order correction +0-5 0-25 Browne & Cooper (1950)
sum of squares of errors 9-39
total r.m.s. error +3-1

TABLE 3. ROOT MEAN SQUARE ERRORS OF THE VARIOUS
TYPES OF OBSERVATION

r.m.s. error mgals

in g at sea, relative to Potsdam +3-1
in free-air anomalies at sea :
in Bouguer anomalies at sea

in isostatic anomalies at sea

.in g in harbour, relative to Potsdam, under quiet conditions
in g at sea, relative to another station at sea

> W

4+
b9+ i 09 09
o ele e o N

(d) Comparison with measurements by other observers

Observations were made at five of Cassinis’s sea-stations, at one of Vening Meinesz’s
sea-stations and in harbour at Tunis and Famagusta. The results of these determinations
are shown in table 4.

Since all the positions of our stations are less than 1 mile from the check stations, with
the exception of the station in Tunis quoted by Lagrula, it has been thought satisfactory
to compare free-air anomalies. At Tunis, since the topography in the neighbourhood of
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both stations is not very irregular, Lagrula’s Bouguer anomaly without terrain correction
should be comparable with our free-air anomaly.

Inspection of this table reveals that only two stations, namely, 7alent no. 153 and
Famagusta, agree within the expected limits of experimental error. There does not
seem to be any possibility of gross differences in the base values assumed for the various
surveys.* Cassinis’s stations were based on Genoa, g=980-557 cm/s?, which agrees with
the conclusions of Morelli (19465), who made a careful adjustment of many European
gravity connexions, including three ties to Genoa. Vening Meinesz’s stations are based on
De Bilt, g=981-268 cm/s?, which cannot be in doubt by more than 1 or 2 mgals; Lagrula’s
value is based on Bouzarea (Observatory), g=979-917 cm/s? (Lagrula 1935). Harding’s
value at Tunis has been adjusted to the Pendulum House base by a similar process to that
of §3(a) above. The value obtained by the Iraq Petroleum Company at Famagusta,
which was measured specially at the authors’ request and which they are allowed to
publish by the courtesy of the company, is based on Nicosia, g=979-847 cm/s%, which is
the value obtained by Mace (1939) based on Pendulum House, Cambridge. Other
possible sources of error should, therefore, be considered. :

Cassinis’s work in 1931 was carried out with two clockwork sidereal chronometers which
were carefully rated by two methods against time signals from three radio stations.
Variations of rate of as much as 4-2s/day were observed, but the rates usually varied
smoothly. Nevertheless, the difference between the mean periods of the pendulum esti-
mated from the two chronometers was occasionally more than 50 x 10-7 s (for example,
station no. 75). '

At station no. 66 the estimate differed by 14 x 1077 s and at station no. 70 by 21 X 107 s.
During 18 September 1931, when station no. 66 was occupied, the rates of both chrono-
meters seemed fairly steady, but during 20 September, when station no. 70 was occupied,
the instantaneous rates of both were changing rather rapidly, the one from 2 s/day loss
early in the morning to more than 2 s/day gain in the evening, the other from a very
small loss in the morning to more than 1 s/day loss in the evening. It seems possible to
attribute an r.m.s. error of about 410 mgals to these causes, but even then the dis-
crepancies at these stations are rather large and both are of the same sign. ,

Cassinis’s work in 1935 was carried out with an extra chronometer, but has not been
reported in sufficient detail for any criticism of the results to be possible. At stations nos. 9
and 38 there is also a large difference in the depths of the water recorded by him and by us
and some errors in navigation may be involved. The very large error at station no. 38 is
difficult to explain; our value seems to fit in well with the general trend of the neighbouring
anomalies. Vening Meinesz’s measurements were also made with clockwork chronometers;
he estimates his probable error at station no. 41 as 4-15 mgals but at Tunis as only
42 mgals. The latter harbour he visited twice on different voyages, in October 1923 and
November 1926, obtaining values which were only 3 mgals different from each other
(Vening Meinesz 1932). Nevertheless, it seems best to assume that Harding’s value here
is the most reliable of the three. Our value is not very reliable because of the difficulties

* Recent pendulum measurements by Cook have suggested that the Cambridge base value on the
Potsdam scale is some 0-004 cm/s? too low. This helps to reduce the discrepancies with Vening Meinesz
and with Cassinis but not by very much.
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experienced with the crystal-controlled frequency standard. Only two of the five observa-
tions taken were successful. During these two, the frequency standard appeared to be
operating satisfactorily, the temperature in the boat was steady, and the disturbance of the
waves was imperceptible. The results agreed within less than 1 mgal, and it is the mean
of these which is quoted in tables 4 and 5

A check was also made on the 1nternal consistency of our own measurements at sea.
Station no. 162 was occupied twice, once on 1 July between stations nos. 161 and 163 and
once on 15 July between stations nos. 200 and 201. The values obtained differed by only
3-0 mgals; the mean is quoted in table 5. Since the uncertainties in position and changes
in the lengths of the pendulums are involved in this comparison, the result supports our
estimates of error.

(e) The isostatic reductions

‘The reductions of stations nos. 97 to 144 and 222 were carried out by one of the authors
(J. G. H.), and the remaining stations were reduced by the Isostatic Institute at Helsinki
through the courtesy of Dr W. A. Heiskanen and Dr E. Niskanen.

In addition, the forty-nine stations of Cassinis (1942), which have not been reduced
before, were reduced by J. C. Harrison and are included in this work for the sake of
completeness (table 6). The stations occupied by Cassinis in 1931 have been reduced by
Coster (1945) and need not be quoted again.

The Airy-Heiskanen hypothesis with crustal thickness 7'=30 km has been used because
it has been found to fit best in many other areas. The results obtained give a clear picture
of the important features of the area. Itisimmediately evident that no isostatic hypothesis
could reduce the range of anomalies much below 300 mgals and, therefore, no reductions
for alternative hypotheses are given here.

The maps used for determining the mean heights of the zones were the International
1:1000000 series, Monaco charts 1:6000000 and Admiralty charts. These were supple-
mented by the soundings taken on the present expedition, by soundings taken by the
Discovery and by soundings taken by various American vessels and kindly made available
to us by the U.S. Navy through the British Admiralty.

(f) The gravity anomalies

The full details of the gravity determinations, including the free-air, Bouguer and iso-
static anomalies, are given in table 5. The details of the reductions may be consulted on
application to the authors. The isostatic anomalies are shown also on maps 2 and 3. Our
values only are shown at the check stations mentioned in §3 (d) above.’

4. TECHNICAL CONCLUSIONS

It is evident that the measurement of gravity at sea is still a task of some difficulty
despite recent advances in technique. This is principally because so much apparatus is
involved that its maintenance is a serious strain on the resources of two observers. No
more than two can be carried without overcrowding the accommodation.

The stabilizer appears to offer advantages well worth the small extra trouble required
to maintain it. The acceleration recorder might safely be dispensed with in areas where

VoL. 244. A. 72
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it is fairly certain that no storms of great size are likely to be encountered during the period
of the cruise. The automatic depth-recorder requires careful handling but is probably
worth retaining for measurements being made in the fore-ends of the submarine.

There is evidently room for improvement in the design of the dividing circuits in the
frequency standard which was used, and it is clearly unwise to rely on a single standard
only. A reliable beat counter should be installed between two 1000 c/s outputs to ensure
that no slips occur at any time without being noticed.

The uncertainty in the E6tvés correction remains the principal source of error in deep
water away from land. No satisfactory method of overcoming this defect has so far been
proposed. Although the vibration gravimeter described by Gilbert (1949) offers consider-
able advantages for submarine work, it appears from this work that the Vening Meinesz
pendulum apparatus is as accurate as is necessary when all other sources of error, affecting
all types of gravity-measuring instruments, are taken into account. It is not clear that
the vibration gravimeter and its electrical equipment would be any less bulky or that the
problem of its maintenance would be any easier. On the other hand, it would present the
advantage of immediateness of reading and of being less affected by wave disturbance, on
account of its much higher frequency (1000 c/s).

The interpretation of the results will be discussed in a separate paper.

Our thanks are primarily due to the Royal Society for sponsoring and financing the
expedition; to the Lords Commissioners of the Admiralty for allocating H.M. Submarine
Talent to undertake the work, and to Professor N. E. Norlund and the Danish Geodetic
Institute for lending us once again their Vening Meinesz pendulum apparatus. Special
mention must be made of the Hydrographer of the Navy, the Flag Officer Submarines,
the Admiral in charge of Malta Dockyard and the Captain of H.M.S. Forth and their
* staffs, both naval and civilian. Lt.-Cdr F. W. Challis, D.S.O., R.N., who was in command
of H.M. Submarine Talent, and all his officers and men contributed much to the success
of the expedition by their co-operation. The specialist navigating officer, Lt.-Cdr (N) R. N.
Stanbury, D.S.0., R.N., was untiring in his careful and accurate observations.

Professors W. A. Heiskanen and E. Niskanen arranged for the calculation of many of
the isostatic reductions in the International Isostatic Institute at Helsinki. Special
measurements of gravity were made at Malta by arrangement with Dr G. P. Woollard
and at Famagusta by the Iraq Petroleum Company, to confirm that the lengths of the
pendulums had not changed during the survey. Dr H. F. P. Herdmann, of the British
Museum of Natural History, made extensive soundings in the area during the summer
cruise of R.R.S. Discovery. _

One of the authors (R.I.B. C.) wishes to thank the General Board of Cambridge
University for granting him leave of absence to conduct the expedition. J. C. Harrison
is receiving a grant from the Department of Scientific and Industrial Research and
Dr P. L. Willmore is the holder of an Imperial Chemical Industries Research Fellowship.
All the authors acknowledge with gratitude the advice and assistance which they have

received from Mr B. C. Browne.
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