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ABSTRACT

The average of 33 heat flow measurements located
throughout the eastern Mediterranean Sea is 0.74±0.30
HFU. No correlation exists between the observed heat
flow and other types of geophysical data. The variability
of the heat flow data is slightly higher in areas of
rough sea floor relief.

The average of 24 heat flow values in the western
Mediterranean is 2.33±1.01 HFU, over 50% greater than the
world average of 1.4 HFU and nearly three times the
average measured flux through the eastern Mediterranean.
The mean. of 12 measurements located in the Mediterranean
west of Sardinia and Corsica is 1.83±0.55 HFU. Heat flow
values ranging from 1,35 to 3.15 HFU are distributed
throughout the western Mediterranean basin without any
apparent pattern.

The average of 12 heat flow values in the Tyrrhenian
Sea is 2.83±1.07 HFU. An area of uniformly high heat
flow (3.38±0.16 HFU) exists in the southeastern half of
the Tyrrhenian basin. Measurements on and north of the
Tyrrhenian abyssal plain are more variable and high
values (up to 4.14 HFU) are found throughout the entire
basin.

The average of 19 heat flow measurements in the Black
Sea is 0.84±0.32 HFU. The average flux through the
eastern and western halves of the Black Sea is nearly
equal. Measurements at which the highest values were



obtained tend to be located on the margins of the Black

Sea, rather than in the central basin. This pattern is

probably caused by thermal refraction of heat away from
the thickly sedimented basin and a lower sedimentation
rate on the margins. Sedimentation in the Black Sea has

reduced the equilibrium heat flow by a factor of two or
more. The equilibrium heat flow through the floor of
the Black Sea, corrected for the effects of both sedi-
mentation and refraction, is estimated as 2.7 HFU.

Environmental corrections to the heat flow values

measured in the Mediterranean are smaller. The average

equilibrium heat flow through the eastern and western

Mediterranean Seas is estimated to be 0.9 and 2.9 HFU,

respectively.

The abnormally high and low heat flux through the
floors of the western and eastern Mediterranean,
respectively, may be interpreted in terms of plate
tectonics. The western Mediterranean and, in particular,

the Tyrrhenian Sea, has many of the geophysical properties

of a marginal sea behind an island arc system, including
abnormally high heat flow. Conversely, the eastern

Mediterranean, located seaward of the Cretan. island arc,
may be underlain by lithospheric material sinking beneath

the Aegean Sea and depressing the isotherms in the
upper mantle, thus producing the observed regionally low
heat flux.

M. Gene Simmons
Thesis Supervisor............................................

Professor, Department of Earth and Plan-

etary Sciences, Massachusetts Institute
of Technology
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INTRODUCTION

1.1 REGIONAL SETTING

Tectonic processes ranging from continental drift

to volcanic activity depend upon thermal enerzy for their

existence. Knowledge of the thermal state of the upper

mantle beneath the Mediterranean-Alpine area can provide

important constraints on possible models of its origin

and history. The marine heat flow measurements reported

in this thesis are a first step to provide reliable

data relevant to the thermal state of the upper mantle In

this extremely interesting area.

The Mediterranean and Black Seas, along with the

Adriatic and Caspian Seas, are located in the western

third of the zone of Cenozoic tectonic-activity which

extends from the Strait of Gibraltar east to the island

arcs of the East Indies (Holmes, 1965). The Eurasian

continental block north of the Aloine zone has been

generally stable since the Late Paleozoic Hercynian orogeny.

The stable African, Arabian, and Indian crustal blocks

form the southern boundary of the zone (Klemme, 1958).

The 8 enerally east-west alinment of the zone of

Alpine folding and geologic evidence for north-south

compression (Brinkmann,1960) have resulted in a widely-

held belief that the zone marks the area affected by the

collision of remanents of the proto-continent Gondwanaland

with the Eurasian continental mass. Recent advances in
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geophysical techniques, particularly the use of paleo-

maznetic data (Raven, 1960) and the recognition that

processes within the upper mantle can determine the con-

figuration and mobility of the earth's crust (Shimazu,

196?; Menard and Chase, 1965; Bott, 1965) have strensrthened

the basic hypothesis that the Alpine zone is an area of

north-south compression. The small ocean basins within

the Alpine zone are, in themselves, of unusual scientific

interest because they have many geophysical characteristics

of both oceanic and continental areas (Menard, 1967,

Ritsema 1969a). Geoloic evidence, reviewed by De Booy

(1969) and Pannekoek (1969), suggests that areas in the

western Mediterranean now covered by 2 or 3 km of water

and underlain by thin crust and upper mantle structure

characteristic of oceanic areas, formerly were sources of

elastic, terrigenous sediment now immobilized in the

flysch sequences of the Alps, Appenines, and Atlas.

mountains. Within the eastern and western Mediterranean

Seas, arcuate structures characterized by seismic, vol-

canic, and tectonic activity are similar veophysically to

Pacific island arcs. The Mediterranean arc structures

and ocean basins may be a consequence of the attempted

assimilation of continental crust within the astheno-

sphere, as discussed by McKenzie (1969).
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1.2 GEOGRAPHIC SETTING

The western Mediterranean Sea is the entire body

of water west of Italy and Sicily. It is cut longitudinally

by the islands of Sardinia and Corsica into the Tyrrhen-

ian basin to the east and the western Mediterranean basin

to the west (Figure 1). The Balearic abyssal plain, the

Alboran basin, the Rhone fan, and various continental

and island rises are distinwuished within the western

Mediterranean basin as separate physiographic provinces in

Figure 2. Similarly, the Tyrrhenian basin includes the

Tvrrhenian abyssal plain, and the Sardinian, Corsican,

and Sicilian island rises, as well as the continental

rise west of Italy. In this manuscript, the phrase

Tyrrhenian basin refers to the deeper, southern half of

the Tyrrhenian Sea.

The shallow water area between Sicily and Africa,

referred to as the Sicilian platform, divides the eastern

and western Mediterranean Seas. The eastern Mediterranean

Includes the Ionian Sea west of Greece and the Levant

Sea south and east of Crete. The deepest areas in the

eastern Mediterranean are located in the southwestern

Ionian Sea and along the southwestern coast of Greece

(see Figure 3)

The Cretan island arc consists of the islands of

Rhodes, Karpathos, Crete, Andikithera, and Kithera. The

Mediterranean ridge is a broad, arcuate topographic bulve
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separated from the Cretan island arc on the north by

the Hellenic trough system, and flanked on the south by

topographic lows at the base of the African continental

rise. It extends from the heel of Italy eastwards almost

to Cyprus (Figure 4). Cyprus forms the southwestern

edwe of the shallow Cilicia plateau, which extends north

and east from Cyprus to Turkey and Lebanon, respectively.

It will be convenient to refer to the eastern,

western, and central deep-water portions of the Black

Sea as the eastern, western, and central Black Sea basins,

althouah, as shown in Figure 5, the basins are not defined

bathvmetrically. The margins of the Black Sea are defined

as that part of the seafloor shallower than 2000 m, and

vary from a width of a few tens of kilometers south of

the Crimean peninsula to hundreds of kilometers in the

shallow, northwestern corner.
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1.3 REVIEW OF GEOPHYSICAL DATA

A broad understanding of geophysical data from the

Mediterranean-Alpine region is necessary in order to

provide a framework in which to interpret the new heat

flow data presented in this thesis. In the next section

data relevant to the aeneral area is presented, followed

by sections in which the geophysical characteristics of

the western and eastern Mediterranean and Black Seas

are reviewed.

1.31 Alpine-Mediterranean Area

1.311 Earthquake Distribution and Mechanisms

The Mediterranean is part of a broad, east-west

trending seismic zone that includes the Himalayas.

Narrow branches pass southeastward through the Red Sea

and westward from Gibraltar to the mid-Atlantic ridge.

Although the seismicity of the Mediterranean-Alpine area

is higher than that in the more stable areas to the north

and south, the average level of activity is only a fraction

of that associated with the island arc structures around

the Pacific.

Studies of the regional seismicity of Europe and the

Mediterranean by Kirnik (1967), and more recently by

Dorman and Barazangi (unpublished data, 1968), reveal that

seismic activity is strongly concentrated on the Balkan

peninsula along the eastern.coast of the Adriatic Sea,
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and extends southeast in a broad are to include southern

Greece, the Aegean Sea, western Turkey, and parts of the

northern Levant Sea (see Figure 6). Areas of moderate

seismicity include the southern Tyrrhenian Sea and the

Appenine peninsula, the Caucasus, the Carpathians, and

the Mediterranean coast of North Africa. Earthquakes

are absent in most of the other regions.

Only two deep focus earthquakes have occurred out-

side the Pacific seismic belt; one at a depth of 450

km beneath the southern Tyrrhenian Sea and another, 600

km beneath southern Spain. Intermediate dzpth (50 to

300 km) events occur beneath the Tyrrhenian Sea, the

southern Aegean, and the Mediterranean Sea near the

Cretan arc. Additional mantle earthquakes are found in

the Carpathians and Caucusus mountains, and beneath

western Turkey and the Caspian Sea.

Seismic activity is concentrated along the western

and southern coasts of Greece, with well defined maxima

in the Ionian Sea near the entrance to the Gulf of Corinth

and in the area of Crete and Rhodes (Galanopoulos, 1963).

Within the southern Aegean Sea, shallow and intermediate

depth earthquakes are uniformly distributed north as

far as the inner volcanic arc. Delibasis and Galanopoulos

(1968) reported that the maximum epicentral depth in-

creases eastwards from about 100 km at 200 E to 200 ki

0
at 28 E. No evidence is found for the occurrence of the

foci on a -plane dipping beneath the Aegean Sea, as might
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be expected by analogy with other arcuate island chains.

Earthquakes are absent in the Ionian and Levantine basins

south of the axis of the Mediterranean ridge. Both

shallow and intermediate depth epicenters exist near

Cyprus and the Hecataeus mountains,

Ritsema (196 9a) reviewed source mechanisms and

orientations of the principle stresses for eastern

Mediterranean earthquakes. He noted that shallow earth-

quakes occurrinw along the Dalmatian coast and in western

Greece were of the transcurrent fault type and involved

sinistral fault motions along roughly NW-SE striking

fault planes. Earthquakes in the vicinity of Greece,

the Aegean Sea, and the Cretan arc are characterized by

transcurrent faultinz on steeply dipping planes due to

primarily horizontal tensional stresses. Shirokova

(1967) arrived at essentially the same conclusions after

studvinw the mechanisms of shallow focus earthquakes.

Ritsema (1969a) noted that focal mechanisms of

earthquakes occurring within the mantle usually show

greater uniformity and are of a different type than

shallow ones. Only a few solutions for mantle quakes

exist for the eastern Mediteranean. These are generally

consistent with either thrusting of the mainland of

Greece over the Ionian Sea or upward motion of the Ionian

Sea relative to the mainland.

Ritsema (1969b) reached similar conclusions re-

zardinz the distribution and mechanisms of earthquakes
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in and adjacent to the Tyrrhenian Sea. Within the last

50 years, 25 quakes of magnitude 5 or larger have been

detected in the southern Tyrrhenian Sea to depths as great

as 450 km. Although the intermediate and deep foci are

not distributed along a well-defined plane dipping beneath

the Calabrian arc, foci near land are mostly between 40

and 100 km deep and increase in depth further seaward to

between 210 and 320 km. Ritsema noted that the maximum

stress for these earthquakes generally dips about 60

towards the west-northwest, in accord with a tectonic

model in which oceanic lithosphere dives in an oblique

angle under the continental plate.

Dextral transcurrent movement along east-west fault

planes is characteristic of earthquakes which occur

eastward from the mid-Atlantic ridge past the Strait of

Gibraltar and along the Mediterranean coast of North

Africa, as well as along the northern Anatolian fault zone.

Western Turkey and the southern Aegean are characterized

by northeast-southwest faulting. The change in the

direction of movement from east-west to northeast-south-

west occurs in the area of maximum seismic activity between

Rhodes and Crete.

Earthquakes within the Black Sea are confined to

the narrow continental margins and are particularly

numerous at depths between 10 and 40 km in a small area

southeast of the Crimean peninsula. Zverev and Mironova

(1967) observed unusually high attenuation of intermediate



31

velocity compressional waves in the vicinity of the zone

of hixh seismicity. Levitskaya (1961) noted the tendency

for the distribution of epicenters to dip at about 45

beneath Crimea.

Intense local seismicity in the Vrancea region of

the Carpathian mountains west of the Black Sea is evident

above the moderate seismic activity associated with the

remainder of the Carpathian mountain chain. Radu and

Purcaru (1964) noted that only 10% of the 450 events

which occurred between 1935 and 1962 in the Vrancea

region were shallower than 100 km. Shocks occur either

at depths wreater than 100 km, or shallower than 60 km;

the rezion between is essentially aseismic. First motion

studies of earthquakes deeper than 100 km show the

maximum compressive stress is horizontal and perpendicular

to the general tectonic trend. Ez (1964) analyzed

recent tectonic movements in the rewion and concluded

that the earthquakes reflect differential vertical move-

ment along the boundaries of the Carpathian tectonic block

which is rising while the adjacent areas are sinking.

A seismic zone associated with the northern Anatolian

fault parallels the south coast of the Black Sea. Over

16 m of right lateral horizontal and 4 m of vertical

displacement have occurred along this fault over a

period of 18 yr (Ketin, 1957). An apparent westward

migration of epicenters of 1650 km along the fault zone

between 1930 and 1953 was suggested by Karnik (1964).
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Other seismic zones exist within and south of the Sea

of Marmora, along the eastern coast of the Aegean Sea,

and In south-central Turkey (Lahn, 1949). Preliminary

fault plane solutions for Anatolian earthquakes by Canitez

and Uqer (1967) show that both vertical and horizontal

motions occur in response to compressional and tensional

forces.

The existence of a belt of earthquakes extending

from the eastern end of the Black Sea southeast across

the Caucasus into the Caspian Sea and east into south

central Asia was noted by Tskhakaya (1961) and Solov'ev

(1961). The epicenters of the 400 earthquakes investigated

were, almost without exception, located in the upper 10

km of the crust. Of the 5 earthquakes constituting

exceptions, 3 had epicenters between 70 and 80 km deep

and were situated in the eastern part of the Caucasus;

the remaining 2 earthquakes occurred at depths of 100

and 150 km beneath the Caspian Sea. Caucasian earthquake

mechanisms generally involve horizontal or subhorizontal

compressive stresses oriented perpendicular to the trend

of surface features (Shirokova, 1967).

1.312 Upper Mantle Structure

The structure and seismic propertles of the upper

mantle are known in greater detail beneath the western

Mediterranean than beneath the eastern Mediterranean. The
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dispersion curve obtained for Love and Rayleigh waves

traveling between Algeria and Spain was described by

Payo (1965) as "typically oceanic". Payo (1967) repeated

this conclusion in a later paper and added the observation

that a siwnificantly thicker and lower velocity crust

exists beneath the eastern Mediterranean.

The shear velocity structure beneath the western

Mediterranean basin was studied by Berry and Knopoff (1967)

usina phase velocity data obtained with long-period

vertical seismometers. An ultra-low shear velocity

(4.10+0.05 km/see) channel exists only 50 km below the

central Dart of the basin and drops to a depth of 100 km

around the margins, as shown in Figures 7 and 8. Berry

and Knopoff found it necessary to introduce a layer of

hiaher velocity material into their model between the

7.7 km/sec refracting layer found by Fahlquist (1963) at

a depth of 12 km, and the top of the low-velocity channel.

Recently Pavo (1969), using both phase velocity dis-

Dersion and travel time data, successfully modeled the

western Mediterranean crustal and upper mantle velocity

structure usinz the same sedimentary layers as were used

in Berry and KnoDoff's (1967) model, which were, in turn,

based on Fahlquist's (1963) seismic refraction data.

Payo determined a similar upper mantle structure which

included slivhtly hiaher shear velocity in the low velocity,

channel (4.20 rather than 4.10 km/sec) and an 8 km rather

than a 4 km thick basaltic layer as proposed by Berry and
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Knopoff (196?).

Both surface wave dispersion and body wave travel

time data have been interpreted as indicatinir the existence

of an important low velocity zone in the upper mantle

beneath the eastern Mediterranean Sea at a depth of 100

to 150 km (Payo, 1967, 1969). Papazachos (1969), usinv

phase velocity data from Rayleigh waves propap-atin between

Athens and Helwan, determined a crustal thickness of

19 km with an "extra-thick" sedimentary layer and a low

shear velocity (4.3 km/sec) layer between the depths of

about 59 and 219 km. The phase velocity of Rayleiah

waves traveling south from Athens to Helwan is areater

than for waves travelinz from Helwan to Athens, and

Papazachos (1969) suggested that a sloping Mohoroviclc

discontinuity (down to the north) is probably responsible.

Molnar and Oliver (1969) studied lateral variations

in the attenuation of short-period shear (Sn) waves travel-

Inw alona different paths through the uppermost mantle

above the low velocity zone. Cn a worldwide scale, they

found that Sn waves propavate very efficiently across the

stable reQions of the earth, the continental shields,

and deep-ocean basins, but. that propagation is very

inefficient for paths which cross the crests of the mid-

ocean ridge system or the concave sides of most island

arcs. They interpret these observations in terms of plate

theory, as indIcating that "the part of the strong outer

shell, or lithosphere, In the mantle is discontinuous
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with zaps In it at the ridges and island arcs."

Sn waves propagate efficiently along paths which

cross the Baltic shield and western Europe. High attenua-

tion of shear waves was observed when paths included

Cenozoic oro6enic areas. Transmission of Sn waves is

inefficient for paths across the western Mediterranean

Sea; the eastward extent of the low Q zone is not well

defined, but may terminate beneath the Ionian Sea. East

of Crete Sn waves propagate through the upper mantle

beneath the eastern Mediterranean, however, no tnnsmission

occurs for paths north of the Cretan arc whIch include

either western Turkey or the Aegean Sea.

1.313 Published Heat Flow Data

The estimation of the average heat flux through the

crust of the earth is made difficult by the 6lobal distri-

bution of heat flow values. Reliable data is available

from sliahtly more than 25' of the earth's surface; data

is lacking from larve parts of Africa, South America and

Antarctica, and from high latitudes in all of the major

oceans. In addition, a disproportionate number of marine

heat flow measurements are located in the axial regions of.

the mid-oceanic ridges. The arithmetic mean -of all heat

flow data (1.65 HFU) and the mean of the heat flow values

averaged over 5 by 50 regions (1.52 HFU) calculated by

Horai and Simmons (1969) are probably higher than the

1.0 heat flow unit (HFU) is equal to 10 cal/cm sec.
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global average. Langseth (1969) estimated the average

heat flow by extrapolating existing data into areas where

no measurements were available, based on the observed

correlation between geologic province and heat flux. He

calculated a global mean flux of 1.35 HFU, and suggested

that this value should be increased to 1,4 HFU to account

for heat lost through volcanic activity at the mid-ocean

rEdges. The value of 1.4 HFU appears to be the best

estimate of the average heat lost through the crust and

will be used to represent "normal" or "average" heat flow

throughout this manuscript.

Heat flow has already been determined by other investi-

zators in the Mediterranean Sea. The measurement by

Bullard and Day (1961) on the Alboran abyssal plain was

one of the early measurements made at sea. The results

of this and later measurements are listed in Table 1.

Heat flow values at stations CH21-18 and CH43-27 have

unacceptably large uncertainties and will not be considered

further. Three of the remaining reliable measurements

are located in the western Mediterranean, the fourth

measurement is in the Ionian Sea. The measurements,

located in widely separated and dissimilar physiowraphic

regions, ranre from 0.64 HFU in the Ionian Sea to 2.50 HFU

near the base of the Rhone fan.

The average of 11 marine heat flow measurements from

the southern Adriatic Sea is 1.32+0.34 HFU (Lavenia,

1967). Values range from 0.87 to 1.24 HFU in the southern
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Adriatic basin. Higher values (1.98 to 2.48 HFU) were

measured on the walls of the basin; these values may be

an indication of slumping, thermal refraction, or of an

Instability in bottom water temperature. Although the

reliable determination of the heat flux throuch the

southern Adriatic is of great geophysical interest, it

appears unwise to iacorporate Lavenia's data without

careful evaluation of the extent to which it is representative

of the equilibrium regional heat flow.

Seven heat flow values have been reported from the

Black Sea. Sysoyev (1963) measured the thermal gradient

in the floor of the Black Sea using 2 reversing mercury

thermometers 2 m apart attached to the outside of a coring

device. Sysoyev estimated the thermal conductivity of the

Black Sea sediments to be 4.0 KU and calculated an

average heat flux of 1.92 HFU. Lubimova (1966) used a

more realistic value of 1.9 KU for the thermal conductivity

and recomputed the heat flux. Again using Sysoyev's

thermal gradient data, she obtained an average flux of

0.87 HFU (Table 2). The average of 383 thermal conductivity

measurements made on Black Sea sediments by the author is

2.18 KU; using this value an average heat flux of 1.05

HFU is obtained.

Lebedev et al. (1967) attempted to correct these heat

flow measurements for the effects of both rapid sedimenta-

* 1.0 conductivity unit (KU) is equal to l meal/cm sec C
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tion and refraction of heat due to the contrast in

thermal conductivity between the crystalline rocks at

the margins and the thick sediments in the Black Sea

depression. These two factors, according to Lebedev et

al., reduce the deep-seated heat flux by 25%. Correcting

for these effects, they estimated the average heat flux

through the Black Sea basin as 1.2 to 1.6 HFU.

Non-linear temperature-depth profiles were observed

by the author in the upper few meters beneath the Black

Sea floor. These 7 measurements may not be representative

of the regional heat flow due to the rather short interval

over which Sysoyev (1963) measured the gradient and the

irability of temperature determinations at only two points

to detect a variable thermal gradient. For this reason,

they are not included in the following analysis.

No heat flow data is available for Africa north of

the equator, from the countries adjacent to the eastern

Mediterranean, or from any area in southern Europe

(except the hydrothermal areas in Italy) within 200 km

of the Mediterranean. Clark (1961) and Clark and

Niblett (1956) obtained four values ranging from 1.9

to 2.2 HFU, and a fifth value of 1.4 HFU, in railroad

tunnels through the Swiss and Austrian Alps. Initially

they attributed the above average heat flow to heat

generated in thickened vranitic roots beneath the Alps.

Recently Clark and Jger (1969) estimated the rates of

erosion above three of the tunnels from apparent ages of
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rocks metamorphosed during the Alpine orogeny and from

the depth of burial compatible with the observed mineralogy.

They concluded that 30 to 504 of the observed heat flow is

a consequence of denudation, and that the heat flow

through the Alps is generally less than 1.5 HFU.

Extensive geothermal investigations in Austria and

Hungary (Boldiszar, 1968, 1967a, 1967b, 1964) and in

Czechoslovakia (Cermak, 1967, 1968a, 1968b) have resulted

In the delineation of an area of high heat flow over

the entire Hungarian basin (see Figure 9). Seven heat

flow values in the basinrange from 1.50 to 3.31 HFU and

average 2.4 HFU. The highest heat flow is observed

where the Tertiary sediment cover is thinnest. Refraction

of heat due to the thermal conductivity contrast between

the Mesozoic and Paleozoic basement and the poorly con-

ductin Tertiary sediments is responsible for the ob-

served local variations in heat flux. Three heat flow

values near the inner edge of the Carpathian mountains

adjacent to the northeastern edge of the Hungarian Basin

range from 2.45 to 2.60 HFU and confirm the regional

extent of the high heat flow anomaly associated with

the Hungarian basin; The Vienna basin, shown as VB in

Figure 9, is located between the eastern Alps and the

western Carpathians and separates the Hungarian basin

to the south from the Bohemian massif to the north.

Heat flow in. the Vienna basin increases southward

towards the Hunarian basin. Cermak (1968a) measured
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heat flow of 1.32 HFU in the central basin, and values

of 1.57 and 2.22 HFU at locations in the southern Vienna

basin. Boldiszar (1968) also observed increasinw thermal

gradients southward across the Vienna basin. He assumed

a'thermal conductivity of 4 KU for the Tertiary sediments

in the basin and estimated an average heat flow of 1.2

HFU. The discrepancy between Cermak's and Boldiszar s

results may be due to BoldizsAr's assumed value for the

thermal conductive being too low.

The Vienna basin is underlain by basement equivalent

to the flysch in the Carpathian foredeep. Boldizsar

proposed that average or slightly below average heat flow

exists in the flysch zone of the Alps and Carpathians

and extends eastward from Switzerland to the Ukraine.

Four (preliminary) heat flow values in the Czechoslovakian

part of the Carpathian foredeep ranve from 1.3 to 1.5

HFU (Cermak, 1968b). Two additional values further east

in the foredeep are reported by Boldizsar (1968) as

being in the range 0.75 to 0.84 HFU and 1.1 to 1. HFU

respectively.

The average of 40 heat flow values in the Bohemian

massif is 1.61+0.26 HFU (6ermak, 1968a). The average heat

flow (1.41+0.21 HFU, n = 6) is slightly lower in the

Paleozoic blocks which form the basement of the massif

than the mean (1.49+0.05 HFU, n = 9) in the late Paleozoic

coal basins. The average of 14 heat flow measurements in

the area of the massif overlain by thick Cretaceous sedi-
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ments is 1.71+0.30 HFU. Cermik remarked that the

correlation of heat flow with the geology of individual

tectonic units is very good, and that geolowically older

units are usually characterized by lower heat flow than

younger formations.

The region extending east from the Carpathians to the

Caspian Sea is geolowically, structurally, and thermally

complicated. Within the zone of Alpine folding, heat flow

is high in the Greater Caucasus and low in the adjacent

foredeeps. Heat flow values increase regularly from the

axes of Cenozoic foredeeps towards the limbs; the

increase is gradual in the direction of the stable

Paleozoic platform. However a sudden increase of between

1 and 2 HFU occurs in the zone where the foredeep adjoins

the Greater Caucasus (Makarenko, Smirnov, and Serviyenko,

1968)0

The Stavropol uplift, located on the Hercynian plat-

form northeast of the Greater Caucasus, is the site of

a well-defined heat flow maximum of 2.05 HFU (average

of 32 measurements), possibly associated with Tertiary

magmatic activity (Makarenko, Polak, and Smirnov, 1968),

Because of the production of oil and gas in the area,

the region of the Apsheron peninsula west of the Caspian

Sea has been the subject of extensive geothermal investi-

vations. Within this region both positive and negative

thermal anomalies are created by the conversion of kinetic

energy into thermal enerzy, changes in temperature
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associated with expansion or compression of Pas through

tectonic or artificial processes, and exothermic or endo-

thermic chemical reactions. Mass transport of heat

associated with the removal or replacement of oil by

diffusion through porous rock can also create local thermal

anomalies. Hiwh heat flow anomalies are observed over

mud volcanoes both on land and beneath the Caspian Sea.

Lebedev et al. (1967) distinwuisned geothermal zones

coincidinw with the main tectonic elements of the Crimean

peninsula. Furthest to the north, on the southern margin

of the Russian platform, heat flow values range from

0.62 to 0.79 HFU (Lubimova, 1964), similar to values ob-

tained on other Pre-Cambrian shields. The Paleozoic

Hercynian platform south of the Russian platform is

characterized by highly variable heat flow values ranwinw

from 0.8 to 2.5 HFU, with an average flux of about 1.3

liU (Lebedev et al., 1967). They attributed the varia-

bility to the effects of topowraphy, structures in the

sedimentary complex, and regional differences in the

history of sedimentation. Heat flow values between 1.1

and 1.2 HEU are found In the Crimean mountains north of

the Black Sea coast. Two regions of slightly high heat

flow exist in the vicinity of the Kerch peninsula between

the Black and Azov Seas, and are considered to result from

the movement of fluids in a highly permeable fault zone

in the one case, and associated with oil and gas deposits,

in the second (Lebedev et al., 1967)..
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The average of 18 closely-spaced heat flow measure-

ments in southwestern Iran is 0.87 HFU (Coster, 1947).

Coster corrected the heat flowmeasurements for the

effect of a post-glacial temperature increase of 50C and

obtained a value of 1.18 HFU for the equilibrium heat

flux.

1.314 Volcanic and Fumarole Activity

Heat flow data in the Mediterranean rewion can be

supplemented by the cautious consideration of recent or

continuing volcanic and fumarole activity. Areas of

hydrothermal activity not directly associated with

volcanism are not necessarily evidence of hyperthermal

activity (discussed by Mazor, 1968).

Extensive volcanic activity is present on the Ethiopian

Danakil peninsula and within the Gregory and Albertine

rift valleys of central and east Africa respectively--

all rather far removed from the area of investiwation.

Egypt was the site of Upper Cretaceous and Oligocene

volcanism, and minor fumarole activity is still found

near Cairo (El-Hinnawi, 1965). The existence of hot

springs in Tunisia is noted by Scheffer (1964), but, as

mentioned above, the implications are unclear. The

proximity of Tunisia to the Italian volcanic provinces

suggests that the hot springs may be fumaroles.

Intense volcanic activity is in progress on the
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Arabian peninsula. Nineteen active volcanoes and

fumaroles exist adjacent to, and within, the Red and

Arabian Seas (Neuman van Padang, 19631 and Richard and

Neuman van Padanz, 1957). Nearer the Mediterranean,

intensive Quaternary volcanism has occurred at four

major centers in Iran, but only three nearly extinct

volcanoes and a few hot sprinws remain (Gansser, 1966).

Poorly documented evidence of volcanic activity exists

for the Dead Sea rift valley, and Neuman van Padanw

(1963) concluded that no activity remains at this time.

Over 200 hot mineral sprinos are located along the

Jordan and Suez rift valleys (Mazor, 1968). The ab-

normally hiwh surface water temperatures are caused by

heating of the water due to deep circulation, rather than

by unusually high thermal gradients (Rosenthal and Eck-

stein, 1968). They stress that reliable temperature-

depth data exist only for the southwestern part of the

Dead Sea region.

Turkey is characterized by enormous amounts of

tertiary volcanic products (Blumenthal and van der

Kaaden, 1964). Volcanic activity practically ceased

during the Pleistocene and only three volcanoes are now

active. Two active volcanoes and four major areas of

fumarole activity in southern Greece and in the southern

Aegean Sea are distributed in an arcuate zone parallel

to and about 150 km behind the Cretan arc. Their

locations are shown in Figure 10. Volcanic products in
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Figure 10. Locations of active volcanoes and

fumarole fields in the southern Aegean Sea.

Note that the volcanoes are arranged in an arc

inside and concentric with the Cretan arc.
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these areas are andesitic or dacitic.

Two areas of unusual hydrothermal activity near the

Tyrrhenian coast in central Italy are almost certainly

the result of Quaternary volcanic activity. Boldizsar

(1963) estimated the heat flow as 6 to 14 HFU at Larderello,

and Cataldi (1967) measured thermal gradients as high as

300TC/km in the geothermal area near Monte Amiata (see

Figure 11). The reliability of the thermal measurements

in both areas is suspect because the wradient was determin-

ed at shallow depth in an area where extensive circulation

of water through the surface rocks may have decreased the

thermal gradient, and thus the heat flow values obtained

by Boldiszatr and Cataldi are minimum values.

The locations of active volcanoes in and around the

Tyrrhenian Sea are shown in Figure 11. Volcanism beoan

in southern Italy during the Paleozoic and increased in

intensity until the present time. Extensive volcanic

activity began along the Italy Tyrrhenian coast during

the Eocene and increased in area to include the islands

of Sardinia and Sicily, as well as to form the Aeolian

islands north of Sicily and the Pontine islands west

of Naples.

The majority of the eruptive centers, including

those active during the Quaternary, are extinct; only 6

volcanoes and one major volcanic center are active

(Imbo, 1965). Three of the 6 are near Naples; they include

Vesuvius and the Phlezraen fields on the Italian mainland,
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Figure 11. Locations of Tertiary volcanic products

and hydrothermal areas in and around the Tvrhennian

Sea. The names and positions of volcanoes which are

presently active are shown. Note that present

volcanic activity is distributed in an arcuate

pattern generally concentric with the Calabrian arc.
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and the island of Ischia in the Tyrrhenian Sea. The

active valcanoes Stromboli and Vulcano are located in the

Aeolian islands and Etna is in Sicily. Several scattered

eruptive centers are distributed in a band up to 20 km

wide about 50 km southwest of Sicily. Magnetic and

bathymetric data substantiating their existence was

presented by Zarudzki (unpublished manuscript, 1968).

Gasparini and Adams (1969) determined K-Ar ages of

rocks from several volcanoes in southern Italy. Volcan-

ism commenced almost simultaneously at a number of

locations along a line parallel to and seaward of the

present Tyrrhenian Sea coast. All of the volcanic

activity occurred during the last 7 m.y., with younger

volcanoes mtratinw further and further inland.

In addition to their high potassium content, "Med-

iterranean" volcanic rocks characteristic of central and

vuthern Italy contain greater concentrations of uranium

and thorium than volcanic products from any other area

(Imbo, et al., 1968). Locardi (1968) determined the

radioactivity of what he believes is the "parent" marma

characteristic of central Italy. Uranium and thorium

occur in quantities of 25 and 110 ppm, respectively,

with 7.1% potassium.

The origin of these highly potassic and radiogenic

volcanics Is uncertain. Hurley et al. (1966) aroued,

based on ratios of 37Sr/8 6 Sr and Sr-abundance, that the

potassium-rich lavas are the result of the assimilation
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of ancient continental sialic rocks within the upper

mantle.

1.315 Paleomaznetic Data

Measuring the direction of remanent magnetization

in rocks and accepting the assumptions that 1. ,the

earth's average magnetic field has closely approximated

that due to a geocentric dipole oriented parallel to the

present axis of rotation throughout ieoloxic time, and

2., that rocks can retain the characteristics of the

ambient magnetic field for geoloizically long periods,

permits one to reconstruct the latitude and orientation

of the continents at various times in the past. Cox

and Doell (1960) discussed the reliability of the dipole

assumption, and the mechanisms and characteristics of

acquired remanent magnetization in rocks. Eurasia west

of the Urals, and Africa, with the exception of zones

affected by Alpine tectonics, appear to have behaved as

structural units at least since the Hercynian orozeny,

and possibly since the Early Paleozoic (Briden, 1968;

Creer, 1968; and Nairn, 1960). A comparison of the

Dolar wanderinz curves of Africa and Eurasia sunests

that both continents have undergone large displacements

relative to one another and to the magnetic poles.

The paleomawnetic data thus far available is unable

to supply the details of this movement. Recently Girdler
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(1968) and McElhinny et al. (1968) summarized the evi-

dence for movement of Africa relative to the magnetic

Doles. Northward movement of over 60 durinw the Paleo-

zoic was followed by little or no movement from the Early

Mesozoic to the Middle or Early Cretaceous. Since, this

time Africa moved northward 200 and rotated counter-

clockwise until 10 m.y. ago, when a small clockwise rota-

tion may have occurred (Girdler, 1968). McElhinny et al.

(1968) suggested that Africa was displaced northward 200-

between 70 and 100 m.y. ago, and underwent largely rota-

tional and/or lonwitudinal movement during the Tertiary.

In summary, Africa appears to have moved northward in

two major epochs of drift. The first epoch occurred

during the Paleozoic and was followed by an interval of

150 to 200 m.y. during most of the Mesozoic 'in which little

or no latitudinal movement occurred. Beginning in the

Late Mesozoic, 200 of additional latitudinal and an un-

known amount of longitudinal movement took place,

probably largely confined to the first half of the

Tertiary (Nairn, 1964; Raja et al., 1966; and McElhinny

-and Wellman, 1969).

Within the Alpine zone between Africa and Europe,

paleomaznetic data has been used to delineate larwe

crustal blocks which appear to have had a similar

history of tectonic movement. In addition, the nature of

the movement has been studied by comparing the direction
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of remanent magnetization within the crustal block

under consideration with the direction found in adjacent

"stable" structural units.

The Iberian peninsula has rotated 30 to 400 counter-

clockwise about a vertical axis in the northern Pyrenees

since the Permian (Girdler, 1968; Van der Voo, 1967,

19691 Van Dongen, 1967). Analysis of the bathymetry

and the shape of linear magnetic anomalies observed in

the Bay of Biscay by Matthews and Williams (1968) is

consistent with this conclusion. Jones and Funnell (1968)

and Jones and Ewing (1969) presented arwuments that the

Bay of Biscay contains a Cretaceous awe seismic reflector,

identified from seismic profiling and coring. If this

is so, opening of the bay must have been completed prior

to the Cretaceous.

This finding conflicts with data presented by

Watkins and Richardson (1968), who are of the opinion

that at least half of this rotation has occurred since

the Eocene. They observed a systematic difference between

the declination of the directions of remanent mavnetiza-

tlon in Eocene basalts near Lisbon and magnetic declina-

tions in rocks from stable Europe. Van der Voo (1968)

criticised their conclusion on the basis of their failure

to apply a correction to the observed declinations for

tectonic deformation of the basalt flow subsequent to its

havin6 acquired its remanent matnetization. After

correcting for dip, Van der Voo round no significant
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discrepancy between the results from the Iberian peninsula

and stable Europe, and repeated his conclusion that the

rotation had indeed been completed before the Eocene.

Ashworth and Nairn (1965) and Nairn and Westphal

(1967) studied the paleomaznetism of rocks from Corsica

and suggested that the most probable interpretation of

0 o
the data is that Corsica has rotated 53 + 14 counter-

clockwise since the Permian, althouch a later paper by

Westphal (1967) quoted by Van der Voo and Zijderveld

(1969) called for only 200 of rotation. Unpublished

results for Sardinia show a 400 counterclockwise rota-

tion (Zijderveld, in preparation; 1969).

Counter-clockwise movement of Alpine crustal blocks

has been suggested by Van Hilten (1962), De Boer (1965),

and Van Hilten and Zijderveld (1966) for northern Italy,

in the Carpathian mountains by Kotasek and Krs (1965),

and by Van Donven et al. (1967), Gregor and Zijderveld

(1964), Van der Voo (1968), and Helsley and Nur (un-

published manuscript, 1969) for Alpine rexions in Syria,

Israel, and Turkey. Helsley and Nur and Van der Voo

noted similarities in the Upper Mesozoic virtual pole

positions of Lebanon, Syria, Israel and Africa, and

suvwested that Africa and the Alpine folded zone south of

the stable Eurasian continental block may have behaved

as a structural unit at least since the Lower Cretaceous.

In addition to rotation of the Alpine crustal units,

large-scale, .enerally westward translations of Europe
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south of the Alps relative to the stable European plat-

form have been postulated. Schwarz (1963) and De Boer

(1965) using data from the Spanish Pyrenees and northern

Italy, proposed that the Alpine region has undergone up

to 4800 km of northwestward movement relative to Europe.

Van Hilten and Zijderveld (1966) speculate that the

southern Alps were connected to northern Africa, and

that both behaved as a structural unit until the Tertiary

when the Alpine crustal blocks were "smeared off"

asrainst Europe just as Africa terminated its northwest-

ward movement relative to Eurasia. Visscher (1967)

pointed out that the similar spore-Dollen assemblages

found in Upper Permian evaporite sequences within Europe

and the Alps are not consistent with displacements on

the order of thousands of kilometers since that time.

A recent re-examination of the paleomagnetic inclinations

found in the Alpine zone and within stable Europe removed

the necessity to postulate movements of this magnitude

(Zijderveld et al., in press, 1970).

Another type of paleomavnetic evidence, based on

the analysis of magnetic anomalies associated with

reversals of the earth's magnetic field as recorded

in actively spreading ocean ridges, was used by Le Pichon

(1968) to estimate the amount and rate of relative move-

ment between the African and Eurasian crustal blocks.

Le Pichon estimated that the Alpine-Himalayan region Is

underrnoini compression in response to closure between



61

Africa and Eurasia at a rate increasing eastward from

1.9 cm/yr at Gibraltar to 5.6 cm/vr at the longitude

of Tibet. Between 200 and 500 km of crustal shortening

anpear to have taken place in this region since the

Late Miocene.

1.t32 WesternMediterranean Sea

1.321 Gravity Data

De Bruyn (1955) published maps showing Bouwuer and

isostatic gravity anomalies over Europe and the Mediterran-

ean Sea. Coverage in the Mediterranean is based upon

Dendulum wravity measurements made in submarines; those

made by French and Italian observers may be 5 to 15 mval

too hiwh. De Bruyn's Bouiuer gravity anomaly map was

calculated assuming a Bouwuer density of 2.67 gr/cmr3 .

The principle features of the Bouuer anomaly field

in the western Mediterranean are the positive (up to

225 mal) values over the deen water areas of the

Balearic basin west of the southern tip of Sardinia,

In the southern half of the Tvrrhenian Sea, and east of

the Sicilian platform in the Ionian Sea. Lower, but

still strongly positive anomalies extend westward from

the southern Balearic abyssal plain almost to the Alboran

basin. Further north, a region of low positive anomalies

associated with the Balearic Island platform protrudes

northeast Into the strongly positive anomalies character-
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istic of the deep water region.

A region of low, positive anomalies coincident with

Sardinia and Corsica separates larger positive anomalies

over the Balearic basin and the southern Tyrrhenian Sea.

A large newative Bouguer anomaly (-110 mzal) is present south

of the Tyrrhenian Sea over central Sicily (Harrison,

1955). A large positive anomaly over the southeastern tip

of Sicily connects with positive anomalies in the Ionian

Sea.

Isostatic gravity anomalies are generally positive

in the western Mediterranean and alonr the western coast

of Italy. The southern Tyrrhenian is characterized by

a broad positive isostatic anomaly greater than 50

mzals. Similar anomalies exist in smaller areas in the

northern Tyrrhenian Sea and in the central and western

Balearic basin.

i.322 Magnetic Data

Vogt and Higgs (1969; 1968a; and 1968b) presented the

results of an aeromagnetic survey conducted by the U.S.

Naval Oceanographic Office in 1957. North-south track

lines, spaced 16 km apart, were flown at an altitude of

305 m over large portions of the eastern and western

Mediterranean Seas.

The Balearic basin is characterized by long wave-

length (50 to 100 km), low amplitude (100 gamma),
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renerally amoeboid-shaped magnetic anomalies (Vogt and

Higts, 1968a) (see Figure 12). Within the Alboran basin,

-north of the Balearic islands, and west of Sardinia

and Corsica, considerable variation in the residual

magnetic intensity is apparent. Generally east-west

trending magnetic anomalies are parallel to the bathy-

metric features. The proximity of the Alboranbasin- to

volcanoes on the coast of North Africa is compatible with

a volcanic origin for the anomalies. North-south residual

anomalies occur west of Sardinia and Corsica in a region

of generally rough bottom relief.

Large amplitude magnetic anomalies are found within

the Tyrrhenian Sea near volcanic seamounts and in areas

of rough bottom topography. In the extreme northern

end of the Tyrrhenian Sea high amplitude, northward

trending anomalies exist parallel to, and near .the

base of, the Corsican island rise. Additional large

magnetic anomalies occur in an area west of Naples,

renown for its present and past volcanic activity. The

most extensive group of high amplitude anomalies, located

In the southeastern -end of the Tyrrhenian Sea, is generally

directly associated with topographic highs or ridges

thought to be of volcanic origin.

1.323 Crustal Structure

The location of seismic refraction profiles obtained
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Figure 12. Residual magnetic anomalies over the western

Mediterranean Sea. Contour interval 50 gammas. Shaded

areas are negative. From Vogt and liqqs (in preparation,

1969) .

KtNC

.44

CISV

L -A

-oo



65

in the western Mediterranean basin by Moskalenko (1967),

Fahlquist (1963), Ewinw and Ewln (1959) are shown in

Figure 13.

The velocity structure of the crust along line AA'

is shown in Figure 14. It can be seen that the Moho

occurs at a depth of 11 km beneath the Balearic abyssal

plain and sinks to greater depths to the northeast and

southwest. Mantle material beneath the Moho is character-

ized by unusually low compressional velocities; at two

of the four locations where mantle arrivals were recorded

the velocity is only 7.7 km/sec.

A layer of 6.5 to 7.1 km/sec material about 3 km

thick occurs above the mantle at most locations alone

AA', although at profile 4 5.8 to 6.0 km/sec material

rests directly on normal mantle. 5 to 6 km of intermediate

velocity (4.0 to 6.0 km/sec) material occurs beneath 1 or

2 km of unconsolidated and semi-consolidated sediment.

Profile 194, consisting of two unreversed profiles,

is located in 2.8 km of water on the Balearic abyssal

plain west of the southern tip of Sardinia. The length

of the profile (22 kn) was not sufficient to detect

refractinq material below the 7 km/sec layer observed

at a depth of about 10 km. 2.5 to 3.0 km of 5.2 km/sec

material and 4 to 6 km of 2 to 4 km/sec material are present

above the ? km/sec layer.

Profile 198 was situated southwest of the Balearic

Islands in 2.8 km of water over the western Balearic
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abyssal plain. Despite a length of over 50 km, no

mantle arrivals were observed. Material with a velocity

of 6.8 km/sec was detected at a depth of 8 km. This

layer is overlain by 5.6 km/sec material and other inter-

mediate and lower velocity layers.

Profile 199 was situated in the extreme south-

western margin of the Balearic basin in about 2 km of

water. Material with an apparent velocity of 7.7 km/sec

was detected at a depth of 7.75 km (5.75 km beneath

the sea.floor). 3.3 km of 5.1. km/sec and 1.65 km of 2.9

km/sec material overlay the 7.? km layer. The extremely

shallow depth to the 7.7 km/sec material and the fact

that the profile is unreversed should be taken into

consideration before associating the 7.7 km/sec re-

fracting layer with the upper mantle (Fahlquist, 1963).

The results of a short, unreversed refraction profile

(D-10) across a large volcanic seamount in the south-

eastern end of the Tyrrhenian basin were reported by

Ewinz and Ewing (1959). A refractinw layer with a

compressional wave velocity of 4.9 to 5.7 km/sec was

observed 0.9 to 1.2 km below the sea floor. At profile

VII Moskalenko (1967) observed from 0.75 to over 2 km of

4. and 5.0 km/sec material,, ossibly underlain by

deeply buried layered reflectors. Refracted waves from

3.92 to 4.36 km/sec material a few hundred meters beneath

the seafloor, were observed in an unreversed refraction

profile (196) across the central -Tyrrhenian basin
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(Fahlquist, 1963). A refractinR layer with velocities

between 7.28 and 6.69 km/sec was located 2.2 to 3.0 km

below the basin. Fahlquist identified this high velocity

material with basalt on the basis of known volcanism

north of Sicily and the presence of numerous volcanic

seamounts in the Tyrrhenian basin.

1.33 Eastern Mediterranean Sea

1.331 Gravity Data

Free-air oravity anomalies as large as -240 mgal

extend in a broad arc south of Crete from western Greece

to the Rhodes abyssal plain (see Fiwure 15). This rewion

of negative free-air anomalies coincides with the Medi-

terranean ridge and widens to include the Pliny and Strabo

trenches with even treater free-air anomalies. A second,

narrower, arc of low gravity extends southeast from the

Rhodes abyssal plain, passes through Cyprus, and bends

northeast towards the Gulf of Iskenderon. Larve positive

free-air (100 mnal), Bouguer (250 mgal) and isostatic

(173 mgal) anomalies associated with the ultrabasic

Troodos massif on Cyprus (Gass and Masson-Smith, 1963)

and smaller positive anomalies over the Anaximander and

Hecateus seamount complexes consitute a major, local

interruption of this second arc.

Gravity increases abruptly northward across the Cretan

arc and isostatic and free-air anomalies over 100 msal



24' 
25' 

26 
27 

28 
29' 

30' 
31 

32' 
33' 

34' 
35' 

36'

A
 

E
G

/E
--N

 
S 

E
A

 
T

U
R

K
E

Y
. 

-T
 

U
 

R
 K

 
E

 
Y

14E
S

I-- 
'*- 

-
-

e
-C

Y
.P

 
R

 
U

 
S

-10

+
+

d
-

-
-

-
-

00

-
.R

+
 W

+

0E'G- 
P-I

-' 
" 

E
 G
 Y
P
 T

37'

3
6
'

35?

340

L E BA NO
N)

33'

ISR
AEL

31'

24' 
25' 

26' 
27' 

28 
29' 

30' 
31' 

32' 
33' 

3
4

' 
351

35.

0
o

r.
3
'

333

F
ig

u
re

 
15. 

F
re

e
-a

ir 
g

ra
v

ity
 

a
n
o
m

a
lie

s 
o

v
e
r 

th
e
 

e
a
s
te

rn
 

M
e
d

ite
rra

n
e
a
n

 
S
e
a
.

C
o
n
t
o
u
r
 

in
te

rn
a
l 

20 
m

g
al. 

F
ro

m
 

W
o
o
d
s-id

e 
an

d
 
B
o
w
i
n
 

(1970) 
.

.
I

2301-

1"



71

are present in the southern Aegean Sea. Bouguer anomalies

are positive over the shallow Aegean Sea and negative

over deeper water within the Hellenic trough system

(Harrison, 1955). A similar relationship was observed

in the Crimea-Black Sea region by Woollard (1962).

1.332 Magnetic Data

The residual magnetic field over the eastern

Mediterranean and Aezean Seas was described by Vogt and

Higzs (1968b). Complex magnetic anomalies of several

hundred gammas amplitude exist southeast of Sicily

(Figure 16). Short-wavelenrth anomalies locally exceeding

500 gammas amplitude occur over a toporaphic high which

extends eastward into the Ionian basin. Zarudzki

(unpublished manuscript, 1968) interpreted the strong

magnetic anomalies above the tectonically deformed and

veophysically complex area south of Sicily as evidence of

past and continuing volcanic activity.

An area of low amplitude (50 zamma), long wavelenvth

(100 km), magnetic anomalies coincides with the Mediterranean

ridie and the area characterized by large, regional,

negative free-air zravity anomalies. Weak north-south

trends in the residual fibld may be a consequence of both

having obtained the aeromaznetic data along north-south

flight lines and failure to correct for temporal variations

in the earth's magnetic field. Trenches north and south

of Crete, as well as the Cretan arc itself, are magnetically
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Figure -16. Residual magnetic anomalies over the eastern

Mediterranean Sea. Contour interval 50 gammas. Shaded

areas are negative. From Vogt and Higgs (1969).
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quiet.

Northeast-southwest trending magnetic anomalies in the

northern half of the Aegean Sea may be due to the sea-

ward extension of bodies of Mesozoic granite exposed in

western Turkey. Large magnetic anomalies present alonz

a northeast trending valley in the northwestern Aegean

may indicate a tensional origin for the rift, with sub-

sequent intrusion of igneous material of high maanetic

susceptibility (Vogt and Higgs, 1969). Although magnetic

anomalies exist in the vicinity of volcanic structures

in the southern Aegean Sea, the regional northeast trends

continue beneath areas with no apparent volcanic history.

An arcuate band of high amplitude (200 gamma)

magnetic anomalies extends from Cyprus northeast towards

the Gulf of Anatolia and' northwest into the Gulf of

Iskenderon, "suporting the tectonic continuity of

Cyprus with Alpine thrust belts on the mainland" (Vozt

and Higgs, 1969). Zarudzki et al. (unpublished manuscript,

1969) found no evidence from marine magnetic data for

the seaward extension of the intense north-south magnetic

anomalies observed over Cyprus and described by Gass

(1968).

Magnetic disturbances are absent over the Ptolemy

and Anaximander seamount complexes. Although the Heca-

taeus mountains south of Cyprus are magnetically quiet,

the Eratosthenes seamount further south is covered by a

weak magnetic low.
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In summary, the eastern Mediterranean, despite its

rugged relief, is magnetically quiet except near Cyprus,

where ultrabasic and basic rocks which outcrop on and

around the Troodos massif are responsible for north-

south oriented anomalies reaching an amplitude of over

2000 gammas. Large magnetic anomalies in the Aegean Sea

can be attributed to volcanic activity in the form of

seamounts, ridges, or islands.

1.333 Crustal Structure

The thickness and velocity characteristics of the

crust and upper mantle beneath the eastern Mediterranean

are largely unknown. A refracting laver with compressional

wave velocity between 4.2 and 5.0 km/sec is present

beneath 0.3 to 0.4 km of unconsolidated sediment in the

Ionian Sea and south of Cyprus (Gaskell and Swallow

(1953) and Ewing and Ewing (1959). In an unreversed

seismic refraction profile on the Mediterranean ridge

south of Rhodes, Moskalenko (1966) observed three

refracted waves with apparent velocities of 2.8, 3.7t

and 4.7 km/sec. The velocity in the sediment was assumed

to increase linearly with depth from 1.5 km/sec at the

surface to 2.5 km/sec at the top of-the 3.7 km/sec

layer. Moskalenko estimated that 0.6 km of unconsolidated

sediment and 0.5 km of semi-consolidated sediment rest

on at least 2 km of 4.7 knVcec material, if the 4.7 km/sec

layer is underlain by a 6.0 km/sec layer whose refracted
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arrivals are barely first arrivals at the end of the

profile.

In a second unreversed seismic refraction profile

across the deep-water Levantine basin south of the

Mediterranean ridge, Moskalenko observed approximately

0.6 km of unconsolidated sediment resting directlv on

a 4.7 km/sec layer 1.8 to 2.0 km thick. A 6.1 km/sec

layer 1.5 to 1.8 km thick and hizher velocity (7.0

to 7.5 km/sec) material are present beneath the 4.7 km/sec

material. Five north-south reflection profiles from

the African coast to the Hellenic trouwh provide further

data relating to the structure of the upper crust. The

travel time to reflectinw surfaces was determined at 50

km intervals and thicknesses were computed using velocities

determined in the refraction survey whose results have

been described. The total thickness of sediment on the

African continental slope increases towards the deen-

water area. Over the Mediterranean ridge the uncon-

solidated and semi-consolidated sediments attain thick-

nesses of 0.5 km and 0.5 to 0.6 km, respectively.

Moskalenko (1966) proposed that the 4.7 km/sec

refractin layer is consolidated Mesozoic sediment on

the basis of its correlation with the structure beneath

the African continental margin as known from seismic

reflection proftles and deep drilling in northern Egypt.

In this interpretation, the 6.1 km/sec refracting inter-

face corresponds to the base of the sedimentary section
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beneath Africa and extends northwards beneath the con-

tinental margin, the Herodotus basin, and the Mediterranean

ridge to the Hellenic trough. The total thickness of the

sedimentary section is approximately constant at 2.0

to 2.5 km across the Levantine basin and thickens to

2.0 to 3.5 km over the Hellenic trouTh province to the

north,

Ryan (1969a) combined seismic profiler data and a

sedimentary time base derived from a study of the

stratiaraphy of eastern Mediterranean cores to provide

information on the sedimentary and tectonic history of

the eastern Mediterranean. He noted the widespread

occurrence of a characteristic seismic reflector and

estimated its age as 4.3+0.3 m.y. using the local sedi-

mentation rate and depth to the reflector, as well as the

axe of pelagic foraminfera found in a core believed to

have sampled the reflector.

Ryan noted increasing sediment deformation northward

across the Mediterranean ridge. Sedimentary layers con-

formable to the seafloor are confined to shallower and

shallower depths below the seafloor in this direction.

Deformat ion takes the form of short-wavelength fracturinz

and faulting in the north and gradually changes into

broad, low amplitude folding at the southern edge of the

Mediterranean ridge. A core taken on the Mediterranean

ridxe contained turbidite layers bearing reworked Eocene

nanoplankton characteristic of the Nile River (hyan,
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1969a), in accord with the previous existence of an

abyssal plain on the site of the present uplifted

Mediterranean ridge. Recent turbidite sequences occur

above the level of the basin adjacent to the southern

margin of the ridze, suawesting that deformation of a

former abyssal plain has occurred here more recently

than further to the north. Hersey (1965) also concluded

that the intensely deformed layers. in the eastern Medi-

terranean were once flat-lying abyssal plain sediments

similar to sediments now present in the Tyrrhenian and

Balearic basins. Northward dippinw strata beneath the

Rhodes abyssal plain and a similar sequence of layers

dippinr and thickening northward beneath the Pliny

trench south of Crete are in accord with these hypo-

theses (Ryan, 1969a).

Temporal as well as spatial variations in the deposi-

tional process are suggested by the widespread presence

of an acoustically transoarent layer beneath tne strati-

fied, ponded, turbidite-type deposits found in all

Mediterranean abyssal plains. The ratio of the observed

thicknesses of the transparent and stratified layers

indicates that deposition by ponding bezan after 801

of the total. sequence was laid down--that is, within the

last million years (Ryan, 1969b).

Hersey (1965) noted that recent sediments have

bypassed the flanks of the Nile cone and are found only

near the top of, or at the base of the cone. Deeper,
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older, reflectors can be traced from shallow water

northward beneath 1 km of sediments deposited in the

Herodotus abyssal plain. At the eastern end of the

Mediterranean the continental platform appears to consist

of at least one kilometer of horizontally layered sedi-

ment underlain by rough basement.

1,.34 Black Sea

1.341 Gravity Data

A generalized Bouguer gravity map published by

Malovitskiy and Neprochnov (1966) is shown in Figure

17. A positive Bouguer gravity anomaly exists over the

deep portion of the Black Sea, with maximal values over

the deep water regions beneath which "granitic" material,

characterized by a compressional wave velocity between

5.4 and 6.4 km/sec, is thin or absent (Balavadze and

Mindeli, 1965).

Neprochnov et al. (1967) used the results of deep

seismic sounding in the Black Sea south of Crimea to

explain why the Crimean mountains, in contrast with

most other Alpine mountains, are characterized by

positive Bouguer gravity anomalies. They concluded

that the high positive anomalies are related to a rise

of the dense "basaltic" layer and a thinning of the

lihter "granitic" layer beneath the mountains.

The absence of a direct correspondance between the
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793U

Figure 17. Bouguer gravity anomalies over the

Black Sea.
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- large, negative anomalies.

local, negative anomalies.

Malovitskiy and Neprochnov (1966)
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depth of the Moho and the observed Bouguer anomaly within

the central Black Sea basin was noted by Neprochnov

(1968). Burakovskiy (1966) analysed gravity data alonw

north-south deep seismic sounding profiles over the

northern continental margins of the west, central and

eastern Black Sea and observed reaional differences in

the relation between the gravity field and crustal

structure. Within the western Black Sea, and to a

smaller extent along the profile south of Crimea, the

observed gravity anomaly is up to 200 mwal greater than

the value predicted from the observed crustal structure.

Burakovskiy (1966) concluded that the upper mantle beneath

the western Black Sea is unusually dense and reflects

different stages in the development of the eastern and

western parts of the Black Sea.

1.342 Magnetic Data

Residual magnetic anomalies in the Black Sea south

of 44 0 N are shown in Figure 18 from Anonymous (1965).

Residual anomalies in the 'eastern half of the Black Sea

trend northwest, generally parallel to' the structural trends

in the adjacent Caucasus mountains. The northwest trend

of the anomalies is less well-defined in the western

half of the Black Sea where the trend of the anomalies

swings more to the northeast parallel to the fold axes

of the Pontic mountains along the Turkish coast. Bowin

(unpublished manuscript, 1970) computed the depth to
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maznetic basement at several locations in the eastern

half of the Black Sea. If the magnetic anomalies are

caused by tabular bodies of uniform magnetization extend-

inz to zreat depth, the bodies are located from 3 to 19

km beneath the seafloor. Thus the maznet ic anomalies may

be due to bodies within the sedimentary column as well

as to contrasts In the magnetic properties of the base-

ment laver.

1.343 Crustal Structure

Neprochnov et al. (1967) measured apparent velocities

between 2.4 and 5.0 km/sec in the sedimentary column be-

neath the Black Sea. Two distinct arrivals with velo-

cities of 3.0 km/sec and between 4.0 and 4.5 km/see

were observed at some locations. The 4.0 to 4.5 km/sec

layer lies at a depth of 6 to 10 km and is from 4. to 8

km thick. Variations in average velocity, the occurrence

of discontinuous horizontal or sub-horizontal refractina

horizons possessing a wide range of velocities, and

regional differences in. thickness are also observed,

Balavadze and Mindeli (1965), using gravity and deep-

seismic nrofiline data, determined that the sediment

attains a maximum thickness of about 14 km southwest

of Crimea. The sediment thins to about 11.-km in the

center of the sea and to 5 km in the northwestern shallow

water area.

Material with velocities between 5.0 and 6. 0 km/sec,
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usually identified with rocks of granitic composition

or with metamorphosed sediments, is either thin or absent

beneath the sedimentary layer in the central basin

(Mindeli et al., 1966). As shown in Figure 19, the sedi-

went rests directly upon material with a seismic velo-

city between 6.4 and 7.0 km/sec. The thickness of the

6.4 to 7.0 km/sec material, frequently referred to as

the "basaltic" layer, ranges from 6 to 23 km. The

base of the "basaltic" layer in the central Black Sea

is elevated and the crustal thickness is only 22 km.

Near the margins, the surface of the "basaltic" layer

sinks to depth of 20 to 23 km, except in the vicinity

of Crimea, where the layer appears to rise beneath the

Crimean mountains. Aroufld the margins of the Black

Sea material with a compressional velocity of 6.2 to 6.4

km/sec aopears between the thinning low-velocity layer

associated with the sediments and the deepening basaltic

layer and attains a thickness of 10 to 15 km near the

continent (Neprochnov et al., 1967). Considerable relief

at the boundaries between the "basaltic"., "granitic",

and sedimentary layers are observed away from the

abyssal reiions, A layer of 5.0 to 6.0 km/sec material,

possibly metamorDhosed sediment, was observed between

the sedimentary and "granitic " layers south of Crimea,
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DISCUSSION OF DATA

2.1 EQUIPMENT AND TECHNIQUE

All of the new heat flow data presented in this

paper were obtained using equipment similar to the Ewing

thermograd described by Langseth (1965). From 4 to 8

outrigger-type thermistor orobes were used to measure

the temperature in the sediment along a corer 2 to 12

Mnlong (Figure 20). Another thermistor probe located at

the top of the core weight provided a semi-continuous

temperature record in the water column above the sea

floor, as well as a reference to which temDeratures

measured beneath the sea floor could be compared.

Absolute values of water temperature obtained using the

thermal gradient recorder were usually within 0.02 0 C

of bottom water temperatures determined using reversinw

mercury thermometers.

There are at least three different classes of errors

which contribute to .the uncertainty in a particular heat

flow value. These are listed below.

1. Error in measuring the thermal gradient.

2. Error in measuring the thermal conductivity.

3. Error in estimating the heat flow from

thermal gradient and conductivity measure-
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TRIPPING ARM

TRIGGER WEIGHT

RECORDER PRESSURE VESSEL

- PISTON CORER

< THERMISTOR PROBE

C- THERMISTOR PROBE

THERMISTOR PROBE

CUTTING EDGE

Figure 20. Piston corer with thermal gradient

recorder and outrigger-type thermistor probes.

After Langseth (1965)
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ments at discrete intervals.

In addition, environmental effects determine the extent

to which a heat flow measurement is representative of the

regional heat flow.

2.11 Thermal Gradient Measurements

The error in the thermal vradient is determined by

factors relating to the temperature sensor (stability

and calibration of the thermistor and construction of

the probe), to the thermal gradient recorder (sensitivity,

linearity, alignment of optics, tolerance of precision

resistors), and by factors peculiar to each measurement

(amount and angle of penetration into the sea floor,

the establishment of thermal equilibrium between the

temperature sensors and the sediment, measurement of

spacina between temperatures sensors). The temperature

increase at each probe after penetration can be measured

0
to 0.002 C, however failure of the probes to reach

thermal equilibrium with the sediment can render this

sensitivity meaningless for some measurements. Dis-

tances between probes are known to about 1. Under normal

conditions, when care is taken to reduce errors inherent

in the temperature sensor and the thermal gradient

recorder, the larizest error is due to the failure of the

temperature sensors to attain thermal equilibrium with

the sediment.
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In cases where 3 or more probes penetrated the sedi-.

ment, or where at least 2 probes and an estimate of pene-

tration allowed the use of the water temperature as a

third point, the probable error in the wradient was

estimated by computing the maximum and minimum zradients

which could be drawn through the temperature increase

versus depth plots. Half of the difference between

the maximum and minimum possible gradients was considered

to be the nrobable error. Temperature increases which

appeared well determined were weighted more heavily

than poorly measured increases associated with temperature

fluctuations due to movement of the corer in the sea

floor, or failure of the probe to approach thermal

equilibrium. Where only two points existed on the tem-

perature increase versus depth plot, the possible error

assigned was similar to the possible error associated

with other measurements made in the general area usinw

the same equipment and techniques. For measurements

where a sufficient number of temperature-depth data

points were available to define a non-linear gradient,

the measurement was considered unreliable and not included

in the data analysis unless at least the deepest 3

temperature-deoth points defined a straight line. In

this case the error associated with the measurement was

estimated in the usual manner, neglectinx the upoer, non-

linear, data points. The minimum possible error in the

thermal gradient-is estimated to be 5.
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Temperature-depth data and profiles for all measure-

ments discussed in this manuscript are presented in

Appendices I and II, respectively.

2.12 Thermal Conductivity Measurements

Thermal conductivity was measured on the sediment

obtained at the same location as the thermal zradient

measurement using the needle-probe technique described by

Von Herzen and Maxwell (1959). The total error in a

single thermal conductivity measurement includes errors

in determining the rate of heat aeneration per unit

length of the needle-probe and measuring the rate of

the temperature increase in the sediment due to the

heat released by the needle. Additional errors arise

from failure of the needle-probe and sediment to fulfill

criteria for a continuous linear heat source in an

infinite, isotropic medium. Von Herzen and Maxwell

(1959) obtained agreement between thermal conductivity

values measured using the needle-probe and s teady-state

techniques to 3 or 4 %.

The effect of decompression and shipboard handling

on the thermal properties of the cored sediment is poorly

understood. The expansion of interstitial gases and the

possible loss of water or rearrangement of mineral grains--

sometimes easily observable as areas of excess water or

graded, washed, portions of the cores--may result in
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non-representative thermal conductivity values. Thermal

conductivity values determined using an in situ thermal

conductivity probe developed at the Scripps Institute of

Oceanography are in good agreement with shipboard needle-

probe measurements made on material obtained in gravity

cores at the same location (Sclater et al., 1969).

The thermal conductivity values measured aboard ship

were corrected for the effects of higher pressure and

lower temperature at the sea floor using the corrections

suggested by Ratcliffe (1960). Conductivity data

measured by M.I.T. personnel, from which the harmonic

mean conductivity used in the final heat flow calcuation

was computed, is presented in Appendix III.

A samplinc- error exists due to the measurement of

the conductivity at discrete intervals, rather than

continuously alonr the core. The sampling error was

defined for all stations as the standard deviation of

the conductivity measurements about the harmonic mean

divided by the square root of the number of individual

measurements. At stations for which the thermal

conductivity was estimated from measurements made on

nearby cores a probable error of 10% was assigned.

The heat flow value at each station is the product

of the average thermal gradient and the harmonic mean

thermal conductivity. Strictly sneaking, the heat

flow value determined by averaging the flux through

different intervals below the seafloor, each with a
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characteristic gradient and thermal conductivity, should

be even more representative than that obtained by averagin

over the entire core. This method was not used because

conductivity variations within the cores were generally

small and because of the difficulty of assigning sections

of core to intervals over which the gradient was

determined. The probable error in the heat flow measure-

ment was estimated to be the sum of the probable errors

in the average thermal sradient and conductivity values.
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2.2 ENVIRONMENTAL CORRECTIONS

The main reason for measuring heat flow is toobtain

information relating to thermal conditions in the upper

mantle. The measured heat flow does not necessarily give

an accurate indication of the thermal regime in the

mantle. Both transient and steady state disturbances

can cause the observed heat flux to differ substantially

from the zeophysically relevant heat flow which would be

observed if such disturbances did not exist. The environ-

mental corrections are applied to the observed heat flux

in an attempt- to obtain heat flow data which is re-

presentative of the thermal state of the upper-mantle.

In order for a heat flow measurement to be re-

oresentative of the regional heat.flux out of the upper

mantle, the following conditions must exist on or beneath

the sea floor:

1) The sea floor must be flat, undisturbed, and

composed of material possessing uniform, isotropic

thermal conductivity,

2) the sea floor must be maintained at constant

temperatureand position, and

3) heat transfer throuwh the sediment must be

entirely by conduction, rather than by convection

or any form of mass transfer.

It is likely that these conditions are nearly

satisfied over large areas of the deep ocean basins.
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However, in relatively shallow, tectonically active

basins such as the Mediterranean .and Black Seas, most

of the conditions mentioned above cannot be assumed.

In the following sections the extent to which different

environmental conditions can effect the observed heat flow

is discussed and where sufficient data exist, estimated.

2.21 Sedimentation at Constant Rate

In many areas of the deep ocean sedimentation rates

are low enough that the heat required to warm the sedi-

ment and maintain the equilibrium thermal gradient is

small compared to the heat flow. In small ocean basins

located within or adjacent to continental areas,

sedimentation may occur at such a rapid rate that a

significant fraction of the equilibrium heat flow is

absorbed in warming the rapidly accumulatinw sediment,

and the thermal gradient at or near the sediment-water

interface will then be smaller than that which would

exist without sedimentation (Figure 21).

Estimation of the effect of sedimentation on the

thermal gradient requires knowledge of the sedimentation

rate and type throughout the history of the ocean basin.

It is fair to say that were such information available,

the zeolozical and geophysical problems could be con-

sidered at least half solved; the history of the Medi-

terranean and Black Seas is intimately connected with
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the age, origin, and geological history of the adjacent

areas from which the sediment now present in the basins

was derived. Of particular importance is the identifica-

tion of the 4.0 to 6.0 km/sec refractinz layer, present

throughout the Mediterranean, as consolidated or meta-

morphosed sediment or crystalline basement. The sedi-

mentation effect was estimated on the assumption that the

sedimentation rate can be approximated by dividinthe

"expanded" thickness of the sedimentary column, calculated

as the total thickness of unconsolidated sediment required.

to produce the observed sediment th ickness, by the

estimated duration of sedimentation. It is. further

assumed that- the same sedimentation correction is valid

throuzhout a particular basin. Althouah some areas, such

as the Rhone fan, the Nile cone, or the Mediterranean

ridge, are now receivinq sediment at unusually high or

low rates, their sedimentary histories are assumed to be

similar to the long-term histories of the basins in

which they are located. With few exceptions, reions

receiving sediment at anomalous rates have been doina so

for a geologicallv short time. Heat flow values from

these areas may require second order sedimentation

corrections; however, the absence of reliable data on

which to base these corrections has led to qualitative,

rather than quantitative, corrections. These are dis-

cussed below in reference to individual measurements.
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2.22 Sudden Sedimentation or Erosion

The sudden addition or removal of a layer of sediment

can alter the thermal gradient beneath the sea floor,

Von Herzen and Uyeda (1963) showed that the sudden

deDosition of a layer of sediment is unlikely to have an

important effect on the average heat flow value computed

from heat flow measurements made in different sedimentary

environments.

Ryan's (1969b) successful correlation of eastern

Mediterranean sediment cores was possible because the

characteristic thickness of interruptions in the reional

stratigraphic succession (<l m) was small compared to

the core length (10 m). The disturbance to the thermal

aradient caused byvthe deposition of 1 m of sediment

decreases rapidly both with time and depth beneath the

seafloor. Von Herzen and Uveda (1963) calculated

that the thermal gradlent observed at the seafloor

attains 90t of its orixinal value within 10 years and

is within a few nercent of the equilibrium value after

100 years. Most estimates of the sedimentation rate in

the Meidterranean Sea range between 30 cm/OO yrs and

$ cm/1000 yrs; if sedimentation were to occur entirely

by the periodic, sudden deosition of layers of sediment

1 m thick, the probability of coring such a layer within

100 years after it was deposited would be small. Further-

more, the existence of .a significant disturbance to
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the thermal gradient would be obvious if the gradient

were determined by temnDerature measurements at several

points over an interval thicker than the recently de-

posited laver. Althougzh abnormally low heat flow values

may be due to the effects of sudden deposition, it is

unlikely that the regional heat flow average computed

from widely-spaced measurements would be seriously

affected.

The removal of sediment, either through erosion of

the sea floor by currents or by slumping of sediments off

of slopes, can increase the observed gradient near the

sea floor. Carslaw and Jaeger (1959, p. 61) ave the

temperature T(x,t) at depth x beneath an infinite halfa

snace of uniform thermal diffusivity k which was oriinally

at temperature T1 +Gx, and whose surface was maintained

at zero temperature beginning at t=0.

rtf Yrfx/FTT)Equation 1

The thermal gradient Gs(o,t) at the seafloor (x=O)obs

is then

G 1(/JThk Equation. 2
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The temperature chance T, can be rewritten to include

the sediment thickness Ax removed,

T AX Equation 3

JubstItutina Into Equation 2, the observed wradient

QA±G =&(-+o.) Equation 4

where cX( A4xt) is the fractional dis turbance to the

gradient. Figure 22 shows co calculated for various

layer thicknesses and elapsed times since removal. The

disturbance to the thermal aradient at the sea floor due

to the removal of 1 m of sediment with a thermal diffu-
2

sivity of 0.002 cm /sec is only 7% after 1 year

and less than 1 after 50 years. The sudden

removal of wreater thicknesses of sediment can seriously

chanae the thermal aradient for much lonver periods.

Slumps of this maanitude, though possible, are very in-

frequent and are not an important source of error in the

comDutation of the reaional heat flow,

2.23 Water Temrerature Variations

Temperature fluctuations In the bottom water pro-
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paate into the sea floor and change the geothermal

gradient in the sediment. Short-period temperature

oscillations are dominated by a semi-diurnal periodicity

associated with internal tidal waves (Lee and Cox, 1966).

Higher frequency oscillations with periods of several

minutes and amplitudes of up to several tenths 0C were

observed by Gordon et al. (1966) and Gretener and

Simmons (1967) in the Caribbean and Gulf of Mexico,

respectively.

Annual temperature variations are absent below 500 m

in the northeastern Pacific (Lee and Cox, 1966). The

circulation and production of bottom water in the Medi-

terranean and Black Seas are significantly different

from the same processes.in the major oceans, and it is

not surprising that a seasonal change of about 0.20C was

observed in hydrozraphic data presented by Miller (1963).

The propagation of a thermal disturbance of the form

Tocos(wt) in the water into sediment having uniform

thermal diffusivity k is described by Equation 1

(Carslaw and Jaeger, p. 65, 1959).

T(x,t) = T exp(-Kx) cos(wt-Kx) Equation 1

The wave number K and the wavelen th X of the temoerature

wave are given by Equations 2 and 3, respectively.

k Equation'?
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= zn/K Equation 3

Assuming a thermal diffusivity of k = 0.002 cr 2/sec,

the wavelength of the semidiurnal and annual oscillations

are about 35 cm and 9 m, respectively. The amplitude of

the temperature disturbance decays exponentially with

depth and is reduced to 0.0019T 0 at a depth of one wave-

length. Thus, for thermal gradient measurements at

depths equal to or greater than A , the effect of tem-

perature variations is negligible. The thermal gradients

discussed in this manuscript were measured over depths

of 2 to 12 m beneath the sea floor, and are thus unaffected

by semidiurnal variations.

The wavelength of the temperature wave associated

with annual water temperature variations is comparable

to the interval over which the gradient was measured. If

annual temperature variations occur in the bottom water

of the Mediterranean and Black Seas, the temperature-

depth measurements described in this manuscript should

show the effects of these variations.

The amplitude and shape of the thermal perturbation

beneath the sediment due to a yearly temperature change of

0.20 C is shown in Figure 23. The existence of a tempera-

ture-depth distribution of this shape in the sediment would

be easily detectable, regardless of the time of the year,
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Figure 23. The family of nonlinear temperature-

depth cutves beneath the sea floor due to sinu-

soidal variations of the bottom water temrerature

with an amplitude Of O.2 0C and a period of 1 yr.

Note the distinctly nonlinear relationship between

temperature and depth in the top few meters of

sediment, regardless of the phase of the sea

floor temperature disturbance.
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with the equinment and measurement techniques used to

obtain the heat flow data. Nonlinear gradients are

generally absent beneath the Mediterranean Sea, and

where present in the Black Sea are of a different form

(see Sections 2.322 and 2.523 )

Gradual chanes in bottom water temperature in

response to long-term changes in climate can affect the

thermal gradient in the sediment to depths of hundreds

or even thousands of meters beneath the seafloor. Al-

though the perturbation to the equilibrium thermal

gradient may be large, the curvature of the gradient is

usually too small to be detectable by temperature measure-

rments over an interval of a few tens of meters or less.

The Black and Mediterranean Seas have responded thermally

to the series of glacial and interglacial periods which

have characterized the Late Pleistocene. The way in

which they have responded is poorly understood.

The method of Birch (1948) can be used to estimate the

relative importance of past climatic variations on the

geothermal gradient. Birch approximated the thermal

history of the earth by breaking up the whole interval

or time into smaller intervals, over each of which the

surface temperature was considered to be constant. The

temperatures disturbance T(x,t) at the depth x in a

semi-infinite slab of uniform diffusivity k, due to a

temperature disturbance of amplitude &T(t) and duration

t, ending t years ago is
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TQ )Act).Vv( A) Equation 1

where

V(tAtkx>ErfEJ EEquation 2

W(t, At, k, x) can be viewed as a weivhtinx function

which is a measure of the contribution of a Dast thermal

event at the surface to the temperature at depth x. The

weighting function is highly sensitive to the depth x.

Fiwure 24 shows the sum of the weighting function for

depths of 2, 5, and 10 meters beneath the seafloor.

When esttmatinz the effect of chanves in water

temDerature on the thermal gradient in the upper 10 m

of sediment, it is only necessary to include .the effect

of variations which have occurred during the Holocene.

For sediment with thermal diffusivity of 0.002 cm 2 /sec,

over 90^ of the effect of thermal events of equal

amplitude and duration is due to events which have occurred

within the last 1000 years; 69' is caused by changes

during the last 100 years.

2.24 To pora phy and Irrerular Sediment Thickness

Because the sea floor is nearly an isothermal surface,
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Figure 24. Cumulative weighting function for the

effect of past thermal disturbances on the present

temperature distribution in the sediment, computed

for depths of 2, .5, and 10 m below the sea floor.

For depths less than 10 m, almost all of the effect

on the thermal gradient is due to climatic events

within the last 1000 yrs.
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isotherms diverge beneath topooraphic highs and converoe

beneath depressions. Such changes in the isotherms

alter the local gradient. Methods of estinatinv the

magnitude of the effect were discussed by Lachenbruch

(1968) and Jaeger (1965). The effect of toporaphic

features on the geothermal gradient is not larwe as lonw

as the height of the feature is both less than the hori-

zontal distance to the measurement point and less than

the depth of measurement (Lachenbruch, 1968).

Because most marine heat flow measurements are made

over a depth interval of less than -20 m beneath the sea

floor, small-scale topography can influence the observed

gradient. Special survey techniques using deep-towed

echo sounders are required to detect short-wavelenth

tonographv on thisscale. These techtiques were applied

by Sclater, Mudie, and rlarrison (1970) to assist in the

interpretation of heat flow measurements on the Hawaiian

arch. They concluded that the observed topographic relief

could not account for all of the observed scatter in the

heat flow measurements. Althou5 h the small-scale topo-

fraDhy of the Mediterranean and Black Seas is virtually

unknown, very rough bottom relief was photowraphed at

several locations on the Mediterranean ridge in areas

where intense short-wavelength deformation was anparent

from continuous seismic reflection data.

Deposition of the largely terrisenous sediment

accumulating in the Mediterranean and Black Seas is

I4
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strongly controlled by sea floor topography. Turbidity

currents and slumping off of the sides of elevated areas

cause thick accumulations of sediment in topographic

lows and reduced thicknesses on slopes and elevations.

The thermal conductivity of ocean sediment is 2 or 3

times lower than the conductivity of the basement beneath

the sediment. This contrast in thermal conductivity results

in the refraction of heat through areas with little or

no sediment cover, and relatively low heat flux throuah

more thickly sedimented parts of the sea floor.

The magnitude of the refractive or topographic

effects can be expressed in analytical form for a few

simple seometries (see Von Herzen and Uyeda 1963,

Bullard et al., 1956, Lachenbruch and Marshall, 1966)

A numerical technique was developed by Sclater et al.

(unpublished manuscript, 1968) to estimate the effects

of both topoaraohy and irregular sediment cover on the

geothermal gradient. Althouzh a combination of a deep

sediment basin and. sharp topographic relief can produce

a narrow region of heat flow at the edge of the basin,

the presence of even a thin layer of sediment beyond the

edge of the basin causes a marked reduction in the

amplitude of the positive anomaly (see Figure 25).

In conclusion, topography and irregular thicknesses

of poorly-conducting sediment on the sea floor can pro-

duce locally high or low heat flow values, and, in

regions of rough sub-bottom and sea floor relief, can
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Figure 25. The computed relative heat flow across

a sediment-filled hemi-cylindrical depression of

radius R covered with sediment layers 0.lR and

O.3R thick. The thermal conductivity of the base-

ment is assumed to be 3 times the conductivity of

the sediemt, and heat flow is assumed to be uni-

form at depth. True-scale models of the sub-bottom

topography are shown below the profiles. From

Sclater, Jones, and Miller (1968).
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account for much or all of the observed variabilitv.

In order to make reliable corrections to the observed

heat flow values it is necessary to know the sea floor

and sub-bottom topogranhy in the vicinity of the thermal

gradient measurement on reSional, and even more important,

on local scales. This data is unavailable for most

measurements discussed in this manuscript, and only

qualitative estimates are possible.

2.25 Movement of Water in Sediments

Water moving through sediment can carry significant

amounts of heat by mass transport. The resultant increase

in the effective thermal conductivity of the sediment

reduces both the thermal gradient and the heat flow

value computed on the assumption that heat is flowing by

conduction only. Movement of water through sediments

can occur through convection of interstitial water,

through migration of interstitial water during comnactlon

and lithification, and through forced local submarine

discharge.

Upward movement of interstitial water, and thus

mass transport of heat, can occur from the uniform ex-

pulsion of water due to sediment compaction. Lubimova

et al. (1965) concluded that very small velocities of

migration of interstitial water could increase the thermal

gradient near the sea.floor, and that the thermal gradient
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would decrease rapidly with depth to its conductive value.

The thermal vradient at the sea floor is aiven by

drit! exp(vpcX/K)

where v is the velocity of miwration, e c, and K the

density, heat capacity, and thermal conductivity of the

interstitial water, respectively, X the thickness of

the layer throuvh which the water is miratinw, and

the thermal zradient unaffected by mass transport

(Lubimovaet al.,p.85,1965). Under steady-state conditions,

the velocity with which water migrates Unward cannot

exceed the sedimentation rate. Sedimentation rates in

the Mediterranean or Black Seas are less than 1 m/1000

yrs (Wona and Zarudzki, 1970; Ryan, 1969b). Substituting:

=0.1 cM/yr, ( = 1 wm/cm3, c = 1 cal/"C m, K = 1.3

meal/ 0C cm sec, and 3 = 10 cm, the thermal gradient at

the seafloor is 1.022 wo. If the thickness of the layer

and/or the sedimentation rate is increased, the effect

of the miaration of interstitial water on the thermal

vradient may be significant. The hiwh sedimentation

rate and great sediment thickness in the Blac-k Sea may

rrovide an environment where this effect is important,

although it is difficult to manipulate I and v so as to

provide the increase in the thermal aradient observed in-

the unper few meters beneath the seafloor in the Black

Sea and still maintain i and v within realistic limits.
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2.26 Biochemical Heating

The amount of heat produced or absorbed in biochemical

reactions in deep-sea sediments appears to be insignifi-

cant compared to heat flowing through the sediments in

almost all marine environments (Bullard et al., 1956).

Zobell et al. (1953) observed abnormally hiwh temperatures

to depths of 10 in beneath the floor of Lake Mead. They

attributed the high temperatures to heat released in

exothermic reactions accomnanyina the oxidation of the

oroanic material in the mud throuvh bacterial action.

Marked increases in the thermal grad ent were observed

within the upper few meters of sediment beneath many Darts

of the Black Sea, and are shown in Figure 26. Black Sea

sediments contain as much as 35 weirht percent organic

material and Liston (1968) noted that surface sediments

in estuarine areas of Washinaton and Oregon contain un

6
to 10 bacteria ner cram--much hiaher counts than are

characteristic of the open ocean. These observations,

plus the difficulty of explainin 5 the gradient increase

In terms of changes in water temperature (see Section

3.312), suwvest that reinvestiration of the problem may

be worthwhile.

Carslaw and Jaeger (P. 79. 1959) provided the solu-

bion to the problem in which heat is produced at a

constant rate A In a layer of thickness beneath a

surface maintained at a constant temperature. In the
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steady state apnroximation, the temperature gradient G

at the surface due to heat produced within the layer

is given by Equation 1, where K is the thermal conductivity

of the sediment, estimated as 2 KU.

G - At Equation 1
K

Analysis of the shaDes of the thermal gradients

shown in Figure 26 suggests that the value of I is

between 1 and 10 m, and that the thermal gradient at

the sediment surface is about 0.05 C/m higher than the

thermal gradient at depths below which the gradient is

constant with depth. Substitution of these values into

-8 -9
Equation 1 yields a value between 10 and 10-' cal/cm 3sec

for the heat production in the Black Sea sediments. In

comparison, for Lake Mead sediments with a measured

bacterial ponulation of 106 to 10 per gram, a sediment

density of 2 gm/cm3 , and an experimentally determined

value for heat production of 8.3 x 10-15 calories per

bacterial cell per second, Zobell et al. (1953) calculated

that heat was being generated at a rate of 2 x 10-8 to

2. x 10-9 cal/cm 3 sec in the Lake Mead mud.

The approximate agreement between the heat production

rates calculated for Lake Mead and required in the Black

Sea suozests that the Anomalous gradients observed

beneath the Black Sea could be produced if biochemical

reactions analowous to those taking olace beneath Lake
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Mead were occurring in the Black Sea sediments.
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2.3 WESTERN MEDITERRANEAN

2.31 Presentation of Data

The locations of 22 new and 3 published heat flow

measurements in the western Mediterranean Sea are shown

in Fiaure 27. Station parameters and other information

for all of the new measurements are presented in Tables

3 and 4. The 3 published heat flow values were described

in Table 1.

2.3? Environmental Corrections

2.321 Sedimentation

Geological and geophysical data can be interpreted as

indicating a late Miocene-Early Pliocene origin for the

western Mediterranean basin (DeBoov, 1969, Pannekoek,

1969). In calculating the sedimentation correction for

the western Mediterranean basin, it was assumed that the

most recent cycle of sedimentation began roughly 15

m.y. ago, and continued at a constant rate to the present

time. The thickness of the sediment column was estimated

from Fahlquist's (1963) deep water seismic refraction

profiles 194, 195, 4 and 5.

The maximum estimate for the thickness of the

sediment column was obtained by identifying material with

a compressional velocity less than 4.53 km/sec as sedi-

ment in various stages of consolidation. This assumption

lead to a value of 4.72 km for the average sediment
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thickness. It is unlikely that in Upper Tertiary sedi-

mentary material compressional wave velocities exceed

4.0 km/sec. Well-lithified limestones can possess

velocities this high, however the probable large terri-

genous component to sedimentation from erosion of the

Late Tertiary mountain ranges adjacent to the western

Mediterranean would make deposition of limestones un-

likely. Seismic velocities less than or equal to 4.2

km/sec were observed for Upper Cretaceous sediments on

the Blake plateau, and velocities between 5.5 and 6.0

km/sec were associated with Lower Cretaceous or older

material (Drake, Ewing, and Stockard, 1968). The

Dossibility exists that these low and intermediate ranwe

velocity layers are. consolidated Paleozoic or Mesozoic

sediments, meta-sediments, or crystalline rocks exposed

after a long erosional history, as discussed by Aubouin

(1965). However, for estimation of the sedimentation

correction it.is still valid to define the base of the

sedimentary sequence as the first sediments to be de-

posited in the most recent cycle of sedimentation, pro-

vided that thermal equilibrium was established in the

underlying crust before sedimentation began. On the

assumption that refracting material with velocities as

high as 4.53 km/sec are associated with Upper Tertiary

sediments, the average thickness of the sediment column

In the western Mediterranean basin is 4.72 km.

Hamilton (1959) provided gruidelines for determining
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the original thickness of unconsolidated sediment re-

presented by the unconsolidated, semi-consolidated, and

consolidated sediment now on the sea floor. He noted that

"the behavior of Globigerina ooze, or calcareous ooze,

under gravitional pressure, should follow the expectable

consolidation curve for sandy silt or silty sand", and

that "calcareous ooze should show a faster decrease in

porosity than typical quartz-particle sediments", as a

result of many of the calcareous grains being hollow

shells of calcium carbonate. Thus Hamilton's Globigerina

ooze curve, shown in Figure 28, provides an upper limit

on the unconsolidated sediment thickness. Extrapolating

this curve, an unconsolidated thickness of 6.6 km is

indicated.

The average sedimentation rate of 44 cm/1000 yrs,

obtained by dividing this thickness by its age, estimated

at 15 m.y., is comparable with the value of 35 cm/1000

yrs estimated by Ericksson (1965) for the Balearic abyssal

plain. Using a value of 0.002 cm2 /sec for the thermal

diffusivity of the unconsolidated sediment, the equilibrium

thermal gradient should be reduced by nearly 50-1,,

Thus the equilibrium heat flow is twice the observed

flux, and is estimated as 3.66 HFU, This average value

is substantially higher than the mean heat flux through

other small ocean basins or from deep ocean basins,

although even higher values are associated with mid-ocean

ridges and rift-like features. On the basis of the un-
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usually high seismic velocity which must be attributed

to the Neocene marine sediments, the discrepancy between

the observed and the computed sedimentation rates, and the

unusually high equilibrium heat flow calculated from the

resultant sedimentation correction, it is considered

likely that material with refracting velocities greater

than 4.0 km/sec should not be included in the most recent

sediment column.

Recalculating the sediment thickness under this

assumption, an average thickness of 2.61 km is. found to

overlay material with a velocity greater than 4.0 km/sec.

The equivalent unconsolidated thickness is 3.45 km

(Hamilton , 1959), and the resultant sedimentation rate

becomes 23 cm/1000 yrs. Sedimentation at this rate for

15 M.y. would reduce the observed heat flow by about

33 40 and would suggest an average heat flow of

2.73 HFU through the western Mediterranean basin.

It is necessary to assume an age for the Tyrrhenian

basin in order to estimate an average sedimentation rate

and duration. Although many different hypotheses have

been advanced for the origin of the Tyrrhenian Sea, most

have in common an Early or Middle Pliocene awe for the

subsidence of the land mass from which the flysch now

found in the Appennines, on Sicily, Corsica, Sardinia,

and in southern France, was derived. For this reason

the durationtf sedimentation is estimated as 10 m.y.

An average thickness of about 0.3 km of unconsolidated
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sediment rests on about 2.5 km of material with a velocity

of 4.0 to 6.0 km/sec beneath most of the Tyrrhenian

Sea. The Tyrrhenian abyssal plain consists of a sedi-

mentary layer with an average thickness of nearly 1 km

(Ryan et al., 1965), again underlain by 4.0 to 6.0 km/sec

material.

The identity of the intermediate velocity layers is

uncertain. Michno (1963) and Moskalenko (1967) associated

the 4.0 to 6.0 km/sec layers with well-consolidated sedi-

ment, whereas Ritsema (1969a) stated that the low-velocity

crustal layers were young volcanic material. Ryan

(1969a) also suggested a volcanic origin for this material,

mainly on the basis of its treater thickness in regions

where volcanic seamounts and ridges are located. Fahl-

quist noted the similarity between the crustal structure

of the Tyrrhenian basin and that determined by Officer

et al. (1952) for portions of the Bermuda platform, where

the 4.0 to 4.5 km/sec layer material was tentatively

identified as volcanics, sediments, and pyroclastics.

The heat flow measurements in the Tyrrhenian Sea

are located either in the deep-water margins of the basin

or on the abyssal plaint thus an average thickness of

about 1.0 km of unconsolidated sediment is probably

present above the 4.0 to 6.0 km/sec layer. Using Hamil-

ton's (1959) Globigerina ooze curve (Figure 28), the

uncompacted sediment thickness is about 1.20 km, leading

to the conclusion that sedimentation has taken place at
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the rate of 12.0 cm1000 yrs for 10 m.y., and has reduced

the equilibrium thermal gradient by about 9%t

The sedimentation rate calculated in this way is

much smaller than the value of 100 cm/1000 yrs estimated

from cores taken on the Tyrrhenian abyssal plain by Ryan

et al. (1965), who based his estimate on the thickness

of sediment above and between layers of volcanic ash

tentatively identified with subareal eruptions of vol-

canoes of known age. This discrepancy is not a serious

objection to limiting the sediment column to low-velocity

material, since it is probable that the sedimentation

rate has been higher during the glacial Pleistocene.

than during the Pliocene. Sedimentation at the rate

of 100 cm/1000 yrs would account for all of the sediment

in the Tyrrhenian Sea in less than 1 m.y. The widespread

existence of an acoustically transparent layer, conformable

to the basement topography and overlain by horiziontally

stratified turbidite layers, is indicative of the rapid

deposition of primarily terrigenous material which began

during the Pleistocene (Ryan, 1969a).

If the 4.0 to 6.0 km/sec material is included in

the sedimentary' column, the total sediment thickness is

2.5 km, equivalent to 3.3 km of uncompacted sediment.

Sedimentation at an average rate of 33 cm/1000 yrs for

10 m.y. is required to produce this thickness and would

result in a 40 reduction in the observed thermal

gradient. The observed average heat flow would have to
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then be raised to 4.72 HFU to comvensate for the effect

of sedimentation.

The presence of short-wavelength, hirh amplitude

maanetic anomalies, volcanic seamounts, and abnormally

high heat flow in the southern Tyrrhenian Sea makes it

probable that the 4.0 to 6.0 km/sec material is of

volcanic, rather than sedimentary oriwin. Thus a

reduction of the thermal vradient of 9, rather than

4O, is favored in the computation of the equilibrium

heat flux. The regional heat flow throuzh the floor of

the Tyrrhenian Sea is estimated as 3.11 HFU.

2.322 Water Temperature Variations in the Mediterranean

Sea

Western Mediterranean bottom water is produced by

the cooling and consequence sinking of surface water in

the vicinity of northern Corsica and the Lizurian Sea

during winter storms (Miller, 1963). The primary source

of eastern Mediterranean bottom water is the northern

and central Adriatic Sea where water cooled to 12.60C

durin7 the winter months sporadically spills throurh the

Straits of Otranto and flows along the floor of the

Ionian Sea (Pollack, 1951). Other sources include

the coolinx and sinking of water at the surface of the

Ionian Sea during periods of cold, stormy weather, and

the production within the Aegean Sea of dense, .saline water

which flows south into the Levantine basin (Ovchinnikov

and Plakhin, 1965) .



The change in bottom water temperature due to the

displacement of the bottom water by denser water depends

upon both the salinity and temperature of the water

masses. Within the western Mediterranean, newly created

bottom water is more saline, as well as cooler, than

the former bottom water; thus only a small decrease in

temperature is required to provide the additional density

necessary to displace the existing bottom water. The

seasonal bottom water temperature change observed by

Miller (1963) was less than 0.20C, in good agreement with

values ranging from 0.05 to 0.140C estimated from observa-

tions that 1.,newly created bottom water has a temperature

of 12.60 to 12.650C (Ovchinnikov and Plakhin, 1965),

and 2., that the deepest areas of the Balearic and

Tyrrhentan basins are characterized by very uniform

temperatures of 12.650C and 12.740C, respectively.

(Wtst, 1961).

Aegean bottom water is 0.6 to 0.70C warmer than the

water it displaces because its excess density is largely

due to its very high salinity. There is little evidence

from hydrographic data that Aegean bottom water has a

significant effect upon the temperature distribution in

eastern Mediterranean bottom water (Pollak, 1951, wfst,

1961).

Adriatic bottom water is formed by the mixture of

Tonian Sea water from intermediate depths and fresh

water entering the Adriatic Sea from rivers to the north.
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The transformation of this relatively low salinity water

to Adriatic bottom water denser than the Ionian Sea

bottom water requires a large temperature decrease of

about 0.50C. Cold, relatively fresh Adriatic bottom water

flows southward in a thin layer along the bottom of the

Ionian basin and then flows eastward. Its temperature

and thickness gradually increase as it passes through

the Levantine Sea (Ovchinnikov and Plakhin, 1965). The

effect of the sudden appearance of a layer of cold (or

warm) water above the seafloor on the thermal gradient

in the sediment is thus strongly dependent upon the loca-

tion, water depth, time of year, and other factors

peculiar to each determination.

At only a few heat flow measurements in the Ionian

Sea and in the extreme eastern Mediterranean was there

any indication of a thermal gradient which is not constant

with depth. At these stations the gradient is high near

the sediment surface and becomes constant a few meters

below the surface, as though cooler water had recently

replaced warmer water above the sediment. The departure

of the shallow temperature from the value estimated on

0
the basis of the deeper probes exceeds 0.1 C in only one

measurement (CH61-56). It is probable that some of

the increase in the thermal gradient near the sea floor

is due to a decrease in thermal conductivity caused by

hioher water content in the near-surface sediment.

However, the downward increase in thermal conductivity



actually observed rarely exceeds 59 of the mean conducti-

vity and precludes this as an important factor in the

behaviour of the thermal gradient.

In summary, yearly replenishment of Mediterranean

bottom water does not present a major problem for

temperature measurements made deeper than a few meters

below the sea floor, particularly where a sufficient

number of temperature sensors is available to detecta

non-linear temperature distribution.

The long-term thermal history of the Mediterranean

is poorly known. Emiliani (1955a) estimated the tem-

perature of the oceans'during the Pleistocene making use

of the principle that the 018/01 6 ratio in calcium

carbonate precipitated from seawater is dependent upon

the temperature at which precipitation occurs. The

18 16
0 /0 ratios in benthonic foraminifera from the At-

lantic, Caribbean, and Pacific Oceans are consistent

with a temperature maxima about 6000 years ago, followed

by a small temperature decrease. From a more detailed

study of shells buried in coastal caves in North Africa

and Italy, Emiliani et al. (1963) concluded that a

rapid temperature increase began about 10,000 years ago

and culminated in a marked post-glacial maximum extending

from 6500 to 4500 years ago. A 2 0 C temperature decrease

occurred between 4800 and 4500 years ago, followed bya

1 C rise which brought temperatures to their modern values.

A sudden and substantial change in both the tem-
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perature and isotopic composition of the seawater in the

Mediterranean and Black Seas was hypothesized by Ryan

(1969b). Ryan noted that sapropelic layers in eastern

Mediterranean sediment cores occur precisely near the

peak of the warming trend of all the major, faunally

defined, climatic temperature oscillations. He attri-

buted the sapropelic layers to deposition during stag-

nant conditions caused by the sudden appearance of a

large volume of cool, light, brackish Black Sea water

on the surface of the eastern Mediterranean Sea. Rapid

replacement of the cold Black Sea water by denser, more

saline Mediterranean water is believed to have occurred

when the influx of melt-water from the rapidly receding

glaciers raised sea level above the -40 m sill depth

separating the Black and Mediterranean Seas.

Temperatures estimated from the 0l81016 ratio in

pelagic foraminifera are related critically to the iso-

topic composition of the seawater. Evaporation increases

the concentration of 0l8 in the fluid phase and produces

18 16
a low 01/0 ratio in fresh water and continental ice

18 16
sheets and a high 0 /0 ratio in ocean water. Emiliani

(1955b) attempted to correct for this effect in the

Mediterranean, however the influx of melt water and

changes in the circulation system during periods of low

sea level could cause uncertainties in the amplitude

of the observed temperature variations. Ryan's hypo-



thesis makes estimation of the isotopic ratio since the

last glaciation extremely difficult. In addition,

flushin of the Black Sea must have produced a major

change in temnerature, both within the Mediterranean and

Black Seas. In conclusion, the late Pleistocene thermal

history of the Mediterranean is not known in sufficient

detail to Justify the application of a correction to the

observed thermal gradient.

2 33 Interpretation

The average of 12 heat flow measurements located in

the western Mediterranean basin is 1.83 HFU, with a

standard deviation of 0.66 HFU or 36%. Five of the

measurements at which heat flow values ranged between

1.93 and 2.50 HU were located on the margin of the Rhone

fan, the Balearic island rise, and the Balearic abyssal

plain. Heat flow values of 1.35 and 3.15 HFU were

measured in the western end of the Balearic abyssal plain,

near the area affected by the turbidity currents associated

with the Orleansville earthquake (Heezen and Ewinw,

1955). Although submarine cables were not broken in the

immediate vicinity of either station, the relatively low

heat flow (1.35 HFU) observed at station C9-139 could be

the result of the sudden deposition of a thick layer of

turbidite material. The extreme non-linearity of the

thermal gradient at C9-135 supports the hypothesis that
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a layer of warm water and sediment was deposited on the

cooler seafloor, however the excess temperature of 0.250C

registered by the uppermost probe cannot be due to this

cause. The temperature T(x,t) at time t and depth x in

a half-space having a uniform thermal diffusivity of

2
0.002 cm /sec and having had an initial temperature AT

to a depth of d, below which the temperature was initially

zero and above which the temperature has been maintained

at zero, is given by Carslaw and Jaeger (p. 62, 1959).

ZLCJTF-3CrTS X 3t Equation 1

If 4 m of anomalously warm material having a thermal

diffusivity of 0.002 cm2 /sec was deposited on the sea

floor 16 years ago, the present excess temperature 2 m

below the seafloor would be less than 11 of the initial

excess temperature.

One heat flow measurement just west of the Balearic.

abyssal plain and two others on the Alboran abyssal plain

yielded values of 0.79, 2.22, and 1.25 HFU, respectively.

Their proximity to the steep, earthquake-prone north

African continental slope and evidence for fault

tectonics in the Alboran basin suggests that some of the

variability may be due to sedimentation and topographic

or refractive effects. However, the variability in the

heat flux may actually reflect local variations in the
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thermal properties of the upper mantle and crust.

Four reliable heat flow values are available from

the Rhone fan (Figure 29). Three are situated at the

base of the fan, near the northern Balearic abyssal plain.

Station C9-135 is located well up on the fan in an area

eroded by a system of large, disrupted, leveed channels

that were possibly formed during the Pleistocene when

Alpine glaciation and detglaciation introduced large

volumes of relatively coarse sediment into the Rhone

River (Menard, 1965). An average sedimentation rate of

about 100 cm/1000 yrs was estimated on the basis of a

Pleistocene age for the 1.3 km thick layer of the un-

consolidated sediment beneath the center of the fan

(Menard, 1965), leading to a 389 reduction in

the equilibrium heat flow. The gradient may have already

been reduced prior to the Pleistocene by the deposition

of an average of 2.1 kin of sediment now present beneath

the unconsolidated layer. If deposition of most of

this layer occurred since the elevation of Alpine structures

after the Eocene, then the sedimentation at an average

rate of 7.5 cm/bOO yrs for 36 m.y. would have reduced

the gradient by 19% prior to the most recent

sedimentation epoch. Thus the observed. gradient may be only

half (0.81 x 0.62) of the equilibrium gradient. It is

probable that the observed heat flow of 1.39 HFU should

be increased to 2.8 HFU in order to represent the steady

state heat flux.
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Figure 29. Bathymetric map of the Rhone fan and northern

Balearic abyssal plain showing observed heat flow values

in HFU. After Menard et al. (1965) .
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Two other reliable heat flow measurements on the

northeastern margin of the fan have values of 2.50 and

2.08 HFU. The heat flow at station ZEP-32, which appears

to be located either within or near a major channel

at the southern edge of the fan, was reported as 1.2

HFU by Nason and Lee (1964). They noted that the measure-

ment was of questionable value because of the effects of

possible instabilities in bottom water temperature and a

probable high sedimentation rate. The value of 1.2 HFU

is lower than the regional average and may indeed reflect

one or both of the perturbations suggested by Nason and

Lee.

Twelve reliable heat flow values are available from

the Tyrrhenian Sea, 10 of which were obtained by George

Harlow with the cooperation of Italian scientists aboard

the M. N. Bannock. Although the Tyrrnenian Sea has a

relatively small abyssal plain, it is surrounded on the

northeast and south by a broad, deformed, gently sloping

continental slope. Heat flow values from the Tyrrhenian

basin are strikingly high, with an average of 2.83 HEU

and a standard deviation of 1.07 HFU, or 419. The

average of 4 measurements made in the basin southeast of

the abyssal plain is 3.38 + 0.16 HFU. The locations of heat

flow values on or near the abyssal plain is shown in Figure

30. Values range from 0.72 to 3.92 HFU with a mean of

1.83 + 0.66 HFU. The value of 0.72 HEU at station C9-131

was measured in a narrow abyssal channel connecting the
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slightly deeper western lobe with the eastern lobe of

the Tyrrhenian abyssal plain. It is likely that the

unusually low heat flow is due to sediment slumping off

of the adjacent topographic highs. In addition, heat would

tend to flow out through the higher thermal conductivity

areas on either side of the sediment filled channel,

further reducing the heat flux measured in the channel.

Heat flow values of 2.60 and 3.92 HFU were found at

stations CT-32, located in the southeastern corner of

the abyssal plain, and CT-54, located in the western

lobe, respectively. At stations CT-5O and CT-53, less

than 20 km northwest of the abyssal plain, values of

4.14 and 1.38 HFU were obtained. The fact that significant-

ly different heat flux was found at measurements only

10 -km apart indicates that if the source of the variation

is geophysical ratner than environmental, it is located

mtthin the crust or uppermost mantle.

The average heat flow through the floor of the western

Mediterranean, corrected for the effect of sedimentation,

is 2.9 HFU, over twice as large as the world average heat

flow of about 1.4 HFU (Lanwseth, 1969). Seven of the 12

heat flow values located west of the Tyrrhenian Sea

exceed 1.90 HFU. All of the remaining 5 may be subject to

environmental effects which could lower the observed heat

flow substantially: two measurements are located on the

thickly sedimented Rhone fan, two more in a topographically

rough region of the Alboran basin, and one in the extreme
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western Balearic basin at the base of the Balearic island

rise. The average corrected heat flow in the Tyrrhenian

Sea (3.1 HFU) is greater than the average corrected value

for the western Mediterranean basin (2.7 HFU). In view

of the large variability of the heat flow data and un-

certainties in the environmental corrections, this difference

may not be geophysically significant. However, the existence

of a zone of uniformly high heat flow in the southeastern

Tyrrhenian basin, where active volcanism is present, is

in accord with higher upper mantle temperatures beneath

the Tyrrhenian Sea than beneath the western Mediterranean

basin.

If basalt with the same average composition as the

highly radioactive products of the southern and central

Italian volcanoes exists beneath the adjacent Tyrrhenian

Sea, a significant fraction of the observed heat flux may

originate In this material. Each kilometer of basalt

having the radioactivity of the parent magma as determined

by Locardi (1968) could contribute 0.4 HFU to the surface

heat flow. Large magnetic anomalies in the Tyrrhenian

Sea are frequently associated with seamounts or ridges

from which samples of basalt have been dredged.

A layer of 4.5 km/sec material 2.0 to 2.5 km thick

is present beneath the unconsolidated sediment in the

central Tyrrhenian basin. A similar layer of material

about 1.5 km thick with a compressional wave velocity

between 4.5 and 5.5 km/sec is present beneath the sediment
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in many oceanic areas (Ewing, 19691 Shor and Raitt, 1969).

Igneous material believed to be representative of at least

the surface of this layer was recovered from three loca-

tions beneath the Atlantic Ocean, and consisted of inter-

bedded basaltic flows, sills, and sediment (Peterson,

1970). If the 4.5 km/sec material beneath the Tyrrhenian

Sea includes basalt of the "Mediterranean" type, it could

provide as much as 0.8 to 1.0 HFU to the corrected regional

flux of 3.1 HFU Thus the fact that the average corrected

heat flux in the Tyrrhenian Sea is about 0.4 HEU higher

than the corrected flux in the western Mediterranean basin

may also reflect the presence of a layer of highly

radioactive basalt over a thermally uniform upper mantle.

Uniformity of the western Mediterranean upper mantle

structure is consistent with Payo's (1967)observation that

Rayleigh and Love wave group velocity dispersion curves

appear to depend upon the fraction of the path which is

continental or oceanic, rather than on the location of the

path through the western Xediterranean.

The high average heat flow in the western Mediterranean

Sea is consistent with other types of geophysical data

which can be interpreted as indicating that the upper

mantle beneath the sea is abnormally hot-. Active volcanism

exists along the coast of central and southern Italy and

areas of extremely high heat flow are observed both on

land at Larderello and Mount Amiata and .in the southern

Tyrrhenian Sea. Berry and Knopoff (1967) and Payo (1969)
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proposed models of the shear velocity structure beneath

the western Mediterranean basin in which an ultra-low

velocity layer was located at an unusually shallow depth

beneath the seafloor. In a series of refraction profiles

in the western Mediterranean basin, Fahlquist (1963)

observed arrivals from 7.7 km/sec material which he

identified as low velocity mantle. The existence of

material with abnormally low shear and/or compressional

velocities beneath the western Mediterranean suggests,

but does not demand, an abnormally high temperature upper

mantle; compos itional or phase changes could produce the

same effect.

2.4 EASTERN MEDITERRANEAN SEA

2.41 Presentation of Data

The locations of the 31 heat flow measurements in

the eastern Mediterranean Sea and a single measurement

in the southern Aegean Sea are shown in Figure 31.

Information relating to the new heat flow values is

presented in Tables 5 and 6. The locations are spaced

rather uniformly throuzhout the eastern two-thirds of

the eastern Mediterranean and include all of the major

toporrachic provinces.

2.42 Environmental Corrections

2.421 Sedimentation

The average crustal structure of the deep water
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sections of the Ionian and Levantine Seas consists of

0.3 km of unconsolidated and semiconsolidated sediment

above .1.8 to 2.0 km of 4.2 to 4.8 km/sec material which

is, in turn, underlain by a 6.1 to 6.6 km/sec refracting

layer. Russian investigators (Michno, 1963; Moskalenko,

1966; Kovilin, 1964) proposed that the 4.2 to 4.8 km/sec

material is lithified sediment. Moskalenko (1966)

tentatively assigned a Cretaceous age to the 4.7 km/sec

layer observed beneath the Levantine Sea on the basis of

the supposed correlation of layers of known age in northern

Egypt with their proposed seaward extensions.

Gaskell and Swallow (1953), Ewing and Ewing (1959),

Ludwig et al. (1965), and Ryan (1969a) acknowledged that

this material could be either igneous or- sedimentary.

If the 4.7 km/sec material -is igneous, or is sediment of

pre-Tertiary age, it is difficult to explain why such a

thin layer of poorly consolidated material is present,

considering the present high sedimentation rate and evi-

dence that deposition was occurring during Eocene or

earlier times (Ryan, 1969a). The absence of magnetic

anomalies in regions of rough relief further suggests

sedimentary, rather than igneous material beneath the

uncom.pacted sediment. The sedimentation correction is

computed on the assumption that the sediment column in

the eastern Mediterranean now averages 2.2 km in thickness,

and that an equivalent uncompacted sediment thickness of

2.7 km has been deposited at a constant rate throuwhout
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the Cenozoic, resulting in a reduction of the equilibrium

thermal gradient by 16%.. The estimated average sedimenta-

tion rate of 4.3 cm/1000 yrs agrees well with rates determin-

ed by Ryan (1969b) for sediments on the Mediterranean

ridge, and with rates compiled by Wong and Zarudski

(1969) and shown in Figure 32.

The applicability of one sedimentation correction to

heat flow measurements made over much of the eastern

Mediterranean is suggested by the conclusions of Hersey

(1965) and Ryan (1969a). They proposed that the physio-

graphy of the Mediterranean sea floor has evolved through

the interaction of tectonic deformation and sedimentation.

In this interpretation elevated areas such as the highly

deformed Mediterranean ridge were formerly areas of

ponded sediments and are now in various stages of tectonic

evolution.

2.422 Water Temperature Variations

The effects of short and long-term variations in

bottom water temperature on the geothermal gradient be-

neath the Mediterranean were summarized in Section 2.322

Semidiurnal temperature fluctuations are attenuated

rapidly in the sediment and are negligible for temperature

measurements deeper than about 50 cm beneath the sea floor.

Annual temperature variations,if they exist, can seriously

affect the temperature distribution in the sediment to

depths comparable to the maximum length of the interval



3
8

0
-

7
2

0 2.
4 

0
 

6

*
 @

42
 

-
21

01
7 

10
5.

2 
50

3

46
 3

6 
@

4.
7 

58
34

4 
e 

e0
10

0
5

.9
 

04
.6

 
-

0
5
9
 

@
46

 
18

.8

0
8

.6

-
-

-
Y

 
-0

 
10

3
0
*

1
0
0
 

1
4
0
 

1
8
0
 

2
2
0
 

2
6
0
 

3
0

* 
3
4
0

F
i
g
u
r
e
 
32
. 

C
o
m
p
i
l
a
t
i
o
n
 
o
f
 
m
o
d
e
r
n
 
s
e
d
i
m
e
n
t
a
t
i
o
n
 
r
a
t
e
s
 
i
n
 
t
h
e
 
e
a
s
t
e
r
n
 
M
e
d
i
t
e
r
r
a
n
e
a
n

i
n
 
c
m
/
1
0
0
0
 
y
r
s
,
f
r
o
m
 
v
a
r
i
o
u
s
 
i
n
v
e
s
t
i
g
a
t
o
r
s
 
a
s
 
r
e
p
o
r
t
e
d
 
i
n
 
W
o
n
g
 
a
n
d
 
Z
a
r
u
d
z
k
i
 
(
1
9
6
9
)
.



160

over which the thermal gradient was measured. In order

for the effect of annual temperature variations to be

s ignificant deeper than a few meters below the seafloor,

an extremely non-linear temperature-depth relation should

be easily observable in the near-surface sediments.

Because slightly non-linear temperature-depth distributions

were observed at only a few locations, annual temperature

fluctuations do not appear to be an important source of

error in the eastern Mediterranean Sea.

Longer-term temperature variations associated with

changes in climate or water circulation may have changed the

temperature-distribution beneath the eastern Mediterranean

Sea (see Section2., 322 ). The thermal history of the eastern

Mediterranean is too poorly known to justify applying

corrections for these long-term changes.

243 Interpretation

The most obvious characteristics of the observed

heat flow in the eastern Mediterranean are its generally

low average value (0.74 + 0.30 HFU) and its small

variance across different physiographic provinces. Heat

flow values plotted as a profile perpendicular to the axis

of the Mediterranean ridge are shown in Figure 33. This

treatment of the data is justified by the basic linearity

and parallelism of the major physiowraphic provinces of

the eastern Mediterranean, as well as by the magnetic

and gravitational fields and zones of tectonic activity
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which are in the form of broad, concentric bands parallel

to the Cretan arc. There is no evidence for any regional

heat flow anomaly associated with the Mediterranean ridge,

nor with the basin and trench provinces located north and

south of it.

Where individual anomalously high or low values occur,

the measurement is invariably located in an area where

the anomalous heat flow value, whether high or low, can

be attributed to the effect of nearby extreme topography

and/or sedimentation processes. Station C9-126, at which

a heat flow of 1.76 HFU was measured, was located at the

bottom of a narrow, steep-walled valley in a highly

deformed and fractured area of the Mediterranean ridge.

The effect of the local seafloor relief is to increase

the heat flux through the floor of the valley. Two of

the three heat flow values (CH61-56 and CH61-57) on the

Nile cone are slightly below the eastern Mediterranean

average, probably as a result of a locally high sedimentation

rate caused by deposition of the large amount of sediment

carried into the eastern Mediterranean by the Nile

River.

A heat flow of 1.05 HFU was measured at station

CH61-37, located in a horizontally stratified sediment pond

in the southern Aegean Sea. This value is well above the

average value of eastern Mediterranean heat flux, but

still lower than the world average. Many more measurements

are needed to estimate the regional flux in the Aegean Sea
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with confidence.

In accord with the absence of regional variations in

heat flux, there is no apparent relation between the

observed heat flow and other types of geophysical data in'

the eastern Mediterranean Sea. Nor does any relation exist

between the thickness of the unconsolidated sediment,

as determined by Wong and Zarudski (1969), and the ob-

served heat flow. The variability of the heat flow data

Is hiszher in areas of rough sea floor topography. The

relationship between topographic roughness and variability

of heat flow observed in the eastern Mediterranean is

understandable in terms of the effects of topozraphy,

refraction, and sedimentation on the thermal gradient.

The absence of high heat flow values and the existence

of a smooth magnetic field over the eastern Mediterranean

ridge suggest that volcanic activity is not present in

the crust and strengthens the conclusion that the ridge

is not tectonically similar to active mid-ocean ridges.

The mere absence of volcanic activity in the eastern

Mediterranean is not sufficient to reduce the observed

heat flow to nearly half of its normal value. Neither

can the effect of sedimentation, estimated as having reduced

the heat flow by 16%, explain the low flux. "Crustal

shortening", defined by Ryan (196 9a) as ."The process of

thickening the sedimentary crustal layers by folding on

decollement planes, or by piling up layers of sediments

as the result of underthrusting", may be responsible for
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a reduction of the heat flux over tectonically deformed

areas of the eastern Mediterranean. Ryan proposed that

the negative free-air gravity anomalies over and north

of the Mediterranean ridge are due to sedimentary material

"uplifted onto and crushed into the Mediterranean ridge

southeast of Crete and Rhodes". The existence of low

heat flow through relatively undeformed regions in the

eastern Mediterranean south of the Mediterranean ridge and

in the vicinity of Cyprus cannot be attributed to crustal

s hortening.

It is possible that the sub-normal heat flux in

the eastern Mediterranean is due to a deficiency in

radiogenic elements in the upper mantle. In this

connection, it may be significant that the low velocity

zone is found at shallower depth and with a lower minimum

velocity beneath the western Mediterranean than beneath

the eastern Mediterranean. This observation is consistent

with the upper mantle east of Italy being cooler than the

upper mantle beneath the western Mediterranean.

2.5 BLACK SEA HEAT FLOW DATA

2.51 Presentation of Data

Thirty heat flow measurements were made in the Black

Sea with either of two different types of probes. The

data are viven in Tables 7 and 8 and locations are shown

in Figure 34. Piston cores, typically 9 m long and.
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designated by the letter "P", were instrumented with

either 7 or 8 thermistor probes in an effort to detect

non-linear gradients and to determine the thermal gradient

below the disturbed zone. In addition, 13 heat flow

measurements were made using 5 temperature sensors on a

gravity ("G") corer 3.25 m long. Most measurements made

with the gravity corer were unusuable for the determination

of the regional heat flow because a non-linear temperature-

depth distribution exists in the upper few meters of sedi-

ment. As shown in Figure 25 the thermal gradient decreases

with depth at a rate which appears to depend upon condi-

tions peculiar to each measurement.

At stations 1478G and 1486G, very closely spaced

heat flow measurements were made with the 3.25 m probe

by repeatedly lowering the probe into the bottom as the

ship drifted. Up to 10 independent gradient determinations

were obtained at intervals of approximately 100 m. The

data allow an evaluation of the significance of "single

determination" heat flow measurements made with the same,

or similar, equipment under similar sea floor conditions.

Station 1478G was situated on the central abyssal

plain in the eastern half of the Black Sea. Continuous

seismic profiles and bathymetric data indicate a thick

sequence of flat-lying, horizontally uniform, undisturbed

layers of sediment beneath this station. Piston core

1478P was obtained nearby and contained layers of sand

interleaved with calcareous mud. The presence of the sand
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layers was also evident from the heat flow record

at station 1478P where several of the probes underwent a

large initial temperature increase, usually associated with

increased frictional heating due to the coarse material.

However, there is no indication from the heat flow record

at station 1478G that sand layers were encountered by the

shorter probe.

Station 1486G was located at a depth of 1992 m

seaward of the base of the continental rise south of

Crimea. Piston core 1486P was taken higher on the rise

in 1886 m of water in an area of rough topography, as

indicated by the presence of side-echoes and a depth change

while the ship drifted during the 5 minutes that the heat

Drobe was in the bottom.

The temperature versus depth curves for both multiple

heat flow stations are shown in Figures 35 and 36. The

isotherms within the sediment at both stations have been

drawn on the assumptions that the corer penetrated ver-

tically and that the temperature within the sediment at

each measurement is well represented by a smoothly varying

curve drawn through the temperature-depth data (see Figures

37 and 38). Although variations in the depth of the iso-

therms occur in both sets of measurements, the temperature-

depth profiles within each set are of nearly the same

shape and slope. The similarity can be greatly improved

if it is assumed that the corer failed to penetrate

vertically at measurements where small temperature increases
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Figures 35 and 36. Temperature-depth profiles at

multiple heat flow stations 1478n and 1486G,

respectively. Horizontal arrows indicate nrobes

warming or cooling during the measurement. Also

shown for comparison is the temperature-depth

profile inferred from the uppermost nrobes on

nearby heat flow stations 1478P and 1486P. The

thermal gradient was calculated from the slope

of the solid line tangent to the base of the

dashed temperature-depth profile.



P 
I 

N
0 

P
. 

P 
i IP

I 
P

N
P

i 
IaP

Z
 

P2

tP
2

Im

1478 P
'

'B
 

I
'B

 
'B

'B
 

'B
'

'B 
'B

A 
B

y
(C

/m
) 

.0400 
.00140 

.0148

* UPPER 
PRO

BES 
O

N
LY

C

.0176

'B'B

I 
'B

'B 
'B'B'B

'BI
'B'B'B'B

'B'B

D 
E

F

'B

G 
H 

I

.0176 
.0160 

.0230 
.0254 

.0214 
.0248

AVER
AG

E 
G

RADIENT

,--e 
IN

TER
PR

O
BE 

GRADIENT

A
TLA

N
TIS 

11-49 
M

U
LTIPLE 

H
EA

T 
FLO

W
 

STA
TIO

N
 

1478 
G

F
iq

u
re

 
35

CC.



M
I-

M
 

M
l

PW
 

P
w

i 
PW

 
PW

 
PW

Im

*C
- c

d Z

* 
U

P
P

E
R

 
P

R
O

B
E

14
86

P
* 

A 
B,

 
C 

DE

.0
53

6e
 

.0
2
5
4
 

.0
36

0 
.0

4
2

8
 

.0
32

0 
.0

24
6

S 
O

N
LY

 
A

V
E

R
A

G
E

 
G

R
A

D
IE

N
T

-I
N

T
E

R
PR

O
B

E
 

G
R

A
D

IE
N

T

A
TL

A
N

TI
S 

11
49

 
M

U
LT

IP
LE

 
H

EA
T 

FL
O

W
 

ST
AT

IO
N 

14
86

 
G

F
ic

u
re

 
36

H tD

1



180

Figures 37 and 38. Isotherms in the sediment as

drawn from temperature-depth data at multiple

heat flow station 1478G and 1486G, respectively.
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were observed. Correcting the isotherm plots for non-

vertical penetration removes the tendency for the iso-

therms to show increasing departure from "normal" behavior

with increasing depth (or temperature increase). No

measurements of the inclination of the probe in the sea

floor were made at these stations, thus the validity of

the above corrections cannot be verified independently.

The observed variation in the position of the iso-

therms is probably due to non-vertical penetration of the

probe, and, to a lesser extent, measurement error.

Lateral variations in the thermal gradient are unlikely In

view of seismic and bathymetric data suggesting that

the sediment is horizontally uniform and undisturbed.

The tendency for the thermal gradient to decrease

with depth was observed in only a few of the heat flow

measurements made with the deeper penetrating piston coring

apparatus. The probe spacing on the upper part of the

piston core (about 3 m) was slightly larger than the in-

terval over which the largest change in the gradient

occurred. In the 19 measurements considered to be useful

for the determination of heat flow, the gradient became

constant at depth and was assumed to represent the

thermal zradient undisturbed by whatever environmental

effects have affected the shallower measurements.

183
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2.52 Environmental Corrections

2. 52 Sedimentation

The presence of up to 14 km of low velocity, hori-

zontally stratified material, usually identified as

sediment in varying stages of consolidation, and the

observed average heat flow of 0.84 HFU, strongly constrain

models of the sedimentation history in the Black Sea,

and in particular, the minimum length of time that

sediment could have been accumulating.

Hamilton (1959) calculated that for sediments over

a few kilometers thick, a clay-shale section represents

about two and a half times its uncompacted thickness and

a predominantly calcareous laver about one and a half

times its original thickness. ContemDorary sedimentation

in the Black Sea basin includes both types. If compaction

by a factor of two is a reasonable assumption, an average

thickness of 10 to 20 km of uncompacted sediment lies

beneath much of the Black Sea.

Although estimates of the age of the Black Sea

range from Lower Quaternary (Nalivkin, 1960) to Paleozoic

or Precambrian (Milanovskiy, 1967), most investigators

appear to favor an Upper Mesozoic (Brinkmann, unpublished

manuscript, 1968) or Lower-Middle Cenozoic (Re zanov and

Chamo, 1969) Muratov, 1962) origin. The reduction of

the thermal 5 radient due to the deposition of a given
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thickness of sediment is greatest for the highest sedi-

mentation rate (shortest duration of sedimentation).

The dependence of the reduction on the ave of the Black

Sea is shown in Figure 21. For ages less than about 150

m.y., the amplitude of the correction increases rapidly

with decreasing aze. The assignment of a Middle Eocene

(50 m.y.) age implies that the thermal gradient has been

reduced by 779, and that the true heat flow is 3.6 HFU

or more. Middle Cretaceous (100 m.y.) and Triassic

(200 m.y.) origins imply heat flows of 2.3 and 1.7 HFU,

respectively.

Contemporary sedimentation rates in the central

Black Sea range from 10 to 30 cm/1000 yrs (Starik et

al., 19591 Ross et al., unpublished manuscript, -1970),

and agree well with the value of 9 to 30 cm/1000 yrs

calculated on the assumption of a Mesozoic orivin.

Milanovskiy (1967) noted that throughout all of the

Tertiary almost all of the sediment carried by the

Danube River failed to reach the Black Sea, and was

dumped into the Pannonian and Lower Danubian depressions.

He suggested that the present sedimentation rates are

much higher than those prevailing before the Upper

Tertiary, and consequently the time required for the

accumulation of the Black Sea sediments--and thus the

age of the Black Sea--is Paleozoic or older. However,

the creation and rejuvenation of major Alpine (Tertiary)

and Kimmerian (Mesozoic) mountain ranges around the Black
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Sea may have provided an almost continuously hiQh sedimen-

tation rate. In the following discussions, a Cretaceous

age (100 m.y.) is assumed for the origin of the Black Sea.

2.522 Thermal Refraction

In addition to the reduction in the thermal gradient

caused by sedimentation, the Dresence of a thick blanket

of low thermal conductivity sediment beneath the Black

Sea has further reduced the average flux throuvh the

central basin and increased the heat flow around the

margins. The maanitude of the reduction can be estimated

using the solution presented by Von Herzen and Uyeda

(P. 4238, 1963) for thermal refraction throuxh a sedi-

ment-filled, hemiellipsoidal depression.

The effect was computed for two geometries which

bracket the actual shape of the Black Sea basin, and for

contrasts in the thermal conductivity of the sediment and

basement ranging from 2:1 to 4:1. Heat flow would be

uniformly lower over the entire sediment-filled depression

by an amount shown In Figure 39. The dotted curve was

calculated for an Infinitely long trough with a hemiellip-

soidal cross section having major and minor axes of 95 and

ij km, respectivelv. The dashed curve shows the reduction

due to a circular hemiellipsoidal depression with the same

axes. The actual contrast in thermal conductivity is orobably

between 2 and 3 and a reduction of the heat flow out of
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the basin of about 20% is likely.

A non-ellipsoidal shape of the Black Sea basin will

cause the magnitude of the reduction to vary accordinw

to position, rather than being constant across the basin.

A serious discrepancy between the real and idealized

sediment thicknesses is that the sediment beneath the

marwins of the deep basin is thinner than that required

by the model. The effect of this discrepancy is to reduce

the refraction effect away from the center of the Black

Sea - particularly near the continental rise where the

sediment thins rather abruptly, as shown in Figure 19.

Thus the observed heat flow should be lower in the central

basin and higher near the continental rise. Evidence for

the existence of just such a heat flow distribution is

discussed in Section 2.53.

2.523 Water Temperature Variations

The Black Sea is divided vertically into two distinct

water masses. The uppermost layer extends from the sur-

face to a depth of about 200 m and is characterized by

a rapid downward increase in density due to an increase

in salinity from 1.81C at the surface to 2.2% below about

200 m (Caspers, 1957). This stabley stratified layer

prevents the penetration of very cold, fresh surface

water into the underlying region which extends, with only

minor changes in salinity and temperature, to the .seafloor.

The Black Sea is connected to the Sea of Marmora
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and to the world ocean through the Bosporous, a narrow

strait with a sill depth of 40 m (Caspers, 1957). It

is generally accepted that a strong surface current

flows southwards through the Bosporous, carrying brackish

Black Sea surface water into the Sea of Marmora and on

into the Aegean Sea. Beneath this southward flowinw

current denser, salty, and warm (1330C) Aegean water is

known to flow northward over the sill into the Black

Sea, although its importance to the physical oceanography

of the Black Sea is not understood. Carruthers (1964)

and Novitskiy (1965) suggested that the inflow exerts a

significant effect on the near-Bosporous water mass and

Caspers (1957) noted that an influx of Aegean water is

required to replaze the salt lost in the outward flowing

surface current. He suggested the most likely cause for

the currents observed in the Black Sea are pressure

differences produced and maintained by the inflow of

dense salty water through the bottom zone of the Bosporous

and the continuing inflow of less saline water in the

northwestern area.

Temperature and salinity data tend to minimize the

possibility of the Bosporous being an important source of

warm, dense bottom water. No indication of a warm, salty

layer of bottom water has been observed in the Black Sea

although most hydrocasts do not sample within 100 mr of the

sea floor, and therefore would miss a thin layer. An even

better indication of the absence of a warm water layer
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on the seafloor is provided by semi-continuous water

temperature measurements .made with the thermal gradient

recorder at each station.

On the basis of the ability of the stable density

stratification in the upper 200 m of water to prevent

the downward penetration of newly formed bottom water and

observational evidence for the absence of anomalously

warm or cool bottom water either at stations in the deepest

parts of the Black Sea or at shallower depths on the

continental slopes, it is concluded that there is no

evidence that annual variations in bottom water temperature

occur in the Black Sea. The non-linear temperature-depth

distributions observed in the sediment cannot be caused

by short-term changes in bottom water temperature.

Long term chances in the temperature of the Black

Sea are more difficult to evaluate. The Black Sea has

had a complicated hydrologic history dominated by the

sDoradic opening and closing of marine connections to the

Sea of Marmora and to the Caspian Sea (Caspers, 1957).

During the last alacial stage the level of the Black Sea

fell 80 to 100 m below the present level, effectively

cutting off the inflow of saline Aegean water. As sea

level rose following the last glaciation, the Bosporous

reopened and salinity increased, as indicated by the

appearance of Mediterranean faunal species in the Black

Sea (Caspers, 1957). At the time of the post glacial

"climatic optimum", sea level rose in the Black Sea, as
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in the oceans in general, 5 m above the present level.

Ryan (1969b) suggested that the relatively light, brackish

water which accumulated in the Black Sea during the

glacial period was displaced by the influx of denser

Aegean water. The present temperature (8.80C) of the

bottom water in the Black Sea is considerably less than

0
the temperature (13 C) of Marmoran water. If such an

overturn occurred 7000 to 9000 years ago, as proposed by

Ryan, (1969b), the floor of the Black Sea very likely

was warmed rather than cooled. It is not known whether

the warming is continuing at present due to continued

influx of Marmoran water, or whether a possible 5 m

decrease in sealevel has effectively reduced the inflow

and started a gradual cooling in response to the cold

surface temperatures. No correction to the thermal

cradient for short-term temperature changes is required,

and no reliable correction for long-term changes. can be

estimated.

2. 53Interpretation

Nineteen heat flow measurements are believed to

provide data useful for estimating the regional geo-

thermal flux through the floor of the Black Sea. The

data of Lubimova (1966) is not included in the following

discussion because their reliability is uncertain.

The average of 19 heat flow measurements is 0.84

HFU, with a standard deviation of 0.32 HFU. Observed
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values range from highs of 1.63 and 1.31 HFU, observed

on the continental slopes west and south of Crimea,

respectively, to 0.34 HFU through the deep-water abyssal

plain in the central Black Sea.

A tendency for heat flow .values above the regional

mean to be located around the margins of the Black Sea

above the 2000 m depth contour is shown in Figure 40.

Very low values, on the other hand, occur about equally

on either side of the 2000 m contour. This skewed distri-

bution results in an average heat flow within the deep-

water region equal to 0.72 + 0.21 HFU, and through the

shallower margins, of 0.92 + 0.42 HFU.

Longitudinal variations in heat flux are much less

obvious. The average flux through the Black Sea east

and west of Crimea is almost equal. Two very low values

(0.21 and 0.25 HFU) at stations 14 68G and 1469G, res-

pectively, were not used in computation of the average

flux for the eastern Black Sea because the temperature-

depth data and the absence of a core at these stations

implied little or no penetration.

The high heat flow value at station 1442P exerts

a powerful influence on the regional average and on the

credibility of the hypothesis that the marginal heat flux

is relatively high. Although 4 probes penetrated the

sediment, only data from the upper 3 yielded a linear

temperature-depth profile. The abnormally high gradient

may be due to a slump having occurred relatively recently

I
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there. The thermal conductivity used for computation of

the heat flow was measured in a small, sandy, disturbed

segment of core and may not be representative of the

average conductivity of the sediment.

Station 1486P was taken in a similar physiographic

environment and thus its reliability is subject to some

of the same uncertainties as 1442P. However, the

temperature-depth data at 1486P are of much higher

quality and do not show an abnormal temperature-depth

relationship, although there is a definite decrease

in the thermal 5 radient with depth in the top few meters.

2.531 calculation of Flux out of the Mantle

As discussed in Sections 2.521 and 2.522, the average

heat flow through the floor of the Black Sea has been

reduced by factors of 0.63 and 0.2 as a result of continuous

sedimentation and contrasts in the thermal conductivity

of the sediment and basement rock, respectively. In

order to estimate the heat flux into the base of the

sedimentary column the-average observed heat flow of 0.84

HFU should be corrected for these effects and flow which

originates in the sediment must be removed. The thick

sediment in the Black Sea may provide a significant

fract ion of the observed heat flux if enough time has

elapsed for the radiogenic heat to warm the sediment

layer, and if the radioactivity of the sediment is

sufficiently high.

F
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Carslaw and Jaeger (p. 80, 1959) derived an expression

for the temperature gradient G after time t at the surface

of a layer of thickness , thermal diffusivity k,

thermal conductivity. K, and heat production A.

(tA _ .ie fEquation 1

Values of k and K were estimated as 0.004 cm2 /sec and 4 KUg

respectively; intermediate between the diffusivity and

conductivity values characteristic of unconsolidated

and lithifled sediment. The content of U, Th, and K

in the sediment was estimated as the arithmetic mean of

the concentrations of radiogenic material in Black Sea

sediments, .Russian platform shales and carbonates,

and- in Mesozoic graywakes from the northern Coast Ranges

of California (Table 9). The rate of energy release

for the radiogenic materials was calculated using decay

energies given by Birch (1954). An average density of

3.
2.3 gm/cm compatible with the gravity data was assumed

and the heat production of the sediment was estimated at

2.83 x 10 13 cal/cm3 sec. Heat production at this rate,

under steady state conditions, would provide 0.028 HFU

per kilometer of sediment; thus the contribution to the

observed heat flux from up to 14 km of sediment could be

as large as 0.40 HFU.

Figure 41 provides some insight into the length of
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thermal properties as shown, assuming that the

entire laYer was deposited at constant temperature

at time zero, and that no heat is f lowing into the
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time required for steady-state thermal conditions to

be established in the sediment. It can be seen that the-

heat flux out of the upper surface of a sediment layer

as thick as 16 km is within about 10 of the equilibrium

value after 50 m.y., a period of time which is probably

considerably shorter than the age of the Black Sea.

If Q is defined as the sum of the heat flux into

the base of the sediments QB and the heat produced within

the sediment layer QSED, then the observed heat flow

QoBS can be written

QOBS = B+ %EDO (1 -c)(l -t) Equation 2

where oC and i6 are the fractional reductions of the

heat flow due to sedimentation at a constant rate and

thermal conductivity contrasts, respectively. Solving

Equat ion 2 for QB'

Q0BS
B QBSED Equation 3

(1 - <) (l - -)SE

and substituting value s for Q BS .84 HFU, QSED=

0.28 HFU (for a 10 km thick sediment layer) and for o(

and 8 (0.63 and 0.2, respectively), the heat flux into

the base of the sediment is about 2.4 HFU.

The temperature T at the base of a sediment layer of
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thickness thermal conductivity K, diffusivity k

and volume heat product ion A is given by Carslaw and

Jaeger (p. 80, 1959). For the case where is

small compared to 'IfKt

?, K M
Equation 4

where G is the thermal gradient in the sediment due to

heat flowing out of the mantle. G can be rewritten

& = Q~ Equation 5

Under steady state conditions, Equation 4 can be

rewritten as

A..
K 2

Equation 6

Substituting values for B, , A, and K used in the

computation of QB, the temperature at the base of the

sediment column is estimated at 6800C. At a depth of

14 km the temperature in the sediment is 9800C.

Even allowinj for an increase in thermal conductivity



200

resulting from metamorphism, it is certain that the

minimum temperature at which metamorphism can proceed is

exceeded by a wide margin. Fyfe and Verhoogen (1958),

Winkler (1965), and Turner and Verhoogen (1960) estimated

that metamorphism is likely if a temperature of 3000C

or more is maintained for a geologically long period.

Beneath thinner layers of sediment the temperature will

be lower, however on this basis It is likely that meta-

morphic reactions are occurring at depths greater than

about 5 km.

2.532 Explanation of Regional Heat Flow Variations

Although exothermic metamorphic reactions involvinw

the hydration of water-poor sediments in low-grade meta-

morphic zones are possible, Fyfe and Verhoogen (1958)

suwgested that the most important reactions will be endo-

thermic. The extent to which the heat flow is affected

by metamorphism is determined by the nature and rate

of the reactions-neither of which are known for the

Black Sea. Metamorphism is most likely to be important

in areas of thick sediment. This fact, coupled with the

probable endothermic nature of the reactions, may be a

cause of slightly lower heat flow in the central basin,

where maximum sediment thicknesses occur, than in

marginal areas with thinner sediment accumulations.

Areas now covered with great thicknesses of sediment

must be regions where deposition has been in progress for
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a geologically long period of time. Peripheral areas

with thinner sediment thicknesses are younger -areas

which have subsided since the Miocene. The magnitude

of the reduction in the thermal gradient due to sedi-

mentation is a function of both sedimentation rate and

dur' tiong thus a higher observed gradient and heat flow

would be expected through thinly sedimented areas marginal

to the older Black Sea basin. The effect of contrasts

in thermal conductivity between sediment and basement

rock was discussed in Section 3.322, where it was concluded

that the distribution of sediment in the Black Sea would

be expected to cause high heat flow around the relatively

thinly-sedimented margins and lower heat flow in the central

basin.

Still another possible explanation of the slightly

higher heat flux around the margins of the Black Sea is

based upon the observation that the layer of 5.8 to

6.4 km/sec material present around the margins of the

Black Sea thins or disappears beneath the central basin.

This "granitic" material was identified as metamorphosed

sedimentary rocks or of "intermediate" composition by

Neprochnov et al. (1967). If it is characterized by

a markedly higher concentration of radiogenic materials

than either the 6.4 to 7.0 km/sec "basaltic" or 3.0

to 5.0 km/see sediment layer, heat flow will be higher

through portions of the sea floor above the "granitic"

material than through areas underlain by "basaltic"
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material. Although the crustal structure is well known

south of Crimea, too little is known of the structure

and composition of the crust beneath other areas of the

Black Sea to evaluate the importance of this effect.
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DISCUSSION

3.1 The Origin of Small Ocean Basins

Hypotheses for the origin of small ocean basins

include almost every conceivable mechanism through

which an area with crustal characteristics intermediate

between those of oceans and continents can be formed.

The geophysical properties of transitional areas were

summarized by Menard (1967). He concluded that small

ocean basins may be regions of crustal transition from

typical oceanic to typical continental crust, or more

infrequently, from continental to oceanic crust.

The former existence of continental crust in parts of

the Mediterranean and Black Seas is strongly suggested

by the abrupt termination of Tertiary and older tectonic

trends by areas now covered by several kilometers of

water. The Caucasus, Alps, Atlas mountains, Betic

cordillera, and Apennine chains all strike into or appear

to have been continuous across areas of submerged,

transitional crust. Geological evidence exists for the

movement of nappes and sediment from the present sea

towards their present locations on land in the Apennines,

Sicily, north Africa, and southern Spain (Pannekoek,

1969) and paleocurrent studies suggest a former drainage

pattern inland from the Ligurian coast (Stanley and

Mutti, 1968). Similar, although less abundant, evidence

exists from the Black Sea region (Brinkmann, unpublished

manuscript, 1968) and the eastern Mediterranean (Aubouin,



204

1965). A close relationship between the structural geology

of the northern part of the eastern Mediterranean and the

ad jacent continental areas was noted by Emery et al.

(1966) as suggesting that a typical oceanic crustal

structure is not present beneath the eastern Mediterranean.

Aeromagnetic data support the continuity of tectonic trends

in Cyprus with Alpine tectonic trends on Turkey (Vot

and Higgs, 1969) and the former existence of continental

crust in this area.

Hypotheses which attempt to explain the transitional

crustal structure in an area formerly occupied by continen-

tal crust are of three main types. The first set of

hypotheses deals with the processes responsible for the

conversion of thick, light,continental crust into

thinner, denser, more nearly oceanic crust. Models which

have been proposed include subaerial erosion in response

to uplift caused by density decrease in the mantle

(Hsu, 1965), subcrustal erosion (Van Bemmelen, 1969),

or both (Schuiling, 1969). Beloussov (1966) proposed

a variety of geochemical subcrustal erosion by the in-

trusion of basic and ultrabasic magmas into the base of

the continental crust, thereby causing fragments of

the crust to sink into the mantle through density in-

creases associated with largely unspecified metamorphic

reactions and phase changes. Schuiling (1969) noted the

inability of known geochemical processes to melt,

assimilate, or react with continental crust at shallow
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depths. The transformation at pressures of a few kilo-

bars of continental material of acidic composition to

mineral assemblages dense enough to sink into the mantle

also appears to be a difficult problem.

The second class of oceanization hypotheses largely

avoids the difficult mechanical and geochemical problems

associated with thinning and increasing the density of

the continental crust. Thick, light, continental crust

can be replaced with dense, thin, oceanic crust if the

continental crust is split apart and replaced with

upwelling mantle material, as was suggested for the crust

beneath the axial trough of the Red Sea (Girdler, 19691

Tramontini and Davies, 1969).

Rifting and separation of the earth's crust in the

Mediterranean region may have occurred on both regional

and local scales. Paleomagnetic data supports extensive

relative movement between Africa and Eurasia during the

Paleozoic and Lower Mesozoic, and smaller movement

durinw the Cenozoic (Van Hilten, 1964). Further support

for, as well as the details of, Mesozoic and Cenozoic

movements can be obtained by studying the global pattern

of marine magnetic anomalies and fracture zones and

interpreting them in terms of plate tectonics (Le Pichon,

1968). Three main episodes of sea floor spreading were

recosrnized - late Mesozoic, early Cenozoic, and late

Cenozoic. Each phase of spreading occurred in response

to the reorganization of the global pattern of motion.
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Accordina to the reconstruction proposed by Le Pichon,

either a large "Tethys" sea existed during the Paleocene

or a minimum amount of crustal shortening of 500 km has

occurred since that time. The separation of Greenland

and Europe began during the Paleocene and was completed

during the Eocene. The resultant southeastward movement

of Eurasia relative to Africa must have created a zone

of shear between Eurasia and Africa. Le Pichon noted that

the inversion of tectonic forces from extensional shear

during the Mesozoic to compressional shear during the

Cenozoic may explain some of the complexity of the Medi-

terranean area.

Within the large extensional (or compressive)

zone opened (or closed) by relative movement between

Africa and Eurasia, individual blocks appear to have

underrone both translation and rotation, The counter-

clockwise rotation of the Iberian peninsula is well docu-

mented on paleomagnetic (Van der Voo, 1969), geophysical

(Matthews and Williams, 1968), and geological (Jones and

Ewing, 1969) evidence. Similar counterclockwise rotations

were proposed for Corsica and Sardinia by Ashworth and

Nairn -(1965) and Nairn and Westphal (1967), and for .the

southern Alps (Van der Voo and Zijderveld, 1969).

A third model for the origin of the transitional

crust may be applicable in areas where evidence for a

former continental crust is weak. The crust beneath

these areas may consist of a remanent of oceanic crust
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buried beneath an unusually large accumulation of sedi-

ment. Reconstructions of the positions of Eurasia and

Africa based on paleomagnetic data (Van Hilten, 1964)

and analysis of sea floor spreading patterns (Le Pichon,

1968) indicate that the African continent has both moved

nearer and rotated relative to Eurasia. If the broad

region between the two land masses was oceanic, as seems

most probable, then the presence of relict ocean crust In

the Alpine zone is not difficult to understand.

In the following sections the applicability of these

models to the Mediterranean and Black Seas will be

examined. Particular attention will be glven to a com-

parison of the observed geophysical characteristics of the

various bas.Ins with the zeophysical properties which

would be expected for different models of formation.

Although the new heat flow data provides a valuable con-

straint on possible oririns, additional data of all types,

as well as a better understanding of thermal processes

in the earth, will be required before the orizin of

small ocean basins is understood.

3.11 The Western Mediterranean

Seismic refraction results indicate the presence

of a thin crust 10 to 12 km thick beneath the western

Mediterranean Sea. In most places the velocity structure

includes 3 to km of material with a velocity between

207



208

6.5 and 6.8 km/sec, similar to the oceanic layer

characteristic of oceanic basins. In other areas material

with velocities in this range is absent. In the Balearic

basin west of Sardinia and in the central Tyrrhenian Sea

crustal material with unusually high apparent velocities

(7.0 to 7.3 km/sec) is present. Material with a shear

velocity of 4.1 to 4.3 km/sec occurs only 5.0 k beneath

the sea floor; thus the upper mantle beneath the western

Mediterranean is more nearly typical of oceanic regions

than continents.

The hypothesis that the nearly oceanic crust beneath

the western Mediterranean is a piece of sea floor enclosed

between Europe and Africa faces severe difficulties if

the geologic evidence from the adjacent land areas has

been correctly interpreted as inferring a former land mass

in the Tyrrhenian Sea and western Mediterranean basin.

Additional strong arguments against a relict ocean crust

can be advanced based upon geophysical data (low Pn and

mantle shear velocities, high heat flow, and volcanism)

implying high upper mantle temperatures. The observed

heat flow is much higher than can be explained by the

heat produced in terrigeous sediments added to normal

oceanic lithosphere, and requires high heat flux out of

the mantle.

The creation of the floor of the western Mediterranean

by a variety of continental rifting, either due to the

relative movement of continental fragments or of extension
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between the African and Eurasitn plates, is in accord with

most types of geophysical evidence. The ability of

rifting to produce a nearly typicaloceanic crust in the

Red Sea was discussed by Tramontini and Davies (1969)

and Girdler(1969). Material with velocities ranging

from 6.7 to 7.3 km/sec is present at depths ranging from

4 to 7 km beneath the sea floor in the central Red Sea

(Girdler, 1969),

Paleomagnetic data from Africa and Eurasia can be

interpreted as indicating extensive dextral shearing in

the Mediterranean area (Van Hilten, 1964). Le Pichon's

(figure 8, 1968) reconstruction of the former positions

of Africa and Eurasia shows a northwestward translation

and counterclockwise rotation of Africa relative to

Eurasia since the Paleocene. According to theories

of plate tectonics, the relative movement of Africa

and Eurasia is intimately connected with the global

pattern of. lithospheric sources and sinks. If the complex

history of sea floor spreading in the north and south

Atlantic Oceans since the Urassic involves at least

three active phases of drift, as well as the opening of

the Labrador and Norwegian Seas (Le Pichon, 1968), then

these movements must be reflected in the tectonic history

of the entire Alpine -Mediterranean region. Ryan (1969a)

suggested that "the episodic nature of the spreading on

either side of the Azores-Gibraltar ridge has implied

alternate periods of extension, shear, and compression
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within the Tethys domain between Europe and Africa."

Paleomagnetic data from the Alpine area suggests that

the effect of large-scale movements of lithospheric plates

has been both absorbed and modified by local translation

and rotation of smaller lithospheric slabs (Iberian

peninsula, Sardinia, Corsica, Italy). The movement of

these blocks may have occurred solely in response to

rewional stresses set up by the movement of the larger

African and Eurasian plates, or it may reflect dynamic

conditions in the upper mantle consistent with the observed

high heat flow, volcanism, low mantle velocities, and

highly developed low shear velocity channel. The crust

beneath the central Tyrrhenian Sea consists of 4.0 to

5.0 km/sec material underlain by a layer of 7.2 km/sec

material, similar to that observed beneath active mid-ocean

ridwes. However,. the existence of intermediate depth

earthquakes beneath the Tyrrhenian Sea is not in accord

with the location of an ocean ridge in the area. In

addition, strike-slip movement along the Gibraltar-Azores

ridze (Ritsema, 1969a), the absence of seismtc activity

in the western Mediterranean and Ionian Seas, and the

measurement of low heat flow throughout the eastern

Mediterranean Sea, preclude the extension of an active

mid-oceanic ridge from the Tyrrhenian Sea into the adjacent

oce an basins. Thus if crustal rifting in the Tyrrhenian

Sea or western Mediterranean basin is driven by large-

scale uowelling of upper mantle material, the zone of
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upwelling is nearly equidimensional.

If conversion of continental crust to oceanic crust

is in proaress ih the western Mediterranean, the process

appears to be nearly completed. Transformation of

continental crust through mechanical and thermal erosion

at the base of the crust is in accord with geophysical

data suwaestive of high temperatures in the upper mantle.

Although subcrustal erosion caused by differential

movement between the crust and mantle would appear

capable of thinning and mobilizinv material at the base

of the crust, it would remove the high velocity basic

and intermedlat9 material at the base of the crust which

is seismically equivalent to the oceanic layer now

present beneath much of the western Mediterranean Sea,

and leave the low velocity material characteristic of

rocks of aranitic composition. If subcrustal erosion of

the entire crust occurs, the effect of the erosional

mechanism differs little from the sea floor spreading

concepts already discussed.

An additional difficulty faced by advocates of sub-

crustal erosion is the present location of the enormous

volume of sialic material eroded from the base of the

crust. Lastly, the way in which differential movement

can occur between the mantle and crust is not understood.

Current concepts of plate tectonics involve the relative

movement of a strong lithospheric slab 50 km (McKenzie,
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1969) to 200 km (Minear and Toks6z, 1970) thick over the

underlying mantle. In this view, the continental and

oceanic crust are carried passively on top of the slab.

In order for subcrustal erosion to thin the crust, it

must first remove 50 km or more of lithosphere. Althouvh

this requirement is compatible with disruptions in the

lithosphere inferred from the failure of Sn waves to

travel throuwh the western Mediterranean, other explanations

appear more plausible. The absence of shallow earthquakes

beneath the sea floor in the western Mediterranean also

suggests that mechanical erosion of the crust is not in

progress. In addition, it is unlikely that a slab of

continental crust can withstand the draw caused by the

horizontal movement of the lithosphere beneath it.

Dependinw upon the geometry of the crust and surroundinw

lithospheric plates and the flow pattern in the mantle,

either rifting or crustal thickening would be exoected.

As already discussed, an origin by rifting is compatible

with the available geophysical data; thickeninw of the

crust through crustal shortening obviously will not

result in the creation of oceanic crust.

Crustal thinning can occur at the surface, as well

as the base of the continental crust, if reversable

changes in the density of the upper mantle are possible.

Evidence from seismic data for regional lateral as well

as vertical variations in temperature, velocity, and

density of the upper mantle was presented by Toksbz et al..
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(1969), Brune (1969), and Toksbz et al. (1967)6.

The ability of the basalt-eclogite transition or

phase changes in a pyrolitic upper mantle to cause a

sequence of crustal uplift, erosion, and subsidence has

been sugaested by Hsu (1965), Schuiling (1969), Ringwood

(1969), and studied by Joyner (1967). In these models,

thermal blanketing and the radiogenic heat released by

the continental crust increase the temperature in the

upper mantle, thereby driving the basalt-eclogite boundary

deeper into the mantle and causing additional crustal

uplift. Subsequent erosion of the crust reduces the

pressure in the mantle, and causes additional eclogite

to transform into basalt. The erosion of the upper

crust, containing much of the radiogenic material, and

the absorption of heat in the eclowite-basalt transition

will eventually cool the upper mantle and cause a reversal

in the phase transition: basalt will begin to revert

back to its high pressure - low temperature state. The

crust will begin to subside as the mantle continues to

cool and eventually the deeply eroded surface of the

former continental crust, greatly reduced in thickness

and with density and velocity parameters more similar

to oceanic crust than to continental crust, will sink

beneath sea level. Sedimentation will increase the pressure

at the base of the crust, causing additional basalt to

transform to eclogite and additional subsidence, followed

by still. more sedimentation. The addition of a thick



214

blanket of. low thermal conductivity sediment, radio-

qenic heat released in the thickening crust, and heat

released in the basalt-eclogite transition will eventually

cause a warming of the upper mantle and the entire cycle

can repeat itself.

The results of a detailed experimental investigation

of the basalt-eclogite transformation by Ringwood and

Green (1967) strongly indicate that eclogite is stable

relative to material of basaltic composition throughout

large regions of normal continental crust. Ringwood and

Green concluded that the hypothesis that the continental

Moho is caused by an isochemical transformation from

gabbro to eclogite must be rejected, but that this

transformation may be of major importance in tectonically

active areas where the Moho is not clearly defined. As

examples of such areas, they cite the mid-ocean ridges,

island arcs and rewions of recent orogenesis; it is

likely that at least parts of the western Mediterranean

fall in this category. In particular, the southern

Tyrrhenian Sea and the central Balearic basin are character-

ized by high heat flow, anomalous velocity structure, and

marginal structural features suggestive of recent

"fault subsidence" (Aubouin, 1965). These areas may

indicate the former position of a recently submerged

continental crust which is now undergoing sedimentation

and rapid cooling.
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3.12 The Eastern Mediterranean

The western part of the eastern Mediterranean Sea

(the Ionian Sea)resembles the Tyrrhenian Sea in being en-

closed on all sides by fault structures indicative, of

fault subsidence and in having positive Bouguer gravity

anomalies as large as 266 mgal (De Bruyn, 1955). A

major difference is the regionally low heat flow (0.88

HFU) in the Ionian Sea, contrasted with the high heat

flow (3.11 HFU) and volcanic activity observed in the

Tyrrhenian Sea.

Gravity (Woodside and Bowin, 1970) and magnetic

(Vogt and Higgs, 1969) data are in accord with the

extension of structural trends on Cyprus beneath the

sea floor toward Alpine tectonic features in Turkey.

Aubouin (1965) sugwested that the outer tectonic linea-

ments of the Hell enies once occupied an arc parallel to

and slightly south of the Hellenic arc. Geologic evi-

dence for the former existence of continental crust else-

where in the eastern Mediterranean is scarce, and the

requirement that models of the origin of the eastern

Mediterranean must be capable of converting, or at least

removing, continental crust, is greatly relaxed.

Despite geophysical evidence for very different

upper mantle temperatures beneath the Tyrrhenian and

Ionian Seas it is possible that the transitional

structure of the crust and upper mantle beneath both seas
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is representative of different stavres of the same sub-

crustal process. Analyses of surface wave dispersion

data for paths through the eastern Mediterranean east of

230E by Papazachos (1969) and Payo (1967, 1969) di-

cated that a thick, low-velocity crust exists beneath

that area. The existence of large, positive Bouguer

vravity anomalies (de Bruyn, 1955) in the Ionian Sea

west of 23E, and the abrupt decrease in gravity west

of 230E, strongly suggest a significant difference

in the crustal structure of the Ionian and Levantine Seas.

The uniformly low heat flow in the Ionian Sea is

consistent with that area being in a later stage of the

oceanization process outlined in the last section. The

lower heat flow and greater water depth in the Ionian

Sea compared to the Tyrrhenian Sea are consistent with a

hypothesis in which the upper mantle has already cooled

due to the removal of a thick insulating and radiogenic

continental or sedimentary cover, and has sunk isostatically

beneath the sea in response to phase changes in the upper

mantle.

Earthquake mechanisms for crustal and. mantle earth-

quakes beneath southwestern Greece (Ritsema,1969b)

are not in accord with this hypothesis. Sinistral strike-

slip faultinw is typical of crustal earthquakes, and

mantle earthquakes are characterized by reverse, rather

than normal faulting associated with the expected graben-

type subsidence.
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Fragments or splinters of continental crust, equiva-

lent to Sardinia, Corsica, Italy and Sicily in the western

Mediterranean, are absent in the eastern Mediterranean

Sea. Arguments that the island of Cyprus is a fragment of

the former Tethys sea floor, or of a mid-Tethyan ocean

rise, were presented by Gass and Masson-Smith (1963)

and Gass (1968). The absence of areas of continental

crust in the eastern Mediterranean further reduces the

necessity to postulate the former existence of a continental

mass, and precludes an origin for the Ionian Sea similar

to that proposed for the Liaurian and Tyrrhenian Seas

by Carey (1958), in which areas of oceanic crust were

formed by the rifting and separation of the sialic crust

accompanying the translation and rotation of the Sardino-

Corsican and Italian lithospheric blocks.

The structural and tectonic features of the eastern

Mediterranean east of 23E are significantly different

from those of the Ionian and western Mediterranean Seas.

The presence of a thicker, lower-velocity crust- in the

eastern Mediterranean is in accord with crustal models

based on gravity (Woodside and Bowin, 1970; Ryan, 1969a)

and surface wave dispersion data (Papazachos, 1969; Payo,

1967, 1969). Estimates of crustal thickness along a

north-south section between the Nile cone and Turkey

range from a minimum of 18 km (Ryan, 1969a) to over 30 km

(Woodside and Bowin, 1970). Ryan's preferred crustal

model accounts for most of the gravity minimum above and
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north of the Mediterranean ridwe by a northward thickenin

of the uper crustal layers with an assumed density of

32.3 gm/cm . This material is seismically equivalent to

material with a compressional wave velocity of 4 to 5

km/sec, according to the velocity-density curves of

Woollard (p.lll-72, 1962). A refractinz layer- having

velocities in this range is present throuwhout the

eastern Mediterranean. Refraction profiles in areas

of deep water have generally been too short to determine

the thickness of the 4 to 5 km/sec layer, but minimum

estimates by Gaskell and Swallow (1953) range from 0.6

to 2.4 km, on the- assumption that a layer of 6.4 km/sec

material is present beneath the 4 to 5 km/sec material.

Gaskell and Swallow also sugaested that the 4 to 5 km/sec

material may be a comparatively thin layer (> 100 m)

underlain by lower velocity material.. If so, the crustal

thickness may be thinner than 18 km. Explanation of the

gravity anomalies in terms of variations in crustal

density eliminates the need to postulate the large and

rapid lateral variations in crustal thickness preferred

by Woodside and Bowin (1970).

Interpretations of the wravity minimum in the

eastern Mediterranean by Woodside and Bowin (1970),

Ryan (1969a), and Harrison (1955) all involve a northward

thickening of the crust and/or upper sedimentary layers

caused by north-south compression and underthrustin of

the European continent by the Mediterranean crust. Thus,
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the original thickness of the crust was probably more

similar to oceanic than to continental thickness. As

discussed earlier, paleomaznetic data and implications

drawn from sea floor spreading and plate theory (Le Pichon,

1968) are in accord with the existence of oceanic crust

between the African and Eurasian continents into the

Cenozoic. Geological and geophysical evidence from

Cyprus su zests that the Troodos massif evolved as an

oceanic volcanic pile situated between the then more

widely separated masses of African and Eurasia (Gass

and Masson-Smith, 1963). As these plates converved both

the volcanic pile and the oceanic crust were underthrust

by the leading edge of the African continent, and uplifted

above sea level. Similarities between the mode of em-

placement of the extensive, basic dyke swarm and proposed

models for the injection of basalt magma at spreading

ocean ridges were discussed in a more recent paper (Gass,

1968). In addition, Gass noted that the bulk chemical

composition of the Troodos volcanic rocks, while poorly

known, seems equivalent to oceanic tholeitic basalts

associated with mid-ocean ridges.

The hypothesis that the eastern Mediterranean is a

piece of thickly sedimented former oceanic crust--perhaps

the last remaining piece of a more extensive Tethyan sea

floor - appears to be consistent with the existing

geophysical data. The absence of a pattern of linear

magnetic anomalies characteristic of other ocean basins
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may indicate that no'geomagnetic reversals occurred

while the crust was generated or that the crust was

enerated in low geomagnetic latitudes by a north-

trendinR ridge (Vogt and Hig6s, 1969). Magnetically quiet

zones are present on both sides of the North Atlantic

Ocean and are believed to reflect creation of the oceanic

crust during a long period of no magnetic reversals durinw

the late Paleozoic (Heirtzler and Hayes, 1967). A

similar manetically quiet zone is situated seaward of the

Aleutian trench and may result from a change

in the magnetic properties of the crustal rocks brouaht

about by the tectonic processes associated with the

formation of the trench (Hayes and Heirtzler, 1968).

The corrected heat flow of 0.88 HFU is surprisinwly

low if oceanic crust and lithosphere are present beneath

the eastern Mediterranean. The additional heat produced

in the sediments deposited on the sea floor would be

expected to result in a small increase, rather than a

decrease in the heat flow. If the low heat flow is caused

by low upper mantle temperatures, rather than by crustal

shorteninz or environmental effects, it may indicate

either a downward component of movement of the mantle

material relative to the sea floor, a deficiency in

radiogenic material in the upper mantle beneath the

sea floor, or both. One explanation for the observed

equality of oceanic and continental heat flow, despite
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the higher concentrations of radiogenic elements in the

continental crust, is that the oceanic mantle contains

a wreater concentration of radioactive elements than the

mantle beneath the continent (Von Herzen, 1967). The

subcrustal erosion, displacement, or replacement of the

oceanic asthenosDhere or lithosphere by less radioactive

material formerly situated beneath the African continent

could account for the low heat flow. A necessary

consequence of this mechanism would be the removal of

the less radiowenic mantle material beneath the southern

edge of Europe and its replacement with more radiogenic

oceanic mantle material. The abnormally high concentra-

tion of radioactive matorial beneath the Alpine region

of southern Eurasia could cause or at least contribute

to the eneray required for the Alpine ororeny.

3.13 The Black Sea

Geologic and aeophysical data from the Black Sea

and adjacent areas indicate the former presence of a

land mass on the area now covered by up to 1 km of

sediment and 2 km of water. Sediment deposited in north-

western Anatolia during the Paleozoic appears to have been

derived from an elevated source area in the Black Sea

(Brinkmann, 1960). The appearance and outward thickening

of Intermediate velocity "&ranitic" material away from

the central Black Sea is in accord with erosion of the
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uppermost layers of continental crust during a lonw

period of uplift (Rezanov and Chamo, 1969). Residual

magnetic anomalies in the eastern half of the Black Sea

are parallel to and may represent the extension of

structural trends of the Caucasus. Large parts of

continental structures of the Caucasus, Crimea, and

Anatolia are partly or completely submerged beneath the

Black Sea.

It is therefore probable that models for the origin

of the Black Sea must be capable of either transforrminw

continental crust or replacing it with the crustal

structure observed in the Black Sea. An origin based

upon the entrapment of a block of oceanic crust, as

proposed by Milanovskiy (1967), does not meet this re-

quirement. Although the crustal structure of the western

Black Sea is similar to that which would be created by

the deposition of a thick sediment layer on normal oceanic

crust (and thus similar to the crustal structure beneath

the abyssal re5ion of the Gulf of Mexico as determined by

Ewing et al.,(1962), the thickness of the 6.8-7.0 km/sec

layer beneath the central and eastern Black Sea is much

great er than is characteristic of normal oceanic crust.

An origin of the Black Sea by rifting of the con-

tinental crust and its replacement by mantle material

is incompatible with the observed continuity of the

weolowic structures surrounding the Black Sea. The
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crustal structure of the transition zone between the

central Black Sea and surrounding continental areas appears

to be gradual and smooth (Neprochnov, 1968), and not in

accord with subsidence by faulting. In addition, the

continuity of magnetic anomalies associated with tectonic

trends in the Caucasus and Pontic mountains beneath the

sea floor further argues against an origin by rifting.

The possibility that the observed magnetic anomalies were

created by magnetic reversals during a period of sea

floor spreading seems remote in view of the shift in the

direction of the magnetic trends in the central Black

Sea.

Once again, the nature and feasibility of a process

which could cause uplift of the continental crust so

as to expose it to erosion, followed by subsidence of

nearly 20 km, is in question. Mantle velocities beneath

the Black Sea are normal (8.2 + 0.2 km/sec) and a sub-

Moho layer with velocities of 8.8 km/sec may be situated

at a depth of 30 km beneath .the western Black Sea

(Neprochnov, 1968). The existence of unusually -hiah

velocities in the mantle are in accord with the dis-

crepancy between the observed and computed free-air

gravity anomalies, first noted by Menard (1967). The

gravity anomaly predicted by assigning densities to

crustal layers on the basis of empirtcal velocity-density

relationships are several hundred milligals lower than

the observed free-air anomaly. This implies either that
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the densities assigned to the crustal layers are too

low, or that the mantle is anomalously dense. Evidence

for Late Tertiary and Pleistocene subsidence in and around

the Black Sea (Chekunov, 1966; Nalivkin, 1960) is in

accord with a dense upper mantle causing isostatic sub-

sidence of the sea floor. The high heat flow calculated

for the Black Sea is difficult to understand if the mantle

is dense and rigid, as implied by the gravity and seismic

refraction data. High upper mantle temperatures would be

expected to reduce the density and' seismic velocity both

due to thermal effects and/or phase changes (garnet

pyrolite -+ plagioclase pyrolite, eclogite-+basalt).

The inclusion of volcanic material in the sedimentary

layer is a possible, thouqh unlikely cause of the lack of

agreement between the expected and observed mantle pro-

perties. In many places in the crust beneath the Black

Sea, refractIna layers with velocities up to 4.5 km/sec

are present within material with an average velocity of

3.0 to 3.5 km/sec (Neprochnov, 1968). If these layers

are volcanic material with a density of 2.8 - 3.0 gr/cc,

their presence in the sediment column would increase the

average densIty of the crust, decrease the amplitude of

the sedimentation correction and thus the calculated heat

flow, and lastly provide a crustal source for at least

some of the observed heat flow, thereby reducing the

heat flow out of , and temperatures within, the upper

mantle. Menard -(1964) noted that some submarine volcanoes
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have densities in the range 2.3 to 2.5 gm/cc and seismic

velocities as low as 3 km/sec. In order to increase the

density of the sedimentary column by about 0.4 gm/cc as

is necessary to meet gravity requirements, almost all of

the low velocity material would have to be volcanic

material having density greater than about 2.7 gm/cc.

This seems unlikely on the basis of seismic reflection

and refraction data, the hiah sedimentation rate, gravity

data in the western Black Sea, and calculations by Bowin

(unpublished manuscript, 1970) of the depth to bodies

causing the residual magnetic anomalies in the Black Sea.

3.2 Relation of Plate Theory to the Mediterranean

Almost all small ocean basins with intermediate

crustal structure are located behind (on the concave

side of) island arc systems. Island arcs, along with

active continental margins, appear to delineate areas

where large, aseismic plates of lithosphere are descendinv

into the upper mantle (McKenzie, 19691 Isacks et al., 1968).

Areas in which the rate of movement of the down-going

slab exceeds 5 to 6 cm/yr appear to be associated with

primarily tensional crustal features, as exemplified by

oceanic trenches. Where rates are lower, compressional

stresses prevail and result in the creation of chains of

mountains (Le Pichon, 1968) or sedimentary ridges on

the sea floor (Chase and Bunce, 1969). Most island arcs

are situated either between two oceanic plates or between
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oceanic and continental plates. If the Mediterranean

is an area in which lithosphere is beinw consumed

(McKenzie, 1969; Le Pichon, 1968; Moruan, 1968; Ryan,

1969a), it is unique in its present position between two

continental Dlates. McKenzie (1969) noted the imnossibility

of sinking lizht continental crust beneath denser mantle

material, and suvgested that attempted assimilation of

continental crust can produce fold mountains and changes

in the flow pattern in the asthenosphere.

The distribution of intermediate and deep earth-

quakes along a planar surface dipping beneath a continent

or marxinal sea appears to be a diagnostic feature of

island arcs and active continental marwins. Intermediate

and deep focus earthquakes occur beneath the Tyrrhenian

Sea along a broad, poorly defined zone which intersects

the crust along the Calabrian arc and dips to 450 km

beneath the sea. A broad zone of intermediate depth

earthquake hypocenters also exists in the eastern

Mediterranean, princiuallv north of the Cretan.arc. The

distribution of foci is limited to depths shallower than

2.00 km and does not define a plane dipping beneath the

Aegean Sea. Intermediate depth activity is concentrated

beneath the southern Aegean and ends abruptly at the

arcuate zone of active volcanoes about 200 km behind the

Cretan arc. An eastward increase in the maximum depth

of mantle earthquakes in the southern Aegean was noted by

Delibasis and Galanopoulos (1968). Additional intermediate
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depth earthquakes occur in southwestern Turkey, in the

northeastern Mediterranean near Cyprus, and beneath the

Carpathian and Caucusus mountains.

The distribution of seismicity in the Mediterranean

area can be used to draw an analogy between the Mediterranean

arcs and circum-Pacific island arcs. The Aegean and

Tyrrhenian Seas appear to be equivalent to marginal seas

behind the Cretan and Calabrian arcs, respectively.

Other geophysical data which are in accord with this

hypothesis are presented below.

Short-period seismic shear waves (S) propagate in

the lithosphere above the low-velocity zone. The failure

of Sn waves to propagate across mid-ocean ridges or island

arcs was interpreted as indicating a discontinuity in the

lithosphere beneath these structures (Molnar and Oliver,

1969). Although Sn waves prooagate efficiently across

stable regions of Europe north of the Alps, they are not

transmitted along paths which include "an island arc in

southern Italy". S waves are transmitted efficiently

across the eastern-most Mediterranean, but no Sn waves

are observed for paths which cross the Cretan arc or

western Turkey. If the interpretation proposed by Molnar

and Sykes is correct, then the discontinuities in the

lithosphere which are required if the Calabrian and Aegean

arcs are tectonically equivalent to Pacific island arcs,

do in fact exist.
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The distribution of Cenozoic volcanic activity along

the Tyrrhenian coast Of the Apennine peninsula and northern

Sicily, and in an arcuate zone in the southern Aewean

behind the Cretan arc, is similar to the distribution

of volcanic Droducts usually associated with Pacific

island arcs. The highly potassic lavas of southern Italy

contain extraordinary concentrations of radioactive

elements and are characterized by a high 8?Sr/86Sr ratio.

The Sr isotope evidence was interpreted by Hurley et al.

(1966) as suaiesting that the magmas were derived from

the refusion or anatexis of ancient continental sialic

rocks at depths of 50 km or more.

Geophysical similarities between the Calabrian and

Cretan areas and the Japan arc are striking. A zone of

high heat flow and Cenozoic volcanism is present alonw

the inner edge of Japan (Uyeda and Vacquier, 1968; Yasui

et al. 1968).

The average heat flux in the Sea of Japan is 2.22+

0.53 HFU, with an average of over 2.5 HFU for measurements

in the deeper, northern basin. An average flux of

2.23+0.28 was observed through the deep-water portion of

the Sea of Okhotsk; in the region where the water depth is

less than 2000 m heat flow averaged only 1.67+0.44 HFU.

Heat flow is subnormal on the seaward side of the Japanese

island arc and over the Japan trench.

The existence of high heat flow behind an island arc

and of low heat flow ahead of the arc over the ocean trench
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area are common, if not diagnostic features of active

island arcs. Sinking of a cool slab of lithosphere into

the upper mantle should depress the isotherms behind

an island arc and result in low, rather than high,

regional heat flux. Turcotte and Oxburgh (1968) and

Oxburgh and Turcotte (1968) suggested that the high heat

flux is a consequence of heat generated by viscous

dissipation of the kinetic energy associated with a down-

ward moving slab. They avoided the difficulty of the

prohibitively long time required for the conduction of

heat generated deep in the mantle to the surface by

invoking mass transport of heat through the upwsrd move-

ment of magma. McKenzie (1969) also cited viscous

dissipation as a means of heat production and sungested

that a zone of shallow stress heating will occur behind

the island arc, as well as the deeper zone proposed by

Cxburwh and Turcotte.

It is interesting to soeculate that the high heat

flow in the western Mediterranean and low heat flow in

the Ionian Sea may be a consequence of the thrusting or

dragging of the Ionian Sea lithosphere in a northwesterly

direction beneath the Tyrrhenian Sea. In this model,

the Ionian Sea would be equivalent to oceanic crust,

characterized by subnormal heat flow, present ahead of

and over the trench area.

The analogy between the Calabrian arc and Pacific

island arcs can be extended to include the Cretan arc.
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The presence of active volcanism. in the Aegean Sea suggests

that the upper mantle is at abnormally high temperature

behind the Cretan arc, and the unusually low heat flow

south of the arc has already been discussed. The observa-

tions that phase velocities of Rayleigh waves are higher

for waves traveling south from Athens to Helwan than for

waves traveling the opposite path and the northward

decrease in free-air gravity from Egypt to Turkey was

interpreted as being due to a northward dippinz Moho.

If the flar of theeastern Mediterranean is sliding down

beneath the Alpine zone of southern Europe, its velocity

vector must contain a downward component. Using Le

Pichon's (1968) estinate of about 2 cm/yr for the rate of

closure between Europe and North Africa, and estimating the

reaional northward dip of the Moho as about 1.50 from a

gravity model presented by Woodside and Bowin (1970),

the mantle material would be moving downward relative

to the sea floor at 50 cm/l000 yrs, a velocity more than

sufficient to depress the isotherms in the mantle and

thus the heat flow into the crust. A similar process

may be occurring beneath the Ionian Sea.

McKenzie (1970) proposed a model of plate tectonics

in the Mediterranean region purported to be in agreement

with the distribution and fault plane mechanisms of

earthquaKes. His model is generally compatible with the

foregoing speculations with the possible exception of the

Calabrian arc. Better agreement with Ritsema's (1969b)
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fault plane solutions are obtained by postulating north-

westward, rather than northward movement, of his Africa

block (McKenzie, figure 4, 1970) relative to the Eurasian

plate. McKenzie's rejection of the concept of sinkinz

lithospheric material behind the Calabrian arc on the basis

of the clustering of earthquake foci along a westward

dipping slab beneath the Tyrrhenian Sea seems unsupportable

in view of the difficulty in determining the dip of the

plane (Peterschmitt, 1956) and the important fact that

such a plane does exist in conjunction 1Tith other

geophysical features usually associated with Pacific

island arc structures,

3.3 SUMMARY OF RESULTS

The principle results of heat flow measurements in

the Mediterranean and Black Seas are summarized Inr Table

10 and Figure 42. Unless otherwise stated, the heat

flow values presented in this section have been corrected

for environmental factors peculiar to each area as

discussed in Sections 2.32, 2.42, and 2.52.

3.31 Western Mediterranean Sea

The observed average heat flow in the Tyrrhenian

basin is 2.83 HFU, 1.00 HFU greater than the observed

average flux through the western Mediterranean basin. The

heat flow in both areas has been reduced by sedimentation,

and the reduction has been larger in the older, more
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thickly sedirmented western Mediterranean basin than in

the Tyrrhenian basin. However the corrected heat flow

for the Tyrrhenian basin (3.11 HFU) remains greater than

the corrected western Mediterranean basin average (2.?3

HFU). This observation is in accord with the presence

of active volcanism in and around the southern Tyrrhenian

Sea, and the absence of volcanic activity further to the

west. The average heat flow out of the entire western

Mediterranean Sea is 2.92 HFU. This rate is over twice

the world average and distinvuishes the western Mediterranean

as an area of anomalously hiah heat flow. The existence

of low Pn velocities and an ultra-low shear velocity

channel at an unusually shallow depth beneath the western

Mediterranean is in accord with the heat flow data Indi-

cating high uDper mantle temperatures.

3.32 Eastern Mediterranean Sea

The observed heat flow values in the eastern Med-

iterranean are strikingly low and uniform compared to

the observed heat flow through the western Mediterranean

(FIgure 43 and 4.). The observed averaie flux of 0.74

HFMU, even when corrected for sedimentation to 0.88 HlEU,

emains substantially lower than the world average heat

flow (1.40 HFU) and is less than a third of the heat flow

throuwh the western Mediterranean. With only a few

exceptions, heat flow values are uniformly low throuwhout

the entire eavtern Mediterranean. Significant deviations
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of individual heat flow values from the resrional

mean are believed to be due to localized environmental

disturbances ratner than to thermal disturbances in the

crust or upper mantle.

3.33 Black Sea

Although the average observed heat flow (0.84 HFU)

in the Black Sea is nearly equal to that in the eastern

Mediterranean, the deposition of a greater thickness

of sediment in the Black Sea has preferentially reduced

the flux through that sea floor relative to the heat flow

in the eastern Mediterranean (see Figure 42). After

correcting for sedirrentation and refraction, the average

flux through the floor of the Black Sea becomes 2.7 HFU,

of which about 0.3 HFU is produced in the sediment column.

The eastern and western halves of the Black Sea

possess nearly equal heat flux. Although the tendency

for higher values to occur around the margins of the basin

may be caused by subnormal heat flow out of the uppermost

mantle beneath the central Black Sea, it more likely

reflects the presence of thicker sediment in the central

basin than around the margins. As discussed in Section

2.21, sedimentation is capable of reducing the geothermal

Qradient in proportion to the sedimentation rate and/or

duration--thus the thickly covered deep-water areas

should posssess the lowest observed heat flux. In

addit ion the contrast in thermal conductivity between the
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poorly conducting marine sediments and the .crystalline

rock present beneath marginal areas of the Black Sea

will result in thermal refraction and further reduction

of the heat flux through the floor of the central basin.

Endothermic metamorphic reactions and low radiogenic heat

production beneath the central basin where the intermediate

velocity "granitic" layer is thin or absent also may

contribute to the presence of lower heat flux through the

central basin relative to the margins.

'3.4 FUTURE WORK

A more definitive explanation of the origins of the

Mediterranean and Black Seas must await additional reo-

physical data of all types, as well as a better under-

standIng of the ability, or inability, of thermally

driven upper mantle processes to directly or indirectly

transform crustal structure typical of oceans and conti-

nents to an intermediate type.

The results of investigations planned as part of

the JOIDES deep-drilling program in the Mediterranean Sea

this summer will be of particular importance. Strati-

zraphic and. temperature data from holes several hundred

meters below the sea floor will allow more accurate

calculations of the long-term climatic and sedimentation

corrections to the observed heat flow and thus a more

reliable estimate of the- absolute value of the heat flow
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characteristic of each basin. In addition, reliable heat

flow measurements will be possible in relatively shallow,

thermally-unstable areas of the Aegean and Adriatic Seas

and Sicilian continental shelf. Terrestrial heat flow

data is almost totally absent around the Mediterranean

Sea and is essential for any regional mapping and under-

standing of upper mantle properties.

Because the interpretation of any piece of geophysical

.data is so dependent upon the results of all- other types

of investigations, it is difficult to single out a

particular type of data which is more important than

others. Severe limitations are placed on the interpre-

tation of the extensive gravity data available from the

Mediterranean by the absence of long refraction profiles

in the Tyrrhenian and eastern Mediterranean Seas,

Seismolowical investivations similar to those carried

out to investiqate the upper mantle beneath the Tonga-

Kermadec and Japan arcs by Sykes (1966), Oliver and Isacks

(1967) and Kanamori (1968), respectively, may be useful

to resolve the relevance of plate tectonics to the

Mediterranean area.

The major contribution made by Ryan (1969a, 1969b)

towards understanding the sedimentary and tectonic history

of the Mediterranean suggests that the further application

and combination of marine zeological and geophysical

techniques will yield additional important results re-

lating to the orivin and- history of the sea floor. The
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relevance of the JOIDES program to this type of investi-

wation cannot be overstressed.

Evidence has been presented which is suggestive

of the impermanence, on a rather short geologic time

scale, of oceanic and continental areas, and underscores

the necessity for additional geophysical and geolo-lal

investigations on the surrounding land areas and their

extension to the edge of, or preferably beneath,the

adjacent sea floor.
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APPENDIX I

Thermal Gradient Data

The temperature increase observed at various

distances from the bottom of the core are presented in

the following tables. The absence of a temperature

increase (AT = 0.000) at a particular probe indicates

that the probe failed to penetrate the sediment. Dashed

lines are present in the Tables where reliable measure-

ments of the temperature increase were not possible.

Positions given are relative to the core barrel, rather

than to the maximum depth of penetration.
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APPENDIX II

Temperature versus depth profiles for all new heat

flow measurements presented in this thesis. The solid

line represents the best estimate of the equilibrium

thermal gradient; the dashed curved line is the probable

temperature distribution in the sediment. The horizontal

arro-cat some temperature-depth data points are due to

failure of the probe to achieve thermal equilibrium.

Their direction indicates whether the -probe was coolinw

or warming during the measurement. The larve vertical

arrows near the ton of the profile designate the maximum

Dossible penetrations of the corer. Their location is

based on the observation that the next higher probe

showed no temperature increase. The thermal conductivity

values measured on the core are also plotted. At

stations where no core was obtained, the mean conductivity

value used in the calculation of the heat flow has been

estimated from values at surrounding stations.
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APPENDIX III

Thermal Conducti1vity Data

The results of thermal conductivity measurements

made by M.I.T. Investigators are presented In the

following tables. The position in the core was measured

in centimeters from the top or bottom of the core, as

noted.



R.V. CHAIN 61

MEA SUREMENT
NLJMRER

Po S I T ION
(CM)

HFAT FLAW STATIflN 19

T HFRMAL CONLIC T [V I T Y
(CAL-/CM SEC DEG CI

24
31
25
32-
33
26
27

29
30

3
2
15

15
16
17
1 P
19
70
21 -
23
22

11 .0
35.0
50 .0
60.0
85.0

100.0
150.0
200.0
250.0
29. O0
350.0
400.0
450.0
500..0
550 .0
592.0
S10.0
650.0
700. 0
750.0
800.0
'350.0
891 .0
955.0

THERMAL CONDIC TIVITY CORRECTED FOP
TEMPERATURE AND PRESSURE

0 .00226
0.00212
0. 00225
0 .00; 13
0.00227
0.00242
0.00?4?
0 .00? 7
0.00?34
0o.0023?
0. 002 17
0.00?31
0.001o96
0 .00?'i?
0 .0n01 .R
n. 002 1 f0.0V100non.oooo
0.00213
0. 00? 1 4

0.00221
0 .002 1?
0.00197
0 .00??6
0.09! 83

SFAFLCQD

PCSITION MEASURED FROM BOTTOM Or CI1RF
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R.V. CHAIN 61

MEASl)RE MFNT
NNUMRFR

POSIT ION
(C ')

HEAT FLOW STAT['IN ?9

TIIRPMW LCONDUCT[VITY
(CAl /CM SEC DEG C)

4

7

121 p

17

14
14

29.0
79.0

125.0
175.0
225.0
275.')
32S .0
375.0
4?9.0
475.0
525.0
979.0
629.0
650.0

750.0
800.0
?50.0

THERMAL CrNDUCTIVITY CORRECTED FOR
TFMPEPATUPF AND PRESSURE

4.)0? 57
f0 ?46
0.00234

0 *or, I Io .0073!
0.00234

o .0"??7
0- * f)O? 27

0.00??
0 .00?27
l.0022S
0.00???
0. OVi 8
0 .00210
0.00220

0.00?17
0.00?1l
0.00206

SEAFLOOR

POSITION MEASURED FPIM BOTTOM OF CORE



R.V. CHA IN 61

ME A SUR E MENT
NUMRER

P1S IT ION
i C M)

HEAT FLOW ' AT1ON 37

T HF RM AL C N0uC T IV I T Y
(CAL/CM SEC OF C)

2 75.0 0 .00197
3 125.0 .o001q5
4 175.0 0.00201
5 225.0 0 .0019?
6 275.0 0.0005
7 -325.0 0.00201
8 375.0 0.00201

400.0 0.00197

THFRMAL CONDUCT IVITY CORRECTED FflR SEAFLflOR
TEMPERATURE AND PRESSURF

POSITTON MEASURED FROM BOTTOM OF CORE
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R.V. CHAIN 61

MEA SUPPMENT
NUMREP

P(CS IT IN

HEAT FI 'W STATV"IN V)

THFPMAI CNO')CT IV I Ty
(CAL /CM SEC FrFr, C)

5 55.0 0.00?74
4 105.0 0.0')T77
3 155.0 0.00?6?

2 05.I 0.00?83
55.0 .1'7l

THPRMAL rnDuCTViTY CCLQRFCTEnr FrVR SEAFfLOrP
TF4PERAT'lPE AD -RFSSIJIf.

POS[ TION MF A SURFf FROM 3DTTOM OF CRF
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R.V. CHAIN 61

lFA SJREMENT
NUMBER

PIS I TIPN
( CM)

HFAT Fl rW STAT!11 4'

THERMAl. CNOUCTIVvTY
(CAL/CM Sl DUG C )

15 0.0
p250

2b 53.0
7 79.

26 100.0
25 129.0
30 150.0

8 175.0
21 190.0
22 '05.T,
23 215.0

7 235.0
24-?3.5-0
17 245.0

6 ?75.0
10 283.5

720 >.0
315.0

13 340.0
31 '65.0
14 387.5
32 400.0

1 425.0
q 435.0

lb 450.3I
2 465 .0

1I 477.5
490.0

10 4Q3. 9
11 491l0

THERMAL CfliP',JCTIV[TY CqPRECTFD Vw II
FTMPFRATURE AND PRFSSURE

0.00214

0 .00261
0 .002
0 2- 0246
0 .00226

Oo0 .249,
O .9074fl

0.00?48
0. 00-75
n) .00? 46
0.00263

09-00?53

0.0026

0 Ono0?453

0. 00248
0.00243
0.fl0245

0. 00248
0.00261
0.00253
0 .00?56
0 -00250
0.00294
0.*0023 P

0.00213
0.-0021?
o .002?00
0.00213
0* 002 37
C .00 ??6
0.00235

S FAFLC)P

PrsITI'N MEASUREf FROM ODTToCM OF C"RE
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R.V. CHAIN 61

MEASUREMENT
NI)MBER

PS I T ION
(CM)

HEAT FLOW STATTIN 5,

THFQ"'AL C(NhICTIVITY
(CAL/C M %SC rF C)

1
13

I .
14
3

24
4
5
17
6

23
7

18

9
29
20
In
21
35
34
33
11
32
31
30
22
29
28
12
27
26

25.0
50. 0
75.0

100.0
125.0
150.0
175.0
175.0
225.0
250.0
275.0
295.0
325.0
350.0
375. 0
400 .0
475.0
425.0
450.0
475.0
500.0
509.0
510.0
920.0
525.0
530. 0
540.0
550.0
550.0
560.0
570.0
575.0
580.0
590.0

THERMAL CONDUCT IVITY CORRECTE D FOP

TEMPERATI)RE AND PRESSURE

0.00205
fl.00? 12

0.0019qq
0 .00?01
0 .00234
.000?40
0 .001R6
0. 001 QJ
0.00208
0.002 38

1. 00209
0.00217

0 .0021 0

09.00729

0.0021
0.00210
0 .0211

0 .0021
0.00245
0 .00229
0. 0070'

0.00199
0 .00207
9. 001 95
0 .00 19?
0.00184
0.901 8"
0.001 41
0.0flI93
0.001 q8

0.00?le
0.00?1P

SE AFL2OR

PCSITION MEASURED FPOM FtOTTOs' (IF CORF
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R.V. CHAIN 61'

ME ASUP EMFNT
NUMB F P

POST T IQN
I CM

HLAT FLOW $STAT J0 N 6?

THERMAL C(NOIrT[VITY
(CAL./C M FrC nFG C)

13
1
2
3
4

6
7
A
9

jO
Li
1?2

0.0
25.0
50.0
75. 0

100 .0
125.0
150.0
175.0
100.0

250.0
275.0
?95.0

THFR MAL CCNDOUCTIVITY CORRFCTFD Ff'P
TEMPFRATIJRF AND PRFSSJRE

O .09??!

P.076?
0. 0026?
0 .O ?70
0.00767

0.0026?
O .002 10
0. 00269
o .00265
0.00'257
0.0fl?'9

SF AFtLO0P

POSI TION MFASUPF!) FROM 'iTTOM OF CfRE
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R.V. CHA IN 61

ME A SURE ME NT
NUMPFR

10
12

3
4

15

7

10

12
1 3
14

15

18

20
21

PO IT IO''
(CM)

35.90
53.3
75.0

90. 0
100.0
125.0
l50.0
175.0
203.0
725.0
250.0
275.0
315.0
340.0
370. p
400.0
4?5.0
450.0
475.O
5,1000

THFRMAt CCNDUCTIVITY CCOPLECTEO FrP
TEMPERATURF AND PRESSURE

HFAU FLOrW STATI'4 H4

T HE RMALM sN(rT I' 5VI

0 .30? R6
i. 002%8

0.00?5
o .)04';
'3. 03364.
0 .00??
~3."0?6"'
0.00257
'. 0443

0. q03q'
0.00274
0.nl?42
r.00731

0 .00??7
0.00203
0.00197
9.I0?07
0.00 2? 2.
0.00224
0.00?15

SE ArLOOP

POSI T ION ME ASURED F1-M wT rCM CF CPR E
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