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Heat Flow in the Balearic and Tyrrhenian Basins,
Western Mediterranean

I. HutcHison,!2 R. P. Von Herzen,? K. E. LOUDEN,*
J. G. SCLATER,? AND J. JEMSEK®

We present the results of three detailed heat flow surveys which are used to investigate the variations
of heat flow and age of the Balearic and Tyrrhenian basins in the western Mediterranean. Analysis of 12
measurements within a 10-km radius from 40°01'N, 4°55'E in the Balearic abyssal plain shows a mean
heat flow of 92 + 10 mW m™2. Alter correction for the effects of sedimentation this value agrees well with
the predictions of plate cooling and high extension stretching models for crust of the late Oligocene age
proposed for the basin. A similar survey with 18 measurements around 40°16'N, 11°19°E in the Western
Tyrrhenian gives a flux of 134 + 8 mW m ™2, while the third survey of 26 measurements in the southern
Tyrrhenian abyssal plain at 37°17'N, 12°58'E yields a slightly higher heat flow of 151 + 10 mW m~2,
These values are within the range predicted by simple plate cooling models for the late Miocene ages of
the deep Tyrrhenian basin. Thus our observations suggest that although the mode of crustal formation of
these deep marginal basins is less well defined than that of the major ocean basins, the thermal signature
is similar. Also, the trend of increasing heat flow from west to east through the Balearic and Tyrrhenian
basins is in agreement with models of the formation of the western Mediterranean behind an eastwardly
migrating trench system. In all three areas the measured flux shows significant local variability. In the
two westernmost surveys this can be attributed to the presence of buried, high-conductivity salt struc-
tures, but in the third area (SE Tyrrhenian) the magnitude of the variations is several times greater than
can be attributed to steady state thermal refraction alone. Instead, evidence exists for localized hy-

drothermal activity linked to the small topographical relief within the survey area.

INTRODUCTION

Three detailed heat flow surveys were completed on the
RRS Shackleton cruise 3/81. The first comsisted of 12 individ-
ual values within a 10-km radius survey area centered on
40°01'N, 4°55’E in the Balearic abyssal plain, with the second
and third, of 18 and 26 values, respectively, around 40°16'N,
11°19°E and 39°17'N, 12°58'E in the Tyrrrhenian Sea (Figure
1). The survey sites were chosen to minimize any localized
perturbation of the geothermal flux, either from refraction of
heat through high-conductivity salt diapirs (Balearic) or by
hydrothermal exchange through exposed basement outcrops
and seamounts (Tyrrhenian). The first two areas have com-
plete sedimentary cover and are several tens of kilometers
from the nearest major topographic feature. Only D3 shows
slight bathymetric relief across the study area and thinning of
sediments (near outcrops?) over parts of the elevated base-
ment structure.

The measurements have been used to form some of the first
reliable estimates of area mean heat flows in the western
Mediterranean. After correction for reductions due to sedi-
mentation the values are combined with geological estimates
of the basin ages to allow comparison of the heat flow with
the predictions of the plate cooling and lithospheric stretching
models. Despite the careful choice of sites, significant varia-
bility in the measured heat flow is found in all three surveys.
Numerical modeling has shown that thermal refraction can
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account for the scatter in heat flow at sites D1 and D2, but
hydrothermal or other processes are required to explain the
larger anomalies found in area D3.

The average values from the three surveys can be used to
estimate the variation of heat flow with age in young marginal
basins. Sclater et al. [1980] and Anderson [1980] review mar-
ginal basin heat flows and find that values derived from “reli-
able” measurements (mostly from crust older than 20 Ma)
show the same dependence on age as that found from the
major ocean basins. Thus, while the specific nature of intru-
sion and crustal formation in marginal basins is not so clearly
defined as for a mid-ocean spreading center, it appears that
the thermal structure and properties of deep marginal sea and
normal oceanic lithosphere are similar. This result supports
the views of Karig [1970] and others that marginal basins are
formed by extensional processes much like those occurring at
active spreading centers. It should be noted, however, that
while the heat flux—age relation holds well for marginal basins,
their depths are typically 0.5-1.0 km greater than those of
normal ocean crust of the same age [ Louden, 1980].

The initiation and early stages of marginal basin formation
are perhaps best understood in terms of simple lithospheric
stretching models [e.g., McKenzie, 1978a]. Initially, the brittle
continental crust and ductile lithosphere are stretched by an
amount f. The isotherms are compressed as hot astheno-
sphere is brought closer to the surface, causing an increase in
the heat flux. After extension the thermal transient gradually
relaxes to the equilibrium value. If f is small, the crust is
attenuated but maintains a finjte thickness across the basin. If
stretching continues, the original continental material forms a
thinned and subsided margin, while oceanic crust is created in
the central rift. Oceanic volcanism and crustal accretion repre-
sent the case of infinite stretching (f = o), and the central
region of the basin then behaves as predicted by the oceanic
plate model [e.g., Parsons and Sclater, 1977]. It is thought that
processes similar to these have created the Oligocene and
Miocene basins of the western Mediterranean, where both the
Balearic and Tyrrhenian seas show aspects of dual oceanic
and continental origins.
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Fig. 1. Location of heat flow surveys, Shackleton 3/81.

The data presented in this paper have been compared with
both plate and stretching models to distinguish between
modes of basin formation. Reflecting younger crustal ages, the
heat flow increases from west to east through the Balearic and
Tyrrhenian basins. Only those models with large amounts of
extension and ocean plate formation (8 = oo) predict values
similar to the observed heat flows for the estimated basin ages.
The measured values are in agreement with the trends found
in older marginal basins elsewhere and do not differ signifi-
cantly from the heat flux expected from normal ocean crust of
the same age.

THE WESTERN MEDITERRANEAN

Recently, new geophysical data [Finetti and Morelli, 1973;
Hsu et al,, 1978] and the advent of models of basin devel-
opment and margin formation by continental stretching [Mc-
Kenzie, 19784, b] have greatly increased our understanding of
the evolution of the western Mediterranean. Biju-Duval et al.
[1978] and Hsu [1978] give comprehensive syntheses of the
current knowledge of the tectonic development of the region;
these, with additional data, have been used to form the follow-
ing summary of the formation and history of the Balearic and
Tyrrhenian basins.

The Balearic/Provencal Basin

During late Oligocene/early Miocene time the Sardinia and
Corsica continental blocks moved away from the European
plate by a combination of eastward translation and counter-
clockwise rotation [ Montigny et al., 1981; Alvarez et al., 1974;
Auzende et al., 1973). This movement opened the Balearic
basin and created stretched passive margins in the Gull of
Lyons, on the Menorca rise and to the west of Sardinia and
Corsica (Figure 2) [after Biju-Duval et al., 1978]. While the
precise mechanism of opening is poorly known, the basin may
have formed in a back arc setting behind an eastwardly mi-
grating arc-trench system [Alvarez et al., 1974; Boccaletti and
Guazzone, 1974].

The timing of opening is inlerred from the following geo-
physical and geological evidence:

1. Dirilling at site 372 on the Menorca rise established that
the basin was already deep in the lower Burdigalian, 19-22
Ma [Hsu et al., 1978].

2. Dirilling in the Gulf de Lyons encountered shallow
marine sediments of Aquitanian age, 22-24 Ma; seismic reflec-
tion data show that only the lowest layers of these are affected
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by the faulting which formed the margin, suggesting that rift-
ing ceased in the Aquitanian.

3. Paleomagnetic and K-Ar data from the Tertiary vol-
canic rocks of Sardinia suggest that the block underwent a
rotation of approximately 30° between 22 and 19 Ma [Mon-
tigny et al., 1981].

4. The Balearic was probably formed in the same exten-
sional event that created the Gull of Valencia between Me-
norca and Northern Spain. This opening has been dated at
21 + 2 Ma from volcanic tuffs recovered in Deep Sea Drilling
Project (DSDP) site 123 in the Valencia trough.

5. Geological evidence from southern France shows that a
major transgression occurred in the Aquitanian (22-24 Ma) at
which time the drainage pattern reversed from the northerly
and westerly directions of Oliogocene times to those observed
today.

6. The andesitic volcanics of Oligocene and Miocene ages
found in western Sardinia are similar to western Pacific island
arc sequences and may mark the remnants of back arc vol-
canism created during the opening of the Balearic.

From the above data the best estimate of the age of forma-
tion of the Balearic basin has been assigned as 20-25 Ma.

The crustal structure of the Basin has been investigated
using seismic refraction techniques [Fahlquist and Hersey,
1969; Hinz, 1972; Finetti and Morelli, 1973], showing 5-6 km
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Fig. 2. Speculative evolution of the western Mediterranean since the
Oligocene [after Biju-Duval et al., 1978]; see text for discussion.



HUTCHISON ET AL.: HEAT FLOW IN THE WESTERN MEDITERRANEAN

of sedimentary and evaporitic deposits over a thin (approxi-
mately 5 km) crust. Although no well-lineated anomalies can
be clearly identified [Galdeano and Rossignol, 1977], an over-
all kinematic interpretation and structural (seismic) evidence
suggest continental margin rifting separated by oceanic crust
[ Burrus, 1984]. Thus seismic and magnetic evidence both sug-
gest that the crustal structure is oceanic. Seismic reflection
profiles from the Balearic are dominated by strong reflections
marking thick (<1 km) sequences of Messinian (6.6-5.2 Ma)
salts and evaporites [Montadert et al., 1978]. Through most of
the abyssal plain intense halokinesis has occurred, forming
diapiric structures which commonly penetrate the later sedi-
ments.

The Tyrrhenian Sea

It is generally believed that the Tyrrhenian Sea formed by
mid-late Miocene extension behind a southeastwardly migrat-
ing trench-arc system (Figure 2). The western limit of the basin
is characterized by the tilted fault blocks of the passive margin
with Sardinia, while the southeast extreme is bounded by
Sicily, Calabria, and the Eolian Islands. These latter features
probably mark an island arc system associated with the sub-
duction of Mesozoic crust of the Ionian sea, as is suggested by
a WNW dipping Benioff zone extending from Calabria be-
neath the Tyrrhenian Sea [Ritsema, 1970; Lort, 1978] and the
contemporaneaous existence of calc-alkaline arc-type vol-
canism in the Eolian Islands and basaltic oceanic volcanism in
the abyssal plain [Barberi et al., 1973].

Seismic reflection and refraction analysis from the central
Tyrrhenian area shows a thin crust beneath the surficial sedi-
ments [Finetti and Morelli, 1973; Nicholich, 1981; Duschenes,
1983]. Firm evidence of the age and oceanic nature of the
basin was obtained from drilling at DSDP site 373 which
recovered 3-8 Ma basalts from the edge of a small seamount
in the central abyssal plain [Barberi et al., 1978]. The geo-
chemical signature of these lavas shows no evidence of con-
tamination by continental crust.

Extensive seismic reflection coverage reveals a much thinner
sedimentary sequence than that encountered in the Balearic
basin. The thickness and extent of pre-Messinian sediments
are poorly known but are probably limited to a few hundred
meters. Messinian salt and evaporite are evident throughout
much of the basin, although the continuity and volume of the
deposits are limited in the south and east. Thick (>1 km)
deposits are only well developed in the Cornaglia basin at the
base of the Sardinia rise, and even here, widespread diapirism
is absent. The occurrence of Messianian evaporites and ero-
sional surfaces [Ryan and Cita, 1978; Fabbri and Curzi, 1979;
Malinverno et al., 1981] indicates that the Tyrrhenian formed
an extensive deep basin at the end of the Miocene. Further,
since salt is expected to form first in the deepest areas [ Hsu et
al., 1973], the detailed distribution of the Messinian deposits
suggests that the basin was shallower in the southeast at that
time. Consequently, the southeastern abyssal plain may have
undergone considerable post-Messinian subsidence to attain
its present depth [ Fabbri and Curzi, 1979].

From this evidence it appears that the Tyrrhenian basin
predates the Messinian by only a few million years in the west
and may be of a similar age in the southeast. This conclusion
agrees with the age limits set by the dates of the site 373
basalts and the general lack of thick pre-Messinian sediment
sequences. Thus the best estimates of the age of the Tyrrhe-
nian basin have been taken as approximately 7-12 Ma in the
west (area D2) and 5-8 Ma in the southeast (area D3).
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INSTRUMENTATION AND TECHNIQUES

Heat Flow

Two separate groups operated heat flow systems on the
Shackleton cruise 3/81; 36 values were obtained using a violin-
bow instrument recently developed in Cambridge [ Hutchison,
1983], while the remaining measurements were taken using
the Woods Hole QOceanographic Institution (WHOI) digital
heat flow system. The Cambridge instrument was fitted with a
7.9-mm-diameter sensor tube containing nine individual ther-
mistors over a 4-m spacing and included heating elements to
allow in situ measurement of thermal conductivity using a
heat pulse technique [e.g., Lister, 1979; Hyndman et al., 1979].
Owing to an instrumental malfunction, no in situ conduc-
tivities were recorded on the first deployment (survey D1), but
all subsequent stations using the Cambridge probe included
extensive in situ values. Both instruments recorded the tem-
perature data on digital cassette tape with a resolution of 0.5
mK and simultaneously telemetered information to the ship
for real-time monitoring. Unlike the Cambridge instrument,
the WHOI gear consisted of conventional outrigger probes
fixed to a long strength member. The WHOI probes were
fitted with a secondary heating element through which a con-
stant heating current could be passed to allow in situ measure-
ment of thermal conductivity. In practice, useful conductivity
values were returned with this prototype system only on the
last few stations of the cruise. Although the WHOI instrument
recorded fewer temperature points than the Cambridge instru-
ment, the resultant temperature profiles had the advantage of
a slightly greater penetration (5.5 compared with 4.0 m). Both
instruments were used in a “pogo” fashion, allowing multiple
penetrations to be made on a single lowering. The measured
temperature profiles (shown in Appendix A') were generally
linear, with no significant evidence of large-scale systematic
curvature found at any of the three survey sites.

A piston core was taken in each area to allow on-board
analysis of the sediment thermal conductivity by needle probe
techniques [Von Herzen and Maxwell, 1959]. Both groups
took independent sets of measurements, WHOI using an auto-
matic multiple needle instrument and Cambridge using a sim-
pler, analogue recording probe. This allowed cross calibration
of the two instruments, and, in general, the values obtained
agreed to within 10%. Conductivities measured on the core
samples (after correction for ambient pressure and temper-
ature at the seafloor [Ratcliffe, 1960]) showed close corre-
lation with the in situ values obtained at surrounding stations
(Figure 3). The in situ values are consistently a few percent
higher than the core values (although still within the experi-
mental errors); this may be a result of the introduction of
excess water into the cores by suck-in and physical distur-
bance of the sediment fabric caused by the coring process.
Core positions and mean conductivities are given in Table 1
and the individual values plotted in Figure A1, Appendix A.

Navigation

The ship’s navigation used both Loran C and satellite.
While the Loran values were internally more consistant, they
were normally displaced by a uniform amount from the posi-

!Appendix A is available with entire article on microfiche. Order
from American Geophysical Union, 2000 Florida Avenue, N.W,,
Washington, D. C. 20009. Document 4B-013; $2.50. Payment must
accompany order.
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Fig. 3. Comparison of in situ and core needle probe conductivity measurements at sites D2 and D3 in the Tyrrhenian
Sea.

tion computed by satellite and dead reckoning. Since satellites
give a better estimate of the absolute position, the Loran
values have been migrated to coincide with the net of posi-
tions defined by the reliable satellite fixes. The offsets were
usually less than 0.1-0.2 arc min and, although varying be-
tween survey areas, did not change appreciably during the
course of a lowering. The combination of Loran and satellite
navigation yields a positional accuracy of better than a few
hundred meters. The position of the probe relative to the ship
may also be offset by some distance; elsewhere, similar surveys
have shown that surface ship and instrument positions, (the
latter based on acoustic navigation) may differ by up to 500
m. However, numerical modeling of the Cambridge probe
towed on the Shackleton trawl wire (A. Bowen, personal com-
munication, 1982) suggested that the differences would be less
than 250 m for the towing speeds used in the survey.

Seismic Reflection Profiling

Single-channel seismic profiles were recorded on an ana-
logue frequency-modulated system. The sound source was a
single 160 inch?, 1800 psi air gun fired once every 12 s, pro-

TABLE 1. Core Positions and Thermal Conductivities
Core Latitude Longitude Lengthm K, Wm™'K™!
SH3/81C1 40°00.4'N  04°52.8'E 6.25 1.12 + 0.06
SH3/81C2 40°14.5N 11°17.6'E 8.25 0.94 + 0.05
SH3/81C3 39°24.3'N  12°56.8'E 8.50 0.92 + 0.08

K is the harmonic mean conductivity from needle probe measure-
ments spaced at approximately 25-cm intervals along the core. Errors
include a factor of 5% to account for the inaccuracy of the needle
probe technique.

ducing a signal dominated by a 1/4-s-long wave train with a
dominant frequency of about 15 Hz. The replayed sections in
Figures 5, 8, and 10 have been high-pass filtered at 60 Hz to
reduce the reverberations and give a signal pulse of length less
than 100 ms. In addition, linear time variable gain has been
applied at a rate of 2 dB s~ 1, starting 3.5 s after the air gun
shot.

DATA REDUCTION

Equilibrium sediment temperatures (referenced to the near-
bottom water temperature) were estimated by extrapolating
the recorded temperatures from the first few minutes after
penetration using an F(«; ¢) function to describe the frictional
heating transient [e.g., Bullard, 1954]. The small WHOI out-
rigger probes have a shorter time constant than the Cam-
bridge sensor string, which allowed the simpler asymptotic
form of F(a, t), i.e., T oc 1/t, to be used for the WHOI data.
Both instruments gave extrapolated temperatures with errors
of a few millidegrees at worst. The sensor depths on the Cam-
bridge probe are corrected for tilt using a continuous reading
scalar tilt cell, so that their vertical separations are known
within 1-2 mm; over the thermistor separations of 0.5-1.0 m
this gives only negligible errors. The tilt of the WHOI instru-
ment was monitored as either 0 < § < 15° or 15° < 9 < 30°,
thus introducing uncertainties of ~2 and ~ 5% in the sensor
separations.

The temperature gradients G quoted are the least squares
best fit lines through the equilibrium temperature depth pro-
files with the individual points weighted by the inverse square
of their temperature errors. Following Von Herzen et al.
[1982], the error AG in G has been calculated at the 95%
confidence level. In situ conductivities were obtained for the
Cambridge heat pulse probe using techniques similar to those
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Fig. 4. Location of survey D1, Balearic basin (bathymetry in meters).

described by Lister [1979] and Hyndman et al. [1979]. For
each individual measurement, care was taken to ensure that
the extrapolated infinite time temperatures following the heat
pulse agreed, to within the measurement accuracy, with the
previously estimated equilibrium sediment temperatures. Sat-
isfying this requirement implicitly accounts for the effects of
the poorly conducting electrical insulation within the probe
and any skin resistance between the probe and the sediments
[Hutchison, 1983]. Data reduction for the continuous heating
WHOI probes used an approximation to the cylindrical heat-
ing function G(a, t) to allow estimation of the sediment con-
ductivities.

Where in situ values of conductivity K are available, the
harmonic mean and 95% uncertainty (AK) have been calcu-
lated. At those stations where no in situ values were available,
the survey mean estimate has been assigned. Because of uncer-
tainties in the absolute values of conductivity determined
either by needle probe [Goldberg et al., 1980] or by the in situ
heat pulse technique [Hutchison, 1983] further errors of 5 and
3% have been assigned to the core and in situ values, respec-
tively.

The heat flux Q at each station has been calculated as

Q =GK
with the uncertainty:
AQ = GAK + KAG

An alternative method of calculating Q for those stations
with in situ values of conductivity was to multiply the temper-
ature gradients between pairs of thermistors by the conduc-

tivity found at an intermediate sensor. This technique has the
advantage of returning an improved estimate of the flux in
areas where the conductivities vary strongly with depth, but in
this case no significant differences resulted, either in Q or AQ.

For each survey the area weighted mean flux and a statis-
tical estimate of its uncertainty were calculated as

O=ZQW/EW)  W,=(AQ:i/Q)?
and
AQ =ot(N —1)"1/2

where ¢ is the standard deviation of the N values, Q; and ¢ are
the Student’s ¢ parameter for N — 2 degrees of freedom at the
97.5% confidence level (one sided).

SurvEY D1

Survey D1 consists of 12 individual measurements within a
10-km-radius survey area in the westernmost part of the Ba-
learic abyssal plain (Figure 4). This particular site was chosen
to avoid the major domes and ridges of Messinian salt en-
countered throughout much of the basin and to benefit from
the control of the upper sedimentary structures and the heat
flow measured at DSDP site 372, 10 km to the west.

The station positions and measured temperature profiles are
plotted in Figures A2 and A3, and the results and listed in
Table 2. Sections of the reflection profile SH3/81P1 are repro-
duced in Figure 5q, and the values and locations of the heat
flow measurements are marked. The profile shows a sediment-
filled depression, bounded to the north, west, and south by



TABLE 2a. RRS Shackleton 3/81 Heat Flow Data: Surveys D1 and D2

Latitude Longitude Water Gradient, K 0,

Station N E Depth, m N mK m™! Wm i1K™! mW m~2
D1 1.1 40°02.9 05°00.7 2713 5 87+3 (1.12 + 0.05)* 97+ 7
1.2 40°03.6' 04°58.8 2703 5 71+3 (1.12 £ 0.05)* 79+6
13 40°02.6' 04°57.7 2699 5 70 +2 (1.12 + 0.05)* 79+ 6
14 40°02.5 04°56.1' 2698 5 76 + 28 (1.12 &+ 0.05)* 85+ 34
1.5 40°02.6' 04°54.9' 2698 5 73+17 (1.12 + 0.05)* 82+ 11
D1 2.1 40°00.4' 04°54.0 2701 6 74+7 (1.15 + 0.07)t 86 + 15
22 40°01.6' 04°53.6' 2705 6 70+9 (1.15 + 0.07)t 82+ 16
2.3 40°02.4' 04°52.9 2709 5 71+13 (1.15 £ 0.0N)t 82+ 19
2.4 40°02.8’ 04°52.1" 2713 5 96 + 13 (1.15 £ 0.07)t 110 + 17
2.5 40°03.8’ 04°51.5 2717 5 101 + 11 (L.15 + 0.07)t 116 + 16
2.6 40°04.6' 04°51.4' 2717 5 102 £ 11 (1.15 £ 0.07)t 117 £ 16
2.7 40°05.8" 04°51.8 2721 5 85+9 (1.15 + 0.07)} 98 + 13
D2 3.1 40°18.1' 11°20.5 2862 6 128 + 6 (1.01 + 0.06)f 129 + 13
32 40°16.9 11°19.7 2834 6 114+ 9 (1.01 + 0.06) 115+ 15
33 40°15.4' 11°19.0 2866 6 1454+ 5 (1.01 £+ 0.06) 146 + 13
34 40°14.5 11°18.2 2878 6 115+ 4 (1.01 £+ 0.06)1 116 £ 11
D2 4.1 40°13.6' 11°16.4' 2885 6 134 + 4 (1.01 + 0.06)1 135 + 12
42 40°12.1 11°16.9’ 2887 6 135+ 4 (1.01 1+ 0.06)} 136 + 12
43 40°10.3" 11°16.1' 2883 6 162+ 5 (1.01 + 0.06)t 164 + 15
44 40°09.4' 11°15.3 2883 6 138 + 12 (1.01 + 0.06)t 139 + 20
4.5 40°08.2' 11°14.3’ 2888 6 122+ 11 (1.01 + 0.06)1 123 + 18
D2 5.1 40°11.0° 11°24.5' 2856 6 107+ 6 (1.01 £ 0.06)1 108 + 12
5.2 40°11.2 11°22.5 2858 6 150 + 8 (1.01 + 0.06)t 151 £ 17
D2 6.1 40°11.8 11°20.1 2877 9 112+3 1.06 + 0.04 118+ 7
6.2 40°12.7 11°19.1 2873 9 132+3 1.04 £ 0.04 137 £ 10
6.3 40°13.4' 11°17.8 2873 9 126 + 3 1.00 + 0.05 12519
64 40°13.9 11°14.9’ 2873 9 129 + 3 0.99 + 0.04 127+ 8
6.5 40°14.8 11°13.3’ 2875 9 133+3 1.02 + 0.04 136 + 10
6.6 40°14.2' 11°11.% 2864 9 153+ 4 0.99 + 0.05 150 + 12
6.7 40°14.1 11°10.9 2860 9 151 +3 1.02 + 0.05 154 + 12

N is the number of temperature points used in assigning the temperature gradient; Q is the heat flux;
K is the thermal conductivity. Stations 1, 3, 5, 6: Cambridge violin bow heat flow instrument; Stations 2,
4: Woods Hole Oceanographic Institution outrigger heat flow probe.

*Harmonic mean K, core C1, upper 4 m.

tHarmonic mean K, core C1, upper 6 m.

ISurvey mean K from core C2 and station 6 in situ values.

TABLE 2b. Shackleton 3/81 Heat Flow Data: Survey D3

Latitude Longitude Water Gradient, K, 0,

Station N E Depth, m N mK m™! Wm!K™! mW m~?2
D3 7.1 39°08.2 12°57.5' 3445 9 143+ 3 (0.95 + 0.05)* 135+ 10
7.2 39°09.2' 12°58.2 3447 9 179 + 8 093 + 0.04 167 + 16
7.3 39°10.3 12°58.6' 3439 9 140 + 4 0.96 + 0.05 135+ 11

74 39°12.5 12°59.2’ 3459 9 148 + 3 092 + 0.04 135+ 8
7.5 39°13.6' 12°58.8' 3447 9 161 + 5 0.95 + 0.05 152+ 12
7.6 39°14.8 12°58.5 3451 9 167+ 5 0.93 + 0.05 155+ 12
7.7 39°15.9 12°58.0' 3412 9 229+ 5 0.96 + 0.06 220+ 17
D3 8. 39°27.5 12°56.7 3577 9 146 + 2 0.98 + 0.05 143 + 16
82 39°26.2' 12°56.8 3574 9 144+ 6 0.96 + 0.04 137+ 14
8.3 39°24.6' 12°56.9 3569 9 154 + 4 097 + 0.04 150 + 10
8.4 39°23.4 12°57.0 3558 9 93+7 1.00 + 0.05 93+ 12
8.5 39°22.1 12°57.1 3506 5 147 + 19 (0.96 + 0.05)t 141 + 25
8.6 39°21.1 12°57.7 3424 9 174 + 13 0.94 + 0.04 164 + 19
8.7 39°20.1° 12°57.8 3447 9 138+4 0.94 + 0.05 130 £ 10
8.8 39°19.0 12°57.7 3426 9 145 + 4 0.96 + 0.05 139 + 11
D3 9.1 39°14.4 13°09.5 3569 6 145 + 18 0.97 £+ 0.05)f 141 + 23
9.2 39°15.3 13°07.5 3570 6 155 + 12 0.99 + 0.06 153+ 19
9.3 39°15.6’ 13°06.1' 3566 5 168 + 14 0.97 + 0.06 163 + 20
94 39°15.7 13°04.7 3526 5 164 + 12 0.96 + 0.06 157+ 19
9.5 39°16.0° 13°03.4' 3487 5 142 + 30 0.95 + 0.06 135+ 35
9.6 39°15.7 13°01.8’ 3507 6 171+ 8 0.96 + 0.06 164 + 26
9.7 39°15.8’ 13°00.6' 3487 5 160 + 12 (0.97 £+ 0.06)f 155 £ 20
9.8 39°17.6' 12°58.8 3319 6 218 + 10 (097 £+ 0.06)f 211 + 20
D3 10.1 39°16.4' 12°57.2’ 3334 7 166 + 10 0.96 + 0.06 159 + 20
10.2 39°16.7 12°55.2 3294 8 133+ 11 (0.95 + 0.06)* 126 + 17
10.3 39°16.7 12°53.2 3367 8 137+ 7 (0.95 + 0.06)* 130 + 14

N is the number of temperature points used in assigning the temperature gradient; Q is the heat flux;
K is the thermal conductivity. Stations 7, 8, 10: Cambridge violin bow heat flow instrument; Station 9:
Woods Hole Oceanographic Institution outrigger heat flow probe.

*Station 7 mean K (in situ).

tStation 8 mean K (in situ).

{Station 9 mean K (in situ).
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Fig. 5. (a) Reflection line SH3/81P1 showing location and values of heat flow measurements in survey D1. The strong
reflections in the central part of both profiles mark the Messinian salt series, with basement ridges to the north, south, and
west. (b) Numerical models of thermal refraction, profile SH3/81P1. The input model, based on the seismic sections in
Figure 5a, is shown beneath the computed surface flux (continuous line) and observed data (errors marked at the 95%

confidence level).

buried basement highs and to the east by a diapiric salt struc-
ture. The sharp horizon which occurs in the reflection record
between 4.0 and 4.5 s can be correlated with a hiatus drilled at
site 372 and marks the top of the Messinian salt series.

Linear temperature gradients were recorded throughout
most of the survey, but owing to instrumental problems, no in
situ conductivity values were recovered. Conductivity was
therefore assigned from the needle probe values measured on
core Cl; these were remarkably uniform except for a very
narrow band of high-conductivity material at 2.3 m (Figure
A1l). Tt is thought that the slight kink in the temperature gradi-
ents found at stations 1.4, 2.1, and 2.2 may be caused by this
high-conductivity layer. Calculating the mean heat flow and
uncertainty for the survey yields the values

0=92+10mW m~2 (95% confidence level)

for N =12, ¢ = 14. The value of 102 mW m~? measured
through the uppermost 300 m of sediment at DSDP site 372A
[Erickson and Von Herzen, 1978] lies within this range, sug-
gesting that the surface fluxes are a reliable indicator of the
total conductive flux and are not significantly biased by any
recent environmental or water temperature changes.

Despite the thick sediment cover, the heat flow shows a
marked spatial variability, with a maximum deviation of 25%

from the mean at station 2.6 (117 mW m™2). The most likely
source of these variations is refraction of heat through the
accumulations of high-conductivity salt and evaporite. To ac-
count for this effect, a two-dimensional numerical model was
used to calculate theoretical heat flow profiles along the seis-
mic sections in Figure 5. The model was based on a computer
program developed by P. C. England [e.g., England et al.,
19801, which calculates the steady state temperatures in a
body of variable thermal conductivity. The following bound-
ary conditions applied: (1) surface temperature is constant, (2)
uniform heat flux of the survey mean value across the lower
boundary set at a depth 3-4 times greater than the deepest
conductivity interface, and (3) no heat is allowed to flow
through the sides of the model. The sections were divided into
three conductivity regions: (1) Plio-Quaternary sediment, (2)
salt and evaporite, and (3) basement and pre-Messinian sedi-
ments, with estimated conductivity contrasts of 1:4:2, re-
spectively. Using interval velocities of 2, 4, and 5 km s !
[Finetti and Morelli, 1973], the travel times to the upper sur-
faces of regions 2 and 3 were converted to the depth sections
shown in Figure 5b.

While the details of the measured values deviate from the
model predictions (Figure 5), the general trends are well
matched, especially in the N-S line where the broad high in
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the surface heat flow is clearly related to the thicker and shal-
lower accumulations of salt. In considering these models the
following points should be noted: (1) the conductivity struc-
ture is strongly three-dimensional, thus any two-dimensional
model can give only an approximate solution, (2) the mea-
sured fluxes are projected onto the profiles from as much as 1
km distant, and (3) the chosen interpretation of the reflection
records (and hence the conductivity structure) is not unique;
in particular, the basement depth beneath the salt layer is
poorly defined. Nonetheless, a number of alternative models
were calculated by varying the conductivity contrasts and dis-
tributions, but any physically reasonable configurations pro-
duced only minor differences from the results shown in Figure
5.

The model demonstrates that the variability in the flux can
be explained by the presence of high-conductivity salt and that
since the measurements are distributed over at least one full
wavelength of the expected anomalies, the spatial sampling of
the data is sufficient to average the effects of the thermal
refraction. Thus the calculated mean forms an unbiased esti-
mate of the regional flux.

Before comparing the heat flow with theoretical cooling
models, the blanketing effects of the rapidly deposited salt and
sediment layers must be evaluated. A numerical analysis of the
problems of sedimentation, accounting for compaction, pore
water movement, and surface temperature changes has been
developed to obtain accurate estimates of sediment correction
factors [Hutchison, 1984]. The technique uses a one-
dimensional finite difference scheme to model the temperature
perturbations of the lithosphere under a variable sedi-
mentation history. Advection rates of sediment particles, pore
fluid, and basement are calculated separately, while sediment
bulk conductivities and densities are obtained by combination
of the sediment matrix and pore fluid values.

Different sediment porosity-depth relationships, based on
data from the nearby DSDP sites, were obtained for the Ba-
learic and Tyrrhenian basins (Table 3). Salt formations were
treated separately and assigned appropriate physical proper-
ties. Two alternative types of boundary condition were used;
in the first a constant flux was provided at the base of the
model, in common with previous analytical methods, while the
second assigned a constant temperature to the lower bound-
ary, reflecting a cooling slab model of the lithosphere.

The relevant sedimentation rates and physical properties
forming the model inputs for survey D1 were estimated [rom
DSDP hole 372 and reflection profiles SH3/81P1 and
IFPJ204 [Hsu et al, 1978]. From the depth-converted sec-
tions in Figure § the Messinian and Plio-Quaternary sedi-
mentation has been assigned as 750 m Messinian salt de-
posited between 6.6 and 5.2 Ma, followed by mudstone depo-

TABLE 3. Sedimentation Corrections: Model Input Parameters
Density, Specific Heat, Conductivity,
kgm™3 Jkg ' K™! Wm™!'K™!

Water 1030.0 4186.0 0.670

Salt 2160.0 854.0 5.858

Basement 3330.0 1170.0 3.099

Sediment matrix 2700.0 900.0 2.500
Surface porosity P,: survey D1 =60%, surveys D2 and

D3 = 65%; Sediment compaction constant a: survey D1 = 1200 m,
surveys D2 and D3 = 2000 m. For the purposes of the model the
sediment is assumed to have a porosity depth dependence of P(z) =
P, e~*", where P is the porosity and a is the compaction constant.
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Fig. 6. Calculated alteration to the geothermal flux due to the
deposition of sediment at sites D1, D2, and D3. (a) Messinian and
Plio-Quaternary sedimentation as given in text, curve a, constant flux,
and curve b, cooling plate boundary conditions; additional pre-
Messinian sedimentation at 100 m m.y.~" since origin at maximum
age of 25 Ma; curve c, constant flux model, and curve d, plate model.
(b)) Messinian deposition at 500 m m.y.”! followed by Plio-
Quaternary sedimentation at 38 m m.y.”! curve a, constant flux, and
curve b, cooling plate boundary conditions; Messinian deposition at
100 m m.y.”! and Plio-Quaternary sedimentation as above; curve c,
constant flux, and curve d, plate boundary conditions. (¢) Curves a
and b, Plio-Quaternary deposition at 80 m m.y.”!; curves ¢ and d,
Messinian sedimentation at a rate of 200 m m.y.” !, calculated for
constant flux and cooling plate boundary conditions, respectively.

sition at a constant rate of 120 m m.y.”! to the present. The
amount of earlier sedimentation is unknown, principally be-
cause the strongly reflecting salt layers obscure later returns in
the seismic records. Thus, to account for the sediment cover,
two models have been considered: the first neglects any pre-
Messinian sedimentation, while the second assigns the maxi-
mum pre-Messinian sedimentation rates (~100 m m.y.”!)
found at DSDP site 372 to the period from its formation at a
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Fig. 7. Location of survey D2, Cornaglia basin (bathymetry in meters).

maximum age of 25 Ma to the Messinian at 6.7 Ma. The
estimated alterations to the heat flow are shown in Figure 6a.
These calculations show that the present heat flow is reduced
to between 82 and 88% of that expected in the absence of
sedimentation. This suggests that the measured value should
be multiplied by a factor of 1.18 + 0.04 to obtain the corrected
geothermal heat flux, giving a value of

Q. =109 + 15 mW m™2

Survey D2

Eighteen heat flow measurements were taken in survey D2,
located in the central Cornaglia basin, approximately 100 km
east of Sardinia (Figure 7). At a water depth of 2870 m the
basin has complete Plio-Quaternary sediment cover over the
only substantial deposits of Messinian salt found in the Tyrr-
henian, as shown in reflection profile SH3/81T1 (Figure 8a).
At DSDP site 132, on the northeastern limit of the survey
area, drilling penetrated 188 m of pelagic ooze before en-
countering solid gypsum rock of Messinian age [Ryan et al.,
1973]. To the northwest the area is bounded by continental
material found in the Cassinis, Baronie, and Cornaglia sea-
mounts, while southeast of the survey the basin trends toward
the volcanic Magnaghi seamount and the oceanic abyssal
plain. Seismic refraction results [Nicholich, 1981] suggest a
crustal thickness of 10-15 km just north of this area, while
interpretations of a refraction profile shot along line
SH3/81T1 on the Shackleton cruise suggest a total crustal
thickness of 9 km, with the upper 2-3 km formed from lower-
velacity sediments and salt [Duschenes, 1983]. Subsediment

seismic velocities in the southern part of line T1 are typical of
oceanic crust, but the velocities in the northern section are
lower and more representative of continental material. The
crustal thickness does not vary significantly along the profile,
suggesting that the basin is underlain by transitional ocean-
ic/highly stretched continental crust.

The calculated heat flows are listed in Table 2, and their
values and positions plotted in Appendix A, Figure A4. The
recorded temperature gradients and calculated in situ conduc-
tivities are shown in Figure AS. The stations lying on the N-S
line of the survey are shown on part of the reflection profile
SH3/81T1 in Figure 8a. The data quality was generally good,
with seven individual in situ conductivity determinations and
well-defined linear temperature gradients. The correlation be-
tween conductivities from core C2 and the in situ values at the
nearest heat flow station (6.3) is excellent (Figure 3).

The survey mean and uncertainty have been calculated as

Q=134+ 8mWm~2 (95% confidence level)

for N = 18, 0 = 23.

Following the method developed previously, a theoretical
heat flow profile along T1 was computed in an attempt to
explain the observed variability in the geothermal flux. Ryan
et al. [1973] estimate that the thickness of the salt may be
1.0-1.5 km in the Cornaglia basin; so for the purposes of the
thermal model, the lower boundary of the salt was placed at
1.5 km subbottom. J. P. Rehault (personal communication,
1983) has suggested that the thickness of the Messinian se-
quence may not exceed 500 m, but the perturbation in the
surface flux is less sensitive to the total thickness than to the
surface topography of the salt. The computed flux (Figure 8b)
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(a) Part of reflection profile SH3/81T1, showing the positions and values of heat flow measurements on the N-S

line of survey D2. Correlation with drilling at DSDP site 132 [Ryan et al., 1973] shows that the prominent reflectors at 4 s
mark the top of the Messinian evaporite sequence. Note the salt diapir toward the southern end of the profile. (b) Surface
heat flux computed by a two-dimensional thermal refraction model from the crustal configuration shown in Figure 8a.
Surficial sediments are assumed to be underlain by thick accumulations of salt with a conductivity contrast of 1 : 4.

shows significant lateral variations, and while the measured
values do not agree particularly well in detail with the numeri-
cal model, the amplitude of the observed anomalies is consis-
tent with the effects of thermal refraction. Once again, the
influence of off-profile features might account for the devi-
ations between the calculated and observed values, although
the possibility of other processes, such as fluid circulation,
cannot be discounted.

Sedimentation corrections have been calculated using the
procedures outlined previously. Pre-Messinian sedimentation

history is virtually unknown, but in view of the short time
between basin formation and deposition of the salt, it seems
unlikely that anything other than very high sedimentation
rates would have affected the heat flux significantly. Thus the
corrections have been calculated for Messinian and Plio-
Quaternary deposition only, with sedimentation rates and
physical properties from DSDP site 123 (summarized in Table
3). Post-Miocene sedimentation has continued at 38 m m.y.”?,
giving rise to approximately 200 m of sediment cover over the
salt horizon. Since the thickness of the salt layer is unknown,
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two models have been evaluated, with Messinian deposition at
500 and 1000 m m.y.” !, giving between 700 and 1400 m of
salt. Figure 6b shows the resulting variations of flux through
time. The Messinian deposition is the most important factor
in determining the present heat flow, the light Plio-
Quaternary sedimentation causing little subsequent alteration
to the flux. The present value is seen to lie between 90 and
95% of the original, giving correction factors of 1.05-1.11.
This yields a sedimentation-corrected flux of

Q0. =145+ 13 mWm~2

SurvEY D3

Survey D3 lies approximately 180 km southeast of D2, in
the southern Tyrrhenian abyssal plain (Figure 9). The area is
ringed by volcanic seamounts and islands: to the northwest,
Mount Vavilov; to the east, Mount Marsili; and to the south
and southeast, Ustica and the Eolian Islands. Figure 10a
shows part of the N-S reflection profile SH3/81T2, along
which are located 17 of the 26 heat flow stations in the survey.
The area is marked by a topographic high of about 100 m
relief, which extends from the center of the survey to the
northwest. Sediment cover occurs over the entire area with
accumulations of up to 500 m in the northern part of the
survey. The nature of the underlying material is uncertain;
Fabbri and Curzi [1979] claim that in excess of 200 m evapo-
rites were deposited in the region during the Messinian, while
Malinverno et al. [1981] suggest that the area was subject to
subaerial clastic sedimentation at that time. The nature of the
subsediment reflections seen in line T2 is quite different in
character from those observed from the salt horizons in sur-

veys D1 and D2, their generally unclear and scattered signa-
ture being more typical of volcanic basement than of salt re-
turns. The crust itself is almost certainly oceanic; 3-7 Ma
oceanic basalts were found at DSDP site 373, 50 km north of
the survey, and seismic refraction results from the same area
[Nicholich, 19817 suggest a crustal thickness of 6-7 km. This is
supported by the results from a refraction profile shot along
line SH3/81T2, which shows an average crustal section of be-
tween 6 and 7 km depth with about 500 m of surficial sedi-
ments [ Duschenes, 1983].

The calculated heat fluxes are given in Table 2 and plotted
in Appendix A, Figure A6. Measured gradients and calculated
in situ conductivities are shown in Figure A7. This was the
best data set from the three surveys, with all stations recording
at least five independent temperature depth points and station
groups 7 and 8 with nine points over a 4-m span. Despite the
high and variable heat flows, the temperature profiles were
generally linear. Fourteen stations have in situ conductivity
profiles measured with the Cambridge probe, with a further
five from the WHOI instrument. Conductivities from the
WHOI probe show a greater variability than either the Cam-
bridge in situ or the core C3 needle probe values, but the
mean values fall within experimental error bounds. Once
again, the correlation between Cambridge in situ and needle
probe values was particularly good. A slight increase in con-
ductivity from south to north across the survey area can be
detected from the in situ data of station groups 7 and 8.
Calculating the survey mean heat flow and its uncertainty
gives

0=151+10mWm™?2
for N = 26, 6 = 25.

(95% confidence level)
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Fig. 10. (a) Reflection line SH3/81T2 (part) with the measured heat fluxes projected onto the profile. Note the higher
values correlated with the topographic highs and the unusually low value of 93 mW m~? at the foot of the slight scarp
bounding the central abyssal plain. The value of 140 mW m~2 at the southern edge of the reflection profile is from
Erickson et al. [1976]. (b) Surface heat flux computed from a two-dimensional model of the crustal configuration deduced
from line SH3/81T2, with basement/sediment conductivity contrasts of 2: 1, 4:1, and 8: 1. The measured heat flows
exhibit variations which are several times greater than those predicted by the numerical model, showing that thermal

refraction cannot fully explain the heat flow trends in this area.

The most striking feature in the observed heat flow is the
occurrence of unusually high and low values (e.g., stations 7.7
and 84 in Table 2 and Figure 10). Figure 10b shows the
surface flux calculated from a two-dimensional thermal model
along line T2. Since the nature of the underlying material (or
its conductivity structure) is not known, the two-region model
has been run for conductivity contrasts of 1:2, 1:4, and 1:8.
The first of these (K = 1:2) is the most likely, reflecting the
conductivity structure of sediment and volcanic basement. The
latter two represent the case of sediment underlain by thick
salt deposits. The results shown in Figure 10 clearly demon-

strate that the scatter in this area cannot be fully explained by
thermal refraction, since the observed amplitudes of the anom-
alies are several times greater than those calculated, even from
models with unreasonably high-conductivity contrasts (i.e.,
1:8). Similar results were obtained from models with alter-
native structural interpretations of line T2. Indeed, thermal
refraction could only explain the observed values if extreme
salt geometries were encountered at or near surface. Such
structures cannot be resolved in the available seismic data.
Instead, the heat flow variations may be the result of hy-
drothermal circulation in young, porous basement beneath the
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Fig. 11. Temperature profiles at stations 8.4, 8.5, and 8.6 over the
northern scarp, shown in Figure 10. The correlation of heat flow with
topography and the systematic curvature in temperature gradient at
station 8.4 are typical of hydrothermal systems.

impermeable sediment cover. While the data set is not large
enough to test this quantitatively, some qualitative observa-
tions can be made. First, the amplitude and wavelength of the
anomalies are within the ranges found in other hydrothermal
systems; e.g., although the crustal ages are significantly
younger, Green et al. [1981] find topography-related heat flow
variations in excess of 50% of the mean values over distances
of about 5 km in the Galapagos hydrothermal field. Second,
although the largest anomalies occur near the center of the
profile, the most striking evidence ol hydrothermal alteration
of the heat flux is from stations 8.4, 8.5, and 8.6 (Figure 11 and
Table 2) across a small scarp marking the southern edge of the
central Tyrrhenian abyssal plain. Stations to the north and
south of the feature show remarkably uniform values (140 mW
m~ 2, ¢ = 6 for stations 8.1, 8.2, 8.3, 8.7, and 8.8), but the flux
at station 8.4, at the base of the scarp, is anomalously low (93
mW m "~ 2), while 8.6, on top of the slope, shows an unusually
high heat flow (164 mW m ™ 2). Station 8.5, on the scarp face,
gives a heat flux which is close to average for the area (141
mW m~2). The sediment temperatures at station 8.4 show the
only systematically curved gradient in the entire survey (Fig-
ures 11 and A7) and, although the in situ conductivity appears
to decrease with depth, the variation is not sufficient to ac-
count for the observed curvature. The concave upward profile
would be consistent with a downward fluid flow through the
thin sediments at this station [e.g., Becker and Von Herzen,
1983]. The topography-related heat flux and the nonequili-
brium flow at station 8.4 suggest that active fluid circulation is
taking place in the underlying basement. The occurrence of
higher heat flux over topographic highs with low values near
the base of scarp slopes has also been lfound by Williams et al.
[1974] in the Galapagos area and by Lister [1972], Davis and
Lister [1977], and Davis et al. [1980] over the Juan de Fuca
spreading center and is attributed to venting of hydrothermal
fluids concentrated by surface fault systems and varying sedi-
ment thickness.

An alternative explanation of the effects shown in Figure 11
as the result of slumping downslope from the topographic
high cannot be entirely ruled out. However, the observed vari-
ations and curvatures in gradient would require very recent
sediment movement, and the probability of observation is very
low [see Noel, 1984]. Also, in a slump environment the sedi-
ment conductivity could be expected to be irregular with
higher values on the crest and low values in the slump materi-
al; the data in Table 2 and Figure A7 show that this does not
occur.

Although the heat flow shows large variations in area D3,
the anomalies are localized. Also, in the well-sedimented areas
the values are closely grouped in the range of 135-165 mW
m~ 2, These facts suggest that any hydrothermal effects are of
short wavelength (up to about 5 km), so that our survey ex-
tending over 40 km with 1-2 km station spacing should give
an unbiased estimate of the regional conductive heat loss.

Area mean sedimentation corrections have been calculated
for D3 using deposition rate and physical property data from
hole 373, with the parameters listed in Table 3. Two deposi-
tion histories were considered: (1) post-Miocene sedimentation
at a rate of 80 m m.y.”! only and (2) preceded by deposition
of 200 m of salt during the Messinian. Both have been calcu-
lated for constant flux and cooling plate models with the re-
sults shown in Figure 6¢. The present flux lies between 92 and
96% of the true value, giving a corrected heat flow of

Q.=161+ 14 mW m~?

It remains possible that a significant part of the total heat
flow is removed by fluid circulation, so this estimate of the
corrected conductive flux will form a minimum estimate of the
true basal heat flow.

DIisCuUSSION

Heat Flow, Age, and Crustal Structure

In Figure 12 the corrected heat fluxes from surveys D1, D2
and D3 have been plotted against (age)”!/2, with the age
ranges for the basins assigned from the earlier discussion on
the evolution of the western Mediterranean. Also shown are
the theoretical cooling curves for simple stretching models
with B = 4, 6, and 10 and for the oceanic plate model (§ = o).
The values increase from survey D1 to D3, reflecting a trend
toward higher heat flux from west to east through the Balearic
and Tyrrhenian basins. Within the accuracy of the data and
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Fig. 12. Corrected heat fluxes from surveys D1, D2, and D3 plot-
ted against ¢t~ '/ and compared with theoretical cooling curves from
plate and simple stretching models. Reliable data from other marginal
basins [Sclater et al., 1980] are also shown.
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Fig. 13. Histograms showing the distribution of heat fluxes at the
three survey sites; note the unusually high and low values in D3.

the uncertainty of the parameters used in calculating the theo-
retical cooling curves, the measured fluxes agree closely with
those predicted by the plate model and high value (8 > 6)
stretching models. This result is consistent with the available
data on the crustal structure in the survey areas which sug-
gests that D1 and D2 are underlain by thinned continental or
oceanic material, while D3 is almost certainly oceanic. Note
that inclusion of an additional convective heat loss to account
for fluid circulation on the third survey would shift the D3
data points closer to the expected plate model values.

Some care must be taken in interpreting stretching models
with large values of §: while the total extension and the
averaged heat flow predicted remain valid, the brittle conti-
nental crust does not become “infinitely thin” as extension is
continued. Rather, in these transitional zones it is more likely
that large blocks of continental material will become separat-
ed and intruded by “oceanic” basalts. Conventional estimation
of B from the crustal thinning becomes impossible, since de-
tailed measurement of the crustal structure will only reveal
areas of oceanic crust interspersed with discrete continental
fragments [e.g., Duschenes, 1983; Moussat, 1983]. For exam-
ple, in area D2 the Cornaglia basin is at least partly oceanic
[Duschenes, 1983] but is surrounded by seamounts of conti-
nental material. In the same way, it is unlikely that well-
developed ridge spreading systems will be found in such areas,
and consequently, clearly defined seafloor spreading magnetic

anomalies cannot be expected. While the oceanic plate and
high-8 stretching models cannot be resolved by thermal
measurements, the models do provide an adequate account of
the overall thermal balance of basin formation.

The values of other reliable marginal basin heat flow data
[from Sclater et al., 1980] have also been plotted in Figure 12.
The overall agreement of the observed data compared with
the plate model is good. Within the experimental errors, no
significant difference exists between the heat loss as a function
ol age from the major oceans (characterized by the plate
model) and from marginal and back arc basins. Conversely,
the fit shows that heat flow can be used as an indicator of age
for marginal basins which have experienced large amounts of
extension and spreading.

Heat Flow Variability

The variability in the measured heat flux within each survey
is large; Figure 13 shows the distribution of the measured
values from the three survey areas. Numerical modeling of
heat flow in areas D1 and D2 suggests that this can be ex-
plained by thermal refraction through highly conductive salt
accumulations. However, the amplitude of the heat flow
anomalies in area D3 remains too large to be ascribed entirely
to steady state thermal refraction; other processes must occur
to give the high variability observed, the most likely being
hydrothermal circulation in the young and fractured oceanic
basement. The higher heat flow over the central topographic
high (station 8.6) with the anomalously low value at the base
of the slight scarp (station 8.4) is similar to the trends observed
by Green et al. [1981] in the Galapagos hydrothermal field.
Additional evidence of hydrothermal activity in the area
comes from the basalts recovered at site 373, which show
considerable geochemical alteration due to the interaction
with seawater. Also, other heat flow measurements in the
Tyrrhenian Sea [Erickson et al.,, 1976; B. Della-Vedova, per-
sonal communication, 1982; J. P. Foucher, personal com-
munication, 1981] show that the values found near large vol-
canic seamounts are often anomalously low, probably as a
result of the removal of heat by hydrothermal fluids venting
through the exposed basement.

The data presented in this paper are the first to investigate
quantitatively the detailed heat flow variability within the Ba-
learic and Tyrrhenian basins and serve to emphasize the need
for extensive multipenetration surveys. Only when a large
number of closely spaced measurements are made can the area
mean flux and uncertainty be properly assigned. On the basis
of this work it is evident that any individual measurement
might vary by as much as 40-50% from the regional mean.
This offers some explanation of the largely confusing picture
which has evolved from preexisting data from the area, almost
all of which is from single values, often affected by the local
environment of the measurement.

Other Data: Tyrrhenian Sea Heat Flow and Basin Formation

Although few western Mediterranean heat flow values exist-
ed before 1977 [Erickson et al., 1976], large numbers of new
measurements have been made during the last 5 years. While
the Balearic remains largely unexplored, a further 177 Tyrrhe-
nian Sea heat flow stations are known in addition to the
Shackleton 3/81 data. From these stations we are aware of 125
documented values.

Figure 14 shows a compilation of the available Tyrrhenian
Sea heat flow data. The values have been grouped into areas
enclosing approximately 10 measurements, allowing regional



HuTCHISON ET AL.: HEAT FLOW IN THE WESTERN MEDITERRANEAN 699

40°N

-+ 137
J:14,53)

109
(12,18)

(10,31)

38°N

10°E 12°E

14°E 16°E

Fig. 14. Compilation of reliable Tyrrhenian Sea heat flow data, showing area average heat flux in milliwatts per
square meter. The figures in parentheses are the number of data points used in forming the averages and the standard
deviations, respectively. Results from surveys D2 and D3 are shown separately. The shaded regions indicate the major

basinal and abyssal plain areas.

averages to be estimated. Anomalously high or low values
associated with nearby seamounts or basement outcrops have
been excluded from the data set. Nonetheless, the standard
deviations from the means (Figure 14) show that the varia-
bility within each area remains large. No sedimentation cor-
rections have been applied; thus the values will typically
underestimate the true flux by 5-10%. A number of trends in
the regional heat flow can be observed. In the northern Tyrr-
henian and around the basin margins the flux is low for such a
young basin, probably as a result of the moderately small
amounts of extension and spreading experienced by these
areas. In contrast, the major basinal and abyssal plain areas
(shaded in Figure 14) show higher values, with the trend of
increased flux to the southeast found between surveys D2 and
D3 supported by the larger data set.

The trend of higher heat flow in the southeast is consistent
with the estimates of basin age discussed previously and favors
the model of basin formation behind a southeastwardly mi-

grating trench-arc system in which the youngest areas would
be found closest to the arc. If the (age) ™ !/2 plate cooling model
is assumed correct for the oceanic areas, then the heat flux in
the western (Cornaglia) and southeastern basins reflects ages
of about 12 and 8 Ma, respectively. Figure 15 outlines a model
describing the way in which these age differences might ex-
plain the observed variations in Messinian salt distribution
and present basin depths. While the absolute depths of mar-
ginal basins appear to be greater than those of the major
oceans, the increase of depth with age is similar [Louden,
1980]. Assuming that the subsidence is given by 350 m (age)'/?
[Sclater et al., 1980], the relative depths of the western and
southeastern Tyrrhenian basins have been estimated through
time. At the start of the Messinian the Tyrrhenian would have
been about 400 m deeper to the west. In a simple dessication
model [e.g., Hsu et al., 1973], salt will deposit in the deepest
parts of the basin first; because of the different densities of
basalt, salt, and water, a total thickness of about 700 m of salt
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Fig. 15. Speculative model to illustrate the subsidence of (curve a)
the western and (curve b) southeastern Tyrrhenian basins. Ages of
formation have been estimated from the shaded area average heat
flows given in Figure 14. The southereastern basin is about 400 m
shallower at the start of the Messinian. Filling of the western basin to
the same level as the southeastern area required a total thickness of
about 700 m of salt to maintain isostatic equilibrium, explaining the
thick section of Messinian salt found in the Cornaglia basin. Post-
Miocene differential subsidence gives the present basin configuration,
with the younger southeast basin at a slightly greater depth. The solid
curves trace the subsidence of the basement, while the dashed line
shows the upper surface of the salt layer.

is required to adjust the seafloor depth in the western basin to
be the same as the southeast and yet maintain local isostasy at
that time. This value is within the range of 500-1500 m of salt
estimated for the Cornaglia basin. Post-Miocene subsidence
gives the present depth of the younger basin to be about 200
m greater; in view of the simplicity of the model and its ne-
glect of sediment loading and flexural effects, this value agrees
well with the difference of about 500 m observed between the
present abyssal plain and the Cornaglia basin. A younger
southeastern Tyrrhenian (as suggested by the site 373 basalts)
would account for greater differences in the present bathy-
metry. These results are in broad agreement with the con-
clusions of Fabbri and Curzi [1979], who favor a deep western
basin at the time of the Messinian and Plio-Quaternary subsi-
dence in the southeast, based on evidence from seismic reflec-
tion profiles.

The question of Messinian paleogeography of the Tyrrhe-
nian is also discussed by Malinverno [1981] and Malinverno et
al. [1981]. By comparing mostly pre-1977 heat flow measure-
ments and corrected basement depths with the predictions of
the oceanic plate and stretching models, age estimates of
10-14 Ma were obtained for the basin. On the basis of these
estimates, Malinverno et al. [1981] conclude that the Messin-
ian morphology of the Tyrrhenian need not have been signifi-
cantly different from that observed today and that detailed
relationships between topography and drainage patterns were
responsible for the lack of major Messinian deposits in the
southeastern basin. Their analysis is incomplete on two
counts; first, the heat flow measurements used are inadequate
to allow realistic estimate of the regional heat flux because
they are contaminated by anomalously low values measured
near major basement outcrops, and second, their use of
normal ocean floor bathymetry as an indicator of crustal age
is invalid. since it has been shown [e.g., Louden, 1980] that the
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depths of marginal basins are consistently 500-1000 m deeper
than those predicted by the best fit plate models.

In contrast, the data presented here offer a self-consistent
model of basin development and timing, accounting for heat
flow, crustal structure, ages, and Messinian evaporite distri-
butions.

SUMMARY

1. Heat flow increases from west to east through the Ba-
learic and Tyrrhenian basins.

2. Heat flow versus age follows the same curves as those
predicted by plate cooling for the major ocean basins; the
only acceptable alternative models are based on thinned conti-
nental lithosphere with high stretching factors (8 > 6).

3. Large local scatter in the heat flow can be attributed to
thermal refraction through highly conductive salt structures in
areas D1 and D2, but alternative processes (possibly including
hydrothermal circulation) are required to account for the am-
plitude of the variability in survey D3.

4. Consideration of heat flow, age estimates, and distri-
bution of Messinian salt and evaporites favors models of for-
mation of the Tyrrhenian Sea behind a southeastwardly mi-
grating trench-arc system, with the older areas of the basin
now found in the west.
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