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Abstract 

The Western Mediterranean basin has been formed by Miocene back-arc extension and is underlain 
by a thin and young lithosphere. This young lithosphere is warm, as testified by an overall elevated 
offshore heat flow. Heat flow within the Western Mediterranean is, however, highly variable and 
existing data are unevenly distributed and poorly studied in the central part of the Liguro-Provençal 
and Algero-Balearic basins. This central part is floored by a young oceanic crust, bordered by 
different continental margins, cut by transform faults, and filled by up to 8 km of sediments. We 
present a total of 148 new heat flow data collected during the MedSalt and WestMedFlux cruises in 
2015 and 2016 and aligned along seven regional profiles that show an important heat flow variability 
on the basin-scale, but also locally on the margins.  

A new heat flow map for the Western Mediterranean outlines the following regional features: (1) a 
higher average heat flow in the Algero-Balearic basin compared to the Liguro-Provençal basin (94 ± 
13 mW/m² and 78 ±16 mW/m², respectively), and (2) a regional thermal asymmetry in both basins, 
but with opposed heat flow trends. Up to twenty percent of this heat flow difference can be 
explained by sediment blanketing, but age and heterogeneity of ocean crust due to an asymmetric 
and polyphased opening of the basins are believed to have given the major thermal imprint. 
Estimates of the age of the oceanic crust based on the new heat flow suggest a considerably younger 
West Algerian basin (16-23 Ma) compared to the East Algerian basin and the West Sardinia oceanic 
floor (31-37 Ma).  

On the margins and ocean-continent transitions of the Western Mediterranean the new heat flow 
data point out the existence of two types of local anomalies (length scale 5-30 km): (1) locally 
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increased heat flow up to 153 mW/m² on the Gulf of Lion margin results from thermal refraction of 
large salt diapirs, and (2) the co-existing of both low (< 50 mW/m²) and high (> 110 mW/m²) heat 
flow areas on the South Balearic margin suggests a heat redistribution system. We suspect the lateral 
heat advection is resulting from a regional fluid circulation in the sediments associated to the 
widespread Plio-Pleistocene volcanism on the South Balearic margin.  

 

Keywords 

heat flow, Western Mediterranean Sea, Liguro-Provençal basin, Algero-Balearic basin, continental 
margins, oceanic crust 

1. Introduction 

The Liguro-Provençal and Algero-Balearic basins of the Western Mediterranean Sea are formed 
in a common back-arc context during the Oligocene-Miocene and floored by young oceans with 
similar water depth, i.e. 2800 m  (Figure 1) (e.g. Rosenbaum et al., 2002; Jolivet et al., 2009; Royden 
and Faccenna, 2018). Their margins and ocean-continent transition (OCT) underwent, however, 
highly distinctive evolutions. In the Liguro-Provençal basin the Gulf of Lion margin has often been 
described as a non-volcanic Atlantic-type margin, whereas the volcanic west Sardinia and Corsica 
margins represent a continental block carrying the volcanic arc that drifted away. For the Algero-
Balearic basin, transform margins have been evoked for different segments (e.g., Emile Baudot 
Escarpment) and its Algerian margin is nowadays in an early stage of inversion (Auzende et al., 1973; 
Mauffret, 2007; Roure et al., 2012). Rifting of the margins took place in a relatively short time (10 Ma 
at most; Séranne, 1999) along a complex subduction configuration. It has been indicated that the 
seafloor in the Gulf of Lion is 0.5-1 km deeper than predicted by global subsidence curves (Rehault et 
al., 1984; Chamot-Rooke et al., 1999; Gaillard et al., 2009; Rabineau et al., 2014), which had also 
been observed in the Philippine Sea back-arc basin (Lounden, 1980). The evolution of the Western 
Mediterranean margins can therefore have more in common with Pacific type marginal basins than 
classical margins (e.g. Currie and Hyndman, 2006; Kelley et al., 2006; Zhu et al., 2012).  

The Western Mediterranean margins have only recently been the focus of crustal scale 
geophysical investigations and modelling studies (Aslanian et al., 2012; Leprêtre et al., 2013; 
Medaouri et al., 2014; Mihoubi et al., 2014; Moulin et al., 2015; Afilhado et al, 2015; Bouyahiaoui et 
al., 2015; Aïdi et al., 2018). These studies provided some insights in nature of the ocean-continent 
transitions. Relying on refraction seismic data, Moulin et al. (2015) inferred that in the Gulf of Lion 
this transition zone is characterized by a 7 km-thick crust with « anomalous » velocities ranging from 
6 to 7.5 km/s. They interpreted this as exhumed lower continental crust overlying a heterogeneous, 
intruded lower layer. Based on seismic reflection interpretation, Jolivet et al. (2015) suggested that 
the Gulf of Lion margin is underlain by a metamorphic core complex and further speculate on an 
exhumed mantle for the oceanic continent transition. Even if there is a large consensus that Western 
Mediterranean basins are floored by oceanic crust, there remains substantial speculation on the 
configuration, nature and evolution of its margins and the ocean-continent transitions. 

Heat flow is one of the key parameters to further constrain models of crustal structure and 
margin evolution. The distinct overall heat flow between the Western and Eastern Mediterranean 
has been associated with a young, thin, hot and weak lithosphere in the west and an older, thicker, 
colder and stronger lithosphere in the east (inserts in Figure 1; Jiménez-Munt et al., 2003; Roure et 
al., 2012), but the thermal state of the margin in the Mediterranean has been poorly addressed. The 
thermal regime of the thinned continental margin can be modelled knowing its rifting age and the 
amount of crustal thinning  (e.g., McKenzie, 1978) and oceanic heat flow generally follows plate 
cooling models (Davis and Lister, 1974; Stein and Stein, 1992; Carlson and Johnson, 1994). At the 
ocean-continent transition (OCT), however, lithosphere rheology is transitional and the thermo-
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mechanical behavior is poorly understood. The width of this OCT zone is highly variable and can 
attain several hundreds of km (e.g., Reston and Manatschal, 2011).  

A recent detailed heat flow study of the young passive margins in the Gulf of Aden (Lucazeau et 
al., 2008) clearly shows contrasted thermal regimes between the oceanic/OCT and 
continental/proximal margin: the OCT part of the margin (distal margin) has a similar elevated heat 
flow as the oceanic domain which drops abruptly to background continental near the proximal 
margin. This suggests a persistent thermal anomaly after continental breakup (Lucazeau et al., 2008). 
Other studies on other Cenozoic continental margins show that this might be a rather common and 
long-term feature of continental margins, e.g. Congo-Angola margin (Lucazeau et al., 2004), the 
Vøring basin (Scheck-Wenderoth and Maystrenko, 2008) and the Australian margins (Goutorbe et al., 
2008). Lucazeau et al. (2008) suggest an ocean-continent edge-driven convection as a permanent 
cause for these thermal anomalies and other particular observation in margins (shallow water 
sediments following break-up of continents, overthickened deep margins, postrift uplifts or postrift 
magmatism). Several of these margin particularities have also been observed in the Western 
Mediterranean (e.g., Bache et al., 2010) and urge the need for a better understanding of the thermal 
structure of its margins. 

Up to present-day, however, data in the Western Mediterranean deep basins and margins was 
too sparse and unevenly distributed in order to understand the thermal anomalies of higher 
resolution associated with OCT particular deformation, or to evaluate the effect of salt diapiric 
structures and volcanic seamounts on surface heat flow. Here we present a new analysis of the 
Western Mediterranean heat flow data in the ocean floored basins and their margins, based on a re-
evaluation of existing data completed with 148 new heat flow measurements collected during the 
MedSalt and WestMedFlux cruises in 2015-2016. The new data were focused on the poorly studied 
ocean-continent transition zones and allowed us to further constrain the regional thermal imprint in 
the Liguro-Provençal and Algero-Balearic basins. It also showed the existence of smaller scale 
anomalies, both with low and high heat flow signatures. We apply a basic interpolation method to 
draw a strongly improved heat flow map of the Western Mediterranean that illustrates a more 
complex and segmented heat flow distribution that seems to have its origin in the geodynamic 
evolution of the back-arc opening on the one hand, and to more shallow processes occuring on the 
ocean-continent transition or where salt diapirism is evidenced on the other hand.  

 

2. Geological framework 

The Liguro-Provençal and Algero-Balearic basins are both considered to be formed by Oligocene-
Miocene back-arc extension generated from the roll-back of the Tethys subducted oceanic crust 
(Rehault et al., 1984; Vigliotti and Kent, 1990; Jolivet et al., 2009). The Liguro-Provençal basin formed 
during a short rifting period of 9 Ma, followed by an even shorter oceanic accretion between 23-19 
Ma and 16 Ma (Bache et al., 2010; Carminati et al., 2012). In the Algero-Balearic basin timing of back-
arc extension is less constrained, and oceanisation has been proposed between 23 and 16 Ma 
(Michard et al., 2006), between 16 and 8 Ma (Mauffret et al., 2004) or from 13.8 to 11.6 Ma 
(Negredo et al. 1999). Seafloor-spreading history is not easily established from the available magnetic 
anomaly data (Galdeano and Ciminale, 1987).   

For the plate kinematics during opening, there is more or less consensus for the Liguro-
Provençal basin with a rotation pole located in the Gulf of Genova (Schettino and Turco, 2006; Gailler 
et al., 2009), while for the Algerian basin two contrasting models prevail: (1) a dominant N-S 
extension by a presently inactive slab under the North African Margin (Gueguen et al;, 1998; 
Schettino and Turco, 2006) or (2) a dominant E-W opening by a large westward rollback in the 
Gibraltar region (Royden, 1993; Mauffret et al., 2004). Recently, some hybrid models have been 
proposed (e.g. Van Hinsbergen et al., 2014; Driussi et al., 2015; Etheve et al., 2016), which equally 
predict large transform margins in the western part of the Algero-Balearic basin. 
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The Liguro-Provençal and Algero-Balearic margins also display differences in their sedimentation 
histories (Mauffret et al., 2004; Aslanian et al., 2012). The Pliocene and Quaternary sedimentary infill 
is 2 km thick in the Provençal basin but only 0.8 km thick in the Algerian basin. Moreover, the same 
contrast is also observed for the pre-Messinian Miocene layer, whose thickness reaches up to 4 km  
in the Liguro-Provençal basin but only 1.8 km thick in the Algerian basin (e.g. Rabineau et al., 2015; 
Arab et al., 2016). The Messinian evaporatic layer is up to 3 km thick in the Provençal basin, and 
about 1.2 km in the Algero-Balearic basin. This evaporitic layer is highly disturbed by diapirism in 
both basins (Maillard et al., 2003; dos Reis et al., 2005; Strzerzynski et al., 2010; Acosta et al., 2013; 
Leprêtre et al., 2013; Dal Cin et al., 2016).  

 

3. Review of previous heat flow data 

The total amount of previous heat flow data in the Liguro-Provençal and Algero-Balearic basins 
consist of 365 sites, including one DSDP borehole measurement east of Minorca (site 372A: Erickson 
and von Herzen, 1978), one ODP south of Minorca (site 975C: Pribnow et al., 2000) and several 
commercial borehole estimates in the Gulf of Lion. The majority of the data are located in and near 
the marginal basins of Alboran, Valencia and Ligure (Della Vedova and Pellis, 1983; Foucher et al., 
1992; Polyak et al., 1996; Fernandez et al., 1998; etc.). Overall heat flow data coverage is however 
still poor, and the uneven distribution and variable quality may easily lead to biased heat flow 
mapping in the Western Mediterranean.  

Heat flow data acquisition in the Western Mediterranean has a long history that started in the 
early 1960’s (figure 2), when the first marine type heat flow instruments were under development. 
Early devices were relatively short (2-3 m only) with only a few temperature sensors, often lacking a 
tilt measurement and thus vulnerable for misinterpretations. Based on a lack of basic quality control, 
we omitted from our heat flow data base seven pioneering data points from the 365 values available 
(2 from Lister, 1963; 1 from Nason & Lee, 1964, and 4 stations from the GeoMapApp database). The 
first eight well described measurements were made in 1965 during the Conrad cruise 9 by MIT 
(Erickson, 1970). The majority of the existing marine data points were obtained between 1982 and 
2000, with equipment appropriate to evaluate data quality (tilt sensor, more sensors).  

Some regional trends have been outlined by previous studies. In the Liguro-Provençal basin, 
heat flow shows a strong asymmetry from west to east, both on land and offshore (Burrus and 
Foucher, 1986; Lucazeau and Mailhé, 1986; Della Vedova et al;, 1995). The Hercynian basement that 
surrounds the basin presents a mean equilibrium heat flow of 55-65 mW/m², which appears higher in 
Corsica (76 mW/m²) than in the Provence (50-60 mW/m²). Offshore, a thermal zone of very high heat 
flow (>100 mW/m²) exists to the east of the Provençal basin stretched all along the basin from north 
to south. Modelling studies have indicated that heat flow measured on the Gulf of Lion margin and 
further on the oceanic crust is in reasonable agreement with the expected rifting history, oceanic 
cooling age (Burrus and Foucher, 1986) and with first order bathymetry and gravity anomalies which 
contain a thermal component (Della Vedova et al., 1995). However, no model could yet predict the 
unusual high heat flow zone on the Sardinian margin. Various explanations have been proposed, such 
as a more recent opening of an ocean to the east (Rehault et al., 1984; Jemsek et al., 1985), recent 
intrusions of mantle material (Burrus and Foucher, 1986), renewed tectonism to the east (Della 
Vedova et al., 1995), asymmetric evolution during rifting (Pasquale et al., 1995), but these are 
generally not supported by other geological or geophysical data in the Provençal basin. For the 
Algero-Balearic Basin, heat flow data are even more sporadic and focused on the extreme western 
part (Polyak et al., 1996). Only a few values exist on the Balearic margin, with two well 
measurements from DSPD 371 and ODP 975. Heat flow appears elevated (80-145 mW/m²) and 
Mauffret et al. (2004) suggested it may correspond to an oceanic crust of 8-16 Ma.  
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4. Data and methods 

New marine-type heat flow data were acquired during two cruises dedicated to heat flow and 
sediment coring in the Western Mediterranean: the MedSalt cruise on R/V OGS-Explora (OGS, Italy) 
in 2015 and the WestMedFlux cruise on R/V L’Atalante (Ifremer, France) in 2016. Marine heat flow, 
which represents the heat loss rate per unit surface area under the assumption of heat conduction, 
can be determined as the product of the vertical temperature gradient in the surface sediments and 
the thermal conductivity of the sediments. 

We used two complementary instruments for heat flow acquisition: (1) a conventional multi-
penetration heat flow instrument (von Herzen et al., 1989), allowing in-situ measurements of 
thermal gradients and sediment thermal conductivity, was used during the WestMedFlux cruise, and 
(2) a sediment corer of 5 and 10 m long equipped with autonomous temperature loggers during the 
MedSalt and WestMedFlux cruises. Thermal conductivity of the sediment in that case was measured 
on-board on the recovered sediment cores. The verticality was systematically measured for both 
instruments, except for a few station where the tilt meter was not functioning. 

4.1 Multi-penetration heat flow device 

The majority of the new heat flow stations were acquired with the MCHF (Micro-Computerized 
Heat Flow) heat flow instrument of IPGP. It was designed by Von Herzen R.P. at Woods Hole 
Oceanographic Institution and upgraded significantly since 2001 at IPGP. It has a battery life of 72 
hours at the bottom which allows the acquisition of multiple heat flow stations without taking the 
instrument back on deck (pogo type of measuring). Data acquisition is real-time controlled by an 
acoustic system of communication, and also recorded on a compact-flash card in the instrument. 

The device has a 1.5-ton weight ensuring penetration into soft sediment of a five-meter-long 
barrel equipped with seven outrigger probes spaced at 59-72 cm from each other (see figure 3) that 
are sampled consecutively every second. The probes contain a thermistor (resolution of 0.002 K) and 
a heating element, allowing us to determine in-situ both sediment temperatures and the thermal 
conductivity. The acquisition sequence takes around 15 minutes and includes a record of the 
temperature decrease after a peak caused by frictional heating when the instrument penetrates into 
the sediment (zone 2 on figure 3), followed by the temperature increase caused by a continuous and 
controlled heating of the thermistors (zone 3 on figure 3). The first part of the sequence allows 
extrapolation of the equilibrium temperature, while the second part is used to determine in-situ 
thermal conductivity using the needle probe method (Von Herzen and Maxwell, 1959). With this 
method the temperature of the probe increases due to the controlled heating and after some time 
delay this increase with the logarithm of time is proportional to the inverse of thermal conductivity. 
The amount of successful sediment temperature and thermal conductivity measurements for each 
site depends on the depth and angle of penetration, and the correct functioning of each probe. Tilt 
angle of the device is continuously logged. 

4.2 Sediment coring heat flow determinations  

The sediment coring devices of R/V OGS-Explora and R/V L’Atalante were both equipped with 
the same type of NKE® autonomous temperature loggers. These autonomous high-precision 
temperature loggers (resolution of <0.005 K) are outrigged to a sediment corer at different intervals 
in order to measure temperatures and thermal gradient in the sediments. An S2IP logger, added at 
the top of the corer, is equally autonomous and measures water depth and tilt angle of the corer. To 
allow frictional heat dissipation, the corer has to stay at least 7-10 minutes in sediment without 
tension on the cable. Logged temperature data are downloaded when the corer is back on-board.  
Sediment equilibrium temperatures are obtained with the same acquisition procedure as the MCHF 
heat flow probe.  

The five meter long gravity corer used during the Medsalt cruise was equipped with 5 
temperature loggers at one meter intervals. For the WestMedFlux cruise also 5 loggers were 
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outrigged on the five meter long piston corer (0.9-1.2 m interval), while 7 temperature loggers were 
fixed on the ten meter long version of the corer (1.2-2.0 m interval).  

Thermal Conductivity was measured on cores using the same needle-probe technique that the 
MCHF uses in-situ (Von Herzen and Maxwell, 1959). The needle is inserted transversally into the core 
in order to provide the vertical component of thermal conductivity. We used a Hukseflux device with 
a TP08 needle-probe and applied a heating time of 150 seconds for all measurements. We performed 
3 to 8 thermal conductivity measurements on each of the 1 meter core sections.  

 

5. Results 

A total of 148 new heat flow values were obtained for the Western Mediterranean basin and 
margins: 113 successful measurements were obtained with the multi-penetration heat flow probe 
during the WestMedFlux cruise and 35 values result from coring operations equipped with loggers 
during the MedSalt and the WestMedFlux cruises (see figure 4 and table 1). Most of the stations 
have been aligned along 7 regional profiles in the Liguro-Provençal, the Algero-Balearic and the 
Valencia basins. A smaller number of stations were dispersed in between these regional profiles. The 
quality of the measurement can be evaluated from the depth of penetration, the number of sensors 
in the sediments and the angle of insertion, listed in the tables in the supplementary material. These 
tables also give coordinates of each station, water temperature, thermal gradient and average 
thermal conductivity.  

 

5.1 Stations quality, thermal conductivity and thermal gradient 

The majority of the new stations have a good to very good penetration (five and more of the 
seven sensors in the sediment) with a near-vertical insertion. Angle of penetration is on average 4.7° 
from the vertical for the multi-penetration probe and 1.7° for the corers. Six stations showed a large 
tilt between 20 and 40°, but a correction is confidently applied as a large amount of sensors 
penetrated into the sediments and showed net equilibrium curves. The total depth of penetration is 
evaluated from the individual sensor records and the angle of penetration, and averages to 4.66 m 
for the multi-penetration probe (for a maximum of 5.01 m) and 7 m for the corers (maximum 5-10 m 
depending on its configuration). The number of useful sensors for thermal gradient and thermal 
conductivity determination depend mainly on the length of the insertion the sediments, but was at 
some stations also reduced by defect sensors. An average of 93% of the mounted sensors returned 
in-situ determinations. The amount of thermal conductivity measurements on the cores is highly 
variable, and averages 21.   

The measured thermal gradients for the 148 sites varied between -3 and 152 mK/m, with a 
mean value of 68 ±28 mK/m. Most stations showed near-linear temperature depth profiles, which is 
illustrated in figure 5 for the measurements along the regional profiles 1 and 3. An exception is 
observed at two stations, HF-09-07 and HF-09-07b, located in the Valencia through at the foot of the 
slope north of Minorca Island. At these two stations the temperature –depth profiles are not only 
non-linear, but also display a zero to  negative gradient. 

The thermal conductivity over the studied area varies between 0.95 and 1.67 W/m/K with a 
mean value of 1.14 ± 0.12 W/m/K. The in-situ measurements from the multi-penetration probe 
provided slightly higher values than the measurements on the recovered sediment cores 
(respectively, 1.16 and 1.13 W/m/K). The relative high thermal conductivity is quite normal for a 
land-locked basin. Thermal conductivity values show an overall increase with depth with a high 
scatter at all depth levels. Detrital sediment components coming from channel systems and near-
surface evaporitic deposits are expected to be some of the sources of this high scatter.   
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5.2 New heat flow data and spatial variability 

Table 1 lists two different heat flow values for each site: the heat flow measured at the surface 
and the heat flow obtained after a correction for sedimentation. The heat flow at the surface of the 
sediments is in many cases not fully representative for the heat flow at the top of the basement as it 
can be affected by environmental processes, such as bottom water temperature changes, heat 
refraction and rapid sedimentation effects. As the transient effect of the deposition of cold 
sediments is far the most important in most environments (Lucazeau et al., 2008), we applied a 
correction based on the sedimentation rate and its duration identified on the interpretation of 
seismic profiles (Hutchison, 1985). The sediment blanketing effect is strongest in the deep sea basins 
with a slightly higher effect in the Liguro-Provençal basin than in the Algero-Balearic basin 
(respectively 10-15% and 15-20%). On and near slope, deposits often generate a heat flow decrease 
of less than 8%. Basement heat flow is thus expected to be 4 to 20% higher than the surface 
measured value, however, the correction is not of enough importance to significantly change local 
heat flow variations which remain mostly unaltered as illustrated in figure 5 for profile 1 and 3.  

On the map of figure 4 we can observe that heat flow is regionally variable, with a distinct 
increase from north to south. The following average heat flow has been calculated for the different 
profiles: 62 ± 28 mW/m² for profile 1 (Golf of Lion), 73 ± 11 mW/m² for profile 2 (West Sardinia), 78 ± 
11 mW/m² for profile 4 (SW Sardinia), 80 ± 23 mW/m² for profile 3 (South Baleares off Mallorca), 86 
± 32 mW/m² for profile 5 (South Baleares off Ibiza), 107 ± 9 mW/m² for profile 6 (South Baleares 
along slope), and 55 ± 25 mW/m² for profile 7 (NE Valencia trough).  

Important local heat flow anomalies (> 110 mW/m² and < 50 mW/m²) exist along the Gulf of 
Lion, the south Balearic and the NE Valencia profiles. For the Golf of Lion and the South Balearic 
margin, both low and high heat flow anomalies seems to co-exist together, with locally values as low 
as 13 mW/m² and as high as 163 mW/m2. We will illustrate these observed heat flow variations 
along the regional heat flow profile 1 (Gulf of Lion margin) and profile 3 (South Balearic margin off 
Mallorca) where seismic reflection data are available to show the sedimentary settings (figure 5). 
Both profiles extend from the margins slope up to the deep oceanic domain over a distance of 208 
km for profile 1 and 152 km for profile 2. 

Along profile 1 in the Gulf of Lion (figure 5A), heat flow does not vary strongly over the whole 
margin and the oceanic domain. Excluding two anomalous high values, the mean heat flow remains 
as low as 53 ± 6 mW/m² (61 ± 7 mW/m² with sedimentation correction). Two measurement that 
forms an exception have values of 130 and 153 mW/m² (KF-25 and KF-26, respectively). For K26, the 
lateral extent of the thermal anomaly is clearly limited to 5 km, bounded by a low heat flow of 40-51 
mW/m².  

Along profile 3 on the South Balearic margin (figure 5B), heat flow is strongly variable for 
different segments of the profile. On the SE part of the profile, located in the oceanic domain of the 
East Algerian basin, heat flow averages to 75 ± 6 mW/m² (84 ± 4 mW/m² with sedimentation 
correction). Downstream, in the OCT domain, heat flow first strongly increases up to 139 mW/m² 
over a short distance of 10-20 km and is then followed by a contrasting zone of low heat flow 
(minimum 49 mW/m²) over 15-30 km. Further landwards over the continental crust domain of the 
margin, heat flow increases again up to a maximum of 89 mW/m² for the most proximal part of the 
margin. A similar trend has been observed in the SW of the Balearic margin (see regional profile 5 on 
figure 4), with a very local but strong high heat of 163 mW/m² both at the foot and the top of the 
Emile Baudot Escarpment slope. The one at the top of the slope co-exist with a low heat flow zone of 
13-53 mW/m² that stretches over maximum 15 km. The heat flow in the oceanic domain of profile 5 
located in the West Algerian basin, averages to 100 ± 9 mW/m² (112 ± 10 mW/m² with 
sedimentation correction). This is about the 25-30 mW/m² more than in the East Algerian oceanic 
basin. 
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Smaller heat flow variations have been observed on the Sardinia margin (profiles 2 and 4) and 
along sections of profile 2 and 5 that cross the North Balearic fracture zone (NBFZ) that separates the 
the Liguro-Provençal and the Algero-Balearic basin . The Sardinia margin displays values that 
fluctuate between 62 and 91 mW/m², with overall the lowest values closest to the continent. For the 
ocean domain of the Sardinia margin, a stable heat flow of 72 ± 1 mW/m² (83 ± 1 mW/m² with 
sedimentation correction) is established along three stations. Heat flow over the NBFZ ranges 
between 44 and 87 mW/m², but without any particular trends that could distinct it from heat flow in 
the neighboring domains.   

A distinctive low heat flow anomaly is observed in NE Valencia trough with five values ranging 
between -3 and 45 mW/m² (three stations are off the profile towards the Minorca slope). Two of 
these stations (HF-09-07 and HF-09-07b) also display atypical non-linear temperature-depth profiles 
(Figure 4, profile 9). 

 

 

5.3 Heat flow mapping  

In order to further discuss and interpret these observed heat flow trends, we present a regional 
heat flow contouring including the previous heat flow data set, the new stations aligned on the 
regional profiles and the new stations dispersed in between. This new heat flow density map of the 
Western Mediterranean is presented in figure 6.  

For contouring the heat flow data, we adopted the natural neighbor interpolation method 
(Sibson, 1981; Watson, 1982). This method is designed to honor local minimum and maximum values 
in the point file and thereby allows the creation of accurate surface models from data sets that are 
very sparsely distributed or very linear in spatial distribution. It makes use of an area-weighting 
technique to determine a new value for every grid node with the weight based on the overlap of 
Voronoi polygons of the given points and the Voronoi polygon around the interpolation point. It is 
not a stochastic determination, but it has the advantage compared to other interpolators that the 
selection of neighbours is based on the configuration of the dataset, taking into account spatial 
variations in data density (Dumitru et al., 2013). It highlights heat flow minima and maxima 
represented by the input data and will not predict additional trends in data blank areas. 

On the heat flow contour map we superimposed a set of regional structural elements and 
crustal boundaries that are important for the discussion of the heat flow. The OCT limits in the 
Liguro-Provençal basin are taken from Moulin et al. (2015) and Afilhado et al. (2015) and are based 
on refraction data interpretation from the Sardinia experiment. For the Algero-Balearic basin the 
ocean-continent contour is from Driussi et al. (2015) and the limit of the Hannibal structure is from 
Mauffret et al. (2004). The North Balearic fracture zone and other induced transform zones are based 
on the work of Gueguen et al. (1998), Maillard and Mauffret (1999), and Pellen et al. (2016). 

 

6. Discussion 

The 148 new heat flow measurements constitute a considerable effort to improve the heat flow 
coverage of the Western Mediterranean. The alignment of the data along regional profiles and the 
small measurements interspacing of 3-10 km allowed description of smaller scale heat flow 
variations than previously possible.  The new heat flow density map of the Western Mediterranean 
(figure 6) displays both regional and local heat flow trends that can be spatially linked to different 
segments of the basins. We will discuss the distinct heat flow signatures for the seafloor area, the 
transfer zones and the continental margins, and try to relate them to tectonic, sedimentary or 
environmental processes that might be responsible for them (figure 7). 
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6.1 Western Mediterranean seafloor heat flow  

 

The new heat flow data confirm an overall higher heat flow in the Algero-Balearic basin 
compared to the Liguro-Provençal basin. Based on the new grid from the heat flow contouring, heat 
flow averages to 78 ±16 mW/m² in the Liguro-Provençal basin and 94 ± 13 mW/m² in the Algero-
Balearic basin. This heat flow trend is coherent with the progressively opening from north to south of 
these marine basins that started around 32-30 Ma (Rosenbaum et al., 2002; Jolivet et al., 2009). 
Oceanic accretion started not earlier than 23 Ma, and finished at 16 Ma in the Liguro-Provençal basin 
and at latest around 8 Ma in Algero-Balearic basin (Mauffret et al., 2004; Carminati et al., 2006).  

In the Liguro-Provençal basin a well-defined thermal anomaly is visible in the central part of the 
oceanic domain. There the heat flow ranges between 70-100 mW/m², but increases to 120-140 
mW/m² towards its south and north extremities. Only a few of our new stations on profile 1 and 3 
fall within this oceanic domain adjacent to the OCT zone. Within the OCT zone, the new data and the 
map confirms the relatively low heat flow in the Gulf of Lion (50-70 mW/m²) compared to the 
conjugated West-Sardinia margin (70-85 mW/m²). This trend could be related to an asymmetric 
evolution during rifting and ocean forming as earlier suggested (Burrus and Foucher, 1986, Pasquale 
et al., 1995). The recent Sardinia experiment has shown that despite a shorter transitional domain on 
the Sardinian side, conjugate margins show an overall symmetry with a similar intruded, 
heterogeneous lower continental crust (Afilhado et al., 2015). The upper crust is however distinct, 
with an extrusive magmatism or a very heterogeneous oceanic crust in the transition zone (Afilhado 
et al., 2015). A flat heat flow over the Sardinian OCT-ocean limit suggests a transition zone that is 
thermally more similar to the ocean domain than the continental domain.  

The plate cooling model for the thermal evolution of the oceanic upper mantle has been widely 
accepted to explain observed variations of depth to oceanic basement and conductive heat flow with 
the age of seafloor younger than 80 Ma (e.g., Carlson and Johnson, 1994). Therefore, basement heat 
flow over the ocean domain can give us an estimation of the age of the oceanic crust formation 
(figure 8). For the young oceanic crust in the central part of the Liguro-Provençal basin, a basement 
heat flow of 139 ± 22 mW/m² suggest an age range of 9-17 Ma. This agrees well with an end of 
seafloor spreading at 16 Ma proposed for this basin (Bach et al., 2010). For the older oceanic domain 
adjacent to the Sardinia OCT, the basement heat flow is only 83 ± 1 mW/m². This implies an apparent 
age of 34-36 Ma, while tectonic and magmatic observations point to a considerably later start of 
seafloor spreading at 19-23 Ma (Carminati et al., 2012). For this age, we would expect a heat flow of 
100-110 mW/m² for a normal plate cooling oceanic crust and the lower than expected heat flow 
suggests that the older parts of the oceanic crust have been affected by an additional cooling 
process.    

In the Algero-Balearic basin, the regional heat flow trend is opposite to the Liguro-Provençal 
basin, with an overall westward increase from West-Sardinia (70-90 mW/m²) towards the Alboran 
basin (100 to 130 mW/m²). A north-south variation of heat flow from the South-Balearic to the 
Algerian margin is not well resolved because of very poor coverage over large parts of the Algerian 
margin and the central part of the basin. The flat contoured heat flow in north-south direction can 
therefore not be interpreted in relation with the direction of oceanic opening of the Algero-Balearic 
basin. A good coverage of data exists on the South Balearic margin and the neighboring oceanic crust 
and allows to point out an important difference in thermal signature east and west of the ocean floor 
adjacent to the Balearic OCT. Corrected heat flow on the oceanic domain of profile 3 (off Mallorca) 
has a mean of 84 ± 4 mW/m², while oceanic heat flow on profile 5 (off Ibiza) reaches 112 ± 10 
mW/m². It has been proposed that the Algero-Balearic basin is composed of two different oceanic 
basins, the West and East Algerian basin, separated by a basement structural high called the 
Hannibal ridge (Mauffret et al., 2004). Recent studies (Driussi et al., 2015; Aïdi et al., 2018) indicate 
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that these two oceanic basins have different modes of opening.  Taking again the heat flow-age 
relation of the seafloor cooling model as a reference (figure 8), we obtain  a different oceanic crustal 
age for the West and East Algerian basin: 16-23 Ma and 31-37, respectively. For the West Algerian 
basin, this agrees with the period of oceanisation proposed by Michard et al. (2006) (23 and 16 Ma), 
while Mauffret et al., (2004) suggested a younger oceanic crust (16 and 8 Ma). They based their ages 
on tectonic and magmatic considerations. For the East Algerian basin, the oceanic crust near the 
South Balearic margin is estimated considerably older than these ages. It is remarkable that we 
obtain the same apparent ocean crust age on the East Algerian margin as that of the Sardinia margin. 
This could point to a timing and mode of opening in the East Algerian basin that is more in common 
with the Liguro-Provençal basin, than with the West Algerian basin. This conforms to a two-step 
evolution where the East Algerian opened in a NW-SE direction together with the Liguro-Provencal 
basin, while an east-west opening in the West Algerian only started around 16 Ma following a 
subcontinental-lithosphere edge delamination along the Betic-Rif margins and subsequent 
subduction under the Alboran basin domain (Booth-Rea et al., 2007; van Hinsbergen et al., 2014; Aïdi 
et al., 2018).  

 

6.2 Transfer zones 

The transition between the Liguro-Provençal and the Algero-Balearic basins is marked by the 
North Balearic fracture zone (NBFZ), but this zone does not display a distinctive thermal imprint. This 
fracture zone has been described between the Valencia Trough and the Gulf of Lion as an important 
basement step of > 1km with magmatic bodies (Maillard and Mauffret, 1993; Pellen et al, 2016). For 
kinematic reconstruction purposes, the transform zone has been traced up to the Sicily strait 
(Pascuale et al., 1995), but between the Liguro-Provençal and Algero-Balearic basins it has not been 
evidenced by seismic data. Two of our regional heat flow profiles cross the NBFZ at two different 
sections, and show a heat flow that varies with a magnitude range of 40 mW/m², but without any 
particular trend. On the interpolated heat flow map the fracture zone seems to limit different 
regional heat flow domains with some of the heat flow minima and maxima located near the fracture 
zone. However, these heat flow anomalies are laterally still poorly constrained.  

A particularly large area of low heat flow can be noticed in the north-east of the Valencia trough, 
between the NBFZ and the Minorca fracture zone (figure 7). As described in the results, a group of 
five low heat flow values with thermal gradients decreasing to zero and even negative were 
measured (-3 and 45 mW/m²). This confirms the small thermal gradient measurement obtained by 
Foucher et al. (1992) in the early 1990’s at exactly the same area. They argued that it concerns a local 
thermal effect associated with the formation of the sedimentary ridge on which the heat flow 
stations are located. Indeed, a large sediment drift north of the island of Minorca resulting from the 
Western Mediterranean Deep Water has been described by Frigola et al. (2008). These authors point 
out that this bottom water current has undergone abrupt changes during the last 50 kyr, which 
would also imply non-stable bottom water temperature. Bottom water temperature variations will 
typically induce up to several meters in the sediments non-linear temperature-depth profiles and 
variable thermal gradients, including negative gradients (e.g. Davis et al., 2003). We therefore 
assume that the low heat flow zone is not a signature from deeper tectonic, sediment or 
hydrothermal sources, but an imprint from temperature perturbations at the sediment surface. 
Unfortunately, we do not have bottom water temperature time series that could allow a 
quantification of the expected impact on the geothermal heat flow.  

 

6.3 Local heat flow anomalies on the margins 

A particular feature outlined on the heat flow map (figures 6 and 7) is the presence of heat flow 
anomalies that have a limited lateral extent (5-30 km). These local anomalies of both low and high 
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heat flow are focused on the distal continental margin and on the ocean-continent transition zone. 
We will distinguish two different types of local heat flow anomalies: (1) those associated with large 
salt domes in the Gulf of Lion margin, and (2) those on margin segments without salt diapirism.   

The first type of local heat flow anomalies has been observed in the ocean-continent transition 
zone of the Gulf of Lion margin, where large diapiric structures characterize the Messinian unit. Two 
well-defined heat flow anomalies along regional profile 1 have been described in the results 
(maximum heat flow 130-153 mW/m²) and are also outlined on the heat flow map. Both thermal 
anomalies are clearly associated with the presence of a high (~3 km) and narrow (< 5 km) salt diapir 
directly under the measurement sites (figure 5A). One of the observed heat flow peaks is clearly 
limited by close-spaced data that show a normal to low heat flow at only a few kilometers distance. 
The observed heat flow pattern is typical for the refraction effect of a narrow salt diapir which raised 
up close to the sediment surface (Nagihara et al., 1992; Mello et al., 1995). Salt diapiric structures 
also exist in the oceanic domain of the Liguro-Provençal and Algero-Balearic basin, but we lack the 
heat flow data resolution in these domains to contour the thermal imprint of these higher frequency 
deformations.  

 A second type of anomalies are observed on the South Balearic margin and consists of the 
co-existence of local zones of both high and low heat flow as described in the results for profile 3 (off 
Mallorca; see figure 5) and profile 5 (off Ibiza). These anomalies are found on the distal margin, have 
a lateral extent of not more than 10-30 km, and reaches maxima of 140-160 mW/m² and minima of 
15-50 mW/m². On the interpolated heat flow map, these anomalies are only outlined on the South 
Balearic margin where new detailed heat flow measurements were made. For the West Sardinia 
margin, we also see a local increase of heat flow on the ocean-continent transition zone close to the 
continent limit. Here heat flow maxima only reach values of 90-105 mW/m².  

What can be the source of these local heat flow anomalies? The localization of the heat flow high 
on the distal margin do remind us of other margins in the world (e.g. Gulf of Aden: Lucazeau et al., 
2008) where an observed thermal perturbation has been attributed to the process of edge-driven 
convection under a lithosphere with abrupt thickness change (King and Anderson, 1995). The width 
of these convection cells are estimated to be 150-500km (King and Anderson, 1998), which will 
produce surface heat flow anomalies that scale even larger (e.g., Hardebol et al., 2012). Edge-driven 
convection are thus not expected to have produced the local thermal features on the Western 
Mediterranean margins. A more plausible explanation are recent volcanic intrusions in the crustal 
and sediment column. The South Balearic margin is marked by many volcanic pinnacles composed of 
late Pliocene alkaline basalt (Acosta et al. 2004; Camerlenghi et al., 2009). Widespread volcanic 
material along the margin is also suggested by chaotic seismic reflectors and magnetic anomalies 
(Driussi et al., 2015). In order to create the distinct surface heat flow increase of 40-50mW/m² as 
observed on the South Balearic margin, a volcanic intrusion needs to be very recent (< 0.1-0.2 Ma) 
and at crustal depths of less than 5-10 km (e.g. Rekitake, 1995; Ritter et al., 2004). Although reported 
intrusions are numerous on the South Balearic and West Sardinia margin (see figure 7), none of our 
observed heat flow anomalies are directly located on any of the known volcanic intrusions.  

Indirectly, sill intrusions could also have played a role on the thermal field by inducing 
hydrothermal fluid migrations. Subsea hydrothermal systems are well known at the mid-oceanic 
ridges (Tiveyet al., 2014) and on young sedimented ridge flanks where fluids can recharge or 
discharge at seamounts and flow in the uppermost basalts over distance of several tens of kilometers 
(e.g.; Stein and Stein, 1994, Fisher et al., 2003; Le Gal et al., 2018). But also on the continental 
margins and in rift basins hydrothermal systems triggered by sills have been described (Svensen et 
al., 2003; Berndt et al., 2016). In analogy to heat redistribution by fluid circulation near the oceanic 
ridges (Davis et al., 1989; Fisher et al., 2003; Wheat et al; 2004), the co-existence of low and high 
heat flow anomalies observed on the South Balearic margin could be sourced by a heat redistribution 
system. The widespread basaltic dyke and sill intrusions (Acosta et al., 2013) offer pathways for 
lateral fluid migration, similar to what has been observed on the OCT of the Gulf of Aden (Lucazeau 
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et al., 2010). Magma-driven fluid systems are not expected to be long lived and even thick intrusions 
can only sustain hydrothermal systems for a few thousand years (Jamtveit et al., 2004).  

Other mechanisms have been proposed to explain a forced groundwater convection that affects 
the offshore domain. Fernandez et al. (1990) showed that a strong onshore hydraulic gradient on the 
NW border of the Valencia Trough permits a lateral advection of pore water about 30 km offshore 
along a fractured Mesozoic carbonate and could explain observed anomalous temperature gradients. 
Our observed local thermal anomalies on the south Balearic margin are, however, at more than 100 
km distance from the shore. Another possible mechanism that may sustain a subsea groundwater 
circulation is dissolution of exposed Messinian evaporates. Anderson and Kirkland (1980) describe a 
mechanism where salt dissolution generates a brine which percolates downward through cracks and 
fractures as a result of its own high density and where the inflow of less salty water continues the 
dissolution process. This mechanism has been evoked on the Eastern Mediterranean ridge (Kastens 
and Spiess, 1984) and on Western Atlantic margins (Paull and Neumann, 1987), but it is still poorly 
documented.  

Heat redistribution by a regional sub-seafloor fluid circulation system is the most plausible 
explanation for the observed low and high heat flow zones on the South Balearic margin, but 
evidence from seismic imaging and pore fluid compositions are needed to confirm that hydrothermal 
circulations are indeed active.   

 

7. Conclusions 

Based on a critical analysis of previously reported data and the acquisition of 148 new heat flow 
data in the Western Mediterranean basin, a new heat flow map is presented that displays distinct 
thermal features on the margins and neighboring ocean crust. A regional asymmetry of the heat flow 
on the oceanic crust is observed that suggests a significantly younger West Algerian basin (16-23 Ma) 
compared to the East Algerian basin and West Sardinia (31-37 Ma). On different margins, the 
existence of small wavelength anomalies (5-30 km) of high and low heat flow has been pointed out. 
One type of local heat flow anomalies is associated with the heat refraction of large salt domes on 
the Gulf of Lion margin. The second type shows the co-existence of low and high heat flow anomalies 
and are found on margins where recent basaltic volcanic activity has occurred (in particular, the 
South Balearic margin). Here we favor the explanation of a regional heat redistribution system in the 
seabed: the widespread volcanic activity can bring locally heat to the surface, create favorable 
pathways for fluids and sustain temporarily a regional fluid circulation.  These observations show that 
processes in the sedimentary deposits (volcanic intrusions, fluid migrations, salt deformation) can, at 
some stages of the margin evolution, have a more important effect on the thermicity than often 
assumed.   
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Figure captions 

Figure 1. Regional tectonic setting of the Mediterranean basin, illustrating the young oceanic crust in 
the Western Mediterranean formed by back-arc extension (from Jolivet et al., 2009). The white 
inset frame is the study area. The inset maps below show a generalized heat flow map and the 
lithospheric thickness of the Mediterranean basins (from Jiménez-Munt et al., 2003): a hot 
Western Mediterranean with a thin lithosphere contrasts with a cold Eastern Mediterranean. 
Modified after Roure et al. (2012). 

Figure 2. The distribution of existing offshore heat flow data illustrating the poor coverage.  Color 
coding shows the year of data collection, which were mostly in the 1970's. Circles are marine-
type heat flow measurements and triangles are heat flow estimates from offshore drill holes. 
Reference code numbers: (1) Lister, 1963; (2) Nason and Lee, 1964; (3) Erickson, 1970; (4) 
GeoMapApp database; (5) Von Herzen et al., 1982; (6) Della Vedova and Pellis, 1983; (7) Jemsek 
et al., 1985; (8) Hutchison et al., 1985); (9) Burrus and Foucher, 1986; (10) Della Vedova and 
Pellis, 1983; (11) Zolotarev et al., 1989; (12) Foucher et al., 1992; (13) Polyak et al., 1996; (14) 
Fernandez et al., 1998; (15) Marzan, 2000; (16) Erickson and von Herzen, 1978; (17) Albert-
Beltran, 1979; (18) Gable, 1979; (19) Subono, 1983; and (20) Pribnow et al., 2000. 

Figure 3. Illustration of the multi-penetration heat flow probe indicating the main measuring 
elements (left panel) and the heat flow measurement sequence for this device (right panel). The 
sequence shows a two-step acquisition of in-situ temperature (zone 2) and thermal 
conductivities (zone 3). The heat flow coring device follows the same principle, but thermal 
conductivities are not measured in-situ but on-board on the cores. The equilibrium sediment 
temperatures, thermal gradients, thermal conductivities and heat flow are processed later on-
board 

Figure 4. The 148 new heat flow values obtained in the Western Mediterranean during the MedSalt-
2015 and WestMedflux-2016 cruises (squares and triangles are data acquired respectively with 
the multi-penetration probe and the heat flow coring device).The majority of the data are 
located along 7 regional profiles that cross the ocean-continent transitions (ocean floor part of 
the deep basins are indicated by blue) and the North Balearic fracture zone (NBFZ). Previous 
data that were validated by a quality check, are also plotted for comparison (small dots).  

Figure 5. The heat flow variability and the temperature-depth data along two selected regional 
profiles: (A) profile 1 in the Gulf of Lion margin and (B) profile 3 in the South Balearic margin. 
These examples illustrate the presence of two types of local heat flow anomalies on the 
margins: those associated with large salt domes in the Gulf of Lion margin, and those where 
both low and high heat flow zones of 10-30 km in width co-exist on the South-Balearic margin. 
Limits for the oceanic and continental crust and the transition zone in between (OCT) are drawn 
based on work of Moulin et al. (2015) and Driussi et al. (2015). 
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Figure 6. New heat flow contour map of the Western Mediterranean based on an interpolation with 
the natural neighbor method using the cleaned existing data base and the newly acquired data. 
The map shows a regional heat flow asymmetry in both the Liguro-Provençal and Algero-
Balearic basins with opposite directions, and the emergence of small wavelength anomalies of 
high and low heat flow on the continental margins.  

Figure 7. A highlight of the regional heat flow trends and the different local heat flow anomalies of 
the Western Mediterranean that are discussed in the text. We also plotted the distribution of 
volcanic intrusion that are evoked in the interpretations and the Hannibal ridge that divides the 
East and West Algerian basins. Squares with numbers 1 to 4 corresponds to the seafloor areas 
used to estimate an age of the oceanic crust (see figure 8). 

Figure 8. A relation between the basement heat flow and the age of the oceanic seafloor can be 
considered in case a plate cooling model is valid in the region (Carlson and Johnson, 1994). For 
four selected regions of the oceanic part of the Western Mediterranean we plotted the mean 
heat flow and its standard variation on this graphic (see figure 7 for location of the regions). The 
resulting “apparent” ages are discussed in the text and compared with age estimates from 
geodynamic studies.  
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