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ABSTRACT

The Mozambique Channel, a complex domain composed of passive margins and oceanic crust affected by younger strike-slip and volcanic activity, is still poorly
studied for surface heat flow. We present 33 new marine-type heat flow estimations acquired offshore in 2014-2015 during the MOZ cruises, completed with 4 new
heat flow values derived from reappraised old well sites (PAMELA project). Offshore heat flow is generally low to normal and does not display strong variations. As
poor data coverage persists in large parts of the area, we performed a heat flow prediction mapping using the similarity method. Based on an extrapolation of old and
new data guided by 14 geological and geophysical proxies, we obtain on a 0.1° x 0.1° grid a predicted heat flow and its uncertainty from the statistics of all values at
global grid points with similar proxies. We succeeded to obtain good predictability on 70% of pixels and an RMS error <2.3 mW/m?2. The proxies selected for the
prediction include a map of genetic domains, sediment thickness, topography and bathymetry, crustal ages, Curie point depth, Free air anomaly, distances to
volcanoes, tectonic structures and continent-ocean boundaries. The new Mozambique heat flow map shows a predominantly low offshore heat flow of around 50
mW/m?, associated with the Jurassic and early Cretaceous age of the oceanic crust. Several heat flow anomalies standoff to this background heat flow with two main
orientations: low heat flow anomalies with a N-S orientation and high anomalies with a mostly NE-SW orientation, which are linked mainly to tectonic structures.

1. Introduction

The surface heat flow is a crucial parameter in many topics, like
geothermal exploration, crustal structure nature, margin evolution or
Earth dynamics (Davies, 1989; Furlong et al., 1995; Fuchs et al., 2023;
Korenaga, 2008; Loyd et al., 2007; Muffler and Cataldi, 1978). The
Earth’s coverage of heat flow is extremely heterogeneous and relatively
poor in several areas, especially offshore. Yet, the number of acquired
values is constantly increasing (Benfield, 1939; Bullard, 1939; Fuchs
et al., 2021; Lee and Uyeda, 1965; Pollack et al., 1993). Some authors
succeeded to complete this database with additional data from confi-
dential oil exploration studies (e.g. Lucazeau, 2019). Heat flow data
from boreholes and from marine probe instruments are obtained in very
different depth intervals and are dealing with different types of pertur-
bations from surface processes, but if proper corrections are applied
both can be considered as an appropriate estimate of the amount of
thermal energy that the Earth loses per unit surface area and time. In
order to better constrain the heat flow coverage and evolution, several
indirect approaches have been developed and published as well. Indeed,
heat flow can be derived from the depth of the Bottom Simulating Re-
flectors (BSR) identified along high-resolution seismic profiles

(Grevemeyer and Villinger, 2001; Hyndman et al., 1992; Yamano et al.,
1982) or from the Curie Point Depth (Li et al., 2017). Using extrapola-
tion and predictive approaches, authors have tried to get a global
full-coverage image of the heat flow. Commonly, extrapolation and
predictive approaches are based on geology (Lee and Uyeda, 1965),
oceanic and/or continental crust age (Artemieva, 2006; Davies, 2013;
Sclater, 1977), or again upper mantle shear velocities (Shapiro and
Ritzwoller, 2004). Goutorbe et al. (2011) published a more integrating
process using the stacking of a large number of geologic or geophysical
proxies in order to get relevant information for better constraining the
heat flow predictions. The predictive global mapping is computed with a
purely statistical calculation: the similarity method (Lucazeau, 2019).
This method is based on the evaluation at each grid location of the
number of similarities with several heat flow proxies at all other loca-
tions of the grid where heat flow is known. Due to the improvement of
acquisition techniques and signal treatments, geologic and geophysical
global databases are constantly increasing in number, quality and res-
olution. The method was initially applied on a 1° x 1° global grid
(Goutorbe et al., 2011), but it was recently upgraded to a 0.5° x 0.5°
global prediction by Lucazeau (2019).

In this study we propose to apply the similarity method to a regional
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area with an increased resolution of 0.1° x 0.1° grid. We choose as a
study area a divergent-transform continental margin, i.e., the
Mozambique Channel (Fig. 1) where we collected several new heat flow
data. This type of margin is often characterized by a narrow necking
zone, steep continental slopes, marginal plateaus systematically located
between the platform and the lower continental slope, occasionally
marginal ridges located at the edge of the continental slope and some
specific sedimentary processes. Such geological and tectonic structure
implies a complex thermal evolution. The study area is still poorly
constrained by heat flow determination (Fig. 2), but several recent
campaigns of heat flow acquisition and re-appraisal succeeded to up-
grade the local database. Thus, this work will detail these new data
acquisitions as well as a predictive mapping of the heat flow variation on
the Mozambique Channel area (Figs. 1 and 2). A good knowledge of the
present-day surface heat flow helps to better constrain the thermal state
and are a vital parameter in any modeling study of the basin evolution
and regional tectonic activity.

2. Geological and geodynamic settings

The Mozambique passive margin, located between Africa and
island, is thus
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Paleoproterozoic cratons which have been affected by several orogenic
systems (Fig. 1; Cawood and Buchan, 2007; Collins and Pisarevsky,
2005; Jacobs and Thomas, 2004; Ring et al., 2002). From the Paleo-
proterozoic to the Neoproterozoic, these several collisional episodes
contributed to the development of NE/SW-NW/SE crustal-scale struc-
tures associated to a continental block amalgamation (Castaing, 1991;
Daly et al., 1989; Daszinnies et al., 2009; Jacobs et al., 2008; Macgregor,
2018; Riedel et al., 2013) and the Mozambican belt formation (Bingen
et al., 2009; Jacobs et al., 2008). Following these orogenic phases, a
continental rifting episode, the Karoo rifting, occurred from the
Carboniferous to the Late Jurassic between Africa and Antarctica,
reactivating the orogenic-inherited structures into extensional trends
and dismembering the Gondwana supercontinent (Fig. 1; Castaing,
1991; Catuneanu et al., 2005; Cox, 1992; Mahanjane, 2012; Reeves,
2018; Watkeys, 2002). Thus, the development of large intracratonic
basins allowed the deposit of Upper Carboniferous to Lower Jurassic
sediments. The Early to Middle Jurassic period is marked by the
emplacement of a large igneous province (LIP) around 180 Ma, named
the Karoo-Ferrar igneous province, respectively located on both the
South-Eastern Africa and the Eastern Antarctica (Cox, 1992; Ivanov
et al., 2017; Klausen, 2009; Melluso et al., 2008; Riley et al., 2003,
2020). Whatever the cause and the precise timing of this event, such

Somali basin

&5

Fig. 1. Regional map of the interest zone: the Mozambique Channel. The map synthetizes the main geological provinces, i.e., the Archean cratons, the Pro-
terozoic belts, the Cenozoic basins, and the major tectonic structures affecting the continental part of the study area. The bathymetry, the two major offshore basins

and the main localities are also presented.
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Fig. 2. Presentation of the heat flow data available in the Mozambique Channel area. (a) Detail of the heat flow measurements when they are not confidential,
the dot color is related to the heat flow value, i.e., cold colors highlight low heat flow values, while hot colors are related to high heat flow values. Numbers close to
dots are heat flow values for the new acquisitions. Grey dots are confidential data. See the data section for data description (b) Presentation of the heat flow
measurements according to the acquisition type and the publications. Squares are related to borehole data while dots are related to marine-type measurements.

large amount of volcanism impacted the rifting evolution by playing a
role in the lithosphere rheology or in the localization of the deformation
(Ivanov et al., 2017; Storey, 1995). Because the breakup age is not
precisely constrained, from ~166 to ~156 Ma, as well as the age of the
first oceanic crust, from ~157 to ~127 Ma (Gaina et al., 2013; Jokat
et al., 2003; Leinweber et al., 2013; Moulin et al., 2020; Mueller et al.,
20165 Segoufin, 1978; Senkans et al., 2019), the first post-rift sediments
are estimated to be Middle to Late Jurassic (Leinweber et al., 2013;
Senkans et al., 2019).

At present, the Mozambique Channel is mainly characterized by
continental and oceanic crusts intermediate domains such as extended
continental crust, magmatic or volcanic crusts (Fig. 1). Even if the pre-
cise geometry of these domains remains a matter of debate, the overall
characterization is quite well-constrained.

During Middle Jurassic to Cretaceous, the Madagascar craton is
drifted due to the N-S oceanic spreading (Coffin and Rabinowitz, 1987;
Franke et al.,, 2015; Reeves, 2014; Storey et al., 1995) which is
responsible for the development of transpressional structures (Fig. 1).
From the Kenya to the South of Madagascar, the oriented-N-S Davie
Fracture Zone (DFZ) marks the separation in the Mozambique Channel
between the Comoros Basin in the north of Madagascar and the
Mozambique Basin located in the west of Madagascar (Fig. 1).

The continental domain is affected by several low-angle normal

faults, almost showing a N-S trend and generally gently dipping toward
the ocean (Watremez et al., 2021, Fig. 3). Locally, strike-slip component
is suspected due to the observation of a negative flower-structure ge-
ometry (Roche et al., 2021). The transitional or thinned continental
domain is also affected by N-S faults, delimitated by major strike-slip
faults and often associated with SDRs formation (Roche et al., 2021,
Fig. 3). The oceanic domain highlights various fault types, i.e., low-to
high-angle normal faults, reverse faults and strike-slip faults (Watre-
mez et al., 2021). Several segments, i.e., geographical subdivisions, are
bounded by NE-SW transfer zones (Fig. 3; e.g., Senkans et al., 2019). The
Beira High and the Angoche segments show an oblique orientation of
normal faults becoming NE-SW instead of N-S in the rest of the area
(Senkans et al., 2019; Roche et al., 2021, Figs. 1 and 3).

3. Heat flow data: methods and results
3.1. Previous data

Based on the New Global Heat Flow (NGHF) database (Lucazeau,
2019), 35 heat flow data are available in the Mozambique Channel
(Fig. 2). Heat flow acquired in 12 boreholes on the Mozambique shore
and shelf (mostly near the Limpopo segment) have been described by
Martinelli et al. (1995) (Fig. 2). For the offshore Mozambique Channel
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area, heat flow was measured in DSDP (Figs. 2), 242 boreholes in 1972
(Marshall and Erickson, 1974) and 18 heat flow probe data were ac-
quired between 1965 and 1977 (Abbott compilation; Anderson et al.,
1977; Langseth and Taylor, 1967; Von Herzen and Langseth, 1965).
Four more probe determination were recently obtained near Mayotte
Island (Fig. 2; Rolandone et al., 2022). These data show an overall low
heat flow for the whole Mozambique Channel (52 + 14 mW/m?,
excluding two extremely high values). The lowest (29-30 mW,/m?) and
highest (106-240 mW,/m?) heat flow values are both found on or near
the DFZ. One isolated high heat flow value was recently also measured
east of Mayotte near Fani Maoré, an active underwater volcano (Mas-
quelet et al., 2022; Rolandone et al., 2022; Thinon et al., 2022).

In the map of Fig. 2 we also included data north of the channel, in the
southern part of the Somali basin (Abbott compilation and confidential
data; Anderson et al., 1977; Evans, 1975; Nyblade et al., 1990; Von
Herzen and Langseth, 1965) and on-land at the lake Malawi rift (Ebinger
et al., 1987; Von Herzen and Vacquier, 1967). The Somali basin data is
quite similar to the Mozambique channel (55 + 11 mW/mz), while the
Malawi rift shows a much higher variability, with values between as low
as 6 mW/m? and as high as 172 mW/m? (56 + 45 mW/m>3).

3.2. New data acquisition

New heat flow data have been acquired during the PAMELA Project
(Fig. 2) by (1) the re-appraisal of old well data from the oil industry, and
(2) by the acquisition of new offshore heat flow data during three
oceanographic cruises (MOZ1, MOZ2 and MOZ4; Jouet and Deville,
2015; Olu, 2014; Robin and Droz, 2014). These new data are focused on
the Angoche margin, the Beira High and Limpopo margin, the
Mozambique basin and the Betsiboka seepage area (Figs. 1 and 2).

3.2.1. Borehole re-appraisal data

Four borehole heat flow assessments were obtained (Fig. 2; Vincent,
2016) from old corrected BHT data and as well as new thermal con-
ductivity estimation based on the well log data using the neural network
method of Goutorbe et al. (2008) (Tables 1 and S1). The BHT estimates
are obtained in the sedimentary column at different depth levels be-
tween 530-1197 m and 3170-4220 m. The thermal gradient obtained
from a linear regression is strongly averaged over a large depth interval
and are deep enough not to be strongly affected by paleoclimate or other
surface perturbations. Three of them are closely located, two in the Beira
High segment, and the other in the Limpopo segment, while the last one
is located more to the South in the Natal segment. Thus, a thermal/-
seismic profile in the Beira High can be studied.

3.2.2. Marine-type probe data

Offshore, thirty-three marine-type heat flow data (Fig. 2 and Table 2)
were obtained using autonomous high-precision temperature sensors
attached to piston cores that allowed in-situ measurements of temper-
atures and thermal gradients within sediments (Fig. S1). The thermal
conductivities were measured on board on the recovered sediment
cores. No correction for in-situ pressure or temperature was applied for
these near-surface sediments.

The THP temperature sensors (NKE©) have an accuracy of 0.005 °C

Table 1

Marine and Petroleum Geology 162 (2024) 106723

and a resolution of 0.001 °C. Depending on the piston core length (10 or
20 m) and operational constraints, the amount of attached sensors (5 or
6) as well as the distance between them has been variable (Fig. S1). All
the different configurations are detailed in Table 2 and Fig. S2. This
device is completed by an inclinometer at the top of the piston core to
allow the record of the piston core verticality within sediments
(Table 2). The device is left in the sediments for 7-10 min to log the
temperatures at the different sensors, and equilibrium in-situ tempera-
tures were calculated using the extrapolation method described by
Bullard (1954). The resulting temperature-depth profiles are near linear
at subsurface depths of more than 2 m, highlighting stable thermal
conditions at the measured depth intervals (Table 2 and Table S2). The
thermal gradients at each station were obtained through linear regres-
sion and varied from 39 to 98 mK/m (average of 51 + 12 mK/m).

The thermal conductivity measurements onboard were made using
the TPSYS02/TP08 device (Hukseflux©) which applies the continuous
heating needle probe method (Von Herzen and Maxwell, 1959). Mea-
surements were made through a small hole on closed cores immediately
after recovery and have therefore temperature and saturation conditions
close to in-situ. Measurements were made along the whole length of the
sediment core at an interval spacing of 50 or 100 cm. A total of 522
measuring points were realized on the 33 cores stations (Table 2 and
Table S3). The thermal conductivity values at all measured intervals are
ranging from 0.78 to 1.66 W/m/K, but the harmonic mean at the
different stations is very stable: 0.96 + 0.05 W/m/K.

Heat flow values have been calculated using the mean thermal
gradient determined by linear regression and the harmonic mean or
constant thermal conductivity, all the new data are summarized in
Table 2. Note that the heat flow value for station MOZ1-KSF06 was
previously published by Rolandone et al. (2022), but these authors did
not give any details on the heat flow acquisition or the measurement
quality.

3.3. Heat flow data

The 33 new marine probe data and the 4 borehole re-appraisal data
result in an average heat flow of 49 + 11 mW/m? Most of the new
values range between 35 and 66 mW/m? but one station on the
Mogincual margin and not far from the DFZ reached 97 mW/m? (Fig. 2).
Two short heat flow profiles on the Mozambique margin (off Mogincual
and Pebane) show both a local heat flow increase at the ocean-continent
transition more than +10 mW/m? from a base heat flow of 34-44 mW/
m? (Figs. 2 and 3). East of the Beira High, the 4 new borehole data and
two probe data indicate a heat flow of 39-46 mW,/m? with one exception
of 61 mW/m? in the Nemo-1 borehole (Fig. 2). South-East of
Madagascar, in and around the Zambesi channel, heat flow is increased
slightly with values ranging 40-55 mW/m? (Fig. 2). North-West of
Madagascar, in the Majunga basin, a heat flow of 40-66 mW/m? is
obtained in the Betsiboka offshore area affected by gas seepage (Fig. 2).
A relatively low background heat flow of 37 mW,/m? has been obtained
more North close the Glorieuses seamount (Fig. 2).

Synthesis of the four borehole re-appraisal data (BHT) according to Vincent (2016). The thermal conductivity was estimated from log data from Funhaloura-1 well
based on the neural network method of Goutorbe et al. (2008). The same conductivity was applied in the others nearby wells (noted with *) because of similar

stratigraphic compositions.

Well name Longitude  Latitude Depth upper BHT =~ Depth lower BHT ~ Number of Thermal gradient Thermal conductivity (W/  Heat flow
(m) (m) BHTs (mK/m) m/K) (mW/m?)
Funhalouro-1 34.4166 —23.1394 530 4167 5 18.4 2.44 44.9
Nemo-1 35.1814 —20.512 1061 4091 5 25.1 2.44* 61.3
Sengo-Marin-1 35.8308 —-19.5139 1197 4227 3 18.1 2.44* 44.7
Sangussi- 35.1512 -19.4121 750 3170 2 19.9 2.44* 48.5
Marin-1
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Table 2
Synthesis of the thermal measurements associated with acquisition details for the MOZ1, MOZ2 and MOZ4 cruises.
Cruise Site Longitude  Latitude Date tilt Zmax N  Thermal gradient Thermal Heat flow
name name conductivity
©) (m) mean error mean (W/ error mean error
(mK/m) (mK/m) m/K) w/ (mW/m?) (mW/m?)
m/K)
MOZ1 KSF06 47.185 —11.44 September 30, 2014 7.8 5 38.8 2.1 0.968 0.061 37.6 4.4
MOZ1 KSF08 45.987 —15.368 October 04, 2014 12.2 5 42.1 0.2 0.930 0.042 39.1 1.9
MOZ1 KSF09 45.956 —15.361 October 05, 2014 3.7 8.5 5 41.2 0.2 0.905 0.019 37.3 0.9
MOZ1 KSF10 45.716 —15.519 October 07, 2014 5 9.5 5 39.9 1.1 0.887 0.034 35.4 2.3
MOZ1 KSF12 45.96 —15.364 October 08, 2014 4.7 8.5 5 64.4 0.2 0.938 0.021 60.5 1.5
MOZ1 KSF13 41.408 —16.185 October 10, 2014 5.4 6.5 6 62.8 3.5 0.851 0.034 53.5 5.1
MOZ1 KSF14 40.744 —15.836 October 10, 2014 4.5 8.4 6 46.3 2.6 0.962 0.037 44.5 4
MOZ1 KSF15 40.968 —15.956 October 10, 2014 8.3 4 3 96.9 2.7 1.000 0.072 96.9 9.6
MOZ1 KSF16 41.247 —16.101 November 11, 2014 5.3 7.3 6 58.7 1.8 0.951 0.110 55.8 10.7
MOZ1 KSF17 41.448 —16.206 November 11, 2014 6 9.1 6 71.2 0.7 0.876 0.026 62.4 2.5
MOZ1 KSF18 41.586 -16.277 November 11, 2014 3.2 5.3 5 51.9 2.5 0.949 0.022 49.3 3.5
MOZ1 KSF21 42.758 —16.847 November 12, 2014 4.2 8.4 6 43.4 1.2 0.963 0.035 41.8 2.7
MOZ1 KSF22 42.567 —16.802 November 13, 2014 5.2 7.5 6 57.9 1.8 0.963 0.028 56 3.4
MOZ1 KSF23 41.346 —21.53 November 16, 2014 11.8 6 47.3 2 0.941 0.030 44.5 3.3
MOZ1 KSF24 41.861 —21.518 November 17, 2014 8.8 6 46.5 2.5 0.959 0.057 44.6 5.1
MOZ1 KSF29 40.368 —22.198 November 22, 2014 12 5 42.7 3.1 0.987 0.027 42.2 4.6
MOZ1 KSF30 41.595 —25.427 November 24, 2014 8.7 5 57.5 1.2 0.965 0.030 55.5 2.9
MOZ1 KSF13 42.2746 —26.008 November 24, 2014 12.5 5 42.7 4.1 1.034 0.093 44.1 8.2
MOZ KSF14 40.288 —26.4115 November 27, 2014 7.6 5 42.8 2.6 1 0.01 42.8 3
MOZ2 KSF15 40.288 —26.4115 November 27, 2014 12.5 5 44.7 1.8 0.990 0.072 44.2 5
MOZ2 KSF16 42.2746 —26.008 November 28, 2014 12.8 5 50.4 0.8 1.008 0.084 50.8 5
MOZ2 KSF17 43.6803 —26.887 November 29, 2014 9.7 5 44.6 2.6 0.915 0.041 40.9 4.2
MOZ2 KSF18 44.1969 —26.7889 November 30, 2014 10.5 5 51.3 2.2 0.962 0.025 49.4 3.4
MOZ2 KSF19 45.0133 —26.6298 November 30, 2014 8.3 5 53.8 21 0.940 0.042 50.6 4.3
MOZ2 CSFO1 45.9605 —15.3636 November 15, 2015 9.9 5 65.5 0.1 1.006 0.034 66 2.3
MOZ4 CSF02 45.9564 —15.3615 November 15, 2015 11.2 5 48.7 1.7 0.989 0.037 48.1 3.5
MOZ4 CSF04 45.9518 —15.3705 November 17, 2015 10.4 4 43.0 4.7 0.945 0.055 40.6 6.8
MOZ4 CSF11 39.1865 —17.825 November 20, 2015 0.5 11.2 6 44.4 0.5 1.019 0.048 45.3 2.6
MOZ4 CSF12 38.9834 —17.6552 November 21, 2015 1 11.5 6 52.7 1.9 1.058 0.067 55.8 5.5
MOZzZ4 CSF13 38.7545 —17.4639 November 24, 2015 1.3 19.2 5 43.2 3 1.018 0.130 44 8.7
MOZ4 CSF18 36.5131 —19.8439 December 02, 2015 29 9.5 6 51.7 0.1 0.996 0.065 51.4 3.4
MOZ4 CSF19 36.8721 -19.39 December 03, 2015 2.4 9.5 6 40.1 2 0.997 0.046 39.9 3.8
MOZzZ4 CSF20 39.9316 —18.4464 December 07, 2015 2.4 11.5 6 39.6 6.6 0.871 0.076 34.5 8.8

4. Heat flow prediction: method and results
4.1. Similarity method

In order to extrapolate heat flow data in poorly covered areas,
Goutorbe et al. (2011) proposed an innovative approach using a large set
of empirical proxies. This method is based on the evaluation, at each
location of a grid, of the number of similarities Ny, with several heat
flow proxies at all other locations of the grid where surface heat flow is
known. Two cells are similar if they belong to the same class (e.g.,
Paleozoic), the same range (e.g., elevation between 1000 and 1200 m),
or the same class of distance to a specific feature (e.g., distance to
transform zones) below a threshold value (less than 500 km). Indeed,
heat flow cannot be affected by a given feature over an infinite distance
and this distance is fixed at 500 km (Lucazeau, 2019). Each additional
similarity increases the weight w; in the collection of heat flows by a
factor K, whose optimal values were estimated to ~10 (Goutorbe et al.,
2011).

. = KNsim
i

Classical statistics (mean Q and standard deviation o) provide es-
timates of the average value Q and its uncertainty 6o from the collection
of heat flow.

ZWiQi

0=

Derived from the predicted heat flow value (Q) and the standard
deviation (6q), an indicator of the prediction quality (Qual) is defined by

four categories, from the best quality (A) to the less good (D). This in-
dicator is calculated as follow:

%0
Qual==
Q

The four categories are: (1) grade A with Qual < 10%; (2) grade B
with Qual < 20%; (3) grade C with Qual < 30%; and (4) grade D with
Qual >30%.

All the detail about the method is provided in Goutorbe et al. (2011).
Recently, Lucazeau (2019) realized a resolution improvement on the
global prediction, from 1° x 1° to 0.5° x 0.5°, but also on the number of
the available proxies used in the calculation (24-50) and on the opti-
mum number of proxies needed for a prediction. The predictability of
the similarity method depends strongly on the number and the quality of
proxies. The greater the number of proxies, the smaller the misfit be-
tween heat flow data qprox and predicted heat flow qpreq.

E (qprox - qprm')2
]Vprux

misfit =

Still, too many proxies can produce artefacts where no heat flow data
exists, especially if the quality of these proxies is not good. Therefore,
there is a trade-off between an acceptable misfit and a more likely
prediction. The optimized set used in the predictions is around 14
proxies, reaching a misfit of less than 6 mW,/m? and avoiding artefacts.
For further details Lucazeau (2019).

We apply the optimized global prediction discussed above on a 0.5°
x 0.5° resolution but also realize a novel local prediction on a higher
resolution (0.1° x 0.1° grid) including several proxies only available in
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the Mozambique channel. The complete list of the available proxies is
detailed in Table S4.

4.2. Proxies used for the predictions

For the global prediction, we obtained an optimized calculation with
15 proxies considered as the best combination for an optimized pre-
diction (Table 3). The selected best proxies are related to the age of the
continental and oceanic crusts, the free air gravity anomalies, the curie
point depth, the upper mantle shear velocities, the mantle density
anomalies, the crustal thickness, ruggedness of the seafloor topography,
the whole mantle anisotropy, the Bally-Snell classification of basins, the
distances to the orogens, to the extended crust, to the continental/
oceanic boundaries, to the Cenozoic rifts, to the transform zones and to
the Archean and Proterozoic orogens.

The optimized procedure being unavailable for the local heat flow
calculations, we selected 14 proxies sometimes different from the global
heat flow predictions (Fig. 3). Some of the selected proxies show an
improved resolution and/or with local constraints: the sediment thick-
ness, the bathymetry-topography, the continental-oceanic boundaries
and the distance to the transform zones. One has been specifically
designed for local predictions, around the Mozambique channel, the
genetic domains. The proxy selection was guided by the diversity of the
constraints: (1) the data type (geological vs geophysical), (2) the scale of
the proxy (surface/basin vs crust vs mantle) and (3) the category of the
proxy (continuous vs class vs “distance to”). Most proxies have a reso-
lution equal or higher than our prediction grid (0.1° x 0.1°), but one has
only the resolution of our global prediction grid (0.5° x 0.5°: the whole
mantle anisotropy).

All the selected proxies are presented in Table 3 and Fig. 3, see the
Supplementary material (Tables S5-58) for the class explanations.

4.3. Results: global and local predictions

4.3.1. The global prediction (0.5° x 0.5° grid)

For the heat flow prediction with the similarity method where we use
only globally described proxies, a grid resolution of 0.5° x 0.5° is
applied (as by Lucazeau, 2019). Our proxy optimization procedure
resulted in a tradeoff of 15 best proxies, summarized in Table 3, while
the heat flow predictive map is presented in Fig. 4a. The misfit between
the existing and the predicted heat flow values is 2.1 mW/m2 The
prediction mapping shows a good quality, with almost 83 % of good and
very good quality of prediction. As a reminder, the misfit corresponds to
the difference between the observed and the predicted heat flow values
where a heat flow data is available, depending on the number of proxies
used in the calculation.

Here, we focused the description of the heat flow prediction on the
Mozambique Channel area (Fig. 4b and c). In most of the studied area,
the predicted heat flow values do not show high variations and are
relatively low (35-55 mW/m?) expected for old oceanic crust (Fig. 4b).
The inland part of the African plate is characterized by a relative ho-
mogeneous heat flow prediction, with however moderate to high values
in the northern part of Mozambique and in the southern part of
Tanzania. Even if the high value predictions from the Madagascar island
seem to be similar to its conjugate margin, i.e., the African plate north to
the 10°S (Roche and Ringenbach, 2022), the island shows in its overall
more contrasted heat flow predictions (Fig. 4b). Concerning the offshore
predictions, the heat flow background is mainly low (<60 mW/m?)
while moderate heat flow anomalies are observed close to the Tanzanian
coast, as well as close to the central coast of Madagascar island (Fig. 4b).
The offshore moderate anomaly, close to the Tanzanian coast seems to
draw a N-S orientation, while the heat flow predictions along the coast
from Beira to Mogincual seem to follow a NE-SW orientation, the same
orientation as the coastline. It is interesting to note that the heat flow
prediction is, generally, lower in the southern part of the Mozambique
Channel than in the northern part.
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Table 3
Synthesis of the 14 proxies used into the global heat flow calculation (0.5° x 0.5°
grid).

Proxies used in the calculation Misfit (mW/m?)

1 Age of the oceanic and continental crust — DIST 47.9
2 All orogens — DIST 43.1
3 Curie point depth — CLASS 35.5
4 Free air anomaly — CLASS 28.9
5 Upper mantle shear velocities - CONT 21.7
6 Mantle density anomaly — CONT 13.1
7 Crustal thickness - CONT 8.2
8 Seafloor topography ruggedness — CONT 5.9
9 Whole mantle anisotropy — CLASS 4.6
10 Cenozoic rifting — DIST 3.6
11 Basin type (Bally-Snell) — CLASS 3.1
12 Continent-Ocean boundary — DIST 2.6
13 Extended crust — DIST 2.4
14 Archean & Proterozoic orogens — DIST 2.3
15 Oceanic tectonic structures - DIST 2.1

4.3.2. The local prediction (0.1° x 0.1° grid)

Using in our local study area a set of proxies available on a higher
resolution (0.1° x 0.1°), we made a heat flow prediction on this
increased grid resolution. The heat flow prediction mapping using 14
proxies is presented in Fig. 5. In the overall studied area, the predicted
heat flow values are relatively low. The heat flow minimum is 21 mW/
m?, the heat flow maximum is 235 mW/m? and the heat flow mean is 59
mW/m? with a standard deviation of 22 mW/m?. The misfit between the
existing and the predicted heat flow values is 2.28 mW,/m?2.

The prediction mapping shows good quality, with almost 70 % of
good and very good quality of prediction (Fig. 5). The lowest quality (12
%) is mainly associated with the high heat flow prediction anomalies,
where the variability of heat flow data is increased.

Tanzania shows a heterogeneous heat flow prediction, with areas of
quite low heat flow values (Fig. 5). Close to the coastline at the frontier
between Tanzania and Mozambique, a high heat flow zone, located
onshore, shows an overall N-S orientation. This area is quite homoge-
neous with heat flow values ranging from 100 to 105.6 mW,/m? reaching
in one place 160 mW/m?. The southern part of Mozambique, down to
Malawi, is characterized by homogeneously intermediate heat flow
values, ranging between 45 and 65 mW/m? (Fig. 5). The northern part of
Mozambique is more heterogeneous with values as low as 26 mW,/m?>
and as high as 144 mW/m?. A homogeneous high heat flow prediction
zone is observed, located between the Mogincual and the Pebane tran-
sects and showing a NE-SW orientation, with values ranging from 120 to
132 mW/m?. The global heat flow of Madagascar Island is quite ho-
mogeneous and slightly higher than the mean heat flow of the African
part, ranging from 50 to 80 mW/m?, with locally values from 32 mW/m?
to 154 mW/m? (Fig. 5). All the offshore periphery of Madagascar Island,
except the northern coast with low heat flow values between 37 and 55
mW,/m?, is characterized by intermediate and moderately high heat flow
values reaching 131 mW,/m?, but mostly comprised between 55 and 80
mW/m?,

Concerning the heat flow prediction in the offshore domain, it ap-
pears heterogeneous with areas showing low values around 26 mW,/m?
while the highest values reach the maximum, of 235 mW/m? (Fig. 5). A
background heat flow prediction can be proposed, with values around
50-65 mW,/m?. In addition to a such 50-65 mW,/m? background, several
anomalies can be observed highlighting either low heat flow values or
very high heat flow predictions. Two major areas show very high pre-
dicted heat flow in the central part of the South Mozambique Basin and
the other between the Comoros archipelago and Madagascar Island
(Fig. 5). The one in the south Mozambique Basin and NE-SW oriented,
with values ranging from 68 to 228 mW/m?. The second one draws a
more disrupted shape but highlights a double orientation, one NE-SW
and the other NW-SE. The heat flow predictions in that place show
values from around 70 up to 235 mW/m>. Close to the Tanzania coast in
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Fig. 4. Predictive heat flow map. (a) Global prediction of the heat flow according to a 0.5° x 0.5° grid. All the available heat flow data from the NGHF database
(Lucazeau, 2019) with a quality code of A to C are presented with a 2021 update. (b) Zoom on the Mozambique Channel area. (c) Quality map of the predicted heat

flow map.

the northern part of the studied area and shows a N-S orientation. Here,
heat flow values are quite homogeneous and comprised between 65 and
86 mW,/m?2. In contrast, several low heat flow anomalies are observed in
different places (Fig. 5). One is located in the northeastern quarter of the
studied area and shows heat flow predictions mainly comprised between
30 and 50 mW/m?2 Down to the south, surrounding the Comoros ar-
chipelago in the north, east and south, a quite homogeneous area shows
heat flow values comprised between 32 and 49 mW/m?. The southern
part of this anomaly is NE-SW oriented. South to the Comoros archi-
pelago and along the northern coast of Madagascar Island, a thin strip,
highlighting a NE-SW orientation, shows heat flow predictions around
37-47 mW/m?>. Located between the Comoros archipelago and Africa, a
low heat flow prediction zone is observed with a N-S orientation and
values mostly comprised between 25.5 and 35 mW/m? (Fig. 5). The
central part of the Mozambique Basin shows quite low heat flow pre-
dictions either oriented NE-SW or N-S (Fig. 5). One oriented along a NE-
SW direction highlights homogeneous predictions around 45-48 mW/
m? This anomaly is located directly down to the south of the
Mozambique coast in the Mogincual and Pebane transects area. Along
this anomaly in the e