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INTRODUCTION

The heat transfer from the Earth's interior to the surface is supplied variously by the primordial heat accumulated during early planetary accretion, subsequent segregation and crystallization of the Earth's mantle-core and by the radioactive decay of heat-producing elements (HPE) within the Earth [START_REF] Pollack | Heat flow from the Earth's interior: analysis of the global data set[END_REF]. Among the HPEs, only the primordial radionuclides having disintegration half-lives similar to the Earth's age are still contributing to the global heat flux from the Earth's interior. About 98% of the current heat production is associated with the radioactive decays series of U-238 (half-life  4.5 Ga) and Th-232 (halflife 14 Ga) and the decay of K-40 (half-life 1.3 Ga). Another uranium isotope that also contributes to the heat production is U-235, but due to its shorter half-life ( 0.7 Ga), its residual mass is estimated now reduced to 0.7% of the total Earth's uranium. A part for potassium and the uranium-thorium decay series the other long half-life radioactive isotopes have a negligible contribution to the global Earth heat because of their very slow decay rates (e.g.: Rb-87:  49 Ga and Sm-147:  106 Ga). At the beginning of Earth's formation, some other radioactive isotopes with short half-lives made a significant thermal contribution, but their mass is currently undetectable [START_REF] Faure | Principles of Isotope Geology[END_REF].

Part of the Earth's heat is dissipated from the mid Ocean Ridges during the creation of the oceanic lithosphere and plays a significant role in the global oceanic heat flow. The ridge crest heat loss can be on the order of 45% of the total Earth's heat flow, while heat loss through the continents is estimated ranging 30 -40% [START_REF] Mckenzie | Heat flow in the eastern Pacific and sea floor spreading[END_REF][START_REF] Sleep | Sensitivity of heat flow and gravity to the mechanism of sea floor spreading[END_REF][START_REF] Pollack | On the regional variation of heat flow, geotherms, and lithospheric thickness[END_REF][START_REF] Vitorello | On the variation of continental heat flow with age and the thermal evolution of the continents[END_REF][START_REF] Artemieva | Thermal thickness and evolution of Precambrian lithosphere: a global study[END_REF][START_REF] Goesa | Continental lithospheric temperatures: A review[END_REF].

The occurrence of ultramafic rocks in the oceanic environment is reported from different tectonic settings both axial ridges [START_REF] Dick | Abyssal peridotites, very slow spreading ridges and ocean ridge magmatism[END_REF][START_REF] Michael | Peridotite composition from the North Atlantic: regional and tectonic variations and implications for partial melting[END_REF] and transforms [START_REF] Wiseman | St Paul Rocks and the Problem of the Upper Mantle[END_REF][START_REF] Melson | Rocks: A High-Temperature, Mantle-Derived Intrusion[END_REF][START_REF] Bodinier | Orogenic, Ophiolitic, and Abyssal Peridotites[END_REF][START_REF] Brunelli | Discontinuous Melt Extraction and Weak Refertilization of Mantle Peridotites at the Vema Lithospheric Section (Mid-Atlantic Ridge)[END_REF][START_REF] Bonatti | Steady-state creation of crust-free lithosphere at cold spots in mid-ocean ridges[END_REF]. Texturally ultramafic rocks record extremely variable degrees of deformation from lithospheric mantle diffuse deformation [START_REF] Dantas | Pyroxenites from the Southwest Indian Ridge, 9-16 E: Cumulates from Incremental Melt Fractions Produced at the Top of a Cold Melting Regime[END_REF] to focused mylonitization as well expressed in the rocks from the SPSPA. All oceanic ultramafics usually go through a pervasive serpentinization and halmyrolisis due to shallow interaction with the hydrothermal fluids [START_REF] Lagabrielle | Ultramafic-Mafic Plutonic Rock Suites Exposed Along the Mid-Atlantic Ridge Distribution and Implications for[END_REF][START_REF] Nielson | Mantle Metasomatism and Alkaline Magmatism[END_REF][START_REF] Snow | Pervasive magnesium loss by weathering of peridotite[END_REF][START_REF] Alt | Serpentinization of abyssal peridotites from the MARK area, Mid-Atlantic Ridge: Sulfur geochemistry and reaction modeling[END_REF][START_REF] Mével | Serpentinization of abyssal peridotites at mid-ocean ridges[END_REF]. The portion of upper mantle incorporated into the lithosphere is about 100 km thick [START_REF] Bullard | The flow of heat through the floor of the Atlantic ocean[END_REF][START_REF] Sclater | The Implications of Terrestrial Heat Flow Observations on Current Tectonic and Geochemical Models of the Crust and Upper Mantle of the Earth[END_REF][START_REF] Sclater | The heat flow through the oceanic and continental crust and the heat loss of the Earth[END_REF] while in the oceans ranges from 30 km below the ridges to continental thicknesses in the old crustal regions [START_REF] Sclater | The heat flow through the oceanic and continental crust and the heat loss of the Earth[END_REF].

The St. Peter and St. Paul Archipelago, in the Equatorial Atlantic, is situated at 0 o 55'N, 29 o 20'43"W and pertains to Brazil. It consists of a small group of islets [START_REF] Pollack | On the regional variation of heat flow, geotherms, and lithospheric thickness[END_REF] and rocks [START_REF] Pollack | On the regional variation of heat flow, geotherms, and lithospheric thickness[END_REF] standing above an active transform fault (Figure 1), whose migrating tectonics has generated the uplift of a transverse sigmodal ridge, named Atobá Ridge, surfacing in the SPSPA rocks [START_REF] Maia | Extreme mantle uplift and exhumation along a transpressive transform fault[END_REF].

The first report on the peculiarity of this archipelago is due to C. Darwin during the voyage of the H.M.S.

Beagle (1831-36) [START_REF] Darwin | Geological observations on the volcanic islands and parts of South America visited during the voyage of H.M.S. 'Beagle[END_REF][START_REF] Darwin | geology and natural history of the countries visited during the voyage of H.M.S. Beagle round the world[END_REF]. He recognized the non-volcanic nature of the SPSPA, in that differing from all other mid-oceanic islands: "…Is not this the first Island in the Atlantic which has been shown not to be of volcanic origin?" (Darwin, notes on-board the Beagle, February 16th, 1832). The lithological composition of the islands has been later described as peridotite mylonite and serpentinized peridotite mylonite [START_REF] Renard | Description lithologique des récifs de St.-Paul[END_REF][START_REF] Renard | On the petrology of St. Paul's Rocks[END_REF][START_REF] Hékinian | Submersible observations of equatorial Atlantic mantle: The St. Paul Fracture Zone region[END_REF][START_REF] Campos | The singular St. Peter and St. Paul Archipelago, equatorial Atlantic, Brazil, Meso-Cenozoic Brazilian Offshore Magmatism[END_REF].

The Atobá Ridge [START_REF] Maia | Extreme mantle uplift and exhumation along a transpressive transform fault[END_REF] is formed by two different geological domains designated as North and South Ridges separated by the northern transform fault of the St. Paul transform system [START_REF] Maia | Extreme mantle uplift and exhumation along a transpressive transform fault[END_REF][START_REF] Campos | The singular St. Peter and St. Paul Archipelago, equatorial Atlantic, Brazil, Meso-Cenozoic Brazilian Offshore Magmatism[END_REF]. This E-W trending fault, presents a step-over in the middle of the Atobá ridge, whose eastward migration is responsible for the onset of the transpressive tectonics that uplifted the Atobá ridge. In this tectonic system, two different slices of lithosphere were emplaced pertaining to different tectonic plates (Nubia and South America) and generating a regional swollen positive flower structure [START_REF] Maia | Extreme mantle uplift and exhumation along a transpressive transform fault[END_REF]. By looking at the abundant block faulting while the South Ridge is relatively less deformed [START_REF] Hékinian | Submersible observations of equatorial Atlantic mantle: The St. Paul Fracture Zone region[END_REF][START_REF] Campos | The singular St. Peter and St. Paul Archipelago, equatorial Atlantic, Brazil, Meso-Cenozoic Brazilian Offshore Magmatism[END_REF]. The rock assemblage of the SPSPA is unusual relative to common oceanic ultramafic rocks because of the association of highly mylonitized ultramafic mantle rocks, predominantly abyssal spinel peridotite with kaersutite-rich rocks (Figure 2), that show high concentrations of the Light Rare Earth Elements, K 2 O and TiO 2 [START_REF] Roden | Sr, Nd and Pb isotopic and REE geochemistry of St Paul's Rocks: the metamorphic and metasomatic development of an alkali basalt mantle[END_REF][START_REF] Melson | St. Paul's Rocks, Equatorial Atlantic: Petrogenesis, Radiometric Ages, and Implications on Sea-Floor Spreading[END_REF][START_REF] Frey | Rare Earth and potassium abundances in St. Paul's rocks[END_REF][START_REF] Campos | Modificações Metassomáticas Das Rochas Milonitizadas Do Complexo Ultramáfico Do Arquipélago de São Pedro e São Paulo, Atlântico Equatorial[END_REF][START_REF] Brunelli | Asthenospheric percolation of alkaline melts beneath the St. Paul region (Central Atlantic Ocean)[END_REF][START_REF] Brunelli | Percolation of enriched melts during incremental open-system melting in the spinel field: A REE approach to abyssal peridotites from the Southwest Indian Ridge[END_REF][START_REF] Navon | Geochemical consequences of melt percolation: the upper mantle as a chromatographic column[END_REF].

The origin of the SPSPA is interpreted as deriving by the combined effect of cataclastic diapirism and differential strike-slip and pull-apart faulting along the St. Paul Transform Zone, which sequentially unroofed mantle exposed by footwall uplift [START_REF] Maia | Extreme mantle uplift and exhumation along a transpressive transform fault[END_REF][START_REF] Hékinian | Submersible observations of equatorial Atlantic mantle: The St. Paul Fracture Zone region[END_REF]. This hypothesis was confirmed by [START_REF] Campos | Holocene tectonic uplift of the St Peter and St Paul Rocks (Equatorial Atlantic) consistent with emplacement by extrusion[END_REF] based on the C-14 age measurements on the Holocene waterline and subtidal deposit from SPSPA which indicated near-steady uplift during the last 6,600 years at an average rate of  1.5 mm/yr. Tele-seismic evidences also suggest that the uplift acted intermittently. Recently, the alkali-rich peridotite cropping out on the Atobá Ridge has been suggested to derive by a process of refertilization of residual mantle peridotite by ion-exchange reactions between alkaline magma and mantle rocks under asthenospheric to lithospheric conditions [START_REF] Brunelli | Asthenospheric percolation of alkaline melts beneath the St. Paul region (Central Atlantic Ocean)[END_REF][START_REF] Brunelli | Percolation of enriched melts during incremental open-system melting in the spinel field: A REE approach to abyssal peridotites from the Southwest Indian Ridge[END_REF][START_REF] Navon | Geochemical consequences of melt percolation: the upper mantle as a chromatographic column[END_REF].

The present paper reports the surface radiogenic heat production (RHP) based on whole-rock chemical analyses and in situ gamma radiation spectrometry (isGRS) from the St. Peter and St. Paul Archipelago, Equatorial Atlantic, Brazil.

GEOLOGICAL BACKGROUND

The SPSPA lays about 100 km north to the equator line in the Atlantic Ocean (Figure 1) and is the summit of the Atobá Ridge, a 3,700 m prominent ridge exhumation of the oceanic lithospheric mantle by a transpressive tectonics [START_REF] Maia | Extreme mantle uplift and exhumation along a transpressive transform fault[END_REF][START_REF] Barão | Deformation and structural evolution of mantle peridotites during exhumation on transform faults: A forced transition from ductile to brittle regime[END_REF]. The SPSPA is composed of 5 islets (Belmonte, Northwest, Northeast, Southeast and South) and 5 rocks (Beagle, Pilar, Cambridge, Coutinho and Cabral), following the names given by [START_REF] Tressler | Rochedos São Pedro e São Paulo[END_REF] and the nautical map of SPSPA publishing by Brazilian Navy), with a total emerged area of  17,000 m2.

The NW portion of Belmonte islet is dominated by homogeneous aphanitic mylonite, light grey to greygreenish in color. In contrast, the SW part of Belmonte and other islets are essentially composed of heterogeneous aphanitic rock, showing a range of color between greenish dun and light tan. The homogeneous aphanitic rock is a mylonitized peridotite (Figure 2 and 3a) while the heterogeneous aphanitic domains result from variable degrees of serpentinization of the peridotite mylonite. The serpentinization process developed preferentially along the joints, leading in many places to the total replacement of the pre-existing mylonite rock [START_REF] Campos | The singular St. Peter and St. Paul Archipelago, equatorial Atlantic, Brazil, Meso-Cenozoic Brazilian Offshore Magmatism[END_REF] (Figure 2). Kaersutite-rich mylonite dikes with white carbonate veins outcrop in the east side of Southeast islet (Figure 2 and3a). This mylonite contains kaersutite (> 90%), Fe-Ti oxides, scapolite, allanite, white carbonate, sulphides and zeolites. In the Southeast, Northeast and more rarely in South islets outcrops are mainly represented by a layered mylonite with millimeter to decimeter interlayered kaersutitic and peridotitic layers (Figure 2 and3b, c, d). Thick peridotitic layers are petrographically identical to the mylonitic peridotites outcropping in the other islets. The kaersutite mylonite show millimeter-thick veins of carbonate (Figure 3c,d). This layered kaersutite-peridotite mylonite (Figure 3b) possibly corresponds to segregations during dynamic recrystallization after the alkaline metasomatism of mantle rocks adjacent to melt conduits and crystalized fluid in dike conduits [START_REF] Roden | Sr, Nd and Pb isotopic and REE geochemistry of St Paul's Rocks: the metamorphic and metasomatic development of an alkali basalt mantle[END_REF][START_REF] Melson | St. Paul's Rocks, Equatorial Atlantic: Petrogenesis, Radiometric Ages, and Implications on Sea-Floor Spreading[END_REF][START_REF] Frey | Rare Earth and potassium abundances in St. Paul's rocks[END_REF][START_REF] Campos | Modificações Metassomáticas Das Rochas Milonitizadas Do Complexo Ultramáfico Do Arquipélago de São Pedro e São Paulo, Atlântico Equatorial[END_REF][START_REF] Brunelli | Asthenospheric percolation of alkaline melts beneath the St. Paul region (Central Atlantic Ocean)[END_REF][START_REF] Brunelli | Percolation of enriched melts during incremental open-system melting in the spinel field: A REE approach to abyssal peridotites from the Southwest Indian Ridge[END_REF]. 
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MATERIALS AND METHODS

We collected 106 samples from the largest islets and rocks, representative of all mantle-derived lithologies present in the archipelago (Figure 4a) and these rocks are a mixture of peridotite, serpentinite and kaesurtite, derived from the different geological processes that gave rise to the SPSPA, therefore geochemistry is possible to make a statistic correlation and kriging interpolation technique between their chemical compositions and in situ gamma radiation spectrometry (isGRS) [START_REF] Campos | The singular St. Peter and St. Paul Archipelago, equatorial Atlantic, Brazil, Meso-Cenozoic Brazilian Offshore Magmatism[END_REF][START_REF] Campos | Modificações Metassomáticas Das Rochas Milonitizadas Do Complexo Ultramáfico Do Arquipélago de São Pedro e São Paulo, Atlântico Equatorial[END_REF][START_REF] Brunelli | Asthenospheric percolation of alkaline melts beneath the St. Paul region (Central Atlantic Ocean)[END_REF][START_REF] Brunelli | Percolation of enriched melts during incremental open-system melting in the spinel field: A REE approach to abyssal peridotites from the Southwest Indian Ridge[END_REF][START_REF] Navon | Geochemical consequences of melt percolation: the upper mantle as a chromatographic column[END_REF]. The rocks were sampled in a random distribution, 10 to 20 cm below the surface, to reduce the effects of halmyrolise, meteoric alteration and guano decomposition. The isGRS was measured on 300 points upon the rocks, with a sampling time of 360 seconds following the recommended methodologies of the International Atomic Energy Agency (IAEA) for low radioactivity outcrops, using a gamma spectrometer model RS-230 (BGO crystal) from Radiation Solution (Figure 4b). Bulk rock chemical analyses were done at ALS-CHEMEX Laboratory (Vancouver, Canada) and trace element concentrations by ICP-AES (Varian/Vista) and ICP-MS (Perkin-Elmer/ELAN-800). The bulk rock specific densities were measured by QUANTACHROME ULTRAPYC 1200e with 10 cm 3 cell (Accuracy: < ± 0.03% g/cm 3 ; Repeatability < ± 0.015% g/cm 3 ). SPSPA are small ( 17,000 m 2 ), whose islands are close together and gamma radiation background was measured over a wooden fishing boat, c. 8 km away from the archipelago in the Atlantic Ocean (30 o 1'W 0 o 35'N). The 30 nGy/h of background was subtracted from all gamma radiation measurements.

Table 1 show heat-production element (HPE) by whole-rock chemical analysis and Table 2 show HPE by isGRS of mylonite rocks from SPPA. present a significant to higher values (Figure 5), K does not show a significant correlation due to its extremely low concentration in ultramafic rocks. 1. 

Table 3: Linear regression coefficients of ICP-MS versus isGRS values of U and Th given in Table

Mapping Surface Heat-producing Elements by Chemical Analyse

We made a raster surface color map by interpolating the contents at the sampling points of the heatproducing elements (HPE) using the Kriging technique. Figure 6 shows the kriging surface color maps of surface HPE concentrations by whole-rock chemical analyses (U and Th in ppm, K in %). 

Surface Radiogenic Heat Production

The surface radiogenic heat production (SRHP: A 0 ) of a given rock sample was estimated using the empirical equation (1) [START_REF] Kramers | Trace element and isotope studies on veined, metasomatic and "MARID" xenoliths from Bultfontein, South Africa[END_REF][START_REF] Rybach | Determination of the heat production rate[END_REF][START_REF] Chiozzi | Heat from radioactive elements in young volcanic rocks by gamma Ray spectrometry[END_REF][START_REF] Clauser | Radiogenic Heat Production of Rocks[END_REF]:

A 0 = 10 -5  (9.51C U + 2.56C Th + 3.50C K (1)
Where: A 0 is SRHP of the rock (W/m 3 ),  is rock density (kg/m 3 ) and C U and C Th in AE-ppm and C K in AE-% and are the heat-producing element contents.
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We calculate the SRHP (A 0 ) for both HPE obtained by whole-rock chemical analysis, as well as isGRS. The average A 0 results are summarized in Table 4 and illustrated as a kriging surface color map of the radiogenic heat production in Figure 8. The serpentinization and carbonatation process are generated by the pervasive hydration of mantle rocks due to hydrothermal circulation during the formation of the oceanic crust and mantle exhumation [START_REF] Wicks | Serpentine textures and serpentinization[END_REF][START_REF] Morandi | Serpentine minerals from veins in serpentinite rocks[END_REF][START_REF] Andreani | Experimental study of carbon sequestration reactions controlled by the percolation of CO2-rich brine through peridotites[END_REF][START_REF] Andreani | Dynamic control on serpentine crystallization in veins: constraints on hydration processes in oceanic peridotites[END_REF][START_REF] Fryer | Recent studies of serpentinite occurrences in the oceans: Mantle ocean interactions in the plate tectonic cycle[END_REF][START_REF] Rudge | A simple model of reaction-induced cracking applied to serpentinization and carbonation of peridotite[END_REF][START_REF] Noort | Peridotite dissolution and carbonation rates at fracture surfaces under conditions relevant for in situ mineralization of CO2[END_REF][START_REF] Peuble | Multiscale characterization of the incipient carbonation of peridotite[END_REF], serpentine minerals replace olivine and pyroxenes of the original rock while carbonates accumulate in late, lower temperature veins [START_REF] Campos | The singular St. Peter and St. Paul Archipelago, equatorial Atlantic, Brazil, Meso-Cenozoic Brazilian Offshore Magmatism[END_REF]55]. In general, the serpentinized mantle rock, despite their low trace element concentration, are often enriched in some incompatible and fluid-mobile elements (FME), these elements are carried by hydrothermal fluids originated from seawater and modified during the circulation in the oceanic crust [55,[START_REF] Hattori | Geochemical character of serpentinites associated with high-to ultrahigh-pressure metamorphic rocks in the Alps, Cuba, and the Himalayas: recycling of elements in subduction zones[END_REF][START_REF] Tenthorey | Composition of fluids during serpentinite breakdown in subduction zones: evidence for limited boron mobility[END_REF][START_REF] Wass | Mantle metasomatism-precursor to continental alkaline volcanism[END_REF].

The mylonite mantle rocks from SPSPA are known to be enriched in incompatible elements by alkaline metasomatism, namely light-REE, which suggests the metasomatism by hydrothermal fluids and/or melt percolation [START_REF] Campos | The singular St. Peter and St. Paul Archipelago, equatorial Atlantic, Brazil, Meso-Cenozoic Brazilian Offshore Magmatism[END_REF][START_REF] Roden | Sr, Nd and Pb isotopic and REE geochemistry of St Paul's Rocks: the metamorphic and metasomatic development of an alkali basalt mantle[END_REF][START_REF] Frey | Rare Earth and potassium abundances in St. Paul's rocks[END_REF][START_REF] Campos | Modificações Metassomáticas Das Rochas Milonitizadas Do Complexo Ultramáfico Do Arquipélago de São Pedro e São Paulo, Atlântico Equatorial[END_REF][START_REF] Brunelli | Asthenospheric percolation of alkaline melts beneath the St. Paul region (Central Atlantic Ocean)[END_REF][START_REF] Brunelli | Percolation of enriched melts during incremental open-system melting in the spinel field: A REE approach to abyssal peridotites from the Southwest Indian Ridge[END_REF][START_REF] Navon | Geochemical consequences of melt percolation: the upper mantle as a chromatographic column[END_REF].

Extended trace element patterns normalized to the primitive mantle (PM) of mantle rocks from SPSPA show that serpentinized and halmyrolised peridotite mylonite is characterized by U, Pb and Sr enrichment (Table 5; Figure 9a) with no significant enrichment in Th. This is consistent with the U soluble nature in fluids [START_REF] Bailey | Uranium and thorium solubilities in subduction zone fluids[END_REF].

The average FME abundances in serpentinized peridotite mylonite are normalized to the Primitive Mantle and show in Figure 9b (Table 5), which indicates a significant enrichment in U and Pb but also in Ca, Sr, Sb and As. This fact can be explained by the occurrence of carbonate in the whole rock budget and carbonates are known to host U (0.142-0.655 ppm) [START_REF] Olivier | Rare earth and trace elements of microbialites in Upper Jurassic coraland sponge-microbialite reefs[END_REF]; 2-4 ppm; [START_REF] Shen | Environmental controls on uranium in reef corals[END_REF] and Pb (0.139-3.05 ppm)

[62]; ≈9 ppm [START_REF] Smedley | A review of the source, behaviour and distribution of arsenic in natural waters[END_REF]. As and Sb are known to be mobile in aqueous fluids for temperature ranging between room temperature and 500° C, as observed with the high concentrations of As in surface, ground and seawaters [START_REF] Smedley | A review of the source, behaviour and distribution of arsenic in natural waters[END_REF][START_REF] Takahashi | Arsenic behaviour in paddy fields during the cycle of flooded and non-flooded periods[END_REF], consequently during serpentinization process these are released from the hydrothermal seawater derived fluid and are then incorporated in the serpentine layer.
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Surface Radiogenic Heat Flow

It is accepted that the surface radiogenic heat flow (SRHF: q s ) of an area has a linear correlation with SRHP (A 0 ) [START_REF] Birch | Heat flow and thermal history in New England and New York[END_REF][START_REF] Roy | Heat generation of plutonic rocks and continental heat flow provinces[END_REF][START_REF] Stein | Heat Flow of the Earth[END_REF][START_REF] Hasterok | Heat production and geotherms for the continental lithosphere[END_REF] as expressed by equation (2):

q s = q r + A 0 D (2) 
Where q r is the reduced heat flow, A 0 is the SRHP based on the HPE data in W/m 3 and D is the thickness of the upper crust HG layer. The reduced heat flow (q r ) represent the heat flux from the mantle or Moho and the product AD is the radiogenic HF in the upper crust. Therefore, the q s -A 0 relationship corresponds to a partition of the total surface heat flow among the basal heat flow (q r ), that is, the average heat flow at depth D of the crust (upper mantle or Moho) plus the of additional radiogenic heat flow produced at the top of crust with thickness D. Therefore, basal heat flow (q r ) represents an increasing fraction of surface heat flow. To understand the origin of the surface heat source in the area of SPSPA, we consider the Sclater-Francheteau model for the oceanic lithosphere and the reduced heat flows (q r ) of the lithosphere layers (Figure 10) defined by the authors [START_REF] Sclater | The Implications of Terrestrial Heat Flow Observations on Current Tectonic and Geochemical Models of the Crust and Upper Mantle of the Earth[END_REF]. This model provides for a 120 km thick lithosphere plate, constituted as follows: 5 km of a basalt layer with RHP of 0.5 W/m 3 + 15 km of peridotite layer with a RHP of 0.01 W/m 3 (D layer) and a 100 km of "Pyrolito I" layer (a mixture of one part basalt with three parts ultramafic peridotite [START_REF] Clark | Density distribution and constitution of the mantle[END_REF]) with a RHP of 0.13 W/m 3 .

The RHP of this model generates a RHF on the surface of 4.6x10-5 W/m 2 s, thus distributed about 1.7

W/m 2 s comes from the lithosphere and 2.9 W/cm 2 s from the Mantle (Pyrolite I), whose average RHP is 0.04 W/m 3 , with a RHF of 16.7 W/m 2 s, at a depth of 400 km (Pyrolite II; [START_REF] Clark | Density distribution and constitution of the mantle[END_REF]). However, as there is no general model of radioactive heat generation for the lithosphere because it is impossible to characterize all the geographic regions of the continents and ocean [START_REF] Hasterok | On the radiogenic heat production of igneous rocks[END_REF][START_REF] Hasterok | On the radiogenic heat production of metamorphic, igneous, and sedimentary rocks[END_REF][START_REF] Rybach | Radioactive heat production in rocks and its relation to other petrophysical parameters[END_REF][START_REF] Rybach | Radioacive heat generation in rocks[END_REF][START_REF] Rudnick | Thermal structure, thickness and composition of continental lithosphere[END_REF].

For the q s calculations (Equation 2) we assumed that the contents of the HPE are normally distributed, the reduced heat flow (q r ) from the lithospheric layer is 4.6 x 10-5 Wm 2 s and for the D we consider the thickness of 15 km, because the Atobá ridge is a made by a thick mantle uplift and do not show a basaltic layer as normally present in the oceanic crust [START_REF] Maia | Extreme mantle uplift and exhumation along a transpressive transform fault[END_REF], consequently the thickness of D layer is much smaller than the scale of horizontal fluctuation in radioactivity, the effect of lateral heat J o u r n a l P r e -p r o o f production variation on q is negligible, because there are no lateral contribution from the heat production by other rocks (Table 6 and Fig. 1). The heat flow at different levels is indicated by black thick arrows. Based on [START_REF] Sclater | The Implications of Terrestrial Heat Flow Observations on Current Tectonic and Geochemical Models of the Crust and Upper Mantle of the Earth[END_REF] The radioactive heat production (RHP) in a given area is controlled by the heat production element (HPE) distribution. The uranium, thorium and potassium equivalent levels in the SPSPA mylonites were measured by both chemical analysis and in situ gamma radiation spectrometry (Tables 1 and2, Figures 5 and6). Given the location of the studied samples, they are representative of the superficial or apparent values. However, the surface HPE and surface RHP (A 0 ) calculated by the two methods within the same geological unit are proportionally similar, despite the discrepancy in some samples, where we have lower levels of HPE by chemical analysis than the equivalent activity isGRS levels. The area possesses a range of surface RHP varying from 0.08 to 0.68 Wm 3 by whole-rock chemical analysis and from 0.08 to 0.48 Wm 3 by isGRS (Table 4, Figure 7 and8).

The higher level A 0 is supported by field observations, indicative of the increase of uranium and potassium levels during serpentinized (high U), halmyrolised (high U and K) and metasomatism (kaersutite enrichment: high K). These observations present an association to faults and lineaments (Figure 2 and 11).

The radioactive heat production may exhibit some irregularity due to the dissimilarity in the geochemical behaviour of U, Th and K during geological processes which determine the HPE distribution.

It is plausible that the inhomogeneous distribution of A 0 was caused by overlapped complex differentiation processes (e.g.: different degrees of metasomatism, serpentinization, halmirolyse alteration and the secular radioactive disequilibrium provoked by alteration).

The calculated average of the surface RHP of mylonite rocks from SPSPA (Table 1) are higher than the average surface RHP of crustal rocks and lithospheric mantle published by [START_REF] Jaupart | Heat flow and thermal structure of the lithosphere[END_REF] 
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Figure 11: Kriging surface color map of surface radiogenic heat flow (q s : W/m 2 s) of mylonites rocks from SPSPA obtained by whole-rock chemical analysis (A) and in situ gamma radiation spectrometry (B).

White line: geological contact.

Although the RHP from the mylonite rocks from SPSPA is high, the respective average radioactive heat flow is relatively low (49.7 W/m 2 s) when compared with suggested average oceanic heat flux, which ranges within 80 to 101 W/m 2 s [START_REF] Pollack | Heat flow from the Earth's interior: analysis of the global data set[END_REF][START_REF] Sclater | The Implications of Terrestrial Heat Flow Observations on Current Tectonic and Geochemical Models of the Crust and Upper Mantle of the Earth[END_REF][START_REF] Davies | Review of oceanic and global heat flow estimates Reviews of Geophysics[END_REF][START_REF] Jaupart | Temperatures, Heat and Energy in the Mantle of the Earth[END_REF][START_REF] Pasquale | Geothermics Heat Flow in the Lithosphere[END_REF] .This is also in agreement with [START_REF] Jessop | Thermal geophysics[END_REF] who stated that is probably the largest source of heat in the earth's crust and other sources may be important in specific locations. Therefore, we can suggest that the most likely source of radioactive heat flow in the SPSPA area appears to be associated with only heat from the upper mantle.

Although the HPE from SPSPA is relatively higher than those predicted for ultramafic rocks, the HF from radioactive disintegration is relatively lower than those predicted for the oceanic crust. This suggests that the RHF from the upper mantle in the SPSPA area is relatively low compared to the RHF upper from upper mantle of other areas in the oceanic crust.

Several geological evidences demonstrate that the upper mantle of the SPSPA area is colder than the upper mantle outside the Equatorial Atlantic area, such as:

a) The existence of a melt fraction within mantle peridotite may indicate that the upper mantle is cold enough to freeze and trap any small amount of melt migrating through it (Figure 2 and 3) [

b) The rarity of basaltic flows on Atobá ridge [START_REF] Maia | Extreme mantle uplift and exhumation along a transpressive transform fault[END_REF] upper mantle indicates that an upper mantle belt along the equatorial Atlantic is exceptionally cold [START_REF] Bonatti | Mantle peridotites from continental rifts to ocean basins to subduction zones[END_REF][START_REF] Bonatti | Subcontinental mantle exposed in the Atlantic Ocean on St. Peter-Paul islets[END_REF][START_REF] Bonatti | Steady-state creation of crust-free lithosphere at cold spots in mid-ocean ridges[END_REF][START_REF] Bonatti | Sections of the Earth's crust in the equatorial Atlantic[END_REF][START_REF] Bonatti | A cold sub-oceanic mantle belt at the Earth's equator[END_REF];

c) The existence of transform faults relatively close to each other bounding ridge segments of small size among them, with the consequence of enhancing the cold-edge effect. The inferred equatorial pattern of cold-edge dense upper mantle could reflect down-welling mantle flow along the equatorial zone of the oceans (Figure 12) ✓ The high values of surface HPE, surface RHP (A 0 ) and surface RHF (q s ) are locally associated with areas which show high serpentinization and halmyrolisis degree;

J o u r n a l P r e -p r o o f ✓ The average radioactive heat production of mylonite rocks of 0.22 μW/m 3 is significantly high about those predicted for ultrabasic rocks, due to geological alteration process;

✓ The respective average surface radiogenic heat flow of 49.7 W/m 2 s is to lower concerning those predicted for the oceanic lithosphere, which indicates that the additional heat flow from of the upper mantle is also low in the SPSPA area;

✓ Our data along with tectonic features suggest that lithospheric mantle around the SPSPA area is colder than the upper mantle outside the equatorial Atlantic region. Color for Geologic Maps according to the U.S. Geological Survey (https://mrdata.usgs.gov/catalog/lithclass-color.php). Based from [START_REF] Campos | The singular St. Peter and St. Paul Archipelago, equatorial Atlantic, Brazil, Meso-Cenozoic Brazilian Offshore Magmatism[END_REF][START_REF] Campos | Holocene tectonic uplift of the St Peter and St Paul Rocks (Equatorial Atlantic) consistent with emplacement by extrusion[END_REF]. 

Figure 1 :

 1 Figure 1: Location of St. Peter and St. Paul Archipelago, Equatorial Atlantic, Brazil. Figure made with GeoMapApp (www.geomapapp.org) [42].

Figure 2 :

 2 Figure 2: Geologic map of St. Peter and St. Paul Archipelago, Equatorial Atlantic, Brazil. Color forGeologic Maps according to the U.S. Geological Survey (https://mrdata.usgs.gov/catalog/lithclasscolor.php). Based from[START_REF] Campos | The singular St. Peter and St. Paul Archipelago, equatorial Atlantic, Brazil, Meso-Cenozoic Brazilian Offshore Magmatism[END_REF][START_REF] Campos | Holocene tectonic uplift of the St Peter and St Paul Rocks (Equatorial Atlantic) consistent with emplacement by extrusion[END_REF].

Figure 3 :

 3 Figure 3: Hand samples from St. Peter and St. Paul archipelago (Equatorial Atlantic, Brazil): A) Peridotite mylonite; B) Kaersutite mylonite with white carbonate veins; C) Serpentinized peridotite mylonite: C1-Superficial crust sample without serpentine due to the sea-water erosion; C2-Inner surface of C1, D) Layered Kaersutite-Peridotite mylonite: D1-Superficial crust sample, D2-Inner surface of D1.

Figure 4 :

 4 Figure 4: Sampling: A) Rock sample location (n: 106); B) Radiometric measurement location (n: 300).

Figure 5 :

 5 Figure 5: Comparison among ICP-MS and isGRS of U and Th values of peridotite and kaersutite mylonites rocks from SPSPA, Equatorial Atlantic, Brazil.

Figure 6 :Figure 7 :

 67 Figure 6: Kriging surface color map of surface HPE by whole-rock chemical of peridotite and kaersutite mylonite rocks from SPSPA: A) Uranium (ppm); B) Thorium (ppm); C) Potassium (%). White line: geological contact.

Figure 9 :

 9 Figure 9: Primitive Mantle normalized spider-diagram [69] for A) Peridotite mylonite rocks from SPSPA; B) Normalized concentrations of fluid-mobile and fluid-immobile elements in peridotite mylonite from SPSPA. Fluid-mobile elements refer to those with high solubilities in aqueous fluids, to clarify the diagram Fluid-immobile elements are listed in order of compatibility with mantle minerals during partial melting.

Figure 10 :

 10 Figure 10: Oceanic lithosphere and continental shield model, assuming a constant flux at 200 km depth.

Figure 12 :

 12 Figure 12: Saint Paul transform system, Equatorial Atlantic. Thick red line: ridge axis; dashed red line: Active transform fault; black dashed line: inactive transform fault. Based [25].

Figure 1 :

 1 Figure 1: Location of St. Peter and St. Paul Archipelago, Equatorial Atlantic, Brazil. Figure made with GeoMapApp (www.geomapapp.org) [42].
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 2 Figure 2: Geologic map of St. Peter and St. Paul Archipelago, Equatorial Atlantic, Brazil.
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 3 Figure 3: Hand samples from St. Peter and St. Paul archipelago (Equatorial Atlantic, Brazil): A) Peridotite mylonite; B) Kaersutite mylonite with white carbonate veins; C) Serpentinized peridotite mylonite: C1-Superficial crust sample without serpentine due to the sea-water erosion; C2-Inner surface of C1, D) Layered Kaersutite-Peridotite mylonite: D1-Superficial crust sample, D2-Inner surface of D1.

Figure 4 :

 4 Figure 4: Sampling: A) Rock sample location (n: 106); B) Radiometric measurement location (n: 300).

Figure 5 :

 5 Figure 5: Comparison among ICP-MS and isGRS of uranium and thorium date of peridotite and kaersutite mylonites rocks from SPSPA, Equatorial Atlantic, Brazil.

Figure 6 :

 6 Figure 6: Kriging surface color map of surface HPE by whole-rock chemical of peridotite and kaersutite mylonite rocks from SPSPA: A) Uranium (AE-ppm); B) Thorium (AE-ppm); C) Potassium (AE-%). White line: geological contact.

Figure 7 :

 7 Figure 7: Kriging surface color map of surface HPE by isGRS of peridotite mylonites rocks from St. Peter and St. Paul archipelago (Equatorial Atlantic, Brazil): A) Disintegration (Bq/sec); B) Uranium (AE-ppm);; C) Thorium (AE-ppm);; D) Potassium (AE-%);. White line: geological contact.

Figure 8 :

 8 Figure 8: Kriging surface color map of SRHP (A 0 ) of mylonite rocks from SPSPA obtained by whole-rock chemical analysis (A) and by in situ gamma radiation spectrometry (B). White line: geological contact.

Figure 9 :

 9 Figure 9: Primitive Mantle normalized spider-diagram [69] for A) Peridotite mylonite rocks from SPSPA; B) Normalized concentrations of fluid-mobile and fluid-immobile elements in peridotite mylonite from SPSPA. Fluid-mobile elements refer to those with high solubilities in aqueous fluids, to clarify the diagram Fluid-immobile elements are listed in order of compatibility with mantle minerals during partial melting.

Figure 10 :

 10 Figure 10: Oceanic lithosphere and continental shield model, assuming a constant flux at 200 km depth. The heat flow at different levels is indicated by black thick arrows. Based on[START_REF] Sclater | The Implications of Terrestrial Heat Flow Observations on Current Tectonic and Geochemical Models of the Crust and Upper Mantle of the Earth[END_REF] 

Figure 11 :

 11 Figure 11: Kriging surface color map of surface radiogenic heat flow (q s : Wm 2 s) of mylonites rocks from SPSPA obtained by (A) Whole-rock chemical analysis and (B) In situ gamma radiation spectrometry. White line: geological contact.

Figure 12 :

 12 Figure 12: Saint Paul transform system, Equatorial Atlantic. Thick red line: ridge axis; dashed

  

  

  

  

  

  

Table 4 :

 4 Statistical synthesis of SRHP (A 0 : Wm 3 ) results from mylonite rocks of SPSPA. Max: Maximum; Kriging surface color map of SRHP (A 0 ) of mylonite rocks from SPSPA obtained by whole-rock chemical analysis (A) and by in situ gamma radiation spectrometry (B). White line: geological contact. The A 0 rates for such units are similar, despite the discrepancy in some samples, where we have lower

	Min: Minimum; GM: Geometric mean; Med: Median; SD: Standard Deviation.
	Figure 8:

levels of chemical analysis than the equivalent activity in situ gamma spectrometry levels (Figs 5, 6, 7 and 8). It is plausible that inhomogeneous distribution was caused by overlapped complex differentiation processes (e.g.: different halmirolyse, serpentinization and carbonatation degrees and the secular radioactive disequilibrium due to alteration process). It should be noted that the peridotite mylonite with the highest degree of serpentinization and carbonatation were those with the highest contents of uranium.

Table 5 :

 5 Average trace and major elements of rocks from SPSPA.

*: below limit detection; LOI: Lost on ignition

Table 6 :

 6 Statistical synthesis of RHF (q s : W/m 2 s) results from mylonite rocks of SPSPA. Max: maximum;

	Min: Minimum; GM: Geometric mean; MED: Median; SD: Standard Deviation. isGRS: in situ gamma ray
	spectrometry.

Table 1 :

 1 Statistical synthesis of HPE by whole-rock chemical analysis and density results from the peridotite and kaersutite mylonites rocks of St. Peter and St. Paul archipelago. Max: Maximum; Min: Minimum; : Geometric mean; : Standard deviation.

	Islet	Rock type		U	Th	K	Density
				(ppm)	(ppm)	(%)	(kg/m 3 )
		Peridotite	Max 0.30	0.70	0.15	3339.00
		mylonite	Min 	0.20 0.24	0.28 0.40	0.11 0.13	3138.00 3274.95
		(n: 30)		0.04	0.13	0.01	67.86
		Peridotite	Max 0.29	0.67	0.17	2453.00
		mylonite	Min 	0.20 0.25	0.29 0.48	0.12 0.14	2014.00 2160.47
	Belmonte Northeast Northwest South J o u r n a l P r e -p r o o f serpentinized (n : 15)  0.03 0.12 0.02 Peridotites mylonite halmyrolized (n : 6) Max 0.29 0.67 0.17 Min 0.20 0.29 0.12  0.25 0.48 0.14  0.03 0.12 0.02 Peridotite mylonite serpentinized (n: 17) Max 1.37 0.70 0.20 Min 1.00 0.22 0.11  1.19 0.29 0.13  0.11 0.15 0.03 Peridotite mylonite serpentinized (n: 6) Max 1.24 0.29 0.17 Min 1.21 0.28 0.12  1.23 0.28 0.14  0.01 0.01 0.02 Peridotite mylonite serpentinized Max 1.24 0.29 0.17 Min 1.21 0.28 0.12  1.23 0.28 0.14  0.01 0.01 0.02	159.25 2453.00 2014.00 2160.47 159.25 3285.00 2985.00 3133.75 99.15 3120.00 3000.00 3045.97 43.16 3120.00 3000.00 3045.97 43.16
		Peridotite	Max 2.15	0.40	0.39	3016.00
	Coutinho	(n: 5) mylonite	Min 	2.00 2.08	0.37 0.38	0.26 0.32	3016.00 3016.00
		serpentinized		0.06	0.01	0.06	0.00
		Peridotite	Max 2.64	0.62	0.16	3254.00
		(n: 5) mylonite	Min 	1.20 1.70	0.27 0.37	0.10 0.13	2056.00 2444.16
		serpentinized		0.48	0.11	0.02	432.65
		Layered	Max 0.34	0.50	0.44	3247.00
	Southeast	(n: 12) Kaersutite-	Min 	0.10 0.21	0.30 0.37	0.10 0.23	2547.00 2907.00
		peridotite		0.07	0.07	0.11	211.12
		Kaersutite mylonite (n:12) mylonite	Max 0.34 Min 0.10  0.21	0.50 0.30 0.37	0.44 0.10 0.23	3247.00 2547.00 2907.00
		(n : 16)		0.07	0.07	0.11	211.12

Table 2 :

 2 Statistical synthesis of HPE by isGRS and density results from peridotite and kaersutite mylonites rocks of St. Peter and St. Paul archipelago. AE: Activity equivalent; Max: Maximum; Min: Minimum; : Geometric mean;  Standard deviation.

	Rock type		U	Th	K	Mean Density
			(AE ppm)	(AE ppm)	(AE %)	kg/m 3
	Peridotite mylonite (n:	Max	0.90	0.81	0.40
	50)	Min	0.20	0.10	0.10
	  Max Min   Max Min  J o u r n a l P r e -p r o o f 0.37 0.47 0.14 0.11 0.18 0.09 Peridotite mylonite serpentinized (n: 200) 3.66 1.10 0.40 2.00 0.10 0.10 2.55 0.31 0.12 0.29 0.22 0.07 Layered kaersutite-peridotite mylonite (n:50) 0.88 0.60 0.40 0.45 0.20 0.10 0.66 0.35 0.15	3281.33 2884.61 2890.63
			0.10	0.17	0.10

Table 3 :

 3 Linear regression coefficients of ICP-MS versus isGRS values of U and Th given in Table1.

	Rock type	Correlation	Intercept Slop	R 2
	Peridotite mylonite	U ICP-MS x U isGRS	0.1195	0.9983 0.9979
		Th ICP-MS x Th isGRS 0.1227	0.9787 0.9954
	Peridotite mylonite serpentinized	U ICP-MS x U isGRS	1.0995	0.9519 0.9915
		Th ICP-MS x Th isGRS 0.2047	1.0012 0.9925
	Layered kaersutite-Peridotite	U ICP-MS x U isGRS	0.2960	1.6797 0.9990
	mylonite	Th ICP-MS x Th isGRS -0.0944	1.3425 0.9989
	Kaersutite mylonite	U ICP-MS x U isGRS	0.3408	2.0021 0.9991
		Th ICP-MS x Th isGRS 0.0873	1.0741 0.9916

Table 4 :

 4 Statistical synthesis of surface RHP (A 0 : Wm 3 ) results from mylonite rocks of SPSPA. Max:

	Radioactive Heat Production A 0 : W/m 3 (Chemical whole-rock) A 0 : W/m 3 (isGRS) J o u r n a l P r e -p r o o f Max Min GM Med SD 0.68 0.08 0.25 0.21 0.15 0.48 0.08 0.19 0.19 0.50

Maximum; Min: Minimum; GM: Geometric Mean; Med: Median; SD: Standard Deviation.

Table 6 :

 6 Statistical synthesis of RHF (q s : W/m 2 s) results from mylonite rocks of SPSPA.

	Max: maximum; Min: Minimum; GM: Geometric mean; MED: Median; SD: Standard
	Deviation. isGRS: in situ gamma ray spectrometry.			
	Surface Heat Flow	Max	Min	GM	MED	SD
	Chemical whole-rock q s : W/m 2 s	56.4	47.3	50.4	50.1	2.31
	isGRS q s : W/m 2 s	53.3	47.4	59.0	48.2	0.82
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