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Abstract

:

The aseismic Nazca Ridge produces localized flat-slab subduction beneath the South American margin at latitudes 10° to 15° S. The geological evolution and the spatio-temporal pattern of deformation of the upper plate have been strongly influenced by the presence of the flat slab. In this study, we investigated the lithospheric thermal structure of this region by elaborating a 2D geothermal model along a section across the top of the Nazca Ridge, the Peru–Chile trench, the Andean Cordillera, and the Amazonian Basin, for a total length of 1000 km. For the sake of modelling, the crust of the overriding plate was subdivided into two parts, i.e., a sedimentary cover (including the entire lithostratigraphic sequence) and a crystalline basement. Applying an analytical methodology, we calculated geotherms and isotherms by setting (i) thickness, (ii) density, (iii) heat production, and (iv) thermal conductivity for each geological unit and considering (v) heat flux at the Moho, (vi) frictional heating produced by faults, and (vii) plate convergence rate. The resulting model could make a significant advance in our understanding of how flat slab geometry associated with the Nazca Ridge subduction affects the thermal structure and hence the tectonic evolution of the region.
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1. Introduction


Understanding the thermal structure of the overriding plate of subduction systems is a fundamental issue for a series of applications, including the sustainable exploitation of geothermal energy, the identification of significant ore deposits, and the analysis of seismic hazard, besides providing more general constraints to the study of geodynamic processes. For this paper, we carried out this kind of study in a relevant sector of the South American Plate and Andean subduction system, at the locus of the Nazca Ridge subduction.



The Nazca Ridge is an aseismic ridge subducting beneath the South American Plate. It represents a thickened portion of the oceanic crust, showing an overall crustal thickness of 18 ± 3 km with a width of 200 km [1]. The subduction of the Nazca Ridge began approximately 11.2 million years ago at 11° S, with a trend of about N42° E. The subduction margin migrated progressively southward to the present collision zone around 4–5 Ma [2,3,4]. The presence of the thickened subducting Nazca Ridge triggered a localized flat-slab subduction phenomenon beneath the South American continental margin, particularly within the latitudinal range from 10° to 15° S. This peculiar geological setting exerts a strong influence on the kinematics and dynamics within the upper tectonic plate. The correlation between flat slabs and subducting ridges has been widely investigated and documented [5,6,7,8,9,10]. The presence of anomalously thick oceanic crust produces buoyancy that largely controls subduction dynamics [7]. Moreover, the presence of subducting aseismic ridges results in reduced extension of the overriding plate. This phenomenon can also induce localized shortening in the forearc region, proportional to the dimensions of the aseismic ridges [10]. Flat subduction significantly impacts stress distribution within the overriding plate, influencing the spatial distribution of seismicity in the upper plate [11]. Furthermore, in these geodynamic conditions, the asthenospheric wedge withdraws from the trench, with significant implications for the thermal structure of the upper plate [7]. In any case, the effects of the subduction of the Nazca Ridge on the Peruvian forearc system and on the development of the Andean Cordillera are still being investigated and are a topic of extensive debate. Thus, to attain a more exhaustive comprehension of the complex tectonic dynamics related to this specific sector of the Andean orogen, it is crucial to acknowledge the key role played by the rheological properties of the Earth’s crust and lithosphere, which are strongly associated with the thermal conditions. Notably, temperature is a significant factor affecting crustal viscosity, underscoring the need for a comprehensive investigation into the thermal structure present in our study area. The primary aim of this research is to focus on a detailed investigation of the lithospheric thermal structure of the upper plate above the Nazca Ridge, carried out through the development of a rigorous 2D geothermal model. This model extends across a transect of about 1000 km in length, oriented N48° E, that ranges from 10° S to 16° S, comprising all the main geological features of the area: the Peru–Chile trench, the Peruvian forearc system (West Pisco Basin and East Pisco Basin), and the entirety of the Andean Cordillera. The entire area has been thoroughly delineated within a comprehensive geological structural model, including both surface geology and all the deeper structures down to a total depth of 130 km, in order to provide a framework of the whole lithosphere. The crustal section has served as the starting point for the development of the thermal model. The analytical approach, which served as the basis for our investigation into surface heat flow and isotherm patterns, was formulated by Dragoni et al. [12]. The procedure has already been applied and validated in several geographical regions in recent years by Basilici et al. [13] and Santini et al. [14,15], and the results of these studies ensure its suitability and relevance for our specific research objectives. To obtain the most accurate results, the methodology has been specifically modified and adjusted for the study area through a meticulous analysis of the geological features. In order to create a concise and precise representation suitable for our model, we divided the overriding plate into three main layers. Each of these layers was characterized by fundamental geological parameters, including (i) thickness, (ii) density, (iii) heat production, and (iv) thermal conductivity. This division allowed us to capture the key geological variations within the overriding plate. Additionally, our model also includes (v) heat flux at the Moho, (vi) frictional heating produced by faults, and (vii) plate convergence rate. These factors were incorporated into the model to explore the geodynamics of the plates and their influence on heat distribution and fault behaviour within the region. We subsequently performed a comparative analysis, cross-referencing our results with previously published research and measured heat flux data from adjacent regions, specifically referring to Uyeda et al. [16], Henry and Pollack [17], and Molnar and England [18]. By integrating these geological parameters and dynamic variables, our model provides a comprehensive and accurate representation of the complex geological and thermal structure of the overriding plate. It serves as a key instrument within our scientific inquiry, allowing us to examine the relationship between the geometric characteristics of the flat slab related to the Nazca Ridge subduction process and its implications on the thermal regime within the region. Through the integration of various geological and geophysical parameters, our study aims to make a substantial contribution to the ongoing advancement of scientific knowledge relating to the complex tectonic evolution of the Peruvian Andean Cordillera.




2. Geological Background


The Andean orogen is a model of a continental mountain belt produced by subcontinental subduction, where the oceanic slab subducts beneath the continental plate [19]. The setting and geometry of the Andes vary substantially along their longitude. The largest sector is formed by the Central Andes; it ranges from 5°300′ S to 37° S and is, in turn, subdivided into three subsectors: Northern Central Andes, Central Andes Orocline, and Southern Central Andes [20]. The portion of the Andean Cordillera within Peruvian territory falls within the Northern Central Andes subsector and the northern part of the Central Andes Orocline subsector. The inner and older portion of the Peruvian Andes consists of Precambrian high-grade metamorphic basement including gneisses, amphibolites, and marbles. These rocks are covered by Paleozoic marine sediments and clearly outcrop only in the Eastern Cordillera. From the Middle Ordovician to the Upper Devonian, almost uninterrupted sedimentation events occurred, and the settled strata experienced significant deformation during the Hercynian orogenic phase, which occurred straddling the Late Devonian and Early Mississippian [21]. A transitional period began between the Late Permian and Early Triassic between the Hercynian geological orogenic phase and the onset of the Andean orogenic cycle, persisting until the present day [21]. Several structures developed within the Precambrian and Hercynian orogeny were inherited and reactivated during the Andean orogeny. The present-day features of the Peruvian Andes are predominantly linked to the Cenozoic tectonic evolution, with an alternation of sedimentation and tectogenic periods linked to the subduction dynamics. The Andean orogenic cycle can be divided into two distinct phases: a prolonged period of relative tectonic stability covering a period of time from the Triassic to the Late Cretaceous, and a shorter orogenic period characterized by five major phases of compressive deformation: the (i) Peruvian (Late Cretaceous), (ii) Incaic (Middle to Late Eocene), (iii) Quechua 1 (Lower Miocene), (iv) Quechua 2 (Tortonian), and (v) Quechua 3 (Messinian) phases [21]. These deformation phases occurred associated and sometimes alternated with episodes of volcanism of different and variable chemistry, sedimentation, and the settling of batholiths due to plutonic activity [21]. During the Peruvian phase, the first pervasive deformation episode occurred. During this phase, the Western and Eastern Peruvian troughs were uplifted, establishing the bases for the current Andean conformation. During the following phases, the fold and thrust belt developed during the Peruvian and Incaic ages was reactivated by the Quechua 1, Quechua 2, and Quechua 3 phases, producing a progressive migration of the deformation toward the foreland. By the Miocene era, the Andes Mountain Range was already established, with the Subandean Zone being incorporated later [21].



The area investigated in this study (Figure 1) is located around the transition from the Northern Central Andes to the Central Andes Orocline at the Nazca Ridge subduction zone. The area comprises (i) the Peruvian forearc system, subdivided into East and West Pisco basins [22]; (ii) the Western Cordillera, consisting of a western part with sequence stratigraphy dominated by the Coastal Batholiths [23] and an eastern part characterized by the Marañón fold and thrust belt; (iii) the Eastern Cordillera, an anticline structure characterized by tectonic shortening propagated during the Oligocene–Miocene tectonic inversion of the original Triassic–Jurassic rift system [20,24]; (iv) the Subandean Zone, including Camisea and Ene basins; and (v) the Fitzcarrald arch, an area overhead ~500 m above the adjacent basin [25], that marks the transition between the northern and southern parts of the Amazonian foreland basin [26].




3. Materials and Methods


The thermal structure investigation was based on a specific analytical procedure applied to a crustal model of the Nazca Ridge subduction region.



3.1. Lithospheric Model


The model consists of a section with a length of 1000 km trending 48° N. The section is aligned to the Nazca Ridge axis and runs from the top of the Nazca Ridge in the west to the Amazonian Basin in the east, progressively crossing the Peru–Chile trench, the forearc, and the Andean Cordillera (Figure 2). The cross-section reaches a depth of 130 km, aiming to intercept the upper plate Moho and lithospheric mantle, as well as the underlying subducting slab. Data on the Moho and slab geometry in this area were obtained from previously published models [27,28,29,30,31]. The profile obtained was compared and validated using the results from [3,8,32]. To process the model, the Move software from Petroleum Express was employed. Data on the seismicity of the area were obtained from the USGS catalog [33]. We considered all earthquakes that occurred in the last 50 years with Mw ≥ 6 in an area of 100 km around the cross-section (Figure 3). Focal mechanisms for these earthquakes were projected onto the vertical plane of the cross-section. To perform an accurate projection, we applied a double rotation procedure using the FaultKin software v8.1.2 (Allmendinger). In the first step, focal mechanisms were rotated along the vertical axis according to the strike value of the cross-section to align them. Subsequently, they were rotated along the horizontal axis to obtain a section view of the focal mechanism. Once this process was completed, the nodal plane of the focal mechanism perfectly coincided with the reactivated fault plane. After the focal mechanism was properly oriented, it was projected onto the section using the strike value of the nodal plane corresponding to the fault. Earthquake hypocentral distribution is consistent with most large thrust earthquakes being related to the subducting slab and therefore defining the subduction interface. Normal fault earthquakes also occur within the slab. The lithospheric model (Figure 4) was implemented with the necessary information to support the analytical procedure. For the shallowest part of the section, we used geological data and maps freely available on the INGEMMET website. Since there are no freely available geophysical data for this area, the geological section was constructed considering previously published geological sections of adjacent areas [34,35]. For simplification, we considered the whole lithosphere as composed of three main geological units: crystalline basement (B), Cenozoic–Mesozoic sedimentary cover (SC_1), and Paleozoic sedimentary cover (SC_2). For each unit, we estimated a set of parameters, including thickness, density, radiogenic heat production (RHP), and thermal conductivity. To prevent the heterogeneity of the sedimentary succession from causing errors in the model, we calculated the areal percentage and the thickness of each geological formation present in a buffer of 40 km around the section. We reclassified all the geological formations into lithological groups and assigned to each one a mean value of RHP according to Vila et al. [36]. Then, we calculated an average of the RHP values weighted for both the areal percentage and the thickness of each lithological group. In this way, we obtained weighted average values of the RHP for SC_1 and SC_2. In the cross-section, we set 11 pseudo-wells in which we performed the modelling.




3.2. Thermal Modelling


To obtain the surface heat flow and the isotherms, we used the analytical procedure developed by Dragoni et al. [12], which was verified in different geographic zones in recent years by Basilici et al. [13] and Santini et al. [14,15], specifically modified for the area of study. The mathematical representation of the thermal model presented below consists of three layers of variable thickness, over a half-space (Figure 5). The mean sea level (m.s.l.) is at z = 0, with z positive downward. The unidimensional calculation procedure was applied to each of the 11 pseudo-wells located on the crustal model. The resulting heat flow was then interpolated using a sixth-order polynomial equation.



In the computation of the surface heat flow       Q   s      , we considered (i) the contribution of the mantle heat flow       Q   m      , (ii) the radiogenic heat, and (iii) the frictional heat       Q   F       in the megathrust zone. We obtained the following equation:


    Q   s   =     Q   ′   +   H   S C _ 1     h   S C _ 1   +   H   S C _ 2     h   S C _ 2   +   H   B   D ( 1 −   e   −     h   B     D     )  



(1)




where     h   S C _ 1     and     H   S C _ 1     are SC_1 thickness and heat productivity,     h   S C _ 2     and     H   S C _ 2     are SC_2 thickness and heat productivity,      h   B     and     H   B     are basement thickness and heat productivity, and   D   is the depth scale. For PW_1, across the accretionary wedge, the parameter     H   S C     was substituted by     H   S S     (heat productivity for sandstone; Table 1).



In Equation (1), Q′ represents the heat flow at the base of the model due to the heat flow coming from the mantle and to the frictional heat of the thrust when it is present.



For the megathrust zone, we considered     Q   ′   =   ( Q   0   +   Q   F   )     S   − 1    , where     Q   0     is the oceanic mantle heat flow and   S = 1 + b √       z   f     v   s i n δ  k     , with   b ≅ 1  , is the reducing divisor near the megathrust fault [18]. For the continental zone, we considered     Q   ′   =   Q   m    . Instead,     H   S   C   1       h   S   C   1       and     H   S C _ 2     h   S C _ 2     are the contributions of each sedimentary layer considering a constant radiogenic source [14,38,39], while the last term of Equation (1) is the contribution of the basement considering a radiogenic source with an exponential trend [12,40,41].



The temperature in the uppermost layer (thickness     h   S C _ 1    ) is controlled by (i) the heat flow at the top of SC_2, (ii) the contribution of the radiogenic source of this layer, and (iii) the surface temperature (Equation (2)). In the second layer (SC_2), the geotherm initial value is the temperature at the bottom of the first layer to which is added the temperature variation due to the radiogenic source within SC_2 and to the heat flow at its bottom (Equation (4)). Finally, the temperature in the basement depends on the mantle flow and on its own radiogenic source, to which is added the temperature variation due to the radiogenic source within SC_1 and SC_2. In addition, only in the megathrust zone, the frictional heat contribution is considered in the three layers.



The temperature in the first layer (thickness     h   S C _ 1    ) is:


  T   z   =   T   S   +   T   S C _ 1 H     z   ,         z   t   ≤ z ≤   z   t   +   h   S C _ 1    



(2)




and the depth-dependent term     T   S C _ 1 H     is defined as:


    T   S C _ 1 H   ( z ) =     Q   s       k   S C _ 1     ( z −   z   t   ) −     H   S C _ 1       2 k   S C _ 1       ( z −   z   t   )   2    



(3)




where     k   S C _ 1     and     H   S C _ 1     are SC_1 thermal conductivity and heat productivity.



In the second layer (thickness     h   S C _ 2    ), we obtain:


  T   z   =   T   S   +   T   S C _ 1 H       h   S C _ 1     +   T   S C _ 2 H     z   ,     z   t   +   h   S C _ 1   < z ≤   z   t   +   h   S C _ 1   +   h   S C _ 2    



(4)




defining the depth-dependent term     T   S C _ 2 H     as:


    T   S C _ 2 H     z   =     Q   s   −   H   S C _ 1     h   S C _ 1       k   S C _ 2       z −   z   t   −   h   S C _ 1     −     H   S C _ 2       2 k   S C _ 2       ( z −   z   t   −   h   S C _ 1   )   2    



(5)




where     k   S C _ 2     and     H   S C _ 2     are SC_2 thermal conductivity and heat productivity.



Finally, in the basement (thickness     h   B    ), we obtain:


   T   z   =   T   S   +   T   S C _ 1 H       h   S C _ 1     +   T   S C _ 2 H       h   S C _ 2     +   T   B H     z   ,                                      z   t   +   h   S C _ 1   +   h   S C _ 2   < z ≤   z   t   +   h   S C _ 1   +   h   S C _ 2   +   h   B     



(6)




defining the depth-dependent term     T   B H     as:


    T   B H     z   =     Q   ′         k   B       z −   z   t   −   h   S C _ 1   −   h   S C _ 2     +     H   B     D   2       k   B       1 −     e   −     z −   z   t   −   h   S C _ 1   −   h   S C _ 2       D        



(7)




where     k   B     and     H   B     are basement thermal conductivity and heat productivity and   D   is the depth scale.



The terms used in the equations are defined in Table 2.





 





Table 2. Data considered in the model and parameters included in the equations [36,42,43,44,45,46,47].






Table 2. Data considered in the model and parameters included in the equations [36,42,43,44,45,46,47].










	    z   t     (m)
	Ground elevation (negative) or sea depth (positive) related to m.s.l.
	



	    h   S C _ 1     (m)
	Sedimentary cover (Cenozoic-Mesozoic) thickness
	



	    h   S C _ 2     (m)
	Sedimentary cover (Paleozoic) thickness
	



	    h   B     (m)
	Basement thickness
	



	     H   S C _ 1   = 0.83   µ W   m   − 3     
	RHP * of sedimentary cover (Cenozoic-Mesozoic)
	[36]



	     H   S C _ 2   = 1.2   µ W   m   − 3     
	RHP * of sedimentary cover (Paleozoic)
	[36]



	     H   B   = 1.6   µ W   m   − 3     
	RHP * of basement thickness
	[36]



	     k   S C _ 1   = 2.1   W   m   − 1     K   − 1     
	Thermal conductivity of sedimentary cover (Cenozoic-Mesozoic)
	[42]



	     k   S C _ 2   = 2.4   W   m   − 1     K   − 1     
	Thermal conductivity of sedimentary cover (Paleozoic)
	[42]



	     k   B   = 2.7   W   m   − 1     K   − 1     
	Thermal conductivity of the basement
	[42]



	   κ =   10   − 6       m   2     s   − 1     
	Thermal diffusivity
	[43]



	   µ = 0.7   
	Coefficient of static friction
	[43]



	     ρ   S C _ 1   = 2.4 ⨯   10   3   k g     m   − 3     
	Density of sedimentary cover (Cenozoic-Mesozoic)
	[44]



	     ρ   S C _ 2   = 2.4 ⨯   10   3   k g     m   − 3     
	Density of sedimentary cover (Paleozoic)
	[44]



	     ρ   B   = 2.85 ⨯   10   3   k g     m   − 3     
	Density of the basement
	[44]



	   D = 10   k m   
	Depth scale
	[45]



	     x   f     ( k m )   
	Horizontal coordinate for points on the megathrust fault
	



	     z   f     ( k m )   
	Vertical coordinate for points on the megathrust fault
	



	   δ = a r c t g       z   f       x   f         
	Dip angle of the megathrust fault
	



	   λ = 0.96   
	Pore fluid factor
	[46]



	   v = 7.7 c m   a   − 1     
	Relative plate velocity
	[46]



	     Q   F   = µ ρ g h   1 − λ   v   
	Fritional heat flow density
	



	     Q   o   = 60   m W   m   − 2     
	Oceanic heat flow density from the mantle
	[47]



	     Q   m   = 20   m W   m   − 2     
	Continental heat flow density from the mantle
	[47]



	    Q   s     ( m W   m   − 2    )
	Surface heat flow density
	



	     T   S   = 15   ° C   
	Surface temperature
	







* Radiogenic Heat Productivity.













4. Results


With the aim of obtaining isotherms defining the thermal structure of the overriding plate, we computed the geotherm and the heat flow       Q   s       for each pseudo-well along the cross-section (Figure 4). The resulting geotherm profiles (Figure 6) describe a well-defined correlation between temperature increase and depth. The geotherm profiles of PW_1 and PW_2 exhibit relatively lower temperatures compared to the other pseudo-wells. Notably, PW_1 is located in the accretionary wedge. Geotherms associated with PW_3, PW_4, and PW_7 are very close to each other and exhibit a consistent temperature–depth trend down to a depth of 25 km. Beyond this depth, PW_3 experiences a progressive increase in temperature, in contrast to PW_4 and PW_7, which maintain a consistent trend. PW_5 and PW_6 geotherms display a similar temperature–depth relationship, even if PW_5 shows the highest temperature. Finally, PW_8, PW_9, PW_10, and PW_11 are almost coincident: at shallower depths, their temperatures approximate the values of PW_3 and PW_4, but around 25 km, they tend to align with PW_6.



To constrain the isotherms near the megathrust, we estimated the temperature along the slab surface within a distance of 150 km from the subduction trench.



Figure 7 shows the computed surface heat flow       Q   s       and the isotherms obtained by sixth-order polynomial interpolation. The results point out that the area within the megathrust zone exhibits the lowest heat flow values. As a matter of fact, from PW_1 to PW_4, values range from 25.57 to 39.14 mW/m2. Moving eastward, the surface heat flow tends to increase close to PW_5, reaching a maximum value of 45.77 mW/m2, and then remains almost constant around a mean value of 42 mW/m2. These relatively high values are strongly influenced by the radiogenic heat produced by the basement (HB). The isotherms show a trend that is roughly sub-parallel to the surface in the eastern part of the cross-section, whereas they rise to form a thermal dome centered in the Western Cordillera ca. 250 km NE of the subduction trench. The cool subducting slab induces a deepening of the isotherms, defining the southwestern limb of the thermal dome.




5. Discussion


Our model exhibits geotherms and surface heat flow       Q   s       values computed at 11 points distributed along a transect of the Peruvian Andean Cordillera. These values were interpolated using a sixth-order polynomial equation in order to obtain a general trend of the surface heat flow for the whole area and a set of isotherms that define the thermal structure of the lithosphere above the Nazca Ridge subduction zone. Geotherms (Figure 6) display trends mostly comparable to each other. The greatest analogies are among PW_8, PW_9, PW_10, and PW_11, which are substantially coincident. Observing the location of these pseudo-wells along the cross-section, it is clear that the thickness of the basement at those points is almost constant. This relation also occurs in PW_3, PW_4, and PW_7, but in this instance, PW_3 at depths greater than 25 km shows a different trend, and this may be due to the fact that PW_3 is extremely close to the subduction interface. PW_5 and PW_6 show the highest temperatures, and in that position, the basement reaches the maximum thickness. In our assessment, this observed behaviour constitutes evidence of the significant impact exerted by radiogenic heat production of the basement on its contribution to the heat flow; we have also considered the contribution of the topography altimetry. The computed values of surface heat flow       Q   s       range from a minimum of 25.57 mW/m2 to a maximum of 45.77 mW/m2. These values were cross-checked with previously published results. The megathrust zone, between PW_1 and PW_4, shows the lowest values (from 25.57 to 39.14 mW/m2), in good agreement with the values calculated by Molnar and England [18] that pointed out an average value of 33 ± 5 mW/m2 for the offshore zone of Peru. Nevertheless, observed values from Uyeda et al. [16] and Henry and Pollack [17] and their related error bars were projected onto the computed model. The location of the observed points is shown in Figure 1. At a regional scale, the obtained analytical curve is consistent with the observed surface heat flux       Q   s       values. The surface heat flow       Q   s       value of 45.77 mW/m2 in the area of PW_5 agrees with the value of 44 mW/m2 observed by Henry and Pollack [17] for the sites of Marcahui (obs_5) and Cerro Verde (obs_7) in the south-eastern onshore zone of Peru. Moreover, the surface heat flow value computed in PW_7 (38.16 mW/m2) is consistent with the values observed by the same authors for the site of La Granja (obs_4). However, for a meaningful comparison of observed values with the theoretical curve, the distribution of the measurement sites from the cross-section trace must be considered. Indeed, distances of the sites from the cross-section range from 200 km to 900 km, implying large variations in geological and geodynamic settings. Moreover, we must also consider the uncertainty that affects the observed data, ranging from 10% to 20%, as pointed out by Uyeda et al. [19] and Henry and Pollack [17]. So, we can assume that at a regional scale, the trend of the computed values is consistent with the observed values, and the mismatch may be ascribed to the influence of local geological conditions and to the error in measurement. Computed isotherms describe a thermal dome below the Western Cordillera, between PW_4 and PW_6. In that area, the Moho tends to become deeper, and the basement is thicker than in the surrounding areas. So, the computed thermal structure seems to be in contrast with the geological setting. Taking into consideration the constraints under which the structural model has been set up [3,8,27,28,29,30,31,32,34,35] and the relationship between the surface heat flow       Q   s       values observed [16,17,18] and the ones computed using the analytical procedure, we believe that the presence of the thermal dome may be linked to some density anomaly in the area. Indeed, in the analytical procedure, we consider the density of the basement as constant. In the area affected by the thermal dome, the basement is thickened, and, in this condition, it is likely that the mantle density at the deepest part is slightly higher than estimated. At this moment, we are not able to evaluate if this option is realistic and functional. We will additionally employ gravimetric techniques to conduct further validation and to thoroughly analyse the characteristics of the thermal dome.




6. Conclusions


The thermal model presented in this study aims to provide new insights into the tectonics of the Peruvian Andean Cordillera, which is strongly influenced by the presence of the subducting Nazca Ridge. Starting from a detailed crustal model and applying an analytical procedure that accounts for specific geological and geophysical parameters, we were able to thoroughly reconstruct the thermal structure of the upper plate above the Nazca Ridge subduction zone. Our results reveal that the surface heat flow       Q   s       and the shape of isotherms are mainly influenced by (i) the presence of the megathrust and (ii) the thickness of the basement. In fact, the lithosphere closest to the trench, where subduction begins, has lower surface heat flux       Q   s       values (from 25.57 to 39.14 mW/m2), while moving eastward, the surface heat flux       Q   s       values tend to be higher and almost constant. The highest surface heat flux       Q   s       values were observed in the areas where the basement has the greatest thickness. Furthermore, the computed surface heat flux       Q   s       values resulting from this model are consistent with the values observed by Uyeda et al. [16] and Henry and Pollack [17], taking into account the error percentage associated with the measured values and, especially, the areal distribution of measurement points, which involve an extremely heterogeneous area from a geological and geodynamical perspective. The distribution of isotherms indicates the presence of a thermal dome below the western part of the Cordillera, where ideally the isotherms should follow the trend of the Moho. The nature of this dome will be further investigated using gravimetric modelling techniques.
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Figure 1. Localization of the study area (white box). The map shows the surface heat flow measurement sites described in Table 1. 
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Figure 2. Geological map of the study area based on 100 k geological maps sourced from the INGEMMET (Instituto Geológico, Minero y Metalúrgico) database. 
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Figure 3. Mw ≥ 6 earthquakes and their relative focal mechanism considered in the study. From the USGS [33] and Global CMT catalogues [37]. 
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Figure 4. Lithospheric model across the study area with the location of the 11 pseudo-wells. Moho and slab geometry are based on available geophysical information [3,8,27,28,29,30,31,32]. Focal mechanisms are referred to the earthquakes shown in Figure 3 projected in the cross section. 
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Figure 5. Sketch of the layers used in the analytical procedure (the parameters are listed in Table 2). 
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Figure 6. Computed geotherms related to the 11 pseudo-wells shown in Figure 4. 
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Figure 7. The heat flow Qs values (red dots) are interpolated by a 6-degree polynomial (solid red line) to identify the trend along the cross-section. A graphic comparison with the observed data (black dots), and their relative errors (black bars), is realized by considering the maximum and minimum variation values of some parameters (radiogenic heat production, heat flow, and the slab dip) in the computation of the heat flow (dashed red lines). The isotherms are represented in the section with a step of 50 °C (dashed and solid black lines). 
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Table 1. Surface Heat Flow Sites in Peru from Uyeda et al. [16] and Henry and Pollack [17].
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	Acronym
	Site Name
	S Lat
	W Long
	Observed Qs (mW/m2)
	





	obs_Raura
	Raura
	10°29′
	76°45′
	30 ± 6.0
	[16]



	obs_D
	Condestable
	12°41′
	76°36′
	35 ± 3.5
	[17]



	obs_4
	La Granja
	6°35′
	79°07′
	39 ± 7.8
	[17]



	obs_5
	Marcahui
	15°31′
	73°45′
	44 ± 8.8
	[17]



	obs_6
	Tintaya
	14°54′
	71°21′
	32 ± 4.8
	[17]



	obs_7
	Cerro Verde
	16°33′
	71°34′
	44 ± 4.4
	[17]



	obs_13
	Yurimaguas
	5°49′
	76°08′
	55 ±11.0
	[17]
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