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Abstract 
The central Red Sea rift is considered to be an embryonic ocean. It is characterised by high heat flow, with more than 90 per cent of the heat flow measurements exceeding the world mean and high values extending to the coasts – providing good prospects for geothermal energy resources. In this study, we aim to map the depth to the Curie isotherm (580 °C) in the central Red Sea based on magnetic data. A modified spectral analysis technique,  the “de-fractal spectral depth method” is developed and used to estimate the top and bottom boundaries of the magnetised layer.  We use a mathematical relationship between the observed power spectrum due to fractal magnetisation and an equivalent random magnetisation power spectrum. The de-fractal approach removes the effect of fractal magnetisation from the observed power spectrum and estimates the parameters of depth to top and depth to bottom of the magnetised layer using iterative forward modelling of the power spectrum. We applied the de-fractal approach to 12 windows of magnetic data along a profile across the central Red Sea from onshore Sudan to onshore Saudi Arabia. The results indicate variable magnetic bottom depths ranging from 8.4 km in the rift axis to about 18.9 km in the marginal areas. Comparison of these depths with published Moho depths, based on seismic refraction constrained 3D inversion of gravity data, showed that the magnetic bottom in the rift area corresponds closely to the Moho, whereas in the margins it is considerably shallower than the Moho. Forward modelling of heat flow data suggests that depth to the Curie isotherm in the centre of the rift is also close to the Moho depth.  Thus Curie isotherm depths estimated from magnetic data may well be imaging the depth to the Curie temperature along the whole profile.  Geotherms constrained by the interpreted Curie isotherm depths have subsequently been calculated at three points across the rift – indicating the variation in the likely temperature profile with depth.  
Introduction

The Red Sea represents an early stage in the break-up of a continental plate and the development of two divergent sub-plates. The crustal heat flow within the Red Sea is high with more than 90% of the measured values exceeding the world mean. The high heat flow values are not restricted to the axis of the Red Sea, but extend to the coasts where they are nearly twice the world mean (Girdler and Evans, 1977). Understanding the thermal structure of the embryonic continental margins and its local variations is an important factor in understanding the early stage of plate separation and identifying natural earth resources for the countries bordering the Red Sea. This requires building constrained thermal models of the lithosphere. The constraints range from heat production and thermal conductivity at different levels, knowledge of seismic velocities at different depths, thickness of the crust and the lithosphere, estimates of basal heat flow into the lithosphere (Hemant and Mitchell, 2009; Ravat et al., 2011). 
Spectral analysis of magnetic data can also help to constrain the temperature within the crust based on identifying and mapping the depth of the Curie isotherm. With increasing depth below the Earth’s surface the temperature increases by approximately 30 °C per km. Above the Curie temperature, magnetic minerals lose their ferromagnetism. Magnetite being the one of the strongest and the most common magnetic minerals in the Earth’s crust, the Curie temperature of magnetite, Tc=580 °C, is commonly used to represent the Curie temperature of crustal rocks (e.g. Ross et al., 2006). .  This means that deeper layers at greater temperatures are essentially non-magnetic. This Curie isotherm interface can be detected through a number of spectral magnetic methods (Bhattacharyya and Leu, 1997; Maus et al., 1997; Bouligand et al., 2009). The depth of the Curie isotherm is controlled by the variability of the geothermal heat flow from the mantle as well as from radioactive decay of minerals within the crust.  If one can map out the regional variation in the depth to the Curie isotherm then this provides an important constraint on temperatures within the Earth’s crust and on maturation within sedimentary basins. 

In this paper, we attempt to study the crustal thermal structure of the central Red Sea by determining the depth to the “magnetic bottom”; i.e. the base of the magnetised layer within the crust. We use the term “magnetic bottom” rather than the commonly used term “Curie isotherm depth”, since the Moho or other crustal boundary can represent the bottom of the magnetic layer for petrological reasons (e.g. Wasilewski et al., 1979; Rajaram et al., 2009; Ravat et al., 2011). We estimate magnetic bottom using a new “De-fractal” spectral analysis approach applied to magnetic data. This approach assumes that the observed power spectrum is equivalent to the random magnetisation model multiplied by the effect of fractal magnetisation. This De-fractal approach then removes the effect of fractal magnetisation from the power spectrum and estimates the parameters of depth to top and depth to bottom of the magnetic layer using iterative forward modelling of the power spectrum. 
Spectral analysis 

In the last four decades, variations on several methods have been proposed and applied for estimating the depth to the bottom (zb) of magnetic sources using azimuthally averaged Fourier spectra of magnetic anomalies (e.g., Spector and Grant, 1970; Bhattacharyya and Leu, 1975; Okubo et al., 1985; Fedi et al., 1997; Maus et al., 1997; Tanaka et al., 1999; Ross et al., 2006; Ravat et al., 2007; Bouligand et al., 2009; Rajaram et al., 2009; Ravat et al., 2011). The mathematical formulae of these methods are based on assumptions of flat layers with particular models of magnetisation, namely: 1) random (uncorrelated) magnetisation models or 2) self-similar (fractal) magnetisation models. 
1) Random magnetisation models

Two types of method have been commonly used in the spectral estimation of zb (depth to bottom of the magnetic layer) assuming random magnetisation models: (a) the spectral peak method originally described in a landmark paper by Spector and Grant (1970) and used by Shuey et al. (1977), Connard et al. (1983), Blakely (1988) and Salem et al. (2000) among others and (b) the centroid method originally presented by Bhattacharyya and Leu (1977), Okubo et al. (1985), and Tanaka et al. (1999).  Both methods need a priori – generally independent - estimation of the depth to the top (zt) of the magnetised layer, although a development by Ross et al. (2006) and Ravat et al. (2007) proposed methods to estimate depths to the top and the bottom of the magnetic layer simultaneously in cases where spectral peaks are observed. Theoretically, the power-density spectrum of the observed magnetic field is given by Blakely (1995) as 
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 is the power-density spectrum of magnetisation, 
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 is a function that depends on the vector directions of magnetisation and ambient field (Blakely, 1995), zt and zb are, respectively, the depth to the top and the depth to the bottom of the magnetised layer, kx and ky are wavenumbers in the x and y directions respectively and
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is the radial wavenumber.  For estimating the depth to the top of a magnetic layer, Spector and Grant (1970) showed that the slope of the logarithm of the azimuthally averaged Fourier power spectrum of magnetic anomalies from an ensemble of simple sources, at mid to high wavenumbers, is related to the depth to the top of the ensemble:



[image: image5.wmf](

)

[

]

t

kz

B

k

2

log

1

-

=

F

,                                                                                   (3)

where B1 is a constant.  According to Blakely (1995), if the magnetic data set is large enough such that the low-frequency anomalies caused by the bottom of the source are included in the anomaly map (Connard et al., 1983), a peak should be evident in the spectrum, whose central wavenumber relates to the depth of the bottom of the sources (Spector and Grant, 1970).  The observed spectral peak position (kpeak) is a function of zt and zb and is given by the following equation (Connard et al., 1983; Blakely, 1995)
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Bhattacharyya and Leu (1977) presented a method for determination of the depth to the centroid of a rectangular parallelepiped with uniform magnetisation, which they had used earlier in their study of Curie isotherm depths of the Yellowstone Caldera (Bhattacharyya and Leu, 1975).  Okubo et al. (1985) expanded their method to ensembles of sources with random magnetisation. In this method, the estimate of the depth to the centroid (zc) is obtained from the logarithm of an azimuthally averaged wavenumber-scaled Fourier amplitude spectrum in the low wavenumber region such that 



[image: image7.wmf](

)

[

]

c

kz

B

k

k

-

=

F

2

2

/

1

/

log

,                                                                                (5)

where B2 is a constant.  Once the centroid depth is obtained from (5) and the estimate of the depth to the top of the source is obtained from (3), the depth to the bottom of the magnetic layer can  simply be calculated as
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The above two methods assume a layer of random magnetisation. In some cases, these methods may lead to incorrect determinations of the Curie isotherm depth/magnetic bottom if the layer has non-random or fractal magnetisation  (Fedi et al., 1997; Maus et al., 1997; Bouligand et al., 2009). 

2) Fractal magnetisation models

The idea of using models with fractal magnetisation distribution comes from  the concept of self-similarity (Kolmogorov, 1941; Mandelbrot, 1983), which is consistent with susceptibility logs (Maus and Dimri, 1995; Pilkington and Todoeschuck, 1993), susceptibility surveys (Pilkington and Todoeschuck, 1995) and magnetic maps (Maus and Dimri, 1994; Maus and Dimri, 1995; Pilkington and Todoeschuck, 1993). Based on this concept, Maus et al. (1997) derived a spectral density model for the anomaly of the total intensity of the magnetic field.  The model accounts for the self-similarity as well as the limited depth extent of the crustal magnetisation. The theoretical power spectrum due to a slab of self-similar magnetisation distribution is given by Maus et al. (1997) as
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where θ is the angle from kx, B3 is a constant related to magnetisation, t is the thickness of the slab, w is the wavenumber in the z direction, β is fractal index describing the degree of self-similarity of the magnetisation. For example, β=1 is very close to the random magnetisation model assumed by Spector and Grant (1970) as shown in Bouligand et al. (2009). Higher β values represent increasingly correlated magnetisation variation. An increase in the fractal index β of magnetisation increases the slopes of the power spectrum and generally zt and zb will be overestimated if we use a lower fractal index. 
Bouligand et al. (2009) derived an analytical solution for the integral derived in equation (7) which involves three parameters: the depth to the top of the magnetic layer, zt, the layer thickness, t, and the fractal magnetisation parameter, β. The analytical solution allowed faster computations that made possible the application of the method to a large grid of magnetic data in a moving window manner (Ravat et al., 2011). However, the fractal parameter and the depth to the top to the magnetic layer are interdependent and strongly correlated (Bouligand et al., 2009). Ravat et al. (2011) found the automatic non-linear parameter estimation approach less reliable because the shape of the misfit residual is open-ended toward greater thicknesses and there is a range of reasonable solutions that lead to similar residual misfits to the observed spectrum. Even though the minimum norm criterion may lead to a single solution within realistic bounds, it does not mean that this solution is unique and is the correct one. We advocate visual inspection and user selection (Ravat et al., 2011) rather than the use of automatic methods to determine the solution, for several reasons: 
· the misfit norm, and therefore the minimum misfit, is dependent on the choice of the wavenumber range over which the misfit is computed;

· there are a number of misfit norms (L1, L2, C-norm, etc.), and the minimum misfit for each of them results in different solved parameters (in this case, different zt, t and ); 
· it is not clear at this point that any one of the norms is superior to the others for this problem;

· the user can take account of reasonableness of solutions as well as irregularities with the data and the spectrum in making their selection.  

Here we develop an alternative approach, which we call the “de-fractal” method or “de-fractal spectral depth determination” method, that can overcome the ambiguity in the selection of the fractal parameter, and in doing so can provide zb estimates that are more reasonable than those estimated using conventional methods.
The De-fractal Spectral Depth Determination method

The de-fractal method is based on the assumption that the observed power spectrum is adequately represented by a simplification of the fractal magnetisation power  spectrum where the magnetisation in x and y directions is fractal and it is constant with z direction. In this case, the observed power spectrum is equivalent to the result of power spectral density of the random magnetisation model multiplied by by 
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where 
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 is the power spectrum due to the random magnetisation model, k is the radial wavenumber, and α is the fractal index α = β – 1 (Maus and Dimri, 1994), where β is fractal parameter of magnetisation. If we can determine the  value of α, we can “de-fractal” the observed power spectrum and extract a power spectrum equivalent to the one with random magnetisation as follows 
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 Having removed the fractal effect, we can treat the resulting de-fractal power spectrum as though it were the power spectrum of a random magnetisation model –. The present approach can be considered as a correction of the power spectrum of the field for the fractal distribution of magnetisation. The concept of correcting the power spectrum is not new. Fedi et al. (1997) have used a similar approach and estimated depth to the top to the magnetic layer from a corrected power spectrum.  Bansal et al. (2011) corrected the power spectrum to modify the scaled power spectrum and modified the centroid method for fractal distribution. 

The present approach utilises all previous techniques and integrates the spectral peak and centroid methods in an interactive forward modelling approach. We de-fractal the power spectrum by a range of α parameters and examine them for under- or over-correction of the spectra. The viable values of  are those where the expected peak is present in the de-fractal power spectrum. We choose the correct  based on visual inspection of the fit between the de-fractal power spectrum and the modelled power spectrum. For sufficiently large windows, random magnetisation would result in a peak in the observed field spectrum (the width of the window would generally need to be around six times the depth to the bottom of the magnetic layer); therefore if the peak is not seen in the observed spectrum, it could be due to the fractal nature of magnetisation. 

Figure 1 shows a flowchart of the de-fractal approach for estimating zb. We first start with a tentative low value of α and then we perform the de-fractal transformation on the observed power spectrum. We then apply the fractal centroid method and estimate zt based on fitting the linear segment in the mid to high wavenumber range of the power spectrum and estimate the centroid depth by fitting the linear segment in the low wavenumber range of the scaled power spectrum. 
Figure 2 shows an example of the magnetic field due to a fractally magnetised layer with zt = 10 km, zb = 20 km, and α=3 ( = 4). To calculate the synthetic magnetic data for a fractal magnetisation model, we follow the approach of Pilkington (1994) by generating magnetisation with Gaussian random noise and then multiplying its Fourier transform by 
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.  Figure 3 shows the radially averaged power spectrum of the calculated magnetic data. 

To demonstrate the method, we applied the de-fractal approach using different α values starting from 1. We estimate zt and zb using equations (3), (5), and (6) for each de-fractal power spectrum (Table 1). The application of the method does not involve a priori knowledge of the fractal magnetisation parameter, α. We also use 1/k de-fractaled spectra to determine the centroid depth from the de-fractal centroid method, since both peak modelling and the centroid methods are consistent with each other. The match between the modelled power spectrum and the de-fractal spectrum (Figure 4c) improves gradually until a good fit is obtained using the fractal value of α=3. The goodness of fit is assessed visually taking into account the main features along the whole power spectrum with particular focus on the longest wavelengths and ignoring local excursions in the power spectrum.  To ensure that other possible solutions corresponding to higher values of fractal exponent are not missed, we used a higher fractal value of α=4 and determined zt and zb from the de-fractal centroid method as before. A mismatch was found between the modelled power spectrum and the de-fractal spectrum (Figure 4d). This indicates that the cross-checking between both the peak modelling and the centroid methods guards against erroneous results.

The result of this model example (Table 1) is accurate to within 10% of the actual depth values – as assessed by manual fitting of power spectra from a number of different models. Experience has shown that in practice, the error can be large, but is not biased to give either consistently deeper or shallower results (i.e. the error is effectively random). Thus we consider this model example to be adequately representative of the true underlying function of the method in the vast majority of practical situations. However, scenarios exist that will cause the method to fail.  Where the cumulative effects of errors in the data or real-world deviations from the model assumptions exceed the signal from the geological variations in the depth to Curie isotherm, we can say that the model has failed, otherwise we say that the data are within the operating requirements of the de-fractal method. Where the following (most commonly encountered) issues have a great influence in the input data set, we can generally infer that the model will fail:

· Poor quality surveys integrated into a compilation grid

· Inconsistencies when multi-survey compilations are stitched together

· Different processing applied to the compiled grid

· Holes in the input data sets

· Window size inadequate for vertical resolution of zb; generally a window of at least six times the depth is desirable.  

· Regions which differ from our model assumptions (e.g.: two layers, non-random magnetisation, significantly higher magnetisation top layer overlying normal magnetisation, etc.)
Depth to magnetic bottom in the Central Red Sea 
We have estimated the depth of “magnetic bottom” along a SW-NE profile crossing the central Red Sea at 22°N, 38°E. The total magnetic intensity data set shown in Figure 5 has been compiled from three data sources: 
· On the Sudan side of the Red Sea, the data were derived from a V/O Technoexport survey acquired in 1971 for the Sudan Ministry of Industry and Mining with flight line spacing 2 km, line direction N090 and a flying height of 300 m. 
· Over the Red Sea, the data are from a survey acquired in 1976 for the Red Sea Saudi-Sudanese Commission (RSC) with flight line spacing 10 km, line direction N060 and a flying height of 305 m. 
· On the Saudi Arabia side of the Red Sea, the data form part of a major Arabian Shield survey flown in part by Hunting in 1965-1966 with flight line spacing 500-800 m and line direction N030 at 150 m elevation.
The Sudan and Red Sea surveys formed part of Getech’s African Magnetic Mapping project (AMMP) (Getech, 1992; Green et al., 1992) and the Saudi surveys are from Mogren (2004). The data are available as a grid with 1 km cell size and are presented at a height of 1 km above land or sea surface – based on upward continuation as appropriate. In our application, 12 overlapping sub-windows were extracted from the magnetic grid of the central Red Sea area for estimating depth to the top and bottom of the magnetic layer using the de-fractal approach. To select the optimum window size for spectral analysis from each window, we reviewed previous studies by several authors (Blakely, 1995; Maus et al., 1997; Ravat et al., 2007).  Blakely (1995) showed that the grid dimension should be five times zb.  Ravat et al., (2007) suggested based on practical experience that the grid dimension should be no less than 200-300 km for an average Moho or Curie isotherm depth of roughly 30 km and preferably 10 times the depth to the bottom.  Maus et al. (1997)  recommended that the grid dimension should not be less than 1,000 km.  In the Red Sea region, it is expected that the depth of magnetic bottom is shallow due to either shallow depth of Moho and/or shallow depth of Curie temperature. Therefore, we used a small window size of 100 km by 100 km with an overlap of 50 km. Although the maximum estimate of the depth to bottom will be limited using this window size, the spatial resolution achieved in mapping the depth to bottom will be enhanced.

For each window, a first order trend was removed from the data and a power spectrum was then calculated using the fast Fourier transform (FFT). We applied the de-fractal method as shown in Figure 1 to each power spectrum using different α values and estimated associated values of depth to top and depth to bottom of the magnetic layer. Selection of the wavenumber range is important for calculating the depth to top and depth to bottom of the magnetic layer from the power spectrum. The selection always requires careful judgement and it is valuable to have some independent information to constrain the results. Concerning the depths to the top of magnetic layer, Tanaka et al. (1999) suggest computing zt from the high-wavenumber part of the spectrum. Calculating the depth to the top of magnetic layer from the higher wavenumber portion may be appropriate for identifying the depth to the shallowest magnetic material, if one is mapping a single  layer representing the bulk of the magnetisation. Thus, in our approach, we used the linear segment in the mid-high wavenumber range to estimate the depth to the top of the magnetic layer; this was generally the first major linear segment in the power spectrum in the mid- to high wavenumber end. This is mathematically sensible as equation (1) assumes a single layer. In practice, shallow layers with minor magnetisation can be ignored as they do not impact the overall crustal magnetisation picture, but more complex magnetisation distributions including more than one major magnetised layer do not fit the model and will not generate reliable results. We used the wavenumber range corresponding to >20 km wavelength to estimate the centroid depth and different α values starting from zero.  

Table 2 lists the estimated results for fractal index α, depth to the top and depth to bottom of the magnetic layer. We did not find a clear spectral peak in most of the original power spectra except window 11. Spectral peaks in the power spectrum are only found for random magnetisation distribution and in some cases when the magnetisation distribution is associated with low values of fractal index. Figures 6 to 8 show example of the power spectra onshore Sudan, central Red Sea, and onshore Saudi Arabia. We observed that the peak in the power spectrum is not well constrained in some spectra, especially on the onshore Sudan side. This may be attributed to deviation of the magnetization distribution from our assumed model or due to magnetic data of less quality in the Sudan side.
For window 11 onshore Saudi Arabia, we estimated the depth to the top and depth to bottom from the original power spectrum without any de-fractal process. A good match was obtained between a curve of the estimated parameters and the original power spectrum. This indicates that the magnetisation distribution in this location can be treated as a random distribution. Observing this peak also implies that the true bottom is sensed by the 100 km window.  For the other spectra, we found the optimum α values are generally small and between (α=0.3) and (α=1.7). Bouligand et al. (2009) reviewed the fractal parameters derived from aeromagnetic studies in continental domains and found a large range of values obtained from computational windows with dimensions from 50 km to 4000 km. Their tabulation of various studies suggests a value of β=4 as representative of the fractal parameter for deep crustal magnetisation in continental domains. 
Spectra in onshore areas in both the African and Arabian sides require small α values, while spectra in the Red Sea rift require higher values. This result is not surprising as one should expect the magnetic pattern of the rocks in the onshore area to be completely different from that in the offshore. The estimate of the depth to top is relatively flat across the whole profile, although the aeromagnetic data suggest an abrupt change with deeper magnetic sources within the rift (windows 4-8), which is reasonable due to the differences in the nature of the continental and oceanic magnetisation. However, a 100 km window may lead to excessive smoothing for the depth to the top of magnetic layer especially if it is shallow as in this study. To better determine the local depth we have computed the depth to the top of magnetic layer using the Tilt-depth method (Salem et al., 2007) for each data window. Tilt-depth is a simple method to estimate depth to the top of magnetic sources from derivatives of the magnetic field. Figure 9 shows differences in the depths derived from the spectral and Tilt-depth methods. In the offshore area, the results are close to each other, but in the onshore areas results of the spectral analysis are deeper indicating that there are shallow magnetic sources which do not necessarily impact the depth range of the major crustal magnetic layer. Despite this, lower spatial resolution (i.e., longer wavelengths) of the Red Sea portion of the magnetic  anomaly data could cause deepening of the depths to the top of the magnetic layer derived in this study (i.e., windows 4 to 8).   

Figure 10 shows the estimate of the depth to Curie isotherm (depth to bottom) for this study and the depth to the Moho from 3D inversion of gravity data calculated by Salem et al. (2013). This study shows that the estimate of the depth to magnetic bottom is always shallower than the depth to the Moho except possibly close to the rift axis where these two surfaces coincide. An interesting result is that the depth of the Curie temperature becomes significantly shallower than the Moho with distance from the spreading axis of the Red Sea. The depth of the Curie temperature stays at about 15 to 20 km whilst the Moho steadily increases to 30 km and slightly greater at the coast lines. This relationship suggests that the magnetic bottom represents the depth to Curie isotherm in the continents and margins, but in the rift it is less conclusive and the depth to bottom may just mark a petrologic boundary – the Moho. Depth to Curie temperature was estimated in the western margin of the Red Sea in Egypt by Ravat et al. (2011) using the centroid method which makes slightly different assumptions regarding the spectra and are affected differently by the presence of low wavenumber noise in the averaged spectra. They found both shallow and deep magnetic bottom depths in a more northerly segment of the Red Sea, where the deep estimates are significantly deeper than the Moho suggesting that oceanic uppermost mantle may be serpentinised to a depth of 15–30 km in those locations. However, our results indicate that in the rift area in the central Red Sea segment we have analysed, the Curie temperature and the Moho are at the same level.  
Curie isotherm depth estimation from heat flow data 

The depths to Curie isotherm from the analysis of magnetic data can be compared with values estimated from an alternative approach using surface heat flow observations combined with a careful analysis of local rock properties – especially thermal conductivity and radiogenic heat production. This approach has been demonstrated by Hemant and Mitchell (2009) who calculated the depth of the Curie isotherm within the Tibetan plateau and Himalayan mountains using surface heat flow data and gross thermal properties of the region.  Here we use similar methodology to calculate Curie isotherm (assumed to be 580 °C) depths within the Red Sea region and adjoining continental regions of Arabia and Africa based on heat flow measurements.  

The Curie temperature in the subsurface is influenced by the thermal conductivity and radiogenic heat production of the rocks through the lithosphere.  The heat conduction equation (Fowler, 2005) describes the rate of change of temperature, T, with time, t, at any point as 
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where A is the radiogenic heat production, k is the thermal conductivity, ρ is the density and Cp is the specific heat capacity of the material.  In steady state conditions, ∂T/∂t=0 (equilibrium geotherm) the equation simplifies to: 
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or, in the 1D vertical approximation, to
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A local 1D Earth model can be built based on a series of horizontal layers each with typical values of A and k.  The temperature-depth profile through such a model is obtained by applying boundary conditions for temperature and heat flow at the surface and ensuring continuity of temperature and heat flow at all the subsequent intermediate surfaces.  The resulting equations can then be employed to compute the temperature variation with depth below each measurement point and hence estimate the depth to the Curie isotherm. 

In this study, a three layer model was used.  Bulk thermal properties were estimated for each geological unit based on random distribution of typical rock types in the area (Roy et al., 1981) and the observed thermal properties of different rocks and minerals (e.g. Clauser and Huenges, 1995).  The thermal conductivities and the radiogenic heat production values for layer 1 are based on the surface geology of the region (CCGM, 2000).  In areas of sedimentary outcrop, this surface geology is the sediment layer whose thickness is defined by the sediment thickness map of Bassin et al. (2000).  Within the continental region, layer 2 is the basement geology which is represented by the major geological units obscured beneath the sediments, although in this area the sub-sedimentary basement is not well mapped and a constant value is used.  In the oceans layer 2 is basalt (White et al., 1992).  The third layer within the continents is mainly granulites and granodiorites while within the ocean it is gabbro.  The thermal properties of all these layers are shown in Table 3.  The thicknesses of layer 2 and layer 3 are taken from the thickness model of upper and lower crust (Nataf and Richard, 1996) respectively.  

In an area with a good distribution of reliable heat flow measurements, it is possible to use this approach to build a map of depth to Curie isotherm which can be compared against the Curie isotherm depth mapped from magnetic data.  In this area, the available heat flow data set is limited, which limits our ability to map the Curie isotherm depth using this technique; however a small number of individual data points can be used as an indicative comparison of the techniques. We used heat flow observations from the International Heat Flow Commission (available to download from http://www.heatflow.und.edu) which includes various data compilations,  including the compilation of Pollack (1992). 
The locations of the surface heat flow observations are shown in Figure 11.  Most of these observations are located along the central regions of the Red Sea while only a few are in the continental regions. Based on the 1D model and the thermal properties identified above, Curie isotherm depths could be calculated at each point.  However, inspection of the actual heat flow values indicates that the data along the axis of the ridge (where most of the points are located) are highly variable; for example the small cluster of points around 38.1 °E, 21.4 °N has recorded heat flow values from 29 mW.m-2 to 3300 mW.m-2.  Information about the measurements, the errors and the sampling strategy are not available, so it is difficult to assess these data.  It is well known that active magmatic processes occurring at mid-ocean ridges will generate variable and locally extreme heat flow values. Thus, the apparent variability in heat flow may be real, but the heat flow in such situations will probably not be indicative of heat transport by conduction at a regional crustal scale, indeed it may indicate that the heat flow is not steady-state. It is clear, therefore, that heat flow values along the central axis of the Red Sea can only provide a general indication of the temperature with depth.  The median value of 160 mW.m-2 was chosen to represent the heat flow in the centre of the Red Sea.  

Onshore Sudan, close to the coast, there is a cluster of three points (Figure 11) with heat flow values of 100 mW.m-2, 100 mW.m-2 and 89 mW.m-2, which are reasonably close to the magnetic profile.  As the scatter is small, these data are considered reliable and an average value of 96 mW.m-2 is used to represent this area.  

In Saudi Arabia there is only one onshore point anywhere near to the profile.  This point (Figure 11) has a heat flow value of 50 mW.m-2, but it is considered to be of limited value, because it is a single isolated point with no corroboration and is far away from the magnetic profile. The results from analysing these few heat flow observations are shown in Table 4.  If we make the assumption that the structure is mainly 2D in the area, we can indicate which magnetic window we expect to be represented by each value.  Table 4 also includes the depths to magnetic bottom – adjusted for sea depth for the marine point.  The Curie isotherm depths calculated from heat flow data show a certain degree of correlation to the depths to magnetic bottom presented in Table 2 and Figure 10.  The depth in Africa of 15.4 km is quite close to the 16.9 km estimated from magnetic data; the Arabian depth estimate of 38.7 km is much deeper than the 17.6 km from magnetic data, whereas the Red Sea depth of 6.7 km is very close to the magnetic bottom estimates.  Despite the complexities of the heat flow data themselves, these results provide an indication that the two depth estimation methods are broadly correlated and are probably mapping the same boundary.  

Calculation of temperature-depth constrained geotherms

Mapping the depth to Curie isotherm using magnetic data only determines the temperature at one depth, but it is useful (for basin analysis, for example) to know the temperature at a range of depths.  Particularly it is useful to know the depths at which critical temperatures for hydrocarbon maturity (generally in the range 60-180°C) will occur in the crust.  Predicting these temperatures (which are lower than the Curie temperature) requires interpolation of the geotherm (the relationship between temperature and depth) between the Curie isotherm depth and the surface; this in turn requires some estimates of thermal properties.  

Linear interpolation between the Curie temperature and the surface would reflect a situation where there is constant thermal conductivity and no radiogenic heat production; once radiogenic heat production is added, the geotherm becomes curved; the curvature is proportional to the ratio of the radiogenic heat production A to the thermal conductivity k. In this study, we use a recently developed method of calculating 1D equilibrium or steady-state geotherms which uses deep temperature-depth constraints of any kind (e.g., the depth to Curie isotherm for a particular magnetic mineralogy or seismically determined temperature constraints from the depth of the thermal lithosphere, or other seismic or elastic lithosphere temperature-depth constraints) (Ravat et al., 2013).  The formulation is based on a single layer of constant radiogenic heat production, A and constant thermal conductivity, k.  Together with the surface heat flow Q0 and the surface temperature T0, these parameters can be used (e.g. Fowler, 2005) to define a quadratic curve of temperature T with depth z:  
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In the forward modelling computations of the geotherm used in the previous section, the quantities A, k, Q0 and T0 are required to predict the temperature at depth.  Since geotherms are customarily anchored or constrained only at the surface, the addition of the temperature-depth constraint at a deeper level applies an additional constraint to the geotherm and allows us to interpolate temperatures with greater confidence.  Moreover, only two of the three parameters A, k and Q0 need to be known or estimated and the other can be calculated.  Thus, if Q0 is known from measurements and k can be estimated based on the crustal terrain (Robertson, 1988; Clauser and Huenges, 1995), then A and the geotherm can be calculated.  However, given Q0, not all values of k will result in a valid (non-negative) value for A, so some iteration is required to yield credible values for both k and A (Clauser, 2011), but as a result we can also know the upper and lower bounds on both k and A.  An additional guide to tuning these parameters in the continental regions is that the heat flow from the mantle should be in a reasonable range (~20-35 mW.m-2), depending on the tectonothermal age of the region. 

We calculated these temperature-depth constrained geotherms in three places along our profile, to compare with the forward heat flow calculations in Table 4 - one in the centre of the Red Sea and two on the two margins of the continental areas on the either side of the rift in Sudan and Saudi Arabia. The thermal conductivity and heat flow values used to fit the geotherms to the magnetic derived Curie isotherm depths are given in Table 5 and the resulting geotherms and heat flow values are plotted in Figures 12a and 12b.  Geotherms from onshore Sudan and Saudi Arabia indicate the potential for geothermal energy - temperatures greater than 100oC being reached at depths of around 2 km. Higher temperatures at shallow depths also provide scope for shallow hydrocarbon generation. According to Staplin (1977), the temperature ranges for hydrocarbon generation in the northern Red Sea are from 65oC to 145oC for oil and up to 165oC for gas. These temperature ranges can be found at shallow depths in the central Red Sea area. 
The radiogenic heat production rate derived for the central Red Sea (Table 5) is small and results in a nearly linear geotherm in the depth range of interest (sea bottom to the Curie isotherm). It is possible that all of the heat does not reach the surface by conduction in this tectonic scenario, but the importance of deriving the depth to the Curie isotherm from magnetic data is that it gives a temperature estimate at depth even in non-steady state situations.  And the linear geotherm in these situations would yield the most conservative temperature estimates. 
DISCUSSION AND CONCLUSION 

We have derived depths to magnetic bottom along a profile across the central Red Sea using the de-fractal spectral analysis method. This method applies a transformation to the observed magnetic field based on an estimated fractal index, such that the power spectrum resembles the power spectrum that would be generated by a random magnetisation distribution. From this transformed power spectrum, the depth to the top and bottom of the magnetic layer can be estimated – the latter being the Curie isotherm depth. The advantages of the present method with respect to the method of Bansal et al. (2011) are that the range of feasible de-fractal parameters can be estimated and the depth to the bottom of magnetic sources is obtained based on simultaneously estimating depth values from the centroid method and visual inspection of the forward modelling of the spectral peak. The centroid-method, used by itself, suffers from erroneous estimates in the presence of low wavenumber noise in the spectra.
The method has been applied to a profile of 12 100 km x 100 km windows of magnetic data in and around the central Red Sea and the 12 magnetic bottom depths show a clear  pattern, consistent with the geologic evolution of the region, varying from 8.4 km in the rift area to about 19 km in the onshore areas. The method makes assumptions about the fractal nature of the magnetisation distribution within the crust; these assumptions are more realistic than assuming random magnetisation, but the fractal index becomes an additional parameter which needs to be estimated.  It is clear, however, from inspection of the power spectra of the magnetic data (Figures 6, 7 and 8) that the data themselves are in many cases diagnostic of the appropriate fractal index for the location. Even though this process is manual and will not give exactly repeatable results, the systematic variation of the interpreted fractal index, together with the generally consistent nature of the resulting magnetic bottom depths suggests that the de-fractal method is reasonably robust. 
It should be noted that estimation of depth to magnetic sources using spectral analysis is affected by the data resolution. Our analysis was performed on a grid with different flight spacing and height. Given the fact that the flight height above bathymetry is much smaller than the flight line spacing, there are probably anomalies with wavelength smaller than 10 km that may be under‐sampled by the survey and aliasing may occur. The change of resolution between offshore and onshore (flight line spacing of 2 km West of the Red Sea, 10 km above the Red Sea, and 500‐800 m East of the Red Sea) can be seen in the map of magnetic anomalies in Figure 5, although some of the change in dominant wavelength is due to changes in the depth of magnetic rocks. Such changes in spatial resolution may bias the results of the spectral method and may for instance explain why we obtained larger fractal index offshore in the Red Sea than onshore. The change of resolution could also explain why deeper top of magnetic sources are obtained using the Tilt-depth method in the offshore area.

Comparison of depths to Curie isotherm derived from magnetic and heat flow approaches are restricted by the limited availability and reliability of heat flow data in the region.  However, a few Curie isotherm depth estimates were made on the continents and in the Red Sea rift.  The depths to Curie temperature derived from heat flow data show a close correlation with the magnetic bottom depths in Africa.  In the central Red Sea rift the results are close, but the difficulty of identifying a representative heat flow value from the widely ranging heat flow observations, together with the problems of applying a heat flow conduction model in an area with strong convection systems means that no great weight can be assigned to this consistency.  The heat flow observation in Arabia is also problematic due to its distance from the profile, so the discrepancy with the magnetic depth is not unexpected.  Thus, it appears that our data and analysis suggest that the magnetic method is imaging the depths to Curie temperature in the Red Sea rift and on the African side of the rift the correlation between the two techniques is good and well supported. 
Given the local variability of the heat flow observations and the distance of some of them from the magnetic profile, the observed difference in the results of the two depth to Curie temperature estimates is not unexpected. Each of the methods clearly has its own assumptions: the magnetic method relies on estimating the fractal index and assumes a constant fractal distribution of magnetisation; the heat flow method needs good estimates of thermal properties of the crust at all levels as well as reliable heat flow data.  The combination of the two approaches in areas of better data should give good insights into the thermal structure of the Earth’s crust. A new method of estimating crustal geotherms can use depths to Curie temperature as a constraint.  This enables better calculation of temperatures through the crust above the Curie isotherm.  The combination of these techniques should give better controlled thermal inputs to sedimentary basin modelling and geothermal exploration.  
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Figure Captions

Figure 1: Flowchart of the de-fractal approach for estimating depth to magnetic bottom
Figure 2: Total magnetic intensity map for a fractal magnetisation (α =3) model with depth to the top and bottom of the magnetic layer of 10 km and 20 km respectively
Figure 3: Radially averaged power spectrum of the model magnetic data in Figure 2. 

Figure 4: Comparison of de-fractal power spectra of the power spectrum in figure 3 using different α values (1, 2, 3 and 4) and modelled curves produced using the best fit estimated parameters (Table 1).  

Figure 5: Compilation of aeromagnetic data over central Red Sea. Numbers indicate the centres of windows analysed for estimating depth to Curie isotherm 

Figure 6: Spectra of 100 km square windows from the onshore Red Sea on the African side.  Window numbers indicate locations of the centres of the windows on figure 5.  
Figure 7: Spectra of 100 km square windows from offshore Red Sea  Window numbers indicate locations of the centres of the windows on figure 5.  
Figure 8: Spectra of 100 km square windows from the onshore Red Sea on the Arabian side.  Window numbers indicate locations of the centres of the windows on figure 5.  
Figure 9: Depth to the top of the magnetic layer based on spectral analysis and depth to top of magnetic sources based on Tilt-depth method (Salem et al., 2007). Depths are below sea level.
Figure 10: Crustal thickness across the Red Sea: Depth to Moho based on 3D inversion of gravity data constrained using seismic refraction and receiver function results (Salem et al., 2013). Depths are below sea level.
Figure 11: Locations of heat flow stations (colour circles) are plotted on top of GEBCO bathymetry.  Black dots represent the locations of the magnetic spectral analyses.  Inverted triangles are the heat flow values (data points or averages) from which Curie depths have been estimated.  

Figure 12: (a) 1D, 1-layer geotherms for onshore Sudan, Central Rift, and onshore Saudi Arabia based on parameters in table 5.  (b) heat flow variation with depth for the same model.  Crustal values only are displayed.  
Table 1: Results of estimating depth to top and depth to bottom using different de-fractal values from the power spectrum of the theoretical magnetic data over fractal magnetisation model (α =3) with a depth to the top of 10 km and depth to bottom of 20 km.

	Fractal index (α)
	zt (km)
	zb (km)

	1

2

3

4
	11.7

10.6

9.7

8.4
	48.2

34.7

21.0

10.9


Table 2: Results of estimating depth to top and bottom of the magnetic layer in the central Red Sea. Depths are below sea level
	Window number
	Fractal index (α)
	zt (km)
	zb (km)

	1

2

3

4

5

6

7

8

9

10

11

12
	0.8

0.6

0.7

0.7

1.0

1.7

1.4

1.4

0.9

0.7

0.0

0.3
	1.5

1.6

1.0

2.5

2.8

2.9

2.8

3.1

0.9

1.3

1.2

1.3
	16.4

18.9

16.2

16.8

10.3

8.4

9.3

14.5

17.8

17.1

11.8

13.9


Table 3: Thermal properties assigned for rocks in the Red Sea region – based on surface geology and deep crustal models
	
	Ocean
	Continent

	
	Rock
	K
	A
	Rock
	K
	A

	Layer 1
	Mapped Sedimentary Geology
	1.1-2.5 W.m-1.K-1
	1.2-2.4 µW.m-3
	Mapped Sedimentary Geology
	1.1-2.5 W.m-1.K-1
	1.2-2.4 µW.m-3

	Layer 2
	Basalt
	2.40 W.m-1.K-1
	0.55 µW.m-3
	Mapped Basement Geology
	2.73 W.m-1.K-1
	0.55 µW.m-3

	Layer 3
	Gabbro
	2.60 W.m-1.K-1
	0.55 µW.m-3
	Granulite & Granodiorite
	2.45 W.m-1.K-1
	0.55 µW.m-3


Table 4: Depth to Curie isotherm results from heat flow data analysis – depths are below land surface or sea bed
	Location



	Heat flow mW.m-2
	Thermal conductivity of surface layer W.m-1.K-1
	Heat production of surface layer µW.m-3
	Thickness of surfaces layer km
	Surface temperature °C
	Depth to Curie isotherm below surface km
	Mag depth below surface km

	Africa #3-#4
	96
	2.22
	1.54
	0.81
	27
	15.4
	16.9

	Red Sea #6
	160
	1.25
	1.25
	2.00
	22
	6.7
	6.4

	Arabia #10
	50
	2.45
	2.04
	2.00
	25
	38.7
	17.6


Table 5.  Parameters used for the geotherm modelling using the Curie temperature-depth (from magnetic analysis) as a constraint.  Depths are below land surface or sea bed
	Location /

Model Parameters
	Surface heat flow (qs, mW.Im-2)
	Thermal Conductivity

(k,  W·m−1·K−1)
	Surface Temp.

(T0, °C)
	Depth to Curie isotherm
(km)
	Curie Temp. (°C)
	Heat Production (A0, µW.m-3)

	Africa #3 and #4
	96
	2.10
	27
	16.9
	580
	3.2

	Red Sea #6
	160
	1.80
	22
	6.4
	580
	0.96

	Saudi Arabia #10
	50
	1.30
	25
	17.6
	580
	1.02
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