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ABSTRACT

Estimation of the geothermal gradient using the depth of the magnetic source base is widely used in diverse geological environments.
However, the determination of the base of the magnetic source does not necessarily represent the Curie Temperature depth, especially
in complex geological provinces, as is the case of Mexico. Geothermal gradient has been determined in numerous sites that can be
compared with the aeromagnetic data processing results. The occurrence of large differences has been documented. In this work, we
present the coincidences and inconsistencies of the method, and the parameters that affect the geothermal gradient estimation.

1. INTRODUCTION

The study of the thermal structure of the earth using direct temperature measurements is complex because obtaining thermal data
from wells is expensive and slow. For this reason, is common to use alternative temperature estimators at depth, such as silica
geothermometers or the Curie temperature depth (CTD). The CTD is calculated by spectral analysis of acromagnetic data, obtained
in an aircraft or satellite, using different methodologies to determine the bottom of the magnetic source. The depth to the bottom of
the magnetic source is assumed to be linked to the Curie temperature; therefore, this depth determines the conductive geothermal
gradient and heat flow may be estimated using that value (Okubo et al., 1985; Haggerty, 1978; Gasparini et al., 1979; Conrad et al.,
1983; Blakely, 1988; Campos-Enriquez et al., 1980; Wasilewski and Mayhew, 1992; Tsokas et al., 1998; Tanaka et al., 1999; Ross
et al., 2006; Espinosa-Cardefia and Campos-Enriquez, 2008; Bouligand et al., 2009; Li et al., 2010; Manea and Manea, 2011; Hsieg
et al., 2014; Rosales et al., 2014; Gao et al., 2015; Li et al., 2017; Martos et al., 2017; Martos et al., 2018).

Before the spectral analysis is performed, pre-processing of the aeromagnetic data considers the regional geology and window size,
these operations will add spurious effects in the results that will be carry over or sub estimations. These effects will result in a thermal
model that is not representative of the study area. In this work, we analyze results from published calculations of the depth to the
bottom of the magnetic source, and recalculate the data using a fractal model of the magnetization to identify the effect in the results
of the diverse processing techniques.

2. DATA AND METHODS

The data processing technique is critical for the results of the depth to the bottom of magnetic source (DBMS). For this reason, and
following the recommendation proposed by Ravat et al. (2007), before the spectral analysis is implemented, the following
recommendations must be considered:

e Analysis windows must have a side length up to 10 times the expected bottom depth; nevertheless, Salem et al. (2014)
considered a window side length up to 6 times the expected DBMS to reach the deepest magnetic layers.

e  Arbitrary filtering must be avoided to remove regional fields and compiling magnetic anomalies derived from International
Geomagnetic Reference Field (IGRF) with spherical harmonic of degree 13 or Comprehensive Models, because arbitrary
filtering affects the low wavenumbers.

e  Apply the Shuey et al. (1977) autocorrelation function and validate the calculated DBMS only in windows where the
autocorrelation function presents circularity, that is, with no strong data trends.

e Repeat calculations with different window size, starting with large windows and reducing the size to improve spatial
resolution.

In addition to the Ravat et al. (2007) considerations, we recommend the use of the magnetization fractal approach and be cautious
with high fractal exponents, because an overcorrected spectrum yields shallower estimations than actual DBMS.

2.1 Data

The data used in this study were compiled from the North America Magnetic Anomaly Group (Fig. 1) as part of the collaboration
between the Consejo de Recursos Minerales (now Mexican Geological Survey), Geological Survey of Canada and the United States
Geological Survey. The data from Mexico were acquire from 1962 to 1992 and digitalized manually, subtracting the Definitive
Geomagnetic Reference Field (DGRF), minimum curvature grid, and filtered by the first vertical derivative in poorly merged areas.
From 1994 to 2002, the acquisition was done with Cesium magnetometers positioned by differential GPS along north-south-trending
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flight lines spaced 1,000 m, flight height from 300 to 400 m above the terrain, and data corrections by diurnal variations of the
magnetic field, lag heading, DGRF/IGRF and tie-line mis-ties (NAMAG, 2002).
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Figure 1: NAMAG data. The window numbers indicate the reference of results in Table 1.

In the North America Anomaly Map, the data grid had 1-km spacing, used the Spherical Transverse Mercator projection, and had a
central meridian of 100° W, a base latitude of 0°, a scale factor of 0.926 and an Earth radius of 6,371,204 m (DNAG projection). The
values correspond to the magnetic field at 305 m height. Ravat et al. (2007), Bouligand et al. (2009), Manea and Manea (2010),
Espinoza-Cardefia et al. (2016) and Campos-Enriquez et al. (2019) used NAMAG data in spectral analysis studies and DBMS

estimations.

2.2 Methods

DBMS was calculated using the methodology developed by Salem et al. (2014), which emphasizes the fractal behavior of
magnetization as a power-law correction of the spectra and the forward modelling of the spectral peak using the estimations of the
centroid method (Pilkington and Todoeschuck, 1993; Maus and Dimri, 1995; Bouligand et al. 2009). The radially averaged power
density spectrum, assuming a layer that extends infinitely in all horizontal directions as a random and uncorrelated function of the

magnetization (Blakely, 1995, Tanaka et al., 1999) is defined as:
P(k) = Ae~2k%(1 — e~*Zp=2))? )

where A is a constant related with the directional factor of the magnetization and the directional factor of the geomagnetic field, Z;
is the depth to the top of the magnetic sources, and Zj, is the DBMS and k is the radial wave number. For wavelengths less than about
twice the layer thickness and a signal where the top of magnetic sources dominates the power spectrum (Spector and Grant, 1970;
Bhattacharyya and Leu, 1975; Okubo et al., 1985; Tanaka et al., 1999), eq (1) is written as:

In[P(k)] = InA-2KZ; . (2)
Tanaka et al. (1999) propose a different form of eq. (2) in terms of the centroid of the magnetic source (Zj):

P(k) = Be-2Kzo (e k(% Z0) e kZpZ0))? 3)
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Following Bhattacharyya and Leu (1975), Okubo et al. (1985) and Tanaka et al. (1999), the simplification of the eq. (3) is used to
compute Zj:

In[P(k)/k?] = InB-2KZj, . 4)

The estimation of Z, and Z, is done computing the slope of a straight-line in the high- and low-wavenumbers, respectively. There are
uncertainties associated with the straight-line fit that are calculated by the method proposed by Okubo and Matsunaga (1994), using:

Or
Tk ®)

where € is the uncertainty, o, is the standard deviation between the radial power spectrum and the straight-line derived by the linear
fit, k, — k, is the wavenumber range used to calculate the straight-line. This uncertainty is always less than 15%. For the calculation
of the DBMS (Z},) we used the Okubo et al. (1988) approach:

Zb = ZZO‘Zt . (6)

The uncertainty is calculated (Martos et al., 2017) using:

AZy = /4Azo2 + AZ? )

where AZ, and AZ, are the uncertainties of the depths to the centroid and the top of the magnetic source. The De-fractal approach is
based on the fractal distribution of the magnetic source, expressed by:

Pr(k) = Pe(l)k” ®)

where Pg(k) is the observed power spectrum, Pg (k) is the power spectrum due to a random magnetization model, and a is the fractal
parameter related to § by a = -1 (Salem et al., 2014). Correcting the observed power spectrum, it is possible to calculate the DBMS
following the flowchart presented in Fig. 2. Evaluation of Z;, Z;, and a requires the visual inspection and calculation of the misfit
between Pr (k) and Pr (k). The misfit R is calculated using the equation:

R= \/%2?:1(13}?(1{) - Psyn(k))z : ®
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Figure 2: De-fractal method flowchart for the application of the method.

3. CALCULATION OF THE DEPTH TO THE BOTTOM OF THE MAGNETIC SOURCE IN MEXICO

The calculations were carried out in 8 locations from Campos-Enriquez et al. (2019), 2 locations from Manea and Manea (2011) and
2 locations analyzed for this study. The window centers are in the states of Baja California, Baja California Sur, Chihuahua, Coahuila,
Guanajuato, Sonora, San Luis Potosi, Tamaulipas and Veracruz (Fig. 1).

We calculated the power spectrum using the Fast Fourier Transform (FFT). As pre-processing, the first-order trend was removed and,
to make the edges continuous, grids were expanded 10% using the maximum entropy method on variable window size according to
previous DBMS studies; window size varied from 100 x 100 km to 250 x 250 km. For every window, the autocorrelation function
was calculated in order to analyze the near circularity and to detect possible trends in the data. According to the flowchart (Fig. 1),
the calculation of Z;,, Z;, and « are done by trial and error to achieve the best match between the observed spectrum and the spectrum
due to a random magnetization model (Fig. 3).
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Figure 3: DBMS calculation for window VP1. a) =0, b) 0=1, ¢) 0=2 and d) 0=2.3. These figures show the visual change and
the misfit obtained for different values of a. Visual inspection and low values of R indicate a good fit.

Forward modeling adjustment is better, with low misfit values, where the autocorrelation function is near-circular. When magnetic
data has strong trends, the autocorrelation function is ellipsoidal and presents higher misfit values. The DBMS calculation could be
erroneous because the strong trends modify the slopes in the spectra (Shuey et al., 1977); therefore, the synthetic spectrum does not
match the corrected spectrum (Fig 4).

4. RESULTS

Calculated DBMS in 19 windows are related with the tectonostratigraphic terranes; some windows yield poor results because the
center of the window is located on the boundary of two terranes and the signal could be contaminated by diverse magnetic sources
(Ross et al., 2006; Bouligand et al., 2009). Table 1 shows the results obtained from this study. The main issues related with the
autocorrelation function or the fit of the power spectrum are mentioned in the observations.

There are differences between the calculation with different window size in window 7, where the DBMS is 9.9 km in the 100 x 100
km window and 18.5 km in the 250 x 250 km window. In both windows the autocorrelation function is near to circular, nevertheless,
Campos-Enriquez et al. (2019) mentioned that smaller windows do not provide information of deep crustal magnetic sources because
the slope is not well defined. This phenomenon is presented in our estimations because the spectral peak of the corrected spectrum is
not well defined. In this study, for the windows 1, 2, 3 and 6 in the Baja California Peninsula, the autocorrelation function presents a
strong trend caused probably by the batholithic rocks that have the same tendency. Window A has problems related to the lack of
data inside of the window.
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Figure 4: Spatial autocorrelation and spectra from windows VP1 (a, b) and 3-200 (c, d). For the near-circular autocorrelation,

the modeled spectrum has low misfit values, while the ellipsoidal autocorrelation presents a large misfit value with the
modeled spectra.

5. DISCUSSION

The window size is fundamental in DBMS calculation because a small window could not represent the deepest magnetic signal and
the calculation is more likely related with shallower magnetic bodies, as in the case of window 7, where the calculation of DBMS is
more realistic in the 250 x 250 km window than the 100 x 100 km window.

The strong trends are easily identified using the autocorrelation function. When it is not near-circular, the calculations may not be
realistic. Analyzing carefully the spectra, we found high misfit values for the synthetic and the corrected spectrum, that is, the
calculations are inconsistent. The trends observed in the autocorrelation function are very likely related with the Baja California
batholith that has a strong trend for all the Baja California Peninsula.

The geological terrain is a key factor when selecting the window center, this is because a mixed signal has similar behavior to the
case of a strong trend in the data that could affect the DBMS calculation and the autocorrelation function. In the case of the window
VB of 210 x 210 km and 120 x 120 km, it was difficult to calculate the DBMS because it is not possible to adjust the synthetic
spectrum. For VP1 and VP2 windows, the spectrum and the autocorrelation function present circularity, despite the complexity of
the basement. This can be explained because the large window size analyzed allows detecting the deepest magnetic signal associated
with the igneous and metamorphic basement that was found when drilling oil and gas wells.
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Table 1: Depth to the bottom of magnetic source results.

Window | Size (km) a Zy Zy R Observations
number (km) | uncertainty
1 120 x 120 1.9 21.0 0.55 0.2189 Visual inspection of spectral peak is not
completely satisfactory and could not be
adjusted further.
200 x 200 1.8 345 2.20 0.4291 Spectral peak cannot be adjusted and there are
gaps in magnetic data.
2 120 x 120 23 14.2 2.11 0.2746 Near-circular autocorrelation and good fit.
200 x 200 2.2 21.8 2.28 0.2622 Near-circular autocorrelation and good fit.
3 120 x 120 2.5 17.7 0.96 0.2094 Good fit but autocorrelation function is not
completely circular.
200 x 200 2.2 12.9 1.98 0.5998 Spectral peak not fitted and non-circular
autocorrelation function.
4 100 x 100 2.4 8.1 1.57 0.2861 Good autocorrelation but visual inspection of
spectral peak is not completely satisfactory.
5 100 x 100 1.8 8.3 0.04 0.0907 Near-circular autocorrelation and good fit.
6 100 x 100 0 18.6 0.78 0.3603 Random and uncorrelated magnetization.
7 100 x 100 1.5 9.9 1.09 0.2164 Window size is not large enough.
250 x 250 1.5 18.5 2.66 0.1577 Near-circular autocorrelation and good fit.
8 150 x 150 1.5 19.7 0.33 0.1325 Near-circular autocorrelation and good fit.
250 x 250 1.5 243 2.99 0.1224 Near-circular autocorrelation and good fit.
VA 120 x 120 2.5 19.9 2.88 0.2625 Gaps in the magnetic data and not circular
autocorrelation function.
210x 210 2.1 322 2.10 0.3524 Gaps in the magnetic data, not circular
autocorrelation function and spectral peak not
completely fitted.
VB 120 x 120 1.1 22.0 2.18 0.3402 Spectral peak not fitted and trend in
autocorrelation function.
210x 210 1.3 17.1 1.74 0.2437 Window is on two tectonostratigraphic terranes,
horizontal corrected spectrum and flat trend in
autocorrelation function.
VP1 180 x 180 2.3 22.1 0.41 0.1860 Near-circular autocorrelation and good fit.
VP2 180 x 180 2.3 18.3 1.69 0.1247 Near-circular autocorrelation and good fit.

6. CONCLUSIONS

Ravat et al. (2007) suggestions on the processing of the aeromagnetic data and use the fractal corrections lead to obtaining realistic
calculations. However, problems during the extraction of the IGRF or the strong trends observed in the autocorrelation function will
deform the real slopes and produce erroneous results. The lack of data inside the windows is a frequent problem when calculating the
DBMS. It is common that errors in the spectral analysis result from unsuitable window size or when the window includes highly
different geological terrains. In those cases, the corrected spectrum fit is not attained and in most cases high values of misfit are

derived; that is, results are not reliable and should not be used as representative of the DBMS.

The windows located on the borders of geological terrains of provinces probably will carry difficulties when calculating the DBMS.
For this reason, it is suggested to keep the windows in geologically homogeneous areas. Some cases that will yield reliable results
when the window includes diverse terrains is when their autocorrelation function is near-circular and there is good fit between spectra.

In those cases, the spectrum is representative of the deepest magnetic source in the window.
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