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The depth to the bottom of magnetic sources (DBMS) is widely used as a proxy for crustal thermal structures. In
this study, the DBMS is calculated using the spectral analysis of aeromagnetic data for the whole territory of
Mexico. By assuming the DBMS to be related to the Curie point depth, the heat flow distribution is estimated. The
DBMS and heat flow maps were constructed using geostatistical simulations to quantitatively determine standard
deviation as uncertainty. The results show a good agreement with the complex geologic and tectonic setting in

Mexico. Small DBMS values (high heat flow) as expected appear in areas where recent volcanism occurs and at
seafloor spreading zones. In contrast, large values are present in tectonically stable zones.

1. Introduction

Different geophysical properties are studied to understand the
Earth’s dynamics, among them the thermal state of the crust. However, a
lack of direct temperature measurements at depth hinders the knowl-
edge of the Earth’s crust thermal state. Therefore, other approaches to
estimate the temperature are commonly used to evaluate the thermal
regime at large depths, e.g., chemical geothermometers or Curie point
depth estimations.

The estimation of the depth to the bottom of magnetic sources
(DBMS), commonly used as a proxy of the Curie point depth (CPD), is a
widely used approach for regional studies of the thermal structure of the
Earth, when surface heat flow data are not available (Blakely, 1988;
Bouligand et al., 2009; Ross et al., 2006; Tanaka et al., 1999).

In this study, the DBMS was calculated by the spectral analysis of
aeromagnetic anomalies, using the modified centroid method with
variable window size depending on the regional geological setting, and
the construction of the DBMS map for Mexico was accomplished using
geostatistical modeling, this way the uncertainties could be quantita-
tively determined. The resulting DBMS values were compared with
surface heat flow (boreholes and seafloor) measurements to identify the
relation between the borehole data and the DBMS calculation.
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2. Materials and methods

To derive the depth to the bottom of magnetic sources (DBMS), the
long wavelength part of the magnetic anomalies is studied in squared
windows. For this reason, regional data is required that cover a suffi-
ciently large area. Aeromagnetic data compilations or satellite magnetic
data are the common datasets used for this purpose.

2.1. Aeromagnetic data

In this work, the North American Magnetic Anomaly Map (NAMAG,
2002) was used (Fig. 1). The NAMAG data is provided as 1-km grid,
referred to the Decade of North American Geology projection (DNAG).
For the compilation of the map, every data set was field continued to the
common reference level of 305 m above terrain. Anomalies were
calculated by subtracting the Definitive Geomagnetic Reference Field
(DGREF), updated to every survey date, from the total magnetic field.
This dataset was already used by several authors to calculate the DBMS,
either for other North American countries or some isolated parts of
Mexico, e.g., Bouligand et al. (2009), Campos-Enriquez et al. (2019),
Carrillo-de la Cruz et al. (2020a, 2020b), Manea and Manea (2011), and
Wang and Li (2015).
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Tectonostratigraphic terranes

CHI - Chihuaha A - Alisitos
COA - Coahuila G - Guerrero
CA - Caborca O - Oaxaca
XO - Xolapa M - Maya
MI - Mixteca V - Vizcaino

SM - Sierra Madre J - Juarez
GM - Gulf of Mexico
GC - Gulf of California
SMO - Sierra Madre Occidental
. TMYV - Trans-Mexican volcanic belt

Fig. 1. Tectonostratigraphic terranes (modified after Campa and Coney, 1983) and the relevant part of the Magnetic Anomaly Map of North America (data from the
North American Magnetic Anomaly Group NAMAG, 2002). White areas represent lack of magnetic data.

Start with
p=1

»
v

v v -

Estimate Z;,

Estimate Z;, |4

P v

Obtain syntethic spectrum

Visual inspection and
misfit calculation using
RMSE of the match
between observed and
synthethic spectrums

Increase 3

No l

Good visualmatch
and low misfit

Au(ocorrelauon
) DBMS DBMS
calculation data analysis

(.vcolugy

Fig. 2. Flowchart for the DBMS calculation in the present study (modified from
Salem et al., 2014; Martos et al., 2017).

2.2. Depth to the bottom of magnetic sources estimations

Several methods are available for the DBMS estimation. Recent
studies suggest that the fractal magnetization model methods are the
most reliable (Bansal et al., 2011; Bouligand et al., 2009; Carrillo-de la
Cruz et al., 2020a; Kumar et al., 2020; Li et al., 2013). For this research,
the DBMS (z;) calculation for Mexico is carried out by using the modi-
fied centroid method (Carrillo-de la Cruz et al., 2020b; Li et al., 2013)
because this method considers a fractal magnetization model. DBMS was
calculated using an early version of MAGCPD program (Carrillo-de la
Cruz et al., 2020Db).

To estimate the depth to the top (2:) and the centroid (zp) of the

magnetic sources, it is necessary to analyze the slope of a straight-line
that fits the middle and low wavenumber parts of the amplitude spec-
trum and the scaled amplitude spectrum, respectively. Subsequently, the
DBMS (2p) is estimated by using Eq. (1).

=22 — 2% (€]

From an iterative forward modeling, z;, 2o and 2, are calculated by
using different values of the fractal parameter (§) and wavenumber
ranges of the spectra. The fractal parameter is related to the 3-D power
spectrum ¢,, of the magnetization by ¢, (k. ky, k;)ok”. To get reliable
DBMS results, the root-mean square error (RMSE), and the visual in-
spection of the similarity between the synthetic spectra (obtained by the
forward modeling of the results) and the observed spectra, alongside
with the autocorrelation function and the geology, are essential (Fig. 2).
The method uncertainty is calculated by the approach of Martos et al.
(2017) and depends on the standard deviation of the radial power
spectrum (see Supplementary material).

To apply this methodology, it is mandatory to calculate the radially
averaged amplitude spectrum from magnetic data within square win-
dows. The suitable window size is still a matter of scientific discussion.
For this reason, the windows size used to calculate the radially averaged
amplitude spectrum is in general variable, i.e. between five to ten times
the expected DBMS (Kumar et al., 2020; Ravat et al., 2007). The suitable
size of every window depends on geology and the tectonic setting that
affects the thermal state of the crust. Due to the complexity of the
geological framework of Mexico, the present study considers the tecto-
nostratigraphic terranes after Campa and Coney (1983) as the main
generalization of the geological framework, because these terranes are
closely related to the anomalies of the Earth’s total magnetic field in
Mexico (Fig. 1).

2.3. Heat flow estimations

DBMS is commonly used as a proxy for the Curie point depth that
defines the depth where the crustal temperature exceeds the Curie
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Fig. 3. Representative window size depending on the tectono-stratigraphic terranes presented in Fig. 1. Dots denote window centers and numbers indicate those

windows that are part of the Supplementary material (Figure S1).

temperature of the magnetic minerals and, thus, the rocks become
paramagnetic. The accepted convention is to use the Curie temperature
of magnetite, which is 580 °C, as the reference Curie temperature.

The heat flow calculations in this study use a 1-D (vertical) steady-
state heat conduction equation with heat production decreasing expo-
nentially with depth (Turcotte and Schubert, 2002):

0°T(z)

I ga = ~Hee @

where 1 is the thermal conductivity, T temperature, z; Earth surface, z
depth, Hy heat production at the surface z;, and h, a scaling length for Hy
that decreases with depth.
By integrating Eq. (2) and applying the boundary conditions z = 2,
(CPD), z; = O (surface), the heat flow becomes:
A(TC - To) th

gy = ==+ Hoh, — —L (1 — e=/M)) 3)
2 b

with T, being the Curie temperature at depth z, and T, the temperature
at the surface (Martos et al., 2017).

2.4. Stochastic simulations

The process of simulated alternative, equally probable, joint reali-
zation of the random variables in a random function model is called
stochastic simulation (Deutsch and Journel, 1998). These stochastic
simulations attempt to replicate reality using a model, which is the
appropriate approach when constructing a map. The Sequential
Gaussian Simulation (SGS) is used in this research to draw maps and
assess the spatial variability of the DBMS and heat flow. SGS produces
more accurate maps than kriging because it solves problems caused by
the kriging method in terms of overestimated high values or under-
estimated low values. Details of the SGS algorithm are described by
Cardellini et al. (2003), Deutsch and Journel (1998), and Pyrcz and

Deutsch (2014).

For the application of the SGS it is important to have a Gaussian
distribution of the data. However, most data that describe geological
processes do not fit this distribution; hence, data transformations are
necessary. For this reason, the SGS algorithm follows these generalized
steps (Pyrcz and Deutsch, 2014):

Selection of the grid system and the coordinate system for the study
area.

e Data input in the grid system.

Normal Score Transformation, that is, the original data needs to be
transformed into a normal space (Gaussian distribution).
Calculation of the normal score semivariogram.

Construction of the conditional distribution using kriging.
Calculation of a simulated value using the conditional distribution.
Simulated value input in the grid.

Verification of all locations in the grid randomly.

Validation of the simulated data using the histogram N(0, 1) and the
normal score semivariogram.

Transformation of the data to the original Cumulative Distribution
Function (CDF).

Recalculation of the simulation using random numbers.

The results are shown as expected value models (also called e-type
models) and conditional variance models pixel-by-pixel.

3. Applications

The methodology to construct the regional DBMS and heat flow maps
of the continental and the marine region of Mexico includes the spectral
analysis of aeromagnetic data, heat flow calculation and the statistical
analysis of the results using the Sequential Gaussian Simulation.
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Fig. 4. Examples of windows located in different tectonostratigraphic terranes, showing the wavenumber ranges used to calculate the DBMS and the adjust between
the synthetic and the observed spectra in the forward modeling; z, top of the magnetized layer, zo centroid depth,  fractal parameter.

3.1. Depth to the bottom of magnetic source calculation

The calculation of the DBMS involves several subsequent steps (see
Supplementary material and Fig. 2). The size of the used windows is
variable, depending on the geological environment. In areas where the
CPD is expected to be shallow (e.g., volcanic areas or ocean spreading
zones), a small square window size in the order of 100 km - 150 km is
used, whereas in zones with an expected large CPD (e.g., the tectonically
stable zones) a larger window size in the order of 200 km or more is
used. The window size must be large enough to reveal the magnetic
signatures caused by the deepest magnetic sources for each geological
province. Fig. 3 shows Mexico’s tectonostratigraphic terranes, the win-
dow size for the data analysis, and the number of the windows presented
as representative examples in Figure S1 at Supplementary material.

The definition of the wavenumber ranges used to calculate the slopes
in the amplitude spectra and the scaled amplitude spectra vary
depending on the geological setting. Additionally, the complete homo-
geneity of each terrain in terms of its magnetization is not a realistic
assumption. Consequently, the wavenumber ranges change slightly in
the various calculations to ensure a reasonable adjustment of the syn-
thetic spectrum to the original spectrum during the forward modeling.
Figs. 4 and S1 present examples for the different slopes used.

The autocorrelation function in windows 5 and 6 (Figs. 5a and S1)
reveal a NW-SW oriented ellipse, related to a strong trend caused by the
Peninsular Range Batholith. Similarly, windows 23, 3, and 4 (Figs. 5b
and S1) show a trend related to the ocean floor spreading magnetic strip
geometry. In addition, an apparent data trend in window 13 (Fig. 5¢) is
related to the NW-SE striking high-amplitude anomaly caused by
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Fig. 5. Autocorrelation function: examples for a) window 5, b) window 23, and c) window 13.

basement structures of the Sierra Madre.

3.2. Heat flow estimations using the DBMS

The heat flow (Eq. (3)) is calculated using thermal parameter values
as summarized in Table S2, considering the DBMS (z;) as the CPD, taking
the Curie temperature of magnetite (580 °C), and a constant value for
the scaling length h, of 10 km (see Turcotte and Schubert, 2002). In
Table S2, the values of thermal conductivity and heat generation rate are
an average value for the representative rock types for each tectonos-
tratigraphic terrane. To calculate the heat flow, it is necessary to sub-
tract the reference height of the airborne data (305 m) from the DBMS
results, because Eq. (3) is referred to surface.

3.3. Sequential gaussian simulation (SGS) application

The use of the geostatistical libraries (or GSLIB), published by
Deutsch and Journel (1998), was essential for the realization of this

study. The simulation, using SGS, is applied using the GSLIB module
sgsim. Following the theory behind sgsim, the data need to be analyzed
statistically before performing each simulation. By using the semi-
variogram, a regional trend was found in the data (Fig. S2 at Supple-
mentary material). For this reason, the data need to be detrended and
simulation is applied to the data residuals. From the one hundred sim-
ulations, the DBMS and heat flow map result, and by comparing the
simulation models with the original data (Figs. S3 and S4 at Supple-
mentary material), the simulations reproduce the original data with
small fluctuations (see Supplementary material).

4. Results

Based on the spectral analysis of aeromagnetic anomalies and the
application of the modified centroid method, DBMS and heat flow values
were calculated for 722 windows of variable size. These values were
analyzed using geostatistics to provide a map and examine the spatial
patterns of the calculated DBMS and heat flow as well as their rela-
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Table 1
Statistics for the entire study area.

Simulation Original data Simulation data
Mean  Std. 5th - 95th Mean  Std. 5th - 95th
dev. percentiles dev. percentiles
DBMS (km) 17.1 7.7 7.3-321 17.0 6.0 9.0-27.1
heat flow 98.6 44.0 49.1-176.2  97.0 33.8 56.3 - 162.9
(mW m?)

tionship to regional tectonics. Simulation results are presented as maps
of the e-type DBMS and heat flow (Fig. 6). From the e-type models, the
average heat flow of the continental part of Mexico is 85 & 27 mW m ™2,
exceeding the global continental average of 64.7 mW m 2 (Davies,
2013) by more than 30%. In contrast, the average values for the oceanic
part of Mexico are 103 + 39 mW m ™2, an average value slightly above
the global oceanic average of 95.9 mW m~2 (Davies, 2013). Table 1
shows the statistics of the entire study area and reveals that the fluctu-
ations between the 722 windows and the simulation results are small.

The results show that the variations of DBMS and heat flow are
related to the main tectonic features, e.g., the shallower DBMS and the
highest heat flow occur in spreading zones and regions of recent volcanic
activity.

5. Discussion

The wavenumber ranges used to obtain 2, and 2z, depend on the
characteristics of the slopes of the spectra and the adjustment between
the observed amplitude spectra and the synthetic spectra. These con-
siderations are different for every geological terrane, and frequently in
the same terrane the wavenumber range differs between two analyzed
windows. The pre-analysis of the spectra in terms of the autocorrelation
function of the aeromagnetic data helps to find trends in the data. Some
geological structures cause significant trends in the magnetic data, e.g.,
the trend related to the Peninsular Range Batholith (Baja California
peninsula) and the ocean spreading zones. In both cases, the DBMS
result could be biased and does not totally represent the CPD.

Active tectonic zones and the presence of recent volcanism are
related with small DBMS and high heat flow values. The main volcanic
terranes (Sierra Madre Occidental and Trans-Mexican Volcanic belt
terranes) show a direct correlation between small DBMS (and high heat
flow values) and recent volcanic activity. At Sierra Madre Occidental
terrane, the thermal anomalies could be related with volcanism and the
high content of radioactive elements (U, Th, and K) that contributes
more than 30% to the surface heat flow (Smith et al., 1979).

For the Gulf of California, shallow DBMS is related with the rifting
process, and the heat flow values derived from the DBMS are above 200
mW m~2. At the center of the Baja California peninsula (Alisitos and
Vizcaino terranes), the deepest DBMS values (> 20 km) are possibly
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Fig. 7. Scatterplots of heat flow from boreholes and seafloor vs. DBMS (r? =
0.32). Colored lines indicate the relations when applying Eq. (3) for different
thermal conductivities (in m—WK , 580 °C as Curie temperature, 20 °C as the
surface temperature, 2.5 %V as heat generation rate, and h, of 10 km. Sources:
heat flow data from Prol-Ledesma et al. (2018) and SMU Node of National
Geothermal Data (SMU, 2020). Boreholes and seafloor heat flow data distri-
bution is presented in figure S5 in Supplementary material.

related to the presence of the Farallon-remnant fossil slab (Wang et al.,
2013).

South of the Trans-Mexican Volcanic belt terrane, at the Guerrero,
Mixteca, Oaxaca, Juarez and Xolapa terranes, the DBMS values are
larger than 18 km (< 75 mW m2), showing a pattern similar to that
obtained by Okubo et al. (1989) for a subduction zone, where the heat
flow next to the volcanic front starts to decrease. This decrease in the
heat flow values is produced by the flat-slab regime in a temperature
decrease caused by the plate cooling, as was also obtained in previous
research (Manea and Manea, 2011).

Our DBMS results for the Gulf of California are similar to the results
presented by Campos-Enriquez et al. (2019); nevertheless, our results
yield deeper values for DBMS in some areas of the Baja California
peninsula. Alternatively, at the Guerrero, Mixteca, Oaxaca, Juarez and
Xolapa terranes, our results are in the range of ~ 20 to 30 km, that are
consistently deeper than those presented by Manea and Manea (2011)
(~ 16 to 24 km). In both cases, the difference between DBMS calcula-
tions could be related with the methodology and the wavenumber range
employed. For example, Manea and Manea (2011) used a constant
wavenumber range, while in our study it is variable depending on the
geological framework. Campos et al. (2019) do not present an error
estimation map, while Manea and Manea (2011) present only the map
for the 2 error estimation. The conditional standard deviation derived
from Sequential Gaussian Simulations (Fig. 5b and 5d) defines the map
uncertainty; it is worth to mention that the uncertainty maps for DBMS
and heat flow have not been presented by previous studies of DBMS
calculations from aeromagnetic data in Mexico.

The use of geostatistical simulations in DBMS and heat flow mapping
allows ascertaining the statistical variability of every estimated value in
the map. The advantage of using geostatistical simulations in compari-
son to other interpolation methods (e.g., kriging) is the uncertainty
quantification as standard deviation maps.

The heat transfer mechanism is the most important parameter in the
calculation of the heat flow. Guerrero-Martinez et al. (2020) used the
DBMS as a boundary condition to simulate heat transfer in the Acoculco
caldera, located at the Trans-Mexican Volcanic Belt. Their results show
that local heat sources would not be evident in a regional model, i.e., on
the scale on which the DBMS is calculated. Similarly, the intense
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convection in the Cerro Prieto hydrothermal system that promotes a
more efficient heat transport and the DBMS values calculated for Cerro
Prieto (~15 km) do not reproduce the 79-90 °C/km geothermal
gradient (expected DBMS ~7 km) measured from wells (Prol-Ledesma
et al., 2016). The convection effects in the geothermal gradient are not
expressed in the results of heat flow estimation using DBMS/CPD, as
observed in other DBMS/CPD calculations for Cerro Prieto (Campo-
s-Enriquez et al., 2019).

Heat flow calculations based on DBMS values were compared with
heat flow data from boreholes and seafloor data (Figure S5 in Supple-
mentary material); the theoretical curves in Fig. 7 result from Eq. (3).
The in-situ data have a wide scattering, showing a similar trend than
those presented in other studies (Li et al., 2010, 2013; Wang and Li,
2015). Fig. 7 shows that most data cluster on theorical curves that
corresponds to thermal conductivities between 1 and 3 ;%.. The data
scattering in relation with the presented theoretical curves is consistent
with changes of the thermal parameters at depth (Curie temperature,
thermal conductivity, and/or heat generation rate) or different heat
transfer mechanisms.

6. Conclusions

The depths to the bottom of the magnetic sources (DBMS) of Mexico
were calculated by using a combination of the modified centroid method
and forward modeling of the radially averaged amplitude spectrum.
Heat flow is estimated based on the DBMS derived from magnetic
anomaly data. Finally, the DBMS and heat flow maps of Mexico were
generated by applying for the first-time geostatistical simulations. The
most important conclusions derived with respect to the methodology
and geological interpretations are:

e The autocorrelation function characteristics turned out to be an
important tool to analyze trends in magnetic data that could affect
the DBMS calculations.

The lower and middle wavenumber range used to calculate the top
and centroid of the magnetic sources are selected depending on the
detectable slopes in the spectra; the spectra change, depending on
the geological setting. The selection of wavenumber ranges affects
the forward modeling.

Geostatistical simulations, firstly applied in this study in the context
of the DBMS, provide a robust quantification of the spatial patterns
and the spatial uncertainties.

The effective thermal conductivity of Mexico is between 1 and 3 %,
and the presence of different heat transfer mechanism at local scale
affect the relation between DBMS and heat flow from borehole and
seafloor data (Fig. 7).

e For hydrothermal reservoirs, the DBMS values differ significantly
from the borehole data due to heat being transferred convectively as
well as conductively in the hydrothermal reservoirs. This is shown
for two active geothermal fields (Cerro Prieto and Acoculco).

For this study, the estimated average heat flow value for the conti-
nental part of Mexico is significantly higher than the global conti-
nental average, whereas the averaged estimated heat flow value for
the oceanic part of the study area is only slightly higher than the
global average. This is interpreted as a consequence of two effects:
active sea floor spreading in extensive areas in the western Pacific
areas nearby Mexico and the low heat flow and large DBMS in the
Gulf of Mexico.
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