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Abstract

Heat flow maps are a powerful tool for regional exploration of geothermal resources. Mexico is one of the main producers of
geothermal energy and the search for undiscovered resources at a regional level should be based on heat flow values. Here, we
present a heat flow map at 1:3,500,000 scale, produced with heat flow data compiled from open data bases and previously unpub-
lished data. The compiled heat flow data includes bottom hole temperature, temperature logs, transient temperature measurements
and measured temperature logs. The new data were calculated from temperature gradient information and estimating a mean con-
ductivity value characteristic for the type of rock present in the stratigraphic column or assigning the mean conductivity value for
the crust. Geothermal gradient and the thermal resistivity (inverse thermal conductivity) were plotted and heat flow was calculated
using the Bullard method. The map covers the whole continental territory of Mexico and shows that most of the country has values
higher than the world average. The highest heat flow values are concentrated in two provinces: the Gulf of California extensional
province and the Trans-Mexican Volcanic Belt.

Keywords: Geothermal; recent volcanism; renewable energy, geothermal gradient, Bullard method, BHT

Resumen

Los mapas de flujo de calor son una poderosa herramienta en la exploracién regional de recursos geotérmicos. México es uno de los
principales productores de energia geotérmica y la bisqueda a nivel regional para descubrir nuevos recursos deberia estar basada en
los datos de flujo de calor. Aqui presentamos el mapa de flujo de calor a escala 1:3,500,000, que fue generado a partir de datos de
flujo de calor compilados en bases de datos ptblicas, a los cuales se afiadieron nuevos datos calculados por los autores. Los datos
compilados para el célculo del mapa de flujo de calor incluyen: temperatura de fondo de pozo (BHT), registros de temperatura en
pozos (compilados y medidos en este trabajo), mediciones transientes de temperatura. Los datos que no han sido reportados pre-
viamente fueron calculados a partir de la determinacion del gradiente de temperatura y la estimacion de la conductividad térmica
promedio para los tipos de roca reportados en la columna estratigréifica, o bien, en ausencia de la informacion acerca del tipo de
roca, se asigno el valor promedio de la conductividad para la corteza. El gradiente geotérmico y la resistividad térmica (el inverso de
la conductividad térmica) se graficaron para determinar el flujo de calor con el método de Bullard. El mapa cubre todo el territorio
continental mexicano y muestra que en la mayor parte los valores de flujo de calor estdn por encima del flujo de calor promedio a
nivel mundial. Los valores més altos de flujo de calor se concentran en la provincia extensional del Golfo de California y en la Faja
Volcénica Trans-Mexicana.
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1. Introduction

The total heat flux through the Earth’s surface has been
quantified at 47+2TW (Davies & Davies, 2010); while in 2017,
the reported installed capacity in the world to produce electric-
ity was a little more than 6 TW (https://www.cia.gov/library/pu
blications/the-world-factbook/rankorder/2236rank.html). This
shows that the energy irradiated by the Earth’s surface is almost
8 times the world installed capacity for electricity generation
and could be harnessed to supply, at least a part of the world
energy needs.

The surface heat flow is an indication of the transport of
heat from the interior of the Earth and its value depends greatly
on the transport mechanism as well as the heat production in
the crust. In most of the crust, heat is transported conductively;
however, in some areas the more efficient convective heat trans-
port predominates. To have convection in the crust, a fluid must
be allowed to ascend to the surface carrying the heat in the up-
per crust, this fluid is often water, but magma is the dominant
fluid for heat transport from the lower crust and from the man-
tle. The hot water can be used to produce electricity, for clima-
tization and industrial processes.

The evaluation of the geothermal potential of a country is
often linked to a heat flow map (White & Williams, 1975; Muf-
fler & Cataldi, 1978; Muffler, 1979; Blackwell et al., 2007; van
Wees et al., 2013). Heat flow values delineate the areas where
the temperature at depth potentially allows exploitation of the
thermal energy with the available technology. Temperatures at
depth can be calculated assuming a conductive model; in this
case, it is necessary to know the value of the thermal conduc-
tivity of the rocks and its chemistry to estimate the heat produc-
tion by the radioactive element content. Recent tectonic and
volcanic activity plays a major role in the heat flow values; heat
transport models show that the maximum value of heat flow,
due to an igneous intrusion in the crust, is attained after 100,000
years if convection occurs, and when conduction prevails, heat
flow would decrease exponentially one order of magnitude in ~
200,000 years (Norton & Knight, 1977). Therefore, a heat flow
map may provide evidence about the presence of heat sources
based on heat transport models.

2. Heat flow data

Heat flow measurements are scarce in Mexico, despite be-
ing one of the ten countries with the highest electricity produc-
tion from geothermal energy. Published heat flow maps of the
region included data calculated with temperature measurements
in wells (Blackwell & Richards, 2004) but most of the heat flow
reports were based on estimations, using diverse methods (Mar-
vin, 1984; Prol-Ledesma & Judrez, 1986; Campos-Enriquez
et al., 1990; Prol-Ledesma, 1990, 1991b; Beltran-Abaunza &
Quintanilla-Montoya, 2001; Prol-Ledesma & Torres-Vera, 2007;
Espinosa-Cardefia & Campos-Enriquez, 2008; Manea & Manea,
2010). Heat flow estimations are generally based on silica geo-
thermometer, Curie Temperature Depth, and Helium isotopic

ratio *He/*He) (Swanberg & Morgan, 1978; Okubo, 1985; Pol-
yak, 2005). More recent estimations have included geological
and geophysical information (Goutorbe et al., 2011).

The heat flow map presented in this work was constructed
using only data calculated with temperatures measured in wells
because other estimations are less reliable. In fact, silica con-
centration in spring/well water is indicative of temperature at
depth, provided chemical equilibrium is attained, which is not
always the case. Furthermore, a parameter that remains un-
known is the equilibrium depth, which hinders an accurate cal-
culation of thermal gradient. The relation between silica geother-
mometer and heat flow is only qualitative, the correlation coef-
ficient is <50% (Fig. 1) and should not be used as an exact
determination to be included in thermal models.
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Figure 1. Plot of silica temperature vs heat flow
(Modified from Swanberg & Morgan, 1980).
Figura 1. Temperatura de silice contra flujo de calor.

Similar ambiguity is present in heat flow estimations using
the 3He/*He and Curie temperature depth (CTD). The compar-
ison between measured heat flow and estimations calculated
from CTD show significant differences in some areas (e.g. Ma-
nea & Manea, 2010). According to Bouligand et al. (2009), dis-
crepancies between heat flow and calculated CTD arise when
thermal conductivities and/or heat generation are not well con-
strained; additionally, 3-D variations in thermal conductivity,
rapid erosion or sedimentation, variations on radioactive heat
production, heat provided by recent volcanism or groundwater
circulation may cause large discrepancies. More importantly,
in some cases the bottom of the magnetic sources may be a
lithologic contact corresponding to the base of the crust and not
the actual CTD; additionally, there might be artifacts associ-
ated to the acquisition of the data. In the classic paper on CTD,
Okubo (1985) did not intend to calculate heat flow, but to pro-
duce a qualitative relation between shallow CTD and the occur-
rence of geothermal systems; further comparison of calculated
CTD with geothermal gradient measurements produced signif-
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icant inconsistencies (Okubo et al., 1989). These discrepancies
are also present in the estimation of the geothermal gradient
of Cerro Prieto using CTD, yielding values ranging between
33 and 38°C/km and a heat flow of 100 mW/m? (Espinosa-
Cardefia & Campos-Enriquez, 2008); while the reported well
temperature (Lippmann et al., 1991) indicates a gradient higher
than 100 °C/km.

The relation between heat flow and *He/ “He is based on the
assumption that high 3He/ “He is caused by mantle upwelling
and degassing that would produce high heat flow anomalies
(Polyak, 1985; Polyak & Tolstikhin, 1985; Polyak, 2005); how-
ever, the scattered data prevents a reliable quantitative correla-
tion between both parameters (Fig. 2).
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Figure 2. Plot of He/ “He vs heat flow that shows the large scatter of the data.
It also shows the best correlation between both parameters that would support
calculation of heat flow with the isotopic helium ratio (after Polyak, 2005).
Figura 2. He/ *He contra flujo de calor mostrando la gran dispersién de los
datos. También muestra la mejor correlacién entre ambos pardmetros, la cual
soportaria el calculo del flujo de calor a partir del cociente *He/ “He.

At the beginning of the XXI century, the heat flow measure-
ments reported in the continental part of Mexico (Smith, 1974;
Smith et al., 1979; Reiter & Tovar, 1982; Ziagos et al., 1985;
Flores-Marquez et al., 1999) were more scarce than those in the
ocean bottom, where more than 700 heat flow measurements
were published (Becker & Fisher, 1991; Epp et al., 1970; Fisher
etal., 2001; Khutorskoy et al., 1990; Lawver & Williams, 1979;
Nagihara et al., 1996; Prol-Ledesma et al., 1989; Vacquier et al.,
1967; Von Herzen,1963; Von Herzen & Uyeda,1963). How-
ever, since the creation of the Mexican Center for Innovation in
Geothermal Energy (CeMIE-Geo), a great effort has been made
to compile and produce more heat flow data and construct a re-
liable heat flow map to assist the evaluation of the geothermal
potential of the country (Espinoza-Ojeda et al., 2017 a,b; Neu-
mann et al., 2017; Prol-Ledesma et al., 2013; Prol-Ledesma et
al., 2016; Prol-Ledesma, 2018). The compilation of all avail-
able data to calculate the geothermal gradient and the measure-
ment of temperature in wells, produced a large increase in the

number of data. Heat flow data assembled for this work are
available in public data bases: Heat Flow Database (http://www.
datapages.com/gis-map-publishing-program/gis-open-files/glo
bal-framework/global-heat-flow-database), Pangea database (ht
tps://doi.pangaea.de/10.1594/PANGAEA.810104), the Interna-
tional Heat Flow Commission [IHFC] (http://engineering.und.
edu/geology-and-geological-engineering/globe-heat-flow-data
base/index.cfm), and the SMU Geothermal Lab database (https:
//www.smu.edu/Dedman/Academics/Programs/GeothermalLab
/DataMaps).

Additionally, temperature data in wells were measured by
our group to calculate heat flow using estimated values for ther-
mal conductivity. In other cases we obtained drilling informa-
tion for some previously reported data that allowed recalculat-
ing the borehole stable temperature (Appendix Table 1). When
the temperature logs were available, the data were reviewed
and analyzed; in some cases, they were reprocessed to calcu-
late the borehole stable temperature and the heat flow based on
the Bullard Method. In all cases the confidence of the data was
estimated. The data were discarded when the correlation coef-
ficient obtained by the Bullard Method was lower than 90%. A
table of the recalculated and previously unreported data used in
the map is included as supplemental online material with ref-
erences to the original publications (Appendix Table 1). Here,
we present the map produced by the interpolation of all heat
flow data (Plate 1). The interpolation was achieved using the
methodology described in this work. This map represents all
heat flow data in Mexico available to date and it will be contin-
ually updated.

3. Tectonic Framework

The tectonic structure of Mexico is quite complex, as it
is formed of diverse terranes (Campa & Coney, 1983; Sed-
lock et al., 1993), many of them allochthonous, whose relations
are obscured by the widely distributed Cenozoic volcanic prod-
ucts (Moran-Zenteno, 1986). It is precisely the widely spread
Cenozoic volcanic-tectonic activity that determines the thermal
regime of most geological provinces, especially the Neogene
and Quaternary volcanism (Mordn-Zenteno et al., 2007). This
activity is better related to the physiographic provinces (Fig.
3) than to the tectono-stratigraphic terrains, and the numerous
surface hydrothermal manifestations are evidence of the ex-
tensive thermal anomalies (Appendix Figure 1). Figure 3 in-
cludes recent (<3 My) volcanism because the current models
used for geothermal exploration (Moeck & Beardsmore, 2014)
consider that one of the geological settings for “viable” or “ac-
tive” geothermal systems may be related to igneous activity
with age <3 My (Pleistocene and Holocene volcanism in https://
volcano.si.edu/, intraplate volcanism in Aranda-Gémez et al.,
2005; Ferrari et al., 2005, 2007; Vidal-Solano et al., 2005).

The main Cenozoic geodynamic events (Fig. 3) are the sub-
duction of the Farallon Plate in western Mexico, the cessation
of subduction after the approaching of the oceanic ridge with
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Figure 3. Main morpho-tectonic features of the pacific oceanic floor (modified after INEGI, 2001 and Padilla, 2013). The distribution of physiographic provinces
of México and volcanic features < 3 My are also shown. 1. Baja California Peninsula; 2. Sonora Plains; 3. Sierra Madre Occidental; 4. Basin and range province;
5. Sierra Madre Oriental; 6. North America Plains; 7. Pacific Coastal Plains; 8. Gulf of Mexico coastal plains-north ; 9. Mesa Central Province; 10. Mexican
Volcanic Belt; 11. Yucatdn Peninsula; 12. Sierra Madre del Sur; 13. Gulf of Mexico coastal plains-south; 14. Sierra de Chiapas — Guatemala; 15. Central America
Volcanic Belt. Volcanism with age < 3My after: https://volcano.si.edu/, intraplate volcanism after Aranda-Gémez et al., 2005; Ferrari et al., 2005, 2007;
Vidal-Solano et al., 2005.

Figura 3. Rasgos morfotecténicos del piso ocednico del Pacifico. Distribucién de las provincias fisiogréficas en México y centros volcédnicos de < 3 Ma. 1.
Peninsula de Baja California; 2. Planicie de Sonora; 3. Sierra Madre Occidental; 4. Provincia de cuencas y sierras; 5. Sierra Madre Oriental; 6. Planicie de Norte
América; 7. Planicie de la Costa del Pacifico; 8. Planicie al norte del Golfo de Mexico ; 9. Provincia de la Mesa Central ; 10. Cinturén Volcanico Mexicano; 11.
Peninsula de Yucatdn; 12. Sierra Madre del Sur; 13. Planicie al sur del Golfo de Mexico; 14. Sierra de Chiapas — Guatemala; 15. Cinturén Volcdnico de Centro
América.

the trench and the extensional regime associated with these pro-
cesses that culminate in the opening of the Gulf of California.

On the other hand, subduction of the Rivera and the Cocos
Plates continues beneath the central and south-western part of
Mexico (Atwater, 1970). These events produced geologic prov-
inces like the Sierra Madre Occidental, the Trans-Mexican Vol-
canic Belt and the formation of the continental rift, locally e-
volved to ocean spreading, in the Gulf of California. The Cerro
Prieto geothermal field is linked to this latter geodynamic pro-
cess (Fig. 3). Extensional tectonics is also observed in the west-
ern part of Mexico, where a late Cenozoic rift triple junction
(Jalisco Triple Junction) delineates the Jalisco Block. These
rifts are associated with Plio-Quaternary alkaline and peralka-

line volcanics, typical of continental rifting processes (Allan
et al.,, 1991). An interesting feature in the west-central part
of southern Mexico, is the Orozco Fracture Zone (OFZ) that
is subducted below the Tzitzio Gap (Blatter and Hammersly,
2010), where some hydrothermal systems have been recently
reported (Jicome-Paz et al., 2018). In addition to the exten-
sional tectonics in the Gulf of California and subduction in
southwestern Mexico, intraplate-type volcanism, often associ-
ated with normal faulting (late Oligocene-Quaternary), is wide-
spread in the northern and central parts of Mexico (Aranda-
Gomez et al., 2005) and to the east in the Gulf of Mexico coast
(Ferrari et al., 2005). Heat flow positive anomalies appear to be
linked to this type of volcanism.
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4. Methodology

4.1. Heat flow calculation

Heat flow is calculated using the Fourier equation that as-
sumes conductive heat transport:

g = —k(dT/dz) (1)

where g-heat flow; k-thermal conductivity; 7-temperature
and z-depth. Available temperature gradient information was
analyzed for data screening of geothermal gradient data. This
screening was performed to remove local convective effects, es-
pecially for those measurements located within hydrothermal
systems, to determine the superficial regional conductive heat
flow. This was achieved by analyzing the Bullard plots to estab-
lish the linear regression between thermal resistance and tem-
perature gradient:
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where T, is temperature at depth, T, is the temperature at
surface, ¢, is the surface heat flow and R is thermal resistance
expressed as:

R=22(F) )

where k; is the thermal conductivity over the i-th stratigraphic
interval at depth and Az; is the thickness of the interval.

As an example, Figure 4a shows temperature increases lin-
early with depth for well MEXO060; this linear relationship is
preserved in the dependence between the temperature and ther-
mal resistance in the Bullard plot of Figure 4b.

On the other hand, Figures 4c and 4d show temperature
plots for well MEX023; high resolution temperature logs are
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Figure 4. a) Temperature-depth profile and b) Bullard Plot from well MEX060. c¢) Temperature-depth profile and d) Bullard Plot from well MEX023.
Figura 4. a) Perfil temperatura-profundidad y b) Grafico Bullard del pozo MEX060. c) Perfil temperatura-profundidad y d) Grafico Bullard del pozo MEX023.
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very useful to identify disturbances in the conductive regime
within the well, but the Bullard plot allows to estimate heat flow
and the confidence of the slope determination.

The well data used to calculate heat flow by the Bullard
Method satisfy parameters of reliability proposed by Richards
et al. (2012). Some of these parameters are: (1) the “normal”
gradient conditions may be found below 200 meters depth, and
(2) multiple gradient intervals are assigned to thermal conduc-
tivity values using a weighted average.

The error in the presented new heat flow data can be cal-
culated from the correlation coefficient for each well. A well
disturbed by a convection flow has a low correlation coefficient.
Accordingly, disturbed wells with a correlation coefficient be-
low 90% were discarded. Only undisturbed wells with a coeffi-
cient correlation above 90% were considered for the construc-
tion of the map. Disturbed data are easy to identify in high res-
olution temperature logs using a gradient-depth plot. However,
wells with few data are more difficult to analyze for identifi-
cation of convection disturbances (Beck & Balling, 1988; Cull
& Sparksman, 1977); therefore, wells with few data and low
correlation coefficients were discarded. All new heat flow data
included in the Appendix Table 1, have an accuracy of more
than 90% with a positional accuracy of +50m.

4.2. Interpolation

The interpolation was performed using the Inverse Distance
Weighting algorithm (IDW). IDW estimates an unknown value
of z at location u as a weighted average of its surrounding points,
in which the weight is the inverse of the distance raised to a
power, according to Tobler’s first law of geography (Chang,
2004; Wang, 2006). The observations of z at points closer to u
have a higher weight in the interpolation than those at a greater
distance (Brunsdon & Comber, 2015).

The algorithm is defined as:

s —k
_ &=l Zi dui 4)
Zu - s d_k
i=1 "ui
where:

- z, is the unknown heat flow value to be estimated at lo-
cation u.

- z; 1s the heat flow value at control point i.

- d,; is the distance between points i and u.

- s is the number of points used in the calculation
- k is the power the distance is raised to.

In the IDW algorithm, the power controls the weight func-

tion decrease rate with increasing distance (Bonham-Carter, 1994).

IDW is used in Earth Sciences when the data set does not
present a smooth variation but contains large anomalies (Se-
tianto & Triandini, 2013). Other methods, like Kriging, smooth
the interpolated values and the anomalies are discarded. In ex-
ploration work, the anomalies are frequently the target for the

discovery of natural resources (Shepard, 1968), as is the case
in geothermal exploration; therefore, the selection of the IDW
method agrees with the purpose of the map (Plate 1).

4.3. Evaluation of the error in the interpolation process

The evaluation of the error utilized the mean squared error
(MSE) method to assess the differences between the actual heat
flow measurements and the estimation calculated with the in-
terpolation. The plot that represents the actual heat flow values
and the associated interpolated value is shown in Figure 5.
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Figure 5. Error plot. The actual heat flow data values are plotted vs the
modelled values in the simulation. See text for details.
Figura 5. Gréfico de error. Los valores reales de flujo de calor estan graficados
contra los valores de la simulacién. Ver texto para detalles.

These values were used to calculate the MSE that yields a
value of 4.96% for the map, which validates the interpolation
process. Figure 6 represents the error obtained for all points in
the map.

5. Map Synopsis

The interpolation of all the available heat flow measure-
ments for the continental region of Mexico indicates that high
heat flow is prevalent in extensive areas in Mexico, and prospec-
tive zones are found outside of the active Mexican Volcanic
Belt, where so far, most exploration work has been carried out.
Three geothermal fields have been developed within the Mexi-
can Volcanic Belt and two in the Baja California Peninsula (Fig.
3 and Plate 1). However, large areas with heat flow at least twice
the world mean value have not been explored yet.

The map shows a correlation between high heat flow and
recent thermal events related with volcanic-tectonic activity es-
pecially in the western and central parts of Mexico, where ac-
tive subduction, sea floor spreading, and continental rifting is
taking place; however, new regions where no exploration cam-
paigns have taken place are pointed out in the map as future
targets.
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The average heat flow for continents is 64.7 mW-m~2 (Da-
vies, 2013), and a large part of Mexico presents heat flow values
over 100 mW-m~2. This fact suggests that Mexico’s geothermal
potential has not been exhausted yet and that more intense ex-
ploration should be pursued in the newly appointed areas. In
contrast, heat flow values, as low as 13 mW-m~2, have been
measured in the Pacific coast region as a result of subduction of
the oceanic plate (Ziagos et al., 1985); these areas are character-
ized by a deep Curie isotherm, between 16 and 24 km (Manea
& Manea, 2010).

The Baja California Peninsula exhibits large areas with high
heat flow above 100 mW-m~2. Two geothermal fields are cur-
rently under exploitation (Fig. 3 and Plate 1) but regional ex-
ploration indicates that the geothermal energy potential may be
above 400 MWe (Arango-Galvan et al., 2015), and the heat flow
map confirms that large resources occur in this region. Heat
flow is high along the eastern coast of the Gulf of California
as evidence of the sea floor spreading processes taking place
nearby.

The eastern part of central Mexico stands out with heat flow
values above 150 mW-m~2. Part of this area corresponds to the
limits of the Trans-Mexican Volcanic Belt, but the northern and
southern sections are related to high thermal gradients within
the oil fields, in some wells the thermal gradient is above 50-
70 °C/km (Eguiluz-de Antuiiano, 2009).

The Sierra Madre Occidental and the intraplate recent vol-
canic features in the central and eastern parts of Mexico repre-
sent the least studied high heat flow anomalies in Mexico (Prol-
Ledesma, 2018), and a possible target for future geothermal ex-
ploration.

The southeastern part of Mexico contains the oldest prov-
inces as the Oaxaca Terrain (Campa & Coney, 1983) and at the
same time it hosts active volcanoes: El Chichon and Tacana;
the heat flow measurements have been performed in areas with
predominance of the old terrains thermal regime where low heat
flow values predominate; nevertheless, high heat flow data in
the northern part of this area influence nearby zones as evidence
of hotter than average areas.

6. Conclusions

The heat flow values indicate that a large part of Mexico
contains promising areas for exploitation and direct utilization
of geothermal energy. The most important result is that geother-
mal exploration should be continued in a regional basis focused
on the heat flow anomalies revealed by this map.

The heat flow map will be indispensable for the definition
of the geothermal provinces of Mexico, which will guide explo-
ration in the future to fully develop the geothermal resources.
Undoubtedly, the future increase in heat flow measurements is
necessary and will reveal major high heat flow anomalies in
large areas that remain uncharted.

7. Software

We developed our own programs to calculate the well sta-
ble temperature and to apply the Bullard method used to com-
pute the new heat flow data. The interpolation process was per-
formed with the IDW algorithm in ESRI ArcGIS.

8. Map Design

The coordinate system used for the map is WGS 84 (World
Geodetic System 1984) that locates sites by Latitude, Longitude
and Elevation. In this map we will use only Lat/Long to locate
the heat flow sites. Geographic coordinates can be used for the
whole country without much distortion. We used shape files of
Countries from Wessel & Smith (2017). We used the ArcMap
platform for administration of geographic data.

e Scale 1:3,500,000 and interpolation was performed in AQ.
e Map is oriented to the geographic north

e The total area is 1,881,032 Km?

e Grade spacing: 5°070.0”
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Appendix

Appendix Table 1. Data table (unpublished)

New and revised heat flow data are included in Table 1. We used published temperature logs and BHT (a — Garcia-Estrada, 2000; b — De
Anda et al., 1964; ¢ — Prol-Ledesma, 1991a; d — JICA, 1989; e — Lippmann et al., 1991 ; f — Espinoza-Ojeda et al., 2017; g — Wilhelm et al., 2004)
as well as temperature data measured by our group to calculate the geothermal gradient. Heat flow was calculated following the methodology
explained in this paper. Thermal conductivity was estimated based on lithology, and when lithology was not reported for the well, we assigned the
crust average conductivity value (2.5 W/m °K). All new and recalculated data presented in Table 1 were included in the heat flow map produced
here. The columns of the table include: data number, original site ID, temperature data source (reference), site location in geographic coordinates,
calculated geothermal gradient (°C/km), conductivity (W/m °K; estimated from lithology or average crust value “*”), heat flow (mW/m?).

Appendix Table 1. New heat flow data produced by temperature gradient measurement (Grad-T-this work); temperature gradient from references (Grad-T-a,b,...)
and recalculation of heat flow data with additional information (Rec-f). Thermal conductivity based on well lithology or crustal average (*) / Tabla 1 del apéndice.
Nuevos datos de flujo de calor producidos a partir de mediciones de gradiente de temperatura (Grad-T- este trabajo); gradiente de temperatura de referencias (Grad-
T-a,b,...) y nuevos cdlculos de datos de flujo de calor con informacién adicional (Rec-f). La conductividad térmica se tomé de la litologia del pozo o bien del valor
promedio de la corteza(*).

Data # Data Site ID Long. Lat. Depth Geoth. Grad. Conductivity Heat Flow
production (m) (C/Km) (W/mK) (mW/m?)

1 Grad-T-this work  Fraile 1 -101.33430 25.02550 334 20.0 2.50% 50.1

2 Grad-T-this work ~ Difuntita -101.19090 25.06305 509 28.5 2.50* 71.2

3 Grad-T-this work ~ Texcoco -98.84960 19.50729 337 29.4 2.50% 73.6

4 Grad-T-a 1 -100.66489 19.79216 2159 139.7 1.87 261.3
5 Grad-T-a 3 -100.68695 19.80533 2440 99.3 1.84 182.3
6 Grad-T-a 12 -100.67013 19.79218 898 256.6 1.87 479.8
7 Grad-T-a 16 -100.67021 19.77975 2500 132.7 1.87 248.1
8 Grad-T-a 18 -100.65425 19.78473 1324 214.4 1.87 401.0
9 Grad-T-a 19 -100.66752 19.82438 1663 154.8 1.87 289.4
10 Grad-T-a 21 -100.67644 19.82662 1705 153.7 1.87 287.4
11 Grad-T-a 22 -100.66094 19.78968 1246 2155 2.17 467.6
12 Grad-T-a 23 -100.67494 19.79773 1729 141.8 1.87 265.1
13 Grad-T-a 25 -100.66305 19.79787 1600 182.2 1.75 318.9
14 Grad-T-a 26 -100.65038 19.79787 1240 201.8 1.77 356.5
15 Grad-T-a 31 -100.64631 19.78205 1295 221.6 1.87 4144
16 Grad-T-a 34 -100.65916 19.78459 860 292.6 1.87 547.2
17 Grad-T-a 35 -100.65424 19.79059 1225 220.4 1.87 412.1
18 Grad-T-a 37 -100.67064 19.78603 859 241.7 1.87 452.0
19 Grad-T-a 43 -100.65931 19.82277 1500 185.6 1.87 347.0
20 Grad-T-a 44 -100.68244 19.82122 2440 88.7 1.87 165.9
21 Grad-T-a 46 -100.66807 19.78246 970 258.0 1.87 482.4
22 Grad-T-a 47 -100.66438 19.78621 2957 102.9 1.89 194.5
23 Grad-T-a 48 -100.66403 19.82548 2669 93.2 1.87 174.3
24 Grad-T-a 49 -100.65831 19.81669 2400 126.1 1.87 2359
25 Grad-T-a 51 -100.66252 19.83178 1842 158.9 1.87 297.1
26 Grad-T-a 53 -100.66228 19.82938 1201 201.0 1.87 375.8
27 Grad-T-a 54 -100.68695 19.81525 898 211.2 1.87 395.0
28 Grad-T-a 55 -100.65800 19.78985 1403 206.1 1.87 385.4
29 Grad-T-a 56 -100.67200 19.81009 2305 113.2 1.87 211.7
30 Grad-T-a 57 -100.67038 19.82422 1722 156.8 1.87 293.3
31 Grad-T-a El -100.72993 19.82779 1995 94.8 1.87 177.3
32 Grad-T-a E2 -100.71824 19.80483 1992 106.5 1.87 199.2
33 Grad-T-b Pozo No. 4 -99.69570 20.56765 372 161.3 243 392.0
34 Grad-T-b Pozo No. 5 -99.68648 20.57404 460 1444 2.43 351.0
35 Grad-T-c 1 -110.67043 28.05821 90 28.7 2.50% 71.7

36 Grad-T-c 2 -110.70826 28.01467 71 89.5 2.50% 223.8
37 Grad-T-c 3 -110.68684 28.10318 109 79.0 2.50* 197.5
38 Grad-T-c 4 -110.67828 28.17314 136 101.4 2.50% 253.5
39 Grad-T-c 5 -110.69827 27.94543 124 41.7 2.50* 104.2
40 Grad-T-c 6 -110.61832 28.34803 147 197.4 2.50% 493.4
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41
4
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

Grad-T-c
Grad-T-c
Grad-T-c
Grad-T-c
Grad-T-d
Grad-T-d
Grad-T-d
Grad-T-d
Grad-T-e
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f

7
8
9
10

PR2

PR8
PR10
PR11
M203
MEX001
MEX002
MEX003
MEX004
MEX006
MEX007
MEX010
MEXO011
MEX012
MEX013
MEXO014
MEXO015
MEXO017
MEXO018
MEXO019
MEX022
MEX023
MEX024
MEX025
MEX027
MEXO028
MEX030
MEXO031
MEX032
MEXO036
MEX037
MEX038
MEX039
MEX040
MEX041
MEX042
MEX043
MEX044
MEX045
MEX047
MEX048
MEXO050
MEX051
MEX052
MEX055
MEXO057
MEX058
MEX059
MEX060
MEX061
MEX064
MEX065
MEX066
MEX067
MEXO068
MEX069
MEX071

-110.73610
-110.77607
-110.74538
-110.67899
-103.53115
-103.52068
-103.51935
-103.52418
-115.18686
-115.34450
-115.34500
-111.41250
-111.53500
-103.52694
-103.53333
-103.51889
-104.69500
-104.72917
-104.71667
-104.54942
-104.70167
-112.55622
-112.55890
-112.53444
-97.45561
-97.44878
-97.46761
-97.45516
-97.45619
-97.45859
-97.45383
-97.44904
-97.43770
-97.45157
-97.42717
-97.44618
-97.44182
-97.45165
-97.47294
-97.43386
-97.42156
-97.44875
-97.45558
-97.45598
-97.44844
-97.44533
-97.46339
-97.44914
-97.44185
-97.43990
-97.44226
-97.46233
-98.14294
-98.13815
-113.02362
-111.84375
-111.92245
-111.72009
-113.73551
-114.88719
-111.88591

28.09105
28.02966
28.01253
28.14601
20.66423
20.66012
20.66183
20.65634
32.39283
32.44840
32.43200
26.25000
26.24000
20.29167
20.32278
20.65639
21.11667
21.08333
21.10000
21.09294
21.18750
27.50772
27.50643
27.49995
19.66426
19.64046
19.69002
19.68642
19.67156
19.67629
19.67615
19.68564
19.64594
19.69623
19.63703
19.67845
19.68603
19.70603
19.69864
19.66764
19.64476
19.68839
19.68937
19.70020
19.69112
19.68354
19.69418
19.68528
19.64813
19.64801
19.65002
19.69116
19.92120
19.92339
25.98614
25.37281
24.88475
24.89025
27.65183
28.29299
25.70630

98
61
89
149
1988
1855
2086
2125
3958
1825
2200
500
500
1950
800
2271
1911
200
430
2801
1911
2500
2505
1250
1810
2300
1670
1880
2310
2350
2160
2480
3100
2265
2903
2292
2402
2220
1500
2620
3270
2577
2200
1926
2200
1800
1700
1800
2500
2200
2200
2200
2000
1900
2244
3014
2500
2657
2405
2811
3300

49.7
94.6
36.0
103.1
114.9
137.3
107.0
71.7
1144
18.0
11.7
12.5
50.8
29.1
49.4
125.6
102.5
53.2
103.6
29.2
52.4
69.0
94.6
133.8
203.0
74.0
230.8
90.8
152.7
141.5
123.6
212.0
165.9
164.8
98.5
225.7
236.6
1343
189.6
167.6
109.7
155.7
120.5
173.3
162.3
209.3
234.6
216.7
84.3
173.1
184.4
192.2
143.5
107.2
25.1
26.1
324
29.3
349
28.1
17.9

2.50%
2.50%
2.50%
2.50*
2.17
2.24
1.99
2.24
2.42
2.86
2.50*
2.55
2.50%*
2.50%
2.07
2.12
2.50
2.50*
2.50%
2.32
3.05
2.48
2.37
2.33
2.09
3.14
2.10
2.08
222
2.09
2.20
2.17
2.41
2.15
2.14
2.20
2.12
2.28
2.56
2.30
2.23
2.19
2.43
2.13
2.09
2.21
2.20
2.04
221
2.11
2.17
2.57
2.98
2.46
2.19
2.45
2.36
2.66
1.90
2.50%
221

124.2
236.6
90.1

257.8
249.3
307.5
213.0
174.1
277.0
515

29.3

31.9

126.9
72.8

102.0
266.3
256.3
133.0
259.0
67.5

159.7
171.3
2243
311.9
424.0
2324
484.6
188.5
338.8
295.4
2724
459.5
399.4
354.1
210.7
496.6
501.5
305.8
485.8
385.5
245.1
3414
293.2
369.8
339.9
462.4
5155
4427
186.2
364.8
400.5
493.3
426.8
263.2
55.0

63.9

76.5

719

66.3

70.3

39.4
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102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f
Rec-f

MEX072
MEX073
MEXO074
MEXO075
MEX076
MEXO077
MEX078
MEXO079
MEXO080
MEX081
MEX082
MEX083
MEX084
MEX086
MEX087
MEXO088
MEX089
MEX090
MEX091
MEX092
MEX093
MEX094
MEX095
MEX096
MEX097
MEX098
MEX099
MEX100
MEX101
MEX102
MEX103
MEX104
MEX105
MEX106
MEX107
MEX108
UNAM-5

-113.71727
-114.51855
-113.91369
-115.03122
-114.23769
-114.27832
-114.21425
-113.87737
-113.40627
-113.84537
-114.19665
-113.70833
-113.38321
-111.83968
-112.43983
-111.98696
-113.72808
-114.09778
-113.88876
-113.79516
-113.18670
-112.87839
-113.75645
-113.90057
-114.65351
-114.76003
-114.19423
-110.25876
-114.61628
-114.94561
-114.36411
-114.75972
-114.38430
-104.73863
-105.02839
-100.97323
-89.77927

27.63163
30.51737
27.92988
32.29032
31.38266
31.34619
31.37561
28.00498
27.50679
27.96591
30.83823
27.51782
27.06762
25.37540
25.76848
25.07088
27.58101
31.29304
31.11501
27.68947
27.10718
29.63975
27.66715
27.95947
28.39972
32.37662
31.26245
27.18580
31.80176
32.00882
31.62076
32.00861
31.79458
28.88995
28.46334
27.42872
20.38739

2325
3191
3298
3843
4799
3302
3300
1944
3000
2503
4930
1363
4600
4424
4505
3762
2750
3302
4340
3270
3002
4813
2985
2636
4450
2918
5591
2471
5325
4530
3872
5152
3887
6509
3903
3038
335

37.1
41.7
30.2
52.8
29.9
25.1
27.1
25.0
19.5
32.7
513
41.8
25.8
17.4
25.6
334
34.3
31.6
473
19.6
55.4
59.6
30.8
315
28.6
29.9
233
30.7
27.2
35.0
333
44.1
29.4
31.9
30.2
354
24.8

2.36
2.25
2.45
2.41
2.57
2.50*
2.50%
2.27
2.26
2.44
2.50*
2.48
2.50%*
222
2.19
2.11
2.29
2.63
2.23
2.50%*
2.50%
2.50*
2.50%
2.50*
2.50%
2.57
2.47
2.36
2.49
2.55
2.50*
2.50%
2.42
2.24
2.16
3.18
2.00

87.7
93.7
74.1
127.1
76.7
62.7
67.7
56.8
44.1
79.7
128.2
103.7
64.5
38.5
56.0
70.4
78.6
83.0
105.7
49.1
138.6
149.1
71.0
78.8
71.5
76.9
57.4
72.5
67.7
89.1
83.3
110.3
712
713
65.2
112.7
49.5
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Appendix Figure 1
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Appendix Figure 1. Map of hydrothermal manifestations in Mexico. (After: Iglesias et al., 2015; Prol-Ledesma & Arango-Galvén, 2017) / Figura 1 del apéndice.

Mapa de las manifestaciones hidrotermales en México.
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