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Abstract

An improved method for calculating crustal geotherms in stable continental crust is
proposed, based on integrated use of data acquired in crustal seismic and heat flow
studies. Designated as seismo-thermal method (STM), it is based on analytical solution
to the standard heat conduction problem in stratified media, coupled with empirical
relations between seismic velocities and temperatures at the crust-mantle interphase.
Iterative trial and error methods are employed in establishing successful coupling. This
technique allows estimation of crustal temperatures and mantle heat flow with lesser
uncertainty than has so far been possible. The results obtained are relatively free of
errors arising from the petrological complexities of the upper crust and are in broad
agreement with crustal temperatures derived by conventional methods. Examples of the
use of this method has been illustrated by calculating basal temperatures and crustal
geotherms for four distinct segments of the Tocantins Structural Province in Brazil,
namely the Araguaia Belt, Goids Massif, Fold and Thrust Zones and Regions of
sedimentary cover adjacent to the Sao Francisco Craton. The basal temperatures at the
crust-mantle interphase in this province are found to fall in the interval of 760 to 1034°C,
while the overall crustal thermal gradients are in the range of 16 to 20°C/km.
Calculations of mantle heat flow, as per STM, indicate values in the range of 37 to
51mW/m’. The results reveal that deep crustal heat flow is relatively high in the
Araguaia Belt and Goids Massif, when compared with that in regions of Thrust and Fold
Belts and sediment cover over Sdo Francisco craton. Such second order changes in deep-
level heat flow have not so far been detected in earlier studies based on conventional
geothermal mapping. Use of the newly proposed method (STM) also opens up the
possibility of setting up a global reference framework of deep geotherms in different
tectonic settings, based on results of crustal seismic surveys.

1. Introduction

Understanding the deep thermal field of crustal segments is a relatively complex
problem that require not only availability of suitable observational data for outlining
temperature gradients and heat flux at depths but also knowledge of geological
structures and physical properties of the main subsurface layers. Geothermal
measurements made in shallow boreholes provide information on near surface heat
flux. Such data may be employed along with suitably selected crustal models in
making inferences on deep crustal thermal conditions. This is the traditional approach
and has been used widely in deriving crustal geotherms in many continental regions
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[1, 2, 3]. However, considerable uncertainties exist in
results of such models. The main weakness of the
conventional approach is that the results are essentially
downward extrapolations of temperatures, based on near
surface thermal gradients and heat flow. Such calculations
are based on assumed values of thermal conductivity and
radiogenic heat production for subsurface layers. In the
absence of direct information, minor errors in such
parameters may easily lead to substantial deviations in
calculated values of basal temperatures and mantle heat
flow.

The crux of this problem is the lack of a suitable boundary
condition at the base of the crust that can constrain the
solutions within reasonable bounds. In this context, it is
useful to note that results of crustal seismic studies are
capable of providing valuable complementary information on
the physical characteristics of deep crustal structures. Of
particular interest in this context are data on seismic
velocities at the base of the crust, which are related to
temperature changes at the crust mantle boundary. Empirical
relations between seismic velocity and temperature have
been addressed in several earlier studies in connection with
determination of sub-lithospheric heat flow [4, 5, 6, 7, 8, 9].
In addition, methods for estimating temperatures from
seismic data at the base of the crust have been discussed [10,
11, 12]. However, the focus of such works has been on
determination of differences in the crustal structure and
composition. The possibility of developing solutions that
couple the results of seismic surveys with geothermal studies
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In the above equations n is the layer number, A4 the
radiogenic heat production, D its scale factor and A the
thermal conductivity.

Thermal models based on equations (1a) and (1b) has been
used widely in deriving crustal geotherms in many
continental regions [1, 2, 3]. The main weakness of this
approach stems from the fact that observational data on
model parameters (heat flow, thermal conductivity and heat
production) are usually available only for the near surface
layer. Use of estimated values for model parameters of
deeper layers leads to considerable uncertainties in
downward extrapolations of crustal temperatures.

Substantial reductions in such uncertainties can however
be achieved by imposing suitable boundary conditions at the
base of the crust. For example, results of deep crustal
geophysical investigations, such as seismic, gravity,
aeromagnetic or magneto-telluric studies may be used in
obtaining independent estimates of basal temperatures. In
such cases, the solution of the heat conduction equation for
temperature and heat flux at the bottom of crust may be
written as:

(z=z,.)*

have not been pursued in earlier works.

In the present work, estimates of temperatures derived
from data on seismic velocities at the base of the crust are
employed jointly with results of conventional heat flow
studies in deriving crustal geotherms with a much larger
degree of reliability than has been possible so far. Hence, this
approach is referred to as the seismo—thermal method (STM).
In the following sections, we examine the theoretical basis of
this procedure and its limitations. STM was employed for
understanding deep crustal heat flow variations in the main
geologic units of the structural province of Tocantins, located
in the central parts of the Brazilian highlands. Comparative
analysis with results of conventional geothermal method
points to reasonable agreement. We also discuss the
implications of this method for setting up global reference
frameworks for continental geotherms, based on results of
crustal seismic surveys.

2. Crustal Geotherm with Specified
Bottom-Boundary Temperature

Crustal geotherms are usually derived, based on solutions
to one-dimensional heat conduction equation that satisfy
known boundary conditions at the top surface [2, 3, 13, 14].
In case of layered media, the solutions must also take into
account the values of thermal parameters in each layer. For n-
layered media with subscripts indicating layer numbers the
relations for temperature (T) and heat flux (q) are:
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where the subscripts n-/ and b refer respectively to the top
and bottom boundaries of the basal layer. Thus, Ty represents
the known basal temperature derived by the independent
method and T, is the unknown temperature at the top of the
lower crust. Its value is coupled to temperatures in the upper
layers, specified in equations (la) and (1b). The coupling
between equations (2a) and (2b) with those of (1a) and (1b)
require iterative adjustment of model parameters through trial
and error methods. Such calculations can easily be
implemented through standard worksheet operations.

A remarkable feature of this approach is that the use of basal
temperatures inferred from deep crustal geophysical studies
impose constraints on the possible limits of crustal geotherms,
calculated using equations (1a) and (1b). In fact, the selection of
model parameters that allow compatibility with specified basal
temperature lead to considerable reduction of uncertainties in the
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crustal geotherm. The reason is that the procedure employed in
derivation of basal temperature is relatively independent of the
petrological complexities of crustal layers. In addition, there are
indications [15, 16, 17] that independent estimates of bottom
boundary temperatures lead to geotherms that are more reliable,
when compared with those derived exclusively using assumed
values of model parameters. In the present work, attention is
focused on the possibility of using results of deep seismic
studies in deriving independent estimates of the basal
temperatures of the lower crust.

3. Principle of the Seismo-thermal
Method

The variation of seismic velocity with temperature and

pressure has been discussed in several of the earlier works.
The relations proposed by [12, 18, 19] are based on
differences in the values of in-situ seismic velocities with
those measured in laboratory conditions. Hence, correction
factors are necessary to account for the effects of
temperature and pressure. It may be written as [12]:

v, (20°C, 100MPa)-v (T, P)- B(,P) =0 3)

where Vp (20°C, 100MPa) is the velocity of compressional
wave in km/s at 20°C and at 100MPa pressure. Vp (T, P) is
velocity of compressional wave in km/s at temperature (T)
and pressure (P). B (T, P) is the correction factor evaluated at
temperature T and pressure P, both of which are functions of
depth. The relation for B is [12]:

B(T,P)=B(z) = k[20-T(2)] +%[400 —TZ(z)]—%{exp(—100k4)—exp[— k,P()) )

where k;, k;, k; and k; are constants and z the depth in
kilometer. Figure 1 illustrates the nature of variation of the
correction factor. The values of the constants adopted in the
present work are given in Table 1. The correction factor is
rather insensitive to small changes in the values of the
constants.

The value of pressure in equation (4) may be obtained
using the relation:

P) = aplehz )

where g is gravitational acceleration, O the density, and z

the depth. The density for each layer may be estimated using
the procedure described by [20].
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Figure 1. Variations in the value of the correction factor B(z) as a function
of depth (Modified after [12].

Table 1. Representative values of the constants in equation — 4 (Modified

after [12].

Constants Value Units

ki -1.6 x10™ km s-1°C™!
ks -6.1 x 107 km s-1°C?
ks 8.7 x 10 km s-1 MPa’!
k4 23.8x10* MPa™

At this point, some comments on the effects of
compositional changes on seismic velocities are in order.
According to results of laboratory studies velocities of
seismic waves depend not only on the ambient conditions of
temperature and pressure but also on changes in the
chemical composition of the medium. In fact, results of
deep seismic investigations have revealed the existence of
systematic trends in the relations between petrological
characteristics and chemical compositions of crustal layers
with vertical velocities of P and S waves (see for example,
[20]). Geologic studies of uplifted blocks [21] indicate that
compositional changes in the crust occur predominantly in
the vertical direction and usually have spatial dimensions of
less than a few kilometers [22]. In addition, composition of
lower crust is in general mafic and uniform in different
tectonic settings.

One of the consequences of compositional changes is that
the values of the correction factor for seismic velocity (B)
vary with the rock type. Nevertheless, changes in B values
are found to be significant only in upper crustal layers, being
much less pronounced within the lower crustal layer.
According to interpretations based on results of global
seismic surveys [20, 23], the lower crust is composed
predominantly of mafic rocks. In addition, the velocities have
a strong dependence on the depth of the lower crustal layer,
and are relatively independent of changes in rock types in the
upper crustal layer. The absence of significant lateral
variations of seismic velocities in deep crustal layers is
indication that effects of compositional changes need to be
considered only in special cases where crustal segregation
processes have led to petrological inhomogeneity over
distances large compared with the thickness of crustal layers.
Since the application of STM is limited to estimates based on
velocities in the relatively homogeneous lower crustal layer,
the effects of compositional changes are unlikely to be major
source of error.
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4. Example of Application of STM

In the following sections, the procedure outlined above has
been employed in calculating basal temperatures of the crust
in the main geological units of the Tocantins structural
province, in Central Brazil. Geological and tectonic
framework of this region has been discussed extensively in
several earlier works [24, 25, 26, 27]. This area was selected
in view of the availability of the results of two seismic
refraction profiles, reported by [28, 29, 30].

The seismic profiles considered here cut across the main
geologic units such as the Araguaia belt, Goids Massif,

regions of folds and thrust zones along the western parts of
the Tocantins structural province as well as the rock
sequences along the western border of the Sdo Francisco
craton. The western segment of the seismic profile (known as
the Porangatu line) cuts across east central parts of this
province. In the west, it starts over the Araguaia belt and then
passes onto the northern part of the Brasilia belt, where the
stations are situated over the units of Goids Magmatic Arc,
Goias Massif and external basement zone. The eastern
segment of the seismic profile (known as the Cavalcante line)
cuts across the external zone of Brasilia Belt [28, 29]. The
locations of seismic profiles are indicated in Figure 2.
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Figure 2. Location map of the seismic stations (yellow triangles). The shot points are indicated by the star symbols [28]. The inset map on the lower left
corner indicates the location of the study area within the South American continent.

In follow up studies [29, 30] reported mean values of
longitudinal (V,) and transverse (V) wave velocities of
crustal layers for these geologic units. The results of seismic
studies have allowed determination of the thicknesses of the
crustal layers and values of density and velocities of primary
(V,) and secondary (V) seismic waves in the main crustal
blocks of the Tocantins structural province. A brief summary
of these results are reproduced in Table 2. With the exception
of the top weathered layer, the P-wave velocities are in the
range of 5 to 7 km s™' while the S-wave velocities are in the
range of 3 to 4 km s™'. The reported values of velocities have
standard error of + 0.05 kms™.

The vertical distributions of S and P wave velocities are
illustrated in Figure 3. As expected both P and S velocities
increase rapidly with depth in the upper crust. This is
followed by less pronounced increases in the middle and
lower crustal layers. Another notable feature is the presence
of low velocities at deep crustal levels in sediment-covered
areas of the eastern parts, which is adjacent to the S&o
Francisco craton (SFC). On the other hand, middle and upper
crust beneath the Araguaia belt (AB) seem to be
characterized by relatively high velocities. Intermediate
values of velocities are found for crustal segments of Goias
Massif (GM) and regions of the thrust and fold belts (TFB).
It appears that differences in velocities are more pronounced

in the mid crustal levels relative to those in the lower crust.
There are indications of a telescoping trend in velocities as
the crust mantle boundary is approached. This is considered
as indication that the lower crust of the study area is
relatively uniform in composition and structure.

5. Basal Temperatures of the Crust in
the Tocantins Province

Equations (3) and (4) have been employed, along with data
on seismic velocities of Table 2, in determining basal
temperatures and overall crustal thermal gradients of the
main crustal blocks. The results obtained are presented in
Table 3. Highest basal temperature of 1034°C was observed
in areas of Araguaia Belt (AB). The lowest basal temperature
was observed in regions of Thrust and Fold Belts (TFB). The
Araguaia Belt (AB) and Goias Massif (GM) are found to
have relatively high crustal thermal gradients (in the range of
22 - 23°C /km), followed by a slightly lower value of
18°C/km for the thrust and fold belts (TFB) of the Brasiliano
orogenic belts. Lowest value of thermal gradient of 17°C/km
was found for the region of sediment cover over the Sao
Francisco Craton (SFC).
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Table 2. Mean values of basal depths of layers and seismic velocities V, and V; for the main geologic units (Modified after [29]).

Geologic Unit Basal Depth (km) V, (kms™) V, (kms™)
0.1 3.6 2.0
1.4 5.7 33
Sao Francisco Craton (SFC) 12.4 6.1 34
30.3 6.2 3.6
47.6 7.0 4.0
0.04 2.0 1.2
5.7 5.8 34
Thrust and fold belts (TFB) 18.3 6.2 3.6
27.6 6.4 3.7
39.9 6.7 3.9
0.1 2.0 1.2
2.1 5.8 34
. 12.4 6.2 3.5
Araguaia Belt (AB) 19.7 6.6 318
354 6.9 3.9
44.7 7.1 4.1
0.1 33 1.3
3.8 5.9 34
Goias Massif (GM) 14.1 6.2 3.5
22.3 6.4 3.7
40.1 6.8 3.9
4 N[ )
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Figure 3. Vertical distributions of seismic wave velocities (V, in the left panel and V; in the right panel) in crustal segments of Sao Francisco Craton (SFC),
Araguaia Belt (AB), region of Thrust and fold belts (TFB) and the Goids Massif (GM).

Table 3. Basal temperatures and overall crustal thermal gradients calculated from seismic data for the main crustal segments of the Tocantins Structural

Province.
Geological Unit Crustal Thickness (km) Basal Temp. (°C) Overall thermal gradient (°C/km)
Araguaia Belt (AB) 44.7 1034 23
Goias Massif (GM) 40.1 907 22
Thrust and fold belts (TFB) 42.8 808 18
Sao Francisco Craton (SFC) 47.6 825 17

6. Constraints on Crustal Thermal
Field

Determination of reliable crustal thermal fields depend to a
large extent on the success with which constraints can be
imposed on the vertical distributions of thermal conductivity
and radiogenic heat production in the deeper crustal layers.
Observational data are, in general, available only for the

upper crust. Errors in estimating values of parameters for
deeper layers constitute a major source of uncertainty in
calculations of crustal temperatures.

The procedure adopted in the present work minimizes this
difficulty by imposing the condition that extrapolations of
deep crustal temperatures converge to values obtained at the
base of the crust from seismic data. In practice, estimates of
basal temperatures of the crust (Tg) in equations (2a) and
(2b) are set to the values derived from equations (3) and (4).
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In the case of stratified media, adoption of this new
procedure require use of a system of coupled equations for
temperatures at the interphase between different crustal
layers. In the scheme, illustrated in Figure 4, values of depth
(z), radiogenic heat production (4) and thermal conductivity
(M) are specified for each crustal layer. Thus, for an n-layered
medium with subscripts indicating layer number, A, and A,
represent values of the parameters at the surface (z = 0) and
Ap and Ap represent values at the base of the crust (z = zp).
Similarly T} indicate temperature at the surface and 7 that at
the base of the crust.

Z,=0 A, T, Ay
i 4, I 4
28 4, 1 A,
zs A4, /oA A,
“4 4, T, 2
B --13 Ta /:’B

Figure 4. Schematic representation of the layered model for heat production
and thermal conductivity.

In the present work, crustal seismic data are also employed
in obtaining estimates of vertical distributions of thermal
conductivity and radiogenic heat production in crustal layers.
Details of this procedure are presented in the following
sections, with examples appropriate for the main geologic
units in the Tocantins Structural Province.

6.1. Thermal Conductivity

The empirical relations proposed by [31] are often used as
a guide in estimating the effects of pressure and
compositional variations. In the present work, the pressure
correction was performed using the expression:

p
A (W/Km)
1,0 2,0

V, (km s)

50 6,0 8,0
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The values of 6 adopted for the upper and for lower crust
are 0.11 GPa™' and 0.03GPa ' respectively [32]. The effect of
temperature (T) on thermal conductivity (A) has been
accounted for by using the relation:

CONDUCTION

A
0 ]

In equation (6b), the coefficient Ay, is the value of thermal
conductivity at the reference temperature, and its value is
determined by the relationship proposed by [33]. For the
factor o we adopted the value proposed by [34] and for the
factor B that proposed by [35]. The values adopted for o and
B are respectively 10 and 5.0 x 10™'°. A practical example of
this procedure is illustrated in Figure 5 by considering the
vertical distributions of thermal conductivity, derived from
seismic velocity distributions in the four major crustal
segments of the study area.

As can be verified, the calculated values of thermal
conductivity are found to fall in the range of two to three
W/m/K. Note that thermal conductivity decreases with depth
in all crustal blocks, but there are no significant differences in
values between crustal blocks at deeper levels. The right
panel of this figure indicates the smoothed out trend of
thermal conductivity in the crust.

RADIATION

+p(273.15+71) (6b)

6.2. Radiogenic Heat Production

Values of radiogenic heat production in crustal layers may
be estimated using empirical relationships with seismic P
wave velocities. The relation proposed by [36] has been
widely used for geological formations of Paleozoic to
Precambrian in age. More recently, [37] questioned the
validity of such relations. Integrated analysis of the data sets
by [36] and [37] has allowed [38] to propose a relationship
that has been claimed to be independent of geologic age:

In(4) =13.92 -2.38 ,

(7

Figure 5. Vertical distributions of thermal conductivity (A) and crustal seismic velocities (V,) in the crust in the study area. The right panel indicates the

smoothed trends.
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In the present work, use has been made of relation (7) in
calculating values of radiogenic heat production for the main
crustal layers. Figure 6 illustrate the vertical distributions of
heat production derived from the seismic velocities, for the
crustal segments of the Tocantins structural province.
According to [39] near surface values of heat production vary
from 1.18 uW m™ in Goids Massif (GM) to 1.55 pW m>, in
Fold Belts and Thrust Zones (TFB). At the lower crustal
depths all crustal blocks have heat production values of less
than 0.5 uW m™. The smoothed trends of vertical variations
in heat production are illustrated in the right panel of his
figure.
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In the absence of detailed information, it is usual practice to
assume that the vertical variation of heat production in the
crust can be approximated by exponential relations of the type:

A(z)= 4,e? (&)
where A, is the value of heat production at the surface (z = 0)
and D the scale factor that governs the exponential decrease.
A summary of the values of 4, and D, proposed by [39], are
provided in Table 4 along with the respective standard
deviations for the regions of the study area.

s N\ N\
A (pWm3) V, (km s) A(pW/m?)
50 8.0 0,0 05 1,0 15 20
! ! 0 T T . .
10
£ 5 20
= S
< o
& a 3
o
40
60 50
\_ J J

Figure 6. Vertical distribution of crustal seismic velocities (V,) and heat production in crustal segments of the study area. The right panel indicates smoothed

trends.

Table 4. Values of mean heat production (Ay) and the scale factor (D) for the main crustal blocks in the study area (Adapted from [39]). The symbol O refer to

values of standard deviation.

e e Uit Heat Production (uW m™) Scale Factor (km)

A() OA D Op
Araguaia Belt (AB) 1.6 0.3 10.3 1.9
Goias Massif (GM) 1.2 0.2 144 2.6
Sé&o Francisco Craton (SFC) 1.4 0.3 13.6 2.4
Thrust and fold belts (TFB) 1.7 0.3 13.9 2.5

6.3. Near Surface Heat Flow

Results of heat flow measurements constitute the most
important constraint in determination of crustal temperatures.
The major difficulty however is in the availability of suitably
deep boreholes for geothermal measurements. Over the last
few decades, geothermal measurements have been carried out
at nearly one hundred localities within the Tocantins
structural province. Results of heat flow measurements for 16
localities was reported by [40]. More recently, [3, 39, 41]
reported temperature gradient and heat flow values for
additional 54 sites in the regions of Tocantins province and
also in the S@o Francisco craton. A brief summary of the
results of temperature gradients (I'), thermal conductivity (1)
and near surface heat flow (q) for sites near the seismic
survey belt is presented in Table 5.

Note that geothermal gradients and heat flow are relatively
high in the Araguaia Belt (AB) and in the Goias Massif
(GM), relative to those of Fold and Thrust Belts (TFB) and
adjacent areas of the Sao Francisco Craton (SFC).

Table 5. Summary of geothermal data compiled for the Tocantins structural
province.

(I is geothermal gradient, /. is thermal conductivity and q the near surface
heat flow)

Geologic Unit I' (C/km) L (Wm/K) q (mW/m?)
Araguaia Belt 25.2 2.7 68 +/- 23
Goias Massif 23.8 2.7 64 +/- 14
Fold and Thrust Belts (TFB)  20.2 2.6 53 +/- 15
S&o Francisco Craton (SFC)  20.4 2.8 57 +/- 26
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7. Crustal Geotherms in Tocantins
Province

In deriving crustal geotherms, it is usual practice to make
assumptions as to the vertical distributions of thermal
conductivity, radiogenic heat production and surface heat
flow. This is the common approach widely used in
geothermal research, designated here as the conventional
geothermal method - CGM. In the seismo-thermal method
(STM) of the present work, an additional constraint is
imposed according to which the calculated geotherms must
also fit the basal temperatures derived from crustal seismic
data. In other words, geotherms based on CGM need to
satisfy only the top boundary condition while those based on
STM must satisfy both the top and bottom boundary
conditions. Clearly, there is a need to distinguish geotherms
based on the seismo-thermal method (STM) from the ones
based on the conventional method (CGM). However,
derivation of geotherm based on STM require some minor
adjustments in the values of the model parameters. Results of
numerical simulations reveal that small changes in the values

of surface heat flow, with magnitudes less than one standard
deviation of the mean, are usually sufficient to bring about
the fits. In practice, the value of surface heat flow is
considered as a free parameter during the iteration process in
obtaining physically reasonable fits with the basal
temperature.

As an example, consider the vertical variations of
temperatures and heat flow for the Araguaia Belt (AB), based
on STM and CGM, illustrated in Figure 7. The left panel of
this figure indicate vertical distributions of temperatures
while the right panel indicate the same for heat flow. The
continuous lines indicate geotherms by STM while the
dashed lines indicate those by CGM. Geotherms by STM are
characterized by systematically lower temperatures and heat
flow relative to those for CGM. In both cases, there are
substantial reductions in heat flow with depth in the crust.
Though not illustrated in this figure, the general trends of
geothermal gradients are similar to those found for heat flow.
The basal temperatures by STM and CGM are respectively
1034 and 1038°C. There are indications that the differences
between the two geotherms increase with depth in the crust.

( Temperature (°C) \( Heat Flow (mW m?) D
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Figure 7. Crustal geotherms for the Araguaia Belt (AB) by STM and CGM. The left panel indicates the vertical distribution of temperatures in the crust, while

the right panel the vertical distribution of heat flow.

Similar results obtained for the region of Goias Massif (GM) are illustrated in Figure 8. In this case however, geotherms by
STM are found to have higher values relative to those for CGM. The results for Fold and Thrust Zones (TFB) and sedimentary
cover of Sdo Francisco Craton (SFC), illustrated respectively in Figures (9) and (10), are found to have trends similar to those

of Araguaia Belt.
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Figure 8. Crustal geotherms of the region of Goids Massif (GM). The legends for the panels are the same as that in Figure (7).



International Journal of Geophysics and Geochemistry 2016; 3(6): 61-72

It is useful to compare the results obtained by STM of the
present work with those of the conventional geothermal
method (CGM). In this context, we have selected results of
conventional heat flow measurements made at sites close to
the seismic reflection profiles of [29]. Most of these sites are
located in regions of Goids Massif (GM) and the Thrust and
Fold Belts (TFB). Comparative results for surface heat flow
and geothermal gradient obtained by the two methods are
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given in Table 6. It is important to point out that the results of
Table 6 are means of site values and should not be confused
with regional means given in Table 5. Note that there is
reasonably good agreement between results obtained by the
two methods. The values obtained by STM fall within the
range of values calculated by CGM.
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Figure 9. Crustal geotherms of the region of Thrust and Fold Belts TFB). The legend for the panels is the same as that in Figure (7).
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Figure 10. Crustal geotherms for the region of sedimentary cover over the western border of the Sdo Francisco craton (SFC) by STM and CGM. The legend
for the panels is the same as that in Figure (7).

Table 6. Comparison of the results obtained for near surface values of geothermal gradient and heat flow by CGM and STM.

Thermal Gradient (C/km) Heat flow (mW/m’)
Crustal Block ST™ CGM STM CGM
Araguaia Belt (AB) 23.7+5 24.6+6 6543 6746
Goias Massif (GM) 22.2+4 19.9+7 60+4 54+7
Thrust and Fold Belts (TFB) 20.2+3 20.9+£8 5545 57+9
S&o Francisco Craton (SFC) 20.4+3 21.6£5 56+6 59+8

A similar comparison have also been made for values of mantle heat flow and basal temperatures of the main crustal blocks.
The results are presented in Table 7. As in the previous case, there is reasonably good agreement between results obtained by
the two methods. The values obtained by CGM fall within the range of values calculated by the STM method. This is
important as it shows the feasibility of using the results of crustal seismic studies as a complementary tool in geothermal

investigations.
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Table 7. Crustal thickness (zg), heat flow (qs) and temperatures (Tp) in the four main crustal blocks of the base crustal for study area.
qs (mW m?) Tz (C)
Crustal Block zg (km)
STM CGM STM CGM
Araguaia Belt (AB) 44.7 49+6 51 1034420 104140
Goias Massif (GM) 40.1 4546 38 90715 792+30
Thrust & Fold Belts (TFB) 39.9 37+6 39 808+15 849+30
Séao Francisco Craton (SFC) 47.6 35+6 41 825+15 892+30

8. Implications for Global Reference
Frameworks of Geotherms

An important application of STM is the possibility of
using results of crustal seismic surveys in setting up a global
reference framework of deep geotherms in different tectonic
settings. By reference framework for geotherms, we mean a
system where the technique employed for calculating basal
temperatures have a common basis, allowing for easy
comparison of the results. Earlier attempts in setting up
reference systems for crustal geotherms have met with only
partial success because of the absence of a common
framework for calculations of basal temperatures. This
drawback stems from the fact that petrological complexities
of the upper crust contributes to uncertainties in the model
parameters employed in calculating crustal geotherms by the
conventional methods. In STM, the procedure employed for
calculating basal temperatures makes use of seismic
velocities of the lower crust, in addition to information on
surface heat flow. The technique used in measurement of
seismic velocities is independent of the characteristics of the
upper crust. According to results of geophysical and
geochemical studies (see for example [42, 43, 44])
petrological complexities of lower crust are less severe when
compared with those of the upper crust. In addition, it is
present in a wide variety of tectonic settings and the
procedure can be applied to any region with availability of
suitable crustal seismic survey data.
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The relatively uniform chemical composition of the lower
crust in many continental regions means that the system of
deep temperatures may be suitable for reference purposes on
a global scale. This in turn should allow derivation of global
maps of crustal geotherms with a common reference basis
that is relatively free of the high frequency variations arising
from geological complexities of upper crustal layers. The
main obstacle in implementing STM is the lack of integrated
geophysical studies in different tectonic settings, capable of
setting reasonable bounds on deep crustal temperatures. In
the present work, the procedure adopted in calculation of
crustal geotherms are based on estimates of basal
temperatures of the crust beneath the Variscan structural
element in the northwestern Mediterranean [12, 18, 45].
Integrated analysis of data acquired in deep crustal
geophysical investigations in other tectonic settings may
allow for improvements in calibration of the proposed
method.

It is clear that STM is helpful in understanding the
relations between seismic velocities and crustal geotherms in
different tectonic settings. The left panel of Figure 11
illustrates the nature of relation between surface heat flow
and basal temperatures in the Tocantins structural province in
central Brazil. The orange colored dots in the right panel of
this figure indicates global distribution of localities where
deep crustal seismic surveys have been carried out [46].
However, details of relations between basal temperature and
heat flow remain unknown in many localities of deep seismic
surveys, indicated in the right panel of this figure.

Figure 11. Left panel illustrates the nature of relation between surface heat flow and basal temperatures in the Tocantins structural province, Brazil. The right
panel indicates global distribution of localities (orange colored dots - continental; blue dots - oceanic) with deep crustal seismic surveys (USGS, 2016).
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9. Conclusions

The seismo-thermal method (STM) proposed in the
present work makes use of analytical solutions to the heat
conduction problem in stratified media, with coupling
between results of seismic and geothermal studies. The
boundary conditions imposed on temperatures in the lower
crust and surface heat flow in the upper crust has allowed
derivation of crustal geotherms with much lesser degree of
uncertainty than can be achieved by conventional geothermal
methods. This technique also allow determination of mantle
heat flow compatible with estimates of vertical distributions
of thermal conductivity and radiogenic heat production of
crustal layers.

The method has been used in obtaining new insights into
the thermal structure of the crust in the Tocantins Structural
Province. Specifically, crustal geotherms, with much lesser
degree of uncertainty, have been derived for the main crustal
segments of the study area: Araguaia Belt, Goids Massif,
Fold and Thrust Zones and Regions of sedimentary cover
adjacent to the Sdo Francisco Craton. Basal temperatures at
the crust-mantle interphase in the Tocantins structural
province are found to fall in the interval of 760 to 1034°C,
while the sub-crustal heat flow values fall in the range of 37
to 51mW m™. The results reveal that deep crustal heat flow is
relatively high in regions of Araguaia Belt and Goias Massif,
when compared with Thrust and Fold Belts of the Tocantins
Province and regions of sedimentary cover of the adjacent
Sédo Francisco Craton. Such changes in deep-seated heat flow
are found to be different from the trends observed in heat
flow maps derived from results of conventional geothermal
studies. We conclude that seismo-thermal method provides a
new perspective for understanding the deep thermal structure
of the crust in stable continental regions.

It also opens up the possibility of using results of crustal
seismic surveys in setting up a global reference framework of
deep geotherms in different tectonic settings [46]. In
principle, the STM may also be employed for determination
of basal temperatures in regions of oceanic crust. In this case,
however, lack of resolution of seismic data is major problem
and corrections for compositional variations need to be
incorporated [47].
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