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ABSTRACT

Knowledge of temperature field in deep crustal layers is
often of considerable importance in assessment and
exploration of Hot Dry Rock systems. However, there are
often large uncertainties in the methods employed for its
determination, often based on results of regional heat flow
studies. We present a novel approach that make use of
readily available data on elevation and geoid anomaly as
complementary constraining parameters in addition to heat
flow, in determining the deep thermal field in geothermal
areas.

The technique employed is based on development of an
interactive model of the crust, with iteration schemes that
provide simultaneous checks for compatibility of the
inversion results with the observational data sets on surface
heat flow, radiogenic heat production, elevation and geoid
anomalies. Unlike the previous attempts (for example,
Lachenbruch and Morgan, 1990; Fullea et al, 2007) the new
approach incorporates surface heat flow variations as
independent constraining conditions and at the same time
allow for the non-linear effects of thermal conductivity
variation with temperature in the crustal layers. The results
are found to be far more robust and realistic than those
obtained by conventional thermal models. Another
remarkable feature of this model is its ability to determine
deep temperature field in regions of active subsurface fluid
circulation.

The method has been used in determining deep thermal
structures of the crust in Southeast Brazil and North Africa.
There are indications that the deep thermal structure of
crust in southeast Brazil is affected by residual thermal
effects of basic and alkaline magma intrusions of Cenozoic
age, in reasonable agreement with results of regional
studies of seismic tomography. In the Atlas Mountain area
of North Africa, adjacent to the East Alboran basin, the
results obtained point to conditions favorable for
occurrence of HDR geothermal systems in upper crustal
layers.

1. INTRODUCTION

Knowledge of isostasy is often considered crucial in
assessment of processes tectonic processes, in studies of
evolution of continental margins and in understanding the
history of sedimentary basins. Thermal isostasy is the
process in which changes in density induced by changes in
the subsurface thermal field contribute to vertical
movements of the crustal and lithosphere. Since the
pioneering work of Lachenbruch and Morgan (1970) a
number of attempts have been made in understanding
relation between geoid height and heat flow within the
framework of thermal isostasy. Recently, Fullea et al.

(2007) presented a method for automatic modeling of
crustal and lithospheric structure using elevation and geoid
data. This approach also incorporates information on Moho
temperatures. However, the approach adopted by Fullea et
al (2007) does not make use of measured heat flow and
thermal conductivity data as input parameters and in
addition does not allow for wvertical variations in
thermophysical properties. Consequently, the results
obtained provide only limited understanding of the deep
thermal structure of the lithosphere.

In this work, we present a refinement of the method of
Fullea et al (2007) which admits surface heat flow also as
an input parameter and in addition allow for the effects of
vertical variations in thermal conductivity. The technique
employed is based on computationally stable iteration
schemes and provide simultaneous checks for compatibility
of the inversion results with the observational data on
surface heat flow, radiogenic heat production, elevation and
geoid anomalies. The model was applied to examine the
crustal and lithospheric structure of the S&o Francisco
craton. (Southeast Brazil) and North Africa (area of North
Africa, adjacent to the East Alboran).

2.METHOD

The assumption of isostasy allows us to develop the
relations between elevation and density of lithosphere and
asthenosphere. Buoyancy considerations may be employed
in developing the relations between elevation of the
lithosphere with respect to the sea level and the level of
asthenosphere, illustrated in the schematic diagram of
Figure (1).
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Figure 1: Isostatic balance between lithosphere and
asthenospher e (L achenbruch and M organ, 1990).
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In the above diagram ¢ is the elevation of lithosphere above
sea level, L the lithospheric thickness, H the difference in
height and Hy the elevation of asthenosphere.

We introduce now the concepts of geope of dry
asthenosphere and hydro-geope of the asthenosphere. The
relevant relations for a lithosphere subjected to tectonic
processes, such as stretching, have been derived by
Lachenbruch and Morgan (1990). Under such conditions
the geoide height is proportional to the dipole moment of
the vertical distribution of density (Ockendon e Turcotte,
1977; Turcotte and Oxburgh, 1982):
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where z is depth, G is the universal gravitational constant
(m®*s2kg™), Ap the density contrast and g is the terrestrial
gravitational acceleration over the Earth's surface (m s72).
The integration constant Ny plays the role of a reference
level, and is needed to adjust the zero level of the geoid
anomalies.

Following Fullea et al (2007) we also consider a four-
layered lithospheric model composed of crust, lithospheric
mantle, sea water and the asthenosphere. The depth of the
base of crust and lithosphere are related with elevation
under local isostasy (Fullea et al., 2007):

7 = Pt E(c=p)+ 2 (Pn=pd)
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where z. is the depth of the crust-mantle boundary (Moho),
z, is the depth of the Lithosphere—Asthenosphere Boundary
(LAB), p. and py, are the average densities of the crust and
lithospheric mantle. All depths are referred to the mean sea
level. For the lithospheric mantle density, pm, we consider
a linear dependence on the temperature:

Pm (Z) = Pa (1+a[Ta _Tm(z)]) 3

where o is the linear coefficient of thermal expansion (K™,
Ta is the temperature at the LAB and Tm(z) is the
temperature at depth z in the lithosphere. The average value
of the lithospheric mantle density, ;m , can be determined

by integrating Eq. (5) between z; and z, :

;m (Z) = i J‘me(Zk]Z: Pa (1+a[Ta_Tm(Z)]j Q)
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The temperature distribution for a one-dimensional medium
with heat sources the steady-state heat conduction equation
may be written as:

d dT
E[;L(T)E}:—AO exp(—-z/ D) ®)

where z is the depth, T is temperature, A(T) the thermal
conductivity, A, is the heat production in near surface layers
and D is logarithmic decrease of heat production with
depth. The following boundary conditions apply:

T(z=0) =T, (6a)

aT
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z=0

where Ty is the temperature of the surface (z = 0), qo is heat
flow observed in surface. The variation of thermal
conductivity with temperature at depth is assumed to follow
a relation of the type:
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In the above relation B and C are material constants (B =
10 °Ctand C = 10°° °CY), determined by experimental
studies on rock samples. The solution of (5) that satisfies
the above boundary conditions is (Alexandrino and Hamza,
2008):

éln{l+HT(z)—'I§,]}+AZ{27315+[T(z)—'|},]}4—u(z):0 ®)

where U is the variable of the Kirchoff transformation.
FORTRAN subroutines available in IMSL Lbrary (1989)
were used in numerical computation of the transforms.

Temperature (T,) and thermal conductivity (A.) at the crust-
mantle boundary are calculated by introducing z=z. and
z=z, in Eq. (7) and (8). The general equation for isostasy
may be expressed as a quadratic relation for the thickness of
the lithosphere:
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The geoid anomaly from Eg. (1) for a four-layered
lithospheric model in which the density of the crust vary
linearly with depth and the density of the lithospheric
mantle is temperature dependent is:
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B _ T
where B = Pe = Pc and Zmax 1S the depth of the
z. + E

compensation level, and ch and pCB are the densities of

the top and the bottom of the crustal layer. Since we use
absolute densities, it is necessary to determine the
integration constant Ny to tie the zero level of the geoid
anomalies. The joint solution of the above equations allows
us to calculate the average lithospheric mantle density,

;m, as well as the depth of the Moho z, and the thickness

of the lithosphere z_, which simultaneously fit the elevation
and the geoid anomaly under local isostasy.

Iterative computational schemes are necessary because of
the non-linearity of the equations. The computational
procedure employed in the present work is similar to that
used by Fullea et al (2007) but include additional steps
because of the complexity of the relations used for heat
flow and thermal conductivity. These are:

1. Estimate the initial values for z. and z,, assuming
constant density for crust and mantle;

2. Use the initial value of z for calculating the depth to the
base of the lithosphere, which couples isostasy top the
thermal field;

3. Calculate the temperature at the base of the crust (T)
and lithosphere (T,) using values of z, and z,_ of step 2;

4. Calculate the thermal conductivity the crust (A;) and
lithosphere (L)) using values of T, and T, of step 3;

5. Calculate the geoid height using z., z, T, Ta, A, and Ay,
obtained in steps 3 and 4;

6. Determine the residual anomaly (calculated -
observed);

7. Change the value of z. and repeat the process until the
residual anomaly is minimized.

A key parameter in the joint inversion of elevation and
geoid data is the reference level for geoid anomalies Ny,
which depends on the particular configuration of the
lithospheric column considered as reference. The range of
meaningful solutions in the elevation — geoid height domain
varies depending on the configuration of the reference
lithospheric column considered. This model was employed
for studying the elevation — geoid height — heat flow
domain of the S8o Francisco province.

3. DATA BASE

3.1 Data Sao Francisco Province

We discuss briefly the characteristics of the data base for
heat flow, elevation, radiogenic heat production and geoid
anomaly in the Sdo Francisco Province. This information
provides important constraints in application of the model
proposed in the present work.

3.1.1 Heat Flow

A summary of temperature gradient, thermal conductivity
and heat flow values calculated for the cratonic areas and
surrounding fold belts of the S&o Francisco structural
province is presented in Table (1).

According to data in Table (1) the mean heat flow values
are 43 +/- 9mW/m? for the Salvador créton in the north, 51
+/- 10mW/m? for the Aracuaf and Mantiqueira fold belts in
the east, 50 +/- 12mW/m? for the Brasilia and Tocantins
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fold belts in the west and 50 +/- 14mW/m?. for the Séo
Francisco craton in south. Such heat flow values are typical
of stable continental regions. On the other hand, the data
indicates mean heat flow of 76 +/- 20mW/m? for the S&o
Francisco basin. The distribution regional heat flow in
region of Province Structural S&o Francisco is presented in
the map of figure (2).

Table 1: Mean values of temperature gradient (T),
thermal conductivity () and heat flow (q) for the
main tectonic provincesin the study area.

Geologic 0 A q
Province r ("Clkm) (W/m°C) | (mW/m?)
Salvador
Craton 148+43 | 29+1.1 43+9
Tocantins /
Brasilia Belts 16.0+4.2 | 3.1+05 50+ 12
Araguai /
Mantiqueira 179+72 | 28103 51+10
Belts
Sao Francisco
Craton 16.6+3.7 | 3.1+0.3 51+14
Northeast of
Parana Basin 287+6.3 | 26+0.6 73+14
Sé&o Francisco
Basin 294+78 | 26+0.2 76 £ 20
mwW/mz?
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Figure 2: Distribution heat flow in the Sdo Francisco
Structural Province.

3.1.2 Radiogenic Heat Production

Determinations of the abundances of natural radioactive
elements (Uranium, Thorium and Potassium) have been
carried out, over the last few decades, for a number of
localities in Eastern Brazil. The experimental techniques
employed include both gamma ray spectrometry as well as
isotope mass spectrometry. The available data have been
compiled in the present work for estimating representative
near-surface heat production values. The results obtained
are presented in Table (2).

According to data in Table (2) the cratonic areas and
metamorphic fold belts are characterized by relatively
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lower heat production values, in the range of 1.0 to
1.3uW/m?®. The sedimentary sequences of the intra-cratonic
Sao Francisco basin are found to have the high values of
heat production, with mean values in the range of 1.7 tol.7
+ 1.0pW/m®. Also provided in Table (2) are the mean
values of the parameter for logarithmic decrease of heat
production with depth, for the main tectonic provinces. The
distribution regional radiogenic heat production Province
Structural S&o Francisco is presented in the map of figure

@3).

Table 2: Values of heat production (Ag) and the depth
parameter (D) for the tectonic provinces

. . Ao
Geologic Province (pW/mS) D (Km)
Salvador Craton 1.3+07 | 142+3.1
Tocantins / Brasilia Belts 12406 | 11.1+£21
Araguai / Mantiqueira Belts 12+0.7 | 119+21
Sé&o Francisco Craton 1.3+09 | 122+2.2
Northeast Parana Basin 29410 | 10.1+1.8
Sao Francisco Basin 1.7+£1.0 128+ 25
Hwim
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Figure 3: Distribution radiogenic heat production in the
S&o Francisco Structural Province.

3.1.3 Elevation and Geoid Data

The elevation data is shown in figure (4), and are derived
from a public domain data base (available at the website
www.heavens-above.com). Geoid anomaly data is shown in
figure (5), and were taken from the EGM2008 global
geopotential model. The official Earth Gravitational Model
EGM2008 has been publicly released by the U.S. National
Geospatial-Intelligence Agency (NGA) EGM Development
Team. This gravitational model is complete to spherical

harmonic degree and order 2159, and contains additional

coefficients extending to degree 2190 and order 2159.
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Figure 4: Elevation topographic in the Sdo Francisco
Structural Province.
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Figure 5. Anomaly Geoid in the Sao Francisco
Structural Province.

4. RESULTSOF MODEL STUDIES

4.1 Resultsfor Sao Francisco Province

The crustal structure for the S&do Francisco Province,
calculated from elevation, geoid anomaly and thermal field,
is shown in figure (6). In most of the S8o Francisco
province crustal thickness vary between 36 and 42km. The
lower value for depth to the crust-mantle boundary, z. is in
part of central S&o Francisco Basin, the Moho is rather flat
(35-39) km. The Salvador craton is characterized by z.
values relatively high (> 42 km).

The spatial distribution of lithosphere thickness for the Sdo
Francisco Province, calculated from elevation, geoid
anomaly and thermal field, is shown in figure (7). It is clear
that lithosphere thickness is much larger in the northern
parts (with values in the range of 170 to 220km) relative to
the southern parts where the values are less than 160km.



These values are in reasonable agreement with results of
seismic tomographic studies (Assumpgcdo, 2004).
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Figure 6: Map of moho depths in the sdo francisco
province derived from elevation, geoid height
and heat flow data.
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Figure 7: Map of lithosphere thicknessin Sao Francisco
Province derived from eevation, geoid anomaly
and heat flow data.

The model results also allow determination of heat flow at
the crust mantle boundary, which is illustrated in figure (8).
Note that mantle heat flow is less than 30mW/m? in the
northern Salvador craton. In the southern S&o Francisco
craton mantle heat flow is higher, with highest values
(>40mW/m?) occurring on the eastern border of the Sio
Francisco basin. This anomaly is situated beneath the
region of thermal springs in the Sdo Francisco basin. A
similar trend can also be seen in the spatial distribution of
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crust-mantle boundary temperatures, illustrated in figure

9).
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Figure 8: Map of Distribution subcrustal heat flow in
the S&o Francisco Structural Province.
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Figure 9: Map of Distribution temperatures at the crust-
mantle boundary in the Sdo Francisco Structural
Province.

5. APPLICATION FOR ENHANCED GEOTHERMAL
SYSTEMS

The model of the present work can be employed in
determination of deep crustal temperatures in areas of
enhanced geothermal systems, with relatively better
accuracy than possible with conventional methods. The
advantage stems from the fact that the constraining
parameters in our model (geoid height and elevation) are
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relatively insensitive to perturbations induced by subsurface
fluid circulation in crustal layers. Conventional methods
rely on temperature data from shallow wells and these are
in many cases perturbed by hydrothermal circulation in the
upper crust. This can be seen in the distribution of crustal
temperatures derived using our model for four different
regions in North Africa (Alboran basin, north-central
Africa, Atlas Mountains and Iberian massif), illustrated in
Figure (10). The heat flow data used in this set of
simulations is derived from the data reported by Fernandez
et al (1998), Polyak et al (1996) and Rimi et al (1998).

Temperature (°C)
500 1000 1500

10
Alboran basin
—
E2
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S
L
-
0
a 30 Atlas NC Africa
Mountains
40
Iberian
Massif
50
\ J

Figure 10: Crustal temperatures in the Alboran basin,
North-central Africa, Atlas Mountains and
Iberian M assif.

The values of Moho depth, depth to base of lithosphere and
Moho temperatures derived for the Eastern Alboran basin
and Atlas Mountains, based on the original procedure of
Fullea et al (2007) and the improved model of this work are
presented in Tables (3) and (4) respectively. Note that the
model of Fullea et al (2007) leads to higher estimates for
Moho depth and lithospheric thickness relative to those of
the present work. Consequently, calculated Moho
temperatures are lower in the model of Fullea et al (2007)
when compared with similar results of the present work.

6. CONCLUSIONS

The procedure proposed by Fullea et al (2007) allows for
joint inversion of elevation and geoid data but ignores the
crucial role of surface heat flow in inversion. As a result the
model leads to overestimation of crust and lithospheric
thickness and underestimation of moho temperatures.

The modified method proposed in present work allows
simultaneous inversion of heat flow, elevation and geoid
height. It takes into consideration vertical variations in
thermal properties and provides information on the thermal
structure of lithosphere in region Southeast Brazil.

The correlation between geoid height and heat flow is a
useful tool for detailed mapping crustal temperature field in
geothermal areas.
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Table 3: Results of model calculationsfor Moho depth, depth to base of lithosphere and M oho temperature, for the Eastern

Alboran basin

Parameter Fullea et al Thiswork |Difference %
Moho Depth (km) 21.5 18.4 3.1 14.5%
Depth to base of 0
Lithosphere (km) 86.2 64.2 22.0 25.5%

Moho Temperature 425.6 541.9 -116.3 -27.3%

Table 4: Results of model calculations for Moho depth, depth to base of lithosphere and Moho temperature, for the Atlas

M ountains
Parameter Fulleaet al| Thiswork |Difference %
Moho Depth (km) BE83 31.3 4.0 11.1%
Depth to base of
. 160.3 138.5 21.7 13.6%
Lithosphere (km) °
Moho Temperature 399.4 500.1 -100.6 -25.2%
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