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RESUMEN

Las estimaciones de la temperatura a profundidad son de suma importancia para los estudios reol dgicos de la corteza y
también para una planeacion correcta de la perforacion de pozos profundos. La modelacion térmica requiere de condiciones de
fronterareales, paraasi poder obtener valores confiables de latemperatura a profundidad. L as condiciones de frontera necesarias
paralos model os térmicos pueden ser inferidas a partir de pardmetros geoquimicos y geofisicos medidos en el campo.

Se pueden obtener soluciones numéricas delas ecuaciones de transferenciade cal or através de model os de el ementosfinitos
odediferenciasfinitas parauna, dos o tres dimensiones, tomando en cuenta varias suposiciones en rel acion con | os parametros del
medio, tales como homogeneidad y anisotropia de la conductividad térmica. En este trabajo presentamos modelos uni- y bi-
dimensionalesy resaltamos las diferencias entre ambos.

El é&reade Oberpfalz fue sel eccionada paraprobar € modelo'y las condiciones de frontera debido aque |l os datos geoquimicos
y geofisicos se encontraban disponibles para estimar las condiciones de frontera, ya que las temperaturas a profundidad habian
sido medidasen €l pozo KTB. Seencontrd concordanciaentre lastemperaturas medidasy | as cal culadas parael model o bidimensional
que incluia condiciones de frontera inferidas a partir de |os datos geoquimicos y geofisicos.

PALABRAS CLAVE: Modeacion, conductividad térmica, ecuaciones de transferencia de calor, condiciones de frontera.

ABSTRACT

Deep temperature estimations are important for rheological studies of the crust and also for the planning of deep drill holes.
Thermal modeling requires the input of realistic boundary conditions in order to obtain reliable values for the temperature at
depth. Boundary conditions necessary for thermal models may be inferred from geochemical and geophysical parameters mea-
sured in the field.

Numerical solutions of heat equations can be obtained through finite element and finite difference schemesin one, two or
three dimensions, taking into account several assumptions regarding the medium parameters, such as homogeneity and anisotropy
of thermal conductivity. In this paper we present one and two-D models and highlight the differences between them.

The Oberpfalz areawas selected to test the model and boundary conditions, because geochemical and geophysical datawere
available to estimate the boundary conditions in our model and temperatures at depth have been actually measured at the KTB
borehole. A good agreement between the calculated and measured temperatures is obtained for a 2-D model with appropriate
boundary conditions from geochemical and geophysical data.

KEY WORDS: Thermal conductivity, modeling, heat equations, boundary conditions.

Functionsand parameters

Notations and units

INTRODUCTION

Heat production A [pW.m 3| The geothermal field reflectsthelong and complex geo-
Unitary vectors of the coordinate e [m] logical evolution of the Earth. Heat flow at the Earth’s sur-
system (x,2) face provides valuable information about the thermal condi-
Domain dimension L,H[m] tions and processes at depth. Methods of heat flow analysis
Time t, [9] and construction of geothermal models are complicated. Sev-
Temperature T[°C] eral assumptions are needed in order to solve the heat equa-
Temperature at thereferencelevel T, [°C] tion, especially those rel ated with boundary conditions. Ther-
Temperature difference AT[°C] mal models alow us to study complex processes such as
Thermal conductivity K (T) [W.m1.°K?] asthenosphere uplift, magma intrusions, and accumulation
Heat flow density o=(a, @) of sediments. Other important features in thermal modeling
[mMW.nm?] are thermal parameters such as radiogenic heat production
Depth scale factor D [km] and heat conductivity of the medium. Geothermal models of
09 40 the crust are also used in rheological and stressfield calcula

Nabla operator L= X' oy tions (Ranalli, 1991).
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Drilling of deep wells requires approximate calcula-
tions of the expected temperature at depth. The Continental
Deep Drilling Project is a good example of the importance
of areliable estimation of deep temperature (Clauser and
Huenges, 1993). In this paper we present an alternative
method of fixing the deep boundary condition for the differ-
ential heat equation. We include a numerical approach for
the solution of the conductive heat equation in 2-D. Our re-
sults agree with deep temperature data from the Oberpfalz
deep borehole. It is shown that the good agreement between
measurement and modeling is due to appropriate selection
of boundary conditions.

BOUNDARY CONDITIONS OF HEAT EQUATION
SOLUTIONS

Why choose atwo or athree-dimensional model ? Why
use convective or conductive models? Why are one-dimen-
sional solutions of differential equations useful? There are
no strict rules on how to solve the heat transport problem.
However, the fundamental problem is not related with di-
mensionality but with the boundary conditions assumed in
the solution of the differential equations. Therelative contri-
butions of heat transport mechanisms is another parameter
to fix. These mechanisms are conduction, convection and
radiation. Which is the most important for each problem?
These processes are dependent of each other, and their rela
tionships can be expressed by different mathematical func-
tions of conductivity, time, fluid velocity and heat produc-
tion.

In most cases, the parametersin the heat equation solu-
tion are assumed to have no latera variation, and the ther-
mal conductivity tensor is considered homogeneous. These
assumptions do not make a large difference between one-
two-or three-dimensional analysis, as the boundary condi-
tions determine the behavior of the model. In problemsin-
volving tectonics, the Mohorovicic discontinuity plays an
important role in the evaluation of the boundary conditions.
However, some authors (e.g., Cermak, 1984) consider nei-
ther the Moho discontinuity to be an isothermal surface, nor
the flux of heat from the upper mantle to be uniform. The
parameters of the lower crust depend on the composition of
the mafic rockswithin it which affects estimation of thelower
crust-mantle boundary (CMB) depth. Griffin and O’ Reilly
(1987) suggest that the seismic Moho may differ from the
CMB depending on the composition of mafic rocks and the
regional tectonic evolution. Thus, the seismic Moho may
overestimate the depth of the CMB in high heat-flow areas
(Klemperer, 1987).

The estimation of temperature at depth is based on the
assumption of equilibrium among different components in
the rocks and the fluids that interact with them. Geochemi-
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cal and isotopic geothermometers have been found accurate
for temperature calculations in geothermal fields and volca-
nic environments (Henley et al., 1984). Chemical
geothermometersare constrained to rel atively shallow depths
because they indicate the last equilibrium stage, which is
usually attained not far from the surface. However, good es-
timations of surface heat flow have been obtained using the
correlation between equilibrium of temperatures calculated
with quartz geothermometers and surface heat flow
(Swanberg and Morgan, 1979). Isotopic geothermometers
re-equilibrate slowly, and are more useful to determine deep
temperatures. Helium isotopic composition shows anoma:
lousvaluesin areas of recent tectonic activity (Mamiryn and
Tolstikhin, 1984; Oxburg and O’ Nions, 1987). An exponen-
tia correlation (3He/*He = exp (6 @ [HFU] - 5.3)) has been
proposed between heat flow and 3He/*Herratio (Polak et al.,
1979; Mamiryn and Tolstikhin, 1984). Indirect methods can
be applied to estimate the Moho temperature on the basis of
seismic velocities (Cermak, 1984).

METHODSIN THERMAL MODELING

The traditional method (Kappelmeyer and Haenel,
1974; Cermak 1979; Werner and Kahle, 1980; Weber and
Vollbrecht, 1986) for obtaining an approximation of the geo-
thermal model solves the Fourier heat equation in one di-
mension for steady state conductive conditions assuming i so-
tropic physical properties of the underlying rocks. However,
in recent years numerical models are used to solve the three-
dimensional heat equation

0f K T)=vIR I AQD) 1

When no convective processes are involved and a sta-
tionary transport is assumed the equation takes the form

div(-K gradT)=A(2) . 2

Assuming constant temperature T, at the surface, con-
stant heat flow @, at depth computed from the surface heat
flow ®,and from the heat produced within the layer of thick-
nessL wefind

L
Py = D —J'A(z)dz _
0

The heat flow and thermal conductivity at the surface
aremeasured experimentally. However, the underlying rocks
and their heat production, their conductivity and the heat flow
at the base are unknown. These parameters must be inferred
from other geophysical studies and from the geological en-
vironment.



Andlternative method for solving this equation hasbeen
proposed by Cermak (1984). It consistsin decomposing the
medium into a series of homogeneous layers, assuming each
of them to be homogeneous. Solving the Fourier heat equa-
tion we find the heat flow at the bottom of each layer. The
bottom temperature and heat flow are taken as boundary con-
ditions for the next layer; the errors are cumulative.

Animproved estimation of heat flow at the bottom of a
geothermal model has been proposed (Royer and Danis,
1988). Poisson’s equation is solved in two dimensions as-
suming aninitial heat flow solution at the bottom and a zero-
flow condition across the two vertical lateral boundaries of
the domain:

Of K(MP T)=A@®) . ©)

Inthismodel, thethermal conductivity strongly depends
on the geological features. Although pressure has some ef-
fect on K, it may be neglected (Dubois et al., 1995). Thus

K

K(T) = (1+—27T) , 4

where K, isthe thermal conductivity at 25°C, and a usually
rangesfrom 5x 10-4 °K-1to 10-3 °K-1 depending on the rock.

Typical heat production values are found in the litera-
ture (Table 1). We assume an exponential decrease of heat
production with depth z in km, according to

A2 = Ao exp (-Z/D) ©)

Boundary conditionsin thermal models

where the depth-scale factor D for radioactive enrichment
variesfor each region (Chapman, 1986; Cermak et al., 1991).
This parameter can be assumed to lie between 8 and 16 km,
depending on the area (Weber and Vollbrecht, 1986; Royer
and Danis 1988; Werner and Kahle, 1980).

Thetemperature at the surfaceisthe mean regional tem-
perature in the specific region. The zero heat flow condition
on lateral boundaries is supported by the absence of major
conductive heterogeneities in the geological facies. The
mantle heat flow condition hasbeen cal culated by iteratively
solving the heat equation, and comparing the calculated and
the measured heat flow at the surface, interpolated at each
node of the grid by a krigging method. As the mantle heat
flow boundary condition depends on theinterpol ation method
used, no unique solutionisavailablefor equation (2). A Monte
Carlo simulation method has been used in order to obtain a
confidence interval for the calculated heat flow field. This
technique was used for the southern Rhinegraben, and agood
agreement was obtained between the modeling results and
available geoscientific data (Royer and Danis, 1988).

Another approach considers advection processes in
porous layers. The equations governing the advection of in-
compressible fluidsin a porous domain are the heat transfer
equation, the Darcy equation (motion equation), the conser-
vation equation the variation of thefluid characteristicswith
temperature. Royer and Flores (1994) provide a dimension-
less formulation that include anisotropy and heterogeneity.
We use dimensionless parameters that are functions of the
conventional dimensional parameters, and functions of heat
transfer and Darcy equations. Thus, the problem of model-
ing advection in porous mediais ssimplified as a set of two

Table 1

Parameters from literature used in thermal modelling

Ref. * Facies D Conductivity Heat Production
Ko Ao
Km W/m°K UW/m?3
14 Fanglomerate - 13-22 0.5-1.0
14 Sandstone - 2.20-2.46 0.5-1.0
2,4 Amphibalite - 246-2.9 1.0
2,4 Schist 8 21-244 1.0
2,4 Metabasite 8,16 1.00- 253 1.0
2,14 Granulite - 2.50- 2.65 2-4
1,34 Granite 8,10,12 2.90-4.60 5.0-75
234 Mantle - 2.50-3.00 0.02

References: 1\Weber and Vollbrecht (1986); 2Chapman (1986); 3Royer and Danis (1988); 4K appel meyer

and Haenel (1974).
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differential equations (heat transfer and Darcy), that include
two unknown functions (temperature T and stream (). The
conservation equation is automatically verified using the
stream function formulation.

The solution of the coupled conduction-advection heat
transfer is performed with afinite-differences scheme, using
a doubly iterative approach that allows mutual coupling of
the heat and Darcy equations (Flores, 1992). An iterative
procedure is applied to the flip-flop process until the solu-
tion converges. This formulation can take into account the
heterogeneous medium, the conductive structure of the base-
ment, the anisotropy of the petrophysical properties and the
geometry of the geological layers.

The preceding models were applied to Oberpfalz be-
cause this area has been well researched in recent years.
Geophysical and geochemical studies and deep temperature
measurements are available from the Deep Drilling Conti-
nental Program of Germany (KTB reports). Thetemperature
data can be compared with the temperatures obtained from
different kinds of models.

THE OBERPFALZ TEST AREA

Oberpfalz isthe pilot zone for the German Deep Drill-
ing Project (KTB, Deutsche Kontinental e Tiefbohrprogram-
me), whose purpose is to understand the processes, dynam-
ics and evolution of the continental crust (Figure 1). Exten-
sive geophysical and geological studies started in 1986 (\We-
ber and Vollbrecht, 1986). In 1987, a4000 m deep pilot hole
(VB) was drilled accompanied by large-scale data acquisi-
tion. The main hole (HB) reached its final depth of 9101 m
in 1994 (Kohl and Rybach, 1996). Initially the data obtained
from thermal conductivity, magnetic, magnetotelluric and
seismic reflection studies showed low heat flow. The early
geothermal models at Oberpfalz showed similar patterns to
those reported by Cermak (1984) for the northern and east-
ern European region. Based on those results, the drilling site
was selected at Oberpfalz. In 1987 the KTB project started
to obtain important geoscientific data through well logging.
The logging program was thoroughly revised. One of the
objectives was to gain insight into the extent of fluid move-
ment in crustal processes. Thetemperatures encountered dur-
ing drilling of KTB-HB reached 172°C at depths of 6024 m
(Zoth, 1993) while the predicted temperatures from thermal
models had reached only 75°C at depths of 4000 m (Weber
and Vollbrecht, 1986)). This questioned the validity of ther-
mal modeling for the prediction of temperatures at depth.
Recently 3-D models were developed by different authors
(Clauser and Huenges, 1993; Clauser and Mareschal, 1995;
Jobmann and Clauser, 1994; Kohl and Rybach, 1994 and
1996, among others), and the results were consistent with
measurements. Here, we attempt to predict thermal patterns
using a simple 2-D conductive model similar to those pro-
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posed by Royer and Danis (1988). We take into account
different interpretations of the field studies to include real -
istic boundary conditions. Two modelswere used, one con-
sidering conduction only and the other assuming advection
in porous formations (Flores, 1992).

GEOLOGICAL SETTING

Thecontinental Deep Drilling SiteKTB islocated near
Erbendorf-Vohenstraus, Oberpfalz, Germany (Figure 2).
Outcrops in the area are predominantly granites 424 Ma
old (Quadt and Gebauer, 1993), and metamorphic rocks.
Thetectonic evolution of central Europe has been described
by Weber and Vollbrecht (1986). The compressive regime
correspondsto the Variscan thrust tectonicsfollowed by the
post-Variscan granite emplacement and Mesozoic faulting.
Cenozoic tectonic processes have resulted in extensional
features in the form of several continental rifts: Rhine and
Eger, and the Pannonian Basin, accompanied by the erup-
tion of Tertiary to Quaternary volcanoes. The surface and
mantle heat flow values and the crustal thickness distribu-
tion on those features show the effects of the rifting pro-
cesses, including higher than average heat flow values
(Haenel, 1971). A thinner crust isassociated with thoserifts
(Cermak et al., 1991).

During the pre-site evaluation, acorrelation of stratig-
raphy and tectonic history was used together with geophysi-
cal datato infer the temperature field at depth. Relatively
low temperatureswere supposed to prevail at depths greater
than 7000 meters (Weber and Vollbrecht, 1986). Presently,
more geophysical and geochemical dataare availabl e show-
ing that the Eger rift in the vicinity of the KTB siteis an
indication of recent tectonic activity in Oberpfalz, that af-
fects the thermal regime of the area (Trappe et al., 1990).
Chemical studies of the gases dissolved in mineral springs
and ground water samples show that an important magmatic
component is included in the crustal fluids from the area
(Griesshaber et al., 1992; Weinlich et al., 1993). Thus the
regional mantle heat flow should be considerably higher
that the northern European values.

The Eger rift is characterized by extensional tecton-
ics. It includes a graben-type structure with a NE-SW di-
rection. Surface heat flow ranges from 70 to more than 90
mw/m?2 (Cermak, 1979; Haenel, 1983), above the world
average of approximately 60 mW/m2, An increased mantle
input is also inferred from the studies of noble gases in
ground water, rocksand mineral springs (Griesshaber et al .,
1992; Weinlich et al., 1993; Bach et al., 1999). This evi-
dence correlates with the data obtained for samples from
the KTB (Schafer and Kirsten, 1993), thus showing that
the extensional tectonic regime of the Eger rift affects the
KTB sitearea. The KTB siteislocated about 40 km south-
west of the Eger rift.
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Fig. 1. Location and surficial geology in the Oberpfalz region.
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Fig. 2. Detail of surficial geology and location of the two-dimensional thermal profile (modified from Clauser and Huenges,

Geochemical and isotopic analyses of thermal springs
inthe Eger Rift near the KTB site, and datafrom KTB rock
samples, indicate values of up to 6 for the corrected ratio
(R/Ry) for helium isotopes (Schafer and Kirsten, 1993;
Griesshaber et al., 1992; Weinlich et al., 1993). According
to available data the estimated surface heat flow for the
area comprising the Eger Rift and the KTB site should be
at least 40 mW/mz.

Indirect methods to estimate the Moho temperature
from seismic velocities (Cermak, 1984) yield an approxi-
mate temperature of 550°C for the KTB site (Cermak and
Bodri, 1993), in close agreement with the actual thermal
regime.

Theestimated heat flow (>40 mW/m2) and Moho tem-
perature (approximately 550°C) are used as input param-
eters when modeling the temperature field at depth in the
KTB site area
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2-D MODELING WITH TWO DIFFERENT
BOTTOM BOUNDARY CONDITIONS

Equation (2) was solved numerically for the Oberpfal z
zone using finite elements and finite differences in one and
two dimensions (Figure 3).

In thefirst case we use 39 x 63 rectangular cells of 0.5
by 1 km. Surface temperature was taken as the mean annual
temperature of the region (5°C); and the thickness param-
eter for radiogenic heat production D was assumed to be 8
km. Thermal parameters used in the model were those in
Table 2. The solution was obtained by comparing iteratively
the heat flow measured at the surface with the calculated
heat flow. An iterative algorithm based on a Monte Carlo
method modifies the heat flow at the bottom until the solu-
tion converges. This method yields also an estimate for the
confidence interval of the temperature and heat flow fields.
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Fig. 3. Profile used for the 2D numerical model of heat transport using several boundary conditions (modified from Kohl and Rybach,

Aninitia constant heat flow up to 20 mW/m2 was assumed
at the bottom of the model (Figure 2b).

In the second case, a constant heat flow (18mwW/mg2)
was assumed at the bottom of the section (Figure 4), on the
assumption that the surface heat flow is similar to the heat

1996).

flow calculated using the helium-isotoperatio (Mamirynand
Tolstikhin, 1984) and the surface heat flow measurements
published for the surrounding area (Haenel, 1971; Cermak,
1984), which yields aminimum of 40 m\W/m? at the surface.
If the ratio of heat flow to He flux from the mantle is the
sameasin ocean basins, the Heisotopic composition of base-
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Table 2

Parameters used in the Oberpfalz thermal model

Ref. * Facies D Thickness Conductivity Heat Production
km W/m°K UW/m?3
5 Fanglomerate - 500 1.85 0.7
5 Sandstone - 1300 2.20 0.7
24 Amphibolite - 5200 2.46 1.0
24 Schist 8 6500 244 0.5
2,4 Metabasite 8 1500 2.53 1.0
1,24 Granulite 8 3000 2.65 0.2
1,34 Granite 8 1200 244 5.0
2,34 Mantle - 2.50 0.02

* References: 'Weber and Vollbrecht (1986); 2Chapman (1986); 3Royer and Danis (1988); 4K appel meyer and Haenel
(1974); 5Burkhardt, Honarmand and Wagerle (1988).

Depth Km

=22 4
-24 450
-26 -
284 503~
-30
0 4000 8000 12000 16000 20000 24000 28000 (M)

Fig. 4. Field temperatures obtained by the two-dimensional model of steady state conductive heat transfer (see also Tables 2 and 3).
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ment fluids in the KTB boreholes is consistent with the in-
ferred reduced heat flow at the KTB site (Wolfgang et al.,
1999). Calculation of the heat flow at the base includes the
heat production data shown in Table 2.

In the third case, a constant temperature for the Moho
was computed from the depth-temperature analysis proposed
by Royer and Danis (1988). This proposes a linear relation
between temperature and depth at Moho interface: Tyiono
=12.7z+216+b, with b=-91 and zin km. The depth isknown,
then thetemperature at the Moho is estimated from the depth.
In the Oberpfalz aminimum estimated temperature of 550°C
seems consistent with the seismic data (Cermak and Bodri,
1993).

Asafourth case we consider atwo-dimensiona model
(Figure 3), with a constant heat flow at the bottom asin the
second case, and advection following Flores (1992). Thegrid
is 60 by 60 cells, each cell being 0.5 x 0.5 km. Hydraulic
parameters were taken from Jobmann and Clauser (1994) as
in Table 3. The results are summarized in Figures 5 and 6.

RESULTS

The 1-D solution using fixed surface temperature and
isotropic thermal conductivity (Table 2) is shown in Figure
6. Thiscurveisnearly the same asthe one published prior to
the drilling results (Weber and Vollbrecht 1986). The tem-
perature estimated at 4000m depth by the 1-D model is83°C,
using Ts=5°C and ®s=40 mWm2. This value is below the
temperatures encountered during drilling, of 105° and 170°C
at depths of 4000 and 6024 m, respectively (Zoth, 1993).
The 1-D model yields a temperature of 120°C at a depth of

Boundary conditionsin thermal models

6000 m from indirect estimation of heat flow and tempera-
ture at depth. Thistemperature is closer but still lower than
the actual measurements.

The 2-D model discussed in previous sections (Figure
6) providesabetter approximation of thetemperature (155°C
and 180°C at 6024m depth respectively). This model shows
larger temperature differences at depths greater than 25 km,
especialy near the Moho. At 10 km depth, the 2-D model
estimates a temperature range from 270°C to 290°C, which
is higher than the 171°C cal culated with the 1-D model.

The last case considers an advective process (Figure
5). It showsabetter fit to the observed temperatures, as shown
in Figure 6. Thisfigure shows the balance between tempera-
tures resulted from the models specified in the previous sec-
tion in one and two dimensions, including constant gradient,
which is nearly the same as the equilibrium temperature re-
ported by Zoth (1993).

DISCUSSION AND CONCLUSIONS

We show that the assumptions normally made for the
Moho are acceptable in the case of the Oberpfalz and the
Rhine-graben (Royer and Danis, 1988), despite the fact that
the nature of the Mohoisstill controversial (Wolfgang et al.,
1999). Some thermal assumptions for the Moho and surface
heat flow estimations can yield good results in calculating
the temperatures at depth.

Thelow estimates of heat flow at the surface are dueto
thefact that weimposed amantle heat flow value of 18 m\W/

Table 3

Parameters used in the advective — conductive thermal model

Layer Conductivity Permeability Heat Production
W/m°C m? mw/m?
(1) Granite 3.5-3.7 1.10-1.10Y 6.0
(2) Sediments 2.2-30 1.101-1.10% 12
(3) Steep gneiss 2528 1.10-1.10Y 1.2
(4) Sediments K euper 2.2-29 1.101-1.10%8 0.8
(5) Metabasite & horizontal Gneiss 2.9-33 1.10-1.10Y 3.0
(6) Near-horizontal gneiss 3.0-33 1.10%- 1,108 15
(7) Gneiss & metabasite 2.7-3.3 1-5.10% 0.8
(8) Horizontal gneiss & metabasite 3.0-35 1-4.10" 3.0
(9) Mid crustal 3.3-34 1.10% 0.6-1.0

Taken from Kohland Rybach (1996) and Jobmann and Clauser (1994).
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Fig. 5. Field temperatures obtained by the two-dimensional model of steady state advective-conductive heat transfer (see also Table 3).

m2 in the first case. In the second case, the temperature im-
posed at the Moho produces the same effect at the surface.
The depth-scale parameter D for radioactive heat production
is8 km for both cases, which isthe minimum estimated value
(Lachenbruch, 1970). Should this value be increased, the
estimated surface heat flow would be much higher.

Temperatures obtained from 2-D modeling of the geo-
thermal field are close to those encountered during drilling.
If we assume a larger heat flow than inferred from
geoscientific data, the cal culated temperatureswould be much
higher than those measured in the borehole.

The use of 1-D modelsto determine deep temperatures
is not validated from our results, because of the inherent re-
strictions of the boundary conditionsinitssolution. The 1-D

106

model allows only one boundary condition on the indepen-
dent variable, namely surface temperature. Thisyields erro-
neous values for deep temperatures, in our case underesti-
mating the temperature at depth.

Griesshaber et al. (1992) found a 3He/*Heratio of 106
at Oberpfalz which predicts a surface heat flow of at least
40mW/m2 according to Polak et al. (1979) and Mamirynand
Tolstikhin (1984). Thisvalue isin good agreement with the
heat flow measurements (Haenel, 1971; Cermak, 1984). It
was used to obtain aheat flow va ue at the approximate Moho
depth, and it was also used in our 2-D model, yielding tem-
peratures of 500°C to 598°C at 30 km, in agreement with the
estimated temperature from sei smic data (Cermak and Bodri,
1993). Thismodel providestemperaturesfor shallow depths
closer to the measured temperatures in the KTB borehole.
Thus, when themodel takes advective processesinto account,
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Fig. 6. Comparison between ohserved temperatures and model temperatures resulting from the proposed models in this work.

the computed temperatures agree with observations, but are
dlightly overestimated when compared with equilibrium tem-
perature. However, temperatures at the Moho are clearly
higher than those inferred by seismic data. In conclusion,
our results show that thermal modeling can yield reliable
temperature values at depth when the input parameters are
inferred from geoscientific data.
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