mzuriCh ETH Library

Thermal and hydraulic aspects of
the KTB drill site

Journal Article

Author(s):
Kohl, T.; Rybach, L.

Publication date:
1996

Permanent link:
https://doi.org/10.3929/ethz-b-000422709

Rights / license:
In Copyright - Non-Commercial Use Permitted

Originally published in:
Gheophysical Journal International 124(3), https://doi.org/10.1111/j.1365-246X.1996.tb05636.x

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://doi.org/10.3929/ethz-b-000422709
http://rightsstatements.org/page/InC-NC/1.0/
https://doi.org/10.1111/j.1365-246X.1996.tb05636.x
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

Geophys. J. Int. (1996) 124, 756-772

Thermal and hydraulic aspects of the KTB drill site

T. Kohl and L. Rybach

Institut fiir Geophysik, ETH-Hdonggerberg, CH-8093 Ziirich, Switzerland

Accepted 1995 September 21. Received 1995 August 17; in original form 1994 November 8

1 INTRODUCTION

SUMMARY

The extensive data sets obtained by the KTB drilling project (lithological and structural
information, BHT values, temperature logs, rock thermal properties) provide a unique
opportunity to construct realistic thermal models and thus to shed light on thermal
conditions in the upper crust. Our numerical simulation study, a Swiss contribution to
the German KTB drilling project, aims to understand the steady-state thermal and
hydraulic field in the surroundings of the KTB. The simulations consider state-of-the-
art petrophysical aspects relevant to deep, pressurized, high-temperature structures and
were performed on discretized 2-D/3-D finite-element meshes that contain topography,
geological structures and hydrogeological features.

Our analysis of the KTB temperature field suggests three zones of particular
geothermal settings: a low-heat-flow zone in the uppermost layers with a transition to
high heat flow at 500 m depth; the underlying region accessed by the borehole with its
characteristic uniform gradient; and the mid-lower crust that must be responsible for
the high-heat-flow regime at the K'TB site. The two first zones are treated in the present
paper. A 3-D thermo-hydraulic model was set up in order to evaluate the first 2000 m,
including the uppermost 500 m low-heat-flow zone. This model incorporates the
complex geological information from the KTB pilot hole and topography-driven fluid
flow. The lateral boundaries of the model were carefully chosen by analysing the flow
pattern within a large, regional 3-D domain. The drilled section is analysed by a 2-D
model using the available structural information. Due to dominating refraction effects,
a careful temperature gradient analysis has to be carried out for such steeply dipping,
anisotropic structures. Both models indicate a thermal regime dominated by diffusive
heat transfer. Hydraulic flow seems to be important only for the uppermost (~400 m)
part of the drilled depth section; our simulations do not support significant fluid
circulation at greater depths. In the drilled section the rather uniform gradient and the
pronounced vertical heat-flow variations can now be explained.

Finally, the potential and the limitation of the analysis of heat flows and temperature
gradients are demonstrated. Heat-flow interpretations are conclusive only for nearly
horizontally layered, isotropic geological units. In steeply dipping and anisotropic
formations the heat-flow field is perturbed over a large distance (>1 km) around the
point of interest. In such geological units only the temperature gradient interpretation
can provide reliable information on the surrounding material.

Key words: heat flow, numerical modelling, thermal and hydraulic field, upper crust.

depth of 9101 m in 1994 September. As a Swiss contribution
to the German KTB drilling project, the numerical simulation

The main stage of the German Continental Deep Drilling
(KTB) project started in 1987 with the objectives of determin-
ing the physical conditions and revealing the geological struc-
tures in deep crystalline rock. First, a 4000 m deep pilot hole
(VB) was drilled, accompanied by large-scale data acquisition.
After that the main hole (HB) was sunk, reaching its final
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study described here aims to understand the geothermal field
in the surroundings of the KTB site. The work has been
performed in co-operation with several KTB investigators.
The various data sets collected and analysed in the KTB
field laboratory for the VB and the HB, as well as investigations
in the surroundings, show the complex structure of this area.
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The main tectonic unit at the KTB location is the Hercynian
Zone of Erbendorf-Vohenstrauss (ZEV). The centre of this
zone is characterized by steep, SW-dipping, alternating gneissic
and metabasic rock units. To the W, there are Mesozoic
sedimentary cover rocks and to the NE, large granitic
intrusions are found. Seismic sections and borehole data show
eastwards dipping cataclastic joint zones that can be correlated
with surface topography. A detailed geological description to
the KTB site is given by Emmermann (1989).

The intention of the present study is to condense and
integrate the available information into a numerical model
that is based on state-of-the-art petrophysical aspects relevant
to deep, pressurized, high-temperature structures. The geo-
thermal observables such as temperature, temperature gradient,
thermal conductivity, heat production and the derived quantity
heat flow represent the basis of our interpretational steady-
state approach. In addition to assumptions about thermal
parameters, assumptions about permeability distribution in
crystalline rocks had to be made. A correct choice of parameters
should yield a calculated temperature profile, a vertical tem-
perature gradient and a heat-flow density in agreement with
the observed values. In particular, the dependence of the data
on strongly dipping, alternating gneissic and metabasic geologi-
cal units has been addressed.

In the following section a summary of those factors that are
likely to be relevant to the hydro-thermal situation at the KTB
site will be given.

2 GEOTHERMAL AND HYDRAULIC
SITUATION

The thermal parameters measured in the KTB field laboratory
provide an enormous data base on thermal conductivity and
heat production. The petrophysical investigation differed in
the VB and the HB operations: measurements could be per-
formed during the VB phase on core samples, whereas only
data from cuttings are available from the HB phase.

Besides the excellent thermal laboratory measurements on
rock samples, only very poor temperature data are available
from borehole measurements. The last complete temperature
log in the VB was measured about 250 days after the drilling
stopped. Because considerable activity took place in the bore-
hole during these 250 days, deviations of this log from the
conditions of the undisturbed thermal field must be expected.
A second VB temperature log was conducted one year later,
but only down to a depth of 2000 m, where at that time a
packer plugged the borehole. During the drilling phase of the
HB, the most reliable temperature measurements indicating
the undisturbed temperatures were obtained from BHT
measurements made at approximately 1000 m intervals.

The heat-flow values calculated from gradient and vertical
thermal conductivity data (Huenges & Zoth 1991) show a
peculiar feature: low values of around 0.05 W m~2 occur in
the upper 500 m, but at greater depths the values rise to
0.08-0.09 W m~2, Below 1200m, a nearly uniform thermal
gradient of 0.028 K m ™! was derived from BHT measurements
and temperature logs for the entire drilling depth.
Correspondingly, high temperatures have been encountered
at greater depth: a BHT measurement at 8110 m indicates
229 °C. Obviously, the temperature field at the KTB is strongly
influenced by the geological structure, since the heat will
preferentially flow along the near-vertical, better-conducting
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gneissic formations with strongly anisotropic thermal conduc-
tivity (30 Wm ™! K~! perpendicular to the foliation and
3.6 Wm ™' K~ parallel to the foliation; see Huenges & Zoth
1991), rather than within the low-conductivity, isotropic meta-
basites (2.5 Wm~ 1K),

The objective of heat flow modelling in the surroundings of
KTB is to combine the laboratory data sets with standard
geothermal simulations described in, for example, Chapman
& Furlong (1992). The observation of different heat-flow
regimes at depth suggests that both the diffusive and the
advective component of heat transport has to be addressed
and evaluated. The following three zones in the KTB terrain
are of particular geothermal interest:

(1) the upper 2000 m, to investigate the uppermost low-
heat-flow zone within a high-heat-flow regime;

(2) the drilled part of the upper crust down to 9000 m, to
explain the appearance of a uniform temperature gradient
along with a strongly varying heat flow;

(3) the mid-lower crustal domain, to explain the origin of
the generally high-heat-flow regime.

The appearance of a low-heat-flow zone in the upper 560 m
within a generally high-heat-flow regime has been extensively
studied and discussed in the literature. The low-heat-flow zone
is in agreement with heat-flow determinations that were per-
formed in shallow boreholes for site investigation studies in
the surroundings of the KTB. These boreholes indicated low
values in the range of 0.04t00.075Wm™2, and led to
erroneously low temperature predictions at depth (Burkhardt
et al. 1991). The considerations of Jobmann & Clauser (1994)
and Rybach (1992) are important for the characterization of
this feature. According to these authors, the low-heat-flow
zone at shallow depth could be due either to palaeoclimatic
effects, or to the influence of hydraulically driven advection or
to a combination of both.

A detailed study of the appearance of a low-heat-flow zone
in a regional high-heat-flow regime is important since it can
possibly prevent future misinterpretations of heat-flow data
from shallow boreholes. The present study focuses on this
problem by using a regional, combined thermo-hydraulic 3-D
model of the uppermost 2000 m that incorporates topography
effects as possible driving mechanisms for advective transport.
Topography represents the strongest factor influencing the
near-surface hydraulic pressure field. A topographic map of
the vicinity of the KTB (altitude 505 m} within a 10 km radius
is shown in Fig. 1. It can be seen that the altitudes range from
950 m in the Fichtelgebirge to 400 m in the lower plains of the
sedimentary cover rocks. The significance of hydraulic impact
on the thermal field was highlighted recently by Jobmann &
Clauser (1994) who performed 2-D calculations along a
NE-SW profile running through the KTB site. They also
identified a hydraulically influenced temperature field at vari-
ous other, shallower boreholes located in the surroundings of
the KTB. Based on 1-D Peclet number analysis they concluded
that the boreholes located in crystalline rock (i.e. NE of the
Frankonian Linej are characterized by downwards-percolating
fluids, whereas the only available borehole west of the
Frankonian Line is characterized by rising fluids. After cor-
recting for the hydraulic effect, all boreholes yield a higher
basal heat flow than the raw data.

In the present paper, this uppermost zone is evaluated by
means of a detailed 3-D model. It is intended to elucidate
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Figure 1. Topographic situation around KTB (isolines in m.a.s.l.). The coordinates correspond to the German coordinate system (in m). The
topography is characterized by lower plains in the south and south-west and by increasing heights in the north of the KTB. The main features on
the map are indicated by numbers. 1: the Waldnaab river; 2: the Fichtelnaab river in the valley near the KTB location which joins the Waldnaab;
3: the Haidennaab river with sedimentary bedrock; 4: the Kithberg; 5: the heights of the southern Fichtelgebirge; and 6: the Frankonian Lineament
(dashed line) that separates the crystalline block in the east from the SW-situated sediments. All rivers discharge into the Danube, about 100 km
south of Weiden. Also labelled on the map are the drillholes Pillersreuth (PU) and Remmersberg (RE), which were sunk during the site

investigation study (see Burkhardt et al. 1989).

thermal and hydraulic effects by means of a detailed geological
and topographic description.

At greater depths, the hydraulic flow field seems to be
decoupled from near-surface domains (Kessels, Kiick & Zoth
1992) and influenced by fluid-density variations due to higher
salinity. Huenges (1993) showed that pressure measurements
can be interpreted as an increase of density with depth, up to
1200 kg m ™3 at 3000 m. The significance of pressure variation
due to a permeability variation remains uncertain, since bore-
hole permeability measurements in the KTB do not indicate
any significant variation with depth. The difference between
laboratory-scale and large-scale measurements from the same
depth extends over several orders of magnitude. Laboratory
measurements on samples from intact rock show permeabilities
of around 10~2° m?; a hydraulic communication test over the
200 m distance between VB and HB revealed values of the
order of 1071 m? (Kessels et al. 1992).

The second zone to be simulated represents the thermal field
of the upper crust (< 10 km). It accounts for the complexity of
the local geological structures. In particular, the thermal effect
of the steeply dipping geological units was investigated. The
drill-core data from the VB also revealed the angle of dip of
the geological units, as illustrated in Fig. 2. In the upper
2000 m, which has the steepest foliation, dips of up to 90° can
be found. Below is a zone with a rather shallow dip angle, and
at around 3000 m the foliation dip increases again to about
60°. Simple, steady-state diffusive heat transport for the main
part of the drilled section is assumed in this paper in the
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Figure 2. Dip of the geological units in the 4000 m deep VB drillhole.
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investigation of this feature. Our approach is to consider
further heat transport mechanisms only if a successful diffusive
simulation cannot be performed. The geological model of the
upper crust by Hirschmann (1993) is the basis of our study.

The simulation of thermal transport at greater depth (mid-
lower-crustal domain), and thereby the origin of the high heat
flow, must necessarily be more speculative. The Eger Graben
(25km NE of the KTB) represents a young tectonic pertur-
bation and therefore a possible regional heat source. It is
considered to be the junction between the Hercynian
Saxothuringian and Bohemian massifs. A deep-reaching fault
zone is indicated by the gas content of fluids. Fluids sampled
from mineral springs at a fault zone near the SW border of
the Eger Graben have a large portion of mantle-derived helium
(Weinlich, Brauver & K&mpf 1993). A further indication of
mobile crustal fluids causing stress perturbations are seismic
swarms with focal depths around 10 km (Dahlheim 1993). The
epicentres of these events are located about 20 km from the
KTB near some basalt outcrops, close to the SW border of
the Eger Graben.

Subrecent volcanism is also known to have originated from
the Eger Graben. According to Kopecky (1986) three eruptions
close to the Czech—German border represent the youngest
volcanic event, which is dated at 860 ka BP. Radiometric
measurements indicate an even more recent age of approxi-
mately 260 ka BP (Sibrava & Havlicek 1980). The nearest
event to the KTB is located at about 28 km to the ENE. These
volcanic events represent the latest manifestations of several
episodes that started in the Early Miocene with the strongest
activity some 20-25 Ma ago. The centre of that main episode
was near Roztoky in the central Eger Graben. During the
Early Miocene, the activity extended westwards up to the
sediments SW of the Frankonian Line. The likelihood of a
thermal influence on the heat flow below the KTB will be
evaluated in a separate study. The Eger Graben has already
been mentioned by Burkhardt et al. (1991) in an analysis of
possible regional heat sources. The present authors are cur-
rently investigating this point (see some preliminary results in
Kohl & Rybach 1994), so no further discussion will be
given here.

Before a quantitative interpretation of the thermal regime
in the two uppermost zones is presented, the thermal and
hydraulic mechanisms considered, as well as the discretization
procedure, will be described.

3 TRANSPORT MECHANISMS IN DEEP
CRYSTALLINE ROCK

The general porous medium approach was applied to treat
mass and thermal transport in the realm under consideration.
Diffusive thermal transport can be described with the Fourier
equation

q=—AVT, (1)

where q is the heat-flow vector, A is thermal conductivity, V is
the Nabla operator and T is the temperature. Although A
generally is treated as a scalar, anisotropic effects can be
approximated applying only the vertical component of thermal
conductivity. At the KTB site with its steeply dipping angles
(60°—80°), off-diagonal terms of the real second-rank thermal-
conductivity tensor are small compared to the vertical compo-
nent (4,, </,, and 4,, < 4,,). Furthermore, lateral temperature
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gradients are negligible (07/0z » 0T/0x, dT/0z > 0T/dy). Thus,
the vertical component of the heat flow, ¢,, which is the only
one measurable in vertical boreholes, can be approximated by

orT orT orT . oT
- j'zy—a_.; - j'zz—a—z

For modelling purposes, the value of 4 in a porous medium
can be best approximated from cuttings or cores by applying
the geometrical mean between the solid and the fluid phase
(Pribnow 1994). If not only diffusive but also advective thermal
transport is considered, the thermal energy equation for steady
state can be written as

VAVT)—[pc,1ivaVT+H=0, (3)

where [pc,]; is the specific heat capacity of fluid, vy is the
Darcy velocity and H is the heat production rate.

The hydraulic pressure field is commonly described by
combining mass conservation with Darcy’s flow law. Its
extended form can be given as follows:

V('Df—gk[Vh—(pf_pm)VZ:D=0, (4)
H Pro

where u is the dynamic fluid viscosity, k is the matrix per-
meability, pg, is the reference fluid density, p; is the fluid
density, g is the gravity, Vz is the vertical component of the
unity vector and h is the hydraulic head. The term
(0s — Peo)V z/peo describes the effect due to the density difference
between reference density and in situ density.

The physical conditions in deep crystalline rock are different
from those near the surface or in the laboratory. This implies
that in the above equations the temperature and pressure
dependence of fluid and rock properties must be considered.
The implications are manifold for a geothermal model in
deeper regions of the crust, since several non-linear constitutive
relationships have to be taken into account.

The non-linear dependence of the fluid parameters was taken
from Phillips et al. (1981), who analysed the behaviour of
brines for different data bases. The dependence of rock thermal
conductivity on temperature and pressure has been measured
by, for example, Buntebarth (1991) and compiled by Clauser
& Huenges (1995). A preferred fitting curve for the decrease
of conductivity with temperature is a hyperbolic function:

1
(A+ BT)’

where A and B are lithology-dependent constants. The para-
meter A represents the reciprocal of the thermal conductivity
at T=0°C. The parameter B, which describes the decrease of
A with temperature, is also lithology-dependent: samples of
higher conductivity show a stronger temperature dependence
than those with lower conductivity. On the basis of the data
published by Clauser & Huenges (1995), B can be linearly
interpolated between a maximum of 3.4 x 107*Wm™! for
Ir=orc>3.5Wm 1K !and a minimum of 3.2 x 107*Wm™!
for Argrc<2.5Wm~™!1 KL For temperatures above 450°C
all thermal conductivity data sets occupy a very close band-
width around 2 W m™' K™% The pressure dependence is less
pronounced: the increase of thermal conductivity with pressure
can be as much as 15 per cent at pressures of 10 MPa and
stabilizes in higher-pressure regimes. The pressure correction
used for this work involves a linear increase of thermal
conductivity from 0 to 10 per cent over the pressure range 0

q:= _Azxg R~ Lys (2)

oz’

AT)= (5)
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to 10 MPa. Thereafter the conductivity remains independent
of pressure.

Although anisotropy is not explicitly treated in this paper,
it must be kept in mind that these relationships concern all
components of a thermal-conductivity tensor. The general
tensorial form of thermal conductivity is the result of a
transformation from a local, geological coordinate system into
the global coordinate system of the whole domain under
consideration. However, in the case of isotropic materials, the
thermal conductivity can be treated in scalar form since the
transformed structure will again be isotropic.

The rate of heat production depends mainly on the U, Th
and K contents. Therefore, granitic lithologies produce more
heat than sediments (see e.g. Rybach 1988). U, Th and K are
preferentially enriched in the upper crust. The depth profiles
of heat production assume an exponential decrease in the mid
and lower crust.

4 NUMERICAL AND DISCRETIZATION
PROCEDURE

The simulation tool used was the 3-D finite-element code
FRACTure (Kohl & Hopkirk 1995). Among other features,
the program allows steady-state and transient simulations of
the coupled hydraulic and thermal processes underground.
Special emphasis is given to the treatment of the non-linear
temperature and pressure dependence of thermal conductivity.
This property is adjusted according to the local temperature
and pressure field by the lithology-specific functions mentioned
above. Since FRACTure uses a linear solution algorithm, the
solution will be approached by iteration. For the type of
problems discussed, convergence is reached typically within 10
iterations.

Special emphasis is devoted to the discretization of irregular
finite-element networks. Experience shows that automatic mesh
generation of arbitrarily shaped bodies nearly always needs
successive manual adjustment. Therefore, a special module for
the mesh-generating code FRAM was designed. To treat a
given domain, a rough finite-element mesh is first descretized
manually using all the advantages of a commercial CAD
sortware package. In a second step the code refines the mesh
automatically. The possibility for insertion of a scanned geo-
logical section into the CAD software to give a background
pattern for the discretization is a further useful feature. Copying
these 2-D discretizations into the third dimension and applying
the appropriate material properties yields a full 3-D mesh.
Additional tools incorporated in FRAM allow the rotation of
these 3-D bodies or the selection of optional cross-sections
which can be transposed. The latter option also permits the
upper surface of a body to be adjusted to the true topography,
or to the shape of an irregular internal geological layer to be
represented.

5 SIMULATION OF THE UPPER PART OF
KTB-VB

5.1 Background and preparatory investigations

The aim of the simulation of the upper 2000 m of the VB was
to elucidate the 3-D thermo-hydraulic effects in this zone. This
was possible since the VB data base is more complete and

reliable than the HB data base. The thermal effects caused by
the strong lateral heterogeneities in the vicinity of the KTB
site require considerations in a depth range in which 3-D
information is available. This is generally the uppermost part
of a borehole since surface considerations can add information
from the two horizontal dimensions to the 1-D borehole
information. The topography-driven hydraulic flow field and
the steeply dipping gneissic and metabasic structures represent
first-order lateral heterogeneities. Necessary information on
the adjacent geological structures is available from the analysis
of core samples and the distribution of geological units on the
surface. The characterization of the hydraulic influence in the
thermal field requires a special approach since the relevant
local hydraulic regime needs to be determined.

Before modelling the thermal regime near the surface, the
distribution of thermal conductivity and heat production for
the different lithologies was evaluated. The data collection of
the KTB field laboratory could be used, but the surrounding
materials, including granite, graphitic quartzite and green-
stones, also had to be investigated. Therefore, near-surface
materials were collected and their thermal conductivity was
measured (Medici 1994). An astonishingly high thermal con-
ductivity (higher than 7 W m™! K ~!) was determined for the
graphitic layers of the Wetzldorf sequence located 5 km north-
wards of the KTB, which agrees well with the findings of
Jobmann & Clauser (1994). This unit represents the collision
zone between the Moldanubicum and the Saxothuringian that
was originally targeted to be drilled in the KTB project. This
sequence extends laterally only 3 km in an E-W direction at
the surface and has a rather limited thickness. Since it is
uncertain whether the graphitic quartzites extend down to
greater depths they were not considered in the present study.

The model consists of the following materials: sediments;
metabasite; gneiss; and granite. Although known to be aniso-
tropic, the thermal conductivity of the steeply dipping gneissic
formations was treated as isotropic. The value of the thermal
conductivity was chosen to be the vertical component originat-
ing from the mean dip of the gneiss. The diffusive thermal
material parameters at a reference temperature of 20°C and
zero pressure of the four materials (sediments, metabasite,
intermediate dipping gneiss and granite) used in the 3-D model
are shown in Table 1.

Since the objective of the thermal simulation was to explain
the measured temperature field by the thermal-conductivity
and heat-production structure, the measured values of these
parameters were left unchanged. This represents a strong
restriction for the fitting procedure, since the measured tem-
perature data should be explainable by two homogeneous

Table 1. Thermal material properties (at 20°C) for 2-D/3-D
simulation.

Thermal Heat

conductivity production

[Wm 'K ] (MW m~3]
Sediments 2.0 04
Gneiss steep 33 1.5
Gneiss, intermediate 32 1.5
Gneiss, near-horizontal 3.0 1.5
Metabasite 2.5 0.8
Granite 3.7 6.0
Mid crustal 34 1.0-0.6
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materials only (metabasite and steeply dipping gneiss) that
were encountered in the KTB.

Our sequential approach in modelling will be as follows: a
regional hydraulic model to define the lateral borders of a
refined 3-D model, a local thermal model to investigate a
thermal diffusive field, and finally a local thermo-hydraulic
model for the evaluation of advective thermal transport.

5.2 3-D regional hydraulic model and model definition

The evaluation of the local hydraulic regime requires a model
with reliably known lateral boundary conditions. Therefore, a
large regional 3-D model was set up extending laterally over
the surface indicated by Fig. 1 and a local model was extracted
from it. Furthermore a refined accurate thermal-transport
calculation c¢an only be performed on a smaller model. The
detailed study of the thermal and hydraulic field at the KTB
site that was performed on this second, smaller block model
is described in Sections 5.3 and 5.4.

The following topographic features define the lateral bound-
aries of the regional model that incorporates possible hydraulic
sinks and sources at a large distance from the KTB: the 900 m
high southern foothills of the Fichtelgebirge approximately
13km north of the KTB; the lower plains (430 m altitude)
extending 28 km west of the KTB; the undulating 550 m high
hills 10 km east of the KTB; and the conjunction of the
Haidennaab and Waldnaab rivers 20 km south of the KTB.
The digitized topographic data were supplied by the Bavarian
Geodetic Survey (Bayrisches Landesvermessungsamt 1994) on
a 200 m x 200 m mesh.

As a first-order assumption, the hydraulic head was taken
at topographic height. Numerous lakes justify this approxi-
mation since they indicate the water level to be close to the
surface. The prelimimary interpretations of Kessels et al. {1992)
that propound a hydraulic pressure field at around 2000 m
decoupled from near-surface influence, together with the obser-
vation of a strong heat-flow contrast in the uppermost 2000 m,

Thermal and hydraulic aspects of KTB 761

suggest a no-flow boundary for the topography-driven, regional
flow field at a depth of 3500 m. The same boundary conditions
were taken for all lateral boundaries. Thus, this model assumes
no topography-driven fluid flow below the 3500m depth
boundary and a negligible influence of the lateral boundaries
at a minimum distance of 10 km on the head distribution near
the KTB. The lateral discretization took into account the
topographic structures like valleys and mountains, as well as
the permeability change between crystalline and sedimentary
units. The model was discretized into 9000 nodes and 8900
prism elements with quadrilateral or triangular cross-sections
and linear shape functions. Fig. 3 shows the mesh in perspec-
tive view.

The results of a series of runs performed with a representative
model differentiating between crystalline units of low per-
meability (107'® m?) and permeable (10~ '® m?) sedimentary
units are given in Fig. 4, which shows the variation of the
hydraulic field with depth. Close to the surface a rather
dispersed flow pattern can be recognized. This tends towards
a N-S directed flow at greater depth. The differences in the
head distribution decrease with depth, resulting in the strongest
flows in the near-surface layers. The mountains of the southern
Fichtelgebirge and the lows of the southern valleys dominate
the hydraulic behaviour. The flow field at the Frankonian
Lineament, which represents an impressive, easily visible sur-
face structure and separates the sedimentary units in the west
from the crystalline block, is not connected to the KTB site.
This contrasts with the 2-D models of Clauser & Huenges
(1993) and Jobmann & Clauser (1994). The local flow field in
the vicinity of the KTB is mostly influenced by the nearby
valley of the Fichtelnaab River.

A reduction of the lateral block size of this regional model
to create a more detailed local model can only be made if
there are no significant horizontal components of hydraulic
flow at the lateral boundaries of the smaller model. The
definition of such a Neumann-type boundary condition for the
hydraulic field can only be performed on ridges or on deep

Figure 3. Finite-element discretization, elevation and surface head distribution of the 3-D regional model. The mesh follows the topographical

units and is most refined in the vicinity of the KTB (at 0, 0, 505).

© 1996 RAS, GJI 124, 756-772
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Figure 4. 3-D regional hydraulic situation. The tetragons indicate the boundaries of the smaller block extracted for the local model. Note that

the KTB is not located in the centre of the small block.

valleys. Fortunately, a central zone was found (indicated by
the tetragon in Fig. 4) that fulfils this requirement. This zone
is bounded by the Fichtelnaab River in the north and the
Waldnaab River in the east, by the nearly 700 m high altitudes
in the west and SW (Kiihberg) and by the NE-dipping slope
of the hills south of the KTB. In contrast to the hydraulic flow
field with its dominantly horizontal components, the thermal
heat-flow field is directed nearly vertically upwards. Thus, the
model with a nearest boundary at 2 km distance from the
KTB-VB does not influence the thermal field at the VB.

Due to the topographic constraints the local model’s shape
is not rectangular. The model extends in an E-W direction
over 10 km, and in a N-S direction from 3 km at the eastern
border to 7 km at the western border. The northern boundary
is located close to the KTB {about 2 km away).

The advantage of a smaller block model is obvious: due to
computer storage restrictions the large regional model could
not be discretized finely enough. The small model, however,
uses elements with a length of 50 m in the vicinity of the KTB.
Thus, structural constraints from surface or borehole geology
(fracture zones, small lithological heterogeneities) could be
taken into account. At larger lateral distances the mesh
becomes coarser, with lateral element lengths up to 500 m.
The total domain contains four different geological units:
Cretaceous sediments in the west, granite in the NE and gneiss
and metabasite in the central region. A perspective view of
this model is displayed in Fig. 5. The final model contained
8000 linear elements with a total of 9000 nodes.

The following procedure was chosen for assigning the
material distribution to the model. The large-scale surface
geology, like metabasite, (steep) gneiss and granite, was pro-
jected into the subsurface. A fit of the measured data set
required a variation of the geological units with depth, with
the exception of the granitic intrusion. The properties of the
metabasic and gneissic blocks were allowed to vary with depth.
The depth of that small part of the large granitic intrusion NE
of the KTB which falls within the model geometry was taken
to be 2000 m, in agreement with the Hirschmann (1993}
interpretation. The only depth information available is rep-
resented by the KTB-VB profile. The KTB-VB site is defined
by a vertical column with a 100 m x 100 m cross-section that
contains the measured borehole profile. The material proper-
ties of this column, which correspond to the measured data
set, remained unchanged during the modelling process.
Furthermore, the steeply dipping, 400 m wide Nottersdorf
Fault Zone (Hirschmann 1992; see also Fig. 6) was investigated
especially carefully, since it likely represents an important
tectonic unit for the uppermost temperature field. An enlarge-
ment of the surface material distribution in the vicinity of the
KTB-VB that contains these five units (gneiss, metabasite,
granite, the KTB-VB site and the Nottersdorf Fault Zone) is
shown in Fig. 6.

The next section describes a thermal diffusive simulation of
this second model. Based on varying permeability assumptions,
a refined hydraulic field will be evaluated and quantified for
its thermal implications in a later step.

© 1996 RAS, GJI 124, 756-172



W,
W

I

b

E :

7] 4 Y

w “Mesozoic f ?

Thermal and hydraulic aspects of KTB 763

» Metabasite |,
‘.-"‘- F By 4

/K7

Figure 5. Perspectivic view of the local 3-D thermo-hydraulic model. The figure represents topographic heights, geological units and discretization
between the surface and 350 m. In the x-y plane, the Kiihberg is located near the coordinates (— 7000, 0).

Wwooo |

£
oo} (X R
2
25
o
L
2
///"
7205

1000m

Figure 6. Geological structures in a block with 1km? horizontal
cross-section around the KTB. At the surface, the domains 1 and 3
correlate to gneiss, domain 2 to metabasite and domain 4 to granite.
Domain 3 represents the Nottersdorf Fault Zone. KTB represents the
VB location.

5.3 3-D thermal model

First efforts at thermal modelling concentrated on describing
the measured temperature profile by purely diffusive assump-
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tions. Since the foliation of the gneissic and metabasic struc-
tures is very steep, abrupt lateral changes of the adjacent
material are likely. Locally, at the KTB site, material changes
(i.e. changes from gneissic to metabasic structures) were allowed
for each of the three adjacent domains (the granitic intru-
sion remained fixed), as illustrated in Fig. 6. However, this
procedure still imposes strong restrictions on a data fit.

(1) The chosen geometry remained unchanged. Since the
central KTB domain has a lateral cross-section of
100 m x 100 m, a lateral effect has to extend over a minimum
distance of 50 m.

(2) The only materials to be interchanged laterally were
gneiss and metabasite. Although the fitting process allows for
a complex lateral geometry, the simplest distribution model
(consisting of the mean gneissic and metabasic properties) in
the domains adjacent to the KTB was assumed.

An altitude-dependent surface temperature with a free air
gradient of 0.004 K m~! was taken. The extrapolation of the
VB temperature log results in a surface temperature of 8.5 °C,
whereas BHT measurements indicate 7.4°C at the surface.
Therefore, the ground surface temperature was fixed at the
KTB as 8 °C. A measured temperature value was taken as the
lower boundary temperature of the model (103 °C at 3500 m).
No lateral heat flow was assumed at the lateral boundaries.
Thus, the lower boundary is sufficiently far away from the
uppermost 2000 m depth section considered here. Since the
VB provided reasonably good temperature logs and excellent
thermal-conductivity core measurements, the thermal model
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will only be compared to the VB observables. Necessary
criteria for the model are a satisfactory fit of the measured
temperature and temperature gradient. Since the thermal
properties of the KTB remained fixed and were taken from
core measurements, a fit of the temperature gradient automati-
cally provides a good heat-flow fit.

The best fit was achieved with model run D03a (Figs 7 and
8). The constraints of this model will be discussed only for a
block with a 1km? cross-section around the KTB. For the
purpose of our overview attempt, this block characterizes best
all the 3-D implications of the temperature field. In Fig. 7 the
material distribution, the temperature gradient and the heat
flow are illustrated for this block. A somewhat extreme prop-
erty distribution had to be chosen to fit the temperature profile.
Especially for the thermal conductivity between 200 and 500 m,
a model had to be chosen that assumes a small, isolated
metabasic body, surrounded by gneissic complexes. The lith-
ology in the 200 m distant HB drillhole, where mostly gneiss
was encountered in this depth range, supports this assumption.

The model suggests two different sections with a continuous
transition in between. The uppermost depth section down to
1200 m is dominated by the gneissic influence. This is substan-
tiated by surface geology and the VB profile, where gneiss was
encountered between 500 m and 1200 m. Qur model predicts
about 75 per cent gneissic material and 25 per cent metabasite
in this section. This is in good agreement with the material

distribution known from the surface that shows 65 per cent
gneissic or granitic and only 35 per cent metabasitic material.
The second depth section between 1200m and 2500 m is
mainly dominated by metabasite. In the vicinity of the KTB,
the best-fitting model requires about 80 per cent metabasite
and only 20 per cent gneiss. This material distribution does
not reflect, however, the characteristics of the cored material,
which consists mainly of gneiss. Such results suggest a ‘chimney’
effect, with heat preferentially flowing along the well-
conducting, small-volume gneissic rock masses. A predomi-
nantly metabasic portion of the surrounding rock masses can
explain the high-vertical-gradient zones that were measured in
the gneissic part of the VB profile at about 2000 m depth.
Fig. 8 compares the three measured VB observables of
thermal conductivity (vertical component), temperature, and
vertical temperature gradient (averaged over the approximate
mesh size of 100 m} to a 1-D profile extracted from model
D03a. With the exception of the uppermost 200 m, a good
data fit was achieved. The characteristic decrease in the reduced
temperature representation (on the basis of a mean gradient
of 0.028 K m™') cannot be completely simulated: a maximum
deviation of 1 °C still remains between the logs and the model.
The same applies to the vertical temperature gradient, where
deviations of 0.002 K m~! are apparent. The undulations of
the temperature gradient with the strongest variation in the
uppermost 200 m (of the order of 0.007 Km~!) cannot be
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Figure 8. 1-D profiles showing the geothermal situation along the KTB-VB profile. The plot on the left-hand side shows the thermal conductivity
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simulated by this model. Unfortunately, the uppermost 200 m
are not very well documented by the field measurements and
therefore do not constrain model D03a well (only three thermal
conductivity measurements down to 200 m are available; see
also Biicker et al. 1990). For an explanation of this feature
further heat-flow mechanisms can be considered. Due to
the abrupt changes, these small-sized effects seem to indicate
advective thermal transport rather than palaeoclimatic
influence.

[n summarizing these results, we see that a 3-D thermal
diffusive model is able to explain the presence of a low-heat-
flow zone in the upper 500 m, as described in Section 2. The
unsatisfactory fit of the uppermost 200 m may be improved by
assuming advective thermal transport.

54 3-D local hydraulic model

The influence of advective heat transport on the temperature
field can only be assessed by using geometrically simple models.
It is clear that such basic models will not represent perfectly
the hydraulic behaviour in the crystalline subsurface. High
permeability zones will show up as rather distinct hydraulic
effects on the thermal field. Lack of data for a sophisticated
hydraulic simulation has lead to the investigation of three
alternative hydrogeological assumptions.

(1) 3500 m (deep) homogeneous permeability (run ‘d).
Table 2. Description and parameters of hydraulic models.
Description High permeable structure
Run ‘d° Homogeneous 2x 107 m?
Run ‘¢ 2 horizontal layers Uppermost 500 m; 10715 m?
Run f*  Nottersdord Fault (N-S) 400 m lat., 800 m vert. extension; 2 x 10~ 1> m?

Thermal and hydraulic aspects of KTB 765
General hydraulic behaviour is highlighted by a flow circu-
lation down to a depth of 3500 m.

(2) 500 m (shallow) homogeneous permeability (run ‘¢’). This
model characterizes shallow flow circulation, limited to a depth
of 500 m.

(3) Nottersdorf Fault assumption (run ‘f’). This model con-
tains the hydraulically most active structure with an assumed
model depth of 800 m.

These three models are summarized in Table 2. The effects of
the three assumptions on the thermal model D03a are then
needed, together with the measured temperature data, to
evaluate a realistic permeability distribution.

The calculations performed on homogeneous model (run ‘d’)
will be described in more detail, because they illustrate very
clearly the hydraulic impact. Astonishing effects are revealed.
The SW-NE flow in this model has a direction nearly opposite
to the overall regional trend (from north to south). From
200 m downwards, rising fluids are expected near the vertical
KTB profile. In the fence diagram of Fig.9 the pattern of
downwards fluid migration due to the presence of the hills in
the west (Fig. 5) can be recognized. The local hydraulic low,
which is represented by the Fichtelnaab Valley (Fig. 1), is of
rather small dimension (width 100-200 m). Therefore, the
deeper fluids start rising before reaching the KTB site, whereas
the near-surface fluids are still percolating downwards. For a
given permeability of 2x 1075 m? the equilibruim between

Low permeable structure

2x 1075 m?

Bedrock; <1078 m?
Surrounding rock <107'® m?

X-y plane, z=-500m

-9000

-8000
-7000
-6000
-5000
-4000

-3000

o 8 8 S [m]
SO S g 3
: @ Darcy velocity
—i
5.0x10""ms’

Figure 9. The local hydraulic flow field for a hypothetical uniform permeability of 107** m® The KTB is located at x/y = 0/0. The vertical flow
field in the east-west direction through the KTB (i.e. the x-z plane) is indicated by white arrows; the horizontal flow field at depths z= —500 m
and z= —3000m (iec. x-y planes) is indicated by black arrows. The flow field at the KTB below 200m is upwards- and above 200 m
downwards-directed.
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downward- and upward-percolating fluids at the KTB location
is attained at a depth of about 200 m.

High permeabilities are required to create a sensible thermal
effect. Only permeabilities greater than 107*° m? show a clear,
characteristic hydraulic impact on the thermal field. This high
value is necessary to allow sufficient fluid flow under the
driving influence of the low mean head gradient on the surface
from the Kiihberg to the Fichtelnaab Valley (~0.03) and due
to the rotation of the main drainage axis from the 120°N strike
of the Fichtelnaab to the 180°N strike of the Waldnaab. This
directional change causes a convex, diverging flow pattern and
thereby tends to reduce the flow intensity.

The implications for temperature and temperature gradient
of all three models are shown quantitatively in Fig 10. A
uniform permeability of 2 x 10~ 1> m? for the 3500 m deep model
was chosen, which is one order of magnitude greater than the
highest measured permeabilities. Upward fluid motion at greater
depths will cause a heating of the subsurface below the KTB
location. Since a Neumann-type hydraulic boundary condition
and a fixed temperature boundary condition were applied at
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the base of the model, the rising fluids yield a maximum
deviation of the temperature from the diffusive model at 1200 m
(~1/3 of the model depth). Models that assume boundaries
deeper than 3500 m will show similar effects: the temperature
difference between the thermo-hydraulic and the purely diffusive
models will increase to a maximum at a characteristic depth
and decrease thereafter. Thus, from a thermal point of view,
deep circulation/high permeability flow models for the KTB
site can be discarded, since the upward-directed flow pattern
would lead to lower gradients at greater depth ranges and
higher gradients at shallower depths, an effect opposite to the
measured thermal profiles.

The second alternative model assumes a shallower flow
down to 500 m depth and leads to a different thermal effect.
Infiltrating from the cool surface, the fluids percolate down-
wards in the subsurface. The cooling effect dominates. Model
‘> shows the thermal impacts for this shallow model, which
assumes a uniform permeability of 10™'° m? for the uppermost
500 m and 10~ ¥ m? for the region below. It is obvious that
only the uppermost depth range is affected by the circulation.
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Figure 10. 1-D profiles showing the influence on reduced temperature and temperature gradient of two different hydraulic models. Model run ‘d’
represents the result of a homogeneous permeability distribution, run ‘¢’ represents the result of a homogeneous permeability at shallow depth,
and run ‘f’ represents the Nottersdorf-Fault case. The curves of runs ‘e’ and ‘f” are nearly identical. Additionally, the diffusive model D03a (‘a’) and
the first VB temperature log (‘VB1’) are plotted.
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A further sophistication of this approach is potentially able to
explain the low-temperature gradient in this upper section.

However, another approach seems indispensable, since the
hydraulically active fractures in the uppermost 800 m section
of the VB can all be related to the Nottersdorf Fault Zone
(Hirschmann 1992). The 400 m broad, 160°N striking and 60°
to 90° eastward-dipping Nottersdorf Fault Zone is situated
close to the KTB. The outcrops of this fault zone range from
560 m down to 440 m elevation at the Fichtelnaab River. The
neighbourhood of the Nottersdorf Fault Zone down to 800 m
depth is likely to be characterized by higher permeability than
the surrounding materials. Thus, it may strongly influence the
flow field near the KTB.

An effective thermal transport by the Nottersdorf Fault
model (run ‘f’) requires high permeabilities. These are due to
the even smaller head gradient on the surface (0.02), since the
160° striking profile of the fault zone is not oriented parallel
to the steepest surface inclination. For model ‘f” a permeability
of 2 x 107 !5 m? for the Nottersdorf Fault down to 800 m depth
and 107 m? for the surrounding rock masses is assumed.
Like run ‘¢’ this model yields a strong decrease of the thermal
gradient in the upper 150 m. The temperature field in the
deeper section, which is well represented by the diffusive model
DO03a (run ‘a’ in Fig. 10), is only slightly affected.

It is evident that 3-D considerations are indispensable for
the evaluation of the local hydraulic flow regime, since the
meso-scale variations of topographic height around the KTB
site cause a complex flow pattern in the subsurface. A 3-D
flow analysis reveals only rarely a planar 2-D flow but more
often a convex, diverging (like at the KTB site) or concave,
converging flow pattern. Models that contain a rather complex
thermal conductivity distribution and assumptions on per-
meabilities which restrict hydraulic flow to shallow depth are
well suited to describe the measured temperature profile in the
upper 200 m of the KTB site. The hydraulic considerations
are confirmed by Jobmann (1990) and Stiefel (1990) who have
detected hydraulically active fracture zones in the upper part
of the VB that are located at 300 m, 500 m and 600 m depth.
A topographically driven hydraulic flow field can only be
inferred for the uppermost section of the drilled depth. Our
considerations strongly suggest purely diffusive thermal trans-
port for the main part of the drilled KTB depth range. A
different model assumption led Jobmann & Clauser (1994) to
a similar conclusion. For various reasons drill sites are often
situated on high ground. The KTB site follows this pattern. In
a terrain with high permeability at shallow depth, a drill hole
at such sites is likely to be exposed to downward-percolating
fluids. This mechanism could be responsible for the erroneous
temperature prediction during the site investigation study (see,
for example, the location of drillholes Piillersreuth and
Rummelsberg on Fig. 1; cf. Burkhardt et al. 1989).

6 THERMAL SIMULATION OF DRILLED
KTB-HB DEPTH

6.1 Geological cross-section

This second simulation was aimed at the investigation of
thermal effects along the drilled depth of the KTB-HB, i.e. the
upper crust. It was intended to set up a thermal model for the
KTB location containing the available geological knowledge
and accounting for realistic heat-flow mechanisms. As shown

© 1996 RAS, GJI 124, 756-772
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above, no thermally significant fluid flow can be expected over
most of the drilled depth.

The most complete geological interpretation for the drilled
KTB section is presented by Hirschmann (1993). It is based
on direct borehole data, on geological mapping and on geo-
physical surveys in the KTB region. He describes a SW-NE
striking profile with strongly dipping gneissic and metabasic
structures at the ZEV. The region is bounded laterally by
surface sediments to the SW and by granitic intrusions to the
NE. The chosen SW-NE profile direction is parallel to the
strike of the gneissic structures as observed in the borehole
profile. The lack of information along the NW-SE direction
(perpendicular to the Hirschmann profile) is obvious; however,
surface geology does not indicate any abrupt lithology change
in the third dimension. Therefore, a 2-D approach to the
greater part of the drilled depth down to 9 km seems to be
appropriate. Fig. 11 shows the material distribution in the
discretized domain. Clearly, the same features as on the
Hirschmann profile are present: 60° dipping alternating lateral
gneissic and metabasic formations are situated in the centre of
the ZEV near the KTB, and at a lateral distance of 5km
horizontaily layered units (near-horizontal gneiss) are encoun-
tered. Fig. 11 is slightly different from the Hirschmann profile
since the model runs that fit the BHT measurements best
require a lateral shift of up to 300m of the surrounding
geological units.

Due to its greater depth range, the second model takes mid-
crustal material into account as well. The choice of the mid-
crustal material is not very critical with respect to thermal
conductivity, since its temperature dependence leads to a rather
small bandwidth of variation, as discussed above. The thermal
properties of the materials used for this 2-D simulation (sedi-
ments, near-horizontal gneiss, steeply dipping gneiss, granite,
metabasite, mid-crustal material) are summarized in Table 1.

6.2 2-D thermal model

In Fig. 12 the refined finite-element mesh around the KTB is
shown. This model consists of 3000 nodes. Different model
runs have shown that finer spatial discretization or the use of
quadratic elements produces no significantly better results. For
practical reasons it was decided to accelerate calculations by
using the linear rather than the quadratic elements.

A mean annual surface temperature of 8 °C was assumed as
the upper-boundary condition. The lower boundary was placed
at a depth of 16 000 m in the mid-crustal region, deep enough
to have no effect at the depth range considered. Since neither
the temperature field nor the heat flow is known for that
depth, a plane of constant basal heat flow was assumed. The
vertical heat flow at the lower boundary was varied in order
to fit the measured temperature data. An optimum value of
0.063 W m ™2 was found, which corresponds to a temperature
of 437 °C at a depth of 16 km below the KTB.

The lateral boundaries are located at a distance of 6 km SW
and 10 ki NE of the KTB, where a vertical heat-flow field is
assumed. The distance is sufficient to leave the temperature
field around the central area below the KTB uninfluenced by
the boundary conditions. The simulation runs demonstrated
that the lateral component of the heat-flow vector is negligible
except in the more steeply dipping gneissic zones, where it
reaches 10 per cent of the total heat flow.

The available temperature logs only allow a comparison to
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Figure 12. Detail of the finite-element mesh in the near field around
the KTB created by the mesh generator FRAM. The black line
represents the drillhole down to a depth of 9000 m.

the model in the VB depth section. The BHT values recorded
during the HB phase can give information on the temperature
profile at discrete points but cannot be used to evaluate the
temperature gradient. This represents the strongest restriction
for the final evaluation of the model, since we consider the
thermal gradient as the most critical parameter for these
steeply dipping zones (see later).

The results of the 2-D model will be discussed for the central
ZEV region only; the peripheral regions of the model are

subject to speculation. It must also be pointed out that
deviations from the observed heat-flow distribution must be
expected for the uppermost 1000 m because it was not intended
to optimize the uppermost heat-flow zone using this diffusive
model.

Fig. 13 shows the modelled depth distribution of the vertical
components of thermal gradient and heat flow. In the vicinity
of the KTB, a rather constant gradient accompanied by a
stronger heat-flow variation can be recognized. A comparison
of the model profile to the available temperature data is given
in Fig. 14. In the central part of the Hirschmann (1993) section
the thermal behaviour can be described best if the material
distribution of Fig. 11 is compared to the thermal gradient
field in Fig. 13. A maximum variation of the thermal gradient
of the order of 10 per cent can be found that is far lower than
the 20 per cent in variation in thermal conductivity. The usual
inverse correlation of thermal conductivity with gradient is
found only in the horizontally layered materials close to the
lateral boundaries. Different hypothetical observation bore-
holes in the heterogeneous central part of the model would
not show a strong change in thermal gradient. This effect
suggests that temperature logging performed in a hypothetical
adjacent (~ 1 ki) borehole would not differ strongly from the
KTB temperature measurements, The KTB, HB and VB
themselves (200 m apart) demonstrate this. The BHT measure-
ments in the HB coincide well with the VB temperature pro-
file (except for the two first BHT values, which are probably
inexact because they were measured at a large borehole
diameter and were therefore submitted to borehole convection).
This fact can be considered as justification of the fixed
temperature boundary condition in the 3-D model in
Section 5.3.

Thus, the general pattern of a uniform gradient distribution

© 1996 RAS, GJI 124, 756-772



observed along the entire drilled depth section can be
explained. Apart from the upper 500 m, the observed tempera-
ture gradient can be represented well by the model profile
(Fig. 14). The strongest deviations occur around 3200 m and
4000 m. The general diffusive character of the thermal transport
in the crystalline domain is not thrown into question by these
two deviations, because they coincide with fractured zones
near large fluid reservoirs (Huenges 1993). The importance of
a local temperature perturbation due to these reservoirs can
only be explained after further temperature logs are made,
since due to their preferential uptake of drilling mud these
zones are most affected by the drilling process.

The heat-flow variation in the central domain is stronger
than the variation in temperature gradient (Fig. 13 bottom).
As expected, heat flows preferentially along the steeply dipping
gneissic uniﬁs. Small (500 m) lithology variations in the subsur-
face result in a strong change. Near the lateral boundaries, the
heat flow shows the uniform behaviour expected in horizontally
layered materials. The area around the drill hole at about
6 km depth indicates that the lateral extension of such a heat-
flow anomaly extends more than 500 m into the metabasite.
On the other hand, sensitivity analysis performed on different
conductivity values has demonstrated that the borehole profile
is completely unaffected by the choice of granitic or of sedimen-
tary material properties. The effect of strongly decreasing heat
flow in the granitic area is due to the effect of decreasing
thermal conductivity with depth, as well as to the high heat
production.

Fig. 14 shows the results of our model along the drilled
section, down to a depth of 10km. Also plotted are the
measured observables of thermal conductivity, temperature
and vertical temperature gradient (averaged over the approxi-
mate mesh size of 100 m), which are available from cuttings
and logs. The deviations between the model and the BHT
values are within a bandwidth of 2 K. This must be considered
as satisfactory in view of the uncertainties in the data them-
selves. The BHT values and temperature logs in the VB vary
relative to each other by as much as +2 K. Thus, the data
available for the HB do not allow a further refinement of the
model at this stage.

7 THERMAL EFFECTS IN DIPPING
LAYERS

It has been demonstrated that the available borehole tempera-
ture data and geological inference provide the basis for an
unambiguous geothermal interpretation of the upper crust by
thermal diffusion at the KTB site. In steeply dipping zones
with alternating thermal conductivity distribution, the analysis
of the heat flow alone might lead to erroneous results. In
ground-water flow analysis this represents a commonly known
effect (Freeze & Cherry 1979). By demanding continuity for
the flow component normal to the interface, a simple graphical
construction of dipping flow lines penetrating into a horizon-
tally layered medium with contrasting thermal conductivities
yields a refraction effect. The following 2-D example, calculated
with FRACTure, has been chosen to illustrate this effect in the
geothermal context.

Assume an infinite, layered underground consisting of two
materials with thermal conductivities 4, and 4,. Heat flows
vertically and uniformly in the subsurface; heat production is
ignored. The interface between the two materials is rotated
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about the coordinate origin (0, 0) to dip between 0° (horizon-
tally layered) and 80° (nearly vertical). A hypothetical vertical
borehole penetrates the interface at the point (0,0). Fig. 15
characterizes the temperature gradient and heat-flow profiles
that would be encountered in this borehole. For a horizontally
layered medium, the general pattern of uniform heat flow
across the interface and a discontinuity in the temperature
gradient at the interface are found. As the dip angle is
successively increased, the temperature gradient tends to
become uniform, and the derived heat-flow profile tends to
take a discontinuous form. The magnitude of the variation
depends linearly on the initial values of 4, and 4, (in our
calculation A, = 1.54, is assumed) and can therefore be easily
derived for different conductivity ratios. A 90° dipping structure
results finally in a vertical uniform mean gradient that takes
into account the portion of the two adjacent materials.

The KTB seems to offer an excellent demonstration of the
influence of lateral heterogeneities. Even under the assumption
of a 2-D structure (Fig. 11) the 60° dipping units cause heat-
flow perturbations over a long distance (<1 km). Therefore
the thermal field of Fig. 13 can be explained by applying the
results of the example discussed above. In such steeply dipping
structures ‘apparent vertical heat flow’ has been the term
suggested. Thus, it becomes evident that in steeply dipping
structures it is not possible to apply a conventional interpret-
ation of heat-flow regimes derived from geothermal research
in horizontally layered, sedimentary basins or simplified 1-D
structures, such as that described by Chapman & Furlong
(1992). The apparent heat flow is not easily interpretable since
small lateral structural changes result in different heat-flow
values and might suggest (erroneously) additional heat-trans-
port mechanisms. In such cases, the interpretation should focus
on the temperature gradient. The magnitude of the gradient
reflects the proportions of adjacent materials. Ignoring the
local conductivity measurements, this simple 2-D model sug-
gests that an inverse analysis can lead to an estimation of a
mean thermal conductivity of the adjacent rock for 90° dipping
interfaces, if assumptions on the mean heat-flow field are
available. The KTB data sets allow an easy comparison of the
mean conductivities with the two cored materials, gneiss and
metabasite. A first-order estimation (ignoring heat production,
assuming two-dimensionality and nearly subvertical structures)
that assumes a mean heat flow of 0.075 W m~2 and a tempera-
ture gradient between 400 m and 1100 m of 0.024 K m™! yields
a surrounding material with a mean thermal conductivity of
31 Wm™'K ™! This value corresponds to a composition of
89 per cent gneiss and 11 per cent metabasite if the thermal
conductivities of Table 1 for steeply dipping gneiss and meta-
basite are applied. A temperature gradient of 0.028 Km™!
measured below 1100m yields 25percent gneiss and
75 per cent metabasite. A comparison with the results of the
more sophisticated 3-D thermal model of Section 5.3 shows
rather small differences (D03a: 65 per cent/35 per cent and
20 per cent/80 per cent respectively). This demonstrates that a
quantitative estimation of the relative portion of the surround-
ing gneissic and metabasic material is possible even under the
conditions of the complex geology at the KTB site.

Similar estimations have been performed by Huenges et al.
(1994). By comparing the rock density distribution in the HB
derived from borehole gravity data with the distribution of the
gneissic and metabasic cuttings, they conclude that the gneissic
portion in the upper 6 ki outweighs the metabasic portion.
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The differences between the results of the two studies suggest
that a further comparative analysis of gravity and geothermal
models in distinct depth ranges is necessary for a satisfactory
representation of the KTB rock matrix.

8§ CONCLUSIONS

The present study has revealed some aspects of data interpret-
ation that are generally valid for geothermal investigations at
sites with steeply dipping geological structures. It was shown
that the uniform temperature gradient of 0.028 K m~! at the
KTB site measured in the VB logs and derived from BHT
measurements is the result of the strongly dipping alternating
gneissic and metabasic units. The measured gradient in the
KTB corresponds to generalized gradient models of the upper
crust that predict that the effect of decreasing conductivity
with depth (temperature dependence) is counteracted by the
cumulative effect of heat production (Chapman & Furlong
1992). Thermal diffusion seems to be the dominant thermal
transport mechanism in the upper crust in the neighbourhood
of the KTB site.

The philosophical question of whether it is better to limit
the number of thermal transport mechanisms or to increase
the variability of material distribution is partly answered by
our study. Purely diffusive thermal models based on detailed
geological information are well suited to explain the tempera-
ture data in the KTB case. The origin of the low temperature
gradient (accompanied by low heat flow) in the uppermost
200 m, which cannot be simulated with purely diffusive models,
is partly clarified.

Apart from thermal diffusion, palaeoclimatic effects or
hydraulic flow due to topography head relief can represent the
most important thermal transport mechanisms. The 3-D
thermo-hydraulic model of the KTB confirms the point of
view that topography-driven hydraulic flow is restricted to
rather shallow depths, which may be due to a permeability
decrease and to a fluid density increase with increasing depth.
At shallower depths (500 m) high permeabilities (>10~'% m?;
about one order of magnitude higher than measured) are
required by our analysis. The strong gradient variations in this
uppermost zone probably provide the key to the answer, since
they cannot be explained only by a pure palacoclimatic-driven
diffusive thermal front penetrating slowly into the subsurface.
Below 500 m, the rather uniform gradient and the pronounced
heat-flow variations can now be explained by heat refraction
effects.

The geothermal approach has also proved to be a very
powerful tool in the analysis of the surrounding material
distribution, which can be compared with other geophysical
investigations, such as borehole gravimetry. Thus, a further
detailed study in co-operation with geologists and geophysicists
can reveal the hidden part of the drilled matrix.
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