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ABSTRACT

We study the recent upper crustal heat flow
variations caused by long-term physical proc-
esses such as paleoclimate, erosion, sedimen-
tation and mantle plume upwelling. As specific
heat flow is acommon lower boundary condition
in many models of heat en fluid flow in the
Earth’s crust we quantify its long-term transient
variation caused by paleoclimate, erosion or se-
dimenttation, mantle plume upwelling and deep
groundwater flow. The studied area extends
between the Eifel mountains and the Maas river
in Central Europe. The total variation due to the-
se processes in our study area amounts to tec-
tonic events manifested in the studied area 20
mW/m?, about 30% of the present day specific
heat flow in the region.

Keywords: Crustal Heat Flow; Physical Process
Modeling; Eifel; Geothermal Energy; Hydrothermal
System

1. INTRODUCTION

Studying the variation of crustal temperature and verti-
cal specific heat flow is important for the interpretation
of the recent thermal regime. The variation is caused by
different physical processes and is important for assess-
ing the long-term behavior of thermal power and tem-
peratures of geothermal energy. Often a constant vertical
specific heat flow q is taken as basal boundary condition
for 3D heat and fluid flow models. We use a 3D model to
perform sensitivity analyses with respect to different
physical processes and study their effects on the long-
term variation of specific heat flow and temperatures.
Using 3D transient models we quantify contribution of
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different geologic and tectonic process acting over years
on transient thermal regime. In particular, we study the
effects of extension, erosion or sedimentation, water flow,
paleoclimate and deep magmatic processes such as the
upwelling of the Eifel plume. These processes are quan-
tified with respect to their thermal response period and
there contribution to the present specific heat flow.

First we describe the geology of the study area, then
the physical processes and their associated effects on
transient specific heat flow follow. These are quantified
using 1D, 2D and 3D models to determine the thermal
response time and to account for heterogeneity in ther-
mal and hydraulic conductivity. The generic of 2D cross-
section models are conductive and do not account for
topography. The 3D model is based on measurements,
maps, and deep balanced profiles.

To use a methaphor, if we drop a stone into the water,
a little later the effect is gone, but if we have a tsunami
the effect is much larger and longer. Similarly, if a sud-
den temperature change occurs at a surface of a infinite
half layer, the thermal diffusivity (“thermal velocity”)
into the earth is very slow; changes of a million years
ago, which remained a large period (1000 years) can still
have an effect on the present deep borehole temperatures.
Contrary, temperature changes with a short time period,
like day and night, have only a very shallow effect. To
show this, a responce time [1]. The red circle indicates
the study area curve is presented from each geologic
phenomena.

2. THE EIFEL-MAAS REGION

Our study area extends across the borders of Belgium,
the Netherlands and Germany. It is bordered to the North
by the Brabant Massif, to the South by the Eifel-Venn
Massif, to the East by the Rur Graben and to the West by
the Maas. The area forms the front of the Variscan oro-
genic belt in Northwestern Europe, which experienced
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erosion during the Permion to Triassic periods. At pre-

sent the Eifel-Venn Massif, as part of the Rhenish Massif,

forms an elevated plateau up to 700 m elevation. The
study area lies at the Variscan front between the river
Maas and the Eifel-Venn Massif (red circle in Figure 1).

Geological History

To give an insight in the geological history of the for-
mation of Eifel and foreland Stratigraphical sequences, a
chronological reconstruction of geological processes as
synthesis of current ideas is presented.

In the Silurian (Figure 2), 420 Ma B.P., Avalonia mo-
ved to the North, resulting in a collision between Bal-
tica, Avalonia and Laurentia, known as the Caledonian
orogenese. The crust is compressed, so large mountains
are formed, and Baltica slab is subducted underneath the
Avalonian crust. This slab is quickly heated, resulting in
upwelling of hot mantle magma. The Caledonial orogen;
now known as the Brabant Massif, is a large anticlinal
structure with a W-E direction; with Cambrian rocks in
the center and Ordovician to Silurian rocks at the flanks.
The total thickness of these rocks is about 7000 m [2].
Old Silurian Vulcanic belts lie at the Southern border of
the Brabant Massif and at Visé, 20 km S-W of Aachen.
The volcano’s have dacitic (63% - 68% of SiO,) and
rhyolitic (68% - 78% of SiO,) deposits and therefore
belonged to the most explosive category [3,4].

The volcans might be caused by a granitic batholite.
This body is interpreted as the product of the melting of
siliceous crust induced by continent-continent collision,
and Precambrium rocks (72% of Gneis). Geophysical
interpretations of gravity anomalies suggest a granite
intrusion at a depth of 1 km to 5 km. A study near of the
granite intrusion shows pegmatites enriched in gold,
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Figure 1. Digital elevation model of the European Cenozonic
Rift System with superimposed fault systems [1]. The red circle
indicates the study area.
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wolframite and tin and at a larger distance sulphides with
copper, zinc, lead, silver, molybdenum.

The Bilzen magnetic high in the Northwest may re-
flect either the pre-Silurian basement of the Brabant
Massif, or an old intrusion of possibly (pre) Variscan age
[5].

During the Devonian (Figure 3) to Carboniferous (416 -
359 Ma B.P.), the huge mountains of the Brabant Mas-
sif are eroded and uplifted. Their sediments filled the
existing southern ocean (see Figure 3). The sediment
thickness of Devonian to Carboniferous age increases in
southern direction [6]. See reconstruction profile of the
Brabant Massif in southeasterly direction (Figure 4).

During the process of erosion and sedimentation there
were small sea level variations [7]. The part of the Bra-
bant Massif is only covered with middle Devonian Fras-
nian deposits [7]. In the early Devonian and the late De-
vonian, it was above sea level.

At a later stage, during the Carboniferous Figure 5
Westfalian (315 Ma. B.P.), the Gondwana continent in
the South moves northward forwards to Avalonia. This

ORDOVICIUM (500 milj years B.P.)

GOI\DWANA AVAL()\IIA BALTICA

Figure 2. Ordovicium and Silurian.
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Figure 3. Paleo-relief during Devonian [8].
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Figure 5. Paleo-relief Carboniferous [8].

causes a shortening of the crust and a faster subduction
of the basin with accordingly large deposits.

Large swamps are formed, with a luxuriant vegetation
at the equator. Note that the Brabant Massif was totally
covered with carboniferous sediments. Studies indicate
that one meter of present coal thickness corresponds to
25 m of organic deposited material. Dead plants were
covered relative fast by sediments, consequently there
was too little oxygen to degrade them. The water and
formed gas could not escape due to the fast subduction
and due to the low permeability of peat and shale. This
results in a very thick Carboniferous swamp with very-
mud water and high gas pressure and temperature. The
latter is caused by the very low thermal conductivity of
gas, water and peat: low thermal conductivity causes the
temperature gradient to increase. These large swamps
correspond to today’s large coal mining regions.

During the late Carboniferous, Gondwana moved to
the North resulting in an arc-continental collision of
Gondwana with Avalonia, known as the Variscan oro-
geneses. [9] studied this orogeneses numerically using
different models. All models indicate that the crustal root
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formation, delineation, and hot asthenosperic heat advec-
tion might have occured within 1 Ma - 10 Ma period.

Due to this collision large mountains were formed
again Figure 4. In the study area—Eifel-Maas, Brabant
Massif—more phases of this orogenic stage can be dis-
tinguished.

Firstly, deeper parallel overstrusted faults developed
between the Namurian and the Westfalian B periods.
Secondly, a large sheet overthrust, eroding the Carbonif-
erous sediments and forming a sheet overlaying the older
formations. A reason for travelling this long distance
might be the large, over-pressured Westfalian swamp;
high temperature and high fluid pressures provide small
resistance to external stresses. When a dense sheet loads
on a low density swamp with high fluid pore pressure,
the warm water and gas is squeezed out, resulting in the
large fluid flow at the front of the Variscan reported by
[10,11].

The overthrust sheet partly removes the original West-
falian and Namurian sediments deposited them as huge
mountain over the Brabant Massif in the Northeast. High
vitrinite reflections [5] at the northeastern side of the
Brabant Massif support this scenario. Models performed
at the Netherlands suggest a cover of at least 2700 m [8]
in post-Westfalien C age. During the Permian period, 280
Ma B.P, all continents together formed the so-called
super continent Pangea with a very low sea level. The
area which currently lies at the North Sea, but at that
time laying near the equator was drying, which formed
large and thick Salt layers.

Between the Permian and the Triassic period (251 Ma
B.P.) 90% of all marine species and 70% of all terrestrial
species died.

During the Triassic and Jurassic period (251 Ma - 145
Ma B.P.) the large mountains (i.e. the Brabant Massif in
today’s Belgium), erodes filling the oceans with sedi-
ments. In the study area, no Triassic or Jurassic sedi-
ments were deposited.

During the late Cretaceous, the Supercontinent Pangea
split up into the present American and European plates
separated by the Atlantic Ocean. At that time the seca
level was about 100 m to 300 m higher than the present
sea level. Hydrothermal precipitation formed sulphide
ore deposits during the early inversion of the Rhine Gra-
ben in the Cretaceous. The deposits occured mostly in
the Dinantian chalk, but also in the under Cretaceous
limestones, consisting of zinc and lead. The Rur Graben
was reactivated and several SW-NE striking faults were
formed in an area presently marked by a prominent gra-
vity low.

In the Tertiary 45 Ma B.P., volcanic eruptions occurred
in the Eifel mountains. Two new volcanic fields evolved
during the Quaternary last 600 ky with the last eruptions
only 11 ky - 12 ky B.P. At the same time the Rhenish
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Shield experienced strong uplift of the (up to 250 m in
600 ky). This uplift is an isostatic response of the litho-
sphere to a deepseated buoyant hot body. This hot body
was detected by seismic tomography [12] and is known
as the known Eifel mantle plume.

The volcanic deposits are dominated by potassium-
rich, mafic (Mg-Fe rich) minerals, poor in silica. Larger
peridotite xenoliths occur, which are typical for intraplate,
continental settings. Many xenoliths originate from lower
crustal and upper mantle sources. The Western Eifel vol-
canic field is about 600 km” in area and contains around
240 individual volcanoes. The Eifel volcanic region is
associated with the Rhine Graben, a continental rift zone.
The Rhine Graben became active during the Eocene, and
fault movements intensified during the Miocene. Since
the Miocene, the tectonic activity of the Rhine Graben
and other rift zones of western Europe have continued at
a lower level minor fault movements, with occasional
small earthquakes, and Quaternary volcanism in Eifel.

3. SELECTED DATA FROM PUBLICLY
AVAILABLE SOURCES

A lot of study has already been done in the area. So 1
present you the available information of these studies,
and discuss their relevance to model.

3.1. Geologic Maps and Profiles

Different geologic maps exist in the three countries: 1)
Current subcrop geological maps are available from the
different geological surveys; 2) Older geological maps
exist which contain the depth of different geological
units. They were compiled by a collaboration between
the three countries during the coal exploration period.
Table 1 gives an overview of the available geological
maps, the country, and the reference.

The different geological maps as well as the depth

Table 1. Overview of geologic maps of different countries with
references used for modelling (with B: Belgium, NL: The
Netherlands and D: Germany).

Country Reference Map

D [13] Geological structure of the nord Eifel
B-NL-D [14] Top Namurian depth map

Geological map of the coal layers in

D [15] Aachen
B-NL-D [16] Top pre-Permian depth map

B [17] Geological map of Wallonie

NL [18] Pre-Perm map
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maps of the different layers were digitized for use in a
3D model. The maps of the different countries are based
on three different coordinate systems. [16] matched his
maps together by eye, so some errors were inevitable
Since the largest part of the model is on Germany we
choose the common used German coordinate system;
Gauss-Kruger. The final result, a combined geological
map of parts of the three countries is shown in Figure 6.

The map shows a large synclinal basin with Devonian
subcropping layers in the South. In the North, there is an
anticline enclosed with carboniferous layers. The Aachen
Overthust separates the two parts. The pre-Perm geologi-
cal layers where eroded during millions of years, creating
a very smooth and flat surface dipping to the north. Dis-
cordantly on top of this surface the Cretaceous lime-
stone layers were deposited, with thickness increasing to
the North. It can be clearly seen that the faults related to
the Rhine Graben where later reactivated and changed
the smooth top pre-Perm surface during later periods,
which became subsided in different blocks towards the
graben.

Seismic lines in the study area are sparse. The deep
DEKORP line [19,20] was used to construct two bal-
anced parallel profiles; Profiel of Winterfeld [10] and
Profile of Hollmann [6].

The Profile of Hollmann is not only based on the in-
formation from the DEKORP line but contains also in-
formation on geologic enclosures along the Maas river
and information from the deep boreholes Boland and
Soumagne. These boreholes provide more constraints for
the profile. It has a depth of 5 km and a length of 60 km.

The profile Winterfeld does not include information
from deep boreholes, why it is only constraint on its up-
per part, which is based is based on dips and subcrops of
the different geological layers. Considering the fact that
the dips are steep, the subcropping layers can be ex-
trapolated to larger depths and provide much more in-
formation about the geology at depth than, for example, a
flat laying layer would do. Comparing the two profiles it
is quite clear that it is impossible to fit them easily into a
3D geological model. Especially the deeper part, the
lower devonian is totally different in the two different
profiles. The description of the forming process of the
profiles is equal, namely the shortening of the crust dur-
ing the late Variscan orogenese due to overthrusting. The
way the overthrusting is explained differently way. This
makes it impossible to extrapolate the geological layers
between the two profiles.

In the region bounded by the Hollmann and the Winter-
feld profiles, there are more profiles from [17] providing
some valuable information on the subcrops and dips of
the geological layers. The location of all of the profiles
are shown in Figure 6 from West to East; The Hollmann
profile [6], the four extented geology profiles [17], the
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Figure 6. Location of geology and faults, the boreholes, profiles, large cities and borders.

Winterfeld profile [10] and the Steinkohle profile [15].

3.2. Magnetotellurics

[21] analyzed the electromagnetic data from the Eifel
region, which were collected from 30 stations during
campains in 1997 and 1998. They covered an area of
about 140 km by 130 km. A 1D model suggests a layer of
highly electrical conductivity layer at a depth between 15
km and 25 km in the lower crust. Despite its still un-
known origin, [21] states this as a very common phe-
nomenal. He also performed a 3D model inversion. The
results of the 3D model are shown in Figure 7. Layer 2
between 14 km - 22 km depth has high electrical conduc-
tivity vertikal units alterations with low conductivity
units. Possible causes are saline water, graphite, Fe/Ti-
oxides, sulphide.

3.3. Earthquake Tomography

To study the crustal and mantle structure of the intra-
plate volcanic fields and their deep origin, a network of
84 permanent and 158 mobile seismographic stations
was set up [12,22]. Schematic overview of the principle
of tomography is shown in Figure 8.

To calculate a S wave velocity reduction tomogram
3773 residuals are used. From the travel time anomaly
[12] estimated an excess temperature of 200 K - 300 K
for a plausible plume in the uppermost 100 km of the
mantle, where 1% of partial melt reduces this tempera-
ture with about 100 K. According to [12] teleseismic
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P-wave attenuation shows a strong absorption anomaly
in the lithosphere and a weaker anomaly in the mantle,
and the lithospheric anomaly is interpreted as scattering
attenuation at a magmatic intrusion zone. In the as-
thenosphere temperature induced solid-state anelastic
attenuation is assumed. The P- and S-velocity anomalies
in the lithosphere and upper asthenosphere can be ex-
plained by an increase of temperature by about 100 K -
150 K plus 1% of melt. The Eifel plume anomaly is
spread out above the 410 km depth discontinuity and rise
up mainly beneath the Eifel [22] and the massif Central
[23]. In Figure 9 a small extension at the top of the
plume can be seen in the NNW direction underneath the
Roer Valley Graben and our study area.

3.4. Gravity

Figure 10 shows the gravimetric anomaly map [24] in
the region. The station density varies from 1 per 80 km”
to 2.5 per km® (e.g. Brussels area). The anomalies are
calculated using a uniform Bouguer reduction density of
2.67 g/em’.

The negative anomaly into the Roer valley graben, in-
dicate a shorten of weight because of the less dense lay-
ers of Quaternary, Tertiary and Cretaceous age. To the
northwest a shorten of weight is due to the less dense
Jurassic and Triassic sediments. The crustal stretching
model of MacKenzie, shows that less dense mantle ma-
terial will attempt to flow to this area to compensate the
gravity anomaly; like communicating vessels, but slower.
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Figure 9. S-wave tomogram of Eifel plume
model [12] for the interval from 31 to 100
km depth with the 3D model boundaries
presented in this paper and the main faults
in the model area.

This fits with results of the S-wave tomogram, where the
low velocity layer indicate the presence of a mantle
plume front underneath the Roer valley graben. The rift
Roer valley graben can be seen as the first stage of the
Wilson cycle [25,26]. According to this theory it will
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Figure 10. The bouquer anomaly in Belgium and surroundings

[24].
take 12.5 Ma before the astenosphere rises the surface.

3.5. Vitrinite Reflections

Vitrinite reflection measurements on of organic mate-
rial like peat, lignite or coal can be used to declare a
maximum temperature. Vitrinite reflections RO near the
Brabant Massif vary between 2% and 5%. According to
[27], who performed 600 vitrinite reflection measure-
ments, time is not important for determining the maxi-
mum temperature Ty, from vitrinite reflections. They
proposed a relationship:

T, =[In(R,)+1.2]/0.0078 (1)

Table 2 shows their maximum temperature 7y, for
different vitrinite reflections R .

3.6. Thermal Springs

The study area is famous since Roman times because
of its hot springs (200 m). The water circulates from the
high Eifel-Venn Massif (700 m) to the lower where it
ascends in the thermal springs situated in Aachener and
Burtscheid. These springs have a total flow rate of 175 m
3/h, a maximum temperature of 79°C and an average
temperature of 60°C [28]. Geothermometers [29] were
used to determine the composition of the thermal waters
[28] and to determine the average temperature. Geo-
thermometers also provide information on the maximum
temperature during the residence period of the geo-
thermal water. [29,30] calculated the mean subsurface
temperature. Table 3 summarizes the result for the dif-
ferent geothermometers.

The geothermal spring water shows a high concentra-
tion of CO, 180—mg/L of dissolved CO, gas, this is
typical for geothermal systems. They are located in ar-
eas of higher CO, flux, due to the particular geological
structures that give origin to a geothermal reservoir.
Much higher CO, fluxes are found in volcanic areas. A
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larger amount of natural CO, is produced at depth,
mainly by thermo-methamorphism of marine carbonate
rocks. This CO, is usually trapped in deep structures,
saturates the deep aquifers and it is discharged at the

surface through natural manifestations and soil degassing.

Degassing CO, from more than 90 M Pa results in a tem-
perature increase due to expansion, from less than 90 M
Pa the temperature decreases due to expansion. [28] did
some calculations with computer program SOL-MINEQ.88
and stated that formation water, which is normally in
equilibrium with calcite and temperatures of 120°C until
135°C before rising, has a pH of 5.8 - 6 and a CO, con-
centration 1000 mg/L, so it is highly saturated in calcite.
When the water rises to the surface it is cooling, the pH
increases and calcite precipitates. In this process the dis-
solved CO, is used for forming CaCQj;, which results in
a decrease of the CO, concentration of the water to about
200 mg/L. The geothermal water of the springs is meteo-
ric water and has a residence time of more than 20000
years.

[31] described the Benzenrade fault located to the
north of Aachen. Between 1923 and 1955 several mine
tunnels crossed this fault. The fault had a cross thickness
of about 110 m till 50 m, and consisted of quartz, pyrite,
galenite, sphalerite and chalcopyrite. Thermal water
springs of 50°C were found at a depth of 640 m at 250 A
(a specific historic mine tunnel) Figure 11.

3.7. Borehole and Laboratory
Measurements

Measurements of thermal conductivity on cores from
deep boreholes located in Belgium were performed at the
University of Leuven [32,33]. Furthermore detailed geo-

Table 2. Vitrinite reflections R, with associated maximum
temperatures T}, according to Eq.1 [27].

Ry % Tonax [C]
1 154
243
295
332
360
384
403

N O L R W

Table 3. Determination of the mean temperature from the geo-
thermal springs using different geothermometers [29].

Geothermometer T(C)
Si0, adiabatic, conductive cooling 115

Na/K (method 1) 128

Na/K (method 2) 121

Copyright © 2013 SciRes.

logical descriptions of each borehole by the Belgium
geological survey, the geological survey of Netherlands
and geological survey of North Rhine-Westfalia were
used to collect in a database, according to stratigraphy
and lithology. The position of the the boreholes are
shown on the map Figure 6.

The specific gamma log of the borehole Kemperkoul
was used to determine the radiogenic heat generation rate
within the Namurian and Westfalian [34].

4. PHYSICAL PROCESSES AND THEIR
EFFECTS ON SPECIFIC HEAT FLOW

Different tectonic and geological processes have an ef-
fect on the vertical specific heat flow and the tempera-
tures in the earth crust. This is important since these are
the main parameters effecting the thermal power and
temperature deliverd by installations for the production
of geothermal energy. In case of a steady state where
everything is in equilibrium, Fouriers law relates specific
heat flow to thermal conductivity and temperature gra-
dient.

s, ,0T
Q=q'd=1—4 @

with O the heat flow (W), ¢” the specific heat flow
(W/m?) A4 the surface area (m?), A the thermal conduc-
tivity (W/(mK) and z the depth (m).

In most cases a constant basal specific heat flow ¢"
is taken as boundary condition for 3D coupled heat and
fluid flow models.

For an average specific heat flow of 0.08 W/m? the
thermal gradient is significant larger in case of the West-
falian, the Cretaceous or the Tertiairy where the thermal
conductivity is low than in case of the Devonian layers
with high thermal conductivity.

Different transient processes, however, modify the
steady state thermal regime. We study particularly vari-
ous geologic processes which persist over long periods
(i.e. millions of years) such as extension, erosion and
sedimentation, water flows, deep magmatic processes
(e.g. Eifel plume), and paleoclimate. These processes are
characterized with respect to their thermal response time
and their influence on present specific heat flow.

First of all, two orthogonal schematic cross-sections
through the area Figure 11, with the RWTH-1 borehole
as crossing, are divided into tree categories with respect
to there thermal conductivity: 1) the Cretaceous, West-
falian, 2) the Namurian and 3) the Devonian and Pre-
cambrium, see Figure 12.

Than the sections are modelled Figure 13 using equi-
distant grid nodes in horizontal and vertical direction.
The properties as well as the vertical heat flux are de-
fined in the midpoints of the gridcells, but the tempera-
tures are defined at the upper and lower borders of the
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Figure 11. a) Overview map with locations of small earthquakes <3 M; b) Geologic map with
geothermal springs and location of the 2D sections; ¢) 3D view of the stratigraphical layers
with the location 2D sections indicated.
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temperature of 150°C and top temperature of 10°C. The thermal conductivity
used into the model are an average of the total layer.
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gridcells. Bottom temperature of 150°C and top tem-
perature of 10°C temperatures are set as boundary con-
ditions.

4.1. Erosion and Sedimentation

We can determine the effect of erosion and sedimenta-
tion, using the equation provided by [35, p. 388].

o’T UoT 16T H

————— - 3
622 a oz a@t K )

with initial condition
T=T,+pz with T, =T(z,t=0)
and boundary conditions
T=T+bt with I, =T(z=0,t>0)

with H heat generation, a thermal diffusivity, U erosion
or sedimentation rate,  temperature gradient, z the depth,
and ¢ time.

Figure 14 show the influences for different erosion
rates on specific heat flow in case of no heat generation.

As described in Subsection 2.1 during million of years
sediments has been deposited in the Graben and in the
mean time mountains of the Brabant Massif and Eifel has
been eroded. If we only consider the latest period, the
Quaternary; The erosion rate could be derived from the
differentiation of the different geological deposits and
Maas terrace building. The rate varies between 0 mm/y
and 0.1 mm/y at the hanging wall. The sedimentation
rate has been calcucalculated using the quarternairy
sedimentation thickness divided by the quaternary times
(800,000 years). The rate varies between 0 mm/y and 0.4
mm/y at the foot wall. Using EQ.5, this yields differences
of +/— 5 mW/m? in heat flux Figure 15.

4.2. Paleoclimate

The changes in specific heat flow due to an instant
change of the temperature at the surface can be written as
[36]

Aq!=-A+T, [(mct)_l/z exp(—zz/4ictﬂ
Ag" =3 Aq]

with ¢" the specific heat flow, ¢ the time, x the thermal
diffusivity and 7, the instant variation in temperature.

(6)

Instant variations in ground surface temperature be-
tween 10,000 years and 20,000 years B.P. yield varia-
tions in specific heat flow of zero to 9 mW/m’. The
propaga- tion of the paleoclimatic signatures with depth
varies according to the different thermal diffusivity Fig-
ure 16. The paleoclimatic signature in the foot wall with
Quar- ternary, Tertiary and Cretaceous penetrates not as
deep and is attenuated stronger then in the hanging wall.

4 .3. Eifel Mantle Plume

As described in Subsection 3.3 the seismic tomogra-
phy suggests the hot Eifel mantle plume crossing our stu-
dy area. Figure 17 shows the thermal response at a point at
5 km depth, to an instantaneous thermal pulse at a depth
of 30 km [1] of a magnitude of 100°C, 200°C and 300°C.

Only after 1 million year specific heat flow at a 5 km
depth starts to vary reaching a peak at 10 million years
whereafter it decreases again and vanishes finally. As-
suming a 200 K temperature change at 30 km Moho
depth Subsection 3.3, 10 million years ago, present day
specific heat flow would increase by 16 mW/m’ to 17
mW/m’.

4.4. Deep Convective Water Flow

To determine the depth of the origin of geothermal
water, an approach modified after [36, p. 264, Eq.
6-270].

The temperature of geothermal water changes with

T(¢) T, +,BR |:TSII1 ¢)—cos(¢)+exp(—ﬂt)]
(7
with
_ mNuR A,
- Eu pa)cpw (9)

Looking at the spring temperature, (¢ = m ) and assume
an average thermal conductivity 4 =3.0 W/ (K-m) ,a
vertical temperature gradient S =0.03K/m, a water
infiltration temperature 7, in the Eifel of 10°C the spring
temperature is a function of the flow rate of the water F,,

T=T, +/3z+aTHt—ﬂUt+%(T,

ForH=0,b=0and T}, =T,

T=T, +ﬁz—ﬂUt+§{(z +Ut)e Uela gpufen 2
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Figure 14. Thermal response curve for different ero-
sion rates.
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Figure 15. The relative changes in specific heat flow due to
sedimentation and erosion for the two perpendicular cross sec-
tions A (left) and B (right) in the Eifel-Maas region; see Figure
11 for the location of the cross sections.
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Figure 16. The possible influence of the paleoclimate on spe-
cific heat flow for two perpendicular cross sections A (left) and
B (right) in the Eifel-Maas region; see Figure 11 for the loca-
tion of the cross sections.
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Figure 17. The thermal time response curve of a 5 km
depth point for pulses with a different temperature
change induced at the 30 km Moho depth.
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and the radius (or depth) R of the flow path Figure 18.
Nu pw, ¢, are respectively Nusselt number, density of
the water and the heat capacity of the water. The flow
rate in Aachen is known F, =175 m’ /h [28] as is the
average spring temperature 60°C. So with these parame-
ters from EQ.8 we are able to calculate the radius R (or
depth) of the flow path; which is R =4500m. This
depth is deeper than the overthrusted sheet. The maxi-
mum temperature at depth along the pathway is 130°C
see Figure 18 which agrees well with the value deter-
mined by Na/K geothermometers Table 3. The springs
have been active since Roman times and probable much
longer. The total thermal energy of these springs is
0= ¢, Poty (T,,-T,,) with an infiltration temperature
T, =10°C, spring temperature T, =60°C, spring flow
rate F, = 175m3/h . This yields a yearly of 3.2 x 1011
kW:-h corresponding to a thermal power of 10.2 mW.

4.5. Joint Effect on Specific Heat Flow

The processes in the study area yield a maximum
variation in specific vertical heat flow of 20 mW/m”. The
hanging walls of the fault systems show increased spe-
cific heat flow due to uplift and erosion, while the foot
walls show decreased specific heat flow due to down
warping and sedimentation. This results in horizontal
heat flow at the normal faults or the overthrust faults.
Long period temperature variations at the top or bottom
of the model caused by climatic changes at the surface

100
807
60
107

204

Figure 18. Schematic overview Aachener springs
along there pathway, with Flow rate 175 m*/h,
and an average spring temperature 60°C [28].
The used radius R = 4500 m has been calcu-
lated with EQ.8 referred to the small 3D pic-
ture.
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or deep plume yield a faster and deeper response in the
hanging wall than in the foot wall. These varia- tions are
due to the higher thermal diffusivities of the older rocks
in the hanging wall.

5. 3D MODEL COUPLED THERMAL AND
HYDRAULIC SIMULATION OF THE
EIFELMAAS REGION

Numerical 3D model simulations of coupled heat and
fluid flow are used to indicate promising locations for
producing geothermal heat.

5.1. Geometrical Model

To obtain a good understanding of the regional con-
ductive and convective heat flow in the Aachen-Eifel-
Maas region, a 3D numerical model of 40 km x 40 km x
5 km was setup for simulating heat and fluid flow. Dif-
ferent steps are required to set up such a model (see Fi-
gure 19): First a 2.5 D-structural model is build.

Table 4 shows a schematic overview of the strati-
graphical units.

With the aid of geological maps, deep profiles and
boreholes discussed in Subsection 3.1; one can recon-
struct a geometrically two separate geological phenom-
ena: 1) theolder pre-sheet overthrust faults and 2) the
post-sheets for each separate normal fault block. A
stratigraphical 3D model (Figure 20) is constructed by
the combining of these different geometrical reconstruc-
tions.

The stratigraphical layers of the model corresponding
petrophysical properties are listed in Table 4.

The model is simulated using Shemat, a finite differ-
ence code for coupled temperature and fluid flow [37].
Boundary conditions are; a surface temperature of 10°C
which is a mean of the average temperature [38] and the
deep boundary temperature at 30 km of 1200°C [1] The

Geologic Maps & X )
Profiles Beological units
2,5D model
Determine ﬁ Lab Measurements
lithological Upscale of and Borehole logs:
compositon properties fo peEEe
of geological units| Unit properties

-~

Initial &

Boundary 3D heat &
Conditions: 3D voxel i
Surface temperature, model Fluid flow
Topography and model
Basal Heat flux

Figure 19. Flow chart to determine the input parameters for the
different model units.
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Table 4. Average thermal conductivity values A L and A
as well as porosity ¢ and permeability & derived from meas-

ured data or published lithology values and lithology volume
percentages of rocks for each layer.

SN oo ey ey ¢ KO
Air 0.026
Tertiairy and g 15 15 0.1 10"
Cretaceous
Westfalian 4 1.6 2.1 0.01 10"
Dinantian 6 2.1 3.9 0.1 107
Famennian 7 3.2 3.4 0.1 10"
Frasnian 9 33 35 0.01 10'
Middel and
lower 3 3.0 33 0.01 10"
Devonian
Pragian 3.6 45 0.01 10"
Pre Devonian 2 4.0 4.0 0.01 10"

Figure 20. Stratigraphical 3D model with different strati-
graphical units, with associated properties listed in Table 4.

surface elevation is implemented, using the Shuttle Ra-
dar Topography Mission-SRTM data 1 (see Figure 21)
[39].

5.2. 3D Model Parameters

Orienting the 3D-grid of the numerical model for heat
and fluid flow parallel to the main faults and along the
subcrobs of the stratigraphical units, makes the creation
of the model easier and more accurate.

To determine the percentage of different rocks in each
stratigraphical unit, data from deep boreholes in the area
have been used with the same stratigraphy.

Petrophysical properties are measured and inferred by
use of cores, literature and logs. Thermal conductivity is
based on measurements on cores performed at the Uni-
versity of Leuven (B) [33,40] and RWTH Aachen Uni-

OPEN ACCESS



L. Dijkshoorn, C. Clauser / Natural Science 5 (2013) 268-281 279

versity (G) [41,42]. The mean properties for lithologies
are translated into harmonic or geometric mean proper-
ties for each stratigraphy by use of weighting according
to the percentage.

The heat production was derived from the specific
gamma log and from the velocity log but is neglected in
the model, because of the low value (<3 pW/m’) see
[41,42]. Permeabilities are inferred from general values
published in lit erature. Notice the very low porosity and
permeability in the layers. Fluid flow is depending on
fracture permeability rather than on primary rock poros-
ity. Little is known about permeability at depth. As de-
scribed in [41,42], permeability from the RWTH-1
Borehole is less than 10 - 15. In literature nothing is
mentioned about fault permeability so when mentioned
during modeling. some layers and fault zones are as-
signed a higher permeability and different scenario’s
have been simulated.

The thermal conductivities of different lithologies were
measured in similar stratigraphical units [33,43] yielding
the average thermal conductivities listed in Table 5.

We derived from each stratigraphical laye, the per-
centages %/, of different rocktypes thickness’s with re-
spect to the total thickness (see Figure 22). This is done
with the use of different borehole logs and core mea-
surements.

The average anisotropic values of thermal conducti-
vity for each stratigraphical layer can now be determin-
ed from the arithmetic mean

111 = Z %li/Ll )
i=1

in case of a horizontal heat flux parallel to the layering,
and from the harmonic mean

=Y (10)

. 600. !

500. |

400. |

-

300. |

200.

5.600.000 i
20 km .
100. |

T T T
62.450.000 62.500.000 62.520.000

Figure 21. The elevation map in (m) used as boundary condi-
tion in the 3D model and the 2D cross sections.
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Table 5. Thermal conductivities of the different Rocktypes
[33,43].

Thermal conductivity

Rocktype (W/(mK))
Sandstone 3.80
Silty Sandstone, Sandy Shale 2.34
Siltstone 2.04
Silty Shale 1.93
Shale 1.64
Coal Shale 1.07
Coal 0.40
Slate 3.18
Phyllite 2.90
Schist 2.467
Lime schist 2.467
Quartzite 7.50
Marl 1.12
Limestone 3.59
Dolomite 4.01
Anhydrite 5.20

Sandstone
Silty Sandstone
Siltstone

Silty Shale

I I ﬁ
Namurian{ | —— shale
I
I |
[

wms Coal Shale

w— Coal

— Slate

e Schist

= |imeschist
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Limestone
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Pragian
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Figure 22. Stratigraphical layers with their percentage of litho-
graphies.

in case of a vertical heat flux perpendicular to the layer-
ing. Table 4 lists the averages of measured thermal con-
ductivities of each stratigraphical layer. Note the low
thermal conductivities of the Westfalian. The low ther-
mal conductivities from the Cretaceous and Tertiary are
based on literature data of limestone and high porosity
sediments.

The 3D model is 40 km by 40 km large and 5 km deep,
with a uniform basement down to a depth of 30 km. The
reason for including the basement is to avoid a boundary
condition at a depth of 5 km. Temperature at the surface
of the model is fixed at 10°C, at the bottom of the model,
in 30 km depth, at 750°C. There is no heat flow across
the lateral boundaries.
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5.3. 3D Model Results

5.3.1. Effect of Differences in Thermal
Conductivity

In the 40°C iso-surface in the left part of Figure 23
coal bearing layers are indicated by low specific heat
flow (0.06 mW/m?). At the borders of the low conduc-
tiveity layers, there is a lateral heat flow corresponding
to a lateral variation in temperature gradient. This effect
becomes smaller with distance from the boundary of the
coal layers. A similar effect can be seen underneath a
limestone hill in the center of the 15°C iso-surface in the
right part of Figure 23.

5.3.2. Effect of Deep Convective Water Flow on
Heat Flow
Figure 24 shows the influence of deep water flow on
specific heat flow. The variation in specific heat flow is
directly related to the hydraulic conductivity of the layer
with deep water circulation.
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