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Surface heat flow and lithosphere thermal structure

Abstract

Comprehensive knowledge of surface heat flow and subsurface temperature distribution is
indispensable for the interpretation and quantification of crustal/mantle processes as well as
for the evaluation of the geothermal potential of an area. In cases where subsurface
temperature data are sparse, thermal modelling may be used as a tool for inferring the
geothermal resource at depth but requires profound structural, geological, and petrophysical
input data. The study area encompasses the Trier—Luxembourg Basin and the western realm
of the Rhenish Massif, itself subdivided into the Ardennes region in the west as well as the
Eifel and Hunsriick regions in the east. For the study area, 2-D steady-state and conductive
thermal models were established based on geological models of lithosphere-scale which were
parameterized using thermal rock properties including thermal conductivity, radiogenic heat
production, and density. The thermal models are constrained by surface heat flow (qs) and the
geophysically-estimated depth of the lithosphere—asthenosphere boundary (LAB). A g5 of 75
+7 (20) mW m > was determined in the area. A LAB depth of 100 km, as seismically derived
for the Ardennes, provides the best fit with the measured qs. Modelled temperatures are in the
range of 120—125 °C at 5 km depth and of 600—-650 °C at the Moho, respectively. The mantle
heat flow amounts to ~40 mW m 2. Possible thermal consequences of the 10-20 Ma old Eifel
plume, which caused elevation of the LAB to 50-60 km depth, were modelled in a steady-
state thermal scenario resulting in a qs of 91 mW m ? in the Eifel region. Available qs values
(65-80 mW m?) are significantly lower and do indicate that the plume-related heating has not

yet reached the surface in its entirety.
1 Introduction

Well-constrained thermal models help to evaluate the geothermal resources of a region. In
general, structural data, representative thermal rock properties, and thermal boundary
conditions represent the main input for the development of a thermal model. Logged
subsurface temperature data are normally used for the calibration of a thermal model. For the
greater Luxembourg region, only the Mersch borehole provides deep temperature data. In
order to circumnavigate this fact, in-depth studies of the regional and local geology and of the
thermal rock properties assigned to the geological units are required, providing reliable data
for the parameterization of the geothermal model and for the definition of thermal boundaries.

As a lower and upper boundary, the lithosphere-asthenosphere boundary (LAB) and the
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surface heat flow (qs), respectively, could be used. The geology of the study area is well
known in the upper 15 km but is generalized in the lower segment down to the crust/mantle
discontinuity. The rock types of the geological units in the model were assessed from surface
and borehole observations and, for the deeper portions of the model, from geophysical
surveys and from xenolith data of the adjoining volcanic field in the Eifel region (Germany).
Thermal rock properties assigned to geological units relate to a large number of measured
laboratory data on outcrop and drill core samples for the upper part of the crust and are
complemented by literature data for the lower part of the lithosphere.

The focus of the paper is threefold: It assesses the thermal field by numerical modelling,
provides new data on surface heat flow for verification of the thermal models, and delivers a
database of measured thermal rock properties (thermal conductivity, radiogenic heat
production and density), which all are essential for any type of thermal simulation. The
models constitute the basis for the assessment of geothermal resources of Luxembourg and

adjoining areas.

2 Regional geology

The local and regional geological setting of the study area is shown in Fig. 1. The bulk of the
Earth’s crust in the study area was shaped in response to the amalgamation of Western Europe
during the Caledonian and Variscan orogenic cycles, which involved the deposition of thick
sediment piles and their subsequent deformation (Pharaoh, 1999; Pharaoh et al., 2006). Since
about 40 Ma, part of the study area is undergoing deformation due to the development and
evolution of the ECRIS (European Cenozoic Rift System), which is expressed by uplift and
volcanism in the Rhenish Massif (Bourgeois et al., 2007; Demoulin and Hallot, 2009;
Schmincke, 2007; Ziegler and Dézes, 2007; and references therein).

The subsurface geology is illustrated by three crustal cross sections (Fig. 2). Two of the
sections (sections A and B) extend, perpendicular to the Variscan structures, from the Lower
Palaeozoic Stavelot Massif in the Belgian Ardennes in the north to the Metz Fault/Hunsriick
Boundary Fault in the south. The third section extends parallel to the Variscan structures
approximately from the southwestern border of Luxembourg to the northeastern edge of the
Mesozoic Trier—Luxembourg Basin (TLB) and the southwestern margin of the West Eifel
Volcanic Field.

The TLB is the youngest sedimentary record of the pre-Tertiary evolution of the area

(Schintgen and Forster, 2013). The basement of the TLB and the Ardennes (AD), as well as
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Fig. 1: (A) Regional geological map of the greater Luxembourg area (modified after Schintgen and Forster,
2013). Bold lines and letters indicate the three crustal cross sections shown in Fig. 2. Locations of the boreholes
Grand-Halleux (GH) and Mersch (M) are indicated by triangles. Main structures: AAc = Ardennes
Anticlinorium, NWESc = Neufchateau—Wiltz—Eifel Synclinorium, GOMAc = Givonne—Oesling—Manderscheid
Anticlinorium, MSc = Mosel Syncline, TMT = Troisvierges—Malsbenden Thrust, PT = Plein Thrust, SMT =
Siegen Main Thrust, LF = Luxembourg Fault, SELG = SE-Luxembourg Graben, BDLT = Boppard—Dausenau—
Longuich Thrust, MF = Metz Fault, HBF = Hunsriick Boundary Fault, STM = Stavelot Massif, TLB = Trier—
Luxembourg Basin, WS = Wittlicher Senke and SNB = Saar—Nahe Basin; (B) Inset map: Basement tectonic map
of Luxembourg and surroundings. B = Belgium, D = Germany, F = France, L = Luxembourg, NL = Netherlands.
Terranes pertaining to Eastern Avalonia are hatched. Grey areas mark basins and platforms. AD = Ardennes,
BM = Brabant Massif, RHZ = Rhenohercynian Zone, RM = Rhenish Massif, STZ = Saxothuringian Zone, VF =

Variscan Front. Rectangle indicates location of geological map shown in the regional geological map.

the Eifel and the Hunsriick are part of the Rhenish Massif (RM). The latter belongs to the
Variscan Rhenohercynian Zone (RHZ) (Fig. 1B). In the study area the RHZ is a generally
northwest vergent fold-and-thrust belt, confined by the Variscan Front (VF) in the north (with
its continuation at depth as the Eifel detachment) (Fig. 2) and the Saxothuringian Zone (STZ)
in the south (Meyer, 1994; Meyer and Stets, 1980, 1996; Oncken et al., 1999). Large and
persistent fold structures are typical for the Ardennes and Eifel regions (e.g., Meyer and Stets,
1996), whereas thrusts are characteristic for the Hunsriick area (e.g., Wildberger, 1992; Fig. 2,
cross sections A and B). The orientation of the structures is dominantly WSW-ENE (N60—
3
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70°E) in the Ardennes—Eifel region and SW—NE (N45°E) in the Hunsriick, but turns to the

west in a W—E direction in the Belgian Ardennes.
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Fig. 2: Geological cross sections (for location see Fig. 1A) developed to the depth of crust-mantle transition.
Vertical dashed lines indicate the intersection with the indicated cross section. STM = Stavelot Massif, PT =

Plein Thrust. For details, see text.

Except for the Wittlicher Senke (Fig. 1A), which constitutes a remarkable intramontane
Permian (Rotliegend) graben (Stets, 2004), the Variscan basement is largely composed of

thick Lower Devonian (i.e., Lochkovian, Siegenian or Praguian and Emsian) syn-rift
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sediments characterized by a generally homogeneous, shale-rich, clastic rock assemblage,
which often displays a pervasive cleavage (Furtak, 1965; Konrad and Wachsmut, 1973;
Lucius, 1950; Wildberger, 1992). The total thickness of the Lower Devonian sediments
increases rapidly from the margin towards the centre of the Rhenohercynian basin, where
maximum thicknesses of more than 10,000 m are reported (Meyer and Stets, 1996; Stets and
Schéfer, 2002). An apparent facies change in the Hunsriick and the Mosel Syncline (Stets and
Schifer, 2002; Zitzmann and Griinig, 1987) explains the different lithostratigraphic
classification in Belgium and Luxembourg (Dejonghe, 2008; Bultynck and Dejonghe, 2001;
Lucius, 1950) and further used in Germany (LGB, 2005; Mittmeyer, 2008).

The Lower Devonian unconformably overlies Cambrian and Ordovician metamorphic rocks
that are only known from outcrops in the Ardennes, notably in the Stavelot—Venn Massif (or
Stavelot Massif; e.g., Bless et al., 1990; Fig. 1A). It is characterized by dominantly E-W
oriented structures, strongly north-verging folds, and a southward dipping main cleavage
(Verniers et al., 2002) associated with Variscan processes that have largely overprinted a
weaker Caledonian metamorphism and deformation (Bless et al., 1990; Fielitz and Mansy,
1999). The subsurface Cambrian—Ordovician succession is suggested to be stratigraphically
complete in the study area. A high background density in the Bouguer map (Schintgen and
Forster, 2013) indicates relatively dense Ordovician rock at about 5 km depth, in accordance
with the estimated position of the Lower Palacozoic/Lower Devonian unconformity (Meyer
and Stets, 1980, 1996; LGB, 2005). The N-S-oriented Eifel Depression (Eifeler-Nord-Siid
Zone) is an important cross fold separating the Ardennes in the west from the Eifel in the east
(Fig. 1A; Murawski et al., 1983). Beneath the Ardennes, seismic velocities (Mechie et al.,
1983) infer that the Lower Cambrian rift sediments are particularly thick (Hollmann, 1997;
Verniers et al., 2002; Sintubin and Everaerts, 2002) and may extend down to the top of the
cratonic basement at about 19 km depth as shown in the adjoining Brabant Massif (BM) (Fig.
1B).

The deep geology of the RHZ above the basal Eifel detachment at about mid-crustal level
(Fig. 2) is constrained from numerous seismic refraction (Mooney and Prodehl, 1978; Mechie
et al., 1983; Meissner et al., 1983) and seismic reflection profiles farther east through the Eifel
area (DEKORP Research Group, 1991; Oncken et al., 1999, 2000). These seismic surveys
allow a structural and to some point compositional subdivision of the crust in an upper part,
largely composed of Palaeozoic rocks (known from the surface), and a lower part, consisting
of Precambrian rocks known from xenolith samples of the Eifel volcanic field (e.g., Downes,

1993; Mengel et al., 1991; Stosch et al., 1991; Voll, 1983, Worner et al., 1982). Simplified
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cross sections adapted to the geology of the study area (Wagner et al., 2012; Zitzmann and
Griinig, 1987) were also considered. Still unresolved is the trace of the Plein thrust
(Kolschbach, 1986), which appears to replace the Siegen Main Thrust, being an important
thrust fault in the Rhenish Massif. Besides evidence from xenoliths, the small exposure of
Wartenstein Gneiss of Neoproterozoic age (Meyer and Nagel, 2001) at the southern margin of
the Hunsriick also shows the occurrence of Precambrian rock. In the Eifel region, xenoliths
point towards large amounts of mica schists and paragneisses in between the Avalonian

cratonic basement and the Cambrian rocks.

3 Analysis of thermal rock properties and surface heat flow

A sophisticated parameterization of a thermal model requires sample control for all major
rock types. For the Mesozoic, drill core samples (66 samples) were obtained from 12
relatively shallow boreholes archived in the Geological Survey of Luxembourg. In addition,
drill core (17 samples) from the Cambrian section of the 3225-m-deep Grand-Halleux
borehole (GH in Fig. 1A; Graulich, 1980) was sampled in the archive of the Geological
Survey of Belgium. To comprehensively characterize the major rock types of the Mesozoic—
Palaeozoic and the Neoproterozoic geological formations on outcrop were also sampled (142
samples in the Palaeozoic and 9 in the Neoproterozoic; 12 samples in the Mesozoic; Fig. 1A).
Table 1 provides the stratigraphic units and the sampled lithotypes. The Lower Devonian
formations of the Mosel Syncline (Figs. 1A and 2), which is supposed to continue along strike
underneath the Permian graben system (WS—SELG; Fig. 1A), and of the Hunsriick area are
only exposed in Germany (e.g., LGB, 2005; Stets and Schifer, 2002). Here, the Lower
Devonian deposits differ with respect to their lithology and thus their stratigraphic subdivision
from those in Belgium and Luxembourg (Dejonghe, 2008; Bultynck and Dejonghe, 2001;
Lucius, 1950). As the formations in the Hunsriick were not sampled, they are characterized by
a compilation of similar lithotypes sampled in the Ardennes. In the following, the methods

applied for the determination of thermal conductivity and of radiogenic heat are described.
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Table 1: Stratigraphic units and lithotypes sampled in different areas.

Sampling area Stratigraphic unit Lithotype n
Stavelot Massif Cambrian + Ordovician ~ Slate 25
Silty slate 18
Shale 1
Siltstone 2
Sandstone 9
Quartzite 10
Ardennes Lower Devonian Slate 7
Silty slate 5
Shale 33
Siltstone 18
Sandstone 25
Quartzite 3
Hunsriick Lower Devonian Slate 1
Shale 1
Quartzite 1
Neoproterozoic Gneiss 5
Mica schist 2
Quartzite 1
Sandstone 1
Trier—Luxembourg Basin  Triassic + Jurassic Claystone 4
Siltstone 5
Sandstone 22
Marl/Marlstone 28
Limestone 7
Dolomite 8
Anhydrite 1

Gypsum + Anhydrite 1

Conglomerate 2

n = number of samples

3.1 Thermal conductivity

Thermal-conductivity (TC) measurements were performed with the Thermal Conductivity
Scanning (TCS) device (Lippmann and Rauen, GbR Schaufling, Germany). The measurement
technique is based on high-resolution optical scanning with an inherent error of determination
<3% (Popov et al., 1999). TC of samples was determined by comparison with standards (A =
2.93 W m ' K™). The method allows a TC sampling interval of 0.1 mm at a scanning speed of
5 mm s '. Sample sizes were 5-10 cm in length and a minimum of 2 ¢cm in width. Samples
were first oven-dried at 60 °C until constant mass was reached before TC was measured under

ambient temperature and pressure conditions. Subsequently, samples were saturated under
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vacuum in a desiccator for a minimum of 48 hours. The applied fluid-saturation with
demineralized water allowed the determination of porosity and density using the Archimedes

method (Tables 2 and 3, Table 4 for density).

Table 2: Porosity and transformation factor of thermal conductivity for different Palaeozoic

lithotypes.
Porosity [%] Transformation factor

Lithotype Median Mean Min. Max. ns Median Mean 1o Nm
Gneiss 4.5 45 28 6.2 2 119 120 0.05 6
Slate 2.6 31 18 6.5 7 1.24 1.23 0.11 14
Quartzite 6.0 6.4 05 127 3 137 138 0.09 6
Silty slate 2.6 25 11 3.8 8 1.16 1.19 0.08 16
Shale 2.7 33 14 80 10 117 119 011 20
Sandstone 2.3 23 04 3.5 7 1.15 1.17 0.10 14
Siltstone 1.8 29 13 81 6 113 117 010 12
All field samples 2.6 3.1 04 127

Grand-Halleux slate 0.3 04 02 06 5 1.03 1.04 004 10
Grand-Halleux quartzite 0.1 02 01 03 3 1.10 112 0.06 6
All drill core samples 0.3 03 01 06

Total 51 104

Min. = minimum, Max. = maximum, ns = number of samples, ¢ = standard deviation, n,, = number of

measurements.

For reduction of work load, not all the Palacozoic samples were used for TC determination
under saturated conditions. Only a subset was used as the Palaeozoic samples are
characterized by low mean porosity values (<4%) in comparison to the Mesozoic samples (2—
20%). Subsequently, transformation of dry-measured TC into water-saturated TC was
accomplished by transformation factors derived from the measured subset (Table 2): First,
ratios of saturated to dry TC were determined for every sample of the measured subset.
Second, mean values of these ratios were calculated for single lithotypes and used as
transformation factors. Application of simple transformation factors seemed justified due to
similar mean values (1.17-1.23) and their relatively small standard deviations (Table 2)
owing to low and similar porosities. Exceptions are the quartzites (1.38), showing the highest
porosity values of the Palaeozoic rock samples, and the drill core samples from Grand-
Halleux (quartzites and slates) showing lower transformation factors (1.12 and 1.04),

characterized by the lowest porosity values.
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Table 3: Porosity of the Mesozoic lithotypes.

Porosity [%]

Lithotype Median Mean Min. Max. n
Dolomite 1.6 18 09 31 8
Limestone 82 127 38 281 7
Marl/Marlstone 93 106 24 206 28
Sandstone 135 147 25 301 22
Siltstone 184 163 7.5 269 5
Claystone 194 179 119 209 4

Min. = minimum, Max. = maximum, n = number of
samples.

All Mesozoic samples were measured either water-saturated or isooctane-saturated. Isooctane
saturation was applied to claystone and marlstone, to avoid clay swelling (Fuchs et al., 2013).
TC measured under isooctane-saturation was converted to water-saturated TC using the
geometric-mean model developed for a two component system of pores and matrix (e.g.,
Brigaud et al., 1990):

A=2"-7 (1)

where A is the TC of a sample (in W m ' K, A, is the TC of the rock matrix, Ap 1s the TC of
the pore fluid and ¢ is the porosity. The TC of saturating fluids (A = 0.025 W m ' K" for air,
0.095 W m ' K ' for isooctane and 0.604 W m ' K" for water at room temperature) was taken
according to Fuchs et al. (2013). The median, mean and range of TC for the different
Palaeozoic and Mesozoic lithotypes are given in Table 4.

The anisotropy of TC (A = M/Ay; e.g., Schon, 1996) was accounted for during sample
preparation and orientation of the sample surfaces during the measurement, which allowed
TC measurements parallel (A)) and perpendicular (A;) to bedding (stratification; Si) for
layered sediments or schistosity (cleavage; S;) for shale and slate (Table 4). Palaeozoic
sandstone and quartzite, and shale are virtually isotropic. Siltstone commonly shows a minor
anisotropy in the range of 1.0-1.3 (median 1.1). Silty slate (‘quartzophyllade’) is
characterized by a range of 0.9—1.3 (median 1.2). Slate has the highest anisotropy, ranging
from 0.9 to 2.0 (median 1.2). In the Mesozoic rocks, anisotropy is usually small in limestone,
dolomite, siltstone and sandstone, but increases in fine-grained clastic rocks, notably
claystone and marlstone showing anisotropies in the range 1.0-1.6 (median 1.1 and 1.3,
respectively) (Table 4). Even though variation of TC as a function of anisotropy for lithotype

classes was small in general, orientation-dependent formation TC was determined in addition
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to mean formation TC values. Calculation of formation TCs was done by applying a weighted
where Apy is the formation TC (orientation-specific) calculated from a number i out of n

different lithotypes representing volume proportions X; of the formation and characterized by

arithmetic mean based on the proportion of different lithotypes in each formation:
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an orientation-dependent lithotype TC A; specified for each formation.
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For the Lower Devonian formations, anisotropy is negligible and mean formation TC values
calculated using the two orientation-dependent values are sufficient to characterize a
formation. Exceptions are the Lower Palaeozoic (Cambrian and Ordovician) formations
showing at least a weak anisotropy of 1.1, with the highest value of 1.4 in the slate-rich
formations. Anisotropy in Mesozoic formations generally does not exceed 1.1 except in more
clay- and marl-/marlstone-rich formations (commonly 1.2—1.3). Details on thermal
conductivity, anisotropy of TC, transformation factors, porosity and formation TC error

calculation are given in the Supplementary material (Appendix A).
3.2 Radiogenic heat production

Owing to the small thickness of the Mesozoic sedimentary succession (mostly 400-600 m
increasing to about 1500 m only in the southwestern parts of the TLB in France) composed to
50-70% of marl/marlstone and claystone, the contribution of its radiogenic heat production
(H) to surface heat flow is small (0.5-1 mW m™) and not considered. H of the thicker
Rotliegend sediments is estimated from their lithological composition (Héfner et al., 2007)
using lithotype-specific H values published by Vila et al. (2010).

For the Palaecozoic basement rocks, H was determined based on geochemical data since they
form the major part of the crust in the study area. Bulk-rock geochemical analyses included
the measurement of U, Th and K concentrations (Table 5) by X-ray fluorescence spectrometry
and inductively coupled plasma-mass spectrometry on 20 rock samples representative for the
Cambrian, Ordovician and Lower Devonian basement. H was calculated according to the
equation of Rybach (1976, 1988):

H =107 xp(9.52¢,, +2.56¢,, +3.48¢, ) 3)

where H is the radiogenic heat production (in uW m™), p is rock density (in kg m™), cy and
cry are the concentrations of uranium and thorium (in ppm), respectively, and cx is the
concentration of potassium (in wt%). For the Palaeozoic rocks, lab-measured densities mostly
range from 2.6 to 2.8 x 10’ kg m™ (Table 4). High density values between 2.8 and 2.96 x 10°

kg m ™ refer to slate/silty slate samples from the Ordovician Salm Group.
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The values of H are in the common range for the individual
rock types (e.g., Schon, 1996; Vila et al., 2010), with the
lowest value for quartzite (0.6 uW m™) and the highest value
for black slate (3.0 pW m™). For the Mesozoic—Palacozoic
upper crust, values of H for individual samples (Table 5)
were then upscaled to formation H, ranging from 1.2 to 2.5
W m (median 1.9 uW m ) in the Cambrian to Ordovician
formations, from 0.6 to 2.0 uW m™ (median 1.8 and 1.6 pW
m ", respectively) in the Ardennes and Hunsriick. The
proportion of the different lithotypes in those formations was
accounted for by applying a weighted arithmetic mean as
done for the calculation of formation TC (Eq. (2)). The
complete geochemical data and details on density and
radiogenic heat production are given in the Supplementary

material (Appendix A).
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Table 5: U, Th, K concentrations and resulting radiogenic heat production (H) of representative rock samples.

Grand-Halleux borehole

SE Hunsriick

Stavelot Massif

Ardennes

Region

GH3128 GH3216

GH2331

GH350

War-01 War-03

Ela-04 E1a-09 Ela-11 Sg3-03 5Sgl-03 Sgl-07 OIG-13 FEP-07 BIH-06  COL-05 PLA-01 SPA-02 SLW-10

Elb-07

Sample

Sl
4.47
17.1

Sl
5.26
14.2

Gn Gn

sl
6.76
201

Ssl
3.90
14.6

Sl
317
14.7

Ssl sl

Sh
2.88
12.5

Sh
3.40
15.3

Sst
0.89
9.0
2.0
1.2

gneiss, Q

Sl

Sh
3.62
13.6

Sh Sst
0.31

Sh

Stst

Lithotype

0.68

0.39
4.2

3.36

9.9

2.82
7.0

3.63
16.9

3.38
16.5

3.16
13.2

3.90
14.3

3.82

13.6

1.88
11.0

K0 [wt.%]
Th [ppm]

8.4

7.6

1.6

1.0
Slate, Ssl
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3.3 Determination of surface heat flow

The terrestrial heat flow in Luxembourg was unknown prior to this study. To fill this gap in
knowledge and to provide further input for the thermal modelling, heat flow was determined
in the Mersch borehole, located in the Alzette river valley in the Trier—Luxembourg Basin (M
in Fig. 1A). This borehole was drilled in 1968 as an exploration borehole to a final depth of
328 m and mostly encountered rocks of the Lower Middle Keuper, the Muschelkalk and the
Buntsandstein (see Schintgen and Forster, 2013, their cross section B).

After completion, the borehole had been equipped with three piezometer tubes and the
remaining open space cemented. The borehole was under thermal equilibrium when a
continuous temperature (T) log could be obtained in 2011 by an analog, electric-line system
with a 28-mm-diameter sensor. A downward logging speed of 2 m min~' was applied in order
to compensate for the buoyancy of the sensor and, thus, a loss in cable tension during descent
in the narrow water-filled tube. The water level in the borehole corresponds to terrain level.
The T-log has a precision of 0.01°C and an accuracy of 0.1 °C. The recording interval was 0.1
m. The T-log was processed by applying a running average over 21 records (i.e., 2 m) for
smoothing the data. T-gradients were calculated between consecutive temperature-depth
points. As could be expected for a borehole in thermal equilibrium, the T-gradient plot well
reflects the changes in lithology resembled by the gamma-ray log (Fig. 3).

For the determination of the surface heat flow (qs), the interval method was applied (Powell et
al., 1988). Five depth intervals are selected for the heat-flow determination (Fig. 3). The
intervals correspond more or less to lithostratigraphic units composed of up to three major
lithotypes. The lithological changes between the intervals are also reflected in changes of the
interval T-gradient, which indicates that they are linked to changes in TC. Values of measured
TC assigned to the intervals are from drill core samples of the Mersch borehole (interval A)
and from cores of the same lithostratigraphy from nearby boreholes (intervals B—E).

Table 6 lists the lithotypes, TC values and T-gradients used in the heat-flow calculation. The
T-gradient is the arithmetic mean of individual gradients of the recording intervals. The
standard error o of the T-gradient was determined as follows:

a=o0-+N-1 4)

where o is the standard deviation and N the number of T-gradient values of the interval. TC

of lithotypes corresponds to laboratory measurements under water-saturated conditions,

performed perpendicular to bedding honoring the geological situation. The lithotype TC is
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pressure corrected (after Fuchs and Forster, 2014) and T-corrected (after Somerton, 1992) to
resemble in-situ conditions (see Egs. (10)—(12) in Section 4). However, the cumulative effect
of both corrections on the interval TC in this shallow borehole is minor (cf. Table 6). The

interval TC is calculated as a weighted mean:

n

Z(ti.ii)

where Aiy 1s the interval TC, A; the TC of individual pressure and T-corrected lithotype TC

A=

int

)

values, t; the volume fraction of the individual lithotypes, and n the number of lithotypes
considered. The 1o error of TC of interval A is estimated to be 5% compared to 10% in
intervals B, C and D and 15% in the most heterogeneous interval E (Table 6). The estimated

errors are a reflection of the small number of samples per lithotype and uncertainties in the

geology.
The interval heat flow q; (in mW m ) is obtained by the Fourier equation of heat conduction:
dT
=—A-— 6
q r (6)

where A is the TC (in W m™ K ') and dT/dz is the T-gradient of the interval (in K km™). The

lo error (Table 6) is determined by error propagation:

o ? a 2
Jq ) \/(é . Gﬂj " (ag’”sz . GgdeJ - \/(gradT ) O-i )2 + (/1 ) Ggde)z (7)

where o, is the standard deviation (or error) of interval heat flow q, o) and Ggng T are the

respective standard deviations of interval TC A and interval thermal gradient grad T. Interval
heat-flow values range from 68 to77 mW m . The resulting qs (£ 20) for the borehole site

averages to 75 = 7 mW m °. The uncertainty of g is calculated by error propagation:

1 n
Oy = ; Vzi qu-z ®)

where G 1s the error on g resulting from a number n of intervals i characterized each by an
error Gg; of interval heat flow q;.

The consideration of depth intervals in the shallower part of the borehole seemed
inappropriate for the following reasons. The overall T-gradient in the upper part of the
borehole to a depth of 125 m is remarkably low compared to the lower part of the section
(Fig. 3). The TC values determined for this borehole section cannot compensate for this T-

gradient reduction in a thermal regime that is purely conductive. It is supposed that regional
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water flow from a recharge area 10—15 km to the north is responsible for this situation. The
first geological formation in which the heat transfer is apparently purely conductive is the
marl/marlstone aquitard in the Middle Muschelkalk (heat-flow interval A). This assumption is
underpinned by similar heat-flow values determined in intervals B-D. The somewhat lower
heat flow in interval E compared to the upper intervals can be explained by a larger

error/uncertainty in determining the true interval TC.

Depth| Temperature Gamma ray T-gradient
Interval |Lithology| Stratigraphy
m 10 °C 20{0 counts/s 100 °C/lkm 60
~=={Middle Keuper
= S22l (kmA+km2)
- :
50
= ower
—==—=—=—=AKeuper
Lo k)
—Upper
100 IMuschelkalk
~{(mo)
""""" —|Middie
- IMuschelkalk
| (mm)
150 N
E | A
200 BI = Jlower
Il - - |Muschelkalk
= Zlimu
c ~|(muy)
D Upper
“|Buntsandstein
“:|(s0)
250
% |
300 1 = l
siltstone |:] conglomerate dolomite i
) oI i
sandstone  [__| marl/imaristone || anhydrite | 77 7|Pevonian

Fig. 3: Temperature, gamma ray, temperature gradient, simplified lithology, and stratigraphy of the Mersch
borehole. Depth is given in meters below ground level. Black vertical bars mark the heat-flow intervals A—E (cf.

Table 6).
The g, of the Mersch borehole (75 + 7 mW m ) is in accord with the bulk of data reported for
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areas adjacent to Luxembourg. In the Eifel and the Saar—Nahe Basin, qs values between 64

and 76 mW m ? have been determined (Bram, 1979; Haenel, 1971; Haenel, 1983; Hiickel and

Kappelmeyer, 1966). The adjoining northeastern part of the Lorraine region may have a

slightly higher qs of 73-84 mW m? (Vasseur, 1980). The value of 59 mW m*

(Vandenberghe, 2002) reported in the Cambrian section of the Grand-Halleux borehole in the

Stavelot Massif in Belgium is exceptionally low. This value is suggested to underestimate the

heat flow due to a disturbed temperature profile (see also Section 5).
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4 Lithosphere thermal modelling

Figs. 4 and 5 show the conceptual models simplified from the geological cross sections A, B
and C (see Fig. 2; location in Fig. 1A) with the polygons considered in the thermal modelling.
The cross sections encompass the lithosphere down to the thermal lithosphere—asthenosphere
boundary (LAB). Temperatures are calculated numerically by solving the equation for two-
dimensional steady-state heat conduction:

Q(Aa—Tj+3(ﬂa—Tj=—H ©)
Ox Ox Oz Oz

where H is the internal radiogenic heat production and the TC () of the rock is assumed to be
isotropic.

The temperature distribution T(x, z) within the lithosphere, x being the horizontal coordinate
and z being the vertical coordinate, is determined based on temperature and pressure corrected
TC M(x, z), the distribution of radiogenic heat production H(x, z), and the appropriate thermal
boundary conditions. Numerical calculations are based on a finite-element method using the
MATLAB® R2010b software. For sedimentary rocks, the T-correction of ambient TC to in-
situ conditions was performed separately for temperature and pressure (p). The combined
correction equation is:

Aeor = iy + A + AR, (10)  corrected

where Ao 1s the in-situ TC (in W m! K*l), and ALt and A, are the temperature and pressure
corrections after Somerton (1992) and Fuchs and Forster (2014), respectively. T-correction
after Somerton (1992) is expressed as follows:

Ady = =107 (T =293)- (A, ~1.38)- |1, (1.8-10° ) 2% 4 1 28] 404 (1) corrected
where ALt is the contribution of T-correction (in W m! K’]), Mab 1S the TC measured in the
laboratory (in W m ' K™) and T is the temperature (in K = °C +273). Pressure correction after
Fuchs and Forster (2014) is expressed as follows:

A4, = (1.095- 4,,, —0.172)- plOoOssA000) _ 5 (12)  corrected

Where AM, is the contribution of p-correction (in W m ' K™), A is the TC measured in the
laboratory (in W m™' K ') and p is the assumed in-situ pressure (in MPa). For igneous and

metamorphic rocks, lithotype-specific T- and p-corrections elaborated by Seipold (2001) were

applied sequentially:
A=A, —a+ +d-107-7° 13
T T e 107 7) (13)
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and for peridotite:

T
A=A, —a+ +d-107.T° 14) added
T T bre107-T) (14
iTp:/‘LT-(1+a-10‘2-p) (15)  corrected

where At is the T-corrected TC (in W m K_l), Alab 18 the TC measured in the laboratory (in
W m' K™, T is the temperature (in K), and a, b, ¢ and d are rock-specific coefficients (a =
2.2849,b=0.344, c = 3.27, d = 0.445 for mafic granulite, a=4.1241,b=-42.9, ¢ =3890,d =
0.072 for peridotite and a = 2.9169, b = 0.191, ¢ = 5.25, d = 0.670 for gneiss). Ar, is the T-
and p-corrected TC (in W m ™' K '), p is the assumed in-situ pressure (in kbar) and o is a rock-
specific coefficient (o = 0.44 for mafic granulite, 1.52 for peridotite and 1.34 for gneiss).
In-situ pressure in the thermal models was estimated considering the density of the
overburden. Density values of the Palacozoic formations and model units (Table 7) resulted
from stepwise calculating a weighted arithmetic mean based on the density of representative
samples. For the density of the Precambrian crustal units, typical lithotype-specific values,
further constrained by seismic velocities (Mechie et al., 1983), were compared and adapted to
densities or density contrasts obtained by gravity modelling in adjacent regions (Jacoby et al.,
1983; Edel and Schulmann, 2009). For the lithospheric mantle, a density of 3.3 x 10° kg m
was assumed (Kukkonen and Peltonen, 1999; Norden et al., 2008).

4.1 Thermal boundaries

The upper boundary condition for thermal modelling is the annual surface T that generally
ranges from 7.5 to 8 °C in the Ardennes and from 8 to 8.5 °C in the Guttland (Haenel et al.,
1980; www.asta.etat.lu) and in areas of the TLB. Average surface T is lowest on the plateau
of the Ardennes (7 °C) and highest in the Mosel valley (11 °C). The surface T is influenced
by the topography, which varies by about 500 m along the cross sections A and B.

For modelling, the conceptual cross sections (Figs. 4 and 5) were extended horizontally by 50
km in order to reduce boundary effects on the calculated temperatures. Heat flow through the
lateral boundaries is set to zero, thereby excluding any horizontal heat transfer. The lower
boundary of the models (the thermal LAB) is defined by the 1300 °C isotherm (McKenzie
and Bickle, 1988; Turcotte and Schubert, 2002). Different, geophysically constrained depth
scenarios for the thermal LAB (80 km, 100 km, 130 km) were tested for validation by

comparing the modelled with the measured g5 at the Mersch borehole (see Section 5).
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thermal modelling for the easternmost part of cross section C: Top of plume at 60 km depth
(e.g., Budweg et al., 2006), 50 km (Ritter, 2007; and references therein) or 40 km (Seiberlich
et al., 2013). The transition from normal (100-km-thick) to thinned, plume-affected
lithosphere apparently spans over 25-30 km and is located underneath northeastern

Luxembourg and the eastern border of Belgium (Keyser et al., 2002; Walker et al., 2005).

4.2 Structure, composition and thermal properties of the lithosphere

Figs. 4 and 5 show the conceptual models with the polygons considered in the modelling. In
Fig. 4, the models are shown with a cut-off at 35 km depth. In Fig. 5, the full extent of the
model beyond the crust-mantle boundary to a maximum depth of LAB scenarios (130 km) is
shown. The crustal thickness along the models varies slightly between 33.5 km in the north
(beneath the Ardennes) and 29.5 km in the northeast (beneath the western part of the Eifel
region) (Ziegler and Dézes, 2006, 2007). These values are close to those reported by Budweg
et al. (2006) who provide values of about 32 km for the Ardennes and of 28 km for the Eifel

region.

_B —— = —_— e
: — . . ) ! . 26 )

0 20 40 60 80 100 120
Distance [km]

Fig. 4: Conceptual crustal models A and B (here cut off at 35 km depth) used in the thermal modelling. Vertical
dashed lines indicate intersection with cross section C as shown in Fig. 2. Polygons marked with numbers denote
units of different lithology and thermal properties (Table 7) extracted from the conceptual crustal cross sections

shown in Fig. 2. The grey dash-dotted line marks a possible lateral extension of the gneiss in polygon 23.
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The youngest unit of the crust is represented by the Mesozoic succession of the TLB (polygon
1, section A and C and polygons 1 and 2, section B, Figs. 4 and 5, Table 7). Modelling also
considered a conceptual view according to which the central part of the TLB is underlain by a
Permian graben (Schintgen and Forster, 2013), reflected in polygons 2 and 3 in sections A
and B, respectively. The Lower Devonian succession is represented by polygons 3-10
(section A), 4-11 (section B) and polygon 2-3 (section C). Units of almost pure quartzite
composition, even small, are delineated as single units owing to their exceptionally high TC
values (polygon 5, section A, polygons 5 and 6, section B). The thick succession of
parametamorphic Cambrian and Ordovician rocks (polygons 11-22, section A, 12-22, section
B and 4-6, section C) has its base at about 22 km depth in the north, at 20 km in the
southwest, at 17 km in the southeast, and at about 16 km in the northeast. In the latter two
regions, i.e. underneath the Eifel and the Hunsriick, the succession is underlain by Proterozoic
metasedimentary mica schist and gneiss (Mengel et al, 1991; attributed as crystalline upper
crust in Table 7). The grey dash-dotted line within the crust (Figs. 4 and 5) indicates a
possible lateral extension of the gneiss as a continuous and up to 6-km-thick layer. It replaces
the lower part of Lower Cambrian metasediments below the dash-dotted line in Figs. 4 and 5

(extension of polygon 23, sections A and B and polygon 7, section C, respectively).
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Fig. 5: Conceptual crustal model C used in the thermal modelling. Vertical dashed lines indicate intersection
with cross sections A and B, respectively, as shown in Fig. 2. Polygons marked with numbers denote units of
different lithology and thermal properties (Table 7). The dash-dotted line marks a possible lateral extension of
the gneiss in polygon 7. Scenarios of variable LAB (lithosphere—asthenosphere boundary) depths are indicated as

dotted lines. The location and variable depths of top of Eifel Plume (EP) are shown as dashed lines.
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The middle crust (polygon 24, sections A and B and polygon 8, section C) encompasses the
depth realm between approximately 19 and 30 km characterized by a seismic velocity of 6.5—
6.7 km s (Mechie et al., 1983). We interpret these velocities, which are typical of Palacozoic
middle crust, as representing metagranitoids (Rudnick and Fountain, 1995). Metaigneous
gneiss xenoliths from the Eifel volcanic field support this assumption (Mengel et al., 1991;
Stosch et al., 1991; and references therein). A relatively thin layer of pyroxenite and
hornblendite (Voll, 1983; Mengel et al., 1991; Stosch et al., 1991) (polygon 25, sections A
and B and polygon 9, section C) represents the lower crust. The present-day thin lower crust
is the result of delamination in geological times, during which the crust lost more than 15 km
of its original thickness (Wittenberg et al., 2000; Ziegler et al., 2004). The lithospheric mantle
(polygon 26, sections A and B and polygon 10, section C) is likely made up of peridotite
(spinel lherzolite and harzburgite) as indicated by xenoliths (Mengel et al., 1991; Shaw et al.,
2005).

Thermal properties of the model units are compiled in Table 7. TC of the Mesozoic and
Palacozoic formations represents water-saturated conditions. The entire Mesozoic is
represented by one TC value, which is the weighted average of TC measured perpendicular to
bedding. For the isotropic Lower Devonian succession, mean TC values are assigned to
model units. The TC values implemented for the Cambrian and Ordovician rocks refer to
those measured perpendicular to cleavage. The TC of the crystalline upper crust, of the
middle and lower crust, and of the lithospheric mantle was assigned based on literature TC
data (Table 7; Norden et al., 2008; Schiitz et al., 2014; and references therein). Details on
thickness ranges of formations/stratigraphic units and error calculation used in the calculation
of TC of model units are given in the Supplementary material (Appendix A).

Radiogenic heat production (H) data of Mesozoic and Palaeozoic rocks were implemented in
the models as discussed in Section 3.2. Xenoliths data supported mica schist and gneiss as
major constituents of the crystalline upper crust, the H of which averages to 1.3 uW m™
(considering geochemical data of Stosch et al., 1991). This average is consistent with the H of
the Wartenstein Gneiss determined in this study. Xenoliths of diverse types of metagranitoid
(tonalite, diorite, granodiorite) studied by Stosch et al. (1991) suggest a value of 0.8 pW m™
for the middle crust (Table 7). Data for the lower crust and lithospheric mantle were taken
from different literature sources reporting consistently low H values (Forster and Forster,

2000; Forster et al., 2010; Furlong and Chapman, 2013; Hasterok and Chapman, 2011).
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4.3 Modelling results

Fig. 6 shows heat-flow patterns resulting from the 2-D thermal modelling along the three
cross sections. Values of s are retrieved from the model at 1 km depth, to omit topography-
related heat-flow refraction at the surface. On average, the 1-km-depth value is only about
1.4-1.5 mW m 2 lower than the modelled mean s-

The uncertainty range of g determined at the Mersch borehole (75 + 7 mW m?) did not
permit to establish the LAB depth below Luxembourg with statistical significance (see Fig.
6). However, a LAB depth of ~100 km, compatible with the Mersch heat-flow mean, is
coincident with the bulk of modern geophysical LAB-depth estimates (90—110 km) for the
wider area of Luxembourg except for the adjoining Eifel region where the present-day
lithosphere is considerably thinned (Geissler et al., 2010; Seiberlich et al., 2013; and
references therein). The following discussion considers a 100 km LAB-depth as apparent
best-fit scenario, but we are aware of the fact that the actual depth may as well be slightly
shallower or greater.

Lithosphere scenarios without a mantle plume result in g5 patterns that are highly variable
along cross sections A and B (Fig. 6a and b) and more gentle along section C (Fig. 6c).
Particularly high values are implied for the Stavelot Massif in the NNW (80—-85 mW m?) and
the Hunsriick (90-92 mW m ?) in the SE of the sections A and B. By contrast, the mantle heat
flow (qm) is largely homogeneous along all sections (~40 mW m ?).

The thermal models predict isotherms for the crust that are more densely spaced in the middle
and lower crust compared to the upper crust (the upper 20 km of the models) (Fig. 7a—)
reflecting different geothermal gradients caused by different values of TC. The central part of
the study area appears slightly warmer in the upper 20 km compared to the northern and
southern parts. Below 20 km, isotherms are evenly spaced and homogeneous. Moho
temperatures along cross sections A and B range between 605-630 °C and 620-640 °C,
respectively (Fig. 7a and b). Moho temperatures are inferred to decrease from ~650 °C to
~620 °C towards the northeast (Fig. 7c).

Modelling the conductive responses of a long-lived Eifel plume along cross section C would
result in qq values that are only slightly increased in the SW, but rise to ~90-110 mW m™* in
the NE depending on the different top Eifel plume scenarios considered (Fig. 6d). The
corresponding q,, value would remain virtually unchanged in the SW but increase to ~55-77
mW m in the NE. Plume-triggered steady-state Moho temperatures at assumed 60, 50 or 40
km plume depth would increase from 680 to 710 °C in the SW to 820-1070 °C at the
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northeastern end of cross section C just above the plume (Fig. 7d).
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for comparison with the LAB-100-km scenario in c.
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For a borehole depth of 5 km, which may reflect a reasonable target depth for the
development of deep geothermal energy applications, modelled temperatures are shown in
Fig. 8a—c. In the central parts of cross section A (between 30 and 75 km; Fig. 8a) and B
(between 40 and 85 km; Fig. 8b), the LAB-100-km-model predicts a temperature plateau with
an average T of 120 °C, about 5 °C lower than predicted T in section C (Fig. 8c). The high
temperatures result from the volume of shale-dominated Lower Devonian in the Ardennes
(Emsian and Siegenian; A =~ 3.2 W m ' K'; Table 7) as well as in the Eifel and the Mosel
Syncline (Emsian and Upper Siegenian; A ~ 3.4 W m ' K'; Table 7). Towards the Stavelot
Massif in cross section A (0-30 km; Fig. 8a) and B (040 km; Fig. 8b) T is inferred to rapidly
decrease to minimum values of 95-105 °C. These low temperatures are explained by a high
TC of the quartzite-rich Cambrian rocks of the Stavelot Massif (Revin and Deville groups; A
>4 W m' K'; Table 7) in shallow position. Towards the Hunsriick region in cross section A
(75-122 km; Fig. 8a) and B (85-127 km; Fig. 8b) T decreases to values of ~85 °C. Here, low
temperatures are linked with the Middle Siegenian rocks (Taunusquarzit; A = 5 W m' K
Table 7) in shallow position. Compared to the LAB-100-km-model (Fig. 8a—c), variation of
LAB depth (80 or 130 km) would result in temperatures that differ by only ~10 °C. In the
steady-state Eifel-plume scenarios modelled in cross section C (Fig. 8d), T at 5 km would
increase by about 40, 30 and 20 °C above the plume, resulting in absolute values of 165, 150
and 140 °C in the German—Luxembourgish border region (60 km).

5 Discussion

5.1 Surface heat flow and crustal temperature patterns

This paper presents the first subsurface T prognosis for the greater Luxembourg region based
on steady-state 2-D thermal modelling. This prognosis benefitted from the determination of a
reliable g5 value as well as from laboratory-measured TC and H data covering practically the
entire Mesozoic—Palaeozoic succession.

The q, value inferred from the Mersch borehole (75 = 7 mW m2) and most values from
neighbouring areas (64-85 mW m ) are higher than the average continental heat flow of 71
mW m ™ (Davies and Davies, 2010) and significantly exceed the average qs value of 57—58
mW m ? for Palacozoic provinces (Jaupart and Mareschal, 2003). The g value of 75 £ 7 mW
m ~ is consistent with a thermal model that shows the depth of the thermal LAB between 80
km and 130 km, with the mean value at the seismically favored 100 km depth (Geissler et al.,
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2010; Jones et al., 2010). Given the properties of the crust and mantle in our conceptual
models, the assumption of a lower g5 on the order of the Palacozoic-province average (i.e., 60
mW m?) would require a LAB depth of 200 km, the upper end of lithospheric thickness
range of Palacozoic regions (150-200 km; Jaupart and Mareschal, 2003). Lithosphere
thickness prior to Permo-Carboniferous delamination and thermal thinning is unknown but
must have been higher than 100-120 km inferred for areas not affected by Cenozoic rifting
(Ziegler et al., 2004; and references therein). Most of the granulitic base of the initially 45—
60-km-thick crust is thought being removed shortly after the Variscan orogeny, which gave
rise to the thin, extended crust imaged today (Christensen and Mooney, 1995; Wittenberg et
al., 2000; Ziegler et al., 2004).

The variability of qs modelled along the three cross sections (Fig. 6) is largely attributed to
changes in the structure and composition of the crust in the uppermost 20 km. Thereby,
changes in rock type, and therewith TC, exerted the major control on qs, whereas the minor
spread in H in the different model units imposed a negligible influence. The preferred LAB-
100-km model results in g values of ~40 mW m > (Fig. 6), which coincide with values
obtained for Palaeozoic extended crust in Europe (e.g., Balling, 1995; Norden et al., 2008).
The crustal component of heat flow in our conceptual models is between 33 and 39 mW m >
(Fig. 6a and b; cross sections A and B), with a mean of 36 mW m > (Fig. 6¢; cross section C).
These values, corresponding to an equivalent average crustal H of ~1.2 pW m >, are in the
upper domain of bulk continental-crust averages (Rudnick et al., 1998).

As the deeper crustal structure and composition of the area are only incompletely known from
geophysical surveys (e.g., seismics) and xenolith studies, it deemed valuable to test the
sensitivity of the thermal models to slightly modified conceptual geological models. For
example, the consideration of a continuous Precambrian gneiss layer (comparable H but A =
2.8 instead of 4.3 W m' K'; Table 7) in cross section A (polygon 23; Fig. 4a) as an
alternative to what is shown in Fig. 2 would negligibly affect the qs and T patterns at 5 km
depth (~-2.5 mW m? and -3 °C, respectively) and qn (~2.5 mW m %), but considerably
affect the T pattern at the Moho (+40 °C). The same holds for varying the composition of the
poorly known lowermost crust owing to the reduced thickness of this unit. In general, changes
of parameters in the much less well known lower part of the crust (depth of ~15-30 km) have
a relatively limited effect on the temperatures in the shallow subsurface (i.e., the upper 5 km).
Available borehole T-data as well as the modelled T from this study imply that the uppermost

crust displays a rather normal T regime. Model temperatures between 120 °C and 125 °Cat 5
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km depth (Fig. 8) concur with T expectations resulting from large-scale extrapolation of T-
data and published as subsurface temperature maps (Haenel et al., 1980; Hurter and Haenel,
2002). By comparison, model-T results of about 120 °C at 5 km depth are higher than
temperatures of ~110 °C measured at similar depth in deep wells in the Ardennes in Belgium
(Vandenberghe and Fock, 1989). Given the estimated uncertainty in our modelled T in the
upper 5 km (<5 °C), the higher temperatures inferred for greater Luxembourg may be real and
related to the larger thickness of thermally less conductive Lower Devonian shale/slate layers.
The presence of these rock types also tends to hamper large-scale groundwater circulation
and, therefore, provide shielding from the near-surface effects and a thermal blanketing.
Temperature estimates as high as 150—155 °C at 5 km depth in the adjoining Lorraine region
(Bonté et al., 2010) in the southern part of the study area are not supported by the results
presented in this study (i.e., a maximum of 120-125 °C at 5 km depth; Fig. 8). In addition,
borehole T-measurements in the Variscan Ardennes yielded temperatures of 110 °C at 5 km
depth (Vandenberghe and Fock, 1987). The higher temperatures provided by Bonté et al.
(2010) are obviously related to an extrapolation of the thermal gradient of about 30 °C km™
from the Mesozoic sedimentary cover into the Variscan basement, for which borehole data are
scarce. Our study suggests such a thermal gradient only in the 1000—1500-m-thick Mesozoic
and for the Pre-Mesozoic basement a gradient of 20 °C km ', also supported by measured T in
the Ardennes.

With regard to qs, the large contrasts in TC, in particular in the shallow subsurface, triggered
significant heat refraction, which is well demonstrated by regionally elevated qs values,
notably in the Stavelot Massif (~10 mW m %; Fig. 6a) and the Hunsriick (~10-15 mW m>;
Fig. 6a and b). Our results strongly question the reliability of the low qs value of 59 mW m 2,
reported by Vandenberghe (2002) for the Stavelot Massif, which was determined in the
Cambrian section of the Grand-Halleux borehole. The low qs inferred from this borehole
could be readily explained by a disturbed T-profile, indicated by a high T of 22 °C at 25 m
depth compared to a mean annual surface T of 7.5 °C (Legrand, 1975). The perturbation is in
response to a long drilling process (>5 years) and a short shut-in time (47 h) when the
borehole was T-logged. Because the well is not cased (Graulich, 1980), topography-driven
groundwater flow in the fractured quartzitic rocks may have overprinted the heat flow. Those
processes are common in elevated areas (Deming, 1994; Deming et al., 1992; Smith and
Chapman, 1983) and, thus, also may apply for the Stavelot Massif. In order to validate the q;
value determined for Grand-Halleux, a 1-D temperature profile was calculated in a ‘top down’

approach by inversion of the Fourier equation of heat conduction. TC (2.6 W m™' K for slate
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and 5.6 W m ' K' for quartzite, this study) and H (1.94 pW m for slate and 0.59 pW m™
for quartzite) were measured on drill cores from the same borehole (this study). A mean
annual surface T of 7.5 °C and an undisturbed T of 52.5 °C at 2250 m depth are assumed
(Graulich, 1980). Using a detailed lithological profile and applying to the TC a T-correction
after Somerton (1992) and a p-correction after Fuchs and Forster (2014), the g5 required to
match the undisturbed T at depth and the surface T equals 79 mW m 2. The inverted qq

supports the result of our 2-D thermal modelling for the Stavelot Massif (~80 mW m?).

5.2 Temperature impact of the Eifel plume

The occurrence of the active volcanic area in Western Europe and thus also the Eifel plume
heating in the upper mantle is inferred from seismic anomalies (Goes et al., 1999, 2000a,
2000b; Goes and van der Lee, 2002; Cammarano et al., 2003; Hieronymus et al., 2007). The
resultant temperature increase in the upper mantle under the Rhenish Massif is supposed
being as high as 100-300 = 100 °C (Goes et al., 2000b). In this paper, the top of the Eifel
plume (supposedly between 60 and 50 km depth) is associated with an increase of mantle
temperatures on the order of 325-400 °C, thus corroborating the results of seismological
studies. The present-day lithosphere in the Eifel region is evidently in thermal disequilibrium.
Veins containing hydrous minerals hosted by mantle xenoliths are characterized by minimum
equilibration temperatures of 850-900 °C (Shaw et al., 2005). The minimum present-day T at
the crust/mantle boundary underneath the Eifel region is ~850 °C, which would corroborate a
thermal LAB depth slightly shallower than 60 km.

In a steady-state thermal scenario, the plume-top at 60 km depth would result in a g of 91
mW m (this study) along the western margin of the Eifel (Fig. 6d), which is significantly
higher than the range of measured qs (65-80 mW m 2). From this observation, it follows that
the plume-related heat pulse has not yet reached (at least entirely) the surface. This is
corroborated by a study of Goes et al. (2000b) showing that the time span of heat diffusion
through the crust from a heated mantle at 50 km depth is about 20 Ma. If heating has started
10-20 Ma ago (Goes et al., 2000b), the heat flow in the near-surface parts of the crust would
not yet be affected. A further verification of this open question of plume heating and heat
diffusion cannot be made with the available data set of g5 values.

On the other hand, measured qs may be afflicted with several problems which render the
discussion above problematic. Available qs values in the Eifel region were measured
exclusively in shallow boreholes (<200 m) and lakes (<70 m) (Bram, 1979; Haenel, 1971,
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1983) at a depth range where water movements in the Mesozoic aquifers and in the Lower
Devonian succession may occur (e.g., Stober and Bucher, 2005), causing heat advection and
eventually lowering of the conductive qs value. As a consequence, the consideration and a
quantification of possible advective processes (Manning and Ingebritsen, 1999; Smith and

Chapman, 1983) cannot be made with the available data set of qs values.

6 Conclusions

Numerical modelling of the thermal field strongly depends on the availability of reliable
constraints and boundary conditions. The new surface heat flow of 75 + 7 (26) mW m~
determined for central Luxembourg represents a supplementary anchorpoint for verification
of thermal models. A large database of measured thermal rock properties and values of
thermal conductivity, radiogenic heat production and density are provided for virtually all
geological formations exposed in the study area. These petrophysical properties represent
substantial parameters for any type of thermal simulation. Our study underlines that surface
heat flow determined in the shallow subsurface needs to be verified and corroborated by
surface heat flow determined from high quality, continuous temperature logs in deep
boreholes. Such recordings would shed light on the thermal regime as well as ongoing
advective or convective processes linked to hydraulic conductivity in the Lower Devonian
basement, in particular in the Eifel region. Considering the time lag of heat transfer of only
several 10 Ma, another highly relevant but unresolved issue is the timing of the Eifel-plume
emplacement relative to the onset of development of the ECRIS ~40 Ma ago. Our results
show that the thermal effect caused by this heat pulse would be verifiable if already arrived at
5 km depth. The availability of suitable exploration data would lay the basis for quantification

of various transient processes that may overprint purely steady-state conductive conditions.
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Supplementary material

Upscaling of thermal rock properties to geological formations

Thermal conductivity (TC) of samples was used to calculate TC of lithotypes. These TC
values were transformed to formation TC by applying a weighted arithmetic mean based on
the proportion of different lithotypes in each formation (Eq. (2); Section 3.1; Schintgen et al.;
Tables A.9—A.13 detailed in Tables A.4—A.8). Subsequently, the formation TC values were
upscaled to thermal-model units (see Section 4.2; Table 7) by applying a weighted arithmetic
mean similar to Eq. (2) (see Section 3.1), but accounting for the proportion/thickness of each
formation within the model unit.

For the Mesozoic series, formation TC is characterized by anisotropy related to stratification.
Due to the subhorizontal bedding in the Mesozoic succession, the orientation of anisotropy is
constant. Therefore, anisotropy was accounted for throughout the upscaling procedure from
sample TC, lithotype TC, formation TC to the TC of the model unit. The resulting anisotropy
is relatively small. The uncertainty of TC of each geological unit is addressed by an error
estimate (1o) in the range of 5-15% for the basin facies (Table A.12) and 15-20% for the
margin facies (Table A.13). The uncertainty/error is based on the quality of the borehole data,
the lateral and vertical geological heterogeneity and the contrast in thermal conductivity of the
lithotypes. The limited number of samples used per formation precluded the calculation of
standard deviations. In addition, the bulk density of each formation was calculated using the
corresponding values for the samples used for formation TC determination (Tables A.9—A.13
detailed in Tables A.4—A.6, A.2 and A.3). Similarly, for the Mesozoic, the bulk-formation
porosity was determined without uncertainty indication (Tables A.2 and A.3).

In addition to anisotropy, for the Mesozoic sedimentary formations, two distinct facies types
were discriminated (Schintgen and Forster, 2013): (1) for a basin facies and (2) for a margin
facies. However, lateral variations and, thus, the geological complexity are difficult to
adequately account for. The proportion of the different lithotypes in the formations was
evaluated using relevant borehole sections if available (generally the case in the TLB). The
resulting TC perpendicular to bedding for the entire Jurassic is 2.3 £ 0.1 W m ™' K. The
result for the Triassic is 2.7 + 0.2 W m™' K" for the basin and 2.8 + 0.2 W m ' K for the
margin facies, respectively. The resulting TC parallel to bedding for the entire Jurassic is 2.6
+0.1 Wm ™ K. The result for the Triassic is 3.0 £ 0.2 W m' K™' and identical for both the
basin and margin facies. TC of the margin facies in the Triassic succession is only

insignificantly higher and an important observation is the fact that water saturation generally
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lowers the contrasts in TC resulting from a large porosity range and, thus, reduces the impact
of laterally heterogeneous geology on the overall TC.

For the thick and lithologically more homogeneous but intensively structured (folded/thrust)
Lower Palaecozoic and Lower Devonian succession, estimations of the lithological
composition are based on geological maps and bulk descriptions from field studies (Bultynck
and Dejonghe, 2001; Dejonghe, 2008; Héfner et al., 2007, unpublished report; LGB, 2005;
Lucius, 1950; Verniers et al., 2001). It is assumed that the proportions of lithotypes in the
individual formations remain relatively constant, which is acceptable according to recent
knowledge but, most importantly, a necessary assumption and simplification for the thermal
model. A summary of the bulk TC values of the various Palacozoic formations (in part
subdivided into formation members) is reported in Tables A.9-A.11.

The anisotropy of TC has been considered in the calculation of formation TC. For the
Palaeozoic series, variation of formation TC as a function of orientation due to anisotropy
generally is small. For orientation-dependent variations of TC related to bedding for
lithotypes such as Palaeozoic sandstone, quartzite, siltstone and silty slate mean lithotype TC
was calculated. The reason is that, despite a higher anisotropy of siltstone and silty slate, the
orientation/bedding of those rocks in the folded Palaecozoic basement cannot be assessed. By
contrast, cleavage is more constant (e.g., Lucius, 1950; Graulich, 1980). Therefore, for
orientation-dependent variations of TC related to cleavage for lithotypes such as shale and
slate, TC parallel and perpendicular to cleavage was considered separately. The resulting TC
(Eq. (2)) of the Lower Devonian formations in the Ardennes (Table A.10) as well as in the
Eifel and Mosel Syncline/Hunsriick (Table A.11) is largely isotropic. This observation also
was made by Héfner et al. (2007). In fact, slate presenting a relatively high anisotropy is a
minor lithotype in the Lower Devonian, and shale is virtually isotropic. For these formations,
mean formation TC values calculated using the two orientation-dependent values are
sufficient to characterize a formation. Exceptions are the Lower Palacozoic formations
showing at least a weak anisotropy of 1.1, with the highest value of 1.4 in the slate-rich
formations (Table A.9). Anisotropy in the Cambrian and Ordovician (Table A.9) is due to
cleavage, which is practically horizontal at depth as described in the Lower Cambrian section
of the 3,225-m-deep Grand-Halleux borehole (Graulich, 1980; Hollmann, 1997).

Values of formation thickness considered for the calculation of weighted arithmetic mean TC
are variable (Tables A.9—A.13). Thickness estimates for the Belgian Ardennes (Bultynck and
Dejonghe, 2001; Dejonghe, 2008; Verniers et al., 2001) are, in general, lower than those

known for the central parts of the Rhenohercynian basin in the Eifel region and the Mosel
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Syncline (e.g., Meyer and Stets, 1996; Stets and Schéfer, 2002). Especially for the buried and
barely explored Lower Devonian units in the Luxembourgish Ardennes and the adjoining
Eifel region, the available thickness values constitute rough estimates. This also pertains to
the structurally complex thrust sheets of the Hunsriick, for which correct thickness values are
difficult to obtain and associated with large lateral variations (e.g., LGB, 2005; Wildberger,
1992). The values preferred in this study (Tables A.9-A.11) are the most conservative,
minimum thickness estimates published in literature, considering that the sum of the
individual estimates honors the bulk thickness estimates for the Lochkovian, Siegenian and
Emsian (LGB, 2005; Meyer and Stets, 1980, 1996) and the total estimated thickness of the
Lower Devonian (10,000 m; Stets and Schifer, 2002). In addition, the extremely high local
thicknesses reported in literature for the Gladbach-Schichten, Kaub-Schichten
(Hunsriickschiefer) and Taunusquarzit were reduced to values adaptable to the region of
Luxembourg. Relative thickness variations within the sediment pile barely influence the
calculated weighted average.

Estimation of the uncertainty of formation TC is based on error propagation:

2
o, :ﬁFm\/ZT[X[-%j (al)

i

Where o, is the uncertainty of formation TC (in W m ' K1), Apm is the mean formation TC,
X; is the proportion of the different lithotypes within a formation and o, is the standard

deviation of TC A; of the different lithotypes. Uncertainties of formation TC were estimated
by considering the standard deviations calculated for Palaeozoic formation TC. These
uncertainties/errors frequently amount to 10-15% (Tables A.9—A.11) and depend on the
homogeneity of the formation. Applying an error propagation law similar to Eq. (al), the

uncertainty (1o) for a set of several formations generally is much smaller (i.e., 2—4%).
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Appendix A. Supplementary data
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Table A.14: Details on samples used to compose the radiogenic heat production of the Cambrian and Ordovician groups,
geological formations and their members in the Lower Paleozoic Stavelot Massif.

H
Group Fm. Mbr. Lithology Vol. Sample Lithotype Sample Litho. Fm.
[%] [10°Wm™]
SALM BIH Silty slate (includes slate 100 BIH-06 Silty slate 2.09 21 2.1
65% and minor sandstone
15 %)
OTT  COL Slate 100 COL-05  Slate 2.34 23 2:3
PLA Slate 100 PLA-01  Slate 1.89 1.9 19
MEU Silty slate 90 PLA-01  Slate 1.89 1.9 1.8
Sandstone 10 Sgl-07 Quartzitic sst. 1.18 1.2
JAL LIE Silty slate 80 SPA-02  Silty slate 2.04 2.0 1.9
Sandstone 20 Sgl1-07 Quartzitic sst. 1.18 1.2
SPA Silty slate 40 SPA-02  Silty slate 2.04 2.0 1.5
Quartzitic sst. 60 Sgl-07 Quartzitic sst. 1.18 1.2
SLW Slate 20 SLW-10 Slate 2.95 3.0 2.0
Silty slate 50 SPA-02 Silty slate 2.04 2.0
Quartzite 30 GH3216 AQuartzite 1.20 1.2
REVIN GLE RvS Slate 50 GH3128 Slate 2.96 3.0 25
Silty slate 50 SPA-02 Silty slate 2.04 2.0
VEN Rv3+4  Slate 30 GH3128 Slate 2.96 3.0 1.7
Quartzite 70 GH3216 Quartzite 1.20 1.2
WAN Rvl+2 Slate 40 GH3128 Slate 2.96 3.0 2.1
Silty slate 20 SPA-02 Silty slate 2.04 2.0
Quartzite 40 GH3216 Quartzite 1.20 1.2
DEVILLE BEL Slate/shale 50 GH2331 Slate 1.94 1.9 1.3
Quartz. sst./quartzite 50 GH350 Quartzite 0.59 0.6
HUR Slate 45 GH2331 Slate 1.94 1.9 1.2
Quartzite 55 GH350 Quartzite 0.59 0.6
War Gneiss/mica shist 10 War-01 Gneiss 1.12 1.1 1.4
80 War-03  Gneiss 1.55 1.6
Quiartzitic sst./quartzite 10 GH350 Quartzite 0.59 0.6

Fm. — formation, Mbr. — Member, Vol. — volume fraction, Litho. — lithotype, sst. — sandstone. Lithological composition is
estimated after Geukens (2008) and Verniers et al. (2001).
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Table A.15: Details on samples used to compose the radiogenic heat production of the Lower Devonian
geological formations in the Belgian and Luxembourgish Ardennes.

H
Formation Lithology Vol. Sample Lithotype Sample Litho. Fm.
Be Lux [%] [10° W m™]
E3 Sandy shale 100 E1a-004 Sandy shale 1.99 2.0 2.0
E1a-009 Sandy shale 2.15
Sg3-003  Sandy shale 1.96
q Quartzite 100 GH350 Quartzite 0.59 0.6 0.6
E2 Shale/siltstone 70 E1b-007 Siltstone 1.68 1.7 1.5
Sandstone 25 E1a-011  Quartzitic sst. 0.96 1.0
Quartzitic sst. 5 E1a-011 Quartzitic sst. 0.96 1.0
Elb Silty slate/siltstone 70 E1b-007 Siltstone 1.68 1.7 15
Sandstone 20 E1a-011  Quartzitic sst. 0.96 1.0
Quarzitic sst. 10 Ela-011 Quartzitic sst. 0.96 1.0
Ela Sandy shale 94 E1a-004 Sandy shale 1.99 2.0 2.0
E1a-009 Sandy shale 2.15
Sg3-003  Sandy shale 1.96
Quartzitic sst. 6 Ela-011  Quartzitic sst. 0.96 1.0
LAR  Sg3 Sandy shale 100 E1a-004 Sandy shale 1.99 2.0 2.0
E1a-009 Sandy shale 2.15
Sg3-003  Sandy shale 1.96
Sg3a  Slate 100 Sgl-003  Slate 1.98 2.0 2.0
VIL Sg2 Shale/siltstone 35 E1a-004 Sandyshale 1.99 2.0 1.5
E1a-009 Sandy shale 2.15
Sg3-003  Sandy shale 1.96
Siltstone + calc. sst. 65 Sgl1-07 Silty slate 1.18 1.2
MIR  Sgl Slate 80 5gl1-003  Slate 1.98 2.0 1.8
Silty slate 5 Sgl-07 Silty slate 1.18 1.2
Quartz. sst./quartzite 15 E1la-011 Quartzitic sst. 0.96 1.0
STH Shale/siltstone 80 O0IG-13 Shale 2.26 2.0 1.8
FEP-07 Shale 1.73
Sandstone 20 Ela-011  Quartzitic sst. 0.96 1.0
0IG Siltstone 15 0I1G-13 Shale 2.26 20 1.7
FEP-07 Shale 1.73
Shale 60 0IG-13 Shale 2.26 2.0
FEP-07 Shale 1,73
Sandstone 25 E1a-011  Quartzitic sst. 0.96 1.0
FEP Shale/siltstone 50 O0IG-13 Shale 2.26 2.0 1.4
FEP-07 Shale 1.73
Sandstone 20 E1la-011  Quartzitic sst. 0.96 1.0
Congl. sandstone 30 GH350 Quartzite 0.59 0.6

Be — Belgium, Lux — Luxembourg, Vol. — volume fraction, Litho. — lithotype, Fm. — formation, sst. —
sandstone, calc. — calcareous, congl. — conglomeratic. Composition of the individual formations is
estimated after Dejonghe (2008) and Lucius (1950).
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Table A.16: Details on samples used to compose the radiogenic heat production of the Lower Devonian and Proterozoic geological
formations in the Eifel and Mosel Syncline/Hunsriick regions.

H
Formation Code Lithology Vol. Sample Lithotype Sample Litho. Fm.
%] (10°wWm™~]
Wissenbach-Schiefer de/dzow! Shale >90 Sg3-003 Sandy shale 1.96 2.0 1.9
Quartzitic sst. <10 Ela-011 Quartzitic sst. 0.96 1.0
Kieselgallenschiefer dzo3KG Shale/shaly siltstone >90 E1a-004  Sandy shale 1.99 20 2.0
E1a-009 Sandy shale 2.15
Sg3-003  Sandy shale 1.96
Siltstone/sandstone <10 E1b-007  Siltstone 1.68 1.7
Spharosideritschiefer dzo3SS Shale/shaly siltstone >80 E1la-004  Sandy shale 1.99 2.0 1.9
E1a-009 Sandy shale 2:15
Sg3-003  Sandy shale 1.96
Sandstone <20 Ela-011 Quartzitic sst. 0.96 1.0
Brauneisenstein dzo3BE Sandstone >70 E1a-011  Quartzitic sst. 0.96 1.0 1.2
Shale/shaly siltstone <30 E1a-004  Sandy shale 1.99 2.0
E1a-009  Sandy shale 2.15
Sg3-003  Sandy shale 1.96
Rételgallen-Schichten dzo2RG Shale 50 E1a-004  Sandy shale 1.99 20 15
E1a-009 Sandy shale 2.15
Sg3-003  Sandy shale 1.96
Sandstone + limestone 50 Ela-011  Quartzitic sst. 0.96 1.0
Hallenthal-Schichten dzo2HO Shale 50 E1a-004  Sandy shale 1.99 2.0 1.5
E1a-009  Sandy shale 2.15
Sg3-003 Sandy shale 1.96
Sandstone 50 Ela-011  Quartzitic sst. 0.96 1.0
FluBbach-Schichten dzolFL Shale/shaly siltstone 40 E1a-004  Sandy shale 1.99 2.0 1.4
E1a-009  Sandy shale 2.15
Sg3-003 Sandy shale 1.96
Quiartzitic sst. 60 Ela-011  Quartzitic sst. 0.96 1.0
Emsquarzit dzolEQ Quartzitic sst./quartzite >90 GH350 Quartzite 0.59 0.6 0.7
Shale <10 E1a-004  Sandy shale 1.99 2.0
E1a-009 Sandy shale 2.15
Sg3-003  Sandy shale 1.96
Klerf-Schichten dzu3KL Shale/shaly siltstone 30 E1b-007  Siltstone 1.68 1.7 12
Sandstone/quartzite 70 Ela-011 Quartzitic sst. 0.96 1.0
Gladbach-Schichten dzu3GL Shale 50-70  E1a-004  Sandy shale 1.99 2.0 19
E1a-009 Sandy shale 2.15
Sg3-003  Sandy shale 1.96
Siltstone/sandstone 30-50 E1b-007  Siltstone 1.68 1.7
"Singhofen-Schichten" dzS Shale/sandy shale 90 E1a-004  Sandy shale 1.99 2.0 1.9
E1a-009 Sandy shale 2.15
Sg3-003  Sandy shale 1.96
Sandstone 10 Ela-011 Quartzitic sst. 0.96 1.0

Vol. — volume fraction, Litho. — lithotype, Fm. — formation, sst. — sandstone. Composition of the individual formations is taken from
Hafner et al. (2007) and completed according to LGB (2005).
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Table A.16 continued

H
Formation Code Lithology Vol. Sample Lithotype Sample Litho. Fm.
[%] [10°wm™]
Kaubschichten dzulkA Shale 85 E1a-004  Sandy shale 1.99 2.0 2.0
E1a-009  Sandy shale 2.15
Sg3-003  Sandy shale 1.96
Slate 10 5g1-003  Slate 1.98 2.0
Quartzitic sst. 5 Ela-011 Quartzitic sst. 0.96 1.0
Zerf-Schichten dzulZE Sandy shale 75 E1a-004  Sandy shale 1.99 2.0 1.8
E1a-009  Sandy shale 215
Sg3-003  Sandy shale 1.96
Quartzitic sst./quarzite 25 Ela-011 Quartzitic sst. 0.96 1.0
Dhrontal-Schichten ds3DR Sandy shale 70 E1a-004  Sandy shale 1.99 2.0 1.7
E1a-009  Sandy shale 2.15
S$g3-003  Sandy shale 1.96
Quartzitic sst./quartzite 30 Ela-011 Quartzitic sst. 0.96 1.0
Taunusquarzit ds2TQ Quartzitic sst./quartzite >95 GH350 Quartzite 0.59 0.6 0.6
Hermeskeil-Schichten ds1HE Shale 50 0OIG-13 Shale 2.26 2.0 15
FEP-07 Shale 1.73
Quiartzitic sst. 50 Ela-011 Quartzitic sst. 0.96 1.0
Ziisch-Schiefer gd Shale 80 0OIG-13 Shale 2.26 2.0 1.8
FEP-07 Shale 1.73
Quartzitic sst. 20 Ela-011 Quartzitic sst. 0.96 1.0
Wartenstein Gneiss War Gneiss/mica schist 90 War-01 Gneiss 112 13 1.3
War-03 Gneiss 1.55
Quartzite 10 GH350 Quartzite 0.59 0.6
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