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A B S T R A C T

Detailed knowledge of in situ formation thermal properties is a prerequisite for accurate temperature predictions
from geothermal models of sedimentary basins. The value and regional variability of such formation thermal
properties generally receive little attention: very few attention in petrophysical and even less in modelling
studies. Consequently, the spatial variability of formation thermal properties is typically not considered, for
neither the a priori model parameterisation nor the posteriori model calibration.

This basin study determines how the thermal properties of geological formations vary spatially and how this
affects the quality of modelling results compared to the results of measured temperatures in the Danish Basin.
Formation petrophysical properties (thermal conductivity, radiogenic heat production, thermal diffusivity,
specific heat capacity, density, and porosity) and their spatial variability in the Danish Basin are exemplarily and
systematically studied by well-log interpretation techniques. Therefore, the initial computations of the mean
formation well-log values (and their variability) are presented for thermal diffusivity and specific heat capacity.

The analysis reveals that all the formation thermal properties display a larger variability than previously
applied in geothermal or basin modelling studies. The observed maximum variability of the mean thermal
formation values is up to approximately 50% (mean: 23 ± 11%) for thermal conductivity, up to approximately
65% (mean: 34 ± 16%) for thermal diffusivity, up to approximately 30% (mean: 16 ± 8%) for specific heat
capacity, and up to more than 100% (mean: 64 ± 24%) for the radiogenic heat production.

A strong regional thermal-conductivity variability impact was quantified by the comparison of subsequently
modelled geotherms with measured borehole temperatures. When basin-wide mean formation conductivities
(representing the usual assumption of constant formation values in geothermal models) are applied to such
models, the misfit between the predicted and measured temperatures at the maximum borehole depth of ap-
proximately 4 km is large and averages approximately 20% (range: −21 to 22 °C). Application of the observed
but less representative formation conductivities in terms of the ‘true’ overall basin average yields maximum
derivations between 27 and 66% (range: −38 to 90 °C). The application of local formation conductivities, in
contrast, yields minimum deviations generally less than< 5 °C, depending on consideration of regional or lo-
cation-specific heat-flow values.

Statistical data on the mean formation variability presented here can serve as guidelines to define reasonable
variation ranges for the input or the post-processing calibration procedures for geothermal models of sedi-
mentary basins with similar lithologies and genesis to the Danish Basin. In general, knowledge of the variability
of formation thermal properties will lead to a significantly lower uncertainty in the temperature calculations, in
particular but not exclusively for areas and depths where temperature observations are unavailable.

1. Introduction

In modelling the thermal fields of sedimentary basins, it is of
paramount importance that the model parameterisation reflects the
different rock thermal properties and their natural spatial variation in
the subsurface. One of the most difficult and critical tasks is the as-
signment of reliable values to the different geologic units that compose

the modelled domain. In the past, the majority of numerically studied
geothermal models simplified the input of thermal properties of stra-
tigraphic units or geological formations to laterally homogeneous
average values. Some exceptional modelling studies have already
mentioned the importance of considering the spatial variation in
thermal conductivity (e.g., Fjeldskaar et al., 2008). Recent studies,
however, clearly demonstrated that considering the variability in
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formation thermal properties significantly and systematically reduces
the difference between predicted and measured borehole temperatures
(Fuchs and Balling, 2016a,b). According to a lack of properly designed
petrophysical studies, the values and variability of such formation
parameters are commonly unknown and thereby not considered in the
pre- or post-processing of the model computation (i.e., parameterisation
and calibration).

The aim of this paper is to identify and quantify the variability of
petrophysical properties, in particular of thermal formation properties
in sedimentary basins that are relevant for geothermal modelling. For
this purpose, the variability of thermal conductivity, radiogenic heat
production, thermal diffusivity, specific heat capacity, density and
porosity is studied on the example of Late Permian to Cenozoic geolo-
gical formations in the Danish Basin applying well-log-driven analysis
techniques. The resulting impact on modelled temperature is quantified
by calculating geotherms for layered thermal borehole models and
varying the layer parameters within the boundaries identified by the
well-log analysis. This paper provides a comprehensive study of rock
thermal properties in the Danish Basin and identifies reasonable para-
meter variability ranges that can either be used for stochastic para-
meterisation and/or inverse model calibration in the Danish Basin itself
or can serve as boundaries when transferred to other sedimentary ba-
sins of similar geological genesis.

2. Background

The thermal state and the temperature regime of the Earth’s crust is
mainly shaped by the basal heat flow and spatial variation in subsurface
rock thermal properties. For geothermal calculations, the most im-
portant rock thermal properties are thermal conductivity (TC; λ in W/
[m∙K]), radiogenic heat production (RHP; A, in μW/m³) and the volu-
metric heat capacity (RHOC, ρcp in kJ/[m³∙K]). The latter can be de-
scribed as a product of the specific heat capacity (SHC, cp in J/[kg∙K])
and density (ρ in kg/m³) or as a quotient of TC and thermal diffusivity
(TD; α in ∙10−6 m²/s). While TC and RHP have a first-order effect on the
terrestrial surface heat-flow density and the background steady-state
temperature field, RHOC (and thereby SHC and TD) influences the
transient change in heat and temperature in the crust (e.g., the paleo-
climate effect, geothermal exploitation, storage of nuclear waste). As
long these parameters are not well understood, accurate subsurface
temperature predictions cannot be made; this is a fundamental problem
for a wide range of applications (hydrocarbon maturation modelling,
geothermal energy, subsurface storage of heat, nuclear waste re-
positories, etc.).

The spatial variation in rock thermal properties in sedimentary
basins is caused by the complex interplay between the structural and
lithostratigraphic, and thereby the lithofacies-dependent configuration
of the geological units. Depending on the depositional environment,
these changes may be random or systematic. For the TC of many li-
thotypes, the effect of substantial regional variations has long been
known from many regional studies of well data (e.g., Chapman et al.,
1984; Powell and Chapman, 1990; Deming et al., 1990; Fjeldskaar
et al., 1993; Gallardo and Blackwell, 1999; Norden and Förster, 2006;
Fjeldskaar et al., 2008; Fuchs and Förster, 2010; Schütz et al., 2012a,b;
Norden et al., 2012; Homuth et al., 2014; Götz et al., 2014). In contrast,
for TD, SHC and RHP, much less effort has been spent on similar re-
gional well studies, although the basic interrelation of matrix minerals
and pore fluid for these properties raises the expectation of a com-
mensurate variability in sedimentary rocks and formations. However, in
regard to geothermal modelling, data on the variability of thermal
properties is frequently either not available or not considered as input
for model parameterisation. This approach might be sufficient for the
rare case of geologic formations of a uniform lithology over large dis-
tances, where it may be possible to characterize the TC from a few
laboratory measurements, but this approach fails when geological for-
mations are subject to even moderate lateral or vertical changes in

lithology (cf. Deming et al., 1990; Fuchs and Balling, 2016a).
In addition to this common negligence on the modelling side, the

use of ‘standard’ lithotype values or laboratory measurements on ma-
terial from selective borehole depths introduces further drawbacks.
Upscaling from selective point data to a ‘representative’ mean forma-
tion value creates significant uncertainties (Fjeldskaar et al., 2008).
Upscaling requires an adequate number of rock samples for laboratory
studies, increasing the coring costs of a well. Even if a sufficient number
of measurements are available for each rock type, it remains unclear
whether the studied rock samples reflect the ‘true’ variation in miner-
alogy and petrography within the geological formation in question. As
soon as the changes in rock composition between wells are taken into
account, the number of measurements required increases tremendously
to a number of samples generally not available without incurring the
costs of numerous laboratory measurements.

An alternative to laboratory measurements is the indirect determi-
nation of rock thermal properties from geophysical well logs, which is
limited to a 1D sampling volume along the borehole instead of point
data in selected core sections. The well-log-based determination of rock
thermal properties offers high vertical resolution and thereby a more
accurate understanding of the vertical parameter distribution. A suc-
cessful approach in this regards is the inversion of continuous tem-
perature logs to borehole profiles of in situ TC (Blackwell and Steele,
1989; Fuchs and Förster, 2010; Sippel et al., 2013; Schütz et al., 2013;
Fuchs et al., 2015). The computation requires stable (unperturbed)
heat-flow conditions and the existence of continuous temperature logs
recorded under thermal borehole equilibrium, which are very rare in
most sedimentary basins. However, interpreting standard geophysical
well logs is applicable far more often. For both RHP (e.g., Rybach,
1986; Bücker and Rybach, 1996) and TC (with many more methods, cf.
Fuchs and Förster, 2014) this is a long-known and often-applied
workflow, but only recent approaches allow the determination of TC,
TD and SHC in sedimentary rocks from combinations of the most
common standard log types (cf. Fuchs and Förster, 2014; Fuchs et al.,
2015). However, the application of any of these well-log-driven ap-
proaches allows the calculation of reasonable mean formation values –
as primarily demonstrated for inverted temperature logs by Blackwell
and Steele (1989) – considering the full variability of the recorded
parameter profiles and thereby the vertical changes in lithology, mi-
neralogy and porosity. On these terms, Vogt et al. (2010) and Mottaghy
et al. (2011) interpreted well logs for a TC profile and were among the
first to calculate statistical values for stratigraphic units as a basis for
3D stochastic parameter realizations in a Monte-Carlo computation of a
temperature model. They demonstrated that this approach is generally
helpful in reducing the width (and thereby the uncertainty) of com-
puted temperature distributions. However, as long as TC is determined
at one well only, the stochastic 3D parameter distribution for each
formation merely reflects the vertical variability within the formation,
but not between different well locations or within a basin. When the
variation in TC is also considered among different well locations in
recent modelling studies, significantly lower uncertainties in tempera-
ture prediction were reported (Fuchs and Balling, 2016a,b).

Taking all these aspects into account reveals that the magnitude of
variation in rock thermal properties for geological formations in sedi-
mentary basins is often unknown but very important for the para-
meterisation of thermal models. Knowledge of basin-wide variations
would be helpful for all geothermal numerical modelling approaches
(stochastic, forward, and inverse modelling) but generally suffer from
lack of data.

3. Geological setting and stratigraphy

The Danish Basin (DB) constitutes a major part of Denmark (Fig. 1).
It is a WNW-ESE trending intracratonic basin in the eastern part of the
North Sea system of sedimentary basins (Ziegler, 2005) and is bounded
by the Precambrian basement blocks of the Ringkøbing-Fyn High (RFH)
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towards the southwest and by the Fennoscandian Border Zone in-
cluding Skagerrak-Kattegat Platform (SKP) and the (block faulted
transition zone) Sorgenfrei-Tornquist Zone (STZ) towards the north-east
(Sorgenfrei and Buch, 1964; Bergström, 1984; EUGENO-S Working
Group, 1988). The DB is synonymously named the Danish part of the
Norwegian–Danish Basin (Bertelsen, 1978; Michelsen, 1978).

The sedimentary sequence (Fig. 2) and the structural framework of
the Danish Basin are well known from seismic investigations and sev-
eral oil and gas exploration boreholes. The DB is a Late Carboniferous-
Permian to Cenozoic structure and was formed by Late Palaeozoic and
Triassic lithospheric extension and thermal subsidence between the
Skagerrak-Kattegat Platform and the Ringkøbing-Fyn High (Vejbæk,
1989; Frederiksen et al., 2001). The subsidence was balanced by the
deposition of sediments mainly from the northern boundary, resulting
in a basin that consists of up to 5–10 km of Permian, Mesozoic and
Cenozoic sediments with the deepest areas in the north-western parts of
the basin (Hamberg and Nielsen, 2000; EUGENO-S Working Group,
1988). The DB is characterized by thick Triassic units (up to 4–6 km of
mainly silt and sandstone) and moderately thick units of Upper Cre-
taceous carbonates (1–2 km of chalk and limestone). More locally,
Jurassic to Lower Cretaceous claystone of up to 1.5 km may be present
(Bertelsen, 1980; Michelsen and Clausen, 2002; Michelsen et al., 2003;
Nielsen, 2003). The Zechstein salt forms the source of significant tec-
tonic salt uplifting and diapirism, in particular in the north-western
(onshore) part of the basin. Major regional aquifer systems with high
geothermal energy potential were identified (e.g., Mathiesen et al.,
2009, 2010), in particular in the Jurassic and Triassic sequence. The
most promising reservoirs are the Upper Jurassic Frederikshavn
Member, the Middle Jurassic Haldager Sandstone Member, the Lower
Jurassic Gassum Formation, and the Triassic Bunter Sandstone and

Skagerrak Formations. These formations were the target for extensive
investigations of geometrical distribution and petrophysical properties
(e.g., Hamberg and Nielsen, 2000; Nielsen, 2003; Weibel et al., 2011,
2017).

The RFH to the south of the DB is a NW-SE trending basement ridge
that separated the Southern Permian Basin from the Northern Permian
Basin during Late Carboniferous to Early Permian times. It consists of a
series of shallow fault-bounded crystalline blocks of Precambrian age
(spanning between the North Sea and the Baltic Sea) and it is separated
by the N–S striking Brande and Horn Graben. These Graben systems
were generated during the Late Carboniferous to Early Permian by
movements along the Sorgenfrei-Tornquist Zone and the Trans
European Suture Zone (Thybo, 1997, 2001; Bergerat et al., 2007;
Sorgenfrei and Buch, 1964). The subsequent progressive uplift of the
Ringkøbing-Fyn High was associated with the Early Middle Jurassic
major updoming of the North Sea area (Ziegler, 2005). In contrast to
the DB, only thin sections of Triassic to Lower Cretaceous sediments are
present above the RFH (Nielsen, 2003).

4. Analysis

4.1. Data

This study benefits from a large amount of borehole data from 56
deep wells in the study area provided by the Geological Survey of
Denmark and Greenland (GEUS). The studied boreholes reach depths
between 909 and 5303m below sea level (mbsl) (28 out of the 56 wells
reach depths> 2000mbsl). Geological, geophysical and final well re-
ports as well as geological, petrophysical and well-log data were
screened to select boreholes with high-quality data, resulting in a final

Fig. 1. Geological setting, main tectonic units, structural features (modified after Nielsen, 2003 and references therein), and deep boreholes located in the Danish
Basin (cf. Appendix A). Pink shaded: Danish Basin; grey lines: major faults. Abbreviations: DK=Denmark, NO=Norway, SE= Sweden, GER=Germany. Model
coordinates are given in a UTM (zone 32 N) system using the WGS 84 datum (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article).
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data set of 23 wells for the DB. For each of these wells, mainly drilled
for oil and gas exploration between 1951 and 2011, lithologic and
stratigraphic information, digital log data and test data (e.g., drill stem
tests) were implemented in the analysis. Logging data in the selected
wells cover a broad spectrum of standard well logs (usually resistivity,
self-potential, gamma-ray and spectral gamma-ray log, density log,
sonic log, neutron log, photoelectric factor, and caliper log). All logging
data were re-sampled to fixed 0.25-m intervals and corrected for
borehole or environmental effects (compensated logs), in particular
considering the effects of drilling muds and borehole breakouts, fol-
lowing procedures documented by Serra (1986) and Theys (1999).

4.2. Workflow and methods

The analysis conducted consists of two steps. In the first step, pro-
files of the bulk (considering the sum effect of matrix and pore-filling
fluid) TC, SHC, and TD are calculated for each borehole by applying the
prediction equations for sedimentary rocks developed by Fuchs et al.
(2015). These equations were developed on a slightly modified Fuchs
and Förster (2014) concept and allow the estimation of rock thermal
properties (TC, TD and SHC) for each combination of up to five stan-
dard well logs and derived predictors (the volume fraction of shale: VSH
[-], interval sonic transit time: DT [μs/m], neutron porosity: NPHI [-],
bulk density: RHOB [g/cm³], and photoelectric factor: PE [-]). To
minimize the expected prediction error along the borehole, only
equations with at least three predictor variables are applied, depending
on the depth-specific major sedimentary rock group (carbonates, clastic
rocks, evaporites) and the available well-log combination (mainly
combinations of DT, RHOB, VSH and/or NPHI). Consequently, Eqs.
(11)–(15); 31–46, and 62–77 from Appendices A–C of Fuchs et al.
(2015) are implemented in the analysis.

Profiles of radiogenic heat production (RHP) are either calculated
from the uranium, thorium and potassium concentrations detected by
the spectral gamma ray and the logged density (Eq. (1)) or, where only
standard gamma-ray readings (γ) are available, from an empirical
equation for this parameter (Eq. (2)) (Rybach, 1986; Bücker and
Rybach, 1996). Both methods allow the determination of RHP [μW/m³]
with an uncertainty typically lower than 10% when applied to a care-
fully processed log data set.

= + +
−A ρ c c c10 (9.52 2.56 3.48 )u Th K

5 (1)

= ∙ −A γ0.0145 ( 5) (2)

The volume fraction of shale (VSH) encompasses all clay minerals
and is determined from the GR log and basically approximated as the
gamma-ray index (VSH=GRI, for laminated shales) from the gamma-
ray readings (Serra, 1986):

= =
−

−

V GRI
γ γ

γ γsh
min

max min (3)

Therein, γ is the gamma-log reading at the point of interest [in API
units], γmin is the clay-free log reading (clean sandstone line), and γmax

is the pure-clay reading (shale baseline). In young rocks (Quaternary
and Tertiary rocks), the shale model that is a non-linear function of GRI
and that was proposed by Clavier et al. (1971) is additionally applied:

= − +V GRI1.7 3.38 ( 0.7)sh Clavier
2 (4)

Porosity is estimated from compensated sonic, density and neutron
logs by applying standard well-log processing techniques (Serra, 1986).
Sonic porosity is calculated from both the time-averaged equation (Eq.
(5)) proposed by Wyllie et al. (1958) and the Raymer-Hunt-Gardner

Fig. 2. Stratigraphic table, geological formations and generalized lithology for
the Danish Basin (modified after Bertelsen, 1980; Michelsen and Clausen, 2002;
Michelsen et al., 2003; Nielsen, 2003, Nielsen et al., 2004); colours – blue:
carbonate dominated, yellow: sandstone dominated, grey: clay-/mudstone
dominated, brownish: no dominant lithology, lilac: evaporites (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article).
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equations (Eq. (6); Raymer et al., 1980). Therein, for example, com-
pressional matrix transit times of 161 μs/m (limestone) and 184 μs/m
(sandstone), and compressional fluid transit times of 620 μs/m are
used. Values for other rock types used in this analysis are documented
by Serra (1986; p. 74). The appropriate lithology is determined by
cross-plot and layover techniques from well logs.

=
−

−

ϕ t t
t t C

Δ Δ
Δ Δ

1
s

ma

fl ma p (5)

= ∙ −ϕ t t t(5/8) (Δ Δ )/Δrhg ma (6)

Total porosity is calculated primarily as density-neutron average
porosity (in limestone units) that is largely free of lithology effects;
otherwise, sonic porosity is used. In a final step, for each borehole, all
depth intervals with parameter determinations are merged to the best
prediction profiles for TC, TD, SHC, RHP, and, if applicable, density and
porosity. For computation of the mean formation values, the applica-
tion of the arithmetic mean is equal to the lithological-thickness
weighted arithmetic mean since all well-log data are sampled at regular
intervals of 0.25m. The mean variability of formation (FM) values are
computed as:

= −Variability FM FM FM0.5( )/ basinmax min (7)

where FMmax is the maximum mean formation value, FMmin is the
minimum mean formation value and FMbasin is the overall mean for-
mation value in the basin.

In the second step, the effect of the observed basin-wide TC varia-
tion on the subsurface temperature is quantified by calculating 1D
steady-state geotherms for the example of three well locations. By ap-
plying a boot-strapping method, the basal temperature TB of a rock
layer with thickness Δz can be calculated under 1D steady-state con-
ductive conditions from the temperature (TT) and heat flow (qT) at the
top of the layer, considering the thermal properties (k, A) of the layer:

= + −T T
q
k

z A z
k

Δ Δ
2B T

T
2

(8)

The heat flow at the top of the layer thereby decreases with depth
according to:

= +q q A zΔT B (9)

By application to successive layers, geotherms are calculated from
the surface to depth. The layer thickness is set to 1m. The selected wells
cover a depth range between 1.6 and 5.2 km and serve as examples for
the large variation in thickness, depth and rock type occurring in dif-
ferent Late Permian to Cenozoic formations. This configuration should
allow one to roughly quantify whether neglecting the lateral variation
in rock thermal properties by setting a location-specific parameter as
the representative for a basin-wide homogenous parameterisation of
geological formations results in substantially larger uncertainties of
predicted temperatures.

The heat-flow value overprint of the long-term ground surface
temperature history needs to be taken into account as model input for
the Northern Hemisphere. It is well known that several glaciations took
place in Denmark, resulting in transient thermal effects and perturba-
tions of the subsurface temperatures and heat-flow field (cf. Fjeldskaar
and Amantov, 2017). Several studies addressed this issue for the Danish
region (e.g., Balling, 1986; Balling et al., 1992). Most recently, Balling
(2013) compiled heat-flow data from wells and several depth sections
across Denmark and showed the variation with depth caused by gla-
ciation. The data from Balling (2013, Fig. 5.9, n= 44 values) were
determined from core and partly log measurements and temperature
data in nine boreholes between the surface and a depth of 2.5 km,
whereas the majority are clustered in the upper 1.5 km. The observed
heat-flow range above 500m is between approximately 30 and 40mW/
m², and increases to between 70 and 75mW/m² below 2000m. From
these data, a polynomial equation was computed and implemented as a

heat-flow function generalized for the Danish region in the 1D steady-
state conductive models:

= ⋅ − ⋅ + ⋅ −

⋅ +

− − −

−

q D D D

D

2.183[( 10)] 1.839 [(10)] 4.230 [(10)] 7.852

[(10)] 3.282
T

12 4 8 3 5 2

3 (10)

This formulation describes the original dataset (depth [D in m] range:
0–2500m) with an uncertainty range of approximately ± 5mW/m² at
any depth. For locations A (Aars) and B (Stenlille), site-specific heat-flow
densities are computed in addition (Balling et al., in preparation), based on
continuous TC profiles that are validated on core measurements (data
taken from Balling et al., 1981) and continuous temperature gradient
profiles. From there, additional geotherms are computed to compare the
impact of knowing local heat-flow data with the application of the gen-
eralized heat-flow-depth relation.

4.3. Statistics

For each geological formation, the mean values (thickness weighted
arithmetic mean and median), standard deviation (1-sigma), 95%
confidence interval of the mean, quartiles (min, Q0.25, median, Q0.75,
max) and number of log data points (n) are calculated. Calculations are
performed separately for each borehole and for the whole study area.
Deviations between computed geotherms and measured temperatures
are calculated, using the arithmetic mean error (ame), 1-sigma standard
deviation (sd), median and root mean square error (rmse). A compar-
ison of formation mean values is performed using the student’s t-test for
unpaired samples. For statistical significance, a level of 5% (α=0.05)
is chosen as the threshold. For p values< α, the null hypothesis (mean
formation values are equal) is rejected in favour of the alternative hy-
pothesis (mean formation values are significantly different). Compared
groups have been initially tested for normal distribution using the
Kolmogorov–Smirnov test and for equality of variances using the
Levene test. More details on the applied statistical computations are
documented by Deutsch and Journel (1998).

5. Results

The main goal is to identify the variability of rock thermal proper-
ties in sedimentary formations across the Danish Basin using well logs
from boreholes and to quantify its effect on subsurface temperature
modelling (Section 6.3). To distinguish real regional variation in the
mean well-log values of geological formations (Section 6.2) from small
discrepancies of the applied interpretation methods, one needs to
quantify the uncertainties of the applied well-log-based prediction ap-
proach (Section 6.1). In addition to the equation-specific uncertainties,
this is of particular importance as I used varying well-log combinations,
and thus varying prediction equations and correspondingly varying
uncertainties.

5.1. Quantification of prediction uncertainties

An example of the well-log-based prediction of TC, TD and SHC is
illustrated in Fig. 3, including the associated variations in the predic-
tions. It shows that large vertical variations in rock thermal properties
can be observed both within and across geological formations, as well
as that when the single equations are applied for all possible combi-
nations of well logs, it mostly results in predicted profiles with a similar
form and relatively small deviations. Along the borehole, the span be-
tween the minimum or maximum profile and the mean of all predicted
profiles is 0.23 ± 0.12W/(m∙K) [10.1 ± 5.5%] for TC, 0.10 ± 0.06 ∙
10−6 m²/s [12.5 ± 8.3%] for TD, and 102 ± 54 J/(kg∙K)
[6.8 ± 3.5%] for SHC. As a kind of validation, bulk density is calcu-
lated (Fig. 3; right panel) from the predicted thermal-rock-property
profiles (equation: =ρ λ c α/b p ) and compared to the logged bulk den-
sity. Good agreement is observed between the profiles, showing
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deviations generally< 5–10%. For all wells implemented in this study,
the span between the minimum or maximum profile and the mean of all
predicted profiles is 0.25W/(m∙K) [11 ± 7%] for TC, 0.10 ∙ 10−6 m²/s
[14 ± 9%] for TD, and 110 J/(kg∙K) [7 ± 3%] for SHC, which is quite
similar to those of the illustrated well example.

5.2. Mean formation values

The typical range of rock thermal properties in relation to porosity
values is analysed for all studied formations in the DB (Fig. 4). Therein,
the majority of mean formation values (except for the Zechstein For-
mation values) for TC range between 1.3W/(m K) and 4.1W/(m K),
where lower values reflect claystone form the Børgelum and Flyvbjerg
Formation, and higher values reflect sandstone dominated reservoir
formations. Values above 4.1W/(m K) are observed only in the Zech-
stein evaporite. Mean formation TD values typically range between 0.3 ∙
10−6 m²/s and 1.9 ∙ 10−6 m²/s, whereas mean formation SHC values
are between approximately 850 J/(kg∙K) and 2500 J/(kg∙K). The degree
of correlation between rock thermal properties and porosity varies
greatly. A strong positive linear correlation can be obtained for SHC and
porosity (R²= 0.77), whereas a moderate to strong negative correlation
can be observed for TD and porosity (R²= 0.60). Thermal conductivity
and porosity show some scatter and a weak negative correlation

(R²= 0.29). Radiogenic heat production is totally non-correlated
(R²= 0.02) with the rock porosity and therefore not shown. The for-
mation bulk density (range: 2.1–2.7 g/cm³) shows a moderate negative
correlation with the mean porosity (R²= 0.43).

Mean formation values of TC, TD and SHC, are compared (I) to the
formation sand/sandstone fraction identified from cutting and bore log
analysis and (II) to the volume fraction of shale (VSH) interpreted from
gamma-ray logs. The formation-specific analysis is conducted for each
formation and presented as the example of the Gassum Formation in
Fig. 5. Therein, the strong correlations between TD and SHC with
porosity, shown in Fig. 4, are reflected by the correlation between TD
and SHC with increasing depth (and thereby decreasing porosity). The
moderate negative correlation between TC and porosity (also illustrated
in Fig. 4) results in a less determined pattern of TC with depth. For the
formation sandstone fraction, strong positive correlations are observed
for both TC and TD. In contrast, a non-correlation is obtained for SHC.
A similar but inverse pattern (strong negative correlation for TC and
TD, non-correlation for SHC) is observed for the log-derived volume
fraction of shale. Comparable patterns are found for almost all other
geological formations, except for the Chalk Formation and the Zech-
stein Formation, which mainly consist of carbonates and rock salt, re-
spectively, with no significant sandstone and little shale content.

Calculating mean values of the petrophysical properties (λ, α, cp, H,

Fig. 3. Example of the well-log-based parameter prediction for the Aars well. Rock type (left column) – blue: carbonates, yellow: clastic rocks (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article).

Fig. 4. Mean formation values for TC, TD, SHC and density versus mean formation porosity obtained from all wells implemented in the analysis.
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φ, ρb) for the geological formation intervals allows one to observe the
lateral variability from well to well within a basin. (Fig. 6). The sta-
tistical results of the illustrated thermal and additional petrophysical
properties (density and porosity) are reported in Table 1. Formation TC
values mainly range between 1.7W/(m K) and 4.4W/(m K), except for
the Zechstein Formation that generally exhibits higher values, mainly
between 3.2 and 4.9W/(m K). Likewise, TD mainly ranges from ap-
proximately 0.3 to 1.7 ∙ 10−6 m²/s for clastic or carbonaceous forma-
tions and from 1.4 to 2.8 ∙ 10−6 m²/s for the Zechstein Formation. SHC
values are mainly between approximately 900 and 2400 J/(kg K) with
the lowest values provided by the Zechstein Formation and an in-
creasing trend with shallower depth for the overlaying formations. The
majority of formation RHP values range from<0.1 to 2.5 μW/m³. The
lowest amount of heat generation is observed in the carbonates (Chalk
Group; mean: 0.15 ± 0.15 μW/m³) and evaporites (Zechstein Forma-
tion; mean: 0.13 ± 0.06 μW/m³). Formations dominated by clastic
rocks show an RHP of 0.3 to 2.5W/(m K) (mean: 1.0 ± 0.02 μW/m³)

The lateral variability of mean formation values is illustrated in
Fig. 6 (lower panel) and is quantified by Eq. (7) and the (1-sigma)
standard deviation. The variability of mean formation values (without
the Post Chalk section), adjusted for the effect of the methodological

uncertainties (cf. Section 5.1), ranges between 13 and 49% (mean:
23 ± 11%) for TC, between 11 and 65% (mean: 34 ± 16%) for TD,
between 0 and 31% (mean: 16 ± 8%) for SHC, and between 5
and> 100% (mean: 64 ± 24%) for RHP. The standard deviation of the
mean formation values ranges between approximately 0.3 and 1.1W/
(m K) for TC (lowest SD for the homogeneous Chalk Group, highest for
the heterogeneous Tønder Formation; average SD: 0.5W/[m K]), be-
tween approximately 0.1 and 0.5 ∙ 10−6 m²/s for TD (lowest SD for
Flyvbjerg Member, highest for Tønder Formation; average 0.3 ∙ 10−6

m²/s), between approximately 110 and 280 J/(kg K) for SHC (lowest for
Zechstein Formation, highest for Tønder Formation; average 200 J/
[kg K]), and between 0.06 and 0.68 μW/m³ for RHP (lowest for Zech-
stein Formation, highest for Tønder Formation; average 0.3 μW/m³),
respectively.

5.3. Effect on modelled geotherms

The effect of the basin-wide TC variation on the subsurface tem-
perature is quantified by conducting 1D temperature models at three
well locations. For each well, the modelled geotherms show large var-
iations depending on the local geology and the implemented formation

Fig. 5. Well-specific mean formation values of thermal conductivity, thermal diffusivity, and specific heat capacity of the Gassum Formation versus depth (top right),
formation sandstone fraction (bottom left), and volume fraction of shale (bottom right).
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TC values. The results are visualized in Fig. 7, where the implemented
heat-flow profiles are shown as well, and summarized in Table 2.

For the Aars-1/1 A well (Fig. 7; A), the predicted temperature at a
depth of approximately 3200m ranges between a minimum of 69 °C
(maximum basin formation TC values) and a maximum of 122 °C
(minimum basin formation TC), and the delta is 53 °C. The temperature
at that depth predicted from the average basin formation conductivity
is 86 °C, whereas the temperature logged during the 2014 campaign
recorded values of 107 °C (pers. communication N. Balling). Compu-
tations with a continuous TC profile results in a temperature of 102 °C
at that depth. The additional consideration of a well-specific heat-flow
profile yields 107 °C and thus the closest fit to the measured tempera-
tures. The averaged absolute misfit to the logged temperatures along
the borehole is 19.0 ± 4.3% for the application of mean formation TC
values and regional heat flow, 8.6 ± 2.7% for a continuous TC profile
and regional heat flow, and 1.5 ± 0.6% for a continuous TC profile and
a site-specific heat-flow profile.

For the Stenlille-1 well (Fig. 7; B), the predicted temperature at a
depth of approximately 1250m is in the range of 30–41 °C (delta:
11 °C). The predicted temperature from the average basin formation
conductivity is 33 °C, whereas the logged temperature (1986 campaign)
is 41 °C. The application of continuous TC profiles computes 36 °C (with
regional heat flow) and 41 °C (with a site-specific heat-flow profile).
The averaged absolute misfits are 13.9 ± 3.5%, 4.2 ± 3.5%, and
1.8 ± 0.7%, respectively.

For the deepest well, Mors-1 (Fig. 7; C), the predicted temperature
at a depth of 5200m is in the range of 120–225 °C (delta: 105 °C). The
predicted temperature from the application of mean basin formation

conductivity is 157 °C, whereas the corrected bottom-hole temperature
is reported as 135 °C (Poulsen et al., 2012). The application of a con-
tinuous TC profile and regional heat flow results in 127 °C the max-
imum depth and thus a misfit of approximately 8 °C (6%).

6. Discussion

6.1. Reliability of the computed mean formation thermal properties in the
Danish Basin

Profiles of petrophysical properties (λ, α, cp, H, φ, and ρb) were
calculated from geophysical logs at 23 wells in the DB. Rock thermal
property profiles were predicted from combinations of VSH, RHOB, DT,
U and PHIN with at least three geophysical well logs to minimize the
expected absolute prediction error along the borehole (usually 5–10%
for 3–5 logs). The predicted profile with the smallest uncertainty (ac-
cording to the Appendices of Fuchs et al., 2015) is used as the best
prediction profile. All the predicted profiles of a specific parameter
were used to quantify the uncertainty of the mean formation values
resulting from the use of varying well-log combinations. For all the
wells, these additional uncertainties averaged 11% (TC), 14% (TD), and
7% (SHC) (Section 6.1) and need to be considered when the regional
variability of mean formation values is analysed.

A validation of the predicted profiles on measured core data is de-
sirable, but could not be realized systematically because of a lack of
sufficiently dense sampled data on rock thermal properties in the DB as
well as the general challenges for this term discussed in the background
chapter. In particular, data for TD and SHC are not available. For TC

Fig. 6. Upper panels: boxplot (min, Q0.25, median, Q0.75, max) of the mean formation values of thermal conductivity (TC), thermal diffusivity (TD), specific heat
capacity (SHC), and radiogenic heat production (RHP). Lower panels: Maximum variability (dark grey bars) and average prediction uncertainties (red-crosshatched
fraction of the maximum variability) of mean formation values (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article).
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Table 1
Variability of mean formation values for petrophysical rock properties in the Danish Basin.

System Formation Thermal conductivity [W/(mK)] Thermal diffusivity [10−6 m²/s]

mean sd min Q0.25 Q0.5 Q0.75 max n mean sd min Q0.25 Q0.5 Q0.75 max n

Cenozoic Post Chalk Section 2.11 0.39 1.83 1.97 2.11 2.24 2.38 2 0.51 0.10 0.45 0.48 0.51 0.55 0.58 2
Cretaceous Chalk Group 2.64 0.26 2.19 2.39 2.72 2.83 3.02 21 0.85 0.21 0.33 0.76 0.92 0.97 1.12 21

Rødby/Vedsted Fm. 2.09 0.70 1.41 1.73 2.06 2.41 3.80 22 0.69 0.23 0.08 0.59 0.67 0.87 1.15 22
Jurassic Frederikshavn Fm. 2.35 0.34 1.77 2.13 2.37 2.58 2.92 17 0.83 0.20 0.34 0.71 0.88 0.94 1.24 17

Børgleum Mb. 1.71 0.29 1.42 1.53 1.57 1.84 2.29 10 0.48 0.15 0.33 0.36 0.44 0.51 0.79 10
Flyvbjerg Mb. 2.08 0.46 1.67 1.75 1.87 2.29 2.96 7 0.72 0.14 0.56 0.61 0.65 0.85 0.90 7
Haldager Sand 2.66 0.51 1.71 2.31 2.66 2.94 3.65 15 1.01 0.26 0.35 0.93 1.12 1.19 1.32 15
Fjerritslev Fm. 1.98 0.68 1.38 1.60 1.81 2.36 3.54 20 0.67 0.27 0.29 0.51 0.62 0.85 1.15 20

Triassic Gassum Fm. 2.50 0.55 1.67 2.13 2.35 2.86 3.51 21 0.97 0.28 0.45 0.72 0.96 1.11 1.53 21
Vinding Fm. 2.54 0.60 1.93 2.04 2.24 2.98 3.58 19 0.98 0.22 0.58 0.86 0.97 1.11 1.30 19
Oddesund Fm. 2.53 0.60 1.71 2.24 2.38 2.83 3.60 12 0.99 0.39 0.37 0.85 0.94 1.15 1.73 12
Tønder Fm. 2.85 1.11 1.85 2.22 2.57 3.20 4.41 6 1.15 0.48 0.72 0.76 1.10 1.49 1.69 6
Falster Fm. 2.74 0.34 2.07 2.61 2.71 3.02 3.15 12 1.08 0.23 0.58 0.99 1.05 1.26 1.35 12
Ørslev-Fm. 2.93 0.43 2.11 2.60 3.03 3.29 3.45 10 1.22 0.22 0.79 1.10 1.23 1.37 1.52 10
Bunter Sandstone 2.80 0.35 2.11 2.60 2.82 2.99 3.37 12 1.18 0.23 0.83 1.05 1.16 1.27 1.61 12
Bunter Shale 2.51 0.38 1.93 2.35 2.47 2.50 3.12 11 1.09 0.18 0.90 0.97 1.06 1.17 1.51 11

Permian Zechstein 4.09 0.83 3.20 3.34 4.11 4.60 4.95 7 1.97 0.48 1.37 1.54 1.93 2.29 2.84 7
mina 1.71 0.26 1.38 1.53 1.57 1.84 2.29 0.48 0.14 0.08 0.36 0.44 0.51 0.58
averagea 2.53 0.53 1.88 2.21 2.46 2.81 3.39 0.96 0.26 0.55 0.81 0.95 1.11 1.37
maxa 4.09 1.11 3.20 3.34 4.11 4.60 4.95 1.97 0.48 1.37 1.54 1.93 2.29 2.84

System Formation Specific heat capacity [J/(kg‧K)] Radiogenic heat production [μW/m³]

mean sd min Q0.25 Q0.5 Q0.75 max n mean sd min Q0.25 Q0.5 Q0.75 max n

Cenozoic Post Chalk Section 2283 19 2269 2276 2283 2289 2296 2 0.64 0.11 0.56 0.60 0.64 0.67 0.71 2
Cretaceous Chalk Group 1894 180 1653 1798 1840 1950 2402 21 0.15 0.14 0.04 0.08 0.12 0.17 0.64 18

Rødby/Vedsted Fm. 1907 197 1529 1802 1877 1994 2412 22 1.06 0.35 0.67 0.86 1.03 1.14 2.45 23
Jurassic Frederikshavn Fm. 1681 203 1395 1514 1665 1851 2050 17 0.87 0.21 0.50 0.70 0.96 1.01 1.12 16

Børgleum Mb. 1912 219 1677 1772 1811 2093 2307 10 1.25 0.22 0.86 1.18 1.31 1.36 1.58 10
Flyvbjerg Mb. 1774 155 1567 1692 1780 1815 2057 7 1.01 0.24 0.70 0.90 1.02 1.02 1.47 7
Haldager Sand 1601 231 1271 1452 1531 1707 2071 15 0.69 0.22 0.32 0.55 0.63 0.83 1.15 15
Fjerritslev Fm. 1726 135 1320 1688 1727 1797 1956 20 1.22 0.38 0.71 0.98 1.19 1.32 2.12 23

Triassic Gassum Fm. 1608 275 1143 1416 1587 1776 2182 21 0.92 0.25 0.43 0.68 0.97 1.12 1.30 23
Vinding Fm. 1636 176 1305 1548 1604 1742 1961 19 0.91 0.35 0.59 0.73 0.84 0.95 1.90 11
Oddesund Fm. 1529 251 1106 1445 1482 1631 1972 12 1.07 0.43 0.54 0.94 0.97 1.02 2.03 8
Tønder Fm. 1433 279 1103 1291 1430 1572 1770 6 1.18 0.68 0.75 0.75 0.89 1.32 2.19 4
Falster Fm. 1391 238 965 1237 1390 1552 1791 12 0.98 0.38 0.59 0.70 0.89 1.11 1.65 10
Ørslev-Fm. 1273 213 931 1147 1356 1418 1530 10 1.07 0.38 0.72 0.80 0.99 1.31 1.87 10
Bunter Sandstone 1277 220 1039 1107 1204 1413 1680 12 0.98 0.37 0.35 0.80 1.00 1.16 1.61 10
Bunter Shale 1230 159 1028 1117 1173 1321 1485 11 1.17 0.34 0.77 0.99 1.15 1.26 1.85 9

Permian Zechstein 1007 114 850 933 1007 1072 1173 7 0.13 0.06 0.02 0.10 0.14 0.16 0.20 8
mina 1007 114 850 933 1007 1072 1173 0.13 0.06 0.02 0.08 0.12 0.16 0.20
averagea 1598 203 1303 1484 1573 1706 1947 0.90 0.31 0.54 0.73 0.87 1.00 1.52
maxa 2283 279 2269 2276 2283 2289 2412 1.25 0.68 0.86 1.18 1.31 1.36 2.45

System Formation Porosity [n/n] Bulk density [g/cm³]

mean sd min Q0.25 Q0.5 Q0.75 max n mean sd min Q0.25 Q0.5 Q0.75 max n

Cenozoic Post Chalk Section n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0
Cretaceous Chalk Group 0.25 0.04 0.19 0.23 0.24 0.27 0.32 17 2.44 0.08 2.25 2.41 2.46 2.49 2.52 15

Rødby/Vedsted Fm. 0.32 0.05 0.16 0.29 0.32 0.34 0.40 21 2.26 0.08 2.08 2.21 2.27 2.30 2.38 21
Jurassic Frederikshavn Fm. 0.26 0.04 0.19 0.23 0.27 0.29 0.33 15 2.32 0.08 2.16 2.27 2.35 2.37 2.43 15

Børgleum Mb. 0.31 0.04 0.26 0.29 0.30 0.32 0.38 10 2.32 0.09 2.20 2.28 2.29 2.40 2.47 9
Flyvbjerg Mb. 0.27 0.03 0.25 0.25 0.26 0.28 0.34 7 2.29 0.06 2.19 2.27 2.28 2.32 2.39 7
Haldager Sand 0.23 0.06 0.15 0.20 0.22 0.29 0.33 13 2.32 0.10 2.19 2.25 2.30 2.38 2.56 14
Fjerritslev Fm. 0.29 0.04 0.17 0.26 0.28 0.31 0.38 21 2.36 0.09 2.15 2.30 2.37 2.42 2.52 20

Triassic Gassum Fm. 0.25 0.07 0.10 0.22 0.26 0.29 0.39 22 2.33 0.08 2.19 2.26 2.33 2.38 2.46 21
Vinding Fm. 0.26 0.05 0.16 0.22 0.28 0.29 0.33 10 2.34 0.08 2.23 2.29 2.32 2.39 2.48 10
Oddesund Fm. 0.23 0.06 0.12 0.21 0.24 0.28 0.30 8 2.37 0.07 2.29 2.32 2.34 2.40 2.48 7
Tønder Fm. 0.25 0.09 0.12 0.23 0.28 0.29 0.30 4 2.36 0.05 2.29 2.34 2.37 2.40 2.41 4
Falster Fm. 0.18 0.06 0.09 0.15 0.20 0.21 0.27 9 2.51 0.06 2.39 2.51 2.53 2.56 2.58 9
Ørslev-Fm. 0.17 0.06 0.06 0.19 0.19 0.21 0.22 9 2.50 0.09 2.35 2.45 2.49 2.57 2.62 9
Bunter Sandstone 0.18 0.06 0.09 0.13 0.20 0.22 0.25 8 2.46 0.07 2.36 2.39 2.46 2.50 2.57 9
Bunter Shale 0.17 0.06 0.03 0.15 0.18 0.20 0.23 8 2.51 0.08 2.38 2.48 2.51 2.56 2.64 8

Permian Zechstein 0.06 0.05 0.01 0.02 0.05 0.10 0.14 7 2.48 0.19 2.25 2.34 2.48 2.67 2.72 9
mina 0.06 0.03 0.01 0.02 0.05 0.10 0.14 2.26 0.05 2.08 2.21 2.27 2.30 2.38
averagea 0.23 0.05 0.13 0.21 0.24 0.26 0.31 2.39 0.08 2.25 2.34 2.39 2.44 2.52
maxa 0.32 0.09 0.26 0.29 0.32 0.34 0.40 2.51 0.19 2.39 2.51 2.53 2.67 2.72

Note: a The Post Chalk section is excluded from the computation min/average/max of the standard deviation, according to the small number of samples.
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and to some extend RHP, the most comprehensive studies are provided
by Balling (1979) and Balling et al. (1981) and allow at least a credible
comparison for the lithologically very homogeneous Chalk Group.
Balling and co-workers measured TC values in the range of approxi-
mately 1.6–2.8W/(m K) that average 2.3 ± 0.3W/(m K). In the pre-
sent study mean formation values in the range of 2.2–3.0W/(m K), that
average 2.6 ± 0.3W/(m K), are slightly higher, but in good agreement
with the previously published results.

It also needs to be considered that considerable anisotropies were
observed in the past for some rocks of the selected stratigraphy in the
DB (cf. Balling et al., 1992). However, the anisotropy of TC and TD
cannot be extracted from the well logs with the selected approach.

6.2. Mean formation values and their regional variability

6.2.1. Thermal conductivity
The formation TC values of 1.7–4.4W/(m K) determined for Late

Permian to Cenozoic formations are in the range of common values
expected for sedimentary rocks (cf. Schön, 2011). As this is the first
study of its kind for this field, no equivalent TC data are published that
could be used in a detailed comparison of the same grade. However,
some indications can be taken from recent petrophysical studies in the
North German Basin (NGB). The (Mesozoic) mean formation TC in-
verted from temperature-log values are published in the range of
1.5–3.1W/(m K) (one well; Fuchs and Förster, 2010), 1.5–3.9W/(m K)
(15 wells; Schütz et al., 2013), 1.8–3.5W/(m K), (one well; Sippel et al.,

Fig. 7. 1D temperature profiles calculated from formation TC values for three wells in the DB. Plots show logged temperature profiles (red dashed line), measured
BHT values (red filled squares), the envelope of the predicted temperature profiles (light grey: maximum range; dark grey: inner 50%); predicted temperature from
continuous TC profiles based on the regional heat-flow profile of Balling, 2013 (blue solid line) and the site-specific heat flow (Balling et al., in preparation). The
general HF profile is shown in panel A. The results are summarized for maximum depth in Table 1. Note: varying depth scales (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article).

Table 2
Variation in modelled temperature at depth with maximum recorded temperature.

Well Depth Measured Temp. Based on formation mean TC values and regional HF

Predicted Missfit of mean progn. Missfit of inner 50% Maximum missfit

min Q0.25 mean Q0.75 max Full range 50% range abs. rel. abs. rel. abs. rel.
[m] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [%] [°C] [%] [°C] [%]

Aars-1 3200 107.2 69.4 79.2 85.6 96.7 122.3 53.0 17.5 −21.5 −20% 10.5–28 −10% to −26% −37.8 −35%
Stenlille-1 1250 41.0 29.9 31.7 33.0 36.6 40.7 10.9 4.9 −8.0 −20% 4.5–9.3 −11% to −23% −11.1 −27%
Moors-1 5214 135.0 119.4 139.9 156.8 173.1 224.7 105.3 33.2 21.8 16% 5–38 4%–28% 89.7 66%

Well Depth Measured Temp. Based on cont. TC profiles and regional HF Based on cont. TC profiles and local HF

Predicted Missfit Predicted Missfit

abs. rel. abs. rel.
[m] [°C] [°C] [°C] [%] [°C] [°C] [%]

Aars-1 3200 107.2 101.7 −5.4 −5% 107.7 0.5 < 1%
Stenlille-1 1250 41.0 36.2 −4.9 −12% 40.7 −0.4 < 1%
Moors-1 5214 135.0 n.a. n.a. n.a. n.a. n.a. n.a.
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2013), 1.9–3.1W/(m K) (25 wells; Fuchs and Balling, 2016b). The
overall range of mean formation values for TC are quite comparable to
the present study for the DB. Based on the data of Schütz et al. (2013),
and Fuchs and Balling (2016b) the variability of mean formation TC can
also be calculated. The variability ranges between 15 and 39% (mean:
22 ± 10%) for data reported by Schütz et al. (2013) are remarkably
close to the variability identified by the approach presented in this
paper (range: 13–49%, mean: 23 ± 11%). The variability computed
from the data of Fuchs and Balling (2016b) is between 11 and 49%
(mean: 36 ± 11%). Data from this study shows larger variability but
are uncorrected in terms of the uncertainties introduced by the use of
varying well-log combinations (cf. Section 6.1). Considering average
uncertainty identified reduces the mean variability to approximately
25% and the maximum variability to approximately 38%, which is
close to the observations of the present study as well.

6.2.2. Radiogenic heat production
The Mesozoic mean formation RHP values of up to 2.5 μW/m³

(minimum of 0.3 μW/m³ for clastic-dominated formations; mean:
0.9 ± 0.3 μW/m³) determined from the DB samples are almost iden-
tical to the values between 0 and 2.5 μW/m³ (mean: 1.1 ± 0.7 μW/m³)
measured by Balling et al. (1981) from drill core samples in the DB and
in a line with log-derived values of 0.4–1.8 μW/m³ reported by Norden
and Förster (2006) for post-Permian sediments in the NGB. Claystone-
rich formations, like the Børgleum Member or the Fjerritslev Formation
show the highest heat production in the DB (means: 1.25 ± 0.22 μW/
m³ and 1.22 ± 0.38 μW/m³), whereas limestones and evaporite rocks
of the Chalk Group and the Permian Zechstein Formation consistently
show the lowest heat production, usually between 0 and 0.3 μW/(m³)
(means: 0.15 ± 0.14 μW/m³ and 0.13 ± 0.06 μW/m³, respectively).
With the exception of the latter two, the majority of geological for-
mations show a maximum variability in the RHP (typical range:
30–80%) much larger than that for TC, in agreement with previous
observations from core studies (e.g., Vilà et al., 2010).

6.2.3. Specific heat capacity and thermal diffusivity
Mean formation values for SHC range between 900 and 2500 J/

(kg K) and are thereby in the common range expected for sedimentary
rocks (Schön, 2011). As water has a SHC five to seven times higher than
that of the mineral rock matrix (usually between 550 and 850 J/(kg K),
porosity and the pore-filling fluid water dominate the bulk SHC. As
porosity is to some extent also a function of depth, a general trend of
decreasing porosity with depth is consequently obtained from our
analysis. The highest values for bulk SHC of> 1900 J/(kg K) are ob-
served only for the shallow formations of Cenozoic and Cretaceous age.
Jurassic and Triassic units, in contrast, range between 1200 and
1900 J/(kg K) and deep Zechstein evaporites average a minimum of
approximately 1000 J/(kg K). This observation is also supported by the
non-correlation of SHC with the formation sandstone or shale fraction.
The maximum variability of formation SHC ranges between 0 and 31%
and averages approximately 16 ± 8%. It is significantly lower than the
variability of formation values observed for TC and RHP. Formation
values for SHC and TD were not determined in previous studies and
hence could not be used for comparison.

6.3. Effect on temperature models

The forward computation of 1D-borehole geotherms reveals the
large impact of the variability of formation TC on the subsurface tem-
perature. Considering the basin-wide mean formation conductivity (cf.
Table 2), the misfit between predicted temperature (at maximum
depth) and measured temperature is on the order of 20% (range:
−21 °C–21.8 °C) for all three wells. The largest temperature deviations
are on the order of 27–66% (range: −38 to 90 °C). Both results de-
monstrate the strong impact of regional rock TC variability on the
predicted subsurface temperatures. The often-taken assumption that

observations of rock/formation TC from single locations in a basin are a
sufficiently representative parameter for geothermal models is not
supported by our data and afflicted with large uncertainties in modelled
temperatures. For the present analysis, uncertainties of the modelled
temperatures are introduced on the order of± 20% on average by using
basin wide homogenous rock TC values for geological formations. In the
case of a poor or even unlucky selection (extreme value in terms of the
basin mean) of the particular anchor well, this effect can locally be
identified and easily multiplied (to factor 2 or 3). For the case that
numerical temperature models (with constant layer parameter values)
are calibrated against observations, the present study gives some in-
dication as to the amount of uncertainty that has to be taken into ac-
count in areas where no temperature control is available. Steps towards
improving the reliability of subsurface temperature models, including
models for the DB and the northern part of the NGB, were taken by
Fuchs and Balling (2016a); Balling et al. (2016) and Poulsen et al.
(2017) by applying inverse model calibration procedures, where initial
estimates of model layer conductivities were adjusted to obtain the best
agreement with measured borehole temperatures, where available.
Further improvements may be obtained by using the present procedure
with log-derived TC values as prior estimates for inverse parameter
optimization.

7. Summary and conclusion

From this study, a comprehensive set of data on thermal con-
ductivity, thermal diffusivity, specific heat capacity, radiogenic heat
production, density, and porosity is now available for future geothermal
or hydrocarbon studies in the Danish Basin. The variability of these
parameters was systematically studied based on a detailed analysis of
geological bore logs and geophysical well-log data from 23 wells in the
Danish Basin. In terms of thermal diffusivity and specific heat capacity,
the initial application of well logs allowed the initial computation of
mean formation values and their variability in the Danish Basin and
beyond. The analysis reveals that all the studied formation rock thermal
properties display a larger variability than previously applied in geo-
thermal or basin modelling studies. The main conclusions from the
presented work can be summarized as follows:

• Using petrophysical well logs for the indirect determination of rock
thermal properties can help map their spatial variability and thus
significantly reduce uncertainties in modelled temperatures. The
present study provides parameter predictions for the Late Permian
to Cenozoic depth section but with particular bearing for those
sections that are usually out of the focus of hydrocarbon or geo-
thermal exploration campaigns and where few or no data are
available.

• In addition to the slightly more common application for thermal
conductivity and radiogenic heat production, the present study is
the first to demonstrate its novel use for the determination of
thermal diffusivity and specific heat capacity.

• The statistical values for geological formations based on continuous
log data and are not afflicted with the upscaling problem often seen
and discussed in laboratory studies of drill cores or cuttings. The
new comprehensive dataset of petrophysical (φ and ρb) and, in
particular, rock thermal properties (λ, α, cp, and H) for Late Permian
to Cenozoic geological formations are therefore available as reliable
and unique input for future geothermal models of the Danish Basin.

• Ignoring formation parameter variability happens at the cost of
additional and significant uncertainties of modelled results com-
pared to measured temperatures. As our results demonstrate, un-
certainties are up to 20% on average and can be even higher locally.
These observations can thereby provide helpful advice for reason-
able parameter variation limits in the input or post-processing ca-
libration procedure for geothermal models in sedimentary basins of
similar genesis to the Danish Basin. The author anticipates that the
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well-log-based analysis of the regional thermal-rock-property
variability that feeds a priori the model parameterisation and pos-
teriori the inverse calibration will lead to significantly lower un-
certainty in temperature calculations, in particular but not ex-
clusively for areas and depths where temperature observations are
unavailable.
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Appendix A

See Table A1.

Table A1
Wells in the Danish Basin.

# Well name Year Status Latitude Longitude Depth [m]

1 Aars-1/1 A 1979 studied 56°47'43.53" 09°30'33.76" 1,685
2 Farsø-1 1982 studied 56°46'53.04" 09°21'49.68" 2,928
3 Felicia-1 1987 studied 57°26'17.60" 08°18'41.02" 5,281
4 Hobro-1 1974 studied 56°36'30.00" 09°38'04.00" 2,578
5 Hyllebjerg-1 1976 studied 56°48'53.00" 09°20'54.00" 2,855
6 Jelling-1 1992 studied 55°44'21.50" 09°22'33.00" 1,933
7 Karlebo-1/1 A 2007 studied 55°55'12.90" 12°25'04.09" 2,444
8 Kvols-1 1976 studied 56°31'49.00" 09°17'56.00" 2,622
9 Linde-1 1980 studied 56°26'00.05" 08°26'30.25" 2,213
10 Løve-1 2011 studied 55°48'08.02" 09°22'52.47" 2,375
11 Mejrup-1 1987 studied 56°22'38.90" 08°40'36.30" 2,482
12 Mors-1 1967 studied 56°54'00.00" 08°53'05.00" 5,303
13 Nøvling-1 1966 studied 56°10'09.00" 08°48'36.00" 3,700
14 Oddesund-1 1976 studied 56°33'36.70" 08°34'10.10" 3,540
15 Rødding-1 1976 studied 56°38'49.00" 08°48'18.00" 2,163
16 Rønde-1 1966 studied 56°18'14.00" 10°26'06.00" 5,259
17 Skive-1 1976 studied 56°37'38.00" 09°00'11.00" 2,290
18 Skive-2 1985 studied 56°35'37.70" 09°00'21.20" 1,421
19 Stenlille-1 1980 studied 55°32'38.24" 11°37'06.41" 1,622
20 Stenlille-19 2000 studied 55°32'01.03" 11°35'55.30" 2,521
21 Thisted-2 1982 studied 56°57'55.97" 08°42'56.73" 3,251
22 Thisted-4 1985 studied 57°01'16.81" 08°41'53.18" 3,381
23 Voldum-1 1974 studied 56°23'02.20" 10°16'00.70" 2,277
24 C-1X 1968 screened 56°36'41.50" 07°40'00.00" 3,208
25 Erslev-1 1980 screened 56°48'09.80" 08°46'14.90" 3,465
26 Erslev-2 1980 screened 56°48'43.26" 08°46'31.12" 3,397
27 Fjerritslev-1 1958 screened 57°04'52.00" 09°12'56.00" 910
28 Fjerritslev-2 1958 screened 57°05'46.00" 09°15'05.00" 2,337
29 Gassum-1 1951 screened 56°33'45.00" 10°00'18.00" 3,404
30 Horsens-1 1958 screened 55°56'11.10" 09°54'13.24" 1,672
31 Lavø-1 1959 screened 56°01'59.16" 12°10'31.30" 2,413
32 Margretheholm-1 2003 screened 55°41'21.24" 12°38'00.72" 2,210
33 Margretheholm-2 2004 screened 55°41'23.17" 12°38'04.98" 3,290
34 Slagelse-1 1959 screened 55°22'21.84" 11°22'41.32" 2,934
35 Stenlille-2 n.a. screened 55°32'17.33" 11°36'39.17" n.a.
36 Stenlille-3 n.a. screened 55°32'17.00" 11°36'18.00" n.a.
37 Stenlille-4 n.a. screened 55°31'06.47" 11°35'13.70" n.a.
38 Stenlille-5 n.a. screened 55°32'08.25" 11°37'33.24" n.a.
39 Stenlille-6 n.a. screened 55°33'28.75" 11°39'08.52" n.a.
40 Stenlille-7 n.a. screened 55°32'18.00" 11°36'27.00" n.a.
41 Stenlille-8 n.a. screened 55°32'18.94" 11°36'25.82" n.a.
42 Stenlille-9 n.a. screened 55°32'17.98" 11°36'25.54" n.a.
43 Stenlille-10 n.a. screened 55°33'00.13" 11°35'58.77" n.a.
44 Stenlille-11 n.a. screened 55°32'19.10" 11°36'24.10" n.a.
45 Stenlille-12 n.a. screened 55°32'18.29" 11°36'22.16" n.a.
46 Stenlille-13 n.a. screened 55°32'18.40" 11°36'20.40" n.a.
47 Stenlille-14 n.a. screened 55°32'19.25" 11°36'22.44" n.a.
48 Stenlille-15 n.a. screened 55°30'41.78" 11°33'56.05" n.a.
49 Stenlille-16 n.a. screened 55°32'19.41" 11°36'20.75" n.a.
50 Stenlille-17 n.a. screened 55°32'01.93" 11°35'55.96" n.a.
51 Stenlille-18 n.a. screened 55°32'02.30" 11°35'54.38" n.a.
52 Thisted-1 1967 screened 57°01'26.00" 08°39'10.00" 909
53 Thisted-3 1983 screened 56°57'59.22" 08°44'25.76" 1,208
54 Uglev-1 1951 screened 56°37'34.80" 08°32'08.80" 1,208
55 Vemb-1 1958 screened 56°22'53.40" 08°21'46.84" 1,944
56 Vinding-1 1947 screened 56°17'26.00" 08°41'56.00" 2,372
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