Thermal conductivity and
radiogenic heat production

of sedimentary and magmatic
rocks in the Northeast
German Basin

Ben Norden and Andrea Forster

ABSTRACT

Thermal rock properties were determined for the Northeast German
Basin, a subbasin of the southern Permian basin in Europe. The new
thermal data provide new aspects for the determination of heat
flow and for hydrocarbon and geothermal resource evaluation in
the basin. Thermal conductivity was measured on drill-core samples
using the optical scanning method. Values for Permian and pre-
Permian clastic rocks are variable (2.3-4.8 W/m/K) because of dif-
ferent depositional environments, compaction, and cementation re-
flected in lithology. Permian—Carboniferous igneous rocks show
lowest thermal conductivity in basalts (2.2 W/m/K) and highest
(3.1 W/m/K) in granitoids. Anisotropy of thermal conductivity in
all rocks is low. Formation thermal conductivity was determined
by upscaling the values determined for single lithotypes. Radio-
genic heat production was determined on drill cores for the upper
Paleozoic sediments and igneous rocks. For the younger forma-
tions without sample control, a well-log approach was used. The
heat production of sedimentary rocks is lowest (0.4 pW/m?) in the
Permian (Zechstein) salt and anhydrite and highest (2.1 yW/m?>)
in the Permian (Rotliegende) clastic rocks. Heat production of the
Permian—Carboniferous rhyolites and granitoids is on the order of
2.6-3.8 uW/m?>, and heat production of andesites and basaltoids is
on the order 0of 0.9-1.9 and 0.1-0.7 uW/m?, respectively. The con-
tribution to surface heat flow by these up to 2-km (1.2-mi)-thick
igneous complexes amounts to 7 mW/m? at a maximum. On the
same order is the total heat budget provided by the supra-Permian
sedimentary succession in the basin.
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INTRODUCTION

In recent years, the Northeast German Basin (NEGB)
has been the target of multifaceted geoscientific re-
search. Seismic, magnetic, and gravimetric investigations
were aimed at the interpretation of the geodynamic
origin of the basin in the late Carboniferous, its post-
Permian structural modification, and its geometry and
composition in a global realm. Embedded in this frame-
work were studies that focused on the generation and
migration of hydrocarbons and the use of the basin’s
geothermal potential for district heating and generation
of electrical power. All previous studies relied on knowl-
edge of the physical properties of the rocks compris-
ing the sedimentary fill of the basin and the basement.
However, despite numerous efforts made in the past to
model the basin, no in-depth investigations of the rock
properties involved were made. This article fills this gap
in knowledge by reporting for the first time measured
values of thermal properties (thermal conductivity and
radiogenic heat production) attributed to lithology and
stratigraphy.

The thermal conductivity of rocks is one of the
major factors that affect temperatures in sedimentary
basins and, therefore, should be addressed in basin
analysis. Blackwell and Steele (1989) describe this effect
on the temperature distribution to be significant (on
the order of 50-100%). As a result of different thermal
conductivity, the thermal structure of a basin may change
laterally and vertically even if the heat flow into the
basin is regionally the same. Although there is con-
sensus about the importance of thermal conductivity in
basin studies, little work has been done in measuring
this parameter at basinwide scales. In this article, ther-
mal conductivity was determined in the NEGB for sin-
gle lithotypes and geologic formations of upper Paleo-
zoic age, which formed the target of several decades
of hydrocarbon exploration. This study investigated
whether rocks of the same stratigraphic unit, but from
different regions in the basin, have significantly different
thermal conductivity.

In contrast to the thermal conductivity, the radio-
genic heat production has a second-order effect on the
temperature distribution (20—50%); Blackwell and Steele,
1989). However, the importance of radiogenic heat pro-
duction becomes evident in heat-flow studies and the
modeling of deep sedimentary basins (e.g., Deming
et al., 1990, and references therein). Changes in radio-
genic heat production of the underlying basement cause
heat-flow variations within a sedimentary basin, which,
in turn, change the temperature in direct proportion to

the heat-flow variations. Prior to this study, no data on
radiogenic heat production were available for the NEGB.
Thus, it was timely to determine this parameter for
lithotypes and geologic formations and to quantify the
heat budget of thick volcanic series and of the sedimen-
tary succession in the basin.

In conjunction with previously analyzed borehole
temperature data (Forster, 2001), the thermal data of
this article constitute the basis for the determination
and interpretation of the surface heat flow in the NEGB
(B. Norden, 2005, unpublished data). In addition, the
new data alter thermal-maturation models of the basin.
Although the study briefly quantifies expected changes,
a comprehensive maturation study, however, is beyond
the scope of this article.

The experiences and data reported here may also
be useful for future thermal studies in neighboring ba-
sins of similar geology.

GEOLOGICAL SETTING

The NEGB is a subbasin of the southern Permian Basin
in Europe (Ziegler, 1990; Glennie, 1998) extending
from the middle of England to Poland (Figure 1). To
the west, the NEGB is connected with the Northwest
German Basin. The NEGB is bordered on the north by
the Tornquist—Teisseyre zone and the Caledonian de-
formation front and on the south by the Elbe Line. The
basin initiation started after the main consolidation of
central Europe, which occurred in the Devonian to Car-
boniferous and is known as the Variscan orogeny.

Permian rocks in the basin are underlain by a base-
ment of variable composition and age. The basement
is subdivided into the Variscan-age fold and thrust zone
(folded rocks of pre-Permian age) in the south and the
Variscan-age foreland basin (unfolded pre-Permian
rocks) in the north (Figure 2). In the latter, Carbonif-
erous and Devonian rocks discordantly overlie base-
ment units that were either folded during the Cale-
donian orogeny (northern part) or consolidated in earlier
times (southern part).

Tectonic movements in the late Carboniferous
have caused activation of fault systems associated with
the emplacement of up to 2000-m (6600-ft)-thick
Permian—Carboniferous volcanic series (Figure 2) in
pull-apart basins (Benek et al., 1996). These volcanic
rocks comprise 70% rhyolites (including ignimbrites),
26% andesites, and about 4% basalts (including dole-
rites) (R. Benek, 1995, personal communication). The
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Figure 1. Location of the Northeast German Basin (NEGB) as part of the mid-European basin system with inset map showing the
Permian-Carboniferous magmatic provinces: Mecklenburg Vorpommern, Riigen, Altmark Flechtingen Subhercyn, and East
Brandenburg. Gray area shows the distribution of Rotliegende sediments. NWGB = Northwest German Basin; PT = Polish trough;
EL = Elbe Line; STZ = Sorgenfrey-Tornquist zone; TTZ = Theisseire-Tornquist zone; RFH = Rynkabing-Fyn high; MAH = Man-Arkona
high; CDF = Caledonian deformation front; VDF = Variscan deformation front (modified from Ziegler, 1990; Benek et al., 1996;
Lokhorst, 1998; Scheck and Bayer, 1999).
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Figure 2. Schematic cross section of the Northeast German Basin (NEGB) (modified from Franke et al., 1996). The tectonically
relative undisturbed Rotliegende succession is overlain by highly deformed post-Rotliegende sediments. Note the Zechstein salt
domes. Vertical exaggeration = approximately 24-fold. For abbreviations, see Figure 1.
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Devonian rocks in the Variscan fold and thrust zone
(Flechtingen area, Figure 3) in the south reflect a
pelagic milieu with flysch sedimentation.

The Carboniferous Tournaisian and Visean (Mis-
sissippian, cf. Figure 3) are characterized by the clastic
terrigenous Culm facies in the south and the Carbon-
iferous Limestone facies in the Variscan foreland basin
in the north. The area of transition between the two
facies domains is unknown. For the Carboniferous Na-
murian, Westphalian, and Stephanian (Mississippian
and Pennsylvanian, cf. Figure 3), some significant hia-
tuses are known. Thus, the central and northern Riigen
area is devoid of Namurian deposits. Farther south in
Vorpommern, Namurian and Westphalian sediments
reflect mainly terrestrial mud-flat conditions with local
coal deposits. The central part of the NEGB consists of
carbonaceous mudstones and siltstones with subordi-
nate coal seams. Westphalian and Stephanian sediments
in the northern region represent both alluvial-fan envi-
ronment and sand-flat environment.

Near the end of the Carboniferous, the humid cli-
mate increasingly became arid and was responsible
for fluvial and eolian processes forming the Permian
Rotliegende sediments (Figure 3). These sediments rep-
resent different sedimentary facies (Glennie, 1998).
Studies in the NEGB (e.g., Gast et al., 1998) have
shown that in the proximity of the basin’s margins
(the supply areas), braided-plain deposits and alluvial
fans are dominant. In distal areas, mud-flat and playa-
lake sediments are present. The transition zone between
proximal and distal areas of sediment supply is domi-
nated by sediments of fluvial origin; lacustrine and sabkha
sediments are subordinate. A few eolian sediments, pre-
served mainly at the southern margin of the basin, are
reworked fluviatile deposits. The Altmark and Miiritz
subgroups of the Rotliegende (Figure 3) consist of
fluvial-lacustrine siltstones and mudstones interbedded
with pebbly sandstones and breccias (Gebhardt et al.,
1995). Because these sediments are preserved only in
local depressions, information about their facies devel-
opment is scarce. In the lower Havel Subgroup (Parchim
Member), braided-plain deposits are prevalent, which
change to sand-flat sediments in the basin center. During
deposition of the Mirow Member, the silty and muddy
sediments of the mud-flat facies became more wide-
spread, and the interbedded fluviatile sandstones re-
treated. During deposition of the Elbe Subgroup (time
of main basin subsidence), fluviatile sandstones are
typical particularly in the south, whereas in the north,
where the basin was passive, muddy sediments pre-
dominate (Plein, 1995). In the basin center, perennial

playa-lake, cyclic mud sediments and salt sediments
were deposited at that time. The mud-flat facies ex-
panded during Elbe time, so that the fluviatile in-
fluence at the margin decreases (Rieke, 2001).

Later, these sediments were compacted and ce-
mented. Early to late diagenetic cements are illite,
quartz, albite, anhydrite, calcite, dolomite, haematite,
halite, barite, siderite, and chlorite (Schmidt Mumm
and Wolfgramm, 2002). Baisert (1990) describes the
basin center as an anhydrite- and halite-marked diagen-
etic province and the basin margin as an area of vari-
able and often incomplete cementation, in which quartz
and feldspar dominate. This implies that the effective
porosity of the rocks, on average, is lower in the basin
center than at the margin. Gast et al. (1998) report a
correlation between facies and cementation and show
that the sabkha-type sandstones exhibit up to 50% of
anhydrite-halite cements, whereas the eolian sandstone
at the basin margins contain nearly 100% quartz-feldspar
cements.

SAMPLING

For laboratory measurements, mostly the Permian Rot-
liegende (Figure 3) clastics were sampled from the drill-
core archives. Because sedimentary rocks of the Altmark
and Miiritz subgroups are preserved almost exclusively
in local structural lows, most samples were from the
younger Havel and Elbe subgroups covering the entire
basin. Few samples were obtained from the Devonian
and Carboniferous sedimentary succession. Samples of
Permian—Carboniferous volcanic rocks are from differ-
ent magmatic provinces and comprise rhyolites, ande-
sites, and tholeiitic and alkali basalts.

The drill cores sampled were primarily from bore-
holes (Figure 4) in which good-quality temperature logs
are available for heat-flow determination (B. Norden,
2005, unpublished data). Well logs suitable for the study
were selected whenever they were available.

BACKGROUND ON THERMAL PROPERTIES
Thermal Conductivity

Thermal conductivity is dependent on composition
and geometry of the rock matrix, on porosity, and on
pore medium. Additional influences in the situation
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Figure 4. Borehole sites from which cores
were collected in the archives of the geological
surveys and of the oil and gas industry and from
which gamma-ray (GR) logs were used for the
determination of radiogenic heat production.
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of a deeply buried rock are pressure and temperature
(e.g., Schoén, 1996). Measurements of thermal con-
ductivity cover a wide spectrum of techniques that can
be subdivided into direct (laboratory) and indirect (well-
logging) approaches. In the past, the most used direct
method has been the steady-state divided-bar technique,
where either saturated or nonsaturated rock was inves-
tigated. Other techniques use transient heat sources.
For example, line sources are deployed in the pulsed
line-source approach (Lewis et al., 1993) and in the
needle-probe technique and the half-space line-source
methods. The latter two techniques are described and
referenced in more detail by Blackwell and Steele (1989)
and Pribnow and Sass (1995). A different type of direct
method recently introduced is termed “optical scan-
ning”’ (Popov et al., 1999). This method is based on
scanning a sample surface with a focused, movable heat
source in combination with a temperature sensor. Com-
parison of results from divided-bar, line-source, and
optical-scanning measurements (Popov et al., 1999) has
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shown that all these methods work equally well within
their combined error, producing consistent results. How-
ever, the optical-scanning method excels in its high
precision (1.5%) and accuracy (1.5%) and a short time
of measurement, as well as a recording of the thermal-
conductivity distribution along a scanning line on a
sample. The thermal-conductivity distribution enables
a detailed study of the heterogeneity of the sample.
Therefore, the technique is also of special interest for
studying the physical properties of porous sedimentary
rocks under dry and fluid-saturated conditions (Popov
et al., 2003; Hartmann et al., 2005).

Recently, studies focused on determining thermal
conductivity from well logs. Although this approach
could circumnavigate the problem of biased single-
point rock sampling for laboratory measurements and
could provide thermal-conductivity values along the
entire borehole profile, its use was precluded in the
NEGB because of poor quality and the limited num-
ber of logs available.

Thermal Conductivity and Heat Production of Sedimentary and Magmatic Rocks



Radiogenic Heat Production

Rocks exhibit a natural radioactivity caused by the decay
of natural radionuclides (e.g., Schon, 1996). The three
types of isotope decay series abundant in rocks are the
uranium series (decay of #**U and ?*°U), the thorium
series (decay of 2*?Th), and the decay of the potassium
isotope “°K. The radioactive heat generation (A) in
uW/m? as a result of isotope decay is expressed after
Rybach (1976) as

A=p (952 U+256 Th+3.48K) 107> (1)

where p is density of the rock (in kg/m?), U and Th are
the contents of uranium and thorium (in ppm), and K
is the content of potassium (in wt.%).

The whole rock abundances of U, Th, and K, in
principle, can be determined by chemical analysis, by
gamma-spectroscopic measurements, and from gamma-
ray (GR) borehole logs. The latter approach developed
by Biicker and Rybach (1996) uses a linear relationship
between natural total gamma-ray logs from industrial
exploration (in API units; see Anonymous, 1974) and
laboratory-measured heat production (4, yW/m®):

A =0.0158 (GR[API] - 0.8) )

The equation is validated for API values less than
350° and is estimated to give an error of less than 10%.

THE ANALYSIS
Thermal Conductivity

Thermal conductivity (A) was determined under dry con-
ditions on 329 core samples (196 samples of Permian
[Rotliegende] sedimentary rocks, 53 samples of pre-
Permian sedimentary rocks, and 80 samples of Permian—
Carboniferous igneous rocks). The measurements were
made with an optical-scanning device (Lippmann and
Rauen, GbR) using the principle and the sample prep-
aration as described by Popov et al. (1999). Sample
thickness was greater than 3 cm (1.2 in.), and the length
of the core samples was greater than 4 cm (1.6 in.). The
error of determination was less than 3%.
Measurements were performed (1) in the direction
of principal (vertical) heat flow (on the top or bottom
of a cylindrical drill-core sample) and (2) perpendicular

to this direction (on a plane along the vertical core axis).
For most of the Lower Permian sediments, these direc-
tions of measurement give principally the thermal con-
ductivity perpendicular to bedding (A,) in situation 1,
and a thermal conductivity parallel to bedding (A in
situation 2. The ratio of the measured maximum ther-
mal conductivity (Amay) to the measured minimum ther-
mal conductivity (Am,) is the anisotropy ratio (An).
Thermal conductivity determined on dry samples
was corrected to saturated conditions using the geo-
metric mean model (see, e.g., Woodside and Messmer,

1961a, b):

lgeo = 7\’rln7a?rix Xgore (3 )
where g, is thermal conductivity according to the geo-
metric mean; Amauix is thermal conductivity of the ma-
trix; Apore is thermal conductivity of the pore fill (air =
0.026 W/m/K or water = 0.6 W/m/K); and ¢ is the
porosity. On a subsuite of samples, thermal conductivity
was measured under water-saturated conditions (Agm),
which allowed a comparison with a calculated thermal
conductivity for water saturation (Agae.). Porosity needed
in these calculations was determined by the mass change
between dehydrated and saturated states of the sample
(Archimedes’ method). Samples first were dried at 60°C
and then saturated by submerging them in water inside a
sealed vacuum chamber. Modal analyses (Rieke, 2001;
this study) were used to describe the pore cements.

Radiogenic Heat Production

The contents of U, Th, and K were measured by chemi-
cal analysis in 34 samples. Uranium and thorium was
determined by inductively coupled-plasma mass spec-
trometry (ICP-MS; Perkin-Elmer/Sciex Elan Model
5000a) according to the method and with the precision
and accuracy outlined by Dulski (2001). Potassium was
analyzed by wavelength-dispersion x-ray fluorescence
spectrometry (XRF; Bruker/Model axs SRS303-AS,
SPECTRA 3000 software) using fused lithium tetra-
borate discs. The contents of U, Th, and K of Permian—
Carboniferous magmatic rocks were complemented
by other data (R. Benek, 1995, personal communica-
tion; Benek et al., 1996).

In addition, in 18 samples, the concentrations of U,
Th, and K were determined by gamma-ray spectrom-
etry using a coaxial germanium semiconductor detec-
tor (HPGe, p type; EG&G Ortec/Perkin Elmer Instru-
ments). The detector, based on the gaseous electron
multiplier technology, has a resolution of 1.71 keV
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(1.33MeV, *°Co, 6 us), a peak-to-Compton ratio (which
is the key indicator of a detector’s ability to distin-
guish low-energy peaks in the presence of high-energy
sources) of 70 (°°Co, 6 us), and a relative efficiency of
41.1% (1.33 MeV, °Co, 6 ps). It was placed in cylin-
drical, 10-cm (4-in.)-thick old lead shielding to reduce
background radiation originating from building mate-
rials and cosmic rays. This compartment was lined with
2-mm-thick copper to absorb secondary radiation. An
amount of about 400 g of each sample was placed in a
Marinelli beaker after the sample was crushed to less
than 2 mm and rested for 2—3 weeks to adjust to radio-
active steady state. The relative error for the determi-
nation of the U content is 11%, and the relative error
for the determination of the Th and K content is 5 and
1%, respectively.

Total-count gamma-ray (GR) logs were available
for this study. These logs, routinely obtained in the
NEGB until the 1990s during hydrocarbon exploration,
were measured with Geiger—Miiller counters calibrated
using Co-60 emitters (S. Fricke, 2001, personal com-
munication) and recorded in GEs (Gamma-Einheiten).
The logs were corrected first for the borehole condi-
tions (borehole diameter and density of the drilling
mud) and second, for the size and position of the re-
cording unit used. Logs of a generally abnormal char-
acter were discarded. Abnormal logs could be either a
result of abnormal drill-mud composition (bentonite
or KCI mud) or because of gas entry into the well.

To use Biicker and Rybach’s (1996) equation (equa-
tion 2), an empirical conversion equation was devel-
oped based on relating 22 depth intervals of GE logs to
API-reading GR logs (Figure 5; Table A1, available as
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Figure 5. Correlation of gamma-ray GE units and API units for
22 stratigraphic units. Coefficient R of the linear regression is
0.94; standard deviation is +17° API.

Datashare 21 at www.aapg.org/datashare). The GR logs
cover the range of 10—156° API comprising formations
of Triassic to Tertiary age. Only normalized GE-log re-
sponses in close proximity to wells with GR logs were
used to ensure that the wells reflect the same geology.
Furthermore, care was taken that only logs were related
from wells with similar drill-mud composition. The
conversion equation is

GR[API¢] = 4.95 GR[GE¢] —27.24  (4)

where GR[API_] is the predicted gamma-ray value in
API and GR[GE_] is the borehole-corrected GE value.
The correlation coefficient R for the linear regression is
0.94 (n = 22), and the standard deviation is +17° API,
which implies a reliability of approximately 10% for the
predicted API value. Based on equations 2 and 4, the
radiogenic heat production (A) was determined by

AuW/m?) = 0.0783 (GR[GEc] — 5.66)  (5)

The total error resulting from equation 5 is pre-
dicted to be no larger than 20%.

Finally, rock density was measured on one subset of
samples, together with porosity (Archimedes’ method),
and for another subset of samples using the helium gas
pycnometer AccuPyc 1330 (Micrometrics).

RESULTS
Thermal Conductivity of Lithotypes

Thermal conductivity differs considerably between and
within lithotypes (Tables 1, 2; Table A2, available as
Datashare 21 at www.aapg.org/datashare). With regard
to Permian—Carboniferous magmatic rocks (Table 1),
the mean thermal conductivity is highest in the granitoids
(3.1 W/m/K) followed by the rhyolites (2.9 W/m/K).
The lowest values are observed in basalt (2.2 W/m/K)
and in dolerite (2.0 W/m/K). The decrease in thermal
conductivity is related to a decrease in the SiO; content,
which is, in rhyolite, 72.1 + 1.7 wt.% (n = 15); in tra-
chyte and dacite, about 65.2 + 1.8 wt.% (two samples
each); in andesite, 55 +2.6 wt.% (n = 10); and in basalt,
46.8 +1.1 wt.% (n=4). For the dolerite (from the island
of Riigen; borehole Gst 1/73, Figure 4) a SiO; content
of about 43.2 wt.% was reported by R. Benek (1995,
personal communication). The volcanic rocks and gran-
itoids show practically no anisotropy.
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Table 1. Thermal Conductivity (A, in W/m/K) of Saturated Permian-Carboniferous Magmatic Rocks*

Dacite Andesite Basalt Dolerite Granitoids

Trachyte

Rhyolite

A Range Mean n XA Range Mean n

A Range Mean n

n

A Range Mean n A Range Mean

A Range Mean n

n

Range Mean

A

3.1

29 35

5

22 1.7 23 2.0

2.7

1.9

29 23

1.9

23

3.4 29 25 21 3.0 2 21 24

22

*Only measurements in the direction of the principal (vertical) heat flow are shown. For details of data and 2 determined perpendicular to the vertical depth (), see Table A2.

In clastic rocks and carbonates, thermal conduc-
tivity measured perpendicular to bedding (A, ; Table 2)
is lowest in mudstone and siltstone (2.3-3.6 W/m/K).
Values for conglomerates (3.2-3.4 W/m/K) are at
the upper bound of the mudstone-siltstone range. The
largest variability is observed in the sandstones (2.6—
4.8 W/m/K), which also exhibit the highest values
measured. A few carbonate samples show a mean value
of 2.5 W/m/K. In general, except for the carbonates,
the thermal conductivity of each sedimentary lithotype
depends strongly on mineralogy (cementation) and
porosity (see text below).

As expected, thermal conductivity measured paral-
lel to bedding (A; Table A2) shows higher values (e.g.,
Schén, 1996). However, the mean anisotropy of ther-
mal conductivity is small (1.05-1.21). Mudstone (1.21)
and siltstone (1.16) have the highest ratios as a result
of phyllosilicates oriented along bedding during com-
paction. Carbonates show a mean anisotropy of 1.10;
sandstones show a mean anisotropy of 1.09; and con-
glomerates show a mean anisotropy of 1.05. The aniso-
tropy in the sandstones and conglomerates is affected
by the habitat and texture of grains and pores instead
of the orientation of phyllosilicates, which are less domi-
nant in these rocks. The results on anisotropy of ther-
mal conductivity confirm that the rocks investigated
can be classified as less stratified, so that an isotropic
rock model (e.g., the geometric model) for correcting
dry-measured thermal conductivity into saturated val-
ues seems justified.

Most sedimentary rock samples in this study were
encountered from depths of 3000-5000 m (9800-
16,400 ft). These rocks are compacted and consoli-
dated so that expected changes in porosity resulting
from different burial depth should be small. Although
a weak trend of porosity decrease with increasing depth
is observed for Rotliegende sediments (Figure 6A), no
such trend is observed when plotting thermal conduc-
tivity with depth (Figure 6B). Therefore, most of the
variability in thermal conductivity has to be attributed
to changes in mineral composition (grains and cements).
In fact, the quartz content of the rocks does mainly
control the thermal conductivity (Table 3). Rocks in
which clay cements prevail show distinctively lower
values than rocks with silica (quartz) cements. In addi-
tion to these two major groups of cements, variable
content of anhydrite, calcite, and Fe minerals (hema-
tite) also affects the overall variation of thermal conduc-
tivity shown in Figure 6B. For example, two sandstone
samples of the Elbe Subgroup (Ob-NO7 and Ob-NOS,
Table A2) from the Ob 1/68 borehole exhibit similar
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Table 2. Thermal Conductivity (A, in W/m/K) of Saturated Clastic Rocks and Carbonates Measured Perpendicular to Bedding*

. . Mudstone Siltstone Sandstone Conglomerate Limestone-Marlstone
Stratigraphic
Description A Range Mean n A Range Mean n A Range Mean n X Range Mean n A Range Mean n
Elbe Subgroup 15 38 23 1817 55 29 2519 53 40 5624 34 32 6
Havel Subgroup 19 42 28 623 39 29 1323 53 42 3027 42 33 6
Miiritz Subgroup 25 27 26 224 39 32 9
Altmark Subgroup 23 1 26 43 34 2
Stephanian 43 55 47 5
Westphalian 29 46 36 326 41 34 1127 60 46 18
Namurian 30 133 40 36 4
Visean 27 1 22 27 25 2
Frasnian 20 3.0 25 3
Givetian 21 60 48 3
Eifelian 36 1

*For details of data and 2 determined parallel to bedding (%), see Table A2.

porosity (7.4 and 6.7%, respectively) but have differ-
ent measured A | 4, values of 3.8 and 5.0 W/m/K, re-
spectively. Modal analyses of these samples depict that
the thermal conductivity correlates with the quartz
grain content and the quartz cement content (Ob-NOS:
66.7% quartz grains and 16.7% quartz cement; Ob-NO7:
59.1% quartz grains and 1.0% quartz cement). In addi-
tion, Ob-NO7 is characterized by a higher content of
other matrix minerals (such as illite, 12.4%), whereas
Ob-NO8 is almost devoid of other matrix minerals
(0.9%). Because of the lower average thermal conductiv-
ity of phyllosilicates compared to quartz (e.g., Brigaud
and Vasseur, 1989), the difference in thermal conduc-
tivity between these two sandstone samples obviously
is a result of their different mineral assemblage.

Although the samples in this study are of low av-
erage porosity (<3%), porosity and type of pore fill do
influence the bulk thermal conductivity. To inves-
tigate this relation, the ratios between thermal conduc-
tivity of measured water-filled samples and thermal
conductivity of air-filled samples were crossplotted ver-
sus porosity (Figure 7). Because of the higher thermal
conductivity of water than of air, the ratios are greater
than 1. The following features are striking: (1) the mea-
sured ratios are positively correlated; (2) the ratios gen-
erally are higher as the corresponding theoretical values
provided by the geometric-mean model. The deviations
from the theoretical values are larger for the ratios of
A, than for those of A (not shown graphically). This
observation is most likely a result of the internal struc-
ture (microfractures oriented parallel to bedding) of the
rock sample (see Popov et al., 2003).
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The average misfit between measured water-
saturated and calculated water-saturated thermal con-
ductivity amounts to +0.35 W/m/K. The discrepancy in
most of the observations is less than +10% (Figure 8A)
and seemingly affected by lithotype instead of by po-
rosity (Figure 8B). For example, the largest difference
between calculated and measured water-saturated ther-
mal conductivity is in low-porosity sandstone samples
(6 < 5%). In samples with higher porosities, the dif-
ference is less, and the calculated values are both over-
estimates and underestimates. In the calculation of for-
mation thermal conductivity, the measured values, if
available, were preferred.

Thermal Conductivity of Geologic Formations

First, the proportion of different rock types in the for-
mation was obtained using the descriptions from sample
logs and gamma-ray logs and other available well-logging
data. Formation thermal conductivity (Tables 4, 5) was
then determined based on the thermal conductivity of
lithotypes (mudstone, siltstone, sandstone, conglom-
erate, limestone-marlstone, Table 2) making up the
formation. For the salt lithotype, a value of 4.8 W/m/K
was used. For the two formations with the most data (the
Elbe and Havel subgroups, Table 4), thermal conduc-
tivity was determined in two ways. In case I, the cemen-
tation of the rock type was considered using the data in
Table A2; in case II, the bulk lithotypes were consid-
ered. However, the difference between the case I and
case I values is small and on the order of +0.2 W/m/K,
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not exceeding 0.5 W/m/K. Consequently, the mean for-
mation thermal conductivity of the two subgroups also
does not differ significantly in the two scenarios (Elbe
Subgroup; 3.2 W/m/K [case I] and 3.3 W/m/K [case II];
Havel Subgroup: 3.7 W/m/K [case I] and 3.9 W/m/K
[case I1]). The higher values of the Havel Subgroup are

caused by the basinwide occurrence of sand-flat de-
posits (mostly coarse-grained rocks showing predomi-
nantly quartz cementation).

At a basinwide scale, the formation thermal con-
ductivity of both subgroups varies remarkably. For
example, the regional variation of values in the Elbe

Table 3. Thermal Conductivity (1) of Sedimentary Rock Dependent on Type of Cementation*

Quartz Cement Clay-Matrix Cement Deviation
Lithology A (W/m/K) Standard Deviation n A (W/m/K) Standard Deviation n A (W/m/K)
Sandstone 4.6 0.7 54 3.2 0.5 15 1.4
Siltstone 35 0.5 13 3.0 0.5 9 0.5
Mudstone 34 0.7 4 2.4 0.3 10 1.1

*Values are based on data in Table A2 and represent the mean of A, and A, values.
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Figure 7. Influence of different pore medium on bulk thermal
conductivity for A,. The ratio of measured water-saturated
(Asatm) Over measured air-saturated thermal conductivity (Agrym)
is plotted as a function of porosity (¢). For comparison, the
dashed line represents the trend of values calculated on the basis
of matrix thermal conductivity and porosity using the geometric-
mean model (equation 3).

Subgroup amounts to 0.8 W/m/K (case I) and 0.4 W/
m/K (case II), and the respective values in the Havel
Subgroup amount to 1.1 and 0.8 W/m/K. Neither the
case I nor case Il values are, in general, higher. Although
for the NEGB, the formation thermal conductivity was
expected to be higher in the basin center (because of
higher percentage of salt intercalations) than at the ba-
sin margin, no such correlation was observed. The higher
thermal conductivity of salt compared to most of the
clastic rocks is offset by the lower thermal conductivity
of clastic rock in which the salt is embedded. At the
basin margin, coarse-grained sediments (in places with
extensive quartz cementation) are the reason that for-
mation thermal conductivity is higher. This also ex-
plains the high formation value of 3.7 W/m/K in the
GrSk 3/90 borehole, where the Elbe Subgroup was
deposited under fluvial conditions, and the lower Elbe
Subgroup (Rambow Member) contains eolian sedi-
ments (reworked fluviatile deposits with a high content
of quartz).

For the Miiritz and Altmark subgroups, formation
thermal conductivity was not calculated because of
the few samples available (Table 2). However, because
these subgroups are preserved only locally, the lack of
data is insignificant for an evaluation of overall thermal
conductivity of the Permian Rotliegende. Thermal
conductivity of the Devonian and Carboniferous for-
mations (Table 5) is considered to be only a first ap-
proximation, also because of only few data available.

Nevertheless, the range of 2.6—4.2 W/m/K observed is
reasonable for most of the units of pre-Permian age. The
Frasnian (Upper Devonian), comprising marlstone
(45%), mudstone (36%), and siltstone (14%), shows
a formation thermal conductivity of 2.6 W/m/K,
and the Givetian (Middle Devonian), because of a

higher content of quartzitic sandstones, shows a value of
4.2 W/m/K, respectively.

Radiogenic Heat Production of Permian-Carboniferous
Magmatic Rocks

In general, heat production (Table 6) increases from
mafic rock (basalt) toward silicic rock (granite, rhyo-
lite). Within a particular rock type, heat production

can vary considerably. The tholeiitic basalts of Riigen
and the AFS area (Figure 1) show a heat production
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Figure 8. Comparison between measured water-saturated
(Asatm) and calculated water-saturated thermal conductivity
(Asar)) for A .. (A) Histogram of the deviations (n = 109).
(B) Porosity (¢) versus deviations.
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Table 4. Formation Thermal Conductivity (TC) of Rotliegende Sediments Derived at Different Borehole Locations*

A) Elbe Subgroup

Case |
% A (W/m/K) Case Il
- Total
ms si % A (W/m/K) TC (W/m/K .
W/m/K) Thickness
Borehole Type 1 Type2 Type 1 Type2 Type 1 Type 2 salt Type 1 Type2 Type 1 Type2 Type1 Type2 salt ms si ss salt ms si ss salt Casel Case Il (m)
Pw 1/74 52 10 38 1.9 2.5 4.6 52 10 38 25 31 40 3.0 3.1 171
Sw 2/64 23 21 56 2.0 3.1 4.2 23 21 56 25 3.1 40 35 35 402
Gap 1/86 20 23 35 22 25 3.1 44 3.8 20 23 57 25 3.1 40 3.6 35 354
GrSk 3/90 4 48 47 23 3.1 44 4 48 47 25 31 40 3.7 35 349
Pa 1/68 1 23 21 43 5 7 1 2.5 2.8 2.8 29 33 44 48 24 64 12 1 25 31 40 48 3.0 3.1 815
RmwL 11A/69 27 32 21 15 5 24 29 3.3 38 48 27 32 36 5 25 31 40 48 3.1 3.3 694
Gs 2/64 15 46 25 14 23 3.1 3.4 44 15 46 38 25 31 40 32 3.4 443
Ela 1/74 14 14 19 26 9 15 3 25 3.0 2.8 2.8 24 33 48 28 46 23 3 25 3.1 40 29 3.2 677
Barth 1/63 18 66 16 25 3.0 3.1 18 66 16 25 3.1 40 29 3.1 221
Mean 32 +03 33 +02
B) Havel Subgroup
Case |
% A (W/m/K) Case Il
ms si % A (W/m/K) TC (W/m/K) Total
Thickness
Borehole Type 1 Type2 Type 1 Type2 Type1 Type2 cg Typel Type2 Type 1 Type2 Typel Type2 cg ms si ss ¢g ms si ss cg Casel Case Il (m)
Pa 1/68 6 44 48 3 25 32 42 40 6 44 48 3 30 32 43 33 3.6 3.7 494
RmwL 11A/69 42 2 56 23 32 3.8 42 2 56 30 32 43 32 3.7 269
Gap 1/86 0 0 100 43 0 0 100 43 43 43 219
Gs 2/64 2 24 74 23 3.2 4.7 2 24 74 3 30 32 43 4.2 4.0 139
Ela 1/74 18 47 35 3.1 3.2 3.8 18 47 35 30 32 43 3.4 35 267
Mean 3705 39 £03

*The percentage (%) of lithotypes making up the formation and the thermal conductivity (1) of each lithotype are given. In case |, lithotypes are subdivided into subtypes according to different cementation. In part A of the table, type 1 refers
to clay-matrix cement, and type 2 refers to halite-, quartz-, or anhydrite-dominated cement. In part B of the table, type 1 refers to calcite cement (anhydrite and quartz cements are subordinate), and type 2 refers to anhydrite or quartz
cement. In case Il bulk lithotypes are considered. The A of the lithotypes reflects mean values from A, and 2 according to Table A2. The total thickness of the formations is given. Abbreviations: cg = conglomerate; ms = mudstone; si =

siltstone; ss = sandstone.



Table 5. Formation Thermal Conductivity (TC) of Pre-Permian Units Derived at Different Borehole Locations*

A) Stephanian

Total
Borehole % ms % si % ss % cg A ms Asi A Ss A cg TC (W/m/K) Thickness (m)
Barth 1/63 16 47 37 3.0 3.2 49 3.8 210
Binz 1/73 38 15 47 2.8 3.2 4.7 3.7 388
Mean 3.8
B) Westphalian
Total
Borehole % ms % si % ss % A ms Asi LSS A TC (W/m/K) Thickness (m)
Ela 1/74 18 36 46 3.0 3.2 35 33 355
Barth 1/63 25 52 22 1** 3.2 3.6 4.7 0.3** 3.7 1085
Binz 1/73 35 19 38 8 3.2 36 4.7 211 39 836
Mean 3.7
C) Namurian
Total
Borehole % ms % si % ss % A ms Asi LSS A TC (W/m/K) Thickness (m)
Gs 2/64 13 27 60 3.0 3.2 42 3.8 192
Ela 1/74 88 12 3.2 42 34 76
Barth 1/63 41 45 12 2% 3.0 3.2 3.8 0.3** 3.1 166
Mean 3.5
D) Frasnian-Eifelian (Binz 1/73 borehole)
Total
%ms O%si %sSs %mm % Ams ASi AsSs A mm A TC (W/m/K)  thickness (m)
Frasnian 36 14 45 4" 27 27 25 21t 26 371
Givetian 8 37 53 20 32 36 48 211 42 648
Givetian - 9 42 48 20 32 36 48 211 4.1 439
Eifelian
Eifelian 18 44 37 20 32 36 48 211 39 777

*The percentage (%) of lithotypes making up the formation and the thermal conductivity (1) of each lithotype calculated on the basis of the mean values from A, and
M| (Table A2) are given. The total thickness of the formation is noted. cg = conglomerate; mm = marlstone; ms = mudstone; si = siltstone; ss = sandstone.

**Adopted thermal-conductivity value for coal (after Ce[mak et al., 1982).
"Adopted thermal-conductivity value for dolerite (after Cermak et al., 1982).

of less than or equal to 0.3 pW/m?>, whereas the alka-
line and transitional basalts (restricted to the AFS area)
have slightly higher values (0.7-0.9 yW/m, Table 6).
Basaltoids of Riigen show a mean value of 0.4 yW/m?>
in well logs (Table 7), implying that these rocks may
belong to the group of transitional-type basalts. Andesitic
rocks exhibit a range of 0.4—2.8 yW/m? (Table 7), with
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the mantle-derived Mg-andesites of the EBB region
(Table 6) being at the lower end of this range (0.7 yW/m>
on average). Rhyolites display a heat production in the
range of 2.1-5.9 pW/m?3, with the highest values ob-
served in the AFS province (Table 7). Values for the
rhyolites in the EBB and in MV range between 2.2—
2.9 and 2.4-4.1 pW/m?, respectively. The few granites
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encountered by boreholes in the northern and south-
western part of the basin have a heat production be-
tween 2.7 and 4.0 uW/m>.

Radiogenic Heat Production of Sedimentary Rocks

Application of the conversion equation (equation 5)
shows heat-production values similar to those ob-
tained by laboratory measurements (for an example,
see Figure 9). Discrepancies between well-log-derived
and laboratory values observed at some borehole loca-
tions (Table 8; Tables A3, A4, available as Datashare 21
at www.aapg.org/datashare) are nonsystematic and
assumed to be influenced by the sampling interval
only. Values of the Permian Rotliegende and the Car-
boniferous Westphalian (Pennsylvanian) rocks range
between 0.4 and 3.1 pW/m?> (Tables A3, A4). In detail,
the sandstones (composed mostly of quartz and subor-
dinate feldspar and rock fragments) exhibit lower val-
ues (range 0.4-2.2 yW/m?, mean 1.0 yW/m?, Table 8)
than siltstones-mudstones (range 1.3-3.1 yW/m?>, mean
values 1.8-2.5 yW/m?>, Table 8) of higher mud and
clay content and, consequently, higher potassium con-
tent. This is a well-known tendency described in detail
by Schon (1996). The mudstone values are close to the
level of values determined for Permian—Carboniferous
rhyolitic and andesitic rocks (Table 7). Considering that
the fine-grained Rotliegende clastic rocks originate
from these volcanic rocks (Rieke, 2001), it is assumed
that the relatively high heat production in these sedi-
ments is not a local phenomenon but typical for larger
regions in the basin.

Heat production of geological formations, from
Devonian to Quaternary, is shown in Table 9 and in
more detail in Table A5, available as Datashare 21 at
www.aapg.org/datashare. The Cenozoic formations
(Paleogene, Neogene, and Pleistocene) made up of'silt,
sand, and clay show a heat production in the range of
0.9-1.3 yW/m?>. Values for the Mesozoic formations
(Triassic, Jurassic, and Cretaceous) are similar (0.6-
1.8 uW/m?), whereas the lower values relate to car-
bonate sequences composed of limestone, dolomite,
marl, and chalk (e.g., the Upper Cretaceous and the Tri-
assic Muschelkalk), and the higher values refer to clastic
sequences made up of sandstone, siltstone, mudstone,
and shale (e.g., the Triassic Buntsandstein and Keuper
formations). The Permian Zechstein (mostly salt, anhy-
drite, and limestone) shows the lowest mean heat pro-
duction (0.4 pW/m?>).

Mean heat production of the Permian Rotliegende
subgroups is on the order of 1.4-2.1 yW/m? (range of

values 0.9-2.5 uW/m?>, Table 9). An example for
values at the lower end of range is the value of the
Havel Subgroup in the Kotz 4/74 borehole (Table A4),
where the formation consists mainly of sandstone, silty
sandstone, and siltstone. The value of the Miiritz Sub-
group (2.1 uW/m?) determined in the Gst 1/73 and
Pa 1/68 boreholes (Table A4) is at the upper end of
range and reflects a large part of conglomerates of rhy-
olitic fragments and mudstones.

The pre-Permian sediments, which reflect a more
diverse sedimentary environment than the Rotlie-
gende, consequently also show a larger variation in
mean formation heat production (0.9-2.0 yW/m?3;
Table 9; Table A5). The lowest values (0.9-1.2 pW/m?)
are observed in the Devonian (Givetian, Frasnian,
and Famennian) and in the Carboniferous Tournai-
sian (Mississippian) of the Riigen area, where the rocks
consist primarily of limestone and marly limestone
(mudstone and marly mudstone are scarce; Hoth,
1997).

Because of only one value (2.1 pW/m?>; Ob 1/68
borehole, Table AS) reported for the Carboniferous
clastic terrigenous Culm facies in the south, whether
the rocks of this facies really differ in heat produc-
tion from the marine Carboniferous Limestone fa-
cies in the pre-Permian foreland basin in the north
(mean = 1.4 pW/m?), where the variability of values
is dependent on the content of clay and organic matter
in these sediments, cannot be substantiated. In ad-
dition, the Culm-facies value was determined in the
upper (clayey) 100 m (330 ft) of the formation and,
therefore, may overestimate the value for the entire
formation.

Mean heat production in the Carboniferous Namu-
rian, Westphalian, and Stephanian (Mississippian and
Pennsylvanian) ranges between 1.7 and 2.0 yW/m?>;
Table 9). Again, there is only a weak indication that
the area to the south has the higher values. Although
the Westphalian sometimes is interbedded with coal
layers (for example, in the Binz 1/73 borehole [Riigen
area] where a 1.5-m [5-ft]-thick hard coal exhibits a
heat production of 3.3 uW/m?3, Table A5), the forma-
tion value (1.8 yW/m?) turns out to be moderate. Lower
values (1.4 uW/m?®) are encountered in the Gst 1/73 and
Rn 4/64 boreholes (also Riigen area), where the West-
phalian sediments comprise a larger part of sandstones
of less organic content. Another example for the de-
pendence of radiogenic heat production on organic con-
tent is in the Bzg 1/74 borehole, where the Namurian
sandstone-dominated sequence has a heat produc-
tion of 1.5 uW/m>, whereas the younger, Westphalian
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Table 6. Contents of K, U, and Th, Rock Density, and Radiogenic Heat Production (4)*

Depth U Th Density
Rock Type  Province** Sample Type m K@) N @epm) NT O (pm) N (10°kg/m®) A (uW/m®)
Basaltic AFS Average' Tholeiitic 0.84 6 044 1 1.39 1 2.75 0.3 £ 0.1
rock AFS Average' Transitional 12 160 2 270 3 2.75 0.7 + 0.1
AFS Gp-03 Alkaline 44583 168 1 152 1 364 1 2.77 0.8
AFS Gp-04 Alkaline 44100 320 1 105 1 528 1 2.74 0.9
Riigen Average'” Tholeiitic 0.41 12 0.07 8 033 12 2.80 0.1 £0.1
Riigen Gst-01 Tholeiitic 1689.3  0.13 1 006 1 029 1 2.81 <0.1
Andesitic AFS Average' Andesitoide 7* 345 22 550 4 1600 5 2.65 28 £ 08
rock AFS Average'' Andesitoide 8* 335 41 310 11 1700 23 2.65 22 £ 06
AFS Kotz-21 Trachyandesite™  5162.0  2.31 1 0.53 1 1.48 1 2.73 05
EBB Average'! Mg-andesite 1.10 7 116 8 503 8 2.65 0.7 + 0.4
EBB 0b-G02 Mg-andesite 41840  1.63 1 172 1 694 1 273 1.1
EBB 0b-G03 Mg-andesite 44052 057 1 070 1 28 1 2.70 04
EBB 0b-Go4 Mg-andesite 44113 029 1 096 1 299 1 2.65 05
EBB 0b-Go5 Mg-andesite 44140 022 1 .1 1 323 1 2.67 05
EBB 0b-G06 Mg-andesite 45465  1.13 1 119 1 520 1 2.80 0.8
EBB 0b-Go7 Mg-andesite 45484  1.16 1 113 1 472 1 278 0.7
EBB 142411 Trachyandesite 237 1 336 1 1440 1 2.65 2.0
EBB Grsk-50 Trachyandesite™ 42360  2.83 1 3.26 1 1076 1 2.70 1.8
EBB 0b-Go1 Trachyandesite™ 37704  1.65 1 1.29 1 5.64 1 2.66 09
EBB 14081 Trachyte 4.14 1 237 1 1650 1 2.65 2.1
MV Grimmen1216'"  Andesite 2.81 1 30 1 1210 1 2.65 18
MV/EBB  Gs-N03 Trachyandesite™ 49445  0.38 1 5.69 1 7.41 1 2.71 2.0
Riigen Gst-02 Andesite? 17978  1.88 1 0.68 1 2.84 1 2.60 0.5
Rhyolitic AFS Average'' I# 560 34 390 6 2500 9 2.65 32 £05
rock AFS Average' i 53 64 1000 11 2600 11 2.65 49 £ 0.7
AFS Average'! v 544 16 580 1 2160 1 2.65 35
AFS Gp-01 i 45798 529 1 487 1 2329 1 2,67 33
AFS Kotz-23 Va* 51767  5.73 1 444 1 2055 1 2.65 3.0
AFS Kotz-24 18 5427.1 347 1 656 1 2370 1 2.69 36
AFS Kotz-25 i 54398  6.13 1 410 1 210 1 2.65 36
AFS Kotz-26 1=+ 54883  8.52 1 1067 1 3483 1 2.68 59
AFS Pes-02 It 36476  7.15 1 475 1 2471 1 2.60 35
AFS Pes-03 I* 3650.6  7.33 1 617 1 2704 1 2.64 4.1
AFS R-32 ¥ 42463  5.73 1 6.01 12727 1 2.63 39
AFS R-34 I 42554 554 1 656 1 2659 1 2.63 39
AFS R-36 It 42781  5.88 1 625 1 2627 1 2.60 3.8
AFS Sw-01 Iv# 37236  6.44 1 520 1 17.69 1 2.64 31
EBB nn'f Rhyolite 5.01 1 45 1 1900 1 2.65 2.9
EBB nn'f Rhyolite 5.50 1 343 1 1170 1 2.65 22
MV Loss-NO1 It 31773 523 1 470 1 2576 1 2.56 33
MV nn'f lat 3.24 1 4.61 1 2250 1 2.65 3.0
MV Ba-04 I 34348 3.1 1 49 1 208 1 2.68 3.0
MV nn'f lla 311 1 370 1 1680 1 2.65 24
MV FdIn-No2 I 45974  4.68 1 700 1 2663 1 261 39
My FdIn-No3 i 4560.1  4.87 1 675 1 2617 1 261 39
MV nn'f I 3.56 1 453 1 2260 1 2.65 3.0
MV/EBB  Gs-08 It 47711 628 1 367 1 2687 1 2.63 33
MV/EBB  Gs-NO5 I# 48132 579 1 398 1 2723 1 2.64 34
MV/EBB  Gs-N06 I 47667 572 1 472 1 2674 1 2.66 35
MV/EBB  Gs-U1 It 47748  6.09 1 406 1 2802 1 2.66 35
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Table 6. Continued.

Depth U Th Density
Rock Type  Province** Sample Type m K@ N (pm) N (pm) NT  (10%kg/m®) A QW/m®)
Rhyolitic MV/EBB  Gs-U2 * 48150 597 1 317 1 2831 1 2.67 33
rock Riigen Gst-N03 I 15245 492 1 5.43 1 21.63 1 2.71 34
Riigen Binz-01 e 1446.8 493 1 3.99 1 21.02 1 2.60 2.8
Granitic AFS Average'’ Granite 422 2 1000 1 1400 1 2.65 40
rock My Ba-12 Granopyhre 46850  3.91 1 5.56 1 2604 1 2.65 35
MV Loissin1203 Microgranite 3.86 1 404 1 1910 1 2.65 2.7
Mv Loss-N03 Microgranite 43159  2.56 1 6.80 1 2484 1 2.63 3.6

*Determined for magmatic rocks by gamma spectroscopy and XRF/ICP-MS. Sample names of specimens investigated by gamma spectroscopy are underlined.

**Province designation after R. Benek (1995, personal communication): AFS = Altmark - Flechtingen - Subhercyn; EBB = East Brandenburg; MV = Mecklenburg - Vorpommern;

see Figure 1.
N = number of analyses.

11U, Th, and K data after R. Benek (1995, personal communication), densities estimated. Average = average value from Benek data.
iCode name for rhyolitic rocks used by R. Benek (1995, personal communication).
#Geochemical analysis allows no explicit determination; the samples Kotz-21 and Gst-02 are most probably altered andesites, and the sample Kotz-26 is most likely a strongly

altered alkaline rhyolite.

Table 7. Radiogenic Heat Production (uW/m?®) of Rocks in the Different Magmatic Provinces

Permian - Carboniferous

Basaltic Rocks

Andesitic Rocks

Magmatic Rocks Range Mean**  NT Range Mean**  NT  Method*
Province AFS 0.3 0.9 0.7 4 0.5 2.8 1.8 3 A
14 1 B
EBB 04 2.1 1.0 11 A
0.5 1.1 0.9 4 B
MV 1.8 2.0 19 2 A
0.5 1 B
Riigen <0.1 0.1 0.1 2 0.5 1 A
0.3 0.6 0.4 3 B
Rhyolitic Rocks Granitic Rocks
Range Mean**  NT Range Mean** N  Method*
Province AFS 3.0 5.9 3.8 14 4.0 1 A
2.1 4.0 3.4 7 B
EBB 22 29 2.6 2 A
B
MV 24 3.9 33 12 A
29 4.1 3.4 5 B
Riigen 2.8 34 3.1 2 2.7 3.6 33 3 A
3.0 3.1 3.0 2 1.8 3.0 29 3 B
*A = determined by laboratory measurements; B = determined by well-log analysis.
**Mean values are weighted averages.
N = number of rock samples or gamma-ray sections used.
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Figure 9. Heat production (4, solid line) determined for the
Kotz 4/74 borehole using gamma-ray (GR) logging data (stippled
line). Dots show heat-production values from laboratory mea-
surements. Lithology and stratigraphy are denoted.

sediments (more fine-grained, commonly interbedded
with organic-rich mudstone layers and coal seams) have
a value of 2.0 yW/m?.

Heat Budget of the Basin Fill

Figure 10 shows, for different parts of the NEGB, the
heat budget provided by the basin fill. Summing up
the increments of heat production in the different sedi-
mentary formations multiplied by thickness, the super-
Permian succession generates a heat flow that is vari-
able in the basin. In areas where the succession is fairly
thick, e.g., in the Pw 2/76 borehole (4000 m; 13,123 ft),
the Gs 2/67 borehole (4077 m; 13,375 ft), and in the
Gv 1/78 borehole (3827 m; 12,555 ft), it generates a
heat flow of 4.0, 5.9, and 6.6 mW/m?, respectively. At
locations where the post-Permian succession is thin,
which is over large salt diapirs and at the northern basin
margin, this heat-flow component is low (e.g., RmwL
11A/69 [463 m; 1519 ft], 0.5 mW/m?; Sam 101/62
[1400 m; 4593 ft], 1.8 mW/m?, Figure 10A).

Because the heat flow in the NEGB was determined
preferentially in Permian formations at depth of about
2500—6000 m (8200—19,600 ft) (Lotz, 2004), the heat-
flow component by the post-Permian succession needs
to be added to determine the surface heat flow sensu
stricto. In the NEGB, this added component amounts
to 8% at a maximum.

Variable composition and thickness of the dif-
ferent rock types are responsible for different heat
budgets of the magmatic complexes. In the MV and
Riigen area, the total thickness of the volcanic suite
ranges from 200 m (660 ft) (western part) to about
2200 m (7200 ft) (southern Vorpommern). Rhyolitic

Table 8. Radiogenic Heat Production (uW/m?) of Sedimentary Rocks

Mudstone-Siltstone Sandstone
Stratigraphic Description Range Mean** NT Range Mean** NT Method*

Rotliegende Elbe Subgroup 22 2.7 25 2 0.7 12 1.0 5 A
13 23 1.8 20 04 2.2 1.0 20 B

Havel Subgroup 13 3.1 22 2 0.7 1.1 0.9 3 A

1.7 22 19 9 0.6 1.6 1.1 13 B

Miiritz Subgroup 2.0 1 B

Carboniferous Westphalian 2.7 1 A

*A = determined by laboratory analysis; B = determined by well-log analysis.
**Mean values are weighted averages.
N = number of rock samples or gamma-ray sections used.
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Table 9. Formation Radiogenic Heat Production Determined by Log Analysis*

Stratigraphic Description Range (uW/m®) Mean** (uW/m°) N Thickness (m)
Quaternary Pleistocene 0.4 1.5 0.9 28 99
Tertiary Neogene 0.7 14 1.0 16 95
Paleogene 0.5 1.9 13 23 351
Cretaceous Upper Cretaceous 03 0.9 0.6 22 417
Lower Cretaceous 0.5 24 1.5 22 192
Jurassic Malm 0.9 1.9 1.6 5 212
Dogger 0.9 22 1.5 13 113
Lias 0.9 2.0 1.5 23 289
Triassic Keuper 0.7 2.1 1.6 27 413
Muschelkalk 0.7 1.6 1.0 25 284
Buntsandstein 1.0 25 1.8 26 796
Zechstein 0.1 19 0.4 28 709
Permian Elbe Subgroup 1.1 22 14 22 474
Havel Subgroup 0.9 1.9 14 14 218
Miiritz Subgroup 2.0 25 2.1 2 146
Altmark Subgroup’ 1.1 1.8 1.5 4 33
Carboniferous Stephanian' 1.5 23 1.7 8 227
Westphalian 14 24 1.8 8 893
Namurian 15 23 20 9 612
Visean 0.9 2.1 1.4 5 660
Tournaisian 0.7 1.7 0.9 3 387
Devonian Famennian 0.8 1.4 1.2 2 48
Frasnian 0.8 1.6 1.1 4 576
Givetian 0.7 13 1.2 4 536
Eifelian 1.0 15 14 2 481

*Thickness (m) and N are average thickness and number of log sections used.

**Means are weighted averages.
Only sediments are regarded.

and ignimbritic rocks (about 90%) predominate over
basaltic and andesitic rocks (about 5% each) in dis-
tribution and thickness. The heat budget of these
rocks amounts to 0.6 mW/m? in the western part,
up to 2 mW/m? in central Mecklenburg, 6.8 mW/m? at
the FdIN 2/70 location (Figure 10B), and 7.5 mW/m?
insouthern Vorpommern. In the EBB complex, ande-
sitic rocks (about 83%) predominate over rhyolitic
rocks (about 17%), which also include volcanic rocks of
dacite and trachyte composition. Thicknesses range be-
tween 200 and about 1500 m (660 and about 4900 ft).
The estimated contribution to the regional heat flow
ranges from 0.2 mW/m? in the southern EBB region
to 1.5 mW/m? in the western EBB region (borehole
Chi 1/71, Figure 10B). The AFS region, composed of
rhyolitic rocks (about 67%), andesitic rocks (30%), and
basaltic rocks (3%), accommodates a heat flow between
0.6 and 5 mW/m? in a 200—1700-m (660—5500-f¢)-

thick complex. For example, the 1.5-km (0.9-mi)-thick
thyolites in the Sw 2/64 borehole (Figure 10B) exhib-
iting a heat production of 3.5 yW/m? generate a heat
flow at the upper bound of this range.

With the determination of radiogenic heat produc-
tion in the NEGB, control on the heat budget is pro-
vided for a crustal segment that is up to 6 km (3.7 mi)
thick. The heat flow generated in this segment is vari-
able and amounts to about 8—14 mW/m?.

DISCUSSION

Thermal Conductivity

Thermal conductivities (A,) of 4.0-4.2 W/m/K de-
termined for Rotliegende sandstones are in contrast

to previously published values of Permian sandstones
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Figure 10. Heat budget of the basin fill for A)

selected profiles of different stratigraphy and zg’ i
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(2.7 W/m/K, n = 3, Becher and Meincke, 1968;
2.5 W/m/K, n = 82, Hurtig and Schlosser, 1976).
In addition, the mean value for upper Carboniferous
(roughly Pennsylvanian) sandstones of 4.7 W/m/K
(n=28, range 3.2-6.3 W/m/K) in this study is higher
than the previously reported one (3.8 W/m/K, n=13,
Hurtig and Schlosser, 1976). One reason for the dis-
crepancy is that the past lower values were measured
under air-saturated conditions and not corrected for
fluid saturation. Considering the value by Becher and
Meincke (1968) of 2.7 W/m/K for dry sandstone and
the mean porosity of 4% (this study) for Rotliegende
sandstones, the water-saturated thermal conductiv-
ity would be on the order of 3.1 W/m/K. A value of
4.1 W/m/K (this study) could only be approached with
a porosity of 13%. Unfortunately, sample porosity was
not reported in the previous studies, so that the effects
of different matrix porosity on bulk thermal conductiv-
ity could not be delineated. That different rock matrix
composition is reflected in thermal-conductivity changes
is shown in this study. For example, the thermal conduc-
tivity of Rotliegende samples from the Ob 1/68 borehole

correlates with the quartz-grain content, the quartz-
cement content, and other matrix minerals (such as
illite). In addition, the thermal conductivity of quartz-
rich samples decreases as the relative amount of phyl-
losilicates, carbonates, and feldspars increases. These
changes are facies dependent. Thus, sample bias, not
considering the different facies in the basin, may have
been a reason why the previous thermal-conductivity
values, especially for the Permian Rotliegende sand-
stones, were too low.

A discrepancy between measured and calculated
thermal conductivity as observed in this study could
also be delineated from the data published by Brigaud
and Vasseur (1989). Although these authors noted a
good agreement in the porosity range of 0—50%, there
is a trend of measured water-saturated thermal con-
ductivity being higher than the calculated value. At
this point, it is difficult to assess any reason for the ob-
served discrepancy between measured and calculated
thermal-conductivity ratios. Pore-space geometry not
reflected by the geometric-mean model may be re-
sponsible for this effect.
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The thermal conductivity determined in this study
is in marked contrast to values used in basinwide three-
dimensional (3-D) models of the present-day temper-
ature field of the NEGB (Bayer et al., 1997; Scheck,
1997). In these models, the lower values by Hurtig and
Schlosser (1976) were applied, resulting in a thermal
conductivity input of 1.8-2.4 W/m/K for the Permian
Rotliegende and of 2.65 W/m/K (Scheck, 1997) for the
pre-Permian sediments. In this study, for the Permian
Rotliegende, values in the range of 3.2-3.7 W/m/K are
reported, and for the pre-Permian rocks, values mostly
greater than 3 W/m/K are reported. These higher val-
ues will significantly alter the thermal model of the
NEGB by affecting the temperature gradient for a given
heat flow. For example, using a heat flow of 60 mW/m?,
the in-situ temperature gradient in the Rotliegende in-
terval (at about 5-km [3.14-mi] depth) would be re-
duced by about 11°C/km using the new data. Permian—
Carboniferous volcanic rocks in the previous 3-D
thermal basin models comprise rhyolites and andesites,
for which the same thermal conductivity of 2.5 W/m/K
was used. This study shows that these rocks exhibit dif-
ferent values (2.9 W/m/K for rhyolites and 2.3 W/m/K
for andesites). Moreover, petrological analysis of the
igneous complexes in the NEGB has shown that addi-
tionally, trachyte (2.5 W/m/K), dacite (2.3 W/m/K),
basalt (2.2 W/m/K), dolerite (2.0 W/m/K), and gran-
itoid (3.1 W/m/K) are common. If one considers the
mean rock composition of the different magmatic
complexes according to Benek et al. (1996), the aver-
age thermal conductivity for the volcanic complexes
would yield 2.7 W/m/K (AFS), 2.8 W/m/K (MV and
Riigen), and 2.3 W/m/K (EBB), respectively. Future
work is recommended to verify and fine tune the ther-
mal model of the NEGB using the new data.

Radiogenic Heat Production

Analysis has shown that the Permian and post-Permian
sediments of the NEGB have a heat production that is
generally higher by 0.1-0.8 pW/m? than previously
expected in 3-D basin modeling by Scheck (1997). The
observed range of 0.4—1.8 yW/m? derived from well-
log analysis of the post-Permian sediments is plausible
considering that the post-Permian succession exhibits
in parts large contents of claystone and shale. Heat
production of Permian—Carboniferous magmatic rocks
shows both higher values (rhyolitic and granitic rocks,
2.6-3.8uW/m?) and lower values (basaltic and andesitic
rocks, 0.1-1.9 yW/m?®) compared to an undifferentiated
value of 2.0 pW/m? used in the basin model by Scheck

(1997). The new data of this study allow, for the first
time, to differentiate the radiogenic heat production
not only of rock types but also of igneous complexes.

Consequences for the Petroleum System of the NEGB

Carboniferous rocks are the main source rocks for hy-
drocarbon gases and nitrogen in the basin. Natural gases
occur mainly in the Permian Rotliegende formations.

In thermal history and maturation studies, to assess
hydrocarbon generation, the heat flow into a basin is an
essential parameter. Unfortunately, at the time of re-
cent investigation of methane and nitrogen generation
and migration in the NEGB, the heat flow was only
poorly constrained. Consequently, this parameter was
treated instead as a guess in thermal subsidence and
maturation modeling (Friberg, 2001). The new thermal
data of this study allowed, for the first time, a speci-
fication of the present-day heat flow at particular bore-
hole locations in the NEGB (Lotz, 2004; B. Norden,
2005, unpublished data). For example, in the depth
interval of the Elbe Subgroup, a formation temperature
gradient of 33°C/km and a formation thermal conduc-
tivity of 3.2 W/m/K (corrected to 2.3 W/m/K for the
in-situ conditions of 135°C at 4200 m [13,700 ft]) re-
sult in a heat flow of 76 mW/m?. Heat flow in the
NEGB, determined in Permian formations at several
kilometers depth, ranges from 64 to 90 mW/m?. These
values are higher than what was previously consid-
ered in thermal-history studies. For example, for the
island of Riigen, where a present-day heat flow of about
70 mW/m? results from new data, work by Friberg
(2001) provided a thermal-maturation history that
was adjusted to a very low present-day heat flow of
43 mW/m?. Similar to this, a discrepancy was observed
in the Barth 1/63 borehole and along a 2-D cross sec-
tion through the basin, where a present-day heat flow
of 58 and of 52—-55 mW/m?, respectively, was consid-
ered. In all models, the heat flow was lowered toward
the present-day value from a value of 70-77 mW/m?
during the time of maximum subsidence (in the Perm-
ian) to fit measured vitrinite reflectance data in this
borehole. The higher present-day basement heat flow in
the NEGB than originally considered suggests that the
existing thermal-history models in the NEGB should be
revisited. The new data indicate a thermal input from
the basement into the sedimentary basin fill that must
have been larger over longer time in basin history than
previously assumed.

The subsidence and thermal-maturation modeling
(Friberg, 2001) was based on using the program code
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PETROMod. The program accommodates the com-
putation of a porosity-dependent bulk thermal conduc-
tivity based on standard matrix thermal conductivity
for each rock type. Values for the Permian Rotliegende
formations differ from the values that are now avail-
able from laboratory measurements. For example, the
program would calculate for the Havel Subgroup (with
a sediment porosity of 3%, this study) a bulk thermal
conductivity (at 20°C, water saturated) on the order
of 2.5-3.0 W/m/K and, for the Elbe Formation, on
the order of 2.2 W/m/K, respectively, which is much
lower than those determined in the laboratory (3.7
and 3.2 W/m/K). In addition, the PETROMod calcu-
lations show for these subgroups a higher present-day
porosity of 9-16%.

To quantify the possible effects of different thermal
conductivity on the paleogeothermal conditions, a case
study was conducted at the Gv 1/78 borehole (Figure 4)
located in the northwestern part of the NEGB, in the
basin area of maximal subsidence in the Permian. The
subsidence is reconstructed by backstripping the pres-
ent sediment thickness of Carboniferous Namurian
to Quaternary units using porosity-dependent decom-
paction at time steps of 1 m.y. Paleotemperature and
vitrinite reflectance are simultaneously calculated as a
function of time and depth in a heat conduction re-
gime as described by Forster et al. (1998). Thermal
conductivity is corrected for temperature. Two differ-
ent thermal-conductivity scenarios are modeled for
upper Paleozoic units that comprise more than 50% of
the entire succession. Scenario I is according to values
used in the 3-D basin model by Scheck (1997), and
scenario Il is based on data of this study. The differences
in matrix thermal conductivity are 1.4 W/m/K for the
Elbe Subgroup, 1.6 W/m/K for the Havel Subgroup,
0.3 W/m/K for the Permian—Carboniferous volcanic
rocks, and 0.9—1.4 W/m/K for the Carboniferous (Na-
murian to Stephanian) formations. In both scenarios,
radiogenic heat production from this study is consid-
ered. The boundary condition of the model (tempera-
ture at 100 km [62 mi] depth) and the starting condition
of surface heat flow in the two scenarios are the same.

Results of modeling show for the Permian Rotlie-
gende formations at 4900—7200-m (16,076-23,600-ft)
depth present-day temperatures that differ by 13-25°C.
The degree of present-day thermal maturation is 0.3—
0.4 EASY % R, (vitrinite reflectance after Sweeny and
Burnham, 1990) in scenario I and 1.1-2.7 EASY % R,
in scenario II. Although the model is not fine tuned, this
level of maturation already corroborates vitrinite reflec-
tance measured in this part of the NEGB (Hoth, 1997).

A neglect of radiogenic heat production in the
sedimentary succession in the Gv 1/78 model results
in a paleogeothermal field that allows for less ther-
mal maturation of organic matter in the Permian Rot-
liegende. Present-day temperatures would decrease
by 32-47°C, the 120°C isotherm would be 1450 m
(4757 ft) deeper, and the present-day thermal matu-
ration would be lower by 0.4—1.2%. In addition, ther-
mal maturation is accommodated later in time (e.g.,
by 18 m.y. for 1.3 EASY % R,).

SUMMARY

From this study, a set of thermal data is now available
that is important for geothermal and hydrocarbon
studies in the NEGB. Thermal conductivity measured
on core samples is higher than previously expected
for the upper Paleozoic. It would be of interest for
future investigations whether fresh core samples and
complete core records from recent boreholes will differ
from these data. Radiogenic heat production was deter-
mined both by laboratory measurements and by well-
log analysis. Old gamma-ray well logs (in GE-reading)
proved usable for the determination of radiogenic heat
production after being converted into modern API units
by the employment of an empiric correction equation.

Both the thermal conductivity and the radiogenic
heat production in basin sediments and magmatic rocks
display a larger variability than previously shown and
used in basin modeling approaches. This variability also
is spatially related. Thus, if thermal properties are sum-
marized or averaged for sedimentary formations and
igneous complexes, their specific properties (facies and
composition) have to be considered. Assessment of
the internal heat of a basin is important for evaluating
the surface heat flow sensu stricto and the heat flow
used as input into basin modeling approaches. In the
NEGB, the basin fill comprising sedimentary and ig-
neous rocks contributes up to 8—14 mW/m? to surface
heat flow. Consideration of the new data on thermal
conductivity and heat production brings new aspects
to hydrocarbon and geothermal resource evaluation
for the NEGB.
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