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Abstract With this paper, we assess the present-day

conductive thermal field of the Glueckstadt Graben in NW

Germany that is characterized by large salt walls and dia-

pirs structuring the graben fill. We use a finite element

method to calculate the 3D steady-state conductive thermal

field based on a lithosphere-scale 3D structural model that

resolves the first-order structural characteristics of the

graben and its underlying lithosphere. Model predictions

are validated against measured temperatures in six deep

wells. Our investigations show that the interaction of

thickness distributions and thermal rock properties of the

different geological layers is of major importance for the

distribution of temperatures in the deep subsurface of the

Glueckstadt Graben. However, the local temperatures may

result from the superposed effects of different controlling

factors. Especially, the upper sedimentary part of the model

exhibits huge lateral temperature variations, which corre-

late spatially with the shape of the thermally highly con-

ductive Permian salt layer. Variations in thickness and

geometry of the salt cause two major effects, which pro-

voke considerable lateral temperature variations for a given

depth. (1) The ‘‘chimney effect’’ causes more efficient heat

transport within salt diapirs. As a consequence positive

thermal anomalies develop in the upper part and above salt

structures, where the latter are covered by much less con-

ductive sediments. In contrast, negative thermal anomalies

are noticeable underneath salt structures. (2) The ‘‘thermal

blanketing effect’’ is caused by thermally low conductive

sediments that provoke the local storage of heat where

these insulating sediments are present. The latter effect

leads to both local and regional thermal anomalies.

Locally, this translates to higher temperatures where salt

margin synclines are filled with thick insulating clastic

sediments. For the regional anomalies the cumulative

insulating effects of the entire sediment fill results in a

long-wavelength variation of temperatures in response to

heat refraction effects caused by the contrast between

insulating sediments and highly conductive crystalline

crust. Finally, the longest wavelength of temperature

variations is caused by the depth position of the isothermal

lithosphere–asthenosphere boundary defining the regional

variations of the overall geothermal gradient. We find that

a conductive thermal model predicts observed temperatures

reasonably well for five of the six available wells, whereas

the steady-state conductive approach appears not to be

valid for the sixth well.
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Introduction

In times of global sustainable energy production and

advanced methods for the investigation of the subsurface,

geothermal energy is of growing interest. Therewith 3D

modelling is a tool, which will get more important for fast

and cheap analysis of datasets of the Earth’s interior.

Especially in the field of temperature distribution of the

subsurface numerical models provide a predictive alterna-

tive to conventional expensive drilling methods. We pres-

ent results from 3D thermal finite element models of

Schleswig–Holstein in North-West Germany. The study

area (Figs. 1, 2) encompasses the whole Glueckstadt Gra-

ben, which is one of the deepest post-Permian sub-basins of

the Central European Basin System (CEBS). Accordingly,

the Glueckstadt Graben has a comparable geological his-

tory and stratigraphy like the surrounding basins, as the

adjacent North-East German Basin, the Horn Graben (HG)

and the Lower Saxony Basin (Fig. 1). The Glueckstadt

Graben is proper bounded to the north by the Ringkoebing-

Fyn High (Fig. 1), to the south by the Pompeckj block

(Fig. 2), to the west by the North Sea and to the east by the

Baltic Sea. This area is located between the Caledonian

Deformation Front to the north and the Elbe Fault System

to the south (Fig. 1). The Glueckstadt Graben contains a

more than 10 km thick Permian to Cenozoic infill that rests

on a Devonian–Carboniferous and possibly older sedi-

mentary sequence and a Caledonian consolidated crystal-

line crust (Bayer et al. 2002). Internally, the morphology

and infill of the Glueckstadt Graben was strongly con-

trolled by movements of the Permian salt, which formed

salt pillows, domes and walls, with a relief of more than

9,000 m (Figs. 2, 3). The formation of these salt structures

also affected the style of deposition in the past. Thereby,

thickest sediments were deposited around salt structures

and this sediment down-building, in turn, enhanced the

growth of salt structures. The Central Glueckstadt Graben

is the deepest (up to 10 km depth) post-Permian structural

feature, flanked by rim synclines, in the south-east by the

Hamburg trough, in the north-east by the Eastholstein

trough and in the north-west by the Westholstein trough

(Fig. 2) (Maystrenko et al. 2005a).

Since the beginning of the last century, the present-day

tectonic setting and the infill of the Glueckstadt Graben

were intensively studied by oil and gas exploration com-

panies but also by numerous academic research projects

(Trusheim 1960; Sannemann 1968; Jaritz 1969, 1980; Best

et al. 1983; Brink et al. 1990, 1992; Baldschuhn et al. 1996,

2001; Maystrenko et al. 2005a, b, 2006; Yoon et al. 2008).

According to the studies of Brink et al. (1990), Ziegler

(1992) and Maystrenko et al. (2006), the Glueckstadt

Graben developed out of an underlying Permian Basin,

which formed during Late Carboniferous–Early Permian

times. The evolution of the Glueckstadt Graben can be

described in four major phases: (1) pre-Permian deposition,

(2) late Carboniferous–Early Permian rifting, (3) post-rift

thermal subsidence lasting from the Late Permian into

Early Triassic times and (4) the Meso–Cenozoic develop-

ment (Maystrenko et al. 2006). While the pre-Permian

Fig. 1 Location of the Glueckstadt Graben (red frame), North-East

German Basin, the Horn Graben (HG), Lower Saxony Basin,

Ringkoebing-Fyn High, Caledonian deformation front (CDF) Elbe

fault system (EFZ)

Fig. 2 Simplified tectonic map of the Glueckstadt Graben, showing

salt diapirs, the location of the Pompeckj block (Baldschuhn et al.

1996) and well locations in the study area (Modified after Maystrenko

et al. 2005a). AL Allermöhe, FB Flensburg Z1, GL Glückstadt T1, MP

Mittelplate 2, MT Moelln Tief 1, SW Schleswig Z1
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depositional phase was largely detached from the later

structural evolution of the basin, the phase of thermal

subsidence gave way to the deposition of the Permian

evaporites that have been mobilized in the Mesozoic and

Cenozoic times. Permian salt consists of a lower sequence

of Upper Rotliegend salt and more important, initially up to

2.5 km thick (Maystrenko et al. 2005b, 2013) sequence of

Zechstein salt. These layers are composed dominantly of

rock salt, which on geological time scales behaves vis-

cously. This property together with the low density of rock

salt led to a destabilization of the salt layer in response to

changing stress fields or changing overburden load. Salt

rise may have passed through several stages and culmi-

nated in the piercing of the post-salt cover in many places.

Accordingly, the present-day structural configuration of the

Glueckstadt Graben has been shaped during the Triassic to

Cenozoic interplay of salt movement and depositional

response.

Earlier studies (Maystrenko et al. 2005a, b, 2006) inte-

grated a large amount of geological and geophysical data

into a consistent 3D structural model of the Glueckstadt

Graben. Moreover, regional 3D structural models on the

scale of the lithosphere have been derived (Maystrenko and

Scheck-Wenderoth 2013). With this study, we combine the

available structural models into a 3D, lithosphere-scale

structural model of the Glueckstadt Graben that we use as a

basis for 3D calculations of the conductive thermal field.

We validate different calculated model approaches with

measured temperatures observed in six deep wells and test

the sensitivity of the models with respect to the assigned

physical properties. Finally, we discuss the implications of

the best-fit model with respect to controlling factors for

subsurface temperature distribution.

The 3D structural model

For the calculation of the 3D conductive thermal field of

the Glueckstadt Graben, two different structural models

were combined into one. For the upper (sedimentary rock)

part, the structural model of the Glueckstadt Graben was

taken from an earlier model (Maystrenko et al. 2006),

which integrates two-dimensional structural depth maps

from the Geotectonic Atlas of NW Germany (Baldschuhn

Fig. 3 Relief of the top

Permian salt (Zechstein and

Rotliegend salt) after

Baldschuhn et al. (1996, 2001).

Model coordinates are based on

the Gauss-Krueger DHDN

(zone 3) system using the WGS

84 datum
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et al. 1996, 2001). For the lower part from the base of the

lower Permian Rotliegend to the LAB (Lithosphere–

Asthenosphere Boundary), another model was taken from

Maystrenko and Scheck-Wenderoth (2013). Both models

were combined into one lithosphere-scale 3D structural

model of the Glueckstadt Graben. The final combined

model extends from 53.4�N to 54.8�N latitude and 8.2�E to

10.8�E longitude and covers an area of 170 km and

166 km. Thereby, it contains 15 layers (Figs. 4, 5, 6, 7;

Table 1): Quaternary/Neogene, Paleogene, Upper Creta-

ceous, Lower Cretaceous, Jurassic, Keuper, Muschelkalk,

Buntsandstein, Permian salt (Zechstein and salt-rich Rot-

liegend), Rotliegend, Permo-Carboniferous volcanics, pre-

Permian sediments, upper crystalline crust, lower crystal-

line crust and lithospheric mantle. The model extends

vertically down to a depth of about 120 km. Thereby, its

vertical resolution corresponds to the number of the dif-

ferentiated geological units. The horizontal resolution is

2 km, allowing a good representation of geological struc-

tures, in particular resolving the major salt structures.

Model coordinates are based on the Gauss-Krueger DHDN

(zone 3) system using the WGS 84 datum.

Configuration of the post-salt units

Due to continued thermal subsidence of the basin, the

Zechstein salt had been completely buried by more than

1,000 m thick clastic Buntsandstein sediments in the Early

Triassic. Sand and clay are the main clastic components of

the Buntsandstein. Coevally, extensional stresses (Brink

et al. 1990; Kockel 2002; Maystrenko et al. 2005b) initi-

ated earliest salt movements. Higher temperature, pressure

and (re)activation of faults intensified the viscous behav-

iour of the Permian salt and halokinesis began (Trusheim

1960; Sannemann 1965, 1968). Salt pillows formed along

strike of normal faults (Maystrenko et al. 2005b). As a

consequence, rim synclines were formed at the edge of salt

pillows, which caused a reactivation of faults and started

the formation of salt diapirs and walls (Sannemann 1965).

The vast majority of Buntsandstein sediments are located

in the Central Glueckstadt Graben (Fig. 6h) where they

attain a thickness of up to 2,000 m. The top of this layer is

deepest in the Westholstein trough and in the Central

Glueckstadt Graben (Fig. 4h) at present day. The thickness

of the overlying Muschelkalk carbonates also indicates

subsidence and salt withdrawal from the Central Gluecks-

tadt Graben (Fig. 6g) and again, the top of this layer is

deepest in the Westholstein trough and in the Central

Glueckstadt Graben (Fig. 4g) today.

The main Mesozoic extensional phase occurred in Late

Triassic times (Keuper), leading to intensive normal

faulting and salt rise within the N–S striking Central

Glueckstadt Graben where the former cover was pierced by

the rising salt. During this time, the salt layer was depleted

in the central part of the Graben. In the resulting accom-

modation space, thick Keuper sediments were deposited

with a regional present-day thickness of more than 5,000 m

(Fig. 6f). This deposition of clay, marl and gypsum rein-

forced the growth of salt structures. The present-day top of

the Keuper layer is deepest in the Westholstein, Easthol-

stein and Hamburg troughs (Fig. 4f). No Keuper sediments

are found on top of salt walls (blue structures in the Central

Glueckstadt Graben) and the salt even may have extruded

at the surface during this time interval (Trusheim 1960;

Maystrenko et al. 2005a). The constant thickness of the

Keuper at the flanks of the Glueckstadt Graben suggests

that the Eastholstein and Mecklenburg Blocks (Fig. 2)

were not significantly deformed by the Late Triassic

extensional event (Baldschuhn et al. 2001; Maystrenko

et al. 2005b).

Salt rise also controlled the deposition of the Jurassic

sediments around forming salt diapirs (Maystrenko et al.

2005b). The Jurassic sediments are made of clay, sand, silt

and marl and the preserved thickness of this unit shows

maxima marginal to the Central Glueckstadt Graben par-

allel to the most marginal salt structures of the latter. As a

result the deepest and thickest Jurassic rocks can be found

in the Westholstein and Hamburg troughs (Figs. 4e, 6e). In

addition, during Jurassic the Glueckstadt Graben was

affected by an erosional event, expressed as a Late Juras-

sic–earliest Early Cretaceous regional unconformity.

Today Lower Cretaceous deposits, mainly consisting of

clay, sand and silt, are found with an average regional

thickness of about 60–120 m (in the Westholstein and

Hamburg troughs up to 520 m) within the limits of the

Glueckstadt Graben (Fig. 6d). The thickest parts of pre-

served Lower Cretaceous are evident in the Westholstein

trough and in the south around a salt diapir whereas the top

of this layer is deepest in the Westholstein and Hamburg

troughs (Fig. 4d).

The upper Cretaceous unit consists of chalky limestones

characterized by a uniform lithology. The layer has an

almost constant thickness of about 900 m over the entire

study area covering most of the previous salt structures,

apart from a moderate thickening in the Westholstein and

Eastholstein troughs (Fig. 6c). Deposition occurred in a

gentle platform-type depression and extended far beyond

the boundaries of the Glueckstadt Graben. The top of this

layer is deepest in the Westholstein and Hamburg troughs

(Fig. 4c). Indications for Late Cretaceous–Early Cenozoic

inversion observed over large parts of North Central Eur-

ope are weak to absent for the area of the Glueckstadt

Graben (Maystrenko et al. 2005b; Scheck-Wenderoth and

Maystrenko 2008). In contrast, indications for regional

W-E-directed Paleogene–Neogene extension in terms of

active normal faulting and renewed salt mobilization point
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Fig. 4 Depth of the top of the post-Permian salt stratigraphic layer in the 3D model. Model coordinates are based on the Gauss-Krueger DHDN

(zone 3) system using the WGS 84 datum
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Fig. 5 Depth of the top of the Permian salt and pre-Permian salt stratigraphic layer in the 3D model. Model coordinates are based on the Gauss-

Krueger DHDN (zone 3) system using the WGS 84 datum
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Fig. 6 Isopachs of the post-Permian salt stratigraphic layer in the 3D model. Model coordinates are based on the Gauss-Krueger DHDN (zone 3)

system using the WGS 84 datum
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Fig. 7 Isopachs of the Permian salt and pre-Permian salt stratigraphic layer in the 3D model. Model coordinates are based on the Gauss-Krueger

DHDN (zone 3) system using the WGS 84 datum
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to a change in the tectonic regime after the Late Creta-

ceous–Early Cenozoic compression (Maystrenko et al.

2005a, 2006). Accordingly, regional thickness variations of

the Paleogene point to renewed salt movements and

thickest sediments are found in the Westholstein and

Hamburg troughs (Fig. 6b). The Paleogene sediments

consist of sand, silt and clay and the top of this layer are

deepest in the Westholstein and Hamburg troughs

(Fig. 4b). The uppermost layer of the model is the Qua-

ternary–Neogene composed mainly of sand, silt and clay.

This youngest layer is characterized by largest thicknesses

in the Westholstein and Hamburg troughs (Fig. 6a). Its top

coincides with present-day topography/bathymetry

(Fig. 4a), which shows only moderate variations of

±100 m.

Configuration of the salt and pre-salt units

The isopach map of the Permian salt (Fig. 7i) shows a

structural trend in terms of SSW-NNE striking salt struc-

tures. A combined inspection of the top salt depth contours

(Fig. 5i) and of the salt isopach map reveals that the salt

walls can be a few km wide, up to 9 km high and may

extend in N–S direction over more than 100 km.

Below the salt, the structural pattern changes com-

pletely. The sedimentary Lower Permian Rotliegend rocks

are composed of clay and silt. Neither the thickness dis-

tribution (Fig. 7j) of this layer nor the relief of its top

(Fig. 5j) displays the short-wavelength variations of the

salt and post-salt layers as the sub-salt layers were not

affected by salt movements. The thickness map (Fig. 7j)

shows that the thickest Rotliegend is modelled in the

Eastholstein trough whereas the top Rotliegend is deepest

in the Central Glueckstadt Graben and in the Westholstein

trough (Fig. 5j). At the base, the Lower Permian (Rot-

liegend) contains volcanics and conglomerates, followed

upward by 500–1,000 m of upper Rotliegend sedimentary

rocks, mainly shale and evaporites (salt). The salt carrying

Rotliegend lithology can only be found in the Glueckstadt

Graben and adjacent areas.

Below the Rotliegend, the layer of Permo-Carboniferous

volcanics (Figs. 5k, 7k) is composed predominantly of

rhyolites and andesites (Benek et al. 1996). This unit is

very thin over the largest part of the area and thickens

toward the north-eastern and south-eastern margins

(Fig. 7k). Pre-Permian sediments are strongly compacted

clastics that are deepest in the Westholstein trough and in

the Central Glueckstadt Graben (Fig. 5l). The thickest pre-

Permian sediments are present in the south of the study

area (Fig. 7l). Below these pre-Permian sedimentary rocks,

the upper crystalline crust has been assumed to be of gra-

nitic composition. It has been drilled in areas outside the

model and is characterized by seismic p-wave velocities

and densities characteristic for this lithology (Yegorova

et al. 2008; Maystrenko and Scheck-Wenderoth 2013;

Thybo 2001). The top of the crystalline crust is deepest in

the middle part of the study area (Fig. 5m) whereas this

surface rises to a few 1,000 m at the margins of the

Glueckstadt Graben. The thickness map (Fig. 7m) of this

layer shows that the thickest upper crystalline crust is

Table 1 Stratigraphic units, their corresponding dominant lithology, the input parameters of the first calculation taken from (Noack et al. 2012)

and for the final (best-fit) calculation

Stratigraphic unit Dominant lithology 1st calculation reference model

(Noack et al. 2012)

Final calculation best-fit

model

k (W/m K) S (W/m3) k (W/m K) S (W/m3)

Cenozoic (Neogene, Paleogene) Sand, silt and clay 1.5 0.7e-06 1.5 0.7e206

Upper Cretaceous Limestone 1.9 0.3e-06 2.1 0.3e-06

Lower Cretaceous Clay interbedded with sand, silt 2.0 1.4e-06 1.5 1.4e-06

Jurassic Clay interbedded with sand, silt and marl 2.0 1.4e-06 1.8 1.4e-06

Keuper Clay with marl, gypsum 2.3 1.4e-06 2.4 1.4e-06

Muschelkalk Carbonates 1.85 0.3e-06 1.9 0.4e-06

Buntsandstein Silts with sand and clay 2.0 1.0e-06 1.6 1.5e-06

Permian salt Evaporites (mainly salt) 3.5 0.09e-06 3.5 0.09e-06

Rotliegend Clay, silt and clay 2.16 1.0e-06 2.16 1.0e-06

Permo-Carboniferous volcanics Rhyolithe and andesite 2.5 2.0e-06 2.5 2.0e-06

Pre-Permian sediments Clastics (strongly compacted) 2.65 1.5e-06 2.65 1.5e-06

Upper crystalline crust Granitoids 3.1 2.5e-06 2.8 1.2e-06

Lower crystalline crust Gabbro 2.7 0.8e-06 2.9 0.7e-06

Lithospheric mantle Peridotite 3.95 0.03e-06 3.95 0.03e-06
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modelled in the northern part of the study area. The lower

crystalline crust is interpreted as being of mafic composi-

tion in response to observed high seismic p-wave velocities

and modelled high densities (Yegorova et al. 2008). Its top

is deepest in the north of the study area (Fig. 5n) and the

lower crust is thickest in the south-eastern part of the

Glueckstadt Graben (Fig. 7n). The crust–mantle boundary

(Moho) (Fig. 5o) is shallowest beneath the Central Glue-

ckstadt Graben whereas this interface descends northward

and is deepest in the north-east of the study area. The

lowermost layer in the model is the lithospheric mantle

assumed to consist of peridotite. This layer is thickest

beneath the Central Glueckstadt Graben (Fig. 7o) and its

base, the lithosphere–asthenosphere boundary deepens

towards the north-west (Fig. 5p).

Method

The calculation of the 3D conductive thermal field requires

a meshed 3D structural model, which describes the

geometry of the main geological units of the study area.

Moreover, specific thermal properties for the correspond-

ing units are needed. The applied finite element method

implies the assumptions that the basin reached a steady-

state condition and that conductive heat transfer is the

dominant mechanism for heat transport. The actual calcu-

lation of the temperatures is realized by a 3D finite element

method [Bayer et al. 1997; Geo modelling system (GMS)].

The basic heat equation

c � q � ðdT=dtÞ ¼ div ðk � gradTÞ þ S

with c: heat capacity (J/kgK), q: density (kg/m3), T: tem-

perature (K), t is the time (s), k: thermal conductivity (W/

mK) and S: radiogenic heat production (W/m3), is solved

on every node to obtain the 3D conductive thermal field.

Assuming steady-state conditions (dT/dt = 0), the thermal

field is only dependent on the thermal conductivity (k) and

the radiogenic heat production (S) of the geological layers

(Bayer et al. 1997; Scheck-Wenderoth and Maystrenko

2008) and on the choice of boundary conditions. First

calculations were carried out using the thermal properties

(k, S) from previous comparable thermal simulations for

adjacent areas of the NE German Basin (Noack et al. 2010,

2012; Bayer et al. 1997; Ondrak et al. 1998; Norden et al.

2008, 2012; Scheck 1997). Validation of the model by

comparing the calculated results with datasets of measured

borehole temperatures is the last step. In this process of

model validation, the thermal properties are adjusted and

changed within a reasonable range to improve the fit

between observed and modelled temperatures. For data

visualization PARAVIEW (Kitware) and Geo modelling

system (GMS) are used.

Boundary conditions

Because almost one-third of the study area is covered by sea

water, an upper thermal boundary condition of 5 �C (average

sea water temperature) has been chosen for the seafloor and

the surface onshore. This value is also close enough to the

average surface temperature of 8 �C in areas not covered by

the sea. Accordingly, the 5 �C isotherm follows the topogra-

phy which reaches from -37 to 134 m in elevation. Deter-

mining the lower boundary condition is more complex,

because only limited information about structure, composi-

tion, temperature and geometry of the deep subsurface is

available (Cacace and Scheck-Wenderoth 2010). Basically,

there are two options for setting the lower boundary condition:

The use of a free lower boundary condition in terms of pre-

scribing a certain heat flow at a certain depth or prescribing a

certain temperature at a certain depth. Frequently, a heat flow

amounting half the surface heat flow is assumed at the level of

the Moho discontinuity based on the assumption that half of

the heat arriving at the surface is generated in the crust (Ku-

kkonen et al. 1999). On the other hand, it is impossible to

constrain the temperature at the level of the Moho, thus a fixed

temperature at this level can be ruled out. Moreover, in spite of

intensive exploration for oil and gas in the last decades and

many academic seismic experiments, the depth configuration

of the Moho (Fig. 5o) is still under debate. This is caused by

the complex and regionally very thick salt structures in the

Glueckstadt Graben, which inhibit a clear imaging of the

Moho. While some studies find a partial uplift of the Moho at

the borders of Glueckstadt Graben (Dohr et al. 1989), recent

studies suggest an almost flat Moho, with an average depth of

around 32 km (Yoon et al. 2008). Furthermore, these new

results indicate the presence of a high velocity body right

above the Moho (Yoon et al. 2008). In response to these dis-

agreements, we refrain from prescribing either a given heat

flow or a given temperature at the Moho.

The only physically reasonable lower boundary condi-

tion could be the assumption of an isotherm at the litho-

sphere–asthenosphere boundary (LAB), as the thermal LAB

may represent the depth where partial melting of the peri-

dotite starts in response to pressure–temperature conditions.

Results from previous lithospheric conductive thermal

models based on consistent indications from seismology

and gravity support the hypothesis that the LAB is indeed

the domain where partial melting starts (Maystrenko and

Scheck-Wenderoth 2009; Scheck-Wenderoth and Mays-

trenko 2008; Eaton et al. 2009). Therefore, we use a fixed

boundary condition of 1,300 �C at the depth of the LAB.

Thermal properties

The thermal properties listed in Table 1 represent end-

member models of a sequence of 9 different simulations

3514 Environ Earth Sci (2013) 70:3505–3522
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during which the sensitivity of the results to the parameters

assigned has been evaluated. For the first calculation, the

thermal properties were taken from literature (Noack et al.

2012; Norden et al. 2008) based on measurements of rock

samples and on temperature modelling of the adjacent NE

German Basin. Subsequently, these thermal properties

were systematically changed during the validation process.

The second set of parameters corresponds to the best-fit

model.

A robust result of all calculated models is that the

Permian salt is characterized by the highest thermal con-

ductivity. This finding is also consistent with lab mea-

surements on rock salt samples (Čermák and Rybach

1982). Also the layers of the crystalline crust are charac-

terized by relatively high thermal conductivities. For both,

the values of thermal conductivity for the salt and the

crystalline crust, the respective temperature range has been

considered (Landolt Börnstein 1960; Čermák and Rybach

1982). Accordingly for the salt, an average value for a

temperature range of 1–150 �C has been chosen whereas

the values for the crystalline crust have been chosen for a

temperature range of 200–400 �C (upper crystalline crust)

and 400–600 �C (lower crystalline crust). For the litho-

spheric mantle an average value for a temperature range of

600–1,300 �C has been assigned. In contrast, the lowest

thermal conductivities have been assigned to the younger

sedimentary rocks (Cenozoic, Lower Cretaceous and

Jurassic).

Likewise, the values for radiogenic heat production have

been chosen lithology-dependent. Accordingly, the highest

radiogenic heat production has been assigned to the Permo-

Carboniferous volcanics (mostly of rhyolitic to andesitic

composition), to Buntsandstein (clay, sand and silt) and

pre-Permian sediments (clastics) (Benek et al. 1996;

Maystrenko and Scheck-Wenderoth 2013). Contrarily, the

Permian salt, most of the sediments as well as the mafic

lower crust and peridotitic mantle produce far less radio-

genic heat.

Validation by measured in situ temperatures

For model validation, the calculated temperatures are

compared to temperatures that have been measured in six

wells (Kus et al. 2005; Kühn and Günther 2007; Pester

et al. 2010; Rodon and Littke 2005; Schöner 2006; Woh-

lenberg 1979). Figure 8 illustrates temperature gradients

measured down to depths of 3 km (well Allermöhe), 5 km

(wells Flensburg Z1, Glueckstadt T1, Mittelplate 2, Moelln

Tief 1) and 6 km (well Schleswig Z1). The wells are

located in different structural domains with respect to the

salt walls (Figs. 2, 3). All measured temperatures indicate a

slightly higher thermal gradient than the normal average of

30 �C/km though the thermal gradients are characterized

by different slopes in each well. The temperatures obtained

in the first calculation using the set of thermal properties

taken from literature (Reference model, Table 1 left col-

umn) are generally hotter than the measured in situ tem-

peratures. Accordingly, the thermal properties of the

geological layers were successively modified in that the

thermal conductivity of all layers has been systematically

increased and decreased. For the final and best-fit model,

the thermal conductivity of the Lower Cretaceous, the

Jurassic, the Buntsandstein and the upper crust was

reduced, whereas the thermal conductivity of the Keuper,

the Upper Cretaceous and the lower crust was increased

compared to the reference model (Noack et al. 2012). The

calculated temperatures were poorly sensitive to changes of

the thermal conductivity of the Jurassic in response to the

rather limited thickness of this layer. Although the differ-

ence between modelled and measured temperatures is large

for the Flensburg well, the modelled temperatures had the

best fit to measured in situ temperatures for the other wells

(Fig. 2). It appears that the area of the Flensburg well is

characterized by specific conditions that are not accounted

for with the steady-state conductive approach (Fig. 8).

Results

The results of the calculated conductive thermal field of the

Glueckstadt Graben are shown in Figs. 9 and 10 as the

calculated temperature distributions for selected depth

levels. As expected, the predicted average temperatures are

increasing with depth. Thereby, short-wavelength temper-

ature variations can be only found in the upper/sedimentary

part of the model (down to a depth of 20 km) and show a

spatial correlation with the thickness distribution of the

Permian salt.

The supra-salt thermal field

Figure 9a–g illustrates the temperature distribution for the

upper sedimentary part. At 1 km depth (Fig. 9a), highest

temperatures (up to 59 �C) are modelled above N–S

striking walls and diapirs of the Permian salt with the shape

of positive anomalies following the pattern of the salt

structures. Positive temperature anomalies are particularly

pronounced where the salt walls are overlain by less con-

ductive cover sediments. Lower temperatures at 1 km

depth are noticeable in the Central Glueckstadt Graben, at

the northern margin of the study area and within the

Westholstein and Eastholstein troughs (29–45 �C). In

addition, relatively lower temperatures occur within salt

structures covered by relatively thin sediments. With

increasing depth, from 2 to 7 km (Fig. 9b–f), there is a

continuous average increase of temperature around the
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Central Glueckstadt Graben of about 120 �C. In general,

relatively lower temperatures occur within salt structures,

in the Westholstein trough and in the Central Glueckstadt

Graben. The configuration of the highly thermal conductive

Permian salt plays an important role for the thermal field in

the upper (sedimentary rock) part of the model. In response

to the complex structure and the pronounced relief of the

salt layer, the predicted conductive thermal field for the

sedimentary rocks is complicated by local positive and

negative temperature anomalies. Thereby, negative thermal

anomalies (of up to 35 �C, Fig. 9g) develop in and

underneath thick Permian salt structures.

Figure 11 illustrates the impact of Permian salt struc-

tures on the modelled conductive thermal field. In all of the

three W–E cross sections (perpendicular to the strike of

Permian salt structures) significant variations in calculated

temperatures are noticeable, which are caused by the

highly conductive Permian salt. Heat is transferred more

efficiently throughout the Permian salt, which enhances

cooling within these structures. This phenomenon is often

described as ‘‘chimney effect’’ (Noack et al. 2010; Kaiser

et al. 2011). The effect increases with an increased thick-

ness of salt structures. For this reason negative thermal

anomalies (of up to 35 �C) occur underneath thick Permian

salt structures where more heat is conducted to the top of

the Permian salt layer. If the salt layer is covered by at least

1 km of low conductive sedimentary rocks it comes to a

noticeable buildup of heat caused by the insulating effect of

the overburden lithologies and the high heat flow entering

through the Permian salt. In response to this ‘‘chimney

effect’’ positive thermal anomalies (up to 15 �C) evolve

above thick Permian salt walls and diapirs, covered by

relatively thick sedimentary rocks. Where the cover

lithologies are thin, negative thermal anomalies are

observed above the salt structures as there the heat is more

efficiently transported to the surface than in the insulating

clastics at the same depth.

The deep thermal field

At a depth of 10 km (Fig. 9g), the salt-related temperature

distribution patterns are still recognizable, though the

anomalies are of opposite sign compared to the upper few

km: below salt structures negative thermal anomalies are

present whereas areas below thick Mesozoic sediments are

warmer. Accordingly, relatively warm areas are predicted

in the centre and below the eastern flanks of the Central

Glueckstadt Graben and below the East Holstein trough

(265–270 �C).In addition, colder areas are located at the

northern margin of the model and below the Westholstein

trough (230–245 �C). The temperature distribution at a

depth of 20 km (Fig. 9h) does not correlate anymore spa-

tially with the thickness distribution of the Permian salt

(Fig. 7i). As a result, changes in temperature are smooth

with a general trend of higher temperatures below the

central part of the study area (of up to 426 �C) and colder

temperatures at the northern margin of the model

(396–404 �C). This pattern correlates spatially with the

depth of the top crystalline crust (Fig. 5m). In the northern

part of the model, the crystalline crust reaches the shal-

lowest position. As crystalline units have a higher thermal

conductivity than sedimentary units, thermal blanketing by

sedimentary rocks is less efficient, where modelled units

are thinner. On the other hand, within the more conductive

crust heat is more efficiently transferred upward. Together

these two effects lead to lower temperatures at 20 km depth

where the crystalline crust is thick and shallow.

Likewise, in the deeper parts of the model, from 20 to

80 km depth (Figs. 10i–n), the predicted temperature

variations are smoothed, maximal temperature variations

between 30 and 40 �C are modelled in equal depth. This is

due to the fact that in the deeper parts of the model a more

or less parallel stratification of layers prevails and thus no

abrupt lateral contrasts in thermal conductivity are present.

Also the absolute range of temperature variations decreases

Fig. 8 Comparison of modelled and measured temperatures according to certain depth levels at the 6 wells. Well locations are plotted in Fig. 2
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Fig. 9 Temperature distribution for selected depth levels (1–20 km) of the best-fit 3D thermal model. Model coordinates are based on the Gauss-

Krueger DHDN (zone 3) system using the WGS 84 datum
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with increasing depth though a colder area below the gra-

ben is evident compared to warmer domains along the

margins of the model. At these larger depths, the calculated

temperatures are most sensitive to the configuration of the

radiogenic upper crystalline crust (Fig. 5m) and to the

depth of the isothermal LAB defining the lower boundary

condition in the model. Accordingly, higher temperatures

evolve where the radiogenic upper crust is thicker in the

upper 30 km. In addition, the shape and topography of the

LAB has a major impact on the predicted conductive field

from 40 to 80 km depth. As a result, warm areas are always

in the north-east of the study area and match with shallow

areas of the LAB.

Discussion

Our results indicate that the spatial temperature distribution

in the upper few km of the Glueckstadt Graben is mainly

controlled by the topography of salt structures in the

Fig. 10 Temperature distribution for selected depth levels (30–80 km) of the best-fit 3D thermal model. Model coordinates are based on the

Gauss-Krueger DHDN (zone 3) system using the WGS 84 datum
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subsurface and related contrasts in thermal conductivity

between conductive salt and insulating cover sediments.

Accordingly, the conductive thermal field of the Gluecks-

tadt Graben is strongly controlled by the structure of the

highly conductive Permian salt (Zechstein plus salt-rich

Rotliegend), causing significant lateral temperature varia-

tions for the same reference depth of up to 60 �C (Figs. 9e,

f). This unique geological and thermal setting makes the

region very interesting for deep geothermal energy utili-

zation. Though we assess only the steady-state conductive

thermal field of the Glueckstadt Graben, our results can

provide first-order estimates for locations of higher geo-

thermal prospectivity. With the help of this dataset, it is

possible to find areas, where high temperatures at shallow

depth are expected. This can be imaged for example by the

topography of different isotherms throughout the study

area. This knowledge can then be used to minimize costs

for geothermal drilling projects. Since 100 �C is the min-

imum temperature for electric power production from

geothermal resources, the 100 �C equal temperature map is

shown in Fig. 12. The 100 �C isotherm is located at a depth

ranging from 2.3 to 3.8 km. In general, the maximum depth

is expected in salt diapirs and salt walls, especially in the

west where the isotherm descends down to 3.8 km. In

contrast, the minimum depths are located in areas where

the Permian salt structures are covered by low conductive

younger sediments, which cause increased heat storage.

While salt is generally not suitable for extracting hot fluids

in response to its impervious nature, the salt margins are

filled with permeable sediments. These domains are also

characterized by a relatively shallow position of the 100 �C

isotherm and could be suitable targets for geothermal

exploration.

The validation of the model with the help of a com-

parison between modelled and measured temperatures

showed that the used method (Bayer et al. 1997) is gen-

erally valid for the Glueckstadt Graben as a good agree-

ment of modelled and measured temperatures in five of the

six used wells is found. Only at the Flensburg well our

model always predicts too high temperatures. This can be

either related to a local overestimation of the modelled

thickness of the high conductive salt or to a local cooling

Fig. 11 Cross sections of the upper part of the final thermal model, showing the impact of the grey shaded Permian salt on vertical temperature

distribution (vertically exaggerated 1:10)
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mechanism in this region as for example in response to heat

transfer by circulating pore fluids. Moreover, the temper-

ature distribution calculated for the upper part of the 3D

model does not consider potential effects of palaeoclimatic

changes on subsurface temperatures.

(1) The Flensburg Well was drilled in a small rim

syncline, which is next to a salt diapir. The horizontal

resolution of the model is 2 km. This can be

insufficiently detailed to account for small wave-

length irregularities in the structure of the high

conductive Permian salt. It might be possible that

the model overestimates the thickness of Permian salt

at this local point and thus cause a misfit of modelled

and measured temperatures.

(2) The model assumes a dominant, laterally uniform

lithology within each layer. Small changes in facies

are not considered, which might have an influence on

the distribution of the thermal properties. Especially,

heterogeneities in the Permian salt could have a high

impact on the predicted temperatures. It could be that

locally less salt is preserved either in the Zechstein or

the Rotliegend than considered in the model, thus

causing a lower effective conductivity than assumed

in the current model.

(3) The Glueckstadt Graben was affected by normal

faulting in the past and these normal faults were not

considered by the model. Recent studies show that

fault permeability might also have an effect on local

temperature distribution (Yousafzai et al. 2010;

Cherubini et al. 2013).

(4) Forced groundwater flow induced by lateral variations

in hydraulic head can also have a cooling effect on

temperatures in the subsurface. In a similar geological

setting, in the North-East German Basin, Noack et al.

(2013) show that local fluid transport may cause

cooling of the shallow thermal field.

(5) Convective heat transport might influence subsurface

temperature in this area. The well is located at the

west flank of a large impermeable salt diapir. This

setting may cause a density driven convective fluid

transport in the adjacent permeable sedimentary rocks

bringing colder water to greater depth. This could

have also an overall cooling effect explaining the

measured temperatures.

Conclusions

Our results show that a considerable portion of observed

deep temperatures for the Glueckstadt Graben can be

explained by a 3D steady-state conductive thermal model.

According to the predictions of this model, subsurface

temperature in the upper few kilometres of the region is

mainly controlled by the configuration of thermally highly

conductive Permian salt structures and the related lateral

contrasts in thermal conductivity with surrounding and/or

Fig. 12 Depth distribution map

of equal temperature (100 �C).

Model coordinates are based on

the Gauss-Krueger DHDN

(zone 3) system using the WGS

84 datum
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covering less conductive sedimentary rocks. Especially, the

upper sedimentary part of the model exhibits large spatial

temperature variations, related to the structural features of

the relatively highly conductive Permian salt. Thereby, the

thickness and geometry of the salt causes two major

effects, which enhance the lateral temperature differences.

The impact of the ‘‘chimney effect’’ causes an increased

heat transport in salt diapirs. As a consequence, positive

thermal anomalies develop above salt structures, whereas

negative thermal anomalies evolve underneath salt

structures.

Apart from these local effects also regional lateral

variations in temperature are found. For these regional

anomalies the cumulative insulating effects of the entire

sediment fill results in a long-wavelength variation of

temperatures in response to heat refraction effects caused

by the contrast between insulating sedimentary rocks and

highly conductive crystalline crust. Finally, the longest

wavelength of temperature variations is caused by the

depth position of the isothermal lithosphere–asthenosphere

boundary defining the regional variations of the overall

geothermal gradient.
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nordwestdeutschen Salzstöcke. Zeitschrift der Deutschen Geo-

logischen Gesellschaft 131:387–408

Kaiser BO, Cacace M, Scheck-Wenderoth M, Lewerenz B (2011)

Characterization of main heat transport processes in the North-

east German Basin: Constraints from 3-D numerical models.

Geochem Geophys Geosyst 12:Q07011. doi:10.1029/2011

GC003535

Kockel F (2002) Rifting processes in NW-Germany and the German

North Sea Sector. Geol Mijnbouw 81:149–158
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