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1. Introduction 

The Terne-1 exploration well was drilled in 1985 in Kattegat by AMOCO to test a Lower 
Cambrian sandstone play similar to the type proven in the northern part of Poland and in the 
Baltic Sea (Thomsen et al. 1987). The well penetrated 1050 m of Lower Palaeozoic sediments 
and was terminated at 3363 m in the Lower Cambrian Hardeberga Fm.  
 
The purpose of this report is to present an updated stratigraphical, lithological and 
geochemical evaluation of the Lower Palaeozoic succession in the Terne-1 well. The 
description of the lithological units is based on log response and lithological descriptions of 
cuttings and core. In preparation of the report 20 samples have been processed and analysed. 
The analysis includes Total Organic Carbon (TOC), Total Carbon (TC), Total Sulphur (TS) 
and carbonate measurements. Qualitative assessment of the mineralogical content based on 
XRD analyses together with quantitative analyses of quartz content has been made. A re-
assessment of the thermal maturity gradient in the area is based on reprocessing of frequency 
histograms for 40 vitrinite samples from the well.  
 
Geochemical data from previous studies made by GEUS (Bojesen-Koefoed & Petersen 2001) 
and by the University of Copenhagen (Warming et al. 1994) are integrated in the report. The 
presented data is included in digital version on the attached CD.  
 
Logs, well information and geochemical data that are part of the GEUS well data and log 
packages for the Terne-1 well have been used during preparation of this report. 
  
 

 
Figure 1. Map showing the location of the Terne-1 well (black dot) in the Kattegat Sea.  
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2. Well data summary sheet Terne-1  

Location   Offshore  
Longitude   11°30'20.39" E  
Latitude   56°20'38.66" N  
UTM Zone   32  
UTM Easting (x)  654870.1 (m)  
UTM Northing (y)  6247334.0 (m)  
Well block no.  5611/23-1  
Reference point  RT 37 m above MSL  
Water depth   19 m below MSL  
TD log   3363 m below RT  
TD drill   3361 m below RT  
Formation at TD Hardeberga Fm (Lower Cambrian) 
The well is   Vertical  
Structure   Terne 
Spudded   26/05-1985  
Completed   17/08-1985  
Spud classification  Exploration  
Status (completion)  Plugged and abandoned  
License   4/84 
Operator   AMOCO  
Contractor Rig  DYVI EPSILON  
HC shows:  No oil or gas shows were reported and the well was classified as dry. 
Results: The well drilled the Lower Palaeozoic succession from 2313 m below 

RT and to 3363 m (TD). One core was cut in the Hardeberga Sandstone 
(3356-3358.1 m). Cutting samples were collected with a general 
spacing of 3 m. The well drilled dark grey to black mudstone of 
Silurian age from 2313 to 2982 followed by 190 m of medium to dark 
grey Upper to Middle Ordovician mudstones. Two large and one minor 
dolerite sills of Late Carboniferous age are present in the Silurian 
section. The thickness of the dikes is about 120 m in total. The top of 
the Alum Shale was encountered at 3173 m and the base of the 
formation was reached at 3352 m. The Alum Shale Formation thus 
totals 179 m. Below the Alum Shale an 11 m thick succession of mixed 
siltstone-sandstone lithologies belonging to the Hardeberga Formation 
was drilled; the Læså and Gislöv formations are absent.  
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Figure 2. Part of the Terne-1 mud log (3120-3320 m) showing a portion of the Alum Shale 
Formation (top at 3173 m). Note the slight undulation in the total gas content in the Furongian 
part of the formation (3220-3280 m).  
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Figure 3. Location of the Terne-1 well and the seismic lines ADK84-117 and ADK 84-117A 
(top) and an example of interpretation of the seismic lines (base). The seismic lines (mid) and 
example of interpretation (base) are from Michelsen & Nielsen (1991).  

Aafborg 

•Stavnng ,. Kong.ers v 

.. ,.. 
""" H-d ..... _ 

... ,. ,, + 
Viboro 

Randers 
Alllnglbrt> ,. ,. 

BJ<fflno~ 
tangl 

12 

Aunln; 
,.R_yomglrd 

+ 
" 

, .. !, SAMSO 
----, 
ifve 22 kmJorr1ng 10, W' 

DANISH BASIN 

Upper Cretaceous 

Lower Cretaceous 

Jurassic 

Triassic 

Lower Palaeozoic ~ --

Basemen t 

I~ 

Katte9at 

u!..-

---------~~-----~--

SORGENFREI · TORNQUIST ZONE 

TER NE -1 

Basement 

Scale 

5 Km 



The Lower Palaeozoic sequence in the Terne-1 well 

GEUS  8 / 69 

3. Stratigraphical evaluation of the Lower 

Palaeozoic 

 

3.1. Stratigraphical frame for the Lower Palaeozoic 
The Lower Palaeozoic litho- and biostratigraphical frame is presented in Figures 4, 5, 6 and 7.  
 
The Cambrian sand- and siltstones in Denmark and in southern Sweden (Scania) comprise the 
Nexø, Hardeberga, Læså and Gislöv Formations (Figure 4). For a recent review of these 
formations see Nielsen & Schovsbo (2006).  
 
The Nexø Fm predominantly comprises reddish coloured sub-arkosic sandstone.  
The Hardeberga Fm comprises well-sorted strongly cemented quartzite sandstone. The 
formation includes subordinate silt- and mudstone beds.  
The Læså Fm is dominated by greenish grey siltstone with variable glauconite content. 
Phosphorite nodules occur at several levels and sandstone beds are common especially in the 
upper part of the formation. The top member, the Rispebjerg Member, is a regionally 
distributed sandstone bed that records a major regressive event (Figure 4). 
 
The Alum Shale Fm consists of dark organic rich mudstone with abundant disseminated 
pyrite deposited from the Mid Cambrian to the Early Ordovician (Tremadocian). In Denmark 
and Scania the formation contains a low proportion of diagenetic carbonate beds (Figure 5). 
This lithology was termed the ‘outer shelf type’ by Schovsbo (2002). Alum Shale with higher 
proportions of non shale beds including primary carbonates, conglomerates and diagenetic 
carbonate concretions are present in the south-central parts of Sweden and on Öland (Figure 
5). This lithology has been termed ‘inner shelf type’ by Schovsbo (2002). The Exsulans and 
Andrarum limestones (both <1 m thick) occur in the lower part of the formation (Figure 5). 
These marker beds are primary bioclastic limestones, and represent periods with elevated 
oxygen levels at the sea-floor that allowed for colonisation of diverse benthic faunas 
(Schovsbo 2001 and Nielsen & Schovsbo 2006). The marker beds represent important 
stratigraphical horizons that are particular easy to recognise on gamma ray logs due to their 
low GR response.  
 
Ordovician shales and limestone formations above the Alum Shale comprises the 
Bjørkåsholmen Fm, Tøyen Shale, Komstad Limestone, Almelund Shale, Dicellograptus Shale 
(here used as collective term for the Sularp, Skagen, Mossen, Fjäcka shales of Scania) and the 
Lindegård Fm (previously referred to as the Jerrestad and Tommarp mudstones) (Figure 6). 
 
The Bjørkåsholmen Fm is a thin (< 2 m) cold water bioclastic carbonate unit that contains 
variable amounts of clay, phosphorite and glauconite. 
 
The Tøyen Shale in southern Sweden is a greenish-grey mudstone with occasional siltstone 
beds. Dark organic rich intervals occur in the upper part of the formation in the Oslo area. 
 
The Komstad Limestone is a thin-bedded cold water bioclastic carbonate. The unit contains 
variable amounts of clay, phosphorite and glauconite. It is known from Bornholm and 
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southern Sweden (Scania), but thins out westwards and is likely not present in the subsurface 
of Denmark.  
 
The Almelund Shale (previously referred to as the Upper Didymograptus and Lower 
Dicellograptus shales) is a black to dark-grey shale with rare carbonate interbeds.  
 
The Dicellograptus Shale is a grey to dark grey mudstone. The old term Dicellograptus Shale 
is used here for the Sularp, Skagen, Mossen and Fjäcka shales of south central Sweden (see 
Bergström et al. 2002). The lower part contains numerous bentonite beds including the up to 
one meter thick ‘Kinnekulle’ Bentonite (included in the Sularp Shale in southern Sweden) 
which represents the most significant volcanic eruption in the entire Phanerozoic (Bergström 
et al. 1995). 
 
The Lindegård Fm is a bioturbated green-grey mud- to siltstone. Thin sandstone beds with 
conglomeratic horizons may occur in the upper part.  
 
The Silurian is represented by the Rastrites and Cyrtograptus shales on Bornholm. Upper 
Silurian shales - the Nøvling and Rønde Fms - are present in the Nøvling and Rønde wells 
(Michelsen & Nielsen 1991).  
 
Silurian formations comprises in Scania the Rastrites, Cyrtograptus and Colonus shales and 
the Öved-Ramsåsa Group. The latter includes shallow water limestones and red-coloured 
fine-grained sandstones. 
 
The Rastrites Shale comprises black to dark-grey silty mudstones. Current generated 
sedimentary structures and calcite cemented sandy beds occur in some intervals. TOC rich 
intervals occur notably near the base of the formation and in convolutus graptolite Zone 
(Figure 18, Schovsbo 2003).  
 
The Cyrtograptus Shale comprises a grey silty mudstone. 
 
The Rønde Fm consists of interbedded shale and sandstone and the Nøvling Fm consists of 
volcanics (?Late Palaozoic sills) interbedded with shale and sandstones.  
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Figure 4. Lithostratigraphic scheme for the Lower and lower Middle Cambrian of southern 
Scandinavia. From Nielsen & Schovsbo (2006). Red line indicates the approximate 
stratigraphic range of the Terne-1 well.  
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Figure 5. Lithostratigraphic scheme for the Middle Cambrian, Furongian and Lower 
Ordovician (Tremadocian) of southern Scandinavia. From Nielsen & Schovsbo (2006). Red 
line indicates the approximate stratigraphic range of the Terne-1 well.  
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Figure 6. Stratigraphic scheme of Scania, Bornholm, northern Germany (G14) and northern 
Poland with indications of main lithologies. From Stouge & Nielsen (2003). Red line 
indicates the approximate stratigraphic range of the Terne-1 well.  
 
 

 
 
Figure 7. Silurian stratigraphy on Bornholm (Bjerreskov 1975). In the Terne-1 well the 
Rastrites Shale is present. Units above the Rastrites Shale have not been identified in the well. 
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3.2. Biostratigraphy 
Biostratigraphic dating of the Lower Palaeozoic succession in the Terne-1 well using 
acritarchs and chitinozans was done by Palaeoservice. Results from this analysis have been 
published by Michelsen & Nielsen (1991).  
 
According to Michelsen & Nielsen (1991) a sidewall core at 3158 m indicated an age no older 
than Tremadocian. Tremadocian forms are also found at 3060 m.  
 
The interval 2744.5-2938 m yielded a few forms with poor biostratigraphical significance. A 
sidewall core at 2843 m indicated an age not younger than the Llandovery and a sidewall core 
sample at 2761 m indicated an Early Ludlovian age. A cutting sample at 2429 m indicated an 
age not younger than Late Ludlovian. 
 
The log stratigraphical correlation presented in Section 3.4 is in broad agreement with these 
biostratigraphical ages. However, the log correlation of the Silurian presented below is not in 
agreement with these biostratigraphical ages. The biostratigraphical ages suggest that the 
shales equivalent to the Scania Colonus Shale (Ludlow age) are present from about 2760 m 
and upwards. The log correlation suggests that this section represents the Rastrites Shale. 
Hence a re-evaluation of the biostratigraphic ages is needed. 
 

3.3. Rock types 
The following main rock types have been defined based on the GR-ILD log response (Figures 
8 and 9):  
 

1) Black shale; SGR >200 api,  
2) Sandstone-siltstone; SGR > 25 api, ILD > 50 ohm m  
3) Silty shale; 25 api <SGR <200, <28 ILD < 50 ohm m  
4) Grey shale; 25 api <SGR <200 api, ILD < 28 ohm m  
5) Diorite sill (intrusive) SGR < 25 api 

 
The selections of cut-offs for the rock types have been made in order to match the lithological 
descriptions of the core and cutting samples. In the evaluation of the api cut-offs the log 
response of the SGR curve has been used. 
 
Based on these criteria a rock type evaluation of the Lower Palaeozoic succession has been 
made. Digital versions of each rock type are included in LAS file format on the attached CD. 
Note that the logs represents a cement signature in the casing interval (3110-3121 m), hence 
no lithological interpretation has been made here. 
 
The rock type calculations (Figure 10) indicate the presence of sandy beds between 2920-
2940 m which is in agreement with the cutting descriptions. Also the indicated presence of 
silty beds between 3080-3100 m and 2500-2550 m is in agreement with the cutting 
descriptions whereas the calculated presence of silty beds in the intervals 3120-3150 m and 
2400-2490 m is not in agreement with the cutting descriptions that indicate a dominant shale 
type for these intervals.  



The Lower Palaeozoic sequence in the Terne-1 well 

GEUS  14 / 69 

 
 
 

 
Figure 8. Discrimination of the intrusive diorite rock type in the Terne-1 well is based on the 
SGR-ILD log responses. The selection of the cut-offs are based on a lithological evaluation of 
the cutting samples. 
 

 
Figure 9. Discrimination of sedimentary rock types in the Terne-1 well is based on the SGR-
ILD log response. The selection of the cut-offs are based on an evaluation of the lithological 
description of cutting samples. 
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Figure 10. 
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Figure 10 (cont.). SGR and ILD log curves in the Terne-1 well together with the 
stratigraphical division and lithological analysis. The lithological rock type evaluation is 
shown with colour codes in the panel. Dark brown interval indicate a black shale rock type, 
light brown a grey shale type, orange a silty shale type, yellow sandy rock type and pink 
indicate an intrusive diorite rock type. For definition of the rock types see Figures 8 and 9. 
Note that in the casing interval (3114-3125 m) the log reads a cement signature and hence no 
lithological interpretation has been made. Black dots represent TOC measurements.
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3.4. Lithostratigraphical units and stratigraphical picks 
The following lithological units have been identified in the Terne-1 well:  
 
Hardeberga Fm 3352.0-3363.0 m (TD) 
Description: Quartzite, fine to medium grained, well sorted and extremely hard.  
 
Log response: Low GR values and high ILD response. The RHOB indicates low porosity and 
the log response is interpreted to reflect strongly cemented sandstone. The top of the 
Hardeberga Fm is characterised by a very sharp decrease in ILD values. High RHOB values 
in the topmost 0.5 m of the formation are interpreted to reflect phosphatization of the 
sandstone prior to deposition of the Alum Shale.  
 
TOC: 0% [2 samples 1.8-6.5% in Appendix A is interpreted to reflect cavings.] 
Age: Early Cambrian 
 
Alum Shale Fm 3173.1-3352.0 m 
Description: Generally dark black very carbonaceous mudstone with nodules and thin seams 
of pyrite. Occasional carbonate nodules and beds are present. Cuttings are predominantly 
homogeneous black. Mixed lithologies occur between 3285-3300 m and 3330-3352 m. Here 
the formation is characterised by SGR values < 200 api and the rock type evaluation suggests 
the presence of grey to silty shale. The intervals are interpreted to reflect relative TOC lean 
subunits.  
 
Log response: High SGR values (>200 api units). Other log characteristic include low sonic 
interval time, RHOB values and high NPHI values compare to the formations above and 
below. The combined log response of the Alum Shale is consistent with an organic rich 
mudstone. Carbonate beds occur in the formation. These beds are easily identified as ‘spikes’ 
on the GR, NPHI and RHOB curves. In the basal part of the formation the presence of several 
limestone beds gives the logs a very high frequency pattern and thus a ‘noisy’ appearance. 
 
The base on the Alum Shale is placed at a sharp decrease in the ILD curve and a simultaneous 
increase in GR readings. The top of the Alum Shale is picked where the GR values decrease 
to less than 200 api units accompanied by a decrease in the NPHI values.  
 
TOC: 2.6-11.1% (27 samples) 
Age: Mid Cambrian to Early Ordovician 
 
Middle Cambrian Alum Shale 3272-3352 m 
Description: Cuttings between 3338-3329 m and 3299-3293 m show a mix of lithologies 
ranging from light grey to dark mudstones.  
 
The Exsulans and Forsemölla limestones are interpreted to be located at 3334 m and 3340 m, 
respectively (see Figure 11). These limestone beds represent periods with elevated oxygen 
levels at the sea floor and the association of grey mudstone is interpreted to reflect TOC lean 
parts of the formation deposited during slightly higher oxygen levels at the sea-floor than 
normal for Alum Shale environment.  
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At 3300.5 m the GR curve shows a local minimum. The ILD log response also increases and 
the rock type analysis indicates the presence of silty shale and grey shale types and thin 
carbonate beds (Figure 11). The incoming of silty and grey shale together with thin 
limestones indicate an interval with relative low TOC values and an overall depositional 
environment characterised by higher oxygen levels at the sea-floor. Both in term of the log-
motif of the black shale surrounding this interval and in terms of the environmental 
fluctuation this level is correlated with the Andrarum Limestone Bed of Sweden and 
Bornholm (Nielsen & Schovsbo 2006).  
 
TOC: 2.6-6.8% (11 samples) 
 
 

 
Figure 11. Stratigraphical subdivision and log response in the Alum Shale Formation in 
Terne-1. See Figure 10 for legend. 
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Furongian Alum Shale 3206-3272 m 
Cuttings: Uniform dark mudstone. No light coloured bioclastic carbonate fraction observed.  
 
At 3272.1 m there is a local minimum in the GR curve. This level is taken to reflect a 
diagenetic limestone bed that commonly occurs in the basal Furongian Olenus Zone (Figure 
11). Above this level the GR curve records very high GR values. The increase in GR values 
are interpreted to reflect the increase in uranium concentrations that occur in the upper part of 
the Olenus Zone (Schovsbo 2002). 
 
A local minimum in the GR curve at 3257 m is interpreted to reflect the base of the 
Parabolina Zone and the base of the Peltura Zone is picked below a very characteristic peak 
in the GR readings.  
 
The base of the Acerocare Zone is picked at 3220.1 m at a level just below the onset of 
overall lower GR values in the formation. This ‘shoulder point’ is very characteristic and 
recognizable on gamma logs from wells in southern Sweden and on Bornholm (Schovsbo et 
al. 2011, Schovsbo 2002).  
 
TOC: 6.6-11.1% (10 samples) 
 
Lower Ordovician Alum Shale 3173-3206 m 
The Cambrian/Ordovician boundary is not very distinct but is picked at 3206.6 m where a 
local increase in GR values is seen. No picks have been identified in the Tremadocian part of 
the formation.  
 
The Lower Ordovician Alum Shale is characterised by decreasing GR values up-section and 
increase in sonic velocities. This is interpreted to reflect a general decrease in TOC values in 
this part of the formation. 
 
TOC: 2.7-5.4% (7 samples) 
 
Bjørkåsholmen Fm 
Not identified. It is possible that the thin formation is developed in a muddy facies in this 
Palaeo-offshore environment and therefore is not readily identified on the logs. Alternatively 
it may be truly absent and represented by an unconformity. 
 
Tøyen Shale 3122-3173 m 
Description: Dark grey to medium grey brown shale with thin interbedded siltstones. The rock 
type evaluation indicates grey to silty shale types (Figure 12). Thin black shale is present 
around 3141 m. At 3148 m the rock type evaluation indicates a distinct change from silty 
shale below this level to grey shale above this level (Figure 12). 
 
Log response: SGR values < 200 api units and ILD values between 20 and 30 ohm m.  
 
The base is picked where the GR curve values decease to less than 200 api units. This level is 
also reflected in other log types such as the NPHI, RHOB and ILD and DT curves that all 
suggest a change in lithology from black to grey shale.  
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The top is placed at 3122 m at a minimum in the GR values (Figure 12). This level is within a 
casing interval that reduces the overall GR readings for the interval and limits the log 
signature of the interval.  
 
TOC: 0.9-1.6% (11 samples) [sample at 3170 m in Table 3 with 3.0% TOC is interpreted to 
represent Alum Shale. The depth is interpreted to be poorly calibrated] 
Age: Early Ordovician 
 
Komstad Limestone Fm 
Not identified. The unit is confined to more shallow water palaeo-settings as on Bornholm 
and the eastern and central part of Scania. In the northwestern part of Scania the unit peters 
out due to a deeper depositional setting (Nielsen 1995). Michelsen & Nielsen (1991) 
erroneously identified the Komstad Limestone in the Terne-1 well on their figure 12. They 
picked top and base of the unit as top and base of an interval characterised by low GR values. 
This level represents, however, a casing interval.  
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Figure 12. Stratigraphical subdivision and log responses in the Ordovician section above the 
Alum Shale in the Terne-1 well. See Figure 10 for legend. 
 
Almelund Shale 3087.0-3122.0 m 
Description: Dark grey to black occasional light grey-green shale. 
 
Log response: SGR < 200 api units and ILD values < 28 ohm m. The log reading is 
influenced by a casing interval in the basal part which limits the characterisation of the unit.  
 
The base of the unit is characterised by an increase in GR suggested to reflect the onset of 
more fine-grained deposition. This level is suggested to match the shift from Komstad 
Limestone to Almelund Shale in Scania (cf. Nielsen 1995). The top of the formation is picked 
at the base of characteristic double spike in the ILD log response that represent the basal part 
of the Dicellograptus Shale on Bornholm i.e. the Sularp Fm of southern Sweden.  
 
TOC: 1.0-1.6% (7 samples) 
Age: Mid Ordovician 
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Dicellograptus Shale 3022.2-3087.0 m 
Description: Light to dark grey shale. The rock type evaluation (Figure 12) indicates the 
presence of black shale in the top part of the formation. The lower main part of the formation 
is dominated by grey shale.  
 
Log response: SGR values range between 180-220 api units. ILD values are generally below 
28 ohm m. GR values increase up-section. 
 
The base is picked just below an increase in the ILD log readings. This level is interpreted to 
reflect the presence of silicified shale, which characterizes the Sularp Shale in Scania 
(Bergström et al. 2002). Low ILD values occur just above the base is interpreted to reflect the 
presence of the K-bentonite bed (Kinnekulle Bentonite). The top of the unit is picked just 
above a marked spike in the SGR log where SGR >200 api is reached. The top of the unit is 
characterised by high GR readings, low sonic transit velocities and low RHOB log readings. 
This level is therefore interpreted to be organic rich and most likely it corresponds to the 
Mossen and/or Fjäcka Shale of south central Sweden (Figure 6). Of these two shales the 
Fjäcka is the most organic rich and contains up to 4% TOC in Scania and in the Bornholm 
area (Schovsbo 2003, Figure 18). The low TOC content measured in the Terne-1 well for this 
interval might suggest that the level reflect the Mossen Shale and thus that the Fjäcka shale is 
absent in the Terne-1 well. The Fjäcka Shale is absent in the north-western part of Scania 
(Figure 6). 
 
TOC: 0.8-1.4% (9 samples) 
Age: Late Ordovician 
 
Lindegård Fm 2977.3-3022.2 m 
Description: Dark green shale with trace of siltstone. 
 
Log response: Low GR values and ILD response. 
 
The base of the unit is picked at a sharp decrease in GR values. The top of the unit is placed 
just below a peak in GR values. The Lindegård Formation was termed unit E in the log 
stratigraphy by Pedersen & Klitten (1990) for Bornholm and they identified 3 units termed 
E1, E2, and E3.  
 
The E1 unit is characterised by low GR values.  
 
The E2 unit is characterised by generally higher GR values than the E1 unit. The boundary 
between the E1 and E2 units is placed just above a spike in the GR curve at 3002.6 m. The top 
of the E2 unit is located at 2990.2 m and is characterised by a slight increase in GR values.  
 
The E3 unit is characterised by low GR values.  
 
TOC: 0.6-1.2% (6 samples) 
Age: Late Ordovician 
 
Rastrites Shale 2750-2982 m 
Description: Light grey to black shale with silty and sandy beds.  
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Log response: Overall low GR log values and low to high ILD response.  
 
The Rastrites Shale was termed unit F in the log stratigraphy by Pedersen & Klitten (1990) for 
Bornholm and they identified 5 units termed F1, F2, F3, F4 and F5.  
 
F1 unit 2958-2982 m 
Cuttings: Light to dark grey shale. 
 
The F1 unit is characterised by high GR values. The base of the F1 is marked by a 
characteristic double peak on the GR curve. This motif is interpreted to reflect the basal black 
shale of the Silurian. This interval is known from Bornholm to contain up to 2% TOC (Figure 
18).  
 
The base of the Silurian i.e. the base of the ascensus graptolite Zone is located just above the 
first spike on the GR curve within the F1 unit on Bornholm (Pedersen & Klitten 1990, Koren 
& Bjerreskov 1997). This level corresponds to 2977.3 m in the Terne-1 well. 
 
F2 unit 2938-2958 m 
Cuttings: Light to dark grey shale. 
 
The F2 unit is characterised by intermediate GR responses. The base is defined above a peak 
in the GR curve and the top is defined where the GR values decreases. The top is also 
characterised by an increase in ILD values interpreted to reflect the presence of sandy beds.  
 
F3 unit 2858-2938 m 
Description: Light grey cuttings with silt to sandstone.  
 
The F3 unit is characterised by low GR values and fluctuations on the ILD, RHOB and NPHI 
logs. The unit is interpreted to reflect a mudstone with interbedded siltstone and sandstone 
beds.  
 
F4 unit 2813 m 
Light to dark grey shale. 
 
The F4 unit is characterised by relatively high GR values. The base on the unit is defined at a 
marked increase in GR values. The top of the unit is defined where the GR readings show a 
sharp decrease. The ILD curve is relatively stable through this unit. Fluctuations in the RHOB 
and NPHI values in the mid part are interpreted to reflect poor hole- conditions as indicated 
by the caliper log. 
 
F5 unit 2750-2812 m 
The F5 unit is characterised by low GR readings. The base is defined at a sharp decrease in 
GR values and the top is placed at 2750 m corresponding to a change in the ILD log response 
towards higher values interpreted as a change towards more coarse grained sediments. 
 
The top of the unit has not been logged or cored on Bornholm and therefore no log motif can 
be compared with the Terne-1 well for this part of the succession.  
 
TOC: 0.0-2.7% (25 samples) 
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Age: Latest Ordovician (persculptus Zone) to Early Silurian (Llandovery) 
 
 
Silurian undifferentiated 2312.0-2750.0 m 
Description: Light grey to dark mudstone with silty and sandy beds. The unit contains three 
diorite sills of Early Carboniferous age (Figure 13). The diorite is identified by its low SGR 
response (< 25 api units).  
 
Log response: Low GR values. The ILD log curve shows a general increase towards higher 
values up-section. The separation of the RHOB and NPHI logs is slightly lower than in the 
Rastrites Shale suggesting an overall more coarse-grained and quartz rich lithology. This is 
also confirmed by the lithological rock type index that changes from a grey shale type to 
dominance of a silty shale type.  
 
Michelsen & Nielsen (1991) correlated this section with the Colonus Shale of Scania. The 
lower part likely corresponds to the Cyrtograptus Shale. 
 
TOC: 0.1-0.6% (26 samples) 
Age: Early to Late Silurian
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Figure 13. Stratigraphical subdivision and log response of the Silurian in the Terne-1 well. 
The Silurian units differ slightly from those outlined by Michelsen & Nielsen (1991). See 
Figure 10 for legend. 
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Table 1. Stratigraphical picks, units and TOC content based on new analysis and existing 
screening data presented in Appendix A. See Table 4 for details on the TOC distribution. 

Depth. 
m MD  Pick Name  Unit/Interval   Thickn

ess (m)
Main Lithology 

AVG. 
TOC 
(%) 

2312.7  Top Pre‐Zechstein  Silurian interval total  669.3      
      Undifferentiated Silurian  443.0    0.2 
2755.7  Top Rastrites  Rastrites Shale  226.3      

2812.6  Base F5  Rastrites unit F5  56.9

grey to black shale 
with silt/sandstone 
interbeds  0.6 

2857.6  Base F4  Rastrites unit F4  44.9 grey shale  1.2 

2938.0  Base F3  Rastrites unit F3  80.4
grey shale with 
siltstone  0.7 

2958.2  Base F2  Rastrites unit F2  20.2
black to dark grey 
shale  1.1 

2977.3  Base Silurian System             

2981.9 
Base F1 (base Rastrites 
Shale)  Rastrites unit F1  23.8

black to dark grey 
shale  1.7 

2991.9  Base E3  Lindegård unit E3  9.9
Grey green silty 
mudstone 

3000.7  Base E2  Lindegård unit E2  8.9
Grey green silty 
mudstone 

3024.0  E1 (Base Lindegård Fm)  Lindegård unit E1  23.3 Grey green mudstone  0.9 

3088.1 
Base Dicellograptus 
Shale  Dicellograptus Shale  64.1

Dark grey to medium 
grey shale  1.2 

3122.8  Base Almelund Shale  Almelund Fm  35.7
dark grey to black 
shale  1.3 

3122.8  Top Tøyen Shale  Tøyen Shale  49.2
Grey mudstone with 
siltstone  1.4 

3172.0  Top Alum Shale  Alum Shale Fm  180.0 Dark mudstone  6.0 
3206.6  Base Lower Ordovician  Lower Ordovician Alum Shale  34.6 Dark mudstone  3.9 
3220.1  Base Acerocare Zone  Acerocare Zone  13.4 Dark mudstone    
3241.3  Base Peltura Zone  Peltura Zone  21.2 Dark mudstone    
3256.9  Base Parabolina Zone  Parabolina + Leptoplastus zones  15.6 Dark mudstone    
3272.1  Base Olenus Zone  Olenus Zone  15.2 Dark mudstone    
3272.1  Base Furongian  Furongian Alum Shale  65.4 Dark mudstone  8.7 
      Middle Cambrian Alum Shale  79.9 Dark mudstone  4.8 

3300.5  Base Andrarum/Hyolites  Paradoxides forchhammeri  28.4
Dark mudstone with 
limestone beds    

3334.1 
Base 
Exsulans/Forsemölla  Paradoxides paradoxissimus  33.6 Dark mudstone    

3352.0  Base Alum Shale  A. oelandicus  17.9 Dark mudstone    
3352.0  Top Hardeberga  Hardeberga Fm  +6 m  Quartzite  0.0 
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3.5. Correlation to Scania and Bornholm 
 
Cambrian  
In the Terne-1 well the Alum Shale Fm rests directly on the Lower Cambrian Hardeberga Fm 
being separated by the widespread regional unconformity termed the Hawke Bay 
unconformity (Figure 4). The unconformity reflect the Hawke Bay Event that is a combined 
tectonic uplift of the plate margins and a sea level lowering that affected the sedimentation on 
a regional scale in Baltoscandia. In general terms the hiatus is more extensive towards the 
plate margins whereas the stratigraphic sections are more complete on the central part of the 
craton (Figure 14). This reflects differential subsidence in the aftermath of the uplift. 
 
The log pattern in the Alum Shale Formation between the Terne-1 and Albjära-1 wells in 
Scania is remarkably alike enabling a very detailed correlation between the wells (Figure 14). 
 
In the Terne-1 well the Middle Cambrian is about 80 m thick whereas the Middle Cambrian in 
the Albjära-1 well is about 30 m thick. The thickness difference reflects that the sections 
below the Exsulans Limestone and beds correlative to the Andrarum Limestone are expanded 
in the Terne-1 well compared with the Albjära-1 well. Both limestone beds are interpreted to 
reflect temporally improvement in the oxygen content at the sea-floor associated with major 
sea level lowstands, where the limestone units were deposited during the initial phase of the 
eustatic sea level rise (Nielsen & Schovsbo 2011). The expanded sections in Terne-1 suggest 
higher sediment supply to the palaeo-offshore Terne area during these lowstand events.  
 
The thickness of the Furongian part of the Alum Shale is 65 m in the Terne-1 well which is 
similar to the thickness seen in Scania as exemplified by the Albjära-1 well (Figure 14). The 
log correlation shows an almost equal thicknes of the individual zones between the wells 
suggesting a blanket like deposition in the Furongian in contrast to the Middle Cambrian. 
 
The log pattern in the Alum Shale from the Billegrav-2 well is also very similar to the Terne-1 
well, but the sequence in the Billegrav-2 well is more condensed (Figure 14).  
 
Ordovician 
The Ordovician part of the Alum Shale Formation is 35 m thick in the Terne-1 well. In the 
Albjära-1 well this part of the formation is 8 m thick. In SE Scania this unit is up to 16.5 m 
thick (Westergård 1942). No detailed log correlation has been made between the wells for this 
unit.  
 
The Alum Shale Fm in the Terne-1 well is overlain by the Tøyen Shale Fm, which is 45 m in 
the Terne-1 well. Due to tectonic adjustment of the Baltica plate margin the thickness of this 
unit vary considerably within Scania; it is absent on Bornholm (Nielsen 1995). 
 
In Scania the base of the Almelund Shale is marked by the Komstad Limestone (Bergström et 
al. 2002). It has not been discussed in the literature how to define the boundary in NW Scania, 
where the Komstad Limestone is not developed (cf. Nielsen 1995). In the Terne-1 well the 
boundary between the Tøyen Shale and the Almelund Shale is difficult to identify especially 
due to the poor logs in the casing interval. No high GR units can be observed in the GR log 
signature of the Almelund Shale in either the Terne-1 well or the Albjära-1 well. The lack of 
GR intensive units may indicate that no particular TOC rich units occur in this interval. 
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Figure 14. Correlation between Terne-1, Albjära-1 (Scania, southern Sweden) and Billegrav-
2 wells (Bornholm, eastern Denmark, Schovsbo et al. 2011). Vertical scale is the same for all 
wells. The profile is “flattened” on the base Furongian surface. The fully cored Albjära-1 and 
Billegrav-2 wells are shallow scientific wells. 
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The Almelund shale is overlain by the Dicellograptus Shale. The base on the Dicellograptus 
Shale is characterised by silicified shale interbedded with numerous bentonites. The log 
signature can be indentified in both wells allowing for detailed correlation. The Kinnekulle 
Bentonite itself is not present in the Albjära-1 well (spudded just below that horizon).  
 
The Dicellograptus Shale is 64 m in the Terne-1 well and 22 m in the Billegrav-2 well 
(Bornholm, eastern Denmark), but even so is the log pattern of the shale very alike between 
these wells. Notably the high GR unit in the top of the shale is readily identified. This level is 
developed as an organic rich mudstone separated as the Fjäcka Shale in south-western 
Sweden.  
 
The Lindegård Fm is developed as grey shale with sandy and silty interbeds in the Terne-1 
and Billegrav-1 wells. The unit is a characteristic organic lean interval separating the relative 
organic rich Ordovician and Silurian shales. The Lindegård Fm records a global low sea-level 
and top of the unit marks the onset of the terminal Ordovician (Hirnantian) glaciation.  
 
Silurian 
In the Terne-1 well the Silurian log units defined in water wells on Bornholm (Pedersen & 
Klitten 1990, Schovsbo et al. 2011) have all been identified. In general the units are slightly 
more expanded in the Terne-1 well as compared with Bornholm. The increased depositional 
rates in the Terne-1 well are seen especially from the F3 unit and onwards suggesting that the 
Terne-1 well location was closer to the sediment source. In the Oslo Region the depositional 
rates also begins to increase earlier than in the Bornholm-Scania area suggesting different 
fluxes of sediments related to different dynamics of the southern and western margins of 
Baltica during the Caledonian collision (Schovsbo 2003). 
 
Table 2. Pick depth in the Terne-1 and Billegrav-2 wells used in the correlation in Figure 14.  
Pick name  Terne‐1 depth. m MD  Billegrav‐2. Depth. m 
Base F5  2812.6 10.4 
Base F4  2857.6 31.7 
Base F3  2938.0 45.7 
Base F2  2958.2 55.7 
Base F1/Base Rastrites  2981.9 61.2 
Base E3  2991.9 63.9 
Base E2  3000.7 69.1 
Base E1/ Top 
Dicellograptus  3024.0 73.8 
Top Almelund Fm  3088.1 95.7 
Top Tøyen/Komstad  3122.8 95.7 
Top Alum Shale  3172.0 95.8 
Base Peltura Zone  3241.3 106.7 
Base Parabolina Zone  3256.9 109.2 
Base Olenus Zone  3272.1 115.6 
Base Furongian  3272.1 115.6 
Base Andrarum Lmst  3300.5 121.5 
Base Exsulans Lmst  3334.1 122.4 
Base Alum Shale  3352.0 122.4 



The Lower Palaeozoic sequence in the Terne-1 well 

GEUS  30 / 69 

4. TOC content and mineralogical composition  

4.1. Sample material 
 
During preparation of this report cutting samples from the Palaeozoic interval in the Terne-1 
well were examined. They showed in some cases a mix of different lithologies. Typically the 
log-based rock type evaluation in these cutting intervals also indicated the presence of several 
rock types and the variability is thus interpreted to be real and not due to cavings.  
 
In one case (at 3143 m) the cuttings were dominated by cement from the drilling process. 
Caving of red sandstone (Triassic or Lower Permian) was not observed in any samples. Red 
spots from oxidised iron were present in the samples from below 3155 m. This is interpreted 
to reflect addition of material from the drilling process.  
 
In the Alum Shale interval the cuttings generally consisted of uniform dark cuttings and little 
caving of material is thus expected in the cutting samples and no selective picking was made 
of the cuttings.  
 
Prior to analysis the cutting samples were washed with water. After drying approximately 2 g 
of material was picked from the 1-4 mm fraction. Following GEUS standard procedure any 
magnetic material was removed and the samples were crushed to a grain size below 250 my. 
The amount of magnetic material varied between the samples. Since pyrite can be 
paramagnetic a part of the pyrite is expected to have been removed by this process. Therefore 
the measured S content of the samples may have been affected. 
 

4.2. TOC content 
The TOC content of 20 samples was measured by combustion of the samples in a LECO-type 
oven to establish the Total Carbon (TC) content. The carbonate content was measured on 
sample splits by titration and the carbonate content (TCC) was used to correct the TC to TOC 
using the formula:  
 
    TOC (wt.%) = TC (wt.%) – TCC (wt.%) 
 
Measurements were made at the Institute of Geography and Geology, University of 
Copenhagen. The TOC measurements are combined with previous analysis made by GEUS 
(Bojesen-Koefoed & Pedersen 2001) and by Palaeoservice. The data is presented in Table 4 
and in Appendix A.  
 
TOC content and the black shale rock type 
There is a general relationship between TOC content and the SGR log response (Figure 15). 
This relationship has already been incorporated in the rock type evaluation and in the 
selection of cut-offs. Accordingly the vast majority of samples with TOC >2% has been 
classified as black shales based on the SGR log response (Figure 15). Only six cutting 
samples with TOC > 2 wt% have not been classified as black shale (Figure 15). These 
samples are derived from the F1 unit in the Rastrites Shale (one sample), from the 
Tøyen/Alum shale boundary interval (one sample) and from the interval characterised by low 
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GR response in the Alum Shale (4 samples). One sample had a poorly defined log signature 
and was therefore not classified by the log based evaluation. The misfit between log response 
and TOC content is therefore interpreted to reflect a poor resolution of the cutting samples in 
terms of lithological variation.  
 
TOC variation 
In the Alum Shale the TOC content ranges between 2.6-11.1% with average values of 6.0% 
for the formation (Table 4). There is a clear stratigraphical variation in the TOC content 
within the formation. Intermediate TOC values are measured in the Middle Cambrian (4.8%), 
highest values are measured in the Furongian part (8.7%) and lowest TOC values are 
measured in the Tremadocian part of the formation (3.9%).  
 
The average TOC content within the Middle Cambrian and the Furongian parts of the 
formation are very alike those measured in Scania (Figure 16). In Scania the Furongian part of 
the formation has on average 10.3±2.3% TOC and the Middle Cambrian has on average 
4.9±2.2% TOC.  
 
In the Tremadocian part of the formation, however, significant lower TOC values has been 
measured in the Terne-1 well (average 3.9 %) compared to those measured in Scania (average 
7.5±1.9% TOC). The reason for this difference in TOC distribution is currently not clear.  
 
 

 
Figure 15. Comparison between TOC content of cuttings and SGR log response. Red colour 
indicate samples with SGR >200 api units (black shale rock type).  
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Table 3. TOC, carbonate and pyrite content of the Terne-1 samples. 

Material Unit 

Depth 
bottom 

(m) TOC (%) TC (%) TS (%) 
Carbonate 

% Pyrite %
                       
Cutting  Rastrites F4  2828 1.5 2.0 2.2 4.3  4.06
Cutting  Rastrites F3  2894 0.0 0.8 0.7 7.0  1.34
Cutting  Rastrites F2  2942 1.3 2.0 1.9 5.7  3.57
Cutting  Rastrites F1  2981 1.5 2.2 1.7 5.6  3.22
Cutting  Dicellograptus  3065 0.8 1.4 1.1 4.5  2.04
Cutting  Tøyen  3140 1.5 1.9 2.4 3.4  4.43

Cutting 
Alum. L. 
Ordovician  3170 3.0 3.5 1.2 4.3  2.24

Cutting 
Alum. L. 
Ordovician  3182 2.7 3.2 1.3 4.0  2.45

Cutting 
Alum. L. 
Ordovician  3197 4.8 5.5 1.7 5.3  3.24

Cutting  Alum. Furongian  3212 6.6 7.4 4.6 6.5  8.62
Cutting  Alum. Furongian  3227 9.9 11.4 3.6 12.8  6.75
Cutting  Alum. Furongian  3242 7.5 11.0 2.9 29.4  5.40
Cutting  Alum. Furongian  3251 7.6 9.2 4.7 12.9  8.78
Cutting  Alum. Furongian  3257 11.1 12.0 3.5 7.1  6.56
Cutting  Alum. Furongian  3272 7.7 8.8 3.8 9.1  7.04

Cutting 
Alum. Middle 
Cambrian   3284 6.8 7.9 4.3 8.6  8.04

Cutting 
Alum. Middle 
Cambrian   3290 6.6 7.1 4.1 4.1  7.66

Cutting 
Alum. Middle 
Cambrian   3305 5.6 6.2 3.6 5.5  6.73

Cutting 
Alum. Middle 
Cambrian   3317 5.7 6.5 2.6 5.9  4.85

Cutting 
Alum. Middle 
Cambrian   3329 2.7 4.1 2.0 11.8  3.67
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Figure 16. Stratigraphical distribution of TOC content in Alum Shale core samples from 
Scania. Middle Cambrian Alum Shale has on average 4.9±2.2% TOC, Furongian Alum Shale 
has on average 10.3±2.3% TOC and Lower Ordovician Alum Shale has on average 7.5±1.9% 
TOC. 
 
TOC in the Ordovician interval above the Alum Shale 
The Tøyen and Almelund shales have on average 1.4% and 1.3% TOC respectfully in the 
Terne-1 well (Table 4). Compared to Scania the TOC level in the Almelund shale is about the 
same whereas slightly elevated levels are measured in the Tøyen Shale compared to Scania 
(e.g. compare with Schovsbo 2003). The higher TOC values in the Terne-1 well compared to 
Scania in the Tøyen Shale may indicate a more palaeo-offshore environment characterized by 
stronger dysoxia in the Terne-1 area compared to Scania. However, the TOC enrichment in 
the section above the Alum Shale may also reflect the presence of pyro-bitumen from 
migrated oil from the Alum Shale. A detailed petrographical description of the cuttings is 
needed to evaluate this.  
 
The average TOC content in the Dicellograptus Shale is 1.1% in the Terne-1 and the highest 
TOC values measured in the topmost part of the unit was 1.4% (Figure 17). Based on the 
TOC measurements on Bornholm it was expected that the Fjäcka level in the topmost part of 
the Dicellograptus Shale should yield up to 4 % TOC (Figure 18). This might suggest that the 
most organic rich part of the Dicellograptus shale is not present in the Terne-1 well. In north-
western Scania this level is not present (Figure 6) and it might be that a similar hiatus is 
developed in the Terne-1 well.  
 
TOC in the Silurian interval 
In the Silurian TOC rich intervals occur in the F1, F2 and F4 units. The TOC enrichment is in 
agreement with the log response that indicates the presence of organic rick mudstone. No 
TOC rich units appear to be present above the Rastrites Shale (Figure 17).  
The F1 unit is the most enriched and has on average 1.7% TOC. 
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Figure 17. TOC analysis in the Terne-1 well. The SGR curve is shown for reference.
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Table 4. TOC values in the Lower Palaeozoic units in the Terne-1 well.  

Unit 
TOC 
AVG Median Std MIN MAX N 

  % %   % %   
Silurian 
Undifferentiated  0.2  0.24 0.1 0.1 0.6 26 
Rastrites F5  0.6  0.52 0.4 0.3 1.3 5 
Rastrites F4  1.2  1.22 0.3 0.7 1.7 7 
Rastrites F3  0.7  0.78 0.4 0.0 1.2 6 
Rastrites F2  1.1  1.12 0.2 0.9 1.3 2 
Rastrites F1  1.7  1.52 0.6 1.3 2.7 5 
Lindegård Fm  0.9  0.92 0.3 0.6 1.2 6 
Dicellograptus Shale  1.1  1.17 0.2 0.8 1.4 9 
Almelund Fm  1.3  1.22 0.2 1.0 1.6 7 
Tøyen Shale  1.4  1.37 0.2 0.9 1.6 8 
Alum Shale  6.0  5.82 2.5 2.6 11.1 27 
Lower Ordovician Alum 
Shale  3.9  3.83 1.0 2.7 5.4 7 
Furongian Alum Shale  8.7  8.04 1.6 6.6 11.1 10 
Middle Cambrian Alum 
Shale  4.8  5.56 1.7 2.6 6.8 11 
 

  
Figure 18. TOC, mineralogy and carbonate content of the Skelbro-1 and the Billegrav-1 wells 
(Pedersen 1989). 
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4.3. Bulk XRD analysis 
 
The XRD powder diffraction patterns were obtained on randomly oriented samples using 

CoKα-radiation. Merck quartz 1.07536 ground dawn to <0.063 micron was used as standard. 

The analysis was made at the GEUS clay laboratory. 

 

The XRD spectra were investigated for the main mineral groups present. Identified group 

includes kaolinite, mica, clay, quartz, plagioclase, calcite, dolomite/ankerite and 

pyrite/marcasite. Barite and alkalifeldspar was not identified.  

 

The result of the mineralogical screening of the samples is presented in Table 5. In the table 

the reflection area of the minerals is presented. The XRD spectra are included on the enclosed 

CD in Appendix E. 

 

4.4. Quantitative mineralogy  
 
In order to quantify the main mineralogical components in the samples the following 
components have been calculated (Table 6a): 
 
Carbonate content: Measured directly on the sample by titration technique.  
 
Pyrite (FeS2) content: Calculated from total sulphur (TS) content assuming that all sulphur is 
present in pyrite.  
 
Organic matter content: Calculated directly from the TOC content.  
 
Quartz content: Measured by X-ray diffraction by comparing peak heights between the 

sample and a standard. 

 
% unresolved: Proportion of sample that is not accounted for by the analysis of the above 
mentioned phases. Calculated from the formula: 100% – (%Quartz + %TOC + %Pyrite + 
%Carbonate).  
 
The Q/(Q+ clay) ratio: Calculated from the quantitative measurement of quartz (Table 6a) and 
the semi quantitative concentration of clay (Table 6b). 
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Table 5. Bulk mineralogical screening of samples. Number refers to reflection area. 

Abbreviations: Plagio.: Plagioclase; Dolo.: Dolomite; Anke: Ankerite.  

Unit   Depth  Kaolinite Mica Clay Quartz Plagio. 
Pyrite / 

Marcasite 
Dolo/ 
Anke Calcite

      7 Å  5 Å  4.48 Å 4.26 Å 4.03 Å 1.63 Å 2.89 Å 3.03  
Rastrites 
F4  2828  25  13  24  92  15  19       
Rastrites 
F3  2894  37  12  39  83  15  7       
Rastrites 
F2  2942  24  10  26  87  17  14       
Rastrites 
F1  2981  22  12  29  97  13  13       

Dicellograp
tus  3065  39  13  28  97  22  7       

Tøyen  3140  33  12  23  120  17  7       

Alum. L. 
Ordovician  3170  26  13  22  117  15  8       

Alum. L. 
Ordovician  3182  30  13  27  115  17  8       

Alum. L. 
Ordovician  3197  24  17  27  102  15  11  25    

Alum. 
Furongian  3212  11  20  27  83  13  17  29    

Alum. 
Furongian  3227  17  19  20  65     21  29  41 

Alum. 
Furongian  3242  13  14  17  43     20  71  119 

Alum. 
Furongian  3251  11  14  22  72     29  52    

Alum. 
Furongian  3257  18  21  22  65     22  45    

Alum. 
Furongian  3272  13  20  24  80     24  55    

Alum. 
Middle 
Cambrian   3284  11  22  26  73     29  40    

Alum. 
Middle 
Cambrian   3290  18  27  28  79     28       

Alum. 
Middle 
Cambrian   3305  26  18  24  65     29  41    

Alum. 
Middle 
Cambrian   3317  31  18  23  57     20  26    

Alum. 
Middle 
Cambrian   3329  34  20  21  89     9     60 
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4.5. Semi-quantitative mineralogy  
 
The content of the mineral phases identified from during the bulk XRD screening of the 
samples are measured in area of reflectivity (Table 5). This scale is directly proportional with 
concentration as can be seen in Figure 19. Here the % pyrite measured by combustion 
technique compares directly with the pyrite/marcasite reflection area. Also the sum of the 
peak area of carbonate phases (calcite, dolomite and ankerite) translated directly to the % 
carbonate content measured by titration (Figure 19).  
 
In the same manner the reflectivity area for kaolinite, mica, clay and plagioclase has been 
scaled to the proportion of the sample that is not accounted for by the quantitative 
mineralogical analysis. In this manner a semi-quantitative measurement of these phases have 
been established (Table 6b).   
 
 
 

 
 
Figure 19. Comparison between reflectivity area of pyrite/marcasite (left) and carbonate 
(right) with the pyrite and carbonate concentrations measured by combustion and titration 
respectfully.  
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Table 6a. Quantitative mineralogical analysis of the Terne-1 samples.  

Unit 
Cutting 

base (m) TOC % Carbonate % Pyrite % % Q from XRD  % unresolved 
Rastrites F4  2828  1.5 4.3 4.1 19  71
Rastrites F3  2894  0.0 7.0 1.3 24  68
Rastrites F2  2942  1.3 5.7 3.6 24  66
Rastrites F1  2981  1.5 5.6 3.2 20  69
Dicellograptus  3065  0.8 4.5 2.0 22  70
Tøyen  3140  1.5 3.4 4.4 28  62
Alum. L. Ordovician  3170  3.0 4.3 2.2 33  58
Alum. L. Ordovician  3182  2.7 4.0 2.5 29  62
Alum. L. Ordovician  3197  4.8 5.3 3.2 25  62
Alum. Furongian  3212  6.6 6.5 8.6 21  57
Alum. Furongian  3227  9.9 12.8 6.8 18  52
Alum. Furongian  3242  7.5 29.4 5.4 10  48
Alum. Furongian  3251  7.6 12.9 8.8 19  51
Alum. Furongian  3257  11.1 7.1 6.6 14  61
Alum. Furongian  3272  7.7 9.1 7.0 24  52
Alum. Middle 
Cambrian   3284  6.8 8.6 8.0 23  54
Alum. Middle 
Cambrian   3290  6.6 4.1 7.7 22  59
Alum. Middle 
Cambrian   3305  5.6 5.5 6.7 20  62
Alum. Middle 
Cambrian   3317  5.7 5.9 4.9 22  62
Alum. Middle 
Cambrian   3329  2.7 11.8 3.7 18  63
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Table 6b. Semi-quantitative mineralogical analysis of the Terne-1 samples.  
 

        

  
Semi-quantitative 

       

Unit 
Cutting 

base (m) % Kaolinite % Mica % Clay % Plagio. Q/(Q+Clay)  

Rastrites F4  2828  23 12 22 14  0 .47  

Rastrites F3  2894  24 8 26 10  0 .49  

Rastrites F2  2942  20 9 22 14  0 .52  

Rastrites F1  2981  20 11 26 12  0 .43  

Dicellograptus  3065  27 9 19 15  0 .53  

Tøyen  3140  24 9 17 12  0 .63  
Alum, L. 
Ordovician  3170  20 10 17 11  0 .66  
Alum, L. 
Ordovician  3182  21 9 19 12  0 .60  
Alum, L. 
Ordovician  3197  18 13 20 11  0 .55  

Alum, Furongian  3212  9 16 22 10  0 .50  

Alum, Furongian  3227  16 18 19 0  0 .49  

Alum, Furongian  3242  14 15 19 0  0 .34  

Alum, Furongian  3251  12 15 24 0  0 .45  

Alum, Furongian  3257  18 21 22 0  0 .39  

Alum, Furongian  3272  12 18 22 0  0 .52  
Alum, Middle 
Cambrian   3284  10 20 24 0  0 .49  
Alum, Middle 
Cambrian   3290  15 22 23 0  0 .49  
Alum, Middle 
Cambrian   3305  24 16 22 0  0 .48  
Alum, Middle 
Cambrian   3317  27 15 20 0  0 .52  
Alum, Middle 
Cambrian   3329  29 17 18 0  0 .51  
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Variation of the quartz content  

The quartz content in the Alum Shale ranges between 10-33%. Lowest concentration is 
measured in the Furongian and highest content are measured in the Lower Ordovician (Figure 
20).  The Q/(Q+clay) ratio varies from 0.34 to 0.66.  
 
A very prominent change in concentration of quartz occurs in the basal part of the Furongian. 
The transition takes place in the Olenus Zone. The low content of quartz in the Furongian is 
interpreted to reflect the general high sea-level during deposition of this part of the formation 
and the general pelagic nature of the sedimentation as reflected by the blanket like deposition 
(Figure 14).  
 
In the Ordovician and Silurian shales the quartz content ranges between 19-28% and the 
Q/(Q+clay) ratio varied from 0.43-0.63. 
 
The ILD log response shows an overall correlation with the quartz content (Figure 20). This is 
especially obvious in the Alum Shale where the increase in the Furongian-Tremadocian part 
of the formation is accompanied by an increase in ILD response. This interpretation of the 
ILD log response is used in the interpretation of the rock type evaluation (Figure 9).  
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Figure 20. Stratigraphical variation of the quartz content calculated from XRD. The ILD 
curve is shown for reference.  
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4.6. Major element analysis  
A total of 20 measurements of major and trace element compositions and 24 measurements of the 
organic carbon isotope composition are included in this report. The analyses are derived from a 
geochemical screening study conducted during a scientific study of the Pre-Westphalian Source Rocks 
(Warming et al. 1994). The data is presented in Appendix C.  
 
The stratigraphical variation expressed by the Al2O3 and SiO2 data (Figure 21) is in good agreement 
with the observed variation in the quartz content (Figure 20). Hence the highest SiO2/Al2O3 ratios are 
seen in the Tremadocian part of the Alum Shale Formation and lowest ratios are seen in the Furongian 
part. Apart from this the SiO2 versus Al2O3 exhibit a strong positive correlation reflecting dilution 
effect of the terrigeneous component with biogenic and diagenetic phases.  
 
The XRD analysis and the geochemical analysis are, however, not conducted on the same sample 
intervals and thus a detailed comparison between the two types of analyses cannot be made.  
 
 

 
Figure 21. Comparison between SiO2 and Al2O3 content measured by XRF on Alum and 
Tøyen shale samples from the Terne-1 well. Colour code: red, Tøyen Shale; grey, Lower 
Ordovician Alum Shale; black, Furongian Alum Shale and cyan, Middle Cambrian Alum 
Shale. Data is from Warming et al. (1994). The geochemical data is presented in Appendix C. 
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5. Maturity and burial history 

The Alum Shale was deposited prior to the evolution of vascular land plants and the shale 
does not contain terrestrial vitrinite particles sensu stricto. Nevertheless the Alum Shale 
contains vitrinite-like particles supposedly of marine origin and according to Buchardt & 
Lewan (1990) these particles behaves in a similar manner as true vitrinite particles with 
respect to thermal maturity. Consequently reflectance of vitrinite-like particles has been 
widely used as a thermal maturity proxy for the shale. For detailed discussion of the origin 
and geochemical similarities between Alum Shale vitrinite and true vitrinite, see Buchardt & 
Lewan (1990).  
 
Previous studies from the Terne-1 well 
Vejbæk et al. (1994) reported a value of 2.55% Ro for the Alum Shale in the Terne-1 well. 
The authors did not cite any data source and it has generally been assumed that the maturity 
evaluation was based on GEUS in-house data. This maturity assessment was subsequently 
used by other authors including Buchardt et al. (1997) for their Alum Shale maturity map 
(here reproduced in Figure 26).  
 
During preparation of this report the maturity measurements from the Terne-1 well made by 
the Source Rock Laboratory at GEUS in the period from 1985 and until now have been re-
evaluated (see below). Based on this evaluation it is clear that Vejbæk et al. (1994) used an 
average of two measurements for the Alum Shale analysed and reported by Palaeoservice. 
These two measurements are, however, not reliable since the optic measurements are below 
10 for each sample and because no populations can be defined by the measurements. The 
vitrinite maturity for the well is here re-evaluated, suggesting that the well has a Ro of 3.6%.  
 

5.1. Vitrinite reflectance measurements 
The Terne-1 well has been extensively studied for vitrinite reflectance by the Source Rock 
Laboratory at GEUS. For this well alone a total of 60 vitrinite samples of which 40 samples 
are from the Palaeozoic interval are made and all these samples is documented in the report 
(Figures 21 and 22, Table 8 and appendix B and D).  
 
For all samples the original raw data has been reprocessed and for each sample a careful 
evaluation of the data quality has been undertaken based on the frequency distribution to 
insure data quality. The individual samples are presented in Appendix B and the frequency 
histogram for the optical measurements on the samples is presented in Appendix C. 
 
The samples were all picked from the washed cutting samples and measurements were 
conducted on polished slides of whole rock chips (1-2 mm). Measurements were performed 
with non-polarized light at a wavelength of 546 nm through an immersion oil (n=1.52). The 
average of different vitrinite-like macerales in each slide is referred to as the mean reflectance 
and the abbreviation %Ro is used. 
 
For the Alum Shale in the Terne-1 well the average vitrinite reflectance is 3.6% Ro based on 
an average of 12 samples (Table 7). The average vitrinite values for the Ordovician and 
Silurian shales range from 3.4 to 2.5% Ro. The Triassic and Jurassic have an average Ro 
value of 0.44% and 0.32%, respectively (Table 8). 
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Table 7. Average vitrinite reflectance measurements from units in the Terne-1 well. 
Individual samples are presented in Appendix B. Samples interpreted to be influenced by 
thermal heating from sills have been omitted in the calculation of mean vitrinite reflectance 
value for the units. 
 
Unit  %Ro of unit  N 
Jurassic  0.32  5
Triassic  0.44  9
Zechstein Group  not defined    
Silurian Undiff.  2.50  4
Rastrites  2.67  7
Lindegård  2.93  5
Dicellograptus  3.16  5
Almelund  3.47  2
Tøyen Shale  3.39  3
Alum Shale  3.59  12
Hardeberga  not defined 
 
 
The standard derivation increases with increasing thermal rank. This reflects the increase in 
anisotropy of the samples due to the high thermal maturity and probably also due to the 
presence of other reflecting material beside vitrinite-like particles in the samples such as 
bitumite and fragments of graptolites. The likelihood that different particle types have been 
measured is high because at Ro values >2% details in the internal structures of the macerales 
disappear. Hence separation between different macerale types based on these features is not 
possible. Instead separation of macerale types may be based on the external shape, but no 
documentation of such separation exists for these samples. 
 

5.2. Vitrinite reflectance gradient in the Terne-1 well  
Vitrinite profiles have been established in the well based on 60 vitrinite measurements 
(Figures 22 and 23). The profile represents the most detailed of its kind in Scandinavia 
regarding the Lower Palaeozoic maturity development. For the Mesozoic interval the 
calculated gradient for the vitrinite is very close to the regional gradient calculated by 
Pedersen et al. (2008).  
 
The vitrinite data exhibit a general increasing trend with depth (Figure 22). Ro values >5% 
are observed in two intervals in the Silurian (Figure 22). These samples with elevated %Ro 
represent samples picked proximal to the sills and the increase in rank is therefore interpreted 
to reflect heating in Late Carboniferous time. It appears that the effect of the heating 
decreases rapidly away from the sills. At a distance of 2 times the sill thickness the effects on 
the Ro appear to be minor. However, in order to calculate a reliable maturity gradient for the 
Palaeozoic interval, a careful evaluation of the impact of the dolerite sills on the samples is 
essential. 
 
To illustrate the effects on the calculated vitrinite gradient two different vitrinite gradients for 
the Palaeozoic interval are calculated that represent end-member situations (Figures 22 and 
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23.  In Figure 22 only a part of the vitrinite reflectance data in the upper Silurian is assumed 
to be affected by heating by the sills whereas in Figure 23 all samples in the upper Silurian are 
interpreted to be influenced by heating of the sills and are consequently  excluded.  
 
 
 

 
Figure 22. Vitrinite measurements versus depth in the Terne-1 well. The arrow bars indicate 
the standard derivation on the mean. The gradients are established as linear correlation lines 
on the semi-logarithmic diagram. Green line: vitrinite gradient in the Mesozoic and blue line 
vitrinite gradient in the Palaeozoic. The r2 indicates the strength of the correlation. Colours on 
circles: blue, vitrinite measurements not interpreted to have been affected by heating of sills; 
red, vitrinite measurements not used in the calculations due to possible influence on the %Ro 
from heating of sills; green, vitrinite in the Mesozoic interval.  
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Figure 23. Vitrinite measurements versus depth in the Terne-1 well assuming that all Silurian 
samples were affected by local heating (see text for discussion). See Figure 22 for legend.  
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Burial depths and geothermal gradients in the Palaeozoic 
For evaluating the vitrinite gradients (Figure 22 and 23) in terms of burial temperatures and 
burial depths conversions to temperature is needed. A detailed conversion and subsequent 
interpretation is, however, beyond the scope of this report.  
 
Instead a very rough estimation of the temperature gradient has been made following the 
standard Ro-Temperature values calculated from Burnham & Sweeney (1989). The following 
vitrinite- temperature conversion has been used: 1.04% Ro (140 oC) and 2.94% Ro (220 oC) 
together with standard kinetics. Thus no adjustment to the specific kinetics of the Alum Shale 
kerogen has been made. Duration of the heating event of 10 million years is assumed for the 
calculations.  
 
Using this equation the observed gradient in Ro in Figure 22 and 23 can be interpreted as a 
result of deep burial with a geothermal gradient of 40-50 oC / Km (Figure 22) or >60 oC / Km 
(Figure 23).  
 
The calculated gradient is high alsoin comparioson to the ranges in gradients of 35-45 oC / 
Km estimated by Jensenius (1987) for the Slagelse-Bornholm area and much higher than the 
geothermal gradient for the Mesozoic that has been estimated at about 30 oC / Km (Japsen & 
Bidstrup 1999, Pedersen et al. 2008).  
 
The high maturity of the Alum Shale in the Terne-1 well can thus be interpreted to reflect 
either burial depth of around 5 km or very steep geothermal gradients. A minimum burial 
estimate of the Lower Palaeozoic in the area can be inferred from preserved Silurian 
sediments. These are estimated to be about 2.6 km thick (Michelsen & Nielsen 1991). Higher 
burial depth might have occurred during the Late Palaeozoic and/or the Silurian may have 
been thicker originally.  
 
It is possible that the geothermal gradient was very high during the Permo-Carboniferous 
rifting phase and it may be speculated if the magmatic activity seen in the Oslo Province 
influenced a large area of the Kattegat.  
 
The burial history of the Terne area in the Mesozoic and earlier has been dealt with by several 
authors (Michelsen & Nielsen 1991, Mogensen & Korstgård 2003, Japsen & Bidstrup 1999). 
It is generally assumed that maximum burial depth was reached in the Cretaceous. Subsequent 
inversion resulted in an uplift of about 1.5-2.0 km (Michelsen & Nielsen 1991).  
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5.3. Rock Eval analysis 
The evaluation of the Rock Eval yields from the Terne-1 well is based on the comprehensive 
screening of the well done by GEUS and Palaeoservice (Appendix A). Representative 
samples are presented in Table 8. The analyses were made on whole rock powder samples 
using a Delsi Rock Eval instrument. Results include pyrolysis yield S1 and S2 and the 
temperature of maximal pyrolysis yields (Tmax). The Hydrogen Index (HI) was calculated as 
the pyrolysis yield S2 normalized to the TOC content.  
 
The pyrolysis S1 and S2 yields are very low and thus the Rock Eval data all indicates a very 
high thermal alteration (Table 8). Due to low S2 yields no Tmax value can be defined based 
on the S2 shape. The S1 yields of about 0.4 g HC/g sample seen for most samples most likely 
represent contamination with drilling fluids.  
 
For comparison immature Alum Shale samples have S2 yield within the range of 20-143 mg 
HC /g rock and HI values of 400-600 mg HC/g TOC (Figure 24).  
 

 
 
Figure 24. Comparison between TOC and Rock Eval S2 yields of immature Alum Shale 
samples (Ro<0.5%, shown with yellow circles) and Alum Shale samples from the Terne-1 
well (Ro 3.6%, shown with red circles). Immature Alum Shale samples have HI values 
between 400-600 mg HC/g TOC. The Terne-1 samples have HI values less than 15 mg HC/g 
TOC. 
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Table 8. Summary of Rock Eval data from the Terne-1 well. Tmax temperatures were not 
defined (n.d.) due to low S2 yields. 

Base 
cutting 

(m) Unit TOC Tmax S1 S2 HI 
2939  Rastrites  0.95 n.d. 0.16 0.05  5 
2942  Rastrites  1.54 n.d. 0.3 0.2  13 
2959  Rastrites  2.65 n.d. 0.3 0.2  8 
2969  Rastrites  1.32 n.d. 0.23 0.09  7 
2972  Rastrites  1.33 n.d. 0.4 0.1  8 
2978  Rastrites  1.58 n.d. 0.32 0.10  6 
2987  Lindegård  0.67 n.d. 0.08 0.01  1 
3014  Lindegård  0.79 n.d. 0.08 0.02  3 
3023  Lindegård  1.10 n.d. 0.19 0.06  5 
3032  Dicellograptus  1.33 n.d. 0.22 0.05  4 
3032  Dicellograptus  1.26 n.d. 0.3 0.1  8 
3077  Dicellograptus  1.29 n.d. 0.5 0.10  8 
3086  Lindegård  0.98 n.d. 0.25 0.06  6 
3092  Almelund  1.46 n.d. 0.2 0.10  7 
3101  Almelund  1.10 n.d. 0.25 0.08  7 
3116  Almelund  1.04 n.d. 0.18 0.06  6 
3119  Almelund  1.22 n.d. 0.3 0.10  8 
3128  Tøyen  1.62 n.d. 0.4 0.10  6 
3131  Tøyen  1.12 n.d. 0.11 0.06  5 
3134  Tøyen  1.38 n.d. 0.4 0.10  7 
3137  Tøyen  1.64 n.d. 0.5 0.10  6 
3175  Alum  3.84 n.d. 1 0.30  8 
3176  Alum  3.59 n.d. 0.43 0.54  15 
3191  Alum  3.83 n.d. 0.41 0.51  13 
3206  Alum  5.39 n.d. 0.40 0.44  8 
3221  Alum  10.65 n.d. 1.1 0.30  3 
3224  Alum  8.41 n.d. 0.37 0.37  4 
3236  Alum  10.08 n.d. 0.43 0.43  4 
3251  Alum  6.00 n.d. 0.34 0.38  6 
3266  Alum  7.01 n.d. 0.41 0.42  6 
3281  Alum  5.89 n.d. 0.37 0.36  6 
3296  Alum  2.61 n.d. 0.34 0.38  14 
3311  Alum  5.23 n.d. 0.48 0.45  9 
3317  Alum  4.78 n.d. 1.5 0.50  10 
3326  Alum  3.00 n.d. 0.27 0.19  6 
3341  Alum  2.92 n.d. 0.35 0.20  7 
3347  Alum  5.92 n.d. 1 0.20  3 
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5.4. Burial History  
It is generally assumed that the present day maturation pattern of the Alum Shale reflects deep 
burial during the Caledonian Orogony (Buchardt et al. 1986, Thomsen et al. 1987, Jensenius 
1987). In late Silurian and Devonian time rapid subsidence and high clastic input led to 
deposition of several kilometres of sediments in southern Scandinavia. The change from 
starved depositional conditions reflected the development of a foreland basin in front of the 
German-Polish Caledonides (Figure 25). Western Denmark, maybe including the Terne area, 
may also have been influence by the Norwegian Caledonides. 
 
 

 
Figure 25. Geological development during the Palaeozoic in the Norwegian-Danish Basin. 
From Mogensen & Korstgård (2003). 
 
 
Alum Shale maturity map 
Buchardt et al. (1997) showed that the thermal maturation of the Alum Shale in southern 
Scandinavia increases rapidly towards the Caledonian Front (Figure 27) and they used this 
relationship in contouring the maturity map (Figure 26). 
 
However, an updated version of the diagram (Figure 27) shows that the Terne-1 well is much 
more mature than should be expected according to its distance to the German-Polish 
Caledonian Front. This has prompted for a re-evaluation of the maturity map and a 
provisional revision has been made by sketching a new position of the contour of the 2.7% Ro 
iso-reflectance line (Figure 26). It is likely that the maturity of the Terne-1 well were 
controlled by the development of the Norwegian-Swedish Caledonian Front rather than the 
German-Polish Caledonides. A more detailed burial history for Terne-1 well awaits future 
studies. 
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Figure 26. Maturity map of the Alum Shale Formation based on vitrinite reflectance data 
(from Buchardt et al. 1997). The inserted black line indicates a likely position of the 2.7% Ro 
iso-reflectance line taking the re-evaluated maturity of the Terne-1 well into account.  
 

  
 
Figure 27. Relationship between vitrinite reflectance and distance from the German-Polish 
Caledonian Front. Modified from Buchardt et al. (1997). The Terne-1 well is plotted with the 
re-evaluated Ro of 3.6%. 
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7. Files included on CD 

Attached to this report is a CD that contains the following documentation: 

1. In folder Tables are Excel files of Tables 1 to 8.  

2. In folder Appendices are data presented in Appendix A and B in this report and Appendix 
D to F (only on the attached CD).  

a. Appendix A: Results of Palaeoservice and GEUS source rock screening 
(Bojesen-Koefoed & Petersen 2001).  

b. Appendix B: Vitrinite reflectance data. 

c. Appendix C: Results of geochemical screening by Warming et al. (1994) 

d. Appendix D: Vitrinite reflectance raw data. 

e. Appendix E: Bulk XRD spectra. 

f. Appendix F: Rock types in ‘las’ file format with rock type curves 

3. In folder Literature are pdf files of cited literature if the literature source is an open file 
access (public) source. 

4. In folder Illustrations are high resolution pdf files of key illustrations 

5. A pdf version of this report Lower_Palaeozoic_in_Terne_1.pdf 
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Appendix A: Source rock screening data 

(Bojesen-Koefoed & Pedersen 2001) 
Depth, m feet TOC  Tmax S1 S2 HI 

             
150  492  1.16  439  0.01  4.76  410 
170  558  3.34  434  0.11  29.62  887 
170  558  1.97  438  0.01  7.38  375 
190  623  4.40  439  0.03  18.78  427 
210  689  7.13  441  0.20  80.24  1125 
210  689  7.30  438  0.08  36.38  498 
230  755  10.94  438  0.14  57.98  530 
250  820  11.10  439  0.30  1.56  14 
250  820  13.85  444  0.20  76.62  553 
270  886  5.16  439  0.06  24.72  479 
290  951  7.03  440  0.29  75.79  1078 
290  951  3.90  440  0.07  22.62  580 
310  1017  2.92  444  0.04  13.14  450 
330  1083  3.54  437  0.05  14.18  400 
330  1083  1.29  444  0.02  2.98  231 
350  1148  0.63  444  0.01  1.06  168 
370  1214  1.55  442  0.10  6.67  429 
370  1214  0.41  438  0.04  0.64  156 
390  1280  0.40  441  0.01  0.96  240 
410  1345  0.59  440  0.03  4.02  686 
410  1345  0.27  439  0.00  0.28  104 
430  1411  0.22  432  0.01  0.14  64 
450  1476  3.46  434  0.09  2.92  84 
450  1476  3.12  441  0.03  1.90  61 
490  1608  25.63  420  1.18  65.59  256 
530  1739  11.64  420  0.68  30.46  262 
570  1870  2.22  425  0.12  3.29  148 
610  2001  1.74  423  0.10  1.73  99 
650  2133  0.84  433  0.02  0.69  82 
690  2264  0.36  431  0.01  0.31  86 
730  2395  0.43  429  0.01  0.28  65 
770  2526  0.48  427  0.02  0.53  110 
810  2657  0.95  429  0.07  2.13  225 
850  2789  1.14  433  0.04  0.93  82 
890  2920  0.61  433  0.03  0.54  89 
930  3051  0.63  433  0.03  0.31  49 
970  3182  0.72  432  0.03  0.44  61 
1010  3314  0.78  432  0.03  0.66  84 
1050  3445  0.45  437  0.03  0.31  69 
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Depth, m feet TOC  Tmax S1 S2 HI 

                    
1090  3576  0.83  436  0.03  0.61  73 
1130  3707  0.74  436  0.03  0.35  48 
1170  3839  0.69  434  0.04  0.80  117 
1210  3970  1.18  435  0.07  1.85  156 
1250  4101  0.73  437  0.04  1.00  138 
1270  4167  0.39  435  0.03  0.30  77 
2303  7556  0.18     0.01  0.04  23 
2306  7566  0.17     0.02  0.05  29 
2309  7575  0.15     0.02  0.04  27 
2312  7585  0.15     0.01  0.02  14 
2315  7595  0.15     0.01  0.02  13 
2396  7861  0.07     0.02  0.02  29 
2399  7871  0.06     0.02  0.02  34 
2402  7881  0.08     0.03  0.02  27 
2405  7890  0.14     0.02  0.03  21 
2408  7900  0.23     0.02  0.03  13 
2411  7910  0.18     0.02  0.02  11 
2414  7920  0.30     0.04  0.14  46 
2444  8018  0.25     0.03  0.06  24 
2474  8117  0.21     0.04  0.03  14 
2504  8215  0.28     0.03  0.00  0 
2534  8314  0.28     0.05  0.00  0 
2564  8412  0.28     0.03  0.00  0 
2594  8510  0.29     0.06  0.00  0 
2624  8609  0.60     0.05  0.00  0 
2654  8707  0.44     0.03  0.00  0 
2684  8806  0.31     0.04  0.00  0 
2705  8875  0.38     0.04  0.00  0 
2708  8885  0.28     0.03  0.00  0 
2711  8894  0.24     0.04  0.00  0 
2714  8904  0.23     0.02  0.00  0 
2744  9003  0.13     0.03  0.00  0 
2750  9022  0.11     0.03  0.00  0 
2753  9032  0.22     0.06  0.00  0 
2756  9042  0.28     0.06  0.00  0 
2759  9052  0.37     0.06  0.00  0 
2789  9150  0.52     0.10  0.01  2 
2819  9249  1.32     0.27  0.16  12 
2849  9347  0.74     0.11  0.01  1 
2879  9446  0.58     0.09  0.02  3 
2909  9544  0.83     0.09  0.01  1 
2939  9642  0.95     0.16  0.05  5 
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Depth, m feet TOC  Tmax S1 S2 HI 
                    

2969  9741  1.32     0.23  0.09  7 
2978  9770  1.58     0.32  0.10  6 
2987  9800  0.67     0.08  0.01  1 
2996  9829  1.22     0.26  0.13  11 
3005  9859  0.61     0.08  0.02  3 
3014  9888  0.79     0.08  0.02  3 
3023  9918  1.10     0.19  0.06  5 
3032  9948  1.33     0.22  0.05  4 
3041  9977  0.96     0.11  0.03  3 
3056  10026  1.17     0.15  0.02  2 
3071  10075  1.12     0.19  0.04  4 
3086  10125  0.98     0.25  0.06  6 
3101  10174  1.10     0.25  0.08  7 
3116  10223  1.04     0.18  0.06  6 
3131  10272  1.12     0.11  0.06  5 
3146  10322  1.35    0.43  0.40  30 
3161  10371  1.36     0.33  0.31  23 
3176  10420  3.59     0.43  0.54  15 
3191  10469  3.83     0.41  0.51  13 
3206  10518  5.39     0.40  0.44  8 
3224  10577  8.41     0.37  0.37  4 
3236  10617  10.08     0.43  0.43  4 
3251  10666  6.00     0.34  0.38  6 
3266  10715  7.01     0.41  0.42  6 
3281  10764  5.89     0.37  0.36  6 
3296  10814  2.61     0.34  0.38  14 
3311  10863  5.23     0.48  0.45  9 
3326  10912  3.00     0.27  0.19  6 
3341  10961  2.92     0.35  0.20  7 
3356  11010  1.86     0.26  0.13  7 
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Appendix A continued: Screening data Palaeoservice.  
Depth, m  TOC. wt%  S1  S2  Tmax  HI  PP 

1110  0.96  0.2  1.2 425 125 0.14
1120  1.1  0.2  0.8 430 82 0.20
1130  0.93  0.1  0.9 425 64 0.10
1140  1.39  n.d.  n.d. n.d. n.d. n.d.
1150  1.07  0.1  0.8 423 74 0.11
1160  1.94  0.2  2.1 428 108 0.09
1180  5.1  0.5  8.2 428 160 0.06
1190  4.48  0.8  11.5 423 257 0.07
1200  2.33  0.3  3.5 428 150 0.08
1210  2.19  0.3  2.7 423 123 0.10
1220  5.53  0.6  7.3 425 132 0.08
1230  4.1  0.3  3 n.d. 73 0.09
1240  3.32  0.4  4.6 425 138 0.08
1250  2.03  n.d.  n.d. n.d. n.d. n.d.
1260  1.86  0.2  1.7 425 91 0.11
1270  3.08  0.3  3.5 428 114 0.08
1280  2.1  0.2  1.6 433 76 0.11
1290  2.07  0.1  0.1 n.d. 5 0.50
1300  0.6  0.1  0.4 423 67 0.20
1310  1.38  0.2  1.3 425 94 0.13
1320  0.49  n.d.  n.d. n.d. n.d. n.d.
1330  0.67  n.d.  n.d. n.d. n.d. n.d.
1340  1.03  0.2  0.9 423 87 0.18
1600  0.53  0.2  0.2 433 38 0.50
1610  0.43  n.d.  n.d. n.d. n.d. n.d.
1620  0.29  n.d.  n.d. n.d. n.d. n.d.
1630  0.33  n.d.  n.d. n.d. n.d. n.d.
1830  0.27  n.d.  n.d. n.d. n.d. n.d.
1840  0.15  n.d.  n.d. n.d. n.d. n.d.
1880  0.45  n.d.  n.d. n.d. n.d. n.d.
1920  0.18  n.d.  n.d. n.d. n.d. n.d.
1930  0.18  n.d.  n.d. n.d. n.d. n.d.
1940  0.13  n.d.  n.d. n.d. n.d. n.d.
1960  0.17  n.d.  n.d. n.d. n.d. n.d.
1980  0.17  n.d.  n.d. n.d. n.d. n.d.
2399  0.34  0.1  0.1 n.d. 71 0.50
2444  0.13  n.d.  n.d. n.d. n.d. n.d.
2453  0.15  n.d.  n.d. n.d. n.d. n.d.
2471  0.09  n.d.  n.d. n.d. n.d. n.d.
2480  0.16  n.d.  n.d. n.d. n.d. n.d.
2507  0.14  0.2  0.1 n.d. 26 0.67
2516  0.18  n.d.  n.d. n.d. n.d. n.d.
2534  0.18  n.d.  n.d. n.d. n.d. n.d.
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Depth. m  TOC. wt%  S1  S2  Tmax  HI  PP 
2546  0.29  n.d.  n.d. n.d. n.d. n.d.
2558  0.39  0.2  n.d. n.d. n.d. n.d.
2576  0.3  n.d.  n.d. n.d. n.d. n.d.
2594  0.58  0.2  0.2 n.d. 34 0.50
2603  0.45  0.2  0.1 n.d. 22 0.67
2618  0.35  n.d.  n.d. n.d. n.d. n.d.
2648  0.31  n.d.  n.d. n.d. n.d. n.d.
2678  0.33  n.d.  n.d. n.d. n.d. n.d.
2708  0.24  n.d.  n.d. n.d. n.d. n.d.
2738  0.33  n.d.  n.d. n.d. n.d. n.d.
2753  0.31  n.d.  n.d. n.d. n.d. n.d.
2792  0.58  0.4  0.1 n.d. 17 0.80
2822  1.74  0.5  0.3 n.d. 17 0.63
2834  0.9  0.3  0.2 n.d. 18 0.60
2840  1.14  0.2  0.2 n.d. 17 0.50
2846  1.22  0.5  0.2 n.d. 16 0.71
2852  0.95  0.3  0.2 n.d. 21 0.60
2882  1.22  0.2  0.1 n.d. 17 0.67
2912  1.02  0.3  2.3 n.d. 225 0.12
2927  0.72  0.3  0.2 n.d. 28 0.60
2942  1.54  0.3  0.2 n.d. 13 0.60
2959  2.65  0.3  0.2 n.d. 8 0.60
2972  1.33  0.4  0.1 n.d. 8 0.80
2987  1  0.3  0.1 n.d. 10 0.75
3005  0.92  0.3  0.1 n.d. 11 0.75
3017  1.05  0.3  0.2 n.d. 19 0.60
3032  1.26  0.3  0.1 n.d. 8 0.75
3047  1.37  3  0.2 n.d. 15 0.94
3062  1.3  0.3  0.1 n.d. 8 0.75
3077  1.29  0.5  0.10 n.d. 8 0.83
3092  1.46  0.2  0.10 n.d. 7 0.67
3101  1.83  0.3  0.10 n.d. 6 0.75
3104  1.25  0.3  0.10 n.d. 8 0.75
3114  1.19  n.d.  n.d. n.d. n.d. n.d.
3119  1.22  0.3  0.10 n.d. 8 0.75
3128  1.62  0.4  0.10 n.d. 6 0.80
3134  1.38  0.4  0.10 n.d. 7 0.80
3137  1.64  0.5  0.10 n.d. 6 0.83
3146  1.87  0.4  0.20 n.d. 11 0.67
3149  0.90  0.2  0.50 n.d. 56 0.29
3164  1.61  0.6  0.20 n.d. 33 0.75
3175  3.84  1  0.30 n.d. 8 0.77
3191  4.01  1.2  0.40 n.d. 10 0.75
3206  5.79  0.8  0.30 n.d. 5 0.73
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Depth. m  TOC. wt%  S1  S2  Tmax  HI  PP 
3221  10.65  1.1  0.30 n.d. 3 0.79
3236  9.21  1  0.40 n.d. 11 0.71
3251  5.96  1  0.30 n.d. 5 0.77
3266  7.21  0.9  0.30 n.d. 4 0.75
3281  5.48  0.7  0.30 n.d. 5 0.70
3296  2.48  0.5  0.20 n.d. 8 0.71
3317  4.78  1.5  0.50 n.d. 10 0.75
3347  5.92  1  0.20 n.d. 3 0.83
3359  6.47  0.5  0.20 n.d. 3 0.71
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Appendix B: Vitrinite measurements 

Cutting base 
(m)  Unit 

%Ro of 
unit  %Ro  variance  std on mean  n 

170  Jurassic  0.32          0
210  Jurassic              0
250  Jurassic              0
290  Jurassic              0
330  Jurassic              0
370  Jurassic              0
410  Jurassic              0
450  Jurassic     0.28 0.00 0.03  48
490  Jurassic     0.30 0.00 0.04  60
530  Jurassic     0.30 0.00 0.03  57
570  Jurassic     0.31 0.00 0.03  62
610  Jurassic     0.32 0.00 0.02  35
650  Jurassic              0
690  Jurassic              0
730  Jurassic              0
770  Jurassic              0
810  Jurassic              0
850  Jurassic              0
890  Jurassic     0.41 0.01 0.08  32
930  Jurassic     n.d.        14
970  Triassic  0.44 0.42 0.00 0.07  23

1010  Triassic     0.43 0.00 0.07  62
1050  Triassic     0.43 0.00 0.05  35
1090  Triassic     0.43 0.00 0.06  62
1130  Triassic     0.45 0.01 0.08  65
1170  Triassic     0.44 0.00 0.07  61
1210  Triassic     0.43 0.00 0.05  62
1250  Triassic     0.45 0.00 0.05  59
1270  Triassic     0.46 0.00 0.06  62
2303  Zechstein Group     n.d.        6
2306  Zechstein Group     n.d.        11
2309  Zechstein Group     n.d.        3
2312  Silurian Undiff.  2.50 n.d.        6
2315  Silurian Undiff.     n.d.        3
2396  Silurian Undiff.     6.1 0.13 0.36  100
2399  Silurian Undiff.     6.0 0.08 0.28  41
2402  Silurian Undiff.     6.0 0.06 0.25  15
2405  Silurian Undiff.     n.d.        2
2408  Silurian Undiff.     n.d.        14
2411  Silurian Undiff.     n.d.        12
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Cutting base 
(m)  Unit 

%Ro of 
unit  %Ro  variance  std on mean  n 

2414  Silurian Undiff.     n.d.        20
2444  Silurian Undiff.     3.0 0.20 0.45  24
2474  Silurian Undiff.     n.d.        20
2504  Silurian Undiff.     n.d.        27
2534  Silurian Undiff.     2.6 0.09 0.30  25
2504  Silurian Undiff.     2.5 0.02 0.14  19
2534  Silurian Undiff.     n.d.          
2564  Silurian Undiff.     2.4 0.02 0.15  24
2594  Silurian Undiff.     2.5 0.04 0.19  26
2624  Silurian Undiff.     2.9 0.21 0.46  31
2654  Silurian Undiff.     3.1 0.17 0.41  31
2684  Silurian Undiff.     n.d.        15
2705  Silurian Undiff.     n.d.        26
2708  Silurian Undiff.     n.d.        20
2711  Silurian Undiff.     n.d.        10
2714  Silurian Undiff.     n.d.        12
2744  Silurian Undiff.     n.d.        1
2747  Silurian Undiff.     n.d.        1
2750  Silurian Undiff.     5.2 1.02 1.01  23
2753  Silurian Undiff.     4.4 1.40 1.18  40
2756  Rastrites  2.67 4.4 0.66 0.81  46
2759  Rastrites     3.9 0.25 0.50  47
2789  Rastrites     3.1 0.12 0.34  42
2819  Rastrites     2.6 0.11 0.34  120
2849  Rastrites     2.6 0.11 0.34  93
2879  Rastrites     2.8 0.14 0.37  56
2909  Rastrites     2.6 0.12 0.35  73
2939  Rastrites     2.6 0.23 0.48  78
2969  Rastrites     2.8 0.20 0.45  82
2978  Rastrites     2.8 0.18 0.43  102
2987  Lindegård  2.93 2.9 0.31 0.56  91
2996  Lindegård     2.7 0.12 0.35  91
3005  Lindegård     2.8 0.23 0.48  62
3015  Lindegård     3.1 0.30 0.55  96
3023  Lindegård     3.1 0.12 0.35  84
3032  Dicellograptus  3.16 3.1 0.16 0.39  96
3041  Dicellograptus     3.0 0.15 0.39  69
3056  Dicellograptus     3.1 0.11 0.33  79
3071  Dicellograptus     3.3 0.16 0.40  115
3086  Dicellograptus     3.3 0.15 0.39  85
3101  Almelund  3.47 3.4 0.13 0.37  49
3116  Almelund     3.5 0.11 0.33  91
3131  Tøyen Shale  3.39 3.4 0.06 0.25  73
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Cutting base 
(m)  Unit 

%Ro of 
unit  %Ro  variance  std on mean  n 

3146  Tøyen Shale     3.3 0.19 0.44  76
3161  Tøyen Shale     3.4 0.09 0.29  49
3176  Alum Shale  3.59 3.6 0.09 0.30  96
3191  Alum Shale     3.1 0.09 0.31  100
3206  Alum Shale     3.3 0.06 0.24  78
3224  Alum Shale     3.5 0.15 0.38  85
3236  Alum Shale     3.7 0.16 0.40  78
3251  Alum Shale     4.0 0.09 0.30  56
3266  Alum Shale     3.7 0.15 0.39  97
3281  Alum Shale     3.8 0.13 0.37  85
3296  Alum Shale     3.9 0.21 0.46  97
3356  Alum Shale     3.4 0.24 0.49  58
3326  Alum Shale     3.4 0.06 0.24  42
3341  Alum Shale     3.7 0.17 0.41  87
3356  Hardeberga  3.72 3.7 0.08 0.28  23

 

n.d.: not defined due to insufficient measurements 
Red colour: maturity influenced by sill. 
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Appendix C: Geochemical Screening data. 

Unit  Depth  d13C   TOC  S  SiO2 Al2O3 CaO  MgO  Na2O K2O  Fe2O3  P2O5  MnO  TiO  LOI 

    m  o/oo   Wt%  Wt%  Wt% Wt%  Wt% Wt%  Wt%  Wt% Wt%  Wt%  Wt%  Wt% wt% 

Tøyen  3122  ‐29.89                                        

Tøyen  3125  ‐30.05                                        

Tøyen  3131  ‐30.28                                        

Tøyen  3134  ‐30.23                                        

Tøyen  3140  ‐30.19                                        

Tøyen  3143  ‐30.34                                        

Tøyen  3149     1.3  0.5  58.4 17.3 1.7 2.2 1 4.3 6.2  0.4  0.11  0.86 7.53

Tøyen  3157     1.1  0.6  59 16.5 1.1 2.3 1.1 4 6.5  0.2  0.11  0.84 8.35

Tøyen  3158  ‐30.12                                        

Tøyen  3164  ‐30.06                                        

Alum. L. Ord.  3176  ‐29.92                                        

Alum. L. Ord.  3179     3.4  0.9  57.7 15.9 1.2 2.2 1.1 4 5.2  0.4  0.06  0.84 11.4

Alum. L. Ord.  3185  ‐30.26                                        

Alum. L. Ord.  3188     4.3  0.7  56.7 16.6 0.8 1.9 1 4.3 5.2  0.3  0.04  0.86 12.3

Alum. L. Ord.  3197  ‐30.06                                        

Alum. L. Ord.  3200     3.7  1  56.8 16.4 1.4 2.1 0.9 4.4 4.6  0.4  0.04  0.84 12.12

Alum. Furon.  3206  ‐29.47                                        

Alum. Furon.  3215     7.9  2.5  53.8 15.5 1 1.6 0.9 4.4 5.4  0.2  0.04  0.82 16.34

Alum. Furon.  3218  ‐29.51                                        

Alum. Furon.  3224     10.1  4  49.5 14.8 2 2 0.7 4.2 5.7  0.2  0.08  0.76 20.06

Alum. Furon.  3227  ‐29.52                                        

Alum. Furon.  3236     8.1  4.8  45.5 14 4.2 2 0.6 4 6.5  0.2  0.07  0.72 22.21

Alum. Furon.  3239  ‐29.45                                        

Alum. Furon.  3245     7.4  4.2  40.7 12.7 9.5 3.3 0.3 3.8 6.4  0.2  0.12  0.68 22.3

Alum. Furon.  3248  ‐29.67                                        

Alum. Furon.  3257     10.6  4.4  46.5 14.4 3.8 2.2 0.4 4.4 7  0.2  0.19  0.81 20.1

Alum. Furon.  3260  ‐29.19                                        

Alum. Furon.  3266     6.5  4.2  46.5 14.5 2.5 2.6 0.5 4 6.7  0.2  0.21  0.77 21.52

Alum. Furon.  3269  ‐29.12                                        

Alum. M. C.  3278     4.8  4.2  48.8 15.8 2.5 2.2 0.6 4.4 7.5  0.1  0.11  0.86 17.13

Alum. M. C.  3281  ‐29.83                                        

Alum. M. C.  3287     2.5  3.9  50.1 16.1 3 2.3 0.6 4.3 7.4  0.1  0.1  0.87 15.13

Alum. M. C.  3296     1.5  4.4  48.6 15.1 3.1 2.2 0.6 4.2 7.6  0.1  0.12  0.8 17.58

Alum. M. C.  3299  ‐29.6  1.7  3.7  49.6 15 2.3 2.3 0.5 4.4 7.2  0.1  0.11  0.85 17.64

Alum. M. C.  3308  ‐29.8  3.4  2.1  51.9 15.9 3.2 2.1 0.7 4.3 6.7  0.1  0.09  0.87 14.14

Alum. M. C.  3320  ‐30.64  3.9  1.7  53.2 16.7 2 1.8 0.7 4.5 6.4  0.3  0.06  0.91 13.43

Alum. M. C.  3326     1.2  1.2  55.9 16.4 3.6 1.9 0.6 4.6 6.3  0.1  0.07  1 9.53

Alum. M. C.  3338  ‐29.88                                        

Alum. M. C.  3349     2.4  1.8  54.7 13.6 0.3 1.8 0.7 4.1 6  0.2  0.08  0.83 17.69

Alum. M. C.  3353  ‐29.82                                        
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Unit  Depth  Ba  Cl  Cr  Nb  Rb  Se  Sr  Th  U  V  Y  Zr 

    m  ppm  ppm  ppm  ppm ppm  ppm  ppm  ppm  ppm ppm  ppm  ppm 
Tøyen  3122                                     
Tøyen  3125                                     

Tøyen  3131                                     
Tøyen  3134                                     
Tøyen  3140                                     
Tøyen  3143                                     

Tøyen  3149  2770  25  200  20 180 9 100 22 18 330  40  140 

Tøyen  3157  2700  25  300  20 160 3 100 14 16 270  20  140 

Tøyen  3158                                     

Tøyen  3164                                     

Alum. L. Ord.  3176                                     

Alum. L. Ord.  3179  2620  25  400  20 180 51 120 20 32 1600  40  130 

Alum. L. Ord.  3185                                     

Alum. L. Ord.  3188  2620  25  400  10 190 48 80 12 46 2500  30  130 

Alum. L. Ord.  3197                                     

Alum. L. Ord.  3200  4120  25  300  20 180 72 140 12 62 2600  50  120 

Alum. Furon.  3206                                     

Alum. Furon.  3215  4130  25  200  10 180 21 100 14 76 1400  60  120 

Alum. Furon.  3218                                     

Alum. Furon.  3224  2520  25  200  30 170 9 140 16 120 1100  50  110 

Alum. Furon.  3227                                     

Alum. Furon.  3236  2920  25  200  10 160 15 210 12 130 1100  50  110 

Alum. Furon.  3239                                     

Alum. Furon.  3245  7810  25  100  30 120 6 350 10 70 800  40  80 

Alum. Furon.  3248                                     

Alum. Furon.  3257  7050  25  100  20 160 9 170 16 84 920  40  120 

Alum. Furon.  3260                                     

Alum. Furon.  3266  3880  25  200  20 150 12 160 14 64 740  30  110 

Alum. Furon.  3269                                     

Alum. M. C.  3278  2260  25  200  5 160 12 100 14 52 630  30  130 

Alum. M. C.  3281                                     

Alum. M. C.  3287  2860  25  200  40 160 9 100 16 40 700  50  130 

Alum. M. C.  3296  4400  25  200  20 160 9 140 16 60 830  20  120 

Alum. M. C.  3299  6680  25  200  20 160 15 150 10 54 1200  50  120 

Alum. M. C.  3308  3260  25  200  10 170 15 130 12 48 1100  30  110 

Alum. M. C.  3320  1740  25  200  20 190 9 120 12 36 660  30  150 

Alum. M. C.  3326  7280  25  200  40 180 6 70 18 22 620  20  170 

Alum. M. C.  3338                                     

Alum. M. C.  3349  8050  25  300  10 150 15 160 12 54 1100  60  160 

Alum. M. C.  3353                                     

Hardeberga  3356                                     
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Appendix D: Vitrinite reflectance raw data (on CD 

only) 
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Appendix E: Bulk XRD spectra (on CD only) 
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Appendix F: Rock types in ‘las’ file format with rock 

type curves (on CD only) 

 
 




