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Strontium (Sr) isotope data from cores and ditch-cutting samples from hydrocarbon wells from  
Pleistocene sediments from four areas on the Norwegian continental shelf have been compared with previously  
published biostratigraphic, lithostratigraphic, seismic and new micropaleontological and palynological data. 
The aim for this paper is also to provide a review of previous investigations of the use of Sr analysis on 
this margin, and to give a new assessment of some of the well samples by re-analysing these data and  
discuss the main limitations of the use of Sr isotopes to date Pleistocene sediments. It is important to obtain  
accurate dating of the Pleistocene sediments in order to constrain the age of glacial events, indicate the 
age of neotectonic periods and perform basin modelling. However, obtaining a good chronostratigraphy of 
the thick Pleistocene successions has proved to be very difficult. Since the sediments have been deposited 
during a relatively short time, there are few recorded fossil events as first and last appearance datums. 
Sr isotope stratigraphy based on analyses of calcareous mollusc and microfossil tests (foraminifera and  
Bolboforma) have proven an effective dating method particularly for Oligocene and Miocene sections on 
the Norwegian continental shelf. Dating Pliocene and especially Pleistocene sediments by means of Sr  
isotope stratigraphy has proved more difficult. The Sr isotope curves for the Pliocene to Pleistocene, in  
general, have lower gradients than the Oligocene and the Miocene parts, and small errors in the 87Sr/86Sr 
isotopic composition have a much larger impact when calculating ages from low-gradient parts of the 
Sr isotope seawater curves than from high-gradient parts. In addition, possible error sources comprise  
reworked fossil tests since a large portion of the marine Pleistocene deposits on the Norwegian continental 
shelf consists of redeposited older sediments originally deposited closer to the coast. These factors are 
probably the main reasons why the Sr isotope analyses of the investigated Pleistocene sections, with some 
exceptions, have not yielded very reliable ages.
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Introduction
In the present paper, Sr isotope data from hydrocarbon wells from the Pleistocene succession in 
four areas on the Norwegian continental shelf have been compared with previously published  
biostratigraphic, lithostratigraphic and seismic data and with new micropaleontological and  
palynological data from one of the areas, the Visund Field. Additional aims are; 1) to provide a review 
of previous investigations of the use of Sr analysis on this margin; 2) to give a new evaluation of the well 
samples by re-analysing these data, and 3) to discuss the main limitations of the use of Sr isotopes to 
date Pleistocene sediments.

Figure 1. Map with the locations of analysed wells and boreholes (red dots), boreholes referred to in the text (black 
dots) and seismic lines (solid black lines). In the Norwegian Sea, the red solid line marks where the boundary between 
the Molo Formation and the lower Pleistocene prograding clinoforms subcrop towards younger Pleistocene sediments. 
In the southern part of the Norwegian Sea and in the North Sea, where the Molo Formation is not developed, the red 
solid line shows the termination/truncation of the base of the lower Pleistocene clinoforms towards the Upper Regional 
Unconformity (URU). Blue stippled lines are approximately 500 m depth contours of the base-Quaternary, showing the 
shape of the infilled North Sea Basin according to Ottesen et al. (2018). The topographic map of Norway is after Olesen 
et al. (2010) and the map is modified after Eidvin et al. (2013).
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In the northern North Sea, on the Norwegian Sea shelf and along the western margin of the Barents Sea, 
the Pleistocene succession (referred to as the Naust Formation) consists of prograding shelf sediments 
overlain by flat-lying sequences. The succession becomes thinner along the lower part of the continental 
slope. On the middle and inner Barents Sea shelf, the succession is relative thin and consists of till in 
some areas (Eidvin et al., in review). In the Møre Basin (Fig. 1) and in the area northeast of the Utgard 
High (Norwegian Sea shelf), the Naust Formation succession reaches a thickness of approximately 1500 
m (Eidvin et al., 2000; Dahlgren et al., 2005; Rise et al., 2005; Ottesen et al., 2009, 2014; Eidvin et al. 
in review). Grounded ice sheets extended to the palaeo-shelf break on the Norwegian Sea shelf and 
in the northern North Sea during a number of successive glacial periods since the early Pleistocene 
(e.g., Rise et al., 2005; Ottesen et al., 2009, 2014, 2018; Batchelor et al., 2017; Montelli et al., 2017;  
Newton & Huuse, 2017). The Naust Formation comprises mainly mud with outsized clasts and  
immature, poorly sorted sands. Apart from quartz and feldspars, the sand fraction contains a high  
proportion of granitic and metamorphic rock fragments. Pebbles and cobbles of such rock types are also 
common in many areas. In the western Barents Sea, pebbles of sedimentary rocks are also common. Shell 
debris occurs abundantly in parts of some sections (Eidvin & Rundberg, 2007; Ottesen et al., 2009; Eidvin  
et al., 2013; in review). The prograding wedges of the Naust Formation include sub-horizontal layers  
mainly comprising till (including reworked strata), sloping strata dominated by reworked till (mainly by 
debris flows), and their distal part by glacimarine sediments from suspension (fine fractions) and ice- 
rafted detritus (IRD; coarse fraction). In some areas the oldest part of the Naust Formation consists of 
fine-grained contouritic deposits or glacimarine deposits interbedded with contouritic deposits.

Glacimarine sediments of the Vøring Plateau (Norwegian Sea) have been a subject of studies by  
Jansen & Sjøholm (1991), Fronval & Jansen (1996) and Eidvin et al. (1998). These studies demonstrated 
the presence of small amounts of fine-grained IRD as old as 12.6 Ma. The frequency of IRD increases  
somewhat during the period between 7.2 and 6.0 Ma but remains relatively low between 6.0 and 
2.75 Ma. A marked increase in the supply of IRD after about 2.75 Ma reflects the expansion of the  
Scandinavian Ice Sheet. In ODP boreholes off the southeast coast of Greenland IRD has been recorded 
from sediments as old as 11 and 7 Ma, respectively, that indicate the onset of glaciations on southern 
Greenland in late Miocene (Larsen et al., 1994; Helland & Holmes, 1997). It is likely that the IRD recorded 
from sediments older than 2.75 Ma on the Vøring Plateau has been ice-rafted from the southern coast 
of Greenland (Fronval & Jansen, 1996). The maximum age of the Naust Formation is assigned to be 2.75 
Ma. 

Sampling Pleistocene sediments

When drilling petroleum exploration and production wells, the oil companies sample the post- 
Eocene deposits with drill cuttings, except for the upper part of the Pleistocene. However, the post- 
Eocene deposits have been far less sampled than the pre-Oligocene sediments, which have been the main  
target for hydrocarbon exploration. The sampling programme is usually considerably less dense in these 
units than in the deeper sections, e.g., every ten metres compared to every three metres in reservoir 
sections. Just a small number of wells have been sampled with high-quality sidewall cores and short 
conventional cores. The conventional cores are used mainly for geotechnical investigations (Eidvin et 
al., 2013, in review). When drilling the Pleistocene parts of the wells, drill bits with large dimensions 
are used (usually 26” (66 cm) for the upper parts of successions and 17 1 / 2” (44.5 cm) for the lower 
parts). The 26” parts of the boreholes are lined with 20” casing and the 17 1 / 2” parts are lined with 13 
3 / 8” casing. Before the casings are put in place the boreholes are open, in other words exposed to the  
rotating drill strings and to circulating drill mud. Most likely, the unconsolidated sediments are 
continuously dislodged throughout the drilling of the sections, and some will be incorporated into the 
drill-cutting samples. Only sampling in the form of sidewall cores and conventional cores can prevent 
incorporation of a significant amount of caved material in the Pleistocene samples, but, as mentioned 
above, only a small number of wells have been sampled in such a manner (Eidvin et al., in review).  
Fortunately, we were able to obtain sidewall cores or conventional cores from the wells in three of the 
four areas we have investigated in the present study. The investigated core-, sidewall core- and ditch- 
cutting samples are covering most of the Pleistocene. If not stated otherwise, all depths in wells are 
expressed as metres below the rotary kelly bushing on the rig floor (mRKB).
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Dating Pleistocene sediments

It is very important to obtain accurate datings of the Pleistocene sediments in order to, among  
other things, constrain the age of the glacial events, indicate the age of neotectonic periods and  
perform basin modelling. However, obtaining a good chronstratigraphy of the thick Pleistocene  
successions has proved to be very difficult. Since these  sediments have been deposited over a relatively short 
time (c. the last 2.6 million years), there are few recorded micro-fossil events as first and last appearance  
datums (FADs and LADs). Sr isotope stratigraphy based on analyses of calcareous fossil tests has proven an  
effective dating method particularly for Oligocene and Miocene sections on the Norwegian continental 
shelf (Eidvin & Rundberg, 2001, 2007; Eidvin et al., 2007; Eidvin et al., 2013). Dating Pliocene and especially  
Pleistocene sediments by means of Sr isotope stratigraphy has proved more difficult. The Sr isotope curves of  
Howarth & McArthur (1997, 2004) for the Pliocene and Pleistocene have in general lower gradients than the  
Oligocene and Miocene parts (Fig. 2). Small errors in the 87Sr/86Sr isotopic composition due to possible  
minor impurities in the calcareous tests, re-crystallisation of the tests, errors introduced during  
sample preparation and the mass spectroscopy analysis process, etc., have a much larger impact when  
calculating ages from low-gradient parts of the Sr isotope curves than from high-gradient parts (Eidvin 
et al., 2014). 87Sr/86Sr isotopic compositions which give ages between 4.6 and 2.75 Ma (latest early to 
late Pliocene) plot on the part of the Pliocene to Pleistocene curve which has the lowest gradient. The 
part which gives ages between 3.2 and 2.75 Ma is almost completely flat. The parts of the curve for the 
Pleistocene which give ages of 2.75 to 1.6 Ma and 1.05 Ma to recent are somewhat steeper, and the part 
which gives ages between 1.6 and 1.05 Ma is the steepest part of the Sr isotope curve for the Pleistocene 
and consequently, theoretically, should provide the most reliable Pleistocene ages (Fig. 2).  

Figure 2. Curve showing Sr isotope ratio evolution of seawater from 6 Ma to recent based on the look-up table of  
Howarth & McArthur (1997), which is based on the time-scale of Berggren et al. (1995) with the Pliocene/Pleistocene 
boundary at 1.85 Ma. However, we have used a Pliocene/Pleistocene boundary at 2.588 Ma according to the new  
time-scale of Cohen et al. (2013). Points on the curve where the slope changes are marked.

Another problem when dating Pleistocene sediments using Sr isotopes is that reworked mollusc and  
microfossil tests probably are very common in the sediments since a large portion of the marine  
Pleistocene deposits on the Norwegian continental shelf and slope are reworked from older sediments  
originally deposited closer to the coast. If the samples analysed for Sr-isotopes contain reworked tests, 
the dates represent the maximum age of the deposits. 

As mentioned above, the 87Sr/86Sr ratios were converted to age estimates using the SIS look-up table of 
Howarth & McArthur (1997; 2004; Tables 1‒3 and 7‒9). The look-up table of Howarth & McArthur (1997) 
is based on the time-scale of Berggren et al. (1995) and the look-up table of Howarth & McArthur (2004) 
is based on the time-scale of Gradstein et al. (2004). There is currently no SIS look-up table that is based 
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on the new time-scale of Cohen et al. (2013). However, the absolute ages for the time-scales of Berggren 
et al. (1995), Gradstein et al. (2004) and Cohen et al. (2013) do not deviate very much for the Cenozoic. 
The most important difference is that in Cohen et al. (2013), the base Pleistocene is moved from 1.85 to 
2.588 Ma. In the present paper we follow Cohen et al. (2013) and use 2.588 Ma as the age of the base 
of the Pleistocene (see Fig. 2).

Correlation with seismic profiles

We present four regional seismic profiles, one from each of the investigated areas to illustrate the stra-
tigraphic context of the samples that have been analysed for Sr ages. In addition, we present a shorter, 
more detailed profile in the 6507/5–J–1 H area. All the samples are taken from the Pleistocene Naust 
Formation except for the two lowermost samples from well 16/1–4, which have been sampled in the 
Utsira Formation. The samples taken from the Naust Formation are all from the older Naust units, except 
from those from well 35/2–1. This well penetrates the Peon gas reservoir, which is located in flat-lying 
sandy sediments above the Upper Regional Unconformity (URU), forming the base of the Norwegian 
Channel in this area.

Litho. 
Unit

Sample 
depth
(core)

Corrected 
87/86Sr

2S error Age (Ma; H&M, 
1997/2004
mean value)

Comments Analysed fossils

Naust Fm 1109.68 m 0.709086 0.000011 1.98, 1.97 Analysed in 1999–
2001 by UiB

50 tests of N. affine, C. teretis, C. scaldisiensis 

Naust Fm 1109.68 m 0.709044 0.000008 4.74, 4.70 Analysed in 2016 
by UiB

One mollusc fragment

Naust Fm 1109.68 m 0.709060 0.000009 3.59, 3.14 Analysed in 2016 
by UiB

30 tests of N. affine, C. teretis, C. lobatulus, G. 
bulloides, A. fluens, Fissurina sp.

Naust Fm 1109.68 m 0.709041 0.000016 4.86, 4.82 Analysed in 2016 
by UiB

30 tests of N. affine, C. teretis,  
G. bulloides, A. fluens, B. marginata 

Naust Fm 1110.52 m 0.709013 0.000013 5.63, 5.65 Analysed in 1999–
2001 by UiB

47 tests av C. grossus, C. scaldisiensis, E. 
groenlandicum

Naust Fm 1110.52 m 0.709038 0.000009 4.97, 4.93 Analysed in 2016 
by UiB

30 tests of Guttulina sp., E. excavatum, E. 
albiumbilicatum, E. groenlandicum, C. teretis, C. 
lobatulus 

Naust Fm 1110.52 m 0.708975 0.000009 6.14, 6.35 Analysed in 2016 
by UiB

Two mollusc fragments 

Naust Fm 1110.52 m 0.709036 0.000009 5.03, 4.99 Analysed in 2016 
by UiB

30 tests of Fissurina sp., C. teretis, N. atlantica 
(sin.), G. bulloides, N. affine, E. albiumbilicatum 

Naust Fm 1111.74 m 0.709007 0.000013 5.73, 5.77 Analysed in 1999–
2001 by UiB

40 tests of N. affine, C. teretis, G. bulloides, N. 
atlantica (sin.), G. bulloides

Naust Fm 1111.74 m 0.709008 0.000009 5.72, 5.75 Analysed in 2016 
by UiB

28 tests of L. lammersi, A. fluens, C. teretis, G. 
bulloides, N. atlantica (sin.)

Naust Fm 1112.63 m 0.709054 0.000012 4.10, 3.88 Analysed in 1999–
2001 by UiB

45 tests of C. grossus, C. scaldisiensis, E. 
groenlandicum

Naust Fm 1112.63 m 0.708978 0.000010 6.10, 6.28 Analysed in 1999–
2001 by UiB

Four mollusc fragments 

Naust Fm 1112.63 m 0.709014 0.000008 5.61, 5.63 Analysed in 2016 
by UiB

30 tests of C. lobatulus, Fissurina sp.,  
E. groenlandicum, E. albiumbilicatum, C. teretis

Naust Fm 1112.63 m 0.709029 0.000009 5.21, 5.22 Analysed in 2016 
by UiB

30 tests of C. teretis, E. groenlandicum,  
E. albiumbilicatum, Fissurina sp.

Naust Fm 1112.63 m 0.708998 0.000007 5.85, 5.93 Analysed in 2016 
by UiB

One mollusc fragments

Table 1. Sr isotope data from well 34/8–9 S. Samples analysed in 1999‒2001 by UiB are modified from Eidvin & Rundberg (2001). The Sr ratios are corrected to NIST 
987 = 0.710248. Numerical ages derived from the SIS look-up tables of Howarth & McArthur (1997, 2004). NIST ‒ National Institute for Standard and Technology. 
UiB ‒ University of Bergen.
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Litho. 
Unit

Sample 
depth
(core)

Corrected 
87/86Sr

2S error Age (Ma; H&M, 
1997, 2004 
mean value)

Comments Analysed fossils

Naust Fm 1070.2 m 0.708999 0.000029 5.84, 5.91 Analysed in 1999–
2001 by UiB

24 tests of N. affine

Naust Fm 1070.2 m 0.709078 0.000009 2.24, 2.24 Analysed in 1999–
2000 by IFE

Calcareous foraminifera

Naust Fm 1083.2 m 0.709018 0.000012 5.51, 5.52 Analysed in 1999–
2001 by UiB

29 tests of N. affine, C. teretis

Naust Fm 1083.2 m 0.709080 0.000009 2.18, 2.18 Analysed in 1999–
2000 by IFE

Calcareous foraminifera

Naust Fm 1084.1 m 0.709029 0.000016 5.21, 5.22 Analysed in 1999–
2001 by UiB

25 tests of N. affine, C. teretis, C. lobatulus

Naust Fm 1084.1 m 0.709057 0.000009 3.89, 3.52 Analysed in 1999–
2000 by IFE

Calcareous foraminifera

Naust Fm 1086.10 m 0.709033 0.000008 5.11, 5.09 Analysed in 2016 
by UiB

30 tests of N. affine, C. grossus

Naust Fm 1086.10 m 0.709011 0.000013 5.67, 5.69 Analysed in 1999–
2001 by UiB

31 tests of N. affine, C. teretis

Naust Fm 1086.10 m 0.709050 0.000009 4.38, 4.33 Analysed in 1999–
2000 by IFE

Calcareous foraminifera

Naust Fm 1088.20 m 0.709051 0.000009 4.30, 4.23 Analysed in 2016 
by UiB

30 tests of G. bulloides, C. teretis, N. atlantica 
(sin.), N. affine

Naust Fm 1088.20 m 0.709047 0.000009 4.58, 4.54 Analysed in 2016 
by UiB

One mollusc fragment

Naust Fm 1088.2 m 0.709026 0.000014 5.30, 5.31 Analysed in 1999–
2001 by UiB

43 tests of A. fluens, Oolina sp., N. atlantica 
(sin.), G. bulloides, N. affine, C. teretis, Fissurina 
sp., C. scaldisiensis, E. hannai, C. lobatulus

Naust Fm 1088.2 m 0.709073 0.000009 2.41, 2.39 Analysed in 1999–
2000 by IFE

Calcareous foraminifera

Naust Fm 1101.3 m 0.709038 0.000013 4.97, 4.98 Analysed in 1999–
2001 by UiB

31 tests og N. affine, C. teretis

Naust Fm 1101.3 m 0.709097 0.000010 1.63, not in 
table

Analysed in 1999–
2000 by IFE

Calcareous foraminifera

Naust Fm 1102.00 m 0.709060 0.000009 3.59, 3.14 Analysed in 2016 
by UiB

30 tests of C. teretis, N. affine

Naust Fm 1102.00 m 0.709062 0.000013 3.45, 2.93 Analysed in 1999–
2001 by UiB

26 tests of C. teretis, N. affine

Table 2. Sr isotope data from well 34/8–A–1 H. Samples analysed in 1999‒2001 by UiB and 1999‒2000 by IFE are modified from Eidvin & Rundberg (2001). The Sr 
ratios are corrected to NIST 987 = 0.710248. Numerical ages derived from the SIS look-up tables of Howarth & McArthur (1997, 2004). NIST ‒ National Institute for 
Standard and Technology. UiB ‒ University of Bergen, IFE ‒ Institutt for Energiteknikk, Keller.
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Results

Area 1; wells 34/8–9 S, 34/8–A–1 H and 34/8–A–33 H from the 
Visund Field (Tampen, northern North Sea)

In the exploration well 34/8–9 S (61°18’50.53’’N, 02°23’17.89’’E; Fig. 1) and the production well  
34/8–A–1 H (61°22’12.57’’N, 02°27’35.13’’E; Fig. 1), Eidvin & Rundberg (2001) have investigated 
short cored sections in the basal part of the Naust Formation for micropaleontology, lithology and  
Sr isotope ratios. In well 34/8–9 S, samples at 1109.88, 1110.52, 1111.74 and 1112.63 m were investigated  
(Table 1) and in well 34/8–A–1 H samples at 1070.2, 1083.2, 1084.1, 1086.1, 1088.2, 1101.3 and 1102 m were  
investigated (Table 2). For the present study, seven samples (1125.8, 1128.3, 1129.7, 1131.7, 1133.7,  
1134.5, and 1141.8 m) from a cored section in the same part of the Naust Formation were  
investigated in the production well 34/8–A–33 H (61°22’13.5’’N, 02°27’34.63’’E; Fig. 1) for  
micropaleontology and lithology. The samples at 1125.8, 1128.3, 1129.7 and 1141.8 m were also  
investigated for Sr isotope ratios (Table 3). Also, for the present study the sediments in all the cores have 
been described and the sedimentary facies were interpreted. Finally, the samples at 1083.2 and 1084.1 
m from well 34/8–A–1 H (Table 4), the samples at 1124.8 and 1125.8 m from well 34/8–A–33 H (Table 5) 
and the samples at 1109.7 and 1112.63 m from well 34/8–9 S (Table 6) were analysed for palynomorphs. 

Litho. Unit Sample 
depth
(core)

Corrected 
87/86Sr

2S error Age (Ma; H&M, 
1997, 2004 
mean values)

Comments Analysed fossils

Naust Fm 1125.8 m 0.709064 0.000009 3.31, 2.78 Analysed in 2016 
by UiB

30 tests of G. bulloides, N. alantica (sin.) 

Naust Fm 1125.8 m 0.709042 0.000008 4.82, 4.78 Analysed in 2016 
by UiB

30 tests of C. teretis, C. lobatulus, N. affine

Naust Fm 1125.8 m 0.709051 0.000009 4.30, 4.23 Analysed in 2016 
by UiB

Two mollusc fragments

Naust Fm 1128.3 m 0.709069 0.000008 2.57, 2.54 Analysed in 2016 
by UiB

25 tests of C. lobatulus

Naust Fm 1128.3 m 0.709065 0.000008 3.23, 2.78 Analysed in 2016 
by UiB

30 tests of N. affine

Naust Fm 1128.3 m 0.709007 0.000009 5.73, 5.57 Analysed in 2016 
by UiB

One mollusc fragment

Naust Fm 1129.7 m 0.709090 0.000012 1.84, 1.83 Analysed in 2012–
2013 by UiB

Approximately 100 tests of E. pygmes

Naust Fm 1129.7 m 0.709070 0.000011 2.52, 2.50 Analysed in 2012–
2013 by UiB

Approximately 110 tests of E. pygmes

Naust Fm 1141.8 m 0.709023 0.000009 5.38, 5.41 Analysed in 2016 
by UiB

30 tests of C. teretis, N. affine. A. angulosa, 
C. scaldisiensis, C. lobatulus, G. bulloides, 
N. atlantica (sin.), B. marginata

Naust Fm 1141.8 m 0.709034 0.000009 5.08, 5.06 Analysed in 2016 
by UiB

30 tests of C. teretis, N. affine, A. angulosa, 
B. marginata, Fissurina sp., N. atlantica 
(sin.), G. bulloides

Naust Fm 1141.8 m 0.708997 0.000009 5.87, 5.94 Analysed in 2016 
by UiB

One mollusc fragment

Naust Fm 1141.8 m 0.709054 0.000008 4.10, 3.88 Analysed in 2016 
by UiB

13 large tests of E. variabilis

Table 3. Sr isotope data from well 34/8–A–33 H. The samples were analysed at the University of Bergen. Sr ratios were corrected to NIST 987 = 0.710248. Numerical 
ages derived from the SIS look-up tables of Howarth & McArthur (1997, 2004). NIST ‒ National Institute for Standard and Technology.
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1084.10 m* 1083.20 m**

Lower-Middle Miocene Cousteaudinium aubryae
Apteodinium tectatum

Oligocene – Miocene Apteodinium australiense

Oligocene Chiropteridium lobospinosum
Wetzeliella gochtii

Chiropteridium lobospinosum 

Eocene  - Oligocene Thalassiphora fenestrata
Wetzeliella sp. 

Thalassiphora fenestrata
Wetzeliella sp.

Lower – lowermost Middle Eocene Eatonicysta ursulae

Lowermost Eocene Apectodinium augustum

Paleocene Palaeoperidinium pyrophorum 
Cerodinium striata

Cretaceous - Paleocene Alterbia sp.

Jurassic - L. Cretaceous Cicatricosisporites sp.
Gleicheniidites senonicus

Jurassic Chasmatosporites apertus
Lycopodiumsporites 
semimuris

Corollina torosus
Glossodinium dimorphum
Gonyaulacysta sp.
Senoniasphaera jurassica

Carboniferous Densosporites sp. Densosporites sp.

Table 4. Reworked palynomorphs in well 34/8–A–1 H.

*In addition, several long-ranging taxa were recorded in the sample at 1084.10 m including Cleistosphaeridium  
placacanthum, Cordosphaeridium cantharellus, Homotryblium plectilum, H. tenuispinosum and Reticulosphaera  
actinocoronata. All these taxa appear in the Eocene‒Oligocene and ranges into the Miocene – the latter species even 
into the lower Pliocene.

**In addition, the taxa Caligodinium amiculum, Cleistosphaeridium placacanthum, Deflandrea phosphoritica 
and Homotryblium plectilum were recorded in the sample at 1083.20 m. All these taxa are long-ranging, from the  
Eocene‒Miocene.

The Carboniferous spore genus Densosporites was recorded in both samples. These spores may, however, be the result 
of recycling as reworked Carboniferous spores are well-known from Jurassic deposits.



8 of 35 9 of 35

T. Eidvin et al.      The use of Sr isotope stratigraphy to date the Pleistocene sediments of the Norwegian continental shelf

1125.80 m* 1124.80 m

Miocene Apteodinium tectatum Labyrinthodinium truncatum
Palaeocystodinium minor

Oligocene – Miocene Apteodinium australiense

Oligocene Distatodinium biffii

Eocene – Oligocene Areoligera sp. Wetzeliella sp.

Lowermost Eocene Apectodinium augustum

Paleocene Palaeoperidinium pyrophorum

Cretaceous – Paleocene Alterbia sp.

Jurassic – Lower Cretaceous Cicatricosisporites sp.
Gleicheniidites spp.
Scriniodinium campanula
Sirmiodinium grossii

Jurassic Callialasporites dampieri
Chasmatosporites apertus
Lycopodiumsporites  
semimuris L. 
austroclavatidites

Baculatisporites spp.
Callialasporites dampieri
Cerebropollenites macroverrucosus
Chasmatosporites spp.
Corollina torosus
Glossodinium dimorphum
Klukisporites sp.
Lycopodiumsporites 
austroclavatidites
L. clavatoides
L. semimuris
Quadraeculina anellaeformis
Sestrosporites pseudoalveolatus

Upper Permian - ?Lower 
Triassic

Lueckisporites virkkiae
Vittatina sp.

Carboniferous Densosporites sp. Densosporites sp.

Table 5. Reworked palynomorphs in well 34/8–A–33 H.

*In addition, the species Homotryblium plectilum was recorded in the sample from 1125.80 m. This species is  
long-ranging, from deposits of Eocene‒Miocene in age.

As in well 34/8–A–1, the Carboniferous spore genus Densosporites was recorded in both samples from this well. Also 
here, these spores may be the result of recycling as reworked Carboniferous spores are well-known from Jurassic  
deposits.
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1112.53 m * 1109.70m **

Miocene Apteodinium tectatum
Cerebrocysta satchelliae
Cousteaudinium aubryae
Exochosphaeridium insigne
Hystrichosphaeridium obscura
Labyrinthodinium truncatum
Palaeocystodinium miocaenicum

Apteodinium tectatum

Oligocene – Miocene Apteodinium australiense

Oligocene Spiniferites manumii
Wetzeliella gochtii

Spiniferites manumii

Eocene – Oligocene Areoligera semicirculata
Thalassiphora fenestrate
Wetzeliella spp

Wetzeliella spp.

Lowermost Eocene Apectodinium quinquelatum

Paleocene – Eocene Deflandrea oebisfeldensis

Paleocene Palaeoperidinium pyrophorum Spinidinium densispinatum

Lower Cretaceous Oligosphaeridium complex

Jurassic – Lower Cretaceous Sirmiodinium grossii Cicatricosisporites sp.
Systematophora daveyi

Jurassic Baculatisporites spp.
Callialasporites dampieri
Cerebropollenites  thiergartii
Chasmatosporites apertus
C. hians
Corollina torosus
Lycopodiumsporites austroclavatidites
Quadraeculina anellaeformis

Baculatisporites spp.
Cerebropollenites 
macroverrucosus 
Chasmatosporites hians
Corollina torosus
Nannoceratopsis gracilis
Uvaesporites argenteaeformis

Table 6. Reworked palynomorphs in well 34/8–9 S.

*In addition, the species Chiropteridium spp., Cleistosphaeridium placacanthum, Cordosphaeridium cantharellus,  
Homotryblium plectilum and Palaeocystodinium golzowense were recorded in the sample from 1112.53 m. These 
species are long-ranging , from deposits of Eocene/Oligocene to Miocene in age.

**In addition, the species Cleistosphaeridium placacanthum was recorded in the sample from 1109.70 m. This species is 
long-ranging, from deposits of Eocene to Miocene in age.
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Figure 3. Sediment section of 34/8–A–33 H (core 1). Note the coarsening- and fining-upward trends of the section which 
is a characteristic feature of contourite deposits. The missing sections are probably sand-rich sections.

Lithology

The cored sections in the wells 34/8–9 S, 34/8–A–1 H and 34/8–A–33 H are composed of typical  
contourite deposits (Fig. 3). The sediments consist mainly of alternating silty mudstones and  
fine-grained sandstones. The sandstones show a grading pattern including both coarsening-upwards 
and fining-upwards trends (Fig. 3). The sediment is completely bioturbated. At some levels there are  
concentrations of foraminifera which are sorted by size that clearly indicate deposition from currents. Ice- 
rafted pebbles and cobbles of mainly metamorphic rocks are common. Two large ice-rafted clasts of 
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metamorphic rocks (quartzite and gneiss) were recorded from the upper part of the core in well  
34/8–A–33 H (1124 m; Fig. 4). A number of smaller cobbles and pebbles of crystalline rocks are visible in 
the other cores (see also Eidvin & Rundberg (2001) and Ottesen et al. (2009)). The main part of the cored 
section (Fig. 3) is showing a gradual increase in grain size followed by decreasing grain size upwards, which  
is typical for contourites (Gonthier et al., 1984; Stow & Faugeres, 2008). The changes in grain size indicate  
waxing and waning of bottom currents. In well 34/8–A–33 H core-1 (Fig. 3), two separate sections  
(two metres each) are missing at 1126‒1128 m and1135‒1137m, respectively. The missing intervals are  
between a coarsening-upwards and a fining-upwards succession. It is most likely that the missing sections 
are sand-rich intervals and consequently have a low core recovery. Such parts may thus represent the most  
coarse-grained portion of a contourite (facies C3, e.g., Rodriguez-Tovar & Hernandez-Molina, 
2018) and truly show the negative – positive gradation of the succession that is characteristic for  
contourites. The occurrence of well-sorted foraminifera clearly indicates current activity in the area and 
thus strongly supports the interpretation of contourite deposits. The identified trace fossils Planolites and  
Thalassinoides are also typical for contourites (Rodriguez-Tovar & Hernandez-Molina, 2018). Core photos 
of the Visund cores are available at the NPD fact-pages (npd.no/facts).            

Figure 4. Two large ice-rafted clasts of metamorphic rocks (quartzite and gneiss) from the core in well 34/8–A–33 H 
(1124 mRKB).
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Biostratigraphy

Micropaleontological analyses

In the cored sections in all the investigated wells we have recorded a benthic foraminiferal Cibicides 
grossus assemblage. Other important benthic foraminifera include Nonion affine, Cibicides lobatulus, 
Cassidulina teretis and Elphidium excavatum (Eidvin & Rundberg, 2001). The C. grossus assemblage  
correlates with Zone NSB 15 of King (1989, from the North Sea) which is of Gelasian to early  
Calabrian age. C. grossus was a shelf-dwelling form (Skarbø & Verdenius, 1986) that is not recorded as 
in situ from scientific deep-sea boreholes in the Norwegian Sea. Consequently, its range is not calibrated  
directly with nannoplankton and palaeomagnetic data. According to King (1989 and personal  
communication), the range of C. grossus in the North Sea is based on correlation with planktonic  
foraminiferal taxa which are calibrated with nannoplankton and palaeomagnetic data in scientific  
deep-sea boreholes. Planktonic foraminifera recorded from the cores include Globigerina bulloides,  
Neogloboquadrina atlantica (sinistral), Neogloboquadrina atlantica (dextral) and Neogloboquadrina 
pachyderma (dextral; Eidvin & Rundberg, 2001). Spiegler & Jansen (1989) described a N. atlantica (sinistral) 
Zone from the Vøring Plateau (Norwegian Sea) from upper Miocene to lower Pleistocene deposits. The LAD 
of N. atlantica (sinistral) in that area is approximately 2.4 Ma. It can be problematic to distinguish N. atlantica  
(sinistral) from the unencrusted form of Neogloboquadrina pachyderma (sinistral) near the youngest 
part of the distribution for N. atlantica (sinistral) since there are transitional forms. A G. bulloides Zone is  
described from the North Atlantic (DSDP Leg 94) in Pliocene and Pleistocene sediments as young as 2.2 Ma  
(Weaver & Clement, 1986). On the Vøring Plateau, G. bulloides was common in Pliocene and Gelasian 
(lower Pleistocene) deposits older than 2.4 Ma (Spiegler & Jansen, 1989). G. bulloides was also common 
during warm periods in the middle and upper Pleistocene (Kellogg, 1977). An upper N. atlantica (dextral) 
Zone is described from the Vøring Plateau in Gelasian deposits and is dated to 2.4‒1.9 Ma (Spiegler & 
Jansen, 1989). A Gelasian N. pachyderma (dextral) Zone is described by King (1989) from the North Sea, 
by Weaver (1987) and Weaver & Clement (1986) from the North Atlantic and by Spiegler & Jansen (1989) 
from the Vøring Plateau (Norwegian Sea). On the Vøring Plateau the zone is dated to 1.9‒1.8 Ma.

Palynological analyses

Two core samples from each of the three wells; 34/8–A–1 H (1084.10 m, 1083.20 m), 34/8–A–33 H 
(1125.80 m, 1124.80 m) and 34/8–9 S (1112.53 m, 1109.70 m) were analysed palynologically in order 
to date the cored intervals and to describe the contents of reworked deposits. Based on the dinocyst  
assemblages all three core intervals are referred to the Impletosphaeridium multiplexum Zone of  
Dybkjær & Piasecki (2010). The age of this zone was suggested to be 2.6‒1.6 Ma, Gelasian  
(early Pleistocene). The nominate species, Impletosphaeridium multiplexum, was not found. However,  
Bitectatodinium tepikiense, which appears in the lower part of this zone, are common, while  
Amiculosphaera umbraculum, the last occurrence of which defines the upper boundary of the  
I. multiplexum Zone, occur sporadically.

The presumed in situ dinocyst assemblages are dominated by Habibacysta tectata and  
Spiniferites spp., while Achomosphaera sp. Head 1996, Amiculosphaera umbracula, Bitectatodinium  
tepikiense and B. raedwaldii are common. Some of the specimens referred to B. tepikiense may belong to  
B. raedwaldii, as varieties of these species in some cases only can be separated using SEM. Frequent  
recordings of Filisphaera filifera are consistent with an age not younger than early Pleistocene, as this 
species has LAD at approximately 1.4 Ma (De Schepper & Head, 2009). Sporadic occurrences of Tuberculo- 
dinium vancampoae further support an age not younger than the Gelasian (De Schepper & Head, 2009). 
The frequent occurrences of Achomosphaera andalousiense, Nematosphaeropsis spp., Operculodinium  
centrocarpum and Spiniferites pseudofurcatus are also consistent with an early Pleistocene age although 
their ranges are much wider. The abundance in all the analysed samples of coldwater tolerant dinocyst 
species, including Bitectatodinium tepikiense, B. raedwaldii, Filisphaera filifera and Habibacysta tectata, 
are also consistent with a Pleistocene age. Especially the high abundances of the last-mentioned species 
are characteristic for the Gelasian in the eastern North Atlantic and the cored sections analysed in the 
present study may be referred to the RT7a-c biozones of De Schepper & Head (2009) (2.57‒2.08 Ma). 

The number of reworked palynomorphs (spores, pollen and dinocysts) in the analysed samples varies. 
Dinocysts, spores and pollen are much smaller and lighter grains than, e.g., mollusc and foraminiferal 
tests and are much more easily transported and reworked. The reworked palynomorphs represent a  
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broad range of time-intervals, from the Carboniferous to the Miocene, as outlined in Tables 4‒6. 
Some of the recorded taxa has a short stratigraphic range, others a longer range. The following  
biostratigraphic literature was used for identifying the stratigraphic intervals from which the reworked  
palynomorphs came from; Lund (1977), Dybkjær (1988, 2004), Batten & Koppelhus (1996), Bujak &  
Mudge (1994), Heilmann-Clausen (1985, 1987), Manum et al. (1989), Riding & Thomas (1992), De Verteuil 
& Norris (1996), Eldrett et al. (2004), Heilmann-Clausen & Van Simaeys (2005), Schiøler (2005), Schiøler 
et al. (2007), Traverse (2007), Dybkjær & Piasecki (2010), Kürschner & Herngreen (2010), Sliwinska et al. 
(2012), Egger et al. (2016) and Dybkjær et al. (2020).

Sr isotope stratigraphy

Each of the five samples in well 34/8–9 S, seven samples in 34/8–A–1 H and four samples in well 34/8–
A–33 H were analysed from two to five times for control purposes. Data from eighteen of the samples in 
wells 34/8–9 S and 34/8–A–1 H were analysed for Eidvin & Rundberg (2001). The remaining 14 and all 
the samples from well 34/8–A–33 H were analysed for the present study. The obtained 87Sr/86Sr ratios 
gave ages that varied between 1.8 and 6.3 Ma (Tables 1‒3; Fig. 5). We assume that the large variations 
in estimated ages, also within the same samples, for a significant part are due to the uncertainty in  
calculation of ages from the flat, latest Pliocene to earliest Pleistocene part of the Sr curve (Fig. 2). An 
additional factor may be that some of the analysed foraminifera and mollusc tests may be reworked 
from upper Miocene and lower Pliocene deposits, since the sediments consist mainly of contourite  
deposits and are allochthonous sediments. Most of the analysed benthic foraminifera have long ranges  
and dwelled from the late Miocene to the Pleistocene, but we have not recorded foraminifera which 
have ranges limited to the late Miocene to early Pliocene (so-called index forms). However, the  
palynological data indicate that reworked late Miocene to early Pliocene sediments are present in the  
samples  (Tables 4‒6). Consequently, the large variations in estimated ages can be due to both the  
uncertainty in calculation of ages from a flat Sr curve and to reworked calcareous fossil tests.   

Figure 5. Plots of the Sr data from the short cores in the basal Pleistocene unit in the Visund wells 34/8–9 S (A), 34/8–A–1 
H (B) and 34/8–A–33 H (C) according to Tables 1‒3. The plots are based on the ages obtained from the look-up table of 
Howarth & McArthur (1997) and show mean values.

Seismic stratigraphy and correlation to the Sr samples 

The Tampen area where the Visund and Snorre wells are located comprises a thick unit of prograding 
clinoforms which are interpreted to be glacigenic debris flows deposited from an ice sheet covering 
the land areas of Norway and adjacent shelf during early and middle Quaternary (Ottesen et al., 2014;  
Batchelor et al., 2017; Figs. 1 & 6). Below the prograding clinoforms and above the base  
Quaternary horizon, there is a flat-lying package of mainly silty mudstones and fine-grained sandstones.  
The package was called the “Basal Upper Pliocene Unit” by Eidvin & Rundberg, 2001 (based on the time 
scale of Berggren et al. (1995)). Well 34/8–A–33 H penetrates both the “Basal Upper Pliocene Unit” and 
the unit of prograding clinoforms (Fig. 6). All the samples were taken in the “Basal Upper Pliocene Unit”, 
located between 1125.8 m and 1141.8 m depth.
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Figure 6. Seismic profile through well 34/8–A–33 H (northern North Sea) with interpreted Pleistocene seismic reflectors (from Ottesen et al., 2014) and levels for  
Sr sampling (yellow arrows). TWT means two-way travel time. Location of the line is shown in Fig. 1.

Area 2; well 16/1–4 from the southern Viking Graben in the  
northern North Sea

Eidvin & Rundberg (2007) investigated drill-cutting and sidewall core samples in the lower Oligocene 
to middle Pleistocene succession in the exploration well 16/1–4 (58 ̊ 51' 55.20'' N, 02 ̊ 17' 56.12'' E, 
Fig. 1) by means of micropaleontological and lithological stratigraphy. The lower Oligocene to lower  
Miocene part of the succession (Hordaland Group and Skade Formation) was also investigated by means  
of Sr isotope stratigraphy. For the present study we have investigated 14 sidewall core samples from the  
upper part of the lower Pliocene to the middle Pleistocene by means of Sr isotope stratigraphy. Two 
of the samples are from the uppermost part of the Utsira Formation and twelve samples are from the 
lower and middle part of the Naust Formation (Table 7; Fig. 7; Eidvin & Rundberg, 2007).

Lithology

The two sidewall cores from the Utsira Formation consist mainly of quartzose sandstones with  
minor glauconite and mollusc fragments. The sidewall cores from the Naust Formation consist mainly of  
immature, poorly sorted mudstones with sand. Apart from quartz and feldspar grains, the sand  
fraction contains a high proportion of granitic and metamorphic rock fragments and pebbles; and mollusc  
fragments are also recorded especially in the upper part (Fig. 7; Eidvin & Rundberg, 2007). 

Biostratigraphy

The sediments in the two sidewall cores from the Utsira Formation (Table 7) are given an early Pliocene  
age based on benthic foraminifera of the Uvigerina venusta saxonica assemblage and planktonic  
foraminifera of the Globorotalia puncticulata assemblage (Fig. 7). The benthic foraminiferal fauna also 
includes Florilus bouanus and Sphaeroidina bulloides. The planktonic foraminiferal fauna also includes 
Globigerina bulloides and Neogloboquadrina atlantica (sinistral; Eidvin & Rundberg, 2007; Eidvin et al., 
2013). The benthic foraminiferal fauna is correlated with the upper part of Subzone NSB 13b of King 
(1989, from the North Sea). A Pliocene G. puncticulata assemblage has been described by Weaver & 
Clement (1986) from the North Atlantic. The FAD of G. puncticulata in that area is at approximately 4.6 
Ma and its LAD is at approximately 2.5 Ma.

The twelve samples from the lower and middle parts of the Naust Formation are given an  
early to middle Pleistocene age based on benthic foraminifera of the Cibicides grossus assemblage and  
Elphidium excavatum – Cassidulina teretis assemblage, and planktonic foraminifera of the  
Neogloboquadrina atlantica (sinistral) assemblage, Neogloboquadrina atlantica (dextral)  
assemblage and Neogloboquadrina pachyderma (dextral) assemblage (Fig. 7; Eidvin & Rundberg, 2007).  
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Litho. 
Unit

Sample 
depth
(SWC)

Corrected 

87/86Sr
2S error Age (Ma; 

H&M, 1997; 
mean value)

Age (Ma; 
H&M, 2004; 
mean value)

Analysed fossils

Naust 
Fm.

357.5 m 0.709126 0.000009 1.192 1.190 Ca. 25 tests of E. excavatum, C. teretis, H. orbiculare,  
E. ustulatum, B. marginata

Naust 
Fm.

357.5 m 0.709133 0.000009 1.110 1.086 Ca. 30 tests of E. excavatum, C. teretis, H. orbiculare,  
E. ustulatum

Naust 
Fm.

357.5 m 0.709198 0.000032 0 0 Ca. 30 tests of E. excavatum, H. orbiculare, E. ustulatum

Naust 
Fm.

357.5 m 0.70120 0.000009 1.265 1.272 One mollusc fragment

Naust 
Fm.

454.5 m 0.709118 0.000009 1.289 1.297 Ca. 30 testsd of C. teretis

Naust 
Fm.

454.5 m 0.709142 0.000009 0.924 0.920 31 tests of C. teretis

Naust 
Fm.

454.5 + 
480.5 m

0.709133 0.000008 1.110 1.086 23 tests of E. groenlandicum and ca. 40 tests of  
E. excavatum, Epistominella sp., V. loeblichi, B. marginata

Naust 
Fm.

480.5 m 0.709140 0.000009 0.986 0.965 Ca. 33 tests of E. excavatum, C. teretis, N. affine, Elphidium 
sp.

Naust 
Fm.

480.5 m 0.709174 0.000009 0.038 0.080 Ca. 40 tests of E.excavatum, C. teretis, N. affine, Elphidium 
sp.

Naust 
Fm.

536.5 m 0.709107 0.000008 1.423 1.461 35 tests of C. teretis

Naust 
Fm.

536.5 m 0.709124 0.000009 1.216 1.218 38 tests of C.teretis

Naust 
Fm.

536.5 m 0.709129 0.000009 1.158 1.146 Ca. 30 tests of C. teretis

Naust 
Fm.

574.5 m 0.709095 0.000008 1.688 1.695 Ca. 30 tests of E. groenlandicum, E. excavatum, N. affine, 
C. teretis

Naust 
Fm.

574.5 m 0.709098 0.000008 1.598 1.631 Ca. 40 tests of C. terets, N. affine, E. groenlandicum,  
C. lobatulus

Naust 
Fm.

574.5 m 0.709086 0.000009 1.98 1.97 33 tests of C. teretis

Naust 
Fm.

613.5 m 0.709125 0.000010 1.204 1.205 35 tests of C. teretis

Naust 
Fm.

613.5 m 0.709126 0.000009 1.192 1.190 Ca. 40 tests of C. teretis

Naust 
Fm.

613.5 m 0.709121 0.000009 1.253 1.258 30 tests of E. excavatum, E. albiumbilicatum, N. affine

Naust 
Fm.

646.5 m 0.709121 0.000008 1.253 1.258 35 tests of C. teretis, E. hannai 

Naust 
Fm.

646.5 m 0.709224 0.000011 
(quite high 
standard 
deviation)

0 0 36 tests of C. teretis, E. excavatum, E. albiumbilicatum, 
Epistominella sp., Elphidium sp., H. orbiculare

Naust 
Fm.

673.5 m 0.709135 0.000009 1.084 1.056 40 tests of C. teretis 

Naust 
Fm.

673.5 m 0.709118 0.000009 1.289 1.297 Ca. 40 tests of C. teretis, N. affine, E. albiumbilicatum,  
E. excavatum, H. orbiculare, Lagena sp., B. tenerrima

Table 7. Sr isotope data from well 16/1–4. The samples were analysed at the University of Bergen. Sr ratios were corrected to NIST 987 = 0.710248. Numerical ages 
derived from the SIS look-up tables of Howarth & McArthur (1997, 2004). NIST ‒ National Institute for Standard and Technology.
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Naust 
Fm.

673.5 m 0.709069 0.000009 2.57 2.54 31 tests of C. grossus, Q. seminulum, C. teretis, one molluc 
fragment

Naust 
Fm.

681.5 m 0.709099 0.000009 1.572 1.611 Ca. 40 tests of C. teretis, C. grossus, Elphidium sp.

Naust 
Fm.

681.5 m 0.709105 0.000009 1.450 1.497 38 tests of C. teretis, N. affine, C. lobatulus

Naust 
Fm.

681.5 m 0.709134 0.000010 1.098 1.072 38 tests of C. teretis; C. lobatulus

Naust 
Fm.

685.5 m 0.709090 0.000009 1.84 1.83 Ca. 45 tests of C. teretis

Naust 
Fm.

685.5 m 0.709093 0.000009 1.75 1.74 40 tests of C. teretis

Naust 
Fm.

685.5 m 0.709106 0.000009 1.436 1.478 Ca. 40 tests of C. teretis

Naust 
Fm.

688.5 m 0.709074 0.000009 2.37 2.36 Ca. 40 tests of C. grossus, Q. seminulum, C. teretis, N. affine

Naust 
Fm.

688.5 m 0.709117 0.000009 1.301 1.310 Ca. 35 tests of C. teretis, N. affine, C. grossus

Naust 
Fm.

688.5 m 0.709073 0.000009 2.41 2.39 Ca. 35 tests of C. teretis, N. affine

Naust 
Fm

732.5 m 0.709038 0.000009 4.97 4.93 Ca. 50 tests of C. teretis, Q. seminulum, E. excavatum,  
N. affine, C. grossus

Naust 
Fm

732.5 m 0.709074 0.000008 2.37 2.36 Ca 40 tests of C. teretis, N. affine

Naust 
Fm

732.5 m 0.709089 0.000009 1.87 1.86 36 tests of C. teretis

Naust 
Fm

763.5 m 0.709063 0.000009 3.38 2.84 42 tests of B. marginata, L. lammersi, E. excavatum,  
M. pseudotepida, N. affine, A. fluens, Dentalina sp.,  
C. teretis, P. bulloides, S. bulloides 

Naust 
Fm

763.5 m 0.709081 0.000009 2.15 2.15 35 tests of B. marginata, L. lammersi, M. pseudotepida, N. 
affine, A. fluens, P. bulloides, S. bulloides, G. gibba rugose

Naust 
Fm

763.5 m 0.709082 0.000009 2.12 2.12 46 tests of S. bulloides, N. affine, A. fluens, C. dutemplei,  
B. marginata, P. bulloides, M. pseudotepida, fish teeth

Naust 
Fm

765.5 m 0.709079 0.000009 2,21 2.21 28 tests of U. venusta saxonica, C. pachyderma,  
C. lobatulus, B. marginata, M. pseudotepida

Utsira 
Fm.

767.5 m 0.709052 0.000009 4.21 4.11 34 tests of U. venusta saxonica, N. koninckii, P. bulloides,  
C. pachyderma, S. bulloides, B. marginata, N.affine,  
C. lobatulus, M. pseudotepida

Utsira 
Fm.

767.5 m 0.709100 0.000012, 
(quite high 
standard 
deviation)

1.546 1.591 27 tests of U. venusta saxonica, P. bulloides, C.  
pachyderma, B. marginata, C. lobatulus, M. pseudotepida

Utsira 
Fm.

768.5 m 0.708999 0.000009 5.84 5.91 8 tests of B. marginata, Cibicides sp., N. affine, Guttulina 
sp, Ostracoda
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Figure 7. Well summary figure including lithology, gamma-ray log, lithostratigraphic units, series/subseries, benthic  
foraminiferal assemblages, planktonic foraminiferal assemblages, paleobathymetry, analysed samples and Sr data 
plots for well 16/1–4 (according to Table 7). The plots are based on the ages obtained from the look-up table of  
Howarth & McArthur (1997) and show mean values.
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The C. grossus assemblage correlates with Zone NSB 15 of King (1989; North Sea) which is of  
Gelasian to early Calabrian age. The Elphidium excavatum – Cassidulina teretis assemblage correlates with  
Subzone NSB 16x of King (1989) which is of late Calabrian age. Spiegler & Jansen (1989) described a  
N. atlantica (sinistral) Zone from the Vøring Plateau (Norwegian Sea) from upper Miocene to lower  
Pleistocene deposits. The LAD of N. atlantica (sinistral) in that area is at approximately 2.4 Ma. An upper  
N. atlantica (dextral) Zone is described from the Vøring Plateau in Gelasian deposits and is  
dated to 2.4‒1.9 Ma (Spiegler & Jansen, 1989). A Gelasian N. pachyderma (dextral) Zone is described 
by King (1989) from the North Sea, by Weaver (1987) and Weaver & Clement (1986) from the North  
Atlantic and by Spiegler & Jansen (1989) from the Vøring Plateau. On the Vøring Plateau the zone is  
dated to 1.9‒1.8 Ma. Based on the occurrence of a few specimens of Monspeliensina pseudotepida in the  
samples at 765.5 and 763.3 m, one cannot rule out the possibility that there is a thin, condensed, upper  
Piacenzian (uppermost Pliocene) unit at the base of the Naust Formation. According to King (1989), the last  
occurrence datum of M. pseudotepida is in the upper Piacenzian. 

Sr isotope stratigraphy

If enough calcareous fossil tests were present, most of the 14 sidewall core samples were analysed 
three times for control purposes (Table 7; Fig. 7). The sample from 768.5 m from the Utsira Formation 
gave 5.8 Ma based on the Sr look-up table of Howarth & McArthur (1997) and 5.9 Ma based on the 
look-up table of Howarth & McArthur (2004) (late Messinian). The sample from 767.5 m from the Utsira  
Formation gave 4.2 Ma based on the Sr look-up table of Howarth & McArthur (1997) and 4.1 Ma based on the  
look-up table of Howarth & McArthur (2004) (early Zanclean). A second analysis of the sample from 
767.5 m gave 1.5 Ma based on the look-up table of Howarth & McArthur (1997) and 1.6 Ma based 
on the table of Howarth & McArthur (2004) (early Calabrian), but this analysis gave a quite high  
standard deviation and the obtained 87Sr/86Sr ratio and resulting age are probably wrong. The 87Sr/86Sr 
ratios obtained from all the samples from the Naust Formation, from 765.5 to 357.5 m, plot on most 
parts of the Sr isotope curve for the Pleistocene. The obtained ages gave a quite large spread with older  
above younger ages in some cases. There are also some variations in ages within the same samples. The 
ages range from 5.0 to 1.1 Ma and show a tendency of increasing age with increasing depth, but not a  
clear tendency. However, most of the samples from the lower part of the Naust Formation gave ages of 
approximately 2.4 to 2.1 Ma, while most of the samples from the upper part of the Naust Formation 
unit gave ages of 1.3 to 1.0 Ma (Table 7; Fig. 7). Since caved fossil tests most likely can be excluded in 
the sidewall core samples, the fact that the Sr data show a somewhat uneven age distribution is most 
likely the result of the unfavourable form of the Pleistocene part of the Sr seawater curve. However, the 
Zanclean age of the sample from 732.5 m is probably due to the presence of reworked foraminiferal 
tests, and the recent ages of the sample from 646.5 and 357.5 m are probably due to quite high standard 
deviations (Table 7).

Seismic stratigraphy and correlation to the Sr samples

This area represents the transitional area between the northern and central North Sea. In this area the 
Quaternary North Sea Basin is rather narrow (Ottesen et al., 2014) and up to 700 m deep. This part of the 
basin is filled up with a series of prograding clinoforms, which have a more fluvial character in contrast 
to the glacigenic units in the northern North Sea (Figs. 8 and 10). Well 16/1–4 is located in the deepest 
part of the basin, comprising flat-lying units of fine-grained sediments (Fig. 1). This well is sampled at 14  
different depths between 357.5 and 768.5 m. All samples except the two lowermost (Utsira Formation) 
are from the Pleistocene Naust Formation. The three clinoform units mapped by Ottesen et al. (2014) 
are sampled in addition to the central basin unit above clinoform unit 3 (Fig. 8). Ottesen et al. (2018) 
have assigned these units to the lower Pleistocene based on regional considerations.
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Figure 8. Seismic profile through well 16/1–4 (northern North Sea) with interpreted Pleistocene seismic reflectors (from Ottesen et al., 2014) and levels for Sr sampling 
(white arrows). According to Ottesen et al. (2018), all these three units (Unit 1, between Base Naust and Top CL1, Unit 2, between top Clinoform 1 and Top Clinoform 
2, and Unit 3 between Top CL2 and Top CL3) are of early Pleistocene age based on regional considerations. TWT means two-way travel time. Location of the line is 
shown in Fig. 1.

Area 3; well 35/2–1 (Peon gas discovery) from the Tampen area in 
the northern North Sea

Norsk Hydro (now Equinor) proved the Peon gas discovery in the exploration well 35/2–1 (61°53’26.68’’N, 
03°20’34.36’’E; Fig. 1) in a sandy glacimarine depositional system at about 165 m below the sea floor 
(574 m below the drill table (mRKB) (Carstens, 2005)). The depositional system is situated directly above 
the angular mid Pleistocene unconformity (Upper Regional Unconformity (URU)). The well was drilled 
from 384 to 713 m in the northern part of the Norwegian Channel and, according to Carstens (2005), 
Norsk Hydro described a situation where subglacial rivers deposited delta-like sediments in the area 
where the north-flowing ice stream met deep water in the Norwegian Sea.
 
Eidvin (2005) investigated ditch-cutting samples from the succession in well 35/2–1 (546 to 711 m;  
Fig. 9). No conventional cores and sidewall cores were sampled in this well. Twenty-two ditch-cutting 
samples were investigated by means of micropaleontology and lithology (Eidvin, 2005). For the present 
study we have investigated four of these samples by means of Sr isotope stratigraphy (see Table 8 and 
Fig. 9).

Lithology

The samples from 546 to 564 m consist mainly of poorly sorted, mudstone-dominated, glacigenic  
diamictons with sand and some pebbles of metamorphic and granitic rocks. The samples 573 to 621 m 
consist mainly of sand. Most of the sand grains are quartzose but glauconitic grains are also recorded 
throughout the section. Some pebbles of metamorphic and granitic rocks and mollusc fragments are also 
recorded throughout the section. The samples from 624 to 711 m consist mainly of poorly sorted sand 
and mudstone-dominated glacigenic diamictons with some pebbles of metamorphic and granitic rocks 
and mollusc fragments.

Biostratigraphy

In the samples from 711 to 621 m, Eidvin (2005) recorded a benthic foraminiferal Elphidiella  
hannai assemblage. The assemblage also includes Elphidium excavatum, Elphidium albiumbilicatum,  
Nonion affine, Bulimina marginata, Haynesina orbiculare and Cibicides lobatulus (Eidvin, 2005). The  
E. hannai assemblage correlates with Zone NSB 15 of King (1989) which is of Gelasian to early Calabrian age.  
E. hannai was a shallow-marine form (Skarbø & Verdenius, 1986) that has not been recorded from  
scientific deep-sea boreholes in the Norwegian Sea. Consequently, its range is not calibrated directly 
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Figure 9. Well summary figure including sonic, gamma-ray and resistivity logs, lithostratigraphic units, gas column, 
series, benthic foraminiferal assemblages, planktonic foraminiferal assemblages, analysed samples and Sr data plots 
for well 35/2–1 (according to Table 8). The plots are based on the ages obtained from the look-up table of Howarth & 
McArthur (1997) and show mean values. M MSL ‒ metres below mean sea level, gAPI ‒ American Petroleum Institute 
gamma-ray units (modified after Eidvin 2005).

with nannoplankton and palaeomagnetic data. As for the range of C. grossus (see above), according to 
King (1989 and personal communication), the range of E. hannai in the North Sea is based on correlation 
with planktonic foraminiferal taxa which are calibrated with nannoplankton and palaeomagnetic data in 
scientific deep-sea boreholes.

In the samples from 711 to 684 m, Eidvin (2005) also recorded a planktonic Neogloboquadrina  
atlantica (sinistral) assemblage. The N. atlantica (sinistral) assemblage also includes Globigerina  
bulloides and Neogloboquadrina atlantica (dextral (one specimen)) (Eidvin, 2005). N. atlantica  
(sinistral) is known from the North Atlantic and the Vøring Plateau (Norwegian Sea) in upper  
Miocene to lower Pleistocene sediments. The LAD of this species in both areas is approximately 2.4 Ma  
(Weaver & Clement, 1986; Spiegler & Jansen, 1989). In the samples from 684 to 627 m, Eidvin (2005)  
recorded a planktonic Neogloboquadrina pachyderma (dextral) assemblage. The assemblage also 
includes a few specimens of unencrusted forms of N. pachderma (sinistral), G. bulloides and  
Globorotalia inflata (Eidvin, 2005). An early Pleistocene N. pachyderma (dextral) Zone is described by 
King (1989) from the North Sea, by Weaver & Clement (1986) from the North Atlantic and by Spiegler &  
Jansen (1989) from the Vøring Plateau. On the Vøring Plateau the zone is dated to 1.9 to 1.8 Ma. The zone is  
characterised by common N. pachyderma (dextral). However, N. pachyderma (dextral) was also known, 
in smaller numbers, from warm periods during the late part of the Pleistocene (Kellogg, 1977; Spiegler 
& Jansen, 1989).
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In the samples from 621 to 546 m, Eidvin (2005) recorded a benthic foraminiferal Nonion  
labradoricum – Islandiella norcrossi assemblage. The assemblage also includes Elphidium excavatum, 
Bulimina marginata, Haynesina orbiculare, Cassidulina teretis and Elphidium albiumbilicatum (Eidvin, 
2005). The assemblage correlates with Subzone NSB 16x of King (1989) which is of late Calabrian age.

In the samples from 591 to 546 m, Eidvin (2005) also recorded a Neogloboquadrina pachyderma  
(sinistral; encrusted form) assemblage. A few specimens of G. bulloides, N. pachyderma (dextral) and 
Turborotalia quinqueloba were also recorded in some samples (Eidvin, 2005). The encrusted variety of 
the sinistral coiled N. pachyderma has its first frequent occurrence at 1.8 Ma in the North Atlantic and 
the Norwegian Sea (Weaver & Clement, 1986; Spiegler & Jansen, 1989).

Sr isotope stratigraphy

Well 35/2–1 was only sampled with ditch-cutting samples. 13 3 / 8’’ (34 cm) casing was put in place at 
539 m. From that level to the base (713 m) the well was drilled with a 12 1 / 4’’ (31 cm) drill bit, and the 
well was open during drilling. Since the deposits largely consist of loose, unconsolidated sediments, a  
significant element of caved sediments must be expected in the ditch-cutting samples. This comes 
in addition to error sources which may be introduced by reworked fossil tests and a relatively gentle  
slope on the part of the Sr curve for ages between 1.05 Ma and recent (Fig. 2). Four samples from the  
reservoir section of the well were analysed for 87Sr/86Sr ratios. The samples were analysed twice for  
control purposes (Table 8; Fig. 9). The sample from 564 m gave ages close to recent. This indicates that 
the foraminiferal tests have been caved from the uppermost part of the well even though the 13 3 / 
8’’ casing was put in place at 539 m. The sample at 582 m gave 0.43 Ma (based on the look-up table of 
Howarth & McArthur (1997)) and 0.45 Ma (based on the look-up table of Howarth & McArthur (2004)), 
respectively. A second analysis of the sample from 582 m gave 1.5 Ma (based on the look-up table of 
Howarth & McArthur (1997)) and 1.55 Ma (based on the look-up table of Howarth & McArthur (2004)), 
respectively. By comparing with the biostratigraphic data, the second analysis indicates that the mollusc 
fragment was reworked. The sample at 591 m gave 1.7 Ma based on both look-up tables. Comparing 
with the biostratigraphic data, this analysis was also probably based on a reworked mollusc fragment. A  
second analysis of the sample from 591 m gave an 87Sr/86Sr ratio which is not in the Sr look-up tables 
and is probably an error. The sample at 600 m gave 0.71 Ma (based on the look-up table of Howard & 
McArthur (1997)) and 0.73 Ma (based on the look-up table of Howarth & McArthur (2004)). A second 
analysis of the sample at 600 m gave 0.15 Ma (based on the look-up table of Howarth & McArthur 
(1997)) and 0.21 Ma (based on the look-up table of Howarth & McArthur (2004)). By comparing with the  
biostratigraphic data, the second analysis indicates that the mollusc fragments were caved (Table 8). 
Only the ages given by the first analysis of the sample at 582 m (0.43 and 0.45 Ma) and the first analysis 
of the sample at 600 m (0.71 and 0.73 Ma) are partially consistent with the biostratigraphic data.

Seismic stratigraphy and correlation to the Sr samples

The Peon gas field is located in the outer part of the Norwegian Channel in the northern North Sea. 
Here, a thick unit of prograding clinoforms has been deposited. These clinoforms were deposited during 
the early and middle Pleistocene. On top of these clinoforms a regional unconformity (URU) has been 
developed by erosion by the recurring Norwegian Channel Ice Stream (Fig. 10). Above the unconformity 
there is a package of flat-lying glacigenic sediments, either glacimarine, glacifluvial or tills. The Peon gas 
field is located in one of these flat-lying sandy units. Well 35/2–1 is located close to the eastern flank of 
the Quaternary basin (Fig. 1) but does not penetrate to the base Quaternary. The well penetrates the 
flat-lying units and in addition the uppermost prograding clinoforms (Fig. 10), here belonging to the 
seismically defined Naust C unit of Ottesen et al. (2014). All the samples are from above the URU, and 
regional seismic considerations indicate that these sediments are of middle Pleistocene age.

Geotechnical core Troll-8903

Approximately 126 km south of well 35/2–1 the geotechnical borehole (core 8903; 60° 38.4’ N, 03° 
43.4’ E) was drilled in the Troll Field in the central part of the Norwegian Channel (Fig. 1). This borehole 
was cored continuously in the upper part and has a number of cores taken at varying intervals in the  
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Litho. Unit Sample (ditch 
cuttings)

Corrected 87/86Sr 2S error Age (Ma; H&M, 1997, 
2004 mean values)

Analysed fossils

Naust Fm 564 m 0.709178 0.000008 Close to recent Ca 60 tests of E. excavatum, Elphidium sp. (few).

Naust Fm 564 m 0.709181 0.000008 Close to recent Ca 30 tests of E. excavatum, E. albiumbilicatum

Naust Fm 582 m 0.709162 0.000009 0.427, 0.446 Two mollusc fragments

Naust Fm 582 m 0.709102 0.000006 1.504; 1.552 One mollusc fragment

Naust Fm 591 m 0.707332 0.000009 Not in the tables One mollusc fragment

Naust Fm 591 m 0.709093 0.000008 1.75, 1.74 One mollusc fragment

Naust Fm 600 m 0.709150 0.000009 0.711, 0.729 One mollusc fragment

Naust Fm 600 m 0.709170 0.000009 0.148, 0.212 Three small mollusc fragments

Table 8. Sr isotope data from well 35/2–1 (Peon). The samples were analysed at the University of Bergen. Sr ratios were corrected to NIST 987 = 0.710248. Numerical 
ages derived from the SIS look-up tables of Howarth & McArthur (1997, 2004). NIST ‒ National Institute for Standard and Technology.

lower part. Most of the approximately 200 m-thick Pleistocene sediment column was sampled, and the  
borehole penetrated down into the Oligocene (Sejrup et al., 1995). An extensive analytical programme,  
including sedimentological, geochronological and biostratigraphical techniques has been carried out 
on the cores. This includes palaeomagnetic investigations and amino-acid geochronology (Sejrup et 
al., 1995). This borehole is the only borehole on the Norwegian continental shelf that has a large core  
coverage in sediments from the middle to upper part of the Pleistocene. 

Sejrup et al. (1995) recorded a glacigenic diamicton, named the Fedje diamicton (Lithozone L6),  
immediately above the base Pleistocene in the Troll area (URU), and the climatostratigraphic event  
corresponding to the glaciation during which this diamicton was deposited was designated the “Fedje 
Glaciation”. According to Sejrup et al. (1995), these sediments are accurately dated since two normal  

Figure 10. Seismic profile through well 35/2–1 (Peon gas field), northern North Sea, with interpreted Pleistocene seismic reflectors (from Ottesen et al., 2014) and 
levels for Sr sampling (yellow arrows). All samples for Sr analyses are from above the Upper Regional Unconformity (URU). TWT means two-way travel time. Location 
of the line is shown in Fig. 1.
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polarity zones occurring within the assumed Matuyama Chron were recorded from Lithozone L6 and 
from the lower part of the overlying Lithozone L5, which was described as a marine pelite. It was  
suggested that these polarity zones represent the Jaramillo and Cobb Mountain events dated to  
between 0.98 and 1.07 and to 1.19 Ma, respectively, on the time scale of Berggren et al. (1995). 
Sejrup et al. (1995) correlated the Fedje Glaciation with the Menapian Glaciation in the Netherlands.  
Deposits from the Menapian Glaciation contain the oldest evidence of a major expansion of the  
Fennoscandian ice sheet in the form of rock fragments of Scandinavian origin (Zagwijn 1985, 1989). 
According to Lindner et al. (2004), the Menapian Glaciation is correlated with the Narevian Glaciation in 
Poland. From the central North Sea (Fladen area; British sector (borehole 81/26, see Fig. 1)), Sejrup et 
al. (1995) recorded a glacial event in a cored geotechnical borehole which is also correlated with these  
glaciations. In addition, the Vøring Plateau sediments document an increase in IRD at 1.2 to 1.1 Ma 
(Jansen & Sjøholm, 1991; Fronval & Jansen, 1996). According to Sejrup et al. (1995), this suggests that 
the Fedje Glaciation was a regional event with a magnitude similar to the Weichselian maximum in 
this region. If there is not a large local erosion in the 35/2–1-area, it is likely that the ice stream which  
deposited the Fedje diamicton on the Troll Field is the same as the one which led to the deposition of the 
sandy glacimarine depositional system in the 35/2–1 area (Eidvin, 2005). 

Sejrup et al. (1995) interpreted the seismic stratigraphy in the area of the borehole. They stated 
that the pelites of Lithozone 5 (their seismic unit C) have a characteristic strongly laminated seismic  
signature and a typical thickness of 50‒60 ms. They also noted that this seismic unit has a large  
distribution in the Norwegian Channel. A geosection shows that the unit was deposited in a trough and 
 appears to onlap the margins of the trough. Semic interpretation of 3D data performed at the NPD confirms  
these observations. Seismic unit C can be correlated in the Norwegian Channel between the Troll Field 
and well 35/2–1 without much change in seismic character. Based on seismic and log data, the unit is 
tentatively correlated to the interval 532‒552 m measured depth in 35/2–1, where it contributes to 
the caprock for the gas accumulation in the Peon discovery. It should be noted that the Lithozone L5 
in 35/2–1 is significantly thinner than in the Troll borehole and that the paleomagnetic results in that  
borehole came from the lower part of the zone. Consequently, if the interpretation of Sejrup et al. (1995) 
is correct, their results could be considered to represent a maximum age for Lithozone 5 in well 35/2–1.

Løseth & Nygård (2019) have interpreted a regional three-dimensional (3 D) broadband seismic cube 
covering 35 410 km2 of the northern North Sea between 60° and 62°N. They found that the sediments 
above URU at the base of the Norwegian Channel (till unit D) are present throughout most of the  
Norwegian Channel in the area they have investigated. They also found that the unit lies above the 
lower part of the North Sea Fan, the base of which has been interpreted to 0.5 Ma based on regional  
considerations (Nygård et al., 2005). Sejrup et al. (1995) correlated seismic till unit D with Lithozone L6 
in core 8903 in the Troll Field which they gave an age of ca. 1.1 Ma. Consequently, there is a mismatch  
between Løseth & Nygård (2019) and the previously published Quaternary geological history of the  
northern North Sea when it comes to the dating of Quaternary events. Løseth & Nygård (2019)  
considered that their suggested younger age gives a major shift in timing of the Quaternary geological 
events, implying that the age of the Peon reservoir sand is younger than previously suggested, and that 
the formation of the Norwegian Channel started much later (approximately at 0.5 Ma) than previously 
suggested.

Chauhan et al. (2019) have investigated samples from the Troll core 8903 by means of Sr isotope  
stratigraphy. Two samples from Lithozone L6 gave approximately 0.6 and 0.9 Ma. This is not very different 
from the ages we obtained from two of the samples from the reservoir section in well 35/3–1 (0.43‒0.45 
and 0.71‒0.73 Ma, Table 8). However, in our opinion, the Sr data in general do not provide clear support 
for either of the ages given by Sejrup et al. (1995) or by Løseth & Nygård (2019), respectively. A more  
precise dating may be obtained by performing a larger number of Sr analyses, based on foraminiferal 
tests from the lower part of Lithozone L5 and Lithozone L6 in core 8903 (Chauhan et al., 2019). However, 
it is our experience that Sr isotope stratigraphy often does not give a better stratigraphic resolution than 
± 0.5 million years even for Oligocene and Miocene samples, where the Cenozoic Sr curve has higher 
gradients of change in isotope ratios. The Oligocene period lasted 10.9 million years and the Miocene 
period lasted 17.7 million years, both considerably longer than the 2.6 million years of the Pleistocene. 
A stratigraphic resolution of ± 0.5 My is usually sufficient in the Oligocene and Miocene, and significantly 
better than what biostratigraphic correlation can provide.
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Figure 11. Well summary figure including resistivity and gamma-ray logs, lithology, lithostratigraphic units, stages, 
benthic foraminiferal assemblages, planktonic foraminiferal assemblages, paleobathymetry, cored section, analysed 
samples and Sr data plots for well 6507/5–J–1 H (according to Table 9). The plots are based on the ages obtained from 
the look-up table of Howarth & McArthur (1997) and show mean values. The inclination of the well is 32° at 1570 m 
and 32.5° at 1613 m (modified after Eidvin (2019)).

Lithology

1610.10 to 1572.10 m (Naust Formation)

The core samples contain a mixture of clay, silt, sand and pebbles of crystalline rocks typical for glacial 
diamictons. Sand and pebbles are most common in the uppermost and in the lowermost sample (Fig. 11; 
Eidvin, 2019). Core photos are available at the NPD fact-pages (npd.no/facts).

In the samples at 1572.10 and 1610.10 m, we recorded a benthic foraminiferal Cibicides grossus  
assemblage (Fig. 11). The assemblage also includes Elphidium excavatum, Elphidium albiumbilicatum, 
Cassidulina teretis and Nonion affine. We did not record any planktonic foraminifera in these samples. 

Area 4; well 6507/5–J–1 H from the the Skarv Field (Revfallet Fault 
Complex, Norwegian Sea shelf)

In the production well 6507/5–J–1 H (65° 44’ 17.17’’ N, 07° 39’ 04.83’’ E, Fig. 1), Eidvin (2019) has  
investigated four samples for micropaleontology and lithology and two samples for Sr isotope ratios in a 
cored section in the lower part of the Naust Formation (1570 to 1613.3 m; Fig. 11). The inclination of the 
well is 320 at 1570 m and 32.50 at 1613 m (Eidvin, 2019). The samples were taken at 1572.10, 1584.80, 
1590 m and 1610.10 m. Sr isotopes were analysed in the shallowest and deepest samples (1572.10 and 
1610.10 m).
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The sample at 1584.80 m is completely barren of foraminifera. The sample at 1595 m does not contain any  
C. grossus, but includes Elphidium excavatum, Elphidium albiumbilicatum, Cassidulina teretis and  
Nonion affine. The sample also contains planktonic foraminifera including Globigerina bulloides (rare) and  
Neogloboquadrina pachyderma (dextral; common). The C. grossus assemblage correlates with Zone 
NSB 15 of King (1989; North Sea) which is of Gelasian to early Calabrian age. G. bulloides is common in  
deep-sea boreholes from the North Atlantic and the Norwegian Sea in sediments from  
approximately 2.4 to 2.2 Ma and in sediments deposited during warm periods in the Pleistocene (Kellogg,  
1977). N. pachyderma (dextral) is common in similar boreholes from the same areas in sediments from 
approximately 1.9 to 1.8 Ma (Weaver & Clement, 1987; Spiegler & Jansen, 1989) and during warm  
periods in younger parts of the Pleistocene (Eidvin, 2019).

Sr isotope stratigraphy

Sr analyses of two samples based on benthic foraminiferal tests have been carried out on the cored  
section in well 6507/5–J–1 H. The sample from 1610.1 m gave 1.4 Ma (based on the look-up table 
of Howarth & McArthur (1997)) and 1.5 Ma (based on Howarth & McArthur (2004)), respectively. A  
second analysis of the sample from 1610.1 m gave 1.7 Ma based on both look-up tables. The sample 
from 1572.10 m gave 1.3 Ma on both look-up tables, and a second analysis from 1572.10 m gave 1.5 Ma 
based on Howarth & McArthur (1997) and 1.6 based on Howard & McArthur (2004; Table 9; Fig. 11),  
respectively. 87Sr/86Sr isotopic compositions which give ages between 1.6 and 1.0 Ma plot on the steepest 
part of the Sr isotope curve for the Pleistocene and consequently, theoretically, should provide the most 
reliable Pleistocene ages (Eidvin, 2019).

Seismic stratigraphy and correlation to the Sr samples

Area 4 is located on the outer Norwegian Sea shelf east of the Skjoldryggen area. The Pleistocene  
deposits comprise a series of prograding units, cut by a marked erosional unconformity with a series of 
flat-lying glacigenic units above (Figs. 1 & 12). Ottesen et al. (2009) subdivided these units into a series 
of Naust units, named with a letter for each unit (N, A, U, S, T), the oldest N, and the youngest T. Well 
6507/5–J–1 H penetrates the two oldest Naust units, Naust N and A and the youngest (Naust T). The 
samples for the Sr dating are taken in the youngest part of the oldest Naust N unit (Fig. 12). Ottesen et 
al. (2009) suggested an age between approximately 1.5 and 2.7 Ma for the oldest Naust unit N based on 
regional considerations.

Prior to drilling, the cored section in 6507/5–J–1 H was predicted to belong to the upper  
Miocene Kai Formation. The consequence of the redating is shown in a geosection in Fig. 13. In Fig. 13, the  
lower Pleistocene unit P1 in the area west of the Sør High was previously considered to be Miocene. In  
order to verify the new Miocene-Pleistocene boundary, results from 6507/5–J–1 H were correlated with 
the exploration well 6507/5–1, which is located about 1 km away. Ditch cuttings from 6507/5–1 were  
sampled and analysed for the Miocene and Oligocene stratigraphy (see also Eidvin (2019). 

Litho. Unit Sample (core) Corrected 87/86Sr 2S error Age (Ma; H&M, 1997,  
2004 mean values)

Analysed fossil species

Naust Fm 1572.10 m 0.709116 0.00007 1.312, 1.324 Approximately 30 tests of C. teretis

Naust Fm 1572.10 m 0.709100 0.00009 1.546, 1.591 Approximately 30 tests of C. teretis

Naust Fm 1610.10 m 0.709107 0.00009 1.423, 1.461 Approximately 30 tests of C. teretis

Naust Fm 1610.10 m 0.709096 0.00009 1.657, 1.672 Approximately 30 tests of C. teretis

Table 9. Sr isotope data from well 6507/5-J-I H. The samples were analysed at the University of Bergen. Sr ratios were corrected to NIST 987 = 0.710248. Numerical 
ages derived from the SIS look-up tables of Howarth & McArthur (1997, 2004). NIST ‒ National Institute for Standard and Technology.
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Figure 12. Seismic profile through well 6507/5–J–1 H (Skarv field) on the Norwegian Sea shelf with interpreted Pleistocene seismic reflectors (from Ottesen et al., 
2009) and the levels for Sr sampling (yellow arrows). All samples for Sr analyses are located within the oldest Naust unit (Naust N with a suggested age between  
approximately 2.6 and 1.5 Ma). TWT means two-way travel time. Location of the line is shown in Fig. 1.

Figure 13. A) East-west geoseismic section and seismic profile in two-way travel time (TWT: in ms) from Dønna Terrace 
to the Sør High. Pleistocene 1 (previously interpreted as upper Miocene in operator of PL 212’s completion log (see 
Eidvin (2019)) has a seismic expression typical for contourites. Pleistocene 2 exhibits low-angle clinoforms prograding 
to the west. Pleistocene 3 was deposited under glacial condition on top of the upper regional unconformity (URU). B) 
The box shows the location of the seismic section. Seismic data are courtesy of Skarv PL. 212 (after Riis & Wolff (2020)). 
Location of the line is shown in Fig. 1.   
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The Sør High is a local culmination of the Nordland Ridge which has been tectonically uplifted in  
several phases since the Mesozoic, including in the Pleistocene (Riis & Wolff, 2020). The studied well 
was drilled in a basinal setting flanking the uplifted high. Within this basin, both the studied section P1 
and the underlying upper Miocene Kai Formation contain conspicuous trough-like structures suggesting  
deposition by contouritic currents adjacent to the high (Løseth & Henriksen, 2005). The seismic  
section line (Fig. 13) was flattened at the blue horizon in order to remove most effects of the  
tectonic dip. The blue horizon corresponds to the base of the regionally prograding clinoforms of the Naust  
Formation. The setting here is particularly interesting for age dating, because dating can be used not only for  
stratigraphy but also to constrain recent tectonic events. 

Discussion
Reinardy et al. (2017a, b) have investigated ditch-cutting samples from the middle and lower parts of the 
Pleistocene succession and the upper part of a unit they assumed to belong to the Utsira Formation in 
the exploration well 16/1–8. Well 16/1–8 is located approximately 5 km southwest of well 16/1–4 (Fig. 1). 
They analysed 17 samples from 594 metres below the sea floor (mbsf) to 264 mbsf which are 727 m to 
397 m measured from the rig floor (mRKB). They defined the top of the Utsira Formation to be at about 
717 mRKB. They analysed each sample for 87Sr/86Sr ratios just once and consequently, did not perform any 
additional analyses for control purposes.

When drilling well 16/1–8, 20’’, casing was put in place when the drill bit was at 393.5 mRKB, and 13 3/8’’ 
casing was put in place when the drill bit reached 1187 mRKB. During the drilling between these depths 
the borehole was open, exposed to the rotating drill string and to circulating drill mud. That includes 
the entire section investigated by Reinardy et al. (2017a). The unconsolidated sediments were probably 
continuously dislodged throughout the section and may have been incorporated into the drill-cutting 
samples. However, Reinardy et al. (2017a) have not discussed sources of error using foraminiferal tests 
from ditch cuttings for Sr analyses.
 
Reinardy et al. (2017a) used the benthic foraminiferal species Elphidium excavatum and Cassidulina  
laevigata for Sr analysis. These species have a stratigraphic range comprising the entire Pleistocene. The 
range of C. laevigata also includes the Pliocene and Miocene. They did not analyse any foraminiferal 
species with short ranges which would have been beneficial when analysing ditch cuttings that may 
be contaminated with caved material. There are not many such species in Pleistocene deposits, but 
there are some. When analysing foraminiferal tests from ditch cuttings from Cenozoic successions, it is 
common practice to use species with short stratigraphic ranges (index fossils). It is essential to pick the 
tests from, or close to, the highest common occurrence in an attempt to minimise the content of caved 
tests (Eidvin & Rundberg, 2007). The samples analysed by Reinardy et al. (2017a) gave ages of 1.3 Ma in 
the upper part of the Pleistocene succession, 2.3 Ma in the lower part and 2.4 and 2.2 Ma in the unit they 
assumed belongs to the Utsira Formation. In well 16/1–4 we recorded ages of 5.9‒5.8 Ma and 4.2‒4.1 
Ma from the uppermost part of the Utsira Formation. However, according to the NPD fact-pages (npd.
no/facts) including the completion log for well 16/1–8, the top of the Utsira Formation is at 745 mRKB. 
This means that Reinardy et al. (2017a) have only investigated the Pleistocene Naust Formation. Some 
of the Sr data they obtained from the Pleistocene succession showed some examples with older above 
younger ages, just like those we recorded from well 16/1–4. However, also as we recorded from well 
16/1–4, there is a general trend with increasing ages with increasing depths. We assume that Reinardy et 
al. (2017a) have been very fortunate that they did not encounter more caved fossil tests which may have 
ruined this trend. We find it quite strange that the general trend with increasing ages is quite similar to 
the trend in well 16/1–4 since the samples in 16/1–8 consist of ditch cuttings, which usually have some 
contamination with caved sediments, whereas the samples in well 16/1–4 consist of sidewall cores which 
are not or very seldom contaminated with caved material. If Reinardy et al. (2017a) had analysed each 
sample two or three times for control purposes, as we did with well 16/1–4, a greater spread of results 
may have appeared.

In the Netherlands too, the use of the Sr isotope stratigraphy to date the Pleistocene has not been 
without problems. Wesselingh et al. (2005) discussed a discrepancy between ages mainly based on Sr  
isotope stratigraphy by Jansen et al. (2004a, b) and ages mainly based on paleontological evidence, from 
multiple sources, for the Pleistocene Maassluis Formation in the western Netherlands. The discrepancies 
are up to a few million years.               
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Conclusions
In the current study, we performed Sr isotope analyses on samples from the Pleistocene succession in 
four areas on the Norwegian continental shelf. A total of 37 samples from conventional cores, sidewall 
cores as well as ditch cuttings, and from both exploration and production wells, were analysed. Each 
sample was analysed several times for control purposes. Altogether 99 analyses were performed on 
the samples. The obtained Sr data were compared with previously published biostratigraphic, litho- 
stratigraphic and seismic data and with new micropaleontological and palynological data.

In wells 34/8–9 S, 34/8–A–1 H and 34/8–A–33 H from the Visund Field (Tampen, northern North Sea; 
designated area 1), we have investigated short cored sections in the basal part of the Naust Formation. 
The obtained 87Sr/86Sr ratios gave ages that varied between 6.3 and 1.8 Ma. We assume that the large 
variations in the estimated ages, also within the same samples, for a significant part are due to the 
uncertainty in calculation of ages from the flat, latest Pliocene to earliest Pleistocene part of the Sr 
curve. An additional factor may be that some of the analysed foraminifera and mollusc tests may have 
been reworked from upper Miocene and lower Pliocene deposits, since the sediments consist mainly 
of contourite deposits and are allochthonous sediments. The palynological analyses support this inter- 
pretation as all the samples contain reworked palynomorphs. Consequently, the large variations in  
estimated ages can be due to both the uncertainty in calculation of ages from a flat Sr curve and to 
reworked calcareous fossil tests. The presumed in situ dinocyst assemblages suggest an age between 
2.6 and 1.4 Ma for these cores.

In well 16/1–4 from the southern Viking Graben in the northern North Sea (designated area 2), we 
investigated 14 sidewall core samples from the upper part of the lower Pliocene to the middle  
Pleistocene by means of Sr isotope stratigraphy. Two of the samples are from the uppermost part of 
the Utsira Formation and twelve samples are from the lower and middle part of the Naust Formation. 
The samples from the Utsira Formation gave 5.9 and 5.8 Ma (768.5 m) and 4.2 and 4.1 Ma (767.5 m), 
repectively. The 87Sr/86Sr ratios obtained from all the Naust Formation samples, from 765.5 to 357.5 
m, plot on most parts of the Sr isotope curve for the Pleistocene. The obtained ages gave a quite large 
spread with older above younger ages in some cases. There are also some variations in ages within the 
same samples. The ages range from 5.0 to 1.1 Ma and show a tendency of increasing age with increasing 
depth, but not a clear tendency. However, most samples in the lower part of the Naust Formation gave 
ages of approximately 2.4 to 2.1 Ma and most samples in the upper part of the Naust Formation gave 
ages of 1.3 to 1.0 Ma.

The Peon gas discovery was proven in the exploration well 35/2–1 in the Tampen area in the  
northern North Sea (designated area 3) in a sandy glacimarine depositional system at about 574 mRKB. The  
depositional system is situated directly above the angular mid Pleistocene unconformity (URU). The 
well was drilled from 384 to 713 m in the northern part of the Norwegian Channel, and was interpreted 
to penetrate a succession of delta-like sediments deposited by subglacial rivers in the area where the 
north-flowing ice stream met deep water in the Norwegian Sea. Four samples from the reservoir section 
of the well were analysed for 87Sr/86Sr ratios. The samples were analysed twice for control purposes. 
The sample from 564 m gave ages close to recent. This indicates that the foraminiferal tests have been 
caved from the uppermost part of the well even though the 13 3 / 8’’ casing was put in place at 539 m. 
The sample at 582 m gave ages of 0.43 and 0.45 Ma, respectively. A second analysis of the sample from 
582 m gave 1.5 and 1.55 Ma. By comparing with the biostratigraphic data, the second analysis must be 
interpreted as indicating that the analysed mollusc fragment was reworked. The sample at 591 m gave 
an age of 1.7 Ma, and this analysis was also probably based on a reworked mollusc fragment. A second 
analysis of the sample from 591 m gave an 87Sr/86Sr ratio which is not in the Sr look-up tables and is  
probably an error. The sample at 600 m gave 0.71 and 0.73 Ma. A second analysis of the sample at 600 
m gave 0.15 and 0.21 Ma. By comparing with the biostratigraphic data, the second analysis indicates that 
the mollusc fragments were caved. Only the ages given by the first analysis of the sample at 582 m (0.43 
and 0.45 Ma) and the first analysis of the sample at 600 m (0.71 and 0.73 Ma) are partially consistent 
with the biostratigraphic data.

In a cored section in the production well 6507/5–J–1 H from the Skarv Field (Revfallet Fault Complex; 
designated area 4), Sr analyses of two samples based on benthic foraminiferal tests have been carried 
out. The sample from 1610.1 m gave 1.4 and 1.5 Ma. A second analysis of the sample from 1610.1 m 
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gave 1.7 Ma. The sample from 1572.10 m gave 1.3 and 1.5 Ma. A second analysis from 1572.10 m gave 
1.5 and 1.6 Ma. 87Sr/86Sr isotopic compositions which give ages between 1.6 and 1.0 Ma plot on the  
steepest part of the Sr isotope curve for the Pleistocene and consequently, theoretically, should provide 
the most reliable Pleistocene ages.
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