
Contents lists available at ScienceDirect

Palaeogeography, Palaeoclimatology, Palaeoecology

journal homepage: www.elsevier.com/locate/palaeo

A new age model for the Ordovician (Sandbian) K-bentonites in Oslo,
Norway

Eirik G. Balloa,⁎, Lars Eivind Auglanda, Øyvind Hammerb, Henrik H. Svensena

a Centre for Earth Evolution and Dynamics (CEED), University of Oslo, Pb. 1028, 0316 Oslo, Norway
bNatural History Museum, University of Oslo, Pb. 1172, 0318 Oslo, Norway

A R T I C L E I N F O

Keywords:
Chronostratigraphy
Sandbian-Katian boundary
U-Pb dating
Milankovitch
Age model
Kinnekulle

A B S T R A C T

During the Late Ordovician, large explosive volcanic eruptions deposited worldwide K-bentonites, including the
Millbrig and Deicke K-bentonites in North America and the Kinnekulle K-bentonite in Scandinavia. We have
studied a classical locality in Oslo containing one of the most complete sections of K-bentonites in Europe.

In a 53m section of Sandbian age, we discovered 33 individual K-bentonite beds, the most notable beds being
the Kinnekulle and the upper Grimstorp K-bentonite. Magnetic susceptibility (MS) measurements on two in-
tervals show significant periodicity peaks interpreted as Milankovitch cycles and thus astronomically forced
changes in sediment supply and composition. These cycles fit remarkably well with both the expected
Milankovitch periodicities for the Ordovician as well as the radiometric ages presented in this study and may
represent one of the most convincing demonstrations of Milankovitch cycles from the lower Paleozoic so far. Five
of the K-bentonites have been dated by high-precision chemical abrasion-thermal ionization mass spectrometry
(CA-TIMS) U-Pb zircon geochronology, where the Kinnekulle K-bentonite gives an age of 454.06 ± 0.43Ma. We
have integrated the new data and calculated an age model showing the sedimentation rates through the section
and thereby the ages of each of the 33 K-bentonites. Using the age model, we further present a new age for the
Sandbian-Katian stage boundary. The section in Oslo provides the highest resolution window into the Upper
Ordovician K-bentonite succession so far and helps shed more light on the chronology of one of the most intense
volcanic periods of the Paleozoic and the relationship with the global carbon cycle changes that followed.

1. Introduction

The Ordovician was one of the most environmentally, biologically,
and climatologically dynamic periods in Earth history with events such
as the first occurrence of land plants (Lenton et al., 2012), and the
extensive Great Ordovician Biodiversification Event (GOBE) that led to
a surge of marine life (Servais et al., 2009; Webby et al., 2004).
Moreover, a general long-term cooling trend is documented through the
entire period (Nardin et al., 2011), culminating in the Hirnantian gla-
ciation at the end of the period—accumulating ice sheets on the
Gondwanan continent and consequently lowering of the global sea level
(Armstrong, 2007; Brenchley et al., 1994; Herrmann et al., 2004). The
first of the ‘Big Five’ mass extinctions of the Phanerozoic, killing about
85% of marine species, ended the Ordovician Period (Sheehan, 2001).
Still, the causes of these events remain elusive (Munnecke et al., 2010).
The general lack of precise age determinations is a key factor in un-
certainties in the cause-and-effect relationships responsible for these
intervals of significant global change (Cramer et al., 2015). However,

recent advances in geochronological methods provide the possibility to
obtain precise age constraints (Condon et al., 2007; Mattinson, 2005;
Schmitz and Schoene, 2007).

Subduction-related island arc volcanism during the Ordovician de-
posited volcanic tephras, now preserved as K-bentonites (Huff, 2016;
Huff et al., 2010). K-bentonites represent excellent stratigraphic mar-
kers of the Phanerozoic, as they cover widespread areas (up to
2.2×106 km2 in Europe and 6.9× 105 km2 in North America; Huff
et al., 2010). Sedimentary successions can record environmental, bio-
logical, and climatological data—providing a timeline of geochemical
information on these events, with interlayered K-bentonite beds
working as age markers. Radiometric dating of well-preserved zircons
in K-bentonites is therefore an important tool in refining the geological
timescale and defining large-scale geochemical perturbations.

Milankovitch cycles are associated with astronomically forced
changes in sediment supply, composition and climate change (Elrick
et al., 2013; Fang et al., 2016; Sutcliffe et al., 2000; Williams, 1991). To
identify astronomically forced cycles, magnetic susceptibility (MS) is
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frequently used, as it is a low-cost logging parameter that allows for
field measurements (Svensen et al., 2015; Fang et al., 2016; Plado et al.,
2016). Climate-driven changes in weathering, erosion and sea level lead
to a variation in sediment influx, reflected in the concentration of for
instance iron (Ellwood et al., 2000). Combining high-precision radio-
metric ages with cyclostratigraphic spectral analyses may test whether
sediments provide a record of astronomical forcing.

The first combined radiometric dating and cyclostratigraphic study
of K-bentonites in Norway was conducted by Svensen et al. (2015) at
Vollen south of Oslo (Fig. 1B). Svensen et al. (2015) dated two of the
key K-bentonites (the Kinnekulle and the upper Grimstorp K-bentonite)
and identified cyclicities interpreted to represent the short eccentricity
(100 kyr) and obliquity (30.3 kyr) components. However, as the out-
crop at Vollen is limited to three K-bentonites, a high-resolution age
model was not calculated.

The aim of this study is to provide a new age model for this part of
the Ordovician stratigraphy, based on a section in Oslo. We have re-
visited the classic locality of Hagemann and Spjeldnæs (1955), re-
vealing 33 K-bentonite beds of which 11 are not previously reported.
New high-precision ages of the K-bentonites may help constrain the
relationships between large explosive eruptions and environmental
changes.

2. Upper Ordovician stratigraphy of the Oslo Region

In the Oslo Region, the Ordovician successions are characterized by
epicontinental, subtidal marine depositional environments, as de-
scribed in classical contributions by Kjerulf (1857) and Kiær (1897),
and summarized by Nielsen (2004), Owen et al. (1990), and Worsley
and Nakrem (2008). The Middle Ordovician stratigraphy is dominated
by shales of the Tøyen and Elnes formations separated by the massive
limestones of the Huk Formation (Bruton et al., 2010; Fig. 2). The
Upper Ordovician is characterized by the alternation of shales (e.g.
Arnestad and Nakkholmen formations) and nodular and tabular lime-
stones (e.g. Vollen and Frognerkilen formations; Bjørlykke, 1974;
Bruton et al., 2010; Möller and Kvingan, 1988; Fig. 2). The Ordovician
successions in Oslo are found within the Oslo Graben, a Carboniferous
to Permian rift structure extending about 200 km from the Skien-Lan-
gesund area in the south to the Mjøsa district in the north (e.g.
Neumann et al., 1992; Størmer, 1953; Sundvoll and Larsen, 1994).

The K-bentonites in this study are all located in the Arnestad
Formation, predominantly consisting of thick shale beds (30–40 cm),
interlayered by thin bedded or nodular horizons of early diagenetic
calcareous limestone rarely exceeding 10–20 cm in thickness. In the
upper part of the formation, the limestone horizons develop from

Fig. 1. (A) Southern Scandinavia with box showing the Oslo Region and logs from the Vollen, Sinsen and Kinnekulle localities show the Kinnekulle, lower and upper
Grimstorp K-bentonite beds illustrating an apparent westward increase in sedimentation rate. The map is adapted from Svensen et al. (2015). (B) Simplified
geological map of the Oslo Region showing the studied localities at Sinsen (including the Storoveien locality; 59°56′13″ N, 10°47′13″ E), Carl Berner (59°55′39″ N,
10°46′48″ E) and Vollen (59°48′11.4″ N, 10°29′12.6″ E). The map is modified from Lutro and Nordgulen (2008). (C) Satellite overview of the Sinsen area showing the
main Sinsen section (black box), the stratigraphic up direction (arrow) and strike and dip of the bedding. The image is adapted from Google Maps (2017).
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nodular to massive (Owen et al., 1990). A westward shallowing en-
vironment is suggested by faunal and sedimentological indicators
(Hansen and Harper, 2006), which is reflected in a westward increase
in sedimentation rate (Fig. 1A).

The position of the Sandbian-Katian boundary in the Oslo Region
has been discussed by several authors based on trilobite occurrences
(e.g. Owen et al., 1990), chitinozoan biostratigraphy (Grahn et al.,
1994), conodont biostratigraphy (Hamar, 1966), and U-Pb dating
(Svensen et al., 2015). Bergström et al. (2011) placed the Sandbian-
Katian boundary at the onset of the δ13C excursion known as the Gut-
tenberg isotope carbon excursion (GICE), which in the Oslo Region
coincides with the Arnestad-Frognerkilen formation boundary. This
boundary marker is adopted in this study. The boundary has been es-
timated at 453.0 ± 0.7Ma by Cohen et al. (2013). Svensen et al.
(2015) also suggested an age for the boundary, however, the inter-
pretation required extrapolating sedimentation rates over an interval of
18.7 m, giving a potentially large error.

3. The Ordovician K-bentonites

The Sinsen section in Oslo is one of the most complete sections of
Ordovician K-bentonites in Europe, providing unique possibilities to
study the interplay and timing of geochemical events of the Late
Ordovician. First described by Hagemann and Spjeldnæs (1955), the
section was divided into four complexes of K-bentonite beds comprising
a total of 24 beds, ranging in thickness from 0.5 to 65 cm. Bergström
et al. (1995) correlated the K-bentonites at Sinsen with other localities
in Northern Europe (Sweden, Denmark, Norway, Iceland, Finland, Es-
tonia, Latvia, and Lithuania) and introduced a new nomenclature that
enabled correlation across regions. The paleogeographic reconstruction
in Fig. 3 shows the position of these regions during the Late Ordovician.

Bergström et al. (1995) identified the most prominent bed at Sinsen
as the well-studied Kinnekulle K-bentonite that can be traced across
many localities in Northern Europe (Bauert et al., 2014; Jürgenson,
1958; Kiipli et al., 2014b; Svensen et al., 2015). A possible common
volcanic source for the Kinnekulle and Millbrig K-bentonites (North
America) was proposed by Huff et al. (1992). However, this transat-
lantic connection has later been discarded by several authors (Haynes
et al., 1995; Min et al., 2001; Sell and Samson, 2011) based on non-
overlapping ages and geochemical fingerprinting, suggesting that the

two beds originated from different arc settings. The large magnitude of
these Ordovician volcanic eruptions has brought up questions about
their potential climatic and environmental effects. Perrier et al. (2012)
suggested that the Kinnekulle K-bentonite was associated with re-
organization of ostracod assemblages and strong, long-term perturba-
tions of diversity and abundance. The climatic effects of these eruptions
are, however, poorly resolved (Buggisch et al., 2010; Herrmann et al.,
2010, 2011). Therefore, precise ages for these K-bentonites, especially
the Kinnekulle K-bentonite, are necessary in order to define the accu-
rate temporal scale needed for understanding the links between large
volcanic eruptions and their impacts.

4. Material and methods

We have logged 53m of stratigraphy at the Sinsen section. The
section is located around 600m along the railroad tracks from the
Grefsen Station (Fig. 1C). A total of 33 K-bentonites were identified and
seven of these were processed for zircons. The K-bentonite ages were
analyzed using chemical abrasion-thermal ionization mass spectro-
metry (CA-TIMS).

Magnetic susceptibility (MS) was measured in the field using a
handheld Terraplus KT-10 MS meter with a sampling diameter of 6 cm
and a lower detection limit of 10−6 SI units. Three measurements were
taken at each level and averaged to reduce noise. Before and after each
measurement the instrument was calibrated in free air. Details of the
MS techniques used are presented in Appendix A.

For zircon extraction, the samples were washed and sieved before
separation of heavy minerals using standard heavy liquid techniques at
the University of Oslo. Zircons were selected under an optical micro-
scope, annealed and chemically abraded (Huyskens et al., 2016;
Mattinson, 2005). The zircon grains chosen for analyses were spiked
with a tracer that has been calibrated to the EARTHTIME (ET) 100Ma
solution (appendix A) and measured on a Finnigan MAT 262 thermal
ionization mass spectrometer (TIMS). Further details are presented in
appendix A.

The spectral analysis of the MS data used the REDFIT procedure
(Schulz and Mudelsee, 2002) implemented in PAST, version 3.13
(Hammer et al., 2001), which allows for uneven spacing of data points
and includes a significance test using the null hypothesis of auto-
correlated noise. We used the ‘Welch’ window and the 95% significance

Fig. 2. Global distribution of Middle and Upper Ordovician K-bentonites modified from Huff (2008) using ages from Gradstein et al. (2012).

E.G. Ballo, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 520 (2019) 203–213

205



level was calculated using Monte Carlo simulation. Potential problems
with significance testing using a red noise model are well known (e.g.
Smith and Bailey, 2017) and the significance level must therefore be
regarded as indicative only.

For calculating an age model, we adopted the Bayesian method of
De Vleeschouwer and Parnell (2014) implemented in the program
Bchron.

5. Results

5.1. K-bentonite stratigraphy

A total of 33 K-bentonite beds were discovered at the Sinsen lo-
cality. A few meters below the base of the lowermost K-bentonite (bed
#1, 15mm thick; Fig. 4) an anticlinal fold leaves the Vollen-Arnestad
formation boundary unobservable. In the lowest 5m of the logged
section five K-bentonite beds were found, evenly spaced with 1–2 cm
thickness. K-bentonite #6 is located at 10.00m, typically eroded a few
centimeters into the outcrop. A 3m thick sill is present at 10.90m in the
section without visible metamorphic effects in the adjacent nodular
limestone. Bed #7 and #8 are both 1 cm thick, positioned at 15.65m
and 16.75m respectively. Following bed #8, there is a 7m interval of
shale and nodular limestone, without K-bentonites (Fig. 4).

A complex of closely spaced K-bentonites follows, referred to as the
Grefsen K-bentonite complex by Bergström et al. (1995). The complex is
separated into a lower (beds #9–#14) and upper part (beds #15–#26;
Fig. 4), separated by a 1.83m K-bentonite hiatus. The entire complex of
12 K-bentonite beds spans 3.8m. One of the thinnest beds at the lo-
cality, bed #27, was discovered 1.30m above bed #26, with a thickness
of around 0.1 cm. Above this, the two beds #28 and #29 have pre-
viously been referred to as the Sinsen K-bentonite beds by Bergström
et al. (1995), however we chose not to adopt this name to avoid con-
fusion.

The Kinnekulle K-bentonite is positioned at 39.60m and is the
thickest bed (35 cm) (Fig. 5). At 42.23 and 42.71m, the lower (#31)
and upper (#32) Grimstorp K-bentonites were found (Fig. 5), with
thicknesses of 5 and 13 cm respectively. Almost at the top of the Ar-
nestad Formation at 51.68m, the uppermost K-bentonite of the section
(bed #33) has a thickness of 2 cm.

The base of the Frognerkilen Formation was defined following
Owen et al. (1990). At the hypostratotype at Rabben in Asker south of
Oslo, the Arnestad-Frognerkilen formation boundary is set at the base of
the fourth double massive limestone layer below the characteristic
rubbly limestone. At Sinsen, it appears as if the individual double
massive limestone layers have blended into four single massive

limestone layers. Herein, the base of the Frognerkilen Formation was
set at the base of the fourth massive limestone layer below the rubbly
limestone.

5.2. U-Pb zircon geochronology

A total of five K-bentonites from the Sinsen section were dated. The
ages for each individual K-bentonite are given as weighted average
206Pb/238U-ages based on the concordant youngest zircon analyses,
following the interpretation strategy of e.g. Schoene et al. (2010) for
complex age distributions in volcanic ash layers. Errors are reported at
2σ as± x/y/z, where x includes only the analytical uncertainties, y is
the error including the analytical and tracer calibration uncertainties
and z is the error including the analytical uncertainties, tracer un-
certainties and uncertainty in the decay constant.

Bed #1 (EB16-S-0) shows a spread in single zircon 206Pb/238U-ages
from 461.43 to 456.67Ma, with a dominant equivalent and concordant
(within errors) population of 6 grains yielding a weighted average
206Pb/238U-age of 456.81 ± 0.30/0.38/0.61Ma (2σ; MSWD=0.070)
interpreted to reflect the emplacement age of the K-bentonite (Figs. 6,
A1E).

The interpreted emplacement age of Bed #16 (EB16-S-28.63) is
456.13 ± 0.39/0.45/0.66Ma (2σ; MSWD=0.95), based on the two
youngest equivalent and concordant grains (Fig. 6). Individual grains
from the sample show a spread in single zircon 206Pb/238U-ages from
461.6 to 456.11Ma. The discordant older zircons (no. 1–8) are likely
antecrysts (Figs. 6, A1D). This is supported by CL-imaging of zircon
crystals from the sample that reveal complex zonation with resorption
and truncating overgrowth (Fig. A1D).

Bed #30 (EB16-S-39.60, the Kinnekulle K-bentonite) shows a spread
in single zircon 206Pb/238U-ages from 458.20 to 453.89Ma, with the
two youngest concordant (within errors) grains yielding a weighted
average 206Pb/238U-age of 454.06 ± 0.43/0.49/0.68Ma (2 sigma;
MSWD=0.33) interpreted to reflect the eruption and depositional age
of the K-bentonite (Fig. 6). The nine older grains are likely antecrysts,
which is supported by CL-imaging confirming the presence of grains
with several growth domains (Fig. A1C).

Bed #32 (EB16-S-42.71) yielded a spread in single zircon
206Pb/238U-ages from 458.20 to 453.48Ma (Figs. 6, A1B). The youngest
concordant analysis yields an age of 453.48 ± 0.74/0.78/0.91Ma
(2σ), which is considered to represent the eruption and depositional age
of the bentonite. The older zircons likely represent antecrysts, which is
also supported by CL-imaged zircons, some of which show the presence
of resorption textures and multiple growth domains (Fig. A1B).

Bed #33 (EB16-S-51.68) shows a spread in single zircon 206Pb/238U-

Fig. 3. Paleogeographic map with stars illustrating where the K-bentonite occurrences shown in Fig. 2 were located at 450Ma. The map is modified from Torsvik and
Cocks (2016).
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Fig. 4. Log of the Sinsen section showing the distribution of K-bentonites (black lines) in the Arnestad Formation. Grey areas= shale; white ellipses= limestone
nodules (not to scale). The dashed line in the upper part of the log shows the interpreted position of the Arnestad-Frognerkilen formation boundary, herein assumed
to approximately coincide with the Sandbian-Katian boundary. Oslo-Asker stratigraphy (left) is based on Bruton et al. (2010). The interval column illustrates the
complexes of beds that are discussed in this study. Figure illustrates the stratigraphic positions of the other figures in this study.
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ages from 457.38 to 448.66Ma, where the youngest, strongly reversely
discordant grain clearly show that some analytical error occurred
during analysis. The youngest concordant age that gives a 206Pb/238U-
age of 452.76 ± 0.86/0.89/1.0 Ma (2σ) is interpreted to reflect the
emplacement age of the K-bentonite (Figs. 6, A1A). The older analyses
are interpreted to represent antecrysts.

5.3. Magnetic susceptibility in the Arnestad Formation

The lower MS measured interval (28.75–32.00m) consists of 11%
K-bentonite and 89% shale and limestone in terms of stratigraphic
thickness. The K-bentonites are distributed evenly across the interval
and yield considerable low MS excursions, compared to the relatively
stable signal for shales, as seen in Fig. 6. The spectrum in Fig. 7A shows
only two peaks above the 95% significance curve: (i) 3.6 cycles/m, and
(ii) 4.5 cycles/m. The peak at 3.6 cycles/m has the highest intensity.
The peak at 4.5 cycles/m is the second strongest (Fig. 7A).

The upper MS measured interval (39.00–42.50m) spans 3.50m in
the stratigraphy and is confined by the two dated beds #30 (Kinnekulle
K-bentonite, 39.60m) and #32 (upper Grimstorp, 42.71m). From the
base of bed #30 to the top of bed #32 the interval consists of 12% K-
bentonite and 88% shale and limestone, however, in contrast to the first
MS-measured interval, only three K-bentonites are present (Fig. 6). The
three most dominant low excursions in the curve coincide with the K-
bentonites (Fig. 6). The REDFIT spectrum in Fig. 7B shows two peaks
beyond the 95% significance line: (i) 2.7 cycles/m, and (ii) 6.3 cycles/
m.

6. Discussion

Bergström et al. (1995) and Hagemann and Spjeldnæs (1955) re-
ported a total of 24 K-bentonite beds at Sinsen. We have identified 11
new beds nearly doubling the stratigraphic span of the already re-
markable K-bentonite outcrop at Sinsen. The locality therefore stands as
a uniquely preserved Ordovician K-bentonite section where the number
of data points allow for age modeling with a high resolution. In the
following, we discuss the U-Pb ages, the cyclostratigraphic results and
the robustness and implications of the age model.

6.1. K-bentonite geochronology

We have dated beds #1, #16 and #33 for the first time, allowing for

a new constraint of the age span of the upper Sandbian volcanism.
Furthermore, our new U-Pb ages of the Kinnekulle K-bentonite (bed
#30) can be used for better correlation with other localities.

Bed #1 is the oldest Ordovician K-bentonite analyzed in this study,
with an age of 456.81 ± 0.30Ma. Bed #16 represents the lowest dated
bed of the #15–#26 interval. The interval is characterized by high-
frequency volcanic eruptions—preceded, and followed by, prolonged
periods of non-deposition of ash. Our age of bed #16,
456.32 ± 0.39Ma, is the first radiometric dating of any K-bentonite
bed in the Grefsen K-bentonite complex. The age of the bed provides a
precise age constraint for the onset of this high-frequency volcanic in-
terval (Fig. 6). Bergström et al. (1995) suggested that K-bentonites from
this part of the stratigraphy are equivalent to K-bentonites in Estonia
and Sweden, which can be tested by further U-Pb geochronology.

The Kinnekulle K-bentonite is one of the most studied Ordovician K-
bentonites worldwide (Huff et al., 2010), and has been subject to many
dating efforts, yet its precise age is still under discussion. Huff (2008)
summarized at least 14 separate attempts at dating the K-bentonite
using various methods, and many have followed in the years since.
Bauert et al. (2014) reported laser ablation-inductively coupled mass
spectrometer (LA-ICPMS) ages of K-bentonites from Mossen in Sweden
(453.6 ± 6.6Ma) and northern Estonia (454.9 ± 4.9Ma) that are
convincingly correlated to the Kinnekulle bed (Bergström et al., 2016).
Svensen et al. (2015) reported a CA-TIMS U-Pb zircon weighted average
206Pb/238U-age of 454.52 ± 0.50Ma (±0.70Ma including tracer ca-
libration errors) from Vollen south of Oslo in Norway, considered as the
most precise age published (Bergström et al., 2016). As this study and
that of Svensen et al. (2015) have used the same U-Pb tracer the ages
can be directly compared after applying the same spike calibration as
implemented in this study (Appendix A3). In fact, our new age for the
Kinnekulle K-bentonite of 454.06 ± 0.43Ma (± 0.49Ma including
tracer calibration errors) is equivalent within error to that of Svensen
et al. (2015) but with improved precision. Further, as our new age does
not overlap with the established weighted average 206Pb/238U-age for
the Millbrig K-bentonite (452.86 ± 0.29Ma (CA-TIMS); Sell et al.,
2013)—we here support the hypothesis that the two K-bentonites are
not identical.

The upper Grimstorp K-bentonite has also been subject to several
dating attempts. Sell et al. (2013) reported a weighted average
206Pb/238U-age of 454.41 ± 0.17Ma (CA-TIMS) for the K-bentonite
from the Billegrav-2 drill core in Bornholm, Denmark. The dated K-
bentonite was assumed to represent the Kinnekulle K-bentonite,

Fig. 5. (A) The upper part of the Sinsen section (ca. 37-44m in the log). The outcropping K-bentonites in the interval are shown with white arrows. The dashed lines
show the lower and upper boundary of the MS measured interval. (B) Bed #33 is shown in the attached image as a thin cut in the stratigraphy. The simplified log is
shown with green boxes illustrating the stratigraphic position of the images.
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however Kiipli et al. (2014b) suggest that the dated K-bentonite re-
presents the Grimstorp K-bentonites (preserved as one single bed). This
interpretation was supported by Bergström et al. (2016). Our new age
of 453.48 ± 0.74Ma indicates that the upper Grimstorp K-bentonite is
0.93Ma younger than the published age from Sell et al. (2013). Again,
using the new tracer calibration (Appendix A3), the age of the upper
Grimstorp K-bentonite from Svensen et al. (2015) is equivalent within
error with our new age.

The stratigraphically youngest K-bentonite at Sinsen is dated to
452.76 ± 0.86Ma (bed #33). This K-bentonite is significant due to the
proximity to the Sandbian-Katian boundary, which we have interpreted
to be 0.82m above the K-bentonite. Moreover, combined with our age

of bed #1 (456.81 ± 0.30Ma), the entire volcanic activity recorded in
the Ordovician at Sinsen has a duration of 4.05 ± 0.91myr.

Taking into account the presence of antecrysts in all the analyzed
samples in this study, we have documented a substantial spread in
single zircon ages that could indicate a long-lived volcanic arc system
with sporadic but large scale explosive eruptions. Kiipli et al. (2014a)
argued that the Kinnekulle K-bentonite most probably originated from a
large and slowly cooling magma chamber, supporting this argument.
We see a comparable distribution of single zircon ages in our samples,
which is underlined by the overlapping ages of one of the oldest ana-
lyzed grains (457.38 ± 0.93Ma) in the youngest dated sample (bed
#33) and the age of the oldest K-bentonite sample (bed #1;

Fig. 6. The Sinsen log with the resulting age (left) and MS (right) data. Geochron plots for the five dated K-bentonite beds show individual zircon analyses (vertical
bars) with concordant and equivalent zircon analyses covered by a horizontal grey bar illustrating the calculated mean of each sample. MSWD=Mean Square
Weighted Deviation. In the log black lines=K-bentonite beds; grey areas= shale; red dashed line= interpreted position of the Arnestad-Frognerkilen formation
boundary.
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456.81 ± 0.30Ma). This overlap may be explained by a similar source
volcano for the K-bentonites in Oslo.

6.2. Cyclostratigraphy

The spectra for the two selected intervals in the Sinsen section
(Fig. 7) show several peaks above the 95% significance level. Ideally,
the ratios of Ordovician orbital frequencies from e.g. Berger et al.
(1992) should be recovered in the depth domain, if the periodicity is
indeed orbitally forced, the sediments are undisturbed, and with a
constant sedimentation rate (Rodionov et al., 2003). For an age of
450Ma, Berger et al. (1992) and Rodionov et al. (2003) suggested the
following orbital periodicities: precession 16.3 and 19.2 kyr, obliquity
30.3 (strong) and 36.8 (weak) kyr. Short eccentricity cycles drift be-
tween 100 kyr and 125 kyr through time (Berger et al., 1992).

Following Berger et al. (1992) and Rodionov et al. (2003), the
strongest expected signal for the Ordovician is eccentricity (period of
ca. 100 kyr), however, interpreting the 3.6 cycles/m peak in the lower
interval (28.75–32.00m; Fig. 7A) as eccentricity yields a sedimentation
rate of 0.28 cm/kyr—unreasonably low compared to what previous
studies on the Arnestad Formation suggest (Svensen et al., 2015). The
measured interval (3.25 m) was REDFIT-processed as two 1.63m ‘seg-
ments’, thus the stratigraphic span of each segment is very close to the
lower limit needed to record eccentricity signals. We here argue that
this could be a possible explanation for why eccentricity has not been
recorded in the lower MS measured interval. If the peak at 3.6 cycles/m
instead is tuned to the 30.3 kyr period (obliquity) expected for the
Ordovician, the sedimentation rate for the interval yields 0.73 cm/kyr.
From this, the peak at 4.5 cycles/m corresponds to a periodicity of
37.9kyr, which may be interpreted as the second obliquity periodicity
in the Ordovician, at 36.8 kyr. The two peaks in Fig. 7A can therefore be
interpreted as the strong and weak obliquity periods. A possible source
of inaccuracy lies in the high amount of K-bentonite through the
measured interval (11 beds in total) that could disrupt the signal of the
shortest Milankovitch periods (precession) from the sediments.

The REDFIT spectrum for the upper MS measured interval
(39.00–42.50m) is presented in Fig. 7B and clearly shows two peaks
above the 95% significance curve in addition to well-defined peaks at
0.8 and 5.1 cycles/m, not reaching the significance level. By using the
sedimentation rate at 36.0 m derived from the radiometric dates and
the age model described below (0.43 cm/kyr) the four peaks in Fig. 7B
represent periods of 290.7, 86.1, 45.6 and 36.9 kyr from left to right
respectively. However, the Bayesian age model-derived sedimentation
rate for the upper interval (0.43 cm/kyr) is notably lower than what is
expected for the Oslo Region (Bjørlykke, 1974). If, on the other hand, it

is assumed that the four peaks in Fig. 7B represent the expected periods
(100, 30.3, 19.2 and 16.3 kyr) from Berger et al. (1992), as indicated by
the ratios between the observed peaks, the averaged sedimentation rate
for this interval inferred from the periodicities of the four peaks is
1.12 cm/kyr which is consistent within the age model confidence in-
tervals (further discussed below). From this we propose that the first
peak at 0.8 cycles/m (1.25m/cycle) represents a period of 111.6 kyr,
thus in good compliance with Ordovician eccentricity. The peak at
2.7 cycles/m (0.37m/cycle) corresponds to a period of 33.1 kyr, fitting
well with the expected period of obliquity (30.3 kyr). The peak at
5.1 cycles/m (0.20m/cycle) corresponds to a period of 17.5 kyr, fitting
with the expected period of long precession (19.2 kyr). Furthermore,
the peak at 6.3 cycles/m (0.16 m/cycle) corresponds to a period of
14.2 kyr, and is close to the expected short precession component of
16.3 kyr. The expected Ordovician cycles represent estimates, and also
the observed periodicities are associated with both measurement errors
and analytical errors. Therefore the correspondence between field-de-
rived periods and expected periods (Berger et al., 1992) may vary.

Our Milankovitch interpretation of the cyclicity also fits with the
results of Svensen et al. (2015) from the corresponding stratigraphic
interval at Vollen where both eccentricity and obliquity were detected.
However, our data now suggest that the periodicities and sedimentation
rate (0.92 cm/kyr) presented by Svensen et al. (2015) from Vollen
should be revised. As shown in Fig. 1A, the difference in stratigraphic
position (neglecting the thickness added by K-bentonite) between the
upper Grimstorp and Kinnekulle K-bentonite at Vollen (6.89m) com-
pared to Sinsen (2.71m) implies that the sedimentation rate at Vollen
should be 2.5 times higher than at Sinsen. Taking a sedimentation rate
of 2.8 cm/kyr into account, the two peaks in Fig. 5 from Svensen et al.
(2015) yield periodicities of 35.7 kyr and 9.9 kyr respectively. Our new
data therefore suggest that the peaks found by Svensen et al. (2015) at
Vollen may rather represent obliquity and precession.

6.3. Age model and Arnestad Formation sedimentation rates

The volcanic eruptions that deposited the individual K-bentonites
may have lasted on a scale of weeks (Bergström et al., 1995), whereas a
similar thickness of shale would have needed thousands of years to
accumulate. Therefore, the cumulative stratigraphic thickness of the K-
bentonites was subtracted and approximated as points in the age model.
The relationship between the corrected level in the age model (Fig. 8)
and the logged level (Fig. 4) is shown in Table A1.

The red curve in Fig. 8 shows the median Bchron age model. The
gradual upwards decrease in sedimentation rate in the Arnestad For-
mation, as shown in Fig. 8, may reflect rising relative sea level. This

Fig. 7. Time series REDFIT spectrum of (A) the lower MS measured interval and (B) the upper MS measured interval at Sinsen. The interpreted periods for the peaks
are shown next to the grey vertical bars.
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interpretation is supported by Nielsen (2004) who described the so-
called Arnestad Drowning. Moreover, Nielsen (2004) described the
onset of a lowstand event at the base of the Frognerkilen Formation,
which is in good agreement with the increase in sedimentation rate at
the top part of the section. Note that the regional versus global nature of
these sea level changes is debated (Bergström et al., 2010, 2011).

In the upper MS-interval the sedimentation rate proposed by the
Bayesian age model (0.43 cm/kyr; Fig. 8) does not coincide with the
cyclicity-derived sedimentation rate (1.12 cm/kyr). We suggest that this
problem is caused by weak constraints on the age model in this interval
(Telford et al., 2004). The variation in sedimentation rate between
radiometric dates in age models can never be accurately estimated by
any statistical method. Therefore, the purpose of age models based on
radiometric dates should be to provide the most parsimonious (i.e.
simplest possible) hypothesis. A consequence of this philosophy of
parsimony is to assume slowly varying or constant sedimentation rates
between age anchors. As the cyclicity-derived sedimentation rate (blue
line in Fig. 8) considers both the age and cyclostratigraphic data, it
should be preferred as the most likely sedimentation rate interpretation
for the upper interval. This interpretation is further strengthened by the
cyclicity-derived curve fitting within the confidence intervals of the age
model.

The presence of nodular early diagenetic limestone throughout the
succession is likely to have an effect on the estimated sedimentation
rates due to differential compaction (Westphal et al., 2008, 2010). As
the limestone content generally increases upwards through the section,
the pre-compaction sedimentation rate is therefore expected to de-
crease slightly upwards compared to the post-compaction sedimenta-
tion rate shown in the age model (Fig. 8).

6.4. Implications for the Sandbian-Katian boundary

At Sinsen, the Arnestad-Frognerkilen formation boundary is set at
52.50m in the section, which is 0.82m above the base of the uppermost
dated K-bentonite (bed #33). Herein, the Arnestad-Frognerkilen for-
mation boundary is assumed to coincide with the Sandbian-Katian stage
boundary and the onset of GICE (Bergström et al., 2011). Using the
onset of GICE as a proxy for the stage boundary is controversial for
several reasons, and thus caution should be exercised in doing so
(Bergström et al., 2016). The absence of a continuous succession of the
graptolite Diplacanthograptus caudatus in Baltoscandia, which defines
the base of Katian, complicates direct correlation to the GSSP
(Bergström et al., 2016). In Oslo, GICE has an excellent development
but often consists of numerous smaller ‘wiggles’ that further challenge
identifying its precise stratigraphic position (Bergström et al., 2011).
Based on our new data the age of the stage boundary can be estimated
by the age model by extrapolating the age model curve up to the in-
terpreted boundary position. The age model gives an estimated
boundary age of 452.62 ± 0.39Ma.

Our new age estimate overlaps within error with the newest age for
the boundary, 453.0 ± 0.7Ma, given by Cooper et al. (2012) for
GTS2012. However, the boundary age from Cooper et al. (2012) is
based on a smoothing spline poorly constrained by younger radiometric
ages. Note that the interpreted position of the Sandbian-Katian
boundary presented here is debatable and the effect of differential
compaction is a possible source of inaccuracy. A precise age determi-
nation of the boundary is also affected by how well the onset of GICE
itself coincides with the base of the Frognerkilen Formation, errors in
the age analyses and uncertainties of the age model.

Fig. 8. The Bayesian Bchron age model for the
Sandbian aged Arnestad Formation at Sinsen (red
curve). Black curves are the upper and lower limits
of 95% confidence interval. The five radiometric
dated beds are shown as black dots, with 2σ error
bars (horizontal black lines). Interpreted sedi-
mentation rates from this study are included in grey
boxes for two approaches: 1) Bchron age model, 2)
age difference between dated levels (dashed black
lines between the age anchors show linear inter-
polations). Ordovician stage boundaries are from the
latest revision of the ICS International
Chronostratigraphic Chart Cohen et al. (2013),
where the Sandbian-Katian boundary is set at
453.0 ± 0.7Ma. Dashed lines next to the stage
boundaries illustrate the uncertainties for the
boundary ages. Cyclicity-derived sedimentation rate
of 1.12 cm/kyr is shown in blue.
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7. Conclusions

A detailed geochronological and cyclostratigraphic study of one of
the most complete Ordovician K-bentonite sections in Europe provides
important constraints on the timing of the high volume explosive
eruptions leading to massive and worldwide ash deposition. We provide
radiometric ages of five K-bentonites, including the well-studied
Kinnekulle K-bentonite. Additionally, MS-based cyclostratigraphy
shows peaks representing Milankovitch eccentricity, obliquity and two
precession components. These Milankovitch interpretations illustrate a
remarkable fit with both the expected periods for the Ordovician and
the age data presented in this study. Our cyclostratigraphic data
therefore represent one of the most precise datasets published to de-
monstrate Milankovitch periods in the lower Paleozoic. Finally, we
have presented an age model for the Arnestad Formation with im-
plications for age determination of the entire sequence of 33 Sandbian
K-bentonites, international K-bentonite correlation, and a new age es-
timate for the Sandbian-Katian boundary of 452.62 ± 0.39Ma. This
age is slightly younger than the one proposed by Cooper et al. (2012)
for GTS2012.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2019.01.016.
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