GFF

ISSN: 1103-5897 (Print) 2000-0863 (Online) Journal homepage: https://www.tandfonline.com/loi/sgff20

13

34

Conodont biostratigraphy, and δ C and δ S
isotope chemostratigraphy, of the uppermost
Ordovician and Lower Silurian at Osmundsberget,
Dalarna, Sweden
Stig Magnus Bergström , Mats E. Eriksson , Seth Allen Young & Eva-Marie
Widmark
To cite this article: Stig Magnus Bergström , Mats E. Eriksson , Seth Allen Young & Eva-Marie
13

34

Widmark (2012) Conodont biostratigraphy, and δ C and δ S isotope chemostratigraphy, of the
uppermost Ordovician and Lower Silurian at Osmundsberget, Dalarna, Sweden, GFF, 134:4,
251-272, DOI: 10.1080/11035897.2012.758169
To link to this article: https://doi.org/10.1080/11035897.2012.758169

Published online: 25 Feb 2013.

Submit your article to this journal

Article views: 280

View related articles

Citing articles: 5 View citing articles

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=sgff20

GFF volume 134 (2012), pp. 251–272.

Article

A Scandinavian Journal of Earth Sciences

Conodont biostratigraphy, and d13C and d34S isotope chemostratigraphy, of the
uppermost Ordovician and Lower Silurian at Osmundsberget, Dalarna, Sweden
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EVA-MARIE WIDMARK4
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Abstract: The previously established graptolite and chitinozoan Hirnanian-Telychian biostratigraphy in
the unique Osmundsberget North outcrop in the Siljan region, south-central Sweden, is integrated with
new conodont biostratigraphy and d13Corg, d13Ccarb and d34Spyr chemostratigraphy. At this locality, the
middle Hirnantian (latest Ordovician) topmost part of the Boda Limestone is overlain by the latest
Hirnantian Glisstjärn Formation, and the late Aeronian – early Telychian (Llandovery) Kallholn
Formation rests unconformably on the Glisstjärn Formation. Previous conodont work showed that the
Glisstjärn Formation belongs to the lower Ozarkodina hassi Zone. New samples from calcareous
interbeds in the dominantly shaly Kallholn Formation, some of which contain hundreds of condont
elements, yielded Distomodus staurognathoides, Aspelundia fluegeli and other taxa indicating the D.
staurognathoides Zone. In the East Baltic succession, the coeval interval, which is in the uppermost
Raikküla –lowermost Adavere stages just below the geographically widespread Osmundsberg Kbentonite, has yielded a conodont fauna similar to that of the lower Kallholn Formation. A regional
review of the D. staurognathoides Zone shows that there are possible equivalents to our study interval
also in Norway and the Welsh Borderland, but equivalent strata are missing in large parts of North
America, or have not produced diagnostic conodonts. The d13Corg values from the study section are
relatively uniform (mostly ranging between 2 29‰ and 230‰), and the late Aeronian and Valgu
positive excursions have not been recognized.
Keywords: conodont biostratigraphy; d13C and d34S chemostratigraphy; Llandovery; Hirnantian;
Sweden; regional correlation.
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Introduction
The geology and palaeontology of the Ordovician/Silurian
boundary interval have attracted a great deal of scientific study
in recent years, which has resulted in the publication of
numerous papers dealing with this interval in many parts of the
world. The decision by the International Commission on
Stratigraphy that the base of the Silurian should be at the base of
the Akidograptus ascensus Graptolite Zone (Rong et al. 2008)
makes it possible to readily recognize this level in successions
with adequate graptolite biostratigraphy. However, establishing
the position of this important horizon in non-graptolitiferous
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successions has proved difficult, especially as there is now a
growing body of indications that the change from “Ordoviciantype” to “Silurian-type” shelly and conodont faunas took place
before, rather than at, the end of the Ordovician Period.
Although conodonts have been described from many systemic
boundary successions, especially in North America (e.g. Barnes
1988; Bergström et al. 2011b) and northern Europe (e.g. Kaljo
et al. 2007; Ainsaar et al. 2010), the detailed conodont
biostratigraphy in the interval across the Ordovician/Silurian
systemic boundary is still incompletely known and in urgent
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need of further study. More than 20 exposures of the
Ordovician/Silurian boundary interval have been described
from southern and central Sweden, but in very few of these are
the Hirnantian and overlying Llandovery strata developed in a
calcareous facies suitable for conodont work. For instance, in the
several well-exposed sections in the province of Västergötland
(Fig. 1; Stridsberg 1980; Bergström & Bergström 1996; Schmitz
& Bergström 2007), the Hirnantian succession generally
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contains only a single but prominent limestone bed (the
Skultorp Member of Bergström et al. 2011a), which is overlain
by dark or black shales of Late Ordovician – Early Llandovery
age. However, at Råssnäsudden and in the Borenshult drillcore
in the northwestern part of the province of Östergötland, the
, 10-m thick Llandovery Motala Formation consists of nodular
limestones and calcareous mudstones that have yielded a
moderately diverse conodont fauna as well as several species of

Fig. 1. Sketch maps showing the location of the Osmundberget North section in the Siljan region, Province of Dalarna, south-central Sweden. Inset
map A: distribution of major outcrop areas of Lower Palaeozoic rocks (black) in southeastern Norway, southern and south-central Sweden and
Estonia. Inset map B: location of the study section at the northern entrance to the disused Osmundsberget Quarry.
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Fig. 2. Hirnantian– Lower Telychian stratigraphic units in south-central Sweden and their graptolite zone correlation. Note that in the absence of
useful index fossils, the biostratigraphic position remains unknown of a clastic interval in the inter-mound facies between the Glisstjärn and the
Kallholn Formations.

macrofossils (Bergström & Bergström 1996; Bergström et al.
2011a). This is one of only two conodont faunas of
Rhuddanian – Aeronian age that has so far been described from
Sweden, the other being from the Aeronian Pranognathus tenuis
Zone in the Upper Ede Quartzite in the province of Jämtland
(Dahlqvist & Bergström 2005). In Östergötland, the Motala
Formation is underlain by the Loka Formation (Fig. 2), a thin
unit of limestone, shale and mudstone which contains shelly
fossils of the Hirnantia fauna and conodonts of the Ozarkodina
hassi Zone indicating a Hirnantian age. Bergström & Bergström
(1996) placed the base of the Silurian at the base of the Motala
Formation and interpreted this unit to be of Middle-Late
Rhuddanian in age.
Latest Llandovery conodonts from Sweden have been
intensely studied on the Island of Gotland and are well known
(for summary and references, see e.g. Jeppsson et al. 2005,
2006), but conodont faunas of this age have not previously been
recorded from the Swedish mainland.
Several Ordovician/Silurian boundary sections have been
described from the Siljan region in the Province of Dalarna
(Fig. 1), but most of these have now been destroyed (such as that
at the entrance to the Kullsberg Quarry; cf. Bergström 2007) or
are not accessible any more without considerable excavation. In
this region, the Upper Ordovician is developed in two
lithologically very different facies types (Fig. 2), namely the
inter-mound and the mound facies (for descriptions, see
Ebbestad et al. 2007). In the case of the former Upper
Ordovician facies, little work has been published since
Thorslund’s (1935) informative study, but apart from a

distinctive limestone bed, which has been known as “klingkalk”,
this facies consists mainly of shale and mudstone (Bergström
2007, fig. 10). Among the very few conodonts obtained from
these strata are specimens of Ozarkodina oldhamensis (Rexroad,
1967) (cf. Bergström 1971, fig. 4:11) and O. hassi (Pollock,
Rexroad, & Nicoll, 1970). These taxa are characteristic of the O.
hassi Zone, which ranges from the late Hirnantian to the
Rhuddanian and were first defined in the succession on Anticosti
Island, Quebec (Zhang & Barnes 2002). As far as we are aware,
at the present time there is not a single outcrop in the Siljan
region, where the contact between the Upper Ordovician intermound facies strata and the overlying dark shales of the Silurian
Kallholn Formation can be investigated without trenching.
Recently, Lehnert et al. (2012) briefly described this interval in
the Solberg-1 drillcore and detailed studies of this drillcore may
clarify its poorly known stratigraphy.
The contact between the Upper Ordovician mound facies
rocks and overlying Silurian strata is well exposed in several
quarries in the Siljan region, such as those at Kallholn, Solberga
and Östbjörka. One of the stratigraphically most complete
successions is along the northern entrance road to the
Osmundsberget Quarry (Ebbestad & Högström 2007b, 2007a;
Schmitz & Bergström 2007). Outcrops of the lower Silurian
Kallholn Formation were described from the western or
northwestern flank of the Boda Limestone mound at
Osmundsberget as far back as the 18th century (Tilas 1740; cf.
Hedberg 1988), but the northern entrance road section (here
referred to as Osmundsberget North) dates back to 1965 when
deepening of the quarry required a new transportation route for
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Fig. 3. Photograph of the Osmundsberget North section as it looked like in 1966. Note the lateral lithological changes over short distances. The
top of the study succession is marked by the uppermost white bag just below the covered Osmundsberg K-bentonite approximately 0.5 m above the
end of the hammer shaft and at the top end of the 2 m long ruler. The lower end of the section is the top of the massive Boda Limestone that forms the
quarry wall on the left side of the photograph. This splendid outcrop is now largely covered by gravel.

the quarry trucks. The construction of this road created a
splendid, more than 15 m high but easily accessible, section
extending from the uppermost Boda Limestone through the
Glisstjärn Formation into the lower part of the Kallholn
Formation (Fig. 3; Bergström et al. 1998, fig. 3). Very
regrettably, after the end of the quarrying activities and the
transformation of the quarry into a lake during the last decade,
this entrance road has been gradually filled in by gravel. This
infilling has now reached up to near the top of the former
outcrop, and most of the exposure is no longer accessible, being
hidden below a several metres thick cover of gravel. However,
despite the fact that it is now largely inaccessible, in some
respects this is still a unique locality, not only in the Siljan
region but also elsewhere in Sweden, the only comparable

section being that along the entrance road to the Kallholn Quarry
(Bergström et al. 1998; Suzuki et al. 2009).
The Osmundsberget North outcrop has been of particular
importance biostratigraphically in that it exhibits an Upper
Ordovician –Lower Silurian succession ranging from dominating limestone in the Hirnantian Boda Limestone and Glisstjärn
Formation to “mixed” facies in the lower Silurian Kallholn
Formation in which fossiliferous beds and concretions of
limestone are interbedded with dark organic-rich shales (Figs. 3,
4). Limestone beds in these three units have yielded the
conodonts described below.
Although the presence of conodonts in these strata has been
briefly referred to in several publications (e.g. Rexroad 1967;
Bergström & Bergström 1996; Bergström 2007; Schmitz &
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Bergström 2007), there is currently no published report on the
conodont faunas through the entire Ordovician/Silurian
boundary interval at this locality. The purpose of this study is
to describe the conodont succession in the stratigraphic interval
from the lowermost Glisstjärn Formation into the lower Kallholn
Formation along the western side of the northern quarry entrance
road and assess its biostratigraphic significance. We will also
examine the relations between the conodont biostratigraphy and
the d13C and d34S chemostratigraphy in the study section. This
study is of more than local interest. Because the presence of
biostratigraphically diagnostic graptolites in the Kallholn
Formation has made it possible to recognize three standard
graptolite zones in the study succession (Loydell & Maletz
2002; Bergström et al. 2008), it provides an unusual opportunity
to tie the conodont zone succession, as well as the d13C and d34S
isotope chemostratigraphy, directly to the graptolite zone
sequence. Furthermore, based on the studies by Grahn (1998),
the conodont succession can also be tied to the local chitinozoan
succession. It is also of interest to note that radio-isotopic
analysis of zircons from the lower Telychian Osmundsberg Kbentonite, which immediately overlies the study succession, has
provided one of the key age dates in the Silurian System
(438.7 ^ 1.0 Ma; cf. Bergström et al. 2008).
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In a summary publication, Ebbestad et al. (2007) described the
general geology of the Ordovician succession in the Devonian
meteorite impact area of the Siljan region and reference is made
to that paper for detailed such information. A recent study by
Suzuki et al. (2009) provided new and useful data on the
lithology of the Boda Limestone and Glisstjärn Formation and
summarized a vast amount of faunal data, especially regarding
the distribution of trilobites. Our study section was one of the
sites studied by those authors. Investigations of the graptolites in
the Kallholn Formation at the Osmundsberget North section
have been carried out by, among others, Hutt et al. (1970) and
Loydell & Maletz (2002). Chitinozoans from this outcrop were
studied by Grahn (1998), and some shelly fossils were recorded
by Ebbestad et al. (2007). The K-bentonite beds in the Kallholn
Formation were investigated by Bergström et al. (1998, 2008),
Huff et al. (1998) and Inanli et al. (2009). The Osmundsberget
North section is the reference locality of the 1.15-m thick and
geographically very widespread Osmundsberg K-bentonite, the
most prominent Llandovery K-bentonite known anywhere in the
world. Finally, Schmitz & Bergström (2007) described the d13C
chemostratigraphy of the upper Boda Limestone and Glisstjärn
Formation and recognized the d13C Hirnantian isotope carbon
excursion (HICE) in a , 21-m thick interval in the upper part of
the Boda Limestone below our study succession that confirmed
the Hirnantian age of the upper portion of that formation.

This study includes the succession from the uppermost Boda
Limestone (uppermost Upper Boda Member of Suzuki et al.
2009) through the Glisstjärn Formation and , 7.5 m into the
overlying Kallholn Formation. The top of the study interval is at
the base of the Osmundsberg K-bentonite. In Fig. 3, we illustrate
the succession as it was measured in 1966. It should be noted
that because both the Glisstjärn and the Kallholn Formations
were deposited on the broadly lens-like Osmundsberg limestone
mound, the thickness of lithological subunits of these formations
varies over short lateral distances. Hence, the thicknesses seen in
the current exposure is in some cases not exactly the same as in
the outcrop measured in 1966.
Stratigraphically, the study succession can be subdivided into
three lithologically distinctive parts separated by unconformities, namely the Boda Limestone, Glisstjärn Formation and the
Kallholn Formation. The stratigraphic gap separating the Boda
Limestone from the Glisstjärn Formation appears to be
relatively minor based on d13C chemostratigraphy (Schmitz &
Bergström 2007) and includes only a part of the upper, but not
uppermost, Hirnantian. The unconformity at the base of the
Kallholn Formation is much larger and appears to include the
entire Rhuddanian and most of the Aeronian stages.
As shown in Fig. 4 a total of 17 conodont samples were
collected from carbonate beds and concretions through the study
section after its excavation in 1966. An additional six samples,
which were collected in 1986, were kindly supplied by Professor
Lars Holmer of Uppsala University. The latter samples, which
were processed by him for “inarticulate” brachiopods, can be
placed precisely in our section because a stratigraphic column
showing his sample levels is in all essentials identical to that
illustrated in Fig. 4. An additional Osmundsberg sample (D6391) was also included in our study. This was collected from the
lowermost 0.25 m of the Kallholn Formation in a now
unavailable exposure at the western entrance road to the quarry
(near locality Osmundsberget 1 of Ebbestad & Högström
2007a).
Our samples, which had an average weight of 2 kg, were
digested in dilute acetic acid following standard laboratory
procedures for conodont extraction, and after separation in
heavy liquids, most residues were carefully picked by one of us
(Eva-Marie Widmark). Other samples were processed and
picked at the Department of Geology of Lund University by Git
Klintvik-Ahlberg and Carsten Tell. Most samples proved to be
productive, especially those of the Glisstjärn Formation, some of
which contain many hundreds of conodont elements. Most of the
latter are very small coniform elements that are difficult to
identify and appear to represent early growth stages. The
conodonts from the Kallholn Formation, although less
numerous, are as a rule beautifully preserved, some of which
showing little, if any, breakage. The total number of specimens
in the collections from our study section exceeds 10,000.

Study section and conodont samples

Conodont biostratigraphy

Previous studies

This study is centred on the outcrop along the western wall of the
former northern entrance road to the Osmundsberget quarry
(61810 300 N and 158120 400 E). It is located east of Highway 301 in
the Parish of Osmundsberg, Municipality of Rättvik, in the
County of Kopparberg. For recent maps and general descriptions
of the Osmundsberget quarry succession, see Ebbestad &
Högström (2007a, 2007b), in which the study outcrop is referred
to as Locality 5, and Suzuki et al. (2009).

Comments on Rhuddanian– Aeronian conodont zone
classification schemes
As shown in Fig. 5, a globally applicable lower-middle
Llandovery conodont zone classification is not yet available, and
different researchers have proposed partly rather different zone
schemes. The “Standard zonation” of the pre-Telychian interval,
introduced by Zhang & Barnes (2002) based on the remarkable
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Fig. 4. Biostratigraphy and conodont ranges through the Osmundsberget North study succession. Note the position of the prominent Osmundsberg
K-bentonite between the 10 and 11 m levels.
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Fig. 5. Comparison between some Hirnantian through Lower Telychian conodont zone classification schemes. Note the position of the Glisstjärn
and lower Kallholn Formations in terms of the zone classification used in this study.

Anticosti Island, Quebec succession, is of limited use elsewhere,
because several of their zone index species have not been
identified in other regions such as northern Europe. The
succession of Llandovery conodont zones recently used by
Cramer et al. (2011) can readily be applied to Baltoscandian
successions, where all the zone indices have been recorded.
However, we add one conodont zone to the zone scheme of
Cramer et al. (2011), namely the O. hassi Zone, which ranges
from the middle Hirnantian to the Rhuddanian. This zone
designation was introduced by Zhang & Barnes (2002) as a
replacement for the Oulodus? (now Rexroadus) nathani Zone of
McCracken & Barnes (1981), the index of which appears to have
a far too restricted geographic distribution to make it useful
internationally. The base of the O. hassi Zone is defined as the
first appearance level of O. hassi and/or its regular associate O.
oldhamensis, both being geographically very widespread
species. In the Kullsberg Quarry entrance section (Bergström
2007), which represents the inter-mound facies in the Siljan
region, the base of the O. hassi Zone is placed at the level of the
so-called “Klingkalk”, which is a bed of dark sandy impure
limestone containing the Hirnantian guide fossil Mucronapis
mucronatus and other shelly fossils of the Hirnantia fauna in
association with the stratigraphically oldest elements of O.
oldhamensis and the last specimens of Amorphognathus sp. The
latter are fragmentary and the diagnostic M element has not been
found, but in all likelihood the specimens represent Amorphognathus ordovicicus, the index of the subjacent A. ordovicicus
Zone.
Because the top of the O. hassi Zone was originally defined as
the level of the first appearance of Ozarkodina strena Zhang &
Barnes, 2002, which is a species not recorded in northern
Europe, this level is currently difficult to recognize in
stratigraphically virtually complete Baltoscandian successions.
However, this is not a problem in our study succession in which
equivalents to the upper O. hassi Zone are missing. This interval
is cut out by the prominent unconformity beneath the Kallholn
Formation, the basal part of which contains conodonts indicative
of the Aeronian Distomodus staurognathoides Zone.

Conodont zone classification of the study succession
Because the conodonts in our Osmundsberget collections are
referable to taxa that have been adequately described in the
literature, and because the biostratigraphic rather than
taxonomic focus of this study, detailed descriptions of individual
species are not included in this study. However, we illustrate the
elements of representative species in Figs. 6, 7.
Boda Limestone. – As noted by Schmitz & Bergström (2007),
conodonts are generally quite sparse in this calcareous
mudmound unit and diverse faunas have been obtained only
from pockets containing abundant trilobites, brachiopods and
cephalopods, such as those described by Suzuki & Bergström
(1999). The few samples processed from the upper Boda
Limestone in the Osmundsberget Quarry have not yielded
diagnostic conodonts, but it is likely that those strata, as is the
case of other Boda Limestone outcrops, at least partly belong to
the A. ordovicicus Zone as this zone was originally recognized
by Bergström (1971). However, it cannot currently be excluded
that the very uppermost Boda Limestone may prove to be
referable to the overlying O. hassi Zone.
Glisstjärn Formation. – A significant unconformity, by Schmitz
& Bergström (2007) identified as the HA unconformity of
Bergström et al. (2006), separates the Boda Limestone from the
overlying Glisstjärn Formation. The conodont fauna of the latter
unit (Fig. 4) includes numerically dominating specimens of
long-ranging coniform taxa, such as Panderodus sp. (Fig. 6J),
Decoriconus fragilis (Branson & Mehl, 1933) (Fig. 6I),
Dapsilodus obliquicostatus (Branson & Mehl, 1933) (Fig. 6F–
H) and Walliserodus curvatus (Branson & Mehl, 1933) (Fig. 4),
but there are also a few biostratigraphically important species,
including Nordiodus italicus Serpagli, 1967 (Fig. 6A –E), O.
hassi (Pollock, Rexroad & Nicoll, 1970) (Fig. 7H – I) and
Distomodus kentuckyensis Branson & Branson, 1947 (Fig. 7G).
The lowermost sample of the Glisstjärn Formation produced
. 300 elements of the highly characteristic species N. italicus
Serpagli, 1967 (Fig. 6A –E), a species previously known from
the Carnic Alps in the border region between Austria and Italy
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Fig. 6. Photomicrographs of selected conodonts from the Osmundsberget North and West sections. For sample levels, see Fig. 4. Because of space
limitations, only selected elements of the apparatus of each multielement species are illustrated. All illustrated specimens are deposited under LO
numbers in the type collection of the Department of Geology, Lund University, Sweden. All scale bars are 100 mm. A–E. N. italicus Serpagli 1967.
LO 11588t-LO 11592t. From sample D66-116. Basal Glisstjärn Formation. F – H. D. obliquicostatus (Branson & Mehl 1933). LO 11593tLO11595t. F and H from sample D66-128, G from sample D66-129. All from the lower Kallholn Formation. I. D. fragilis (Branson & Mehl 1933).
LO 11596t. Sample D63-91. Basalmost Kallholn Formation at the western entrance section. J, K. Panderodus sp. LO 11597t and LO 11598t. Both
from sample D63-91. Lowermost Kallholn Formation at the western entrance section. L– Q. A. fluegeli (Walliser 1964). LO 11599t-11604t all from
sample D86-7 of Holmer ( ¼ D66-123) except sample P, which is from sample D63-91. Both samples from the basal Kallholn Formation.
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Fig. 7. Photomicrographs of selected conodonts from the Osmundsberget North section. All scale bars are 100 mm. A –F. D. staurognathoides
(Walliser 1964). LO 11605t-LO 11610t. Specimens A, B and F are from sample D66-128 and specimens C, D and E from sample D86-7 of Holmer
(¼ D66-123). All from the lower Kallholn Formation. G. D. kentuckyensis Branson & Branson 1947. LO 11611t. Specimen from sample D66-119.
Glisstjärn Formation. H–I. O. hassi (Pollock, Rexroad & Nicoll 1970). LO 11612t and LO 11613t. All from sample D66-118, 0.9 m above the base
of the Glisstjärn Formation. J –M. Aspelundia? sp. LO 11614t-LO 11617t. All from sample D66-124 except J, which is from D66-128. All from the
lower Kallholn Formation.

(Serpagli 1967). In the latter region, the species occurs in the
Uggwa Formation (known also as the Uqua Formation, and
formerly as the Tonflaserkalke). As is the case of the upper Boda

Limestone (Suzuki et al. 2009), the top portion of the Uggwa
Formation and the overlying Plöcken Formation contain shelly
fossils of the Hirnantia fauna indicating a Hirnantian age
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(Schönlaub 1980, 1988). Hence, the Osmundsberget occurrence
of N. italicus is of comparable age as that in the Carnic Alps, and
the presence of this species, which appears to be
morphologically unrelated to any described Llandovery
conodont, may be taken as strong evidence of the Hirnantian
age of the Glisstjärn Formation.
The characteristic species O. hassi (Fig. 7H –I) first appears
0.5 m above the base of the Glisstjärn Formation. The presence
of this species indicates the O. hassi Zone that in North America
extends from the middle Hirnantian to the Rhuddanian.
Specimens of this species and its regular associate O.
oldhamensis have been collected from Hirnantian strata at
several other localities in Baltoscandia (e.g. Bergström 2007;
Bergström et al. 2012), including Kullsberg and Jälltjärn in the
Siljan region. The presence of this species suggests that the
entire Glisstjärn Formation at our study locality is referable to
the O. hassi Zone. Another notable species found in this unit is
the long-ranging D. kentuckyensis. A few rather incomplete
specimens of Distomodus are present in a sample 0.5 m above
the base of the formation but several of the typical platform
elements of D. kentuckyensis occur in samples from 1 m higher
in the unit (Fig. 7G).
Kallholn Formation. – Apart from a few long-ranging coniform
conodonts that extends from the underlying Glisstjärn
Formation, the conodont fauna of the Kallholn Formation
includes two distinctive compound species, namely Aspelundia
fluegeli (Walliser, 1964) (Fig. 6L – Q) and D. staurognathoides
(Walliser, 1964) (Fig. 7A – F), neither of which is known from
the Glisstjärn Formation (Fig. 4). These two species appear just
above the unconformity that separates the base of the Kallholn
Formation from the underlying Glisstjärn Formation. Both these
species, which are important biostratigraphically and have been
used as zonal indices (Fig. 5), are previously known from
Estonia (e.g. Männik 2007) and Norway (Aldridge & Mohamed
1982). The former species has in Sweden previously been
recorded only from the Llandovery Motala Formation
(Bergström & Bergström 1996) but as far as we are aware, the
Osmundsberget occurrence of D. staurognathoides is the first
record of the latter species from Sweden. Both these species are
represented by several beautifully preserved specimens in our
Osmundsberget collections. On the basis of the presence of the
zone index, we refer the lower part of the Kallholn Formation to
the D. staurognathoides Zone, a chronostratigraphic unit first
defined in the UK (Aldridge 1972) but subsequently recognized
in several parts of the world. The conodont evidence now at
hand suggests that the significant stratigraphic gap separating the
Glisstjärn and Kallholn Formations includes the whole
Rhuddanian and most of the Aeronian stages.
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classification is used in Fig. 4. It is of interest to note that the
presence of Streptograptus johnsonae in the lower Spirograptus
turriculatus Zone indicates the S. johnsonae Subzone of that
zone. As shown in this figure, the D. staurognathoides Zone
begins in the upper part of the Stimulograptus sedgwickii
Graptolite Zone, ranges through the Spirograptus guerichi Zone
and continues into the S. turriculatus Zone. The Osmundsberget
North section is one of the very few outcrops in the world where
graptolite and conodont zonations in this interval can be directly
tied together.

Comparison with the chitinozoan biostratigraphy
In a regional pioneer study of Llandovery and Wenlock
chitinozoan biostratigraphy of the Swedish mainland, Grahn
(1998) examined chitinozoans in a significant number of
samples from the Osmundsberget North section. Although his
generalized stratigraphic column differs somewhat from that in
Fig. 4 in terms of thicknesses and lithological succession (e.g.
the prominent Osmundsberg K-bentonite is omitted), we
estimate that our study succession corresponds approximately
to the 2.0 –12.3 m interval in Grahn’s (1998, fig. 9) illustrated
section.
No chitinozoans were recovered from more than a dozen
samples from the Glisstjärn Formation but 8 of the 13 samples
from the Kallholn Formation produced a total of six species.
Apparently, based on the presence of Conochitina emmastenensis (Nestor) and Conochitina praeproboscifera Nestor,
Grahn (1998) referred the lowermost few metres of the Kallholn
Formation to the C. emmastensis Zone. Although the precise
level of the top of this zone was not indicated, the appearance of
Angochitina longicollis Eisenack, 1959? and Ancyrochitina
sp. aff. Ancyrea A between 4 and 6 m in his section was taken to
indicate that the base of the overlying A. longicollis Zone falls
within this interval that corresponds approximately to the 5.8–
6.8 m interval in our section. Based on the current graptolite
zone classification of the study succession, the top of the C.
emmastensis Zone corresponds to a level in the lowermost metre
of the S. guerichi Zone (Fig. 4). It should also be noted that in
this succession, both his chitinozoan zones are located within the
D. staurognathoides Zone in terms of conodont biostratigraphy.
However, Grahn’s (1998) chitinozoan zone classification is
now somewhat out of date and the chitinozoan biostratigraphy of
the Osmundsberget North succession is further discussed below
in the chapter dealing with the correlation with the succession in
the East Baltic region.

Regional comparisons
Estonia and Latvia

Comparison with the graptolite biostratigraphy
No graptolites have been recorded from the upper Boda
Limestone and the Glisstjärn Formation, and there are no records
of biostratigraphically diagnostic Hirnantian graptolites from
other localities in the Siljan region. Significantly, graptolites are
common, and frequently well preserved, in shales and limestone
concretions in the lower part of the Kallholm Formation at the
study locality (Hutt et al. 1970; Loydell & Maletz 2002), as well
as in coeval strata at other sections in the Siljan region (e.g.
Törnquist 1890, 1892; Thorslund & Jaanusson 1960; Waern
1960). The most detailed graptolite zonation at the study locality
is that published by Loydell & Maletz (2002) and their

The conodont biostratigraphy of the Llandovery succession in
Estonia and Latvia has been intensely studied based on both
drillcores and outcrops (cf. e.g. Nestor et al. 2003; Männik 2007)
and it is now better known than that in any other region of
comparable size in the world. This applies not only to the
Telychian Stage, which has been subdivided into more than a
dozen conodont zones and subzones (Männik 2007) but also to
the Rhuddanian –Aeronian interval that has been the subject of
detailed study (e.g. Loydell et al. 2010). As is the case of
Sweden, the lower-middle Llandovery conodont species
diversity in Estonia and Latvia is relatively low compared
with that in North America.
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Fig. 8. Conodont-based correlation of the lower Kallholn Formation with units in some extra-Swedish successions discussed in the text. “O” refers
to the Osmundsberg K-bentonite.

Although correlatives of the lower Kallholn Formation are
readily recognizable in the Estonian and Latvian successions,
the recorded Hirnantian conodont faunas from the East Baltic
are inadequate for a close comparison with that of the
Glisstjärn Formation. However, the presence of specimens
similar to, if not identical with, O. oldhamensis in the upper
Hirnantian Porkuni Stage (Kaljo et al. 2008) indicates the
presence of the O. hassi Zone.
The fact that the Osmundsberg K-bentonite, which in Estonia
was formerly known as the “O” bed, is present in the Rumba
Formation in the lower Adavere Stage (Bergström et al. 1998)
provides a direct tie to the Osmundsberget North succession
(Fig. 8). It indicates that equivalents to the lower Kallholn
Formation are likely to be found in the lowermost Adavere
Stage, and/or the uppermost Raikküla stage. This is in good
agreement with the conodont biostratigraphy (Fig. 8). For
instance, in the Kolka-54 drillcore from Latvia (Loydell et al.
2010), A. fluegeli and firmly identified specimens of D.
staurognathoides appear at a core depth of , 600 m in the
strata referred to the uppermost Raikküla Stage. From just below
this level are recorded occurrences of S. turriculatus and other
graptolites indicating the S. johnsonae Subzone of the lower part
of the S. turriculatus Zone. At least in part of Estonia, the contact
betweeen the Raikküla and Adavere stages is an unconformity
(Nestor 1997) and this appears to be the case also in the Latvian
Kolka-54 drillcore but this gap is younger than that below the
Kallholn Formation. However, the unconformity below the
Kallholn Formation, which includes the Rhuddanian and much
of the Aeronian stages, is substantially larger than that in the
East Baltic that appears to correspond to only a part of the lower
Telychian Stage.
The detailed chitinozoan biostratigraphy established in the
Kolka-54 drillcore is also in good agreement with that of our
study section. For instance, C. praeproboscifera and C.
emmastensis appear at the base of the Adavere Stage and the
first occurrence of Conochitina proboscifera is a few metres
higher in the drillcore. In terms of the East Baltic chitinozoan
zone classification, most, if not all, of the lower Kallholn
Formation at Osmundsberget North is referable to the
Eisenackitina dolioliformis Zone.
The published record of C. proboscifera in the topmost 2 m of
Grahn’s (1998) Osmundsberg North succession suggests the

presence of the middle Adavere C. proboscifera Zone as this zone
is recognized in the East Baltic region. Because the base of this
zone in the Latvian Kolka-54 drillcore (Loydell et al. 2009), as
well as in other drillcores (Kiipli et al. 2008), corresponds to a
level near the top of the Pterospathodus amorphognathoides
angulatus Conodont Zone and the middle of the Octavites spiralis
Graptolite Zone, the recorded appearance of C. proboscifera in
the Osmundsberget North section is one to two conodont and
graptolite zones earlier than in the East Baltic region. The reason
for this disparity is not clear and requires further study, but it
should be noted that the presence of C. praeproboscifera and C.
emmastensis in our Osmundsberget study succession clearly
indicates an older age than that of the East Baltic C. proboscifera
Zone. Also, as noted by Kiipli et al. (2008), Grahn’s (1998)
questionable identification of A. longicollis, which led Bergström
et al. (2008) to refer part of the lower Kallholn Formation to the A.
longicollis Zone, is probably in need of revision as appears to be
the case with also other Early Telychian records of this species.
The chitinozoan evidence now at hand indicates that in terms of
the East Baltic zone sequence, our study succession falls within
the Eisenackitina dolioliformis Zone and most likely is of latest
Raikküla or/and earliest Adavere age. This dating is consistent
with the age evidence provided by the conodonts and the
stratigraphic position of our study succession in relation to the
lower Adavere Osmundsberg K-bentonite in Sweden and the East
Baltic region.

Norway
Silurian conodont research in Norway is still in an early stage
and this applies to that of the locally splendidly exposed, mostly
calcareous, Llandovery successions in the Oslo region. Although
including mainly stratigraphically important taxa and lacking
detailed information about sampling localities and sample
levels, and being slightly out of date taxonomically, the review
by Aldridge & Mohamed (1982) provides useful information
about species ranges through the Llandovery successions in the
Asker and Ringerike districts. A more detailed study by Nakrem
(1986) is centred on the conodont faunas of the Aeronian –
Telychian Rytteråker and Vik Formations in the Ringerike
district and is therefore of special interest for comparison with
our study succession. Further information about the Norwegian
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Llandovery conodont succession has been provided by Idris
(1984), Aldridge et al. (1993) and Dahlqvist & Bergström
(2005). For a review of the stratigraphic terminology and
conodont zone classification, see Fig. 8.
The conodont faunas of the Solvik and Sælabonn Formations
include, among others, D. kentuckyensis, Icriodella discreta
Pollock, Rexroad & Nicoll, 1970, O. hassi, O. oldhamensis,
Rexroadus (formerly Oulodus) cf. R. nathani McCracken &
Barnes, 1981, and Rexroadus kentuckyensis (Branson &
Branson, 1947). Although showing a general similarity to
those of the O. hassi Zone at Osmundsberget, these faunas differ
in the presence of Icriodella sp., R. aff. R. nathani and R.
kentuckyensis. The latter species appear somewhat above the
base of the O. hassi Zone in southern Ontario (Bergström
unpubl.) and Anticosti Island, Quebec (Barnes 1988). This may
suggest that the Glisstjärn Formation is older than the Solvik
Formation and is of late Hirnantian, rather than Rhuddanian,
age, which is consistent with the d13C chemostratigraphy
(Bergström et al. 2006). An early form of D. staurognathoides
has been recorded near the base of the Rytteråker Formation in
the Asker district (Nakrem 1986), where its range shows a small
overlap with the upper part of that of P. tenuis (Aldridge, 1972).
As discussed by Dahlqvist & Bergström (2005), the latter
species, which has a short range in the Aeronian and is widely
distributed geographically, has locally been used as the index of
its own zone beneath the D. staurognathoides Zone (Cramer
et al. 2011). Aldridge & Mohamed (1982) described the
conodont fauna of the shallow-water Rytteråker Formation as
“sparse” but it includes rare elements of A. fluegeli. From the
lower part of the overlying Vik Formation, Aldridge &
Mohamed (1982) and Nakrem (1986) listed, among others, D.
staurognathoides, A. fluegeli and Pterospathodus pennatus
angulatus (Walliser, 1964) ( ¼ P. amorphognathoides angulatus; cf. Männik 1998, p. 1015), and higher up in the unit, P.
amorphognathoides Walliser, 1964. Because the latter species is
characteristic of the upper Telychian P. amorphognathoides
Zone, it appears that equivalents to the lower Kallholn
Formation at our study section are likely to be in strata well
below this conodont zone in the Vik Formation. This is
consistent with the fact that Bergström et al. (1998) recorded the
Osmundsberg K-bentonite just above the Rytteråker Formation
in the lower S. turriculatus Zone in the lowermost part of the Ek
Formation in Hadeland, a unit that correlates with the upper third
of the Rytteråker Formation in the Oslo region (cf. Worsley
1982, fig. 3). Unfortunately, no graptolites or chitinozoans are
known from the Rytteråker Formation and further conodont
work is clearly needed to establish a more precise biostratigraphy of this formation. However, the incomplete evidence at
hand is consistent with the interpretation that the lower Kallholn
Formation at our study locality is at least broadly equivalent
with the Rytteråker Formation in the Oslo region and Ringerike.

UK
At the present time, no O. hassi Zone conodont species
association similar to that in the Glisstjärn Formation has been
reported from the UK. A possible coeval interval could be
expected to be present in a thin succession of calcareous beds with
a shelly Hirnantia fauna on the top of the Keisley Limestone in
northern England. The latter is a carbonate mound deposit similar
in fauna, age and lithology to the Boda Limestone of the Siljan
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district. However, samples from the interval on the top of the
Keisley Quarry produced a conodont fauna, which lacked O.
hassi and O. oldhamensis but had a species association
reminiscent of that in early Hirnantian and slightly older strata
in Baltoscandia (Aldridge in Bergström & Orchard 1985).
Most of the Llandovery successions in the UK consist of
clastic lithologies unfavourable for successful disintegration of
the rocks by means of weak acids, and as noted in the Aldridge’s
(1972) standard monograph, many samples from the occasional
calcareous interbeds present in these successions have proved to
be barren of conodonts. The scarcity of conodonts is well
illustrated by the fact that the only published conodont record
from the entire Llandovery succession in its type area in South
Wales consists of a single sample with four species from the
Rhuddanian Bronydd Formation (Cocks et al. 1984). Our current
knowledge about British Llandovery conodonts is mainly based
on sections in the Welsh Borderland, where limestones are more
common than in other parts of the country. However, also in this
region, carbonate-dominated successions covering a substantial
portion of the Llandovery are not present and the conodont
records are mostly from spot samples collected from scattered
levels in the various formations.
No conodonts have been reported from Rhuddanian strata in
the Welsh Borderland but the Aeronian Venusbank Formation in
South Shropshire have yielded diverse and biostratigraphically
diagnostic faunas described by Aldridge (1972). As noted by
Dahlqvist & Bergström (2005), the Lower-Middle Aeronian
conodont species associations show close similarity to the
coeval ones from Baltoscandia, and they contain, among others,
the biostratigraphically useful, geographically widespread and
short-ranging species P. tenuis (Aldridge, 1972). This species
has been used as a zone index and the P. tenuis Zone is
approximately equivalent to the I. discreta– Icriodella deflecta
Assemblage Zone (Fig. 5), as this zone was recognized in the
Welsh Borderland by Aldridge (1972, 1985).
The overlying Upper Aeronian – Lower Telychian interval is
characterized by a distinctive conodont species association that
includes, among others, D. staurognathoides and A. fluegeli.
Diagnostic graptolites are quite rare in the conodont-bearing
successions but two species indicating the S. turriculatus Zone
have been reported from a single level in the Minsterley
Formation (Aldridge 1972) that has also yielded D. staurognathoides. On the top of his I. discreta – I. deflecta
Assemblage Zone, Aldridge (1972, 1985) recognized a D.
staurognathoides Assemblage Zone ( ¼ Hadrognathus staurognathoides Assemblage Zone in Aldridge 1972), the base of
which was defined as the base of his Icriodella inconstans
Assemblage Zone (Fig. 5). The species association of the latter
includes P. pennatus and Pterospathodus celloni, which
suggests broad equivalence to the P. celloni Zone as it has
been recognized in Baltoscandia. Because this zone has not
been found in the uppermost part of our Swedish study
succession, we conclude that the lower Kallholn Formation is
older than the base of this zone. This is consistent with the fact
that the base of the P. celloni Zone is just above the
Osmundsberg K-bentonite in the East Baltic region (Kiipli et al.
2010). At the present stage of our knowledge, we can only
suggest that equivalents to the lower Kallholn Formation are
likely to be present in the D. staurognathoides Zone in parts of
the Minsterley Formation, Pentamerus Limestone and Hugley
Shales in South Shropshire.
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North America
Eastern Canada. – A comprehensive and valuable review of the
Llandovery and Wenlock conodont biostratigraphy of eastern
Canada has been presented by Nowlan (1983). Additional
information on the important Anticosti Island and Quebec
conodont succession has been published by, among others, Barnes
(1988), Zhang & Barnes (2002) and Munnecke & Männik (2009).
Although Nowlan (1983) recorded D. staurognathoides from
the Anse à Pierre-Loiselle and Laforce Formations in Gaspé
and the Limestone Point Formation in southern New
Brunswick, the associated conodont species associations show
that these occurrences are likely to be in the P. celloni Zone
and hence to be younger than the lower Kallholn Formation.
Yet, in view of the record of Eocoelia intermedia, an index of
the Upper Aeronian – Lower Telychian (cf. Aldridge 1972, fig.
3; Cocks et al. 1984), from near the base of the Limestone Point
Formation, it is possible that the basalmost part of that unit
locally might be coeval with the lower Kallholn Formation but
supporting conodont evidence for this is not yet available.
More conclusive evidence of the presence of such equivalents
is available from Anticosti Island. Uyeno & Barnes (1983)
recorded a long range of D. staurognathoides through the upper
Gun River Formation, through the Jupiter Formation and into the
lowermost Chicotte Formation (cf. Zhang & Barnes 2002) and
recognized a D. staurognathoides Zone, the top of which was
taken to be the first occurrence of I. inconstans Aldridge, 1972 or
Icriodella malvernensis Aldridge, 1972. This level is also close
to the appearance of Ozarkodina gulletensis and Kockelella
ranuliformis and just below that of P. celloni, Astropentagnathus irregularis and Pterospathodus pennatus pennatus. As
recently shown by Munnecke & Männik (2009), the top of the D.
staurognathoides Zone in this succession is near the top of the
Jupiter Formation and it coincides closely with the beginning of
the Valgu Isotope Excursion. This level corresponds to a level in
the upper Rumba Formation in Estonia (Munnecke & Männik
2009), where it is a little above the Osmundsberg K-bentonite
(Kiipli et al. 2001). Based on this evidence, we conclude that
strata coeval with the lower Kallholn Formation in our Swedish
study succession are present in the upper Jupiter Formation on
Anticosti Island.
South-central Canada. – Both conodont biostratigraphy and
d13C isotope chemostratigraphy indicate that strata coeval with
the Glisstjärn Formation are present in the Manitoulin Formation
in the Bruce Peninsula-Manitoulin Island region in southern
Ontario (Fig. 8). Recent work (Bergström et al. 2007, 2011b) has
shown that the Manitoulin Formation is referable to the O. hassi
Zone and the recognition of the HICE in this unit at several
localities in the Bruce Peninsula region shows that this
formation is of Hirnantian rather than Llandovery age. On
Manitoulin Island (Fig. 8), the presence of the D. kentuckyensis
Zone has been reported from the Dayer Bay Formation and the
P. amorphognathoides Zone from the St Edmund Formation
(e.g. Barnes et al. l978), but there appears to be no published
record of D. staurognathoides. If at all present, the D.
staurognathoides Zone might occur in the Wingfield
Formation that overlies the Dayer Bay Formation but this unit
has not yet yielded biostratigraphically diagnostic conodonts.
Somewhat more firmly biostratigraphically dated Llandovery
successions are widespread in the Hudson Bay region. Although
rarely exposed, hydrocarbon exploration wells show that
carbonate strata of this age are widely distributed, especially
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in the southern part of this vast area. Of special interest for the
present study is the up to more than 200-m thick Severn River
Formation. Based on 390 samples from six wells, Zhang &
Barnes (2007a) recently described the conodont biostratigraphy
of this formation and underlying Upper Ordovician strata. As
noted by these authors, Hirnantian strata appear to be missing in
their wells and hence, equivalents to the Upper Boda Member
and the Glisstjärn Formation are not present. The oldest Silurian
unit, the Severn River Formation, rests unconformably on the
late Katian (Richmondian) Red Head Rapids Formation. The
conodont faunas of the lower Severn River Formation are
relatively sparse and the few species present are of limited use
for regional correlation. However, based on the occurrence of D.
staurognathoides in a several metres thick interval in the middle
to lowermost upper part of this formation, Zhang & Barnes
(2007a) recognized a D. staurognathoides Zone in three wells.
This zone is overlain by an interval with, among others, P.
celloni, Pterospathodus eopennatus and Aulacognathus bullatu.
The latter species suggest a slightly younger age than the D.
staurognathoides Zone. The conodont fauna of the latter zone is
not very diverse but includes, apart from the zone index,
Aspelundia expansa and Ozarkodina pirata. It appears likely
that at least part of the interval having this type of fauna is
equivalent to the lower Kallholn Formation.
North American Midcontinent. – In Ohio, Kentucky and
Indiana, the Rhuddanian – Aeronian Brassfield Limestone is
separated from Katian strata by a prominent stratigraphic
gap that includes at least the Hirnantian Stage (e.g. Berry &
Boucot 1970; Grahn & Bergström 1985; Bergström et al.
2011b). The Brassfield Limestone (Fig. 8) has generally been
interpreted to represent the rather long-ranging D. kentuckyensis
Zone (e.g. Cooper 1975) although the finding of P. tenuis in the
upper Brassfield Limestone in westernmost Ohio (Dahlqvist &
Bergström 2005) suggests that at least locally, part of this
formation is coeval with the P. tenuis Zone. A more precise
biostratigraphic dating is provided by chitinozoans. As shown by
Grahn (1985) and Grahn & Bergström (1985), the Brassfield
chitinozoan fauna includes, among others, Coronochitina
maennili, the zone index of the C. maennili Zone in the
middle Raikküla Stage of Estonia. This zone is correlated with
the lowermost Aeronian Coronograptus gregarius Zone. We are
aware of only a single record of D. staurognathoides in the
Brassfield Limestone, namely that by Nicoll & Rexroad (1968),
who listed this species from just below the Lee Creek Member at
their Dog Falls Osgood section in Jefferson County, Indiana.
Because the latter member has yielded, among others, P.
pennatus and P. celloni (Nicoll & Rexroad 1968), it is clearly
younger than the lower Kallholn Formation. In view of the
apparent absence of the fauna typical of the D. staurognathoides
Zone, we suggest that our study interval at the Osmundsberget
North section probably is not represented in the Brassfield
succession, being cut out by the prominent unconformity below
the Lee Creek Member.
The conodont faunas with D. staurognathoides recorded by
Kleffner (1985) from the “Packer Shell” in the subsurface of
eastern Ohio represent the P. celloni –P. amorphognathoides
zones. According to Kleffner (1985) an unconformity separates
the “Packer Shell” from underlying “Clinton” strata and it
appears likely that the D. staurognathoides Zone is not present.
The records of D. staurognathoides in the Salamonie Dolomite
in the Indiana subsurface and in the middle Brandon Bridge
Member of the Joliet Formation in northeastern Illinois
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(Rexroad & Droste 1982) are also from the P. amorphognathoides Zone and also in that region, the D. staurognathoides
Zone appears to be cut out by an unconformity.
In Oklahoma, in the southernmost part of the North American
Midcontinent, the youngest Ordovician Formation in the
classical succession of the Arbuckle Mountains, the Keel
Formation, has yielded brachiopods and a conodont fauna
indicating a Hirnantian age (Barrick 1986; Eriksson et al. 2005).
This conodont fauna includes the distinctive species Noixodontus girardeauensis, which is also known from coeval strata
in Missouri, Arkansas, the Yukon Territory (Lenz & McCracken
1982) and the lowermost Hirnantian of Estonia (Nõlvak et al.
2006). Because N. girardeauensis occurs within the interval of
the HICE in Missouri (Bergström et al. 2006), as well as in
Estonia, its Hirnantian age is now firmly established. However,
the Keel conodont fauna has little in common with that of the
Glisstjärn Formation and O. hassi and other species characteristics of the O. hassi Zone have not been recorded. The
occurrence of Distomodus sp. and W. curvatus in the topmost
Keel Formation, which Barrick (1986) interpreted to indicate a
Silurian age, is of little biostratigraphic significance, both these
taxa now being known from both the uppermost Ordovician and
the Lower Silurian. We suggest that the Keel Formation is older
than the Glisstjärn Formation but both these units are of
Hirnantian age.
In Oklahoma, the Keel Formation is unconformably overlain
by the Cochrane Formation whose conodont fauna includes D.
staurognathoides associated with taxa indicating the P. celloni
Zone (Amsden & Barrick 1986). It should be noted, however,
that the conodont fauna of the lower part of the Cochrane
Formation includes mainly biostratigraphically undiagnostic
coniform taxa and the zonal assignment of this interval, in which
D. staurognathoides has not been found, remains uncertain.
Based on the data at hand, we believe it unlikely that equivalents
to the lower Kallholn Formation are present in the Oklahoma
succession.
The records of D. staurognathoides from several Llandovery
units in the classical succession in the Niagara Gorge region in
the USA/Canadian border region (Kleffner 1991) are also from
the P. amorphognathoides Zone. No conodonts have been
recorded from the immediately underlying clastic units in that
region.
Western North America. – In a comprehensive study of the
Silurian and Lower Devonian conodont biostratigraphy in
central Nevada, Klapper & Murphy (1974) reported D.
staurognathoides ( ¼ H. staurognathoides in Klapper &
Murphy 1974) from the basalmost part of the Roberts
Mountain Formation. However, the fact that this species is
there associated with, among others, P. pennatus angulatus and
P. celloni shows that this occurrence is in the P. celloni Zone and
hence is slightly younger than that in the lower Kallholn
Formation. The Roberts Mountain Formation rests
unconformably on the Ordovician Hanson Creek Formation,
which contains the HICE in the Monitor Range (Finney et al.
1999). As described by Sweet (2000), the topmost part of the
Hanson Creek Formation just above the HICE interval contains
Normalograptus persculptus Zone graptolites associated with O.
hassi, O.? oldhamensis, Distomodus sp. and coniform elements,
hence a species association closely similar to that of the
Glisstjärn Formation (cf. Schmitz & Bergström 2007). Both the
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conodont biostratigraphy and d13C isotope stratigraphy suggest
that these strata are equivalent to the Glisstjärn Formation. As
reported by Nõlvak et al. (2004), conodonts from a slightly
higher interval at Copenhagen Canyon include, among others, P.
eopennatus, Pterospathodus pennatus procerus and D. cf.
staurognathoides, a species association of Middle Telychian
age. The conodont biostratigraphy indicates that the gap between
the Roberts Mountain and Hanson Creek Formations is even
larger than that between the Glisstjärn and Kallholn Formations
and includes the Rhuddanian, Aeronian and part of the
Telychian stages.
The diverse and excellently preserved conodont fauna
described by Savage (1985), from the basal Heceta Limestone
on Cap Island near Prince of Wales Island in southeastern
Alaska contains D. staurognathoides but the fact that this
species is associated with Pterospathodus amorphognathoides
rhodesi and other taxa suggest that the basal Heceta Limestone
is younger than the lower Kallholn Formation
There are also records of D. staurognathoides and A. fluegeli
from scattered localities in the Canadian Cordillera region (e.g.
McCracken 1991; Pyle & Barnes 2002) but these occurrences
are currently not known in enough detail for a meaningful
comparison with our Swedish study section.
Russia. – In a pioneer study of the Llandovery conodont
biostratigraphy of Severnaya Zemlya, Männik (1983) recorded a
conodont fauna with P. tenuis and other species of the
eponymous zone from the lower half of the Vodopad Formation
(Fig. 8). The upper part of this formation has not yielded
biostratigraphically highly diagnostic conodont taxa, but the
presence of I. cf. inconstans in the overlying Golomyannyi
Formation suggests an age comparable with the I. inconstans
Assemblage Zone in the UK and the P. celloni Zone in other
parts of the world. The available conodont records are
insufficient for recognition of possible equivalents to the lower
Kallholn Formation but if present, they would presumably be in
the upper Vodopod Formation that Männik (1983) correlated
with the D. staurognathoides Zone.
An excellent succession through the Hirnantian and associated
strata has been described from Mirny Creek in northeastern
Siberia (Koren’ et al. 1983; Koren’ & Sobolevskaya 2008). In
this section, the Hirnantian Stage has a thickness of 89 m and
contains diverse shelly fossils. Among the conodont samples
from this interval investigated by Zhang & Barnes (2007a), only
one, from the very lowermost Hirnantian, proved to contain a
number of conodont taxa, including Protopanderodus insculptus, Belodina confluens and Aphelognathus sp., none of which is
known to range in the Silurian. As is the case of many Hirnantian
sections around the world, that at Mirno Creek is very poor in
conodonts and the few specimens known from the Hirnanian
part of the Tirekhyakh Formation are not biostratigraphically
useful. The overlying, mostly shaly, Maut Formation has yielded
earliest Silurian graptolites and conodonts, including Kockellella? manitoulinensis, D. kentuckyensis, R. cf. kentuckyensis
and an Ozarkodina species reminiscent of O. oldhamensis.
Zhang & Barnes (2007b) reported the presence of D.
staurognathoides in strata referable to the Coronograptus
cyphus Zone approximately 90 m above the base of the Silurian.
The presence of this species in upper Rhuddanian strata is
obviously significantly older than that in the Telychian Kallholn
Formation, but we are not aware of any report of conodonts from
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Fig. 9. A generalized global d13Ccarb curve through the Aeronian and the Lower and Middle Telychian stages (after Cramer et al. 2011). Note that
the prominent negative excursion between the early Aeronian and Valgu positive excursions is placed in the upper S. sedgwickii Zone. The black
box shows the approximate range of the Osmundsberget North study succession.

Table 1. d13Corg and d34Spyr values from the lower Kallholn Formation at the
Osmundsberget North study succession.
Sample

%TOCa

d13Corg

d34S

10B8-1
10B8-2
10B8-3
10B8-4
10B8-5
10B8-6
10B8-7
10B8-8
10B8-9
10B8-10
10B8-11
10B8-12
10B8-13

2.33
2.53
2.45
1.12
3.49
1.34
0.72
1.52
1.58
1.53
1.63
0.79
0.45

229.14
229.34
229.13
229.94
230.32
229.69
229.30
229.62
229.67
229.95
229.66
229.38
229.08

0.80
0.81
24.99
217.45
27.90
218.99
215.15
218.36
219.55
218.64
–
210.25
216.28

Notes: For sample levels, see Fig. 10. All samples are from the D. staurognathoides
Conodont Zone and the E. dolioliformis Chitinozoan Zone.
a

Weight per cent TOC in the sample.

the Aeronian succession at Mirny Creek and surrounding region
so the correlation to the Siljan region succession is unresolved.
Greenland. – It is currently difficult to recognize equivalents of
the Glisstjärn and Kallholn Formations in the sections from
North Greenland described by Armstrong (1990). In, for
instance, sections near Odin Fjord, north-central Peary Land, the
Turesø Formation has yielded conodonts faunas closely similar
to those of the Richmondian of North America. These include
species of Aphelognathus, Plegagnathus, Pseudobelodina,
Oulodus and Rhipidognathus, a typical Late Katian species
association of North American Midcontinent type. Near the
middle of the Turesø Formation, the typical Katin conodont taxa
are replaced by a species association that includes A. expansa,
K.? manitoulinensi, O. hassi and O. pirata. Most of the Upper
Aeronian – Lower Telychian Odins Fjord Formation, which
Armstrong (1990) referred to the A. fluegeli Zone, is poor in
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Fig. 10. d13Ccarb curve through the Glisstjärn Formation and d13Corg and d34Spyr curves through the lower Kallholn Formation. Following Schmitz
& Bergström (2007), the Glisstjärn curve is interpreted as representing the end of the HICE. The late Aeronian– early Telychian lower Kallholn
d13Corg curve shows no prominent d13Corg excursions and it is interpreted as corresponding to the interval between the late Aeronian and the early
Telychian Valgu positive excursions.

biostratigraphically diagnostic conodonts. The uppermost part
of the Odins Fjord Formation in central and eastern Peary Land
contains P. celloni, P. pennatus pennatus, A. fluegeli and D.
staurognathoides, a Middle Telychian P. celloni Zone species

association that is younger than the lower Kallholn Formation.
Hence, if strata equivalent to the lower Kallholn Formation are
present in the Odins Fjord succession, they should be located
below this conodont zone.
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Chemostratigraphy
d13Ccarb and d13Corg analyses
Recent chemostratigraphic investigations in the Llandovery
(e.g. Kaljo et al. 2003; Melchin & Holmden 2006; Cramer et al.
2011) have resulted in the discovery of significant positive d13C
excursions in both carbonates (d13Ccarb) and organic matter
(d13Corg) in the late Aeronian as well as in the Middle Telychian
(Valgu excursion). There is also a short-lived drop in the
d13Ccarb in the Aeronian –Telychian boundary interval (Fig. 9).
In view of this, and the presence of the excellent biostratigraphy
in the Osmundsberget North study succession, we also
undertook a study on the d13C chemostratigraphy in our study
succession. This investigation may be viewed as a stratigraphically upward extension of the study of the Hirnantian
chemostratigraphy of the Osmundsberget North succession
conducted by Schmitz & Bergström (2007).
The Kallholn Formation mostly consists of grey to black
shales, which made it necessary to use d13Corg rather than
d13Ccarb for chemostratigraphy. In addition, these shales contain
some relatively pyrite-rich intervals and therefore, stable
sulphur isotopes of the sedimentary pyrite (d34Spyr) were also
analysed. Thirteen shale samples from an approximately 6-mthick interval in the lower Kallholn Formation were processed at
the Department of Geological Sciences at Indiana University for
carbon and sulphur isotope analyses (Table 1).
Sample powders were obtained from the samples by first
removing all weathered shale edges with a diamond blade waterbased rock saw. Samples were then placed in an ultrasonic bath
containing ultrapure (deionized, 18 MV) water to remove
surficial organic contaminants. Dried samples were powdered in
an agate mortar and pestle, and then accurately weighed (, 1 g)
followed by acidifying with 6 N HCl to remove any carbonate
minerals. Insoluble residues were then repeatedly rinsed in
ultrapure water, centrifuged and dried overnight at 808C. The
dried residues were homogenized, weighed and loaded into tin
cups for d13Corg analysis. Stable d13Corg values were obtained
using a Costech Elemental Analyzer coupled to a ThermoFinnigan Delta Plus XP through an open split Conflo III in the
Stable Isotope Research Facility (SIRF) at Indiana University.
Samples were dropped under helium into an oxidation furnace
packed with chromium (VI) oxide and silvered cobaltic/cobaltous oxide (to remove any halogens) at 10008C. The gas was
then passed through a reduction furnace packed with elemental
copper at 6808C to reduce all nitrogen-bearing compounds to
gaseous nitrogen. The resulting gases were passed through a
water trap to eliminate moisture. Carbon isotope ratios were
corrected for 17O contribution and reported in per mil notation
relative to the Vienna Pee Dee Belemnite standard (‰).
Precision and calibration of data were monitored through routine
analyses of in-house standards that were rigorously calibrated
against IAEA standards. Standard deviations for d13C were
^ 0.06‰ (one sigma) and ^ 0.7‰ for %C (one sigma). Weight
per cent of total organic carbon (TOC) was determined by
comparison of voltages for the ion beam intensities of masses
44, 45 and 46 CO2 between our samples and known weight per
cent carbon of the gravimetric standard Acetanilide.

d34Spyr analyses
Approximately 2– 3 g of sample powders were also extracted for
pyrite (FeS2) sulphur following a protocol described by Canfield
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et al. (1986) and modified by Brückert & Pratt (1996). Samples
were reacted with a mixture of , 40 ml of 12 N HCl and , 40 ml
of 1.0 M chromous chloride (CrCl2 £ 6H2O) in a N2-purged
extraction flask. The flowing N2 carried the evolved H2S from
FeS2 decomposition through a buffer solution (0.1 M citrate
solution adjusted to pH 4) into a 0.1 M AgNO3 solution where it
was precipitated as Ag2S. The Ag2S precipitate was then filtered,
rinsed and dried onto a baked 0.22 mm quartz fibre filter that was
saved for isotope analyses. Ag2S was then homogenized and
weighted into tin cups with excess V2O5 for d34S measurements.
These were done using a Costech Element Analyser coupled to a
ThermoFisher Delta V isotope ratio mass spectrometer via a
Conflo IV split interface at SIRF at Indiana University.
Calibration of our samples via the SO2 method was done
based on laboratory standards calibrated relative to the IAEA S1 standard (d34S, , 0.30‰) and NBS-127 (d34S, þ 20.3‰).
Analytical reproducibility was better than ^ 0.2‰ for standards
and duplicate samples.

Discussion
As seen in Fig. 10, the d13Corg range almost entirely between
2 29‰ and 2 30‰ and there are no conspicuous excursions,
such as the late Aeronian excursion and the Telychian Valgu
excursion (cf. Cramer et al. 2011, fig. 3). The fact that the former
excursion is in the lower S. sedgwickii Zone in the succession on
Cornwallis Island in the Canadian Arctic (Melchin & Holmden
2006) and in the same interval at Dob’s Linn, southern Scotland
(Underwood et al. 1997), but missing in the same graptolite zone
in the lowermost Kallholn Formation, is likely due to the fact
that much of this graptolite zone may be missing at the subKallholn unconformity at Osmundsberget. In Estonia, the Valgu
excursion is just above the Osmundsberg K-bentonite in strata
referred to the Spirograptus crispus Graptolite Zone and the P.
eopennatus Conodont Zone, hence in a stratigraphic interval that
is slightly younger than the top of our study section.
As has been noted by several authors (e.g. Young et al. 2008,
2010; Ahlberg et al. 2009), d13C curves based on d13Ccarb are not
necessarily closely similar in timing, magnitude and shape to
those based on d13Corg from the same section. The fact that most
previous studies of the Aeronian and Telychian d13C
chemostratigraphy have been based on d13Ccarb rather than
d13Corg restricts the possibility of making precise regional
comparisons of our isotope curve. Furthermore, the lower
Kallholn d13Corg range values are rather consistent and show no
distinctive trend and represent only a relatively short
stratigraphic interval. However, as shown in Fig. 11, our
Kallholn d13Corg range values are in general similar to the
d13Corg values from the same biostratigraphic interval (upper S.
sedgwickii through lower S. turriculatus Graptolite Zones) on
Cornwallis Island (Melchin & Holmden 2006). In all likelihood,
further chemostratigraphic studies of stratigraphically higher
parts of the Kallholn Formation will result in the recognition of
the Valgu excursion in d13Corg.
The long-term carbon and sulphur cycles are linked due to the
fact that sulphate is inferred to be the most abundant available
alternate electron acceptor for anoxic degradation of organic
matter due to the presence of millimolar levels of sulphate in the
ocean for most of the past 2.5 billion years (e.g. Berner 1987;
Shen et al. 2001; Habicht et al. 2002; Canfield 2004; Fike et al.
2006). Bacterial sulphate reducers (BSRs) produce hydrogen
sulphide (H2S) during their metabolism and in the presence of
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Fig. 11. Comparison between the d13Corg curves from the 6.5-m thick lower Kallholn study succession and the 45-m thick section at Cape Manning
on Cornwallis Island in the Canadian Arctic (after Melchin & Holmden 2006). In this figure, the S. guerichi Graptolite Zone of the latter succession
is scaled to be of the same vertical thickness as the same zone in the Osmundsberget North succession. Although present in the lower, rather than
upper, S. sedgwickii Graptolite Zone, the prominent positive excursion in the Cape Manning succession is interpreted to represent the late Aeronian
excursion of Cramer et al. (2011). The absence of this excursion in the Osmundsberget North succession may be due to the fact that the lower S.
sedgwickii Graptolite Zone is absent in this section, being cut out by the prominent unconformity between the Glisstjärn and Kallholn Formations.
Apparently, as discussed in the text, the Osmundsberget study succession does no reach as high stratigraphically as the Valgu excursion. This
excursion is not very distinct in the Cape Manning d13Corg curve but it is quite conspicuous in the d13Ccarb curve from the same stratigraphical
interval and locality (Melchin & Holmden 2006, fig. 3).

dissolved Fe2þ, sulphide minerals such as pyrite (FeS2) are
rapidly precipitated. H2S produced by BSR is isotopically
depleted in 34S by up to 45‰ in laboratory experiments
(Harrison & Thode 1958; Habicht & Canfield 1996; Canfield
et al. 2000) and this fractionation can approach 60‰ in
environments such as the Black Sea (Fry et al. 1991). The 34Spyr
values from the Kallholn Formation range from þ 0.8‰ in the S.
sedgwichii Graptolite Zone to as low as 2 19.55‰ in the S.
guerichi Graptolite Zone (Fig. 10). There is an overall negative
drop of , 20‰ in the 34Spyr values over the 6-m study interval of
the Kallholn Formation. This large decrease in 34Spyr values
reported here could result from (1) increased fractionation
between the sea water sulphate source for BSR and the product

sedimentary pyrite; (2) a decrease in the pyrite burial or (3) a
change in the 34SIN value of incoming sulphate to the ocean at
that time.
A dramatic change in 34SIN values would be required to
explain this , 20‰ drop in 34Spyr in the late Aeronian – early
Telychian. Currently, there is no plausible explanation for such a
large change in the d34S of incoming sulphate to the oceans.
However, the data presented here (Table 1) do support a
decrease in the pyrite burial through the Kallholn Formation
study interval as pyrite-S concentrations and TOC% decline
up section. Although increased fractionation cannot be ruled out
as an explanation at this time, this 34Spyr trend could be
recording a return to higher oceanic sulphate concentrations, and
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therefore increased fractionations between 34S sulphate and
34
Spyr. One potential explanation for the d13Corg and d34Spyr
values from the Kallholn Formation is that they represent a
return from high rates of organic carbon and pyrite burial during
the late Aeronian (positive d13C excursion within the lower S.
sedgwickii Graptolite Zone) to lowered rates of burial in the
latest Aeronian through the early Telychian. This explanation
would agree with a similar hypothesis put forward to explain
positive d13C and d34S excursions during the late Cambrian
SPICE event and the latest Ordovician HICE events (e.g. Zhang
et al. 2009; Young et al. 2010; Saltzman et al. 2011; Gill et al.
2011; Hammarlund et al. 2012). Also, an expansion of anoxic
and potentially sulphidic water masses into the shelf
environments during the late Aeronian could potentially explain
a previously documented extinction event in the lower S.
sedgwickii Graptolite Zone (Aldridge et al. 1993). This is the
first d34S investigation in the Silurian of Sweden and clearly,
additional study is needed to obtain complete d13C and d34S
profiles through the late Aeronian excursion interval that may
help determine the ultimate cause(s) of the d34Spyr value trend
recorded from the Osmundsberget North section.

Conclusions
The main results of this study are summarized as follows:
1. A series of conodont samples from the Glisstjärn and lower
part of the Kallholn Formations in an outcrop of these units
along the northern entrance road to the Osmundsberget
Quarry in the Siljan area produced thousands of conodonts,
including several species useful for biostratigraphic classification of the outcrop succession. In having also graptolites
and chitinozoans, this is a unique outcrop for strata of this age
not only in Sweden but also in the entire Baltoscandia.
2. The conodont collections confirmed that the Glisstjärn
Formation is referable to the global O. hassi Zone and is of
late Hirnantian (latest Ordovician) age. The conodont fauna
of the overlying Kallholn Formation includes D. staurognathoides and A. fluegeli and represents the D. staurognathoides Zone, which is of late Aeronian – early Telychian
age. This is the first record of this conodont zone from
Sweden.
3. Because the study succession in the lower Kallholn
Formation has also produced biostratigraphically significant
graptolites and chitinozoans, it provides a rare opportunity to
directly tie the conodont biostratigraphy to the biostratigraphies based on these fossils. Hence, as developed in the
study succession, the lower part of the D. staurognathoides
Zone corresponds to the late Aeronian S. sedgwickii
Graptolite Zone and the Baltoscandian E. dolioliformis
Chitinozoan Zone. The upper part of the study succession,
which is of early Telychian age, represents the upper portion
of the S. staurognathoides Zone and the S. guerichi and S.
turriculatus Graptolite zones as well as the E. dolioliformis
Chitinozoan Zone.
4. Based on conodonts and chitinozoans, as well as on the
presence of the geographically widespread and prominent
Osmundsberg K-bentonite, Estonian equivalents to the lower
Kallholn Formation are likely to be found in the upper
Nurmelund and Sarde Formations, and possibly in the lower
Rumba Formation. In terms of Estonian regional stages, this
interval is classified as the latest Raikkula and/or earliest
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Adavere stages. In southeastern Norway, possible equivalents
to the lower Kallholn Formation may be present in the upper
part of the Rytteråker Formation.
5. Although there are records of the relatively long-ranging D.
staurognathoides from many localities around the world,
most are from the P. celloni Zone or younger conodont zones
and well-established pre-P. celloni Zone occurrences of this
zonal index and the Pterospathodus staurognathoides Zone
are not very common. This makes it somewhat difficult to
recognize equivalents to the lower Kallholn Formation in
regions outside Baltoscandia but coeval strata may be present
in the UK, Anticosti Island in Quebec, the Hudson Bay and
Manitoulin Island regions in Ontario, northern Greenland and
northern Russia.
6. Carbon isotope studies have been carried out on samples from
the Glisstjärn and lower Kallholn Formations. As published
previously, the Glisstjärn d13Ccarb values are interpreted as
representing the end portion of the HICE indicating a latest
Hirnantian age of the unit. Thirteen samples collected
through the lower part of the Kallholn Formation produced
d13Corg values between 2 29.08‰ and 2 30.32‰. Although
there are no conspicuous d13C excursions, such as the late
Aeronian excursion and the Telychian Valgu excursion, the
d13Corg curve is similar to that of the coeval interval in the
Cape Phillips Formation of the Cornwallis Island in the
Canadian Arctic.
7. The d34Spyr values show a conspicuous decreasing trend from
, 0‰ to , 2 15‰ stratigraphically upwards in the lower
Kallholn Formation but in the absence of such investigations
of this interval elsewhere, the significance of this trend and its
cause(s) remain uncertain.
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Ebbestad, J.O.R. & Högström, A.E.S., 2007a: Locality descriptions, the Siljan
District. In J.O.R. Ebbestad, M. Wickström & A.E.S. Högström (eds.):
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WOGOGOB 2007. 9 th Meeting of the working group on Ordovician geology
of Baltoscandia. Field guide and abstracts. Sveriges Geologiska Undersökning
Rapporter och Meddelanden 128, 1–109.
Eisenack, A., 1959: Neotypen baltischer Silur-Chitinozoen und neue Arten.
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Thorslund, P., 1935: Über den Brachiopodenschiefer und den jüngeren Riffkalk
in Dalarne. Nova Acta Regio Societas Scientiarum Upsaliensis 4 (9), 1–50.
Thorslund, P. & Jaanusson, V., 1960: The Cambrian, Ordovician, and Silurian in
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