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Furnesfjorden Member, the basal member of the Mjøsa 
Formation.

The other, and significantly thicker, section was sampled 
along the eastern and northeastern walls of the eastern-
most, recently quarried, part of the quarry. We collected 
this section, which is just east and north of a water-filled 
pit, starting from the lowest exposed north-dipping bed 
at the south-east end of the pit and continuing up to the 
base of a lithologically conspicuous succession of silt-
stones, which is interpreted to represent the Holtjern 
Member of Opalinski & Harland (1981), high up on the 
north wall of the quarry.  A single sample, which proved 
to contain too little carbonate to yield a δ13C value, was 
collected from the base of the latter member, which has 
an estimated thickness of about 20 m, but because of the 
difficulty and physical risk involved in climbing higher 
parts of the steep slope without body harness and rope, 
no further sampling was done from that member. A total 
of 30 samples were collected at 2 m intervals from this 
section, which is a lithologically relatively uniform and 
apparently largely, if not entirely, unfaulted succession 
of poorly fossiliferous limestones. This entire succes-
sion appears to represent the Gålås Member of Opal-
inski & Harland (1981). Because the thickness of this 
member at Furuberget given by the latter authors is 
36.5 m, we expected that our sampled succession would 
overlap at least 10 m with the entrance road section. 
However, as shown below, the δ13C chemostratigraphy 
strongly suggests that this is not the case; rather there 
is a stratigraphic gap, presumably of no more than a 
few m, between the collected successions. Based on our 
measurements, and the thickness figure of the Holtjern 
Member (25.9 m) given by Opalkinski & Harland (1981), 
the thickness of the Mjøsa Formation at Furuberget 
would amount to more than 111.9 m, which is signifi-
cantly larger than the thickness commonly cited for the 
formation (100 m).

Laboratory treatment of samples 

Powdered, homogenized bulk-rock samples were ana-
lyzed for 13C/12C and 18O/16O ratios at the Stable 
Isotope Laboratory, Department of Geology, Copen
hagen University. The samples were dissolved in vacuum 
in 100% phosphoric acid at 25 °C. The carbon dioxide 
evolved was analyzed in a Finnigan-MAT 250 mass-
spectrometer. The results are reported in per mil (‰) 
deviations from the V-PDB (Vienna-Pee Dee Belemnite) 
standard. Reproducibility is better than ±0.03 ‰ for δ13C 
and ±0.05‰ for δ18O expressed as ± σ (standard devia-
tion) for 10 identical samples. Only the δ13C results of 
the 45 samples studied are dealt with herein and listed in 
Table 1.

 

Table 1. 13C and 18O sample values from 
the two study sections at Furuberget. Standard 
deviation is 0.09 and 0.23, respectively.
Entrance road section  
(measured from the base of the Mjøsa Formation)

M δ13C δ18C

0 2.4 -6.75
2 2.22 -9.06
4 1.28 -9.63
6 1.60 -7.26
8 1.64 -4.87

10 1.17 -8.61
12 1.01 -9.14
14 1.01 -9.62
16 0.99 -8.59
18 0.93 -8.90
20 1.77 -6.12
22 1.09 -8.75
24 1.44 -8.60
26 1.35 -8.97
28 1.64 -8.86

Quarry section (measured from the oldest strata exposed in the 
quarry wall to the base of the Holtjern  Member)

0 2.64 -3.14
2 1.56 -7.05
4 2.46 -6.00
6 1.85 -5.97
8 2.30 -6.62

10 1.94 -6.42
12 1.93 -7.83
14 1.85 -7.68
16 1.89 -7.62
18 2.33 -7.55
20 1.60 -7.51
22 1.63 -7.78
24 1.83 -7.77
26 2.56 -7.27
28 2.18 -7.35
30 2.33 -7.57
32 2.43 -6.72
34 2.07 -7.93
36 1.84 -8.19
38 2.13 -8.23
40 2.34 -8.11
42 1.72 -8.68
44 1.68 -7.30
46 1.81 -8.83
48 1.76 -8.31
50 1.75 -6.89
52 1.23 -8.70
54 1.40 -9.06
56 0.94 -7.16
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the recorded thickness of the Mjøsa Formation (approxi-
mately 100 m) elsewhere in the Lake Mjøsa region. 

Regional comparison
As noted above, based on conodont biostratigraphy, it is 
far easier to establish equivalents to the Mjøsa Formation 
in the North American Midcontinent than in the Swed-
ish and East Baltic successions. We will therefore start 
our review of the regional stratigraphical relationships 
of the Mjøsa Formation with a comparison with the Lex-
ington Limestone of Kentucky. This is followed by sepa-
rate discussions of the relationships to key successions in 
Sweden, Estonia, China, and the Oslo Region, Norway.

13C chemostratigraphy

The δ13C curve of the Mjøsa Formation

A composite δ13C curve through most of the Mjøsa 
Formation based on the samples from the two sampled 
sections is illustrated in Figure 5. The samples from the 
lowermost two meters of the Mjøsa Formation show 
unusually elevated δ13C values in comparison with 
those from presumably coeval strata elsewhere (e.g. 
Young et al. 2005) but it is appropriate to note that these 
values have a significantly lower laboratory precision 
than is the case with most other samples. Regardless of 
the possible significance of this, the δ13C baseline values 
of the lower part of the Furnesfjorden Member appears 
to be ~+1‰. There is an indication of a small increase 
in δ13C values in the uppermost portion of the sampled 
entrance road succession that could represent a begin-
ning of a δ13C excursion but its possible significance 
requires further study.

The lowermost sample of the quarry section has a mark-
edly higher δ13C value of +2.64‰, which in magnitude 
is higher than that of the GICE recorded in Swedish 
(Saltzman et al. 2003; Bergström et al. 2009b; Barta et 
al. 2007), Estonian (Kaljo et al. 2007), and most North 
American (Young et al. 2005) successions. Because this 
high δ13C value, and similar high values obtained from 
the overlying interval of the Gålås Member up to at least 
the 40 m level, are of GICE magnitude (most are between 
+2‰ and +2.5‰), combined with that fact that accord-
ing to conodont biostratigraphy they occur in the same 
stratigraphic interval as the GICE in North America, 
we identify this excursion as the GICE. Above the 40 m 
level, there is a somewhat gradual fall in the δ13C curve 
that reaches a baseline value of <+1‰ at the top of the 
Gålås Member. We interpret this decline in the δ13C val-
ues as marking the end of the GICE, which appears to 
have a stratigraphical thickness of >50 m. The fact that 
in most other Baltoscandic sections, the thickness of the 
GICE interval is <10 m shows that the rate of net depo-
sition of the Mjøsa Formation was several times higher 
than that in the more central portions of the Baltoscan-
dic craton. Also in North America and China, the thick-
ness of the GICE interval is at most localities <20 m. We 
know only one succession, namely in the Tarim Basin, 
China (Bergström et al. 2009b), where the GICE inter-
val appears to be significantly thicker than in the Mjøsa 
Formation but the biostratigraphic dating of the Tarim 
sequence is still tentative and more than one δ13C excur-
sion may be involved.

As noted above, the rather conspicuous difference 
between the δ13C values at the top of the entrance road 
section and the bottom of the quarry section suggests 
that there is no stratigraphic overlap, but rather a strati-
graphic gap, between these sections. At the present 
time, the size of this gap remains undetermined but it is 
unlikely to amount to more than a few meters in view of 

Fig. 5. The δ13C curves through the Mjøsa Formation at 
the Entrance Road and Quarry sections. Note that the δ13C 
chemostratigraphy suggests that these sections do not over-
lap stratigraphically; rather, they appear to be separated by 
an unstudied, presumably quite thin, stratigraphic inter-
val. The figure also shows that the GICE is restricted to the 
sampled quarry succession, which is interpreted to repre-
sent the Gålås Member of Opalinski & Harland (1981).
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be taken as a third- order sequence boundary in such a 
classification but whether or not it is associated with a 
notable stratigraphic gap is currently unknown. How-
ever, there is a distinct change in the conodont fauna at 
the base of the Mjøsa Formation at Furuberget (Fig. 3).

The interval between the base of the Lexington Lime-
stone and the base of the Mjøsa Formation and the level 
of the beginning of the GICE is characterized by baseline 
δ13C values. This interval is referred to as the Curdsville 
Member in Kentucky and the Furnesfjorden Member in 
the Lake Mjøsa region. The vertical scale in the strati-
graphic column in Figure 6 is based on the reasonable 
assumption that the GICE had the same geochronologi-
cal duration globally. Interestingly, as illustrated in this 
figure, this results in that also the Curdsville and Furnes-
fjorden members were deposited during approximately 
the same time span although they differ substantially in 
thickness. Hence, it appears as if these members are close 

North America 

As shown in Figures 3 and 6, both in terms of biostratig-
raphy and δ13C chemostratigraphy, and also lithostratig-
raphy, there are surprising similarities between the Lex-
ington Limestone and the Mjøsa Formation despite the 
fact that these units are likely to have been widely sepa-
rated geographically during their deposition in Late 
Ordovician time.

The base of the Lexington Limestone is an unconformity, 
which is marked by a distinct facies change and a minor 
stratigraphic gap. This level represents the geographically 
widespread third-order M4/M5 sequence boundary of 
Holland & Patzkowsky (1996). The basal contact of the 
Mjøsa Formation is not as clearly marked lithologically 
as that of the Lexington Limestone but it certainly repre-
sents a general change in deposition from dominant silic-
iclastics to dominant carbonates. This level could well 

Fig. 6. Comparison of the δ13C curves of the Mjøsa Formation and the coeval part of the Lexington Limestone in Kentucky. 
The latter curve is a composite based on δ13C values from the Frankfort East section (Curdsville and Logana members) 
and the Minerva drill-core (Grier Member) (after Young et al. 2005, 2008). Note the similarity between these δ13C curves 
despite the fact that the GICE is approximately five times thicker in the Mjøsa succession than in the Lexington Limestone. 
Also note the close correlation between the lower members of the two formations. The geographically widespread M4/M5 
sequence boundary of Holland & Patzkowsky (1996) is located at the base of the Lexington Limestone. In stratigraphically 
nearly complete successions, the prominent Millbrig K-bentonite is present at, or very near, the top of the Tyrone Limes-
tone.
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Sweden, Estonia, and Latvia 
During the last decade, a substantial amount of che-
mostratigraphic work involving the GICE has been car-
ried out in Sweden (e.g. Bergström et al. 2001; Saltzman 
et al. 2001, 2003; Bergström et al. 2004; Tobin et al. 2005; 
Calner et al. 2010; Bergström et al. 2010) and Estonia and 
Latvia (e.g. Ainsaar et al. 1999, 2004a, 2004b; Kaljo et 
al. 2004a, b, 2007), and the stratigraphic position of the 
GICE is now well established in several key sections in 
these countries. In Figure 7, we compare the δ13C curve 
of the Mjøsa Formation with those from Fjäcka, Sweden, 
and the Mehikoorma (421) drill-core from southeastern 
Estonia.

In the well-known Fjäcka section in central Sweden (for 
stratigraphy, see Bergström 2007), the GICE starts in the 
middle part of the Skagen Formation and ranges into 
the middle portion of the overlying Moldå Formation 
(Saltzman et al. 2003; Barta et al. 2007; Bergström et al. 
2009a). Based on δ13C chemostratigraphy, we correlate 
the Swedish GICE interval with that in the Gålås Member 
of the Mjøsa Formation. The lower portion of the Skagen 
Formation has baseline δ13C values similar to those of the 
Furnesfjorden Member, which suggests that these two 
intervals may be coeval although they are of very differ-
ent thickness and have very different faunas. The contact 

equivalents. Further, the range of the GICE coincides 
with that of the Logana Member in Kentucky and that 
of the Gålås Member in the Lake Mjøsa region, which 
indicates that also these members are to be regarded as 
coeval. The Logana Member is generally considered to 
have been deposited in deeper water than the Curdsville 
Member (Brett et al. 2004) but if the same applies to the 
Gålås Member compared to the Furnesfjorden Member 
requires further studies. The Logana Member has an 
abrupt upper contact used as the M5A/M5B sequence 
boundary by Brett et al. (2004). Because the upper con-
tact of the Gålås Member, which is also lithologically well 
marked in the Furuberget Quarry, has been described 
as a regionally distributed erosion surface by Opalinski 
& Harland (1981), it may well correlate with the M5A/
M5B sequence boundary. It appears that equivalents to 
the Holtjern Member should occur in the Grier Member 
of Kentucky but chemostratigraphic and/or biostrati-
graphic evidence for this interpretation is not yet avail-
able. At any rate, based on the data now at hand, it would 
seem that the top of the Mjøsa Formation at Furuberget 
is unlikely to be younger than the base of the Shermanian 
Substage of the Chatfieldian Stage in terms of the North 
American standard regional stage classification. For fur-
ther discussion of the GICE and its occurrences across 
North America, see, for instance, Saltzman et al. (2003), 
Young et al. (2005), and Barta et al. (2007).

Fig. 7. Comparison of the GICE curves from Furuberget, Fjäcka (after Saltzman et al. 2003), Mehikoorma (421) drill-core 
(after Kaljo et al. 2007), and Puxihe Quarry (after Bergström et al. 2009b). Note the similarity in baseline and peak excur-
sion values. The M4/M5 sequence boundary of Holland & Patzkowsky (1996) is inferred to be at the Kinnekulle K-bento-
nite in the Swedish and Estonian successions, at the base of the Pagoda Formation on the Chinese Yangtze Platform, and 
conceivably at the base of the Mjøsa Formation at Furuberget.
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the central part of the Yangtze Platform. Although the 
GICE interval in these sections is vastly different from 
that of the Mjøsa Formation in terms of fauna, lithofa-
cies, and stratigraphic thickness, the GICE provides an 
important correlation link to the Norwegian formation. 
The beginning of the GICE in most of the central Yang-
tze Platform sections is several m above the base of the 
Pagoda Formation, the basal contact of which represents 
a conspicuous lithologic change from the siliciclastics of 
the Miaopo Formation to the rather pure carbonates of 
the Pagoda Formation. It is tempting to speculate that 
the base of the Pagoda Formation may be a correlative 
with the base of the Mjøsa Formation (Fig. 7), especially 
as there is conodont evidence that the topmost Miaopo 
formation is coeval with the topmost Dalby Formation in 
Sweden (Bergström et al. 2009b).

Oslo-Asker District, Norway

As noted previously, our record of the GICE in the Mjøsa 
Formation is the first of this important δ13C excursion in 
the Upper Ordovician successions in Norway. Accord-
ingly, the GICE cannot yet be used for establishing the 
presently somewhat enigmatic position of the Mjøsa 
Formation in terms of the standard succession in the 
Oslo-Asker District. Recent authors have correlated this 
formation with the Solvang and Venstøp formations 
in the latter district (e.g. Owen et al. 1990), perhaps at 
least partly based on the record of the trilobite Toxochas-
mops extensa in the Furnesfjorden and Eina members 
(Opalinski & Harland, 1981) and in the Solvang Forma-
tion (Størmer 1953). As noted by Jaanusson (1976) and 
McNamara (1980), this species appears in Sweden at 
the base of the Moldå Formation and ranges in Estonia 
from the Johvi to the Oandu stages, hence within part of 
the GICE interval. Thus, there is agreement between the 
occurrence of this species and the δ13C chemostratigra-
phy of the Mjøsa Formation. Indirect evidence provides 
a clue to the position of the GICE in the Oslo-Asker suc-
cession. That is, if the Kinnekulle K-bentonite is situated 
at approximately the same level as the base of the Mjøsa 
Formation as suggested above, then the latter level should 
correspond to the level of this ash bed in the Oslo-Asker 
succession, which is somewhat above the middle of the 
Arnestad Formation (Bergström et al. 1995). This is sup-
ported by the occurrence of many fossils in the upper 
part of this formation that suggest a correlation of the 
latter interval with the lower part of the Skagen Forma-
tion in Sweden (Owen et al. 1990; Hansen & Harper 
2008). Such a correlation of the base of the Mjøsa For-
mation is significantly lower stratigraphically than that 
shown by Owen et al. (1990). The position of the top of 
the Mjøsa Formation in terms of the Oslo-Asker succes-
sion remains uncertain although it is probably below the 
Venstøp Formation. Hamar (1966) recorded from the 
top part of the Solvang Formation Amorphognathus com-
plicatus and Hamarodus europaeus (=n. genus & n. sp. in 
Hamar 1966), two distinctive species that appear a little 
above the GICE in Sweden and Estonia (Bergström et al. 

between the Skagen Formation and the underlying Dalby 
Formation, which is marked by the distinctive and wide-
spread Kinnekulle K-bentonite (Bergström et al. 1995), 
may well be equivalent to the base of the Mjøsa Forma-
tion and represent a lithologic change that is coeval 
with that at the base of the Mjøsa Formation. However, 
in Sweden there is a change from dominating carbonate 
to dominating calcareous mudstone whereas there is the 
opposite lithologic change in the Norwegian study area. 
The base of the Skagen Formation may also be equivalent 
to the North American M4/M5 sequence boundary. The 
latter is located at, or very close to, the level of the Millbrig 
K-bentonite, which has been regarded as equivalent to the 
Kinnekulle K-bentonite (Huff et al. 1992; Saltzman et al. 
2003). No trace of the Kinnekulle K-bentonite has been 
found in the Lake Mjøsa region although this ash bed is 
well represented in the Oslo-Asker District (Bergström 
et al. 1995). However, it is conceivable that this soft clay 
bed, which ought to be located at, or close to, the contact 
between the Mjøsa and the Furuberget formations, was 
squeezed out during the severe folding and faulting that 
affected particularly the shaly beds of the Furuberget For-
mation below the base of the Mjøsa Formation in the  Fur-
uberget outcrops and elsewhere in the study area.

In Estonia, the base of the Keila Stage is taken to be at 
the base of the Kinnekulle K-bentonite. The lower part 
of the Keila Stage is characterized by baseline δ13C values 
(Fig. 7) but near the middle of the Keila interval, there is 
a moderate increase in δ13C values that marks the begin-
ning of the GICE. The GICE ranges upwards into the 
Oandu Stage (Kaljo et al. 2007) but establishing its upper-
most range is complicated by the presence of significant 
stratigraphic gap(s) within the Oandu Stage, particu-
larly in the shelf area (Ainsaar et al. 1999, 2004a), which 
cuts out part of the GICE. However, in the Mehikoorma 
(421) drill-core (Martma 2005) from southeastern Esto-
nia, which represents a basin or middle-outer ramp 
depositional environment with a stratigraphically more 
complete succession than that on the shelf in northern 
Estonia, the end of the GICE is in the middle part of the 
Oandu Stage. Based on δ13C chemostratigraphy, we con-
clude that the Mjøsa Formation is likely to correlate with 
an interval from the base of the Keila Stage to approxi-
mately the top of the Oandu Stage, although it might 
possibly range a little higher. This is consistent with the 
fact that a few conodonts with Laurentian affinities have 
been recorded from strata of Oandu age in Estonia, espe-
cially from the Saku Member of the Vasalemma Forma-
tion (e.g. Viira 1974; Sweet & Bergström 1984; Bergström 
1997). It is of interest to note that the latter formation is 
similar to the Mjøsa Formation also in containing bio-
herms (Hints 1990; Hints & Meidla 1997).

China

In a recent study (Bergström et al. 2009b), the GICE was 
recorded for the first time in Asia, where it was recog-
nized in the Pagoda Formation at several sections in 
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only in the relatively shallow water successions elsewhere 
in Baltoscandia but also in comparable platform sequences 
in North America and China. This evidently implies that 
this event was global and that it may be related to eustasy. 
Also, the surprising fact that some facies changes in the 
Mjøsa Formation that are used for its classification into 
members can be directly correlated with apparently coeval 
lithological changes in the Kentucky succession was not 
expected and it may also reflect eustatic control.

In this connection it is appropriate to refer to a recent 
study of Ordovician sea level changes in the Oslo Region 
by Nielsen (2004). Within the stratigraphical interval 
dealt with in the present paper, he considered the Arnes-
tad Formation to represent a deepening event (Arnestad 
Drowning Event) and the overlying Frognerkilen For-
mation a brief shallowing episode (Frognerkilen Low-
stand Event) of late Keila and Oandu age. The Nakkhol-
men Formation was interpreted to reflect a new sea level 
rise (Nakkholmen Drowning Event) and the superja-
cent Solvang Formation to have been deposited during 
a new regression (Solvang Lowstand Event). We agree 
with these sea-level interpretations but believe that his 
attempts to correlate these events to North America are 
out of phase with current trans-Atlantic correlations. 
For instance, the Frognerkilen Lowstand Event, which 

(2009b). This suggests that the top of the Gålås Mem-
ber is older than the top part of the Solvang Formation. 
The stratigraphic relations of the GICE interval between 
the Lake Mjøsa region and the Oslo-Asker District may 
be more precisely clarified by a δ13C study of the Frog-
nerkilen and Solvang formations that we plan to carry 
out as part of a second phase of the present project.

Concluding remarks
The inferred relationships between the Mjøsa Forma-
tion and some North American, Baltoscandian, and Chi-
nese stratigraphical units that have been revealed from 
the present, in some respects preliminary, investigation 
are summarized in Figure 8. Our study demonstrates the 
usefulness of δ13C chemostratigraphy to unravel relations 
that would be very difficult, if not impossible, to recognize 
using traditional lithostratigraphy and/or biostratigraphy. 
Our chemostratigraphically based conclusions regarding 
the stratigraphic relations of the Mjøsa Formation are con-
sistent with the available, in most cases less decisive, bio-
stratigraphic evidence. Of perhaps more general interest is 
the discovery that the base of the Mjøsa Formation may 
represent a depositional event that can be recognized not 

Fig. 8. Stratigraphic summary chart showing proposed correlation between the successions discussed in the text. The δ13C 
chemostratigraphy suggests that the Gålås Member corresponds to the upper Keila and lower Oandu Baltoscandian Regio-
nal Stages. In the absence of graptolites, the precise level of the base of the Mjøsa Formation in terms of the Global Katian 
Stage remains unknown. However, in view of the fact that the base of this stage is slightly below the beginning of the GICE 
in the Katian GSSP section in Oklahoma (Goldman et al. 2008), it is likely that the base of the Katian Stage is coeval 
with a level in the upper part of the Furnesfjorden Member. The M4/M5 sequence boundary at the base of the Chatfiel-
dian Stage is interpreted to be coeval with the level of the Kinnekulle K-bentonite in Sweden and the East Baltic region 
and with the probably unconformable base of the Pagoda Formation on the Yangtze Platform in China. The Kinnekulle 
K-bentonite is present in the middle part of the Arnestad Formation in the Oslo-Asker district, where it is not associated 
with a lithologic change, unconformity, or other indication of a depositional break. Nevertheless, this level may be approxi
mately coeval with the base of the Mjøsa Formation. The age of the top of the Mjøsa Formation is currently uncertain but 
it is unlikely to be younger than the Baltoscandic Oandu Stage and the North American Balsamian Substage (Barta et 
al. 2007) of the Chatfieldian Stage. Note that the precise relations between the boundaries of the Baltoscandian standard 
stages in the study interval and the formations in the Oslo-Asker District are still not precisely established. 
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