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Abstract

We present the magnetostratigraphy of an Upper Cambrian to Middle Ordovician sedimentary section sampled along the
Kulumbe river in northwestern Siberia. Thermal demagnetization yields the determination of two magnetic components. A
component of steep inclination is interpreted as a remagnetization acquired during the emplacement of the Siberian traps at
the Permian—Triassic boundary. Ancther component with a moderate inclination, essentially carried by hematite and
sometimes by magnetite, likely represents a syndepositional or nearly syndepositional magnetization of the studied deposits.
A sequence of 17 magnetic intervals is observed between the upper part of the Upper Cambrian and the Tremadoc, three of
them being poorly defined by single samples. We also find that the Llanvirn magnetostratigraphic sequence contains only
one reversed polarity interval. Together with magnetostratigraphic results previously obtained from the Moyero river section
from Siberia, our data suggest the occurrence of a 25—-30 Myr-long period during the Lower and the Middle Ordovician
characterized by a very low magnetic reversal frequency (possibly containing a superchron), and dominated by reversed
polarity. This geomagnetic feature would be compatible with a time constant of about 150 Myr in the reversal process
through the whole Phanerozoic. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Long periods without magnetic polarity reversals
(also called superchrons) have been linked to major,
in particular volcanic, events through the history of
the Earth (e.g., Loper and McCartney, 1986; Cour-
tillot and Besse, 1987; Larson and Olson, 1991;
Gallet and Hulot, 1997). Two superchons are
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presently well known, one during the Upper Creta-
ceous, with a normal magnetic polarity and a dura-
tion of 35 Myr (e.g., Cande and Kent, 1995), and the
second of reversed polarity between the Upper Car-
boniferous and the Upper Permian with a duration of
about 60 Myr (the Kiaman superchon; e.g., Harland
et a., 1989). The geomagnetic polarity sequence
between these exceptional magnetic intervals sug-
gestsalong time constant of 150—200 Myr in changes
in magnetic reversa frequency (McFadden and Mer-
rill, 1984; Courtillot and Besse, 1987; Gallet et al.,
1992). The rare magnetostratigraphic data obtained
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from biostratigraphically well-dated Paleozoic sec-
tions (e.g., Torsvik and Trench, 1991a; Kirschvink
and Rozanov, 1984; Ripperdam and Kirschvink,
1992; Ripperdam et a., 1993; Torsvik et a., 1995a)
presently do not allow the opportunity to clearly test
if this long time constant in the geomagnetic field
holds for older periods, and in particular to test if a
third superchon occurred during the early Paleozoic
(see Eide and Torsvik, 1996). However, two recent
studies carried out from large compilations of paleo-
magnetic data suggest that a strong reversed polarity
bias existed during the first half of the Ordovician
which could indeed correspond to the presence of a
superchron (Johnson et al., 1995; Algeo, 1996). Note
that the Kiaman superchron was also recognized
from similar first-order estimates from a more lim-
ited paleomagnetic database (McElhinny, 1971; Irv-
ing and Pullaiah, 1976). In order to establish a
magnetic polarity sequence during the early Paleo-
zoic, we investigated in a previous study the magne-
tostratigraphy of a sedimentary section along the
Moyero river in the northwestern part of the Siberian
Platform, which contains Upper Cambrian to Ordovi-
cian deposits (Gallet and Pavlov, 1996). That study
indicates that the Arenig (Lower Ordovician) is char-
acterized by a reversed magnetic polarity with no
evidence for any reversal. The same characteristic
could be also considered for the Llanvirn (older part
of the Middle Ordovician), but the sampling density
in this part of the sequence, of approximately 40
samples, prevents a firm conclusion. In contrast, a
few reversals were detected during the middle part of
the Llandeilo (Middle Ordovician). We present here
a magnetostratigraphic study of another sedimentary
section from Siberia, along the Kulumbe river, which
provides new constraints on the reversal behaviour
during the early Paleozoic.

2. Description of the Kulumbe section

The Kulumbe section is located in the northwest-
ern part of the Siberian platform, approximately 150
km east of the Yenisey river (Fig. 1; Latitude: 68.0°N,
Longitude: 88.8°E). This section outcrops along the
Kulumbe river, where sediments with an age ranging

from the Vendian (Uppermost Precambrian) to the
Ordovician are exposed over a distance of about 10
km. These deposits are tilted 15° to 20° towards the
east. Mikutskiy and Petrakov (1961) and Kravtsov
(1967) believe that folding of the beds occurred in
the Carboniferous, while Groisman (1970) and
Malich (1975) consider that the folding may have
continued until the Triassic. As in Moyero, the Ku-
lumbe river section is locally intruded by dikes and
sills which are associated with the Siberian traps.
Samples were collected from these latter rocks to
compare their paleomagnetic directions with those
obtained from sediments.

During the summer of 1995, about 1200 m of
stratigraphic sequence were sampled throughout 4
formations from the Upper Cambrian to the Lower
Ordovician (Kulumbinskaya, Uigurskaja and Iltyk-
skaya formations) and the Llanvirn (Middle Ordovi-
cian; Guragirskaya formation). These formations are
dated by conodonts and endemic benthic faunas (tri-
lobites, brachiopods and ostracods) which yield a
regional stage zonation (Fig. 2; Datsenko et al.,
1968; Rozova, 1968; Sokolov, 1982; Kanygin et al.,
1987; Astahkin et al., 1991; Rozanov et al., 1992).
The precise correlation between this local reference
zonation, valid only for the northern part of Siberia,
and the standard geologic time scale based on grap-
tolite biostratigraphy from British sections is diffi-
cult. Brachiopods (e.g., Angarella jaworowski
Asatk., Leontiella gloriosa Yadr.) and conodonts
(e.g., Coleodus sp., Erismodus asymmetricus,
Necoleodus breviconus) are strictly found in the
upper part of the Guragirskaya formation and corre-
late to the Vikhorevian and Muktian horizons. These
two horizons are conventionally assigned to the
Llanvirn (e.g., Kanygin et al., 1987). This is aso
supported by the biostratigraphic data available from
the Volgian horizon (Angir formation) and from the
Kimaian horizon (I1tykskaya formation), which over-
and under-lies the Guragirskaya formation, respec-
tively (Rozova, 1968; Kanygin et al., 1987). In the
Volgian horizon, Phragmodus flexuosus is the domi-
nant conodont species, aso known from North
America where it is considered a part of the Llan-
deilo (5 and 6 Fauna of the Chazyan; Sweet et al.,
1971; Sweet and Bergstrom, 1976). Most of the
brachiopods and ostracods are also common in the
Lachug horizon from northeastern Eurasia, where
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Fig. 1. Locality and simplified geological maps of the Kulumbe river section (after Vysotsky and Andreeva, 1969).

they are associated with the graptolite Glyptograptus
teretiusculus zone, implying a Lower Llandeilo age
(Kanygin et a., 1987; Harland et al., 1989). The
Kulumbe section contains the stratotype of the Kima:
ian horizon, rich in conodonts, brachiopods and os-
tracods. The conodont assemblage found in the Ki-
maian horizon is similar to the one characterizing the
D fauna from North America which is correlated to
the Upper Arenig (Ross et a., 1982). Altogether the
biostratigraphic data therefore indicate a Llanvirn
age for the Guragirskaya formation. Moreover, there
is no evidence for significant sedimentary hiatusesin
this part of the Kulumbe section (in contrast to other
sections along the Lena river; Sokolov, 1982).

The reference section of Batyrbay from southern
Kazakhstan also provides constraints on the correla
tion of the Uigurskaya and a part of the lltykskaya
formations with the Tremadoc (Rozova, 1986; Du-

binina, 1990; ! Rozanov et al., 1992). But we recall
that the definition of the Cambrian/Ordovician
boundary is still matter of debate and a global strato-
type section has not yet been chosen (e.g., Ripper-
dam and Kirschvink, 1992). For Siberian sections,
this lack of agreement yields two possibilities. The
first, proposed by the Russian Interdepartmental
Stratigraphic Committee (1983), is to locate the
Cambrian/Ordovician boundary at the base of the
Mansian stage, which is well-defined in Siberia from
brachiopods and trilobites (Fig. 2; Yadrenkina, 1974;
Ogienko, 1977). The second, suggested by the Cam-
brian/Ordovician boundary International Working

! Dubinina, S.V., 1990. The conodont stratigraphy of Cam-
brian—Ordovician deposits from Kazakhstan. Unpublished Thesis,
Moscow.
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Fig. 2. Magnetostratigraphy of the Kulumbe river section. Magnetic intervals defined by only one sample are indicated by half bars. The
lithology is after Rozova (1968), Sokolov (1982); and Rozanov et al. (1992). The numbers 1 and 2 indicate two possibilities for the location
of the Cambrian/Ordovician boundary.

Group (1986), would be to define this boundary on ing the preliminary correlation of the biostratigraphic
the basis of assemblages of conodonts, by the first data obtained from Siberia with those obtained from
appearance of either the conodont species Cordylo- the Batyrbay section, the choice of C. proavus would
dus lindstromi or of Cordylodus proavus. Consider- locate the Cambrian/Ordovician boundary during
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the uppermost part of the Loparian or at the base of
the Njgjan stage (Fig. 2; Dubinina, 1990; Rozanov et
al., 1992).

The lithology of the Kulumbe deposits is de-
scribed in several studies (Rozova, 1968; Sokolov,
1982; Rozanov et a., 1992). It corresponds to a
shallow water marine environment of sediment depo-
sition. The Kulumbinskaya formation consists of
about 650 m of Upper Cambrian limestones and
dolomites with varying grey to black, greenish and
reddish colours. The Uigurskaya formation is thinner
(165 m) and mostly comprises alternating deposits of
limestones and dolomites in its lower part (during
the Mansian stage, Fig. 2) and of reddish marls and
dolomites in its upper part (during the Loparian).
Only the lower part of the Iltyksaya formation, corre-
sponding to the Njgjan stage, was sampled through a
thickness of approximately 130 m (Fig. 2). The
lithology of this formation essentialy consists of
aternating greyish marls and dolomites. Finally the
Llanvirn is represented by the Guragirskaya forma-
tion, which consists of a 170 m section of lime-
stones, marls, dolomites, locally interbedded with
fine-grained sandstones.

3. Paleomagnetic results

Paleomagnetic analyses were carried out in a
magnetically shielded laboratory at the Institut de
Physique du Globe de Paris. Magnetization was mea-
sured with a 3 axis CTF cryogenic magnetometer.
Thermal demagnetization was performed using a lab-
oratory-built oven, employing about 20 demagnetiza
tion steps per sample.

Examples of orthogonal demagnetization dia-
grams are shown in Fig. 3. Two different demagneti-
zation styles are observed. The first is common to
red and green samples, for which the magnetization
is very stable (Fig. 3a—f). In these samples, one or
two components of magnetization are observed. One
has a steep inclination (in-situ coordinates), and is
observed as a secondary component in the low to
medium-high (< 580°) temperature range (Fig. 3a,c).
The other component has a moderate inclination, and
is either isolated as a single magnetization (Fig. 3d)
or in the high temperature range after elimination of

the steep-inclination component (Fig. 3a,c). When
the component of moderate inclination is isolated as
a single magnetization, alternating field (AF) demag-
netizations are unable to remove a part of the magne-
tization (Fig. 3e). When samples with two compo-
nent are AF demagnetized, at least half of the NRM
is eliminated which yields a direction which is indis-
tinguishable from the one obtained in the low to
medium-high unblocking temperature range (Fig.
3a,b). Taken together, these demagnetization experi-
ments suggest that the steep-inclination component is
carried by magnetite, whereas the moderate-inclina
tion component is carried by hematite. The second
demagnetization style concerns the black and grey
samples (Fig. 3g), for which the magnetization often
becomes unstable at high temperatures (> 450°C).
The ateration of the magnetic mineralogy during the
thermal process is probably due to the presence of
iron sulfides. The maximum unblocking tempera-
tures observed for these samples are close to 600°C
and magnetite is the principa carrier of the charac-
teristic magnetic remanence. Although the demagne-
tization paths are sometimes very scattered at high
temperatures for these samples, two magnetic com-
ponents are again observed, one with a steep inclina-
tion and the second with a shallower inclination.
However, most of the grey samples show only the
component of steep inclination.

We show in Fig. 4 the magnetic directions iso-
lated by least-square anaysis (Kirschvink, 1980).
We have first grouped together the directions of
steep inclination (Fig. 4a). These directions, which
have a reversed polarity, are very similar to those
obtained from the volcanic intrusions sampled within
the Kulumbe section (Table 1). As in Moyero, this
component likely results from in situ growth of
diagenetic magnetite triggered by fluid flow during
the emplacement of the Siberian traps at the Per-
mian /Triassic boundary (Jackson et al., 1988; Gallet
and Pavlov, 1996). In Fig. 4b,c,d, we present the
directions of moderate inclination, respectively ob-
tained for the Llanvirn, the Tremadoc and the Upper
Cambrian. The mean directions estimated for these
three periods of time are given in Table 1. In all
cases, the directions are well clustered. The Llanvirn
exhibits only a reversed magnetic polarity, whereas
the Tremadoc and the Upper Cambrian have direc-
tions of mixed normal and reversed polarities, with a
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directions of moderate inclination are separated following their age between the Llanvirn, the Tremadoc and the Upper Cambrian (b,c,d,
respectively). These latter directions are in stratigraphic coordinates.

positive reversal test (Tremadoc: y=2.3°, yc=
10.1°; Upper Cambrian: y= 3.3°, yc = 10.8°; Mc-

Fadden and McElhinny, 1990).

Previous studies (e.g., Khramov, 1991; Van der

Voo, 1993; Torsvik et a., 1995b; Gallet and Pavlov,

1996) clearly indicate a southern hemisphere loca-

tion for the Siberian Platform until the Middle Or-
dovician. Siberia probably crossed the equator during

Table 1
Mean paleomagnetic directions and related VGP obtained from the Kulumbe river section for the Llanvirn, the Tremadoc and the Upper
Cambrian.

N Dg Ig Ds Is Ags K
Remagnetization 211 317.5° —-80.1° 304.6° —58.5° 2.0 24.8
Traps (Pavlov et al., in prep.) 3 sites 322.4° —81.6° 314.8° —-63.1° 6.7° 339.9
Llanvirm 87 303.6° 16.7° 305.1° 35.4° 3.2 232
Tremadoc
Normal 25 145.0° -13.2° 149.2° -30.8° 7.6° 15.4
Reverse 20 322.9° 11.2 326.6° 31L.1° 6.4° 26.9
Total (R) 45 323.8° 13.0° 327.9° 317 4.9° 20.6
Upper Cambrian
Normal 13 144.3° -84 147.7° -31.8 13.0° 11.2
Reverse 142 320.9° 115° 325.1° 34.3° 3.r 16.0°
Total (R) 155 321.2° 11.3° 325.3° 34.1° 3.0° 15.6

We aso estimate a mean direction for a remagnetization component which is similar to the mean paleomagnetic direction obtained from

volcanic intrusions (Pavlov et d., in prep.).
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the Caradoc (upper part of the Middle Ordovician;
Torsvik et a., 1995b; Gallet and Pavlov, 1996). This
location is of course essentia to attribute a magnetic
polarity to the observed directions. Our data confirm
the nearly 180°-rotation experienced by Siberia since
the early Paleozoic (e.g., Khramov, 1991; Van der
Voo, 1993; Torsvik et a., 1995b; Gallet and Pavlov,
1996). Fig. 5 shows a comparison of the virtual
geomagnetic poles (VGP) obtained from the Moyero
and Kulumbe sections (Gallet and Pavlov, 1996).
Although data from only two sections are considered
(no statistics can thus be computed), we clearly
obtain a better cluster after bedding correction for

the three periods, which indicates a (partial) positive
fold test. We therefore observe the same apparent
polar wander path (APWP) from both sections. To-
gether with the antipodal normal and reversed mean
directions observed for the Tremadoc and the Upper
Cambrian, these two characteristics indicate that the
component of moderate inclination observed from
the Kulumbe section was likely acquired during the
sediment deposition or soon after. A comparison
between the APWP from the Moyero river section
and the ones previously proposed for Siberia
(Khramov, 1991 and Van der Voo, 1993) can be
found in Gallet and Pavliov (1996).
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4, Discussion

The results obtained from the Kulumbe river sec-
tion provide a magnetostratigraphic sequence from
the upper part of the Upper Cambrian to the Lower
Ordovician (whatever the definition of the Cam-
brian/Ordovician boundary). A sequence of 17 mag-
netic intervals is observed, but three of them are only
defined by one sample (half barsin Fig. 2). The data
also obtained for the Llanvirn show only a reversed
polarity as in Moyero (Gallet and Pavliov, 1996).
Together the results from Kulumbe and Moyero
suggest the occurrence of a long reversed magnetic
polarity interval, with no evidence for reversas,
encompassing the Arenig and the Llanvirn. The mag-
netostratigraphic sequence from Moyero shows that
this interval ends during the Middle Llandeilo (Mid-
dle Ordovician). The Kulumbe sequence further indi-
cates that the onset of this interval occurs at the end
of the Tremadoc (Lower Ordovician), during the
uppermost part of the Njgjan stage. The duration of
this reversed polarity interval is difficult to estimate.
Odin and Odin (1990) suggest a duration of about 15
Myr for the Arenig, while the duration of the Llan-
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virn is shorter (15 Myr including the Llandeilo). It
seems therefore reasonable to propose a duration of
about 25 to 30 Myr for this interval, which would
thus correspond to a superchron. This is remarkable
in that our results are in very good agreement with
the conclusion reached by Johnson et al. (1995) and
Algeo (1996), although a completely different ap-
proach was used. However, the possibility of missing
short magnetic intervals in our sections cannot be
excluded because the magnetization through the
Arenig and the Llanvirn is essentially carried by
hematite. The precise duration for magnetization ac-
quisition in these samples is therefore difficult to
estimate and a few magnetic short polarity intervals
may have been lost during the magnetization lock-in
process. At present, only a very low magnetic rever-
sal frequency, with a strong reversed polarity bias, is
quite certain. In particular, neither the Kulumbe nor
the Moyero section confirm the presence of three
short normal polarity intervals during the uppermost
Arenig and the Llanvirn as proposed by Torsvik et
al. (1995a) from the Swedish Gullhtgen Quarry
section (see also Torsvik and Trench, 1991b). But
Torsvik et a. (1995a) show a strong asymmetry

Mans/ Lopar. | Njajan
LOW. ORDOVICIAN

UPPER CAMBRIAN

Kulumbe river section

Fig. 6. Comparison of the Upper Cambrian to Lower Ordovician magnetostratigraphic sequence obtained from the Kulumbe river section
with previous sequences from Austraia (Black Mountain section; Ripperdam and Kirschvink, 1992) and China (Dayangcha section;
Ripperdam et al., 1993).Shaded zones correspond to the correlations proposed by Ripperdam et al. (1993). The two possibilities for the
location of the Cambrian /Ordovician boundary from Siberian sections are indicated by the numbers 1 and 2 (see the text).
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between the normal and the reversed polarity direc-
tions that they interpret as resulting from non-dipole
field disturbances rather than an artefact of remagne-
tization. This characteristic cannot be tested from our
data. Note that the results obtained by Torsvik et al.
(1995a) do not preclude the possibility of a reversed
polarity superchron during most of the Arenig that is
followed by a period characterized by a strong re-
versed polarity bias. We aso briefly remind the
discordant results obtained by Farr et d. (1993) from
Arkansas, which shows 16 magnetic intervals from
the Upper Arenig to the Llanvirn. But as previously
discussed by Algeo (1996) (see also Gallet and
Pavlov, 1996), this latter discrepancy may arise from
a misinterpretation of the age of the magnetic com-
ponent considered as primary by Farr et al. (1993).
Moreover, the reversed polarity directions obtained
by Torsvik et a. (1995a) from the Lanna limestones
of Upper Arenig age do not show magnetic reversals
during this period. We mention that the age of the
magnetostratigraphic data obtained from the Moyero
and Kulumbe sections does not allow the possibility
to test another bias toward a normal magnetic polar-
ity (a superchron? during the Upper Ordovician as
suggested by Algeo (1996).

The Uppermost Cambrian to Tremadoc magne-
tostratigraphic sequence from the Kulumbe section
can be compared to data previously obtained from
Australia (Black Mountain section; western Queens-
land; Ripperdam and Kirschvink, 1992) and north-
eastern China (Dayangcha section; Jilin province;
Ripperdam et al., 1993). Unfortunately, correlations
between these sections are very difficult, because the
precise calibration between the Siberian stage zona-
tion and the standard Geologic time scale is not yet
available (Fig. 6). We can propose a possible correla
tion between the Dayangcha and the Kulumbe se-
guences, based on the reversed polarity interval ob-
served within the C. proavus conodont zone and
within the lower part of the Njgan stage (Fig. 6),
two intervals which may have the same age (Rozova,
1968, 1986; Rozanov et al., 1992). However, the
comparison with the Black Mountain section, which
shows some additional short magnetic intervals not
observed at Dayangcha, suggest hiatuses in the mag-
netostratigraphic record from the Chinese section
(Ripperdam and Kirschvink, 1992; Ripperdam et al.,
1993). Additional work is presently in progress in

order to improve the Upper Cambrian magnetic po-
larity sequence from Siberian sections.
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