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INTRODUCTION

Based on the results of magnetostratigraphic stud�
ies for the key section of the Ordovician rock sequence
on the Moyero River, we suggested in 1996 the exist�
ence of the third Phanerozoic superchron—the
Early–Middle Ordovician superchron of the reversed
polarity (Gallet and Pavlov, 1996). The data of our
later survey and the results obtained by our colleagues
(e.g., (Gurevich et al., 2005; Rodionov and Gurevich,
2010)) seemed to generally support this hypothesis. At
the same time, some peculiarities identified in the
magnetostratigraphic record in a number of East
European sections (Trench and Torsvik, 1991a; 1991b;
Trench et al., 1991; Smethurst et al., 1998; Khramov
and Iosifidi, 2009) might be interpreted as indications
of several zones with normal geomagnetic polarity in
the post�Tremadocian Lower Ordovician sediments.
In order to verify the existence of these zones, we car�
ried out an additional investigation of the Arenigian and
Llanvirnian magnetostratigraphy. The section of the
Ordovician rocks in the middle reaches of the Angara
River, which outcrops close to the outlet of the Rozhk�
ova River (ϕ = 58.5°N, λ = 99.8°E), was selected as the
object of our research.

THE GEOLOGICAL SETTING

The selected section is the reference section for the
Ordovician formations in the southern part of the
Siberian Platform. The Ordovician sediments of
Tremadocian to Caradocian age, inclusive, are
exposed here over a distance of more than 3 km along

the left bank of the Angara River. In the first approxi�
mation, the rocks form a monocline with slightly vary�
ing dip azimuths and dip angles. The layers gently dip
south�southwestwards at 5°–15°. Regionally, the
Ordovician rocks are conformably (although with a
stratigraphic gap) overlain by the carbonate�terrige�
nous Lower Silurian (Middle to Upper Llandoveri)
rocks of the Kezhma Formation and the overlying Yara
formation. According to the rare faunal remains, the
latter formation cannot be dated more precisely than
Silurian–Devonian. The Yara and older formations
are overlain (with angular unconformity) by nearly
horizontal Bayeronnian Early Carboniferous light silt�
stones, sandstones, and conglomerates. Thus, the dis�
locations in the Ordovician rocks in the studied region
can be dated to the Late Silurian or Devonian.

The lithology and biostratigraphy of the Rozhkova
section are described in detail in the paper by Knyazev
(1978) and in the book by Kanygin et al. (1984). This
section is composed of five formations (Fig. 1): the
Ust’�Kut Formation (over 30 m in thickness), the Iya
Formation (with a thickness of 75 m), the Badaran
Formation (90 m in thickness), the Mamyr Formation
(130 m thick), and the Bratsk Formation (about 130 m
in thickness). During the field campaigns of 2001 and
2003, we acquired more than 220 oriented samples
representative for the stratigraphic interval from the
upper horizons of the Iya Formation to the top layers
of the Bratsk rocks. Compositionally, all the sampled
formations are terrigenous carbonate rocks with a dif�
ferent proportion of the terrigenous and carbonate
components. Overall, the rocks are largely reddish
with significant intervals (almost all of Llandeilo age)
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Fig. 1. The lithostratigraphic column of the Ordovician deposits in the middle reaches of the Angara River and the magnetic
stratigraphy of the studied rock section along the Rozhkova River.
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dominated by light�colored and grayish rocks. Some
parts of the entire section are not well exposed.
Throughout the studied stratigraphic interval, there
are buried intervals that attain 10 m and more in thick�
ness. The rocks at the boundary of the Mamyr and
Bratsk Formations (close to the Llandeilo and Cara�
doc boundary) are least exposed while the llanvirnian
part of the section, which lies in the focus of the
present study, is rather well exposed.

The Iya rocks are largely composed of fine� and
medium�grained red sandstones interbedded with silt�
stones of the same color. The bottom of the Badaran
Formation is formed by gray and greenish gray lime�
stones intercalated with discrete interbeds of red silt�
stones and mudstones. The upper part of the Badaran
Formation is dominated by greenish, reddish, and,
sometimes, gray sandstones; brown siltstones and, less
frequently, mottled marls are also present.

The bottom part of the Mamyr Formation is com�
posed of alternating layers of gray, greenish gray, some�
times reddish siltstones, mudstones, and, rarely, sands.
Separate interbeds of limestones and shelly limestones
are present. Sandstones are more abundant in the
upper layers of the Mamyr Formation.

The Bratsk Formation is mainly composed of red
mudstones interbedded with siltstones.

The faunal remains found in the Rozhkova section
provide a good basis for correlating the formations
composing this section to the regional biostratigraphic
scale of Siberia. According to the data of Knyazev
(1978) and Kanygin et al. (1984), the Ust’�Kut rocks
correspond to the Nyaian regional stage (Fig. 1), and
the Iya Formation is correlated to the Ugorian hori�
zon. The lower portion of the Badaran Formation
contains rich faunal complex, which refers these rocks
to the Kimaian regional stage. The top layers of the
Badaran Formation and the bottom layers of the
Lower Mamyr subformation correspond to the Muk�
teian and Vikhorevian regional stages. The upper por�
tion of the Lower Mamyr subformation pertains to the
Volgian regional stage, while the Upper Mamyrian
rocks relate to the Kirenian�Kudrinian regional
stages. The Bratsk sediments contain conodonts typi�
cal for the Chertovskian and bottom Baksanian
regional stages. The correlation of these regional
stages to the Global stratigraphic scale (according to
(Kanygin et al., 1984; Kanygin, Moscalenko, and
Yadrenkina, 1987)) is presented in Fig. 1.

THE PALEOMAGNETIC ANALYSIS

The thermal demagnetization of the most samples
from the Arenig and Llanvirn deposits clearly demon�
strates that the natural remanent magnetization
(NRM) has a characteristic component with a moder�
ate inclination, northwestern declination, and maxi�
mal unblocking temperature close to the Curie point
of hematite (Fig. 2). Besides the characteristic magne�
tization component, almost all samples, to some

extent, contain a poorly stable, low�temperature com�
ponent oriented close to the direction of the present�
day geomagnetic field, which suggests that it is a recent
magnetization component. Some samples also con�
tain a third, intermediate component that is destroyed
in the temperature interval from 150–300°C to 400–
600°C (Fig. 2, sample ANG�24; Fig. 3, samples
ANG70 and AA�63). The paleomagnetic record in the
samples is noisy, and the noise level is sample�specific.
Some samples have clear, almost perfect Zijderveld
diagrams while other samples, which are rather
numerous, only provide a hint of general trends in the
behavior of magnetization during the thermal clean�
ing. The mean directions of the characteristic magne�
tization component for the Arenig and Llanvirn rocks
are presented in the table. As can be seen in Fig. 5,
both the Arenig and Llanvin mean directions on the
stereogram are located in the immediate proximity of
the corresponding directions recalculated from the
sections in the northern (the Moyero River) and
northwestern (the Kulumbe River) parts of the Sibe�
rian Platform studied previously (Gallet and Pavlov,
1996; Pavlov and Gallet, 1998) into the coordinates of
the Rozhkova section. This fact strongly suggests that
these magnetization components have been formed
simultaneously or soon after the formation of the stud�
ied rocks. However, it is remarkable that the angular
distances between the corresponding mean directions
still slightly (by 1°–2°) exceed the critical angle (Mac�
Fadden and McElhinny, 1988); i.e., these mean direc�
tions statistically significantly differ (at a confidence
level of 95%). In our opinion, this difference is due to
a certain relatively small contribution of the low�tem�
perature component (which we failed to completely
remove by thermal cleaning) to the calculated mean
directions.

The samples of the Lllandeilo age exhibit very
noisy, often irregular behavior. At the same time, there
are some samples, in which the behavior of the NRM
vector during the thermal demagnetization clearly
indicates the presence of the high�temperature com�
ponent with the maximal unblocking temperature
close to 670–680°C.

Except for two cases (e.g., the sample AA�99 in
Fig. 3), this high�temperature component has a
northwestern–northern declination and a shallow
inclination. In the two other samples, this component
has a southeastern–southern declination and, proba�
bly, corresponds to the geomagnetic field with reversed
polarity. The identified characteristic directions are
rather broadly scattered on the stereogram; therefore,
in the further analysis, we only used them for deter�
mining the polarity of the characteristic magnetiza�
tion.

The samples representing the rocks of the Bratsk
Formation in our study can be classified into three
groups according to the pattern of the NRM behavior
during the thermal cleaning. The first group includes
the rocks that exhibit the irregular behavior of NRM.



300

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 48  No. 4  2012

 PAVLOV et al.

N

E

S
U

p
D

o
w

n

W

26
0°

N
R

M

A
N

G
11

�T
C

S
ca

le
: 1

e–
2 

A
/m

N

E

S
U

p
D

o
w

n

W

58
0°

N
R

M

A
N

G
15

�T
C

S
ca

le
: 1

e–
3 

A
/m

N S
U

p
D

o
w

n

W12
0°

A
A

12
5�

T
C

S
ca

le
: 1

e–
3 

A
/m

N

E

S
U

p
D

o
w

n

W A
A

12
7�

T
C

S
ca

le
: 1

e–
3 

A
/m

N

E

S
U

p
D

o
w

n

W

N
R

M

A
N

G
50

�T
C

S
ca

le
: 1

e–
4 

A
/m

N

E

S

U
p

D
o

w
n

W
66

0°

N
R

M A
N

G
39

�T
C

S
ca

le
: 1

e–
4 

A
/m

N

E

S
D

o
w

n

W

64
0°

N
R

M

A
N

G
24

�T
C

S
ca

le
: 1

e–
3 

A
/m

N

E

S
U

p
D

o
w

n

W

58
0°

N
R

M A
N

G
21

�T
C

S
ca

le
: 1

e–
3 

A
/m

39
0°

51
5°

58
0°

61
0°

64
0°

66
0°

68
0° 68

5°

56
0°

40
0°

67
0°

67
0°

35
0°

52
0°

12
0°

68
0°

39
0°

68
0°

35
0°

68
0°

55
0°

31
0°

31
0°

64
0°

61
0°

51
0°

68
0°

A
re

n
ig

 a
n

d 
L

la
n

vi
rn

 s
am

pl
es

 fr
om

 t
h

e 
R

oz
h

ko
va

 s
ec

ti
on

A
re

n
ig

L
L

an
vi

rn

F
ig

. 2
. T

h
e 

re
su

lt
s 

of
 m

ag
n

et
ic

 c
le

an
in

g 
of

 t
h

e 
O

rd
ov

ic
ia

n
 r

oc
ks

 fr
om

 t
h

e 
R

oz
h

ko
va

 R
iv

er
 (

A
re

n
ig

 a
n

d 
L

la
n

vi
r)

.



IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 48  No. 4  2012

MAGNETOSTRATIGRAPHY OF THE ORDOVICIAN ANGARA/ROZHKOVA RIVER 301

F
ig

. 3
. T

h
e 

re
su

lt
s 

of
 m

ag
n

et
ic

 c
le

an
in

g 
of

 t
h

e 
O

rd
ov

ic
ia

n
 r

oc
ks

 fr
om

 t
h

e 
R

oz
h

ko
va

 R
iv

er
 (

L
la

n
de

il
o 

an
d 

th
e 

in
te

rm
ed

ia
te

 c
om

po
n

en
t)

.

N S
U

p
D

o
w

n

W A
A

85
�T

C
S

ca
le

: 1
e–

3 
A

/m

10
0°

67
0°

44
0°

E

N S
U

p
D

o
w

n

WN
R

M

A
G

N
10

3�
T

C
S

ca
le

: 1
e–

4 
A

/m

58
0°

E

N S
U

p
D

o
w

n

W A
G

N
70

�T
C

S
ca

le
: 1

e–
4 

A
/m

39
0°

E
N S

U
p

D
o

w
n

W
58

0°

A
A

10
�T

C
S

ca
le

: 1
e–

4 
A

/mE

N S

U
p

D
o

w
n

W
56

0°

A
A

63
�T

C
S

ca
le

: 1
e–

3 
A

/m

36
0°

68
0°

10
0°

E
N S

U
p

D
o

w
n

W A
A

3�
T

C
S

ca
le

: 1
e–

4 
A

/m

48
0°

30
0°

E

N S

U
p

D
o

w
n

W A
G

N
61

�T
C

S
ca

le
: 1

e–
3 

A
/mE

N S
U

p
D

o
w

n

W

28
0°

A
A

93
�T

C
S

ca
le

: 1
e–

3 
A

/m

10
0°

67
0°

52
0°

E

N S
U

p
D

o
w

n

W

28
0°

A
A

97
�T

C
S

ca
le

: 1
e–

3 
A

/m

10
0°

68
0°

56
0°

E

N S

U
p

D
o

w
n

W

35
0°

A
A

99
�T

C
S

ca
le

: 1
e–

4 
A

/m

10
0°

67
0° E 65

0°

A
A

3�
T

C

 I
n

te
rm

ed
ia

te
 c

om
po

n
en

t.
0 18

0
18

00

90
27

0
90

27
0

A
A

63
�T

C

68
0°

26
0°

68
5°

51
0°

31
0°

N
R

M

66
0°

43
0°

66
0°

68
0°

10
0°

35
0°

36
0°

10
0°

L
la

n
de

il
o

R
oz

h
ko

va
 s

ec
ti

on



302

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 48  No. 4  2012

 PAVLOV et al.

The paleomagnetic directions and the poles of the Ordovician rocks from the section near the outlet of the Rozhkova River
(middle reaches of the Angara River, 58.5°N, 99.8°E)

Age Object Polarity N
Geographical coordinates Stratigraphic coordinates

D I K alfa95 D I K alfa95

Arenig
Upper part of the Iya 
Formation and lower 
part of the Badaran 
Formation
Reverse 26 315.6 25.9 12.4 8.4 314.3 30.8 14.2 7.8
Plat = –36.4; Plong = 158.2; dp/dm = 4.9/8.7
Llanvirn
Middle and upper 
parts of the Badaran 
Formation and lower 
part of the Mamyr 
Formation
Reverse 50 318.3 19.6 20.0 4.6 317.5 26.0 21.0 4.5
Plat = –35.2; Plong = 153.2; dp/dm = 2.6/4.9
Caradoc
Bratsk Formation
Normal
All 19 152.3 6.7 6.1 14.8 152.3 0.7 6.1 14.1
Without outliers 16 143.0 4.0 11.8 11.2 143.0 –1.9 11.9 11.1
Reverse
All 9 338.0 16.3 9.8 17.4 337.6 20.1 9.4 17.7
Without outliers 8 331.6 18.3 27.5 10.8 330.9 21.0 20.9 12.4
Total (without out�
liers)

24 145.9 –3.7 11.7 9.0 145.6 –8.4 12.0 8.9

Plat = –29.5; Plong = 140.2; dp/dm = 4.5/9.0
Intermediate tem�
perature compo�
nent (over the entire 
section) (over the 
entire section)

16 191.5 43.7 7.2 14.8 188.1 39.6 6.9 15.2

Present�day (geographic) coordinates: Plat = –5.4; Plong = 89.4; dp/dm = 11.5/18.5;
Ancient (stratigraphic) coordinates: Plat = �8.7; Plong = 92.2; dp/dm = 10.9/18.2;
Notes: N is the number of samples used; D is declination; I is inclination; K is concentration parameter; alfa95 is the radius of the oval

of confidence; Plat and Plong are the latitude and longitude of the paleomagnetic pole, respectively; dp/dm is the radius of the
semiaxis of the 95%�confidence oval.

The samples of the second group, which contain some
intermediate component, will be discussed a bit later.
The third group comprises the samples that contain a
distinct high�temperature magnetization component
with a maximal unblocking temperature of 620–
680°C, rather shallow inclination, and either north�
western or southeastern declination (Fig. 4). The vec�
tors corresponding to this component constitute two
almost antipodal clusters on the stereogram (Fig. 5),
whose mean directions after the reversal of one of
these clusters, are very close in declination, but
noticeably differ in inclination (by almost 20°), prob�
ably, due to the incomplete elimination of the steep
component of recent magnetization. Although the
distinguished component does not pass the reversal

test (γ/γc = 21°/18°), we believe that the mean value
calculated by averaging the vectors with normal and
reversed polarity does not strongly deviate from the
true mean value. The paleomagnetic pole calculated
from the obtained mean direction (table) falls between
the Llandeilo and the Ashgill–Lower Silurian poles for
the Moyero River (Gallet and Pavlov, 1996), which, to
some extent, confirms the Caradoc age of the revealed
magnetization component.

Quite a few samples taken from the Rozhkova River
section (mainly from its Caradocian part) contain an
intermediate component of magnetization (Fig. 2)
with the unblocking temperature spanning from 200–
400°С to 580–644°С. In some cases, the intermediate
component is followed by a clear high�temperature
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Fig. 5. The paleomagnetic directions for the Rozhkova River rock sequence and their mean directions as compared to the corre�
sponding mean directions recalculated from the Moyero River section and the Kulumbo River sections. The filled and the open
circles denote the projections onto the lower and the upper hemispheres, respectively.
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characteristic component on the diagram. However,
most often, the intermediate component is the most
stable magnetization component in the samples. Typ�
ically, these components can readily be distinguished
due to the different spectra of their unblocking tem�
peratures. However, in the samples where the interme�
diate component is the most stable magnetization
component, distinguishing between the intermediate
and the high�temperature components is far more dif�
ficult, since the temperature spectra of these compo�
nents may overlap.

With these considerations taken into account, we
excluded the samples that leave room for ambiguous
interpretation from the set of the samples intended for
calculating the average magnetization directions.

THE MAGNETIC STRATIGRAPHY

The distribution of the magnetic polarity zones
across the studied section is shown in Fig. 1. As can be
seen, the Arenig and the Llanvirn parts of the section
are totally dominated by the reversed geomagnetic
polarity. The first allusions to a possible existence of
the zones with normal polarity appear only in the
Llandeilo, but, due to the poor quality of the paleo�
magnetic record there, we are not able to clearly estab�
lish the exact location of these zones and to determine
their thicknesses. Moreover, we cannot study the dis�
tribution of the zones of different magnetic polarity
close to the Llandeilo–Caradoc boundary due to the
discontinuous outcrop of the rocks of this part of the
Rozhkova section. On the other hand, in the present
study we have obtained quite a detailed magnetostrati�
graphic record of the Caradoc part of the section.
Unfortunately, the existing biostratigraphic data, as of
now, are neither suitable for precisely locating the
upper boundary of the Caradoc rocks in the studied
section nor for determining the boundaries of the
Caradoc biostratigraphic zones. Nevertheless, there
are grounds to believe (Knyazev, 1978; Kanygin et al.,
1984) that the studied part of the section is located
somewhat lower than the Caradoc–Ashgill boundary,
which, therefore, suggests that the magnetostrati�
graphic section of the Bratsk rocks reflects the changes
in the geomagnetic polarity during the Caradoc time.

Despite certain lacunae in the magnetostrati�
graphic record of the Rozhkova section, the main
objective of the present research has been achieved.
The Arenig and Llanvirn parts of the section with a
total thickness of more than 110 m contain a clearly
readable paleomagnetic signal, which again indicates
that the Arenig and the Llanvirn times were strongly
(and, probably, even totally) dominated by the geo�
magnetic field of reversed polarity.
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