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Paleogeographic implications and magnetic field behavior
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Abstract. We present a magnetostratigraphic study of the late Mesoproterozoic Malgina and
Linok Formations, located along the southeastern (Uchur-Maya region) and northwestern
(Turukhansk region) margins of the Siberian craton, respectively. Biostratigraphic, radiometric,
and chemostratigraphic data indicate that these formations are likely coeval between 1050 and
1100 Ma. Paleomagnetic analyses reveal a high-temperature component carried by magnetite
and/or hematite. This component yields positive fold and reversal tests, together with a positive
conglomerate test for the Malgina Formation, which indicates that the magnetization was acquired
during or soon after sediment deposition. The mean paleomagnetic direction obtained from the
Uchur-Maya region, which is unambiguously representative of the Siberian craton, indicates that
it could not have been part of Rodinia at that time if Siberia was located in the Southern
Hemisphere and if we assume that Laurentia and Siberia were connected along their present nor-
thern shorelines. We emphasize that Siberia could have been part of Rodinia during the late
Mesoproterozoic if southern Siberia was joined to the northern part of Laurentia as recently pro-
posed by Rainbird et al. [1998]. If true, placing the Siberian craton in the Southern Hemisphere
implies that the magnetic polarity of the ~1000 Ma Laurentian paleomagnetic poles must be
switched. Our data also show the occurrence of at least 15 symmetric geomagnetic field reversals,
indicating that the paleomagnetic results from the late Mesoproterozoic Keweenawan lavas do not
reflect a worldwide and persistent asymmetric field during the Proterozoic.

1. Introduction

Recent paleomagnetic analyses of the Brunhes and
Matuyama chrons show that no statistical difference exists
between the normal and reversed time-averaged geomagnetic
fields [e.g., McElhinny et al., 1996]. In both polarity states,
the time-averaged field closely conforms to a geocentric
axial dipole (GAD) with a minor (a few percent) contribution
from an axial quadrupole [e.g., Carlur and Courtillot, 1998].
The dipolar nature of the field has likely held during the
whole Cenozoic and the Mesozoic, although the contribution
from the axial quadrupole may have varied slightly during
those periods [Coupland and Van der Voo, 1980; Livermore
et al., 1984; see also Kent and Smethurst, 1998].

For much older periods, such as the Proterozoic, the cha-
racteristics of the Earth's magnetic field are still very poorly
constrained from paleomagnetic data. A major reason for this
is the difficulty in finding nonremagnetized Proterozoic
rocks. Another problem is the large uncertainties on
Proterozoic plate reconstructions despite recent progress
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made in defining the assembly and the breakup of the Rodinia
supercontinent at the end of the Proterozoic (between ~1100
Ma and 750 Ma [e.g., Hoffman, 1991; Powell et al., 1993]).
In principle, paleomagnetic data can test the dipolar nature of
the geomagnetic field by comparing coeval paleomagnetic
poles obtained from a large undeformed block. Evans [1976]
proposed a more general method based on the analysis of the
probability distribution of paleomagnetic inclinations over
a time interval long enough to ensure that an unbiased ran-
dom sampling distribution is considered. When applied to
the Precambrian, the Evans method reveals an anomalous in-
clination distribution which may indicate a significant
contribution of multipolar sources [Kent and Smethurst,
1998]. Although not excluding a bias in their analysis due to
a particular low-latitude geographical distribution of the
plates, Kent and Smethurst [1998] propose that the nondi-
pole field was of higher amplitude during the Proterozoic,
with possibly a zonal octupolar field of intensity up to 25%
of the GAD.

Interestingly,  several paleomagnetic  studies of
Proterozoic rocks have suggested the occurrence of asymme-
trical polarity reversals, which may indicate the presence of a
significant long-standing and nonreversing field. The best
case for the existence of asymmetrical reversals comes from
the Keweenawan rocks of the Lake Superior region dated at
1110-1080 Ma [Pesonen and Nevanlinna, 1981; Nevanlinna
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and Pesonen, 1983; Cannon and Nicholson, 1996]. In these
volcanic rocks a ~25° difference in inclination was observed
between the normal and reversed directions, whereas the de-
clinations were roughly 180° apart. Pesonen and Nevanlinna
[1981], and Nevanlinna and Pesonen [1983] considered that
this asymmetry reflects a persistent worldwide geomagnetic
feature during this period and proposed a two-dipole field
configuration model to fit the data. In this simplistic model,
one dipole sporadically changes its polarity whereas the
other does not (or more rarely), thus introducing the nonan-
tiparallel normal and reversed directions. Alternatively, a
high-amplitude nondipole field would also permit a model in
which the reversing dipolar field and the nondipole field be-
haved differently [Kent and Smethurst, 1998]. Whatever their
origin, the field asymmetry and/or a high-amplitude nondi-
pole field during the Proterezoic would question paleomagne-
tism's ability to make paleogeographic reconstructions for
this period.
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Magnetostratigraphy may help address the question of a
Proterozoic asymmetric geomagnetic field. For this reason,
we studied the magnetostratigraphy of two late
Mesoproterozoic sedimentary formations in Siberia. These
data also provide new constraints on the paleoposition of
Siberia with respect to the Rodinian supercontinent. In parti-
cular, the possibility for a Laurentia - Siberia connection du-
ring this period is presently poorly constrained by paleoma-
gnetic data, and the paleogeographic reconstructions based
on geological data are contradictory.

2. Geologic Setting, Lithology, and Sampling
of the Malgina and Linok Formations

The Malgina and Linok Formations are two distinct, but li-
thologically very similar members of the Riphean succes-
sions exposed in the Uchur-Maya and Turukhansk regions,
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Figure 1. Locality map of the Uchur-Maya and Turukhansk regions and simplified description of the Riphean
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2400 km apart, along the southeastern and northwestern
margins of the Siberian craton, respectively (Figure 1).

2.1. Malgina Formation

The Uchur-Maya region comprises a vast exposure of
Riphean deposits that rest unconformably on Archean crys-
talline basement and late Paleoproterozoic rocks and that are
unconformably overlain by wupper Vendian to Middle
Cambrian sediments. Two tectonic structures separated by an
eastward dipping thrust are located within the area: the Uchur-
Maya undeformed zone in the southwest and the north-south
trending Yudoma-Maya fold belt in the east [Semikhatov and
Serebryakov, 1983]. Our samples were collected from four
sections located 50-120 km apart in the middle part of the
Maya river basin, along the eastern margin of the first struc-
ture (Figure 2). The strata at three of the sections (Haahar,
Emelekeen, and Selia) are flat lying, with dips not exceeding
2°-3°. The rocks of the fourth Ingili section are locally de-
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formed, with dips up to 65°-90°, by the emplacement of an
alkaline ultrabasic pre-Vendian intrusion (~640-660 Ma
[e.g., Semikhatov and Serebryakov, 1983]).

The Uchur-Maya Riphean succession is subdivided into
five unconformity-bounded groups: Uchur (lower Riphean),
Aimchan and Kerpyl' (middle Riphean), and Lakhanda and Ui
groups (upper Riphean [Semikhatov and Serebryakov, 1983;
Semikhatov, 1991]). The most widespread Riphean unit in
the Uchur-Maya regioh is the Kerpyl' group, which consists
from bottom to top of the siliclastic Totta, the limy
Malgina, and the dolomitic Tsipanda Formations (Figure 1).

In the studied sections the Malgina Formation is a 40-140
m-thick unit dominated by variegated (green, gray, and buff
and subordinate yellow, pale, and red) horizontally or hum-
mocky cross-laminated micritic limestone. Thiese limestones
grade upward into an extensive discontinuous unit, up to 28-
30 m thick, of alternating black carbonaceous shales and li-
mestones. Subordinate lithologies include microbially lami-
nated limestones, dolomites, and occasionaly silty and stro-
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matolitic limestones. Lenses and beds of flakestones occur in
the lower and middle parts of the formation. This lithology
indicates that the Malgina Formation, which thickens and
deepens eastward, was accumulated in an open marine envi-
ronment below and near the storm wave base.

2.2. Linok Formation

The Turukhansk region corresponds to a marginal uplift
along the north-western edge of the Siberian craton. Within
the uplift, Riphean deposits define three north-south tren-
ding, east transported, thrust-bounded blocks. In each block
these deposits form either gentle (15°-35°) westward dipping
homoclines or an asymmetrical syncline. Late Vendian to
Upper Cambrian sediments lie subhorizontally and are sepa-
rated from Riphean rocks by a gentle unconformity (2°-5°),
which locally may reach up to 80°-90° [Semikhatov and
Serebryakov, 1983]. Paleomagnetic samples were collected
from six outcrops located several tens of kilometers apart in
two different blocks (Figure 3).

The oldest succession exposed within the Turukhansk
uplift belongs to the late middle Riphean and comprises three
units, the Bezymyannyi, the Linok, and the Sukhaya
Tunguska Formations (Figure 1), the latter being separated
from the overlying late Riphean Derevnya Formation by an
important erosional surface. Our study is focused on the
Linok Formation, which is subdivided into three units
[Petrov, 1993]. The lower unit, which in our sections is 20-
46 m-thick and from which most of the paleomagnetic
samples were collected, consists of greenish-gray, partly red-
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Figure 3. Simplified geological map of the Turukhansk
uplift [after Paviov and Petrov, 1996] and location of the
sampled outcrops.
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colored platy and horizontally laminated micritic limestones
with subordinate marls, calcareous shales, and rare siltstones
at the base. The middle unit (42-70 m thick) contains black
carbonaceous shales and gray micritic limestones. The upper
unit (95-140 m thick) is dominated by light gray and gree-
nish-gray finely laminated and hummocky cross-laminated
micritic limestones. The lower two units were deposited in re-
latively deep-water marine settings while the upper one re-
flects a gradual decrease of the paleodepth [Perrov, 1993;
Veis and Petrov, 1994].

3. Age of the Studied Formations

The lithologies of the Kerpyl' and the Lakhanda groups
from the Uchur-Maya region and the Bezymyannyi through
the Derevnya Formations from the Turukhansk region are
strikingly similar. This similarity was originally used as
evidence for their correlation, which is further supported by
paleontological (stromatolites and organic walled microfos-
sils), geochronological, and chemostratigraphic data.

Stromatolite assemblages within the Riphean Uchur-Maya
and Turukhansk sections undergo important changes in their
taxonomic compositions at the base of the Lakhanda group
and Derevnya Formation, respectively. Assemblages confi-
ned to the upper Kerpy!l' and to the Sukhaya Tunguska depo-
sits are dominated by endemic form species of the long-ran-
ging middle Riphean to late Riphean form genera and contain
several forms known to occur in the upper middle-lower upper
Riphean interval. In the Lakhanda group and Derevnya
Formation the stromatolite assemblages are replaced by di-
verse and remarkable ones which contain abundant middle-
upper Riphean form species of long-ranged form genera, to-
gether with quantitatively subordinate but stratigraphically
important taxa (Baicalia lacera Semikhatov, Inzeria tjomusi
Krylov, and Jurusania cylindrica Krylov) which appear in the
lower upper Riphean of the Ural Mountains, of northern
Africa and elsewhere [Krylov, 1975; Semikhatov and
Raabens, 1994, 1996; Knoll and Semikhatov, 1998].

The stromatolite-based constraints on the stratigraphic
age of the Uchur-Maya and Turukhansk Riphean successions
are corroborated by microfossils [Herman, 1990; Petrov and
Veis, 1995; Veis and Petrov, 1995]. Organic walled micro-
fossils display distinct changes in taxonomic composition
at the base of the Lakhanda and Derevnya strata. The shales
of the Totta and Bezymyannyi Formations contain very simi-
lar microfossil assemblages yielding, along with very long
ranging, small simple forms, several distinctive taxa, for
example, large Chuaria, broad sheaths of Rectina,
Rugosoopsis, and Polytrichoids, and branching thalii of
Ulophyton and Majaphyton, which are representative of the
Mesoproterozoic (for discussion see Sergeev et al. [1995]
and Semikhatov [1995]). The Lakhanda and Derevnya assem-
blages are notable for the appearance and wide distribution of
a number of spectacular upper Riphean morphotypes, for
example, acantamorphic acritarchs, tufted sheats, cylindrical
spirals, and fungi. The appearance of these taxa, and particu-
larly of the acantomorphic Trachyhystrichospharea aimika
and Trachyhystrichospharea stricta, marks an important
change in the Proterozoic microbiota observed across the
middle-upper Riphean boundary [Knoll and Sergeev, 1995;
Semikhatov, 1995].

The paleontological data therefore indicate that (1) the
middle-upper Riphean boundary should be placed between the
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Kerpyl' and Lakhanda groups of the Uchur-Maya succession
and between the Sukhaya Tunguska and the Derevnya
Formations in the Turukhansk region, and (c2) the Malgina
and Linok Formations belong to the late middle Riphean
(late Mesoproterozoic).

The maximum age of the Uchur-Maya Riphean succession
is constrained by U-Pb dates of 1703+18 and 1727+11 Ma on
zircon and monazite from the youngest pre-Uchur group
magmatic rocks [Neymark et al., 1992; Larin et al., 1997].
Numerous K-Ar determinations on globular glauconite from
the Riphean succession, which have been interpreted to re-
cord depositional ages, show an upsection pattern of decrea-
sing age. Ages of 1520-1360 and 1200-1230 Ma were obtai-
ned for the Uchur and middle Aimchan groups, respectively,
while glauconite collected mn the Totta Formation produced
ages of 1170-1070 Ma for the lower and middle parts of the
unit and 1020-970 Ma for 1its upper part [Semikhatov and
Serebryakov, 1983, and references therein]. Glauconite-illite
minerals from the overlying Neryuen, Ignikan (Lakhanda
group), and lowermost Ui deposits yielded K-Ar ages of
950+30, 840+40, and 760-700 Ma, respectively. However,
several of these data appear to be at odds with recent U-Pb
baddeleyite dates of 1004+5 and 947+7 Ma from mafic sills
cutting the lower part of the Ui group and the upper part of
the Lakhanda group [Semikhatov and Serebryakov, 1983;
Rainbird et al., 1998]. A Sm-Nd isochron also produced a
948+18 Ma date for the sills [Paviov et al., 1992].
Furthermore, a maximum age of 1300+5 Ma for the Kerpy!’
group, which includes the studied Malgina Formation, was
recently obtained by U-Pb dating on detrital zircon in the
Totta Formation [Khudoley et al., 1999]. These isotopic
dates constrain the age of the Malgina Formation to be surely
younger than 1300+5 Ma, most likely younger than 1150
Ma, and older than 1004+15 Ma.

Age constraints on the Turukhansk Riphean succession are
more limited [e.g., Knoll et al., 1995]. A recent 16-point Pb-
Pb isochron on carbonates from the mddle Sukhaya
Tunguska Formation yields an age of 1035 + 60 Ma
[Ovchinnikova et al., 1995]. K-Ar determinations on globu-
lar glauconite-illite minerals from different levels within the
succession are considered to reflect resetting of the K-Ar
clock ~850-900 Myr ago [Semikhatov and Serebryakov,
1983; Knoll et al., 1995], while that from the counterparts of
the Bezymyannyi and Derevnya Formations exposed in the
Yenisei Ridge (south of the Turukhansk region) give ages of
~1100 and 1007+15 - 924 Ma, respectively [Shenfil', 1991,
and references therein]. The age of the Linok Formation the-
refore lies within the ~1035£60 -1100 Ma time interval
[Gorokhov et al., 1995].

Hence available paleontological and radiometric data are
mutually consistent and define a late middle Riphean (late
Mesoproterozoic) age for both the Kerpyl group and the
Bezymyannyi-Sukhaya Tunguska succession, whereas radio-
metric data indicate that these rock units fall within the same,
rather narrow time interval (according to Precambrian stan-
dards). It is probable that the lithologically similar middle
members of the above units, the Linok and Malgina
Formations, are coeval deposits older than 1000 Ma, likely
around 1050-1100 Ma. Recent strontium and carbon chemos-
tratigraphic data obtained from both formations strongly
support this correlation [Gorokhov et al., 1995; Vinogradov
et al., 1998; Bartley et al., 2000].
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4. Paleomagnetic Analyses

The magnetic measurement of the samples from the Linok
Formation was carried out with a CTF three-axis cryogenic
magnetometer in the magnetically shielded laboratory at the
Institut de Physique du Globe de Paris. Analyses of samples
from the Malgina Formation were conducted using a 2G three-
axis cryogenic magnetometer in the paleomagnetic labora-
tory at the Institutt fir Allgemeine und Angewandte
Geophysik of Miinchen (Germany).

4.1. The Malgina Formation

The magnetization of ~120 hand samples was analyzed.
The samples were thermally demagnetized in 12-20 steps
(Figure 4). A low unblocking temperature component (LTC)
is isolated below 300°-340°C (Figures 4a and 4d). The LTC
directions are roughly parallel to the present geomagnetic
field direction 1n the studied area. At higher temperatures ano-
ther component directed towards the origin of the orthogonal
diagrams is isolated up to 570°-590°C or 680°C, depending
on the samples. These unblocking temperatures indicate that
hematite (Figures 4a and 4b) and/or magnetite (Figures 4c and
4d) carry the remanence. Sometimes, both magnetic minerals
are present in the same sample (Figures 4e and 4f). Note that
1n any case, the directions are similar. This magnetic minera-
logy is confirmed by isothermal remanent magnetization
(IRM) experiments (Figure 5a). In some cases, the magneti-
zation is saturated in low fields (~0.3 T), whereas for other
samples often of redish color, the magnetization is still not
saturated at 1.2 T.

The high unblocking temperature component (HTC)
clearly contains two magnetic polarity states (Figures 4a, 4c,
and 4e for one polarity and Figures 4b, 4d, and 4f for the
other). The HTC directions are shown in Figure 6, both in
equal area projections and 1n magnetostratigraphic se-
quences. In the declinations and inclinations versus depth
diagrams (right plots in Figure 6), the results obtained in this
study are shown by circles, and only these data will be consi-
dered for mean computations. The squares indicate directions
previously obtained from an old collection of samples dema-
gnetized in Moscow at 450°C, which are only used to better
constrain the magnetic polarity sequences (note that for the
Selia section, all the new data lack a stratigraphic control).
The magnetic polarity patterns obtained from the four sec-
tions are roughly similar, and a composite magnetostratigra-
phic sequence can be proposed (Figure 7a), although several
magnetic polarity intervals are defined by only one sample.
Numerous reversals are present in the lower and middle parts
of the sections, whereas a predominant reversed polarity is
observed in their upper parts (if we assume that Siberia was
located in the Southern Hemisphere during this period; see
section 5).

The mean HTC directions from the four sections are shown
in Figure 8. For the four sections, a positive reversal test is
obtained (Table 1 and Figures 8a and 8b) [McFadden and
McElhinny, 1990]. The mean directions calculated at the site
level yield a positive fold test at the 99% level (Figures 8¢
and 8d) [McElhinny, 1964]. We also report the paleomagne-
tic directions isolated from 22 pebbles sampled in a conglo-
merate intercalated in the lower part of the Selia section
(Figure 9). These pebbles exhibit demagnetization behaviors
similar to that observed in the lower part of the Selia section,
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Figure 4. Thermal demagnetization diagrams of samples from the Malgina Formation: (a) UM26, (b)
UM259, (c) UM76, (d) UMS, (¢) UM241, and (f) UM73. Solid circles are in the horizontal plane, and open
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zation.

where the magnetization is carried by magnetite and hematite 4.2. The Linok Formation

(Figures 9a and 9b). The directions of their HTC component

are clearly randomly distributed and therefore yield a positive The thermal treatment shows clear demagnetization paths
conglomerate test. Altogether, the paleomagnetic tests indi- in ~160 from 230 samples collected from the Linok
cate that the magnetization of the four studied sections was  Formation (Figure 10). A soft component, which has roughly
acquired during or very soon after sediment deposition. the direction of the present geomagnetic field, is isolated in
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Figure 5. Isothermal remanent magnetization (IRM) experiments up to, 1.2 T carried out on samples from the
(a) Malgina Formation and the (b) Linok Formation. Read le-3 as 1x107,

the first demagnetization steps until ~200°-300°C. An inter-
mediate component is then isolated between ~300° and
420°C. Although this component is obvious in many
samples (Figures 10a and 10b), its direction cannot be preci-
sely determined because of overlapping with the other com-
ponents. In contrast, a clear HTC temperature component is
obtained between 450° and 560-580°C. This latter compo-
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nent, which after bedding correction points either toward
south with positive inclinations (Figures 10a and 10b) or
toward the north with negative inclinations (Figures 10c and
10d) and thus clearly has the two magnetic polarity states.

In contrast with the data from the Uchur-Maya sections,
the magnetization of the Linok Formation is homogeneously
carried by a mineral of the magnetite family. This is obvious
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Figure 6. Directions in stratigraphic coordinates of the high unblocking temperature component obtained in
four sections from the Malgina Formation (a) Emelekeen section, (b) Haahar section, (c) Ingili section, and (d)
Selia section. The corresponding magnetostratigraphic sequences are shown in the right plots assuming that
Siberia was located in the Southern Hemisphere. The circles show the data obtained in this study and considered
for mean computations. The squares indicate results previously obtained from an old collection of samples,
which are only used to constrain the magnetostratigraphic sequences.
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from thermal demagnetization achieved at 560°-580°C, and
this is confirmed by IRM experiments which show that all
the magnetization is saturated in a ~0.2 T field (Figure 5b). In
some samples the demagnetization behavior is relatively
scattered in the high-temperature range (above 400°C), which
may be owing to the transformation of iron sulfides during
the thermal treatment. These transformations are also detec-
ted from measurements of the bulk susceptibility after each
demagnetization step, indicating an increase of the value
with increasing temperature.

Five sections show HTC directions of both magnetic pola-
rities (Figure 11). Although the magnetic polarity sequences
are relatively fragmentary, they indicate the occurrence of
several magnetic reversals during the lower and middle parts
of the Linok Formation and a predominant reversed polarity
during its upper part (Figure 7b; again assuming that Siberia
was located in the Southern Hemisphere). These characteris-
tics are similar to those previously observed from the
Malgina Formation (Figure 7a). In all sections showing ma-
gnetic reversals the HTC directions yield a positive reversal
test (Figures 12a and 12b and Table 2). Moreover, the mean
direction estimated for the six sections yields a positive fold
test at the 99% level (Figures 12¢ and 12d). These characte-
ristics indicate that the magnetization of the Linok
Formation was likely acquired during the sedimentation pro-
cess.
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5. Discussion

5.1. Paleoposition of Siberia

The paleomagnetic study of the Malgina and Linok
Formations provides two well-defined mean directions
(Tables 1 and 2). The corresponding geomagnetic poles are
statistically different, which indicates that a relative motion
took place between the northwestern and southeastern parts
of Siberia. This is in agreement with the suggestion of
Gurevich [1984] and Pavlov and Petrov [1996], who propo-
sed that the opening of the Viluy rift and the formation of the
Viluy graben during the Paleozoic generated a relative rota-
tion between these two parts of Siberia. From the available
Proterozoic and Paleozoic paleomagnetic data, Smethurst et
al. [1998] have recently estimated this rotation to be of the
order of 20° with a rotation pole located in the western end of
the Viluy graben at 60°N, 100°E (northwest Siberia rotating
anticlockwise relative to southeast Siberia). Using this Euler
pole, we observe that a rotation of ~25°-30° would be neces-
sary to reconcile our two paleomagnetic poles, roughly simi-
lar to the value estimated by Smethurst et al. A second tecto-
nic possibility may, however, also contribute to this diffe-
rence. Indeed, whereas the Uchur-Maya region is unambi-
guously representative of the Siberian craton, the
Turukhansk region belongs to a disturbed margin of the cra-



GALLETET AL.: LATE MESOPROTEROZOIC MAGNETOSTRATIGRAPHY

a) [ ] Tsipanda Formation
Totta Formation

Emelekeen

10m

16,489

MALGINA FORMATION

b .
) Section 1 Section 3 ,/ Section4
Section 2 )
Section 6
E
!
= Section 5
Z
g |
: m
5
g a
Z 3
= 3
'E I E
g
3 l
il i

. |10m
[

Bl Bezymyannyi Formation || Sukhaya Tungunska Formation

Figure 7. Comparison between the different magnetostratigraphic sequences obtained from the (a) Malgina

Formation and the (b) Linok Formation.

ton where relative rotations may have occurred during thrus-
ting. However, the lack of statistically meaningful diffe-
rences in paleomagnetic pole positions calculated for the
Linok deposits exposed in two different thrust-bounded
blocks and the absence of large-scale transverse slip faults in
the regional structure render this suggestion unlikely. A final
possibility would be that the discordance in paleomagnetic
poles reflects an age difference between the Malgina and
Linok Formations. However, again, the stratigraphic, bios-
tratigraphic, and chemostratigraphic data contradict this al-
ternative. It seems, therefore, reasonable to suggest that the
opening of the Viluy nift is responsible for all the difference

between our results. However, in order to meet the rigidity re-
quirement for paleomagnetic reconstruction, we will use in
this study only the paleomagnetic pole obtained from the
Uchur-Maya region to constrain the paleoposition of
Siberia.

A major problem is the assignment of magnetic polarities
to the observed directions, which is linked to the hemisphe-
ric position of Siberia during the Proterozoic. Smethurst et
al. [1998] have recently discussed this issue. They propose
that Siberia remained in the Southern Hemisphere from 1100
to ~470 Ma (from the late Mesoproterozoic to the
Ordovician), with only a brief incursion in the Northern
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Mean high unblocking temperature component (HTC) directions obtained from the Malgina

Formation: (a) mean directions of normal and reversed magnetic polarities obtained from the four sections be-
fore bedding correction, (b) mean directions of normal and reversed magnetic polarities obtained from the four
section after bedding correction, (c) mean directions combining both polarities from the different sections be-
fore bedding correction, and (d) mean directions combining both polarities from the different sections after

bedding correction.

Hemisphere around 730 Ma. Under this assumption, our re-
sults indicate that the present-day northern shoreline of
Siberia was roughly facing to the west around 1050-1100
Myr ago, in agreement with the paleoposition suggested by
Smethurst et al. However, a definitive answer for the
Southern Hemisphere option will be obtained by studying
Vendian and Lower Cambrian Siberian deposits, two periods
for which paleomagnetic data are presently either missing
(Vendian) or contradictory (e.g., Lower Cambrian
[Kirschvink and Rozanov, 1984; Pisarevsky et al., 1997]).

It is also of interest to compare the paleoposition of the
Siberian craton with respect to Rodinia. Following several
authors [e.g., Hoffman, 1991; Powell et al., 1993; Dalziel,
1997], the ~1100 Ma period corresponds to the beginning of
the amalgamation of Rodinia along the Grenvillian orogenic
belts. This supercontinent would have existed until ~725-
750 Ma. Around 1050-1100 Ma the paleoposition of
Laurentia is constrained by several paleomagnetic poles
le.g., Powell et al., 1993; Costanzo-Alvarez et al., 1993,
Weil et al., 1998]. Here we consider three paleomagnetic
poles with ages likely coeval to the Malgina and Linok
Formations: (1) paleomagnetic pole 1, age range 1050-1060
Ma, A=5.8°, ¢=178.0° (also considered by Powell et al.

[1993]; Table 3); (2) paleomagnetic pole 2, age range 1060-
1075 Ma, A=29.0°, @=176.7°, A95=8.5°, N=3 (estimated
from the list of results given by Weil er al. [1998]; Table 3);
and (3) paleomagnetic pole 3, age range 1080-1100 Ma,
A=33.6°, ¢=181.9°, A95=6.6°, N=4 (estimated from the list
of results given by Weil ez al. [1998]; Table 3). Using these
paleomagnetic poles, our data indicate that Siberia could not
be part of the Rodinian supercontinent at that time if we as-
sume the classical configuration showing the Laurentia and
Siberia connected along their present northern shorelines
(Figure 13a) [Condie and Rosen, 1994; Pelechaty, 1996;
Smethurst et al., 1998]. However, this connection is geolo-
gically and paleomagnetically poorly substantiated [see also
Piper, 1982, 1987]. In particular, it has been recently discus-
sed and challenged by Rainbird et al. [1998]. From new U-Pb
geochronologic data obtained from southeast Siberia (Uchur-
Maya region), these authors propose a connection between
southern Siberia and northwest Laurentia during the middle
and late Riphean. Following this configuration, our paleo-
magnetic results would indicate that the northern part of
Laurentia was facing west (Figure 13b), exactly opposite to
the position considered in most studies. This solution is si-
milar to the paleoposition of Laurentia derived if the polarity
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Figure 9. Data obtained from a conglomerate located in
the lower part of the Selia section from the Malgina
Formation: (a) thermal demagnetization diagram in stratigra-
phic coordinates (same convention as in Figure 4) for sample
G4, (b) thermal demagnetization diagram 1n stratigraphic co-
ordinates for sample G14, and (c) HTC directions obtained
from 27 pebbles.

option for the Laurentian poles is switched as was previously
suggested by Park [1994; see also Schmidt and Morris, 1977,
Schmidt and Clark, 1997]. By inverting the three mean pa-
leomagnetic poles previously considered for Laurentia, we
indeed obtain a paleoposition which allows a connection
between Laurentia and Siberia (Figure 13b). In this way,
Siberia would belong to the Rodinian supercontinent. It is
worth noting that a tight fit is obtained between Siberia and
Laurentia when paleomagnetic pole 2 is considered for
Laurentia (Figure 13b), which is in very good agreement with
the geologically based connection proposed by Rainbird et
al. As noted by Powell et al. [1993] and Schmidr and Clark
[1997], this solution would have important consequences for
the Rodinian configuration and on the Late Precambrian-lo-
wer Paleozoic paleogeographic reconstructions between
Laurentia and Siberia on one hand and the Gondwanian
blocks on the other one. However, we mention that the
Laurentia-Siberia connection proposed by Rainbird et al.
would also be compatible with the conventional polarity op-
tion for the Laurentian poles if Siberia was located in the
Northern Hemisphere. This clearly underlines the broad in-
terest in better defining the apparent polar wander path of
Siberia during the Neoproterozoic.

GALLET ET AL.: LATE MESOPROTEROZOIC MAGNETOSTRATIGRAPHY

5.2.
Field

On the Behavior of the Earth's Magnetic

The uncertainties on the Rodinian configuration around
1050-1100 Ma are not critical for discussing the Earth's ma-
gnetic field behavior during the Proterozoic. The antiparallel
and consistent paleomagnetic directions (after closure of the
Viluy aulacogen) observed in two coeval formations from
two sites located several thousands of kilometers apart sug-
gest that the prevailing geomagnetic field was strongly dipo-
lar. This would be more evident if the reconstruction propo-
sed in Figure 13b was confirmed. However, it remains prema-
ture to discern if this dipole was aligned with the Earth's spin
axis [e.g.,Williams, 1993].

The magnetostratigraphic results obtained from the
Malgina and Linok Formations show a relatively large num-
ber of magnetic polarity intervals, but a magnetic reversal
frequency cannot be estimated. It has been suggested that
field reversals were less frequent during the Proterozoic than
during the Phanerozoic [e.g., Roberts and Piper, 1989]. Such
a characteristic does not seem to be confirmed by our study,
at least during a part of the Proterozoic. This may indicate
that large changes in magunetic reversal frequency have exis-
ted during the Proterozoic similar to those observed during
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Figure 10. Thermal demagnetization diagrams of samples
from the Linok Formation (Turukhansk region): (a) M4169,
(b) M4376, (c) M4153, and (d) M4322. Convention 1s the
same as that in Figure 4.
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section 6. The corresponding magnetostratigraphic sequences are shown in the right plots. The magnetic zona-
tion is established considering that Siberia was located in the Southern Hemisphere.

the Phanerozoic [e.g., Gallet et al., 1992]. Another possibi-  likely smaller than it is at present [e.g., Hollerbach and
lity would be that the magnetic reversals were more frequent  Jones, 1993; Gubbins, 1999]. Unfortunately, it will be very
during the Precambrian because of the fact that the solid inner  difficult to constrain this important issue which may help to
core, which may act on the stability of the geodynamo, was  constrain the influence of the growing inner core during the
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Figure 11.

Precambrian, owing in particular to the lack of strong age
constraints and biases in the second resulting from a small
number of paleomagnetically well-preserved Precambrian se-
dimentary sections.

Our magnetostratigraphic results also show no evidence
for asymmetric reversals during a period roughly similar to
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(continued)

the age of the emplacement of the Keweenawan lavas
[Pesonen and Nevanlinna, 1981; Nevanlinna and Pesonen,
1983]. Pesonen and Nevanlinna [1981] noted several paleo-
magnetic studies that favor the worldwide occurrence and per-
sistence of an asymmetric geomagnetic field during the
Proterozoic. One study concerns sedimentary sections from
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Figure 12. Mean HTC directions obtained from the Linok Formation: (a) mean directions of normal and re-
versed polarity obtained from the six sections before bedding correction, (b) mean directions of normal and re-
versed polarity obtained from the six sections after bedding correction, (c) mean directions combining both
polarity directions from the different sections before bedding correction, and (d) mean directions combining
both polarity directions from the different sections after bedding correction.

the Yenisei Ridge region, where asymmetrical reversals were
observed by Vlasov and Popova [1968]. Our data, in particu-
lar those from the Turukhansk region, do not confirm this
characteristic. The lack of standard demagnetization treat-
ment in the study of Viasov and Popova likely explains this
difference. A second data set cited by Pesonen and
Nevanlinna was obtained by Piper and Stearn [1977] in the
Gardar Province from southern Greenland. In this latter study,
the asymmetry is opposite to the one observed in
Keweenawan, although the distance between southern
Greenland and the Lake Superior region at that time was li-
kely closer than the one between the Uchur-Maya and
Turukhansk regions (note that the connection between North
America and Greenland seems unambiguous). These results

therefore contradict the two-dipole model suggested by
Pesonen and Nevanlinna and Nevanlinna and Pesonen
[1983]. In order to explain their data, Piper and Stearns sug-
gested that a transitional-like behavior of the field persisted
over several million years. Such a possibility is not suppor-
ted by our magnetostratigraphic results. More recent paleo-
magnetic data obtained by Lewchuk and Symons [1990a, bl,
Costanzo-Alvarez et al. [1993], and Symons [1994] from
eastern Canada (Coldwell, Shenango, Nemegosenda,
Chipman Lake, and Seabrook Lake alkaline and carbonatite
complexes) are also important for testing the regional
consistency of the Keweenawan asymmetrical reversals.
These data, which have the same age as the lavas studied by
Nevanlinna and Pesonen, show several magnetic polarity in-
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Figure 13. Tentative paleogeographic reconstructions of the Laurentian and Siberian cratons between 1050 and
1100 Ma: (a) reconstructions obtained considering the southern option for the Laurentian poles, and (b)
reconstructions obtained considering the northern option for the Laurentian poles [e.g., Park, 1994].

tervals with no evidence for an asymmetric geomagnetic
field. Taking into account the previous observations, it is
therefore reasonable to consider that the asymmetrical rever-
sals observed in the Keweenawan region do not reflect a wide
and persistent characteristic of the Earth's magnetic field
around 1110-1080 Ma. A simple and satisfactory solution
would be that the asymmetrical reversals observed by
Pesonen and Nevanlinna are an effect of nonaveraged secular
variation [see also Costanzo-Alvarez et al., 1993].

The possibility for an asymmetric field has been suggested
for several other periods during the Proterozoic and the
Phanerozoic. For instance, Schmid: and Williams [1995]
have observed a large difference in inclination of ~20° bet-
ween normal and reversed mean directions from late
Neoproterozoic (650-600 Ma) sediments from Australia.
Nonantiparallel directions were also reported by Torsvik et
al. [1995] from lower Paleozoic Scandinavian sediments.
However, no case exists where several results obtained from
coeval formations sampled in widespread regions show the
occurrence of an asymmetric field. For this reason, for the

studies mentioned above, we cannot exclude a possible bias
due to a remagnetization component which may not have
been completely erased by demagnetization treatment. Such a
bias is sometimes observed in magnetostratigraphic studies
of much more recent sediments, even those showing an appa-
rently clear demagnetization behavior (e.g., Muttoni et al.
[1996] for Triassic sediments). It should be remembered that
an asymmetric field was suggested by Schneider and Kent
[1988] for the last few million years, which they attributed to
different contributions of a zonal quadrupolar field between
the normal and reversed polarity states. However, this was
subsequently disproved by the statistical analysis of a large
compilation of paleomagnetic directions [McElhinny et al.,
1996]. This point illustrates the difficulty of identifying
such a geomagnetic characteristic, although numerous well-
dated paleomagnetic data of good quality are available. We
therefore think that there is at present no strong evidence
supporting the existence of a long-standing asymmetric
geomagnetic field over at least the last billion years.
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Table 3. Mean Paleomagnetic Poles Used to Constrain the Paleoposition of Laurentia Between 1100 and 1050 Ma

Sources

Latitute.deg Longitude, deg A, deg

Age range, Ma

GALLET ET AL.: LATE MESOPROTEROZOIC MAGNETOSTRATIGRAPHY

Nonesuch Shale [Henry et al., 1977]

178.0°

5.8°

1050-1060

Paleomagnetic pole 1

Freda sandstone [Henry et al., 1977]

lex [Lewchuk and Symons, 1990b]
, 1987]

P

hipicoten Island volcanics [Palmer and Davis

Clay-Howells Carboonatite com

Mic

8.5°

176.7°

29.0°

3

1060-1075

Paleomagnetic pole 2

Copper Harbor conglomerate [Halls and Palmer, 1981]

, 1982}

p [Halls, 1974]

rtage lake volcanics [Books, 1972]
Mamainse Point volcanics [Palmer and Davis, 1987]

° Logan dikes [Halls and Pesonen
Upper Osler Grou
Por

6.6

181 9°

33.6°

4

1080-1100

Paleomagnetic pole 3
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