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INTRODUCTION

Despite the generally accepted hypothesis of the
Late Proterozoic Rodinia supercontinent, a rigorous
examination of the data available suggests that the mere
fact of this continent’s existence cannot currently be
taken as an established fact. A comparison between the
Meso- and Neoproterozoic segments of the apparent
polar wander paths of the ancient cratonic blocks, inter-
preted in [22, 26, 42] as parts of this supercontinent, is
one of the most reliable ways of testing this hypothesis.
If the cratons reviewed were indeed parts of Rodinia,
their apparent polar wander paths for the period of
1100–750 Ma must coincide after their being restored
to the configuration in which they participated in the
structure of the supercontinent.

Powell 

 

et al

 

. [35] demonstrated in 1993 that the
Laurentia and East Gondwana apparent polar wander
paths indeed coincided to a first approximation within
the Rodinia configuration suggested by Hoffman, Dal-
ziel, and Moors [22, 26, 30]. Similar research will have
to be carried out to test the hypothesis on Siberia being
a part of Rodinia and to determine the mutual positions
of Siberia and Laurentia within the framework of one

supercontinent. For this, we must have at least several
reliably dated paleomagnetic poles for Siberia, corre-
sponding to the assumed time of Rodinia’s existence.
Two of these poles are already known. One of them
(dated 1045 

 

±

 

 20 Ma) was obtained using rocks of the
Malga Formation in the Uchur–Maya area [2, 10, 25],
the other corresponding in the time to the accumula-
tion or the lower rocks of the Lakhanda Group (1025 

 

±

 

40 Ma) in the same part of the Siberian Craton [2, 11].
A third pole, which was obtained previously for Late
Riphean sills of the Uchur–Maya area and their host
rocks, can be used as a third reference pole for con-
structing an apparent polar wander path. However,
firstly, their dating has not yet been reliably substanti-
ated, and secondly, the paleomagnetic directions used
were obtained by means of laboratory procedures that,
according to the latest requirements, are not sufficient
for the precise determination of natural remanent mag-
netization components.

Our study included isotope dating of the sills men-
tioned above and control measurements that allowed
use to estimate the accuracy of the previous paleomag-
netic determinations. We obtained the new data simul-
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Abstract

 

—Detailed paleomagnetic studies of the Ui Group of sedimentary rocks and Late Riphean basic sills
from the Yudoma–Maya zone of the Uchur–Maya area have been performed. The Sm–Nd and K–Ar radiomet-
ric ages of the sills were determined. A high-confidence paleomagnetic pole was obtained for the Siberian Cra-
ton, corresponding to an age of 942 

 

±

 

 19 Ma. Along with the poles previously obtained for the Kerpyl’ and
Lakhanda groups of the Uchur–Maya area, the new pole makes up a segment of the apparent pole wander path
describing the paleogeographic position and drift of the Siberian Craton during the time interval between 1070–1030
and 1000–950 Ma ago. A comparison of the new segment and the respective paths for Laurentia and East Gond-
wana suggests that these cratons might have been parts of one supercontinent only if the generally accepted
option of the polarity of Precambrian paleomagnetic directions is revised for Laurentia (and East Gondwana)
or Siberia. The use of the polarities of the paleomagnetic directions proposed in [31, 37, 39] suggests that the
paleomagnetic poles of the reviewed cratons fall into the same region of the globe after the matching of East
Gondwana with Laurentia as in the classical configuration of Rodinia and after connecting the SSW portion of
Siberia with the northern part of Laurentia. In such a configuration, the respective segments of the apparent
polar wander paths for Siberia and Laurentia virtually repeat one another, this supporting the view that these
cratons belonged to the same supercontinent during the Middle and Late Proterozoic.



 

GEOTECTONICS

 

      

 

Vol. 36

 

        

 

No. 4

 

      

 

2002

 

THE Ui GROUP AND LATE RIPHEAN SILLS 279

 

taneously, which allowed us to refine the position of the
paleomagnetic pole for the Late Riphean Ust’-Kirba
Formation in the Uchur–Maya area. These data were
used to test the hypothesis of a Late Proterozoic super-
continent.

BRIEF GEOLOGICAL DESCRIPTION 
OF THE STUDY OBJECTS

The Uchur–Maya region (Fig. 1) consists of the
Uchur–Maya plate, which is a part of the Siberian cra-
ton, and the Yudoma–Maya zone, which is a junction
zone between the Siberian Craton and the Verkhoy-
ansk-Chukchi Mesozoic fold area [14]. It is important
that the Nel’kan suture that separates the Uchur–Maya
plate and the Yudoma–Maya zone practically does not
extend into the crystalline basement of the zone, which
represents the direct continuation of the basement of
the Siberian Craton, and is essentially confined to its
sedimentary cover [12, 15, 16]. This circumstance justi-
fies the use of the paleomagnetic poles of the Yudoma–
Maya zone for the whole of the Siberian Craton or at
least for its Aldan block. The feasibility of using the
paleomagnetic poles of the Yudoma–Maya zone for
constructing apparent polar wander paths is also sup-
ported by the results of earlier paleomagnetic studies
[8], which precluded any significant motions of the
inner blocks of the Yudoma–Maya zone relative to the
Siberian Platform. Because the geological structure of
the Uchur–Maya region was described earlier [1, 14],
we shall restrict our selves to that which is directly
related to the objects of our study.

The basically homogeneous clastic rocks of the Ui
Group, which encloses the Late Proterozoic sills we
examined, crowns the Riphean sequence of the Uchur–
Maya region (Fig. 1). These rocks rest, without any
obvious evidence of a stratigraphic unconformity, on
the carbonate deposits of the Late Riphean Lakhanda
Group, their top being truncated by a large regional pre-
Yudoma erosion surface. The thickness of the Ui Group
varies from a few hundred meters within the Urchur–
Maya plate to a few kilometers in the Yudoma–Maya
zone, which is controlled not only by the thickness of
the sediments that accumulated there but also by the
depth of the previously mentioned erosion. The Ui
Group is subdivided, according to [14], in terms of the
lithology of its rocks, into two regionally developed
formations, viz., the lower Kandyk Fm. and the upper
Ust’-Kirba Fm, which are connected with each other by
a gradual transition.

The Kandyk Formation consists of interbedded gray
and greenish gray subarkose sandstones and silty argil-
lites. The sandstone layers show a parallel gradation
bedding and numerous erosion surfaces at their bases
and washout channel casts. Thin gradational structures
of suspension storm-related and turbidite sedimenta-
tion are characteristic of the silty argillite. The propor-
tion of a pelitic grain-size fraction (argillite) is insignif-
icant as compared to the bulk of the sediment; thin lay-

ers of gravel and shingle occur at some levels of the
sequence. The thickness of the formation increases
eastward away from the margin of the Uchur–Maya
plate toward the trough of the Yudoma–Maya zone.

The Ust’-Kirba Formation is a monotonous alterna-
tion of gray, greenish, and, locally, variegated flaggy
siltstones and mudstones with the subordinate beds of
light gray quartz and subarkose sandstone. Carbonate
occurs at some levels of the deposits. Nearly all rocks
show a thin parallel usually gradational, bedding; dis-
tinctly pronounced erosional textures occur as excep-
tions. The Ust’-Kirba deposits have been preserved in
the contemporary structure of the area almost exclu-
sively within the Yudoma–Maya zone, where their
thickness varies from 200 to 1500 m.

Taken as a whole, the data available [6] suggests that
the Riphean sedimentary rocks of the Uchur–Maya
region have undergone merely the initial stages of
depth epigenesis. This is expressed in a change of the
clay mineral composition in the silty argillite and in the
occasional evidences of interpenetration microstruc-
tures at the contacts between the sandstone grains.

The Ui rocks were found to be monoclinal in almost
all the examined outcrops with some local variations of
their dips and strikes, the dip angles varying from 15 to

 

30°

 

C. The only exceptions are local sharp folds and
flexures up to 10 m high that occur occasionally in
some narrow, usually fault-related zones. The original
horizontal bedding of the Riphean sedimentary rocks
was violated only in the Latest Mesozoic, simultaneous
with a folding episode in the Verkhoyansk–Chukchi
region [14].

Late Proterozoic subvolcanic bodies, such as gab-
bro-diabase sills and dikes, ranging from a few meters
to a few hundred meters in width, are rather common in
the Yudoma–Maya zone. The sills are concordant with
the host rocks. There are distinct indications of the sills'
thermal action upon the enclosing rocks, which can be
observed only in narrow (1–2 m wide) exomorphic
zones. The exomorphic formations in the Kandyk Fm.
rocks are represented by bedded and mottled hornfelses
formed after the aleuropelitic rocks and containing
finely disseminated ore minerals and abundant chlo-
rite–sericite pseudomorphs after cordierite, suggesting
the effect of high-temperature contact metamorphism.
All discernible evidence of the sills' thermal effect upon
the host rocks vanishes rapidly away from the sills.

The relative dating of the sills and their host rocks
was a fairly easy task. On the one hand, the sills are
confined to the Middle and Upper Riphean rocks up to
the lower Kandyk ones. On the other hand, the pebbles
derived from these sills were found at the base of the
upper Kandyk deposits [14]. These data suggest that the
sills had been intruded either at the end of the early
Kandyk time or at the boundary between early and late
Kandyk time.

As for the isotope ages of the examined sills and
their host rocks, the data were limited until recently by
a few datings of the glauconite from the basal and mid-
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Fig. 1.

 

 Geological setting of the study objects and the composite stratigraphic section of the Middle and Upper Riphean deposits in
the Uchur–Maya area. Map: (

 

1

 

) Phanerozoic rocks; (

 

2

 

) Riphean and Vendian (Yudomian) rocks; (

 

3

 

) pre-Riphean volcano-plutonic
complex; (

 

4

 

) crystalline basement (Archean and Early Proterozoic); (

 

5

 

) main faults (Nel’kan marginal suture); (

 

6

 

) subordinate faults
of the Yudoma–Maya zone. Composite stratigraphic section: (

 

7

 

) mudstone; (

 

8

 

) siltstone; (

 

9

 

) sandstone, siltstone, and mudstone;
(

 

10

 

) limestone; (

 

11

 

) dolomite; (

 

12

 

) diabase sills; (

 

13

 

) major stratigraphic hiatuses. Numbers on the map denote the sites of examined
outcrops: Late Proterozoic sills: 1—P; 2—C; 3—JU; 4—S; 5—I; 6—110; 7—G; K—contact zones; Kandyk Fm. rocks, sites: 9—
1998; 10—108; 11—113; 12—125; 16—Bol’shoi Kandyk R. mouth; outcrops of Ust’-Kirba Fm. rocks: 13—Kaval’kan; 14—Kyry-
Ytyga; 15—Severnyi Ui; 17—Tyallakh. YuMZ—Yudoma–Maya zone; UMP—Uchur–Maya plate.
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dle levels of the Kandyk Formation (760 and 700 Ma,
respectively) [14]. These data basically agree with the
K/Ar datings of other Riphean rocks from the Uchur–
Maya area, which yielded a regular series of age values
increasing down the sequence. We should note, how-

ever, that the glauconite age determinations were done
over a quarter century ago using procedures that did not
meet modern requirements for age determinations. The
need for new datings corresponding to the modern level
of geochronologic studies was evident.
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NEW RESULTS OF OUR ISOTOPE STUDY 

Samples for our study were collected from the sills
outcropping on the Yudoma River’s left bank approxi-
mately 8 km south of the Mouth of the Pukhanil River.
The isotope studies were performed at the Institute of
the Geology of Ore Deposits, Petrography, Mineralogy,
and Geochemistry, Russian Academy of Sciences in
accord with the technique described in [5]. A mixed

 

149

 

Sm + 

 

150

 

Nd

 

 spike was added to every specimen of
100–200 g for our Sm–Nd isotope analyses. The speci-
mens were decomposed in a mixture of nitric and
hydrofluoric acids for two days at a temperature of

 

100°

 

C. Nd and Sm were separated in the following two
stages: firstly, all rare-earth elements were separated
from the major components using a DOWEX 50*8 cat-
ionite, and then Sm and Nd were separated using a
di(2-ethylhexine)orthophosphoric acid applied to an
inert solid phtoroplast-3 carrier. The blank values were
0.3 ng Nd and 0.1 ng Sm, which were negligible com-
pared to the abundances of these elements in the specimen.

The mass spectrometry of Sm and Nd was per-
formed using an MI-1320 mass spectrometer, single-
beam measurements and a two-filament (2*Re) ion
source. The isotope ratios were normalized for

 

146

 

Nd/

 

144

 

Nd

 

 = 0.7219. The parallel measurements using
a La Jolla reference sample yielded an average value of

 

143

 

Nd/

 

144

 

Nd = 0.511842

 

 ± 

 

20

 

 (N = 10, t

 

*

 

s

 

pop

 

), which
coincided within the uncertainty interval with the best
value for this specimen. Therefore, no corrections were
applied to the results presented in Table 1. The error of
the 

 

147

 

Sm/

 

144

 

Nd

 

 ratio determination was estimated
from the results of analyzing a reference BCR-1 rock
at 0.2% rel.

The following errors were adopted along the axes of
the isochrone diagram for computing the isochrone
parameters: 0.2% rel. along the 

 

147

 

Sm/

 

144

 

Nd

 

 axis and
the maximum error of the convergence values for the
individual analysis data along the 

 

143

 

Nd/

 

144

 

Nd

 

 axis.
This error was 

 

±

 

0.000022

 

 for the WR specimen and

 

±

 

0.000020

 

 for the minerals. The isochrone parameters
were computed using York’s [43] technique, and the
initial value, viz., 

 

ε

 

Nd(T)

 

, using the method of Fletcher
and Rosman [24]. The isochrone parameter uncertain-
ties agreed within two standard deviations. The results
of our Sm–Nd analyses of the rocks and minerals are
listed in Table 1.

A regression line with the following parameters
approximated the data points in the isochrone diagram

(Fig. 2): T = 

 

942

 

 ± 

 

19

 

 Ma, 

 

ε

 

Nd(T) =

 

 

 

+5.5

 

 ± 

 

0.3

 

, and
MSWD = 1.1. This age value obviously corresponds,
taking the good linearity of the isochrone into consider-
ation, to the time of the last isotope equilibrium
between the rock minerals. This means that they date
the respective magmatic event, since the examined min-
erals were found by our preliminary petrographic
examination of the rocks in thin sections to be primarily
magmatic and bearing no evidence of secondary alter-
ations.

However, this result was found to be considerably
different from the previously adopted ages of the exam-
ined rocks. Therefore, we attempted to confirm the
sill’s age using an independent isotope method. For this
purpose, we made a K/Ar analysis of a primary mag-
matic hornblende separated from the rocks that com-
pose the sill. This analysis was made using a technique
described in detail in [18]. The isotope ratios obtained
corresponded to the hornblende age of 

 

970

 

 ± 

 

100

 

 Ma.
The low accuracy of the K/Ar age determination was
caused by a low (~0.08%) potassium content in the
mineral and by the extremely small specimen of the
mineral that could be separated from the available sam-
ple. Nonetheless, the good agreement of the results
obtained by both the Sm/Nd and K/Ar determinations
confirmed the reliability of our Sm/Nd dating. The
more so, our isotope age value, although being some-
what lower, sufficiently well corresponds, on the

 

Table 1. 

 

 Mass-spectrometry results

No. Study object Sm Nd

 

147

 

Sm/

 

144

 

Nd

 

143

 

Nd/

 

144

 

Nd

1 Whole-rock 2.46 7.20 0.0268 0.512973 

 

±

 

 22

2 Plagioclase 0.721 2.45 0.1779 0.512807 

 

±

 

 10

3 Pyroxene 1.19 2.34 0.3078 0.513608 

 

±

 

 11

 

Note: See text for the explanations.
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Fig. 2.

 

 Isochrone diagram showing the results of Sm–Nd
isotope analysis.
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whole, to the results reported in [36]: 947 

 

±

 

 7 and
1005 

 

±

 

 4 Ma. These data were obtained using a U-Pb
method for other sills from the Late Riphean rocks of
the Uchur-Maya, using baddeleyite. We cannot suggest
any substantiated explanation for the small difference
between our age values and those separated in [36].
This difference might have been caused by an unno-
ticed systematic error in one of the experiments or may
reflect some real differences between the ages of the
sills examined by the present writers and our col-
leagues.

To conclude, the data available suggest that the Late
Proterozoic sills of the Uchur–Maya area and their host
rocks of the Kandyk Formation were formed during the
time interval of 940–1000 Ma.

PALEOMAGNETIC MEASUREMENTS

 

Methods and Objects of Study

 

Our paleomagnetic study included the reexamina-
tion of the samples collected in the late 1980s (the
remaining samples) using the modern equipment and
procedures, the verification of previously obtained and
partly published data [9], and the analysis of new sam-
ples collected during a 1998 field season. Our objects of
study were Late Proterozoic sills and their exocontact
zones, as well as the Kandyk and Ust’-Kirba Fm. sedi-
mentary rocks outcropping in the valleys of the Maya
and Yudoma rivers and their tributaries (Table 2, Fig. 1).

In the course of this study, rocks of the Kandyk For-
mation were examined in a stratigraphic section near
the Mouth of the Bol’shoi Kandyk River (Site 16,
Fig. 1), as well as in the outcrops of the Suordanakh
tract (sites 9–11) and on the left bank of the Yudoma
River valley 21 km upstream from its mouth (Site 12).
Outcrops 9–11 were a few hundred meters away from
the nearest sills and do not show any evidence of their
effects Outcrops 12 and 16 were located several dozens
of kilometers from the nearest Late Proterozoic mag-
matic bodies.

The samples of Late Proterozoic sills and their exo-
contact zones (Outcrops 1–8) were collected within the
Sourdanakh tract (lower reaches of the Yudoma River
7–8 km downstream from the Mouth of the Pukhanil
River mouth).

The rocks of the Ust’-Kirba Formation were exam-
ined in the following outcrops: (1) Kaval’kan (Site 13)
located on the left bank of the Maya River approxi-
mately 15 km downstream from the settlement of
Kaval’kan; (2) Severnyi Ui (Site 15) located on the
right bank of the Maya River 15 km upstream from the
mouth of the Severnyi Ui River; (3) Kyry-Ytyga
(Site 14) located on the right bank of the Yudoma River
downstream of the mouth of the Kyry-Ytyga River; and
(4) Tyallakh (Site 17) represented by low cliffs on the
right bank of the Yudoma River downstream of the
Mouth of the Tyallakh River.

Earlier [9], when processing sample collections of
the late 1980s, we used the following technique in the
process of the laboratory studies. A pilot collection was
arbitrarily selected for every outcrop, which usually
made up 15–20% of the total number of the specimens.
The pilot collection was then subjected to a thorough
demagnetization, and the results of the latter were used
as a basis for choosing an optimum magnetic cleaning
regime; i.e., the temperature or the magnitude of the
alternating magnetic field, which, as it was conceived,
left only a characteristic component. Then, the whole
collection was cleaned under some chosen optimum
conditions.

The choice of this technique was determined at that
time by the absence of highly sensitive and highly pro-
ductive instruments, the low quality of demagnetization
equipment, the limited access to computers, and a lack
of computer programes for using the modern methods
of a component analysis.

It is evident that the instruments and methods that
were used could provide well-grounded results only in
the case of very homogeneous collections with a simple
component composition of magnetization and at rela-
tively low releasing temperatures, which spoil the
experiment. The results of the detailed cleaning of pilot
specimens provided some grounds to believe that the
above conditions were basically satisfied, although the
results obtained were insufficient to state this with con-
fidence. Moreover, one had to bear in mind that only
some part of the pilot collection could be actually used
for analyzing the magnetization component composi-
tion, viz., that which did not undergo any significant
temperature alterations or superimposed magnetic bias-
ing in the course of magnetic cleaning. This consider-
ably decreased the representativeness of the results of
detailed demagnetization. Recently, the possibility
appeared to undertake duplicate measurements using
some samples from old collections at a considerably
higher level and to estimate the reliability of the results
we obtained earlier from the positions of the modern
requirements.

The laboratory paleomagnetic studies and the pri-
mary processing of their results were carried out in the
Paleomagnetic laboratories of the IFZ RAN (Joint
Institute of Physics of the Earth, Russian Academy of
Sciences), Moscow, and in the Paris Institute of Physics
of the Earth by a conventional method [17, 20, 27, 44]
and using modern technique and software achieve-
ments [23, 28, 29, 41].

All samples were subject to thermal cleaning, which
was carried out, in most cases, at temperatures of 

 

685–
690°C

 

. The number of cleaning steps was usually not
more than 11–12; in some cases, it was greater. Special
nonmagnetic furnaces with a noncompensated field
intensity not exceeding 5–10 nT were used for the
demagnetization. Remanent magnetization was mea-
sured using cryogenic 2G Enterprises and CTF magne-
tometers. All laboratory procedures were performed in
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Table 2. 

 

 Paleomagnetic data and poles obtained for Late Proterozoic sills and for Kandyk and Ust’-Kirba fm. rocks

Object Object/Coordinates, 
deg

Proce-
ssing

 

N

 

Geographic
coordinate system,

 

 

 

deg
Stratigraphic

coordinate system,

 

 

 

deg

 

γ

 

/

 

γ

 

c

 

D I

 

K

 

α

 

95

 

D I

 

K C

 

α

 

95

 

Sills and their 
baked contacts

 

1. 

 

Sill

 

 P/ I 28 156 36 25.1 5.1 135 34 25.6 5.0 8.2/8.6

 

λ

 

 = 136.4; 

 

ϕ

 

 = 59.4 II 19 165.1 39.5 27.4 6.5 139.4 41.5 24.3 6.9

2. Sill ë/ I 22 161 40 52.3 4.0 140 35 52.3 4.0 4.9/5.9

λ = 136.4; ϕ = 59.4 II 20 158.2 44.2 62.3 4.2 134.8 37.6 62.3 4.2

3. Sill JU/ I 16 160 39 30.5 6.0 137 36 30.7 6.0 6.2/9.6

λ = 136.4; ϕ = 59.4 II 10 153.5 35.5 62.3 6.2 134.5 30.2 59.4 6.3

4. Sill S/ I 21 160 38 114.9 2.8 141 33 114.9 2.8 2.9/4.4

λ = 136.4; ϕ = 59.4 II 17 159.4 40.4 112.7 3.4 138.4 35.0 112.3 3.4

5. Sill I/ I 14 157 40 33.1 6.5 135 36 33.6 6.5 7.0/8.6

λ = 136.4; ϕ = 59.4 II 12 150.7 35.2 72.4 5.1 133.2 29.2 74.9 5.0

6. Sill 110/ I 11 157 49 32.1 8.2 132 37 34.2 7.2 12.3/12.1

λ = 136.4; ϕ = 59.4 II 12 165.1 38.6 20.2 9.9 145.5 31.7 21.7 9.5

7. Sill G/ I 7 152 41 7.5 19.2 138 27 7.5 19.2

λ = 136.2; ϕ = 59.4 II No new data available

8. Contact ä/ I 21 159 42 46.7 4.1 137 34 47.8 4.0 1.7/7.2

λ = 136.4; ϕ = 59.4 II 16 160 40.4 56.9 4.9 138.8 33.2 41.4 5.8

Kandyk Fm. 
siltstones and 
sandstones

9. Site 1998/ I No old data available

λ = 136.4; ϕ = 59.4 II 10 162.8 51.6 22.0 8.0 129.3 47.0 28.4 7.0

10. Site 108/ I 7 165 44 62.3 6.7 141 37 73.0 6.2

λ = 136.4; ϕ = 59.4 II No new data available

11. Site 113/ I 3 121 12 52.8 18.0 147 36 88.5 15.2

λ = 136.4; ϕ = 59.4 II No new data available

12. Site 125/ I 10 140 53 6.0 18.1 143 42 6.1 18.1

λ = 135.3; ϕ = 59.3 II No new data available

Average for objects of Kandyk age I 11 153.0 40.2 31.2 8.3 138.7 35.2 266.7 2.8 1.6/5.1

II 8 159.2 40.8 149.9 4.5 136.9 35.8 125.3 5.0

Average pole for objects of Kandyk age II 8 Φ = –3.1; Λ = 176.5; K = 167.3; Α95 = 4.3

Ust’-Kirba
Fm. siltstones 
and clayey
siltstones

13. Kaval’kan I 24 140.4 28.4 20.1 6.4 130.5 37.0 19.7 6.4 8.9/12.4

λ = 136.7; ϕ = 58.2 II 8 136.8 43.5 57.6 7.4 125.9 29.0 52.7 7.7

14. Kyry-Ytyga I 31 138.3 26.0 19.5 5.7 135.4 16.7 20.2 5.6 9.1/12.8

λ = 137.1; ϕ = 59.4 II 8/12 140.8 26.6 44.0 5.2 139.5 20.3 43.2 5.2

15. Severnyi Ui I Characteristic component direction could not be determined

λ = 136.3; ϕ = 57.9 II 5/2 140.8 26.6 44.0 5.2 139.5 20.3 43.2 5.2

Average for Ust’-Kirba Fm. I 2 139.3 27.2 133.2 26.9

II 3 140.9 35.6 80.7 13.8 133.0 26.1 105.5 12.1

Average pole for Ust’-Kirba Fm II 3 Φ = –8.1; Λ = 182.6; K = 142.1; Α95 = 10.4

Note: N is the number of specimens from an outcrop or the number of outcrops for an average value. The entries 8/12 and 5/2 mean 8 (5)
“final directions” and 12 (2) large circles; D, I, C, and α95 are Fisher distribution parameters; is the angular distance between the
compared vectors; γc is the critical angle. Processing: I magnetic cleaning at a given temperature chosen from the results of the
detailed demagnetization of the pilot collection; II detailed thermal demagnetization of every specimen with subsequent component
computation using the PCA technique; Φ and Λ are the latitude and longitude of the average paleomagnetic pole; A95 is a confidence
circle radius; K is grouping density; ϕ and λ are the latitude and longitude.
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a compartment screened from the external magnetic
field. Enkin’s [23] software package was used to pro-
cess the measurement results. The PCA technique [27]
was used for separating the magnetization components.
It was accepted, in doing this, that a rectilinear segment
of a Zijderveld diagram, supported by at least 3–4 data
points, corresponded to the magnetization component.

The value of the natural remanent magnetization
in the examined sills varied within 1–15 A/m; it was
0.5–5 × 10–3 A/m in the Kandyk Fm. rocks and 1–12 ×
10–3 A/m in the Ust’-Kirba Fm. rocks. Magnetic sus-
ceptibility was usually 10–30 × 10–3 SI in the sills, 30–
70 × 10–6 SI in the Kandyk rocks, and 15–110 × 10–6 SI
in the Ust’–Kirba rocks.

Magnetic Cleanings

Sills and their contact zones. The detailed cleaning
results confirmed the conclusion made in [9] on the
two-component composition of the natural remanent
magnetization of the rocks of the sills and their baked
contacts (Fig. 3). However, the mass cleanings demon-
strated, contrary to the results of the pilot collection
examinations, that a less stable component may, in a
number of cases, possess a wider spectrum of releasing
temperatures than had been presumed previously. The
maximum releasing temperatures of this component,
which is close to the present-day magnetic field, can be
as high as 500–520°C. The characteristic component
(ChRM), whose carrier is magnetite, as had been
shown in publication [9], or compositionally similar
titanomagnetite, was usually destroyed within the tem-
perature interval of 420–580°C (Figs. 3a, 3c). The
majority of the magnetization of specimens from exo-
contact zones was destroyed within the temperature
range of 320–360°C (Fig. 3b), similar to the Kandyk
rock samples collected at a considerable (hundreds of
meters) distance from the intrusive contacts (Fig. 3e).
The component destroyed in this case had the same ori-
entation as the characteristic components in other sam-
ples from the exocontact zones and sills.

Kandyk Formation. The Sandstones and siltstones
from the Maya River valley should only one magneti-
zation component, close in its orientation to the con-
temporary magnetic field and, probably, owing its ori-
gin to the partial oxidation of the pyrite abundant in
these rocks [7].

In Zijderveld diagrams based on the cleaning results
of the siltstones and sandstones from the Suordanakh
tract area (Fig. 3, E), a rectilinear segment correspond-
ing to a magnetization component that vanishes within
a temperature interval of 300–360°C was distinguished
confidently, in addition to a low-temperature compo-
nent close to the contemporary magnetic field. This
component seems to be associated with magnetic iron
sulfides, possibly with pyrrhotite. The magnetization
that remained in these specimens after cleaning at a
temperature of 380–400°C accounted for not more than

15–20% of the original value and vanished completely
at a temperature of 470–520°C. This magnetization
was found, on the average, have the same orientation as
the “pyrrhotite” component (although with a consider-
ably greater scatter) and might have been caused by
small, single-domain magnetite grains close in size to a
transition into the superparamagnetic state.

Ust’-Kirba Formation. The examined rocks of the
Ust’-Kirba Formation can be subdivided, based on their
behavior in the course of the temperature magnetic
cleaning, into four groups. The first group includes the
samples, usually of red color, collected predominantly
from the Kyry-Ytyga and Kaval’kan outcrops. Two
magnetization components were clearly distinguished
in them (Fig. 3, plates d, f, g): a less stable component
that was destroyed completely at heating to 420–
620°C, and a characteristic one whose maximum
releasing temperatures were close to a hematite Curie
point (in some samples, to a magnetite Curie point).
The less stable component was distinguished by its
steep inclination (usually 70°), and its orientation close
to the direction of the Mesozoic–Cenozoic magnetic
field of the Earth in the study area and was inferred to
be of the same age.

The second group includes the samples of greenish
and grayish green rocks collected from the Kyry-Ytyga
and Sevenyi Ui outcrops. The character of changes of
the natural remanent magnetization vector in these
rocks unambiguously suggested the presence of two
magnetization components in them, viz., a less stable
one and a characteristic one. However, contrary to the
samples of the first group, chaotic changes of the natu-
ral remanent magnetization vector began in these spec-
imens in the temperature range of 420–450°C. This
seems to have been related to the origin of new mag-
netic minerals, which precluded the direct determina-
tion of a characteristic component. Nonetheless, the
projections of the natural remanent magnetization vec-
tors of these specimens onto a stereogram (Fig. 4)
formed large circles in the process of cleaning, which,
along with the other data, can be used to computeg the
average direction of the characteristic magnetization.

The third group includes samples collected mainly
from the Tyallakh outcrop, whose natural remanent
magnetization vectors behaved chaotically in the pro-
cess of cleaning. The samples of the fourth group were
distinguished by the lack of any components, except for
the Recent (Cretaceous–Cenozoic) one. This group
consisted mainly of the samples collected from the Sev-
ernyi Ui outcrop.

A Analysis of Vector Distributions

Sills, exocontact zones, and the Kandyk Forma-
tion. Table 2 lists the paleomagnetic directions for a
number of the examined outcrops both obtained earlier
by us from the results of the sample cleanings accord-
ing to a previously chosen optimum regime and new
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Fig. 3. Typical Zijderveld diagrams for the examined rocks. (a, c) Sills; (b) baked exocontact rocks; (e) Kandyk Fm. rocks located
farther than 100 m from the nearest sill; (d, f, g) are Ust’-Kirba rocks from Sites 14, 13, and 15, respectively; solid circles are the
projections of the natural remanent magnetization vectors on the horizontal plane; open circles—same, on the vertical plane. The
diagrams are given in the stratigraphic coordinate system.
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data on directions of magnetization characteristic com-
ponents that were computed using the PCA technique
from the results of the detailed cleanings. A comparison
between the old and new data for all repeatedly exam-
ined sills and exocontact zones, obtained using the
McFadden–McElhynny method [29] shows no signifi-
cant differences between them.

We managed to duplicate our measurements only
for 7 out of the 11 previously examined sites of the
Kandyk rocks because of the small number of the sam-
ples available (Table 2). Nonetheless, the results of
these measurements clearly indicate that our estimates
of the characteristic magnetization directions obtained

previously do not differ in terms of statistical signifi-
cance from the determinations performed using the
modern methods and equipment. Hence, they can be
used for further paleomagnetic solutions. The different
number of objects, used for computing the average val-
ues, and their different structural settings may account
for the obvious difference in the concentrations of the
average directions for the old and new data.

Arguments in support of the point that the character-
istic component distinguished in the sills and their con-
tact zones does reflect the direction of the geomagnetic
field during the Kandyk Fm. accumulation time were
discussed in detail earlier [9]. They can be summarized

Table 3.  Paleomagnetic poles of Siberia, Laurentia, and East Gondwana

N* Age, Ma
Paleomagnetic poles

Reference
Polarity option

Φ Λ N Α95 1 2 3

SIBERIA

1 1035 ± 20 –22.5 230.4 4 2.5 [10] N N S

2 1000–1030 –13.3 203.2 8 10.7 [11]

3 950–1000 –3.1 176.7 3 4.3 This paper

4 950(?) –8.1 182.6 10.4

5 V –33 117 – – Gurevich, referred to in [39]

6 V– –38 165 – – [33]

7 –45 159 – –

8 –36 140 – –

LAURENTIA

1 1100–1110 44.8 192.2 3 27.3 [42] N S N

2 1085–1100 32.9 179.7 6 7.4

3 1050–1075 24.3 176.8 4 12.0

4 1000–1020 9.2 164.6 6 16.1

5 960–990 –23.1 147.8 3 26.8

6 830 ± 50 10.5 148 2 – [35]

7 810 ± 40 –11 144 2 –

8 780 ± 5 –5.5 138 4 6.1

9 725 ± 5 5.9 162.4 2 –

10 580 ± 20 –43.5 124.5 3 7.6

11 –57.3 114.3 3 16.5

EAST GONDWANA
(poles are reduced to the present-day position of the Indian craton)

1 1054 ± 14 61 22 1 12 [35] N S N

2 720 ± 20 78.4 40 2 –

3 V 55.6 226.0 5 9.2

4 37.0 208.5 9 11.2

5 12 206.5 5 14.8

Note: N* are pole numbers for corresponding ancient cratons as given on the apparent polar wander path (Fig. 6, B); Α, Λare the latitude and
longitude of the average paleomagnetic pole, deg; A95 is the confidence circle radius of the average paleomagnetic pole; N is the number
of poles used in averaging; Polarity options: 1 generally accepted (N means that the numbers given in the table correspond to the North
Pole); 2 implying a change of magnetic direction polarity for Laurentia and East Gondwana (S means that the numbers given in the
table correspond to the South Pole); 3 implying a change of the paleomagnetic direction polarity for Siberia). The dash means no data.

C~ 1

C~ 1

C~ 1 2,

C~ 1

C~ 1

C~ 2–3
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as follows: (1) coincidence of paleomagnetic directions
in objects separated by distances of tens of kilometers;
(2) coincidence of paleomagnetic directions both in the
heating and heated rocks; (3) coincidence of paleomag-

netic directions in coeval subvolcanic and sedimentary
rocks; (4) coincidence of paleomagnetic directions
associated with different magnetic minerals; (5) the
pre-folding age of the distinguished component;
(6) differences in the positions of the paleomagnetic
pole corresponding to a distinguished component and
the positions of the known younger paleomagnetic
poles; (7) the thermoremanent nature of the character-
istic magnetization of sills and exocontact zones.

The following facts support the last statement: (1) a
coincidence between the characteristic component tem-
perature spectra and the laboratory thermal remanent
magnetization above the temperatures of 420–450°C;
(2) the absence (under optical or electron microscope)
of any minerals other than titanomagnetite and an
approximately equal idiomorphism of clinopyroxene
and titanomagnetite grains, indicating the magmatic
origin of the latter; (3) the presence of chlorite–sericite
pseudomorphs after cordierite nidicating high-temper-
ature heating of the exocontact rocks; (4) the character-
istic granulation structure of titanomagnetite grains dis-
tinctly visible under electron microscope (such a struc-
ture originates, as shown in [2], due to the deep
oxidation of titanomagnetite under high-temperature
conditions); (5) the presence of titanomagnetite grains
with an exsolution lattice where lamellae are ~0.5 µm
wide. Such lamellae originate, according to [3], during
high-temperature exsolution accompanied by oxidation
at T = 800°C.

Unfortunately, we could perform a conglomerate
test, because no pebbles produced by the erosion of the
Late Riphean sills and occurring in the Uchur–Maya
area were found in the outcrops we examined.

Since the data we obtained previously from a
detailed magnetic cleaning and component analysis
confirm the validity of the results reported previously
[9], we may use the paleomagnetic pole presented in
that paper for further reasoning. We admit, however,
that using a magnetic pole based entirely on the data of
the detailed magnetic cleaning (Table 2) would be
methodically more correct.

Ust’-Kirba Formation. We managed to determine
the direction of the ancient magnetization component
in three of the four examined outcrops (Table 2).
We had to use McFadden’s [28] technique for comput-
ing the average directions in the Kyry-Ytyga and Sev-
ernyi Ui outcrops because of the small number of final
directions obtained. This technique implies using large
circles, i.e., the data that were obtained for the speci-
mens of the second group (see the section Magnetic
Cleanings).

The geological situation did not allow us to perform
direct tests to time of the magnetization origin. None-
theless, there is some indirect evidence indicating the
primary nature of the selected component. These are:
(1) the persistent orientation of the characteristic com-
ponent (ChRM) over great distances; (2) a difference
between the computed pole and the known younger

90°

60°

30°

0°

–30°

–60°

–90°

(a)
Laurentia

Siberia

960–1000  Ma

1000–1030  Ma

1045±20  Ma

1000–1020
 Ma

1050–1075
 Ma

960–990
 Ma

1100–1110
 Ma

Laurentia

Siberia
960–990

 Ma

1000–1020
 Ma

1100–1110
 Ma

1050–1075
 Ma

960–1000  Ma

1000–1030  Ma

1045±20  Ma

960–990
 Ma

1000–1020
 Ma

1050–1075
 Ma

Siberia

Laurentia

90°

60°

30°

0°

–30°

–60°

–90°

90°

60°

30°

0°

–30°

–60°

–90°

(b)

(c)

Fig. 5. Drift of Siberia and Laurentia 1100–950 Ma ago:
(a) for the conventional polarity option [39, 42]; (b) for the
polarity of the Proterozoic paleomagnetic directions after
Park [31]; (c) the reconstruction of the relative positions of
Siberia and Laurentia 1100–950 Ma ago.
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poles; and (3) the independence of the ChRM compo-
nent orientation from the magnetic mineral association.
The similarity between the resulting directions and the
paleomagnetic directions in the magmatic rocks (sills)
of an approximately similar age can also be taken as an
argument in favor of the primary nature of the ChRM
component in the Ust’-Kirba Fm. rocks.

DISCUSSION

The paleomagnetic poles we obtained in this study
and the poles reported earlier [10, 11] for the rocks of
the Malga Formation and the Lakhanda Group make up
a sequence of paleomagnetic poles that describes the
drift of the Siberian platform during the time interval of
1070–1030 to 1000–940 Ma ago. Practically all conti-
nental masses were amalgamated at that time, accord-
ing to [22, 26], into one Rodinia supercontinent and
must have experienced concordant motions, which
were imprinted (in favorable instances) in the paleo-
magnetic record. If the hypothesis on Rodinia’s exist-
ence is correct, then the apparent polar wander paths of
the ancient continental blocks must coincide for the
case when these blocks are matched in the same config-
uration in which they were amalgamated within the
supercontinent [17]. Otherwise, taking into account
possible uncertainties in the determinations of the
poles’ locations and ages, they must at least fall within
the same region of the Earth’s surface.

The results of this study allow us to compare the
Siberian APWP with those for Laurentia and Gond-
wana. Sequences of poles for Siberia, Laurentia, and

East Gondwana, which were used in this study analysis,
are listed in Table 3. The East Gondwana poles are pre-
sented entirely after [35]. Apart from the data published
in [35], the pole sequence for Laurentia also included
the data for the time interval of 1100–980 Ma obtained
by averaging the poles from a recent publication by
Weil et al. [42]. The Siberian pole sequence consists of
the Riphean poles for the Uchur–Maya area [10, 11], a
Vendian pole after Gurevich [referred to in 39], and the
Early–Middle Cambrian poles from a publication by
Pisarevsky et al. [33].

The problem of choosing the polarity of paleomag-
netic directions for Laurentia, East Gondwana, and
Siberia was iteratively discussed in literature [10, 11,
13, 25, 31, 37, 38]. The importance of this issue for
paleogeographic and paleotectonic reconstructions is
evident, since the chosen polarity determines whether
the study craton was located in the Southern or North-
ern Hemisphere during the reviewed period of time.
The essence of the problem consists in that, owing to
considerable gaps in the currently available apparent
polar wander paths, there are certain doubts about the
validity of the polarity options presently adopted by
most geoscientists.

We demonstrated earlier [11] that the paleomagnetic
data available for Siberia and Laurentia for the 1020–
1100 Ma time interval can be matched within a frame-
work of a single supercontinent only in the case when
the generally accepted polarity options of the Late Pro-
terozoic paleomagnetic directions are revised either for
Laurentia or for Siberia. The result we obtained sup-
ports this conclusion. Indeed, one can see in Fig. 5, A
that, if we agree with the polarity option accepted by
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many geoscientists [35, 40, 42] (option 1 in Table 3),
then, based on the data listed in the table we should have
to place Laurentia and Siberia into different hemispheres
at the end of the Late Proterozoic (1050–1100 Ma).
Moreover, we should have to subsequently accept that,
at least up to 940–1000 Ma ago, their motions were not
concordant and, what is more, the moved in opposite
directions (Fig. 5a). Conversely, a revision of the pale-
omagnetic direction polarity choice either for Siberia
(Table 3, option 3) or for Laurentia (Table 3, option 2)
would, first, provide a concordant motion of these cra-
tons during the time interval of 1050–1100 to 940–
1000 Ma ago (Fig. 5b) and, secondly, would allow their
amalgamation in the configuration that was suggested
by Rainbird et al. [36], regardless of paleomagnetic
data (Fig. 5c).

We prefer to change the polarity of the Late Precam-
brian paleomagnetic directions for Laurentia, because a
considerable amount of data has been accumulated by
now [19, 31, 37, 38] in support of this choice. Proceed-

ing from this choice of the polarity, we can compare the
apparent polar wander paths for Siberia, Laurentia, and
East Gondwana after matching the respective cratons
within a single supercontinent. We retain the relative
position of Laurentia and East Gondwana as was
inferred in [22, 26, 30, 35] and match Siberia with Lau-
rentia in the manner that we suggested earlier, based on
data for the Malga Formation and the Lakhanda Group
[10, 11, 25]. Note that the data for the Ui Group confirm
the possibility of these mutual positions of Siberia and
Laurentia (Fig. 6).

Figure 6 A demonstrates the matching of the East
Gondwana cratonic blocks and Siberia with Laurentia,
which is shown in its present-day position. The corre-
sponding rotation poles are presented in Table 4. One
can see in Fig. 6, B that the paleomagnetic poles of Lau-
rentia, Siberia, and Gondwana for the time interval of
1050–1100 to 940–1000 Ma ago fall into the same
region of the Earth, the corresponding segments of the
apparent polar wander paths for Siberia and Laurentia
almost ideally repeating one another. Thus, the paleo-
magnetic data available for Laurentia, East Gondwana,
and Siberia support unambiguously (keeping in mind
the above statement on the polarity choice) the hypoth-
esis on the existence of the Late Proterozoic Rodinia
supercontinent. It should be noted, however, that judg-
ing from our data, Siberia must have been accreted to
the northern regions of Laurentia not by its northern
side, as it was assumed in the reconstructions by Dal-
ziel, Hoffman, and others [21, 22, 25, 32, 40], but by its
southern and southeastern sides, as suggested by Rain-
bird et al. [36].

The relative positions of Siberia, Laurentia, and East
Gondwana 1000–1020 Ma ago are shown in Fig. 7.
This reconstruction was made on the assumption that
the poles listed in Table 3 had a configuration of option 2,
i.e., with a change in the polarity of the paleomagnetic
directions for Laurentia and East Gondwana and no
changes in the polarity for Siberia. At the same time, we
can not completely rule out the probability that a need
for changing the polarity for Siberia and not for Lauren-
tia will arise as new data are accumulated (in particular,
for the latest Riphean and Early Vendian of Siberia). In
this case, the relative positions of the cratons shown in
Fig. 7 will not change, except for a symmetric reflection
of this reconstruction relative to the equator.

Table 4.  Eulerian poles

No. Rotation Φ Λ Angle of rotation Reference

1 Siberia relative to Laurentia 78° 111° 148° This paper

2 East Gondwana relative to Laurentia –56° 339° –166° [35]

3 Antarctica relative to India –4.22° 17.14° 92.45° [34]

4 Australia relative to India –14.79° 15.35° 64.75° [34]

Note: The reconstruction of the relative positions of Siberia, Laurentia, and East Gondwana was performed by rotating Siberia and East
Gondwana around Eulerian poles 1 and 2. The reconstruction of East Gondwana was performed by rotating Australia and Antarctica
around Eulerian poles 3 and 4. See notes for Table 3.
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Fig. 7. Reconstruction of the geographic positions of Sibe-
ria, Laurentia, and East Gondwana for the time of 1000–
1020 Ma ago.
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