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Abstract

An extensive palacomagnetic study was carried out on an approximately 250 Ma old reversed to normal transition
of the Earth’s magnetic field (EMF) recorded in 86 volcanic lava flows of the Siberian trap basalts, North Siberia,
Russia. In addition to the investigation of the directional behaviour of the field (=700 specimens) a total of 298
specimens was subjected to Thellier-type palaeointensity determinations. Adding several modifications to the original
Thellier experiment, such as tests for MD tails and the additivity of partial thermoremanent magnetisation yields
highly reliable palaeointensity estimates of the Late Permian/Early Triassic EMF. Transitional directions of the EMF
were obtained from 20 flows. During the reversal a clustering of the virtual geomagnetic poles (VGPs) is observed (15
flows). Palaeointensity estimates suggest that this feature is not an artifact due to rapid flow emplacement since the
directional cluster is associated with a well-defined increase in palacointensity from 6 to 13 uT. Subsequently, the next
VGPs move towards the pole position of normal polarity. Departing in a sudden movement from normal polarity the
VGPs form a second directional cluster comprising the results of 14 flows. This feature is interpreted as a post-
transitional excursion but lacks the characteristic intensity variation recorded during the first transitional cluster. The
rest of the section (41 flows) is of normal polarity. The characteristic features of this reversal, low intensities and
directional clustering during the reversal and an excursion shortly after the reversal, were also observed in records of
polarity transitions of younger age. This suggests that the underlying reversal processes were similar. The mean virtual
dipole moment calculated for the stable normal part of the studied section yields a rather low value of 2.2+ 0.9 X 10%
Am?. These findings confirm that the Mesozoic Dipole Low extends at least down to the Late Permian/Early Triassic.
The geomagnetic VGP dispersion was calculated for the stable normal part of the section and yields values similar to
those for the last 5 Ma. Considering that the intensity of the EMF was considerably higher in this time interval than
in the Early Triassic, a direct relationship between intensity and secular variation seems unlikely.
© 2003 Elsevier B.V. All rights reserved.
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reversal mechanism

1. Introduction

In order to understand the processes in the lig-
uid outer core of the Earth where the Earth’s
magnetic field (EMF) is generated, reliable rec-
ords of its variations throughout the geological
history are essential. Especially data on direction-
al and intensity variations of the transitional field
during reversals of the EMF provide important
constraints for geodynamo models [1,2]. Although
there are numerous studies dealing with the direc-
tional behaviour of the field as a function of time,
far fewer data on variations of the intensity of the
field have been published so far. The limited data
set available indicates that the strength of the
EMF is strongly reduced during polarity transi-
tions when compared to stable normal or reversed
polarities (e.g. [3]). However, these results have
been obtained from relatively young rocks. No
reliable absolute palaeointensity records of polar-
ity transitions prior to the Cenozoic have been
brought forward yet.

The behaviour of the EMF during the Mesozo-
ic and Late Paleozoic, or more precisely between
86 and 276.5 Ma [4], is of particular interest. Its
virtual dipole moment (VDM) seems to have been
significantly reduced (=~4x102 Am?, [4]) com-
pared to today’s values. This feature, known as
the Mesozoic Dipole Low (MDL), was first iden-
tified by Bol’shakov and Solodovnikov [5] and
Prévot et al. [6] and later confirmed by Tanaka
et al. [7] and Perrin and Shcherbakov [§8]. In this
context detailed studies of polarity reversals can
provide valuable information on the underlying
processes by comparing transitional patterns ob-
served in Cenozoic reversals with detailed reversal
records during the MDL.

Studies of volcanic sequences suggest that rapid
changes of the local field direction and directional
clustering are characteristic features of reversals
(e.g. [9-13]). But as already mentioned the data
set needs to be extended substantially in order to
prove or disprove the current models about rever-
sal processes.

In this paper we present the results of a palaeco-
magnetic study of 86 individual flows exposed in
three sections of the Permo-Triassic (about 250
Ma) Siberian trap basalts, North Siberia, Russia.
The short duration of the volcanic activity and
the extremely high lava productivity makes the
Siberian trap basalts an excellent object for deci-
phering the fine structure of the EMF with high
temporal resolution. Absolute palaeointensity de-
terminations using the Thellier—Thellier method
[14], with several modifications (e.g. [15-20]) fur-
ther enhancing the reliability of the results, were
performed in order to assess information on the
intensity variation before, during and after the
reversal. The stratigraphically lower section con-
tains three successive flows of reversed polarity
followed by flows which recorded a transitional
state of the EMF. The upper section shows nor-
mal polarity and a group of directions which is
tentatively interpreted as an excursion. These pa-
laeodirectional results are described in detail in
Gurevitch et al. [21]. Additional data from bore-
holes in that study, penetrating the complete lava
pile in the Noril’sk region, prove that this reversal
is the only one which occurred during the em-
placement of the Noril’sk traps. Directional data
presented here are based on a slightly different
data set with less flows sampled but with more
individual samples per site, thus displaying small
deviations compared to the above-mentioned
study [21]. The resulting mean pole positions,
however, of the two studies are almost identical
(56.2°N/146.0°E study [21], 57.1°N/148.2°E this
study, see Table 1).

2. Geology and sampling

Siberian Trap volcanism produced a huge pile
of basaltic flows deposited in the Tunguska Syn-
cline of the Siberian platform and on Gorny Tai-
myr and represents the largest terrestrial continen-
tal igneous province (Fig. la, shaded areas). The
extrusive rocks cover today an area of 3.4x10°
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Table 1
Calculated mean poles for the individual directional groups of the Listvjanka and Icon/Abagalakh sections (see text)
Group N Dec Inc k s VGP dpldy, Comment
©) ©) ©) Longitude (°)  Latitude (°) (°/°)
D 41 88.5 75.4 779 2.5 148.2 (6.6) 57.1 (85.1) 4.3/4.7 N (ND5-KMX4)
C 14 21.9 684 2333 26 230.4 (297.9)  68.7 (52.6) 3.7/4.4 E (TK5-ND6)
B 15 151.4 540 337 22 114.3 (98.5) 16.6 (42.1) 2.2/3.1 T (SV1-GDI, TA6-TAS)
A 5 2509 —68.1 106 8.4 7.1 (76.7) —53.7 (—69.7) 12/14 R (IV2-1V4, TA3-TA4)
87 76 81 5.1 144 60 /- Lind et al. [32]

For each group the number of sites (N), the mean declination (Dec) and inclination (Inc) with their respective 95% confidence
cones (os) and precision parameter k are shown. Also given the associated VGP positions (latitude/longitude) and the parame-
ters of the confidence oval (in parentheses: VGP position after correction for plate motion). N: normal, E: excursion, T: transi-
tional, R: reversed. For comparison results of Lind et al. [32] are included in the table (average of all suites, reversed polarity in-

verted).

km? and the original volume of this igneous prov-
ince was probably considerably greater than
2%x10% km?® [22]. Recent results of Reichow et
al. [23] show that the volcanic province extends
far into the West Siberian Basin, where the ba-
salts are covered by Mesozoic and Cenozoic sedi-
ments, thus increasing the area of the province
even more. The composite sequence of the vol-
canic province sums up to a thickness of 6.5
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Fig. 1. (a) North Central Siberia, Russia. Grey shaded areas
indicate the Permo-Triassic Siberian trap basalts. Numbers
indicate the regional subdivision of the traps: (1) Noril’sk,
(2) Putorana, (3) Nizhnaya-Tunguska, (4) Maimecha-Kotuy
and (5) Taimyr. (b) Composite stratigraphy of the Siberian
trap basalts in the Noril’sk area (modified after Lind et al.
[32]). Given also the approximate thickness of the individual
suites (Iv, Ivakinsky; Sv, Syverminsky; Gd, Gudchikhinsky;
Kh, Khakanchansky; Tk, Tuklonsky; Nd, Nadezhdinsky;
Mr, Morongovsky; Mk, Mokulaevsky; Hr, Kharaelakhsky;
Km, Kumginsky; Sm, Samoedsky). Sampled suites are
marked by grey shading.

km. Precise U-Pb zircon and baddeleyite ages
(251.2+0.3 Ma, [24]) and “Ar*Ar data
(250.0+ 1.6 Ma, [25]) place the onset of the vol-
canic activity, within margin of error, at the Per-
mo-Triassic boundary (for an overview of pub-
lished ages see also [23]). Geological evidence
and radiometric ages suggest that the traps
erupted in an extremely short time interval of
only 0.9£0.8 Ma [26]. Given the size and the
simultaneity of this volcanic activity it is very
likely that this event contributed to the greatest
extinction of flora and fauna in Earth’s history,
the Permo-Triassic crisis (e.g. [27,28]).

The emplacement mechanisms and the magma
sources are still heavily debated. There is close
temporal correlation between phases of (aborted)
rifting at the western boundary of the traps and
the volcanic activity. Courtillot et al. [29] sug-
gested that rifting was triggered by an upwelling
mantle plume. Nikishin et al. [30], however, argue
for a preexisting rift system which was then pene-
trated by a plume in the Late Permian.

The volcanic province is generally subdivided
into five distinct geographic regions: (1) Noril’sk,
(2) Putorana, (3) Nizhnaya-Tunguska, (4) Maime-
cha-Kotuy and (5) Taimyr (Fig. la). The flood
basalts in the Noril’sk area represent a particu-
larly thick sequence (3.5 km, [22]) with a high
ratio of lavas to tuffs. No significant interbedded
sedimentary rocks or palaeosols are present in the
whole trap basalt sequence. Due to the occurrence
of rich Cu—Ni sulfide deposits in the Noril’sk re-
gion, the volcanic sequence was studied exten-
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sively because of its economical importance and
good geochemical data are available. Lavas of the
Noril’sk sequence vary in composition from tra-
chybasalts and basaltic andesites to picritic ba-
salts. A total of 11 suites (Fig. 1b) has been de-
fined on the basis of their chemical composition
and texture of the lavas (e.g. [31,32]). The lower
part of the Siberian trap basalt province is no-
where else exposed with such a high resolution.
The sections studied are located in the Listvjan-
ka (69°28'N, 88°43’E) and Icon/Abagalakh river
valleys (70°22'N, 90°04’E). The Listvjanka sec-
tion, sampled in summer 2001, is located approx-
imately 9 km east of Talnakh, a small town in the
vicinity of Noril’sk. It comprises the Ivakinsky
suite (the oldest suite of the Siberian flood volca-
nism in the Noril’sk area overlying directly the
Late Permian sediments of the Tunguska series)
up to the Gudchikhinsky suite, totaling 20 con-
secutive flows. Outcrops along the Listvjanka riv-
er are of excellent quality and samples were taken
in the lower part of the flows. A parallel profile of
seven flows (Talnakh section, Ivakinsky and low-
ermost part of the Syverminsky suite) was
sampled in 2000. The Abagalakh and its directly
adjoining downward continuation, the Icon sec-
tion, both about 130 km NE of Noril’sk, were
sampled in summer 2000 and 2001. The outcrops
represent the northern rim of the Putorana Pla-
teau. Here, a total of 59 flows was sampled from
the Tuklonsky to the top of the Kumginsky suite.
The composite section covers practically the
whole pile of volcanics in the Noril’sk area. Mi-
nor stratigraphical gaps (some tens of metres) are
present in the Abagalakh section. The only major
stratigraphical gap (max. 130 m) comprises the
Khakanchansky suite which was not present in
the Listvjanka or the Icon/Abagalakh sections.
The lava flows are mainly tholeiitic or alkaline
to subalkaline basalts with a thickness ranging
from 3 to 45 m. Intercalated tuff layers could
not be sampled due to the bad quality of these
outcrops. Stratigraphic position, thickness and
bedding of the flows was determined by using
borehole data and aerial photographs or directly
in the field. At least six samples were taken in the
middle or lower part of each flow with a gasoline
driven drilling machine. The cores were oriented

in the field using a magnetic and, whenever pos-
sible, a Sun compass.

3. Palaeointensity determination

3.1. Sample selection and rock-magnetic
investigations

The first step in selecting samples for the palae-
ointensity experiments was to analyse their natu-
ral remanent magnetisation (NRM) demagnetisa-
tion behaviour. Almost all specimens are
dominated by a single stable component, except
in few cases where a weak secondary overprint,
removed at = 350°C, could be observed (see also
[21]). Sites with inconsistent palaeomagnetic re-
sults (TA1-2, V4, HR8, KM4) were excluded.
Determinations of the viscosity index [9] for the
flows investigated yielded generally values below
5%.

Examination of polished sections from all flows
sampled show magnetite/ilmenite intergrowths
(exsolution lamellae) in most cases (Fig. 2). This
feature is a clear indication for primary high-tem-
perature oxidation. It occurs deuterically during
cooling of subaerial basalts between 900 and
500°C [33]. Additional electron microscopical ob-
servations and energy dispersive X-ray (EDX)
analysis confirm this interpretation qualitatively
on the basis of the Fe/Ti ratios of the two differ-
ent phases. Thus, the measured palacodirectional
and intensity information obtained from these
flows was acquired during or shortly after extru-
sion of the basalts.

At least one specimen from each flow was sub-
jected to rock-magnetic investigations using a var-
iable field translation balance (VFTB). Strong
field thermomagnetic curves are in most cases re-
versible. The dominant minerals are magnetite as
well as Ti-poor titanomagnetite with Curie tem-
peratures (7¢) between 530 and 590°C. A few
samples exhibit relatively low 7 down to 440°C
which corresponds to a titanium content x=0.2
[33]. 10 samples have two T¢, usually one close to
the Curie temperature of magnetite, the other one
around 500°C.

For a subset of 24 flows, continuous demagnet-
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Fig. 2. Photomicrographs of polished sections under crossed
Nicols (a: sample HR2-3, b: sample KMXI1-3). Optically
anisotropic ilmenite/(titano-)magnetite exsolution lamellae are
clear evidence for high-temperature oxidation of titanomag-
netite.

isation curves were measured with a high-temper-
ature spinner magnetometer (HOTSPIN, [34]).
Samples were heated successively to maximum
temperatures of 100, 200, 350, 500 and 600°C to
test for self-reversal or partial self-reversal. The
data indicate that the largest part of the primary
remanence unblocks close to T, which proves
that the carriers of the remanence are indeed mag-
netite and low-Ti titanomagnetites. In one case
(flow KM4) self-reversal could be identified dur-
ing HOTSPIN measurements.

Two sites (SV8 and SV9) have anomalously
high Curie temperatures and carry remanences
with maximum blocking temperatures of up to
640°C or even 670°C. In addition to magnetite
these samples also contain a hematite component
which is clearly visible in the decay plot of the
NRM versus demagnetisation temperature. Both
components carry identical directions. Polished
sections reveal tiny reddish hematite grains ar-
ranged around larger (titano-)magnetite grains.

3.2. Methods of the palaeointensity experiments

A modified Thellier-Thellier technique [14] was
used to determine absolute palaeointensities.
These modifications with partial thermoremanent
magnetisation (pTRM) [15] and tail checks (MD
checks) are described in [16-19]. At every second
heating step a pTRM check (CK) was performed
in order to monitor alteration processes continu-
ously throughout the experiment. At some tem-
peratures (e.g. 200, 380, 480 and 520°C) the
pTRM was again demagnetised in zero field up
to the same temperature as the pTRM acquisition
(NRM,(T;)). The remanences after the first de-
magnetisation step (NRM(7;)) and after the re-
peated demagnetisation are compared. Differences
between the two measurements may have two
causes which both severely bias the result of the
experiment: (1) Changes in direction between
NRM(T;) and NRM,(T;) are interpreted as evi-
dence for alteration products with higher blocking
temperatures. (2) Significant differences in inten-
sity without directional deviations are an indica-
tion of MD particles dominating the magnetic
properties of the specimens [16].

Beyond this, most of the specimens were sub-
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jected to additivity checks (AC). These checks are
described in Krasa et al. [20] and consist basically
of an additional demagnetisation step (up to a
temperature 7,) after a pTRM acquisition
(pTRM(Ty, Ty), with T, <T) and T, denoting
room temperature). If the law of additivity is ful-
filled, a prerequisite essential for a reliable palae-
ointensity estimate, the remaining magnetisation
should equal the difference pTRM(T},
To)—pTRM(T3, To).

A total of 298 samples was subjected to the
experiments described above. Most samples have
a diameter and length of 5 mm (‘mini’-specimens).
40 samples with a diameter/length of 9 mm were
used. All these daughter specimens were obtained
from the lower part of standard inch-sized speci-
mens and not oriented with respect to the original
core. To ensure the primary character of the mag-
netisation the mother specimen (inch core) was
stepwise thermally demagnetised and its demag-
netisation behaviour compared to that of the re-
spective daughter specimen of the same drill core.
Only ‘mini’-specimens showing similar behaviour
as the inch specimens were analysed with respect
to their palaeointensity information. All samples
were heated in a MMTD20 thermal demagnetiser
and measured with a 2G cryogenic magnetometer
located in a shielded room. The applied field in-
tensity during pTRM acquisition ranged between
18 and 35 puT. 45 specimens were heated and
cooled in a quartz-glass tube in an inert argon
atmosphere, all others in air. Results for all ac-
cepted palaeointensity determinations are inde-
pendent of the sample size, applied field intensity
or the atmosphere to which the samples were ex-
posed during heating and cooling.

3.3. Reliability criteria

The data were analysed using NRM-TRM
(Arai) plots [35]. The criteria listed below were
used to assess the quality of the experimental pa-
laeointensity data:

1. In order to ensure that the magnetisation is of
primary origin the temperature range of the
linear fit has to match the temperature range
of the characteristic remanent magnetisation of
the respective inch sample. The maximum

mean angular deviation in this interval must

not exceed 5°.

2. A minimum of five consecutive data points is
required for a linear fit.

3. Less than 10% standard deviation of the linear
fit.

4. At least 30% of the NRM (fraction f) has to be
covered by the linear fit.

5. The difference between pTRM check and
pTRM acquisition (CK error), normalised to
the total TRM, has to be less than 5% before
and within the linear segment to ensure that
the effect of chemical alteration does not bias
the results.

6. Within the linear segment, the remanence of
the NRM in core coordinates or after a MD
tail check should not move towards the direc-
tion of the applied field.

7. The limit for a successful MD tail check is 10%
(INRM(T;)—NRM,(7;)| <0.1) and the differ-
ence in direction should not exceed 9°.

8. As proposed by Krasa et al. [20] the threshold
for an acceptable AC error is 7% (normalised
to the total TRM). This criterion could be ap-
plied only to 50% of the samples.

If conditions (1)—(7) are fulfilled, the result is
classified as class A determination (63 samples).
Violation of criteria (1) or (2) leads to immediate
rejection. If only one of the other criteria is not
fulfilled the result is a class B determination (80
samples). The upper limits for a B result are:
standard deviation of the linear fit <15%,
20% < f<30%, CK error<7%, MD checks <
15%, <(NRM(T;), NRM,(T;)) <15° and AC<
10%. All other results were rejected.

3.4. Interpretation of the NRM-TRM plots

Representative examples for palaeointensity de-
terminations and their associated Zijderveld plots
([36], in core coordinates) of the two quality
classes are shown in Fig. 3. Fig. 4 depicts some
rejected results. In most cases of rejected results,
alteration caused the destruction or formation of
remanence carrying material in the course of the
experiment (Fig. 4a). Some samples show a clear
concave curvature of the NRM-TRM plot which
is indicative for the dominating role of MD par-
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ticles. The presence of this MD tail gives estimates
of the palaeointensity in the high temperature
range which are systematically too low and were
therefore excluded from further interpretation. In
the lower temperature range the direction of the
remanence does not resemble the primary compo-
nent of the magnetisation (Fig. 4b), as could be
shown for the respective sister specimens (inch
cores). These specimens were also rejected.
Reliable palaeointensity estimates were ob-
tained for =350% of the samples (Table 2). Fig.
Sa—f show representative results of the experi-
ments for different stratigraphic levels. If a certain
fraction of thermally demagnetised samples from
one flow shows an overprint, the interpretation of

a) Sample: ND1-7
Palaeoint.: 16.9 uT
20°C Class A

460°C

520°C

NRM (* 2504 mA/m)
o
(4]

Int. change [%]

O
0.0 05 10 200 500
pTRM (* 3812 mA/m) Temp. [°C]

Sample: SV2-2 Y:Z, XH
b) Palaeoint.: 5.3 uT
Class B
1.0920°C
© 250°C 500°
460°C -~

520°C

Essc"c
o
610°C ”
o
0.0

0.0 0.5 1.0 200 500
pTRM (* 379 mA/m) Temp. [*C]

o

NRM (* 59 mA/m)
o
(4]

Int. change [%]

Fig. 3. Representative examples for (a) class A and (b) class
B palaeointensity determinations. Open symbols in the Zij-
derveld plots [36] correspond to the projection onto the verti-
cal plane, solid symbols onto the horizontal plane. The linear
segment covers the same temperature range as the character-
istic remanent magnetisation (all Zijderveld plots are in core
coordinates). Results of the pTRM and AC checks are indi-
cated by triangles (horizontal and vertical lines below the
data points) and squares (horizontal and vertical lines above
the data points), respectively.

all NRM-TRM plots of samples from this flow
was restricted to the temperature range above the
maximum unblocking temperature of this over-
print (like in flows IV2 and TK7). In some cases
the MD tail and AC indicate that the remanence
in the low blocking temperature (7,) range is
biased by MD behaviour. Regarding the initial
drop in NRM in examples Fig. 5e and f we think
that it is more plausible that the primary informa-
tion is carried by the high-temperature slope. It is
difficult to conceive that the magnetite, being of
primary origin (high-temperature oxidation), car-
ries more reliable information in the low-temper-
ature range which covers only a small fraction of
the NRM. Biasing MD contribution can be ruled
out in the high-temperature range. Most of the
determinations cover a fraction of the NRM be-
tween 40 and 80% and have a quality factor ¢, as
defined by Coe et al. [37], of 5-15. The weighted
mean palaeointensity was calculated according to
Prévot et al. [9]. No reliable palaeointensity esti-
mates were obtained for samples of the Talnakh
section.

In the cases of flows SV8 and SV9, a hematite
component in addition to magnetite is identified
(see also rock-magnetic investigations). The pa-
laeomagnetic direction carried by the hematite is
identical to that of the magnetite component.
Moreover, when analysing the palaeointensity in-
formation carried by magnetite alone and the in-
formation carried by both components only mi-
nor differences in the results are observed (1-2
uT). This makes two scenarios feasible: (1) The
whole flow was reheated above the Curie temper-
ature by the following flow. However, it is rather
unlikely that the heat input from above affected
the flows (more than 3 m thick) as a whole. Any-
way, great care was taken to sample only the low-
er parts of the flows. (2) The formation of hema-
tite is more or less coeval with the emplacement of
the flow which means the magnetisation in both
components is primary and was acquired soon
after the extrusion of the flows during cooling
down to ambient temperatures. However, this al-
ternative is still under investigation. Palaeointen-
sity estimates for the two flows in question were
therefore determined solely for the temperature
range of the magnetite component.
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Fig. 6 shows the declination, inclination,
weighted mean palaeointensities (for some flows
individual results) and the calculated VDM across
the studied sections.

4. Results and discussion

The directional record of the Listvjanka sec-
tion, as illustrated in Fig. 7, starts with three flows
of reversed polarity (group A, Ivakinsky suite).
Then, a directional cluster comprising the results
of 12 flows is reached (group B, flows SVI to
GD1). These directions are 48° off the pole of
stable normal polarity (see below), and were
thus classified as transitional. Note that this angle
clearly exceeds well the cut-off angle estimated by
the analyses of the secular variation discussed in
detail below. Results of the parallel Talnakh sec-
tion show a very similar behaviour, i.e. reversed
polarity at the base of the section followed by an
intermediate direction and finally reaching the
same position (three flows) as the cluster identified
in the Listvjanka section (Fig. 7a, open dia-
monds). The following three flows of the Listvjan-
ka section (flows GD2-GD4) each have a differ-
ent direction. GDS5 reaches normal polarity. After
the gap of the Khakanchansky suite two flows of
normal polarity are identified. 14 consecutive
flows (TKS to ND6, labelled group C) recorded
deviant directions (36° great circle distance) from
normal polarity. We interpret this tentatively as
an excursion or post-transitional rebound effect
(e.g. [38]). Subsequently normal polarity is
reached (group D). Comparing these results to
palacomagnetic data for the Siberian platform
for the time interval between 248 and 253 Ma
shows good agreement (virtual geomagnetic pole
(VGP) longitude: 151°N, latitude: 52°E, k: 97,
Ags: 8.8°; [39]). When correcting the VGPs for
the Permo-Triassic palacogeography (Table 1,
corrected VGPs in brackets) the resulting position
of group D is, within margin of error of the ro-
tation parameter (0°N, 63°E, +37°; [39]) and the
oys of this study, indeed of normal polarity.
Groups A and D are nearly antipodal but do
not pass a reversal test ([40], observed angular
difference: 8.6°; critical angular difference 7.7°).
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Fig. 4. Typical examples of rejected palaeointensity results
due to: (a) alteration, (b) mismatch of temperature range of
the characteristic remanent magnetisation and the tempera-
ture range of the linear segment. In some cases the reliability
criteria are exceeded in several parameters and were thus ex-
cluded from further interpretation. (in example (¢) pTRM
check error > 8%, MD check > 10%).

This can be attributed to the limited number of
flows of reversed polarity. Another explanation is
that the VGPs of group A are very close to the
reversal and already show directions which are
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Table 2

Results of the palaeointensity experiments®

Site DecInc Ny k ows n/N  Sample CLAT Ny, f g q w F, toF, Fpiapp

Abagalakh section

KMX4 (km7) 37 77 6 182 5.0 2/4 KMX4-3 B 545-590 5 0.63 0.64 109 63 38114 37.6%1.0
KMX4-6 B 420-530 5 0.40 0.61 48 2.8 363%19

KMX3 (km6) 47 74 8 98 5.6 4/4 KMX3-1 B 420-580 7 0.83 0.80 26.1 11.7 32.1+0.8 30.8+2.7
KMX3-2 B 420-610 8 0.87 0.81 143 59 369+1.8
KMX3-3 B 535-590 6 0.46 0.77 140 7.0 264+0.7
KMX3-6 A 300-530 9 0.44 0.69 10.6 4.0 254+0.7

KMX2 (km5) 68 72 8 446 2.6 2/5 KMX2-4 B 250420 6 0.36 0.75 6.6 33 109+05 12.0+22
KMX2-5 B 250420 6 0.33 0.73 23 1.2 150%1.5

KMXI1 (km4) 75 72 7 644 2.4 2/3 KMXI1-2 B 360-530 7 0.54 0.61 86 39 18.6+0.7 22.0z%6.1
KMX1-4 A 390-530 6 0.36 0.67 33 1.6 299%22

KM4 (km3)

KM3 (km2) 75 73 7 510 2.7 3/5 KM3-2 B 250-530 10 0.71 0.76 73 26 11.5+09 11.5+12
KM3-4 B 200-530 11 0.69 0.80 10.8 3.6 10.6+0.5
KM3-5 B 20440 9 045 0.80 319 1.21 14116

KMI (kml) 69 72 7 273 3.7 2/6 KMI-2 A 250-520 6 0.50 0.58 29 1.5 124%+12 16536
KMI-5 A 370-520 6 0.33 0.54 37 1.8 19.6x0.9

HR13 (hr8) 59 81 9 148 4.2 2/4 HR13-1 B 515-590 8 0.78 0.79 192 79 129+04 148%1.7
HR13-3 B 450-580 6 0.87 0.69 179 9.0 164+0.6

HRI11 (hr7) 50 75 8 156 4.4 2/4 HR11-2 A 200480 9 0.50 0.74 62 24 140+08 13.7+0.3
HR11-6 B 535-590 6 0.22 0.65 57 29 134103

HR8 (hr6)

HR7 (hr5) 9% 73 8 71 6.6 2/4 HR7-5 B 515590 8 0.40 0.81 81 33 323+13 29.6+22
HR7-6 B 300-530 9 0.64 0.77 16.1 6.1 28.1+09

HR6 (hr4) 109 64 6 1071 2.0 2/4 HR6-1 B 20-610 16 1.00 0.81 239 64 16.1+0.6 168%1.8
HR6-4 A 420-530 5 0.36 0.65 30 1.7 192%15

HRS5 (hr3) 105 66 17 114 58 0/3

HR3 (hr2) 8 53 9 166 4.0 4/4 HR3-2 A 200-580 13 0.88 0.74 13.7 4.1 149+0.7 19920
HR3-3 A 510-610 5 0.81 0.70 123 7.1 229+%1.1
HR3-4 A 515-590 8 0.73 0.83 152 62 22.8%+09
HR3-7 A 20-580 15 0.97 0.81 279 1.7 17.6+0.5

HR2 (hrl) 94 61 8 476 2.5 3/3 HR2-3 A 300-530 9 045 0.69 52 20 13.0%x0.8 12.8%04
HR2-4 A 20-610 16 1.00 0.85 183 49 12.0%0.6
HR2-5 A 20-580 15 098 0.75 19.1 53 13405

MKI13 (mk13) 95 71 8 466 2.6 2/3 MKI13-6 B 360-530 7 0.64 0.69 57 25 199%£15 17.7£22
MKI13-9 B 360-530 7 0.62 0.68 56 25 155%12

MKI12 (mk12) 100 70 8 108 5.5 1/3 MKI12-2 B 300450 6 0.57 0.68 94 47 11.8%0.5

MKI11 (mk1l) 90 76 7 306 3.7 0/3

MKI10 (mk10) 89 66 10 53 6.7 0/5

MK9 (mk9) 68 67 9 233 34 0/4

MKS8 (mk8) 106 79 10 161 3.8 2/5 MKS8-6 B 250420 6 0.36 0.65 23 1.2 18.0x19 20.5+1.8
MKS8-7 B 420-610 8 091 0.78 180 74 209+0.8

MK7 (mk7) 95 77 17 218 4.1 1/5 MK7-7 A 200-580 13 0.83 0.73 94 28 21714

MKS5 (mk6) 123 82 10 94 5.0 2/5 MK5-3 B 200420 7 0.81 0.65 54 24 164x1.6 164%0.03
MKS5-4 B 200420 7 0.77 0.68 42 19 164+2.1

MK4 (mkS) 66 74 8 316 3.1 2/3 MK4-5 B 20-610 16 0.99 0.63 232 62 165+0.5 163%0.2
MK4-6 B 450-610 7 0.95 0.62 16.1 7.2 16.1+0.6

MK3 (mk4) 84 72 10 455 2.3 3/3 MK3-1 A 330-530 8 0.38 0.73 30 1.2 120+1.1 104%0.38
MK3-3 A 100-530 12 0.39 0.74 45 14 10407
MK3-4 A 360-530 7 042 0.65 53 24 9.5%05

MK2 (mk3) 161 75 9 344 2.8 4/4 MK2-2 B 510-610 5 0.86 0.61 257 148 147103 124%1.5
MK2-4 A 420-580 7 0.92 0.68 86 39 93+07
MK2-5 A 515590 8 0.62 0.83 82 34 9.2%0.6
MK2-6 B 390-550 7 0.56 0.63 134 6.0 10403
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Table 2 (Continued).

Site DecInc Ny k ogs n/N  Sample CLAT N, f g q w  Fytor, F,for,

MKI (mk2) 141 78 9 152 42 2/4 MKI-1 B 510-610 5 083 0.66 7.1 41 422+33 346164
MKI1-3 B 420610 8 0.87 0.83 153 62 29.6+1.4

MKO (mkl) 110 75 10 353 2.6 2/4 MKO0-3 B 300-610 12 1.00 0.75 124 39 21.9%13 21.6%03
MKO-5 B 420-580 7 0.96 0.70 75 33 213%19

MRI (mrll) 117 77 9 512 23 4/5 MRI-1 B 330-530 8 0.76 0.78 94 39 127408 13.8%1.1
MRI-2 B 200-530 11 0.68 0.79 93 3.1 14709
MRI1-5 B 330-530 8 0.75 0.77 9.8 4.0 11.8+0.7
MRI-6 A 300-550 9 0.79 0.73 92 3.5 16.6%1.0

MR2 (mrl0) 115 78 7 285 3.7 1/4 MR2-2 B 360-510 6 0.65 0.76 84 42 204%12

MR4 (mr9) 73 76 8 252 3.6 0/4

MR6 (mr8) 96 74 7 390 3.1 3/3 MR6-2 A 420-580 7 091 077 114 5.1 20.6+1.3 233+1.7
MR6-3 A 420-530 5 042 0.68 50 29 263%1.5
MR6-8 A 480-580 5 0.88 0.67 127 7.3 239+1.1

MR7 (mr7) 89 77 10 306 2.8 2/3 MR7-2 B 420-530 5 0.63 0.69 83 48 280f15 26425
MR7-7 A 390-530 6 0.51 0.73 49 25 233%18

MRY (mr6) 187 82 7 441 29 3/5 MR9-4 B 300-530 9 0.74 0.73 13.0 4.9 208*09 19.710.6
MRO9-5 B 390-530 6 0.70 0.66 8.6 43 18.6%1.0
MR9-6 A 400-550 6 0.71 0.65 114 5.7 19.6+0.8

MRII (mr5) 136 81 9 676 2.0 3/5 MRII1-3 A 430-550 5 0.68 048 744 429 226+0.1 225+0.7
MRI11-4 B 390-530 6 0.68 0.63 52 26 220%1.8
MR11-8 B 420-580 7 0.90 0.77 75 34 208%19

Icon section

MR20 (mrd4) 98 78 6 1064 2.1 0/4

MR21 (mr3) 91 80 6 325 3.7 0/4

MR22 mr2) 77 77 6 619 2.7 0/3

MR23 (mrl) 91 77 4 253 58 1/3  MR23-1 A 300-610 12 092 085 180 5.7 14.6%0.6

NDI (ndl) 100 73 8 1412 1.5 1/4 NDI-7 A 380-580 9 094 0.71 28.6 10.8 16904

ND3 (nd3) 40 81 7 802 2.1 03

ND4 (nd4) 7275 8 156 4.4 2/3 ND4-1 A 440-580 7 086 0.71 164 7.4 193107 19.2+0.3
ND4-4 A 250-520 10 0.65 0.81 59 2.1 188%1.7

ND5 (nd5) 54 72 7 1110 1.8 3/4 ND5-1 B 410-520 6 0.57 0.71 59 3.0 62+04 88+23
NDS5-3 A 480-580 5 0.80 0.5 103 6.0 10.9+0.5
ND5-5 A 545-590 5 0.46 0.72 38 22 64106

ND6 (nd6) 14 69 7 778 223/3 ND6-1 B 350-580 10 0.90 0.82 9.0 3.2 273%22 233%20
ND6-3 B 440-580 7 0.75 0.74 71 32 20.7%1.6
ND6-7 B 460-580 6 0.75 0.68 147 7.3 22.6+08

ND7 (nd7) 4 72 8 611 2244 ND7-2 B 440-520 5 0.47 0.72 51 29 94+06 9.7+1.2
ND7-3 A 515-565 6 0.38 0.75 48 24 5904
ND7-4 B 440610 8 090 0.79 213 87 11.0+04
ND7-6 B 460-580 6 0.81 0.72 6.7 33 92+08

NDS8 (nd8) 35 69 8 401 28 24 ND81 A 20610 16 098 0.55 236 63 154+04 17.4%28
ND8-2 A 200-580 13 0.96 0.67 11.9 3.6 209+1.1

ND9 (nd9) 28 67 8 389 28 1/3 ND9-7 B 480-580 5 0.90 048 118 6.8 18.5%0.7

NDI0 (nd10) 18 69 7 281 3.6 2/3 NDI0-4 A 480-580 5 0.86 0.61 93 54 13.1+0.7 13.1£0.03
NDI10-5 A 515-565 6 0.58 0.76 17.8 89 13.1+03

NDII (ndll) 7 66 6 444 32 3/4 NDII-1 A 440-580 7 0.87 0.65 78 35 11.1£08 133+1.0
NDI1-3 B 460-580 6 0.87 0.55 10.0 5.0 132%0.6
NDI1-4 B 440-580 7 0.90 0.60 146 6.5 145+05

NDI2 (nd12) 14 66 8 464 2.6 4/4 NDI2-1 A 480-580 5 0.83 0.63 63 3.6 11.5£10 13.8+22
NDI2-2 A 480610 6 092 0.73 124 62 11.3+06
NDI2-5 A 480-610 6 0.93 0.76 74 37 107%1.0
NDI2-6 B 440-580 7 0.83 0.67 133 59 19.9%0.8

NDI3 (nd13) 10 69 8 191 4.0 1/3 NDI3-3 B 460-580 6 0.89 0.52 49 24 67106
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Table 2 (Continued).

Site DecInc Ny k aws n/N  Sample CLAT Ny f g q w  Fyfor, Fy*op,
NDI14 (nd14) 20 65 10 94 5.1 4/4 NDI14-1 A 480-580 5 0.51 0.69 78 45 58%0.3 8.6x1.9
NDI14-2 A 440-580 6 0.57 0.72 59 3.0 6.1x04
ND14-3 B 440-550 6 0.40 0.65 24 12 59107
ND14-6 A 200-580 13 0.90 0.68 164 49 13305
ND25 (nd25) 31 64 6 54 9.2 3/4 ND25-1 B 480-580 5 092 0.5 7.9 453 139209 159%23
ND25-2 A 480-580 5 0.92 0.61 8.0 4.6 11.0x0.8
ND25-7 A 460-580 6 0.90 0.52 27.8 139 18.1£0.3
ND26 (nd26) 38 62 10 310 2.7 3/4 ND26-1 A 480-580 5 0.84 0.41 59 34 17.6x04 84104
ND26-3 A 480-580 5 0.84 0.57 9.1 53 88%0.5
ND26-4 B 480-580 5 0.72 0.47 39 23 88%0.8

TK3 (tk3) 26 69 8 60 7.2 03

TK4 (tk4) 23 75 8 230 3.7 2/4 TK4-1 B 200-500 10 0.45 0.76 40 14 182%1.6 138%34
TK4-3 B 200-520 11 0.58 0.73 106 3.5 12.0%0.5

TKS5 (tk5) 35 70 8 90 5.9 2/5 TK5-1 A 300480 7 031 0.72 59 26 21.6+x0.8 12.9%6.9
TKS-7 B 300-520 9 0.58 0.55 13.8 52 84%02

TK6 (tk6) 67 75 9 143 4.3 2/4 TK6-6 B 480-580 5 0.85 0.70 94 55 93+£06 105%1.1
TK6-8 B 480-610 6 0.86 0.72 145 72 11.5%£0.5

TK7 (tk7) 76 77 10 542 2.1 2/4 TK7-4 B 460-610 7 0.86 0.72 166 74 84%03 9.2%0.8
TK7-7 B 460-580 6 0.86 0.70 172 8.6 99103

Listvjanka section
GD5 (gd5) 94 73 5 538 3.3 0/3

GD4 (gdd) 82 51 5 109 74 12 GD47 A 300-550 10 057 075 111 39 143%06

GD3(gd3) 114 58 7 172 4623 GD3-2 A 480-580 5 081 0.58 101 58 4302 88+4.4
GD3-5 A 480-580 5 0.77 057 110 64 13.0%0.5

GD2 (gd2) 127 69 7 225 4.0 0/4

GDI (gdl) 145 55 8 91 59 2/5 GDI-5 A 100480 10 040 080 52 1.8 12.8+08 13.1+0.2
GDI-6 A 20480 11 049 082 7.0 23 13.2%08

SVII (svll) 153 58 6 174 5.1 0/4

SVIO (sv10) 151 53 6 491 3.0 1/4 SVI0-5 A 480-580 5 0.79 0.56 135 7.8 8.6+03

SVO(sv9) 161 50 4 147 7.6 3/4 SV9-1 B 410-580 8 026 073 67 27 128%07 122%1.6
SV9-4 A 200-580 13 036 086 7.1 2.1 10.1£04
SV9-6 B 250-610 13 029 086 2.6 08 153%14

SV8 (sv8) 155 56 6 128 59 4/4  SV8-1 A 410-610 9 031 0.67 42 1.6 12406 13817
SV8-2 B 300-580 11 026 084 25 08 169%1.5
SV8-4 B 250-610 13 033 090 51 1.6 164%1.0
SV8-6 B 350-580 10 027 083 29 104 9.6%0.7

SV7(sv7) 148 56 6 240 43 4/4 SV7-2 B 200-520 11 052 089 69 23 151+1.0 143+13
SV7-3 A 200-500 10 0.51 0.88 11.0 3.9 11.0£0.5
SV7-6 A 300-610 15 033 075 29 08 140%12
SV7-7 B 350-500 7 047 082 83 3.7 174%08

SV6 (sv6) 152 54 7 116 5.6 3/3 SV6-1 B 500-610 5 079 0.64 114 66 49402 54+0.6
SV6-2 B 380-520 7 075 0.67 99 44 67%03
SV6-6 B 410-550 7 0.55 0.64 8.1 3.6 4.7%0.0

SV5(sv5) 149 54 5 448 37 2/3 SV5-1 B 460-610 7 091 074 109 49 58+04 7.0%1.6
SV5-2 B 250-580 12 094 079 93 29 89%07

SV4 (svd) 153 55 8 107 54 3/3 SV4-l A 440580 7 092 0.62 170 7.6 4602 55+17
SV4-2 B 440-580 7 090 053 17.0 7.6 47%0.1
SV4-6 A 300-550 10 032 085 9.0 32 9.3%03

SV3(sv3) 148 48 7 122 5523 SV3-l B 500610 5 079 0.61 46 27 5706 74+16
SV3-3 A 480-580 5 033 0.65 53 3.1 9.0%04

SV2(sv2) 148 58 5 129 6.8 2/4  SV2-1 A 200-520 11 053 088 94 31 8604 7.0%+17
SV2-2 B 250-550 11 0.64 078 9.1 3.0 53%0.3

SVI(svl) 152 55 8 136 49 23 SVI-l B 350-520 8 051 083 69 28 9406 9.8+04
SV1-2 B 250-550 11 0.76 087 83 28 10.2%08
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Table 2 (Continued).

Site DecInc Ny k aws n/N  Sample CLAT Ny f g q w  Fyfor, Fy*op,
V4 (iv4)
1V3 (iv3) 258 =70 5 318 44 1/4 1V3-1 B 200440 7 040 0.73 23 1.0 94%1.2

1V2 (iv2) 236 —62 143 4.6 1/1 1v2-1
IV1 (ivl) 261 —65 6 396 3.4 02
Talnakh section

[o<)

TAS8 (Syver.) 146 58 8 104 54 02
TA7 152 49 8 71 6.6 02
TA6 166 56 6 25 13.8 02
TAS 195 —61 4 5891 1.2 072
TA4 280 —78 8 57 7.5 02
TA3 236 —66 7 99 6.2 02
TAI1-2

B 440-520 5 0.65 0.72 95 55 11.0+0.6

4 The results are listed in stratigraphic order from top (KMX4) to bottom (TA1-2). In brackets are given the site identification
as used in [21]. The Talnakh profile is parallel to the lower part of the Listvjanka section. Dec and Inc denote declination and
inclination, respectively, Nq the number of samples used to calculate the mean flow direction. n/N denotes the ratio of successful
to performed Thellier experiments, Cl. the quality class according to the reliability criteria (see text). AT specifies the temperature
range of the linear segment in the NRM-TRM plots, N, the number of successive data points used for the calculation of the pa-
lacointensity. f, g and ¢ are the fraction of the NRM, the gap and quality factor as defined by Coe et al. [37], respectively.
F, * or, represents the result of an individual palaeointensity experiment and its associated standard deviation. Fp * or, is, if ap-
plicable, the calculated weighted mean palacointensity using the weighting factor w of Prévot et al. [9].

slightly deviant to the stable reversed pole. Table
1 summarises the directions and pole positions of
the groups as defined above.

Compared to today’s strength of the EMF sig-
nificantly lower VDM values are observed
throughout the record. Unfortunately, the section
comprises only a few flows of reversed polarity.
No reliable mean palaeointensity of the reversed
polarity interval could be obtained from the
studied section. But there seems to be a trend to
slightly decreased intensities during the clustering
of transitional directions (group B, 12 flows of the
Listvjanka and three flows of the Talnakh section)
which is followed by a remarkable increase to
twice the values (from around 6 to 13 uT). The
clustering may be explained by an episode of rap-
id succession of lava flows [41-43]. The palaeoin-
tensity results, however, indicate that this phe-
nomenon has a geomagnetic cause as several
independent field states were recorded. Two alter-
natives can account for this observation: (1) As-
suming a mainly non-dipolar transitional field
configuration, a strong local magnetic flux, also
resulting in relatively constant local field direc-
tions, must build up to explain the increase in
intensity [2]. (2) Hoffman [10,11] suggested that
during a transition the field has quasi-stable con-

figurations in which dipolar components are rela-
tively strong. The inherent instability of a geody-
namo fluid pattern where the axis of the magnetic
field and the rotational axis are far apart causes
this dipolar configuration to decay. The following
non-dipolar configuration provokes rapid direc-
tional changes until a new quasi-stable state or a
stable polarity is reached. Such significant changes
of the field directions are observed in the present
record. Although the observed pattern can be ex-
plained by alternating phases of lulls and boosts
of the volcanic activity, the data at hands show
rather good agreement to Hoffman’s scenario de-
scribed above. It has to be admitted, however,
that a definite answer cannot be given at this time.

No clear systematic palaeointensity variations
are observed during or after the excursion. Palae-
ointensities are generally higher than during the
transition. In order to get a reliable palaeointen-
sity estimate for the Late Permian/Early Triassic
we excluded palaeointensities of transitional or
excursional directions. As stable normal polarity
we interpret all flows above flow ND6. The calcu-
lated mean palaeointensity for this part of the
section is 19.3 uT with a standard deviation of
7.2 uT. This corresponds to a mean VDM of
2.2x10*2 Am? which is significantly lower than
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Fig. 5. Examples of successful palaeointensity determinations of the different suites.

the value of 3.4 10> Am? obtained by Solodov-
nikov [44] on trap basalt samples from Noril’sk
and the Lake Lama region (Thellier—Thellier with-
out pTRM checks). However, the stratigraphic
position of the samples used in that study is un-
clear. Both results confirm the existence of the
MDL and define up to now its lower boundary.
More data constraining the extension of the MDL
in the geological past are needed, though.

In order to estimate the palaeosecular variation,
the VGP dispersion [45] for the stable normal part
of the section (group D, containing no major time
gaps) and the associated cut-off angle A was cal-
culated. This procedure yielded an 4 =32°. No
results had to be disregarded using this iterative
method. The data were corrected for the within-

site scatter [46]. This correction is a function of
the latitude which was in our case defined as the
palaeolatitude obtained from the mean pole of
group D assuming a geocentric axial dipole. The
VGP dispersion (Sg) yielded a value of 15.4° with
upper and lower 95% confidence limits [47] of
Sy =18.1° and S;=13.4°, respectively. Compared
to analyses of the palaeosecular variation of the
last 5 Ma, which yields Sg=20.3° [46] for the
respective latitude, this value is clearly lower.
However, it has to be noted that this discrepancy
is caused by the larger cut-off angle (42.6°) used in
that study. A query of the palacosecular variation
RL database, designed by McElhinny and Lock
[48] and currently maintained by S. Pisarevsky,
using a cut-off angle of 30° (0-5 Ma, 104 data
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Fig. 6. Declination (a), inclination (b), palacointensity (c) and VDM (d) across the studied sections. The results of the Talnakh
section are indicated by open squares and a broken line. Open symbols in (c) denote results of lava flows with only one success-
ful Thellier—Thellier determination. The gap between the Listvjanka and the Abagalakh sections comprises only the Khakanchan-
sky suite, which has in the Noril’sk area a thickness of 10-130 m (mainly tuffs). Outcrops of this suite were not found in the
studied areas. However, borehole data [21] prove that this suite is also of normal polarity. Also given are the directional clusters

(A-D) and the position of individual flows for orientation.

sets) yields a Sg of 17° (S, =18.9°, §;=15.5°).
Thus, our results indicate that the palaeosecular
variation in the earliest Triassic was somewhat
but not significantly lower. Results of Lyons et
al. [49] obtained from 15 cooling units of the
Early Triassic Semeitau igneous series (Kazakh-
stan, 248.2 Ma), likely to be genetically related
to the Siberian traps, show to be at the 95% con-
fidence level indistinguishable from the secular
variation averaged over the past 5 Ma. Moreover,
our results do not show an inverse correlation
between angular secular variation and intensity
of EMF as proposed by Love [50] for younger
episodes of Earth’s history. For comparison the
VGP dispersion was also calculated for the transi-
tional cluster (group B: Sp=4.4° §,=5.9°
S1=3.4°) and the post-transitional excursion
(group C: Sp=8.1°, §,=10.8°, §=6.4°). But
these values have to be considered with caution
due to the lack of information about the time
interval covered by these flows.

5. Conclusions

The palaecomagnetic record shows a reversed
polarity in the Ivakinsky suite. Then, a stable
transitional pole is recorded in the Syverminsky
suite followed by a motion of the VGPs towards
the position of the mean pole of the Abagalakh
section. The record of the Icon section shows a
movement of the VGPs from approximately this
position more or less on the same latitude east-
wards and back again which is tentatively inter-
preted as an excursion. The palaeointensity record
displays high variability with values ranging from
around 10 to 40 uT and has a minimum around
6 uT during the transition. A striking feature of
the directional cluster of the transitional field is a
doubling in palaeointensity values during this pe-
riod. The preferred interpretation of this feature is
that this cluster is not an artefact caused by high
extrusion rates, but is rather indicative for a con-
siderable directional stability of the transitional
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corrected for
plate motion

Fig. 7. Movement of the VGPs across the studied sections
(Hammer projection, centred at the 210° meridian). The site
location is denoted by a triangle. (a) all VGPs, the results of
the Talnakh profile, parallel to the bottom of the Listvjanka
section, are denoted by open diamonds. (b) Shown as black
dots are the groups as defined in the text with their associ-
ated dp, and d, confidence limits and the VGPs of individual
flows not belonging to one of the groups. The lowest part is
characterised by reversed polarities (group A and two flows
of the Talnakh section) and then reaches a stable transitional
cluster (Group B, 15 flows). The following four flows (GD2-
GDS5) move towards normal polarity. The first flows (TK7
and TK6) of the Icon/Abagalakh section have directions typ-
ical for Early Triassic normal polarity, but then an excursion
to more easterly pole positions is observed (group C, 14
flows) before reaching again the normal pole (group D).
(¢) The same VGPs as in (b) after correction for Permo-
Triassic palacogeography. Continents in (a) and (b) are plot-
ted in their present positions.

field. This clustering, low intensities during the
transitional field configuration and the excursion
shortly after the reversal are patterns observed in
several younger reversals [9-13] and suggest that
the underlying reversal processes in the Early Tri-
assic were basically the same. The mean VDM for
the period of stable normal polarity is calculated
and yields a distinctly lower VDM
(2.2£0.9%x102 Am?) compared to the present-
day EMF confirming that the Mesozoic dipole
extends at least down to the Late Permian/Early
Triassic. Taking into account the results of the
palaeosecular variation estimates which yield
comparable values to those for the last 5 Ma, a
direct link between intensity and secular variation
seems unlikely.
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