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Abstract

The paper presents results of paleomagnetic studies of traps of the Franz Josef Land (FJL) Archipelago. This area is considered to be part
of the Barents Sea Large Igneous Province (LIP) and is usually associated with the Early Cretaceous stage of plume activity, by analogy with
other manifestations of late Mesozoic trap magmatism in the High Arctic. Recent isotope-geochemical studies, however, suggest a much longer
history of basaltoid magmatism in the FJL area, from Early Jurassic through Early Cretaceous, with three pulses at 190, 155, and =125 Ma.
Given a significant difference in age, paleomagnetic directions and corresponding virtual geomagnetic poles are supposed to form discrete
groups near the Jurassic—Early Cretaceous paleomagnetic poles of Eastern Europe. However, the calculated virtual geomagnetic poles, on the
contrary, show a single “cloud” distribution, with its center being shifted to the Early Cretaceous paleomagnetic poles of Siberia. The performed
analysis demonstrates that the significant variance is caused mostly by the high-latitude position of the FJL and secular variations of the
geomagnetic field during the formation of the traps. Products of the Early Cretaceous magmatism evidently prevail in the data sample. The
coincidence of the average paleomagnetic pole of the FJL traps with the Early Cretaceous (145-125 Ma) interval of the apparent polar wander
path of Siberia rather than Eastern Europe confirms the hypothesis of the Mesozoic strike-slip activity within the Eurasian continent. This
activity might be a natural result of the evolution of the Arctic Ocean.
© 2018, V.S. Sobolev IGM, Siberian Branch of the RAS. Published by Elsevier B.V. All rights reserved.

Keywords: paleomagnetism; Large Igneous Provinces; FJL Archipelago; Arctic

Introduction

Franz Josef Land (FJL) is one of the northernmost Arctic
archipelagos consisting of almost two hundred relatively small
islands composed mainly of products of intraplate basaltoid
magmatism. A thick subhorizontal sequence of lava flow
represents a raised fragment of a large igneous province (LIP)
formed supposedly in the Late Jurassic—Early Cretaceous. The
major part of this LIP covers the entire northern part of the
Barents Sea floor up to and including the Svalbard Archipel-
ago, as well as extensive areas lying to the south of Franz
Josef Land along Severny Island of Novaya Zemlya in the
direction of the Kanin Nos Peninsula (Karyakin and Shipilov,
2009; Shipilov, 2016) and occupies, accordingly, more than a
third of the Svalbard plate area, which forms the region’s
continental shelf structure (Fig. 1), which, apart from the lava
flow facies, is strongly represented by sizeable dikes and sills
cutting across the Triassic—Jurassic terrigenous complex com-
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posed by sandstones, siltstones, and their weakly-cemented
analogues (Fig. 1). Thus, the significant amount of effusive
rocks and their geochemical signatures leave no doubt about
the plume nature of magmatism and the typical trap formation
mechanism of the geological structure of the FJL and the
adjacent territories (Dobretsov et al., 2013; Ernst, 2014;
Karyakin and Shipilov, 2009). Besides the Barents Sea LIP,
other manifestations of late Mesozoic basaltoid magmatism
are known within the Arctic region including isolated areas,
such as: the Sverdrup area (Canadian Arctic Archipelago and
adjacent continental shelf) (Evenchick et al., 2015; Jowitt et
al., 2014), the East Siberian Sea (the De Long Archipelago
and the adjacent continental shelf) (Dobretsov et al., 2013;
Filatova and Khain, 2009; Shipilov, 2011) and, finally, the
Central Arctic province. Maps of the latter were generated
based on the results of marine geophysical studies in combi-
nation with dredging and drilling, with the data ¢ covering a
vast area comprising the underwater Alpha-Mendeleev Ridge
and the adjacent Makarov and Podvodnikov basins up to and
including the Chukotka uplift (Kremenetsky et al., 2015;
Morozov et al., 2013).
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Fig. 1. Schematic geological map of the studied FIL Archipelago area, after (State..., 2006) (revised). The red line in the inset delineates a tentative area of basaltoid
magmatism distribution in the Barents Sea LIP, after (Karyakin and Shipilov, 2009). 1, Oligocene—Pliocene deposits (siltstones, clays); 2—4, Jurassic (?)-Early
Cretaceous trap complex: 2, tuffs and basalt flows (@) and andesibasalts (b), 3, hypabyssal complex (dikes, sills, laccolites) gabbro, gabbro-diorites, gabbro-dolerites,
dolerites and monzonites, 4, vent facies holding extrusive bodies (stocks and nekks) of basalts, andesibasalts; 5, Jurassic deposits (mudstones, siltstones, sands,
sandstones); 6, Triassic deposits (sands, sandstones, clays, mudstones, siltstones); 7, faults: established (a) and inferred (b); 8, paleomagnetic sampling sites.

The supposed close age of rocks in these areas suggests
their association as part of the Jurassic—Cretaceous High Arctic
Large Igneous Province (HALIP), formed synchronously with
the opening of the Amerasian (Canadian) basin of the Arctic
Ocean (Buchan and Ernst, 2006; Dobretsov et al., 2013; Ernst,
2014; Shipilov et al., 2009). Numerous studies have shown
that the evolution of this mantle plume is likely associated
with the formation of the largest—Siberian—LIP at the turn
of the Permian—Triassic, as well as with more ancient
manifestations of intraplate magmatism in Northeast Asia
(Kuzmin and Yarmolyuk, 2014, 2016; Kuzmin et al., 2010,
2011). The Barents Sea area can thus be regarded as one of
the most extensive manifestations of trap magmatism and,
given the sufficiently compelling paleomagnetic data, it can
be used for absolute plate tectonic reconstructions involving
the Arctic terranes in the Mesozoic and for verification of the
available geodynamic models of the Arctic basin evolution,
primarily the Amerasian (Canadian) basin (Gaina et al., 2014;
Koulakov et al., 2013; Laverov et al., 2013; Lawver et al.,

2002; Shipilov, 2016; Shipilov and Lobkovskii, 2014; Sokolov
et al., 2015; Vernikovsky et al., 2013).

However, reliability of paleomagnetic reconstructions cru-
cially depends on determination of the age of rocks and the
time of fixation of the measured magnetization. The episodic
behavior, i.e., the formation of a large volume of magmatic
rocks in a relatively short period on the geological time scale,
is a distinctive feature of LIP magmatism. As is the case with
the Siberian LIP, the duration of such pulses is not longer than
15 Ma (Ivanov et al., 2013; Kamo et al., 2003; Reichow et
al., 2009), and according to some estimates no more than
1-5 Ma (Kazanskii et al., 2000; Kazansky et al., 2005;
Latyshev et al., 2013; Mikhaltsov et al., 2012).

At the same time, a characteristic periodicity of ~ 30 Ma
is observed in plume magmatism, which correlates well with
large tectonic events in the region, including in the Arctic
area, and with global geotectonics (Dobretsov, 2010; Dobret-
sov et al., 2013). Until recently, the estimated duration of the
formation of the FIL traps within the 145-125 Ma interval
successfully concorded with the general concept (Corfu et al.,
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2013; Grachev, 2001; Ntaflos and Richter, 2003). However,
the results of “°Ar/*°Ar dating (Karyakin and Shipilov, 2009)
have corroborated earlier assumptions about the long-term and
multistage formation of the LIP (Tarakhovsky et al., 1982).

According to the new data, the age interval of the FJL
basaltoid magmatism spans the time period from the Early
Jurassic through Early Cretaceous, and includes at least three
pulses: Early Jurassic (196-189 Ma), Late Jurassic (160-
153 Ma) and the well known and repeatedly substantiated—
Early Cretaceous (145-125 Ma) (Dobretsov et al., 2013;
Karyakin and Shipilov, 2009; Shipilov and Karyakin, 2010,
2011; Shipilov et al., 2009). The presence of these pulses is
supported by the results of studies of the chemical composition
of clinopyroxenes and melt inclusions (Dobretsov et al., 2013),
which however meets numerous objections drawn from geo-
logical facts (Stolbov and Suvorova, 2010). Moreover, avail-
able observations suggest that lava flows commonly underlain
by sedimentary rocks not older than Early Oxfordian, which
rules out the existence of an Early Jurassic magmatism pulse.
Besides, there are no signs of any significant hiatuses in the
sections of FJL traps, which should exist, given the presum-
ably sporadic nature of magmatism with its activity interrupted
by relatively “calm” stages with durations up to 30 Ma. These
findings therefore question the reliability of the obtained
YA Ar data.

Paleomagnetic data can be viewed as an additional inde-
pendent argumentation in favor of the periodic magmatism
pattern. Taking into account the assumed significant difference
in age and the absence of large-scale late Mesozoic tectonic
movements between the Svalbard and the Baltica plates, the
virtual geomagnetic poles (VGPs) for the Early Jurassic, Late
Jurassic and Early Cretaceous FJL basalts should form discrete
groups in close proximity to the respective Eastern European
paleomagnetic poles. The first obtained paleomagnetic deter-
minations generally confirmed good prospects for using this
approach and even allowed outlining some tectonic effects
based on results of the calculated poles position analysis
(Mikhaltsov et al., 2016).

Given that quite a large amount of paleomagnetic determi-
nations for traps has thus far been accumulated for a
considerable part of the FIL Archipelago, we have attempted
to analyze their informative capacity and susceptibility in
order to decipher the Barents Sea LIP magmatism evolution,
with an aim to provide an independent substantiation of the
early stages of magmatism, and consequently, of a possibility
of reconstructing the Mesozoic tectonic history of the Arctic
using the data obtained.

Object of study

Specifically, the object of our study was the magmatic
products, mapped as individual subhorizontally occurring lava
flows, as well as major dikes, sills or small stocks within the
areas of eight islands of the FJL Archipelago (Fig. 1). Based
on morphostructural analysis and geophysical data, the FIL
uplift is proposed to be differentiated using a distinctly

discernible band of negative magnetic anomalies correspond-
ing to the Markham Strait and to be divided into the
southwestern and northeastern segments (Fig. 2a) (Shipilov,
2016; Shipilov and Karyakin, 2014). A remarkable feature of
the magnetic anomalies in both segments is the presence of
lengthy sublatitudinal band anomalies, conformably extending
along the strike of this boundary, and the gradual weakening
of the total intensity of the geomagnetic field and its band
structure across this zonation. In the northwestern part of the
archipelago, specifically, in the adjacent off-shore area of the
continental shelf, the bands are distinctly visible with the
anomalies intensity reaching 300 nT or more; in the south-
eastern periphery of the archipelago, in the area of the largest
(Hall, Wilczek Land, and Graham Bell) islands, the field is
relatively uniform with total intensity not exceeding 100 nT
(Fig. 2a).

The band pattern of positive magnetic anomalies is to be
regarded as an indication to the presence of a series of large
dikes intruding the FJL section and representing the magma
feeder channels for sills and lava flows prevailing on the
northwestern flank of the archipelago, which caps the sections
of most islands (Shipilov, 2016; Shipilov and Karyakin, 2014).
This interpretation is generally corroborated by our map of
lithospheric magnetic anomalies, built on the basis of the
accessible EMAG2 global database (Global Earth Magnetic
Anomaly Grid) (Fig. 2b). The band structure appears less
discernible here, but the observed transverse submeridional
zoning is more distinctly marked by the magnetic anomalies
intensity (Fig. 2b). Similar zoning patterns of gravity anoma-
lies, on the one hand, reflect the modern terrain, but, on the
other hand, can carry additional information about the region’s
subsurface structure (Fig. 2b, d). On the Faye anomaly map
(free-air gravity anomaly), the entire northwestern part is char-
acterized by a weak positive values zone (up to =70 mGal),
which probably indicates the presence of flat-topped plateaus
formed by lava capping the hypabyssal intrusions, observable
in the magnetic field anomalies. The southeastern flank in the
modern structure, on the contrary, is characterized by insig-
nificant negative values of the gravity field from 0 to
—-30 mGal (Fig. 2d). Given that previously this part may have
been elevated, lava facies either were not formed here, or
denudated. Accordingly, the modern erosion surface is domi-
nated by sedimentary rocks hosting sills and dikes, of which
one located on the northwestern tip of Hall island in the
vicinity of Cape Wiggins was investigated in this study
(Fig. 1). According to the available 4OAr%Ar data, the age of
dikes averages 132.3 +2.0 Ma (Mikhaltsov et al., 2016). A
large subconcordant intrusive body (sill) was also sampled at
Wilczek Land Island (Fig. 1). A large sill of gabbro-dolerites
whose U-Pb zircon age is 122.7 Ma was reported from the
Severnaya well, Graham Bell Island within Triassic sedimen-
tary rocks at a depth 1820-1900 m (Corfu et al., 2013).
However, the largest emplacement of dikes and sills on present
day erosion level is typical of Heiss Island, where we studied
the Ametistovaya dike and two sills (lower and upper)
intruding in its sedimentary section, on the northeastern tip of
the island (Fig. 3). Ametistovaya dike is the youngest, its
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Fig. 3. Geologic aspects of Heiss Island. a, Geological framework, after (Shipilov, 2016): /, Early Cretaceous lava flows; 2, Mesozoic sedimentary rocks; 3, dikes of
Early Cretaceous dolerites; 4, faults; 5, sites of paleomagnetic sampling with indication of number; 6, sampling points for geochronological analysis with indication
of age determination; b, general view of the Ametistovaya dike exposure (sites 10z01, 02, photograph by N. Mikhaltsov).

4OArAr age is 125.2+2.0 Ma (Shipilov and Karyakin,
2014). According to these authors, it is almost coeval
(126.2 £ 2.8 Ma) with the lower sill, and slightly younger than
the upper sill whose age is 131.6 + 2.4 Ma.

The age of the other dikes and the lava flow covering the
island is not older than 140 Ma, which is fully consistent with
the most manifest Early Cretaceous magmatism pulse. The
nature of this pulse or at least the intrusion of dikes is
considered by (Shipilov, 2016; Shipilov and Karyakin, 2014)
to be reflective of the process of rifting associated with the
opening of the Canadian basin. The lava facies, in themselves,
corresponding to the Early Cretaceous magmatic episode, are
widespread and predominant on the present day erosion level
both within the NE and SW segments (Fig. 1) (Piskarev et
al., 2009). In the NE segment area, basalt flows were studied
only in the outcrops of Ziegler Island, in the vicinity of Cape
Brice (Fig. 4). The corresponding Early Cretaceous age of
basalts (about 135 Ma) is confirmed by the 4OArAr dating
results (Mikhaltsov et al., 2016). Two dikes have been sampled
there. According to our preliminary data whose publication is
forthcoming, one of these dikes has a tentative age of
126.0 £ 3.5 Ma, while the other may be associated with
termination of the Late Jurassic magmatic pulse—148.7 =
4.2 Ma. Even older Early Jurassic ages are available in the
radiological dating summary on age determinations by differ-
ent methods (K-Ar, Pb—Pb, Sm—Nd) for several sills and lava
flows on Rudolf and Jackson Islands, however, these data need
refining.

Specifically, the presence of Early Cretaceous, and both—
Early and Late—Jurassic episodes of magmatism in modern
erosion level distinguish, as suggested by (Shipilov and
Karyakin, 2014), the SW segment of the Franz Josef Land

Archipelago. Whereas lava facies of all the three pulses are
closely spaced in sections without visible signs of long
hiatuses. Thus, on Alexandra Land Island (Fig. 5), according
to the results of “°Ar/*°Ar dating from mineral fractions by
stepwise heating in the lower flow of amygdaloidal plagioclase
basalts with distinctive columnar jointing the obtained values
are 189.9£3.1 and 196.5 £ 6.3 Ma (Karyakin and Shipilov,
2009; Shipilov, 2016; Shipilov and Karyakin, 2014). Upwards,
in the middle lava flow, characterized by block structure, the
plateau age is 156.5 £ 5.3 and 152.6 + 14.5 Ma (Karyakin and
Shipilov, 2009; Shipilov, 2016; Shipilov and Karyakin, 2014).
Finally, the upper part of the visible section is formed by a
thick basalt flow with giant columnar jointing with the
weighted mean age of plagioclase and pyroxene is 135.0 =
4.0 Ma. This cover caps the section of the island and is most
widely distributed throughout the area. Similar ages are
reported for the Alexandra Land basalts in (Piskarev et al.,
2009). Comparable Jurassic dates 151+ 11, 192+13, 170t
12, 203 £ 14 Ma are available from age determinations for
sills intruding Early Mesozoic—Late Paleozoic terrigenous-car-
bonate deposits, penetrated in the 1300-3200 m depth interval
by the Nagurskaya well, located north of the area of works
(Fig. 5) (Tarakhovsky et al., 1982).

However, these ages obtained by the bulk rock K-Ar
method are unlikely to be reliable. The formation of sills there,
as well as on Hall, Heiss, Graham Bell islands in the SE
periphery of the archipelago, is more probably connected with
the Early Cretaceous episode of magmatism as is confirmed
by the U-Pb analysis results for several zircon crystals
encountered in these rocks (Corfu et al.,, 2013). Another
manifestation of Early Jurassic magmatism corroborated by
the “°Ar*%Ar data (189.1 £ 11.4 Ma) is known on Hooker
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Fig. 4. General view of the northwestern coastline exposures of Ziegler Island. Photograph by Yu. Petrova, borrowed from http://www.rus-arc.ru.

island, at the base of the cliff section in the northern side of
Tikhaya Bay, near Cape Sedov (Fig. 6) (Shipilov, 2016;
Shipilov and Karyakin, 2014). The authors of this age
determination extend it over the entire section forming the
Sedov plateau, as far as Albert Markham Cape, however there
is a strong possibility that, by analogy with the Alexandra
Land Island section, it holds the products of all three magmatic
pulses. The dated cover composed of columnar jointed
amygdaloid basalts is exposed at an altitude of 100-130 m
(Fig. 6b). The “higher” horizons of the section, forming the
Sedov plateau, were studied in the Tikhaya Bay to the east of
Cape Sedov (Fig. 6¢), as well as those outcropping immedi-
ately above the Molchaniya valley and Voronin Glacier. The
two lava flows studied on Cape Albert Markham are presum-
ably from the lower part of the section (Fig. 6g), however,
unambiguous correlation between their exposures here and
Tikhaya Bay lavas is problematic.

Magmatic bodies encountered in the section of NW part of
the island most likely have intrusive character, i.e., sills, which
are composed of vertical columnar jointed well-crystallized
medium- to coarse-grained gabbro-dolerites. One of them was
samples in several outcrops in the northern side of Tikhaya
Bay above Sedov Glacier (Fig. 6a), where the sill underlies a
thick flow of massive vitreous basalts. The same relationship
of crystallized and vitreous rocks can be observed in the cliffs
of the Molchaniya valley, and southwards of Cape Medvezhiy.
In the latter, the lava flows of black massive vitreous basalts
with multidirectional thin-columnar jointing crowns the sec-
tion forming a rocky outcrop about 120 m in height (Fig. 6e).
A body of well decrystallized dolerites, greenish-gray in color
and more than 15 m thick is observed below the lava flow.
The lower boundary of the sill is not exposed, however,
directly below it in the slope-wash horizon, there are angular
fragments of thin-slabby gray sandstone. This horizon whose

thickness totals to 10 m is underlain by yet another dolerite
sill with visible thickness about 5 m (Fig. 6e).

In the inner part of the island, for the most part covered
by glaciers, the sampled section fragments made up by lava
facies and extending vertically form individual outcrops of
Solnechnaya rock, Pila cliff, and Yuri rock (Fig. 6f).

The sampled giant outcrop of Rubini rock on the southern-
most side of Tikhaya Bay (Fig. 6g), is usually interpreted as
a stock whose age from K—Ar determinations is not older than
145 =7 Ma (Stolbov, 2005).

A succession of three lava flows is discernible in the
studied coastal rocky outcrops on the eastern ending of
Scott-Kelty Island located in close proximity to Cape Sedov.
The lower and middle lava flows typically have vertical
columnar jointing, while the upper flow is differentiated by
columnar jointing with multidirectional orientation. All three
lava flows have been sampled.

We therefore suggest that the sampled FJL flood basalts
relatively uniformly characterize the stages of the Barents Sea
LIP magmatic activity inferred from the YOAr39Ar determina-
tions and form a representative data set of specimens for
deciphering its evolution.

Paleomagnetic research methods

The oriented samples were collected with a gasoline
powered portable drill or manually. To determine the local
magnetic declination, either the solar azimuth or the necessary
correction to the data is calculated from the IGRF (Interna-
tional Geomagnetic Reference Field) model. A comparison
between the available measurements and model data shows
that the local magnetic declination in the studied area of the
FIL Archipelago averages 35°.
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Fig. 5. Geologic aspects of the northeastern part of Alexandra Land Island. a, Geological framework, after (Shipilov, 2016; Sklyarov et al., 2016): /, Early Cretaceous
basalts; 2, Early Jurassic and Late Jurassic basalts, not partitioned; 3, Early Cretaceous (?) dolerite dike; 4, paleomagnetic sampling sites with indication of their
numbering; 5, sampling sites for geochronological analysis with indication of age determinations (b, c); general view (from free photo hosting Yandex) of the

Severnaya Bay volcanic section.

Laboratory paleomagnetic and rock magnetic experiments
were carried out using the equipment of the IPGG SB RAS
Geodynamics and paleomagnetism Laboratory and the NSU
Laboratory for geodynamics and paleomagnetism of the
Central and Eastern Arctic (Novosibirsk). To substantiate the
component composition of the natural remanent magnetization
(NRM), all samples were subjected to either detailed thermal
(T) or alternating field (AF) demagnetization until their
complete demagnetization. The number of demagnetization
steps generally varied between 14 and 18. The remanent
magnetization vector measurements were performed with a
SRM-755 cryogenic magnetometer (2G Enterprises, USA),
placed in a space shielded from the external field. The
composition of magnetic minerals present in the rock was
determined from the results of the study of the temperature
dependencies of the magnetic susceptibility k(7) in an inert
medium with a MFK1-FA Kappabridge multifunctional meter
(AGICO, Czech Republic). Magnetic hysteresis of the speci-
mens was studied with the J-Meter coercivity spectrometer
(Kazan, Russia).

The NRM measurements processing was performed with a
specialized software (Enkin, 1994), using the component
analysis method for magnetization-based screening (Kir-
schvink, 1980). The position of virtual geomagnetic poles was
analyzed using GMAP (Torsvik and Smethurst, 1999). The
domain structure of ferromagnetic grains was evaluated from
Day plot (Day et al., 1977; Dunlop, 2002).

Results of paleomagnetic studies

Magnetic scalar characteristics. The level of natural
remanent magnetization (NRM) of the studied basalts and
dolerites is high, slightly varying from 2 to 20 A/m, while the
magnetic susceptibility is about 1072 SI units. The relationship
between these parameters (Koenigsberger ratio) is above 1,
reaching the value of 20. Such parameters are typical of
unaltered magmatic rocks and indicate thet the magnetization
may have been preserved (Nagata, 1961). Magnetic scalar
characteristics of rocks of different ages determined from
40Ar/39Ar measurements have exhibited no differences, which
indirectly implies a similarity in the mineralogical composition
of the carriers of magnetization and the NRM fixation
conditions.

Magnetic mineralogy. The studies of temperature depend-
ence of magnetic susceptibility k(7) have shown (Fig. 7) that
titanomagnetite and magnetite are the main magnetic minerals
in all the analyzed samples. Most common is a high-ferriferous
titanomagnetite, with a Curie point (7¢) at 540 °C and above,
up to experimentally indistinguishable from T¢ of magnetite
at 578 °C. However, a low-ferriferous phase is not rare whose
Tc can vary from 180 to 400 °C. At the same time, both these
minerals can be reported from one sample. When heated,
titanomagnetite, especially its low-ferriferous phase, is quickly
undergoes irreversible changes, which results in the Curie
point shifting towards higher temperatures on the cooling
curve. It appears that the currently predominant high-ferrufer-
rous phase is the product of partial single-phase oxidation of
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the initially less-ferruferrous titanomagnetite. At this, the time
required for its transformation differs insignificantly from the
time of the primary phase crystallization, and the same
magnetization is measured in the newly formed high-ferrifer-
ous titanomagnetite as in the initially low-ferriferous grains
(Pechersky and Didenko, 1995).

Studies of the low-temperature variation of magnetic
susceptibility k(7) have confirmed the presence of magnetite
as the final oxidation phase of primary titanomagnetite and
provided evidence of a “Verwey transition” (Verwey, 1939),
occurring at a typical temperature of —153 °C, when a phase
transition from cubic to orthorhombic magnetite occurs.
However, in many samples, irreversible changes also take
place in magnetite after heating, which results in discordance
between the cooling and heating curves, while the repeated
low-temperature curve does not exhibit the Verwey transition.
The irreversible changes induced by laboratory heating were
noticed in almost all the studied specimens, regardless of
predominant magnetic phase, which implicitly indicates that
after their formation, the rocks were not significantly affected
by secondary heating and the resultant single-phase oxidation
products can be considered as conventionally primary. The
heating and cooling curves would otherwise be completely
reversible.

The domain state of magnetic grains. The Day plot is
concerned primarily with the size of the available magnetic
grains. The larger these are, the closer their figurative points
to the area corresponding to the multidomain state (MD field,
Fig. 8), and the more badly the paleomagnetic signal is
retained by the rock. The specimens studied are dominated by
pseudo-single-domain (PSD) and marked by the presence of
negligibly small single domain (SD) grains. At this, there is
no correlation between a typical size of magnetic grains and
the age of rocks.

Samples from lava flows of different age on Alexandra
Land Island for example, are uniformly distributed along the
lines of experimental values for magnetite, after (Dunlop,
2002), in the upper part of PSD field. There is no relationship
observed either between the studied coercivity parameters and
the morphological-textural variations or facies variety of rocks.
A certain dependence can only be hinted based on the
“territorial” approach.

For example, specimens from Ziegler Island, despite being
represented by both dolerites of hypabyssal facies and typical
lava basalts, form a single, distinctly discernible cluster in the
upper part of the plot, i.e. have relatively low H./H, ratio
values (where H, is coercivity, H; is coercivity of remanence)
and the maximum value of the M;/M; ratio (where My is
saturation magnetization, M is saturation remanence), which
characterizes both the SD and close to it PSD size of the
present magnetic grains (Fig. 8).

The rock magnetic analysis results thus allow to infer that
the studied FJL flood basalts are dominated by small grains
of primary magmatic or single-phase-oxidized during cooling
titanomagnetite rocks. Given that the rocks did not undergo
any significant thermal impact after their formation, this rules
out remagnetization of the products of ancient Early Jurassic

Fig. 6. Geologic aspects of the northern part of Hooker Island. a, geological framework: /, Jurassic-Early Cretaceous basalts and dolerites, non partitioned; 2, Rubini Rock stock; 3, paleomagnetic sampling

sites with indication of their number; 4, sampling sites for geochronological analysis with indication of age determinations; b—g, general view of the studied outcrops (Photographs by N. Mikhaltsov, M. Ivanov):
lava flow dates in the bluff of Cape Sedov (b), volcanic section in Tikhaya Bay, east of Cape Sedov (c), Cape Albert Markham section (d), south of Cape Medvezhiy (e), Yuri Rock (f), Rubini Rock stock
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Temperature, °C

Temperature, °C

Temperature, °C

Fig. 7. Typical examples of magnetic susceptibility vs. temperature curves k(7) of the studied dolerites and basalts of Franz Josef Land. The arrows show heating (right) and cooling (left); L1 and L2,

low-temperature curves before and after heating, respectively; dashed lines indicate the Curie curves-derived temperature for the present ferromagnetic minerals.
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episode of magmatism associated with the heating during the
following Late Jurassic and the most extensive Early Creta-
ceous events. This conclusion is best exemplified by the
Alexandra Land Island section, where all the three above
episodes of magmatism are expressed as consistently overlap-
ping lava flows (Shipilov and Karyakin, 2014).

Component analysis. Results of AF-demagnetization have
shown that, depending on the titanomagnetite composition in
the specimen, the median destructive field (MDF) can vary
from 5 to 50 mT, averaging, as a rule, about 20 mT (Fig. 9).
Typically, first steps of demagnetization (<4—6 mT) induce
the destruction of randomly oriented viscous magnetization
formed after the sampling—during the specimens transporta-
tion, storage and preparation for research. However, it is
difficult to estimate the contribution from the “natural” viscous
component, formed in situ during the last period of positive
geomagnetic polarity.

It probably degrades either simultaneously with the viscous
magnetization formed in lab conditions or when affected by
slightly higher-amplitude alternating magnetic field (AMF).
Given that the geographical position of the FJL area since the
time of the first magmatism pulse and during the late Mesozoic
and Cenozoic corresponded high latitudes (near the true
geomagnetic pole), it is difficult to differentiate between the
viscous component direction and the primary Mesozoic one
on the plots. As a result, characteristic remanent magnetization
(ChRM) is destroyed almost in the entire AF-demagnetization
interval or at least in the fields with the amplitude exceeding
14 mT and until the NRM disappears completely.

In as many as 60% of the samples magnetically hard, high
ferriferous titanomagnetite or magnetite tend to be dominant,
while AF-demagnetization is unable to destroy the NRM and
isolate a stable component associated with these minerals. In
this case, we used T-demagnetization. The destruction of the
natural and lab-acquired viscous magnetization tends to occur
already during the first heating to 150 °C. In most samples,
the single expected ChRM is destroyed starting either from
this point or when heated to =200 °C and up to the complete
loss of natural magnetization at characteristic temperatures
540-600 °C (Fig. 9).

Sporadic presence of the intermediate component can be
diagnosed in the samples in the range between 150 and 350 °C;
its direction differs from that of ChRM by not more than 10°.
The nature of this component, given the stable mineral
composition of ferromagnetic minerals and the absence of
evidence of chemical changes, appears evasive. It is most
likely to be “false”—as an artifact emerging directly in the
process of stepwise thermal demagnetization due to the
interaction of the two determened ferrimagnetic phases of
titanomagnetites with different unblocking temperatures
(Shcherbakov et al., 2017).

Discussion and geological implications

The object-specific ChRM mean directions and their statis-
tical parameters are given in Table 1, along with calculated
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Fig. 8. Day plot from the FIL traps analysis: /, Alexandra Land Island; 2, Hall Island; 3, Jackson Island; 4, Heiss Island; 5, Ziegler Island; 6, Hooker Island. The gray
lines correspond to the experimental values for synthetic (@) and natural (») magnetite (Dunlop, 2002). SD, Area of single-domain grains; PSD, area of pseudo-single

domain grains; MD, area of multidomain grains.

coordinates for the corresponding virtual geomagnetic poles
(VGPs). The discussed above rock magnetic aspects serve as
the main arguments in favor of the primary nature of the
established ChRMs: these are primarily the magmatic origin
of the magnetization-carriers, the evidence of oxidation and
changes in the composition of titanomagnetites that accounted
only for the stage of rocks cooling and, finally, the absence
of superimposed thermal events.

As is the case with our objects, standard field tests are of
no use. Specifically, there are neither conglomerates in the
structure of the studied part of the FJL trap section, nor
overlying coarse clastic rocks, which would have allowed to
conduct the conglomerate test. The most common fold test is
also not applicable, since in this paper, we consider all
paleomagnetic directions only in the modern (geographical)
coordinate system, without introducing corrections for any
possible changes in the primary spatial orientation of rocks
relative to the paleohorizontal, as was done in the preliminary
report (Mikhaltsov et al., 2016).

Unfortunately, in the absence of reliable observations,
substantiation of the paleohorizontal at the time of trap
magmatism is all but impossible. However, the investigated
sloping surfaces of the top and base, or a systematic deviation
from vertical columnar jointing, which were interpreted as a
paleohorizontal (Mikhaltsov et al., 2016), are very likely to
be reflective of the ancient topography and may have resulted
from the lava flowing along the paleoslope.

Given that there is neither information about significant
deformations in the trap section in the late Mesozoic—Cenozoic

geological history of the FJL Archipelago area, nor obvious
geologic evidence of possible inclinations of the studied lava
flows and intrusions are available, while the rock magnetic
data may imply the absence of large tectonothermal events, it
would be methodically correct to use the geographic coordi-
nate system in the established paleomagnetic directions distri-
bution analysis, which means interpreting the position of the
studied objects as undisturbed.

Finally, a reversal test cannot be properly used to substan-
tiate the origin and age of established ChRMs either, since
only one object (Ametistovaya dike on Heiss Island) has a
reverse polarity. All other studied bodies are magnetized in
the intervals of the direct (normal) polarity of the geomagnetic
field (Table 1). The clear dominance of direct ChRM polarity
appears strange, considering the supposed long history of
magmatism from Early Jurassic to Early Cretaceous. All this
time until the turn of the Barremian—Aptian, 126.3 Ma
(Gradstein et al., 2012), the Earth’s magnetic field was
characterized by very frequent reversals, although normal
polarity slightly predominated in general. It is only beginning
from the Aptian and through the Santonian that the lengthy
C34 superchron with normal polarity was recorded (Opdyke
and Channel, 1996).

In this context, the data obtained mostly support the concept
of a single brief magmatic event during the formation of the
FIL province, and the time of this activity manifestation is
closer to the second half of the Early Cretaceous. Nevertheless,
the available *OAr/*°Ar ages, both Cretaceous and Jurassic,
have shown a good correlation with the global Geomagnetic
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Polarity Time Scale (GPTS), and in some cases allow to more
precisely define the intervals of events associated with the lava
effusions and intrusions of dikes and sills (Fig. 10). These
include the age from Ametistovaya dike 125.21+2.0 Ma
(Shipilov and Karyakin, 2014) showing very good agreement
with GPTS, where the Aptian base exposes the narrow
(125.9-126.3 Ma) MOr zone with reverse polarity (Gradstein
et al., 2012). The age appears to be identical to the results of
4OAr9Ar dating of the reverse-magnetized basalts of guyot
MIT—125.4 £0.2 Ma, which serve as a basis for the MOr
zone determination when deciphering the bands of magnetic
anomalies in the Pacific Ocean (Pringle and Duncan, 1995).

The lower sill, which has a close OAr9Ar age (126.2 %
2.8 Ma) is located within the borders of that same Heiss Island
where GhRM has a direct polarity, and corresponds to the
MIln chron; its intrusion, according to the GPTS, shortly
preceded the formation of Ametistovaya dike, in the range

from 126.3 to 128.3 Ma (Fig. 10). The angle between the
GhRM directions in these intrusions is 9.3°, its critical value
being 4.4° according to the reversal test (McFadden and
McElhinny, 1990).

The test, in itself, being a formal procedure, which yielded
predictably negative result, can not be viewed as an argument
against the inference about the paleomagnetic signal being
recorded during the formation of intrusions. The determined
ChRM directions reflect the “instantaneous” state of the
geomagnetic field, from which it follows that secular vari-
ations have not been averaged and the compared poles are
virtual geomagnetic poles (VGPs), and therefore not consistent
with the central Axial Dipole Hypothesis, being a necessary
condition for the reversal test performance (Butler, 1992).

A good correlation between the 4OArAr data (131.6 +
2.4 Ma) and GPTS (M5n chron 130.6-131.4 Ma) is typical
of the upper sill on Heiss Island and most others dated as
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Early Cretaceous and Late Jurassic bodies, since all of them
find adequate analogues in GPTS (Fig. 10). This to some
extent supports the “randomness” in the normal polarity
prevalence in our data set, as well as the episodic pattern and
short duration of magmatism during the putative magmatic
pulses.

Somewhat less well substantiated is the lack of reverse
polarity in lava flows dated as the Sinemurian—Pliensbachian
interval of the Early Jurassic. In our sampling, only two
specimens have corresponding 4OA13%Ar dates: the lower flow
on Alexandra Land Island (189.9 £ 3.1 Ma) and lava flow on
Hooker Island in the vicinity of Cape Sedov (189.1%
11.4 Ma). The available ages factoring the definition errors
“overlap” a number of polarity chrons, with their average

values being consistent with the prevailing reverse polarity
epoch, which is referred to as the Early Pliensbachian e-Pli R
chron on the GPTS (Fig. 10). The Early Jurassic interval of
the GPTS is generally characterized by extreme frequency in
reversals and, unlike the Late Jurassic—Early Cretaceous
interval, has no corresponding confirmations from ocean
magnetic anomalies and is calibrated on the scale of biostra-
tigraphic units (Gradstein et al., 2012). Most of the chrons are
therefore differentiated by the predominant polarity, and may
comprise up to ten narrow zones with opposite sign (geomag-
netic reversals). Among them, the Early Pliensbachian chron
with predominantly reverse polarity includes at least 6 (!)
normal polarity zones (Gradstein et al., 2012). Therefore,
given such a small data set and 4OArAr measurement
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accuracy, the presence of direct polarity ChRM alone is not
surprising.

One of the paleomagnetic reliability criteria consists in the
concidence between the obtained paleomagnetic determina-
tions with the data independently obtained by other authors
(van der Voo, 1990). Before the commencement of our work,
the Global Paleomagnetic Database (IAGA GPDB) contained
only one determination in the FJL traps, for the supposedly
Early Cretaceous basalts of George Land Island (Gusev, 1970).

Even though the investigations were conducted back in the
60s of the last century, the author managed to get a result that
meets most of the modern criteria of reliability of paleomag-
netic data. The statistics was derived from a set of 42
specimens collected from 12 lava flows that total 180 m in
thickness, which suggests averaging of secular variations,
whereas the absence of remagnetization is corroborated by the
conglomerate test (Gusev, 1970). The basalts age, in itself, is
not sufficiently substantiated according to the modern stand-
ards. Nevertheless, we use this determination in our further
analysis along with the data obtained, assuming, after the
author, that it is part of the Early Cretaceous episode of
magmatic activity (Table 1).

All of the calculated VGPs (virtual geomagnetic poles)
form a scattered cloud centered in the area of modern
Chukotka (Fig. 11). That said, it is problematic to segregate
anticipated discrete groups with predominance of VGPs of
knowingly different ages. The two Early Jurassic and two Late
Jurassic VGPs whose age is determined from 4OAr9Ar
analysis, as well as the more abundant Early Cretaceous poles,
are completely indistinguishable within the total body of data
and concentrated near the Early Cretaceous interval of the
apparent polar wander paths (APWP) for Europe (Torsvik et
al.,, 2012) and Siberia (Metelkin et al., 2010), while being
more consistent with the latter (Fig. 11).

For the purpose of comparative analysis a different variant
of Siberia’s APWP, which is based on more rigid principles
of the actual data selection can be used (Didenko, 2015). As
such, the Early Cretaceous segments of these APWPs differ
only in detail and bear no fundamental contradictions in
respect of the substantiation of the Franz Josef Land magma-
tism evolution. The available set of dated VGPs corresponding
to the Early Cretaceous pulse of magmatic activity appears
sufficient for averaging secular variations, while the mean pole
will correspond to the 145—-125 Ma paleomagnetic pole in the
context of the geocentric axial dipole hypothesis.

The pole’s coordinates (Plat = 69.5, Plong = 180.2, A95 =
10.8, N=11) do not differ significantly from the paleomag-
netic pole obtained earlier from the George Land Island basalts
(Table 1, Fig. 11a). The angular distance is 11.5 £7.9. The
new pole coordinates for the Early Cretaceous episode of
magmatism, when compared with the average pole for all
objects with Jurassic YOAr%Ar dates Plat=65.7, Plong =
199.5, A95=13.0, N=4 (Fig. 11b), indicate that the differ-
ence of 7.7+ 11.1 is statistically insignificant. There are also
no differences, when the same pole is compared with the rest
of the data set Plat = 68.2, Plong = 176.7, A95=5.2, N=28
(Fig. 11c¢), angular distance: 1.8 £ 8.8. At first glance, all this

appears indicative of a singular magmatism event on the FJL
Archipelago, disagreeing the obtained Jurassic 4OAr9Ar
dates. However, a more detailed analysis shows that this
conclusion is premature.

In the analyzed data set, the VGPs of Early Cretaceous
episode of magmatic activity confidently predominate. Either
the vast majority or, possibly, all of the objects of this
paleomagnetic analysis undated by the isotope method may
also correspond to this time. VGPs exhibit obvious significant
variability (Fig. 11), which can be explained only by the
geomagnetic field variations against the backdrop of frequent
reversals. This effect is enhanced by the high-latitude position
of the FJL province which persisted throughout the late
Mesozoic and Cenozoic (Dobretsov et al., 2013; Gaina et al.,
2014; Shipilov and Vernikovsky, 2010). It has been proved
that the VGP variance which is associated with secular
variations of the earth’s magnetic field, is directly proportional
to the object’s latitudinal position during the fixation of
magnetization and it tends to increase almost two-fold at the
poles, as compared to the equator (Merrill and McElhinny,
1983). This means that the coincidence of individual Jurassic
VGPs with an Early Cretaceous paleomagnetic pole is simply
explained by a lack of the statistics data in the context of
high-latitude variance caused by secular variations in the
epoch of frequent polarity reversals.

It thus appears impossible to characterize either the paleo-
magnetic pole or the FIL trap province position at the Early
and Late Jurassic stages of its evolution, nor to substantiate
these magmatism episodes with the available set of paleomag-
netic data. However, there is every indication that the Early
Cretaceous pole (145-125 Ma) Plat=68.9, Plong =177.5,
A95 =4.5, N =40 calculated for the entire data sample with
the exception of the four poles that have Jurassic 4OAr9Ar
dates, is underpinned by sufficient factual materials and can
be used for paleotectonic reconstructions. This is confirmed
by angular dispersion (S) calculations which serves as the
standard for quality evaluation of averaging the secular
variations (McFadden, 1980). In our case, S = 15.9°, which
differs little from hypothetical value of S = 19° for the 62.9°E
latitude, at which, according to the data obtained, the FIL trap
province was located in the Early Cretaceous, and fully meets
the model condition for correct averaging of secular variations:
10°< § < 20° (Merrill and McElhinny, 1983).

The obtained paleomagnetic pole with account of estima-
tion error coincides with the corresponding age interval
(140-120 Ma) of the APWP for Siberia, which is statistically
different from that of the coeval APWP interval for Europe
(Fig. 11). Within the existing tectonic representations, the
differences between the Mesozoic intervals of Siberian and
European APWPs are explained by intraplate strike-slip
tectonics (Metelkin et al., 2008, 2010, 2012). In this case, the
correlation between the Early Cretaceous pole of the FIL
province and the APWP for Siberia suggests a possibility of
coeval shear deformations in this part of the Svalbard plate
with the Siberian domain. The geological manifestations of
this process may be either strike-slips inherited from the late
Paleozoic—early Mesozoic structural transformations of the
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Paykhoy—Novaya Zemlya region (Abashev et al., 2017; Bog-
danov et al., 1997), or those associated with the formative
processes for the Canadian basin (Shipilov, 2016) and later
processes of the Arctic Ocean evolution.

Lastly, there is another specific feature of the calculated
VGPs distribution. Given the comparison and data sample
analysis were made separately for the islands, it is remarkable
that they have a certain tendency for grouping. For example,
the positions of VGP for Ziegler, Heiss, and Alexandra Land
Islands have a quite compact disposition (Fig. 11d). In part,
this trend may be associated with low-amplitude local dis-
placements during the formation of the present day terrain,
although no pronounced deformations that could have caused
these displacements can be identified. Another possible cause
is the presence of several magmatism centers during the
formation of the entire Barents Sea LIP and the FJL uplift
structure, in particular. In this case, the observed pattern may
reflect site-specific features of the magmatism of these centers.
However, regardless of their representations, the discussed
variations tend to be leveled off, since the statistics involves
determinations for several such groups, while the average and
paleomagnetic poles are fully consistent.

Conclusions

The conducted paleomagnetic studies attest to the preser-
vation of magnetization produced by the FJL traps formation.
However, a significant variance in VGPs positions, due to the
high-latitude position of the Barents Sea LIP and secular
variations at the time period characterized by frequent geo-
magnetic reversals that preceded the onset of the Cretaceous
C34 superchron, does not allow to identify the anticipated
discrete groups of poles that would correspond to brief pulses
of magmatism activation in the Early and Late Jurassic and
Early Cretaceous, as is suggested by contemporary 4OAr9Ar
data (Dobretsov et al., 2013; Karyakin and Shipilov, 2009;
Shipilov, 2016). On the contrary, the available set of paleo-
magnetic and isotope-geochronological data provides evidence
in favor of total dominance of the products of the Early
Cretaceous (145-125 Ma) episode of magmatism. Alterna-
tively, the hypothesis of episodic magmatism during the
formation of the Barents Sea LIP and the presence of the
Jurassic stage in magmatic activity on the FJL Archipelago
cannot be completely disregarded based on the obtained
paleomagnetic data largely due is the inability to take into
account secular variations, given the insignificant statistics for
VGP of presumably Jurassic age. In other words, even
supposing that the Jurassic magmatism pulses exist, the close
positions of Jurassic and Early Cretaceous paleomagnetic
poles and significant variations in the Earth’s magnetic field,
the corresponding VGPs distributions become significantly
overlapped. It is therefore impossible to divide them using
statistical methods alone, without involving additional inde-
pendent petrological-geochemical, isotope-geochronological
or other geological-geophysical criteria.

Given that all parameters of the Early Cretaceous paleo-
magnetic pole calculated from the analysis results satisfy the
central axial dipole hypothesis, it can characterize the position
of the Franz Josef Land Archipelago and the Barents Sea LIP
during this, probably main stage of magmatic activity. With
account of confidence ellipse, the Early Cretaceous pole of
Franz Josef Land does not differ from the corresponding
APWP interval for Siberia. At the same time, the Mesozoic
part of the Siberian APWP exhibits systematic differences
from European APWP, which is explained by mutual sinistral
strike-slips within the Eurasian continent derived from existing
tectonic models. Their occurrence is associated with the
lagging effect in the European tectonic domain during the
general clockwise rotation of the Eurasian plate, with the
domain center (Euler pole) corresponding to the inner part of
the Siberian craton (Metelkin et al., 2008, 2010, 2012). Within
the framework of these reconstructions, the coincidence of
paleomagnetic data for the FJL territory with the Siberian
APWP rather than the European one, may imply the involve-
ment of the studied part of the Svalbard plate in the discussed
intraplate movements at the side of the Siberian tectonic
domain. It can be assumed that the reconstructed intraconti-
nental motions in the region are associated with the kinematics
of the opening of the Arctic Ocean and reflect the global
tectonics process.
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