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Abstract—Based on detailed studies of the anisotropy of magnetic susceptibility (AMS), the directions of magmatic-melt propagation
have been reconstructed in large dolerite sills of the Angara—Taseeva syneclise. Half the sites studied showed a magnetic fabric of “normal”
type, i.e., the minimum K3 axis of the AMS ellipsoid is orthogonal to the contact, and the other two axes lie in the plane of the intrusive
body. Interpreting the orientation of the maximum K1 axis as the direction of the melt flow at such sites, we compiled a scheme of the
main magma flow directions. The obtained results are generally consistent with the hypothesis of magma-feeding zone in the central, most
downwarped part of the Angara—Taseeva depression. The distribution of the maximum axes of the AMS ellipsoid is different in sills and
points to the existence of local intrusion centers. Intrusions with an AMS ellipsoid of “reverse” type are predominant on the periphery of
the depression. The sites with a “normal” magnetic fabric do not demonstrate any prevailing direction of magma propagation, because there
is no general direction of the melt flow in the peripheral subsurface zones of large intrusions.
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INTRODUCTION

The Siberian traps province is one of the vastest areas of
Phanerozoic intraplate mafic magmatism, which could be
considered as a reference example of a Large Igneous Prov-
ince (LIP) (Coffin and Eldholm, 1994; Ernst, 2014). More-
over, the researchers’ attention is likely to be drawn to the
Siberian Traps becouse of the cause-and-effect connection
of the disastrous extinction between the Permian and the
Triassic when the intensive mafic magmatism resulted in
trap rocks formation (Courtillot and Renne, 2003; Saunders
and Reichow, 2009), and also with the largest copper-nickel
and platinoid deposits in the Norilsk Region associating
with layered trap intrusions.

Isotopic geochronological dating gives evidence of the
fact that the most Siberian Traps formed for 1-2 Ma at
Permian—Triassic boundary (Kamo et al., 2003; Reichow et
al.,, 2009; Burgess and Bowring, 2015). However, some
dates point at possible magmatism traces for the following
period of 10—15 Ma (Ivanov et al., 2013).

Within the limits of the Siberian Platform, the Permian—
Triassic Traps tend to form a vast field for the products of
effusive and explosive magmatism. Several regions are dis-
tinguished which differ by the tectonic structure, composi-
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tion and thickness of the volcanic sequence: Norilsk,
Maimecha—Kotui, Putorana Plateau and Lower Tunguska
(Fedorenko and Czamanske, 1997). On the periphery of the
volcanic field, the trap formation is represented by thick and
extensive dolerite sills intruding into the Paleozoic sedimen-
tary cover deposits of the Siberian Platform.

In spite of prolonged investigations of the Siberian trap
province, most issues of the genesis, mechanism and forma-
tion sequence of intrusive complexes have not been resolved
yet. At present, the concept of mantle plumes (Campbell,
2005; Dobretsov et al., 2010) appears to be the most popular
hypothesis explaining the origin of the intraplate basalt
provinces including the Siberian Traps. However, alterna-
tive models have been proposed: lithosphere delamination
(Elkins-Tanton, 2005), subduction (Ivanov, 2007), convec-
tive partial melting (King and Anderson, 1998) and a shear
of the lithosphere (Czamanske et al., 1998). The present
study is concerned with the problems of the trap intrusions
formation to be discussed based on the plume hypothesis.

Despite the dominating assumption of mantle plume gen-
esis of the Siberian trap rocks, a detailed scheme of the
plume magmatism dynamics and evolution has still to be
developed. The most common is the hypothesis of the plume
center position under the Norilsk Region (Sobolev et al.,
2011), where the volcanic sequence gains its maximum
thickness and contains highly-magnesian lava from the
Gudchikha and Tuklon Formations (Krivolutskaya, 2013).
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However, there exist alternative opinions. For instance,
(Saunders et al., 2005) consider the plume head to be locat-
ed in the territory of the West Siberian rift system.

The mechanisms of the magmatic melt transport to the
Earth’s crust are still unclear. Taking into account the gigan-
tic dimensions of the Siberian Traps, significant lateral mag-
ma flows are supposed to have taken place due to extended
sills which are exposed on the periphery of the Tunguska
syneclise (Burgess et al., 2017). An important role of com-
plex intrusions in the process of Large Igneous Province for-
mation has been already demonstrated for other regions of
mafic magmatism (Svensen et al., 2012; Magee et al., 2016).

The study presents the findings of detailed AMS investi-
gations of intrusions within the Angara—Taseeva syneclise
(southern periphery of the Siberian trap province) in order to
reconstruct the directions of magma transport and to deter-
mine the position of main magma-feeding zones.

LITERATURE REVIEW OF AMS STUDIES AIMED
AT RECONSTRUCTIONS OF MAGMA FLOW

A great number of studies are devoted to the anisotropy
of magnetic susceptibility in igneous bodies (Khan, 1962;
Knight and Walker, 1988; Ernst and Baragar, 1992; Raposo
and Ernesto, 1995; Canon-Tapia, 2004). Most cited publica-
tions are concerned with reconstruction of magmatic flow
directions in thin dikes based on orientation of the main axis
of the AMS ellipsoid. The strengths of this methodology lie
in the feasibility, so it can be applied for a wide range of
igneous rocks without distinct oriented textures; to carry out
high-speed measurements, to provide large-scale determina-
tions for a quantity of samples.

The “normal” magnetic fabric (N-type) is considered to
be the most common for planar intrusions (dikes and sills).
It is the type of the magnetic fabric where the minimum K3
axis of the AMS ellipsoid is orthogonal to the contact, and
the other two K1 and K2 axes lie in the plane of the intrusive
body (Rochette et al., 1991; Tauxe et al., 1998). The usual
practice is to interpret the orientation of the maximum Kl
axis as the direction of the magmatic melt flow (Knight and
Walker, 1988; Ernst and Baragar, 1992; Raposo and Ernes-
to, 1995). The distribution of the AMS ellipsoid axis is gen-
erally based on the dominating orientation of titanomagne-
tite and magnetite crystals, which appear to be widespread
minerals in the rocks with such a composition (Raposo and
Ernesto, 1995; Varga et al., 1998). Other mechanisms re-
sulting in the normal-type ellipsoid are probably due to the
contact friction arising at the time of emplacement and frac-
ture closure caused by a decrease in magma pressure (An-
dersson et al., 2016). The distribution pattern of the AMS
ellipsoid axis (where the maximum K1 axis is orthogonal to
the intrusion plane) is called an inverse or reverse-type mag-
netic fabric (Rochette et al., 1999), and it is widespread in
basic dike complexes (Rochette et al., 1999; Callot et al.,
2001; Airoldi et al., 2012).

Different authors propose possible interpretation variants
of the ellipsoid axes inversion, such as (1) domination of
single-domain magnetite or maghemite grains among mag-
netic minerals (Potter and Stephenson, 1988); (2) crystal
growth of magnetic minerals perpendicular to the contact
(Hargraves et al., 1991; Cowan, 1999); (3) convection and
gravitational particles deposition in subhorizontal tabular
bodies (Rochette et al., 1999); (4) magnetostatic interaction
(Hargraves et al., 1991; Borradaile and Jackson, 2010); (5)
thermal contraction and formation of columnar jointing
(Almquist et al., 2012; Hrouda et al., 2015); (6) postmag-
matic deformations and metamorphism. The abovemen-
tioned interpretation variants do not reflect the whole diver-
sity of versions offered to explain the phenomenon of
“inverse” magnetic texture, but the universal solution has not
been found yet. For most cases of inverse type-ellipsoid in
intrusive bodies, authors avoid giving any interpretation of
the magma flow direction.

If the intermediate K2 axis of the AMS ellipsoid is or-
thogonal to the intrusion contact, such a type of the mag-
netic fabric is referred to as intermediate (Park et al., 1988;
Rochette et al., 1999). This distribution of ellipsoid axes
inside dikes is interpreted as a result of vertical contraction
during cooling and consolidation of a static magma column,
provided the minimum K3 axis is vertical (Park et al., 1988;
Raposo and Ernesto, 1995). There exist other ways of inter-
mediate magnetic texture interpretation (/-type), for in-
stance, combination of multi- and single-domain grains of
magnetite or maghemite (Ferre et al., 2002); or overlapping
of various factors forming anisotropy of magnetic suscepti-
bility, for example, the magma flow and stress under condi-
tions of intrusion cooling (Dragoni et al., 1997).

A number of studies deal with AMS investigation in lopo-
liths and sub-tabular intrusions, although they are not so nu-
merous compared with dike investigations (Dragoni et al.,
1997; Didenko et al., 1998; Cowan, 1999; Polteau et al.,
2008; O’Driscoll et al., 2015). The magnetic fabric is esti-
mated not only by the direction of the magma flow in thick
tabular bodies. In addition, the magnetic fabric is determined
by the processes of crystal deposition at cooling, crystalliza-
tion in situ, postcumulus compression etc. (O’Driscoll et al.,
2015). Consequently, the AMS of such bodies is studied not
only for restoration of magma propagation, but also for re-
construction of structural and textural evolution of intrusions.
However, similar to dikes, multiple examples of normal, re-
verse and intermediate magnetic fabric were recorded (Drag-
oni et al., 1997; Cowan, 1999; Ferre, 2002).

The AMS data are not commonly used for igneous com-
plexes investigation in Russia, although the feasibility of ap-
plication of this technique has been discussed in Russian
geological literature long before (Sholpo, 1977; Sholpo et
al., 1986). Even though some publications prove to be ex-
amples of appropriate and successful studies of the magnetic
texture of basic intrusions (Didenko et al., 1998; Kurenkov
et al., 2002; Konstantinov et al., 2014b), systematic AMS
investigations of intrusions in most regions of the Siberian
trap province and other LIPs are still not undertaken.
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The present research objective is the detailed study of the
anisotropy of magnetic susceptibility in the Angara—Tasee-
va depression intrusions (preferably in the sills) and recon-
struction of main directions for the magmatic melt flow.

GEOLOGIC STRUCTURE AND SUBJECTS
OF RESEARCH

The Angara—Taseeva syneclise is located in the southern
part of the Siberian Platform, southwards the main field of
vulcanic trap distribution (Fig. 1). Within the limits of the
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syneclise, the products of the Permian—Triassic magmatism
are represented by thick and extensive dolerite sills and tuffs
from the Korvunchan (Kapaevo) Formation. The sills are
intruding into the Paleozoic sedimentary cover deposits of
the Siberian Platform. They are distinguished by thickness-
es of 200-300 m and huge expansion areas (Feoktistov,
1978). Based on field observations and well data analysis,
no less than 6 large intrusions have been identified at differ-
ent levels of the Paleozoic deposits: the Usol’e, Zayarskii,
Tulun, Tolstyi Mys, Padun and Chuna—Biryusa sills (Feok-
tistov, 1978; Ivanov et al., 2013; Latyshev et al., 2013).
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Fig. 1. The geology of the investigated area. /, Precambrian; 2, 3, Permian—Triassic Traps: 2, lava and tuffs, 3, intrusions; 4, Jurassic; 5, Paleo-
zoic deposits of the Siberian Platform; 6, boundaries of large sills; 7, the sampling location of oriented specimens. Large dolerite sills: Pd, Padun,

Tl, Tulun, TM, Tolstyi Mys.
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Nevertheless, it is quite a challenging task to set the boun-
daries of the intrusive bodies using field data. All of the sills
tend to localize at higher stratigraphic levels trending from
the west to the east. Consequently, magma intrusion suppos-
edly propagated from the west to the east within the borders
of the Angara—Taseeva syneclise, and the magma-feeding
zone lay in the central, most downwarped part of the current
depression (Feoktistov, 1976).

Tuffaceous deposits (from the Korvunchan (Domyshev,
1974) and Kapaevo (Naumov and Ankudimova, 1995) for-
mations) together with associated breccia pipes are also
found within the Angara—Taseeva syneclise. The iron-ore
deposit of Angara—Ilim district is assigned to these breccia
pipes, which are known to be vents for large intrusions
(Naumov and Ankudimova, 1995; Svensen et al., 2009;
Fristad et al., 2017).

The sills’ age is determined by numerous modern U-Pb
and *°Ar/**Ar dating (Ivanov et al., 2005, 2009, 2013; Paton
et al., 2010; Burgess and Bowring, 2015). Two age-groups
have been distinguished: 252-249 Ma (Late Permian—begin-
ning of the Early Triassic) and 243-239 Ma (Middle Trias-
sic). Some age determinations are contradictory although
they are obtained by different methods for the same bodies
(Latyshev et al., 2013, 2018), and most issues concerning the
age of particular intrusions and magmatism duration are still
unresolved. We consider the ages of the Padun and Tolstyi
Mys sills to be the most appropriate. According to U-Pb zir-
con dating their age is about 251 Ma, which corresponds to
the Permian—Triassic boundary (Paton et al., 2010; Burgess
and Bowring, 2015).

The subjects of the present study are intrusive bodies,
which are found within the Angara—Taseeva syneclise in the
Angara and Chuna valleys. We have investigated 65 sites;
the sites are mainly represented by sills (60 sites) and rarely
by dikes and intrusions with indistinct morphology (5 sites);
no less than 5 oriented specimens from each site. The sills
and dikes are dominated by dolerites and gabbro-dolerites.
They are up to 200-250 m thick and form concordant bodies
inside the Paleozoic sedimentary cover of the Siberian Plat-
form, but in the northeast the depressions intrude even
through the Triassic tuffaceous deposits. Paleomagnetic in-
vestigations allowed us to determine that intrusive bodies
had formed during three great but short magmatic events,
which were responsible for the emplacement of the Tulun,
Padun and Tolstyi Mys sills and associated small subvolca-
nic bodies. Moreover, less extensive episodes of magmatism
resulted in formation of separate relatively small intrusions.
The duration of emplacement of these magmatic events
were also determined. The details of paleomagnetic investi-
gations are given in (Latyshev et al., 2013, 2018) and will be
omitted in the present discussion.

RESEARCH METHOD

The AMS measurements were carried out with the use of
an MFK-1FA kappa-bridge (AGICO) at the laboratory of

Main geomagnetic field and rock-magnetism at Schmidt In-
stitute of Physics of the Earth, Russian Academy of Sci-
ences, Moscow. The Anisoft 4.2 software was used for mea-
surements processing based on the statistical techniques
described in (Jelinek and Kropacek, 1978). To analyze the
AMS ellipsoid, P; (corrected degree of anisotropy) and T
(ellipsoid shape) parameters were used. The degree of an-
isotropy was calculated by formula:

P, =exp(\2x(nl=n) +((12=n)* +(n3-n))),
where

nl=1n(K1); n2=In(K2);

n3=In(K3); p=3Ynlxn2xn3,

K1, K2, K3 denote the maximum, intermediate and mini-
mum main axes of the AMS ellipsoid, respectively (Jelinek,
1981).

The ellipsoid shape parameter T was calculated by the
formula:

T=(2xIn(K2)—In(K1)—In(K3))/(In(K1)—In(K3)).

The temperature curves of magnetic susceptibility were
measured in the field of 0.4 T using the Curie balance de-
signed by Yu.K. Vinogradov. Hysteresis loops were ob-
tained with a PMC MicroMag 3900 vibromagnetometer at
room temperature and in 0.5 T saturation field. The domain
structure of ferromagnetic grains was determined by the
Day-Dunlop diagram (Day et al., 1977; Dunlop, 2002). An-
isotropy of anhysteretic (ideal) remanent magnetization
(AARM) was measured using a JR-6 (AGICO) spin-magne-
tometer and an LDA-3A system of alternating-field demag-
netization fitted with an AMU-1A (AGICO) attachment of
anhysteresis magnetization. The measurements were con-
ducted at the Laboratory of Applied Methods of Geodynam-
ic Studies, at the Department of Geology of Lomonosov
Moscow State University.

STRUCTURAL AND PETROGRAPHIC DATA

The morphology of tabular igneous bodies is one of the
possible information sources of the flow direction; that is of
prime concern for reconstructing propagation of the magma
flow. Intrusive steps, bridge structures and magma lobes are
known to be as mesostructure-indicators in intrusive bodies.
In the general case, the long axis is interpreted as the melt
flow direction for all these structural elements (Schofield et
al., 2012; Magee et al., 2016; Hoyer and Watkeys, 2017).
Such an interpretation is based on the supposition that the
initial magma intrusion takes place along the series of paral-
lel laterally limited canals, which are separated from each
other by the screens of host rock. Then at further magma
inflation, these segments merge together forming a singular
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tabular body, and the places of “stoppings” are marked with
steps or remnants of host rocks.

Unfortunately, constrained exposure prevents from con-
ducting a complete structural analysis of the sills from the
Angara—Taseeva depression. In the center of the studied re-
gion, the most part of exposed contacts of the intrusive bod-
ies is represented by smooth surfaces without apophyses,
steps and other structures indicating the direction of magma
flow. Site 15-15 is the exception, where the exposed contact
of the Tulun sill with the Ordovician terrigenous deposits
from the Bratsk Formation was found on a cliff on the Chu-
na River (Fig. 24). The outcrop of the intrusive flat-lying
body is trending in the NW direction. On the contrary, the
contact is in shape of a subvertical step, which is 3 meters
high and has an apophysis forming the concordant body
with the host rocks. Host sandstones and siltstones of the
exocontact zone are shallowly dipping, deformed and shift-
ed with small-amplitude reverse faults during the emplace-
ment of sill. The contact is trending in the NW direction
(azimuth 330). In case such closing of a sill is interpreted as
the intrusion step, we come to the conclusion that the mag-
ma transport could have been parallel to the subvertical part
of the contact, that is, in the NW-SE direction.

Thin sills and multidirectional dikes are mostly dominat-
ing in the Angara valley on the eastern periphery of the An-
gara—Taseeva syneclise in comparison with the inner part of
the depression. It indirectly points at the absence of the com-
mon direction of the magma flow in this region. Moreover,
localization of most intrusive bodies in the Lower Triassic
tuffs of the Korvunchan Formation is indicative of emplace-
ment at shallow depth.

Orientation analysis of the long axes of rock-forming
mineral grains could be considered as another possible res-
toration method of magma flow direction. Petrographic
studies of thin rock sections demonstrated that most of the
sampled intrusive bodies were composed of dolerites with
poikilitic and poikilophitic texture. About 90-95% of the
rock volume is dominated in the whole by basic plagioclase
(labradorite) and clinopyroxene; herewith, large oikocrysts
of clinopyroxene contain small elongated chadacrysts of
plagioclase (Fig. 2B). Olivine and titanomagnetite occur in
subordinate quantities (to 10%). The crystal size and rock
structure vary depending on the thickness of the body and its
position inside the intrusion. Near-contact zones are often
comprised of gabbro-porphyrites and even of versicular ba-
salts (Fig. 2B); the thickness of the versicular zone in the

Fig. 2. Results of structural and petrographic studies. 4, photo of site 15-15, the Tulun sill contact with Ordovician deposits from the Bratsk For-

mation labeled with a dashed line; B, C, photo of rock thin section in crossed-polarized light: B, dolerite, site 22-15, the Padun sill, C, versicular
basalt, site 31-15, endocontact sill zone. P1, plagioclase, Cpx, clinopyroxene.
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upper part of separate sills reaches 2 m. Regular orientation
of crystals, which could be interpreted as the result of the
melt flow, has not been detected in all rock thin sections.

RESULTS OF MAGNETIC ANISOTROPY STUDIES

The sampled rocks from most studied sites showed a low
anisotropy degree of magnetic susceptibility (AMS)—
P; < 1.04, and only in rare cases it increased up to 1.06
(Fig. 34). Such values of the P; parameter are typical of ba-
sites with a magnetic fabric of primary magmatic genesis
(Tarling and Hrouda, 1993).

The values of the T parameter characterizing the shape of
the AMS ellipsoid (Jelinek, 1981) varied from —0.5 to 0.5
for most sites; herewith, the ellipsoid had a prolate form
(T > 0) in =®50% of cases, but it was oblate (T < 0) for the
rest 50% of cases. As a rule, the prolate form of the AMS
ellipsoid in igneous bodies is interpreted as a result of the
magma flow; while the oblate form is a result of static pro-
cesses in the bodies such as compression or cooling, crystal-
lization in situ or gravitational differentiation (O’Driscoll et
al., 2015; Andersson et al., 2016). No apparent dependence
of the T value on the degree of anisotropy P, was found
(Fig. 34). Low values of the anisotropy degree and varia-
tions in the ellipsoid shape indicate that the studied intrusive
rocks possess an igneous magnetic fabric, whose formation
was due to several factors such as propagation of the mag-
matic melt, local stresses related to cooling of the body (Tar-
ling and Hrouda, 1993; Andersson et al., 2016) and also to
crystallization deposition of magnetic particles (O’Driscoll
et al., 2015).

The distribution analysis of the AMS ellipsoid axis in re-
lation to the intrusion contacts has shown that 32 sites from
65 (49%) are characterized by normal type magnetic fabric
(ellipsoid axis orientation and anisotropy parameters values
per site are given in a table in the supplement). These sites,
with minor exceptions, belong to sills with subhorizontal
contacts, and the minimum ellipsoid K3 axis is oriented per-
pendicular to the contact, i.e., subvertically. The remaining
two K1 and K2 axes have a flat orientation and almost lie in
the intrusion plane. Being statistically different from other
axes, the directions of the maximum K1 axis are tightly
grouped in 16 sites (Fig. 3B). In the remaining cases they
form a great-circle arc with the directions of the intermedi-
ate K2 axis (Fig. 3C). Imbrication of the K1 axis from the
horizontal plane is commonly negligible, but in some cases,
it reaches 20°, that could have been caused by a turbulent
magma flow. Orientation of the K1 axis at the sites with a
normal-type AMS ellipsoid is interpreted as being consis-
tent (within confidence intervals) with the magma flow di-
rection.

An inverse type of the magnetic fabric with the maxi-
mum K1 axis was recorded at 14 sites (22%). Here, the
maximum K1 axis is oriented perpendicular to the contact
and subvertically in the sills. Thus, the K2 and K3 axes are

oriented horizontally and lie in the plane of intrusion (Fig.
3D). The reasons of the magnetic fabric inversion will be
discussed below.

Across the remaining 19 sites (29%), we determined ei-
ther an intermediate fabric with the central K2 axis being
orthogonal to the contact (Fig. 3E), or diagonal to the intru-
sion contacts, or chaotic axis distribution inside the site. The
results from these sites were not applied for further interpre-
tation. It should be noted that the part of the sites with cha-
otically oriented axis of the AMS ellipsoid is distinguished
by a rather low degree of anisotropy—P; < 1.01, that might
predetermine the absence of the regular magnetic fabric.

ROCK-MAGNETIC PROPERTIES

The curves of thermomagnetic behavior (obtained up to
650 °C) indicate that magnetite or low-titanium titanomag-
netite with Curie points from 450 to 580 °C appear to be
essential magnetic minerals in most of the studied dolerite
samples. Figure 4 presents the typical curves of thermomag-
netic behavior, which correspond to nearly pure magnetite at
T, =550 °C (4) or to titanomagnetite at 7, = 480 °C (B).
Such mineral composition of the magnetic fraction is typical
for Siberian trap rocks and has been frequently determined
both for lava facies (Heunemann et al., 2004) and for intru-
sions (Konstantinov et al., 2014a; Shcherbakov et al., 2017).
At the same time, the sites with the “normal” or “reverse”
magnetic texture display no regular differences both by ther-
mal curves and via stepwise thermal cleaning.

The values of hysteresis parameters for M, /M, and H_,/
H_ samples vary in the ranges of 0.05-0.3 and 1.5-3.5, re-
spectively; according to the Day-Dunlop diagram (Day et
al., 1977; Dunlop, 2002), all the samples get into the field of
pseudo-single-domain grains (Fig. 4C). It should be noted
that the samples from the sites with both normal and reverse
types of the AMS ellipsoid tend to be close to the curve cor-
responding to mixing of single-domain and multidomain
grains (Dunlop, 2002), but the former are more biased to-
wards “single-domain field”. This fact contradicts the most
common explanation of the inverse-type magnetic fabric oc-
currence mainly based on single-domain composition of
magnetite grains (Potter and Stephenson, 1988; Tarling and
Hrouda, 1993; Cagnoli and Tarling, 1997; Rochette et al.,
1999). At the same time, two clusters can be identified for
the R-type samples, whose position is correlated with the
thickness of intrusion and the grains size of the magnetic
minerals. The samples with ratios M, /M, < 0.1 and H_/
H_ = 2.8-3.5 are much closer to the multidomain field, and
mostly represent coarse-grained internal zones of large sills.
However, the samples with ratios M, /M, = 0.1-0.2 and H_/
H_=1.7-2.2 are not different from the samples of N-type by
these parameters; as a rule, they usually represent thin bod-
ies or near-contact zones of large sills.

Anisotropy of anhysteretic remanent magnetization
(AARM) was measured in 8 samples with the R-type AMS
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M,

rs?

magnetization;

remanent saturation magnetization; H,, coercive force;

H

cr

remanent coercive force. PSD, field of pseudo-single-domain

grains. The dashed line—mixing of single-domain and multidomain grains (Dunlop, 2002).

ellipsoid (Table 1). Since AARM does not depend on the
domain composition (Potter and Stephenson, 1988), in case
of significant contribution of single-domain grains in AMS
inversion we will expect the maximum and minimum axis to
change their position when AMS and AARM are compared;
in other words, AARM will demonstrate N-type anisotropy.

In our case, orientations of mean axes for AMS and
AARM ellipsoids are found to be close to each other. Thus,
it does not confirm the version of single-domain composi-
tion of the magnetic grains in R-type samples: in both cases,
K1 underlies steeply, K2 and K3 are oriented horizontally
(Fig. 5). Nevertheless, the AARM (Fig. 44) estimates dem-
onstrate greater variance in comparison with AMS (Fig. 4B),
and the position of the ellipsoid axes can greatly and some-
times radically differ for some speciments (Table 1). There-
fore, comparison of AMS and AARM measurements con-
firms the insufficiency of difference in domain composition
to explain well-manifested inversion of maximum/minimum
axes of the AMS ellipsoid. Consequently, supportive studies
must still be conducted for complete interpretation of differ-
ences in axes orientation in separate samples.

DISCUSSION

The findings of rock-magnetic investigations give evi-
dence of the fact that the inversion of the AMS ellipsoid in
the dolerite samples cannot be explained by differences of
magneto-mineralogical and domain composition. Since the
studied igneous bodies lie within the limits of the Siberian
Platform region, which was not subjected to significant tec-
tonic deformations and endogenous activities after Triassic,
the version of postmagmatic variations in the magnetic fab-
ric is unlikely to be probable. At present, by way of illustra-
tion of possible “inversion” mechanisms let us consider:
thermal contraction through forming of the columnar joint-
ing (Almquist et al., 2012), which is well-represented in the
studied embedded intrusions; crystallization in stationary
magma (Tauxe et al., 1998), and gravitational particles de-
position under crystallization differentiation in thick sills
(Rochette et al., 1999). The last version explains R-type
samples proximity to the multidomain field on the Day-
Dunlop diagram. Nevertheless, to receive the ultimate an-
swer to this question, detailed rock magnetic studies of con-
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Table 1. AARM measurements and their comparison with AMS in R-type samples

Sample Site AARM AMS

K1 K2 K3 K1 K2 K3

D I D 1 D I D 1 D 1 D 1
287 18-15 107.4 50.5 204.5 5.8 299.2 38.9 107.1 79.7 328.5 7.7 237.6 6.7
3 1-15 3554 88.0 214.0 1.5 123.9 1.2 3335 82.3 209.1 4.4 118.6 6.3
311 20-15 309.8 17.4 47.6 23.4 186.8 60.2 173.3 78.1 307.7 8.4 39.0 8.4
313 20-15 75.2 429 315.0 28.4 203.7 33.9 15.0 87.5 234.9 1.9 1449 1.6
314 20-15 147.1 57.1 320.1 32.7 52.1 32 125.0 61.7 294.4 27.9 26.8 4.4
315 20-15 8.5 48.4 270.3 7.2 174.0 40.7 283.7 86.5 121.5 33 314 1.1
316 20-15 102.2 9.8 3254 76.6 193.8 9.0 100.5 55.7 292.5 33.7 198.7 5.6
6 1-15 60.2 61.6 288.5 19.8 191.1 19.5 112.2 50.6 242.9 28.2 347.4 25.1

Note. AARM, anisotropy of anhysteretic remanent magnetization; AMS, anisotropy of magnetic susceptibility; K1, maximum ellipsoid axis; K2, interme-

diate axis; K3, minimum axis; D, declination, deg.; /, inclination, deg.

crete igneous bodies with the expressed inversion of the
AMS ellipsoid have to be conducted.

To reconstruct the directions of the magma flow, we used
the directions of the maximum axis of the AMS ellipsoid
with a normal-type of magnetic fabric (30 sites). Figure 6
presents K1 axis orientations at the sites with normal and
reverse types of the ellipsoid and shows that the N-type
magnetic fabric with the flatly-oriented maximum ellipsoid
axis in the sills tends to dominate in the Chuna Valley, i.e.,
in the region lying in the vicinity of the central part of the
Angara—Taseeva syneclise. At the same time, R-type sites
are predominant on the periphery of the depression in the
Angara valley.

Previous paleomagnetic investigations let us conclude
that the Chuna River intrusions form several compact clus-

90°

180°

K1l
K2A
K3@

ters, or directional groups with apparently different paleo-
magnetic directions (Latyshev et al., 2018). These groups
correspond to discrete episodes of magmatism related to
emplacement of large sills or series of intrusions. Several
groups of sites are distinguishable among sampled locations
in the Chuna valley; they are: 18-15-29-15 (Padun sill),
8-15-15-15 (Tulun sill) and 1-15-5-15 (Nizhnyaya Uda
sill). Distribution of maximum axes of the AMS ellipsoid
inside different groups allows finding definite regularities.
For instance, K1 axis orientations in the N-type sites (relate
to the Padun sill) are forming a fan converging to the south-
west, i.e., towards the most downwarped part of the Anga-
ra—Taseeva depression in the Biryusa valley. SW and NE
K1 axis dips are both observed, although dip angles does not
exceed 20°. The change in the direction of the gently dip-

270°

180°

Fig. 5. Measurements of anisotropy of anhysteretic remanent magnetization (AARM) of R-type samples; comparison with AMS of the same
samples. Stereographic equal-area projection, lower hemisphere. K1, maximum axis; K2, intermediate axis; K3, minimum ellipsoid axis. 4, mea-

surements of AARM; B, measurements of AMS.
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Fig. 6. Distribution of orientations for the AMS ellipsoid maximum axes at sites with N- and R-type magnetic fabric. /, dip direction of the
maximum axis at N-type sites (gently plunging K1 direction); 2, steep plunge of K1 axis (R-type); 3, strike of dike contacts. For the rest conven-

tional signs see Fig. 1.

ping maximum axis could be explained by an measurement
error or by deflection of the magma flow from the horizontal
plane. The fan-like turn of the K1 axis orientations and their
SW convergence agree with the hypothesis of the sill propa-
gation from the central part of the depression (Feoktistov,
1978). At the same time, we should point at the occurrence
the adjacent sites with lateral orientations of the K1 axis,
which do not fit the general pattern, and at a number of sites
with the R-type magnetic fabric. The occurrence of lateral
orientations across the general direction of the maximum

axis orientation could be due to the sites location directly on
intrusion steps or “bridges” connecting separate segments of
the a large sill. The melt flow is often oriented laterally
across the intrusion direction in these structures (Hoyer and
Watkeys, 2017). However, the lack of structural data pre-
vents an unambiguous interpretation.

The NNW orientations of K1 axis are predominant at the
sites belonging to the Tulunsk sill group with the exception
of site 8-15, which is close to the Nizhnyaya Uda sill (see
below). Moreover, the dike (site 13-15) extending north-
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westward also belongs to this group, and the K1 axis (en-
closed in the dike) is characterized by steep orientations
(Fig. 3F and Supplement (http://sibran.ru/upload/mediali-
brary/d60/d60946ebbac459110d9a31d8fa2248b.pdf)). The
character of the intrusion magnetic fabric complies with the
melt flow in the SE direction along a local weak zone. This
interpretation is consistent with the structural data on site 15-
15, where NW—SE emplacement direction (azimuth 330) is
reconstructed by the orientation of the intrusive step contact.
At this site, the maximum axis of the AMS ellipsoid gently
plunges to the NW (azimuth 336) at a distance of 20 m from
the contact, but the K1 axis is steeply oriented directly in the
zone of the subvertical endocontact. Consequently, the direc-
tion of the sill emplacement reconstructed by structural and
rock magnetic data is identical within confidence interval.
The Nizhnyaya Uda sill and closely spaced site 8-15
demonstrate convergence of the ellipsoid maximum axes to-
wards the local center positioned to the west from the Chuna
River in proximity to the Siberian Platform border. There-
fore, all the studied groups of intrusive bodies in the Chuna
valley are characterized by different dominating directions
of the melt propagation and local magma-feeding centers.
The sites with the R-type magnetic fabric are the most com-
mon in the area of the Tolstyi Mys and Padun sills in the
Angara valley; but the maximum axis has a submeridional
orientation at the sites with a normal-type ellipsoid. The N-
type magnetic fabric dominates in the area of the Tulun sill,
although the directions of the maximum K1 axis change
sharply even at the adjacent sites (22-11-24-11; Figs. 1, 6).
Significant extension of the R-type magnetic fabric in intru-
sions from the Angara valley could be related to the fact that
only peripheral near-surface parts of the sills are exposed in
these regions. For instance, the Tolstyi Mys sill and associ-
ated intrusions extending from Ust’-Ilimsk to the Kata River
intruded into the Triassic tuffaceous deposits (almost of the
same age) from the Korvunchan Formation (Naumov and
Ankudimova, 1995; Latyshev et al., 2013). Approaching the
closure parts of intrusions, the magma flow has a minor ef-
fect on the magnetic fabric, which is controlled by thermal
contraction under cooling, gravitational deposition during
differentiation that finally predetermines the observed R-
type of the ellipsoid. Near-surface depths of the intrusions
formation in the Angara valley are evidenced by more fre-
quent occurrence (in comparison with the Chuna) of thin
sills series (sites 13-10, 22-11) and multidirectional dikes
with complex morphology (site 19-10), characterized by dif-

A B

ferent emplacement modes. This could be assigned to the
difference in orientations of K1 axes from the adjacent sites
within the limits of the Tulun sill (22-11-24-11).

The obtained results are primarily important for search-
ing the mechanisms of lateral magma transport during LIP
formation. With regard to the Angara—Taseeva depression,
most researchers hold the viewpoint that the thick sills of
this region appear to be gigantic sheets or tabular bodies
covering hundreds of kilometers, tending to extend from the
center of the depression to its periphery and to intrude
steadily at higher stratigraphic levels (Fig. 74). The same
structure of syneclise intrusive bodies is presented in almost
all the studies describing schematic sections across depres-
sion (Feoktistov et al., 1978; Ivanov et al., 2013; Latyshev et
al., 2013; Fristad et al., 2017). However, close mapping and
seismic data on intrusive complexes from other igneous
provinces give evidence of domination of small saucer-
shaped subtabular bodies (Fig. 7B, C). The same data were
obtained on sills from the Karoo Province (Galerne et al.,
2008), the passive margin of the North Atlantic (Polteau et
al., 2008, Magee et al., 2016) and the shelf of the Barents
Sea (Polteau et al., 2016). Formation of tabular intrusion
complexes is restricted either to vertical magma flow from
separate deep magma chambers for each sill (Fig. 7B,
(Malte-Sarenssen et al., 2004)), or to the magma transport
from a singular chamber with extensive lateral melt propa-
gation in the upper crust across the system of saucer-shaped
sills and sloping “steps” (Fig. 7C, (Cartwright and Hansen,
2006). According to the proposed model and the data ob-
tained on the Earth’s LIPs, it should be noted that separate
sills are not more than 60 km in diameter (intrusions of the
Karoo Province (Polteau et al., 2008)), therefore the hypo-
thetic sill length up to hundreds of kilometers is still left
unexplained.

Unfortunately, discontinuous exposure of the sills within
the Angara—Taseeva depression prevents us from tracing and
determining if the groups of coeval intrusions separated by
200-250 km turn out to be the parts of a single gigantic sill.
Nevertheless, the defined features of the magnetic fabric (fan-
like turn of orientations for the maximum axis of the AMS
ellipsoid and the axes convergence at the local centers) is
evidence of a series of separate intrusive bodies. Moreover,
the occurrence of directional groups with close paleomag-
netic directions in the center and on the periphery of the de-
pression (Latyshev et al., 2018) points at synchronous em-
placement of such intrusions in different parts of the province.

Cc

—/
—
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\Q_>—>/

Fig. 7. Model of large sills intrusion from the Angara—Taseeva depression. 4, gigantic tabular bodies intruding from the common feeding zone
(Feoktistov, 1978; Ivanov et al., 2013); B, model of multiple deep magma chambers (Malte-Serenssen et al., 2004; Galerne et al., 2008); C,
model of a single deep magma chamber and lateral propagation via the sill system (Cartwright and Hansen, 2006; Galerne et al., 2008).
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At present, we cannot make a choice between the models
presented in Fig. 7B, C because of insufficient information.
Based on geochemical differences over the sills of the Gold-
en Valley complex (Karoo Province), the study (Galerne et
al., 2008) supposes the melt to flow from several isolated
mantle sources. Published geochemical data on the Tulun,
Padun and Tolstyi Mys sills (Ivanov et al., 2009, 2013) indi-
cates that they originated from a single source and their af-
finity with low-potassium, low-Ti, and tholeiitic basalts
which make up the bulk of the traps of the Siberian Platform
(Fedorenko et al., 1996). Furthermore, the cited publications
present only fragmentary data on the sills of the Angara—
Taseeva syneclise, consequently, systematic geochemical
survey should be done to find the ultimate answer to the
question posed.

CONCLUSIONS

(1) Detailed investigations of the anisotropy of magnetic
susceptibility in large dolerite sills of the Angara—Taseeva
syneclise have revealed that only 50% of the studied sites
have the normal-type magnetic fabric suitable for recon-
struction of the magma flow direction.

(2) Intrusions with the normal-type magnetic fabric dom-
inate in the central part of the syneclise (the Chuna valley).
The maximum axes distribution of the AMS ellipsoid is dif-
ferent in large sills and points at the existence of local intru-
sion centers. The obtained results are generally consistent
with the hypothesis of the magma-feeding zone position in
the central, most downwarped part of the Angara—Taseeva
depression.

(3) Intrusions with an AMS ellipsoid of a “reverse” type
are predominant on the periphery of the depression. The di-
rection of the magma flow is reconstructed by the adjacent
sites, but it differs considerably across the area. That is ex-
plained not only by the absence of the general direction of
the melt flow in the peripheral subsurface zones of large
intrusions. The difference is also due to wide-spread occur-
rence of small hypabyssal and subvolcanic bodies with com-
plex morphology and with various mechanisms and
directions of emplacement.
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