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Abstract—In the paper, we present the results of paleomagnetic studies on numerous intrusive bodies of the
Bashkirian megazone, a major tectonic zone of the Southern Urals. More than 70 intrusions in various parts
of the Bashkirian megazone (in the northern, central, and southern part of the structure) were sampled. The
studied intrusions have Riphean age. However, as a significant part of the rocks of the Southern Urals,
these intrusive bodies were remagnetized during the Late Paleozoic collision within the Urals fold belt.
Here, we discuss the secondary Late Paleozoic component of natural remanent magnetization. According
to the obtained paleomagnetic data, the secondary Late Paleozoic component in most of the Bashkirian
megazone is post-folding, i.e., formed after the completion of the main phase of fold deformations in the
Southern Urals. A comparison of paleomagnetic directions obtained from intrusions in different parts of
the Bashkirian megazone showed that there were no significant movements of individual parts of the Bash-
kirian megazone relative to each other after the formation of the Late Paleozoic component. The Late
Paleozoic remanence component yielded a paleomagnetic pole of Plong = 171.6°, Plat = 39.9°, 095 = 5.9°,
and N = 6 from six regions (38 sites) in the Bashkirian megazone. The obtained pole is statistically indis-
tinguishable from the mean of 15 poles for Stable Europe with ages of 280—301 Ma. Thus, the secondary
Late Paleozoic component in the Bashkirian megazone formed approximately 280—301 million years ago,
after which the Bashkirian megazone did not experience any relative motions with respect to the East Euro-
pean craton.

Keywords: paleomagnetism, Bashkirian megazone, Southern Urals, Riphean, Late Paleozoic, dike com-
plexes, reconstruction of folding processes, remagnetization
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INTRODUCTION

Numerous intrusive bodies of the Bashkirian
megazone have been formed in the Riphean during
rifting in the epicontinental basin of the East Euro-
pean platform (Bogdanova et al., 2008; Ernst et al.,
2008; Puchkov, 2010; Ross, 2011). In the Late Paleo-
zoic, the Bashkirian megazone was subjected to syn-
collisional deformations, which led to the formation of
the Ural fold system. Most of the rocks were remagne-
tized and acquired a metachronous (secondary) com-
ponent of natural remanent magnetization (Komissa-
rova, 1970; Danukalov et al., 1982; Shipunov, 1993).
This offers a possibility of gaining new and more
detailed knowledge regarding the collision processes
in the Southern Urals by paleomagnetic studies of
remagnetized magmatic bodies of the Bashkirian
megazone. The secondary Late Paleozoic remanence
component will be discussed in this paper.

GEOLOGY OF THE REGION AND OBJECTS
OF STUDY

The Bashkirian megazone (BM) is a large tectonic
zone of submeridional strike in the folded system of
the Southern Urals. In the west, through the zone of
foreland thrusts, the BM borders with the East Euro-
pean platform (EEP). The Bashkirian megazone bor-
ders with the Zilair megazone in the south-southeast,
with the Uraltau zone in the southeast, the Magni-
togorsk megazone through the Main Uralian Fault in
the east, and the Ufaley zone in the northeast (accord-
ing to geological maps (Kozlov et al., 2001; Knyazev
et al., 2013) (Fig. 1).

The Bashkirian megazone is composed of thick strata
of predominantly Riphean (1650 £ 50—600 = 10 Ma
(Semikhatov et al., 1991)) sedimentary and volcanic-
sedimentary rocks intruded by numerous intrusive
bodies (Figs. 2 and 3). Besides, in the extreme north of
BM, there is the Taratash salient of crystalline rocks of
the East European platform basement (Puchkov,
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Fig. 1. Geological scheme of the South-Western Urals. Location of the Bashkirian megazone on a satellite image and in the tec-
tonic structure of the Southern Urals. The diagrams are compiled according to the geological map and tectonic scheme in
(Kozlov et al., 2001), with corrections from (Puchko, 2010), with simplifications. Tectonic units: EEP—East European platform,;
WUZ—Western Uralian zone of external folding, BM—Bashkirian megazone, ZM—Zilair megazone; UUZ—Uraltau-Ufaley
zone (Uraltau zone in the south and Ufaley zone in the north), MM—Magnitogorsk megazone, EUM—East Uralian megazone,
‘WSP—West Siberian plate. The letters A—J in the geological scheme indicate: A—Paleozoic undivided formations; B—F—Riph-
ean and Vendian sedimentary deposits; G—Archean—Early Proterozoic metamorphic complexes of the basement of the East
European platform. Plutonic complexes (H—J): H—ultramafic rocks of ophiolite complexes; [—felsic intrusions; J—mafic intru-
sions; 1—6—sampling areas (numbering corresponds to that given in the text). Sampling sites for intrusive bodies (groups of intru-
sive bodies) assigned to any of the areas are indicated by white circles, other sampling sites are shown by blue circles.

2010). This is one of the few places on Earth, where
the geological record of Riphean is most completely
and consistently preserved. Here, the Russian Riph-
ean stratotype was identified. Stratified deposits of the
Bashkirian megazone in the Upper Precambrian scale
of Russia are divided into lower, middle, and upper
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Groups corresponding to three large transgressive-
regressive series (with age boundaries of 1650 £ 50,
1350 + 20, and 1030 £20, 600 £ 10 million years
(Semikhatov et al., 1991)). At the beginning of the epi-
sodes, magmatism associated with rifting is noted.
Some researchers also highlight the terminal Riphean
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in the Southern Urals (Puchkov, 2010; Puchkov et al.,
2017). In the Riphean, an epicontinental basin, which
was a part of the East European platform, is believed
to be developed in the territory of the Bashkirian
megazone (Maslov et al., 1997; Maslov, 2004; Bog-
danova et al., 2008; Puchkov et al., 2013; Kholodnov
et al., 2017). Stages of rifting and related magmatism
may mark the breakup of Precambrian superconti-
nents. For example, the Middle Riphean Mashak
magmatic event at the boundary of the Early and Mid-
dle Riphean is associated with the breakup of the
Nuna supercontinent (Ernst et al., 2008; Puchkov,
2010; Evans and Ross, 2011). We attribute the forma-
tion of a significant part of the studied igneous objects
(dikes and sills mainly of basic composition) to this rift
event. However, some of the intrusive bodies in the
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south and few intrusions in the north cut the sedimen-
tary deposits of the Upper and Middle Riphean and
belong to younger igneous complexes than the prod-
ucts of the Mashak rifting (Kozlov et al., 2001;
Knyazev et al., 2013).

OBJECTS OF STUDY

Intrusive bodies from different areas of BM were
sampled (Fig. 1). Most of the studied objects in the
north are located east of the Bakal-Satka fault and
west of the Zyuratkul fault; in the south, they are
located in the Inzer zone and Yamantau zone (Fig. 1).

The studied intrusions mainly have thicknesses
from a few meters to a few tens of meters. Large intru-
sions were also sampled: the Main Bakal dike (91-m
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Fig. 3. Examples of thermal demagnetization results for samples from the northernmost regions near the city of Kusa (top row)

and the Berdyaush village (bottom row).

thick), the Kusa-Kopan layered massif, and the
Berdyaush massif. The studied intrusions are mostly
composed of dolerites and gabbrodolerites, which are
subject to changes in the greenschist facies of meta-
morphism.

In the north of BM, the studied intrusions cut the
Lower Riphean Bakal and Satka formations (Figs. 1
and 2). One dike (site 25—21) cuts the Middle Riphean
Kuvash Formation east of the Zyuratkul fault (Figs. 1
and 2). Two intrusive bodies cut the Avzyan (R,) and
Zilmerdak (R;) formations west of the Bakal-Satka
fault (sites 16—21 and 17—21; Figs. 1 and 2). In the
south of BM, the studied intrusive bodies cut the
Lower Riphean Suran Formation (stratigraphic ana-
logue of the Satka Formation (Puchkov, 2010)) and
the Upper Riphean Inzer and Minyar formations
(Figs. 1 and 2). Intrusions were formed during rifting
on the East European platform in the Riphean (Par-
nachev, 1982; Gorozhanin et al., 2008; 2014; Puchkov,
2010; Evans and Ross, 2011; Ardislamov et al., 2013;
Maslov et al., 2013; Puchkov et al., 2013; Khotylev,
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2018), although, for some undated bodies, a later age
of emplacement cannot be completely excluded. Pub-
lished isotopic ages for the sampled intrusions are the
following:

(1) Sill in Kusa town, 1360 & 9 Ma (*°Ar/*Ar, bio-
tite; (Ernst et al., 2008));

(2) Stock in the area of Kusa, 1318 += 10 Ma
(**Ar/*Ar, biotite; (Khotylev et al., 2019));

(3) Dike in the area of the Berdyaush village,
1349 = 11 Ma (U-Pb, SHRIMP II, zircon; (Khotylev
et al., 2020));

(4) “Main Bakal dike” in the town of Bakal,
1385.3 £ 1.4 Ma (U-Pb, ID TIMS, baddeleyite;
(Ernst et al., 2006));

(5) The Berdyaush massif was formed ~1370 mil-
lion years ago, as suggested by numerous U-Pb ages
(Ronkin et al., 2016). The age of the emplacement of
the rapakivi-like granite phase itself is 1369 * 13 mil-
lion years;
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(6) Kusa-Kopan massif, 1385 = 25 Ma zircon age
(LA-ICPMS, (Krasnobaev et al., 2006)).

Dolerites and gabbro-dolerites of the Kurgas com-
plex (R,/R,), to which we attribute a significant part of
the sampled objects both in the north and in the south
of the Bashkirian megazone based on their relation
with the host stratified rocks and isotopic dating, have
ophitic, poikilitic, and gabbro-ophitic textures, while
microgabbro with a fine-grained porphyritic texture is
less common. The main rock-forming minerals are
clinopyroxene and plagioclase, and minor minerals
include biotite and hornblende, olivine, orthopyrox-
ene, as well as quartz and potassium feldspar as a gra-
nophyre aggregate. Among the accessory minerals, the
most common are apatite, magnetite, titanomagne-
tite, and ilmenite (Nosova et al., 2012). All rocks have
secondary changes in greenschist metamorphic facies:
chloritization, saussuritization, partially albitization;
occasionally, aggregates of chlorite, biotite and
amphibole occur. In the area of the Berdyaush village,
dykes cutting the Berdyaush massif of rapakivi-like
granites itself are much stronger altered than the intru-
sions localized in the host dolomites and marbles of
the Satka formation.

The gabbroids of the Inzer complex have doleritic
texture, sometimes taxitic structure due to the zones of
different crystal sizes. We attribute to this complex some
of the objects sampled in the south of BM, which cut the
Late Riphean strata, and, possibly, a part of the northern
intrusions. The main rock-forming minerals are chlori-
tized, partially biotitized clinopyroxene and saussuritized
plagioclase, and accessory minerals are titanomagnetite
and apatite (Khotylev, 2018).

A more detailed analysis of the petrography and
geochemistry of the intrusive bodies of the Bashkirian
megazone is presented in (Nosova et al., 2012;
Knyazev et al., 2013; Kovalev et al., 2013; Khotylev,
2018; 2020).

Known datings of the secondary changes, possibly
associated with regional low-temperature metamor-
phism in the Bashkirian megazone, give three groups
of ages. Some of the datings refer to the end of the
Riphean—Vendian, other ages correspond to the Mid-
dle-Paleozoic, and the last group spans the end of the
Paleozoic. Besides, there are datings from relatively
local manifestations of hydrothermal processes that
occurred, however, long before the Paleozoic folding, in
the Riphean and Vendian (Maslov et al., 2001; Puch-
kov, 2010) and are not considered in detail here.

Firstt cluster of datings: Krasnobaev et al. (2006)
report the age of low-temperature changes in the gab-
bro of the Kusa—Kopan massif (one of the objects of
our study) at 651 £ 30 Ma. Similar age ranges are typ-
ical of granitoids of the Ryabinovka and Gubenka
massifs, which are a part of the same Middle Riphean
Kusa-Kopan intrusive complex (Krasnobaev et al.,
1970; Krasnobaev, 1986).
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Second cluster: in the area of the Inzer river (south-
ern intrusions, regions 5 and 6), there is an Ar-Ar age
for a dyke of relatively fresh dolerites of 403 = 17 Ma
(Ernst et al., 2008). Puchkov et al. (2011) present a
Paleozoic age (U-Pb, zircons) in the range of 435—
455 Ma for both southern and northern intrusions of
the Bashkirian megazone. For these ages, there are
two possible interpretations: the age of intrusions
emplacement or the age of greenschist metamorphism
(Puchkov et al., 2011).

Third cluster: for the sill exposed in the Suran
quarry and also studied in this work (located in region 6),
there is an age 0f 298 + 6 Ma (**Ar/*°Ar; Kurtukova et al.,
2022) estimated from the closure of the feldspar isoto-
pic system from gabbroids, which probably corre-
sponds to the age of secondary changes. For the
Yamantau gabbrodolerite-picrite dikes complex,
located in the southern part of the sampling area, there
are zircon ages of 284 + 2 and 292 £ 2 Ma (U-Pb,
(Knyazev et al., 2013)). Primary dating data are not
provided in the cited paper. Since other igneous bodies
of this age are not known for this territory, the forma-
tion of mafic and ultramafic dike complexes is not
typical for collisional settings. At the same time,
Riphean intrusions formed during rift magmatism are
widespread throughout the Bashkirian megazone, and
we associate these Late Paleozoic ages with the time of
the secondary alteration.

Thus, the early stages of metamorphism could have
occurred as early as the Late Riphean—Vendian,
(which is also described in (Glasmacher et al., 2004;
Puchkov, 2010)). Besides, there are two more Paleo-
zoic clusters: 403—455 and 284—298 Ma.

SAMPLING AND LABORATORY
PROCEDURES

Oriented samples for paleomagnetic studies were
collected in two ways: (i) manually and (ii) using a
special portable drilling device. The orientation of the
samples was carried out using a magnetic compass
with constant monitoring of the possible influence of
highly magnetic rocks on the compass needle. The
local magnetic declination was calculated from the
IGRF model (International Geomagnetic Reference
Field, 13th Generation; http://www.geomag.bgs.ac.uk/
data_service/models_compass/igrf calc.html). From
eight to 20 samples were taken from each site. The total
number of oriented samples collected during four field
seasons was ~1000 samples.

Laboratory paleomagnetic studies and processing
of demagnetization results were carried out in the lab-
oratory of Main Geomagnetic Field and Rock Magne-
tism at the Schmidt Institute of Physics of the Earth of
the Russian Academy of Sciences (IPE RAS). All
samples were subjected to stepwise thermal demagne-
tization until complete remanence removal (8—
17 steps), which was achieved in most cases at tem-
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peratures of 540—680°C, or until a chaotic paleomag-
netic record appeared, associated with the formation
of new magnetic phases during thermal demagnetiza-
tion. Samples were demagnetized in non-magnetic
furnaces MMTD-80 and MMTD?24 with a residual
magnetic field inside the oven of at most 5—10 nT. In
a number of cases, for testing, sister samples were
demagnetized by alternating magnetic field. The
remanent magnetization of the samples was measured
on a JR-6 AGICO spinner magnetometer or on a 2G
Enterprises cryogenic magnetometer. Remanent mag-
netization measurements were processed using Enkin’
program (Enkin, 1994) and Remasoft software
(Chadima and Hrouda, 2006) implementing principal
component analysis method to isolate the magnetiza-
tion components according to (Kirschvink, 1980). The
resulting paleomagnetic data were analyzed using
Fisher statistics (Fisher, 1953). Measurements of the
temperature dependence of magnetic susceptibility
were carried out on a AGICO kappabridge MFK-1FA
with a CS3 thermal control unit, in air at a heat-
ing/cooling rate of 11—13°C/min. Measurements were
conducted on powder of crushed samples. The tem-
perature dependences of saturation magnetization and
remanent saturation magnetization Js(7) and Jrs(T) were
measured on 1-cm? cubic samples on a vibrating-sample
thermomagnetometer designed by Yu.K. Vinogradov.
The Js was measured in the magnetic fields in the
range of 450—520 mT at a heating/cooling rate of
1°C/s. Jrs was acquired in a field of 1 T, and the heat-
ing/cooling rate was 1°C/s.

PALEOMAGNETIC RESULTS

In the component analysis of magnetization, we
isolated a high- or medium-temperature component
identified in 46 out of 83 sites (in the case of thin bod-
ies, as a rule, one site = one intrusive body; in the case
of thick bodies such as the Main Bakal dike, several
sites are sampled in different parts of one intrusion).
This component has southwestern declinations, mod-
erate inclinations, and reversed polarity, and is the
only stable remanence component in most of the stud-
ied intrusions. In addition, a low-temperature compo-
nent is isolated, but will not be considered in detail.
The directions of this component are in many cases
close to the present magnetic field; this component is
destroyed at approximately 250—300°C and is proba-
bly a consequence of viscous magnetization in the
modern magnetic field. Preliminary results for the
Riphean intrusive bodies in the northern part of the
Bashkirian megazone were published in (Latyshev
et al., 2019).

To compare different regions of the BM and esti-
mate the relative tectonic movements of individual
blocks within the Bashkirian megazone, the bodies
with the identified stable component were combined
into six groups in accordance with their geographical
location and the position relative to the large faults
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(according to the Geological map (Kozlov et al.,
2001), Fig. 1).

When estimating the quality of the magnetic
record, we consider the record good if a remanence
component can be unambiguously identified from the
linear interval in the Zijderveld diagram (the maximal
angular deviation, MAD, is ~10° or less) and from the
corresponding dense group of points on the stereo-
gram; if there are no newly formed magnetic phases
during stepwise thermal demagnetization, and if the
isolated component is the only stable one in the sam-
ples. We consider a record bad when the signal is cha-
otic, the MAD values significantly exceed 20°, the
record is poorly interpretable, and mineral alterations
take place during thermal demagnetization. We con-
sider intermediate cases a paleomagnetic signal of
medium quality.

In the northernmost areas (in the vicinity of the
town of Kusa and the Berdyaush village, regions 1 and
2 in Fig. 1), the quality of the paleomagnetic record
varies mainly from medium to good and very good
(Fig. 3; in samples taken from intrusions near Kusa,
record quality is worse than in samples from the intru-
sions near the Berdyaush village). In the area of Kusa,
a remanence component that is demagnetized at 300—
615°C is isolated. The most stable paleomagnetic
record is observed in the range up to 560—580°C. In
the intrusions from the vicinity of the Berdyaush vil-
lage, this component is isolated starting from 300°C
(and higher) and is completely demagnetized at 600—
640°C. In one dike (site 16-6), a mid-Riphean high-
temperature component with WSW declinations and
low inclinations, which is described in detail in (Laty-
shev et al., 2019), occurs together with the mid-tem-
perature component with SW declinations, which is
discussed in this paper.

The mean paleomagnetic direction in the area of
Kusa (region 1, Table 1) was calculated for three intru-
sions (three sites), 045 in the geographical coordinate
system (modern, in our case post-folding) is 10.1°, in
the stratigraphic system (ancient, with the correction
for bedding of the host rock) it is 16.4°. The mean for
the Berdyaush village area (region 2, Table 1) was calcu-
lated over 11 intrusions (10 sites, intrusions 13—17 and
14—17 are combined into one site, the medium-tem-
perature component of dike 16-6 was not included in
the calculation because the spectrum of blocking tem-
peratures in this component is probably partially over-
lapped by the high-temperature primary component),
Olgs is 7.5° in the geographical system and 15.4° in the
stratigraphic system.

In the central part of the Bashkirian megazone, in
the vicinity of the town of Bakal (region 3 in Fig. 1)
and the Sibirka settlement (region 4 in Fig. 1), the
paleomagnetic record is often of poor quality while a
good paleomagnetic signal is also found (Fig. 4). In
sites near the town of Bakal, a medium-high tempera-
ture component with SW declinations is identified in
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Table 1. Site-mean directions of the Late Paleozoic component of the regions and region-mean directions
No. Site no. Site coordinates N Dg Ig Dyg I K Olos
Region 1 (Kusa)
1 19.1-17 N 55°19’19.07” E 59°26"36.97” 13 229.8 | —44.8 | 224.3 | —64.6 12.5 12.2
2 20-17 N 55°24'24.16” E 59°27°32.10” 5 223.6 | —34.5 | 272.4 | —71.2 17.4 18.8
3 21-17 N 55°21727.10” E 59°30713.60” 4 2277 | —45.6 | 222.2 | —66.3 40.5 14.6
Mean direction over region 1 (Kusa)
“Kusa” 3 226.9 | —41.7 149.1 10.1
“Kusa” 3 236.4 | —68.9 57.7 16.4
Region 2 (Berdyaush settlement)
1 10-17 N 55°0923.51” E 59°07’41.44” 14 246.6 | —32.1 | 239.2 11.6 36.5 6.7
2 13+ 14-17 [N 55°09'14.2” E 59°0879.9” 11 258.1

N 55°09°2.6” E 59°08’13" —30.9 | 2442 | —4.3 51.5 6.4
3 8-18 N 55.09591° E 59.02236° 14 227.3 | =204 | 227.3 | -20.4 29.4 7.5
4 9.1-18 N 55.14517° E 59.15720° 17 238.8 | —42 238.8 | —42 18.3 8.6
5 9.2-18 N 55.14517° E 59.15720° 4 236.5 | —40.1 | 236.5 | —40.1 | 205.5 6.4
6 10-18 N 55.14596° E 59.15742° 5 211.6 | —26.5 | 211.6 | —=26.5 | 171.7 5.9
7 11-18 N 55.14629° E 59.15915° 7 239.6 | —38.1 | 239.6 | —38.1 25.1 12.3

8 16-6MT* | N 55.12830° E 59.12668° 7 229.2 | —38.6 | 324.8 | —51.8 57.4 8

9 16-6HT* | N 55.12830° E 59.12668° 9 254.9 | =23.9 | 293.2 | =30 27.6 10
10 15-21 N 55°09.141" E 59°08.342’ 12 239.3 | —33.7 | 239.3 | —-33.7 53.5 6.0
11 22-21 N 55°04.725" E 59°13.890’ 10 228.0 | —37.4 | 221.5 | —33.3 | 108.0 4.7
12 23-21 N 55°06.664" E 59°20.044’ 7 239.7 | —40.5 | 174.3 | —48.3 43.7 9.2

Mean direction over region 2 (Berdyaush settlement)
“Berdyaush” 10 236.3 | —34.8 42.0 7.5
“Berdyaush” 10 229.1 | —29.0 10.8 15.4
Region 3 (Bakal)
1 1-17 N 54°56’58.8” E 58°47'58.8” 15 2124 | —18.2 | 216.3 | —30.6 71.1 4.6
2 2-17 N 54°57°22.9” E 58°5253.9” 8 218.9 | =30.5 | 223.3 15.8 10.0 18.4
3 4-17 N 54°55’05.6” E 58°50°55.3” 14 246.0 | —4.7 | 235.7 | —32.1 14.6 10.8
4 5-17 N 54°55’45.53” E 58°54’14.67” 11 217.9 | —34.4 | 199.6 4.9 28.8 8.7
5 1-18 N 54.9035° E 58.7429° 6 219.2 | —46.0 | 219.2 | —46.0 48.8 9.7
6 2.1 2.2-18 | N 54°54.423" E 58°45.713' 219.7 | =7.5 | 219.7 | —-7.5 41.8 8.7
7 2.3-18 N 54°54.423" E 58°45.713’ 220.0 | —10.1 | 220.0 | —10.1 22.4 13.0
8 2.4-18 N 54°54.423" E 58°45.713' 11 2274 | =31.1 | 2274 | =31.1 33.9 8.0
9 2.5-18 N 54°54.423" E 58°45.713' 10 233.2 | —22.4 | 233.2 | —224 65.1 6.0
10 3-18 N 54°54.6" E 58°46.06" 15 244.8 | —20.6 | 244.8 | —20.6 21.8 8.4
Mean direction over region 3 (Bakal)
“Bakal” 10 225.5 | —26.8 31.7 8.7
“Bakal” 10 219.7 | —19.9 8.5 17.6
Region 4 (Sibirka village)

1 6-17 N 54°51°20.6” E 58°57'38.3” 13 2474 | —43.8 | 2474 | —43.8 28.0 8.0
2 7-17 N 54°55’32.1” E 58°59'41.2” 3 225.5 | —46.2 | 255.0 | —29.8 86.6 13.3
3 8-17 N 54°55’44.3” E 58°59722.8” 13 219.8 | —46.2 | 150.1 | —81.5 28.8 7.9
4 9-17 N 54°55’41.7” E 58°5836.1” 9 231.2 | —40.6 | 259.3 | —39.9 53.3 7.1
5 7-19 N 54.8815° E 59.03313° 14 239.1 | =52.1 | 239.1 | —=52.1 4.0 22.7
6 20-21 N 54°57.743’ E 58°58.219’ 11 2449 | —31.5 | 202.9 | —56.7 60.2 5.9

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 60 No. 3 2024



LATE PALEOZOIC REMAGNETIZATION ON THE WESTERN SLOPE 403
Table 1. (Contd.)

No. Site no. Site coordinates N Dg Ig Dyg I K Olgs

Mean direction over region 4 (Sibirka village)
“Sibirka” 6 235.0 | —43.9 59.0 8.8
“Sibirka” 6 2414 | —53.1 11.2 20.9

Region 5 (Inzer zone)
1 6-20 N 54°01” 02.6” E 57°32'12.5” 12 228.1 | —46.7 | 228.1 | —46.7 54.7 5.9
2 10-20 N 54°08’05.6” E 57°30’52.9” 14 218.0 | —24.9 | 175.2 | —30.3 15.9 10.3
3 9-20 N 54°07°38.5” E 57°30733.4” 16 218.1 | —32.9 | 184.4 | —35.8 23.2 7.8
4 5-20 N 53°59738.4” E 57°35'47.6” 10 215.7 | —=31.4 | 200.0 | —31.8 21.1 10.8
Mean direction over region 5 (Inzer zone)
“Inzer zone” 4 219.5 | —34.0 64.3 11.5
“Inzer zone” 4 195.1 | =37.7 17.8 22.4
Region 6 (Yamantau zone)

1 4-19 N 53°57’11.16” E 57°42'45.36" 23 234.9 | —39.2 | 251.0 | —26.1 11.5 9.3
2 5-19 N 53°54’14.13” E 57°38’15.16” 12 233.2 | —39.8 | 141.7 | -32.5 9.1 15.2
3 12-20 N 54°09°57.3” E 57°46703.5” 12 220.0 | —33.3 | 352.5 | —51.7 46.6 6.4
4 2-20 N 53°57°14.2” E 57°43’49.9” 13 230.2 | —36.2 | 247.3 | -22.9 17.2 10.3
5 3-20 N 53°56’46.5” E 57°41°55.0” 6 223.1 | —34.1 | 186.4 | —16.9 | 120.2 6.1

Mean direction over region 6 (Yamantau zone)
“Yamantau zone” 5 228.1 | —36.7 184.4 5.7
“Yamantau zone” 5 219.6 | —48.8 2.3 66.6

Sites not included in the regions
Dyke south of Zlatoust
25-21 | N 55°04.013 E 59°37.483’ | 11| 2042|512 | 2098 | 0.8 | 124 | 135
Kusa-Kopan massif
4-18 | N '55.01601° E 59.25692° | 17| 2273 |-163 | 2273 | -163 | 503 | 5.1
Intrusive body south of Ust-Katav
17-21 ‘N 54°49.996’ E 58°11.180/ \ 7 \ 227.0 | —24.7 \ 227.0 \ —24.7 | 35.5 \ 10.3
Intrusive body on the southern outskirts of Katav-Ivanovsk

16-21 | N 54°43.659" E 58°12.575' | 11| 178.6 | -53.0 | 2309 | —48.2 | 204 | 10.4

Intrusive body southwest of the Kraka massif
6-19 | N 53.27653° E 57.52342° | 18 | 2029 |-30.5]202.9 | =305 | 9.6 | 118

N is the number of samples/sites for which the direction is calculated, Dg is the declination in geographical coordinate system, /g is the
inclination in the geographic coordinate system, Dg is the declination in the stratigraphic system coordinates, /g is the inclination in the
stratigraphic coordinate system, K is the concentration, and 05 is the confidence interval. Site 16-6 is the dike, where both secondary
and primary components were identified; MT is medium-temperature secondary Late Paleozoic component, and HT is the high-tem-

perature Early-Middle Riphean component.

11 sites. It is isolated mainly at 440—540 and 580—
615°C (sometimes up to 680°C, including in the Main
Bakal dyke). In the area of the Sibirka settlement, the
component is identified at even lower temperatures,
starting from 300°C. For two of the five sites sampled
at the Main Bakal Dyke, paleomagnetic directions
with inclinations slightly lower than those characteris-
tic of the region are obtained. The region-mean direc-
tion calculated with sites with lower inclinations is sta-
tistically indistinguishable from that calculated with-
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out these sites; therefore, they were not excluded from
subsequent calculations.

The mean paleomagnetic direction for the region
of Bakal town (area 3, Table 1) was calculated over six
intrusions (10 sites, five of them: 2.1 2.2 (2.1 and
2.2 combined into one site), 2.3, 2.4, 2.5, 3-18 sam-
pled from the Main Bakal dike; for sites 1-17 and 4-17,
the directions in the stratigraphic system were used
because tilt-corrected directions are close to those
expected for this component in this area, while in the
geographical system, the calculated directions are sig-
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Fig. 4. Examples of thermal demagnetization results for samples
settlement (bottom row).

nificantly different from the expected ones). The angle
Olys is 8.7° in the geographic system and 17.6° in the
stratigraphic system. For the region of Sibirka settle-
ment (region 4, Table 1), the region-mean direction
was calculated from six intrusions (six sites); Olys is 8.8°
in the geographical system and 20.9° in the strati-
graphic system.

In the southern regions 5 (Inzer zone, 5 in Fig. 1)
and 6 (Yamantau zone, 6 in Fig. 1), in some sites it was
not possible to identify stable remanence components
and calculate mean paleomagnetic directions due to a
chaotic record that allows for no interpretation. How-
ever, in nine sites where the stable component of
remanence is identified, it also has SW declinations,
reversed polarity and moderate inclinations, and the
quality of the paleomagnetic record is medium, some-
times good (Fig. 5).

In region 5 located in the Inzer zone (Table 1), the
characteristic component is associated with the tem-
perature range of 350—450 to 620—640°C (sometimes,
up to 540—580°C), after which bias magnetization of
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from central areas near the town of Bakal (upper row) and Sibirka

the samples begins, or a chaotic behavior is observed.
Samples from the intrusive bodies of the Yamantau
zone (region 6, Table 1) most often demagnetize to
temperatures of 520—560°C (site 3-20 demagnetizes
even to 480—510°C). The region-mean for region 5 is
calculated over four intrusions, and Ol is 11.5° in the
geographical system and 22.4° in the stratigraphic sys-
tem. The mean for region 6 was calculated over five
intrusions; Ol is 5.7° in the geographical system and
66.6° in the stratigraphic system.

A similar paleomagnetic component was also iden-
tified in single intrusions that were not assigned to any
of the regions (Fig. 1, blue dots) due to their geograph-
ical position and the location of the relatively large
faults.

In a dike exposed in a quarry near the M5 highway
south of the city of Zlatoust (site 25-21), the paleo-
magnetic record ranges from uninterpretable to good,
a component with SW declinations is isolated in the
temperature range of 250—520°C/540°C (sometimes,
up to 440—480°C), after which the samples are
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Fig. 5. Examples of thermal demagnetization results for samples from the southern regions of the Inzer zone (top row) and the

Yamantau zone (bottom row).

demagnetized. The component directions have more
southern declinations compared to most other sites.

In the samples collected in the Kusa—Kopan mas-
sif (in the north of the Bashkirian megazone), the
paleomagnetic record is good, the stable component
occurs in the temperature interval of 420—
620°C/640°C and is clearly identified in one of the
two sampled sites (site 4-18), where it has slightly
lower inclinations compared to other directions in the
area. In the second site, the directions are distributed
along a great circle, probably due to the overlapping of
the unblocking temperature spectra with the low-tem-
perature viscous component.

In samples from the intrusive body south of Ust-
Katav (site 17-21), the paleomagnetic record is pre-
dominantly good. The characteristic component is
isolated largely in the temperature range of 300—
580°C (samples are demagnetized at 540—580°C).

In the intrusive body exposed on the southern out-
skirts of Katav-Ivanovsk (site 16-21), the paleomag-
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netic record is from poor to medium quality. The sta-
ble component mainly refers to the temperature range
of 250—480°C. The directions of the component in the
geographic system differ from those in other studied
intrusions, but in the stratigraphic system, they are
consistent with the expected values, which testifies to
local folding deformations after remagnetization.

In the intrusive body southwest of the Kraka massif
(site 6-19), the paleomagnetic record is of medium
quality, sometimes poor. The remanence component
relates mainly to the temperature range of 440—600°C.
Paleomagnetic directions in samples are frequently
distributed along a great circle. The direction has
slightly more southern declinations compared to
directions in other studied regions.

In general, the record of the magnetic signal in the
studied bodies is of both poor or medium quality
(more often in the south) and good. In the southern
intrusions (regions of the town of Bakal, the Sibirka
settlement, the Inzer zone, and the Yamantau zone), a
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Fig. 6. Examples of thermal demagnetization results for samples from intrusions not assigned to any of the regions.

chaotic record is more common than that in the
northern regions. The poor quality of the record in the
areas of Bakal and the Sibirka settlement can probably
be related to the position of these localities within the
Bakal ore field . The best quality paleomagnetic record
is most often found in the intrusions from the region
of the Berdyaush village. Although the nature of the
record may be different, nevertheless, a component of
reversed polarity, which has SW declinations and pre-
dominantly moderate inclinations, is detected in the
intrusive bodies across the entire Bashkirian mega-
zone and covers approximately the same range of the
medium and high temperatures, starting from 350—
400°C (less often, from 250°C—in the south). In this
case, the most stable component is isolated up to 540—
560°C, after which bias magnetization or the forma-
tion of new magnetic phases is often begins. Most site-
mean directions are more densely grouped in the geo-
graphic coordinate system than in the stratigraphic
coordinate system (Fig. 7). o5 for regional mean
directions in the geographic system in four regions is
less than 10° (regions 2, 3, 4, and 6); for two regions it
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is slightly above 10° (0ys = 10.1° and 11.5° for regions
1 and 5, respectively; Table 1). Therefore, we consider
the isolated component post-folding, and carry out
the subsequent calculations in a geographic coordi-
nate system.

The paleomagnetic directions calculated in our
study generally fall within the area of directions of the
Late Paleozoic component in the Southern Urals,
which have been identified in many previous works
(Komissarova, 1970; Danukalov et al., 1982; Shi-
punov, 1993; Svyazhina et al., 2003; losifidi et al.,
2012; Golovanova et al., 2017; 2022) (Fig. 14).

ROCK MAGNETIC PROPERTIES

According to the temperature curves of magnetic
susceptibility (K(7)) and saturation magnetization
(Js(T)), the studied intrusions can be divided into two
fairly different groups (Figs. 12 and 13), which are also
related to the geographical location of the intrusions,
northern and central-southern groups. This division
of intrusions by rock magnetic properties corresponds
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to the different quality of paleomagnetic records in the
northern and southern regions.

Northern Intrusions (Regions of the Town
of Kusa and Berdyaush village)

In the northern intrusions with a Late Paleozoic
component (the town of Kusa, region 1, and the
Berdyaush village, region 2), magnetite is clearly iden-
tified in the K(7) heating curves by a sharp decrease in
magnetic susceptibility near 580°C (Curie point of
magnetite), sometimes with prominent Hopkinson
peaks, i.e., with a sharp increase in magnetic suscepti-
bility before the Curie point (Fig. 8). The latter can
probably be associated with variations in the domain
composition; a well-developed high narrow Hopkin-
son peak is correlated with the predominance of sin-
gle-domain grains (a slightly wider Hopkinson peak)
or small multi-domain grains (a narrower Hopkinson
peak) (Dunlop, 1974). In sample 134-8.1-18 (region of
the Berdyaush village, Fig. 8), there is no such pro-
nounced Hopkinson peak, and magnetite here is
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probably represented by larger multi-domain grains
(Dunlop, 1974).

Also, oxidized or partially oxidized titanomagnetite
is sometimes identified in the K(7) heating curves by a
rise near 200°C and a decline about 300—400°C (Fig. 8).
The increase in magnetic susceptibility in the region of
200°C can be also explained by a decrease in stresses
associated with the initial presence of thin films of oxi-
dation on the surface of magnetite—maghemitization
(Bolshakov, 1987; Nagata, 1965). A decrease in the
region of 300—400°C indicates the Curie point of tita-
nomagnetite (Nagata, 1965). After passing the Curie
point of magnetite, the cooling curves do not repeat
the appearance of the heating curves. In the case of
this shape, the type of the heating—cooling curves is
called irreversible and indicates the instability of the
mineral to heating (Nagata, 1965). This fact may sug-
gest that titanomagnetite in the studied samples is par-
tially oxidized to form titanomaghemite and/or that it
changes during heating (which means changes during
thermal demagnetization).

No.3 2024



408

Js

3.50E-03

3.00E=03 |-
[2.86E

2.50E-03
2.00E-03
1.50E-03
1.00E-03
5.00E-04
0.00E-04

1

T

T

1 1

Maghemite

ANOSOVA, LATYSHEV

Js(T)
376-20-17

Titanomagnetite

N

Magnetite

1 1 1 o 1 J

Js

7.00E-04

6.00E-04

5.00%

4.00E-04

3.00E-04

2.00E-04

1.00E-04

0.00E-00

100 200

Maghemite?

300 400 500 600 700 800
T,°C

144-8.1-18

N
Magnetite

\

\ i

0

Js

3.50E-03

3.00E-03

2.50E-03

2.00E-03

1.50E-03

1.00E-03

5.00E-04

0.00E-00

T

§

100 200 300 400 500 600 700 800

Maghemite?

T,°C

159-9-18

Magnetite

1 1 1 C — J

0

100 200 300 400 500 600 700 800

T,°C

K, [E-6]

1200

1000

800

600

400

200

0

K, [E-6]

4500

4000

3500

3000

2500

2000

1500

1000

K, [E-6]

900
800
700
600
500
400

300

200
100
0

K(T)

398-21-17
Titanomagnetite

Maghemite Magnetite

\

~

| Il | Il | Il i J

100 200 300 400 500 600 700 800
T,°C

134-8.1-18

Magnetite
| ;

Maghemite?

0

100 200 300 400 500 600 700 800
T,°C

159-9-18

Magnetite

Maghemite?

\

1 1 1 1 1 1 T J

0

100 200 300 400 500 600 700 800
T,°C

Fig. 8. Examples of temperature curves of magnetic susceptibility—K(7); and temperature curves of saturation magnetiza-
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Besides, the K(T) curves have a “tail” after 600°C
(Fig. 8). This “tail” may be part of the paramagnetic
component, or indicate the presence of hematite,
which could either be initially present in the rock or
formed during heating due to the oxidation of
maghemite or magnetite.

To check the data obtained from the K(7) curves,
we compare them with the Js(T) curves for samples
from the same bodies.

The Js(7) curves also show magnetite, which in
most cases is stable to heating, and in some cases,
there is titanomagnetite, which is identified by the
decrease in the region of 300—400°C. A weak peak
around 200°C may be also associated with a decrease
in stress and correspond to surface maghemitization
(Fig. 8; (Bolshakov, 1987; Nagata, 1965)).

Central and Southern Intrusions (Regions of the Bakal
Town, Sibirka Settlement, Inzer Zone,
and Yamantau Zone)

Starting from the intrusions of the Bakal region and
further south, the type of rock-magnetic curves K(7)
and Js(7) changes: this is the second group according
to rock magnetic properties (shape of the K(7) and
Js(T) curves). In the K(7T) heating curves, the mag-
netic susceptibility remains almost unchanged until
the Curie point of magnetite, where the susceptibility
drops. The cooling curves show a strong increase in
magnetic susceptibility after cooling below 580°C,
which apparently means strong changes that occurred
in the samples as a result of heating (Fig. 9). Hopkin-
son peak is practically absent, and magnetite in these
samples is probably represented mainly by multi-
domain grains.

In the Js(7) curves of the most southern and cen-
tral intrusions, only a paramagnetic signal is visible.
This may be a consequence of the fact that magnetite,
which is visible in the K(7) curves, was formed during
heating (Fig. 9). However, since the remanence com-
ponent is still isolated in these objects even at high
temperatures while the magnetic susceptibility does
not increase or increases slightly with heating, it is
likely that the paramagnetic signal in the Js(7) curves is
associated with a low concentration of magnetite and
also, probably, with a large number of paramagnetic
minerals (which include minerals formed during green-
schist metamorphism, such as, e.g., chlorite) that “clut-
ters” the signal from the ferrimagnetic fraction.

Results of Measurement of the Jrs(T) Dependences

The temperature curves of the remanent saturation
magnetization Jrs(7) (Fig. 10) do not show any partic-
ular differences between regions. The signal reaches
zero in the vicinity of the Curie point of magnetite.
Two declines in the region of 200 and 400°C corre-
spond in general to one phase: oxidized or partially
oxidized titanomagnetite (decrease at the Curie point
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of titanomagnetite and decline at the Curie point of
the more oxidized phase of titanomagnetite; oxidation
of titanomagnetite can lead to an increase in its Curie
point (Shcherbakov et al., 2019)). The decline of the
curve in the region of 200°C can be also explained by
another factor: the redistribution of vacancies in the lat-
tice of surface maghemitized magnetite and a decrease in
internal stresses (Bolshakov, 1987; Nagata, 1965).

Thus, the results of the paleomagnetic studies are
generally supported by the rock magnetic studies. The
studied remanence component is isolated during
demagnetization at medium and high temperatures
(mainly 350—400—540—580°C), which corresponds
to the magnetic minerals isolated during rock mag-
netic studies: these are magnetite and titanomagnetite.
The different nature of the rock magnetic properties of
the northern and southern intrusions is comparable to
the different quality of the paleomagnetic record.

In the northern regions (vicinity of the Kusa town
and the Berdyaush village), the magnetic fraction con-
tains oxidized titanomagnetite and magnetite, which is
mainly resistant to heating (Figs. 8 and 10). In this
case, grains can be either multi-domain or pseudo-
single domain.

In the Bakal region and in the south of the Bash-
kirian megazone, the magnetic fraction in thermale
curves is predominantly composed of magnetite
(Figs. 9 and 10), although there is probably also tita-
nomagnetite (as indicated by the Jrs(7) graphs,
Fig. 10, graph 141-10-17) since some samples are
demagnetized during thermal demagnetization at
temperatures below 580°C. The isolated component
of remanent magnetization is most likely related with
large multidomain grains.

Although, in the southern intrusions, the Js(7)
curves show only a paramagnetic signal, magnetite is
always distinguished in the K(7) curves (Fig. 9). The
worse paleomagnetic record in the southern intrusions
compared to the northern ones correlates with

(a) a significant contribution of the paramagnetic
signal (a paramagnetic signal in the Js(7) graphs of
southern intrusions (Fig. 9), significant difference in
the Js value in the samples of northern and southern
objects); (b) probably with preservation of magnetiza-
tion on multi-domain grains in southern intrusions
unlike northern intrusions, where during the K(7)
measurements, the Hopkinson peak is clearly visible,
which is a sign of the presence of single-domain
and/or pseudo-single-domain particles in the compo-
sition (Fig. 8, 342-19-17 and 159-9-18).

DISCUSSION
Relative Age of the Late Paleozoic Component
As was noted in the section “Paleomagnetic
Results,” site-mean paleomagnetic directions in the
stratigraphic coordinate system have a greater scatter
than in the geographic coordinates (Fig. 11). The geo-
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Fig. 9. Examples of temperature curves of magnetic susceptibility— K(7); and temperature curves of saturation magnetization—Js(7)
for the Bakal and southern areas (Inzer zone and Yamantau zone). Heating curves are shown in red (with an arrow to the right),
cooling curves are shown in blue (with an arrow to the left). The number has three digits, the first indicates the sample number,
the second indicates the site number, and the third indicates the year of sampling. If the last two digits coincide, then the mea-
surements were made for the same intrusion.

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 60 No.3 2024



LATE PALEOZOIC REMAGNETIZATION ON THE WESTERN SLOPE

Jrs 392-21-17
5.00E-02
4.50E-02
4.00E-02
3.50E-02
3.00E-02
2.50E-02
2.00E-02
1.50E-02
1.00E-02
5.00E-03
0.00E+00

Maghemite

Titanomagnetite

Magnetite

0 100 200 300 400 500 600 700 80
T,°C

Jrs
9.00E-04
8.00E-04
7.00E-04 |
6.00E-04 |
5.00E-04 -
4.00E-04 |
3.00E-04
2.00E-04 |
1.00E-04 -

0.00E_'_OO 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

T,°C

141-10-17

Maghemite

Titanomagnetite

Magnetite

411

Jrs 398-21-17

9.00E-04
8.00E-04
7.00E-04
6.00E-04
5.00E-04
4.00E-04
3.00E-04
2.00E-04
1.00E-04
0.00E+00

Maghemite

Titanomagnetite

Magnetite

1 1 1 1 4 J

0 100 200 300 400 500 600 700 80
T,°C

Jrs
9.00E-04
8.00E-04
7.00E-04
6.00E-04
5.00E-04
4.00E-04
3.00E-04
2.00E-04
1.00E-04 L

000E+00 1 1 1 1 1 ! 1
0 100 200 300 400 500 600 700 800

T,°C

147-9-20

Maghemite

Magnetite

Fig. 10. Examples of temperature curves of remanent saturation magnetization—Jrs(7) for intrusions with a Late Paleozoic
paleomagnetic component (two graphs above—for intrusions of the northern group, two graphs below for objects of the southern

group).

graphic coordinate system is modern, the stratigraphic
system is ancient and corrected for the tilt of the host
rocks. This distribution of the directions indicates that
the Late Paleozoic component is post-folding, i.e., it
was formed after the completion of the main folding
deformations in the Southern Urals.

However, the directions calculated from sites 1-17
and 4-17 of the Bakal region (region 3, Table 1) in the
geographical coordinate system differ from other Late
Paleozoic directions, while in the stratigraphic coordi-
nate system they are close to the expected Late Paleo-
zoic directions in the geographical system. This may
indicate that this region underwent deformation lead-
ing to local changes in the orientation of rocks after
their remagnetization.

The Late Paleozoic paleomagnetic direction
which is close to the expected one after tilt correction
was also calculated for one of the westernmost sites
16-21 (southern outskirts of the town of Katav-Iva-
novsk, Table 1).

The mean directions for six regions (the vicinity of
the town of Kusa, the Berdyaush village, the town of
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Bakal, the Sibirka settlement, the Inzer zone, and the
Yamantau zone) are generally close in the geographi-
cal coordinate system (Fig. 12), and sometimes they
are statistically indistinguishable. For some regions,
the angular difference between the directions (Table 2)
is less than the critical angle. The comparison was
made in the PMCALC program (Enkin, 1994), and
the critical angle was calculated using the method
described in (Debiche and Watson, 1995). Neverthe-
less, for some areas, the mean directions differ signifi-
cantly. The most striking difference is observed for the
directions from regions 2 and 3 (areas of the Berdyaush
village and the city of Bakal), which are located nearby
in the central and northern part of the Bashkirian
megazone. However, the directions in these regions
(2 and 3) are not statistically different from the southern
regions 5 and 6, which, in turn, do not differ from the
northernmost region of the town of Kusa (region 1).
The same distribution is typical of the poles calculated
for each region (Tables 2 and 3, the pole for the region
was calculated as a mean of the virtual geomagnetic
poles (VGPs) for each site in the region).
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Fig. 11. Site-mean directions in the stratigraphic (pre-folding in this case) coordinate system and geographic (post-folding in this
case) coordinate system.

In general, there is no obvious regularity in the dis-
tribution of directions, e.g., a gradual trend, of
changes in directions from group 1 to group 6 from
north to south (Fig. 12), unambiguous similarity
between northern or southern regions or their differ-
ences from each other, etc. A regular distribution
could indicate, for example, a rotation of blocks
around a single Euler pole or a gradual migration of
the remagnetization front in some direction. Since no
obvious pattern can be traced, we can conclude that
remagnetization occurred approximately simultane-
ously on the geological time scales throughout the
Bashkirian megazone.

The differences in the mean paleomagnetic direc-
tions across regions can be accounted for

(1) local tectonic dislocations of blocks relative to
each other;

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 60

(2) slightly different remagnetization times;

(3) insufficient averaging of secular variation of the
geomagnetic field.

In general, we can consider a sufficiently close in
time, predominantly post-folding remagnetization
associated with the processes that affected the entire
Bashkirian megazone, after which significant disloca-
tions did not occur within it. However, the existing
data indicate the possibility of local folding deforma-
tions in some areas even after remagnetization.

Absolute Age of the Late Paleozoic Component,
Calculation of the Paleomagnetic Pole

The paleomagnetic pole corresponding to the Late
Paleozoic component (Table 3) was calculated from
the mean VGP for each region: Plong = 171.6, Plat =

No. 3 2024



LATE PALEOZOIC REMAGNETIZATION ON THE WESTERN SLOPE

413

+z

Geographic coordinate system

Fig. 12. Region-mean paleomagnetic directions in the stratigraphic coordinate system and geographic (post-folding) coordinate

system.

39.9, o5 = 5.9 (six regions, 38 sites, without sites not
related to one of the areas).

To determine the age of the pole calculated from
the Bashkirian megazone, we compared it with the
poles used in (Torsvik et al., 2012) to calculate the
apparent polar wander path (APWP) for Stable
Europe. Among the poles for stable Europe, we
selected those closest to the pole we obtained; the ages
of the selected poles fall within the time interval pre-
dominantly of 280—312 Ma; and there are also two
poles close to the calculated one, with ages of 275 and
260 Ma (Fig. 13). Among the closest ones, we selected
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poles obtained from the currently available primary
data (almost all, with the exception of single publica-
tions, where primary data are not provided or where
access to the publications is restricted). Among the
latter, we selected the poles obtained with a complete
paleomagnetic demagnetization, with o5 < 10° and
reliable age determination. After selection, 15 poles
remain, which lie in an almost continuous time inter-
val 280—301 Ma (the difference between poles is at
most 5 Ma) and one pole with an age of 260 Ma (Table 3,
Fig. 14). The 260 Ma pole meets the reliability criteria,
but it was excluded from the final sample because it
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Fig. 13. Pole calculated for six regions of the Bashkirian megazone. The red line is a segment of APWP for Stable Europe with an
age of 480—140 Ma (based on (Torsvik et al., 2012)). All poles of the age interval of 250—396 Ma (used in (Torsvik et al., 2012) to
construct the APWP of Stable Europe) are also shown to visually display the proximity of the pole we calculated to the poles with

ages of ~280—312 Ma (yellow-blue -green area).

differs significantly in age from the others selected; in
addition, it differs in paleocoordinates from the coeval
poles (as was indicated by Bazhenov et al. (2008), who
published the pole). Most poles in the final sample
corresponds to the age of 285 Ma (six poles against one
or two poles with each of the other ages), but this is
due to the initially large number of poles aged 285 Ma.
Thus, the final comparison was made with the selected
poles corresponding to age of 280—301 Ma.
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The pole calculated for the Bashkirian megazone is
statistically indistinguishable (angular difference is
1.9° &+ 5.1°) from the average of the 15 selected poles
for stable Europe with ages of 280—301 Ma (Table 3,
Fig. 14), which corresponds to the end of the Late
Carboniferous—Early Permian.

We also calculated the mean pole for 43 sites of the
Bashkirian megazone (with sites that were not
included in any of the regions): Plong = 172.2, Plat =
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Fig. 14. Pole calculated from six regions of the Bashkirian megazone and its comparison with selected poles for Stable Europe
(used in (Torsvik et al., 2012) for APWP of Stable Europe) with age of 280—301 Ma (ages are given below on the globe in the
frame). The red line is the APWP of Stable Europe according to (Torsvik et al., 2012).

39.4, and 0,5 = 3.5. This pole represents the mean of
all VGPs from each point. The pole calculated with
the inclusion of sites which are outside the distin-
guished the regions and the pole calculated as the
mean for six regions are almost identical. For the com-
parison with the APWP of Stable Europe, the mean
pole for the regions was used because, in any case,
regions containing many sites will make a larger con-
tribution to the mean compared to single sites located

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 60

at a considerable distance from other intrusions and
separated from all regions by large faults.

Thus, the Late Paleozoic remanence component
was formed ~280—301 million years ago, after which
the Bashkirian megazone did not experience signifi-
cant horizontal displacements relative to the East
European platform. Besides, there were no significant
dislocations of blocks within the Bashkirian megazone
itself. However, there may have been local horizontal
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Table 2. Angular difference between region-mean paleomagnetic directions in the geographic coordinate system

Angles between mean directions

1 “Kusa” 2 “Berdyaush” 3 “Bakal” 4 “Sibirka” 5 “Inzer zone”
1 “Kusa”
2 “Berdyaush” 9.3° £ 7.6°
3 “Bakal” 14.4° + 8.2° 11.5° = 8.3°
4 “Sibirka” 4.9° £+ 8.0° 8.2° £ 8.1° 18.2° £ 8.7°
5 “Inzer zone” 8.6° £ 8.8° 13.1° £ 8.9° 7.5°+9.4° 14.8° £ 9.2°
6 “Yamantau zone” 3.9°+6.5° 6.1° £ 6.6° 9.4° +7.3° 8.1°+7.1° 6.4° £79°
Angles between mean poles
1 “Kusa” 2 “Berdyaush” 3 “Bakal” 4 “Sibirka” 5 “Inzer zone”
1 “Kusa”
2 “Berdyaush” 9.4° +6.7°
3 “Bakal” 6.3° +6.5° 9.8° £ 7.6°
4 “Sibirka” 11.0° £ 7.6° 7.0° £ 8.5° 15.6° £ 8.4°
5 “Inzer zone” 4.4°+ 6.8° 13.5°+ 7.8° 5.8°£7.7° 15.8° £ 8.6°
6 “Yamantau zone” 4.2°+6.4° 4.2°+7.5° 7.1°+£7.3° 7.0° £ 8.3° 8.6° £ 7.6°

In the combination, for example, 10° + 9.3°, 10° is the angular difference, and 9.3° is the critical angle. The comparison was made in the
PMCALC program (Enkin, 1994), and the critical angle was calculated using the method described in (Debiche and Watson, 1995).

movements, and, at least in the Bakal region and to the
west, even local folding deformations.

The identified Late Paleozoic component is sec-
ondary because the age of the formation of the studied
intrusive bodies is Riphean. However, there are Ar-Ar
and U-Pb ages that lie in the time interval of 284—298
Ma, which we interpret as the age of secondary low-
temperature changes, probably the age of the last stage
of greenschist metamorphism (more detail are in the
section “Geology of the region and objects of study”).
The ages in the range of 284—298 Ma are in good
agreement with the established age of the acquired
remanence component. At the same time, greenschist
metamorphism can play a role in both thermoviscous
and chemical remagnetization, but this issue may be
the topic of a separate paper.

The data obtained in this study are consistent with
the previous results (Levashova et al., 2013; Golova-
nova et al., 2017; 2022) regarding the lack of rotation
of the Southern Urals blocks relative to the East Euro-
pean platform. Also, throughout the Southern Urals,
starting from the megazone of Foreland Thrusts and
ending with the Central Magnitogorsk zone, the time
of acquisition of the secondary component coincides,
and no obvious regularity can be traced in the nature
of its distribution (Fig. 15). From this, we can con-
clude that in this part of the Southern Urals, the sec-
ondary component was acquired all over the region,
approximately simultaneously, and its formation was
associated with the processes that affected the entire
studied territory at that time.
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Paleozoic Collision in the Southern Urals
and the Paleomagnetic Constraints of Its Processes
in Time and Space

The processes of orogenesis in the Southern Urals
are associated with the time interval between the Late
Devonian and Late Permian, although in the Early
Jurassic and Pliocene-Quaternary time, there was also
a short-term recommencement of vertical motions
(Brown et al., 1997; 2000a; Brown and Spadea, 1999;
2000b; Puchkov, 2009; 2010).

The beginning of the main stage of deformation in
the Southern Urals is correlated with the end of the
Devonian based on data on the age of high-pressure
metamorphism of the eclogite-glaucophane schist
Maksyutov complex, 385—365 Ma (Givetian-Famen-
nian), and the beginning of the Zilair flysch sedimen-
tation at the end of the Frasnian (Matte et al., 1993;
Shatskii et al., 1997; Hetzel et al., 1998; Beane and
Connelly, 2000; Brown et al., 2000a; 2000b; 2001;
Remaine et al., 2000; Glodny et al., 2002; Puchkov,
2010). The tectonic thrust sheets of the Zilair thrust
and the Uraltau zone, which includes the Maksyutov
complex, in modern coordinates are located southeast
of the Bashkirian megazone. In the Late Devonian in
the Southern Urals, a collision stage began, associated
with the accretion of the Magnitogorsk volcanic arc to
the East European Platform, which ended in the Early
Carboniferous (Puchkov, 2000; 2010).

During the Carboniferous, stages of compression
were followed by stages of extension. The latter corre-
sponds to the time gap between collisions of the island
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Table 3. Poles for stable Europe that were used in (Torsvik et al., 2012) to construct the apparent polar wander part of the
Baltic pole in the Paleozoic and the calculated pole for six regions (38 sites) of the Bashkirian megazone (in a geographic

coordinate system)

Objects N Plong Plat Olgs Age, Ma
g:zf;r:fjr::. j‘(;((:)l:)sg())f the western part of the Cisuralian foredeep 94 170.2 45.6 35 260
Rhyolites of the Bohemian Massif, Germany (Thomas et al., 1997) 10 161 37 7 280
Sarna alkaline intrusions, Sweden (Smith and Piper, 1979) 19 166 38 6.9 281
Trachyte dikes, Ukraine (Yuan et al., 2011) 19 179.7 49.4 6.5 282.6
;/2};3312; (;:r}:)e(:l((ji(’iritgr;; )European Basin (north), 10 174 4 31 )85
;’gi:ir(;ic(:ls\l c;t;/tr};eczf’:ligr;; )European Basin (center), 54 172 43 32 785
}S)(:)cllsrrilgr(lltfll;}‘; igzl};s’olfg t9h76) Central European Basin (north), 29 184 44 51 )85
?»Z?;Elgl(lﬁgv ;ggiis’olg t9h7€) Central European Basin (center), 6 160 37 6.8 )85
Krkonose oil shale, Czech Republic (Krs et al., 1992) 50 166.2 40 1.8 285
France (Mewbet and Guilaume, 1985 65 1694 | 02 | 22 | s
Rhyolites of the Black Forest, Germany (Edel and Schneider, 1995) 18 173 42 1 286
Volcanic rocks of the Black Forest, Germany (recalculated in _ 176 49 59 786
(Torsvik et al., 2012) based on data from (Konrad and Nairn, 1971))
Stabbene Sill, Norway (Sturt and Torsvik, 1987) 33 174 32 2.4 291
Volcanic rocks of Krakow, Poland (Nawrocki et al., 2008) — 175 44 4.8 294
Red mudstones of the Donets basin, Ukraine (Iosifidi et al., 2010) 28 164 43 3 297
s ke s ek i BEEEERE
Mean over 15 poles for stable Europe — 171.3 41.8 3.3

Our data
“Kusa” 3 174.6 42.8 7.4
“Berdyaush” 10 166.5 35 7.5
“Bakal” 10 179.3 36.3 7.2
“Sibirka” 6 159.2 40.8 9.6
“Inzer zone” 4 181.1 43.5 9.2
“Yamantau zone” 5 169.6 39.1 7.8
Mean over six regions of the Bashkirian megazone 6(38) | 171.6 39.9 5.9
Mean over 43 sites of the Bashkirian megazone 43 172.2 394 3.5

N is the number of sites/regions, Plong is the longitude, Plat is the latitude of the paleomagnetic pole, and tiy5 is the confidence interval.

arc—continent type (accretion Magnitogorsk arc) and
the continent—continent type (East European and
Kazakhstan continents). Carboniferous rift complexes
are represented in the Central Magnitogorsk zone, the
axial part of which is considered as the Magnitogorsk—
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Bogdanov graben (Puchkov, 2000; Salikhov and Yar-
kova, 1992). In the Bashkirian Age of the Middle Car-
boniferous, a collision of the East European and
Kazakhstan paleocontinents occurred. In the Mosco-
vian Age, subduction completely ended in the South-
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Fig. 15. Comparison of mean directions for six regions of the Bashkirian megazone with previously published data on the sec-
ondary Late Paleozoic component of the Southern Urals. On the right is a tectonic scheme of the Southern Urals (based on the
works of (Golovanova et al., 2022; Kozlov et al., 2001)) with marked sampling sites (circles and squares). Tectonic units: EEP—
East European Platform; WUZ—Western Uralian zone of external folding; BM—Bashkirian megazone; UUZ—Ufaley-Uraltau
zone (Uraltau in the south, Ufaley in the north); MM—Magnitogorsk megazone (in it: WM Z—West Magnitogorsk zone; CMZ—
Central Magnitogorsk zone; EMZ—East Magnitogorsk zone); EUM—East Uralian megazone; WSP—West Siberian plate. 7, 3—
5—data from (Levashova et al., 2013; Vinogradov, 2016; Golovanova et al., 2017; 2022); 2—our data for six regions of the Bash-

kirian megazone.

ern Urals, the East European and Kazakhstan paleo-
continents came into direct contact, and a “hard”
continent—continent collision began (Puchkov, 2000;
2010; 2009).

Traces of Permian syncollisional deformations are
preserved both in the cover of the Cisuralian foredeep
foredeep of the East European Platform (folding is
manifested in the sedimentary rocks of the cover, both
Early and Late Permian, although often the disloca-
tion of Permian and younger sediments of the Urals,
and particularly in the southern regions, is associated
with salt tectonics, which became active at the end of
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the Permian (Puchkov, 2000; 2010)), and in the East
Uralian megazone. At the Permian stage, hard colli-
sion manifested itself most intensely in the eastern part
of the Urals, as suggested by large Early Permian ana-
tectic granite plutons of the East Uralian megazone
(Puchkov, 2000). Early Permian deformations of the
more western part of the Urals, which includes the
Bashkirian megazone and which had formed by that
time the rigid passive margin of the East European
Platform, are characterized as “relatively weak crowd-
ing of the Earth’s crust” (Puchkov, 2000). In Late
Permian, the axis of the eroded uplift shifted to the

No.3 2024



LATE PALEOZOIC REMAGNETIZATION ON THE WESTERN SLOPE

west compared to the early stages of the formation and
development of the foredeep, and the western slope of
the Southern Urals is described as the main prove-
nance region of the material for the foredeep in the
Late Permian (Puchkov, 2000). Only by the end of the
Permian, collision processes attenuated (Puchkov,
2009; 2010).

In the complex history of syncollisional deforma-
tions of the Southern Urals, the age of folding in the
axial part of the Bashkirian megazone compares with
predominantly Late Carboniferous—Early Permian
time, although Early Permian deformations in the
western part of the Southern Urals are considered rel-
atively weak compared to the processes of orogenesis
in the eastern regions (Puchkov, 2000). The move-
ment of the axis of intense deformations to the west
towards the Late Permian is also described (Puchkov,
2000). However, conclusions about the Late Carbon-
iferous—Early Permian deformations and the west-
ward movement of the folding axis are based, among
other things, on paleomagnetic data on the Late Riph-
ean (R;) Katav formation (Shipunov, 1991; 1995;
1998; Puchkov, 2000). Currently, the remanence of
the Katav formation is considered as possibly primar-
ily Riphean (Pavlov and Gallet, 2009). Thus, the
nature of the remanence of the Katav formation is at
least debatable, which deprives us of the possibility to
reconstruct the Late Paleozoic history of the Southern
Urals from these data.

The results of paleomagnetic studies of numerous
mafic intrusive bodies of the Bashkirian megazone
presented here suggest that by the beginning of the
Permian, the fold-thrust structure of the Bashkirian
megazone should have already formed.

Similar Late Paleozoic paleomagnetic directions
are distinguished throughout the Bashkirian mega-
zone, which has a submeridional extent of ~ 250 km.
The site-mean directions and poles form a sufficiently
close group in the geographic coordinate system, in
contrast to the directions in the stratigraphic system.
Comparison with reference poles (see (Torsvik, 2012))
for Stable Europe makes it possible to establish more
accurately the time frame of the Late Paleozoic mag-
netic overprint of 280—301 Ma (the very end of the
Carboniferous—Early Permian).

Thus, after the formation of the Late Paleozoic
component 280—301 Ma, significant regional tectonic
movements within the Bashkirian megazone, as well
as the rotation of the Bashkirian megazone relative to
the East European Platform, did not occur. Local
deformations that occurred after the formation of the
secondary remanence component are rarely observed
within the region. In particular, in the Bakal region for
two intrusions and in the west of BA near the town of
Katav-Ivanovsk for one intrusion, tilt-corrected
directions are close to the expected for the Late Paleo-
zoic component, and here, local folding deformations
took place even after the remagnetization.

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 60

419

The absence of rotation of the tectonic blocks of
the Southern Urals relative to the East European Plat-
form and the absence of significant movements after
the Early Permian was described earlier. In the parts of
the Southern Urals that are more eastern than the
Bashkirian megazone,—in the Zilair megazone and in
the West Magnitogorsk zone, a postfolding secondary
Late Paleozoic component of magnetization was also
identified (Levashova et al., 2013; Golovanova et al.,
2017; 2022) (Fig. 15). At the same time, in the west-
ernmost part of the Bashkirian megazone and in the
Western Ural megazone of external folding, deforma-
tions occurred even after the formation of the Late
Paleozoic secondary component, which in these areas
is pre-folding. The synfolding, or formed shortly
before the onset of deformation, Early Permian com-
ponent is identified east of the West Magnitogorsk
zone in the Carboniferous Bogdanov graben of the
Central Magnitogorsk zone, which was a relatively
young structure at the time of Permian deformations
in the Southern Urals (Levashova et al., 2013; Golova-
nova et al., 2017; 2022) (Fig. 15). The formation time
of the component in all considered areas falls within
the range of ~270—300 Ma. There are no regularities
in the distribution of the component, i.e., the compo-
nent was formed everywhere ~270—300 Ma ago due to
the processes manifested at that time throughout the
territory, from the West Uralian zone in the west to the
Central Magnitogorsk zone in the east (Fig. 15).

Thus, the available paleomagnetic data allowed us
to establish that at the beginning of the Permian,
regional folding deformations to the west of the Main
Uralian Fault had already ended and did not resume
later, except for the most western parts of the South
Ural folding zone: the West Uralian zone and the bor-
dering territories .

CONCLUSIONS

The paleomagnetic pole calculated from the Late
Paleozoic component for the Bashkirian megazone
coincides with the mean of 15 poles for the East Euro-
pean platform with the ages of 280—301 Ma. Conse-
quently, the Bashkirian megazone did not experience
displacement relative to the East European platform
after ~280 Ma.

The Late Paleozoic secondary component of mag-
netization in most of the territory of the Bashkirian
megazone is post-folding, i.e., after the Early Perm-
ian, the western part of the Southern Urals (at least
east of the Zilmerdak fault) did not experience signif-
icant folding deformations.

Late Paleozoic remagnetization widely manifested
in the Southern Urals and within the Bashkirian
megazone occurred in the range of 280—301 Ma.
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