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ABSTRACT. We present the first systematic results of U-Pb LA-ICP-MS dating of detrital zircons from 12 samples
representing different stratigraphic levels of 5 sections of the Permian-Triassic rocks, located within the eastern part of
the Moscow basin (syneclise) - Zhukov ravine, Astashikha, Nedubrovo, Balebikha and Klykovo. It is shown that the ac-
cumulation of the Upper Permian and Lower Triassic terrigenous complexes occurred under the influence of competing
sources with two contrasting provenance signals with Neoproterozoic (Vendian)-Paleozoic and Paleo-Mesoproterozoic
ages. The identified provenance signal patterns were used to detail the correlation and stratigraphic subdivision of the
Permian-Triassic terrigenous complex of the Moscow basin. Raman spectroscopy of detrital zircon, first applied to the
Permian-Triassic rocks of the East European Platform, made it possible to identify sedimentary complexes of a relatively
older terrigenous basin as a separate source of zircons, which experienced superimposed thermal impact in the Vendian-
Cambrian time (~500-600 Ma).
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1. INTRODUCTION

At the Paleozoic-Mesozoic boundary, there occurred a
planetary-scale geosystem reworking that affected also the
East European Platform [Lozovsky et al.,, 2016; Kuleshov
et al,, 2019]. Its paleogeographic conditions in the period
considered are closely related to both climate fluctuations
and paleotectonic aspects. The evolution of the Paleo-Urals,
marked by intensive reactivation at the Permian-Triassic
boundary [Puchkov, 2010; Arefiev, 2016b], is considered
to be one of the key factors determining the sediment re-
moval into the basin of the Russian Platform (Russian Ba-
sin) at that time.

The Upper Permian - Lower Triassic complex of the
East European Platform is accessible for study in numerous
outcrops along the eastern and northeastern parts of the
Moscow syneclise (Fig. 1). The Paleozoic-Mesozoic central
and eastern parts of the East European Platform were ex-
tensive lowland, characterized by poorly dissected relief
and unstable hydrogeological regime, wherein were formed
laterally discontinuous red-colored and variegated sand-
stone, siltstone and clay beds with paleosoil horizons and
thin interlayers of gray-colored marls and limestones. Thin
horizontal bedding and a high share of pelitic fraction in
the described rocks indicate that sediment deposition oc-
curred under quiet hydrodynamical conditions, though the
plain covered by soft sludge-like sediment was easily cut
by both permanent and temporary stream channels. Thus,
ether increase or decrease in runoff from remote upland
catchments, for example, from the western slopes of the
Paleo-Urals orogen, had a direct impact on sedimentation
character [Ivakhnenko, 2001; Kiselev et al.,, 2012].

The Upper Permian and Lower Triassic continental com-
plexes of the Russian Platform are characterized by cyclici-
ty [Arefiev, 2016a], which in the first approximation is typi-
cal of the lithologic composition of formation members.
A frequent alternation of rocks with iron oxide content
(red-colored) and without it (bluish-gray color) indicates a
rapid change in sedimentary environment conditions, most
clearly represented by the oxygen saturation degree. Such
sedimentation character is in conformity with a model of
vast alluvial lowland, submerged almost entirely during
the flood seasons and fallen dry during low-water periods.
Oscillation of heavy mineral compositions was reported
in [Strok, Trofimova, 1976], but the first detailed studies
based on the modern stratigraphic scheme were only made
for single cross-sections [Arefiev et al., 2016b]. The re-
vealed regularities reflect the competition between two dis-
tributive provinces for the discharge area. However, the
analysis of heavy minerals allows a fairly wide variability in
the interpretation of direct source areas, especially in case
of a prevalence of garnet-zircon association [Lozovsky,
Esaulova, 1998], and their relative contribution to a total
debris volume.

Of further relevance is the problem of stratification and
correlation of the Permian-Triassic continental sediments
of the East European Platform which has arisen since the
very beginning of their systematic studies in the early 20®
century. Due to the known features of the formation of

continental sedimentary units, such as intraformational
hiatuses, lateral facies variation, lack of the regional lithol-
ogical markers and many others, both global and intraba-
sin correlation of the Permian-Triassic cross-sections of
the Russian Platform were and are the subject of lively dis-
cussions because of which the stratigraphic scheme of the
Permian to Triassic sedimentary complex was repeatedly
updated over the last decades [Golubev, 2016; Lozovsky,
Novikov, 2016]. A globally used method to reconstruct the
distributive provinces (debris flow source areas) in the
sedimentary basins with U-Pb detrital zircon dating is a
relatively new and effective tool of intrabasin stratigraphic
correlation and paleogeographic reconstruction, but until
recently, such studies were not performed for the Permian-
Triassic complex of the central Russian Platform. The re-
connaissance we made in 2019 for two cross-sections of
the eastern part of the Moscow syneclise - Zhukov ravine
and Nedubrovo - showed a principally new possibility of
using this method to specify the stratigraphic position of
the cross-sections of controversial age [Chistyakova et al.,
2020]. Therefore, the systematic studies, aimed at identi-
fying the source areas and estimating their share in the to-
tal volume of debris removal into the Moscow sedimentary
basin in the Late Permian and Early Triassic, are relevant
not only for paleogeographic reconstructions of the East
European Platform and its borders in the time interval
considered but also for solving tasks of stratigraphic cor-
relation and stratification of sediments.

The authors [Resentini et al., 2020] were able to obtain
additional characteristics for the Lower Cretaceous debris
flow source areas near the Zambezi River delta (South Africa)
using Raman spectroscopy of zircon grains. This technique
is based on the relationship between the degree of metamic-
tization in zircon and accumulated a-radiation dose which,
in turn, depends upon zircon age and its U and Th con-
centrations. The degree of metamictization in zircon is
reflected in the number of Raman spectra characteristics,
particularly in position of the v,(Si0,) peak, occurring for
the grains with a high degree of crystallinity at a level of
1008 cm™t. However, the crystalline structure of zircon can
be fully or partially restored during thermal annealing
without participation of fluids [Nasdala et al., 2001]. In this
case, there can be no loss of radiogenic lead, and the de-
gree of metamictization in zircon may differ significantly
from that expected for corresponding age, thus making
it possible to trace the imposed low-temperature events
which affected zircon after crystallization [Resentini et al.,
2020]. According to the experimental data [Hartel et al.,,
2021], the v,(Si0,) Raman peak shift occurs at tempera-
tures ranging from 330 to 370 °C, though [Pidgeon, 2014]
suggests that partial restoration of zircon crystallinity with-
out disturbance of the U-Pb isotopic system can take place
even at lower temperatures ~130-320 °C.

The present study is mainly aimed at actualizing and
detailing the existing ideas about debris flow source areas
in the Moscow sedimentary basin in the Late Paleozoic -
Early Mesozoic and revealing dynamics of alternation of dis-
tributive provinces within the eastern part of the Moscow
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Fig. 1. A fragment of the 1:2500000-scale geological map of Russia and adjacent water areas [Petrov, 2012] for the Moscow basin with the studied sections. Black rectangle in the inset shows the study
area. See [Chistyakova et al., 2020] for a sketch tectonic map of the East European Platform.
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syneclise from the results of U-Pb dating and Raman spec-
troscopy of detrital zircon grains in the context of ob-
taining additional constraints for regional stratigraphic
correlation.

2. OBJECTS OF STUDY

The Permian to Triassic cross-sections of the Russian
Platform contain many obvious and hidden local breaks,
which implies that stratigraphic cross-sectional correla-
tion remains controversial. However, for the Zhukov ra-
vine section (Vladimir Region), the stratigraphic continui-
ty of the Upper Permian to Triassic deposits is sufficiently
substantiated and reliable due to high paleontological data
informativity [Golubev, 2019], so that it is considered to be
a reference section for the Permian to Triassic rocks not
only of the Moscow syneclise but also of the East European
Platform as a whole [Golubev et al., 2012]. This section
plays a key role in ongoing research. We also studied four
representative Permian to Triassic section of the Russian
Platform (Fig. 1): Astashikha (Nizhny Novgorod Region),
and Nedubrovo, Klykovo and Balebikha (Vologda Region).
The cross-sections mentioned are comprehensively charac-
terized by the modern lithological-paleontological, paleo-
magnetic and isotopic-geochemical data [Lozovsky, Esaulova,
1998; Golubev et al., 2012; Arefiev et al.,, 2015, 20164,
2016b, 2017; Lozovsky et al., 2016; Kuleshov et al.,, 2019;
Fetisova et al., 2018, 2022].

The Zhukov ravine is located near Gorokhovets (Fig. 1)
and dissects the steep right slope of the Klyazma River
valley. A series of outcrops on the ravine slopes forms the
composite Zhukov ravine section of more than 45 m in
thickness. The Permian-Triassic boundary is traditionally
identified therein with the base of the Vokhmian horizon.

Table 1. A brief description of the selected samples

Four samples for U-Pb zircon dating were taken from the
sandstone layers in the Nefedovian (sample Zh-11), Zhuko-
vian (samples Zh-123 and Zh-4) and Vokhmian (sample
Zh-56) horizons (Table 1).

The section of the Astashikha locality is situated on the
right bank of the Vetluga River (Fig. 1). The samples for
detrital zircon dating were taken at three different levels
(Table 1): upper Zhukovian (sample A-4) and Vokhmian
(samples A-10 and A12D) horizons. The Permian-Trias-
sic boundary section between the A-10 and A12D sam-
pling levels is derived from the isotopic-geochemical data
[Arefiev et al., 2017].

The natural outcrop of the Nedubrovo locality lies with-
in the village of the same name on the left bank of the
Kichmenga River. The rocks of this section became of par-
ticular importance with the advent of reliable age estima-
tion based on a discovered interval of anomalous paleo-
magnetic directions [Fetisova et al., 2018]. Unfortunately,
the results of paleontological and isotopic-geochemical
[Arefiev et al,, 2015, 2017; Lozovsky et al., 2016; Kuleshov
et al, 2019] and magnetostratigraphic [Fetisova et al.,
2018] studies do not clarify the stratigraphic position of
the Nedubrovo sediments in the regional cross-section: ac-
cording to the biostratigraphic and isotopic-geochemical
data, the Nedubrovo section is situated in the lower part of
the Lower Vokhmian Subhorizon, and the magnetostrati-
graphic data imply that it is located in the lower part of
the Zhukovian horizon (Table 1). The samples for detrital
zircon dating were taken from the lower (sample H-3) and
upper (sample H-1) parts of the section.

The sections of the Klykovo and Balebikha localities are
usually considered as composite sections of the Permian
to Triassic sediments in the lower reaches of the Yug River

Section Coo(li\?l'lg?tes Sample Layer No. Description
Brown-gray fine-to-middle-grained inhomogeneously consolidated
7h-56 7 (outcrop 1029) polymictic sandstones. Sandstones, cross-bedded in the lower part and
[Golubev et al., 2012] horizontally bedded in the upper; there are thin interlayers of brown
56.179337° clays and immature paleosoils
42.641613° - — - - - -
. A9 (outcrop 1029) The sample is a gray gravelite infill: gray fine-to-middle-grained massive
Zhukov ravine Zh-4 sandstones. Gravel in the sampled layer is composed of subisometric,
[Golubev et al., 2012]
(reference) often flat, angular marl fragments
56.179339° 7h-123 6 (outcrop 1151) Gray fine-grained massive polymictic sandstones with rare inclusions of
42.641035° [Golubev et al., 2012] gray marl gravel
° Gray-yellow middle-grained poorly cemented oligomictic sandstones
56'1797590 Zh-11 27 (outcrop 1023) interlayered with mottled clays. The lower boundary of the layer is sharp
42.636625 [Golubev et al., 2012] and erosional
5 . A12D
Astashikha 423%2350 A-10 Reddish-brown middle-to-fine-grained polymictic sandstones
A-4
60.04521° H-1 11 [Arefiev et al.,, 2015] Gray siltstone lenses in the upper part of the layer
Nedubrovo 45.74047° . .
74047 H-3 4 [Arefiev et al.,, 2015] Gray-brown thin-slabby aleurosandstones
60.573175° K-4 6 (Klykovo-III lens) Grayish-brown fine-to-middle-grained polymictic sandstones with gravel
Kivk 46.414272° [Arefiev et al., 2016a] admixture
ovo
Y 60.573117° K5 1 (Klykovo-I lensI) Greenish-gray fine-to-middle-grained poorly cemented polymictic
46.416853° [Arefiev et al.,, 2016a] sandstones
. 60.726090° a ) Greenish-reddish middle-grained polymictic sands with bluish-gray
Balebikha 46.388317° b-3 9 [Arefiev etal, 2016b] gravelite lenses of the lower part of the layer
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and in Malaya Severnaya Dvina River basin, respectively
[Arefiev et al,, 2016a, 2016b]. However, the Lower Triassic
Vokhmian horizon, composed of coarse-grained alluvial
channel deposits, occurs only near Klykovo and Balebikha
localities. It is worthy of note that these two composite sec-
tions, comparable to each other, were earlier involved in
the detailed heavy mineral analysis [Arefiev et al., 2016b].
The samples for detrital zircon dating were taken in the
Balebikha section from the Vokhmian horizon (sample B-3)
and in the Klykovo section from the Vokhmian horizon
(sample K-4) and from the lower part of the Nefedovian
horizon (sample K-5) (Table 1).

Coordinates of the sampling sites and a brief lithologi-
cal characteristic of the corresponding rocks are shown in
Table 1.

3. RESEARCH METHODS
3.1. U-Pb LA-ICP-MS zircon dating

A representative number of zircon grains (70-150) was
obtained for each of 12 sandstone and aleurosandstone
samples characterizing different stratigraphic levels of five
representative Permian-Triassic sections of the Russian
Platform (Fig. 1; Table 1). The grains belong to a 50-200 pm
fraction. Zircon was extracted using standard heavy liquid
and electrical separation techniques in mineralogical labo-
ratories of the IPGG RAS and IGEM RAS. Cathodolumines-
cent (CL) images were obtained for each sample (Suppl. 1
on article page online). CL color images were obtained for
two samples (Zh-123, A12D) using Cameca MS-46 elec-
tron microprobe (IGEM RAS). TESCAN VEGA 3 (IPGG RAS)
and TESCAN MIRA IV (IPhE RAS) scanning electron micro-
scopes equipped with panchromatic detectors were used
to obtain CL images for the rest of the samples.

The direct U-Pb LA-ICP-MS dating was performed in
different laboratories. In the IPGG RAS and GIN SB RAS, the
measurements were made using Element XR mass spec-
trometers with NWR-213 laser ablation systems; the laser
beam diameter was 25-30 pum. In the IPGG RAS, isotopic
U-Pb age was determined relative to GJ-1 primary (exter-
nal) standard, and in the GIN SB RAS - relative to Harvard
91500 [Horstwood et al., 2016]. In the IEC SB RAS, U-Pb
LA-ICP-MS detrital zircon dating was performed using
Agilent 7900 quadrupole mass spectrometer and Analyte

Table 2. Data on measurements of the secondary zircon standards

Excite laser ablation system; diameter of ablated craters
was 35 pum, primary standard - PleSovice zircon [Slama
et al.,, 2008]. The isotopic age estimates for the secondary
(internal) standards obtained in respective laboratories
are listed in Table 2 and agree with those obtained by the
ID-TIMS method. Isotope ratios based on the IPGG RAS and
GIN SB RAS data were calculated using Glitter program
[Griffin et al., 2008], and those based on the IEC SB RAS
data - in lolite 4.0 [Paton et al., 2011]. All the age determi-
nation errors are at +2c level.

Further analysis and graph plotting involved the iso-
topic age estimates obtained from ?°°Pb /238U ratio for grains
younger than 1 Ga and from 2°7Pb/?°°Pb ratio for older
grains. The discordance coefficient was also taken into
account depending on zircon age: if it was not older than
1 Ga, there was adopted D, value calculated for isotopic
age estimate obtained from 2°’Pb/?%°U and 2°°Pb/?38U ra-
tios, or otherwise D,, calculated based on 207ph /296Ph and
206ph /238 age ratios. The isotopic age values with discor-
dance |D|>10% were rejected. A "soft" filter was chosen
due to high sensitivity of statistical tests to relative sample
sizes. As compared to the age spectra, obtained through a
stricter data filtering, no significant qualitative differences
were found. The tables containing all initial LA-ICP-MS de-
trital zircon dating data are provided in Suppl. 2 on article
page online; relationships between Th/U ratios and detri-
tal zircon U-Pb ages are presented in Suppl. 3 on article
page online.

Graph plotting and statistical processing of the data
were performed using IsoplotR [Vermeesch, 2018] and
Dezirteer [Powerman et al., 2021]; the latter was involved
in calculating peaks of the age distribution curves. Histo-
grams and Kernel Density Estimation (KDE) curves with a
fixed bandwidth "20" were drawn for each sample. Each
section plot was normalized so that the areas thereunder
were equal. A quantitative comparison of the data was
made based on the Kolmogorov - Smirnov (K-S) test. The
criterion of Kolmogorov - Smirnov allows identifying the
presence of statistically significant difference for a pair of
age distributions: if the generated probability is less than
the threshold value p<0.05, then the source areas of the
rocks compared are different (at a @95 confidence level).
However, the K-S test can only provide an indirect estimate

Laboratory Standard Isotopic ratio ID-TIMS ages (Ma) Source Ages obtained in the present study (Ma)
207ph /206py 1066+0.6 [Horstwood et 1066+5
1PGG RAS Harvard 91500 oqp osoyy 106404 al, 2016] 106535
. . [Slama et al,
206 238
PlesSovice Pb/%8U 337.1+0.4 2008] 3362
G-1 206pp /238 601.9+0.4 [Horstwood et 599+3
GIN AS RAS 207pp /206Ph 607.7+0.7 al,, 2016] 586+28
. . [Slama et al,
206 238
PlesSovice Pb/%8U 337.1+0.4 2008] 338+2
G-1 206pp /238y 601.9+0.4 [Horstwood et 597+3
IEC SB RAS 207pp /206Ph 607.7+0.7 al, 2016] 61917
206p}, /238 [Black et al.,
R33 Pb/#8U 419.3+x0.4 2004] 422+3
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of the probability of identity among source areas [Guynn,
Gehrels, 2010]. This limitation is due to the fact the analy-
sis is only made on the zircon ages which themselves can
characterize coeval sources, different in their origin and
geographic location. The interpretation should also be done
carefully because of sensitivity of the method to the ana-
lyzed sample sizes, and inhomogeneity and discreteness of
the initial data. The results of the Kolmogorov - Smirnov
test were visualized using Multi-Dimensional Scaling (MDS),
proposed in [Vermeesch, 2013] as an effective method for
analysis of a large number of sets of isotopic ages of detri-
tal zircons. A corresponding diagram reflecting similarity
measure between the studied samples was plotted using
IsoplotR [Vermeesch, 2018].

3.2. Raman spectroscopy of zircon

Raman spectroscopy of zircon was performed at the
Shared Research Facilities of the IEPh RAS [Veselovskiy et
al,, 2022] using Raman Analyzer EnSpectr R532 for Olympus
BX53M optical microscope: laser wave length was 532 nm,
power - 30 mW, there was used the 50x objective; the values
obtained during five cycles of measurements with a 5 s ex-
posure time were averaged for each grain. An error in the
v,(Si0,) peak location determination is +1 cm™. An approx-
imate age of the superimposed thermal events was esti-
mated by the method described in detail in [Resentini et
al., 2020]: recalculating the radiation dose so that when
fitting a set of points falling within the range of values ex-
pected for unannealed grains and a set of points, deviat-
ing from that trend to the right part of the plot using least
square approximation, the value of the reliability of the
approximation R? was the maximum.

4. RESULTS AND DISCUSSION
4.1. U-Pb LA-ICP-MS detrital zircon dating

Four stratigraphic levels of the Zhukov ravine reference
section were sampled. Sample Zh-56, characterizing the
Vokhmian interval of the section, contains zircon grains
with a wide range of ages (Fig. 2,a) - from 336 to 3219 Ma. A
clearly defined dominant peak of KDE curve with the maxi-
mum of 357 Ma is formed by the Paleozoic group (57 %).
The isotope-based age estimates for the rest of the grains
are rather regularly distributed in the interval of 920-
2020 Ma, the Archean grains are single. It is worthy of note
that this sample is the least represented and only contains
61 zircon grains with conditional age estimates. The curve
of zircon isotopic age distribution for sample Zh-4, se-
lected from the upper Zhukovian horizon, is clearly poly-
modal (Fig. 2, b). There can be distinguished three clearly
defined modes of 363, 1043 and 1635 Ma, as well as three
subordinate maximums of 525, 1867 and 2715 Ma. Most of
the sample size (85 %) falls within the Proterozoic age in-
terval (938-1988 Ma). Sample Zh-123, also characterizing
the Zhukovian interval of the section, resembles the dis-
tribution for the Vokhmian part of it (Fig. 2, c). In spite of
the fact that the U-Pb ages are distributed in a wide range
of 319 to 2695 Ma, almost half of the sample is grouped
in a narrow interval with a maximum of 373 Ma. The age

of detrital zircon characterizing the lowest of the sampled
stratigraphic intervals of the Zhukov ravine section - the
upper Nefedovian horizon (sample Zh-11), - varies with-
in the range of 338 to 2747 Ma (Fig. 2, d). About 70 % of
the total sample size accounts for the grains with ages of
940-2080 Ma, forming two clearly defined peaks of 1021
and 1781 Ma on KDE curve. The Paleozoic zircon genera-
tion forms a clearly defined maximum of 361 Ma. The un-
representative Late Archean grain population is grouped
on the segment with the maximum of 2675 Ma, and three
Vendian grains form a small peak of 617 Ma, comparable
to similar peaks in the Upper Permian samples Zh-123 and
Zh-4. The distribution as a whole reproduces the age spec-
trum of Zh-4.

The age distributions for all three samples from the
Astashikha section (A-4, A-10 u A12D) are almost identical
(Fig. 3). Each has the representative Devonian-Carbon-
iferous population with a maximum of about 360 Ma on
KDE curve. However, most of the isotopic age estimates
(75-80 %) are distributed in the interval of 900-2000 Ma
where the curve is bimodal as a whole with the main mini-
mum at a level of about 1300 Ma. A small population of the
Vendian - Early Cambrian ages on KDE curve is reliably
distinguished only in sample A12D (Fig. 3, a).

Both samples from the Nedubrovo section are unam-
biguously dominated by the Paleozoic grains whose iso-
topic age estimates are concentrated in a relatively narrow
interval of 290-440 Ma and form a peak with a mode of
about 350 Ma on KDE curve (Fig. 4). Against the back-
ground of this clearly defined maximum, the rest of the
isotopic age estimates, rather regularly distributed within
the Proterozoic interval, are poorly defined. Therefore, no
significant differences were found between the age spec-
tra obtained for two studied samples, except for an almost
two-fold decrease in the share of the Precambrian grains in
the upper section: the Proterozoic U-Pb zircon ages make
up 34 % of sample H-3 and 16 % of sample H-1.

In sample K-4 (Fig. 5, a) from the Vokhmian interval of
the Klykovo section, the most intensive peak on KDE curve
with the main maximum of 349 Ma and local maximum of
425 Ma, is formed by the Paleozoic grains making up 44 % of
the whole sample. The other part of the sample is comprised
of the Archean-Proterozoic grains: in the interval of 900-
2000 Ma there are observed several relative maximums, with
isolated groups of the Archean grains near an estimate of
2.7 Ga. Worthy of note are also two zircon grains which were
found in this sample and whose ages are considered di-
rectly similar to the formation time of the rocks studied -
25043 u 251+3 Ma. Sample K-5 from the Nefedovian hori-
zon of the section differs by almost absolute predominance
(87 %) of the Paleozoic zircon grains with a modal value of
349 Ma on the age distribution curve (Fig. 5, b).

Sample B-3 characterizes the Vokhmian interval of the
Balebikha section, which represents a large alluvial chan-
nel incision and is similar to K-4 sampling interval of the
Klykovo section. However, the detrital zircon age distribu-
tions for these two samples are not fully comparable to each
other (Fig. 5, a; Fig. 6). Thus, the age spectrum of sample
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Fig. 2. Normalized detrital zircon U-Pb age distributions (histograms and KDEs) from the Zhukov ravine reference section.
On the right are typical CL images of grains from different age populations. N is a total number of grains analyzed; n is a number of
grains having discordance <10 %. The numbers mark representative age peaks (Ma).
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B-3 has a distinguished intensive peak for the Paleozoic
population with a modal value of 351 Ma, and the age dis-
tribution character in the Proterozoic interval is similar to
bimodal - two most clearly defined maximums of 997 and
1487 Ma on KDE curve. Besides, unlike the age spectrum
for sample K-4, sample K-4 does not have a local maximum
close to 400 Ma.

The search for indirect sources of zircon for complexly
structured continental units in the central areas of a large
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platform with a thick cover is a rather specific task [Andersen
et al,, 2016]. We will provide several versions of interpre-
tation which can complement each other. Judging on the
obtained isotopic age estimates, the primary sources of zir-
con in the studied sections of the Russian basin could be
associated with the following crystalline complexes.

1. Devonian and Carboniferous magmatic rocks wide-
spread within the Uralian orogen [Puchkov, 2010; Fershtater,
2013].
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Fig. 3. Normalized detrital zircon U-Pb age distributions (histograms and KDEs) from the Astashikha section. Other designations are

the same as in Fig. 2.
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Fig. 4. Normalized detrital zircon U-Pb age distributions (histograms and KDEs) from the Nedubrovo section. Other designations are
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Fig. 5. Normalized detrital zircon U-Pb age distributions (histograms and KDEs) from the Klykovo section. Other designations are the
same as in Fig. 2.
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Fig. 6. Detrital zircon U-Pb age distribution (histogram and KDE) from the Balebikha section. Other designations are the same as in

Fig. 2.

2. Complexes related to the processes of initiation of the
Timan (Protouralian) foldbelt in the interval 530-750 Ma
[Puchkov, 2010; Soboleva et al., 2012; Kuznetsov et al.,,
2014a].

3.The Sveconorwegian [Bingen etal., 2021; Mints, 2017]
and Svecofennian [Daly et al., 2006] exposures of crystal-
line rocks which are characterized by zircon ages of about
1.0 and 1.6-1.8 Ga, respectively. However, the Proterozoic
zircon-bearing rocks are also known for the complexes
making up the basement of the Timan-Pechora region and
locally exposed near the Timan Ridge [Pystin et al., 2020,
and references therein]. Nevertheless, there can also exist
the third way the Proterozoic zircon entered the central
parts of the East European Platform: the studies of the
Vendian-Paleozoic terrigenous complexes of the South Ural
[Kuznetsov et al., 2014b] showed the presence of detrital
zircon grains whose age distributions therein are similar
to those known for Fennoscandia. The remoteness (more
than 2000 km) of the Svecofennian and Sveconorwegian
domains allowed the authors to suggest the presence of
extra-Baltic sources with similar age characteristics. Thus,
there remains an identification ambiguity for distributive
province with the "Fennoscandian" signal, revealed as a
result of the heavy mineral analysis [Lozovsky, Esaulova,
1998].

4. Late Archean complexes of the Karelia-Kola and/or
Volga-Ural regions [Daly et al., 2006].

5. Other local exposures of the East European Platform
Archean-Proterozoic basement.

Direct source areas in formation of the Permian to Trias-
sic rocks of the Russian Platform could obviously be rela-
tively older sedimentary rocks formed earlier as a result

of erosion of the described crystalline complexes. Among
other things, we cannot exclude a rather high degree of zir-
con recycling directly across the studied Permian-Triassic
continental units.

Thus, the present paper characterizes distributive areas
in terms of "provenance-signals" - representative sets of
zircon age values, related to the most typical and wide-
spread magmatic, metamorphic and terrigenous complexes
of certain regions, and corresponding to their different
developmental stages. However, taking into account high
retained variability of interpretation of the Precambrian
zircon grains, we propose to consider the revealed prov-
enance-signals, first of all, in terms of their contrasting
age characteristics and distinguish the Vendian-Paleozoic
and Paleo-Mesoproterozoic signals. It should be noted that
due to the correspondence between the main KDE maxi-
mums and known global episodes of tectono-magmatic ac-
tivation [Pastor-Galan et al., 2019], an extremely wide in-
terpretation of potential sources of zircon is allowed to be
based solely on the U-Pb ages.

Fig. 7 shows a version of stratigraphic correlation for
five studied Permian-Triassic sections based on biostratig-
raphic, magnetostratigraphic and isotopic-geochemical data.
The sections are represented by red-colored sandy-clay
rocks of the Nefedovian, Zhukovian and Vokhmian horizons.
However, at present it is not possible to obtain a reliable lo-
calization of the Permian-Triassic boundary (the boundary
between the Upper Vyatkian Substage and the Induan Stage,
respectively) in the considered stratigraphic successions of
the Russian Platform. Nevertheless, in accordance with the
isotopic-geochemical data, the Permian-Triassic boundary
is located within the Lower Vokhmian Subhorizon.
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Complex analysis of the U-Pb ages of detrital zircons
from the central areas of the East European Platform re-
vealed the following regularities (Fig. 8). Generally there
are two types of age spectra to be distinguished:

(1) the sample provides a fairly even representation of
the Archean-Proterozoic and Paleozoic (50-80 % of the en-
tire sample) populations, though a clearly defined dominant
peak of KDE curve falls within the interval 350-370 Ma
(for example, sample Zh-56, see Fig. 2, a);

(2) most of the sample (70-85 %) is represented by
the population of the Archean-Proterozoic grains which
usually splits into two subpopulations, and the Paleozoic
population of grains is subordinate thereto (for example,
sample Zh-4, see Fig, 2, b).

The detrital zircon age distribution (Fig. 8), obtained
for the Lower Nefedovian stratigraphic level (sample K5) is
related to spectra of the first type (no less than 50 % con-
tribution from the Vendian-Paleozoic provenance-signal).
Upward the section, in the Upper Nefedovian layers (sample
Zh-11), there occurs the age spectrum of the second type -
with the dominance of the Paleo-Mesoproterozoic prove-
nance-signal (70-85 %). Just ~7 m further upwards, in the
Lower Zhukovian stratigraphic interval (Zh123 sampling
level), there is observed a reorganization of distributive
areas in favor of the dominant Vendian-Paleozoic signal.
However, no further than the Upper Zhukovian part of the
section, within the boundaries of the stratigraphic interval

combining samples Zh-4 and A-4, there is another occur-
rence of reliable correlation in detrital zircon age spectra
of the second type with a clear dominance of the Paleo-
Mesoproterozoic signal. A regular alternation of two types
of detrital zircon age distributions continues even further.
The age spectra of the first type were obtained for the
Vokhmian intervals of the Zhukov ravine and Klykovo and
Balebikha sections (samples Zh56, K-4, 53). However, the
Vokhmian level of the Astashikha section (samples A-10
and A12D) is characterized by no less than 70-85 % share
of the Paleo-Mesoproterozoic provenance-signal. There-
fore, the stratigraphic analogs of the Vokhmian deposits of
the Astashikha section in the Zhukov ravine section are (1)
located in the lower Vokhmian horizon below Zh-56 sam-
pling level or (2) entirely absent (stratigraphic break).

If the age distributions of detrital zircons from the Zhukov
ravine section are considered as reference to correspond-
ing stratigraphic levels within the Moscow basin, then the
stratigraphic scheme could also be clarified as follows
(see Fig. 7). The new paleomagnetic [Fetisova et al., 2022]
and geochronological data imply that that the rocks of the
Nedubrovo section correlate with an anomalous paleo-
magnetic recording interval in the lower Zhukovian hori-
zon of the Zhukov ravine reference section characterized
by sample Zh-123 (see Fig. 7). However, the upper bound
of the compared interval is Zh-4 sampling level which re-
flects the reorganization of distributive areas in favor of
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Fig. 8. Results of U-Pb LA-ICP-MS dating of detrital zircon from the Permian-Triassic boundary sections of the eastern part of the

Moscow basin (normalized KDEs).

N - a total number of grains analyzed; n - a number of grains having discordance <10 %. The numbers mark representative age peaks
(Ma). The dotted lines are drawn across the main age peaks of KDE curves.
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Fig. 9. Compared cumulative curves for age spectra of zircon from the studied sections (a) and Kolmogorov - Smirnov-based Multi-
dimensional scaling (MDS) plot reflecting the degree of difference/similarity between the obtained zircon age distributions (b).

Table 3. Results of the Kolmogorov — Smirnov test (p values calculated taking into account errors in isotopic age determination)

Balebikha

Section Zhukov ravine Astashikha Nedubrovo Klykovo

Interval

B-3

H-3

Zh-123 Zh-11 K-4

Zh-4

Sample Zh-56

Zh-56 0.677 0.254
Zh-4 0.228 0.184 0.888

Zh-123

Zh-11 0.591 0.331 0.480

A12D - 0.884 0.903

A-4
H-1
H-3
K-4
K-5
B-3

Legend:

_ Lower Triassic interval of the section

Upper Permian interval of the section
Debatable interval

Parameter p; if p<0.050, then sources of detrital zircons are different (at 95% confidence level)
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the dominant Paleo-Mesoproterozoic provenance-signal.
Thus, we are inclined to reconsider the conclusions drawn
in [Chistyakova et al., 2020] and, according to publicly
available dataset, to relate the entire Nedubrovo section to
the Early Zhukovian age. Nevertheless, the remoteness of
the Nedubrovo section from the Zhukov ravine reference
section does not allow using new isotopic-geochronolog-
ical data for convincing justification of stratigraphic po-
sition of the Nedubrovo layers. In this connection, when
compiling the scheme of evolution of distributive areas,
we considered the models based on two versions of strati-
graphic position of samples H-3 and H-1: Vokhmian and
Lower Zhukovian.

Highly contrasting age distributions of detrital zircons
from the Permian-Triassic complexes of the Moscow syne-
clise are illustrated by the graph of difference between cu-
mulative curves (Fig. 9, a), which lies in the basis of statisti-
cal comparison on the criterion of Kolmogorov — Smirnov.
The results of the Kolmogorov - Smirnov test (Table 3) are

visualized in multidimensional scaling (MDS) plot (Fig. 9,
b): the degree of similarity between the samples therein
reflects the degree of their similarity on the criterion of
Kolmogorov - Smirnov. During the work the results obtained
with the 10 % discordance filter (used in all graphics and
value calculations in Table 3) were compared to those ob-
tained with the 5 % discordance filter: both versions were
kept in case of a significant difference between the posi-
tions of the same sample on the MDS plot.

Samples on the MDS plot form two clusters, thus in-
dicating a principal difference between the debris source
areas for the rocks therefrom. It is worthy of note that
samples Zh-4, A-4, A-10, A12D and Zh-11 form a more com-
pact cluster, i.e., are more similar in their source areas.

4.2. Raman spectroscopy
Raman spectroscopy method was used to study eleven
samples characterizing the Moscow syneclise (Suppl. 4 on
article page online). All plots of the relationship between
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https://www.gt-crust.ru

14


https://www.gt-crust.ru
https://doi.org/10.5800/GT-2023-14-5-0718-suppl-4

Chistyakova A.V. et al.: Provenance of the Permian-Triassic...

Geodynamics & Tectonophysics 2023 Volume 14 Issue 5

the v,(Si0,) peak position and calculated alfa-radiation dose
(Fig. 10; Suppl. 4) show the clusters of points deviating
significantly from the empirical trend obtained for zircon
which was not thermally annealed [Nasdala et al., 2001].
The points can be shifted both to the right and to the left
from this trend. In the first case (red dots in Fig. 10, a), the
shift is partially attributed to thermal restoration of the
crystalline structure of zircon. The observed increase in the
degree of crystallinity (the v,(Si0,) Raman peak shift is much
less than that expected for the corresponding alfa dose -
gray dots in Fig. 10, a), probably reflects a high degree of
hydrothermal alteration of the rocks [Kaulina et al., 2017].
Further calculations were made with no regard to analyses
with underestimations of the degree of crystallinity.
Statistically significant (20-30 %) amount of thermally
annealed grains was recorded in three samples from the
Upper Permian interval: Zh-11 (Zhukov ravine section), and
A-10 and A-4 (Astashikha section). Based on these samples,
age estimates were made of thermal events (Fig. 10, b). It

is supposed that the ages corresponding to thermal events
were about 500, 550 and 580 Ma for samples Zh-11, A-10
and A-4, respectively. Taking into account a high error in
the results, we are inclined to consider the obtained ages
as part of the single Vendian-Cambrian thermal event.
Complex analysis of the results for Raman spectrosco-
py and U-Pb LA-ICP-MS dating of detrital zircon (Fig. 11)
showed that thermally affected grains were those with ages
ranging between 900 and 3200 Ma. There is relatively
equal proportion of zircon from all groups forming signifi-
cant peaks on the age distribution curve in the range men-
tioned. A wide range of ages of thermally annealed grains
may imply that the thermal event occurred in some inter-
mediate sedimentary basin. The Vendian-Cambrian age of
the supposed thermal event allows us to correlate it with
tectonomagmatic processes related to the Timan (Proto-
uralian) folded structure whose relics are found within the
present-day Uralian orogen [Puchkov, 2010]. Therefore,
the described intermediate basin should have been located
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Fig. 11. Evolution of provenance of the Permian-Triassic detritus from the eastern part of the Moscow basin. The scheme represents

two versions of stratigraphic position of the Nedubrovo section.
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near the eastern or, in terms of modern coordinates, north-
eastern margin of the East European Platform.

5. CONCLUSION

Analysis has been made on 1400 zircon grains extracted
from 12 samples which were taken from 5 sections of Per-
mian-Triassic sequences of the eastern part of the Moscow
basin. From the Permian-Triassic terrigenous complex of
the East European Platform there were for the first time
obtained representative isotopic-geochronological data,
used for the reconstruction of source areas of the Moscow
basin at the Paleozoic-Mesozoic boundary. It is shown that
in a number of cases the results of detrital zircon dating
can serve as a publicly available data source to clarify the
schemes of intrabasin correlation and sequence strati-
graphic division of the formations considered.

The main conclusions drawn herein are the following:

1. The results of U-Pb LA-ICP-MS detrital zircon dating
confirm the earlier heavy-mineral-analysis-based sugges-
tion [Arefiev et al., 2016b; Strok, Trofimova, 1976] that the
Permian-to-Triassic sedimentary complexes in the central
East European Platform formed under competitive condi-
tions among two main source areas.

2. These competing source areas are characterized by
two contrast provenance-signals - Vendian-Paleozoic and
Paleo-Mesoproterozoic.

3. During the Late Vyatkian, the reorganization of source
areas of the Moscow basin occurred at least twice (Fig. 11).
There is an observed alternation between mode of domina-
tion of source areas with the Paleo-Mesoproterozoic signal
and debatable geological position (75-80 % of the sample),
and mode of intensification of detritus removal with the
Vendian-Paleozoic provenance-signal into the Moscow ba-
sin due to erosion of the complexes of the Uralides (50-75 %
of the sample). Another similar reconstruction occurred
in the Vokhmian and, probably, reflects global changes di-
rectly at the Permian-Triassic boundary.

4. In the Late Permian, one of the source areas of the
Moscow basin was a terrigenous complex whose rocks ex-
perienced a relatively low-temperature superimposed im-
pact in the Vendian-Cambrian time (~500-600 Ma) due to
tectonomagmatic processes of the initiation and develop-
ment of the Timanides-Protouralides.
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