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The U-Pb ages of detrital zircons and the chemical compositions of detrital garnets and tourmalines from Juras-
sic—Cretaceous sedimentary rocks of the northern part of the Priverkhoyansk Foreland Basin, the central part of the
Yenisey—Khatanga Depression, and the northern part of the Taimyr—Severnaya Zemlya Fold and Thrust Belt were used
for a provenance study. Detrital zircons display two age populations, dominated by Late Paleozoic and Paleoprotero-
zoic—Archean zircons, respectively. The first population was recognized in all samples, whereas the second is restricted
to Cretaceous samples, suggesting that erosion of the Siberian Craton basement was the main source of clastic sediments
only during the Cretaceous. The chemical compositions of the garnets also indicate several sources of detrital material,
which changed with time. There are significant differences in the composition of Jurassic (grossular—almandine) and
Cretaceous (mainly pyrope) garnets. The pyrope association is characteristic of the high-grade metamorphic rocks of
the Siberian Craton, which correlates well with our zircon data. The chemical composition of tourmaline grains var-
ies widely and does not show significant differences between samples of different ages, therefore could not be used to
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discriminate between different provenance areas in this study.
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1. Introduction

Clastic sediments contain a record of the composition
and evolution of their source area and represent key
tie points for validating paleogeographic and paleotec-
tonic reconstructions. U-Pb dating of detrital zircons has
emerged as the most popular tool in recent provenance
studies and the associated techniques, opportunities and
applications were summarized in a set of recent papers
(Cox 2003; Fedo et al. 2003; Anderson 2005; Cawood et
al. 2012; Gehrels 2012, 2014). The method focuses on
identification of the age of magmatic and/or metamorphic
rocks in the source area. However, as zircons are highly
resistant to physical abrasion and chemical weathering,
it is likely that they have been recycled several times
by sedimentary reworking, adding extra complexity to
an interpretation of their provenance. Some rock types,
such as mafic and ultramafic magmatic rocks, contain
few zircons. Therefore, sediment contributions from such
rocks may be missed or misinterpreted by detrital zircon
studies. Furthermore, U-Pb dating of detrital zircons
cannot directly provide reliable information on the rock
type in the provenance area, for which other geochemi-

cal techniques are required. One such technique is heavy
minerals analysis, discussed in detail by Morton (1985,
1991) and Mange and Morton (2007).

The most reliable technique for understanding the
principal rock types in a source area of sediment is an
analysis of the chemical composition of tourmalines and
garnets (e.g. Henry and Guidotti 1985; Hallsworth and
Chisholm 2008; Kowal-Linka and Stawikowski 2013;
Vdaény and Bacik 2015). In most previous studies, de-
trital tourmaline was represented by grains of dravite and
schorl (with rare occurrences of uvite and Mg-foitite),
principally derived from metapelites and metapsammites
(with a subordinate proportion of grains from Li-poor
granitoids). Detrital garnets are more chemically hetero-
geneous which makes it easier to reconstruct rock types
in a provenance area; however, it is still difficult based
on standard diagrams (e.g. Kowal-Linka and Stawikowski
2013; Krippner et al. 2014). Nevertheless, with simulta-
neous use of data from both minerals, the reliability and
confidence in resulting paleogeographic and paleotectonic
reconstructions are significantly increased.

This paper combines U-Pb detrital zircon dating and
heavy mineral analysis to evaluate the provenance of

WWW.jgeosci.org


http://dx.doi.org/10.3190/jgeosci.264

Oleg S. Vereshchagin, Andrey K. Khudoley, Victoria B. Ershova, Andrey V. Prokopiev, Gennady V. Schneider

Jurassic and Cretaceous sandstones in
the Mesozoic sedimentary basins fram-
ing the northern margin of the Siberian
Craton. The only comprehensive heavy
mineral study (Kaplan 1976) was car-
ried out more than 40 years ago and is
in urgent need of revision with mod-
ern approaches. More recent studies
(Zhang et al. 2013, 2015; Malyshev
et al. 2016) were focused on discrete
localized areas and did not attempt to
correlate tectonic events between the
sedimentary basins along the northern
margin of the Siberian Craton.

2. Geological setting
80° 100° 120° 140° 160°

The study area is located along the
northern margin of the Siberian Craton

, and surrounding fold and thrust belts
South Anyui (FTB) (Fig. 1). The Siberian Craton
basement consists of Archean terranes
that were accreted during the Paleo-
proterozoic (1.8-1.95 Ga) (Smelov
and Timofeev 2007). Major exposures
of the Archean and Paleoproterozoic
crystalline rocks are found in the Ana-
bar Shield and Olenek Uplift in the
northern part of the craton, and the
Aldan Shield and Sharyzhalgai Uplift
in the southern part. The overlapping
Siberian Craton % sedimentary cover started to form in
the Mesoproterozoic. The Meso- and
Neoproterozoic sedimentary succession
has a patchy distribution within the Si-
berian Craton, mainly comprising car-
bonates and clastic unit (Khudoley et
al. 2007, 2015 and references therein).
Aldan Shield Regional transgression started in
the Ediacaran and led to deposition of
Ediacaran—Lower Paleozoic, predomi-
nantly shallow-marine carbonates and
Ural':iMongol EilB evaporites across a large part of the
craton. In the Late Devonian, rifting
occurred along the eastern margin of
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Archean—Paleoproterozoic basement of the Siberian Craton Fig. 1 Simplified geological map of the Siberian

Craton and adjoining fold and thrust belts and

Basement of the Siberian Craton reworked in Paleozoic and Mesozoic sedimentary basins. Possible source areas for

clastic material and location of the study area

Pre-Jurassic sedimentary cover of the Siberian Craton are also shown. FTB — Fold and Thrust Belt,

Major Mesozoic sedimentary basins of the West Siberia YKhD — YenisenyI{atanga Depression, {AL]? —

and margins of the Siberian Craton Aldan—Lena Depression, WSSB — West Siberian

Boundary of the Siberian Craton in modern structure: Sedimentary Basin, KOS — Kolyma-Omolon
2 4| a- established, b — inferred Superterrane.
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Fig. 2 Geological map showing location of samples within the Mesozoic sedimentary basins at the northern margin of the Siberian Craton. Geology
after Pogrebitsky (1998), Malich (1999) and Ershova et al. (2016) (modified). Samples 19-v09-8 and 19-v09-81 and samples 3-v11-11, 3-v11-27
and 3-v11-130 were collected in adjacent sections (see coordinates in Tab. 1).

the craton, which was followed in the latest Early Car-
boniferous by a shift from carbonate to mainly clastic
sedimentation across the craton as a whole. Since that
time, a thick clastic succession was deposited along the
subsiding northern and eastern passive margins of the
craton, while only a thin and patchy Upper Paleozoic—
Mesozoic cover was deposited and preserved across the
central part (Prokopiev et al. 2001).

The Siberian Craton is framed by thrust and fold belts
mainly formed as a result of terrane accretion to the mar-
gins of Siberia during the Neoproterozoic—Cretaceous
(Fig. 1). They consist mainly of low-grade metamorphic
to unmetamorphosed rock units varying in age from Me-
soproterozoic to Mesozoic, cut by Neoproterozoic, Late
Paleozoic and Mesozoic granite intrusions (Zonenshain
et al. 1990; Vernikovsky 1996; Prokopiev et al. 2001 and
references therein).

Mesozoic sediments are widely distributed along the
northern margin of the Siberian Craton within the north-
ern Priverkhoyansk Foreland Basin, Anabar—Lena De-
pression and Yenisey—Khatanga Depression, along with
Jurassic and Cretaceous sediments overlapping folded
rock units of the Taimyr—Severnaya Zemlya FTB (Fig. 2).

Within the Taimyr—Severnaya Zemlya FTB, the Juras-
sic and Cretaceous rocks have sub-horizontal bedding

and are represented by poorly lithified shallow marine to
fluvial sandstones, with subordinate clays and laterally
discontinuous conglomerate and sandstone beds (Fig. 3).

The Yenisey—Khatanga Depression is the deepest
sedimentary basin on the northern margin of the Siberian
Craton. The Lower Jurassic rocks of the Yenisey—Kha-
tanga Depression unconformably overlie various strata of
Triassic age, and consist of shales and siltstones with sub-
ordinate fine- to medium-grained sandstones deposited in
marine environments. According to seismic data, the total

Tab. 1 Age and location of studied samples

No  Sample No latitudeCoordmate?ongitude Age
1 44102-VII 77°27'16" 102°48'8" 1,
2 Vol-1475 71°16'00" 94°40'25" 1,
3 44102-VI 77°27'16" 102°48'8" I,
4 56147-X111 77°32'47" 103°23"21" ],
5 3-v11-11 70°47'48.5" 127°36'52.9" J,
6 19-v09-08 70°57'36.5" 127°3026.5" ],
7 44102-1V 77°27'16" 102°48'8" I
8 A-2006-4 75°54'23" 101°05'15" I
9 3-v11-27 70°47'31.3" 127°36'27.2" K,

10 18847-1 76°24'3" 99°21'35" K,

11 19-v09-81 70°57'02.5" 127°29'06.7" K,

12 3-v11-130 70°47'31" 127°36"27" K
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thickness of Jurassic and Cretaceous rocks reaches up to
10—11 km in the central part of the depression, decreasing
towards its margins and northeastward (Afanasenkov et
al. 2016). Paleocene sediments are also preserved locally.
The origin of the Yenisey—Khatanga Depression was
likely related to the latest Permian—Early Triassic rifting
event, widespread in adjacent parts of the West Siberian
Basin and Siberian Craton (e.g. Botneva and Frolov 1995;
Pogrebitskiy and Shanurenko 1998).

The Priverkhoyansk Foreland Basin is located along
the eastern margin of the Siberian Craton and extends
for ~1100 km, separating the Verkhoyansk FTB to the
east from the Siberian Craton to the west (Fig 1). The

Central and North Taimyr

Composite section Volochanskaya well

Verkhoyansk FTB extends to the east and south as far as
to the Pacific coast (Parfenov et al. 1995; Prokopiev et
al. 2001; Khudoley and Prokopiev 2007). Folding in the
Verkhoyansk FTB resulted from Late Mesozoic collision
between the Siberian Craton and the Kolyma—Omolon
Superterrane. Changes in sedimentary facies from the
Tithonian to Aptian correlate with a switch from distal
foredeep to proximal foredeep sedimentation, related to
westward migration of depocentres in front of the west-
ward propagating thrust belt (Ershova et al. 2012).

3. Materials and methods

Chucha Cape Section 3.1. Sampling
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Twelve sandstone samples
were selected for U-Pb detri-
tal zircon dating and detrital
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Lithology

System

tourmaline and garnet chemi-
cal composition analysis from
the Jurassic and Cretaceous
succession. Their locations
and stratigraphic context are
shown in Figs 1, 3 and in
Tab. 1. Two areas, located
in opposite (northwestern and
southeastern) parts of the dis-
cussed Mesozoic sedimentary
basins, were selected for U—
Pb detrital zircon study and
tourmaline and garnet chemi-
cal composition analysis, in
order to identify the likely
provenance of Jurassic and
Cretaceous strata.

Within the northern Taimyr
area, six samples were col-
lected for U-Pb detrital zircon
and heavy mineral analysis,
five Jurassic and one Creta-
ceous (Fig. 3). The Lower and
Middle Jurassic samples are
cross-bedded, poorly-sorted,
medium- to coarse-grained
sublithic to subarkose sands.
Upper Jurassic samples repre-
sent coarser grained sands and

Cretaceous
Lower
Valanginian-Aptian

Berriasian

are more mature in composi-
tion. The Cretaceous (Albian)

Fig. 3 Stratigraphic chart for studied
Jurassic and Cretaceous sections, after
Makariev (2013) and data by authors.

Jurassic
Middle |~
Bathonian |n

1 — Upper

Permian
2 — Callovian, Oxfordian, Tithonian

See location of samples in Fig. 2.

202



Provenance of Jurassic—Cretaceous rocks from the Siberian Craton

sample is a medium-grained subarkose sandstone. The
only studied sample in the Yenisey—Khatanga Depres-
sion is the Lower Jurassic subarkose sandstone from the
Volochanskaya well located in the central part of the de-
pression (Fig. 3). Five samples have been obtained in the
northern part of the Priverkhoyansk Foreland Basin, two
from Middle Jurassic and three from Lower Cretaceous
strata (Fig. 3). Middle Jurassic and lowermost Cretaceous
samples are medium-grained arkosic to subarkosic sand-
stones, likely of deltaic origin. Samples from the upper
part of the Lower Cretaceous succession (Hauterivian—
Aptian) are represented by medium- to coarse-grained
cross-bedded fluvial sandstones of arkosic composition.

3.2. U-Pb dating of detrital zircon

Heavy minerals were concentrated at the Institute of Pre-
cambrian Geology and Geochronology, Russian Academy
of Science (St. Petersburg), using standard techniques
including rock crushing to fragments ~0.25 mm size and
sorting by density using heavy liquids (bromoform, p =
2.96 g/cm?, and methylene iodide, p = 3.32 g/cm?®). Prior
and after the heavy liquid mineral separation, a magnetic
separator was used to remove magnetic minerals.

Zircons were separated from heavy mineral concen-
trates using Clerici solution (p = 4.15 g/cm?®). The zircon
grains from 5 samples (18847-1, 44102-1V, 44102-VII,
19-v09-8 and 19-v09-81) were mounted in epoxy and
polished. As the main goal of the U-Pb detrital zircon
study was to determine the provenance, zircon grains
were selected randomly, irrespective of color, shape,
degree of rounding and other features (Fedo et al. 2003;
Gehrels 2012). According to Gehrels (2012), a reason-
able initial approach for most provenance studies is to
conduct U-Pb dating of ~100 detrital zircon grains in
each sample.

Laser-ablation ICP-MS (LA-ICP-MS) U-Pb analyses
were carried out by Apatite to Zircon Inc. (Viola, ID,
USA) with 27Pb/*Pb ages reported for > 1.0 Ga grains
and 2°Pb/>*8U ages for < 1.0 Ga grains. A detailed de-
scription of analytical procedures and data tables with
accepted ages are provided in Electronic Supplementary
Material 1 and explanation text. Results are illustrated by
diagrams with superimposed histograms and probability
density curves, which were calculated and plotted using
Isoplot version 3.75 (Ludwig 2012). Uncertainties of
LA-ICP-MS ages are quoted as 26. Age peaks on the age
probability density curves were calculated using AgePick
Excel macros (Gehrels 2012).

3.3. Mineral chemistry

Garnets and tourmalines were separated from heavy
mineral concentrates under a Leica DM 2500P polar-

izing light microscope. The elemental composition of
heavy minerals was analyzed by EDS (AZtecEnergy
350, Oxford Instruments) using an automated Hitachi
S-3400N electron microscope at the Geomodel Center in
RC SPbSU (analyst V.V. Shilovskih), with the following
parameters: 20 kV accelerating voltage, 1 nA beam cur-
rent and 30 s data-collection time (excluding dead time).
Precision for major elements is within ~3 % of the actual
amount present; that for minor elements is within ~10 %.
Chemical formulae for tourmalines were calculated on
the basis of 15 (Y + Z + T) atoms per formula unit (apfu)
considering that: (1) the boron and water contents were not
determined and (2) vacancies may occur at the X site. The
charge balance was achieved by calculating ideal boron
content (B = 3 apfu) and adjusting single-charged (OH")
and double-charged (O*) anions in the V" and W sites (OH
=31 - F — 0), assuming that all of the iron is divalent.
Due to low chromium content, garnet analyses were
recalculated to five end-members — pyrope (Prp), al-
mandine (Alm), spessartine (Sps), grossular (Grs) and
andradite (And) — with the structural formula based on
8 cations. The Fe** and Fe*" contents were estimated as-
suming ideal electroneutral garnet stoichiometry.

4. Results

4.1. U-Pb dating of detrital zircons

The studied samples are located in northern Taimyr and
the Priverkhoyansk Foreland Basin (Figs 2—3; Tab. 1).
Results of the U-Pb dating of detrital zircons are present-
ed in Fig. 4 and data tables in Electronic Supplementary
Material 2. In total, 482 grains fit concordance criteria
(see Electronic Supplementary Material 1) and have been
included to formulate the following interpretation.

4.1.1. Northern Taimyr

Samples 44102-VII, 44102-1V and 18847-1 are from
northern Taimyr (Fig. 2). Sample 44102-VII was col-
lected from the central part of the Lower—Middle Jurassic
succession (Fig. 3). In the age probability plot compila-
tion (Fig. 4a), Late Paleozoic grains predominate, with
the most intense peak at 295 Ma comprising 51 out of
100 grains. Two peaks formed by more than three grains
are also recognized at 555 and 583 Ma. No Paleoprotero-
zoic or Archean grains were found.

Sample 44102-1V was collected from the lowermost
part of the Upper Jurassic—Lower Cretaceous succession
and, most likely, is Late Jurassic in age (Fig. 3). One
hundred and seven grains were analyzed and the resulting
detrital zircon age distribution is very similar to that of
sample 44102-VII (Fig. 4b). The most intense peak at 253
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Ma comprises 34 out of 107 grains. Other peaks formed
by more than three grains are recognized at 293 and 532
Ma. Only 6 out of 107 grains are Mesoproterozoic or
Paleoproterozoic in age.

Sample 18847-1 was collected from the uppermost part
of the Lower Cretaceous succession and is Albian in age
(Makariev 2013) (Fig. 3). Seventy-five grains were ana-
lyzed and the resulting detrital zircon age probability plot
is significantly different from those of samples 44102-IV
and 44102-VII, characterized by a broad distribution of de-
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Fig. 4 Probability density diagrams with superimposed histograms of
detrital zircon U-Pb ages of Jurassic—Cretaceous sandstones from stud-
ied samples. Age peaks are formed by more than three grains.

trital zircons of Paleoproterozoic and Archean ages form-
ing more than 50 % of the total grain population (Fig. 4c).
The most intense peak at 1854 Ma comprises 18 out of 75
grains. Other peaks formed by more than three grains are
recognized at 166, 243, 274, 2585 and 2699 Ma.

4.1.2. Priverkhoyansk Foreland Basin

Samples 19-v09-8 and 19-v09-81 are from the northern
part of the Priverkhoyansk Foreland Basin (Fig. 2).

204



Provenance of Jurassic—Cretaceous rocks from the Siberian Craton

Tab. 2 The representative chemical compositions of detrital tourmalines from the samples from Siberian Craton (wt. % and apfu)

Age, sample No, number of analyzed grains

J,, 44102-VIIL, 26 J,, 44102-VI, 25 1., 44102-1V, 29 K,, 18847-1, 21
Oxide/No 1 2 3 4 5 6 7 8 9 10 11 12
Na,O 2.07 1.75 2.46 2.10 2.28 2.39 1.95 2.21 2.50 2.28 1.93 2.46
CaO 0.43 0.34 0.54 0.56 0.43 0.61 0.41 0.33 0.51 0.94 0.81 0.97
K,0 0.00 0.01 0.00 0.01 0.03 0.00 0.02 0.05 0.03 0.01 0.01 0.02
Sio, 35.62 36.33 36.19 36.35 36.85 36.25 35.27 36.66 36.22 36.33 36.31 36.19
ALO, 33.59 31.14 31.53 30.77 29.98 30.64 33.17 31.35 31.19 32.02 32.43 31.35
MgO 2.05 7.66 7.22 7.31 8.42 7.26 3.52 7.13 6.94 6.73 6.24 8.12
TiO, 1.02 1.07 0.82 1.08 0.98 0.87 0.77 0.85 0.31 0.67 0.47 0.43
MnO 0.12 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 11.42 6.74 7.22 8.18 7.16 7.98 9.85 7.99 7.99 7.64 7.32 6.63
F 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00
O=F —-0.00 -0.01 —-0.00 —-0.00 —-0.00 -0.00 —-0.00 —-0.02 -0.01 —-0.00 —-0.00 —-0.00
H,0* 3.56 3.62 3.61 3.64 3.65 3.62 3.52 3.65 3.60 3.62 3.63 3.64
B,0,. 10.32 10.52 10.48 10.56 10.60 10.49 10.24 10.61 10.46 10.52 10.52 10.56
Total 100.19 99.22  100.09 100.57 100.38  100.10 98.75  100.85 99.76  100.78 99.66  100.36
Formulae based on 15 cations (Y+Z+7)
Na 0.68 0.56 0.79 0.67 0.73 0.77 0.64 0.79 0.81 0.73 0.62 0.79
¥ Ca 0.08 0.06 0.10 0.10 0.08 0.11 0.07 0.06 0.09 0.17 0.14 0.17
K 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00
o 0.24 0.38 0.11 0.23 0.18 0.12 0.29 0.14 0.09 0.10 0.24 0.04
Al 6.70 6.05 6.12 5.94 5.79 5.98 6.63 6.05 6.11 6.21 6.35 6.07
Mg 0.52 1.88 1.78 1.79 2.06 1.79 0.89 1.74 1.72 1.65 1.55 1.99
Y+Z Ti 0.13 0.13 0.10 0.13 0.12 0.11 0.10 0.10 0.04 0.08 0.06 0.05
Mn 0.02 0.00 0.00 0.00 0/00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 1.62 0.93 1.00 1.13 0.98 1.11 1.40 1.09 1.11 1.05 1.02 0.91
r Si 6.02 5.99 5.98 5.97 6.04 6.01 5.98 6.01 6.02 5.99 6.03 5.96
Al 0.00 0.01 0.02 0.03 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.04
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00
V+w  OH 3.16 4.00 3.72 3.94 3.99 3.80 3.41 3.90 3.78 3.57 3.56 3.76
(0) 0.84 0.00 0.28 0.06 0.01 0.20 0.59 0.10 0.22 0.43 0.44 0.24
B B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Mg/(Mg + Fe) 0.24 0.67 0.64 0.61 0.68 0.62 0.39 0.62 0.61 0.61 0.60 0.69
Xo /(*o + Na + K) 0.25 0.38 0.13 0.13 0.21 0.14 0.28 0.23 0.10 0.10 0.23 0.04

Sample 19-v09-8 was collected from the Middle Jurassic
(Bathonian) succession (Fig. 3). Ninety-nine grains were
analyzed and the age distribution (Fig. 4d) resembles
samples 44102-VII and 44102-1V, with the most intense
peak at 269 Ma comprising 29 out of 99 grains. Other
peaks formed by more than 3 grains are recognized at
165, 326, 357 and 392 Ma. Only three out of 99 grains
are Paleoproterozoic or Archean in age.

Sample 19-v09-81 was collected from the Lower Cre-
taceous (Hauterivian) succession (Fig. 3). One hundred
and one grains were analyzed to produce the probability
plot compilation, and the detrital zircon age distribution
is different from that in sample 19-v09-8 but similar to
the distribution in sample 18847-1 (Fig. 4e). Paleopro-
terozoic and Archean grains comprise 64 out of 101
grains, with the most intense peaks at 1920 and 2049
Ma. Other peaks formed by more than three grains are
recognized at 150, 227, 257, 287, 302, 1761, 2262, 2568,
2684 and 2821 Ma.

4.2. Chemical composition of detrital
tourmalines

The chemistries of 101 tourmalines and 302 garnets was
analyzed. The analyzed tourmalines and garnets have
homogenous compositions and do not display conspicu-
ous chemical zoning.

One hundred and one detrital tourmaline grains were
extracted from four samples collected from different
stratigraphic levels of the Jurassic—Cretaceous succession
of northern Taimyr (northern and central zones of the Tai-
myr—Severnaya Zemlya FTB, Vernikovsky 1996) (Figs
2-3, Tab. 1). The grains include irregular, sub-angular, or
sub-rounded crystal fragments. In all cases the grains are
free of inclusions and are brown-greenish in thin section.
The BSE images of tourmaline grains display no evidence
of chemical zonation.

According to EDS (Tab. 2), all tourmalines belong to
the alkali tourmaline primary group (Fig. 5), in which Na
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J® 44102-VII
Jm 44102-VI
1m 44102-1V
K 18847-1

X-vacant

1.0
Vac. ;

0.0 0.5 1.0

Fig. 5 Chemical composition of detrital tourmalines in the X-site va-
cancy vs. Ca vs. (Na + K) ternary diagram (Henry et al. 2011; primary
groups).

(0.46-0.91 apfu) strongly predominates over K (< 0.06
apfu). The content of Ca varies significantly (0.04—0.37
apfu). Regarding the W-site occupancy, the studied tour-
malines could be divided into two groups. Most (~75 %)
are hydroxy-species and belong to alkali-subgroup 1
(dravite and schorl; Fig. 6). Tourmalines represented by
oxy-species, belonging to alkali-subgroup 3 (oxy-dravite
and oxy-schorl), are less abundant. The latter tourmalines
have rather low proportion of X-site vacancies and high
Al contents (Fig. 7).

The Mg/(Mg + Fe) ratio varies widely from 0.24 to
0.75 (Fig. 6), which suggests that the tourmaline grains
are characterized by various chemical compositions.

Tourmalines from Lower Jurassic (44102-VII), Middle
Jurassic (44102-VI), Upper Jurassic (44102-1V) and
Lower Cretaceous (18847-1) strata display mutually
very similar chemical features and ranges in chemical
composition (Tab. 2). There are no significant variations
in F, Mn, or Ti contents in the studied samples. They
contain more than 6 apfu of AI** (Tab. 2), which means

1.0
foitite 44102-VIL magnesio
H44102-VI -foitite
e D44102-1V
~ W18847-1
+
= 0.5
E schorl dravite
: :
= O H
3 -
[ ]
0.0
0.0 0.5 1.0
Mg/(Mg+Fe)

Fig. 6 Chemical composition of detrital tourmalines in the *o /(*o +
Na + K) vs. Mg/(Mg + Fe) diagram (*o is X-site vacancy).

that Al occupies both Y and Z octahedral sites. Correct
distribution of magnesium, iron, manganese and titanium
ions over two non-equivalent octahedral sites (YO, and
Z0,) cannot be established without single-crystal XRD
refinement.

Tourmalines from the Lower Jurassic succession
(44102-VII; Tab. 2) show the greatest proportion of va-
cancies in the X-site (up to 0.5 apfu). Tourmalines from
the uppermost part of the Lower Cretaceous succession
(18847-1; Tab. 2) are the most homogeneous, with the
entire population consisting of dravites with high Na
content (> 0.7 apfu).

Jm 44102-VII
1,m 44102-VI
J;m 44102-1V
K= 18847-1

Magnesio-foitite

Schorl
Buergerite

Al Fe(tot),,

Fig. 7 Chemical composition of detrital tourmalines in the Fe(tot), —~Al-
Mg, ternary diagram. Fields 1-8 indicate the compositional ranges of
tourmalines from various rock types: | — Li-rich granitoid pegmatites
and aplites; 2 — Li-poor granitoids and associated pegmatites and
aplites; 3 — Fe**-rich quartz—tourmaline rocks (hydrothermally altered
granites); 4 — metapelites and metapsammites coexisting with an Al-
saturated phase; 5 — metapelites and metapsammites not coexisting
with an Al-saturated phase; 6 — Fe**-rich quartz—tourmaline rocks,
calc-silicate rocks, and metapelites; 7 — low-Ca metaultramafic and
metasedimentary rocks rich in Cr and V; 8 — metacarbonates and meta-
pyroxenites (after Henry and Guidotti 1985).

4.3. Chemical composition of detrital garnets

Three hundred and two detrital garnet grains were ex-
tracted from ten samples (Figs 2—3, Tab. 1). The garnets
are predominantly represented by irregular sub-rounded
fragments of crystals. None of the grains shows signifi-
cant dissolution. The grains are free of inclusions and are
yellow- or rose-colored in thin section.

The BSE images of garnet grains show no chemical
zonation. Variations in the contents of four main end
members, almandine [Alm = Fe*/(Fe** + Mg + Ca +
Mn)], pyrope [Prp = Mg/(Fe* + Mg + Ca + Mn)], gros-
sular [Grs = Ca/(Fe?* + Mg + Ca + Mn)], and spessartine
[Sps = Mn/(Fe* + Mg + Ca + Mn)], observed between
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Tab. 3 The representative chemical compositions of detrital garnets from the samples from Siberian Craton (wt. % and apfu)

Age, sample No, number of analyzed grains

J,,44102-VIIL, 30 J,, Vol-1475, 31 1,,44102-VI, 28 1,, 56147-XI11, 29 1, 3-v11-11, 22
No/group 1/1 2/2 3/1 4/2 5/1 6/2 7/1 8/2 9/1 10/2
Sio, 37.51 36.80 36.83 37.37 38.12 37.41 37.98 37.29 38.37 38.22
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00
ALO, 20.94 21.11 20.23 21.22 21.09 21.60 21.61 21.02 21.33 21.05
Cr,0, 0.00 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00
FeO 33.15 27.97 34.15 27.16 32.52 24.15 34.12 28.60 33.13 23.83
Fe,O, 0.37 0.70 2.51 0.00 0.97 0.10 0.32 0.98 0.00 0.74
MnO 3.59 6.29 1.42 8.79 1.83 6.58 1.58 5.74 1.35 2.27
MgO 3.59 2.24 3.81 1.66 5.36 1.42 4.70 3.56 5.68 2.77
CaO 1.32 4.39 1.26 4.34 1.20 8.84 1.01 2.97 0.89 11.37
Total 100.47 99.99 100.21 100.53 101.09 100.10 101.32 100.16 100.86 100.25
Formulae based on 8 cations
Si 3.00 2.97 2.96 3.00 3.00 2.98 2.99 2.98 3.01 3.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.97 2.01 1.92 2.01 1.95 2.03 2.00 1.98 1.97 1.95
Cr 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe? 2.22 1.89 2.29 1.82 2.14 1.61 2.25 1.91 2.18 1.57
Fe* 0.02 0.05 0.17 0.00 0.06 0.01 0.02 0.07 0.00 0.05
Mn 0.24 0.43 0.10 0.60 0.12 0.44 0.11 0.39 0.09 0.15
Mg 0.43 0.27 0.46 0.20 0.63 0.17 0.55 0.42 0.67 0.32
Ca 0.11 0.38 0.11 0.37 0.10 0.76 0.09 0.25 0.08 0.96
Total 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Content of end-members (mol. %)
Prp 14 9 15 7 21 6 18 14 22 11
Alm 74 63 77 61 71 54 75 64 73 52
Grs 4 13 4 12 3 25 3 8 3 32
Sps 8 14 3 20 4 15 4 13 3 5
And 0 1 1 0 0 1 0 1 0

the inner and marginal parts of the grains, are usually
below 1 mol. %.

Chemical composition of the studied detrital garnets
varies significantly (Alm, . Prp, ., Grs, ,, Sps,,,). Based
on molar Prp/Alm, Sps/Alm and Grs/Alm ratios, all stud-
ied detrital garnets could be divided into three groups.
The first is represented by almandines with low Mn +
Ca (Prp/Alm < 0.5, Sps/Alm < 0.5 and Grs/Alm < 0.5),
the second by almandines with high Mn + Ca (Prp/Alm
< 0.5, Sps/Alm > 0.5 or Grs/Alm > 0.5), and the third
by almandines (with very high Mg) to pyropes with low
Mn and Ca contents (Prp/Alm >0 .5, Sps/Alm < 0.5 and
Grs/Alm < 0.5).

Two hundred and forty-seven detrital garnets from
Lower Jurassic (Vol 1475 and 44102-VII), Middle
Jurassic (56147-XII1, 3-v11-11 and 44102-VI) and Up-
per Jurassic-Lower Cretaceous successions (44102-IV,
3-v11-27 and A-2006-4) were analyzed (Tab. 3). These
garnets belong to group 1 and, less so, group 2 (Fig.
8a—b). Most of the garnets from group 2 are enriched in
both Ca and Mn (Fig. 8a-b).

Fifty-five grains of detrital garnets from the uppermost
part of the Lower Cretaceous succession (18847-1 and
3-v11-130, Tab. 3) were analyzed, with garnets deter-

mined to belong to each of the three groups (Fig. 8c—d).
There is only one grain with high Ca content (group 2).
The total numbers of almandines from group 1 and Mg-
rich almandines/pyropes from group 3 are almost equal.
An interesting feature of garnets from group 3 are very
low Ca and Cr contents.

5. Discussion

The current integrated U-Pb dating and geochemical
study of the heavy minerals presented in this paper pro-
vide additional constraints that can improve previously
published Mesozoic paleogeographic reconstructions for
the Siberian Craton. U-PDb detrital zircon dating suggests
a significant switch in provenance between the Jurassic
and Cretaceous sandstones (Fig. 4). Late Paleozoic gran-
ite intrusions are not present in the Verkhoyansk FTB
located to the east of the Siberian Craton (Khudoley and
Prokopiev 2007, and references therein). Therefore, the
predominance of detrital zircon grains with peaks at 293—
295 Ma suggests an erosion of granite intrusions widely
distributed in the Urals and Taimyr-Severnaya Zemlya
FTB (Vernikovsky 1996; Puchkov 2009 and references
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Tab. 3 Continued

Age, sample No, number of analyzed grains

1, 44102-1V, 36 1., A-2006-4, 32 K,, 3-v11-27, 39 K,, 18847-1, 29 K,, 3-v11-130, 26
No/group 11/1 12/2 13/1 14/2 15/1 16/2 17/1 18/2 19/3 20/1 2172 22/3
SiO, 37.31 38.19 37.99 37.11 36.89 37.82 37.97 37.62 38.81 36.83 37.69 38.97
TiO, 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AlLO, 21.79 21.54 21.13 20.32 23.68 20.53 21.48 21.26 21.93 21.74 21.36 22.31
Cr,0, 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
FeO 33.68 24.71 33.13 25.37 27.91 23.74 33.83 27.05 26.52 35.64 28.36 21.34
Fe,O, 0.27 0.27 0.00 0.00 0.00 0.00 0.00 1.53 1.22 0.57 2.23 2.88
MnO 2.47 5.50 3.25 17.22 2.29 13.92 0.33 3.29 0.46 0.65 0.65 0.78
MgO 3.34 5.14 4.26 0.49 3.66 1.09 5.46 3.97 10.13 3.32 6.47 13.10
CaO 1.91 4.82 1.09 0.54 5.73 4.21 1.26 5.83 1.06 1.40 3.50 0.84
Total 100.77 100.17 100.96 101.05 100.16 101.31 100.33 100.56 100.16 100.14  100.24  100.21
Formulae based on 8 cations
Si 2.97 3.00 3.01 3.02 2.90 3.03 3.00 2.96 2.97 2.95 2.95 2.92
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 2.04 1.99 1.97 1.95 2.20 1.94 2.00 1.97 1.98 2.06 1.97 1.97
Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 2.24 1.63 2.20 1.73 1.84 1.59 2.23 1.78 1.70 2.39 1.85 1.34
Fe’* 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.08 0.04 0.15 0.18
Mn 0.17 0.37 0.22 1.19 0.15 0.95 0.02 0.22 0.03 0.04 0.04 0.05
Mg 0.40 0.60 0.50 0.06 0.43 0.13 0.64 0.47 1.16 0.40 0.75 1.47
Ca 0.16 0.41 0.09 0.05 0.48 0.36 0.11 0.49 0.09 0.12 0.29 0.07
Total 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Content of end-members (mol. %)
Prp 13 20 17 2 14 4 21 17 39 13 25 49
Alm 75 54 73 58 62 52 74 59 56 80 62 45
Grs 5 14 3 2 17 12 4 16 3 4 10 2
Sps 6 12 7 39 6 32 1 7 1 1 1 2
And 1 0 0 0 0 0 0 1 1 2 2 2

therein; Makariev 2013). Granite intrusions (c. 250 Ma),
documented in the Urals, Taimyr—Severnaya Zemlya FTB
and in the outer part of the Norilsk traps field, are the
suggested source for Late Permian—Early Triassic detrital
zircon grains in the Jurassic sandstones of northern Si-
beria (Vernikovsky et al. 2003; Puchkov 2009; Ivanov et
al. 2013). However, direct transport of clastic sediments
from the Urals to the northern margin of the Siberian Cra-
ton seems unlikely based on the abundance of evidence
for predominantly marine environments in the northern
part of the West Siberian Sedimentary Basin throughout
the Jurassic (Vyssotski et al. 2006 and references therein).

However, less abundant ¢. 530-590 Ma detrital zircons
are widely distributed in low-grade metasandstones from
the northern part of the Taimyr—Severnaya Zemlya FTB
(Lorentz et al. 2008; Pease and Scott 2009; Ershova et
al. 2015, 2017). We therefore propose that the detritus
was sourced from the erosion of a major Late Paleozoic
mountain belt located in the Taimyr—Severnaya Zemlya
FTB area, probably linked in some way with the Urals.
A similar detrital zircon age distribution was documented
in Permian rocks (Ershova et al. 2016), but a significant
contribution of detrital zircons recycled from older
sedimentary deposits is unlikely due to the immature

composition of the studied Jurassic clastic sediments.
Only a few Paleoproterozoic and Archean detrital zircon
grains were documented in Jurassic sandstones, suggest-
ing very little contribution from erosion of the Siberian
Craton basement. Samples from the lowermost part of the
Cretaceous succession also show a very similar detrital
zircon age distribution (Zhang et al. 2013).

By contrast, two sandstone samples from the upper
Lower Cretaceous (Hauterivian and Albian) succession
contain predominantly Paleoproterozoic and Archean
detrital zircon grains (Fig. 4), suggesting a principal
switch to the erosion of Siberian Craton basement. A
predominant transport direction of clastic sediments from
the Siberian Craton to the Yenisey—Khatanga Depression
is also supported by seismic studies (Afanasenkov et al.
2016). Late Paleozoic detrital zircon grains still occur,
but are subordinate in comparison with those of Paleo-
proterozoic and Archean age. We cannot discriminate be-
tween erosional products of the Anabar and Aldan shields
in our study, but the huge volume of Cretaceous rocks
filling the sedimentary basins along the northern margin
of the Siberian Craton suggests significant erosion of
both shield areas. A similar provenance evolution for the
Mesozoic clastic sediments along the eastern margin of
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the Siberian Craton was recognized by previous Sm—Nd
isotopic studies (Malyshev et al. 2016).

Variations in the chemical composition of garnets from
Jurassic and Cretaceous successions are in a good agree-
ment with results of U-Pb dating of detrital zircons. There
are six different commonly used garnet discrimination
diagrams (Wright 1938; Teraoka et al. 1997, 1998; Griitter
et al. 2004; Mange and Morton 2007; Aubrecht et al. 2009;
Suggate and Hall 2014). Unfortunately, it was shown by

Krippner et al. (2014) that discrimination by these dia-
grams only works for a small group of garnets and the as-
signment to a certain type of host rock remains ambiguous.
However, based on published data on chemical differences
between garnets of different magmatic and metamorphic
rocks and consequently various geodynamic settings (e.g.
Deer et al. 1997; Dill et al. 2008; Méres 2008; Aubrecht
et al. 2009), we infer that the allocated garnet groups in
our study (groups 1-3) represent different provenances.

a O Group 1 O Group 1
1 AGroup2 1 AGroup 2
u Group 1 T m Group 1
2 A Group 2 v 2 A Group 2
8 Group 1 J _K O Group 1
1 & Group 2 3 14 Group 2
A,
Sps. Alm v a® - 0.50
P53 M5 Grs_Alm_ 4
50 50
\c 0.25 0.25
/ - Al Grs_ Prp/ 7 7~ %Prp
Sps,,Prps, 075 100 500 Fso 0.7 1.00
Alm
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AGroup AGroup 2
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£ y =000 Y i # > 0.00
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Fig. 8 Chemical composition of detrital garnets in Sps,~Alm—Prp (a-b) and Grs,~Alm-Prp (a-b) ternary diagrams.
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Garnets from groups 1 and 2 dominate the Jurassic suc-
cession. Group 1 consists of almandines with relatively low
Mg and Ca contents, suggesting medium- to high-pressure
felsic metaigneous rocks as the most probable provenance.
Within the northern part of the Taimyr—Severnaya Zemlya
FTB, high-pressure felsic rocks have not been documented.
However, many granite intrusions with Carboniferous
(c. 345-303 Ma) U-Pb zircon ages show significantly
younger, Early Permian Ar—Ar biotite and muscovite ages
(c. 280-270 Ma). These were interpreted in terms of meta-
morphic resetting of the Ar—Ar isotopic system (Makariev
2013; Kurapov et al. 2018). Garnets from group 2, with
relatively low Mg but high contents of Ca and Mn, could
be sourced from mica schists or hornfelses/metasomatic
rocks. In summary, garnets from the Jurassic succession
were likely derived from metagranites and clastic rocks
metamorphosed during Early Permian tectonic event and
then widely distributed in the Taimyr—Severnaya Zemlya
and Uralian fold and thrust belts, corresponding well with
results of our U-Pb detrital zircon study (Vernikovsky
1996; Puchkov 2009; Makariev 2013).

Garnets from group 3 are found only in the Cretaceous
succession and are characterized by a very high Mg
content. As proposed by Méres (2008) and Aubrecht et
al. (2009), garnets with a pyrope content over 30 mol. %
are typical of the eclogite- and high-pressure granulite-
facies rocks. According to Griitter et al. (2004), high-Mg
and low-Cr garnets can also derived from uncommon or
“polymict” mantle lithologies.

Such high-grade metamorphic rocks are widespread
in the basement of the Siberian Craton (Malich 1999;
Smelov and Timofeev 2007) and we propose that they
were the main source for garnets of group 3. A pre-
dominant provenance of Cretaceous sediments from the
Siberian Craton basement corresponds well with our
detrital U-Pb zircon data (Fig. 4). Also, the large num-
ber of pyrope—almandine garnets may indicate the past
existence of large high-pressure unit(s), entirely removed
during intense Cretaceous erosion across the Anabar and
Aldan shields.

In the most commonly used tourmaline provenance
diagram (the Fe(tot)-Al-Mg ternary plot by Henry and
Guidotti 1985 and van Hinsberg et al. 2011; Fig. 7),
compositions of grains from both Jurassic and Cretaceous
successions fall predominantly in three fields represent-
ing metapelites and metapsammites coexisting (field 4)
or not (field 5) with an Al-saturated phase, and Li-poor
granitoids with associated pegmatites and aplites (field 2).
Two grains (one from the Middle Jurassic and the other
from the Lower Cretaceous) straddle the boundary of the
field 6 that represents Fe**-rich quartz—tourmaline rocks,
calc-silicate rocks and metapelites.

The dravite/schorl ratios indicate that the majority of
the grains from both Jurassic and Cretaceous successions

were potentially of metamorphic origin (Kowal-Linka and
Stawikowski 2013). Their source material was likely a
metasedimentary rock with relatively high boron content.
We propose that they were weathered from rocks of vari-
able metamorphic grade up to upper-amphibolite facies,
such as paragneisses and micaschists. Some contribution
from granite erosion was also possible, but our tourma-
line chemical compositional data suggest that a granite
source was not significant. The marked changes in age
distributions of detrital zircons and chemical composi-
tion of garnets from Jurassic to Cretaceous successions
do not correlate with data on the chemical composition
of detrital tourmalines. No tourmalines related to low-Ca
meta-ultramafics, Cr or V-rich metasediments (field 7), or
metacarbonates and meta-pyroxenites (field 8) were found.
In such rocks tourmaline is usually rare, which might be
explanation why they are missing. In the studied samples,
the chemical composition of tourmalines seems to be less
sensitive to variations in host rocks in the source. There
are almost no differences among tourmalines in rocks
throughout the Jurassic succession. The Cretaceous sample
is slightly different, as it does not contain any tourmaline
of Mg/(Mg + Fe) < 0.5 and X-site vacancy > 0.3, but
these variations are not sufficient to conclusively separate
distinct Jurassic and Cretaceous provenances.

Only a few detrital tourmaline grains were separated
from heavy mineral concentrate and analyzed in this
study, which was likely related to a lower abundance in
source rocks compared to zircon and garnet. This makes
interpretation of tourmaline chemistry data less useful.
Although the use of tourmalines for provenance stud-
ies seems to be very promising, more studies including
additional data on REE and isotopic composition are
necessary to further characterize tourmalines from dif-
ferent rock types.

6. Conclusions

Our study of heavy minerals in Jurassic—Cretaceous rocks
from the sedimentary basins along the northern margin
of the Siberian Craton allow us to place new constraints
on Jurassic—Cretaceous provenance reconstructions of
the Siberian Craton and adjacent areas. In addition it en-
ables to test the application of the garnet and tourmaline
chemical compositions as provenance indicators. The
main results are the following:

* The composition of garnets from Cretaceous rocks
is significantly different from that in Jurassic rocks.
Abundant magnesium-rich almandines and pyropes
are characteristic of the Cretaceous succession only.

» U-Pb dating of detrital zircons correlates well with
the chemical composition of garnets. It suggests that
clastic sediments were derived from the Taimyr—Se-
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vernaya Zemlya FTB and granite intrusions from the
outer part of the Norilsk traps field during the Jurassic.
By contrast, clastic sedimentation was sourced mainly
from erosion of Siberian Craton basement since the
Hauterivian (Early Cretaceous).

* Despite the relatively high variation in chemical
composition, tourmalines from rocks of different age
occupy the same fields in the discrimination diagrams,
suggesting mainly paragneisses and micaschists, with
some granite, as a source. Insensitivity of the chemical
composition of tourmalines to changes recorded from
data on zircons and garnets can be associated with
low natural abundance of tourmalines related to low-
-Ca meta-ultramafics, Cr- or V-rich metasediments,
metacarbonates and metapyroxenites.

e Variations in U-Pb detrital zircon ages, as well as
chemical compositions of detrital tourmaline and
garnet, show very similar trends in the Jurassic and
Cretaceous successions in northern Taimyr, the Yeni-
sey—Khatanga Depression, and northern Priverkho-
yansk Foreland Basin. We suggest that these provinces
were located within a single sedimentary basin in the
Mesozoic and were subsequently separated into seve-
ral discrete basins during Cenozoic tectonic events.
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