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Abstract

This work is the first in situ U-Pb geochronological study of perovskite and calcic garnet (andradite) from the Guli complex in the
Maimecha-Kotuy alkaline province (Polar Siberia, Russia). The U-Pb isotopic compositions of perovskite from contact zones of the
two carbonatite stocks (Southern and Northern) and from jacupirangite separating the stocks were determined by laser-ablation induct-
ively-coupled-plasma mass-spectrometry (LA-ICPMS) and isotope-dilution thermal-ionisation mass-spectrometry (ID-TIMS). The LA-
ICPMS and ID-TIMS data for perovskite from the Northern carbonatite stock are in good agreement, yielding *>°Pb/***U ages of 250.4 +
1.1 Ma and 249 + 2 Ma, respectively. These ages are also within the analytical uncertainty from the ID-TIMS results for perovskite from
jacupirangites (250 £ 1 Ma). The LA-ICPMS results for perovskite from the Southern carbonatite stock indicate its somewhat older age
(255.3 + 2.4 Ma), implying the possibility of small-volume mantle magmatism predating the eruption of the Siberian flood basalts at ca.
252-251 Ma. This interpretation is supported by reports of pre-flood magmatism elsewhere in eastern Siberia. Andradite crystals from
the contact between the Southern stock and metasomatised melilitolite were analysed by ID-TIMS. These measurements are inconclusive
(247 + 6 Ma) and could not be used to constrain further the timing of carbonatitic magmatism in the southern part of the complex. The
present contribution also presents a refined methodology for LA-ICPMS geochronological studies of perovskite with elevated levels of
common lead, and addresses some of the problems with previously proposed calibration standards.
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Introduction small quantity of material (Stamm et al, 2018; Heaman et al,
Perovskite (CaTiOs) is a common accessory phase in 2019). Early work utilised isotope-dilution thermal-ionisation

mass spectrometry (ID-TIMS) and sensitive high-resolution ion-
microprobes (Heaman, 1989; Smith et al, 1989; Ireland et al,
1990; Kinny et al., 1997). In the past 20 years, a considerable effort
has been made to develop in situ perovskite age determination
techniques, including laser-ablation inductively-coupled mass
spectrometry (LA-ICPMS) (e.g. Cox and Wilton, 2006;
Batumike et al., 2008; Reguir et al., 2010) and secondary-ion
mass-spectrometry (Li et al., 2010; Donnelly et al., 2012). The
major advantages of LA-ICPMS are its relatively low cost (both
infrastructure and operational), expedience, minimal require-
ments for sample preparation, and the capability for in situ mea-
surements at a spatial resolution of 20-30 um. This capability
enables a greater level of control over the material being analysed
relative to ID-TIMS. The greatest challenges of LA-ICPMS per-
ovskite geochronology are the lack of well-characterised matrix-
matched calibration standards and ***Pb-*°*Hg interference

silica-undersaturated igneous rocks, including clinopyroxenites,
carbonatites, nephelinites, melilitic rocks, ultramafic lampro-
phyres and kimberlites (e.g. Chakhmouradian and Mitchell,
1997, 2000; Tappe et al., 2006; Chakhmouradian et al., 2013).
Owing to its capacity to concentrate U, Th, rare earth elements
(REE), Sr and high-field-strength elements (in particular, Nb
and Ta), this mineral has been used widely as a petrogenetic indi-
cator and robust geochronological tool (e.g. Heaman, 1989; Kinny
et al., 1997, Hamilton et al., 2003, Paton et al., 2007; Donnelly
et al.,, 2012; Chakhmouradian et al., 2013; Heaman et al., 2015;
Stamm et al., 2018). Since the late 1980s, geochronological studies
of perovskite have generally relied on mass-spectrometry techni-
ques, which are capable of providing high-precision results for a
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(Reguir et al., 2010). Perovskite from the Ice River alkaline com-
plex (Canada) has been proposed as a calibration standard for U-
Pb radiometric age determination (Heaman, 2009). It is also note-
worthy here that the overwhelming majority of the available geo-
chronological data on perovskite are for groundmass crystals from
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kimberlites (Smith et al, 1989; Heaman et al, 2015; Donnelly
et al.,, 2012; Stamm et al, 2018; Tappe et al., 2018, to name a
few), whereas publications on other rock types - in particular,
alkaline-ultramafic intrusions with carbonatites - are very limited
(Srivastava et al., 2005; Cox and Wilton, 2006; Heaman, 2009;
Reguir et al., 2010).

In comparison with perovskite, Ca-Fe-Ti garnets [Cas(Fe,Ti,Zr,
Mg),(Si,Fe,Al);0;,] are a relatively new U-Pb geochronometer,
whose full potential remains yet to be fully explored (Deng
et al, 2017; Salnikova et al, 2018, 2019; Yang et al, 2018;
Stifeeva et al., 2020). The principal advantage of calcic garnets
over perovskite is their wider distribution across a spectrum of
igneous and contact-metamorphic rocks. In alkaline complexes,
calcic garnets are a fairly common accessory or, in some cases,
a major mineral in melteigites, ijolites, nephelinites, melilitolites,
syenites and, to a lesser extent, carbonatites. These minerals
crystallise in a different agio, — fo,regime relative to perovskite
(Rass and Dubrovinskii, 1997) and, thus, can provide valuable
complementary information on the timing of alkaline magmatism.

In the present work, we determined the age of perovskite in
calcite carbonatites and jacupirangite from the Guli alkaline-
ultramafic complex (Polar Siberia, Russia) using ID-TIMS and
LA-ICPMS U-Pb techniques, and explored the possibility of
using the Ice River perovskite as a calibration standard for age
determination using LA-ICPMS. Perovskite is a common acces-
sory phase at Guli, but its geochronology has not been explored
to date. In addition, we used ID-TIMS to determine the U-Pb
age of andradite from a perovskite-free metasomatic paragenesis
at the contact between calcite carbonatite and melilitolite.

Geological Setting

The Guli alkaline-ultramafic complex is part of the Maimecha-
Kotuy Alkaline Province, which is one of the world’s largest man-
ifestations of intracontinental alkaline magmatism related to the
eruption of the Siberian Traps at the Permian-Triassic boundary
(Augland et al, 2019 and references therein). The complex is
located at the northern margin of the Siberian Platform
(Fig. 1a), bordered by the Yenisey-Khatanga Trough, which devel-
oped synchronously with the trap volcanism and evolved into a
marginal basin towards the end of the Triassic (Afanasenkov
et al., 2016). The Guli complex has an exposed area of 470 km?
and in its north-northwestern part, is overlain by Mesozoic-
Cenozoic sedimentary sequences of the Yenisey-Khatanga
Trough (Yegorov, 1989, 1991). According to unpublished gravi-
metric and aeromagnetic data, the northern, buried portion of
the complex represents a series of blocks subsided by as much
as 4 km towards the Trough; the total area of the Guli pluton
may thus reach 1600 km® (Yegorov, 1991). The pluton is
emplaced into a petrographically diverse volcanic package repre-
senting different stages of flood basalt magmatism, including
melanephelinites of the Arydzhangsky Suite (251.7 + 0.4 Ma) to
the northeast, stratigraphically higher melanephelinites and
trachy-rhyodacites of the Del’kansky Suite (251.1 + 0.3 Ma) to
the southwest, and tholeiitic basaltoids of the Kogotoksky Suite
in the east and south (Yegorov, 1991; Kamo et al., 2003). Field
observations and geophysical data indicate that contacts between
the Guli complex and its host volcanics are nearly vertical
(Yeliseev and Sheinman, 1961).

The complex comprises predominantly dunites and melane-
phelinites, which collectively make up ~90% of the exposed
area; the remainder is represented by a wide variety of ultramafic,
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alkaline and carbonatitic plutonic and hypabyssal rocks (Yegorov,
1991). On the basis of field evidence, Yegorov (1969, 1991) pro-
posed the following order of their emplacement (oldest to young-
est): dunites; magnetite-bearing, perovskite-free clinopyroxenites
(koswites); melilitolites (sensu lato); melteigite-shonkinite series
rocks; melanephelinites and alkali picrites; jacupirangite-
melteigite series rocks (characterised by the abundance of per-
ovskite); ijolites; nepheline and alkali-feldspar syenites (locally
silica-oversaturated); phoscorites; carbonatites. Our own field
and petrographic observations indicate that at least some of the
alkali-feldspar syenites are probably fenitised rafts of basement
rocks, rather than intrusive units. This interpretation is supported
by their low negative eNd and high initial *Sr/**Sr values
(Kogarko and Zartman, 2007). It is also noteworthy that the
dunites are viewed by some researchers as much older rocks unre-
lated to the Permian-Triassic event (Malitch et al, 2011).

Carbonatites form two large stocks, crudely oval in plan view
and measuring ca. 5 and 3 km? (Southern and Northern, respect-
ively), and numerous dykes emplaced into the alkali-ultramafic
units (Fig. 1b). The exposed part of the Northern stock consists
almost exclusively of calcite carbonatites, although phoscorites
were reported to occur as dykes south of this intrusion and as
xenoliths in the carbonatites (Yegorov, 1991). The Southern car-
bonatite intrusion is more complex, consisting of coarse-grained
calcitic rocks along its western, northern and north-eastern
margins, and dolomite carbonatites in the southern part
which is dissected by the Gule River. The two stocks are separated
by a large (~4 x 1-2 km) body of jacupirangites, melteigites and
subordinate ijolites. Along its northern contact, the Southern
stock is bordered by melilitolites and products of their meta-
somatic reworking. Field relations suggest that the carbonatites
postdate all ultramafic and alkaline silicate rocks, with the excep-
tion of thin lamprophyre dykes that were observed locally to
crosscut the carbonatites (Yegorov, 1991). The bulk of carbonatite
intrusions at Guli are represented by modally simple rocks, com-
posed of 85-95 vol.% carbonate with subordinate magnetite, apa-
tite and phlogopite. However, their endocontact zones adjacent to
ultramafic and alkaline wall-rocks or their xenoliths are mineral-
ogically complex and contain a high proportion (locally, up to
60 vol.%) of silicate and oxide phases, including forsterite, diop-
side, phlogopite, calcic garnets, richterite, magnetite, perovskite,
baddeleyite and calzirtite. In particular, the well-exposed contacts
of calcite carbonatites with ultramafic rocks in the southern part
of the Northern stock and in the western part of the Southern
stock contain abundant euhedral perovskite crystals, which are
not observed either in the exocontact or further towards the inter-
ior of these carbonatite bodies. Along the northern contact of the
Southern stock, the wall-rock melilitolites are extensively meta-
somatised to wollastonite-nepheline-calcite-diopside rocks and
glimmerites (Yegorov, 1969; authors’ unpublished data). The
part of this metasomatic aureole proximal to coarse-grained cal-
cite carbonatites (or, possibly, the endocontact facies of the
carbonatite itself) is devoid of perovskite, but contains a high
proportion of euhedral phlogopite and andradite.

There is a dearth of reliable geochronological data for the Guli
complex, particularly taking into consideration its formidable size
and compositional diversity. Dalrymple et al. (1995, p. 2079) stud-
ied a “poorly located biotite sample ... from one of the carbonatite
bodies” using *’Ar-*’Ar radiometric age determination and
obtained a plateau age of 437.7 + 2.0 Ma, which is clearly in conflict
with the much younger age of the surrounding volcanic rocks
(~251 Ma). Kogarko and Zartman (2007) used whole-rock U-Pb
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Fig. 1. (a) Location map of the Guli complex (indicated by a star) with respect to the principal structural elements of the northern Siberian Platform and Taimyr
Peninsula. (b) Schematic geological map of the central part of the Guli alkaline-ultramafic complex (simplified after Yegorov, 1991): (1) Quaternary sediments; (2)
dolomite carbonatites; (3) calcite carbonatites (undifferentiated); (4) phoscorites; (5) alkaline syenites; (6) jacupirangite-melteigite series; (7) melilitolites; (8)

dunites; (9) melanephelinites; (10) fault zones and (11) sampling locations.

isotopic data for a wide spectrum of rocks (from dunites to carbo-
natites) to construct a >**U-*"*Pb isochron and arrive at a rough
estimate of their emplacement age (250+9 Ma). Kamo et al.
(2003) studied a baddeleyite sample from an unspecified carbona-
tite locality and paragenesis, and reported a discordant **°Pb/***U
age of 250.2 £ 0.3 Ma. These authors explained the discordance due
to excess *”’Pb by isotopic disequilibrium caused by magma
fractionation. A similar value (250.8 +1.2 Ma) was determined
for another sample of baddeleyite by Malich et al (2015). The
same authors reported a U-Th-Pb chemical isochron age of
250.1 + 2.9 Ma for thorianite. No paragenetic or provenance infor-
mation were given for either of the minerals. Remarkably, there
appears to have been no attempt to examine the geochronology
of perovskite, which is a common accessory mineral in most of
the rock types, with the exception of dunites, magnetite clinopyrox-
enites, shonkinites and alkali-feldspar syenites. Moreover, the rela-
tive timing of perovskite crystallisation can be readily constrained
on the basis of its distribution within the rock (see above) and
textural relations with other minerals (in particular, titanite, calcic
garnets and magnetite).

Analytical methods
Electron-microprobe analysis

For a detailed geochronological study, we selected three samples of
perovskite and one sample of andradite. All samples were examined
initially using polarising microscopy, back-scattered electron (BSE)
imaging and wavelength-dispersive X-ray spectrometry (WDS) to
determine the extent of their compositional variation and confirm
that they were not affected by alteration. BSE images and WDS data
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were acquired with a Cameca SX100 electron-microprobe at the
University of Manitoba (Winnipeg, Canada) operated at a beam
current of 10 nA and an accelerating voltage of 15 kV. For perovsk-
ite analyses, a 1 pm beam and the following calibration standards
were employed: albite (NaKo), andalusite (AlKo), diopside
(CaKo, SiKo), titanite (TiKo), fayalite (FeKo), zircon (ZrLar), syn-
thetic SrTiO; (SrLar), Ba;NaNbsO;5s (NbLa), REE orthophosphates
(LaLo, CeLo, PrLp, NdLB) and ThO, (ThMa). Potassium, Ba, Sm,
Ta and U were sought, but not detected in any of the samples. The
andradite composition was determined using a 10 um beam and
the same standards as above for Na, Al, Ca, Si, Ti, Fe and Nb,
plus forsterite (MgKo) and spessartine (MnKa). Fluorine, Zr and
REE were also sought, but not detected.

LA-ICPMS

The LA-ICPMS-based U-Pb geochronological study of perovskite
was performed using a 213 nm Nd-YAG laser ablation system
(UP-213, Merchantek) attached to a ThermoFinnigan Element
2 sector-field ICPMS at the University of Manitoba (Winnipeg,
Canada). Laser ablation was performed in situ for two samples
from calcite carbonatites (GU-13 and GU-14) using the parameters
listed in Table 1. Uranium and Pb concentrations were determined
by the LA-ICPMS prior to the U-Th-Pb isotope measurements
following the procedure described in Reguir et al. (2010).

For the LA-ICPMS U-Pb geochronological study of perovsk-
ite, zircon GJ-1 (609 Ma; Jackson et al., 2004) was employed as
a primary standard. The quality control was achieved by using
the natural Ice River perovskite (Heaman, 2009) as a secondary
standard. In order to minimise the number of large particles
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Table 1. LA-ICPMS operating and data-acquisition parameters.

ICP-MS
Model Element 2
Plasma Power 1330 Watt
Gas flows:
Plasma (Ar) ~14.8 L min™*
Auxiliary (Ar) ~1.1 L min™t
Sample (Ar/He) ~0.86/0.58 L min~*
LA
Model New Wave Research UP-213
Beam sizes:
Calibration standard GJ-1 45x24 um
Sample 55 um
Repetition rates:
Calibration standard GJ-1 2 Hz
Sample 4 Hz
Energy densities:
Calibration standard GJ-1 ~3.55 J cm™
Sample ~4.5 J cm™
Data acquisition parameters
Sample time 0.01s
Samples per peak 100
Segment duration 05s
Integration window 5%
Scan method EScan

entering the plasma and to smooth the noisy signals from the
relatively low repetition rates, a dual spray chamber, combining
the Scott-type and cyclonic-type chambers, was attached to the
plasma torch. All analyses were performed using Ni skimmer
and sample cones to minimise Pt oxide interferences on Pb.
The instrument was tuned using NIST SRM 610 to maintain
oxide formation rates at ~0.1% (ThO/Th) and Th/U ratios at
~0.8 to minimise elemental fractionation at the ion source.
Each analysis consisted of a 30 s blank measurement prior to
laser ablation. The signal intensities were acquired for 30 s in a
time-resolved mode for the following isotopes: 2OZHg,
20ipy, 204y 206pp, 207pp, 208ppy 232 2357 and 23Y, Although
*2Hg and ***Hg were measured, ***Pb corrections were not
applied because of high errors associated with this procedure
(Reguir et al, 2010).

In order to correct for instrumental drift, two measurements of
the GJ-1 primary standard were performed for every 5-10
unknowns. In non-matrix-matched U-Pb age determination, it
is critical to match the patterns of elemental fractionation between
the primary standard and unknowns. To minimise elemental frac-
tionation at the ablation site, GJ-1 zircon was ablated using a
beam focused at 300 um below the surface, resulting in the ellipse-
shaped footprint at the surface (Table 1). To reduce the elemental
fractionation further, the repetition rate was set to 2 Hz, resulting
in ~18 um deep ablation pits. The ablation depth was measured
by focus differences between the surface and bottom of a laser
pit under an optical microscope. With the optimised laser condi-
tions, no signs of time-dependant fractionation between U and Pb
in GJ-1 were observed. Perovskite measurements were more
straightforward and required fewer adjustments (Table 1) because
of its ability to absorb laser energy more efficiently than zircon.
Potential elemental fractionation at the ion source, caused by
incomplete vaporisation of laser aerosols (e.g. Kuhn and
Giinther, 2003) was assessed by monitoring the Th/U ratios in
GJ-1 and perovskite. We observed no evidence of elemental frac-
tionation in our samples or GJ-1 zircon. With the elemental frac-
tionation kept at a minimum at the ablation site and the ion
source, the instrument mass-bias can become an important
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source of errors, especially in non-matrix-matched U-Pb
LA-ICPMS perovskite age determination. In this study, the degree
of instrument mass-bias was evaluated by analysing the Ice River
perovskite (Heaman, 2009) as an unknown simultaneously with
the Guli samples using GJ-1 as a primary standard.

ID-TIMS

Geochronological studies of perovskite using ID-TIMS-based
U-Pb from carbonatite sample GU-13 and jacupirangite
GU-28-41, as well as of andradite from metasomatised melilitolite
(GU-08) were undertaken at the Isotope Geology Laboratory of
the Institute of Precambrian Geology and Geochronology
(IPGG RAS, St. Petersburg, Russia). For this study, visually homo-
geneous fragments (<0.15 mm) of perovskite and andradite were
used. The selected grain fractions were subjected to preliminary
ultrasonic cleaning with 1 N HCI (for perovskite) or water (for
andradite) followed by acid treatment (6 N HCl or 1 N to 3 N
HNO; at 80°C for 15-30 min) (DeWolf et al., 1996). The samples
were then washed in warm water for 20 min, transferred to a pres-
sure vessel for digestion (Krogh, 1973), spiked with a **>Pb-***U
tracer, and dissolved in 0.2 ml of 10:1 mixture of 29 N HF and
15 N HNO; at 180-200°C for 24 hours. Lead and U were separated
using a novel single-stage technique, which involves the removal of
interfering elements (Ca, Fe, etc.) with 3.1 N HCl+ 0.5 N HBr
prior to the separation of Pb and U with 6 N HCl and H,O,
respectively (Corfu and Andersen, 2002). In some cases, U was
purified with UTEVA resin (Horwitz et al., 1992). The uncertain-
ties of the measured U/Pb ratios, U and Pb concentrations were
0.5%, and the blanks were 10 pg for Pb and 1 pg for U.

Isotopic ratios were measured using a Triton TI multi-collector
mass-spectrometer equipped with a Daly detector in digital ion-
counting mode. A thermal mass-fractionation correction of
0.1%/amu for Pb and U was derived by replicate analyses of the
SRM 981 and SRM 982 NBS standards. The uncertainties of
the measured Pb and U concentrations and U/Pb ratios were
0.5%. The errors were calculated by propagating the within-run
error for measured isotopic ratios, the uncertainty in fractionation
(£0.03% for Pb and U amu), the uncertainty in Pb and U blank
concentration (+50%), the uncertainty in spike calibration
(£0.5%), +0.1 absolute uncertainty in Pb blank composition,
and external reproducibility of the 91500 zircon standard
(Wiedenbeck et al., 2002). Procedural blanks were ~10 pg for
Pb and ~1 pg for U. The data were reduced using the PODAT
(Ludwig, 1991) and ISOPLOT (Ludwig, 2003) software. Correction
for common Pb was applied according to the model of Stacey and
Kramers (1975), all errors are reported here as 2c.

Research material: provenance and compositional
variations

Drill-core sample GU-28-41 (70°54'39”N, 101°14’07"E) is a mel-
anocratic, coarse-grained rock, sampled from a depth of 41 m in
the jacupirangite-melteigite intrusion separating the two carbona-
tite stocks (Fig. 1b). The rock comprises prismatic crystals of
diopside locally replaced by phlogopite, and relatively abundant
(~4-8 vol.%) euhedral, zoned crystals of perovskite up to 3 mm
across (Fig. 2a). Although this sample should be termed clinopyr-
oxenite on the basis of its modal composition (Le Maitre, 2002),
we will retain the name jacupirangite’ used in the previous litera-
ture to distinguish it from perovskite-free rocks of the first intru-
sive phase (Yegorov, 1991; Kogarko et al, 2007). According to
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Fig. 2. (a) Plane-polarised light (PPL) image of perovskite (Prv) associated with diopside (Di) and phlogopite (Phl) in jacupirangite; sample GU-28-41.
(b) Back-scattered electron (BSE) image of cubic perovskite crystal from the Northern carbonatite stock, sample GU-13. (c) BSE image of cuboctahedral perovskite
crystal from the Southern carbonatite stock, sample GU-14. (d) PPL image of zoned andradite (Adr) at the contact of calcite carbonatite (Cal) with metasomatised

melilitolite, sample GU-08.

Yegorov (1991), this sample represents Subphase 3 of the third
intrusive phase (jacupirangite-melteigite series). Perovskite crys-
tals have a turbid, purplish-brown, inclusion-rich core and a
clear brown rim. The core is enriched in Al, Fe, Nb and REE rela-
tive to the rim, which shows elevated concentrations of Na and Zr
(Fig. 3a—c; Table 2). The ovoid inclusions in perovskite cores con-
tain diopside, phlogopite, apatite, magnetite, pectolite and an
unidentified Na-K-bearing silicate material.

Sample GU-13 (Lat. 70°55'19”N, Long. 101°17'00”E) was col-
lected from the southernmost exposure of coarse-grained
phlogopite-apatite-magnetite-perovskite-rich calcite carbonatite
near the intrusive contact between the Northern stock and its
ultramafic wall-rocks. Perovskite in this sample forms lustrous
cubic crystals up to 5 mm across. In BSE images, the crystals reveal
abundant inclusions of apatite and a complex zoning pattern
comprising a small anhedral core and multiple oscillatory growth
zones (Fig. 2b) characterised by concomitant variation in Na, Fe
and Nb at similar levels of Al, Zr and REE (Fig. 3; Table 2).

Sample GU-14 (70°53'00"N, 101°14'15"E) is a coarse-grained
calcite carbonatite collected from near the western contact of the
Southern stock with clinopyroxenites. The carbonatite contains
cuboctahedral crystals up to 1 cm in size associated with diopside
and phlogopite. The crystals exhibit patchy zoning in BSE images
(Fig. 2c¢) arising from higher levels of Fe and Nb in brighter areas
(Fig. 3).
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Garnet GU-08 (70°53'35”N, 101°15’50”E) was collected from
the contact zone between calcite carbonatite of the Southern
stock and wollastonite-calcite-nepheline-diopside metasomatic
rocks developed at the expense of melilitolites. This sample is
essentially a bi-mineralic, coarse-grained aggregate of euhedral
green phlogopite and subhedral black andradite crystals up to sev-
eral cm in size. Platy zoned crystals of phlogopite are enclosed in
the garnet or encrust the contact between the metasomatised
melilitolite and calcite. Andradite crystals of dodecahedral-
trapezohedral habit are invariably euhedral with respect to calcite,
but anhedral with respect to the metasomatic endocontact. In
plane-polarised light, the andradite exhibits concentric zoning
comprising a dark reddish-brown core, sandy- to pale-brown
intermediate zone and a dark-brown, poikilitic rim (Fig. 2d).
The core has higher concentrations of Mg and Ti, but lower levels
of Al and Fe relative to the intermediate zone. The rim is further
depleted in Mg and enriched in Fe, but contains lower Al in com-
parison with the intermediate zone (Fig. 3d; Table 3).

Data reduction and age determination
LA-ICPMS U-Pb geochronology

The concentrations of U in the perovskite investigated vary from
170 ppm in the samples from carbonatites to 35 ppm in that from
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Fig. 3. Compositional variation of perovskite (a-c) and andradite (d) samples studied in the present work. (a-c) Variations in the contents of major and minor
elements (wt.% oxides) in zoned perovskite crystals from jacupirangite (GU-28-41: circles) and calcite carbonatites (GU-13: squares, GU-14: diamonds).
(d) Variation in the proportion of major end-member components in zoned andradite from the contact of calcite carbonatite with metasomatised melilitolite (GU-08).

jacupirangite. The data reduction for U-Pb age determination of
perovskite using LA-ICPMS was performed using the VisualAge
DRS procedure (Petrus and Kamber, 2012) in the Iolite 3.7 soft-
ware (Paton et al, 2011). Following the calculation procedure
used to determine the U-Pb age of perovskite from the
Afrikanda complex, Kola (Reguir et al., 2010), the isotopic com-
position of common Pb in perovskite from Guli was calculated
using the Stacey and Kramers (1975) two-stage growth model
for the inferred age of the sample. This technique is convention-
ally employed in U-Pb isotopic studies of geological materials of
various provenance and age (e.g. Frei and Gerdes, 2009; Tappe
and Simonetti, 2012; Castillo-Oliver et al, 2016). The common
lead corrected 2°°Pb/***U ratios and ages of each individual
perovskite analysis (Table 4) were calculated using Isoplot/Ex
3.75 (Ludwig, 2012) applying the following decay constants:
9.8485x107'% a™' for *U and 1.55125x107"° a™" for ***U
(Steiger and Jager, 1977). The uncertainties in determination of
common Pb isotopic compositions were numerically propagated
through the error calculations by Isoplot/Ex 3.75 (Ludwig,
2012). The weighted mean of 30 analyses of perovskite from sam-
ple GU-13 yielded a *?°Pb/>**U age of 250.4 + 1.1 Ma (Fig. 4a). The
age of perovskite from sample GU-14, obtained by taking the
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weighted mean of 30 analyses, corresponds to 255.3+2.4 Ma
(Fig. 4b). Isoplot/Ex 3.75 was also used to construct the Tera-
Wasserburg diagram (Tera and Wasserburg, 1972), which yielded
2%ph/>*®U ages of 249.3 +4.7 Ma and 254.6 + 3.7 Ma for GU-13
and GU-14, respectively. The Tera-Wasserburg diagram was con-
structed by anchoring the data at a selected **”Pb/**°Pb ratio apply-
ing the common Pb composition determined using the Stacey and
Kramers (1975) model.

The U-Pb data for the Ice River material acquired using the
GJ-1 zircon calibration standard and the same procedure as that
applied to the Guli perovskite (Table 5) yielded a weighted average
age of 357.2 + 2.4 Ma (Fig. 6). This result is within the analytical
uncertainty from the value of 356.5+1 Ma recommended by
Heaman (2009) and is close to the 360-364 Ma range reported
by Tappe and Simonetti (2012).

ID-TIMS U-Pb geochronology

The U-Pb ID-TIMS data were reduced using the PODAT (Ludwig,
1991) and Isoplot (Ludwig, 2003) software. The results are
reported in Table 6, with all uncertainties quoted as 26. The com-
mon Pb corrections for ID-TIMS analyses were performed using
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Table 2. Representative WDS compositions (wt.% oxide) and formulae (apfu) of perovskite from Guli.

GU-28-41
Oxides core rim outer rim GU-14 GU-13
Wt.%
Na,0 0.12 0.13 0.43 0.34 0.40 0.78 1.11 0.85 0.68
Cao 39.76 39.27 40.2 37.65 37.15 37.03 36.06 37.01 37.55
SrO 0.24 0.16 0.45 0.20 0.22 0.22 0.27 0.29 0.26
La,03 0.37 0.34 n.d. 0.90 1.14 0.88 0.98 0.94 0.75
Ce,03 0.81 1.25 n.d. 1.84 2.14 1.65 151 1.36 1.17
Pr,03 n.d. n.d. n.d. 0.28 0.26 0.15 0.13 0.23 0.17
Nd,03 0.36 0.44 n.d. 0.68 0.70 0.47 0.26 0.35 0.44
Sm,03 n.d. n.d. n.d. 0.16 0.15 0.13 n.d. n.d. n.d.
Al,O3 0.14 0.15 n.d. 0.20 0.22 0.07 n.d. 0.05 0.05
Fe,05 1.08 131 0.23 247 2.81 2.89 2.97 3.66 3.15
TiO, 56.44 55.73 58.52 52.22 51.49 50.18 48.07 48.01 50.44
ZrO, n.d. n.d. 0.15 0.25 0.28 0.24 0.13 0.07 n.d.
Nb,Os 0.39 0.25 n.d. 2.76 3.47 6.29 9.47 8.46 6.31
Ta,05 n.d. n.d. n.d. n.d. n.d. 0.11 n.d. n.d. n.d.
Total 99.55 99.71* 99.14 99.95 100.43 101.09 100.96 101.28 100.97
Atoms per formula unit (apfu) calculated to three atoms of oxygen
Na 0.005 0.006 0.019 0.015 0.018 0.035 0.050 0.039 0.031
Ca 0.979 0.976 0.978 0.946 0.933 0.925 0.906 0.927 0.935
Sr 0.003 0.002 0.006 0.003 0.003 0.003 0.004 0.004 0.004
La 0.003 0.003 - 0.008 0.010 0.008 0.008 0.008 0.006
Ce 0.007 0.011 - 0.016 0.018 0.014 0.013 0.012 0.010
Pr - - - 0.002 0.002 0.001 0.001 0.002 0.001
Nd 0.003 0.004 - 0.006 0.006 0.004 0.002 0.003 0.004
Sm - - - 0.001 0.001 0.001 - - -
YA cations 1.000 1.003* 1.003 0.997 0.991 0.991 0.984 0.995 0.991
Al 0.004 0.004 - 0.006 0.006 0.002 - 0.001 0.001
Fe3* 0.019 0.023 0.004 0.044 0.050 0.051 0.052 0.064 0.055
Ti 0.976 0.972 0.999 0.921 0.908 0.880 0.848 0.844 0.882
Zr - - 0.002 0.003 0.003 0.003 0.001 0.001 -
Nb 0.004 0.003 - 0.029 0.037 0.066 0.100 0.089 0.066
Ta - - - - - 0.001 - - -
2B cations 1.003 1.002 1.005 1.003 1.004 1.003 1.001 0.999 1.004

n.d. =not detected. *Total includes 0.11 wt.% ThO, (0.001 apfu Th).

two approaches, the two-stage Pb evolution model of Stacey and
Kramers (1975) and three-dimensional linear isochron (Ludwig,
2003). The latter technique allows the assessment of data con-
cordance and of the assumption of invariant common Pb com-
position. The concordia-constrained three-dimensional linear
isochron age determined for the four perovskite fractions is
253 £2 Ma (MSWD = 2.0), which is in excellent agreement with
the concordia age obtained using the Stacey and Kramers
(1975) model (250+1 Ma for GU-28-41 and 249 +2 Ma for
GU-13; Fig. 7). The initial common Pb composition, derived
from this isochron (*°°Pb/***Pb=17.5+4.3 and *°"Pb/***Pb =
15.49 +0.24) corresponds to the concordia **°Pb/***U ages of
253+2Ma (MSWD=0.65) for GU-28-41 and 252+1Ma
(MSWD =1.3) for GU-13. The andradite sample (GU-08) is
characterised by much lower U levels (~4-7 ppm) compared to
perovskite, and gave slightly discordant results, with an average
206ppy/2381y age of 247 + 6 Ma (Fig. 7).

Discussion and conclusions

The timing of alkaline and carbonatitic magmatism in the
Maimecha-Kotuy Province and Taimyr Peninsula and its connec-
tion to the Siberian flood basalts at the Permian-Triassic bound-
ary has been addressed at length in previous studies (e.g.
Dalrymple et al, 1995; Vernikovsky et al., 2003; Ivanov, 2013;
Burgess and Bowring, 2015; Reichow et al., 2016). The volumin-
ous geochronological literature on the Siberian basaltic volcanism
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Table 3. Representative WDS compositions (wt.% oxide) and formulae (apfu) of
andradite from Guli.

1 2 3

Wt.% oxide

Na,O 0.10 n.d. 0.04
MgO 0.90 0.46 0.29
Ca0 33.22 33.75 33.47
MnO 0.26 0.13 0.20
FeO 0.20 n.d. 0.32
Al,O3 1.52 2.19 1.06
Fe,0; 24.17 26.22 28.15
Si0, 30.53 33.98 34.76
TiO, 9.55 3.88 2.83
Total 100.45 100.61 101.12

Atoms per formula unit calculated to eight cations and 12 oxygens

Na 0.016 - 0.006
Mg 0.113 0.057 0.036
Ca 2.991 3.009 2.985
Mn 0.019 0.009 0.014
Fe** 0.014 - 0.022
Al 0.151 0.215 0.104
Fe* 1.528 1.642 1.763
Si 2.565 2.827 2.893
Ti 0.603 0.243 0.177

n.d. =not detected

has not reached a consensus with regard to the duration or spatial
extent of this event. High-precision geochronology of zircon from
gabbroic intrusions and pyroclastic deposits in the peripheral
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Table 4. LA-ICPMS U-Pb results for perovskite from the Guli carbonatites.

Fraction of common

. Measured ratios lead Corrected ratios Apparent ages

Analysis

No. 207pp/2%ph +20 238y /2%%pb 426 f +20 206pp /238y +20 Ma +20
GU-13

1 0.2530 0.0110 18.7970 0.6360 0.2519 0.0137 0.0398 0.0015 251.6 9.5
2 0.2540 0.0120 18.7970 0.7420 0.2532 0.0150 0.0397 0.0018 251.2 10.9
3 0.2480 0.0130 18.2482 0.7326 0.2452 0.0162 0.0414 0.0019 261.3 11.7
4 0.2620 0.0130 18.8324 0.6384 0.2633 0.0162 0.0391 0.0016 247.4 9.8
5 0.2620 0.0110 18.6916 0.5939 0.2632 0.0137 0.0394 0.0015 249.2 9.0
6 0.2610 0.0110 17.7620 0.5679 0.2614 0.0137 0.0416 0.0015 262.6 9.5
7 0.2176 0.0084 19.8020 0.6666 0.2076 0.0105 0.0400 0.0014 252.9 9.0
8 0.2390 0.0100 19.8807 0.6324 0.2347 0.0125 0.0385 0.0014 243.5 8.5
9 0.2410 0.0110 19.1939 0.6263 0.2369 0.0137 0.0398 0.0015 251.3 9.2
10 0.2480 0.0120 18.9036 0.5718 0.2456 0.0150 0.0399 0.0014 252.3 9.0
11 0.2610 0.0120 18.5874 0.6219 0.2619 0.0150 0.0397 0.0016 251.0 9.6
12 0.2128 0.0085 19.4932 0.6080 0.2014 0.0106 0.0410 0.0014 258.8 8.6
13 0.2590 0.0130 19.7239 0.6614 0.2600 0.0162 0.0375 0.0015 237.4 9.3
14 0.2390 0.0100 18.9394 0.5739 0.2342 0.0125 0.0404 0.0014 255.5 8.6
15 0.2640 0.0110 18.7617 0.6688 0.2658 0.0137 0.0391 0.0016 247.5 9.8
16 0.2310 0.0100 19.6078 0.6920 0.2245 0.0125 0.0396 0.0015 250.1 9.5
17 0.2130 0.0110 20.3666 0.7052 0.2021 0.0137 0.0392 0.0015 247.7 9.4
18 0.2180 0.0100 20.5339 0.7168 0.2085 0.0125 0.0385 0.0015 243.8 9.2
19 0.2430 0.0100 19.1939 0.5894 0.2394 0.0125 0.0396 0.0014 250.5 8.6
20 0.2270 0.0100 20.2840 0.5349 0.2198 0.0125 0.0385 0.0012 243.3 7.4
21 0.2243 0.0095 18.8679 0.7120 0.2156 0.0119 0.0416 0.0017 262.6 10.5
22 0.2360 0.0110 20.1613 0.6504 0.2311 0.0137 0.0381 0.0014 241.3 8.7
23 0.2000 0.0110 21.5517 0.8825 0.1862 0.0137 0.0378 0.0017 238.9 10.4
24 0.2080 0.0110 19.1205 0.7677 0.1952 0.0137 0.0421 0.0018 265.8 114
25 0.1894 0.0096 20.6612 0.7684 0.1724 0.0120 0.0401 0.0016 253.2 9.9
26 0.3160 0.0180 16.8919 0.6848 0.3306 0.0225 0.0396 0.0021 250.5 12.9
27 0.2820 0.0140 18.3150 0.6373 0.2884 0.0175 0.0389 0.0017 245.7 10.3
28 0.3400 0.0140 16.2338 0.5534 0.3606 0.0175 0.0394 0.0017 249.0 10.7
29 0.1970 0.0095 20.6612 0.6830 0.1820 0.0119 0.0396 0.0014 250.3 8.9
30 0.2036 0.0099 20.7039 0.7287 0.1904 0.0124 0.0391 0.0015 247.3 9.3
GU-14

1 0.1917 0.0081 19.8413 0.6692 0.1749 0.0101 0.0416 0.0015 262.6 9.2
2 0.1503 0.0078 21.6920 0.7058 0.1235 0.0097 0.0404 0.0014 255.3 8.6
3 0.1644 0.0084 21.5054 0.8325 0.1412 0.0105 0.0399 0.0016 252.4 10.0
4 0.2090 0.0110 19.4932 0.6840 0.1966 0.0137 0.0412 0.0016 260.4 10.0
5 0.1657 0.0078 20.7039 0.6858 0.1425 0.0097 0.0414 0.0015 261.6 9.0
6 0.1685 0.0080 21.6450 0.8433 0.1465 0.0100 0.0394 0.0016 249.3 9.9
7 0.1827 0.0085 20.4499 0.7109 0.1639 0.0106 0.0409 0.0015 258.3 9.4
8 0.1522 0.0080 22.4215 0.8044 0.1262 0.0100 0.0390 0.0015 246.4 9.1
9 0.1764 0.0087 20.9644 0.7472 0.1562 0.0109 0.0403 0.0015 254.4 9.5
10 0.1677 0.0086 21.3675 0.7762 0.1454 0.0107 0.0400 0.0015 252.8 9.5
11 0.1847 0.0090 20.5761 0.6351 0.1665 0.0112 0.0405 0.0014 256.0 8.5
12 0.1729 0.0096 21.4592 0.7828 0.1520 0.0120 0.0395 0.0015 249.9 9.6
13 0.1583 0.0079 21.5054 0.7862 0.1336 0.0099 0.0403 0.0015 254.6 9.6
14 0.2210 0.0110 20.1207 0.7287 0.2121 0.0137 0.0392 0.0016 247.6 9.8
15 0.1809 0.0096 19.6464 0.7334 0.1612 0.0120 0.0427 0.0017 269.5 10.5
16 0.2160 0.0110 19.8413 0.7874 0.2056 0.0137 0.0400 0.0017 253.1 10.7
17 0.1840 0.0100 20.6612 0.7257 0.1656 0.0125 0.0404 0.0015 255.2 9.6
18 0.1696 0.0090 21.4592 0.7368 0.1478 0.0112 0.0397 0.0015 251.1 9.1
19 0.1573 0.0086 21.1864 0.8080 0.1322 0.0107 0.0410 0.0016 258.8 10.2
20 0.4370 0.0170 13.5135 0.5296 0.4821 0.0212 0.0383 0.0022 242.4 13.5
21 0.2090 0.0100 20.2020 0.7754 0.1970 0.0125 0.0398 0.0016 251.3 10.2
22 0.2450 0.0120 18.1488 0.7576 0.2414 0.0150 0.0418 0.0019 264.0 11.9
23 0.1850 0.0100 20.4082 0.7080 0.1668 0.0125 0.0408 0.0015 258.0 9.6
24 0.2180 0.0110 19.3798 0.7136 0.2079 0.0137 0.0409 0.0017 258.2 10.3
25 0.1547 0.0091 21.5517 1.0683 0.1290 0.0114 0.0404 0.0021 255.4 12.8
26 0.1960 0.0110 20.1613 0.8130 0.1805 0.0137 0.0406 0.0018 256.8 11.0
27 0.1710 0.0110 19.7239 0.7781 0.1488 0.0137 0.0432 0.0018 272.4 114
28 0.2320 0.0110 19.0840 0.7648 0.2255 0.0137 0.0406 0.0018 256.5 11.0
29 0.2230 0.0120 19.2678 0.7796 0.2142 0.0150 0.0408 0.0018 257.7 11.3
30 0.2030 0.0110 20.2020 0.7754 0.1894 0.0137 0.0401 0.0017 253.6 10.4

areas of the Siberian flood basalts (251.35+0.09-251.90+  end-Permian mass extinction, but the activity continued for
0.06 Ma) indicates that the bulk of basic magma was erupted or  another 500 Ka after the event (Burgess and Bowring, 2015).
emplaced within a narrow time interval (~300 ka) near the  The ages of perovskite from melanephelinite flows near the base
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of the basaltic sequence (252.2-252.3 + 0.1 Ma) provide a robust
constraint on the onset of volcanic activity in the Late Permian
(Fig. 8 and references therein). Evidence from differentiated alka-
line intrusions in the southern margin of the Taimyr
Fold-and-Thrust Belt (i.e. across the Yenisey-Khatanga Trough
from Guli) suggests that magmatism extended to at least
250.6 £0.2 Ma (Augland et al, 2019). The 40Ar-3°Ar data for
low-Ti tholeiitic flows and their intrusive equivalents from the
interior of the Siberian flood basalt province show evidence for
a second magmatic pulse some 10 Ma after the extinction,
between 242.8 + 1.3 and 239.1 + 1.1 Ma (Ivanov et al, 2013).
Small-volume mantle magmatism extended even further into
the Triassic, as indicated by the recently discovered Carnian
(234.0-235.2 Ma) diopside-sanidine-phlogopite lamproites at
Norilsk (Ivanov et al., 2018).

The previously published geochronological data for Guli are
predominantly limited to carbonatites. Baddeleyite from
unknown sampling sites (most likely at the southern contact of
the Northern stock) yielded essentially identical ID-TIMS and
LA-ICPMS ages: 250.2 + 0.3 and 250.8 + 1.2 Ma, respectively
(Kamo et al., 2003; Malich et al., 2015). These values are in excel-
lent agreement with our LA-ICPMS data for perovskite from the
Northern stock (250.4 + 1.1 Ma), and are within error from the
ID-TIMS results (249 + 2 Ma) and U-Th-Pb chemical isochron
age of thorianite (250.1 + 2.9 Ma: Malich et al., 2015). Thus, the
emplacement of the Northern carbonatite stock is well-
constrained and occurred in the waning stage of the first mag-
matic pulse (Augland et al., 2019). Interestingly, jacupirangites
that border the Northern stock from the south (Fig. 1b) are coeval
within the analytical uncertainty (250 + 1 Ma, ID-TIMS).

The LA-ICPMS results for perovskite from the Southern car-
bonatite stock imply a somewhat older age: its weighted mean
2%ph/>*®U date is 255.3+2.4 Ma and ‘Tera-Wasserburg' value
254.6 + 3.7 Ma (Figs 4, 5). Unfortunately, our attempt to constrain
further the age of the Southern stock using andradite from its

Fraction of common

. Measured ratios lead Corrected ratios Apparent ages

Analysis

No. 207pp/2%ph 426 238y /2%pp +26 f +20 206pp /238y +20 Ma +20
1 0.1225 0.0086 16.5017 0.5174 0.0857 0.0107 0.0554 0.0019 347.6 11.3
2 0.1150 0.0066 15.8983 0.4550 0.0759 0.0082 0.0581 0.0017 364.2 10.6
3 0.1117 0.0072 16.5563 0.4934 0.0722 0.0089 0.0560 0.0018 3515 10.7
4 0.1161 0.0074 16.2866 0.4775 0.0775 0.0092 0.0566 0.0018 355.2 10.7
5 0.1090 0.0100 16.7224 0.6152 0.0689 0.0124 0.0557 0.0022 349.3 133
6 0.1186 0.0097 16.2866 0.5836 0.0807 0.0120 0.0564 0.0022 354.0 13.1
7 0.1158 0.0074 16.3399 0.4806 0.0772 0.0092 0.0565 0.0018 354.2 10.7
8 0.1042 0.0067 16.2602 0.5288 0.0626 0.0083 0.0577 0.0019 361.3 11.8
9 0.1057 0.0075 16.2866 0.5836 0.0645 0.0093 0.0574 0.0021 360.0 13.0
10 0.1054 0.0061 16.6389 0.5537 0.0643 0.0076 0.0562 0.0019 352.7 11.8
11 0.0964 0.0063 16.8919 0.5992 0.0532 0.0078 0.0561 0.0020 351.6 12.5
12 0.0994 0.0071 16.5017 0.6263 0.0567 0.0088 0.0572 0.0022 358.4 13.6
13 0.1223 0.0083 15.9490 0.5087 0.0851 0.0103 0.0574 0.0019 359.6 11.8
14 0.1101 0.0061 15.6986 0.4929 0.0696 0.0076 0.0593 0.0019 371.2 11.7
15 0.1063 0.0068 16.8067 0.4519 0.0656 0.0084 0.0556 0.0016 348.8 9.6
16 0.1163 0.0086 15.6740 0.6142 0.0773 0.0107 0.0589 0.0024 368.7 14.6
17 0.1298 0.0084 15.5763 0.5580 0.0942 0.0104 0.0582 0.0022 364.4 133
18 0.1281 0.0075 15.9744 0.4848 0.0924 0.0093 0.0568 0.0018 356.2 111
19 0.1378 0.0066 15.5280 0.4581 0.1042 0.0082 0.0577 0.0018 361.5 10.9
20 0.1166 0.0070 16.2602 0.5288 0.0781 0.0087 0.0567 0.0019 355.5 11.7
21 0.1370 0.0079 15.5521 0.4837 0.1033 0.0098 0.0577 0.0019 361.4 11.6
22 0.0998 0.0058 16.5838 0.4675 0.0573 0.0072 0.0568 0.0017 356.4 10.1
23 0.1038 0.0070 16.4204 0.4853 0.0622 0.0087 0.0571 0.0018 358.0 10.8
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Fig. 6. Weighted mean 2°°Pb/>**U age diagrams for perovskite from the Ice River ijolite.
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metasomatised contact with melilitolites (GU-08) gave inconclusive
results (247 + 6 Ma, Fig. 6). Our results are in conflict with the
younger U-Pb ages of volcanic rocks outside the Guli complex
(Kamo et al., 2003). Notably, however, contacts between the age-
dated Arydzhangsky and Del'kansky Suites and the intrusion are
not exposed. Outside these volcanic units, intrusive contacts
between the Guli dunites and basaltoids have been characterised
as metasomatic (e.g. Yegorov, 1991, p. 30). However, this interpret-
ation is inconsistent with the much older age of dunites reported by
Malich et al. (2011), who interpreted these rocks as ophiolite-type
blocks of Ediacaran age juxtaposed by alkaline-ultramafic magmas.

The ~255 Ma age determined in the present work is not the
only indication of pre-Siberian flood basalt magmatism in this
part of Siberia. Combined U-Pb data for perovskite from olivi-
nites and phoscorites of the Kugda alkaline-ultramafic complex,
situated some 80 km ESE of Guli, gave a value of 257 + 6 Ma
(Anosova et al., 2019), although more precise age determinations
for this and other intrusions in the Maimecha-Kotuy province are
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Table 6. U-Pb ID-TIMS isotopic data® for perovskite and andradite from the Guli complex.

Isotopic ratios corrected for blank and common

Pb Age (Ma)
Treatment ~ Weight Pb u Pb/  *®Pb/  2%pb/ 207pp/ 207pp/ 2%%pp/ 2%pp/  2X7pp/  207pby/
No. type (mg) (ppm) (ppm) sz 204Pbb ZOGPb 206Pb 235U 238U Rhoc 238U 235U 206Pb
GU-13 (perovskite - dark brown fragments)
1 3 N HCl 0.33 10.8 127 0.53 65.0 0.1265+1 0.0508+5 0.2746+27 0.0391+1 043 248+1 246+2 234%21
corrected 0.0518 0.2842 0.0398 252+1 2542 277+16
2 8 N HCl 0.80 2.72 375 0.44 69.4 0.1524+1 0.0507+7 0.2770+43 0.0396+2 0.44 250+1 248+4 229%32
corrected 0.0512 0.2827 0.0400 253+1 253+3 250%21
3 6 N HCl 0.35 8.04 103 0.45 68.7 0.2008+1 0.0513+7 0.2797+40 0.0395+2 045 250+1 250+3 25630
corrected 0.0512 0.2824 0.0400 253+1 253+3 249+13
GU-28-41 (perovskite — dark brown fragments)
4 8 N HCl 0.45 8.65 35.8 0.17 63.6 0.4783+1 0.0509+6 0.2772+38 0.0395+1 042 250+1 248+3 236+29
corrected 0.0515 0.2846 0.0401 253+1 254+3 261+19
GU-08 (andradite - dark brown fragments)
5 6 N HCl 1.15 0.43 7.01 0.32 112 0.2067+1 0.0518+3 0.2788+19 0.0390+1 042 247+6 250+2 278%14
6 6 N HCl 2.80 0.23 3.99 0.26 140 0.2397+1 0.0517+2 0.2397+19 0.0389+2 0.73 246+1 249+2 271+11
?All measured values are given to the last significant digit (based on the corresponding 2c).
PMeasured isotopic ratios.
Rho represents correlation coefficients of 2°"Pb/?**U vs. 2°°Pb/***U ratios.
dec correction made using three-dimensional linear isochrons (Ludwig, 2003).
0.0415
Gu-013 (Pb. - to Ludwig, 2003) 260
Concordia Age = 252+1 Ma
MSWD=1.3
'n
Gu-013 (Pb. - to Stacey ad Kramers, 1975) \
0.0405 :
Concordia Age = 249+2 Ma
MSWD=0.0096
0.0395 \
Gu-28/41 (pb. - to Ludwg, 2003)
Concordia Age = 253+2 Ma
MSWD=0.65
0.0385
. 206 238 i
; t(""Pb/U)= 24716 Ma
Gu-28/41 (pb, - to Stacey ad Kramers, 1975)
Concordia Age = 250+1 Ma
MSWD=1.07
207pp/235J
0.266 0.270 0.274 0.278 0.282 0.286 0.290

Fig. 7. U-Pb concordia diagram comparing ID-TIMS data for perovskite from jacupirangite (GU-28-41) and Northern carbonatite stock (GU-13) and andradite from

the Southern stock (GU-08).

clearly desirable to provide robust constraints on the timing of
this type of magmatism. Some mafic intrusions in the Angara-
Taseevskaya depression (SW part of the Siberian flood basalt
province) have been dated using U-Pb and *°Ar-**Ar techniques
to 254.2 + 2.3- 255.8 + 4.7/5.3 Ma (Paton et al, 2010; Ivanov
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et al., 2013). The extent of this hypothetical earlier pulse of man-
tle activity is difficult to constrain because its manifestations were
obviously obliterated by voluminous flood volcanism at ~252 Ma.
It is important to note, however, that in other large igneous pro-
vinces, alkaline and carbonatitic magmatism was recurrent and
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Fig. 8. Summary of geochronological data (from the literature and this work) for the Siberian flood basalts (black: lavas; green: intrusive rocks; blue: lamproites),
Maimecha-Kotuy alkaline plutons (lilac: published data; purple: this work) and felsic intrusions (red). HP: Hoffman Peninsula (Reichow et al., 2016); MK: Maimecha-
Kotuy (Burgess and Bowring, 2015); CP, ATS and NL: central Putorana, Angara-Taseevskaya syncline and Noril’sk lamproite, respectively (Ivanov et al., 2013, 2018);
Ni: Noril’sk intrusion (Renne, 1995); DS and AS: Delkansky and Arydzhangsky Suites (Kamo et al., 2003); GS, SS, T, Ny, E, PND and D: Gudchikhinsky suite,
Syverminsky suite, Talnakh intrusion, Noril’sk vein, Ergalakhsky intrusion, Post-Norilsk dolerite dyke and Daldykansky intrusion (Dalrymple et al., 1995); GUMC,
GUSS, GUNS and GUJA: Guli melilitolite-carbonatite contact, Southern stock, Northern stock and jacupirangite (this work); GM and AD: Guli melilitolite and
Avansky dyke (Dalrymple et al., 1995); KU: Kugda (Anosova et al., 2019); OD: Odikhincha (Salnikova et al., 2019); GU;, GU,, GUs: Guli (Malich et al., 2015;
Kogarko and Zartman, 2007; Kamo et al., 2003, respectively); BG: Bolgokhtokh granodiorite stock (Kamo et al., 2003); RI, MI, UR: Uboinaya River, Morzhov
Island, Rastorguev Island (Vernikovsky et al., 2003); DI and DU: Dikarabigai and Dumtalei intrusions (Augland et al., 2019).

overlapping with the emplacement of tholeiitic rocks. For
example, Cretaceous basaltic volcanism in the Parana Basin of
South America (133-135 Ma: Pinto et al., 2011; Almeida et al.,
2018) was preceded, accompanied and followed by the emplace-
ment of alkaline-ultramafic intrusions, many of which contain
carbonatites (Eby and Mariano 1992; Gomes et al, 1996;
Antonini et al., 2005; Speziale et al., 2020). The oldest of these
rocks predate the basalts by at least 6 Ma, whereas the youngest
postdate them by some 15 Ma (Gomes et al., 2013 and references
therein). Hence, it is conceivable that the Siberian flood basalts,
representing the world’s largest igneous province, could also be
preceded by small-volume mantle-derived magmas. The
co-existence of carbonatites of different ages should also not be
surprising, given the evidence of recurrent igneous activity at
many structurally complex plutons, including carbonatite com-
plexes (Guarino et al., 2013, 2017; Poletti et al., 2016).

Good agreement between the LA-ICPMS and ID-TIMS data
for perovskite from the Northern carbonatite stock demonstrates
that LA-ICPMS can be used reliably for in situ U-Pb age
determination of compositionally heterogeneous perovskite
(Figs. 2a—c, 3a—c). The main limitations of this type of analysis
include a high proportion of common lead in this mineral
(*’Pb/**°Pb=0.85 + 0.02) and the lack of a robust matrix-
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matched standard. Considering matrix effects, we initially
explored the possibility of using the Ice River perovskite as a cali-
bration standard. However, several test runs showed that this
material is not a reliable calibration standard at the analytical set-
tings employed in the present work. The recommended age value
of 356.5+ 1.0 Ma (Heaman, 2009) was determined for a single
perovskite grain from the Ice River ijolite. A more recent study
by Tappe and Simonetti (2012), based on multiple, smaller grains
from ijolite and melteigite reported an appreciably older value of
361.7 1.0 Ma, and explained the discrepancy with Heaman’s
(2009) data by the presence of apatite inclusions in his material.
These uncertainties compelled us to use zircon GJ-1 for calibra-
tion, even though it is not matrix-matched with respect to per-
ovskite. The benefit of using zircon as a U-Pb standard is that
it eliminates the need to correct calibration data for common
Pb, which is an important potential source of errors with matrix-
matched standards rich in common Pb. In this study, we demon-
strate that LA-ICPMS analytical protocols can be modified by
adjusting the laser focus, repetition rate and spray chamber con-
figuration to effectively minimise any matrix effects. The use of a
secondary, matrix-matched standard (e.g. Ice River perovskite)
will further improve results by helping control the instrument
mass bias. The Ice River perovskite cannot be recommended as
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a calibration standard until the discrepancies between the original
study by Heaman (2009) and that of Tappe and Simonetti (2012)
have been addressed. In our opinion, it is important to examine
multiple grains of perovskite from the Ice River ijolite to verify
its isotopic homogeneity, because it is not unusual for alkaline
rocks to contain more than one generation of perovskite repre-
senting distinct and temporally disconnected evolutionary pro-
cesses (Chakhmouradian and Mitchell, 2001; Zurevinski et al.,
2011; Ranger et al., 2018; Tappe et al., 2018).
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