GEODYNAMICS & TECTONOPHYSICS PALEOGEODYNAMICS

Published by the Institute of the Earth’s Crust, Siberian Branch, Russian Academy of Sciences

2023 VOLUME 14 ISSUE 4 ARTICLE 0707 ISSN 2078-502X

DOI: 10.5800/GT-2023-14-4-0707

KENGEDE MAFIC DYKE SWARM AND EXPANSION OF THE 1.50 Ga KUONAMKA
LARGE IGNEOUS PROVINCE OF NORTHERN SIBERIA

M.D. Tomshin ®!, R.E. Ernst ®23, U. S6derlund*, A.V. Okrugin ®'*

! Diamond and Precious Metal Geology Institute, Siberian Branch of the Russian Academy of Sciences, 39 Lenin Ave,
Yakutsk 677000, Russia

ZCarleton University, Ottawa K1S 5B6, Ontario, Canada

3 National Research Tomsk State University, 36 Lenin Ave, Tomsk 634050, Russia

*Lund University, Lund 223 62, Sweden

ABSTRACT. Within the Anabar shield in the northern part of the Siberia, Late Precambrian mafic igneous units are
widespread, which form dyke swarms of different ages of different trends. This paper presents new data on the compo-
sition, structure and U-Pb dating of the E-W trending Kengede dyke swarm. Three new U-Pb ID-TIMS baddeleyite ages
(1496+7, 1494+3 and 1494+5 Ma) were obtained from three dykes, indicating that the Kengede swarm is part of the
1500 Ma Kuonamka large igneous province (LIP). The previously recognized Kuonamka Large Igneous Province (LIP) ex-
tends for 700 km from the Anabar shield to the Olenek uplift in the northern part of the Siberia and is potentially linked to
coeval dykes and sills of the Sao Francisco craton and the Congo craton. The newly dated Kengede swarm is parallel to but
offset by 50 km from the previously dated 1501+3 Ma Kuonamka swarm, and the identification of these two subparallel
dyke subswarms of the Kuonamka LIP supports the earlier interpretation that mantle plume centre was located along the
extrapolated trend of the dykes near the eastern or western margin of the Siberia. The paper examines features of sulfide
Cu-Ni mineralization in dolerites of the Kengede and East Anabar dyke swarms and discusses potential Cu-Ni-sulfide
mineralization linked to the Precambrian mafic dyke swarms of different ages in the north-east of the Siberia.
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1. INTRODUCTION

The Anabar shield in the north-eastern part of the
Siberian craton is host to mafic dykes and sills hosted in
Archean-Proterozoic metamorphosed rocks and Riphean
age (Fig. 1). Isotope-geochronological data of sedimenta-
ry rocks of the western and eastern framing of the Anabar
shield [Gorokhov et al., 2019] shows that they belong to
the Lower Riphean (1600-1400 Ma). This is confirmed
by the maximally young U-Pb age of 1681+28 Ma detritus
zircons from the basal horizons of the Mukun sandstones
of the eastern margin of the Anabar shield [Khudoley et
al.,, 2015].

Late Precambrian K-Ar ages of mafic dykes were first
produced during the medium-scale geological mapping in
the 60s [Mashchak, 1969; Oleinikov et al., 1983]. Later, min-
eralogical and petrochemical studies of these dykes along
with further K-Ar dating was undertaken throughout the
the Anabar shield and revealed multiple trends of dykes up

to 200-300 km and a range of Precambrian ages [Okrugin
et al.,, 1990]. More recently precise U-Pb dating, was pro-
duced for three of the swarms and each was interpreted to
represent the exposed plumbing system of a LIP:

- NW-trending dykes of the 1385 Ma Chieress [Ernst
et al., 2000] and their also extension into the Taimyr
[Priyatkina et al., 2018] and Udzha paleo-rift [Malyshev et
al.,, 2018]J;

- EW-trending dykes (and sills) of the 1500 Ma Kuonamka
LIP [Ernst et al., 2000, 2016b];

- NNW-trending dykes of the 1774-1750 Ma Eastern
Anabar portion of the Timpton LIP [Gladkochub et al.,, 2010,
2019, 2022; Ernst et al., 2016a].

This article presents new U-Pb dating of the Kengede
dyke swarm (Fig. 2) located subparallel and 50 km to the
south of the Kuonamka swarm. The need for these studies
is to clarify the age of the Kengede swarm formation in or-
der to compare it with other dyke belts of the Anabar shield.
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Fig. 1. Scheme of distribution of dyke swarms and sill province in Anabar shield after [Okrugin et al.,, 1990; Ernst et al.,, 2016b].

1 - Paleozoic dolomites, limestones, marlstones and sandstones; 2 - Vendian dolomites,sandstones, argillite, conglomerates and lime-
stones; 3 - Riphean conglomerates, sandstones, siltstones, argillite and dolomites; 4 - Archean-Paleoproterozoic metamorphic com-
plexes; 5 - Permian-Triassic sills and dikes of Siberian trapp; 6 - Late Precambrian dyke swarms with their age (Kuonamka (1.50 Ga)
etc.); 7 - the site of the studied dykes of the Kengede swarm (Fig. 2); 8 - location of the dolerite with Cu-Ni sulfide mineralization.
Constructed on the basis of a Geological maps of the Anabar Shield, scale 1:1000000 [State Geological Map..., 1983], and Siberian plat-
form, scale 1:1500000 [Geological Map..., 1999] with some changes and additions by the authors.
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Fig. 2. Fragment of the Kengede dyke swarm in the Kengede River basin (see Fig. 1).
Distrubition of dykes is shown according to the geological map of scale 1:200000 [Geological Map..., 1975], with the location of three
groups studied dykes (red circles) and sample numbers (AB-37, etc.).

Ranking of all dike swarms of the Anabar Shield can be
useful in carrying out further paleotectonic constructions.
In addition, Based on the identification of sulfide Cu-Ni
mineralization in the dolerites of the Bujurkhai dyke of the
Kengede dyke swarm [Mashchak, 1969] and dolerites of
the East Anabar dyke swarm [Okrugin et al., 2021], their
potential Cu-Ni mineralization of Late Precambrian ba-
sites is discussed in a view of the model proposed in the
works of [Jowitt, Ernst, 2013; Ernst, Jowitt, 2013].

2. GEOLOGICAL AND PETROCHEMICAL
CHARACTERISTICS OF THE KENGEDE
BASITE DYKE SWARM
On the basis of trend the dykes of the Anabar shield can
be divided into multiple swarms: sublatitudinal trending
Kengede, and Kuonamka, ENE trending Central Anabar,
Kotuykan, and West Anabar), NNW trending East Anabar,
NW trending Chieress swarm [Okrugin et al., 1990]. Within
each swarm, the trends typically align in the direction of
the overall direction trend the swarm. However, in the sub-
latitudinal trending Kuonamka and Kengede swarms, the
dykes frequently exhibit en-echelon structure and some
variation in trends with predominant strikes of 80-90° and
95-103°. Dikes filling feathering cracks of the ENE and
WNW directions are less frequently observed (Fig. 2). Dia-
chronous intersecting dykes are observed occasionally, e.g.,
the Kharap group of three intersecting dykes (Fig. 3).

The dykes of the Kengede swarm cut metamorphic com-
plexes of the basement, but are covered by Vendian-Lower
Paleozoic terrigenous-carbonate strata of the platform
cover. Some NW trending dykes belong to the the Permian-
Triassic Siberian Trap magmatism. The Precambrian dykes
have K-Ar ages of 1600-1300 Ma, indicating Early and Mid-
dle Riphean emplacement ages [Mashchak, 1969; Oleinikov
et al., 1983; Okrugin et al., 1990]. In order to determine
the U-Pb age for the Kengede swarm, three dykes were
sampled in the middle course of the Kengede River: AB-
(37-39) - dykes of the Kharap stream; AB-(43, 45) - dykes
of the Budjurkhai stream; and AB-(47, 48) - dykes from the
watershed area of the Kengede-Osur rivers (see Fig. 2).

The sampled dykes are unmetamorphosed and fresh in
appearance. They are characterized by sharp cross-cutting
contacts and a steep dip. In the endocontact zone (near
margin portion), the dykes are composed of microdolerite
that transitions into more coarse-graded gabbro-doler-
ites in the dyke interior. The thickness of the rocks mainly
ranges from a few meters to the first tens of meters and
less often reaches 100-200 m. The dykes can be traced in
length from several tens of meters to several kilometers,
depending on their thickness.

The Kengede dykes are medium-grained ophitic gab-
bro-dolerites consisting of plagioclase, augite, olivine, ti-
tanomagnetite, quartz-feldspar mesostasis and minor am-
phibole and micaceous minerals. Dykes with the greatest
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thickness have a complex interior structure due to the dif-
ferentiation of the melt. Such dyke transition from quartz
gabbro-dolerites in the marginal zones to gabbro-diorites
and monzonite-porphyries in the central part. For example,
in the Kharap dykes, the central zone with a thickness of
12-16 mis composed of quartz monzonite porphyries that
have distinct boundaries with host mafic units (Fig. 3).
Numerous aplitic veins with a thickness of up to 3 cm are
also observed in this dyke [Mashchak, 1970].
Geochemistry of the studied Kengede dykes is com-
pared with that of the Kuonamka swarm are shown in
Table 1. The Table 1 also provides weighted mean values
for the Precambrian mafic dykes of the Kengede swarm,
which are divided into tholeiitic and subalkalic rock series
according to their petrochemical characteristics [Oleinikov
etal, 1983]. In the SiO,-(Na,0+K,0) diagram, samples se-
lected for isotopic dating are confined mainly to the field
of basalts of subalkalic composition, while dolerites most
enriched in SiO, dyke AB-37 of the Kharap stream group
dykes (Fig. 3) gravitate to the field of basaltic andesites
(Fig. 4, a). However, dykes from the Bujurkhai stream area
are characterized by increased alkalis at a relatively low

Si0, content and, similarly to subalkalic dolerites, approach
the field of trachybasalts. Dykes of the Kengede swarm are
compositionally similar to those of the Kuonamka swarm
[Ernst et al.,, 2016b] and generally fall within the range
of Precambrian mafic units of the Anabar shield. A wider
range of Anabar mafic units related to the development of
basaltic trachyandesites and trachyandesites is due to the
occurrence of late differentiates in complex dykes, repre-
sented by quartz monzonite-porphyries.

According to the other geochemical parameters, doler-
ites of the Kengede swarm are also identical to the Kuonamka
dykes. Among the latter, two geochemical groups were
identified [Ernst et al., 2016b]. These two groupings are
particularly clear shows in the Ti-V diagram (Fig. 4, b)
where Group 1 plot within the OFB-CFB-MORB field, while
Group 2 plot mostly in the OIB-ALK field. Compared to the
rocks of the first group, those of the second group are more
enriched with titanium, potassium, phosphorus and REE.
Unfortunately, only a small number of trace element analy-
ses are available for Kengede dyke swarm. However, these
limited geochemical data also fully correspond to those of
the Kuonamka dykes. In the Zr-Ti-Y discriminant diagram

Table 1. Chemical composition (wt. %) and content of trace elements (ppm) in the rocks of the Kengede dyke swarm

Dyke Kharap Budjurkhai Osur Kengede swarm Kuonamka swarm
Samle AB-37 AB-37A AB-38 AB-39 | AB-43 BD* AB-47  AB-48 T-B* SAB* 94-04*  94-03*
Sio, 51.52 49.36 49.65 48.89 47.57 47.42 48.39 49.07 51.84 49.17 52.96 49.97
Tio, 2.99 1.81 2.56 2.02 2.55 3.60 2.23 2.08 2.45 3.51 1.75 3.09
A1203 14.12 13.75 12.71 13.00 12.09 12.22 129 12.79 13.77 12.70 12.75 13.60
Fe,0, 3.80 1.25 3.89 3.54 6.98 5.67 3.52 5.57 4.67 5.54 14.35// 13.62//
FeO 10.75 1191 11.45 12.12 10.65 11.07 10.81 9.96 8.99 9.48 - -
MnO 0.12 0.19 0.20 0.21 0.23 0.14 0.24 0.22 0.19 0.17 0.22 0.21
MgO 3.83 7.40 5.88 6.27 6.10 5.87 7.60 6.06 4.93 5.29 5.35 5.83
Ca0 7.51 9.76 9.28 9.93 9.37 8.90 10.02 9.99 7.73 7.55 9.71 9.48
Na,0 2.61 2.82 2.34 2.05 2.18 2.70 1.99 2.10 2.88 3.33 2.29 2.67
K,0 1.30 0.34 0.61 0.42 0.47 0.62 0.63 0.75 1.36 1.17 0.45 0.92
P,0, 0.40 0.17 0.28 0.22 0.20 0.26 0.26 0.19 0.31 0.48 0.17 0.62
LOI 1.40 0.81 1.63 1.75 2.30 1.38 1.66 1.65 0.95 1.60 1.24 1.52
n 1 1 1 1 1 25 1 1 33 40 1 1
Total 100.35 99.57 100.48 100.42 100.69 99.85 100.25 100.43 100.07 99.97 101.24 101.53
Ni 53 100 - - - 82 - - 78 59 62 89
Co 33 37 - - - 43 - - 37 36 51 42
Cr 26 92 - - - 95 - - 68 53 40 90
\' 253 429 - - - 505 - - 345 373 427 332
Sc 28 40 - - - 49 - - 36 36 37 25
Zn - 107 - - - 63 - - 55 32 123 161
Cu 253 337 - - - 260 - - 208 154 189 84
Pb 2.5 4 - - - 2.4 - - 4.0 3.3 2 7

Note. * - previously published data: BD - weighted mean values of the Budjurkhai dyke group (n=25); T-B and SAB - compositions of the tholeiite-basalt
(n=33) and subalkaline basalt (n=40) respectively of the Kengede swarm dykes by [Oleinikov et al., 1983]; 94-04 and 94-03 correspond to EG94-04-05
(Group 1) and EG94-03-05 (Group 2) of the Kuonamka swarm by [Ernst et al., 2016b], where // - total Fe,0,+FeO. The remaining data relate to the newly
dated dykes of the Kengede swarm. Silicate analyses were carried out by wet chemistry, and trace elements were determined by spectral analysis in

laboratories of the DPMGI SB RAS. n - number of analysis.
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Fig. 3. Field site map locating the three crosscutting dykes of the Kharap stream group of dykes after [Mashchak, 1970]. 1-3 -
gabbro-dolerite of the dykes AB-37, AB-38 and AB-39, respectively with U-Pb age; 4 - monzonite-porphyry.
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Fig. 4. Compositions of the Kuonamka LIP units on geochemical diagrams.

(a) - Si0,-(Na,0+K,0) diagram based on the systematics of the International Union of Geological Sciences (IUGS, 2002): B - basalt;
BA - basaltic andesite; A - andesite; TA - trachyandesite; BTA - basaltic trachyandesite; TB - trachybasalt; Bs - basanite; Tph - tephrite;
PhT - phonotephrite. Dotted line shows the boundary between alkaline (above the line) and subalkaline rocks. Rock compositions are
calculated for dry residual; (b) - V-Ti diagram [Shervais, 1982], ARC - arc tholeiites, OFB - oceanic flood basalt, CFB - continental flood
basalt, MORB - mid-ocean-ridge basalt, CA - calc-alkaline basalt, OIB - oceanic island basalts, ALK - alkali basalt; (c¢) - Zr-Ti-Y discrim-
inant diagram [Pearce, Cann, 1973], WPB - within-plate basalts, IAT - island-arc tholeiites, CAB - calc-alkaline basalts. 1-2 - basites
of the first (1) and second (2) groups of the Kuonamka LIP [Ernst et al., 2016b]; 3 - dykes of the Kengede river studied by the authors
(Table 1); 4-6 — weighted mean values of the Kenegede swarm dykes of the tholeiite-basalt (4) and subalkaline (5) compositions, and
Budjurkhai dykes (6) [Oleinikov et al., 1983]; 7 - dolerites with sulfide nodules, Bolshaya Kuonamka river [Okrugin et al., 2021]; 8 -
field of compositions of the Late Precambrian basites of the Anabar shield [Mashchak, 1970; Oleinikov et al., 1983; Okrugin et al., 1990;
Koroleva et al., 1999].
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(Fig. 4, c), the Kengede swarm, as well as the Kuonamka
swarm, plot in the field of intraplate basalts.

3. U-Pb GEOCHRONOLOGY OF THE KENGEDE DYKE
SWARM AND INTERPRETATION

Three dikes of the Kengede swarm were dated by the
U-Pb ID-TIMS (isotope dilution-thermal ionisation mass
spectrometry) method. These samples were processed at
the University of Lund laboratory using the baddeleyite
separation method [S6derlund, Johansson, 2002]. Approxi-
mately 30 brown baddeleyite grains were separated from
each sample, except sample AB37 from which only 6 grains
were obtained. Baddeleyite grains are of good quality and
the optically best grains were handpicked and combined

Table 2. U-Pb TIMS data for baddeleyte from the Kengede dolerites

into four fractions for sample AB-39 and AB-45, and two
fractions for sample AB-37. Two-to four grains were com-
bined in each fraction. Isotopic analysis was performed
on a Finnigan TRITON mass spectrometer at the Natural
History of Museum in Stockholm. All fractions were ana-
lyzed in peak-switching mode using the SEM (Secondary
Electron Multiplier). The U-Pb data are presented in Table
2 and Fig. 5 and discussed below:

AB-37: Two fractions were prepared but one failed.
The successful fraction plots ca. 1 % discordant yielding a
Pb?"7 /Pb%¢ age of 1496+7 Ma (Fig. 5, a, dark grey ellipse).

AB-39: All 4 fractions overlap and plot less than 1 % dis-
cordant (Fig. 5, a, light grey ellipses). Including all the frac-
tions in the age calculation yields a weighted Pb?’7 /Pb20¢

i0c3

Analysis Nurélfber o/h Pb/  Pb/ 207Pb/Isotope ra:ot::) ; o mlljfe, Ma o Concor

no. grains Pbtotl) 20pb? 235y tZo 233(] *20 235U/ +20 238U/ 120 zol:U/ +20 dance
Sample AB-39

Bd-1 3 14.6 0.045 14858 3.3087 0.71 0.25731 0.66 1483.1 55 1476.1 8.7 1493.2 5.4 0.989

Bd-2 5 22.6 0.115 532.1 3.3083 0.72 0.25834 0.67 1483.0 5.6 14814 89 14854 5.7 0.997

Bd-3 4 17.0 0.069 946.2 3.3235 0.81 0.25818 0.78 1486.6 6.3 1480.5 103 14952 5.6 0.990

Bd-4 4 nm. 0.037 17725 3.3403 046 0.25964 0.43 14905 3.6 1488.0 5.7 14942 3.7 0.996
Sample AB-37

Bd-1 2 13.6 0.071 928.6 3.3411 0.89 0.25945 0.85 1490.7 7.0 1487.0 11.2 1496 6.6 0.994
Sample AB-45

Bd-5 2 173 0.028 24158 3.3234 046 0.25873 0.43 14866 3.6 14834 57 14911 3.6 0.995

Bd-6 2 16.3 0.051 1253.9 3.3346 0.55 0.25937 047 1489.2 43 1486.6 6.2 14928 5.5 0.996

Bd-7 3 2.7 0.295 157.7 33605 0.67 0.26008 0.45 14952 53 1490.3 6.0 15023 8.9 0.992

Bd-8 4 39.3 0.032 2081.2 3.3391 0.44 0.25935 040 1490.2 3.4 1486.5 53 14955 3.8 0.994

Note. Bd - baddeleyite. "Pb_- common Pb; Pb_, - total Pb (radiogenic + blank + initial). ?Measured 2°°Pb/2**Pb ratio, corrected for fractionation and
spike. ¥Isotopic ratios corrected for fractionation (0.1 % per amu for Pb), spike contribution, blank (0.5 pg Pb and 0.05 pg U), and initial common Pb.
Initial common Pb corrected with isotopic compositons from the model of [Stacey, Kramers, 1975] at the age of the sample. n.m. - not measured.
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Fig. 5. Concordia diagrams showing U-Pb baddeleyite ID-TIMS results. (a) - data for samples AB-37 (dark grey) and AB-39 (light-grey);
(b) - for sample AB-45. Dashed lines represent regressions anchored at 0 Ma.

https://www.gt-crust.ru


https://www.gt-crust.ru

Tomshin M.D. et al.: Kengede Mafic Dyke Swarm and Expansion...

Geodynamics & Tectonophysics 2023 Volume 14 Issue 4

mean age of 1493+6 Ma. Excluding the least radiogenic
fraction, that plots slightly off, results in a weighted mean
of 149443 Ma.

AB-45: For this sample the 4 fractions overlap and plot
concordant within uncertainty (Fig. 5, b). The weighted
mean of Pb?"7 /2% dates is 1494+5 Ma, and this is the pre-
ferred age of this dyke.

Therefore, it can be summarized that the obtained
new baddeleyite ages (1496+7; 1494+3 and 1494+5 Ma)
of the three dykes from the E-W trending Kengede swarm
match the age (1501-1503 Ma) of the EQ94-04-05 dolerite
dyke, located along the Bolshaya Kuonamka River [Ernst et
al., 2016b]. Fig. 6 provides a summary of the available 11
U-Pb ages currently available for the Kuonamka LIP (8 in
[Ernst et al.,, 2016b], and 3 U-Pb ages produced herein).

The 10 U-Pb ID-TIMS ages show ages between 1505 and
1495 Ma.

Thus, the correspondence of the time of formation and
mineralogical and geochemical features of the dykes of the
Kengede belt with the dykes of the adjacent Kuonamka
swarm allows us to consider them as interconnected and
parallel sub-swarms belonging to the Kuonamka LIP. One
of the main unanswered questions for the Kuonamka LIP
is the location of the plume centre. That two adjacent sub-
swarms separated by a dyke-poor gap (Kuonamka and now
the Kengede) have similar E-W trends provides additional
support for these dykes providing evidence for the loca-
tion of the plume centre, likely located along the eastern
or western extension of the Kuonamka and Kengede sub-
swarms to (or beyond) the eastern or western edge of the

Number

Kuonamka LIP (U-Pb ages)

Ajiigeqold eanejey

1455 1465 1475 1485

1495 1505 1515 1525

Age (Ma)

Fig. 6. Cumulative U-Pb age spectrum for the Kuonamka LIP. Plot produced using Isoplot 4.15 [Ludwig, 2012].
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Fig. 7. 1500 Ma magmatism superimposed on two alternative reconstruction of northern Siberia with the combined Sao Francisco-

Congo craton after [Ernst et al., 2016b].

(a) - modified from [Ernst et al., 2013] with the interpreted plume located east of the Siberian craton; (6) - modified from [Cederberg
etal,, 2016] with the interpreted plume located to the west of the Siberian craton. K = Kuonamka LIP consisting of Western Anabar sills
(black oval), Kuonamka subswarm (black line), Olenek sills (small circle) and Kengede subswarm (red line), the latter identified herein;
C, Curagd; Ch, Chapada Diamantina dykes of the Sao Francisco craton; H, Humpata sills and dykes of the Congo craton.
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Siberian craton. The greatly expanded scale of the 1501 Ma
Kuonamka LIP extends for 700 km in northern Siberia
(from the Anabar Shield to the Olenek uplift), can be cor-
related temporarily with dyke and sill province in the for-
merly attached Sao Francisco and Congo craton (Fig. 7),
and is consistent with available paleomagnetic data [Ernst
et al., 2013]. This results in a single, short duration, high-
volume LIP event that is over 2000 km across, and there-
fore represents a particularly large LIP event [Ernst et
al.,, 2016b].

4. LINK OF KENGEDE AND KUONAMKA SUBSWARMS
TO SOURCE MAFIC-ULTRAMAFIC INTRUSIONS
WITH PGE-CU-NI ORE DSPOSITS

Mafic-ultramafic intrusions of LIPs are highly prospec-
tive for PGE-Cu-Ni deposits [Naldrett, 2010; Ernst, Jowitt,
2013; Smith, Maier, 2021; etc.]. It is well-established that
large sulfide PGE-Cu-Ni deposits are mostly associated
with Precambrian basic-ultrabasic rocks, i.e. the Canadian
shield (Sudbury, Thompson), Baltic shield (Monchegorsk,
etc.), Australian shield (Kambalda), and others. The Pro-
terozoic platinum-bearing massifs of southern Siberia as-
sociated with LIP are considered by [Mekhonoshin et al,,
2016]. In general, the Phanerozoic lacks the occurrences of
sulfide-bearing magmatic formations, with the exception
of the Norilsk deposits that are the largest among such de-
posits [Genkin et al., 1981; Distler et al., 1988; Likhacheyv,
2006; Smith, Maier, 2021].

By comparison with the 1270 Ma Mackenzie dyke swarm
of Canada [Baragar et al., 1996; Blanchard et al., 2017], the
presence of two narrow subswarms of dykes separated by
a dyke-poor region (50 km wide) may indicate lateral em-
placement of the subswarms from different layered intru-
sions located at the end of the subswarms (Fig. 8). Analysis
of such subswarms for chalcophile content can potentially
be a useful strategy for assessing ore potential in the poten-
tial source magmatic chambers [Jowitt, Ernst, 2013; Ernst,
Jowitt, 2013]. If chalcophile element depletion is observed
in one (or both) of these subswarms (S1 or S2, in Fig. 8), then

Exposed shield

. Magma chambers
feeding dyke subwarms

Dyke subwarms
<— Magma emplacement

the corresponding layered intrusion (M-UM-1 or M-UM-2)
may be enriched in such chalcophile elements, and thus may
have ore potential. In this particular case, such chalcophile
element data are not available for the Kuonamka dykes
and the hypothesized M-UM (mafic-ultramafic layered in-
trusions) and plume centre location remain to be deter-
mined. The radius of the plume centre region is estimated
at several hundred km up to about 500 km and the loca-
tion of the S1 and S2 subswarms could be at least many
hundreds of km away from the plume centre region.

S1 and S2 are subswarms 1 and 2 (analogous to the
Kuonamka and Kengede subswarms of this study). M-UM-1
and -2 are layered intrusions near the plume centre that
are hypothesized to be feeding the subswarms. In this
case the plume centre is shown located to the east, but in
the case of the Kuonamka LIP a plume centre to the west
remains possible. Some examples of copper-nickel sul-
fide ore occurrences in the dolerites of the Kengede and
East-Anabar dyke swarms are studied in relation to such a
model of the formation of potentially ore-bearing magma-
tites. They have a very limited value and small size, and the
location of the plume center is not known, so we cannot
predict possible locations of layered intrusions with large
ore content.

Within the Kengede swarm, areas with disseminated
and stringer-disseminated sulfide copper-nickel mineral-
ization have been established in the dykes in the Kharap
and Budjurkhai stream areas [Mashchak, 1969; Oleinikov
et al., 1983]. These areas are confined to taxitic-textured
dolerites and can be traced for hundreds of meters, with
a width of 2-6 m, reaching 8-9 m in local swells. The out-
lines of the mineralized zones are indistinct, with sulfide
content usually being 1-5 %, less often reaching 10-15 %.
The size of sulfide grains ranges from less than 1 mm to
5-10 mm. The outlines of small grains are of irregular an-
gular shape, due to their interstitial nature. Composition
of the phenocrysts is homogeneous and includes pyrrho-
tite (90-95 %) and chalcopyrite. Large schlieren bodies of
sulfides have an irregular, less often isometric shape with

Plume
centre

Fig. 8. Lateral feeding of subswarms (S1and S2) from a ring of mafic-ultramafic intrusions (M-UM-1,2) in the plume centre region,
model after [Baragar et al., 1996; Blanchard et al., 2017; Ernst et al., 2019].
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Fig. 9. Minerals of the sulfide nodule in the dolerites (sample L-1388) of the Bol’'shaya Kuonamka River.
(a) - photo image of the polished sample; (b) - intergrowths of chalcopyrite (Ccp) and pyrrhotite (Po); (c) - segregation paragenesis
of the apatite (Ap), titanomagnetite (Ti-Mag) and pyrrhotite; (d) - a drop-like inclusion of chalcopyrite. (b, ¢) - backscatter electron

images.

a size of 15-60 mm. Major minerals of the schlieren are
titanomagnetite, cubanite, chalcopyrite, and pyrrhotite;
minor minerals include pentlandite, makinovite, violarite,
valleriite, bravoite, millerite, bornite, and pyrite.

In addition, on the eastern slope of the Anabar shield,
on the terrace of the Bolshaya Kuonamka River 18 km be-
low the mouth of the Juken tributary of the B. Kuonamka
River (see Fig. 1) in the block of dolerites from a landslides
(sample L-1388), visually detectable rounded sulfide nod-
ules ranging in size from 1 to 10 mm across were found
(Fig. 9, a) [Okrugin et al., 2021]. The major minerals in sul-
fide nodules are pyrrhotite and chalcopyrite that form sym-
plectic intergrowths (Fig. 9, b). Clusters of faceted crystals
or fused titanomagnetite, which are associated with pyr-
rhotite and apatite, are frequently formed around the nod-
ule (Fig. 9, c). Apart from the large rounded nodules, small
isolated droplets of chalcopyrite and pyrrhotite are also
observed in the dolerites, ranging in size from the first mi-
crons to 0.1-0.2 mm (Fig. 9, d). The remaining rare sulfide
and sulfoarsenide minerals are represented by siegenite,
gersdorffite, galena, sphalerite and other phases.

The L-1388 dolerite that host these sulfide phenocrysts
are represented by medium-grained light-gray rocks of
the ophitic structure. They are composed mainly of plagio-
clase, clinopyroxene and titanomagnetite; less often they
include potassium feldspar, amphibole, orthopyroxene,

apatite chlorite, zeolite, quartz, calcite and ilmenite. The
L-1388 dolerite belongs to the East Anabar swarm, but
the chemistry is similar both those of the Kuonamka and
Kengede subswarms (see Fig. 4).

Thus, it can be concluded that the mineral composition
of sulfide nodules of the L-1388 dolerites is similar to the
stringer-disseminated copper-nickel occurrences from the
dykes of the Kengede swarm. Similar associations and mor-
pholology of the rare sulfides are typical for the plati-
num-copper-nickel ores of the Norilsk deposits, as well as
the copper-nickel mineralization of the liquid immiscibility
type associated with the differentiated Precambrian com-
plexes of mafic-ultramafic rocks of other regions. Overall,
this suggests the possible presence of Precambrian mafic
units with PGE-Cu-Ni sulfide mineralization in the Anabar
shield [Okrugin et al., 2021]. Rounded bodies of sulfide
nodules indicate that they are of an early magmatic na-
ture resulted from the silicate-sulfide liquid immiscibility.
Under favorable conditions of differentiation of large vol-
umes of such liquates, sulfide ores rich in PGE-Cu-Ni can
be formed.

5. CONCLUSION
U-Pb ID-TIMS dating (1496+7; 1494+3 and 1494+5 Ma)
of three dykes in the previously undated Kengede dyke
swarm of the Anabar Shield of the Siberian craton indicates
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that this swarm is part of the Kuonamka large igneous
province (LIP). The previously recognized Kuonamka LIP
extends for 700 km from the Anabar shield to the Olenek
uplift in the northern part of the Siberia and is potentially
linked to coeval dykes and sills of the San Francisco and
Congo cratons. The newly dated EW trending Kengede
dykes is located is separated from the 1501 Ma Kuonamka
dykes by a 50 km wide dyke-poor region. This indicates
that the Kuonamka and Kengede dykes are subswarms of
the Kuonamka LIP and the gap can be explained by being
laterally fed from two separate magma chambers associate
with the plume centre region, which is also confirmed by
the similarity of the petrochemical features of the dykes.
The location of this plume centre could be beyond the east
or west ends of the subswarms. The presence of copper-
nickel sulfide ore occurrences of limited importance and
small size in the dolerites of the Kengede and East Anabar
dyke swarms indicates the potential possibility of their
link to layered intrusions with PGE-Cu-Ni deposits.
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