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Abstract: The paper presents the first SIMS SHRIMP U-Pb data for zircon from an olivine horizon
within the Nyud intrusion of the ore-bearing layered Monchegorsk pluton (Monchepluton) in the
Kola Region, Russia. A 100–150 m-thick olivine horizon occurs nearly horizontally between the
melanocratic and mesocratic norite of the Nyud intrusion, which disturbs its normal cumulus
stratigraphic sequence. In addition, the pyroxene-plagioclase hornfelses are present at the upper
contact with the olivine horizon. Twenty-three zircon grains were extracted from the large-volume
olivine plagio-orthopyroxenite sample and clustered into two populations. The first population of
magmatic zircon (n = 8) has a concordant and weighted average 207Pb/206Pb age of 2484.3 ± 5.6 Ma,
which characterizes the formation time of the olivine horizon rocks. This serves as evidence of the
olivine horizon that forms as a result of additional magma injection, which does not contradict the
geological data. The 207Pb/206Pb age of single-grain zircon is 2414 ± 25 Ma, which indicates the time
of postmagmatic transformations. The second population of zircon (n = 16) has a concordant and
weighted average U-Pb age of 2700.6 ± 4.6 Ma, which indicates zircon absorption by olivine horizon
magma probably from the rocks of the Archean greenstone belt.

Keywords: SIMS SHRIMP; U-Pb age; olivine horizon; additional magma injection; plagioclase-pyroxene
hornfels; Nyud intrusion; Monchepluton

1. Introduction

The Paleoproterozoic (ca. 2.5 Ga) ore-bearing Monchepluton is located in the southern
of the Archean Kola Province (Figure 1), within the northeastern part of Fennoscandian
Shield. The Monchepluton is a complex layered mafic–ultramafic intrusion consisting of
several blocks divided by tectonic faults. They are traditionally referred to as different
intrusions with their own names. Generally, the Monchepluton includes seven indepen-
dent intrusions, for example, Nittis, Kumuzhya, Travyanaya, Sopcha, Nyud, Poaz, and
Vuruchuaivench (Figure 2). Despite its relatively moderate size (approximately 50 km2),
the Monchepluton has a considerable ore potential. It combines nearly all types of deposits
that are typical of layered intrusions. These are chrome, sulfide platinum-group elements
(PGEs)-Cu-Ni, and low-sulfide Pt-Pd ores alongside rich vein Cu-Ni ores that are unusual
for such intrusions [1,2]. The Monchepluton sulfide PGEs-Cu-Ni and low-sulfide Pt-Pd
deposits are divided into two structural types, i.e., basal ones constrained within lower
margin parts of intrusions and reef stratiform ones [3]. Despite long-term research on the
Monchepluton, some issues regarding its geological structure need additional research. For
example, it has long been believed that the Monchepluton had intruded as a result of a
single pulse of mafic–ultramafic magmatism [1,4].
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Nyud formation time [2]. 

Figure 1. Location scheme of Paleoproterozoic layered intrusion in the northeastern part of
the Fennoscandian Shield, modified after [3]. Red square is Figure 2 area. Outlines of mantle
plumes after [5].

Later, it was noted [2] that the cumulus stratigraphic sequence of the Monchepluton,
which is expressed in a regular change in the composition of rocks from ultramafic to mafic
and is characteristic of layered intrusions, is sometimes disrupted. This is particularly
evidenced by a presence of thinly layered low-thickness ore horizon named “330 Horizon”
among the orthopyroxenite of the upper part of the Sopcha intrusion’s section, and also
by a presence of an olivine horizon within the olivine-free norite of the Nyud intrusion
(Figure 2). These facts concur with a hypothesis that this horizon may have formed
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as a result of additional magma injections occurring later than the Sopcha and Nyud
formation time [2].
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The formation of PGE reefs including the ore 330 Horizon is a difficult and extensively
discussed issue in the scientific community. Of note, petrogenetic models vary from massive
magma fractioning to sporadic pressure changes, crustal contamination, and additional
magma injection [6–11]. In particular, the additional magma injection model was used to
explain the Merensky Reef (Bushveld) genesis [8]. However, this model was not confirmed
in the result of a high-precision U-Pb date research [12]. However, this issue needs further
study regarding the 330 Horizon.

The presence of an olivine horizon within the olivine-free norite of the Nyud intru-
sion is another example of the disturbance of the cumulus stratigraphic sequence of the
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Mochepluton (Figure 2). This suggests that an additional magma portion was injected
during the formation of the Nyud intrusion. Studying the olivine horizon is important
because it is associated with the occurrence of PGEs-Cu-Ni ore located in the form of
two reef-type ore bodies [3].

The present study aims to examine the geological structure of the olivine horizon
with SIMS SHRIMP U-Pb dating of zircon taken from its rocks. The obtained results
will significantly improve our understanding of the formation time of the ore-bearing
olivine horizon and complement the present data on the geochronology and evolution of
the Monchepluton.

2. Regional Geology

The Fennoscandian Shield is the main tectonic structure of Scandinavia and northwest-
ern Russia. Its main volume was developed during the Archean and includes three large
tectonic segments, i.e., the Kola and Karelian Provinces, as well as the Belomorian Mobile
Belt (Figure 1). The continental crust of the Kola and Karelian Provinces is formed by
tonalite-trondhjemite-granodiorite (TTG) granite-gneiss with fragments of metasedimen-
tary and metamagmatic rocks, as well as supracrustal metavolcanic and metasedimentary
rocks, which belong to the of Archean greenstone belts.

The Belomorian Mobile Belt lies between the Kola and Karelian Provinces (Figure 1). It
comprises the same structural and compositional assemblages as the neighboring provinces,
but they experienced significant tectonic transformations in the Neoarchean, and Early and
Late Paleoproterozoic as a result of the collision of the Kola and Karelian Provinces [13,14].
Within the Belomorian mobile belt, the Lapland and Kandalaksha-Kolvitsa granulite belts
are located (Figure 1), which formed as independent tectonic structures in the Late Paleo-
proterozoic (2.0–1.9 Ga) [15,16].

The Paleoproterozoic magmatism in the Fennoscandian Shield was related to the
ascent of an extensive mantle plume that produced numerous layered intrusions, volcanic
rift greenstone belt, and mafic dike swarms [5,17–21].

The Fennoscandian layered intrusions are divided into two groups according to their
age and correlation with Paleoproterozoic rift volcanic rocks, which reflect the pulsating
nature of mantle magmatism. The earlier layered intrusions (ca. 2.50 Ga) are overlain
by volcanics and are located only within the Kola region [17,22–24]. This group includes
the intrusions of the Mt. Generalskaya and Ulitaozero, Monchegorsk and Fedorova-Pana
complexes (Figure 1).

Later layered intrusions (ca. 2.45 Ga) emplaced through the volcanic rocks of green-
stone belts are more widespread. They are numerous in Karelian Province (Tornio, Kemi,
Penikat, Näränkävaara, Koitelainen, Akanvaara, and Kovdozero intrusions; Portimo, Koil-
lismaa, Olanga, and Burakovsko–Aganozero complexes) [2,25–27] and much less developed
in Kola Province (Imandra Complex) [2,24] (Figure 1). There are also numerous massifs
of the corona gabbros complex, which formed in the Belomorian Mobile Belt at the same
time and are similar in composition and age to the late layered intrusions [28,29]. The
layered intrusions of both age groups differ in rock associations, the degree of differen-
tiation, and ore contents. Some of them host Cr, Ni, Cu, PGEs, Ti, and V deposits and
manifestations [3,26,27,30–37], parts of which are of commercial importance.

3. Geological Setting
3.1. Geology of the Paleoproterozoic Layered Monchepluton and Intrusions of Its Framing

The Monchepluton represents a typical layered mafic–ultramafic intrusion formed ca.
2.50 Ga ago and contains deposits and manifestations of various sulfide PGE-Cu-Ni (veined,
impregnated and injection type), low-sulfide Pt-Pd and Cr ores. It intrudes the Archean
granite-gneiss basement and is overlain by the metavolcanics of the Imandra-Varzuga
greenstone belt. The Monchepluton is arc-shaped as apparent in the contemporaneous
topography at the modern erosion level, having an area of ca. 50 km2, and consists of two
branches, namely, a northeastern and a nearly east–west one [1,2,38]. The northeastern
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branch is about 7 km long and 2 km wide in the middle, comprising the Nittis, Kumuzhya
and Travyanaya (NKT) intrusions. The nearly east–west branch is about 11 km long
comprising the Sopcha, Nyud, Poaz, and Vuruchuayvench intrusions (Figure 2).

The Monchepluton can be divided into two individual subchambers according to its
internal structure. The first subchamber (ultramafic) includes the NKT and Sopcha intru-
sions, which are up to 1000- and 1200 m-thick, respectively, and have symmetric trough-like
shapes with the limbs falling at angles of 20−45◦ towards the axes. These intrusions consist
of ultramafic cumulates of similar internal structure composed of, from bottom to top,
lowermost ophitic gabbronorite (up to 100 m), norite and orthopyroxenite of the marginal
zone (10–100 m), harzburgite (100–200 m), interlayering harzburgite and orthopyroxenite
(250–400 m), and orthopyroxenite (300–700 m). The 4–6 m-thick thinly (0.4–1.5 m) layered
ore horizon 330 occurs in the middle part of the orthopyroxenite sequence in the Sopcha
intrusion. The junction zone of the northeastern and nearly east–west branches of the
Monchepluton accommodates the 3 × 1.5 km so-called Dunite Block (Figure 2), which
mainly consists of dunite and rare harzburgite on the flanks. Its vertical thickness varies
from 100 to 700 m and increases southeastwards. On the upper part of the dunite body,
there is a layer-like deposit of chromium ore from the Sopcheozero deposit with a length
of up to 1200 m and a thickness in the range of 5–35 m [2,30,31]. The ages of dunite and
chromium ore of the Dunite Block, determined by the ID-TIMS U-Pb method on single
zircon grains, are 2500 ± 10 and 2500 ± 2 Ma, respectively [39].

The second subchamber (mafic) with a complicated shape is formed by the Nyud,
Poaz and Vuruchuayvench intrusions with thicknesses of up to 800, 400 and 700 m, respec-
tively. Its structure changes from a trough-like shape in the northern part to a sheet-like
shape in the south. The Nyud and Poaz intrusions are characterized by similar cumulus
stratigraphic sequences but differ in the thickness of their zones, which are divided into
lower and upper ones. Melanonorite and plagio-orthopyroxenite make up the lower zones,
which are, respectively, 300 m-thick (Nyud) and 70–120 m-thick (Poaz). These rocks are
orthocumulates composed of orthopyroxene cumulate and intercumulus plagioclase with
rare clinopyroxene poikiloblasts [40]. Leuco-mesocratic norite with gabbronorite interlayers
make up the upper zones, which reach thicknesses of 250 m (Poaz) and 350 m (Nyud),
respectively. They are mesocumulates and are composed of cumulus orthopyroxene and
plagioclase, locally with a high concentration of clinopyroxene [40]. The Nyud intrusion
contains an olivine horizon (Figure 2) that is located between the melanocratic norite of
the lower zone and the mesocratic norite of the upper one, which is described in more
detail below. The similarity of the cumulus stratigraphic sequences of the Nyud and Poaz
intrusions is emphasized by the synchronous ages of the rock formations in their upper
zones. Thus, the mesocratic gabbronorite age of the Nyud intrusion, determined by the
ID-TIMS U-Pb method on zircon, is 2493 ± 7 Ma [22], and the gabbronorite age of the Poaz
intrusion, determined by the same method, is 2493 ± 5 Ma [40].

The Vuruchuayvench intrusion is located to the south of the Nyud and Poaz intrusions
(Figure 2) and, according to drilling data, completes their magmatic stratigraphy. It is
0.5–2 km wide and extends 6 km northeastwards. In its central part, the intrusion is
nearly horizontal; this changes to southeastward dipping at angles of up to 20–30◦ under
the volcanogenic rocks of the Imandra-Varzuga greenstone belt. The Vuruchuayvench
intrusion is mainly composed of monotonous mesocratic metagabbronorite. At its top,
it is a 200–400 m-thick banded zone of metagabbronorite with 5–50 m-thick plagioclasite
interlayers. The crystallization ages of gabbronorite and plagioclasite obtained by the SIMS
SHRIMP U-Pb method on zircon are 2504.2 ± 8.4 and 2507.9 ± 6.6 Ma, respectively [41].

In the southeast, the Monchepluton is in contact with the northwestern end of the
Imandra-Varzuga greenstone belt, the total length of which is about 350 km. Here, its
stratigraphy consists of three suites (from the bottom up): Kuksha, Seidorechka, and
Arvarench suites with thicknesses of up to 400 m, 500 to 2000 m, and ca. 600 m, respectively.
Metabasalt of the Kuksha Suite with conglomerates at the bottom overlies the rocks of
the Vuruchuayvench intrusion and Archean granitoid basement. The Seidorechka Suite
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overlies the Kuksha Suite and is composed of various shales and quartzite at the bottom,
as well as mafic and felsic metavolcanites. The Arvarench Suite is located between the
Monchetundra and South Sopcha intrusions and is composed of intermediate and felsic
metavolcanics. The ID-TIMS U-Pb zircon age of the Seidorechka Suite metarhyodacite is
2448 ± 8 Ma [42], and the Arvarench Suite metadacite age, obtained by SIMS SHRIMP
U-Pb zircon dating, is 2430 ± 7 Ma [43].

In the southwest and through the tectonic zone, the Monchepluton is in contact with
the Monchetundra intrusion, which has the shape of a strongly elongated oval in plan
and is about 30 km long and 2–6 km wide. According to deep structural drilling data, the
vertical thickness of its central part is about 2 km, and its upper part and roof are eroded.
In the cross-section, the Monchetundra intrusion has a trough shape, with flow textures
and primary layering dipping towards its center. Its southeastern branch has its own name,
which is the South Sopcha intrusion (Figure 2).

Two zones are distinguished in the internal structure of the Monchetundra intrusion,
i.e., a lower norite-orthopyroxenite and an upper leucogabbro-gabbronorite zone [2,44].
The lower zone makes up about 20% of the total volume of the Monchetundra intrusion
with a maximum thickness of 450 m. Orthopyroxenite, plagio-orthopyroxenite, and meso-
melanocratic norite make up the zone. The upper zone of the Monchetundra intrusion
accounts for about 80% of its volume with a vertical thickness of 500 to 1400 m. It is com-
posed of mesocratic, medium-grained, less often coarse-grained, intensely amphibolized
leucocratic gabbronorite of a massive, flow-textured, and coarse-grained leucogabbro, less
often anorthosite, usually occurring in the upper part of the zone.

The ID-TIMS U-Pb zircon ages of orthopyroxenite and norite from the lower zone
of the Monchetundra intrusion are 2496.3 ± 2.7 and 2500 ± 2 Ma, respectively [44], and
the age of norite from the South Sopcha intrusion is 2504 ± 1 Ma [45]. Within analytical
error, these data allow correlation with corresponding rocks of the Monchepluton, which is
supported by the similarity of their chemistry of major, trace, and rare earth elements [44].

The metagabbro and gabbronorite ID-TIMS U-Pb ages of the Monchetundra intru-
sion upper zone vary rather widely from 2505 to 2501 Ma [2], 2476 to 2471 [46,47], and
2456 to 2453 Ma [46–48]. The ID-TIMS U-Pb age of the South Sopcha metagabbro is
2478 ± 20 Ma [45]. Thus, the geological and geochronological data indicate multiphase
origins of the Monchetundra and South Sopcha intrusions. The Loypishnyun low-sulfide
Pt-Pd deposit is associated with rocks of the lower zone of the Monchetundra intrusion,
and the low-sulfide Pt-Pd deposit and the sulfide PGEs-Cu-Ni manifestation are associated
with the South Sopcha intrusion [3].

Smaller mafic intrusions are located south of the Nyud intrusion (Moroshkovoe Lake
and “10th Anomaly metagabbro”) and northwest of the NKT (Kirikha) (Figure 2). The
Moroshkovoe Lake intrusion is round in shape, 1.4 × 1.1 km in size, and has a vertical
thickness varying from 75 m in the north to 350 m in its southern part. It is composed mainly
of uralitized norite with interbeds of orthopyroxenite, less frequently of gabbronorite
intruded by metagabbro veins. The PGEs-Cu-Ni mineralization was found in the marginal
zone of this intrusion [3]. It is assumed that the Moroshkovoe Lake intrusion was previously
the southern part of the Nyud intrusion but was separated from it and displaced along
faults in a northwestern direction with an offset of about 700 m.

The “10th Anomaly metagabbro” intrusion is located north of the Moroshkovoe Lake
intrusion and has an oval shape 1 × 0.3 km in size (Figure 2). It is mainly composed of
medium-grained meso-leucocratic metagabbro with associated titanomagnetite and Pt-Pd
mineralization. Similar rocks were discovered in boreholes south of the Moroshkovoe
Lake intrusion.

The Kirikha intrusion consists of two bodies. The larger one has a lenticular shape in
plan and is elongated in the northeast direction parallel to the NKT intrusion. It is 2.5 km
long and 650–700 m wide. The intrusion is mainly composed of mesocratic gabbronorite
with olivine-bearing varieties at the bottom and quartz ferro-gabbronorite at the top. The
ID-TIMS U-Pb zircon ages of the rocks are 2502 ± 7 Ma for the olivine gabbronorite and
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2500 ± 8 Ma for the ferro-gabbronorite [49]. All the intrusions described above, with
the exception of the Monchetundra upper zone, belong to the Monchegorsk complex of
layered intrusions.

3.2. Olivine Horizon

The sill-like olivine horizon is crescent-shaped in plan and about 5 km long and is
present in the western, northern, and southern parts of the Nyud intrusion (Figure 2),
between melanocratic and mesocratic norite (Figure 3). Its roof stands out in topographic
relief forming distinct exposed terraces in the western (Figure 4a,b) and northern parts
of the intrusion. The 100–150-m-thick olivine horizon is almost horizontal. The upper
contact of the olivine horizon with the rocks of the “critical” horizon is marked by a thin
discontinuous interlayer of pyroxene-plagioclase hornfels (Figure 4c,d). This indicates an
intrusive relationship between the rocks of the olivine and “critical” horizons. Its lower
contact with the melanocratic norite is usually gradual according to drilling data.

Compositionally, the olivine horizon rocks range from melanocratic norite to orthopy-
roxenite. The variable contents of cumulus olivine (Fo76–84), varying from rare grains to
30 vol.%, rarely more (Figure 5a–d), represent a distinguishing characteristic of the rocks
of the olivine horizon. Often, the highest contents of olivine are noted in the rocks near
the roof of the horizon and its bottom. For example, the olivine content traced along the
outcrop 425 increases from 10–15 to 25 vol.% (0–3 m) at the beginning and then decreases
to 5 vol.% (3–5 m). An inverse distribution is registered in the lower contact zone of the
olivine horizon, revealed by borehole BH-23 (location shown in Figure 3). Here, the olivine
horizon thickness is 76 m. Within the 0–40 m range, the olivine content gradually decreases
from 10 to 2–3 vol.%, then increases up to 30 vol.%. At contact with the hornfels, the
plagio-orthopyroxenite becomes irregularly grained with a fine-grained groundmass and
larger olivine grains (Figure 5b). Cumulus orthopyroxene (En74-82), forming 1–2 mm-sized
tabular crystals, is the main rock-forming mineral of the olivine horizon’s rocks (Figure 5a,c).
Plagioclase (up to 10 vol.%) is usually found in the intercumulus of cumulus olivine and
orthopyroxene and has a variable composition (An42-76) (Figure 5a–d). The presence of
large poikiloblastic clinopyroxene (En43-48Fe8-13Wo40-48), ranging from 2 to 5 vol.%, is typi-
cal of all the rocks of the olivine horizon (Figure 5d). Locally occurring xenoliths within the
olivine horizon (30 m above its bottom) are melanocratic poikilitic norite of the lower zone
of the Nyud intrusion.

Located in the roof of the olivine horizon, the up to 60 m-thick and 1.2 km-long “critical”
horizon pinches out eastwards after 400 m according to drilling data (Figure 3). The
“critical” horizon has a complex internal structure and consists of an irregular alternation
of melano- and mesocratic norite, and gabbronorite with interbeds of leucocratic norite
and orthopyroxenite. Near the contact with the rocks of the olivine horizon, fine-grained
gabbronorite is developed (Figure 5e), and the contact itself is marked by a thin layer
of hornfels (Figure 4e,f), which are identical in composition to gabbronorite (Figure 5f).
Schliers and veins of pegmatoid gabbronorite developed widely in the rocks of the “critical”
horizon. Their ID-TIMS U-Pb zircon age is 2504.4 ± 1.5 Ma [17], and 2500 ± 5 Ma for zircon
and baddeleyite [2,23]. The origin of the “critical” horizon remains disputable. One of the
existing explanations suggests that it was formed as a result of the injection of additional
magma [50]. Another suggestion is that the “critical” horizon is a result of the mixing of
ultramafic and mafic melts [2].
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Figure 3. Scheme of the geological structure of the Terrace site of the Nyud intrusion, and section
along the A-B line, modified after [51].
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Figure 4. Field photographs: (a) panorama of the terrace site; (b) outcrops of olivine horizon along
the slope of the Tterrace; (c) outcrop 425 of the olivine horizon at the contact with gabbronorite of
the “critical” horizon through a layer of hornfels; (d) hornfel layer at the contact of olivine plagio-
orthopyroxenite and gabbronorite of the “critical” horizon.

The olivine horizon is associated with PGEs-Cu-Ni ores of the upper and lower reefs of
the Terrace manifestation (Figure 3) [3]. The upper reef is confined to the roof of the olivine
orthopyroxenite forms by a 1 km-long and 10 m-wide, gently-dipping layer that gradually
pinches out eastwards. The lower reef occurs at the exocontact of the olivine horizon among
melanocratic poikilitic norite of the lower part of the Nyud intrusion (Figure 3). This reef
extends about 1.5 km and has a variable thickness of up to 20 m in the western part of the
reef, but smoothly reduces eastwards, averaging approximately 10 m.

Sulfide mineralization in both reefs reaches 1–3 vol.% as fine or medium impregnations
and rarely as 1–5 cm-sized nests. The main ore minerals are pyrrhotite, pentlandite and
chalcopyrite with subordinate amounts of pyrite, titanomagnetite, ilmenite, and chromite.
The platinum-group minerals (PGMs) in both reefs are similar and are Pt and Pd telluro-
bismuthides [3]. In addition to the reef-type ore in the area, there is the small Nyud-II
nested-disseminated sulfide PGEs-Cu-Ni deposit, which occurs in association with leu-
conorite and gabbronorite of the “critical” horizon; mining was abandoned in the 1970s
(Figures 3 and 4) [51].



Geosciences 2023, 13, 344 10 of 18

Geosciences 2023, 13, 344 10 of 19 
 

 

 

Figure 5. Cross-polarized transmitted-light photomicrographs of thin section: (a) olivine plagio-or-

thopyroxenite 5 m from the upper contact (sample 425); (b) inequigranular plagio-orthopyroxenite 

with olivine 1 m from the upper contact (sample 425/5); (c) olivine orthopyroxenite of the southeast-

ern part of the olivine horizon (sample 428/2); (d) olivine plagio-orthopyroxenite 10 m from the 

lower contact (sample BH-23/67.3); (e) fine-grained “critical horizon” gabbronorite 1 m from the 

contact with the olivine horizon (sample 425/8); (f) pyroxene-plagiolase hornfels. Mineral abbrevia-

tions after [52]: Ol—olivine, Opx—orthopyroxene, Pl—plagioclase, Cpx—clinopyroxene. 

  

Figure 5. Cross-polarized transmitted-light photomicrographs of thin section: (a) olivine plagio-
orthopyroxenite 5 m from the upper contact (sample 425); (b) inequigranular plagio-orthopyroxenite
with olivine 1 m from the upper contact (sample 425/5); (c) olivine orthopyroxenite of the southeastern
part of the olivine horizon (sample 428/2); (d) olivine plagio-orthopyroxenite 10 m from the lower
contact (sample BH-23/67.3); (e) fine-grained “critical horizon” gabbronorite 1 m from the contact
with the olivine horizon (sample 425/8); (f) pyroxene-plagiolase hornfels. Mineral abbreviations
after [52]: Ol—olivine, Opx—orthopyroxene, Pl—plagioclase, Cpx—clinopyroxene.

4. Materials and Methods

The object of our study was an outcrop of olivine plagio-orthopyroxenite of the olivine
horizon, from which a large-volume geochronological sample 425 weighing 21.5 kg was
taken. Its location is shown in Figure 3. Twenty-three zircon grains were isolated from it
by the standard separation technique using electromagnets of various power and heavy
liquids for U-Pb isotope studies. Geochronological studies were performed by way of
secondary ion mass spectrometry on a sensitive high-resolution ion micro probe instrument
(or SIMS SHRIMP) at the Center for Isotope Research (CRI) of VSEGEI (Saint Petersburg)
following the method described in Williams [53] and adapted for CIR [54].

The microscopically hand-picked zircons were mounted in an epoxy disk (as 2.5 cm
diameter frame) together with the international zircon standards (TEMORA and 91500),
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then polished approximately to half of the grain’s thickness and coated with gold. Further,
the zircon grains were documented using a scanning electron microprobe (SEM) (CamScan
MX2500 with CLI/QUA2) for cathodoluminescence (CL) and back-scattered electron (BSE)
imaging to study the internal zircon structure and to select possible targets. CL and BSE
images allowed us to select homogeneous domains for analysis, which were inclusion-free
with no secondary modifications and/or mechanical damage. The analysis points (craters)
on the dated grains are shown in Figure 6a.
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Figure 6. U-Pb dating results for zircon from sample 425 of olivine plagio-orthopyroxenite of the Nyud
intrusion: (a) CL images of magmatic, postmagmatic, xenocryst zircon with location and analytical
craters (diameter 30 µm), and 206Pb/238U ages; (b) Th (ppm) versus U (ppm) plot for magmatic and
xenocryst zircon; (c) Concordia plot for magmatic, postmagmatic, and xenocryst zircon, 207Pb/206Pb
weighted average ages for (d) magmatic and (e) xenocryst zircon. Colours as for (b).
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The intensity of the primary O2- ion beam was ~4 nA, and the spot diameter was
approximately 30 µm at the 2 µm pit depth. The U/Pb ratios were normalized to that in the
Temora standard zircon (0.0668) corresponding to the 206Pb/238U age of 416.75 ± 0.24 Ma [55].
The 91500 standard zircon with uranium content of 81.2 ppm and a 206Pb/238U age of
1062 Ma [56] was used as a concentration standard. The raster one-minute cleaning of the
rectangular (50 × 65 µm) mineral area before the dating procedure allowed for minimizing
the surface contamination. The obtained data were processed using SQUID software [57].

The errors in single tests (ratios and ages) are given at a 1σ level while the errors
of calculated ages, including those that are concordant, are provided at a 2σ level. The
Ahrens-Wetherill diagrams with Concordia plots [58] were plotted using the ISOPLOT/EX
software [59]. The correction for non-radiogenic Pb was made on the measured 204Pb and
modern isotope Pb composition in the Stacey–Kramers model cited in [60].

5. Results

Overall, twenty-five U-Pb isotope analyses were performed on all separated 23 zircon
crystals. Table S1 and Figure 6 show these results. All representative zircon grains are
homogeneous, characterized by the absence of a significant impact of secondary processes
on the U-Pb isotope system. All obtained ages are concordant, since the independent
206Pb/238U and 207Pb/235U isotope ages overlap within analytical uncertainties. According
to the morphology and isotopic compositions, the studied zircons can be divided into
two populations.

The first population of zircon comprises eight short-prismatic zircon grains with a size
of 100 × 65 to 265 × 165 µm and an elongation coefficient of 1.3 to 2.3 (Figure 6a). They are
characterized by rough zoning and the presence of fluid inclusions, without visible cores
and shells, sometimes with well-preserved facets.

The second population of zircon is represented by fourteen homogenous zircon grains.
They are long- and short-prismatic partially resorbed crystals with preserved crystallo-
graphic facets (Figure 6a, grains 9 and 22) with sizes of 75 × 65 to 215 × 85 µm and
elongation coefficients varying from 1.2 to 2.8 (Figure 6a).

The single zircon grain with the largest size (300 × 210 µm, elongation coefficient of
1.4) (Figure 6a, grain 20) has partially preserved crystallographic facets and resorption of
the grain outer surface containing mineral inclusions.

The zircon in the first population is geochemically homogenous and shows relatively
moderate variability of U and Th contents from 68 to 389 ppm U and 196 to 588 ppm Th,
respectively, and a high positive correlation coefficient between them (Figure 6b). The
average contents are as follows (n = 8): U = 207 ppm, Th = 333 ppm, and Th/U = 1.61. A
concordant and weighted average 207Pb/206Pb age of 2484.3 ± 5.6 Ma (MSWD = 1.2, n = 8)
was obtained for this zircon population (Figure 6c,d). For the concordate, we take such
an age when the ellipses of analytical errors intersect the concordia. This is confirmed by
the low degree of discordance, varying from −1.7 to 0.9% (Table S1). The obtained age is
interpreted as the time of magmatic crystallization of zircon and, accordingly, of the Nyud
intrusion olivine horizon.

For the second zircon population, significant variations in U and Th contents are
determined in ranges of 10–505 ppm and 1–567 ppm, respectively (Table S1), with no
correlation observed between them (Figure 6b). The average contents are as follows
(n = 16): U = 225 ppm, Th = 130 ppm, and Th/U = 0.58. This zircon population has a
concordant and weighted average 207Pb/206Pb age of 2700.6 ± 4.6 Ma (MSWD = 1.5, n = 16)
(Figure 6c,e). The concordant age is confirmed by the intersection of the Concordia plots by
all ellipses of analytical errors, as well as by the low value of the degree of concordance,
varying from −3.1 to 0.9 (Table S1). The obtained results indicate that zircons of the
second population are xenocrystic and were probably captured from rocks of the Archean
greenstone belt.
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The low contents of U = 21 ppm, Th = 6 ppm and Th/U = 0.3 were determined for
zircon grain 20 (Table S1). Its 207Pb/206Pb age is 2414 ± 25 Ma (Table S1). We believe that this
age may indicate the time of postmagmatic transformations of the olivine horizon rocks.

6. Discussion
6.1. Geological Features of the Olivine Horizon

The olivine horizon occurs between olivine-free orthocumulates of the lower zone
of the Nyud intrusion and mesocumulates of the upper zone, disturbing their regular
cumulus stratigraphy sequence. Moreover, a low-power hornfel interlayer is developed at
the contact zone of the olivine horizon and the “critical” horizon rocks, having formed as a
result of the thermal impact of the olivine horizon magma on host rocks of the “critical”
horizon. These facts provide strong evidence in favor of additional later injection of the
olivine horizon parental magma into a magmatic chamber of the Nyud intrusion. The
internal structure of the olivine horizon is characterized by the absence of layering and
by irregular distribution of olivine in the horizon rocks. This may indicate a turbulent
(chaotic) character of flow olivine horizon parental magma. Such a kind of flow is usually
a feature of low-viscosity magma, which is typical of mafic magma and occurs when the
magma flow speed increases in a chamber of proper power [61]. Moreover, the turbulence
often occurs with the pressure difference and may be connected to variability in the feeder
diameter, for example, when the feeder becomes narrower near the magmatic chamber.

6.2. Zircon Morphology and U, and Th Contents

The morphologies of two studied populations of zircon grains from the olivine hori-
zon are notably different. The magmatic zircon is represented by deformed grains and
individual grains with partially preserved facets (Figure 6a). Such forms probably indicate
a complicated zircon evolution that happened both in the turbulent magmatic flow and in
relatively calm crystallization settings.

The xenocryst zircon is morphologically represented by prismatic bipyramid crystals
that sometimes feature a single pyramid and are variously resorbed (Figure 6a). Such varia-
tions of zircon shape are common for xenocryst crystals in fluid-rich system settings [62].
Of note, the presence of idiomorphic individual grains is likely to indicate their formation
during the amphibolite facies metamorphism, which is inherent in the Archean greenstone
belts of the Kola province.

The post-magmatic zircon is of the biggest size and contains irregular domains that
may have been developed during the recrystallization; the latter was facilitated by water
fluids separated from magma in the deep [62].

The Th and U contents in zircon are a sensitive indicator for a zircon crystalliza-
tion medium and are more than likely to occur as isomorphic admixtures in the zircon
structure [63]. The magmatic zircon is characterized by the U content within the 68–389
ppm range and Th content within the 196–588 ppm range with an average Th/U ratio
of 1.61 (Table S1). The range of contents of such incoherent elements as U and Th in the
magmatic zircon most likely indicates their variations during the fractioning of parental
magma of the olivine horizon.

The xenocryst zircons are characterized by the widest range of U and Th contents
(10–505 and 1–567 ppm, respectively, Table S1), and this may be associated with different
compositions of rocks (from mafic to asid ones) of the Archean greenstone belt, which it
was extracted from.

6.3. Geochronology and Formation Model of the Olivine Horizon

The published geochronological data on the Nyud intrusion rocks fall in the range
of 2493–2504 Ma [2,17,22,23]. Of all these ages, only the mesocratic gabbronorite age of
2493 ± 7 Ma [22] has a direct bearing on the cumulus stratigraphy of the Nyud intrusion,
characterizing its upper zone. It can be argued that the upper frontier of the synchronously
formed Nyud and Poaz intrusions is 2493 Ma based on the similar age (2493 ± 5 Ma) [40]
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of the upper zone gabbronorite of the Poaz intrusion. At the same time, the ages of
2504.4 ± 1.5 Ma [17] and 2500 ± 5 Ma [2,23] of the vein complex pegmatoid gabbronorite
of the “critical” horizon, which does not belong to the cumulus stratigraphy of the Nyud
intrusion, cannot serve as a reliable age benchmark for its formation.

Regarding the age of the bottom part of the Nyud intrusion, the SHRIMP U-Pb dating
results for the metadiorite [64] should be examined more thoroughly. These rocks, which we
assume to be palingene-anatectic quartz diorite and trondhjemite, occur in the exocontact
of the Nyud intrusion. They are exposed in a series of outcrops north of the “10th Anomaly
metagabbro” intrusion and have also been discovered in some recent boreholes drilled in the
southern part of the Nyud intrusion. The age of this diorite obtained using SIMS SHRIMP U-
Pb dating of zircon and baddeleyite is 2498 ± 6 Ma [64] and, according to the authors of this
work, they are part of the “10th Anomaly metagabbro” intrusion. However, the results of
recent drilling show that these diorites are not always spatially associated with metagabbro
but are invariably found in the exocontact of the Nyud intrusion. Moreover, locally, the
metagabbro veins traverse the diorite. Taking into account the structural position of the
diorites, we believe that they are genetically related to the injection of the Nyud intrusion
and were formed as a result of a thermal impact on the underlying host rocks, possibly
the Archean greenstone belt. Therefore, the diorite age of 2498 ± 6 Ma indirectly reflects
the magmatic event associated with the emplacement of the Nyud intrusion. Therefore,
the age of formation of the Nyud intrusion can be limited to the range 2498–2493 Ma or a
narrower interval, taking into account the age determination errors.

Consequently, the relevant age of igneous zircons of the first population obtained by
us from a sample of the olivine horizon of the Nyud intrusion (2484.3 ± 5.6 Ma) is younger
than the rocks of the Nyud intrusion. This result is fully consistent with the geological
data on the intrusive relationship of the olivine horizon with the overlying host norite, as
evidenced by the presence of hornfelses at the top of the olivine horizon. In addition, the
cumulus stratigraphic sequence of the Nyud intrusion is disturbed by the presence of the
olivine horizon, which lies between the olivine-free melanocratic norite at the bottom and
the mesocratic norite at the top. In accordance with the principle of cumulus stratigraphy,
this indicates that the formation of the Nyud intrusion was not a single event but rather
was accompanied by the injection of a later portion of the olivine horizon parental melt.
Therefore, our idea that the olivine horizon was formed as a result of the injection of an
additional portion of magma at the stage of magmatic activation following the formation
of the largest part of Monchepluton is quite reasonable.

Besides the Monchepluton, the Fedorova Tundra layered intrusion, which is part of the
Fedorova-Pana complex (Figure 1), is known to host younger intrusive phases, including
ore-bearing gabbronorite. It occurs in the intrusion’s marginal zone and shows intrusive
relationships with rocks of the layered series, whose age was determined by the ID-TIMS
U-Pb method on zircon in the range of 2526 ± 8–2507 ± 11 Ma [65]. The age of ore-bearing
gabbronorite obtained using the ID-TIMS U-Pb method on zircon is 2485 ± 9 Ma [66] and,
within analytical uncertainty, is close to the age of the olivine horizon (this study). Thus,
the injection of younger intrusive phases took place between the formation of two age
groups of layered intrusions.

The second population of zircons with a U-Pb age of 2700.6 ± 4.6 Ma is clearly
xenocrystic and was captured during the injection of olivine horizon magma through
the rocks of the Archean Tersko-Allarechka greenstone belt. Located to the south of the
Monchepluton, this belt consists of three suites (from the bottom up): the Vochelambina,
the Kislaya Guba and the Vite Guba Suites, with thicknesses of 400–650, ca. 3000 and
2000 m, respectively [67]. Of all these suites, only the felsics metavolcanics of the Kislaya
Guba Suite yielded a U-Pb zircon age of 2718 ± 10 Ma [67]. Therefore, we assume that the
2718 ± 10 Ma age of the zircon xenocrysts could originate from the rocks of the younger
Vite Guba Suite, which constitute the youngest elements of the stratigraphy of the Tersko-
Allarechka greenstone belt.
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Thus, the results of the study indicate that the sill-like olivine horizon of the Nyud
intrusion was formed as a result of the injection of additional portions of magma during ca.
2484 Ma. This magma entered through a narrowing feeder channel, which contributed to a
sharp increase in flow speed and led to a turbulent flow of magma.

7. Conclusions

The geological features and age of the olivine horizon from the Nyud intrusion of
the Monchepluton were studied. The olivine horizon is a sill-like body with evidence of
magmatic relationships with the overlying and underlying rocks. The absence of layering
in the olivine horizon and irregular distribution of olivine are caused by the turbulent flow
of low-viscosity magma in the magma chamber.

Two zircon populations have been extracted from a large-volume sample. The mag-
matic zircon is represented by deformed grains and individual grains with partially pre-
served facets and without zoning. This indicates that they have been formed as a result of
both turbulent magmatic flow and relatively calm crystallization settings. The xenocryst
zircon shape is characterized by variously resorbed idiomorphic individual grains. This
is possible in rocks metamorphosed in amphibolite facies with fluids and does not con-
tradict the possible extraction of the zircon from the Archean greenstone belt rocks. The
biggest individual grain of post-magmatic zircon may have been formed as a result of
recrystallization of earlier finer grains.

The range of contents U and Th in the magmatic zircon most probably indicates their
variations during the fractioning of the olivine horizon parental magma. The xenocryst
zircon features wider ranges of U and Th contents, which may be associated with different
compositions of rocks (from mafic to felsic ones) of the Archean greenstone belt, from
which it was extracted.

The study resulted in a concordant SIMS SHRIMP U-Pb and weighted average
207Pb/206Pb age of 2484.3 ± 5.6 Ma for magmatic zircon from the olivine horizon of the
Nyud intrusion. This age indicates that the horizon formed as a result of an additional
magma injection. The injection happened after the formation of the Nyud intrusion into
the norite host and agrees with the field observations.

The presence of xenocryst zircon with a concordant SIMS SHRIMP U-Pb and weighted
average 207Pb/206Pb age of 2700.6 ± 4.6 Ma shows that it was captured from the surround-
ing host rocks of the Archean greenstone belt as a result of their assimilation with the
olivine horizon parent magma.

The age frontier of ca. 2480 Ma is of great importance in the geological history of the
Kola Province. At that time, additional melts were introduced into the intrusions of the
Monchegorsk and Fedorova-Pana layered complexes, and they are genetically related to
Pt-Pd ore concentrations.
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