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Abstract: This study reviews the available data on the Phanerozoic plume activity (Large Igneous
Provinces (LIP’s) size and frequency) and geochemistry of their igneous rocks. A major goal of this
review is to try to find the changes in intensity and geochemistry of mantle plumes linked to the
Earth’s evolution and galactic seasonality that was supposed in the authors’ previous publications.
The data indicate that the Cambrian-Ordovician and Jurassic-Cretaceous galactic summers were
associated with peaks of various igneous activities including both plume- and subduction/collision-
related magmatism, while the Carboniferous-Permian and current galactic winters led to significant
drops within the igneous activity. The materials subducted into the transitional and lower mantle,
which highly influenced the plume magmas in the galactic-summer times, were less significant in the
galactic spring and autumn seasons. The least subduction-influenced LIPs were probably the Tarim
and Emeishan deep plume magmas that developed in the mid-late Permian, during the galactic late
winter—early spring subseason. The Fe enrichment of clinopyroxenite, gabbro, and associated ores
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1. Introduction

A major goal of this review is to try to find the evolutionary changes in intensity and
geochemistry of mantle plumes linked to the Earth’s evolution and galactic seasonality that
was supposed in our previous publications [1,2]. The earlier paper [1] suggested that the
galactic seasons of the Earth indicate significant changes caused by its distance from the
Sun while that star was flying along its elliptical orbit. Under the gravitational influence

of a huge mass at the galactic center, the Solar System, including Earth, became extended
when it moved closer to the center and then contracted back towards the Sun when it
became more distant. So, the galactic winters on the Earth coincided with closer to the
galactic center position of the Solar System and vice versa. Galactic winters occurred on
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tectonics?) during the spring—summer seasons. Intense folding, dynamic metamorphism
and acidic (subduction/collision-related) magmatism grew the thicker continental-type
crust during the autumn-winter seasons. The later work devoted to the Cretaceous turn of
geological evolution [2], however, showed that the galactic summers were associated with
peaks of varied igneous activities. These included both plume- and subduction/ collision-
related magmatism, while the galactic winters showed significant drops of any igneous
activity. The more recent works [4,5] demonstrated a close relationship between plume-
and subduction/collision-related activities in Northeast Asia for the Mesozoic time and
thus supported the latter supposition.

Below, we will test our previous ideas by reviewing the Phanerozoic volcanic activity
of Large Igneous Provinces (LIPs), especially focusing on the largest and best-studied
provinces emplaced on continents. The continental LIPs were selected because the alterna-
tive oceanic LIPs are poorly preserved in the pre-Jurassic geological records. The siliceous
LIPs are relatively rare phenomena that are not suitable for wide comparison. They were
also deeply influenced by crustal contamination that does not contribute to the achievement
of this study goal.

The selected Paleozoic LIPs [6] include: Kalkarindji (about 510 Ma) from north Aus-
tralia; Yakutsk-Vilyui (about 370 Ma) and Siberian Traps (about 252 Ma) from north Siberia;
Kola-Dnieper (about 370 Ma) from Eastern Europe; Skagerrak-centered (about 300 Ma)
from Scandinavia; Tarim (about 285 Ma) from Central Asia; and Emeishan (about 260
Ma) from South China. The Mesozoic continental LIPs are more extensive. Particularly,
the Central Atlantic Magmatic Province (about 201 Ma) partly cover North America, Eu-
rope, Africa, and South America. The Karoo (South Africa) and the Parana (eastern South
America)—Etendeka (western South Africa) provinces were emplaced in Gondwana at
about 183 Ma and 134 Ma, respectively. Fragments of the High Arctic LIP (about 121 Ma)
were found in North America, Asia, and Europe [6]. Fragments of the Deccan LIP (66
Ma) remain in India, as well as on the Chagos—-Laccadive Plateau and Seychelles. The
less abundant Cenozoic LIPs include the North Atlantic Igneous Province (60 Ma) in Eu-
rope and Greenland, Afro-Arabian LIP (31 Ma) in East Africa and Arabian Peninsula and
Yellowstone—-Columbia River LIP (17-0 Ma) in North America.

2. Data Sources and Methods of Interpretation

The geochemical data for this review were downloaded from the GEOROC database [7]
in April-May 2022, using the following parameters: geological settings = Continental Flood
Basalt + Intracontinental Volcanics + Rift Volcanics and LIP’s name, with additions from
the following research papers: [8] for the Kalkarindji (Australian craton) LIP; [9,10] for the
Yakutsk—Vilyui (North Siberia) LIP; [11-14] for the Kola-Dnieper (East European craton)
LIP; and [15] for the Karoo LIP. The data interpretation was conducted using diagrams and
comments on them from [16-18]. Names, ages and sizes of Phanerozoic LIPs are after [6].

3. Results and Discussion
3.1. LIP’s Size (Plume Activity) in the Geological Record

Figure 1E shows how the LIP’s size and frequency changed in Phanerozoic in compar-
ison with other igneous activities (Figure 1A-D). The former events tend to decrease un-
evenly with age, although they are not reliably evaluated for every province [6]. Thus, these
decreases may be the quasi decreases caused by poorer preservation of the older provinces.
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Figure 1. The proposed galactic seasons (after [2] in comparison with global changes in igneous and
iron ore-forming activities (after [19-21]) with additions from [6,22]). (A)volume of volcanic rocks;
(B) ophiolite frequency; (C) kimberlite frequency; (D) carbonatite deposits (E) Lip’s size (F) number
of ooidal ironstone deposits. The LIPs names are shown only for the provinces for which geochemical
data are used in this study.

It is also well seen in Figure 1E that the LIP’s activity in the Cambrian—Ordovician, and
especially in the Jurassic-Cretaceous galactic summers, was much more extensive than in
the Carboniferous-Permian and recent galactic winters. This strongly supports our recent
suggestion that the galactic summers were associated with peak plume activity, while the
galactic winters led to its significant drops [2].

3.2. Plume—Mantle and Plume—Subduction Interactions

Zhang et al. [18] considered LIP’s compositions related to plume interactions with the
core-mantle boundary and the transitional mantle zone. As a result, three major plume
types were geochemically distinguished, including;:

1.  Andersonian plumes that originated from the upper mantle above the transitional
mantle zone, characterized by the basalt-rhyolite (BR) rock suite;

2. Morganian plumes that derived from the core-mantle boundary but not significantly
reacted with the transitional and upper mantle, characterized by both BR and basalt—
trachyte (BT) suites;

3. Super plumes derived from the core-mantle boundary and widely reacted with the
transitional and upper mantle, characterized by a complex rock assemblage including
BR, BT, and basalt-phonolite (BP) suites.

The Super and Morganian plumes are suggested to be sourced by the lower mantle
and subducted materials that had reached the lower mantle and core-mantle boundary as
a result of mantle avalanches [23]. It is also supposed that the liquid outer core is the source
of Fe for the bridgmanite and post-perovskite phase transition in the lower mantle [18].

The TAS diagrams show that the winter LIPs (Skagerrak, Tarim, and Yellowstone;
Figure 2C,E) are of the BR suite indicating the Andersonian plumes, although the Tarim
suite includes phonolitic rocks reflecting some minor influence of the lower mantle/core
source. This confirms our prediction that the galactic winter times are associated with a
relatively low plume activity.
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Figure 2. TAS diagrams for distinguishing the selected LIPs between the Andersonian, Morganian

and Super plumes according to the discrimination by Zang et al. [18]. Plots of the LIPs attributed to

the galactic spring, summer, autumn, and winter times (see Figure 1) are colored in green, red, yellow—

orange, and blue, respectively. Data sources are cited in Section 2. (A) Kalkarindji; (B) Yakutian-Vilui

and Kola-Dnieper; (C) Scagerrak and Tarim; (D) Emeishan and Siberian Trips; (E) Yellowstone and
Afro-Arabian; (F) Geccan and North Atlantic; (G) Parana-Etendeka and High Arctic; (H) Karoo and
Central Altantic.
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In contrast, the summer LIPs (Parana-Etendeka and High Arctic; Figure 2G), which are
characterized by the BP-BT-BR suites, may be confidently attributed to the Super plumes.
This confirms our prediction that the galactic summer times are associated with a peak
plume activity.

The North Atlantic, and especially the Deccan LIPs, are identified as the Super plumes
that may be caused by a delayed galactic-summer effect [2]. Of note, however, is that
the Kalkarindji LIP, which formed in the older galactic-summer time, may not be fully
identified within the available data (Figure 2A).

The other provinces under consideration belong to the transitional Andersonian—
Morganian plumes that are undeveloped in comparison with the Super plumes. This is also
in good agreement with the hypothesis of galactic influence on the Earth’s evolution [1,2].

A correlation between plume activity and plume depth may not be direct. However, a
higher turbulence in the liquid core during the galactic summers could result in additional
activity of the Morganian and Super plumes. The Andersonian plumes might also be more
active due to more dynamic asthenospheric flows. A higher plume activity generated more
plume rocks that came from different source regions.

The diagrams of Figure 3 are used to monitor subduction-metasomatism and crustal
assimilation (Th/Nb, a crustal input proxy) and depth and degree of mantle melting
(Ti/Yb, a residual garnet proxy) [16,17]. They distinctly show that all the tested LIPs were
derived from a deep, hot and enriched mantle source. At the same time, the galactic-
winter Andersonian-type LIPs (Skagerrak, Tarim, and Yellowstone; Figure 3C,E) and some
galactic-autumn Andersonian/Morganian-type LIPs (Yakutian—Vilyui and Kola—Dnieper)
almost devoid of influence of subduction, while the galactic-spring and, especially, galactic-
summer LIPs have a significant subduction contribution. This confirms the linkage between
the igneous activity and the galactic seasonality that was predicted by the hypothesis of
galactic influence on the Earth’s evolution [2].

3.3. Plume—Core Interaction

The hypothesis of galactic influence on the Earth’s evolution [1,2] states that a liquid
nature of the Earth’s core may have reacted to the gravitational and electromagnetic
transformations in the outer space. In particular, intensive turbulent flows might happen
in the outer core during the galactic summer time. This would have favored the rise of
voluminous magmatic plumes and associated fluid flows. It is reasonable to suggest by
contrast that the winter times would have been associated with the more stable core and a
decrease in core—plume interaction. These ideas may be developed as follows.

The Earth’s core principally consists of iron [24], whereas the mantle, where plumes
are born, is predominated by silicates. Thus, an increased plume—core interaction in the
galactic summer times might lead to an iron contribution from the core into the silicate
mantle melts that should be indicated by higher iron/silica ratio in the plume-generated
rocks. Figure 4 testifies to this supposition.
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Figure 3. Th/Nb vs. TiO,/Yb in mafic rocks (SiO; = 41-52 wt.%) from the selected LIPs on the
LIP printing diagram with a subduction-modified lithospheric mantle (SZLM) array and a ‘plume’
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(F) Geccan and North Atlantic; (G) Parana-Etendeka and High Arctic; (H) Karoo and Central Altantic.
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Figure 4. The SiO,/FeOt ratio in magmatic rocks of the selected LIPs. FeOt is total iron as FeO.
Compositions of ironstone deposits, the core, primitive mantle, and crust are shown after [22,24-26],
respectively. Data sources are cited in Section 2. (A) Kalkarindji; (B) Yakutian-Vilui and Kola-Dnieper;
(C) Scagerrak and Tarim; (D) Emeishan and Siberian Trips; (E) Yellowstone and Afro-Arabian;
(F) Geccan and North Atlantic; (G) Parana-Etendeka and High Arctic; (H) Karoo and Central Altantic.

The diagrams provide evidence that iron content in mafic, intermediate and felsic
rocks of all the tested LIPs is higher than in the average compositions of mantle and
crust, while that of the ultramafic and carbonatite rocks (SiO; < 41 wt.%) is mainly lower
than in the primitive mantle—core trend. This may be explained by a higher fusibility
(lower melting point) of ferriferous minerals in comparison with the high-magnesian ones
during partial melting followed by magma fractionation in the mantle and under crustal
conditions [27,28]. This seems a normal trend for the partial melting and FC process of a
large degree melt system. Tholeiitic magma systems commonly show this trend. However,
the magma melting and fractionation may obscure a primary iron enrichment related to
the plume—core interaction. This suggestion is supported by exclusive compositions of
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clinopyroxenite and gabbro intrusions from the Tarim and Emeishan LIPs [29,30], which
are characterized by the FeOt/SiO; plots positioned above and along the primitive mantle—
core trend (Figure 4C,D). These rocks and associated Fe-Ti ores were fractionated from
“a Fe highly enriched parental magma resulted from partial melting of a metasomatized
lithospheric mantle” [29]. If so, the Fe enrichment of parental magma might form under
the influence of fluids derived from a plume—core interaction that we suggested above.
It is important for this study that the Fe-bearing Tarim and Emeishan LIPs are dated for
the relatively short late winter—early spring galactic season (285-260 Ma; Figure 2C,D).
We may suppose from the latter and our findings described in Section 3.2 that plume-
subduction interaction in this galactic subseason remained rather low that allowed the
advancing core influence on the deep plume roots to express itself most explicitly. At the
same time, the upper parts of these plumes might be influenced in different degree by the
crustal materials (Figure 3C,D).

To provide further comparative background on the Tarim and Emeishan plume
provinces, some additional studies are cited here to outline their characteristics. The older
Tarim province, derived from a long-term, enriched continental lithospheric mantle domain,
lacks Phanerozoic metasomatic influences induced by subducted materials, and includes a
plume incubation stage [31-33]. The younger Emeishan province also suggests a mantle
plume role [34], though of uncertain nature. Experiments, however, supported a robust
plume presence [35]. In addition, many studies evidence that the Emeishan and Tarim LIPs
including Fe-Ti ores have been affected by subduction [36—45]. This seems contradictory to
our suggestion that the Tarim and Emeishan plumes were the least subduction-influenced.
However, we do not completely deny the effect of subducted materials on the Tarim and
Emeishan magmas. Moreover, the above-referenced studies did not define a temporal
correlation between the subduction and plume processes. For example, Hou et al. [36], who
revealed low *He/#He and “°Ar /3 Ar ratios of olivine and clinopyroxene grains separated
from the Fe-Ti-V oxide ore-bearing intrusions in the Emeishan LIP, concluded that they
are due to “subduction-related fluids and melts that had been stored in the lithospheric
mantle for long periods. Considering the regional geologic history, such addition can be
attributed to the paleo subduction that occurred along the western margin of the Yangtze
Block during the Neoproterozoic.” Thus, the mentioned studies do not contradict our
suggestion that the Tarim and Emeishan deep plume magmas were the least influenced by
contemporary subduction.

The time distribution of ironstone deposits (Figure 1F [22]), which were probably
sourced by plume-related hydrothermal fluxes [46], supports our suggestion of iron enrich-
ment originating from the plume—core interaction. Indeed, the highest peaks of ironstone
formation and plume activity occurred in the Jurassic—Cretaceous galactic-summer time.
A less significant Cambrian—Ordovician increase in ironstone formation also took place
in the galactic-summer time, which was associated with the high level of global volcanic
activity [19] and the extensive (3.51 Mkm? [6]) Kalkarindji plume (Figure 1A,E,F). In addi-
tion, the ironstone ores are close in composition (FeOt/SiO;) to the Earth’s core—primitive
mantle trend (Figure 2). In contrast, the lowest level of ironstone formation is recorded in
Carboniferous and Permian that is during the galactic winter ([22] Figure 1F).

4. Conclusions

The available data in this study indicate that the Phanerozoic plume activity including
the LIP’s frequency and size were significantly higher in the Cambrian—Ordovician and,
more distinctly, Jurassic-Cretaceous galactic-summer times. However, this study has not
supported our primary suggestion [1] that the plume-related magmatism and tectonics were
more active during the galactic spring-summer seasons, while the subduction/collision-
related magmatism and tectonics were more intense during the autumn-winter ones.
Actually, the galactic summers were associated with peaks of various igneous activities
including both plume- and subduction/collision-related magmatism, while the galactic
winters led to significant drops of any igneous activity. What is more, the materials
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subducted into the transitional and lower mantle highly influenced the plume magmas
in the galactic-summer times and less significantly in the galactic spring and autumn
seasons. The least subduction-influenced probably were the Tarim and Emeishan deep
plume magmas that occurred in the mid-late Permian, during the galactic late winter—
early spring subseason. The Fe enrichment of clinopyroxenite, gabbro and associated
Fe-Ti ores of these provinces might be, at least partly, caused by fluids ascending from
the core-mantle boundary. However, the most significant core influence through plumes
on the surface of solid Earth is supposed to have occurred in the galactic summer times
(Cambrian—Ordovician and Jurassic—Cretaceous), which is indicated by peak abundances
of ironstone ores. Their contributions to the plume magmas were, however, obscured by
more significant influences from subduction.

Author Contributions: V.P.N., Conceptualization, methodology, writing—original draft prepara-tion;
FL.S., writing—review and editing; E.V.N., visualization. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by regular resources available to Far East Geological Institute,
Far Eastern Branch, Russian Academy of Sciences and Far Eastern Federal University. It did not
receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.

Data Availability Statement: Most of the data supporting reported results can be found at the freely
available GEOROC database [(https://georoc.eu/)] last assessed on 15 May 2022. Other data were
taken from the literature referenced in Section 2.

Acknowledgments: The authors highly appreciate the discount of processing charge offered by
MINERALS for this article. We also are grateful to Richard Ernst from Carleton University, Ottawa,
Canada and three anonymous reviewers for their useful comments on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.
12.

13.

Nechaev, V.P. On the galactic influence on the Earth during the last seven hundred million years. Bull. Far East. Branch Russ. Acad.
Sci. 2004, 2, 102-112. (In Russian) English Version. Available online: https://www.researchgate.net/profile/Victor_Nechaev
(accessed on 23 March 2022).

Nechaev, V.P; Dai, S.; Sutherland, FL.; Graham, I.T.; Nechaeva, E.V. The Cretaceous turn of geological evolution: Key evidence
from East Asia. Acta Geol. Sin. 2018, 92, 1991-2003. [CrossRef]

Buchan, K.L.; Ernst, R.E. Plumbing systems of Large Igneous Provinces (LIPs) on Earth and Venus: Investigating the role of giant
circumferential radiating dyke swarms, coronae and nova, and mid crustal intrusive complexes. Gondwana Res. 2021, 100, 25-43.
[CrossRef]

Nechaev, V.P; Sklyarov, E.V,; Isozaki, Y.; Kruk, N.N.; Travin, A.V.; Tsutsumi, Y.; Nechaeva, E.V. A major change in magma sources
in late Mesozoic active margin of the circum-Sea of Japan domain: Geochemical constraints from late Paleozoic to Paleogene
mafic dykes in the Sergeevka belt, southern Primorye, Russia. Island Arc 2021, 30, e12426. [CrossRef]

Nechaev, V.P,; Sutherland, FL.; Nechaeva, E.V. Metallogenic evolution of Northeast Asia related to the Cretaceous turn of
geological evolution. Minerals 2022, 12, 400. [CrossRef]

Ernst, RE.; Bond, D.P.G.; Zhang, S.; Buchan, K.L.; Grasby, S.E.; Youbi, N.; El Bilali, H.; Bekker, A.; Doucet, L.S. Large Igneous
Province Record through Time and Implications for Secular Environmental Changes and Geological Time-Scale Boundaries.
Geophys. Monogr. 2021, 255, 1-26. [CrossRef]

GEOROC Database. Available online: https://georoc.eu/ (accessed on 15 May 2022).

Glass, L.M. Petrogenesis and Geochronology of the North Australian Kalkarinji Low-Ti Continental Flood Basalt Province. Ph.D.
Thesis, Australian National University, Canberra, Australia, 2002. Available online: https:/ /openresearch-repository.anu.edu.au/
bitstream /1885/10838/4/Glass%20L%20Thesis%202002.pdf (accessed on 8 September 2022).

Kiselev, A.L; Ernst, R.E.; Yarmolyuk, V.V.; Egorov, K.N. Radiating rifts and dyke swarms of the middle Paleozoic Yakutsk plume
of eastern Siberian craton. J. Asian Earth Sci. 2012, 45, 1-16. [CrossRef]

Tomshin, M.D.; Kopylova, A.G.; Konstantinov, K.M.; Gogoleva, S.S. Basites of the Vilyui paleorift: Geochemistry and sequence of
intrusive events. Russ. Geol. Geophys. 2018, 59, 1204-1216. [CrossRef]

Lyashkevich, Z.M. Magmatism in the Pripyat-Dnieper-Donets Palaeorift; Naukova Dumka: Kiev, Ukraine, 1987; p. 176. (In Russian)
Wilson, M.; Lyashkevich, Z.M. Magmatism and the geodynamics of rifting of the Pripyat-Dnieper-Donets rift, East European
Platform. Tectonophysics 1996, 268, 65-81. [CrossRef]

Pease, V.; Scarrow, ].H.; Nobre Silva, I.G.; Cambeses, A. Devonian magmatism in the Timan Range, Arctic Russia—Subduction,
postorogenic extension, or rifting? Tectonophysics 2016, 691, 185-197. [CrossRef]


https://georoc.eu/
https://www.researchgate.net/profile/Victor_Nechaev
http://doi.org/10.1111/1755-6724.13691
http://doi.org/10.1016/j.gr.2021.02.014
http://doi.org/10.1111/iar.12426
http://doi.org/10.3390/min12040400
http://doi.org/10.1002/9781119507444.ch1
https://georoc.eu/
https://openresearch-repository.anu.edu.au/bitstream/1885/10838/4/Glass%20L%20Thesis%202002.pdf
https://openresearch-repository.anu.edu.au/bitstream/1885/10838/4/Glass%20L%20Thesis%202002.pdf
http://doi.org/10.1016/j.jseaes.2011.09.004
http://doi.org/10.1016/j.rgg.2018.09.002
http://doi.org/10.1016/S0040-1951(96)00234-X
http://doi.org/10.1016/j.tecto.2016.02.002

Minerals 2022, 12, 1150 10 of 11

14.

15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Arzamastsev, A.A.; Vesolovskiy, R.V,; Travin, A.V.; Yudin, D.S.; Belyatsky, B.V. Paleozoic tholeiitic magmatism of the Kola
province: Spatial distribution, age, and relation to alkaline magmatism. Petrology 2017, 25, 42-65. [CrossRef]

Luttinen, A.V. Bilateral geochemical asymmetry in the Karoo large igneous province. Sci. Rep. 2018, 8, 5223. [CrossRef] [PubMed]
Pearce, J.A. Geochemical fingerprinting of oceanic basalts with applications to ophiolite classification and the search for Archean
oceanic crust. Lithos 2008, 100, 14-48. [CrossRef]

Pearce, J.A.; Ernst, R.E.; Peate, D.W.; Rogers, C. LIP printing: Use of immobile element proxies to characterize Large Igneous
Provinces in the geologic record. Lithos 2021, 392-393, 106068. [CrossRef]

Zhang, Z.; Li, S.; Wang, G.; Li, X.; Wang, G.; Santosh, M.; Suo, Y.; Guo, L. Plume interaction and mantle heterogeneity: A
geochemical perspective. Geosci. Front. 2020, 11, 1571-1579. [CrossRef]

Ronov, A.B. Stratisphere, or Sedimentary Cover of the Earth (Quantitative Research); Nauka: Moscow, Russia, 1993; p. 144. (In Russian)
Dilek, Y. Ophiolite pulses, mantle plumes and orogeny. Geol. Soc. Lond. Spec. Publ. 2003, 218, 9-19. [CrossRef]

Jelsma, H.; Barnett, W.; Richards, S.; Lister, G. Tectonic setting of kimberlites. Lithos 2009, 112, 155-165. [CrossRef]

McGregor, F.; Ramanaidou, E.; Wells, M. Phanerozoic ooidal ironstone deposits—Generation of potential exploration targets.
Appl. Earth Sci. 2010, 119, 60-64. [CrossRef]

Muller, R.A. Avalanches at the core-mantle boundary. Geophys. Res. Lett. 2002, 29, 41-1-41-4. [CrossRef]

Litasov, K.D.; Shatskiy, A.F. Composition of the Earth’s core: A review. Russ. Geol. Geophys. 2016, 57, 22-46. [CrossRef]
McDonough, W.E,; Sun, S.-S. The composition of the Earth. Chem. Geol. 1995, 120, 223-253. [CrossRef]

Taylor, S.R.; McLennan, S.M. The geochemical evolution of the continental crust. Rev. Geophys. 1995, 33, 241-265. [CrossRef]
Best, M.G. Igneous and Metamorphic Petrology, 2nd ed.; Blackwell: Oxford, UK, 2003; p. 752.

Chistyakova, S.; Latypov, R. Magma differentiation and crystallization in basaltic conduits by two competing petrogenetic
processes. Lithos 2012, 148, 142-161. [CrossRef]

Zhang, D.; Zhang, Z.; Huang, H.; Cheng, Z.; Charlier, B. Petrogenesis and metallogenesis of the Wajilitag and Puchang Fe-Ti
oxide-rich intrusive complexes, northwestern Tarim Large Igneous Province. Lithos 2018, 304-307, 412—435. [CrossRef]

Zhou, M.F,; Arndt, N.T.; Malpas, J.G.; Wang, C.Y.; Kennedy, A.K. Two magma series and associated ore deposit types in the
Permian Emeishan large igneous province, SW China. Lithos 2008, 103, 352-368. [CrossRef]

Zhang, C.-L.; Li, Z.-X,; Li, X.-H.; Xu, Y.-C.; Ye, H.-M. A Permian large igneous province in Tarim and Central Asian orogenic belt,
NW China: Results of a ca. 275 Ma mantle plume? Geol. Soc. Am. Bull. 2010, 122, 11-12, 2021-2040. [CrossRef]

Xu, Y.-G.; Wei, X,; Luo, Z.-Y,; Liu, H.Q.; Cao, ]J. The early Permian Tarim Large Igneous Province: Main characteristics and a
plume incubation model. Lithos 2014, 204, 20-35. [CrossRef]

Blacker, K.J.; Wang, Z.; Zhang, Z.; Reicher, K. New estimates of the basalt volume of the Tarim (Not so Large), Igneous Province,
NW China. J. Geophys. Res. Solid Earth 2012, 126, 12. [CrossRef]

Shellnut, ].G.; Uski, T.; Kennedy, A.K.; Chiu, H.Y. A lower crust origin of some flood basalts of the Emeishan large igneous
province, SW China. J. Asian Earth Sci. 2015, 109, 74-85. [CrossRef]

Gogos, O. Geodynamic experiments suggest that mantle plume caused late Emeishen Large Igneous Province in southern China.
Int. Geol. Rev. 2020, 64, 375-389. [CrossRef]

Hou, T.; Zhang, Z.C.; Ye, X.R.; Encarnacion, ].; Reichow, M.K. Noble gas isotopic systematics of Fe-Ti-V oxide ore-related
mafic-ultramafic layered intrusions in the Panxi area, China, The role of recycled oceanic crust in their petrogenesis. Geochim.
Cosmochim. Acta 2011, 75, 6727-6741. [CrossRef]

Hou, T.; Zhang, Z.C.; Encarnacion, J.; Santosh, M.; Sun, Y.L. The role recycled oceanic crust in magmatism and metallogenesis,
Os-Sr-Nd isotpes, U-Pb geochronology and geochemistry of picritic dykes in the Panzhihua giant Fe-Ti oxide deposit, central
Emeishan large igneous province. Contrib. Mineral. Petrol. 2013, 165, 805-822. [CrossRef]

Bai, Z.].; Zhong, H.; Li, C.S.; Zhu, W.G.; He, D.F; Qi, L. Contrasting parental magma compositions for the Hongge and Panzhihua
magmatic Fe-Ti-V oxide deposits, Emeishan large igneous province, SW China. Econ. Geol. 2014, 109, 1763-1785. [CrossRef]

Yu, S.Y,; Shen, N.P; Song, X.Y.; Ripley, EM.; Li, C.S.; Chen, L.M. An integrated chemical and oxygen isotopic study of primitive
olivine grains in picrites from the Emeishan Large Igneous Province, SW China: Evidence for oxygen isotope heterogeneity in
mantle sources. Geochim. Cosmochim. Acta 2017, 215, 263-276. [CrossRef]

Zhu, ].; Zhang, Z.C.; Reichow, M.K,; Li, H.B.; Cai, W.C.; Pan, R.H. Weak vertical surface movement caused by the ascent of the
Emeishan mantle anomaly. J. Geophys. Res. Solid Earth 2018, 123, 1018-1034. [CrossRef]

Zhang, D.Y.; Zhang, Z.C.; Santosh, M.; Cheng, Z.G.; Huang, H.; Kang, J.L. Perovskite and baddeleyite from kimberlitic intrusions
in the Tarim large igneous province signal the onset of an end-Carboniferous mantle plume. Earth Planet. Sci. Lett. 2013, 361,
238-248. [CrossRef]

Cheng, Z.G.; Zhang, Z.C.; Xie, Q.H.; Hou, T,; Ke, S. Subducted slab-plume interaction traced by magnesium isotopes in the
northern margin of the Tarim Large Igneous Province. Earth Planet. Sci. Lett. 2018, 489, 100-110. [CrossRef]

Cheng, Z.G.; Zhang, Z.C.; Hou, T.; Santosh, M.; Chen, L.L.; Ke, S.; Xu, L.J. Decoupling of Mg-C and Sr-Nd-O isotopes traces the
role of recycled carbon in magnesiocarbonatites from the Tarim Large Igneous Province. Geochim. Cosmochim. Acta 2017, 202,
159-178. [CrossRef]

Cheng, Z.G.; Zhang, Z.C.; Wang, Z.C.; Wang, EY.; Mao, Q.; Xu, L.J.; Ke, S.; Yu, H.M.; Santosh, M. Petrogenesis of transitional large
igneous province: Insights from bimodal volcanic suite in the Tarim large igneous province. J. Geophys. Res. Solid Earth 2020,
125, €2019]B018382. [CrossRef]


http://doi.org/10.1134/S0869591116060023
http://doi.org/10.1038/s41598-018-23661-3
http://www.ncbi.nlm.nih.gov/pubmed/29588493
http://doi.org/10.1016/j.lithos.2007.06.016
http://doi.org/10.1016/j.lithos.2021.106068
http://doi.org/10.1016/j.gsf.2020.02.009
http://doi.org/10.1144/GSL.SP.2003.218.01.02
http://doi.org/10.1016/j.lithos.2009.06.030
http://doi.org/10.1179/037174510X12853354810660
http://doi.org/10.1029/2002GL015938
http://doi.org/10.1016/j.rgg.2016.01.003
http://doi.org/10.1016/0009-2541(94)00140-4
http://doi.org/10.1029/95RG00262
http://doi.org/10.1016/j.lithos.2012.06.011
http://doi.org/10.1016/j.lithos.2018.02.019
http://doi.org/10.1016/j.lithos.2007.10.006
http://doi.org/10.1130/B30007.1
http://doi.org/10.1016/j.lithos.2014.02.015
http://doi.org/10.1029/2021JB022061
http://doi.org/10.1016/j.jseaes.2015.04.037
http://doi.org/10.1080/00206814.2020.1855602
http://doi.org/10.1016/j.gca.2011.09.003
http://doi.org/10.1007/s00410-012-0836-3
http://doi.org/10.2113/econgeo.109.6.1763
http://doi.org/10.1016/j.gca.2017.08.007
http://doi.org/10.1002/2017JB015058
http://doi.org/10.1016/j.epsl.2012.10.034
http://doi.org/10.1016/j.epsl.2018.02.039
http://doi.org/10.1016/j.gca.2016.12.036
http://doi.org/10.1029/2019JB018382

Minerals 2022, 12, 1150 11 of 11

45.

46.

Zhu, S.Z.; Huang, X.L,; Yang, F.; He, PL. Petrology and geochemistry of early Permian mafic-ultramafic rocks in the Wajilitag area
of the southwestern Tarim Large Igneous Province: Insights into Fe-rich magma of mantle plume activity. Lithos 2021, 398, 106355.
[CrossRef]
Bekker, A; Slack, J.F; Planavsky, N.; Krapez, B.; Hofmann, A.; Konhauser, K.O.; Rouxel, O.J. Iron formation: The sedimentary
product of a complex interplay among mantle, tectonic, oceanic, and biospheric processes. Econ. Geol. 2010, 105, 467-508.
[CrossRef]


http://doi.org/10.1016/j.lithos.2021.106355
http://doi.org/10.2113/gsecongeo.105.3.467

	Introduction 
	Data Sources and Methods of Interpretation 
	Results and Discussion 
	LIP’s Size (Plume Activity) in the Geological Record 
	Plume–Mantle and Plume–Subduction Interactions 
	Plume–Core Interaction 

	Conclusions 
	References

