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Abstract

:

Highlights







	
Middle Devonian zircon U-Pb crystallization age is found in the Tannuola terrane.



	
The peralkaline A-type granites and coeval mafic rocks record the intraplate extensional setting.



	
The granitic rocks have positive (+5.6 to +6.2) εNd(t) values and Ediacaran–Early Cambrian model ages.



	
The geodynamic model is mantle plume activity beneath northern Central Asian Orogenic Belt areas during the Givetian period.









Abstract


The Tannuola terrane, located in the northern Central Asian Orogenic Belt, comprises magmatic rocks, attributed to island-arc and collisional settings during the Early Cambrian to the Late Ordovician. However, zircon U-Pb age, geochemical, and Sr-Nd isotopic constraints demonstrate that there was a short episode of peralkaline A-type granite magmatism in the northeast border area of the Tannuola terrane. The obtained zircon U-Pb age of 387.7 ± 3.3 Ma indicates emplacement of the peralkaline A-type granitic rocks in the Middle Devonian (Eifelian–Givetian period boundary). Petrologically, these rocks are mainly composed of riebeckite granites and aplites, which are approximately synchronous with augite-rich dolerites. The granitic rocks are ferroan and calc-alkalic to alkali-calcic in composition. They are characterized by a high content of SiO2, total alkali, Zr, and total REE. Significant depletion of Ba, Sr, P, Ti, and Eu indicates fractionation of plagioclase and/or K-feldspar. The values of εNd(t) in riebeckite granites range from +5.61 to +6.55, and the calculated two-stage model age ranges between 610 and 520 Ma. Coeval dolerites on the chondrite-normalized REE pattern, (Th/Yb)pm–(Nb/Yb)pm, and Th/Yb–Nb/Yb diagrams show compositional affinity between E-MORB and OIB. They are rich in incompatible elements with high HFSE/LREE ratios (Nb/La > 1), indicating that the primary magma originated from the lithospheric mantle metasomatized by asthenosphere-derived melt. Based on these geochemical characteristics, it can be reasonably inferred that the peralkaline A-type granitic rocks, and the coeval mafic rocks, are anorogenic and were emplaced in an extensional tectonic environment despite slightly higher Y/Nb values, which might be caused by a crustal contamination effect. The geochemistry of mafic rocks suggests that the magma originated from the enriched mantle sources. The results of a zircon-saturation thermometer show high initial magma temperatures between 923 and 1184 °C, with an average of 1030 °C, indicating this rock association might be related to a mantle plume beneath the northern Central Asian Orogenic Belt.
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1. Introduction


In recent decades, peralkaline A-type granites attracted strong interest in the geological community because of their economically significant mineralization. For instance, these granites may contain mineralization of rare metals (such as Ta and Nb) that are indispensable for the modern economy [1,2]. Therefore, studying their petrogenesis and tectonic environments is important for understanding the continental lithospheric evolution, as well as providing genetic models for economic potential estimation on universal or local scales. Modern knowledge allows us to suggest that the evolution of the peralkaline A-type magmas occurred in extensional intraplate or post-orogenic environments associated with alkaline-type mafic rocks [3,4,5]. Nevertheless, there is still no consensus on their origin. Peralkaline A-type granitic rocks display differing sources involved in their genesis, magmatic evolution processes, and environment conditions [6,7,8].



The Central Asian Orogenic Belt is the tectonic collage of microcontinents and terranes of various tectonic affinity located between the European, Siberian, Tarim, and North China cratons [9,10]. Its crustal growth was represented by lateral amalgamation of different terranes and microcontinents [11,12], as well as the substantial vertical addition of juvenile material derived from the upper mantle [13]. Granitic and mafic rocks cover a vast area of central Asia, so their comprehensive study provides critical information on the significant growth of the continental crust and places important constraints on the tectonic evolution of the Central Asian Orogenic Belt. The Central Asian Orogenic Belt is characterized by a vast distribution of the Paleozoic and the Mesozoic peralkaline granitic intrusions (Figure 1e) [14,15,16]. This study focuses on the peralkaline A-type granites from the Tannuola terrane in the northern part of the Central Asian Orogenic Belt. We present results of whole-rock major and trace elements, Sr-Nd isotopic compositions, and the zircon U–Pb ages in an attempt to constrain the timing of the emplacement and to reconstruct the petrogenetic evolution, magma sources, and tectonic setting of the peralkaline A-type granitic rocks from the Tannuola terrane within the framework of the geodynamic evolution of the Central Asian Orogenic Belt.




2. Geological Setting


The Tannuola terrane is located in the northern Central Asian Orogenic Belt and extends towards the east for a distance of about 90 km, with a width of 30 km (Figure 1d). It is bordered by the early Paleozoic Kaakhem terrane to the northeast, and it is overlain by the NE-elongated middle-late Paleozoic Tuvinian trough to the northwest, and by the Mesozoic–Cenozoic sediments of the Ubsunur basin to the south.



The Tannuola terrane and the Kaakhem terrane were formed during the Cambrian–Ordovician through subduction and collision events in the southwestern part of the Siberian craton (Figure 1e). The Tannuola terrane consists predominantly of Cambrian island-arc volcanic rocks intruded by numerous granitic rocks with ages from the Early Cambrian to the Late Ordovician (Figure 1d) [18,19,20]. During the final emplacement of the Tannuola terrane, Middle-Late Ordovician granitoid magmatism was accompanied by felsic volcanism along sub-latitudinal faults in its southern part [21]. In the Early Devonian, fault structures were reactivated and responsible for the evolution of the Tannuola terrane [22], simultaneously with the inception of the Tuvinian trough. The Tuvinian trough is believed to be a NE branch of the triple system of grabens associated with mantle plume activity [23]. The grabens are filled with the Early Devonian thick strata of volcanic rocks, intruded by synchronous mafic dykes, and contain continental terrigenous sediments with ages from the Middle Devonian to the Pennsylvanian [24,25].



For the first time, peralkaline granites were found to occur with the island-arc and collisional granitic rocks of the Tannuola terrane. Previously, in this study area, these types of granites were known only in the neighboring Tuvino-Mongolian microcontinent where the peralkaline granites host rare metal deposits (primarily Ta and Nb) (Figure 2). It is suggested that the peralkaline granites of the Tuvino-Mongolian microcontinent have a Late Pennsylvanian to Early Triassic age of ~300–280 Ma [26,27], and were formed due to the North Asian mantle plume activity [28]. The influence of the Late Pennsylvanian to Early Triassic tectono-magmatic events on the Tannuola terrane is still unclear. However, we recently obtained a zircon U-Pb age of 290 Ma for gabbro from its basement [22], indicating the possible activity of the North Asian mantle plume under the lithosphere of the Tannuola terrane during the Permian.



The peralkaline granites of the Tannuola terrane are confined to a sub-latitudinal fault zone. They compose several small scattered massifs of round shape with an area of 0.5–2.5 km2 (Figure 1a,b) and numerous felsic dykes that intrude the Middle-Late Cambrian granitic rocks (Figure 1c). The granitic massifs include mainly reddish and reddish-gray medium- to coarse-grained riebeckite granites (Figure 3a and Figure 4a), while the felsic dykes comprise gray and brownish fine-grained porphyric aplites (Figure 3b and Figure 4b), with microcline and quartz phenocrysts that are enclosed in a groundmass composed of microcline, plagioclase, quartz, and subordinate riebeckite. Accessory minerals of the peralkaline granites are mainly zircon, apatite, and magnetite. Among the Middle–Late Cambrian granitic rocks, doleritic augite-rich dykes are also common. Some doleritic dykes are intruded by aplites, while others crosscut aplitic dykes. However, enclaves, mingling structures, and other signs of magma mixing are indistinct. Most likely, they were emplaced about the same time, along with aplitic dykes, during several episodes of magmatic impulses. Dolerites are gray-colored fine- to medium-grained rocks with sub-ophitic and poikilitic textures characterized by leucocratic gray-colored to greenish crystals (Figure 3c). They contain euhedral to subhedral plagioclase (55%–60% vol.), clinopyroxene (35%–40%), and orthopyroxene (up to 5%) (Figure 4c). Iron oxides (titano-magnetite), apatite, epidote, chlorite, and carbonate are minor phases. Doleritic dykes include plagioclase phenocrysts (up to 1 mm) and fine-grained Ti-augite.




3. Analytical Methods


We applied in-situ zircon U-Pb dating of the granitic rocks in order to determine the age of the magmatism, and geochemical analyses, including Rb-Sr and Sm-Nd isotope composition of the whole rock samples, with the aim of better understanding their origin and magma sources. Fresh samples were taken from granitic massifs, and doleritic and aplitic dykes.



3.1. Zircon U-Pb Geochronology


A sample (2013, N 51°07’15”, E 94°49’24”) of the granite from one of the massifs (massif №3 in Figure 1b,c) was used for zircon separation and U-Pb dating in this study. Zircon grains were separated through crushing, panning, conventional heavy liquid, and magnetic separation techniques, followed by handpicking under a binocular microscope. The representative zircon grains were mounted in epoxy and polished to half of their thickness. Cathode luminescence (CL) and backscattered electron imaging were used to examine the size, morphology, and internal structure of the zircon grains, and to avoid defective grains with mineral inclusions and micro-fractures. CL imaging was performed using a Scanning Electron Microscope JEOL JSM-6400 SEM at the A. P. Karpinsky Russian Geological Research Institute (St. Petersburg, Russia). The analytical measurements were performed according to the standard method [29] using a sensitive high-resolution ion-microprobe (SHRIMP-II) technique at the Center of Isotopic Research, A. P. Karpinsky Russian Geological Research Institute (St. Petersburg, Russia). The diameter of the spot was about 18 μm, and the primary beam intensity was about 4 nA. Zircon TEMORA with an age of 416.75 Ma [30] was used as an age calibration standard. Corrections for common Pb were made using measured 204Pb isotope and by applying the Pb-isotopic composition of Stacey and Kramers [31]. Uncertainties about individual analyses and calculated ages are reported at the 2 σ level in Table 1. The age calculations, Concordia (Wetherill) plot, single-grain, and weighted mean 206Pb/238U dates were obtained using IsoplotR software (version 5.0, London Geochronology Center, London, UK) [32].




3.2. Whole-Rock Major and Trace Elements Analyses


Thirteen representative samples from granitic massifs, six aplite samples, and five samples from mafic dykes were first crushed and subsequently pulverized. Analysis of major element compositions was performed at the Siberian Research Institute of Geology, Geophysics and Mineral Resources (Novosibirsk, Russia) using X-ray fluorescence (XRF) techniques. The accuracies of the XRF analyses for the major element vary from 2% to 5%. Trace elements were analyzed using an ELAN-DRC-6100 ICP mass spectrometer at the Russian Geological Research Institute (St. Petersburg, Russia), following the procedures outlined by Jenner et al. [33]. Analytical precision for trace elements was higher than ±5% for most trace elements. Results of these analyses (in wt % and ppm, respectively) are presented in Table 2.




3.3. Whole-Rock Sr-Nd Isotope Analyses


Whole rock Sr and Nd isotopic compositions of the study granites were determined using a Triton T1 seven-channel solid-state mass spectrometer at the A. P. Karpinsky Russian Geological Research Institute (St. Petersburg, Russia). Details of the analytical procedures for Sr and Nd isotopes may be found in Bogomolov et al. [34]. The accuracy of Sr and Nd isotopic analyses was controlled by analysis of the VNIIM-Sr (87Sr/86Sr = 0.70801 ± 20) and JNd-1 (143Nd/144Nd = 0.5121003 ± 104) standards, respectively. The reported 87Rb/86Sr and 147Sm/144Nd values were calculated from the contents of Rb, Sr, Sm, and Nd determined by ICP MS. The εNd(t) and 87Sr/86Sr(T) values were calculated with 143Nd/144Nd = 0.512638, 147Sm/144Nd = 0.1967, 87Rb/86Sr = 0.7045, and 87Sr/86Sr = 0.0816 [35]. Two-stage depleted mantle Nd model ages (TNd) were estimated based on parameters 143Nd/144NdDM = 0.513079, 147Sm/144NdDM = 0.21194, 147Sm/144NdCHUR = 0.1967, 143Nd/144NdCHUR = 0.512638, and 147Sm/144NdCC = 0.13235 [36].





4. Results and Interpretation


4.1. Zircon U-Pb Geochronology


The results of individual SHRIMP zircon U-Pb analyses are given in Table 1. Pbc and Pb* indicate the common and radiogenic portions, respectively; common Pb was corrected using measured 204Pb; 207Pb/235U was calculated using 207Pb/206Pb/(238U/206 Pb*1/137.88); U and Pb content, and the Th/U ratio, were calculated relative to the reference zircon, the error in Standard calibration was 0.57% and not included in the above errors. Representative zircon CL images, a Concordia diagram, and the weighted mean 206Pb/238U age plot, are displayed in Figure 5. Eight zircon grains were analyzed from riebeckite granite (sample 2013). The zircon grains are generally pale yellow and transparent subhedral to euhedral crystals without significant cracks and inclusions. The crystal lengths vary from 120 to 260 μm and the average elongation index ranges from 1.2 to 2.2. CL images demonstrate that most of the zircon crystals contain oscillatory zoning, typical of magmatic origin. Some zircons exhibit different degrees of convolute zoning as the imprint of any post-magmatic event in zircon crystals. Eight spot analyses were performed on areas of zircon crystals with magmatic oscillatory zoning, and a concordant age of 387.7 ± 3.3 Ma was obtained with a concordance probability of 0.93. A weighted mean 206Pb/238U value reveals a similar Middle Devonian age of 388.1 ± 3.3 Ma (MSWD = 3.21). The U content varying from 414 to 1024 ppm, Th concentrations ranging from 88 to 684 ppm, and Th/U ratios of the zircons ranging between 0.29 and 0.76, all indicate a magmatic origin for these zircons [37]. All these enable interpretation of the obtained zircon U-Pb age as the magma crystallization age of the studied granitic rocks.
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Table 1. U-Pb results (all errors are 2σ).






Table 1. U-Pb results (all errors are 2σ).





	
Spot

	
206Pbc.%

	
U, ppm

	
Th, ppm

	
232Th/238U

	
206Pb*. ppm

	
206Pb/238U Age, Ma

	
238U/

206Pb*

	
±. %

	
207Pb*/

206Pb*

	
±. %

	
207Pb*/235U

	
±. %

	
206Pb*/238U

	
± %






	
13.1

	
10.77

	
619

	
306

	
0.51

	
34.5

	
363

	
±9

	
17.26

	
2.5

	
0.0615

	
13.0

	
0.491

	
13.0

	
0.0579

	
2.5




	
14.1

	
0.54

	
1024

	
375

	
0.38

	
53.0

	
375

	
±9

	
16.69

	
2.5

	
0.0539

	
2.8

	
0.445

	
3.7

	
0.0599

	
2.5




	
15.1

	
0.78

	
307

	
88

	
0.30

	
16.2

	
381

	
±9

	
16.41

	
2.5

	
0.0545

	
3.8

	
0.458

	
4.6

	
0.0609

	
2.5




	
16.1

	
8.11

	
781

	
590

	
0.78

	
45.3

	
388

	
±9

	
16.12

	
2.5

	
0.0510

	
7.5

	
0.436

	
7.9

	
0.0620

	
2.5




	
17.1

	
0.63

	
1021

	
684

	
0.69

	
55.1

	
390

	
±9

	
16.02

	
2.4

	
0.0545

	
2.5

	
0.469

	
3.5

	
0.0624

	
2.4




	
18.1

	
0.99

	
414

	
171

	
0.43

	
22.6

	
394

	
±10

	
15.88

	
2.5

	
0.0553

	
10.0

	
0.481

	
11.0

	
0.0630

	
2.5




	
19.1

	
5.15

	
576

	
322

	
0.58

	
34.1

	
408

	
±10

	
15.30

	
2.5

	
0.0545

	
8.5

	
0.491

	
8.8

	
0.0654

	
2.5




	
20.1

	
1.05

	
584

	
345

	
0.61

	
33.7

	
414

	
±10

	
15.06

	
2.5

	
0.0556

	
2.9

	
0.509

	
3.8

	
0.0664

	
2.5










4.2. Whole-Rock Major and Trace Elements Geochemistry


4.2.1. Granitic Rocks


The whole-rock geochemical data for the thirteen granites and six aplites are listed in Table 2. Generally, the granites from massifs and aplites from dykes have similar geochemical compositions, consistent with the pattern of A-type granites [38,39]. They have an extremely high content of SiO2 (75.2−78.2 wt %) and a variable alkali (Na2O + K2O) content, from 6.0 wt % to 8.9 wt % (Figure 6a). These granitic rocks are characterized by a low content of major rock-forming elements: Al2O3 (10.3–12.2 wt %), MgO (0.10–0.51 wt %), CaO (0.07–0.85 wt %), TiO2 (0.01–0.17 wt %), and P2O5 (0.03–0.05 wt %); Fe2O3 total varies from 1.2 to 4.0%. Based on the classification proposed by Frost et al. [40], both granites and aplites are peralkaline (A/CNK = 0.83–1.30 and A/NK = 0.85–1.36, Figure 6b), ferroan (Fe2O3 total/(MgO + Fe2O3 total) = 0.80–0.98, Figure 6c), and calc-alkalic to alkali-calcic (Na2O + K2O-CaO = 5.8–8.5 wt %, Figure 6d).
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Table 2. Major (in wt %) and trace elements (in ppm) data for the peralkaline granitic and coeval mafic rocks from the Tannuola terrane.






Table 2. Major (in wt %) and trace elements (in ppm) data for the peralkaline granitic and coeval mafic rocks from the Tannuola terrane.





	
Sample

	
Granites




	
2013

	
2010-1

	
2010

	
2054-1

	
106-3

	
2012-2

	
2012-1

	
106-1

	
2012

	
2054-2

	
2054

	
106-6

	
106-5






	
SiO2

	
75.2

	
75.7

	
75.8

	
76.1

	
76.3

	
76.4

	
76.5

	
76.7

	
76.8

	
76.9

	
77.1

	
77.5

	
78.1




	
TiO2

	
0.13

	
0.13

	
0.12

	
0.15

	
0.08

	
0.10

	
0.04

	
0.12

	
0.17

	
0.14

	
0.14

	
0.14

	
0.08




	
Al2O3

	
11.4

	
10.6

	
11.5

	
10.6

	
11.2

	
10.3

	
11.5

	
10.9

	
10.3

	
10.6

	
10.6

	
10.8

	
11.4




	
Fe2O3total

	
2.55

	
3.40

	
3.14

	
4.52

	
2.61

	
3.99

	
2.66

	
3.72

	
3.42

	
4.21

	
3.96

	
3.05

	
1.82




	
MnO

	
0.05

	
0.01

	
0.07

	
0.01

	
0.01

	
0.07

	
0.06

	
0.01

	
0.08

	
0.01

	
0.03

	
0.01

	
0.02




	
MgO

	
0.10

	
0.10

	
0.10

	
0.10

	
0.10

	
0.10

	
0.10

	
0.36

	
0.10

	
0.14

	
0.10

	
0.10

	
0.10




	
CaO

	
0.42

	
0.29

	
0.36

	
0.07

	
0.16

	
0.10

	
0.27

	
0.15

	
0.85

	
0.11

	
0.05

	
0.48

	
0.40




	
Na2O

	
4.6

	
4.0

	
4.2

	
3.6

	
4.5

	
4.4

	
5.7

	
3.6

	
6.9

	
3.5

	
3.8

	
4.4

	
3.5




	
K2O

	
4.4

	
4.2

	
4.3

	
3.8

	
4.3

	
3.9

	
2.6

	
3.5

	
0.4

	
3.5

	
3.7

	
2.8

	
4.2




	
P2O5

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.04

	
0.05

	
0.05

	
0.01

	
0.06

	
0.02

	
0.05

	
0.05




	
LOI

	
0.79

	
0.82

	
0.44

	
0.43

	
0.33

	
0.26

	
0.29

	
0.66

	
0.68

	
0.57

	
0.45

	
0.67

	
0.55




	
Total

	
99.47

	
99.17

	
99.94

	
99.41

	
99.50

	
99.49

	
99.69

	
99.70

	
99.60

	
99.75

	
99.81

	
99.98

	
100.00




	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Sc

	
5.25

	
3.26

	
3.59

	
24.10

	
3.47

	
2.03

	
3.34

	
3.93

	
2.54

	
23.70

	
16.60

	
4.35

	
2.51




	
Co

	
0.72

	
0.52

	
0.68

	
1.28

	
0.51

	
0.50

	
0.57

	
2.59

	
2.06

	
1.40

	
1.21

	
0.82

	
0.68




	
Ni

	
3.12

	
3.79

	
4.08

	
7.42

	
1.56

	
1.87

	
2.88

	
2.68

	
2.80

	
4.32

	
4.28

	
5.00

	
3.77




	
Cu

	
3.79

	
4.55

	
4.94

	
8.81

	
3.02

	
4.90

	
2.92

	
116.00

	
6.73

	
6.37

	
8.08

	
8.63

	
11.60




	
Pb

	
51.00

	
47.70

	
33.00

	
11.60

	
47.90

	
25.30

	
17.30

	
26.40

	
33.40

	
13.10

	
13.90

	
22.60

	
8.95




	
V

	
2.50

	
2.50

	
2.50

	
4.52

	
2.50

	
2.50

	
3.21

	
5.84

	
8.94

	
2.50

	
6.08

	
2.50

	
2.50




	
Cr

	
26.80

	
100.00

	
35.00

	
136.00

	
43.80

	
23.30

	
81.40

	
26.90

	
76.30

	
98.00

	
42.80

	
175.00

	
30.30




	
Rb

	
140.0

	
154.0

	
141.0

	
167.0

	
152.0

	
177.0

	
132.0

	
235.0

	
13.9

	
162.0

	
151.0

	
107.0

	
146.0




	
Sr

	
20.10

	
17.60

	
12.50

	
11.80

	
6.63

	
3.14

	
5.29

	
13.00

	
44.20

	
10.10

	
9.27

	
16.60

	
8.36




	
Y

	
127.0

	
107.0

	
102.0

	
391.0

	
56.1

	
42.9

	
124.0

	
157.0

	
298.0

	
319.0

	
245.0

	
137.0

	
46.8




	
Zr

	
636

	
608

	
904

	
2530

	
904

	
417

	
591

	
1350

	
1620

	
2510

	
1410

	
1250

	
666




	
Nb

	
107.0

	
96.8

	
79.7

	
300.0

	
105.0

	
55.8

	
64.7

	
196.0

	
374.0

	
294.0

	
231.0

	
216.0

	
69.7




	
Cs

	
0.65

	
0.78

	
1.08

	
0.53

	
0.85

	
1.02

	
0.84

	
1.17

	
0.10

	
0.44

	
0.45

	
0.73

	
1.25




	
Ba

	
59.2

	
14.5

	
20.8

	
161.0

	
16.4

	
9.7

	
11.2

	
48.3

	
30.5

	
161.0

	
106.0

	
35.8

	
26.3




	
La

	
47.4

	
44.0

	
56.8

	
83.5

	
46.1

	
24.0

	
71.6

	
21.7

	
111.0

	
28.8

	
48.0

	
49.0

	
20.3




	
Ce

	
102.0

	
96.6

	
126.0

	
206.0

	
103.0

	
69.2

	
170.0

	
103.0

	
230.0

	
116.0

	
129.0

	
167.0

	
67.0




	
Pr

	
12.2

	
12.8

	
14.5

	
23.4

	
12.4

	
6.5

	
18.9

	
7.0

	
30.1

	
10.4

	
14.4

	
12.3

	
5.7




	
Nd

	
42.7

	
48.1

	
55.0

	
85.9

	
46.1

	
23.1

	
68.6

	
26.7

	
115.0

	
44.0

	
52.5

	
41.5

	
22.6




	
Sm

	
11.30

	
12.80

	
13.60

	
25.50

	
10.30

	
5.40

	
19.20

	
9.97

	
28.20

	
16.00

	
16.80

	
10.10

	
5.52




	
Eu

	
0.64

	
0.60

	
0.71

	
1.40

	
0.42

	
0.26

	
0.46

	
0.46

	
1.51

	
0.83

	
0.95

	
0.56

	
0.20




	
Gd

	
13.50

	
12.60

	
12.40

	
31.00

	
8.96

	
5.51

	
18.10

	
13.20

	
31.70

	
21.70

	
19.60

	
11.10

	
4.98




	
Tb

	
2.46

	
2.25

	
2.13

	
6.66

	
1.44

	
1.04

	
2.90

	
2.92

	
5.99

	
5.40

	
4.21

	
2.35

	
0.97




	
Dy

	
17.20

	
15.80

	
16.50

	
57.10

	
9.75

	
7.17

	
21.60

	
24.30

	
43.10

	
48.60

	
33.80

	
21.40

	
7.57




	
Ho

	
4.10

	
3.41

	
3.42

	
12.60

	
2.14

	
1.68

	
4.19

	
5.51

	
9.47

	
11.50

	
8.56

	
5.37

	
1.57




	
Er

	
12.50

	
10.40

	
11.10

	
42.90

	
7.01

	
5.78

	
12.50

	
18.70

	
28.30

	
39.30

	
29.20

	
20.80

	
5.82




	
Tm

	
2.22

	
1.79

	
2.00

	
7.34

	
1.53

	
1.06

	
2.12

	
3.31

	
5.23

	
6.92

	
4.75

	
4.44

	
1.02




	
Yb

	
12.80

	
11.00

	
14.90

	
46.60

	
11.80

	
7.15

	
13.00

	
21.70

	
33.90

	
44.00

	
28.30

	
28.10

	
8.15




	
Lu

	
1.90

	
1.65

	
2.04

	
6.56

	
1.75

	
1.23

	
1.85

	
3.24

	
4.73

	
6.00

	
4.02

	
3.86

	
1.26




	
Hf

	
21.60

	
18.70

	
25.10

	
69.70

	
25.80

	
12.80

	
17.90

	
38.40

	
47.00

	
71.90

	
52.30

	
34.30

	
18.30




	
Ta

	
9.08

	
7.31

	
7.49

	
35.80

	
9.98

	
4.46

	
5.62

	
20.10

	
36.70

	
34.70

	
19.20

	
25.80

	
6.65




	
Th

	
22.6

	
15.1

	
22.6

	
63.3

	
23.3

	
12.1

	
16.9

	
30.9

	
54.6

	
59.8

	
44.4

	
55.6

	
14.6




	
U

	
5.94

	
4.59

	
5.37

	
20.50

	
5.92

	
2.52

	
4.85

	
10.50

	
12.30

	
25.10

	
12.60

	
7.89

	
3.35




	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
ΣREE

	
283

	
274

	
331

	
636

	
263

	
159

	
425

	
262

	
678

	
399

	
394

	
378

	
153




	
Eu/Eu*

	
0.16

	
0.14

	
0.16

	
0.15

	
0.13

	
0.14

	
0.07

	
0.12

	
0.15

	
0.14

	
0.16

	
0.16

	
0.11




	
Mg#

	
-

	
-

	
2.7

	
1.9

	
3.3

	
-

	
3.2

	
8.3

	
-

	
2.8

	
-

	
2.8

	
4.7




	
TZr. °C

	
969

	
967

	
1021

	
1180

	
1018

	
923

	
965

	
1088

	
1080

	
1184

	
1091

	
1068

	
991




	
Sample

	
Dykes




	
Doleritic Rocks

	
Aplitic Rocks




	
2019

	
114-2

	
2044-1

	
2044-7

	
111-7

	
2044-5

	
2044-3

	
2044-6

	
2044-2

	
1160-6

	
2045




	
SiO2

	
45.3

	
45.8

	
46.4

	
47.9

	
49.1

	
76.9

	
77.1

	
77.4

	
77.9

	
78.1

	
78.2




	
TiO2

	
2.61

	
3.32

	
2.24

	
2.31

	
2.96

	
0.04

	
0.06

	
0.05

	
0.07

	
0.05

	
0.06




	
Al2O3

	
16.9

	
14.8

	
16.7

	
16.3

	
16.8

	
11.7

	
11.8

	
12.2

	
12.1

	
11.8

	
11.9




	
Fe2O3total

	
10.91

	
13.10

	
9.43

	
11.70

	
10.90

	
2.37

	
2.39

	
1.75

	
1.24

	
2.34

	
1.64




	
MnO

	
0.19

	
0.24

	
0.15

	
0.16

	
0.18

	
0.03

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
MgO

	
4.59

	
5.30

	
5.23

	
5.65

	
4.08

	
0.10

	
0.15

	
0.14

	
0.31

	
0.51

	
0.22




	
CaO

	
9.87

	
8.26

	
9.59

	
9.08

	
6.15

	
0.36

	
0.52

	
0.06

	
0.35

	
0.26

	
0.10




	
Na2O

	
3.8

	
3.6

	
3.6

	
3.0

	
3.9

	
3.1

	
3.5

	
4.0

	
3.6

	
4.3

	
3.8




	
K2O

	
0.7

	
1.6

	
2.1

	
1.1

	
2.9

	
4.5

	
3.4

	
3.8

	
3.8

	
1.7

	
3.0




	
P2O5

	
0.72

	
0.97

	
0.50

	
0.51

	
0.74

	
0.05

	
0.06

	
0.05

	
0.07

	
0.05

	
0.05




	
LOI

	
3.81

	
2.86

	
3.89

	
2.18

	
2.27

	
0.66

	
1.13

	
0.50

	
0.66

	
1.03

	
0.84




	
Total

	
99.93

	
99.89

	
99.75

	
99.87

	
99.95

	
99.75

	
100.11

	
99.90

	
100.16

	
100.12

	
99.74




	

	

	

	

	

	

	

	

	

	

	

	




	
Sc

	
24.70

	
30.20

	
22.70

	
22.60

	
18.90

	
7.35

	
7.42

	
4.18

	
3.45

	
7.03

	
3.73




	
Co

	
34.00

	
36.90

	
32.70

	
40.80

	
27.10

	
1.34

	
0.80

	
0.83

	
1.01

	
2.67

	
1.05




	
Ni

	
43.50

	
31.90

	
61.50

	
108.00

	
13.40

	
5.13

	
4.60

	
3.73

	
3.48

	
6.59

	
4.45




	
Cu

	
62.30

	
47.40

	
63.30

	
74.40

	
21.70

	
3.68

	
4.86

	
7.07

	
4.29

	
5.25

	
3.08




	
Pb

	
10.20

	
9.24

	
6.61

	
14.90

	
8.16

	
10.20

	
25.90

	
9.28

	
6.35

	
2.52

	
19.00




	
V

	
273.00

	
286.00

	
199.00

	
233.00

	
181.00

	
2.50

	
2.50

	
7.16

	
2.89

	
2.50

	
3.59




	
Cr

	
101.0

	
72.8

	
115.0

	
123.0

	
17.8

	
164.0

	
106.0

	
82.5

	
63.3

	
152.0

	
66.4




	
Rb

	
7.5

	
22.0

	
27.3

	
9.1

	
19.2

	
143.0

	
84.3

	
108.0

	
94.2

	
40.5

	
66.4




	
Sr

	
816.0

	
454.0

	
637.0

	
542.0

	
878.0

	
9.0

	
15.6

	
9.8

	
21.3

	
34.6

	
9.2




	
Y

	
30.6

	
36.6

	
22.8

	
25.9

	
28.1

	
227.0

	
170.0

	
179.0

	
187.0

	
134.0

	
105.0




	
Zr

	
180.0

	
218.0

	
172.0

	
122.0

	
247.0

	
840.0

	
675.0

	
639.0

	
752.0

	
609.0

	
672.0




	
Nb

	
21.0

	
20.4

	
26.6

	
20.4

	
37.3

	
62.9

	
63.2

	
67.3

	
67.9

	
72.0

	
72.8




	
Cs

	
0.10

	
0.22

	
0.20

	
0.38

	
0.15

	
0.47

	
0.29

	
0.49

	
0.42

	
0.46

	
0.37




	
Ba

	
152

	
610

	
294

	
226

	
654

	
65

	
101

	
112

	
136

	
130

	
193




	
La

	
19.90

	
26.40

	
24.00

	
17.40

	
33.30

	
31.90

	
25.20

	
29.00

	
32.20

	
19.60

	
8.54




	
Ce

	
45.7

	
61.4

	
50.3

	
37.2

	
67.4

	
87.2

	
75.5

	
86.4

	
91.3

	
52.1

	
47.2




	
Pr

	
6.02

	
7.76

	
6.13

	
4.63

	
7.80

	
12.40

	
10.20

	
12.10

	
12.40

	
7.25

	
4.60




	
Nd

	
25.4

	
36.6

	
26.3

	
22.5

	
33.5

	
56.8

	
45.4

	
53.1

	
52.1

	
34.6

	
21.3




	
Sm

	
6.34

	
8.10

	
5.52

	
5.62

	
7.05

	
20.80

	
16.70

	
17.90

	
16.00

	
10.70

	
9.52




	
Eu

	
2.02

	
2.44

	
2.04

	
2.02

	
2.10

	
0.95

	
0.81

	
0.54

	
0.75

	
0.86

	
0.48




	
Gd

	
6.13

	
7.59

	
5.60

	
5.67

	
6.39

	
23.10

	
19.20

	
20.50

	
18.40

	
12.00

	
10.60




	
Tb

	
0.88

	
1.10

	
0.73

	
0.79

	
0.86

	
4.28

	
3.66

	
3.85

	
3.81

	
2.58

	
2.42




	
Dy

	
5.58

	
7.16

	
4.44

	
4.69

	
5.25

	
33.20

	
27.30

	
30.10

	
30.10

	
21.60

	
20.20




	
Ho

	
1.19

	
1.40

	
0.88

	
0.92

	
0.97

	
7.14

	
6.07

	
6.85

	
6.50

	
5.22

	
4.59




	
Er

	
3.26

	
3.76

	
2.13

	
2.61

	
2.81

	
22.30

	
19.10

	
21.20

	
20.70

	
18.40

	
14.70




	
Tm

	
0.41

	
0.52

	
0.34

	
0.38

	
0.43

	
3.65

	
3.26

	
3.42

	
3.43

	
3.39

	
2.52




	
Yb

	
2.52

	
3.27

	
1.85

	
2.22

	
2.65

	
22.20

	
21.80

	
23.80

	
21.30

	
20.60

	
17.50




	
Lu

	
0.41

	
0.47

	
0.30

	
0.31

	
0.36

	
3.11

	
3.06

	
3.20

	
3.07

	
2.94

	
2.53




	
Hf

	
4.30

	
4.55

	
3.50

	
2.61

	
5.05

	
28.00

	
22.90

	
22.70

	
26.80

	
24.30

	
24.60




	
Ta

	
0.33

	
0.39

	
0.47

	
0.36

	
0.79

	
6.92

	
5.89

	
6.88

	
6.52

	
6.92

	
7.44




	
Th

	
1.00

	
1.39

	
2.00

	
1.30

	
3.22

	
10.40

	
16.10

	
16.10

	
9.82

	
15.90

	
18.10




	
U

	
0.47

	
0.66

	
0.79

	
0.45

	
1.15

	
4.55

	
5.12

	
4.20

	
4.30

	
5.67

	
4.08




	

	

	

	

	

	

	

	

	

	

	

	




	
ΣREE

	
126

	
168

	
131

	
107

	
171

	
329

	
277

	
312

	
312

	
212

	
167




	
Eu/Eu*

	
0.98

	
0.94

	
1.11

	
1.08

	
0.94

	
0.13

	
0.14

	
0.09

	
0.13

	
0.23

	
0.15




	
Mg#

	
-

	
34.7

	
47.4

	
41.4

	
32.1

	
3.6

	
5.4

	
-

	
-

	
18.7

	
-




	
TZr. °C

	
-

	
-

	
-

	
-

	
-

	
1025

	
1000

	
993

	
1013

	
995

	
1006








Mg# = MgO/(MgO + FeO)∙100, in mol; Eu/Eu* = Eun/((Smn + Gdn)/2), where Eun, Smn, and Gdn are chondrite-normalized concentrations.











The granites and aplites have a high total content of rare earth elements (ΣREE = 153–678 ppm). They reveal the highly fractionated chondrite-normalized REE patterns (Figure 7a) with enrichment of high REE ((La/Yb)N = 0.68–7.68) and strong negative Eu anomalies (Eu/Eu* = 0.09–0.23). On the primitive mantle-normalized trace element diagrams (Figure 7c), all samples show strong enrichment in Ta (4.46–36.70 ppm), Pb (2.52–51.00 ppm,) and Zr (417–2530 ppm), and depletion of Ba (9.7–193.0 ppm), Sr (3.14–44.20 ppm), and Ti (60–1020 ppm). Zirconium content of the granites and aplites, ranging from 417 to 2530 ppm, yields high zircon saturation temperatures of 923−1184 °C, with an average of 1030 °C according to the Watson and Harrison [43] equation. On the tectonic discrimination diagrams (Figure 8), all the analyzed samples fall in the within-plate granite field, indicating that studied granitic rocks were formed in an intraplate setting.




4.2.2. Mafic Rocks


The samples of doleritic dykes have a low SiO2 content, ranging from 45.3 to 49.1 wt %, and a high total alkali (Na2O + K2O) content of 4.1–6.8 wt %, demonstrating alkaline signatures with the composition of gabbro in the TAS diagram (Figure 6a). Dolerites are characterized by high Al2O3 (14.8–16.9 wt %), TiO2 (2.61–3.32 wt %), MgO (4.1–5.7 wt %), P2O5 (0.50–0.97 wt %), and moderate compositional variations of Fe2O3 total (9.4–11.7 wt %) and CaO (6.2–9.9 wt %). Their Mg# values are low ranging, from 32.1 to 47.4, indicating that they experienced minor to moderate differentiation. The analyzed samples of dolerites contain variable Cr (18–123 ppm) and Ni (13–108 ppm), and a high ΣREE content, ranging from 107 to 171 ppm. In chondrite-normalized REE diagrams (Figure 7b), doleritic rocks are characterized by enrichment in light REE relative to heavy REE with (La/Yb)N = 11.01–18.09, and an absence of significant Eu anomaly (Eu/Eu* = 0.94–1.11). They show compositional patterns ranging from enriched MORB (E-MORB) to OIB (oceanic-island-basalt). Primitive mantle-normalized trace element diagrams (Figure 7d) show depletion of Ta (0.33–0.79 ppm) and Th (1.00–3.22 ppm) and enrichment in Pb (8.16–14.90 ppm), Sr (454–878 ppm), and Ti (13,440–15,680 ppm).
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Figure 8. Tectonic diagrams for the peralkaline granitic rocks of the Tannuola terrane. (a,b) «Y + Nb–Rb» and «Yb–Ta» [46]; (c) Rb/30–Hf–Ta·3 ternary diagram [47]. Fields: ORG—ocean ridge granites, VAG—volcanic arc granites, Syn-COLG—syn-collision granites, Post-COLG—post-collision granites, WPG—within plate granites; (d) «Y–Nb–Ce» [5]. 
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4.3. Whole-Rock Sr-Nd Isotopes


Whole rock Sr and Nd isotopic data from four representative samples (2010, 2011, 2012–2, 2013) of riebeckite granites, demonstrating homogeneous isotopic composition, are presented in Table 3. Initial Sr-Nd isotopic compositions and εNd(t) values were calculated using the determined zircon U-Pb age of 388 Ma of the riebeckite granite. The calculated initial 87Sr/86Sr ratios range from 0.711497 to 0.739895. However, these Sr isotopic values do not reflect any petrogenetic significance due to extremely high 87Rb/86Sr values ranging from 28.50 to 112.91, 87Sr/86Sr values between 0.867348 and 1.357252, and Rb/Sr > 1, indicating large uncertainties in the calculation of the initial 87Sr/86Sr values. Hence, discussion concerning the magma source of granitic rocks can be based on whole-rock Nd isotopic values, as well as major and trace element composition. The initial 143Nd/144Nd ratios vary from 0.512445 to 0.512477, with positive εNd(t) values of +5.59 to +6.52. The calculated two-stage model ages for riebeckite granites range from 610 to 520 Ma (Table 3).





5. Discussion


5.1. Geochemical Evidences for A-Type Granitic Rocks and Emplacement Age


Based on geochemical features, granitic rocks are generally divided into I-, S-, or A-types [38,48]. I-type granites are characterized by their metaluminous to slightly peraluminous nature and the presence of hornblende, whereas S-type granites are peraluminous and contain peraluminous minerals, such as muscovite, garnet, cordierite, etc. It is thought that A-type granites comprise alkaline minerals and have a peralkaline nature, high concentrations of SiO2, K2O, (K2O + Na2O), Zr, Ce, Nb, REE, and a low content of MgO, CaO, Cr, Ni, Ba, Sr, and Eu [38,39]. The riebeckite granites and aplites in this study have a high content of SiO2 (75.2−78.2 wt %), an alkali (Na2O + K2O) content (6.0–8.9 wt %), Zr (417–2530 ppm), and a total content of REE (ΣREE = 153–678 ppm). The A-type granites also contain a low content of CaO (0.07–0.85 wt %), MgO (0.10–0.51 wt %), Ba (9.7–193.0 ppm), Sr (3.14–44.20 ppm), and Eu (0.26–1.51 ppm), with high Fe2O3 total/(MgO + Fe2O3 total) ratios (0.80–0.98), indicating the features of A-type granite. They display extremely low Ba, Sr, P, and Ti concentrations on the primitive mantle-normalized trace element diagrams (Figure 7c) and a V-shape in chondrite-normalized REE patterns with distinctly negative Eu anomalies (Figure 7a), suggesting a high degree of fractional crystallization.



The zircon saturation temperature (i.e., initial magma temperatures, TZr) of granitic rocks range from 923 to 1184 °C, with an average of 1030 °C. Due to inherited zircon grains not being observed, the calculated temperatures provide the minimum estimates [49]. Estimated temperatures are significantly higher than those of S- and I-type granites, which are usually lower than 800 °C [50]. Therefore, granitic rocks in our study can be considered to be A-type granites. According to the geochemical classification by [5], riebeckite granites fall into both the fields of A1- and A2-type granites, while the aplites correspond to the highly fractionated A2-type granites (Figure 8d).



As previously shown, the zircon U-Pb age of 387.7 ± 3.3 Ma for the peralkaline A-type granites from the Tannuola terrane represents the timing of their crystallization and corresponds to the Eifelian–Givetian period boundary. The peralkaline A-type granites with an Eifelian–Givetian age were revealed within the Tannuola terrane for the first time, requiring discussion of their petrogenesis, magma source, and tectonic and geodynamic setting.




5.2. Origin of the Peralkaline A-Type Granites from Tannuola Terrane


The A-type granitic rocks worldwide can be attributed to three main petrogenetic models, including: (1) low degrees of partial melting of crustal rocks [38,39]; (2) hybridization between mantle-derived basaltic and crustal-derived granitic magmas [51,52]; and (3) extensive fractional crystallization of alkaline transitional or tholeitic basaltic magma with crustal contamination [5,53]. Because mafic to intermediate microgranular enclaves and mingling structures could not be found, the peralkaline A-type granitic rocks of the Tannuola terrane were not likely formed through the mixing of the mantle- and crustal-derived magmas. The horizontal trends in the La/Yb versus La diagram (Figure 9a) and the Zr/Nb versus Zr diagram (Figure 9b) reveal the dominant role of fractional crystallization, as opposed to the partial melting process, during the magma evolution of our granitic rocks. These granitic rocks demonstrate a highly fractionated geochemistry and have positive εNd(t) values (+5.59 to +6.52), indicating their formation through fractional crystallization of mafic magma. Moreover, A-type granitic rocks derived through crustal melting show generally peraluminous, rather than peralkaline, composition [54]. Thus, we consider fractional crystallization of mantle-derived magmas in combination with crustal contamination as being the most important mechanism.



Significant depletion of Ba, Sr, P, Ti, and Eu indicates an advanced fractional crystallization during the formation of the riebeckite granites and aplites (Figure 7a,c). Strong depletion of the Eu, Ba, and Sr of the study granitic rocks requires extensive fractionation of plagioclase and/or K-feldspar. K-feldspar crystallization is supported by the K2O decreasing with increasing SiO2, while the fractional crystallization of plagioclase can also be inferred from the strong negative anomaly of Eu in the chondrite-normalized REE pattern (Figure 7a). The depletion of P and Ti might be related to the fractional crystallization of apatite and iron oxides. On the other hand, crustal contamination can lead to depletion of P and Ti. The peralkaline A-type granitic rocks of the Tannuola terrane are enriched in Pb and Zr, and have high ratios of immobile trace elements, such as La/Sm (up to 4.9) and (Th/Nb)N (>1), typical of crustal rocks [55,56] as well as low Ti/Zr (up to 1.4) and Ti/Y (up to 10.3) ratios [57]. On the (Th/Yb)PM–(Nb/Yb)PM diagram (Figure 10a), the aplite samples lie in the field and reflect the composition of the lower continental crust, while the riebeckite granites demonstrate a higher degree of crustal contamination. All these geochemical features of the peralkaline A-type granites from the Tannuola terrane might indicate a significant role of crustal contamination in their petrogenesis, along with fractional crystallization processes.




5.3. Magma Source


As discussed above, the peralkaline A-type granites from the Tannuola terrane were derived from mantle sources through the fractional crystallization process. This is supported by the diagrams of Laurent et al. [58] despite some samples being shifted in the field of crustal-derived magmas in the (La)N Fe2O3t + MgO plot (Figure 10d,e). Generally, rocks formed by fractionation of mantle-derived magmas have a lower Th/Ta ratio (≈2) compared with the lower crust (Th/Ta ≈ 7.9) and the upper crust (Th/Ta ≈ 6.9) [59,60]. The average Th/Ta values obtained for study granitic rocks are approximately 2 and support the mantle source. Nevertheless, some geochemical characteristics such as their Mg# (up to 19), Cr (up to 175 ppm) and Ni (up to 7 ppm) concentrations are inconsistent with typical mantle-derived magmas (Mg# = 73–81, Cr > 1000 ppm and Ni > 400 ppm) [61]. This could be explained by the high degrees of fractional crystallization from parental magmas and/or the contribution of crustal contamination by magma en route to the surface [62].



Moreover, the peralkaline A-type granitic rocks yield highly positive εNd(t) values, ranging from +5.61 to +6.55 (Table 3). The obtained εNd(t) values are slightly higher those for host Cambrian–Ordovician magmatic rocks of the Tannuola terrane [18,19,20,21] and indicate an origin from an enriched mantle source. The calculated Stenian–Tonian one-stage Nd model ages T(DM1) (from 1180 to 940 Ma) are significantly different to those of the Ediacaran–Early Cambrian two-stage Nd model ages T(DM2) (from 610 to 520 Ma). Such large differences between one-stage and two-stage Nd model ages commonly display a high-degree of fractionation and/or heterogeneous sources. As emphasized, the high-degree fractional crystallization played a crucial role in the formation of the study granitic rocks and can explain this discrepancy. The isotopic Sr composition of the peralkaline A-type granites from the Tannuola terrane cannot be used in a discussion about magma sources due to the extremely high Rb/Sr ratios. The high Rb/Sr ratios most likely relate to fractionation K-feldspar, which could lead to highly variable initial 87Sr/86Sr values.
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Figure 10. (a) (Th/Yb)pm–(Nb/Yb)pm diagram; UCC—upper continental crust; LCC—lower continental crust [63]; EMI, EMII, and HIMU (high μ = 238U/204U)—enriched mantle [64]; (b) Th/Yb–Nb/Yb diagram [65]; (c) Yb/Ta-Y/Nb diagram [5]; (d) Nb + Zr + Y (ppm) Fe2O3t + MgO (wt %) diagram; (e) (La)N Fe2O3t + MgO (wt %) diagram [58]; UCC—upper continental crust; BCC—bulk continental crust [60]; MORB—mid-ocean ridge basalts; OIB—ocean island basalts; (f) ternary diagram Al2O3/(Fe l2O3total + MgO)-3∗CaO-5∗(K2O/Na2O) [58]. 
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According to the Laurent et al. [58] diagram (Figure 10f), the source of peralkaline granitic magma is represented by metasedimentary rocks and/or tonalites, while magma for doleritic dykes originated from the melting of high-K mafic rocks. The metasedimentary source for peralkaline granitic magma can be explained by the enhancing of the partial melting of the crustal rocks by magma en route to the surface. Mafic rocks represent another magma pulse due to the melting of high-K rocks; we, therefore, scrutinized dolerite samples from coeval mafic dykes to better identify the nature of their melt source. Dolerites yield MgO content (4.1–5.7 wt %) and Mg# values (up to 47) lower than those of primitive magmas, indicating the crucial role of fractional crystallization during its magmatic evolution. Fractionation of clinopyroxene (Ti-augite) appears to be more significant in view of the positive correlations of Zr with MgO, Ni, and Cr, and the negative correlations of Zr with MgO, Ni, and Cr. However, the lack of strong negative Eu anomalies (Eu/Eu* = 0.94–1.11) (Figure 7a) and the positive correlations of Zr with P2O5, TiO2, and Sr, suggest that plagioclase and accessory minerals, such as apatite and titano-magnetite, were the minor fractionating phases. Mantle-derived magmas are often subject to crustal contamination during their ascent or storage in a crustal magma chamber [62,66]. Crustal contamination of mafic magmas generally cause the elevation of continental-enriched elements such as Th, Zr, and Hf. The relatively low Th (average = 1.78 ppm), Zr (average = 188 ppm), and Hf (average = 4.00 ppm) concentrations, as well as the enrichment with Nb in the studied dolerite samples, are inconsistent with the effects of significant crustal contamination. In the contamination-sensitive trace element (Th/Yb)pm–(Nb/Yb)pm diagram (Figure 10a), the samples lie far from the upper continental crust endmembers, excluding the possibility of crustal contamination and demonstrating a mantle source for the analyzed mafic rocks. Furthermore, the chondrite-normalized REE spectra (Figure 7b) and the Th/Yb-Nb/Yb diagram (Figure 10b) show compositional patterns between E-MORB and OIB. This is consistent with mafic magmas being derived from a geochemically enriched mantle unaffected by subduction-related fluids and/or melts [67]. In turn, the enrichment in incompatible elements with high HFSE/LREE ratios (Nb/La > 1) [68] indicates that the parental magma for analyzed dolerites might have originated from the lithospheric mantle, metasomatized by asthenosphere-derived melt.




5.4. Tectonic Implication


A-type granites are generally emplaced in extensional tectonic regimes: post-collisional or intraplate extensional settings [5,35,69]. A-type granites are subdivided into two sub-types (A1- and A2-type granites) based on their trace element composition, especially their Y/Nb ratio and Nb-Y-Ce content, suggesting their different origins. The A1-type granites have Y/Nb < 1.2 and represent products of fractional crystallization of mantle-derived magmas associated with anorogenic tectonic environments (continental rift or intraplate settings). A2-type granites with Y/Nb > 1.2, however, are derived from the subcontinental lithosphere or lower crust and emplaced in post-collisional or post-orogenic settings.



The analyzed riebeckite granites have variable Y/Nb ratios (0.53–1.92), with an average value of 1.01, and lie in both the A1- and A2-type fields on the Ce–Nb–Y diagram (Figure 8d), while the aplites with high Y/Nb ratios (1.44–3.61), and an average value of 2.50, fall into the A2-type field without exception. The varying degrees of increase in Y/Nb ratios of peralkaline A-type granitic rocks from the Tannuola terrane could be caused by crustal contamination shifting their samples toward the A2 type field. Positive correlations between the ratios of Y/Nb and Yb/Ta (Figure 10c) for the analyzed rocks strongly suggest crustal contamination [5], as proposed above. In addition, on the tectonic diagrams of Rb - (Y + Nb), Ta–Yb and Hf-Rb/30-Ta*3 (Figure 10a–c), all granitic samples lie within the intraplate field, which is consistent with an anorogenic tectonic regime. Similarly, coeval mafic rocks with a chemical composition of E-MORB and OIB are also typical of an intraplate extensional setting.



Emplacement of the peralkaline A-type granitic rocks controlled by a sub-latitudinal deep-seated fault zone mark a short period of extension and subsequent rifting within the Tannuola terrane. This fault activation is probably associated with the evolution of the riftogenic Tuvinian trough during the Devonian to the northwest of the study area. However, during the Middle Devonian, there is no evidence of felsic magmatic activity within the Tuvinian trough, where continental carbonate-terrigenous sediments accumulated at that time. Nevertheless, the extension during the Middle Devonian, proposed in this study, triggered the upwelling of small volume of lithospheric mantle metasomatized by asthenosphere-derived mantle sources and the emplacement of mafic rocks within the Tannuola terrane. The peralkaline A-type granites are related to the mafic rocks in the study area; however, they represent another magma pulse.




5.5. Geodynamic Model


In the Tannuola terrane, peralkaline A-type granitic rocks with an age of 388 Ma are distributed sporadically and are small in volume. This is distinctly different from widespread Cambrian island-arc volcanic rocks or Late Cambrian to Late Ordovician collisional and post-collisional mafic and granitic intrusions [18,19,20]. The occurrence of coeval mafic intrusions in the Tannuola terrane required vast heat sources and may reflect the upwelling of mafic magmas (Figure 11). However, the emplacement mechanism of mafic magmas in the study area during the Eifelian–Givetian is still unclear. Heat sources are usually attributed to one of the following geodynamic models: (1) delamination of the lower lithosphere, (2) slab break-off, or (3) a rising mantle plume. The lithosphere delamination model suggests that gravity instability within the lower crust occurs in a post-collisional setting [70]. This could result in an asthenosphere upwelling accompanied by crustal extension, which would promote heat input for magma generation. Because the collisional events in this area terminated in the Late Ordovician (~450 Ma), lithospheric delamination does not seem to be a fit geodynamic model. Slab break off can also generate thermal perturbation and cause asthenosphere upwelling in relation to the crustal extension [71]. It is thought that the asthenospheric mantle rises through a narrow lithosphere gap above the sinking slab, forming a narrow linear zone of magmatism [72]. Peralkaline A-type granitic rocks of the Tannuola terrane do not form a linear configuration, so were unlikely to have originated due to slab break-off. A mantle plume model should be considered as the main emplacement mechanism for an asthenosphere upwelling in the study area. Recently, a mantle plume model was proposed to explain the widespread Devonian magmatism of the northern Central Asian Orogenic Belt areas [23,73,74]. Our geochemical study of the mafic rocks coeval to the peralkaline A-type granitic rocks suggest enriched mantle sources that are generally attributed to mantle plume activity [5]. In addition, the peralkaline A-type granitic rocks of the Tannuola terrane exhibit high zircon saturation temperatures (TZr = 923−1184 °C, with an average of 1030 °C) typical of granites related to the mantle plume. Therefore, a rising mantle plume was responsible for the magma generation of peralkaline A-type granitic and coeval mafic rocks in the Tannuola terrane.





6. Conclusions


Based on the presented results, including zircon SHRIMP U-Pb ages, and geochemical and Sr-Nd isotope compositions, we draw the following conclusions regarding the petrogenesis and tectonic setting of the peralkaline A-type granitic rocks from the Tannuola terrane. Peralkaline A-type granitic rocks were emplaced in the Tannuola terrane at 387.7 ± 3.3 Ma, which corresponds to the Eifelian–Givetian period. Riebeckite granites and aplitic dykes, as well as co-genetic coeval mafic rocks, demonstrate an affinity to a within-plate setting that is consistent with an anorogenic tectonic regime. Geochemical and isotopic compositions suggest that these peralkaline A-type granitic rocks originated from fractional crystallization of enriched mantle sources with crustal contamination. The primary magmas for peralkaline A-type granites originated from juvenile Neoproterozoic–Cambrian (from 610 to 520 Ma) sources with highly positive (from +5.61 to +6.55) εNd(t) values. Asthenospheric upwelling triggered the generation of these magmas. The emplacement of peralkaline A-type granitic rocks marks a short period of extension and rifting within the Tannuola terrane and indicates mantle plume activity beneath the northern Central Asian Orogenic Belt areas during the Givetian period.
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Figure 1. (a,b) Field photographs of the peralkaline granitic massifs within the Tannuola terrane; (c) Simplified geological map showing the study area and sample location; (d) Simplified geological map of the Tannuola terrane; (e) Deposits of rare metals of the Central Asian Orogenic Belt after [17]. 
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Figure 2. Schematic map showing the position of alkaline magmatism near the Tannuola terrane after [28]. 
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Figure 3. Photographs of (a) riebeckite granite sample, (b) aplitic dyke sample, and (c) doleritic dyke sample from the Tannuola terrane. 






Figure 3. Photographs of (a) riebeckite granite sample, (b) aplitic dyke sample, and (c) doleritic dyke sample from the Tannuola terrane.



[image: Minerals 12 01282 g003]







[image: Minerals 12 01282 g004 550] 





Figure 4. Microphotos of (aI) riebeckite granite in plane-polarized light, (aII) riebeckite granite in cross-polarized light, (bI) aplitic rock in plane-polarized light; (bII) aplitic rock in cross-polarized light; (cI) doleritic rock in plane-polarized light, and (cII) doleritic rock in cross-polarized light from the Tannuola terrane. Pl—plagioclase; Fsp—K-feldspar; Q—quartz; Rbk—riebeckite; Aug—augite; Mt—magnetite. 
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Figure 5. U-Pb isotope Concordia (Wetherill) plot, single-grain, and weighted mean 206Pb/238U ages for zircons from the sample of granite (2013). Internal structure of the zircon grains is in cathodoluminescence images. MSWD is given for concordance. 
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Figure 6. (a) TAS diagram (fields according to [41]); (b) Al2O3/(CaO + Na2O + K2O)–Al2O3/(Na2O + K2O) diagram (molecular amounts) [42]; (c) SiO2–Fe2O3total/(Fe2O3total + MgO) diagram [40]; and (d) SiO2–MALI diagram [40]. 






Figure 6. (a) TAS diagram (fields according to [41]); (b) Al2O3/(CaO + Na2O + K2O)–Al2O3/(Na2O + K2O) diagram (molecular amounts) [42]; (c) SiO2–Fe2O3total/(Fe2O3total + MgO) diagram [40]; and (d) SiO2–MALI diagram [40].
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Figure 7. REE (a,c) and multi-elemental (b,d) patterns of the peralkaline granitic and coeval mafic rocks of the Tannuola terrane, normalized, respectively, to chondrite [44] and primitive mantle [45]. 
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Figure 9. Binary diagrams showing the dominant role of the fractional crystallization process during the evolution of magma for peralkaline granitic rocks from the Tannuola terrane: (a) La/Yb–La; (b) Zr/Nb–Zr. 
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Figure 11. A geodynamic model showing evolution of the peralkaline A-type granitic and coeval mafic rocks of the Tannuola terrane (a) within the framework of geodynamic evolution of the northern Central Asian Orogenic Belt and (b) during Middle Devonian. Not to scale. 






Figure 11. A geodynamic model showing evolution of the peralkaline A-type granitic and coeval mafic rocks of the Tannuola terrane (a) within the framework of geodynamic evolution of the northern Central Asian Orogenic Belt and (b) during Middle Devonian. Not to scale.



[image: Minerals 12 01282 g011]







[image: Table] 





Table 3. Sr-Nd isotopic compositions for representative samples of the Middle Devonian peralkaline A-type granitic rocks from Tannuola terrane.
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	Sample
	2013
	2012-2
	2010
	2011





	Rb (ppm)
	134.1
	189.5
	144.8
	151.9



	Sr (ppm)
	14.0
	5.2
	13.0
	8.0



	87Rb/86Sr
	28.5
	112.9
	31.9
	57.0



	±2 σ
	0.2850
	1.1291
	0.3186
	0.5702



	87Sr/86Sr
	0.867348
	1.357252
	0.886572
	1.036868



	±2 σ
	0.000009
	0.000009
	0.000009
	0.000007



	(87Sr/86Sr)0
	0.867348
	1.357252
	0.886572
	1.036868



	Sm (ppm)
	9.66
	19.35
	12.29
	2.78



	Nd (ppm)
	36.06
	62.30
	43.90
	11.31



	147Sm/144Nd
	0.16200
	0.15430
	0.16910
	0.14860



	±2 σ
	0.00016
	0.00015
	0.00017
	0.00015



	143Nd/144Nd
	0.512860
	0.512833
	0.512855
	0.512851



	±2 σ
	0.000004
	0.000004
	0.000005
	0.000006



	(143Nd/144Nd)0
	0.512860
	0.512833
	0.512855
	0.512851



	±2σ
	0.000027
	0.000019
	0.000006
	0.000010



	εNd(t)
	6.06
	5.91
	5.61
	6.55



	T(DM1), Ma
	1060
	1040
	1180
	940



	T(DM2), Ma
	560
	580
	610
	520
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