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Abstract 

The Saltakh Massif is located in the northern Anabar Shield, in the Saltakh shear-zone. It consists of two-pyroxene 

schists and plagiogneisses metamorphosed under granulite-facies conditions. Their chemical composition is  

consistent with that of a differentiated series of rocks ranging from gabbro to tonalites with abundant alaskitic 

gneissose granite veins and bodies. The rocks are mainly high-potassium (K2O/Na2O > 0.50), high-magnesium 

(mg# 50-70), low-titanium (TiO2 0.35-1.31 wt.%) with low TiO2 concentration in clino- and orthopyroxene. 

Normative olivine makes up 6-9 % of metagabbroic rocks. The rocks display well-defined negative Ti, Nb, Ta, 

and P anomalies typical of subduction magmatism. The two-pyroxene gneisses show high Sr/Y ratios of 67.6-88 

and (La/Yb)N of 24.8-25.6. Saltakh rocks are part of a shoshonite series, as indicated by Nb/La, La/Yb, Th/Nb 

and Ce/Yb ratios. All the rocks display positive εNd(T) values of 1.9-4.1 and εSr(T) of 0.77-17.8 indicative of a 

mantle source of magma and T(Nd)DM of 2,20-2,26 Ga. U-Pb zircon dating (SHRIMP II) has shown that the 

protoliths of Saltakh melanocratic rocks were dated at 2100-2086 Ma, and those of two-pyroxene plagiogneisses 

of tonalite composition were dated at 2025±7 Ma. Alaskitic gneissose granites were dated  at 1969±7 Ma.  

The study of the trace element composition of zircon has revealed general enrichment in LREE. High LREE 

concentrations are due to secondary zircon alterations and the shoshonitic pattern of the melt, the high -tempera-

ture conditions of crystallization, and an anomalous fluid regime. The geodynamic setting in which the Saltakh 

Massif was formed was consistent with a pericontinental magmatic arc. The formation of alaskitic gneissose 

granites was due to anatexis provoked by later collision processes. Saltakh magmatic rocks were formed  

simultaneously with magmatic rocks from the Khapchan prospect which occur farther south , and were studied 

earlier (2095±10 Ma tholeiitic metadiorites and 2030±17 Ma calc-alkaline metatonalites). We interpret them as 

part of a metamorphosed juvenile Paleoproterozoic suprasubduction complex.  
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Introduction 

The Siberian Craton is an old platform with an Early Precambrian highly metamorphosed basement 

located in the northern part of the Eurasian continent. The Anabar Shield, consisting of granulitic ter-

rains, forms a basement scarp in the northeastern Siberian Craton. Extending in the eastern Anabar Shield 

is the boundary of two Precambrian basement provinces: the Archean Anabar province and the Paleo-

proterozoic Olenek province formed of the Khapchan foldbelt. The Saltakh complex is located in the 

Popigai Terrane within the Olenek province. Its massif lies in the northern Saltakh shear-zone. 

The Saltakh shear-zone extends in the northeastern Anabar Shield across the upper reaches  

of the River Staraya, the Popigai terrain and the right-hand bank of the River Nalim-Rassokha  

(Fig.1) [1]. The visible length of the zone is about 130 km. In the north and south, it is overlain 

by Riphean sandstones. The zone varies in width from 1-2 km in the south to 17-20 km in  

the north [2]. 
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Fig.1. Geologic map of the Saltakh Massif area. Based on Gosgeolmap-200  

(А.I.Trukhalev et al., 1972, unpublished data), modified 

1 – Quaternary deposits (Q); 2 – red sandstones and gritstones of the Ilyinsk suite (RF1il); 3 – broken down and retrogressed granulites  

in shear-zones; 4 – Magan alaskitic-leucogranitic-migmatitic complex (lγPR1mg); 5-7 – Saltakh gabbro-dioritic-tonalitic complex (ν, δ,  

γδ PR1sl): 5 – two-pyroxene plagiogneisses (metatonalites), 6 – two-pyroxene gneisses (metadiorites), 7 – two-pyroxene schists  

(metagabbroic rocks); 8 – Khapchan series (PR1hp): garnet, biotitic-garnet, garnet-pyroxene and sillimanite-garnet paragneisses, silicate 

marbles, carbonate-silicate and pyroxene-scapolitic rocks; 9 – undivided Paleoproterozoic (PR1) rocks: orthopyroxene and two-pyroxene 

gneisses and plagiogneisses, mesocratic and mafic schists; 10 – silicate marbles, carbonate-silicate and pyroxene-scapolitic rocks;  

11 – garnet, hypersthene-garnet gneisses, plagiogneisses and their varieties with biotite and graphite; 12 – hypersthene, two-pyroxene  

and amphibole-pyroxene plagiogneisses; 13 – clinopyroxene-plagioclase, two-pyroxene-plagioclase and amphibole-pyroxene-plagioclase 

schists; 14 – mesocratic orthogneisses and plagioschists; 15 – two-pyroxene plagiogneisses; 16 – boundaries: а – steeply dipping faults,  

b – overthrusts; 17 – sampling sites and the numbers of samples for isotopic analyses 
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(А.I.Trukhalev et al., 1972, unpublished data), modified 

1 – Quaternary deposits (Q); 2 – red sandstones and gritstones of the Ilyinsk suite (RF1il); 3 – broken down and retrogressed granulites  

in shear-zones; 4 – Magan alaskitic-leucogranitic-migmatitic complex (lγPR1mg); 5-7 – Saltakh gabbro-dioritic-tonalitic complex (ν, δ,  

γδ PR1sl): 5 – two-pyroxene plagiogneisses (metatonalites), 6 – two-pyroxene gneisses (metadiorites), 7 – two-pyroxene schists  
(metagabbroic rocks); 8 – Khapchan series (PR1hp): garnet, biotitic-garnet, garnet-pyroxene and sillimanite-garnet paragneisses, silicate 

marbles, carbonate-silicate and pyroxene-scapolitic rocks; 9 – undivided Paleoproterozoic (PR1) rocks: orthopyroxene and two-pyroxene 

gneisses and plagiogneisses, mesocratic and mafic schists; 10 – silicate marbles, carbonate-silicate and pyroxene-scapolitic rocks;  
11 – garnet, hypersthene-garnet gneisses, plagiogneisses and their varieties with biotite and graphite; 12 – hypersthene, two-pyroxene  

and amphibole-pyroxene plagiogneisses; 13 – clinopyroxene-plagioclase, two-pyroxene-plagioclase and amphibole-pyroxene-plagioclase 

schists; 14 – mesocratic orthogneisses and plagioschists; 15 – two-pyroxene plagiogneisses; 16 – boundaries: а – steeply dipping faults,  

b – overthrusts; 17 – sampling sites and the numbers of samples for isotopic analyses  
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The Saltakh complex consists of two large massifs: the Saltakh Massif (covering an area  
of 10 × 24 km, including its northeastern satellite) and the Ulkhan Massif (2 × 20 km), as well  
as 10 smaller lenticular metagabbronorite intrusive units identified during the compilation of the 
Gosgeol-200 Map in 1971-1972 (А.I.Trukhalev et al., 1972, unpublished). The intrusive units of the 
Saltakh complex extend northwest for 100 km, varying in width from 10 km in the north to 20 km in 
the south. Metaintrusive rock exposures are more massive, but the boundaries of the massifs are in-
distinct, because their rocks have experienced granulite-facies metamorphism. Transitions to the host 
gneisses and schists are generally gradual. Zones of cataclasis and mylonitization are often formed 
along the contacts. Banding and stratification in the Saltakh Massif dip at 40-60° from the centre to 
the periphery of the massif [2]. 

Salltakh rocks have been metamorphosed along with host rocks under granulite-facies conditions. 
Most of these rocks contain hypersthene with antiperthitic feldspar. Transitions from the highly granitized 
host plagiogneisses and crystalline schists to Saltakh rocks are gradual [3]. Stretching along the western 
pluton boundary is the Saltakh diaphthoresis zone with amphibolite-facies polymetamorphic rocks, mig-
matites and alaskites [3]. Migmatization in the massif is widespread. It is intersected by numerous 
lenticular biotitic and alaskitic granite bodies, which vary in thickness (up to 0.5-0.9 km) and length (from 
several meters to tens of kilometers). The alaskitic granite bodies are affected by cataclasite zones, but 
they themselves are not cataclastic and are conformable with the western and southern massif  
boundaries. We have studied two prospects in the Saltakh Massif: one in the north, downstream from the 
Kyongdei River mouth, and the other in the southern zone of the massif extending along the banks of the 
Obryvistyi River (Fig.1). In the northern part of the massif, the rocks have been more intensely subjected 
to cataclasis, while in the southern part, the rocks are better preserved. 

Methods 
Major elements concentrations in the rocks were calculated by XRF methods, while ferric and 

ferrous iron concentrations were measured by titration and trace element concentrations by ICP-MS 
in the Karpinsky Institute laboratory, St.Petersburg. 

Zircon samples were subjected to U-Pb dating using a SHRIMP II ion microprobe at the CIS, 
Karpinsky Institute, St.Petersburg (analyzed by P.A.Lvov) following standard methods [4]. The data 
obtained were processed with SQUID software (K.Ludwig, 2000). U-Pb ratios were normalized to 
the value 0.0668 for the TEMORA zircon standard dated at 416.75 Ma [5]. Errors in single analyses 
(ratios and ages) are given at the 1σ level, and errors in the calculated values of concordant ages and 
intersections with the Concordia curve are given at the 2σ level. Plots were constructed using 
ISOPLOT/ET software (K.Ludwig, 1999). 

Trace elements in zircon were analyzed using ICP-MS method on a Cameca IMS-4f ion microprobe 
at the Yaroslavl Branch of the Institute of Physics and Technology, RAS. The study is described in detail 
in [6]. Data on the trace element composition of the zircon enabled us to reconstruct its conditions of 
formation [7-9] and to correctly interpret the dating results [10-12]. 

Rb-Sr and Sm-Nd isotope studies were conducted using the method described in [13]. Isotopic 
measurements were made on a ThermoFinnigan MAT TRITON mass-spectrometer (CIS, Karpinsky 
Institute, analyzed by E.S.Bogomolov) in a static regime. 

To calculate εNd(Т) values, we used the following modern isotopic ratios for a homogeneous chon-
dritic reservoir (CHUR): 147Sm/144Nd = 0.1967 and 143Nd/144Nd = 0.512638 [14]. A model age for a one-
stage model of TNd(DM) was calculated relative to relatively depleted mantle (DM) with the parameters 
147Sm/144Nd = 0.2136 and 143Nd/144Nd = 0.51315 [15]. Mineral symbols are used as per [16]. 

Results 
Geologic-petrographic description. We have identified three rock groups in the Saltakh Massif 

study areas: two-pyroxene schists (metagabbroic rocks); two-pyroxene and orthopyroxene gneisses 
(metadiorites and metatonalites); and granitoids. 

Two-pyroxene schist – their texture is generally massive and chaotically gneissoid (flaser). 
Cataclastic varieties display a banded texture. Thin sections are dominated by a granohetero-
blastic structure, and a relict gabbroic structure persists locally. We identified two rock varieties: 
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in one variety, the concentration of plagioclase is either equal to or less than that of dark -colored 
minerals, while in the other, plagioclase is clearly dominant. 

The melanocratic varieties of the schist samples analyzed show the following mineral composi-
tion, vol.%: Pl (An45-58) 45-50, Cpx 20-25, Opx 5-10, Bt 10-25, Mag 4, Ilm 1, Ap 1. Leucocratic 
schist varieties have the following mineral composition, vol.%: Pl (An40) 55-60, Cpx 15, Opx 5,  
Bt 18-20, Mag 4, Ilm 1, Ap 1. 

Plagioclase often forms isometric grains with fractured margins and no twinning. The granulated mass 
occasionally contains superposed quartz and K-feldspar. Plagioclase occurs mainly as andesine-labradorite. 
Bitownite is occasionally present (Аn72) in the Ulkhan Massif, where original rocks are better preserved. 

Clinopyroxene of the diopside-hedenbergitic series forms irregular isometric grains and often 
replaces orthopyroxene. Clinopyroxene crystals generally contain the decay structures and twins of 
solid solutions with thin orthopyroxene laminae. TiO2 concentration in the clinopyroxene is as low 
as 0.06-0.25 wt.% [2]. 

Orthopyroxene occurs as hypersthene and bronzite, which display pleochroism in pink tones, 
forming irregular and short-prismatic grains. Orthopyroxene is replaced by clinopyroxene, biotite, 
and amphibole with magnetite grains. It contains less TiO2 (0.02 wt.%) than clinopyroxene [2].  
Apatite is regularly distributed, forming isomorphic grains often showing hexagonal cross-sections. 

A distinctive feature of two-pyroxene gneisses is the presence of antiperthitic plagioclase, quartz and 
orthopyroxene, which dominates over clinopyroxene. Their mineral composition vol.%: Pl (An30-35) 55-70, 
Qz 10-15, Opx 6-10, Cpx 4-5, Bt 5-10, Or 0-8, Mag 2, Ilm 1, Ap 0.5. 

Red-coloured gneissose granites (sample 347) show the following mineral composition vol.%: Kfs 35, 
Pl (An20-30) 30, Qz 28-30, Bt 3, Mag 1. Single coarse grains occasionally contain Ap and Ttn, Zrn, and less 
often  Mnz and Rt. Orthopyroxene, replaced by biotite and iddingsite, is occasionally present. Plagioclase 
is often antiperthitic and is corroded by quartz and orthoclase. 

Alaskitic gneissose granites (sample 673) consist, vol.%: Kfs 37, Qz 32, Pl (An12) 27. Microcline 
aggregates are commonly larger (1-3 mm across) than plagioclase. They often contain relics of myr-
mekitized plagioclase and orthoclase. Dark-coloured minerals are present as biotite and ore minerals 
such as magnetite and ilmenite. Articulate twins of rutile are occasionally derived from ilmenite. 
Grains of Ap, Zr, Mnz, and Aln are scarce. 

Petro-geochemical types of rocks. The geochemical features of the rocks were studied based on 
13 original analyses (Table 1). In addition, we used earlier evidence to understand better the petro-
chemical characteristics of the samples, such as 18 silicate analyses of two-pyroxene crystalline 
schists and gneisses (metadiorites) from the Saltakh Massif [2] and three analyses of crystalline 
schists (metagabbronorites) from the Ulkhan Massif. The Saltakh Massif [2] contains rocks ranging 
from monzogabbro to granodiorites, but as rock migmatization is ubiquitous, a TAS diagram can 
hardly be used. Since intermediate to mafic rocks prevail, our classification was based using all major 
rock constituents (Fig.2, а) and diagrams for the relations of relatively immobile high-charge ele-
ments Zr/Ti-Nb/Yb (Fig.2, e), equivalent to a TAS diagram (J.A.Pearce, 1996), and a Th-Co diagram  
(Fig.2, f), equivalent to a K2О-SiO2 diagram [17]. The correlation of normative feldspars was used 
for the classification of felsic rocks (Fig.2, d) [18]. 

The chemical composition of two-pyroxene schist (Table 1, Fig.2, а) is similar to that of gabbro 
(sample 672c, 672b), gabbronorite (Ulkhan Massif), and monzogabbro (samples 672, 672а, and 696). 
They are comparable in trace element concentration (Fig.2, b) to normal alkaline basaltoids. In the 
AFM diagram (Fig.2, c), the rocks are part of a calc-alkaline series. Earlier analyses indicated higher 
iron concentrations, which likely resulted from the distinctive analytical identification of elements by 
the wet chemistry method and a laboratory error. 

The samples show a potassium type of alkalinity K2O/Na2O = 1.0-1.6, except for cataclastic 
rocks enriched in plagioclase with superposed quartz (sample 694-696, K2O/Na2O = 0.2-0.5).  
Figure 2, f shows that in Th-Co coordinates, all the rocks are part of a calc-alkaline series. However, 
it should be noted that Th is depleted during granulite-facies metamorphism. In the Ce/Yb-Ta/Yb 
diagram, the rocks are clearly plotted in the shoshonitic series, which separates calc-alkaline and 
shoshonitic series using the poorly mobile elements Ce, Yb and Ta (Fig.2, h) [19, 20]. 
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Table 1 

Contents of major (wt.%) and trace (ppm) elements in the rocks of the Saltakh Massif  

___________________________________ 
 

Note. The chemical composition of the rocks corresponds to the samples 672с, 672b – gabbronorites; 672, 672а – gabbro;  

696 – gabbrodiorites; 696а, 695, 696b – quartz diorites; 346, 347а, 694 – tonalites; 347, 673 – granits. Rocks in the samples 694-696 

cataclazed and quartered. 

Groups  
of rocks 

Opx-Cpx shists Cpx-Opx plagiogneisses Gneissose granites 

Sample 672c 672b 672 672а 696 696а 695 696b 346 347а 694 347 673 

SiO2 50.9 50.7 51.6 50.8 53.0 62.4 63.4 66.3 62.3 64.6 68.2 70.2 75.2 

TiO2 0.88 0.89 1.29 1.31 1.16 0.92 0.72 0.69 0.49 0.35 0.57 0.23 0.01 

Al2O3 11.3 11.4 16.3 16.4 18.0 16.1 15.9 15.3 16.4 16.8 14.9 15.5 13.9 

Fe2O3 3.82 4.18 3.63 5.32 3.01 2.07 2.06 2.23 2.36 1.44 2.15 1.28 0.48 

FeO 4.42 4.61 4.87 3.79 4.06 3.25 2.34 1.39 2.44 2.11 1.39 0.97 0.13 

MnO 0.18 0.21 0.13 0.14 0.11 0.09 0.06 0.07 0.09 0.08 0.06 0.03 0.02 

MgO 10.5 10.2 6.03 5.99 5.43 3.06 3.05 1.80 2.64 1.89 2.11 0.64 0.18 

CaO 11.4 11.7 7.36 7.30 6.86 5.06 4.62 5.62 5.32 4.32 4.96 1.46 0.68 

Na2O 2.0 2.21 3.36 3.47 5.14 4.70 4.46 4.95 3.84 3.61 3.83 2.75 2.65 

K2O 2.89 2.29 3.46 3.41 1.67 1.39 2.13 0.79 2.64 3.60 0.70 6.05 6.27 

P2O5 0.48 0.50 0.69 0.68 0.34 0.27 0.22 0.20 0.22 0.18 0.18 0.14 0.02 

LOI 0.52 0.43 0.47 0.52 0.61 0.30 0.68 0.41 0.76 0.78 0.68 0,55 0.34 

Total 99.29 99.32 99.19 99.13 99.39 99.61 99.64 99,75 99,50 99.76 99.73 99.80 99.72 

Th 1.84 1.67 1.78 2.11 0.69 0.50 0.34 0.97 6.13 2.25 4.55 21.2 0.20 

U 0.54 0,46 0.66 0.72 0.20 0.12 0.13 0.18 0.19 0.25 0.71 0.80 0.17 

Rb 163 136 133 141 27.4 17.8 55.2 4.46 66.7 74.2 4.14 149 143 

Cs 2.03 0.95 1.38 1.71 0.36 0.26 0.37 <0.1 0.27 0.22 0.11 0.27 0.22 

Ba 1730 986 2210 2200 292 365 506 255 996 1120 80.9 1960 425 

Sr 493 377 997 849 441 494 517 404 646 617 495 498 206 

La 20.3 23.9 28.3 30.7 39.6 21.7 23.9 25.6 32.3 25.7 23.7 52.2 5.41 

Ce 45.6 53.5 65.3 65 117 48.7 47.4 50.7 64.6 48.9 47.9 94.1 6.27 

Pr 5.86 6.72 8.86 8.84 16.6 6.39 5.42 5.88 7.02 5.34 5.54 9.22 0,46 

Nd 25 27 38.3 36.1 69.8 25.9 22.4 22.5 25.4 20.2 20.6 32.5 1.37 

Sm 5.08 5.29 6.44 6.42 11.5 4.02 3.56 3.52 3.66 3.06 3.63 3.54 0.20 

Eu 1.32 1.21 2.12 1.95 2.30 1.30 1.10 1.14 1.08 0.87 0.87 0.91 0.58 

Gd 3.84 4.29 5.02 4.89 10 3.25 2.97 3.15 2.94 2.39 2.68 2.17 0.11 

Tb 0.62 0.65 0.59 0.66 1.40 0.46 0.42 0.45 0.41 0.29 0.38 0.26 0.02 

Dy 3.18 3.17 3.26 3.24 7.26 2.51 2.00 2.40 2.08 1.55 1.94 1.04 0.10 

Ho 0.70 0.65 0.55 0.61 1.47 0.47 0.40 0.44 0.33 0.26 0.33 0.14 0.02 

Er 1.59 1.74 1.36 1.52 3.99 1.12 1.07 1.12 1.03 0.70 1.06 0.33 0.05 

Tm 0.24 0.24 0.21 0.22 0.64 0.20 0.13 0.17 0.14 0.11 0.16 0.06 0.01 

Yb 1.67 1.63 1.61 1.43 4.16 1.26 1.01 1.20 0.85 0.70 0.84 0.47 0,09 

Lu 0.19 0.26 0.17 0.21 0.57 0.18 0.14 0.15 0.15 0.12 0.15 0.05 0.01 

ΣREE 115 130 162 162 286 118 112 118 142 110 110 197 14.7 

Zr 117 99.2 132 132 213 165 154 159 110 125 141 241 21.2 

Hf 3.61 3.24 3.28 3.30 5.48 3.99 3.42 3.61 2.88 3.09 3.71 5.97 0.88 

Ta 0.33 0.41 0.44 0.47 0.92 0.49 0.35 0.90 0.14 0.21 0.91 0.05 0.05 

Nb 5.68 6.46 8.32 8.44 16.5 9.19 6.53 9.46 4.13 4.73 8.61 2.05 0.25 

Y 16.2 16.5 15.3 15.3 43.4 12.8 10.7 11.6 9.55 7.04 9.69 4.14 0.64 

Cr 450 450 59.5 56.1 111 94.8 107 85.8 54.3 40.2 118 42.0 14.4 

Ni 125 127 51.7 42.0 107 66.8 45.9 32.2 19.6 18.2 32.2 4.65 2.82 

Co 44.5 48.6 35.5 36.7 25.5 17.0 15.9 11.8 15.5 10.1 9.83 4.36 1.00 

Sc 38.3 46.0 18.2 17.8 17.1 8.58 9.42 7.76 10.9 7.29 6.24 1.94 0.10 

V 217 206 159 177 119 92.7 88.0 71.9 82.5 58.8 76.8 26.0 4.47 

Pb 8.38 7.75 17.1 13.7 5.64 5.75 6.78 4.24 16.0 17.5 4.28 32.0 29.2 

Ga 13.9 13.4 17.7 18.6 23.0 19.2 19.8 17.5 17.1 15.6 17.8 13.8 13.2 

mg# 70 69 57 55 59 52 56 49 51 50 53 35 35 

Eu/Eu* 0.91 0.78 1.14 1.06 0.66 1.10 1.03 1.05 1.01 0.98 0.85 1.0 12 

(La/Yb)N 8.2 9.9 11.9 14.5 6.4 11.6 16 14.4 25.6 24.8 19 75 40 

Sr/Y 30 23 65 55 10 38.6 48 35 67.6 88 51 120 322 

Nb/Ta 17 16 19 18 18 19 19 11 30 23 10 41 5 
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Melanocratic schists are Mg-richest (mg# = 69-70). They contain high Cr, Ni and V concentra-

tions. The spidergrams (Fig.3, а, b) show positive anomalies for Ba, Rb, and Pb, and negative anomalies 

for Ta, Nb, and Zr. The rocks are enriched in REE (ΣREE = 115-130 ppm), with an indistinct Eu-

minimum (Eu/Eu* = 0.78-0.91) and fractionated REE distribution (La/Yb)N = 8.2-25. In schists with 

more plagioclase than mafic schists, the mg# value decreases to 55-57. The spidergrams are similar, 

but the Ba concentration is higher (2200 ppm). The presence of a positive Sr anomaly increases Sr/Y 

ratio to 23-30 for melanocratic crystalline schists and 55-65 for plagiocrystalline schists. REE con-

centration increases (ΣREE = 162 ppm) mainly due to light lanthanides, resulting  

in a (La/Yb)N value of 11.9-14.5 and the formation of a positive Eu anomaly (Eu/Eu* = 1.06-1.14). 

Cataclased and silicified crystalline schists (sample 696) contain the highest REE concentrations 

(ΣREE = 286 ppm), show the Eu-minimum (Eu/Eu* = 0.66), and their REE-spectrum in the LREE 

field is convex. 

Two-pyroxene plagiogneisses, which are petrochemically equivalent to diorites and quartz dio-

rites, plot in the tonalite field based on their normative feldspar ratio (see Fig.2, d). In two cases, they 

are present in the granodiorite field (samples 346 and 347а, K2O/Na2O = 0.7-1.0). Most rocks of this 

group display positiveanomalies for Rb, Ba, and Pb, and negative anomalies for Ti, P, Nb, and Ta, 

with occasional anomalies for Th and U. The REE spidergrams are asymmetric, showing fractionated 

distribution in the L- and MREE fields and a flat distribution for HREE, beginning with Ho  

(Ho/Yb)N = 1.07-1.15. The Eu anomaly is either poorly-defined or absent (Eu/Eu* = 0.85-1.10). 

Rocks with high K2O concentrations (sample 346 and 347а) display positive anomalies for Rb, 

Ba, Pb, and Sr, the highest depletion in Ta and Nb, and high Sr/Y (68-88), Nb/Ta (23-30), and 

(La/Yb)N (248-25.6) ratios. Cataclastic varieties of two-pyroxene gneisses (samples 694 and 695) 

contain low concentrations of K, Cs, Rb and Ba, and elevated concentrations of U and Th. Zr/Y ratio 

of 5-17.8 and La/Yb ratio of 9-38 markedly exceed the indicator values for separation of tholeiitic 

and calc-alkaline series (> 4.5 and > 5.3, respectively) [24], indicating that the rocks discussed are 

part of a calc-alkaline series (Fig.2, g). 

Granitoids are described as Mg-rich, calc-alkaline, and peraluminous (ASI = 1.12-1.14). They 

have potassium levels comparable to shoshonites. The trace-element and rare-earth element spectra 

of gneissose granites (sample 347) are similar to those of the two-pyroxene gneisses, displaying 

positive anomalies for Rb, Ba, Th, and Pb, and negative anomalies for Ti, Ta, Nb, and P. A high Sr/Y 

ratio of 120 and the highest Nb/Ta ratio of 41 were revealed. The REE spectrum is similar to that of 

two-pyroxene gneisses, and Eu-minimum is absent (Eu/Eu* = 1.0), but REE distribution is more 

fractionated (La/Yb)N = 75. 

Alaskitic granites (sample 673) display positive Rb, U, Pb, Sr, and Eu anomalies, with the highest 

Sr/Y ratio of 322 and the lowest Nb/Ta ratio of 5. The rocks are depleted in REE (ΣREE = 14.7 ppm), 

and show a fractionated REE distribution with (La/Yb)N = 40. The REE spectrum in the Er-Lu zone is 

convex, and there is a well-defined positive Eu anomaly (Eu/Eu* = 12). 

U-Pb age. Zircon age dating (Table 2) was conducted for five samples: two-pyroxene schists 

(samples 672 and 696), two-pyroxene plagiogneisses (samples 696а and 346), and alaskitic gneissose 

granites (sample 673). For sample 672, we obtained only metamorphic zircon with discordant  

U-Pb age values. The upper intersection of the Discordia curve from six analyses yields an age of  

1991±23 Ma. 

In Opx-Cpx schists (sample 696) of metagabbrodiorite composition, zircon occurs as grey rounded 

50-100 µm long short-prismatic grains with the elongation coefficient (EC) of 1-2. The well-defined BSE 

image (Fig.4, а, b) shows cores portions with sectoral and oscillatory zoning, and two types of shells: thin 

white, light-grey, and wider dark-grey to black. The cores have median concentrations of Th at 156 ppm 

and U at 237 ppm, with a Th/U ratio of 0.65. Two grains with analytical points 1.1 and 6.1 show higher 

Y 1198-1593 ppm and ΣREE 959-1345 ppm concentrations (Table 3). The REE spectra (Fig.5, а)  

clearly show positive Ce (Ce/Ce* = 8.38-33.4) and negative Eu (Eu/Eu* = 0.38-0.80) anomalies.  
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Fig.3. Multi-element diagrams for Saltakh Massif rocks: a, b – Opx-Cpx schists;  

c, d – Cpx-Opx plagiogneisses; e, f – gneissose granites.  

Concentrations were normalized for the primitive mantle and CI chondrite compositions after [25]. For sample numbers, see Table 1 

1000 

10 

1 

1000 

10 

1 

100 

100 

100 

10 

300 

100 

10 

200 

1 

1000 

1 

0.01 

10 

0.1 

400 

1 

0.01 

100 

0.1 

100 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

La 

Ce Pr 

Nb Sm 

Eu Dy 

Lu Pb 

Cs 

Nd Rb 

Ba 

Th 

U Ta 

Sr 

P Zr 

Ti Y 

Yb 

а b 

c d 

e f 

Rock/Primitive mantle Rock/Chondrite 

672, 672а 

696 

672c 

672b 

347а, 696b 

694 

696а, 695 

346 

347 

673 
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Concentrations were normalized for the primitive mantle and CI chondrite compositions after [25]. For sample numbers, see Table 1 
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The REE distribution pattern is generally consistent with magmatically derived zircon, displaying a steep 

slope from La to Lu with positive Ce and negative Eu anomalies. In the HREE field, the spectra do not 

extend outside the magmatic zircon field, while the zircon is richer in LREE than a magmatic type  

(Fig.5, а). The entire zircon deviates in REE (Fig.5, g) from a magmatic type, occurring in the porous 

zircon field. U and Ca concentrations are low (Fig.5, h). 

The shells show a lower Th/U ratio of 0.16-0.23, Th concentration of 85.2-206 ppm, U concen-

tration of 528-917 ppm, and P concentration is lower – 108-136 ppm. Ce anomalies are weaker than 

those in the cores (Ce/Ce* = 4.87-7.65), but positive Eu anomalies are present (Eu/Eu* = 1.08-1.18). 

REE concentration in the shells are lower than in the cores (ΣREE = 164-378 ppm), and the  

REE distribution spectra are more subdued, showing a low (Sm/La)N ratio of 1.44-2.67. Metamorphic 

zircon with low Th concentration and a low Th/U ratio is crystallized near the solidus line simultaneously 

with monazite and allanite, which are known as major Th concentrators [26]. However, Th/U ratio 

decreases here due to the growth of U in zircon. P, Y, and ΣREE decrease probably due to the simul-

taneous zircon and apatite crystallization. 

A positive Ce anomaly indicates oxidation conditions during zircon crystallization. The reduced 

pattern of Сe-anomaly in zircon shells indicates a decline in oxygen activity. A negative Eu anomaly 

in zircon cores suggests that plagioclase was crystallized together with zircon. A positive Eu anomaly 

in zircon shells indicates that plagioclase is dissolved, and the zircon crystallization medium is en-

riched in europium. Maximum age values of 207Pb/206Pb in the cores are 2103±19 Ma. The upper 

intersection of the Discordia line from seven measurements yields an age of 2086±8 Ma (see Fig.4, b). 

Shells that are grey in cathode luminescence (CL) contain more uranium, and show a mean Th con-

centration of 134 ppm, U concentration of 456 ppm, and a Th/U ratio of 0.28. A cluster of measure-

ments made for the shells yields the value 1971±10 as the upper intersection of the Discordia line 

from three measurements, indicating multiple partial melting processes. Thin white shells have not 

been studied due to their thinness. 

Cpx-Opx plagiogneisses (sample 696а), petrochemically equivalent to quartz metadiorites,  

contain zircon similar to sample 696 (Fig.4, c, d). Shells that are white in CL are wider and can thus 

be dated. The cores of grains displays the following mean concentrations, ppm: Th 134, U 317,  

Th/U 0.40, Y 624, Nb 25; ΣREE = 524. The increase in REE concentration is accompanied by a 

decrease of the Eu-minimum. The Eu/Eu* ratio is generally 0.33-0.66, while at points 1.1  

and 4.1, where ΣREE increase to 564-598 ppm, the Eu-anomaly increases and becomes positive 

(Eu/Eu* = 1.03-2.89). Zircon cores, like those in sample 696, are enriched in LREE (Fig.5, b), but 

some of the cores are enriched in Cа (Fig.5, h). The Discordia line, constructed from nine measure-

ments in zircon cores, yields an upper intersection at 2100±7 Ma (Fig.4, d), which is accepted as the 

time of zircon crystallization in the magmatic protolith of two-pyroxene plagiogneisses. 

The shell, which is white in CL, with the analytical point 9.1, shows an age of 1986±26 Ma and 

low Th (24) and U (48) concentrations (ppm), but a Th/U ratio of 0.51 is similar to that of magmatic 

zircon. Negative Eu anomaly (Eu/Eu* = 0.65) and positive Ce anomaly (Ce/Ce* = 19.8) are well-

defined. At this point, REE concentration is lower than in the cores (Fig.5, c), and the Eu-minimum 

decreases (Eu/Eu* = 0.65). Later shells that are dark in CL (points 8.1 and 10.1) show higher con-

centrations than in white shells, ppm: Th 56-100, U 701-786, and a low Th/U ratio of 0.08-0.13 typical 

of metamorphic zircon. They generally show low REE (ΣREE = 192-239 ppm), Y of 156-238 ppm, 

and Ce/Ce* of 3.22-3.58, but they are enriched in Eu (Eu/Eu* = 1.54-2.92), Li 9.72-11.36 ppm, and 

Hf 15124 ppm. The Discordia line from three measurements in metamorphic shells yields an upper 

intersection with an age of 1984±11 Ma indicating the time of metamorphism. 

Cpx-Opx plagiogneisses (sample 346), petrochemically equivalent to metatonalites, contain grey 

zircon crystals with yellow and pink shades of colour. These semi-transparent, subidiomorphic crys-

tals exhibit thin, well-defined growth zones under an optical microscope (Fig.4, e, f). The crystals are 

100-220 µm long, with their EC of 2-4. The zircons are dark in CI and their zoning is either oscillatory 

or is present as relics. 
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Fig.4. Cathode luminescent images and age of zircon from Opx-Cpx schists (sample 696) (а, b); Cpx-Opx plagiogneisses  

(sample 696а) (c, d); Cpx-Opx plagiogneisses (sample 346) (e, f); alaskitic gneissose granites (sample 673) (g, h). From here 

onwards, white circles indicate analytic craters. Analysis number is in the numerator and 207Pb/206Pb age is in the denominator. 

The crater is about 20 µm in diameter 
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The crater is about 20 µm in diameter 
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Fig.5. Geochemical diagrams for zircon from Saltakh rocks: а-e – diagrams showing REE distribution in zircon from samples 696, 

696а and 346. Concentrations normalized for CI chondrite composition after [25]. Grey field – magmatic zircon composition  

after [28]. Numbers of spectra are consistent with the numbers of analytical points in Fig.4 and in Table 2; f – types of zircon  

in (Lа/Gd)N-U+Th diagrams (after [29], arrow indicates a LREE concentration trend, provoked by the damage of the crystalline 

lattice due to radioactive irradiation); g, h – (Sm/La)N-La and Ca-U diagrams after [30]. Porous zircon is understood as altered  

magmatic zircon produced by dissolution-redeposition in the presence of water fluid [31] 
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after [28]. Numbers of spectra are consistent with the numbers of analytical points in Fig.4 and in Table 2; f – types of zircon  
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magmatic zircon produced by dissolution-redeposition in the presence of water fluid [31] 
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The zircons contain, ppm: Th 149-494, U 453-713, and Th/U 0.17-0.46. Their distinctive feature 

is LREE concentration (Fig.5, d, f). Their REE-richest spectra (ΣLREE = 185-558 ppm) are shown 

in Fig.5, e. Based on its LREE enrichment, the mineral falls within the porous zircon field, (Fig.5, g). 

Са concentration is also high (Fig.5, h). The zircons exhibit a poorly defined positive Ce anomaly 

(Ce/Ce* = 1.33-2.91) and and a poorly defined Eu-minimum (Eu/Eu* = 0.35-0.67). The Eu/Eu* ratio 

shows a positive value (1.37) in zircon with point 9.1. Characteristic Hf concentrations range from 

10908 to 19615 ppm. 

Most of the figurative points of zircon form a compact field on the Concordia line. A concordant 

age of 2025±7 Ma was obtained for eight points (see Fig.4, e, f), except for a grain with an analysis 5.1 

showing 8 % discordance and a grain at 2.1, with an age of 1945±8 Ma. The discordant grain with 

analysis 5.1 contains anomalously high Ca, Sr, P, Y, REE, Th, U, and Hf concentrations. 

Zircon from sample 346 has a low (Lu/Gd)N value of 16.3-34.6. In LREE-richest grains (analytical 

points 1.1, 6.1, 9.1 and 10.1) a low (Lu/Gd)N value of 9.9-12.2 suggests the presence of garnet in 

paragenesis during zircon crystallization. 

Zircon from the alaskitic gneissose granites (sample 673) appears as grey transparent and semi-

transparent, prismatic, and rounded idiomorphic to subidiomorphic crystals. The crystals are 200-400 µm 

in length with an EC of 1-2. Zircon grains in CL are polygenic, with occasionally identifiable cores 

and shells. Many grains exhibit coarse concentric and mottled zoning. Zones that are light in CL 

contain 97 ppm of Th and 83 ppm of U, with a Th/U ratio of 1.22. The grain margins are generally 

black in CL, containing higher Th (258 ppm) and U (134 ppm) concentrations and have a Th/U ratio 

of 0.67. The Discordia line from 10 analyses yields an upper intersection age of 1969±7 Ma, which 

coincides with the age 1971±10 Ma of black shells in sample 696, suggesting the age of rock  

anatexis in the Saltakh zone and the crystallization age of alaskitic anatectic melt. 

The isotopic Sm-Nd and Rb-Sr systems of the analyzed rocks were studied in five samples  

(Table 4). In most rocks, 147Sm/144Nd ratios vary slightly (0.10-0.11), generally lower than a medium 

crustal value (0.12). All the rocks have positive εNd(T) values ranging from +1.9 to +4.1. Their points 

are plotted just below the Nd evolution line in a depleted mantle source (Fig.6, a), indicating a magma 

source had a very short crustal prehistory. Only the gabbroic rocks of sample 696 align with the 

mantle sequence of rock evolution (Fig.6, b). The other rocks deviate due to enrichment in radiogenic 

strontium. Schists in sample 672c exhibit anomalous Nd isotopic characteristics, likely due to  

multiple processes. 
Table 4 

Nd and Sr isotope composition on the rocks of the Saltakh Massif 

Sample Age, Ma Sm, ppm Nd, ppm 147Sm/144Nd 143Nd/144Nd εNd(T) 
T(Nd)DM, 

Ga 
Rb, ppm Sr, ppm 87Rb/86Sr 87Sr/86Sr εSr(T) 

346 2025 3.94 24.9 0.0957 0.511397 2.1 2.26 65.9 727 0.2621 0.710767 12.0 

672 2100 6.79 37.8 0.1085 0.511515 1.9 2.36 133 1116 0.3454 0.713067 8.37 

672c 2100 4.49 18.5 0.1469 0.512868 18 – 148 526 0.8136 0.728116 21.0 

696 2100 13.9 73.6 0.1144 0.511683 3.6 2.25 29.5 512 0.1667 0.707128 0.77 

696а 2100 4.96 27.7 0.1082 0.511621 4.1 2.20 18.6 545 0.0986 0.706265 17.8 

 

Discussion 

The Saltakh Massif consists of granulite-facies two-pyroxene schists and plagiogneisses. A dif-

ferentiated series of rocks, ranging from gabbro to tonalities, was reconstructed, based on their chem-

ical composition. Despite granulite-facies metamorphism, Saltakh rocks have many features indica-

tive of a shoshonitic type. It has been noted in [32] that shoshonitic series have a high K2O/Na2O ratio 

> 0.5, normative hypersthene ± olivine, low iron, high LILE, high but variable Al2O3 (9-20 wt.%) and 
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low TiO2 concentration. Shoshonites are enriched in both alkaline and alkaline-earth elements, as 

well as in P, Ce, and Sm, while the concentrations of other incompatible elements, such as Ta, Nb, 

Zr, Hf, Ti, Y and Yb, remain low [20]. In spite of the slight prevalence of К over Na in some rocks, 

it is elevated Ce and low Yb concentrations that were responsible for the presence of Saltakh rocks 

in the shoshonite field (see Fig.2, h). 

Saltakh rocks are rich in magnesium: mg# is 55-70 in two-pyroxene schists and 50-56 in two-

pyroxene plagiogneisses. The protoliths of mafic granulites display the cumulative accumulation of 

plagioclase. Hence, Al2O3, Sr, Ba and REE concentrations increase and positive Eu anomaly appears. 

Geochemical features ([34] such as MgO/FeОt < 1.39; TiO2 < 0.41 wt.%; Yb < 1.36 ppm;  

Sc 38-46 ppm; Eu/Eu* = 0.78-0.91), indicate that the protoliths of melanoschists are non-cumulative 

rocks, while those of leucoschists (Sc < 33 ppm; Eu/Eu* = 1.06-1.14) are intermediate between  

cumulative and non-cumulative gabbroic rocks. 

Plagiogneisses of diorite composition contain lower Yb (1.02-1.26 ppm), and have more 

fractionated REE (La/Yb)N = 11-16. As their silicic acid content increases, Y decreases from 16.5 

to 9.55 ppm and the Sr/Y ratio increases to 35-48. The elevated Sr/Y ratio (> 20) is attributed to 

an abundance of water in the melt, which contributes to the crystallization and frac tionation of a 

phenocryst phase (amphibole and/or biotite), while suppressing plagioclase crystallization [35]. 

This process is most distinct in two-pyroxene gneisses of tonalite composition (samples 346 and 

347а), Sr/Y = 67.6-88. Tonalites are more depleted in HREE (La/Yb)N = 24.8-25.6, likely due to 

garnet fractionation. The presence of garnet in the restite is supported by trace element concen-

trations in zircon, with a low (Lu/Gd)N value (zircon of sample 346, (Lu/Gd)N = 9.9-12.2) indi-

cating the presence of garnet in paragenesis upon zircon crystallization. Garnet fractionation  

is indicated by the increase in (Dy/Yb)N [36] zircon in mafic rocks (Dy/Yb)N = 1.23-1.26 to  

1.43-1.58 in felsic varieties. 

The geochemical characteristics of tonalites suggest that the melt was formed at depth in equi-

librium with a garnet-bearing association. Garnetiferous rock varieties are fractionated under similar 

high-pressure conditions in an aquatic medium, resulting in the formation of TTG-rocks in the lower 

zone of the island-arc crust [37]. 

Fig.6. Diagrams of εNd(T) – age (а) and εNd(T) – εSr(T) (b) for Saltakh Massif rocks. DMM, PREMA, HIMU reservoirs  

were normalized for their modern isotopic parameters after [33]. Primary isotopic ratios and εNd(T) and εSr(T) values  

were calculated using values for CHUR 143Nd/144Nd = 0.512638, 147Sm/144Nd = 0.1967; UR 87Sr/86Sr = 0.7045, 
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Differences in the geochemistry of potassium granites are noteworthy (see Fig.3, e, f). Gneissose 

granites (sample 347) form bands within tonalites. They differ in REE distribution from the 1967±7 

Ma anatectic gneissose granites of sample 673 but are similar to tonalites of samples 346 and 347а 

dated at 2025±7 Ma. Their trace and rare-earth distribution spectra are conformal, showing slightly 

higher concentrations of Rb, Ba, Th, Pb, Zr, and LREE, but with better-defined depletions in Ti, Ta, 

Nb, P, and HREE. It appears that the granites of sample 347 were produced by a 2025±7 Ma old 

impulse of magmatism. 

The age of the Saltakh Massif. Zircon monofractions from metadiorites in the northern zone 

of the massif were dated – the results showed a U-Pb age of 2100-2086 Ma. The structure and 

geochemistry of the dated zircon cores indicate its magmatic origin. In sample 696, a maximum 

age value in the cores is 2103±19 Ma, while an age of 2086±8 Ma was obtained from an upper 

intersection of the Discordia line. For highly metamorphosed rocks, the age decrease along  

the Concordia line could be due to the loss of radiogenic lead induced by prolonged impact of 

granulite-facies metamorphism [38]. Thus, an age date of approximately 2100 Ma is the most 

reliable estimate for the crystallization age of Saltakh gabbrodiorites and diorites. 

A smaller concordant age of 2025±7 Ma was obtained for zircon from metatonalites (sample 

346) in the southeastern portion of the massif. In CL, these zircons appear magmatic, but their geo-

chemistry differs from that of magmatic zircon due to enrichment in LREE. This type of enrichment 

has been previously reported for porous zircon described as microporous zircon with hydrothermally 

indicative geochemistry. Despite this, their morphology does not differ from that of magmatic zircon 

magmatic zircon [31]. 

The main characteristic of “typical” REE distribution in magmatic zircon is the increase in REE 

concentration from La to Lu, as the compatibility of REE with smaller ionic radii increases in this 

direction in zircon at LaN > 10. Th zircon composition (see Fig.5, g) closely resembles the porous 

zircon field, but in Fig.5, h, the LRRE-enriched analyses are in the uncertainty field. The anomalous 

LREE enrichment in zircon could also be due to disequilibrated REE distribution between the rock 

and the melt, defects imperfections in zircon’s crystalline lattice, radioactive U and Th decay damag-

ing zircon’s crystalline lattice and multiple hydrothermal processes [39-41]. 

Elevated LREE concentrations, caused by the presence of monazite or orthite aggregates in zir-

con fractures, are generally accompanied by an increase in Th [42]. However, in zircon from sample 

346, U and Th concentrations are low, and Th does not correlate with LREE (Fig.5, f). If inclusions 

were formed in fractures, then high- and low-LREE zircon analyses could be expected, but all the 

analyzed zircon from sample 346 is enriched in LREE. 

The damage of zircon’s crystalline lattice by radioactive U and Th decay is conducive to its 

LREE enrichment affected by hydrothermal fluids [39] that induce cation exchange in the crystalline 

lattice. Such enrichment is indicated by a positive correlation between U+Th and the increase of 

LRRE indicated by a (La/Gd)N ratio [29]. As no correlation of this type has been revealed (Fig.5, f), 

LREE enrichment is not related to radioactive irradiation. 

The effect of fluid is felt in zircon with analytical crater 5.1, where the U-Pb isotope system is 

distorted (discordance D = 8 %), and non-formula element concentrations (Ca, Sr, P, Y, REE, Th, U 

and Hf) in zircon are anomalously high [43]. In Fig.5, h, the grain is in the hydrothermal zircon field. 

In other cases, the U-Pb system discordance is low, and non-formula element concentrations do not 

differ markedly from those of zircon with a typical magmatic profile on other spidergrams, except for 

the Ca enrichment of high-LREE zircon that is shown in Fig.5, h. 

A quantitative assessment of the chemical alterations in zircon (LREE-I index after [44] 

LREE-I = (Dy/Nd) + (Dy/Sm)) indicates that all of the zircon samples are altered  

LREE-I = 1.5-8.3 (for altered zircon, this value is expected to be < 10). 
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LREE enrichment, along with the disturbance of estimated zircon/melt distribution coefficients, 

has been observed in zircon from sanukitoids. This is due to the originally imperfect structure of the 

mineral formed upon the crystallization of zircon from melt at high temperature in an anomalous fluid 

regime [6, 30, 45]. Both Saltakh rocks and sanukitoids [46-48] belong to the shoshonite series or are 

related to it for tonalities in sample 346. This suggests high temperature crystallization and an anoma-

lous fluid regime leading to the LREE enrichment of zircon. LREE enrichment could have been  

induced by the simultaneous crystallization of hornblende and clinopyroxene, which remove MREE 

and HREE from the melt, causing the LREE oversaturation of the melt [29]. 

We interpret concordant U-Pb age of 2025±7 Ma obtained for porous zircon not as a sign of 

rejuvenation provoked by hydrothermal alterations, but rather as indicative of the disturbance of the 

U-Pb isotope system. Most of the age values obtained are concordant. In addition, similar isotopic 

dating results for metamagmatic rocks have been obtained in the Khapchan belt, located 170 km south 

of the Saltakh Massif, in the Khapchan prospect, where the concordant U-Pb age of zircon from the 

dioritic protolith of two-pyroxene plagioschists is 2095±10 Ma, while the tonalitic protolith of two-

pyroxene plagiogneisses is 2030±17 Ma. Hence, the Saltakh Massif should be described as polychro-

mous, containing gabbro and diorites dated at ca. 2100 Ma and younger tonalites dated at 2025 Ma. 

Geodynamic setting. Calc-alkaline and shoshonitic magmatism is typomorphic for active 

continental margins. Shoshonitic magmatism in subduction orogens is generally simultaneous 

with or takes place after calc-alkaline magmatism during postorogenic extension [49, 50]. Experiments 

have demonstrated that the high-pressure fractional crystallization (10 kbar) of calc-alkaline 

magma resulting in shoshonite formation, may take place at the base of thick crust in continental 

or highly mature arcs [51]. The origin of shoshonitic magmatism is related to thermal events in 

the mantle generally caused by slab detachment or underplating, which can be brought about  

by the intrusion of basaltic magma into the lower portion of the crust upon extension [49].  

Shoshonitic series are known in continental, oceanic, and postcollisional magmatic arc settings, 

and in intraplate settings [19, 20]. 

According to the algorithm for assessing the geodynamic setting for rocks of potassium alkalinity 

([19], the sequence of diagrams in Fig.7, а-d), Saltakh rocks do not fit the profile of intraplate mag-

matic products (Fig.7, а, b). In Fig.7, c, d, they are classified as potassium magmatic products (derived 

from shoshonitic magma) of continental arcs. It should be noted that metagabbroic rocks are con-

sistent with postcollisional arc rocks. A similar geodynamic setting is reconstructed using other 

poorly mobile elements, e.g., Nb, La, Th and Yb (Fig.7, e, f). 

The compositions of Saltakh rocks are plotted in the alkaline arc field (Fig.7, e). The position of 

gabbroic rocks in the oceanic island field in Fig.7, f is likely due to the Th depletion of gabbroic rocks 

during granulite-facies metamorphism. According to the authors of diagrams 7, e, f  [34], the Aeolian [52] 

and Apennine-Magrib arcs in the modern Western Mediterranean region [53], related to the postorogenic 

extension of the Earth’s crust, are the tectonotype of modern alkaline arcs. 

Available geochemical data indicate that the Saltakh zircon was formed in the continental crust 

and was concentrated in the continental arc field (Fig.7, g). The upward elongation of the point field 

is interpreted as the formation of magma from an enriched mantle source or the addition of crustal 

material to the mantle source. In Fig.7, h, the zircon composition is positioned in the mantle rock 

sequence, primarily due to low Yb concentration in zircon, supported by positive εNd(T) values  

ranging from +1.9 to +4.1 for Saltakh Pluton rocks.  

Thus, the geodynamic setting in which the Saltakh Massif was formed appears to be consistent 

with a near-continental magmatic arc, which experienced postorogenic extension. Shoshonitic series 

are generally formed in post-collisional, intra-arc, and back-arc rifts, when a compression setting is 

followed by an extension regime. 
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Fig.7. Diagrams of the geodynamic setting of the Saltakh Massif: а-d – after [19]; e, f – after [34]; g, h – diagrams  

of the geodynamic setting [54] of Saltakh Massif rocks after zircon composition. For symbols used, see Fig.5 
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Age of metamorphism and anatexis. Earlier data for the Khapchan belt indicate that sedimentary 

deposits were fully metamorphosed 1.97 Ga ago and later subjected to areal granulite-facies meta-

morphism, peaking at 1.91-1.92 Ga ago [55]. Studies in the Billyakh tectonic zone [1] suggest that 

the Daldyn and Khapchan terrains collided between 1983±3 and 1971±4 Ma. While the current study 

does not recalculate the time of collisional metamorphism, available age dates indicate distinct pattern 

and sequence of metamorphic processes at the main stage of metamorphism. 

Zircon from the dated samples reveals two types of metamorphic shells. Earlier zircon from the 

shells (1986±26 Ma), which appears white in CL, is poorly preserved and is usually surrounded by a 

later zircon rim (1971±10 Ma), which appears almost black in CL. These two types of zircon exhibit 

the contrasting geochemical characteristics of Th/U, Eu/Eu* and Ce/Ce* ratios. Modelling [26] indi-

cates that the main factors affecting the Th/U value in suprasolidus metamorphic zircon include the 

Th and U concentrations in the system, as well as the destruction and growth of monazite or allanite, 

which are in equilibrium with zircon. Monazite and allanite, which are major Th-bearing phases 

growing alongside subsolidus zircon, decrease Th concentration and thus reduce Th/U [26]. Zircon, 

that formed during the early stages near the metamorphic peak, would show elevated Th/U values 

(e.g., white shells with Th/U = 0.51), whereas zircon that formed closer to the solidus line would 

display relatively low Th/U ratios (dark rims with Th/U = 0.08-0.13). 

Zircon, which is white in CL, exhibits a higher Ce/Ce* = 19.8 and a better-defined negative Eu 

anomaly, (Eu/Eu* = 0.65), indicative of its formation in the plagioclase stability field under high 

oxygen fugacity conditions [56]. 

Zircon which is black in CL exhibits a positive Eu anomaly (Eu/Eu* = 1.54-2.92) but a weaker 

Ce anomaly (Ce/Ce* = 3.22-3.58), characteristic of a highly reducing setting. Besides, the positive 

Eu anomaly may result from the destruction of plagioclase (replacement of plagioclase by garnet and 

pyroxene), enriching the zircon crystallization medium in Eu. Similar to dark zircon shells, anatectic 

alaskitic gneissose granites (sample 673) also display well-defined positive Eu anomaly. However, 

both types of zircon display relatively high (Lu/Gd)N ratios: 28.8 in white zircon and 51.9-53.3 in 

black zircon, indicating the limited involvement of garnet in metamorphic paragenesis. This is likely 

due to the pattern of their protolith (mafic rocks), where pyroxene, rather than garnet, was formed 

under granulite-facies conditions. 

The formation of alaskitic gneissose granites forming migmatite leucosome appears to be 

associated to the metamorphic peak. They exhibit high K2О, La/Yb, and Sr/Y ratios, and positive 

Eu anomaly (Eu/Eu* = 12). This suggests partial rock melting provoked by potassium fluids re-

sulted in the accumulation of cumulative plagioclase in the migmatite leucosome, which took 

place in equilibrium with garnet-granulite restite. The formation of leucogranites equilibrated 

with garnetiferous restite is possible at a temperature of 680 °C and a pressure of 11 kbar, with a 

high-water content [57]. The geochemical characteristics of alaskitic granites imply that plagio-

clase was involved in melting, provoking the Al, Sr, and Eu enrichment in the melt. The formation 

of alaskitic granites is linked to collision processes, with an excessively aquatic type of melting 

characteristic of collisional overthrusts, where a relatively cold inundated plate releases water 

into a hotter upper plate [57]. Paleoproterozoic granites of alaskitic type, associated with large 

lit-par-lit migmatite fields, are part of the Magan alaskitic-leucogranitic-migmatitic complex and 

are widespread in the Anabar Shield [55]. This suggests that the intensity of alaskitic-granitic 

magmatism is possibly related to collision processes. U-Pb dating indicates that the Magan com-

plex was formed 1984-1952 Ma ago [55]. The zircon from alaskitic gneissose granites (sample 

673) provides a concordant age of 1967±7 Ma. 
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Conclusion 

The Saltakh intrusive massif, composed of gabbro-diorite-tonalit, was metamorphosed under granu-

lite-facies conditions and consists of two-pyroxene schists and plagiogneisses. Geochemical data indicate 

that it was formed by crystallization of calc-alkaline and shoshonitic magma in the near-continental mag-

matic arc extension conditions. Its isotopic-geochemical characteristics, including positive εNd(T) values 

ranging from +1.9 to +4.1 and fractionated HREE, suggest that the melt was formed at depth in equilib-

rium with a garnetiferous association. U-Pb zircon dating (SHRIMP II) reveals that Saltakh rocks intruded 

between 2100-2025 Ma ago from a deep source, which had a short crustal prehistory (T(Nd)DM = 2.20-

2.26 Ga). The age of the metaintrusive Saltakh rocks is consistent with that of the Khapchan orthogranu-

lites studied earlier [58], which are interpreted as part of a metamorphosed juvenile Paleoproterozoic 

suprasubduction complex. 
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