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Abstract 
 
The Central pluton in the Lake Zone, western Mongolia is a shallow-seated layered basic 
intrusion of the island-arc type. The pluton belongs to the Cambrian peridotite-pyroxenite-
anorthosite-gabbronorite rock association, which is widespread in western Mongolia. It is 
composed of the chilled facies, marginal facies, and the layered series including ultramafic, 
subultramafic, mafic, and anorthosic rock groups. As follows from the character of layering, the 
pluton was formed in a single stage through the emplacement of an initial magma batch. The 
distribution of major and minor elements in cumulates and residual melt was modeled using the 
COMAGMAT 3.5 program. The results of calculations agree best with the real rock 
compositions at the following parameters: a pressure of 1 kbar, up to 0,5 wt % H2O in the melt, 
and QFM buffer. The model primary melt contains 20 wt % MgO and 7 wt % FeO; 100*Mg/(Mg 
+ Fe) = 83,59. It was established that the initial magma that filled the intrusive chamber already 
entrained about 20% of olivine crystals, which settled to the bottom of the chamber making up a 
basal peridodite unit. Olivine crystallized at a shallow depth in a transitional magma chamber. 
The rocks of the Central pluton and their parental melt are characterized by low REE contents 
similar to those of the primitive mantle and N-MORB source with Ta, Hf, Ti minimum and U 
and Th maximum; a marked depletion in HREE is typical. The relatively high U and Th contents, 
slight enrichment in LREE with (La/Yb)ch = 1,60-1,91, and Ta minimum in all rocks resemble 
the geochemical signature of the island-arc tholeiitic series. The distribution of HFSE and HREE, 
which are immobile during the dehydration of a subducted oceanic plate, characterizes the mantle 
matter similar to the N-MORB source, which existed before enrichment in mobile elements 
during subduction. The primary melt composition was modeled by the MELTS program. It 
corresponds to the melt that was formed through the batch partial melting of the depleted mantle 
source (garnet lherzolite) at a pressure of 25 kbar, a temperature of 1600C, 0,1 wt % H2O in the 
source, and a degree of melting of ~20%. The Central pluton was emplaced in a primitive island-
arc environment. However, it cannot be regarded as a direct hypabyssal comagmatic counterpart 
of the Cambrian high-alumina volcanics of the Lake Zone, because the latter have been 
contaminated by crustal materials and underwent magma mixing. The general geochemical 
similarity of volcanic and plutonic rocks supports the suggestion on the existence of a common 
subduction-related garnet-bearing mantle source. 
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INTRODUCTION 

 
Peridotite-pyroxenite-anorthosite-gabbronorite plutons, which are regarded as shallow 
transitional magma chambers related to high-alumina island-arc basalts, are widespread in the 
Central Asian Foldbelt (CAFB) [1]. The Tuva-Mongolia Foldbelt (Fig. 1), the longest within 
CAFB, comprises several intrusive clusters (Lake Hyargas, Bayantsagan, Dzabkhan, and 
Tugurik) [2]. The interest to these intrusions is roused by their bearing on the general problems of 
the evolution of island-arc volcanism, and, in particular, on the estimation of primary magma 
composition, its geochemical signature, composition of mantle magma sources, and magma 
fractionation in layered basic plutons. This work deals with the formation of layered gabbroid 
plutons exemplified by a layered intrusion of the Lake Hyargas Complex in western Mongolia. In 
particular, this work aimed at the estimation of parental magma composition and 
physicochemical conditions of its fractionation. The attention was focused on its geochemical 
features, the restoration of mantle source geochemistry, and principal stages of primary melt 
evolution from its generation to the formation of the layered series. The choice of the Central 
pluton as a subject of investigation was not accidental. In contrast to most plutons of the Lake 
Hyargas Complex, it has a simple internal structure, which resulted from one-stage filling of a 
magma chamber. Its marginal and chilled facies are clearly recognized. The complete set of 
rather fresh evolved rocks typical of layered plutons is well expressed. The newly obtained and 
published data [1, 2] on major and minor element contents were used. Rock-forming minerals 
were analyzed with a Camebax microprobe at the Analytical Center of the United Institute of 
Geology, Geophysics, and Mineralogy, Siberian Division, Russian Academy of Sciences, analyst 
L.N.Pospelova.  

 
 

Fig. 1. Localization of peridotite-pyroxenite-gabbronorite plutons in eastern Tuva and 
northwestern Mongolia, after [2]. 
 
(1) Precambrian basement; (2) volcanic dacite-andesite-basalt complexes and subordinate 
carbonate and terrigenous pelitic rocks; (3) carbonate and terrigenous rocks and subordinate 
volcanics; (4) Cambrian volcanics, cherts, shales and Cambrian and Ordovician flyschoid rocks; 
(5) Early Hercynian volcanosedimentary rocks; (6) Hercynian volcanosedimentary rocks; (7) 
Mesozoic and Cenozoic volcanosedimentary rocks; (8) faults; and (9) peridotite-pyroxenite-
gabbronorite plutons.  

Plutons of the Mazhalyk Complex in eastern Tuva (numerals in the map): 1 - Mazhalyk; 2 
- Karashat; 3 - Kalbakdag; 4 - Brungan; 5 - Khang; 6 - Bashkhem; 7 - Elig-Khol; 8 - Khanchar; 
and 9 - Pogranichnyi. Plutons of the Lake Hyargas Complex in the Lake Zone, northwestern 
Mongolia: 10 - Zamyn; 11 - Central; 12 - Ulaan Ula; 13 - Harachulu; 14 - Tas Khairkhan; 15 - 
Sar Khairkhan; 16 - Dzabkhan; 17 - Bayantsagan; 18 - Khairhan; 19 - Tugurik; and 20 - 
Sukhontiin Har Ula. Plutons of the Tamir Complex in the Khangai mountain region of 
northwestern Mongolia: 21 - Ortsog Ula; 22 - Dulan Ula; 23 - Har Tologoi; 24 - Khargantuingol; 
25 - Bayanbulak; 26 - Olonkhuduk; and 27 - Bumbeger. 
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GEOLOGIC SETTING AND STRUCTURE OF THE PLUTON 
 

The Central pluton (Fig. 2) is situated in the center of an intrusive cluster south of Lake Hyargas 
within the southern part of a diorite-granodiorite batholith belonging to the Tokhtogenshil 
Complex. The pluton is a small, oval-shaped in plan intrusion elongated in the latitudinal 
direction and divided into the Northern and Southern blocks by faults. The Northern block, 1.0 x 
0.4 km in area, is largely composed of leucocratic rocks (olivine gabbro, olivine gabbronorite, 
leucograbbro, and anorthosite) making up the apical portion of the intrusion. The Southern block 
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is situated 2-3 km south of the Northern block, and its base is made up of a peridotitic cumulate 
unit, which grades upsection into more leucocratic rocks. Intrusive contacts with the country 
volcanosedimentary rocks are observed. Thin layers of skarn after limestone are cut off by the 
marginal facies of the intrusion. Gabbroic rocks contain xenoliths of porphyritic volcanics 
transformed into hornfels, and thin injections of amphibole gabbro penetrate the country rocks 
[2]. The concentrically zoned layering of the Central pluton with layers dipping toward the center 
at an angle of ~70o and the negative relief forms point to the initial funnel-shaped morphology of 
the intrusive chamber. The pluton consists of the chilled zone, marginal zone, and layered series. 
Four rock groups are distinguished in the vertical section of the layered series by their mineralogy 
and cumulus assemblages (from bottom to top): (1) ultramafic (about 20% of the apparent 
thickness) with Ol + Sp cumulus assemblage, (2) subultramafic (20% of the section) with Ol + Pl 
and Ol + Pl + Cpx cumulus assemblages, (3) mafic (56% of the section) with Ol + Pl + Cpx + 
Opx and Pl + Cpx + Opx cumulus assemblages, and (4) anorthositic (4% of the section) with Pl 
cumulus assemblage [2]. 

 
 

Fig. 2. Geological structure of the southern Central pluton, after [2]. 
(1) Granitized basic volcanics; (2) shale with carbonate interlayers transformed into hornfels; (3) 
layered series; (4) basal unit of plagioclase peridotite; (5) marginal facies; (6) fine-grained granite 
and aplite; (7) diabase dikes; (8) faults; (9) strike and dip of layering and trachytoid structure in 
gabbroic rocks; and (10) quartz diorite and tonalite of the Tokhtogenshil Complex. 
 

 
 

PETROGRAPHY OF THE CENTRAL PLUTON 
 

The chilled and marginal facies of the Central pluton are composed of olivine gabbro and 
amphibole-olivine gabbro with abundant brown poikilitic amphibole. Owing to the small size of 
the intrusion and insignificant contact alteration, olivine is retained in the marginal zone. 
Therefore, the composition of the marginal facies (Sample I-2038) can be used for the estimation 
of parental magma composition [2]. 
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The rocks of the ultramafic group – plagioclase-bearing dunite and wehrlite – were 
formed as a result of early olivine settling [3]. The basal peridotite unit directly adjoins the rocks 
of the marginal facies and makes up a horseshoe-shaped body near the bottom of the intrusion 
unconformable to its internal structure [4]. The plagioclase-bearing dunite consists of olivine 
(85%), plagioclase (5%), clinopyroxene (5%), and orthopyroxene (5%). The wehrlite is 
composed of olivine (65-82%), plagioclase (1-4%), clinopyroxene (11-30%), and poikilitic 
brown amphibole (1-3%). 

The subultramafic group comprises melanotroctolite (82% Ol, 14% Pl, and 4% Cpx) and 
melanocratic olivine gabbro (35-76% Ol, 8-14% Pl, and 14-45% Cpx). 

The mafic group includes olivine gabbro (10-25% Ol, 25-45% Pl, 19-50% Cpx, and 0-5% 
Opx), amphibole gabbro (45-55% Pl, 10-13% Cpx, and 6-10% Amph), and leucogabbro (60% Pl, 
35% Cpx, and 5% Opx). 

The anorthositic group includes two types of anorthosite schlieren occurring both in the 
upper and lower parts of the section: (1) small conformable lenses and interlayers in the host 
gabbro and (2) irregular bodies discordant to the layering. 

 
 

MINERALOGY OF ROCKS FROM THE CENTRAL PLUTON 
 

Olivine is a rock-forming mineral of all rock groups except for the anorthositic group and 
part of the mafic group (this mineral is missing in the amphibole gabbro and leucogabbro). In the 
rocks of ultramafic and subultramafic groups, olivine is always euhedral relative to other 
minerals and is commonly partly serpentinized. Olivine, plagioclase, and clinopyroxene from the 
olivine gabbro may be equally euhedral, which indicates that all these minerals crystallized 
simultaneously. The olivine crystals attain 3 mm (occasionally, 4.5 mm) in diameter. Its 
magnesian number Mg# =100 Mg/(Mg + Fe) varies from 83.1 in the plagioclase peridotite and 
84.1 in the troctolite to 82.1-75.5 in the olivine gabbro and 78.3-73.2 in the marginal facies of the 
pluton (Fig. 3; Table 1). Euhedral Cr-spinel inclusions are typical of olivine from the basal 
peridotite unit (Sample I-1984a), whereas such inclusions were not observed in ultramafic units 
from the middle and upper parts of the layered series [2]. In all rocks, olivine shows no zoning or 
is only slightly zonal. 

 
 
Fig. 3. Compositions of coexisting rock-forming minerals from the (1) layered series and (2) 
basal unit of the Central pluton in comparison with (3) mineral compositions obtained from 
modeling of layered intrusion formation. The primary magma crystallization was modeled at 1 
kbar, QFM buffer, and 0.5 wt % H2O in the melt. 
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Table 1. The composition of olivine from the Central pluton, wt % 
 

    Sample number    
Component 1 2 3 4 5 6 7 

  И-2036 И-1983 И-1984 И-1984 И-1984 И-1984 И-1984 
  Center Center   Center Center Center 

SiO2  38,9 39,1 40,1 39,8 39,5 39,7 39,3 
FeO  17,8 15,8 15,5 15,3 16,4 16,6 16,7 
MgO  42,8 43,6 45,6 46,6 45,0 44,0 43,9 
NiO  0,2 0,2 0,2 0,2 0,2 0,2 0,2 
Total  99,7 98,7 101,5 101,9 101,1 100,5 100,0 
Mg #  81,1 83,1 83,9 84,5 83,0 82,5 82,5 
Ni(ppm) 1537 1512 0 166 1361 1415 1187 
Cr(ppm) 89 180 61 428 0 0 246 
FeO/MgO 0,42 0,36 0,34 0,33 0,37 0,38 0,38 
    Sample number    
Component 8 9 10 11 12 13 14 
  И-1980 И-1980 И-1988 И-2037 И-2037 И-2030 И-1981 
  Center Center Center Margin Center Center  

SiO2  37,7 37,8 39,5 39,2 39,0 38,9 38,8 
FeO  18,8 18,9 17,0 22,4 22,4 19,8 20,1 
MgO  44,5 44,7 43,6 38,6 38,8 39,8 40,2 
NiO  0,1 0,1 0,1 0,1 0,1 0,1 0,1 
Total  101,2 101,6 100,2 100,3 100,3 98,7 99,2 
Mg #  80,9 80,9 82,1 75,5 75,6 78,2 78,2 
Ni(ppm) 940 1075 1043 1136 674 1004 840 
Cr(ppm) 216 108 89 20 109 0 62 
FeO/MgO 0,42 0,42 0,39 0,58 0,58 0,50 0,50 
    Sample number    
Component 15 16 17 18 19 20 21 
  И-2045 И-2045 И-2045 И-2026 И-2038 И-2038 И-2038 
  margin Center Center Center Margin Center Center 
SiO2  39,2 38,9 38,5 38,2 39,5 39,3 39,3 
FeO  17,5 17,5 17,5 22,7 20,0 20,0 20,1 
MgO  43,4 45,0 44,5 34,8 40,3 40,4 40,2 
NiO  0,2 0,1 0,1 0,1 0,1 0,1 0,1 
Total  100,2 101,5 100,6 95,9 100,0 99,8 99,7 
Mg #  81,6 82,1 81,9 73,2 78,2 78,3 78,1 
Ni(ppm) 1286 991 1164 664 762 842 788 
Cr(ppm) 34 162 116 86 0 0 0 
FeO/MgO 0,40 0,39 0,39 0,65 0,50 0,49 0,50 

 
 

Note: 1 - Pl-bearing dunite, 2 - wehrlite, 3-7 - troctolite, 8, 9 - melanogabbro, 10-14 - olivine 
gabbro, 15-17 - amphibolized olivine gabbro, 18-21 - olivine gabbro of marginal facies. FeO is 
total iron. * After [2]. 

 
 
Plagioclase from melanocratic rocks is anhedral with respect to olivine and together with 

clinopyroxene rims olivine grains and forms oikocrysts, up to 3 mm in size. In rocks of the mafic 
group, plagioclase is also anhedral relative to olivine; however, plagiocalse crystals are often 
tabular or irregular in shape and demonstrate the same degree of idiomorphism as clinopyroxene. 
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The size of plagioclase grains does not exceed 1-2 mm. The composition of analyzed 
homogeneous plagioclase crystals from the layered series varies from An81.6 in the plagioclase 
peridotite to An89.3-68.6 in the olivine gabbro and An86.3-79.9 in the rocks of the marginal facies (Fig. 
3; Table 2). In general, intercumulus plagioclase from ultramafic rocks is less calcic (An81.6) in 
comparison with plagioclase from olivine gabbro within the rhythms (An89.3-68.2) [2]. 

 
 

Table 2. The composition of plagioclase from the Central pluton, wt % 
 

     Sample number     
Component 1 2 3 4 5 6 7 8 9 10 

 И-2036 И-1984 И-1984 И-2037 И-2037 И-1988 И-1981 И-1981 И-1989 И-2024 
 Center Interstitial Interstitial Margin Center     Center 

SiO2 47,7 46,5 47,3 46,3 48,5 47,3 46,2 46,5 45,8 50,8 
TiO2 0,1 0,0 0,1 0,1 0,1 0,1 0,0 0,1 0,0 0,0 
Al2O3 33,2 32,7 32,4 34,3 33,1 33,3 34,1 33,7 33,4 30,8 
FeO 0,3 0,2 0,3 0,4 0,4 0,2 0,3 0,4 0,3 0,4 
CaO 16,7 15,7 15,3 17,2 16,7 16,9 17,9 17,4 17,4 14,5 
Na2O 2,1 2,5 2,5 1,5 1,8 2,0 1,2 1,3 1,7 3,6 
K2O 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,1 
Total 100,1 97,8 97,9 99,6 100,5 99,7 99,7 99,3 98,7 100,2 
An % 81,61 77,68 77,21 86,66 83,87 82,67 89,34 88,04 84,65 68,57 
Ab % 18,29 22,24 22,68 13,32 16,04 17,31 10,58 11,84 15,17 31,04 
Or % 0,09 0,08 0,11 0,02 0,08 0,02 0,08 0,12 0,19 0,38 

     Sample number     
Component 11 12 13 14 15 16 17 18 19 20 

 И-2045 И-2045 И-2045 И-2045 И-2045 И-2026 И-2026 И-2038 И-2038 И-2038 
  Margin Center Center Margin Center Margin Margin Center Center 

SiO2 47,4 46,6 46,8 47,5 45,9 47,3 47,9 45,7 46,0 46,6 
TiO2 0,1 0,0 0,1 0,0 0,1 0,0 0,0 0,0 0,0 0,0 
Al2O3 33,1 32,7 33,0 32,5 33,3 33,6 32,6 33,5 33,5 33,0 
FeO 0,4 0,3 0,4 0,4 0,4 0,4 0,3 0,3 0,3 0,4 
CaO 16,4 16,4 16,5 16,3 17,3 16,9 16,5 17,8 17,5 16,9 
Na2O 2,0 2,4 2,2 2,1 1,7 1,8 2,3 1,6 1,8 1,8 
K2O 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 
Total 99,3 98,6 99,0 98,9 98,7 100,1 99,7 98,8 99,0 98,8 
An % 81,52 78,74 80,83 80,91 85,02 83,79 79,90 86,27 84,57 83,59 
Ab % 18,41 21,11 19,03 18,86 14,83 16,02 19,83 13,61 15,33 16,23 
Or % 0,07 0,15 0,14 0,22 0,16 0,19 0,27 0,12 0,10 0,18 

 
Note: 1 - Pl-bearing dunite, 2, 3 - troctolite, 4-9 - olivine gabbro, 10-15 - amphibolized olivine 
gabbro, 16-20 - olivine gabbro of marginal facies. FeO is total iron. 

 
 
Clinopyroxene occurs in varying amount in all rock groups of the Central pluton. 

Clinopyroxene from the plagioclase peridotite is anhedral and fills the interstitial space between 
olivine crystals, rims these crystals, or occurs as oikocrysts, up to 1-3 mm in size. The 
clinopyroxene-plagioclase relationships in the wehrlite and olivine gabbro point to the joint 
crystallization of both minerals. Clinopyroxene from the layered series of the Central pluton 
corresponds to the diopside-salite-augite series (En49.8-42.2Fs13.1--6.8Wo47.4--39.9); its Mg# varies 
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from 86.8-80.0 in the plagioclase peridotite and melanogabbro to 87.5-78.5 in the olivine gabbro 
and 85.0-77.9 in the rocks of the marginal facies (Fig. 3; Table 3). 

 
 

Table 3. The composition of clinopyroxene from the Central pluton, wt % 
 

     Sample number      
Component 1 2 3 4 5 6 7 8 9 10 11 

 И-2036 И-1983 И-1984 8433* 8433* И-1980 И-2028 И1989* И-1989 И-1981 И-1981 
 Center Center Interstitial  Center      

SiO2 50,1 50,8 50,4 51,6 50,6 50,0 54,0 51,9 51,3 51,3 52,4 
TiO2 0,9 0,7 0,6 0,5 0,3 0,2 0,1 0,2 0,4 0,2 0,3 
Al2O3 4,4 3,9 4,0 2,7 4,3 2,4 1,0 3,7 3,6 3,4 3,0 
FeO 5,6 5,2 5,1 6,8 6,1 4,6 4,5 5,5 5,0 4,8 5,2 
MnO    0,2 0,2   0,2    
MgO 15,1 16,0 16,6 15,3 15,2 17,0 15,9 15,8 15,6 16,3 15,7 
CaO 21,6 21,2 20,9 21,8 22,2 23,6 23,2 22,0 22,9 20,8 22,4 
Na2O 0,4 0,4 0,3 0,3 0,2 0,3 0,2 0,2 0,5 0,3 0,2 
K2O 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 
NiO 0,1 0,0 0,0   0,0 0,0  0,0 0,0 0,0 

Cr2O3 0,9 0,8 0,9 0,1 0,5 0,7 0,3 0,4 0,4 0,8 0,5 
Total 99,0 98,9 98,7 99,2 99,6 98,7 99,2 99,7 99,7 98,0 99,6 
Mg # 82,9 84,5 85,3 80,0 81,5 86,8 86,4 83,8 84,8 85,9 84,4 

Ni(ppm) 429 286 350   342 119  134 273 47 
Cr(ppm) 6204 5449 5891 479 3694 4706 1862 2531 2894 5488 3735 

En % 44,36 46,32 47,56 43,40 43,74 45,97 45,10 45,38 44,10 47,66 45,18 
Fs % 10,64 9,86 9,47 11,90 11,72 6,79 7,92 10,58 9,07 9,40 9,70 
Wo % 45,00 43,82 42,98 44,70 44,54 47,24 46,98 44,03 46,83 42,94 45,12 

FeO/MgO 0,37 0,33 0,31 0,40 0,40 0,27 0,28 0,34 0,32 0,29 0,33 
     Sample number      

Component 12 13 14 15 16 17 18 19 20 21 22 
 И2027* П5729* И2037* И-2037 И-2037 И-2024 И2035* И2035* И2045* И-2045 И-2045 

    Center Margin Center    Margin Center 
SiO2 52,1 52,0 52,3 52,5 51,7 52,9 52,4 53,4 51,5 51,6 51,1 
TiO2 0,3 0,3 0,6 0,3 0,5 0,4 0,5 0,3 0,5 0,5 0,5 
Al2O3 3,6 3,1 2,5 2,6 3,3 2,1 2,3 2,3 3,6 3,9 3,8 
FeO 6,4 4,3 7,1 6,1 5,8 7,4 4,8 4,2 5,9 4,9 5,3 
MnO 0,2 0,4 0,2    0,2 0,1 0,2   
MgO 16,6 16,0 14,8 15,5 15,8 15,2 16,0 16,3 14,7 16,6 16,2 
CaO 21,2 23,3 21,9 22,0 21,9 20,8 23,6 24,1 22,9 21,7 21,7 
Na2O 0,1 0,2 0,4 0,3 0,3 0,5 0,2 0,1 0,2 0,4 0,4 
K2O  0,0  0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 
NiO    0,0 0,0 0,0    0,0 0,0 

Cr2O3 0,3 0,8 0,2 0,1 0,1 0,2 0,3 0,2 0,1 0,9 0,8 
Total 100,7 100,3 100,1 99,4 99,3 99,4 100,2 101,0 99,7 100,4 99,8 
Mg # 82,3 87,0 78,8 81,9 83,0 78,5 85,6 87,5 81,5 85,9 84,6 

Ni(ppm)    198 253 8    180 252 
Cr(ppm) 1710 5131 1368 874 827 1300 2326 1300 753 5835 5593 

En % 46,67 44,97 42,15 44,19 45,04 43,76 44,56 45,14 42,38 46,92 46,08 
Fs % 11,48 8,40 12,58 10,86 10,44 12,96 8,35 7,48 11,15 9,08 9,63 
Wo % 41,85 46,63 45,27 44,95 44,52 43,28 47,10 47,39 46,47 44,00 44,29 

FeO/MgO 0,38 0,27 0,48 0,39 0,37 0,49 0,30 0,26 0,40 0,29 0,33 
     Sample number      

Component 23 24 25 26 27 28 29 30 31 32 33 
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 И-2045 И-2026 И-2026 И-2026 И-2026 И2026* И-2038 И-2038 И-2038 И-2038 И-2038 
 Center Margin Center Margin Center  Margin Center Center Margin Center 

SiO2 50,3 51,8 52,7 53,3 53,7 51,7 52,9 53,4 51,9 50,8 50,6 
TiO2 0,5 0,5 0,1 0,2 0,1 0,3 0,2 0,1 0,2 0,3 0,4 
Al2O3 4,2 2,7 1,9 1,9 1,1 3,7 2,0 1,6 2,5 2,7 3,4 
FeO 5,5 7,3 6,9 6,8 6,2 5,6 5,8 5,7 5,2 5,1 6,1 
MnO      0,2      
MgO 17,3 14,5 14,7 15,0 15,1 15,8 15,8 16,0 15,5 16,2 17,7 
CaO 19,3 21,3 21,4 22,6 23,4 21,2 21,9 22,1 22,1 22,2 19,8 
Na2O 0,3 0,5 0,4 0,3 0,2 0,2 0,4 0,3 0,3 0,3 0,3 
K2O 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 
NiO 0,0 0,0 0,0 0,0 0,0  0,0 0,0 0,0 0,0 0,0 

Cr2O3 0,7 0,1 0,1 0,1 0,1 0,4 0,2 0,2 0,5 0,5 0,5 
Total 98,2 98,7 98,2 100,3 99,8 99,0 99,2 99,2 98,4 98,1 98,7 
Mg # 84,8 77,9 79,1 79,8 81,3 83,5 82,8 83,3 84,2 84,9 83,8 

Ni(ppm) 248 103 240 219 87  150 16 287 16 215 
Cr(ppm) 4814 859 571 553 487 2873 1413 1317 3608 3725 3298 

En % 49,78 42,22 42,72 42,42 42,49 45,93 44,76 45,20 44,80 45,93 49,42 
Fs % 10,37 13,08 12,39 11,64 10,41 11,01 10,24 9,92 9,58 8,79 10,27 
Wo % 39,85 44,69 44,89 45,94 47,11 43,06 45,00 44,87 45,63 45,28 40,31 

FeO/MgO 0,32 0,51 0,47 0,45 0,41 0,35 0,37 0,36 0,33 0,32 0,34 
 
Note: 1 - Pl-bearing dunite, 2 - wehrlite, 3 - troctolite, 4-7 - melanogabbro, 8-16 - olivine gabbro, 
17-23 - amphibolized olivine gabbro, 24-33 - olivine gabbro of marginal facies. FeO is total iron. 
* After [2]. 

 
 
Orthopyroxene is not abundant in the Central pluton. The mineral occurs as tabular 

crystals and sporadically as irregular grains anhedral relative to olivine and as oikocrysts, up to 1 
mm in size. Orthopyroxene corresponds to hypersthene-bronzite (En79.5-64.4Fs33.6-18.5Wo2.5-0.6) in 
composition; its Mg# varies from 81.5-78.7 in the plagioclase peridotite and troctolite to 81.9-
66.6 in the olivine gabbro and 79.5-67.6 in the rocks of the marginal facies (Fig. 3. Table 4). 

 
 

Table 4. The composition of orthopyroxene from the Central pluton, wt % 
 

    Sample number       
Component 1 2 3 4 5 6 7 8 9 10 11 

 И1962* И1984* И1984* И1989* И-2030 И2027* И-1981 И-1989 И-1988 И-1988 И-1989 
     Center  oikocryst Center  Center  

SiO2 54,7 56,0 54,9 53,7 54,9 54,8 54,5 57,5 54,9 54,8 52,3 
TiO2 0,3 0,1 0,1 0,2 0,1 0,1 0,2 0,2 0,2 0,1 0,0 
Al2O3 1,5 1,4 2,5 0,7 1,4 1,8 2,2 1,9 2,3 1,9 1,7 
FeO 13,6 12,2 12,6 20,8 12,5 12,3 13,2 10,9 11,6 11,5 11,9 
MnO 0,3 0,3 0,2 0,7  0,3      
MgO 28,3 30,3 29,3 23,2 29,2 29,3 28,7 26,3 29,3 28,9 34,7 
CaO 1,2 1,1 0,2 0,9 1,0 1,1 1,1 0,9 1,1 0,9 0,2 
Na2O 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 
NiO     0,0  0,0 0,0 0,1 0,0 0,0 

Cr2O3 0,0 0,0 0,0 0,0 0,0 0,0 0,1 0,4 0,4 0,1 0,0 
 Total 100,0 101,5 99,8 100,2 99,2 99,8 100,1 98,1 99,8 98,3 100,9 
Mg # 78,7 81,5 80,6 66,6 80,6 80,9 79,5 81,1 81,9 81,8 83,9 

Ni(ppm)     220  259 189 440 291  



 11 

Cr(ppm) 205 137 274 205 338 274 1004 3019 2412 884  
En % 76,02 79,23 79,04 64,43 78,57 78,28 77,19 77,32 79,19 79,48 84,68 
Fs % 21,46 18,71 20,37 33,55 19,36 19,50 20,56 20,77 18,49 18,70 14,76 
Wo % 2,51 2,06 0,60 2,02 2,07 2,22 2,25 1,91 2,32 1,82 0,56 

FeO/MgO 0,48 0,40 0,43 0,89 0,43 0,42 0,46 0,42 0,39 0,40  
    Sample number       

Component 12 13 14 15 16 17 18     
 И-1989 И-2026 И2026* И1964* И1964* И2038* И2038*     
            

SiO2 53,8 54,5 53,5 55,0 55,7 54,8 53,8     
TiO2 0,0 0,1 0,2 0,1 0,1 0,3 0,1     
Al2O3 1,3 1,4 0,8 1,1 1,8 1,6 3,8     
FeO 11,7 14,8 20,3 15,8 13,9 13,2 13,7     
MnO   0,5 0,6 0,3 0,3 0,3     
MgO 31,5 28,0 23,8 27,1 29,6 28,8 29,2     
CaO 0,7 1,2 0,6 0,7 0,4 1,0 0,6     
Na2O 0,0 0,0 0,0 0,0 0,0 0,0 0,1     
NiO 0,0 0,0          

Cr2O3 0,1 0,0 0,0 0,0 0,0 0,1 0,0     
 Total 99,1 100,1 99,6 100,4 101,8 100,3 101,6     
Mg # 82,8 77,1 67,6 75,4 79,1 79,5 79,2     

Ni(ppm) 165 361          
Cr(ppm)  321 205 137 137 889 68     

En % 81,90 74,92 66,08 73,36 77,76 77,16 77,07     
Fs % 16,74 22,58 32,56 25,22 21,52 20,75 21,71     
Wo % 1,36 2,50 1,36 1,41 0,72 2,09 1,22     

FeO/MgO 0,37 0,53 0,85 0,58 0,47 0,46 0,47     
 

Note: 1 - plagioclase peridotite, 2, 3 - troctolite, 4-12 - olivine gabbro, 13-18 - olivine gabbro of 
marginal facies. FeO is total iron. * After [2]. 

 
 
Amphibole from the Central pluton is subdivided into two types. Primary late magmatic 

brown amphibole forms irregular anhedral grains, rims around other minerals, and large (3-6 
mm) oikocrysts. Its content does not exceed 3-10 vol %. Secondary green amphibole, which 
replaces clino- and orthopyroxene, commonly accounts for no more than 3-5% of the rock 
volume but its amount increases up to 20-35 vol % in the zones of intense amphibolization, 
where large (up to 5 mm) oikocrysts are typical. The composition of the magmatic amphibole is 
presented in Table 5. The Mg# varies from 79.3 in the wehrlite (Sample I-1983) to 70.1 in the 
olivine gabbro of the marginal facies (Sample I-2026). 

 
 

           Table 5. The composition of amphibole from the Central pluton, wt % 
 

    Sample number   
Component 1 2 3 4 5 6 7 

 И-1983 И-2030 И-1981 И-1981 И-2045 И-2045 И-2026 
  Center   Margin  Margin 

SiO2 44,7 43,6 43,1 43,6 43,1 44,0 43,4 
TiO2 0,1 2,3 2,7 2,4 3,2 1,7 1,2 

Al2O3 12,7 11,6 11,5 11,6 12,1 12,0 11,7 
FeO 8,3 9,6 9,0 8,9 8,0 8,7 11,3 
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MgO 17,8 15,4 15,9 16,0 16,4 17,7 14,8 
CaO 10,5 11,6 11,3 11,1 11,7 11,2 11,1 
Na2O 2,4 2,3 2,2 1,9 2,3 2,1 2,4 
K2O 0,1 0,8 0,4 0,4 0,3 0,4 0,8 

Cr2O3 0,0 0,2 0,1 0,1 0,5 0,4 0,1 
Total 96,6 97,6 96,1 96,1 97,6 98,2 96,8 
Mg # 79,3 74,1 75,9 76,2 78,4 78,4 70,1 

Ni(ppm) 269 346 270 360 346 368 138 
Cr(ppm) 0 1536 954 520 3780 3010 926 

FeO/MgO 0,47 0,62 0,57 0,56 0,49 0,49 0,76 
 

 
Note: 1 - wehrlite, 2-4 - olivine gabbro, 5, 6 - amphibolized olivine gabbro, 7 - olivine gabbro of 
marginal facies. FeO is total iron. 

 
 
Magnetite is the most abundant oxide mineral. Magnetite amounts at 1-2% and, 

occasionally, up to 4-5% and occurs in all rocks of the layered series. Magnetite is commonly 
observed as dispersed dusty aggregates and irregular segregations; aggregates and schlieren, up to 
5 mm in size, are noticed in melanocratic rocks. Magnetite is a secondary mineral in the Central 
pluton and was formed as a by-product of olivine serpentinization under an elevated oxygen 
partial pressure [5]. The notable amount of secondary magnetite in the rocks of the Central pluton 
clearly indicates rather high Fe/(Fe + Mg) ratio of olivine. 

The composition of olivine from the Central pluton varies from Fo84.5 to Fo73.2, and that of 
plagioclase ranges from An89.3 to An68.6 (Fig. 3). The following cumulus mineral assemblages are 
observed: 

1. Sample I-1984 (troctolite): Fo83.9 + An77.7 + Cpx (Mg# =85.3) + Opx (Mg# =80.6); 
2. Sample I-1981 (olivine gabbro): Fo78.2 + An89.3 + Cpx (Mg# =85.9) + Opx (Mg# 

=79.5); 
3. Sample I-2026 (olivine gabbro of the marginal facies): Fo73.2 + An83.8 + Cpx (Mg# 

=83.5) + Opx (Mg# =77.1); 
4. Sample I-2038 (olivine gabbro of the marginal facies): Fo78.3 + An86.3 + Cpx (Mg# 

85.0) + Opx (Mg# =79.5). 
 
 

RESULTS OF COMPUTER MODELING 
 

The COMAGMAT 3.5 program [6] was used in this work. The program allows modeling of the 
fractional crystallization and formation of the layered intrusion issuing from the given melt 
composition. The aim of modeling was to estimate the fractionation conditions that provide the 
evolution trends of major and trace elements corresponding to the observed geochemical 
characteristics of the layered pluton [7]. The bulk composition of the marginal facies of the 
Central pluton (Sample I-2038), which was regarded as a parental melt composition, and the 
calculated composition of primary melt (Table 6) were chosen as starting compositions in 
computation. The parental melt filled the intrusive chamber, and the primary melt was produced 
in the mantle source. The primary magma composition was calculated from the assumption that 
the intruding magma already contained olivine crystals, which precipitated from the primary melt 
at shallow depths, and the liquid fraction corresponded to the parental melt. This assumption is 
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based on the results of modeling by the COMAGMAT 3.5 program (Fig. 4). The computation 
was performed in the regime of layered pluton formation under the following parameters: a 
pressure of 1 kbar, QFM buffer, and 0-5 wt % H2O in the melt. The computation has shown that 
the peridotite cumulate should account for 5-7 vol % of the layered series under these conditions. 
At the same time, the ultramafic unit occupies in fact more than 20 vol % of the section. The 
magma probably contained 15-20 vol % of excess olivine at the moment of emplacement into the 
chamber. The primary magma composition was calculated using the olivine/melt partition 
coefficients [13] and was subsequently corrected by the COMAGMAT 3.5 program so that the 
volume of monomineral olivine cumulates would be no less than 20% and fractional 
crystallization at a shallow depth would result in the formation of melt close in composition to 
the parental liquid. Trace element contents, except for REE, were estimated approximately by 
fitting. However, the Ni content of the primary melt (440 ppm) can be calculated directly from 
the assumption that olivine from the ultramafic cumulate unit (Sample I-2036) with the 
maximum Ni content of 1537 ppm was a liquidus phase. The Ni content of the primary melt 
(Niliq) equals Niol/DNi(ol/liq), where Niol is the Ni content of the liquidus olivine, DNi(ol/liq) is the 
partition coefficient of Ni between olivine and melt determined from the formula DNi(ol/liq) = 
3.92*DMgO(ol/liq)-5.3 [14]. The DMgO(ol/liq) value can be calculated as a ratio of the MgO 
content of the liquidus olivine (42.8 wt %) to the MgO content of the primary melt (20 wt %) 
(Table 1). It follows that the Ni content of the primary melt was no less than 440 ppm. The 
choice of computation parameters for the layered pluton modeling was based on the mineralogy 
of the Central pluton. For example, the presence of cumulus orthopyroxene at the late stage of 
crystalliztaion constrains the water content of the melt as <0.5 wt % and the total pressure as <2 
kbar. The emplacement of magma at low pressure is also consistent with the development of a 
hornfels aureole around the pluton. The Cr-spinel inclusions in olivine crystals from the 
peridotite unit suggest that oxygen fugacity (fO2) was above the NNO buffer at the initial stage of 
parental magma crystallization [15]. The value of fO2 was most probably within the QFM-NNO 
range. The comparison of the model and real mineral compositions from the rocks of the Central 
pluton testifies that the model parameters adequately reproduced the natural conditions (Tables 
1-5). The formation of the layered pluton was modeled with a crystallization step of 1 mol % at a 
pressure of 1 kbar, QFM buffer, and 0.5 wt % H2O in the melt. The range of model plagioclase 
compositions (An92.6-79.0) almost completely overlaps the range of natural plagioclase 
composition from the layered series (An89.3-77.2). The calculated olivine compositions (Fo94.7-76.6) 
are slightly enriched in Fo relative to the compositions of natural olivine (Fo84.5-73.2), which is 
suggested to be more altered than the coexisting plagioclase. Model clinopyroxene compositions 
(En48.2-40.9Fs13-4Wo47.9-46.0) coincide with natural compositions (En49.8-42.2Fs13.1-6.8Wo47.4-39.9) and 
fall on the boundary of the diopside-salite-augite fields (Fig. 3). Orthopyroxene from the Central 
pluton corresponds to hypersthene-bronzite in composition (En84.7-64.4Fs33.6-14.8Wo2.5-0.6). The 
model orthopyroxene (En72.9-70.0Fs20.1-19.2Wo7.67-7.90) is enriched in Wo, but is generally similar to 
the natural mineral. Olivine from the basal unit (Fo84.5-80.9) is enriched in Fo relative to olivine 
from the layered series (Fo82.1-73.2). In contrast, plagioclase from the mafic rocks (An81.6-77.2) 
contains less An than that from the layered series (An89.3-78.7). This implies that the plagioclase of 
peridotite crystallized from low-Mg residual melt and filled the interstitial space between olivine 
crystals, while plagioclase was a liquidus mineral in the layered series and crystallized from high-
Mg melt together with olivine or somewhat later. The calculated trends of major and minor 
elements versus MgO content, which is used as a differentiation index, (Fig. 5) are generally 
consistent with the sequential crystallization of cumulus minerals (olivine, plagioclase, and 
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clinopyroxene) from the primary melt. The transition from the high-Mg to low-Mg rocks is 
accompanied by a systematic increase in Si, Ti, Al, Fe, Ca, Na, K, Cu, and La contents and 
monotonous depletion in Ni. In general, the model trends of cumulus phases coincide with the 
observed cumulate sequence of the layered series of the Central pluton (Fig. 5), which suggests 
that the selected model parameters and compositions were similar to the characteristics of real 
primary melts. The compositions of model residual melts are shown in Fig. 6. The trends of 
evolved melt compositions computed with the COMAGMAT 3.5 program at 1 kbar pressure, 0.5 
wt % H2O in the melt, QFM buffer, and at the highest degree of crystallization of 80% were 
compared with the estimates obtained by the MELTS [12] program at the same conditions. A 
notable difference in evolved melt compositions was recorded only when the degree of 
crystallization exceeded 40-50%. At lower degrees of crystallization, the computation results 
from both programs were in good agreement. The Vendian and Cambrian volcanics of the Lake 
Zone [16] and coeval basalts of the Irbitei sequence in the eastern Tannu-Ola [1] form a separate 
compositional field (Fig. 6), which lies out of the general trend of the Central pluton for all 
components except Al and Ti. Modeling with the COMAGMAT 3.5 program failed to reproduce 
the composition of the volcanic rocks from the primary melt of the Central pluton even by 
changing fractionation parameters and assuming a multistage process. This implies that the 
Central pluton cannot be regarded as a direct comagmatic counterpart of the coeval high-Al 
volcanics of the Lake Zone without involvement of other processes, such as magma mixing and 
crustal contamination. 

 
 

Table 6. The composition of rocks and model melts (major elements are in wt %, trace elements, 
in ppm) 

 
Component 1 2 3 4 5 6 7 8 9 10 11 12 13 

SiO2 47,37 47,45 46,83 47,88 45,50  50,73 45,32  47,34 47,67 43,05 42,11 
TiO2 0,33 0,36 0,32 0,38 0,25  1,37 0,22 0,19 0,21 0,10 0,39 0,65 
Al2O3 15,65 15,39 13,50 16,20 14,36  15,30 4,67  4,05 3,90 11,50 11,63 
FeO 6,52 6,44 7,00 7,18 8,64  9,37 7,92  5,40 6,00 8,51 11,15 
MnO  0,10 0,10 0,11   0,18 0,13  0,10 0,10 0,54 0,45 
MgO 13,35 13,66 20,00 13,55 18,88  9,02 37,55  39,14 39,00 21,78 21,12 
CaO 15,75 15,63 11,20 13,44 11,35  11,48 3,76  3,11 3,00 12,48 11,48 
Na2O 0,90 0,88 0,90 1,08 0,88  2,32 0,37  0,52 0,20 0,99 1,25 
K2O 0,08 0,07 0,09 0,11 0,08  0,09 0,03 0,01 0,10 0,02 0,11 0,10 
P2O5 0,05 0,03 0,06 0,07 0,04  0,14 0,02  0,03 0,01 0,05 0,07 
H2O   0,50 0,59       0,10 0,54 0,35 
Mg # 78,50 79,09 83,59 77,09 79,58  63,18 89,42  92,82 92,06 82,02 77,15 

La  1,50 1,25 1,50  0,31 2,50 0,69 0,29     
Ce  3,70 3,10 3,72  0,81 7,50 1,78 0,96     
Nd  2,40 2,00 2,40  0,60 7,30 1,35 0,93     
Sm  0,70 0,58 0,70  0,20 2,63 0,44 0,35     
Eu  0,30 0,25 0,30  0,07 1,02 0,17 0,14     
Gd  0,90 0,75 0,90  0,26 3,68 0,60 0,50     
Tb  0,20    0,05 0,67 0,11 0,09     
Yb  0,53 0,44 0,53  0,21 3,05 0,49 0,42     
Lu  0,08 0,07 0,08  0,03 0,46 0,07 0,06     
Hf  0,24     2,05 0,31 0,23     
Ta  0,02     0,13 0,04      
Y       28,00 4,55 4,06     

Nb       2,33 0,71 0,19     
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Zr       74,00 11,20 8,14     
Th  0,20     0,12 0,09 0,01     
U  0,30 0,24    0,05 0,02 0,00     
Cs       0,01 0,03 0,00     
Rb       0,56 0,64 0,06     
Ba       6,30 6,99 0,61     
Cu  100 90 107    30      
Ni  185 440 159   177 1890  2358 2362   
Co  44 50 50   50 110      
Cr  730 750 764   346 2940  2736    

CIPW,               
вес%              

Or 0,47 0,41 0,53 0,64 0,47         
Ab 7,59 7,45 7,62 9,14 7,48         
An 38,32 37,84 32,54 39,04 35,00         
Di 31,49 31,66 18,03 21,83 16,87         
Hy 0,00 0,50 7,41 9,00 1,87         
Ol 21,39 21,40 33,13 19,46 37,74         
Ilm 0,62 0,68 0,61 0,72 0,48         
Ap 0,12 0,07 0,14 0,17 0,09         

 
 

Note: (1) Average composition of the marginal facies of the Central pluton [2]; (2) composition 
of the marginal facies, Sample I-2038 [2] corresponding to the parental magma composition by 
the moment of emplacement; (3) calculated bulk composition of the primary magma. According 
to the accepted model, the primary magma contained 20% of olivine crystals at the onset of 
emplacement, while the liquid phase corresponded to the parental magma in composition. (4) 
Model residual melt (melt composition after crystallization of 20% of olivine from the primary 
magma calculate by the COMAGMAT program [6]); (5) weighted mean composition of the 
layered series of the Central pluton [2]; (6) chondrite composition [8]; (7) N-MORB composition 
[9]; (8) primitive mantle composition [9]; (9) composition of the N-MORB source (MORBMA) 
[10]; (10) bulk composition of the Vourinos ophiolite complex, Greece [11]; (11) composition of 
the hypothetical source of the mantle-derived primary melt of the Central pluton; (12) 
composition of the primary melt deduced from modeling of partial melting of the source (11) by 
the MELTS program [12] at 1600o C, 25 kbar, 0.1 wt % H2O in the source, and QFM buffer; and 
(13) composition of the primary melt deduced from modeling of partial melting of the primitive 
mantle source (8) by the MELTS program [12] at 1600o C, 25 kbar, 0.1 wt % H2O in the source, 
and QFM buffer. Mg # = 100Mg/(Mg + Fe). FeO is total iron. 

 
 

Fig. 4. The layered intrusion formation according to modeling results. (a, b) Crystallization of the 
primary model melt for the Central pluton; (c, d) crystallization of the parental melt for the 
Central pluton. Modeling was carried out by the COMAGMAT 3.5 program [6] at 1 kbar, QFM 
buffer, 0.5 wt % H2O in the melt, and degree of crystallization of 80%. The sequence of mineral 
formation is shown in panels a and b versus the degree of crystallization (F) and in panels c and d 
as a function of decreasing temperature (T). 
(1) olivine, (2) plagioclase, (3) clinopyroxene, and (4) orthopyroxene. 
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Fig. 5. Variation of major oxides and trace elements versus MgO, wt %.(1) Rocks of the layered 
series of the Central pluton; Sample I-2038 from the marginal facies is shown by the large 
symbol; (2) calculated compositions of cumulus phases; crystallization of the model primary 
magma for the Central pluton was modeled by the COMAGMAT 3.5 program [6] at 1 kbar, 
QFM buffer, and 0.5 wt % H2O in the melt; (3) composition of the model primary melt for of 
Central pluton; (4) weighted mean composition of the layered series of the Central pluton [2]; (5) 
composition of the marginal facies of the Central pluton (Sample I-2038); and (6) model residual 
melt after crystallization of 20% olivine. 
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Fig. 6. Fractional crystallization of the Central pluton according to modeling. 
(1) Rocks of the layered series; Sample I-2038 is shown by the large symbol; (2) composition of 
residual melts calculated by the COMAGMAT 3.5 program [6] for model primary melt 
crystallization at 1 kbar, QFM buffer, and 0.5 wt % H2O in the melt; (3) composition of residual 
melts calculated by the MELTS program [12] for model primary melt crystallization at 1 kbar, 
QFM buffer, and 0.5 wt % H2O in the melt; (4) composition of the model primary melt for the 
Central pluton; (5) weighted mean composition of the layered series of the Central pluton [2]; (6) 
composition of the marginal facies of the Central pluton (Sample I-2038); (7) Vendian and 
Cambrian volcanics of the Lake Zone, western Mongolia [16]; the composition of the high-
alumina basalt from the Lower Cambrian Irbitei sequence, eastern Tannu-Ola, Tuva [1] is shown 
by the large symbol. 
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GEOCHEMISTRY OF THE CENTRAL PLUTON 

 
According to the classification [17, 18], the composition of the model primary melt of the Central 
pluton and the weighted mean composition of the layered series correspond to picrite. The 
normative olivine contents of the primary melt and the weighted mean composition are 33.1 wt % 
(Mg# =83.6) and 37.7 wt % (Mg# =79.6), respectively (Table 6). The compositional evolution of 
the Central pluton follows the general trend of mafic rock fractionation on the AFM diagram 
(Fig. 7). The compositions of the most melanocratic rocks of the Central pluton are confined to 
the compositional fields of the respective rocks from the young Mariana and Tonga-Kermadec 
island arcs [19] and melanocratic cumulates of the Skaergaard pluton [20]. The compositions of 
highly evolved rocks from the Central pluton extend along the trend of island-arc rocks. The 
short evolution trend for the rocks of the Central pluton points to the limited degree of parental 
melt fractionation, which is typical of one-phase intrusions. 

All rocks of the Central pluton show similar chondrite-normalized [8] REE patterns (Fig. 
8a-c) with unfractionated distribution of LREE and intermediate REE and normalized contents of 
about 2 in the plagiocalse peridotite and 3-5 in the olivine gabbro. All rocks are slightly depleted 
in HREE: 1.2 in the plagioclase peridotite and 2-3 in the olivine gabbro. The chondrite-
normalized [8] (La/Yb)ch ratio in the rocks of the layered series is within 1.60-1.91 (1.70, on 
average). The (La/Sm)ch ratio varies from 0.86 to 1.35 (1.03, on average), and (Sm/Yb)ch, from 
1.42 to 1.86 (1.67, on average) (Table 7). The REE distribution patterns exhibit a nearly parallel 
shift to higher contents from the basal unit of plagioclase peridotite to the olivine gabbro of 
layered series. The olivine gabbro displays a more pronounced Eu maximum than the rocks of the 
marginal zone and the plagioclase peridotite owing to plagioclase accumulation in this rock [21]. 
The Eu/Eu* ratio varies from 1.02 in the marginal facies (Sample I-2038) to 1.16 in the most 
evolved olivine gabbro (Sample I-1989) suggesting a slight positive Eu anomaly (Eu/Eu* > 1) in 
the rocks of the layered series (Table 7). The REE distribution normalized to PM and N-MORB 
[9] (Figs. 8b and 8c) also exhibits extremely low REE contents in the rocks of the Central 
pluton. Only U and Th contents are higher than those of N-MORB, whereas the normalized 
contents of other elements vary from 0.08 to 0.60. U and Th contents are also higher than in PM 
(by a factor of 14,29), and the total of REE is 0.93-2.78 PM units. In addition to the U and Th 
maxima, the rocks of the Central pluton are distinguished by distinct negative Ta and Hf 
anomalies expressed in all rocks and a slight deficit in Ti, which is observed in the marginal 
facies and layered series except for the basal plagioclase peridotite unit. The pronounced 
depletion of rocks in HREE is observed in the chondrite- and N-MORB-normalized REE 
patterns. This geochemical signature could be inherited from the garnet-bearing source [22]. The 
geochemical characteristics of rocks from the Central pluton are typical of subduction-related 
magmas. The low Ti content (0.10-0.38 wt %), high chondrite- and N-MORB-normalized 
LILE/HFSE ratios: (U/Th)N-MORB = 1.70-3.83 and (U/Th)PM = 2.37-5.33; and high LILE/REE 
ratios: (U/La)N-MORB = 7.6-15 and (U/La)PM = 3.76-7.51 are indicative features. The elevated U 
and Th contents and slight enrichment in LREE with (La/Yb)ch = 1.60-1.91 and (La/Yb)N-MORB = 
2.89-3.45 (Figs. 8a and 8b; Table 7) along with the ubiquituous Ta minimum bring the rocks of 
the Central pluton together with the island-arc tholeiitic series. 

The REE patterns of volcanics from the Lake Zone (Figs. 8d-8f) are similar in many 
respects to those of the rocks of the Central pluton. The REE spectra are nearly parallel to one 
another. The common depletion in HREE is especially notable: (Eu/Yb)ch of 1.61-1.88 for the 
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plutonic rocks and 1.64-1.67 for the volcanic rocks. This similarity implies that the magma 
sources for both series were localized in the garnet stability field. The occurrence of garnet in the 
mantle source of volcanics is also supported by a relatively constant Yb content (2.27-2.36 ppm) 
and widely varying LREE (10.6-12.8 ppm La) and especially Th (0.78-5.66 ppm) contents [21]. 
In general, the volcanic rocks are characterized by higher REE contents (REE sum of 74.66-75.53 
ppm) than the plutonic rocks (REE sum of 5.32-11.50). It should be noted that the volcanics are 
8-18 times richer in LREE, and only 4-8 times richer in HREE. The volcanic and plutonic rocks 
are depleted in Hf. Ta and Nb minima are distinct specific features of the volcanic rocks from the 
Lake Zone and of the Central pluton [16]. These geochemical signatures indicate that the 
volcanics are related to the subduction zones. The geochemical similarity between the volcanic 
and plutonic rocks suggest the existence of a common garnet-bearing mantle source. 

 
 

Fig. 7. Variation of rock compositions plotted on the AFM diagram. 
(1) Rocks of the layered series; Sample I-2038 is shown by the large symbol; (2) model primary 
melt of the Central pluton; (3) weighted mean composition of the layered series of the Central 
pluton [2]; (4) trend of the cumulus phase compositions for the crystallization of the model 
primary magma of the Central pluton modeled by the COMAGMAT 3.5 program [6] at 1 kbar, 
QFM buffer, and 0.5 wt % H2O in the melt; (5) composition of residual melts calculated by the 
MELTS program [12] for model primary melt crystallization at 1 kbar, QFM buffer, and 0.5 wt 
% H2O in the melt; (6) model composition of the primary melt calculated by the MELTS 
program [12] for partial melting of the hypothetical mantle source of the Central pluton at T = 
1600oC, P = 25 kbar, QFM buffer, and 0.1 wt % H2O in the source; the composition of the 
hypothetical mantle source with Fo-92.06 is shown by the large symbol; (7) Vendian and 
Cambrian volcanics of the Lake Zone, western Mongolia [16]; composition of high-alumina 
basalt from the Lower Cambrian Irbitei sequence, eastern Tannu-Ola, Tuva [1] is shown by the 
large symbol; (8) Tonga-Kermadec island-arc trend [19]; (9) Mariana island-arc trend [19]; (10) 
residual melts of the Skaergaard plutons [20]; (11) melanocratic cumulate of the Skaergaard 
pluton; the parental magma composition of the Skaergaard pluton [20] is shown by the large 
symbol. 
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Fig. 8. Normalized REE patterns in (a-c) the gabbroids of the Central pluton and (d-f) Vendian-
Cambrian volcanic rocks of the Lake Zone in comparison with the gabbroids of the Central 
pluton. 
(1) Sample I-1984; (2) Sample I-2038; (3) Sample I-2045; (4) Sample 1989; (5) model primary 
melt of the Central pluton; Vendian-Cambrian volcanic rocks of the Lake Zone, western 
Mongolia [16]: (6) Sample GU-4898/5 and (7) Sample GU-4998/4; (8) N-MORB mantle source 
(MORBMA) [10]; and (9) primitive mantle (PM) [9]. REE compositions were normalized to C1 
chondrite [8], N-MORB [9], and PM [9]. 
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Table 7. The chemical composition of rocks from the Central pluton (major elements are in wt 
%, trace elements, in ppm) 
 
 

Sample И2036 И1962 8430 И1985 И1984 8434 8433 И2028 И1989 И1990 И1987 И2045 И2038 
Component 1 2 3 4 5 6 7 8 9 10 11 12 13 

SiO2 39,09 38,15 39,36 38,55 39,37 39,81 40,13 41,35 45,57 45,74 45,42 45,70 46,52 
TiO2 0,18 0,09 0,21 0,14 0,21 0,10 0,16 0,19 0,27 0,33 0,33 0,26 0,35 
Al2O3 7,04 5,81 7,30 7,55 5,10 10,84 9,32 10,31 16,92 15,41 16,86 18,11 15,09 
Fe2O3 5,71 6,27 6,54 5,21 4,65 3,80 5,75 5,82 1,64 2,17 2,04 1,74 1,92 
FeO 7,58 7,91 6,04 7,24 8,77 8,44 7,55 4,10 4,70 4,66 4,41 3,84 4,59 

FeO total 12,72 13,55 11,93 11,93 12,96 11,86 12,73 9,34 6,18 6,61 6,25 5,41 6,32 
MnO 0,20 0,21 0,16 0,18 0,21 0,18 0,13 0,15 0,10 0,10 0,10 0,08 0,10 
MgO 28,97 31,54 27,22 30,01 32,09 25,11 24,56 22,21 14,33 15,15 13,92 12,49 13,39 
CaO 4,13 2,86 5,12 4,20 3,57 5,70 6,12 8,02 12,78 13,36 13,49 14,36 15,32 
Na2O 0,54 0,43 0,43 0,43 0,43 0,59 0,54 0,59 1,19 1,13 1,13 1,02 0,86 
K2O 0,06 0,03 0,07 0,05 0,04 0,14 0,06 0,11 0,07 0,08 0,08 0,07 0,07 
P2O5 0,04 0,03 0,04 0,04 0,06 0,05 0,03 0,03 0,05 0,04 0,06 0,03 0,03 
L.O.I. 5,77 6,51 6,98 5,98 4,79 4,68 5,15 6,64 1,73 1,58 1,74 1,79 1,38 
Total 99,31 99,84 99,47 99,58 99,29 99,43 99,50 99,52 99,35 99,75 99,58 99,49 99,62 

Fe3+/Fe2+ 0,75 0,79 1,08 0,72 0,53 0,45 0,76 1,42 0,35 0,47 0,46 0,45 0,42 
Mg # 80,24 80,58 80,27 81,77 81,54 79,06 77,48 80,92 80,53 80,33 79,89 80,47 79,07 
Cu 52 48 47 42 63 32 31 20 108 112 93 65 100 
Ni 770 890 700 855 920 510 520 460 250 240 235 240 185 
Co 106 132 108 115 133 94 107 73 56 58 48 52 44 
Cr 1250 1500 910 1250 1550 840 840 1080 1200 1290 1260 1230 730 
La     0,70    1,40   1,00 1,50 
Ce     1,80    3,80   2,50 3,70 
Nd     1,30    3,00   2,00 2,40 
Sm     0,44    0,95   0,73 0,70 
Eu     0,16    0,39   0,27 0,30 
Gd     0,50    1,10   0,90 0,90 
Tb     0,10    0,18   0,30 0,20 
Yb     0,28    0,59   0,42 0,53 
Lu     0,04    0,09   0,06 0,08 

Eu /Eu*     1,04    1,16   1,02 1,16 
Hf     0,20    0,30   0,23 0,24 
Ta     0,01    0,02   0,01 0,02 
Th     0,30    0,14   0,20 0,20 
U     0,20    0,20   0,20 0,30 

(La/Yb)ch     1,69    1,60   1,61 1,91 
(La/Sm)ch     1,00    0,93   0,86 1,35 
(Sm/Yb)ch     1,68    1,73   1,86 1,42 
Sample И2027 8428 И2037 И1988 И2030 8432 8427 8426 И2035 8436 И1964 И2026  

Component 14 15 16 17 18 19 20 21 22 23 24 25  
SiO2 46,76 46,57 45,79 41,97 45,82 46,53 46,63 45,23 45,17 45,62 46,79 47,34  
TiO2 0,27 0,29 0,30 0,21 0,22 0,33 0,26 0,19 0,37 0,19 0,30 0,32  
Al2O3 14,10 15,84 15,41 16,85 11,76 15,40 18,63 21,03 15,24 26,09 17,92 12,21  
Fe2O3 1,97 1,64 2,28 2,69 1,89 2,51 1,89 1,42 1,88 1,69 1,70 2,44  
FeO 5,97 4,21 4,30 5,99 5,54 4,66 4,55 4,26 5,41 1,81 4,30 6,19  

FeO total 7,74 5,69 6,35 8,41 7,24 6,92 6,25 5,54 7,10 3,33 5,83 8,39  
MnO 0,12 0,08 0,10 0,12 0,11 0,11 0,10 0,08 0,11 0,05 0,08 0,14  
MgO 15,03 12,68 12,67 18,67 16,88 12,07 11,14 11,13 15,69 5,92 11,64 15,09  
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CaO 12,77 15,61 15,33 8,40 14,77 14,77 14,49 13,75 11,59 15,61 15,46 13,68  
Na2O 1,02 0,95 0,86 1,08 0,59 0,97 1,19 1,13 1,24 1,08 1,02 1,02  
K2O 0,16 0,12 0,08 0,08 0,06 0,20 0,06 0,06 0,24 0,11 0,06 0,12  
P2O5 0,05 0,04 0,04 0,07 0,03 0,04 0,03 0,03 0,07 0,05 0,04 0,04  
L.O.I. 1,18 1,61 2,36 3,26 1,69 2,03 1,18 1,10 2,31 1,28 1,37 1,57  
Total 99,40 99,64 99,52 99,39 99,36 99,62 100,1

5 
99,41 99,32 99,49 100,6

8 
100,1

6 
 

Fe3+/Fe2+ 0,33 0,39 0,53 0,45 0,34 0,54 0,42 0,33 0,35 0,93 0,40 0,39  
Mg # 77,58 79,90 78,05 79,83 80,61 75,67 76,06 78,18 79,75 76,01 78,07 76,24  
Cu 20 138 120 320 17 108 43 29 93 43 29 70  
Ni 230 190 186 535 230 196 142 164 270 86 52 150  
Co 48 48 48 86 56 38 51 56 56 30 34 56  
Cr 780 630 460 1320 810 550 1030 740 960 760 830 420  

 
Note: 1 - Pl-beraing dunite, 2, 3 - plagioclase peridotite, 4 - wehrlite, 5 - troctolite, 6-8 - 
melanogabbro, 9-11, 14-21 - olivine gabbro, 12, 22 - amphibolized olivine gabbro, 13, 24, 25 - 
olivine gabbro of marginal facies, 23 - anorthosite. Eu/Eu* is the ratio of the measured chondrite-
normalized Eu content to the Eu* value interpolated between chondrite-normalized Sm and Gd 
contents. 

 
 

PRIMARY MAGMA AND MANTLE SOURCE COMPOSITIONS 
 

In this work, we attempted to specify, based on geochemical and petrogenetic relationships, some 
typical features of the mantle source and primary magma of the Central pluton and possible 
conditions of melt generation. Basic rocks similar to those of the Central pluton were previously 
considered to be products of melting of the depleted mantle [2]. As is known [23, 24], HFSE (Ta, 
Hf, Ti, etc.) and HREE are immobile in the process of subduction-related oceanic plate 
dehydration and their contents are inherited from mantle composition before the subduction. In 
the case of the Central pluton, the mantle component was similar to the depleted mantle source 
before the enrichment in mobile elements (Fig. 8f). 

The presence of garnet in the residue after primary melt generation provides important 
constraints on the depth of magma generation. Dostal [22] proposed a method to determine the 
type of mantle source from REE contents in the melt equilibrated with this source as a function of 
the degree of partial melting; the equations derived by Shaw [25] were used for this purpose. 

The composition of liquid formed upon batch melting, when the liquid phase remains in 
equilibrium with solids, is calculated from the proportions of mineral phases in the residue. The 
concentration of a given element, i, in the melt (Ci

l) is related to its concentration in the initial 
solid matter Ci

0 as [25] 
Ci

l/Ci
0 = 1/[Di

0 +F(1 - Di
0)], (1) 

where F is the melt fraction; Di
0 is the bulk solid/liquid partition coefficient for a given 

element, i: 
where xi

s is the fraction of a given mineral, i, in the solid residue (s) and Ki
j is the partition 

coefficient of a given element, i, between the mineral, i, and melt. 

∑
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The set of mineral phases and their proportions change with increasing degree of melting. 
Although these changes occur as discrete steps, the linear approximation derived by Shaw allows 
the description of general variations in the melt composition. In the case of equilibrium partial 
melting [25]: 

Di = (Di
0 - PiF)/(1 - F); (2) 

 
where Pi is the bulk partition coefficient of a given element, i, for minerals consumed by 

melting and pi is the fraction of a given phase, i, in melt. 
The concentration Ci

l of a given element, i, in the melt is determined from equations (1) 
and (2) [25]: 

Ci
l /Ci

0 = 1/[Di
0+F(1 - Pi)]. (3) 

Given the source mineralogy, proportions of phases consumed by melting [22], and 
partition coefficients between these phases and melt (Table 8), the REE content of melt 
equilibrated with a mantle source can be calculated for any F value. In our case, the inferred N-
MORB source (MORBMA) [10] of the Central pluton (Table 6) was modeled for three mineral 
assemblages: garnet lherzolite, quartz eclogite, and spinel lherzolite (Table 9). The calculated 
chondrite-normalized [8] REE contents in the melts equilibrated with mantle sources were 
compared with the REE patterns of the primary melt of the Central pluton (Fig. 9). The 
comparison has shown that the REE distribution patterns of the primary melt are consistent with 
the garnet lherzolite source. 

As follows from the aforesaid, the primary melt of the Central pluton is picritic in 
composition and characterized by extremely low REE contents and relatively high Ni content in 
comparison to MORB: 8.44 ppm REE and 440 ppm Ni in the primary melt against 28.81 ppm 
REE and 177 ppm Ni in N-MORB [9] (Table 6). This geochemical signature is characteristic of 
a primary picritic melt formed at high pressure and temperature through garnet lherzolite melting. 
The estimated composition of the primary mantle melt brought in equilibrium with the inferred 
garnet-bearing source is a key point in the evaluation of the extent of fractionation of the primary 
melt of the Central pluton during its ascent. The calculation method was proposed by Hanson and 
Langmuir [31], who used the relationships between MgO and FeO for the primary melt 
discrimination. The method includes the calculation of MgO and FeO contents in melt in 
equilibrium with the given mantle source at the lowest and highest degrees of melting and, thus, 
specifies the primary melts at certain P-T conditions. According to experimental data [32], garnet 
is stable under anhydrous conditions above 27 kbar. The alumina content of the primary melt 
generated in the stability field of garnet peridotite decreases with increasing total pressure, and 
this relationship can serve as an indicator for the depth of melting [33]. The Al2O3 content of 
picrite produced at 28 kbar is 13-14 wt % [34]. At a pressure higher than 30 kbar, the melts 
contain <13 wt % Al2O3 [33]. According to these data, the Al2O3 content of the primary melt of 
the Central pluton (13.5 wt %) corresponds to its generation at a lithostatic pressure of 28-30 kbar 
under anhydrous conditions. Island-arc systems are usually water-bearing, and, thus, the melting 
therein occurs at lower pressure relative to the anhydrous system under the same composition. 

The method of Hanson and Langmuir [31] was used for the calculation of MgO and FeO 
contents in a primary melt in equilibrium with a hypothetical garnet-bearing mantle source with 
Fo-92.06 within a temperature range of 1525-1850oC (Fig. 10; Table 6) for the limiting case of 
anhydrous melting at 30 kbar. The experimental data on the olivine/melt partition coefficients in 
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high-Mg systems at a pressure of 30 kbar are given in [35, 36]. The composition of the primary 
melt of the Central pluton falls into the field of primary mantle melts with Fo-92.06 bounded by 
lines corresponding to the highest (Fmax) and lowest (Fmin = 0) degrees of melting (Fig. 10). The 
line of melt composition at P = 30 kbar and F = 28% goes through the composition of the primary 
melt of the Central pluton at a temperature of ~1650oC. This implies that such composition could 
be a primary magma. It should be noted that this method of estimation of the primary melt 
composition is very approximate, because the linear relationship between parameters is valid only 
for small segments. In general, melt composition changes step-wise increasing the uncertainty of 
calculations. This made to use other models of partial melting. The MELTS program [12] is 
based on the minimization of the Gibbs potential and eliminates the issue of nonlinear integral 
trends. As was shown in [37], the results of thermodynamic computation by MELTS are in good 
agreement with experimental data. However, a systematic discrepancy exists between the 
calculated composition of partial melts and experimental compositions for some oxides. For 
example, the calculated MgO content is overestimated in comparison with experimental data by 
2-3 wt % for fertile peridotite and by 3.5-4.5 wt % for depleted peridotite depending on the 
degree of partial melting. On the contrary, SiO2 content is systematically underestimated by 3-4 
wt % in comparison with experimental data because of the shrinkage of the olivine stability field 
and expansion of the orthopyroxene field relative to experimental results. The calculated melt 
compositions may differ significantly from compositions obtained in experiments at low degrees 
of partial melting (F). The calculated CaO content of the melts derived from depleted peridotite at 
F < 0.1 is higher by 0.5-1.5 wt % than CaO in experimental melts. The discrepancy reaches 1-2 
wt % for fertile peridotite at F < 0.2. The Al2O3 content of model melts is lower than that of 
experimental melts by 0-1.3 wt % for fertile peridotite and by 1.5-3.0 wt % for depleted 
peridotite. The calculated FeO content for depleted peridotite is systematically overestimated by 
1.5-3.0 wt %. A model primary melt was calculated using the MELTS program for equilibrium 
with a hypothetical mantle source with Fo-92.06 at 25 kbar, QFM buffer, and 0.1 wt % of water 
in the source, which is equal to the mean water content of the upper mantle [32]. Taking into 
account the systematic errors of calculations, the model mantle melt is identical to the primary 
melt of the Central pluton (Table 6). The Vourinos ophiolite complex in Greece [11] is most 
similar to the inferred mantle source of the Central pluton (Fig. 10; Table 6). The batch melting 
of the primitive mantle [9] under the same conditions yields melts containing more than 6 mol % 
(11.15 wt %) FeO (Table 6). This rules out the possibility of parental magma generation in fertile 
mantle sources. The coeval subduction-related high-alumina volcanics of the Lake Zone can be 
comagmatic to the rocks of the Central pluton, if the effects of contamination or magma mixing 
are taken into account. In any case, the volcanic and plutonic rocks could be derived from a 
common garnet-bearing mantle source. Some high-alumina layered basic plutons of the Lake 
Zone also could be shallow-seated comagmatic counterparts of these volcanics. Most likely, the 
Central pluton is a hypabyssal analogue of primitive high-Mg island-arc basalts with high Ni and 
Cr contents, which are often associated with high-alumina island-arc basalts [23]. 

 
 

Table 8. The calculated bulk partition coefficients: residue/liquid (D0) and minerals consumed by 
melting/liquid (P) for various mantle sources 

 
Mineral/liquid  La Ce Nd Sm Eu Gd Yb Lu U Hf 
partition coefficient          
Ol / liq [26]  0,007 0,006 0,006 0,007 0,007 0,010 0,049 0,045   
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Ol / liq [27]          0,002 0,013 
Opx / liq [28]  0,020 0,020 0,030 0,050 0,050 0,090 0,340 0,420   
Cpx / liq [26]  0,056 0,092 0,230 0,445 0,474 0,556 0,542 0,506   
Grt / liq [29]  0,001 0,007 0,026 0,102 0,243 0,680 6,167 6,950   
Sp / liq [30]  0,001 0,001 0,001 0,001 0,001 0,001 0,005 0,005   

   Garnet lherzolite       
Mineral contents in the source: Ol-60%,Opx-20%,Cpx-10%,Grt-10%     
Mineral contents in the melt: Ol-40%,Opx-15%,Cpx-25%,Grt-20%     

Coefficient  La Ce Nd Sm Eu Gd Yb Lu   
Do  0,016 0,021 0,042 0,083 0,103 0,177 0,922 1,028   
P  0,024 0,036 0,083 0,170 0,213 0,351 1,727 1,917   
   Eclogite        

Mineral contents in the source: Cpx-50%,Grt-50%       
Mineral contents in the melt: Cpx-80%,Grt-20%       

Coefficient  La Ce Nd Sm Eu Gd Yb Lu   
Do  0,029 0,050 0,128 0,274 0,359 0,618 3,355 3,728   
P  0,045 0,075 0,189 0,376 0,428 0,581 1,667 1,795   
   Spinel lherzolite       

Mineral contents in the source: Ol-55%,Opx-15%,Cpx-25%,Sp-5%     
Mineral contents in the melt: Ol-35%,Opx-15%,Cpx-50%,Sp-0%     

Coefficient  La Ce Nd Sm Eu Gd Yb Lu   
Do  0,021 0,030 0,066 0,123 0,130 0,159 0,216 0,217   
P  0,033 0,051 0,122 0,232 0,247 0,295 0,339 0,332   

 
Note: The mineral compositions of sources and proportions of minerals entering melts are given 
after [22]. (Ol) Olivine, (Opx) orthopyroxene, (Cpx) clinopyroxene, (Grt) garnet, and (Sp) spinel. 
 
 
Table 9. The calculated REE content (ppm) of melt as a function of the degree of partial melting 
(F) 
 

    Garnet lherzolite    
F La  Ce Nd Sm Eu Gd Yb Lu 

F=0,005 13,59 37,18 19,89 4,03 1,30 2,77 0,46 0,06 
F=0,1 2,54 8,18 6,95 2,11 0,77 2,07 0,49 0,07 
F=0,2 1,37 4,49 4,12 1,41 0,54 1,63 0,54 0,08 
F=0,3 0,94 3,09 2,93 1,06 0,41 1,34 0,60 0,08 
F=0,4 0,71 2,36 2,28 0,84 0,33 1,14 0,67 0,10 
F=0,5 0,57 1,91 1,86 0,70 0,28 1,00 0,75 0,11 
F=1 0,29 0,97 0,97 0,38 0,16 0,61 2,16 0,58 

     Eclogite     
F La  Ce Nd Sm Eu Gd Yb Lu 

F=0,005 7,44 14,99 5,90 1,06 0,32 0,67 0,10 0,01 
F=0,1 2,23 6,30 3,95 0,90 0,29 0,66 0,12 0,02 
F=0,2 1,28 3,92 2,94 0,78 0,27 0,65 0,13 0,02 
F=0,3 0,90 2,84 2,33 0,69 0,24 0,65 0,15 0,02 
F=0,4 0,69 2,23 1,94 0,61 0,22 0,64 0,17 0,02 
F=0,5 0,56 1,83 1,66 0,55 0,21 0,63 0,20 0,03 
F=1 0,29 0,97 0,96 0,37 0,15 0,59 2,15 0,61 

    Spinel lherzolite    
F La  Ce Nd Sm Eu Gd Yb Lu 

F=0,005 9,78 24,07 11,26 2,32 0,88 2,59 1,62 0,25 
F=0,1 2,40 7,44 5,68 1,60 0,62 1,97 1,33 0,20 
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F=0,2 1,34 4,31 3,73 1,20 0,47 1,57 1,12 0,17 
F=0,3 0,93 3,03 2,78 0,96 0,38 1,30 0,97 0,15 
F=0,4 0,71 2,34 2,21 0,80 0,32 1,12 0,85 0,13 
F=0,5 0,57 1,90 1,84 0,69 0,28 0,98 0,76 0,11 
F=1 0,29 0,99 1,00 0,40 0,16 0,60 0,49 0,07 

 
Note: The calculation was performed for the batch melting of the N-MORB source (MORBMA) 
[10] represented by garnet lherzolite, eclogite, and spinel lherzolite. The equations derived by 
Shaw [25] were used for the calculation. 
 
 
Fig. 9. Chondrite-normalized REE distribution patterns in melt at various degrees of partial 
melting (F): (a) garnet lherzolite, (b) quartz eclogite, and (c) spinel lherzolite in comparison with 
the REE distribution in the model primary melt of the Central pluton.The initial REE contents in 
all models correspond to the level of the N-MORB source (MORBMA) [10]. 
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Fig. 10. MgO versus FeO as a criterion of primary composition for magmas formed by batch 
melting of mantle sources at a pressure of 30 kbar. 
(1) Garnet lherzolite with Fo-92.06; (2) field of melts formed by melting of the hypothetical 
mantle source of the Central pluton (Fo-92.06); (3) bulk composition of the Vourinos ophiolite 
complex, Greece [11]; (4) field of melts formed by melting of a mantle source corresponding to 
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the composition of the Vourinos ophiolite complex; (5) melt derived from the hypothetical 
mantle source of the Central pluton (Fo-92.06) at a degree of melting of 28% (F = 0.28); (6) 
primary melt of the Central pluton; (7) marginal facies of the Central pluton [2]; and (8) primitive 
mantle with Fo-89.42 [9]. 

 
 

CONCLUSIONS 
 
 

1. The Central pluton in the Lake Zone, western Mongolia belongs to the Cambrian 
peridotite-pyroxenite-anorthosite-gabbronorite association. It is a single-phase layered basic 
intrusion with a weighted mean picritic composition. The chilled, marginal facies, and layered 
series are recognized; the latter comprises the ultramafic, subultramafic, mafic, and anorthositic 
rock groups. The change of cumulus mineral assemblages in the section indicates the following 
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crystallization sequence: [Ol(Fo64.3) + Sp] - [Ol(Fo68.7-65.6) + Pl(An77.7) +/- Cpx (Mg# = 86.8-
80.0)] - [+/- Ol(Fo66.5-54.5) + Pl(An89.3-68.6) + Cpx (Mg# = 87.5-78.5) + Opx (Mg# = 84.7-64.4)]. 

2. The primary magma that entered the intrusive chamber already contained about 20% of 
olivine crystals, which formed a basal peridotite unit at the chamber bottom. According to 
computer modeling by the COMAGMAT 3.5 program [6], the whole magmatic series of the 
Central pluton including the basal peridotite unit could be formed by the sequential fractionation 
of major cumulus phases (olivine, plagioclase, and clinopyroxene). The modeling was performed 
in the regime of layered intrusion formation at 1 kbar, QFM buffer, and 0-0.5 wt % H2O in the 
melt. 

3. The geochemical signature of the Central pluton is typical of subduction-related 
magmas, particularly, of island-arc tholeiitic series. Trace element contents in the plutonic rocks, 
except for highly mobile U and Th, are comparable with those in the primitive mantle. 

4. The primary melt of the Central pluton was formed in the environment of a primitive 
island arc from a mantle source similar in composition to the N-MORB source enriched in 
mobile component in the course of subduction. 

5. The major and trace element composition of the primary melt and modeling by the 
MELTS program [12] indicate that it could be formed by partial melting of the depleted garnet 
lherzolite at a pressure of 25 kbar, a temperature of 1600oC, 0.1 wt % H2O in the source, and 20% 
melting. 

6. The Central pluton is probably a shallow-seated analogue of the coeval high-alumina 
volcanics of the Lake Zone. The parental melt of the volcanics was probably contaminated by 
crustal material and experienced magma mixing. The similar geochemical characteristics of the 
volcanic and plutonic rocks suggest the existence of a common garnet-bearing mantle source 
related to the subduction zone. 
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