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Three crystalline complexes were newly described in the area of the junction between the Mongolian Altay and Gobi 
Altay in the surroundings of Chandman Sum, SW Mongolia. Khan Khayrkhan, Chandman Khayrkhan and Unegt Uul 
crystalline complexes were distinguished on the basis of their geological position, distinct petrography, metamorphic 
style and contrasting geochronological data. These units are situated along the northern margin of the Gobi-Altay Terrane 
and at first sight seem to have a very simple and uniform history. However, detailed studies reveal a more complex and 
varied evolution. 
The Unegt Uul Crystalline Complex is a tectonic mélange of leucogranites, amphibolites and mica schists exposed 
between the branch of the Bogd fault in the north and Lower Palaeozoic sediments in the south. Metamorphic rocks 
suffered a prograde metamorphic event reaching temperatures of c. 650 °C and pressures of 6–7.5 kbar estimated from 
amphibolites. This Complex represents the oldest of the three units; the age of leucogranite formation corresponds to 
Cambrian (518 ± 5 Ma).
Chandman Khayrkhan Crystalline Complex is also restricted by Bogd fault from the north but southern boundary is limited 
by an intrusive contact with the Chandman Massif. It is composed of orthogneisses and migmatites with amphibolite 
and calc-silicate lenses. The Complex was affected by a HT, likely periplutonic, metamorphic event and subsequent 
retrogression. While the rocks of the Chandman Khayrkhan Crystalline Complex remain undated, the age of the granitic 
rocks in the Chandman Massif itself are Early Carboniferous (345 ± 2 Ma).
The Khan Khayrkhan Crystalline Complex has tectonic contacts with the surrounding Palaeozoic volcanosedimentary 
units. It is built by orthogneisses, amphibolites, paragneisses and mica schists. Metamorphic style corresponds to a pro-
grade event with peak at c. 670 °C and 7–10 kbar. The crystallization age for the granitic protolith to the orthogneisses 
was the latest Devonian (363 ± 3 Ma).
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1.	Introduction

Generally speaking, there is lack of data on conditions 
and timing of metamorphism in Mongolia and the SW 
part of the country is no exception. In contrast, numerous 
works have been concerned with Cenozoic faults (e.g. 
Molnar and Tapponnier 1975; Bayasgalan et al. 1999; 
Cunningham et al. 2003; Vassallo et al. 2007) as well as 
Palaeozoic (Dergunov 2001 or Windley et al. 2007 for 
review) or Mesozoic (e. g. Yarmolyuk and Kovalenko 
2001) volcanosedimentary complexes. Geochronologi-
cal data and tectonostratigraphic reconstructions have 
been assembled recently for the region of south-western 

Mongolia (Kepezhinskas et al. 1991; Badarch and To-
murtogoo 2001; Badarch et al. 2002; Buchan et al. 2002; 
Khain et al. 2002, 2003; Kovach et al. 2005; Kozakov et 
al. 2005; Helo et al. 2006). 

Traditionally, the territory of Mongolia has been sub-
divided into northern and southern domains, which are 
separated by the so-called Main Mongolian lineament 
– a regional topographic and structural boundary dividing 
mostly Precambrian and Lower Palaeozoic rocks in the 
north from dominantly Middle–Upper Palaeozoic units in 
the south (Marinov et al. 1973; Badarch et al. 2002). The 
studied area is situated right along this boundary, which 
separates here the two different structural zones, the Lake 
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Zone in the north and the Gobi Altay Zone in the south 
(Rauzer et al. 1987). The Lake Terrane represents, accord-
ing to Badarch et al. (2002) a former island arc and Gobi 
Altay Terrane is interpreted as a backarc/forearc basin.

Metamorphic domains are insufficiently known in the 
Mongolian and Gobi Altay mountain ranges. New meta-
morphic complexes were described during the geological 
survey of Zamtyn Nuruu area (Hanžl and Aichler 2007; 
see Introduction to this Volume), where the south-eastern 
Mongolian Altay and eastern Gobi-Altay ranges merge 
south of the Bogd fault in the Gichigeney Nuruu and 
Bayan Tsagaan Mts. These Unegt Uul (UUC), Chandman 
Khayrkhan (CHC) and Khan Khayrkhan (KKC) crystal-
line complexes recorded medium- to high-temperature 
and medium-pressure conditions. This paper brings first 
petrologic and P–T data from the metamorphic rocks 
in the western part of the Gobi-Altay Terrane, comple-
mented by geochemical and isotopic analyses as well as 
U-Pb zircon and monazite dating.

2.	Geological setting

The studied region is situated in the SW Mongolia, ap-
proximately 740 km SW of Ulaanbaatar at the junction of 
south-eastern Mongolian Altay (Gichigeney Nuruu range) 
with eastern Gobi Altay (eastern Bayan Tsagaan range 
represented by Unegt Uul and Chandman Uul).

Geologically, Mongolia is built by a number of tec-
tonic zones that form the part of the extensive Central 
Asian Orogenic Belt – CAOB (Mossakovsky et al. 1994) 
known also as Altaids (Sengör et al. 1993). This belt 
has developed between the Siberian Block in the north, 
the Tarim Block in the south-west and the Sino-Korean 
Block in the south. It is characterized by an accretion of 
various terranes of different origin (Sengör et al. 1993; 
Windley et al. 2002; Jahn et al. 2004) and evolved dur-
ing time span of 1000–250 Ma (Windley et al. 2007). 
Nevertheless, the tectonic evolution of the CAOB in 
north-eastern Mongolia culminated during the closure of 

Fig. 1 Geological outline of the studied area in the easternmost Mongolian Altay (based on Hanžl and Aichler 2007 and results presented in this 
Volume). KKC – Khan Khayrkhan Crystalline Complex; CHC – Chandman Khayrkhan Crystalline Complex; UUC – Unegt Uul Crystalline Com-
plex, NPHS – Khan Taishir Fm.
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the Mongolian–Okhotsk marine basin in Early Jurassic 
times (Yarmolyuk and Kovalenko 2001). 

The studied area is a part of the Gobi-Altay domain 
of the Altay orogen extending eastward from Russia and 
eastern Kazakhstan, through the northern China to south-
western Mongolia. The Gobi-Altay Terrane most likely 
represents the south-western continental margin of the 
Siberian Plate (Xiao et al. 1992). According to Badarch 
et al. (2002), it forms a long narrow belt rimming the 
northern margin of the southern domain of Mongolia. It is 
composed of Cambrian (?) marine sediments and volca-
noclastic rocks metamorphosed under greenschist-facies 
conditions accompanied by Palaeozoic sediments, with 
volcanic and volcanoclastic rocks of a forearc/backarc 
character. The sequence was intruded mainly by Carbon-
iferous to Permian granite plutons. 

Three metamorphic units were recognized in the east-
ern part of the Gobi-Altay Terrane in a form of tectonic 
slices inside the Palaeozoic sediments and volcanoclastic 
rocks. The Chandman Khayrkhan and Unegt Uul crys-
talline complexes are exposed in the easternmost range 
of the Bayan Tsagaan Mts. and the Khan Khayrkhan 
Crystalline Complex on the NE slopes of the Gichigeney 
Nuruu Mts. (Fig. 1). 

2.1.	Unegt Uul Crystalline Complex (UUC)

The exposures of UUC are restricted to a narrow belt in 
the Unegt Uul range lying directly in the tectonic mé-
lange of the Bogd fault zone (Hanžl and Aichler 2007) 
(Fig. 2). The E–W trending branches of the master fault 
separate crystalline rocks and Permian volcanic rocks in 
the north from the Lower Palaeozoic marine sediments 
with limestone layers in the south. The rocks of UUC 
are represented mainly by deformed and metamorphosed 
biotite granites to leucogranites, aplitic granites and 
pegmatites. Gneisses, mica schists and amphibolites 
represent roof pendants of the granitic intrusions. Lenses 
of gabbros, ultramafic rocks, amphibolites and undiffer-
entiated sediments are parts of a tectonic mélange in the 
eastern part of the belt.

Structural characteristics of the Unegt Uul Crystalline 
Complex reflect large-scale tectonic processes of brittle 
character. The E–W oriented fragmental faults of the Bogd 
fault system are the most distinct features. Faults are com-
monly accompanied by tens to a few hundred meters wide 
mylonitic zones of anastomozing character. Furthermore, 
E–W elongated Unegt Uul Crystalline Complex is trans-
versely segmented by several NW–SE trending faults. 

Fig. 2 More detailed geological map of the Chandman Khayrkhan and Unegt Uul crystalline complexes.
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Ductile fabrics are represented by foliation and lineation 
in gneisses and amphibolites preserved as roof pendants 
to cataclastic granites. Subvertical tight folds with E–W 
trending axes are rare. Foliations are NW–SE trending 
with dips varying from 30–65° to NE or SW. Lineations 
have a crenulation character in mica schists and plunge to 
SE under 20–40° and are subparallel with fold axes. 

2.2.	Chandman Khayrkhan Crystalline  
Complex (CHC)

The CHC is situated in an E–W trending belt between 
the Chandman Sum and Khutag Nuur lake (Figs 1–2). It 
is exposed in tectonic blocks lining the Bogd fault from 
the S in the area of the Chandman Khayrkhan Uul and 
one of its branches north of Khutag Nuur.

The northern border of CHC is formed by the scarp 
of the Chandman rupture (Baljinnyam et al. 1993) of the 
Bogd fault. Boudins of limestones and sediments of the 
Lower Palaeozoic formations exposed there emphasize 
the fault line. The metamorphic complex is limited in 
the SW by intrusive rocks of the Chandman Massif; the 
southern continuation is covered by Quaternary sedi-
ments.

Migmatites, gneisses and orthogneiss of granitic to 
granodioritic composition alternate in WNW–ESE ori-
ented irregular stripes and lenses. Amphibolite and calc-

silicate lenses are rare. Rocks are penetrated by numerous 
thin dykes of aplites and pegmatites (Buriánek et al. in 
press). The conspicuous NWN–ESE trending foliation is 
moderately to steeply dipping to the south. The foliation 
planes bear metamorphic lineations plunging variably to 
NW or SE. Towards the SW, the degree of deformation 
in orthogneisses decreases; rocks acquire an appearance 
of metagranitoids and pass gradually into granitic rocks 
of the Chandman Massif. Granitoids of the Chandman 
Massif intruded the high-grade metamorphic rocks and 
both units were subsequently jointly deformed. Therefore 
the CHC represents wall rocks to the intrusion, which fact 
is reflected by a number of (deformed) pegmatite dykes 
pertaining to Chandman Massif penetrating the CHC. 

2.3.	Khan Khayrkhan Crystalline Complex 
(KKC)

The KKC is exposed as narrow, NW–SE trending tectonic 
slice along the NE slopes of the Gichigeney Nuruu range; 
the most extensive exposures are in the area of Khan 
Khayrkhan Uul (NW part of the Gichigeney Nuruu). The 
north-eastern as well as south-western boundary of this 
unit are formed by steep faults (Fig. 3). Carboniferous 
turbidites crop out in the SW, slightly metamorphosed vol-
canoclastic sediments of supposed Cambrian age (Rauzer 
et al. 1987) occur in the NE. A small tectonic slice of the 

Fig. 3 More detailed geological map of the Khan Khayrkhan Crystalline Complex
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KKC mapped in the area of the Darkhan Uul at the south-
eastern termination of the mountain range is exposed 
between the Carboniferous turbidites and Devonian lime-
stones. The KKC is characterised by varying lithologies. 
Fine-grained gneisses alternating with amphibolites occur 
on the NE slopes of the Khan Khayrkhan Uul. They are 
accompanied by intercalations of crystalline limestones 
and lenses of garnet-staurolite mica schists in the E part. 
The mountain range itself is built by fine- to medium-
grained two-mica orthogneisses. The contact between 
orthogneisses and amphibolites is concordant.

Structures are characterized by a dominant foliation, 
which is NW–SE striking and steeply dipping to NE 
and SW. It corresponds to folding by large steep and 
tight folds confirmed by geological mapping (Hanžl and 
Aichler 2007). Linear structural elements – fold axes as 
well as lineations – are subhorizontal with prevailing 
WNW–ESE orientation. 

The recrystallized limestones of the KKC contain also 
relics of fossil material. However, the fossils are poorly 
preserved and their determination may be problematic. 
Still, Middle to Late Ordovician age may be with certain 
doubts supposed for the belt of strongly re-crystallised 
carbonates forming rock cliffs at the summit of the Khan 
Khayrkhan Uul. The age is based on the rare remains of 
the questionable Pluricollumnalia (crinoid possessing a 
rather Ordovician character but indeterminable because 
of fairly high degree of metamorphic overprint – deter-
mination made by R. Prokop from National Museum, 
Prague). Nevertheless, strongly recrystallized limestones 
to marbles locally contain perceptible but entirely inde-
terminable echinoderms – possibly crinoid debris. From 
the residuum after maceration (tectonically confined 
outcrop of limestones with cherts), questionable sponge 
spicules were found but their poor preservation prohibited 
an exact determination (Hanžl and Aichler 2007).

3.	Analytical techniques

Electron microprobe analyses were performed in the Joint 
Laboratory of Electron Microscopy and Microanalysis of 
the Masaryk University and the Czech Geological Sur-
vey (Brno) on the Cameca SX-50 instrument. Operating 
conditions were 15 kV accelerating voltage, and beam 
current of 80 nA. The obtained data were processed using 
Thermocalc software (version 3.21; Powell and Holland, 
1985; Holland and Powell, 1985; 1998; update February 
2002) to calculate the P–T conditions and to reconstruct 
the metamorphic evolution of studied samples. Conven-
tional thermometers (Thompson 1976; Lee and Holdaway 
1977; Ferry and Spear 1978; Perchuk and Lavrenťeva 
1983; Bhattacharya et al.1992; Ravna 2000) were also 
used for comparison.

Microprobe analyses for chemical Th-U-total Pb dat-
ing (CHIME) were carried out also in the Joint Labora-
tory of Electron Microscopy and Microanalysis in Brno. 
Operating conditions were 15 kV accelerating voltage, 
beam current 80 nA and a beam diameter of <1 µm for 
monazite and 5–10 µm for monazite alteration products. 
The monazite age was calculated using a method of 
Montel et al. (1996). 

Isotope analyses for LA-ICP-MS (Laser Ablation-In-
ductive Coupled Plasma-Mass Spectrometry) U-Th-Pb 
dating of zircon and monazite were performed at the 
Institute of Geosciences, Goethe University Frankfurt, 
using a Thermo-Scientific Element II sector field ICP-MS 
coupled to a New Wave UP213 ultraviolet laser system 
(Gerdes and Zeh 2006, 2008). Laser spot-size varied from 
20 to 40 µm and spot-selection was guided by internal 
structures as seen in cathodoluminescence (CL) images 
of the mounted and polished grains. Data were acquired 
in peak jumping mode over 900 mass scans during 20s 
background measurements followed by 30s sample abla-
tion. A teardrop-shaped, low volume laser cell was used 
to enable precise detection of heterogeneous material 
during time resolved data acquisition. Raw data were cor-
rected for background signal, common Pb, laser induced 
elemental fractionation, instrumental mass discrimina-
tion, and time-dependant elemental fractionation of Pb/Th 
and Pb/U using an Excel spreadsheet.

For the Sr and Nd isotopic study, the samples were 
dissolved using a combined HF-HCl-HNO3 attack. 
Strontium was isolated by exchange chromatography 
techniques on PP columns with Sr.spec Eichrom resin and 
bulk REE were isolated on PP columns filled with TRU.
spec Eichrom resin (Pin et al. 1994). The Nd was further 
separated on PP columns with Ln.spec Eichrom resin (Pin 
and Zalduegui 1997). Details of the procedure were pub-
lished by Míková and Denková (2007). Isotopic analyses 
were performed on Finnigan MAT 262 thermal ionization 
mass spectrometer at Radiogenic Isotopes Laboratory of 
the Czech Geological Survey in dynamic mode using a 
double Re filament assembly. The 143Nd/144Nd ratios were 
corrected for mass fractionation to 146Nd/144Nd = 0.7219, 
87Sr/86Sr ratios assuming 86Sr/88Sr = 0.1194. External 
reproducibility is given by results of repeat analyses of 
the La Jolla (143Nd/144Nd = 0.511852 ± 14 (2σ), n = 23) 
and NBS 987 (87Sr/86Sr = 0.710247 ± 26 (2σ), n = 25) 
isotopic standards. The Rb, Sr, Sm and Nd concentra-
tions were obtained by ICP-MS in Acmelabs, Canada. 
The decay constants applied to age-correct the isotopic 
ratios were from Steiger and Jäger (1977 – Sr) and Lug-
mair and Marti (1978 – Nd). The initial εNd values were 
obtained using Bulk Earth parameters of Jacobsen and 
Wasserburg (1980), the single- and two-stage Depleted 
Mantle Nd model ages (TD

Nd
M) were calculated after Liew 

and Hofmann (1988).



Kristýna Hrdličková, Khasbazaar Bolormaa, David Buriánek, Pavel Hanžl, Axel Gerdes, Vojtěch Janoušek

144

Samples representing main lithological types at least 
2–4 kg in weight were used for whole-rock geochemical 
analyses. Major and trace elements were determined at 
ACME laboratories, Canada. Total abundances of the ma-
jor oxides were analysed by ICP-emission spectrometry 
following a lithium metaborate/tetraborate fusion and di-
lute nitric digestion. Loss on ignition (LOI) is the weight 
difference after ignition at 1000 °C. The rare earth and 
most remaining trace elements were analysed by INAA 
and ICP-MS following a LiBO2 fusion; precious and base 
metals by aqua regia digestion/ICP-MS. 

4.	Petrography

4.1.	Unegt Uul Crystalline Complex

Fine-grained biotite granites to leucogranites with musco-
vite and igneous garnet are accompanied by dykes/bodies 
of aplites and pegmatites and occupy much of the UUC. 
They are exposed as an E–W elongated body with length 
c. 10 km no more than 1 km wide. Rocks are often de-
formed and cataclased, which is evident from brittle defor-
mation of feldspar grains and strong undulatory extinction 
of quartz. Gneisses, mica schists and amphibolites form 
metamorphic wall rocks of granites. They occur as xeno-
liths in granitoid rocks as well as lenses and belts lining 
the northern margin of the granite body. The thickness of 
the individual septa shows a considerable variation but 
usually does not exceed a few tens of metres. 

Fine-grained amphibolites with lenses of metagab-
bros and serpentinites often occur along, or within, the 
metagranite body. They are exposed in the northern 
foothill of the principal part of the Unegt Uul ridge and 
in the lock of the Khoid Ulaan Sair Valley. Amphibolites 
are commonly dark to black-green, fine-grained rocks, 
which alternate with greenish-grey amphibole-biotitic 
gneisses. The amphibolites exhibit lepidonematoblastic 
and nematogranoblastic texture and schistose or banded 
structure. They are composed of plagioclase, hornblende, 
quartz, biotite ± K-feldspar ± garnet. These minerals 
are often replaced by sericite, chlorite, epidote and iron 
oxides in altered domains. Apatite, titanite and opaque 
minerals are accessoric. 

Plagioclase from amphibolites shows wide compo-
sitional variation from andesine to bytownite (An34–81); 
plagioclases included in amphibole have an exclusively 
bytownite composition (An71). On the other end of this 
spectrum, albites (An8) are also present in some cases. 
Garnets from amphibolites (Fig. 4a–b) (Alm55–65 Grs24–

36Sps1–8Prp3–12Adr1–3) show zoning with slightly increasing 
or nearly constant Prp component contents and decreas-
ing Sps contents from core to rim. Biotites (Fig. 4c) have 
XFe = 0.73–0.76 and AlIV = 2.48–2.75. Amphiboles cor-

respond mostly to ferrotschermakite (Leake et al. 1997) 
with XMg = 0.25–0.29 (Fig. 4d). The lenses of medium- to 
coarse-grained gabbro are confined to amphibolite bod-
ies. These gabbroic rocks are composed of andesine to 
labradorite, hornblende, biotite, opaque minerals, titanite, 
epidote and accessoric zircon. 

Lenses of metagabbros and serpentinites form a part of 
tectonic mélange and their relationships to metamorphic 
rocks and granites remain unclear.

Mica schists are lepidoblastic, medium-grained, 
crenulated rocks. The mineral assemblage of the studied 
sample includes quartz, plagioclase, muscovite ± biotite 
± garnet. Modal composition of gneisses is rather similar, 
and the two rock types differ mainly in textural charac-
teristics and presence of K-feldspar in the gneisses. The 
gneisses consist of quartz, orthoclase, plagioclase, biotite, 
muscovite and garnet. Petrographic types with amphibole 
are also present. The common accessories are represented 
by zircon, apatite and opaque minerals. Garnets from 
the mica schist and gneisses are chemically relatively 
homogenous, in both of the rock types Alm component 
predominates (Alm64–79 Grs1–9Sps3–29 Prp4–12) (Fig. 4a–b). 
In contrast to garnets from amphibolites of the UUC, 
garnets from mica schists show weak rimward increase in 
Sps and slight decrease in Prp components (Fig. 5). Pla-
gioclase from mica schist is oligoclase (An15–29). Biotites 
are enriched in Mg (XFe = 0.30–0.32) and slightly in AlIV 

(2.60–2.69) compared to biotites from the amphibolite. 
The migmatized gneisses are relatively rare; they show 

usually banded structure comprising light brown biotite-
rich streaks alternating with light grey bands dominated 
by the quartz-feldspathic groundmass of quartz–plagio-
clase–K-feldspar composition. In addition, the quartzo-
feldspathic bands contain garnet and sillimanite. 

4.2.	Chandman Khayrkhan Crystalline  
Complex 

The CHC is built by orthogneiss, gneiss, migmatite and 
amphibolite with calc-silicate lenses. Orthogneisses form-
ing bodies in migmatites mainly on the SE slopes of the 
Chandman Khayrkhan Uul and north of Khutag Nuur are 
deformed apophyses of the Variscan Chandman Massif 
(Economos et al. in print). They are medium-grained 
rocks, having granodioritic to granitic composition, 
with granoblastic, locally porphyroblastic texture. The 
fine-grained varieties form boudined dykes and small 
lenticular bodies in migmatites and granites on the SE 
slopes of the Chandman Khayrkhan Uul. The rocks have 
granular texture that gives a massive impression. Locally 
they are garnet bearing and, in some cases, the K-feldspar 
crystals can reach 1 mm in size. 

The transition from orthogneisses to metagranites is 
marked by the occurrence of red porphyritic metagranite, 
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Fig. 4 Classification of rock forming minerals: a, b – garnet (mol. %), c – biotite (modified according to Guidotti 1984), d – amphibole (Leake et 
al. 1997). Plotted are chemical compositions of all analyzed minerals in the given rock type within individual crystalline complexes.

metagranodiorite to metadiorite, which are all present as 
bodies or boudins with ill-defined contacts against sur-
rounding metagranodiorite and metadiorite. Red porphy-
ritic metagranites are fine- to medium-grained rocks with 
plagioclase and biotite phenocrysts. The groundmass is 
equigranular and consists of plagioclase (30–40 vol. %), 
K-feldspar (20–30 %), quartz (15–20 %) and biotite 

(10–15 %). Plagioclase is subhedral and only locally dis-
plays growth zoning. Subhedral to anhedral K-feldspar and 
quartz are partly recrystallized. Accessory minerals include 
white mica, epidote, apatite and zircon. Biotite has been lo-
cally partially altered to chlorite and secondary epidote. 

The metagranitoids are surrounded by biotite migma-
tite and pearl gneiss with anatectic textures, whereas the 
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migmatites represent the thermal aureole of the intrusion. 
Pearl gneisses occurring particularly in the N correspond 
to the deformed migmatites. The rocks are generally me-
dium- to coarse-grained. Plagioclases are often present 
as porphyroblasts. The metasediments contain layers of 
locally migmatitized amphibolites up to several dm thick 
and consisting mainly of hornblende and plagioclase with 
minor quartz, biotite, epidote and titanite. 

The feldspar-bearing pearl gneiss is typically strongly 
migmatitic and passes through the nebulitic and schlieren 
structure to truly anatectic rocks. Pearl gneisses consist of 
common biotite, plagioclase and quartz. Sometimes there 
are present muscovite, sillimanite and garnet (Fig. 4a–b). 
The garnet (Alm51–54 Sps30–36 Prp11–14 Grs0–3 Adr0–3) shows 
a simple retrograde zoning characterised by concomitantly 
decreasing Prp and increasing Sps contents from core to 

rim. The Grs component shows a homogenous distribu-
tion throughout the garnet grains. Tourmaline is present 
as subhedral crystals (up to 1 cm across) at the boundary 
between melanosome and leucosome. Tourmalines are 
relatively homogeneous, sometimes with irregular zon-
ing (Mg-rich cores). Biotite corresponds to phlogopite 
according to the Guidotti’s classification (1984) (XFe = 
0.40–0.42, AlIV = 2.46–2.58 apfu – Fig. 4c). As accessoric 
minerals are present apatite and hematite. Migmatites also 
contain layers of calc-silicate rock up to 30 cm thick. On 
the eastern slope of the Chandman Khayrkhan Uul, there 
are exposed the largest bodies of biotite–amphibole gneiss 
to amphibolite with metagabbro and calc-silicate lenses. 
They form enclaves or layers (from several cm to 1 km 
long) surrounded by migmatites or metaigneous rocks. 
The calc-silicate rocks, amphibolites and mafic gneisses 

Fig. 5 Garnet profiles from the Unegt Uul Crystalline Complex amphibolite (a–b) and mica schist (c) samples.
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show evidence of primary volcano-sedimentary origin. 
Medium- to fine-grained, commonly banded, granoblastic, 
nematoblastic or poikiloblastic rocks have varied contents 
of amphibole (30 to 70 vol. %). A retrograde metamorphic 
event is indicated by the amphibole composition. Minor 
biotite, ore minerals and titanite are locally present. 

The metagabbro exposed in lenses is dark-grey to 
black, non-foliated, and very coarse-grained rock. 

Calc-silicate rocks are a rare type forming small lenses 
(up to 10 metres) in amphibolites. They consist mainly of 
garnet and pyroxene accompanied by interstitial quartz 
and plagioclase. Amphibole and epidote are present 
in a calc-silicate layer embedded in the amphibolite. 
Their mineral composition documents retrogression. 
Amphiboles are replaced by younger actinolite and fer-
roactinolite (Fig. 4d) or overgrown by epidote (Ps23–29), 
which sometimes forms independent, isometric grains. 
Calc-silicates also contain calcic plagioclase (An89–93), 
quartz and secondary chlorite.

In the northernmost part of the unit along the Bogd 
fault occurs a belt of porphyritic biotite gneisses. They are 
dark grey rocks composed of plagioclase, biotite, quartz 
and sometimes K-feldspar or muscovite. Characteristic are 
deformed porphyroblasts of light feldspar up to 5 mm in 
size. The quartz-plagioclase ribbons, which rarely occur 
along foliation planes, indicate a local anatexis. 

4.3.	Khan Khayrkhan Crystalline Complex 

The main rock types of the KKC are various ortho- and 
paragneisses. Most widespread are fine-grained ortho
gneisses exposed on the southern slope of the Khangiin 
Khar Uul and northern slope of the Khan Khayrkhan 
Uul. Gneisses alternate with amphibolite layers and com-
mon marble intercalations enclosing calc-silicate lenses. 
Some of the gneisses contain amphibole and pass into 
amphibole gneisses, usually associated with exposures of 
amphibolite. They are locally strongly deformed, become 
cataclastic to mylonitized with mortar structures.

Two-mica orthogneisses crop out on the southern 
slope of the Khan Khayrkhan mountain range. These 
orthogneisses are medium-grained, pink–grey rocks 
with augen structure. They consist of quartz, orthoclase, 
microcline, plagioclase of albite–oligoclase composition 
together with muscovite and biotite. Locally occur also 
garnet-sillimanite varieties. A layer of orthogneiss with 
1–3 cm large nests containing muscovite pseudomorphs 
after sillimanite was also found. 

The metabasic rocks include a number of different 
members – amphibole gneisses, amphibolite, metabasalts 
and metadiorites to metagabbros. The amphibole gneisses 
are banded, fine- to very fine-grained rocks of lepido-
granoblastic textures, often with garnet porphyroblasts 
reaching a maximum size of several centimetres. The 
amphibolites are fine-grained rocks with lepidograno-
blastic textures. They contain garnet porphyroblasts up 
to several cm across. Fine-grained matrix is composed 
of quartz, plagioclase, amphibole and biotite. Ilmenite, 
haematite and titanite are common accessories; zircon 
is scarce. The main ferromagnesian minerals are partly 
replaced by actinolite, chlorite, epidote and iron oxides. 
Amphibole has mostly ferrotschermakite composition 
(Leake et al. 1997) with XMg = 0.41–0.46 (Fig. 4d). 

Garnet grains from amphibolite (Fig. 4a–b) dominated 
by almandine component (Alm60–66 Sps7–12 Prp11–14 Grs12–16 
Adr1–2) involve a moderate decrease in Alm component 
towards the rims. Relatively homogenous distribution of 
the Prp component shows a slight increase in the mar-
ginal parts and negligible increase in one of the internal 
zones. Nearly inverse pattern is shown by the Grs dis-
tribution (Fig. 6a). Plagioclases from amphibolites have 
andesine to labradorite compositions (An41–58).

Garnet-staurolite mica schists crop out in a several tens 
of meters thick layer NW of the Tsakhir Bulagiin Uul. 
They exhibit granolepidoblastic to lepidoblastic texture 
and consist of fine- to very fine-grained matrix composed 
of a sericite–chlorite–biotite mixture; small grains of 
quartz, zoisite, and plagioclase are less common. Garnet 
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and/or staurolite porphyroblasts, several cm across, float 
in the matrix. Kyanite porphyroblasts are also rarely pres-
ent. Garnet porphyroblasts dominated by the almandine 
component contain linear trails of small quartz grains, 
aligned parallel to the foliation and documenting the late 
to post-deformational garnet growth. Garnet (Alm67–73 
Sps0–9 Prp7–14 Grs8–13 Adr2–3) (Fig. 4a–b) from the mica 
schist has zoning typical of a single-stage growth (e. g. 
Tracy 1982), with distinctive rimward increases in Alm 
and Prp compensated by antithetic deceases in Grs and 
Sps components (Fig. 6b). Biotite has nearly the same 
composition in both the studied rock types (mica schist 
and amphibolite): XFe = 0.39–0.52, AlIV = 2.49–2.66 
(Fig. 4c) Columnar crystals of staurolite, in some cases 
up to first cm in size, are intergrown by a large number 
of opaque minerals. In places they are strongly affected 
by retrogression, and often decomposed to biotite or 
mixture of quartz, biotite and iron oxides. They are also 
compositionally uniform (XFe = 0.86–0.89).

Plagioclase from mica schists has oligoclase compo-
sition (An26–29) in one of the studied samples, and much 
more basic (andesine to bytownite, An34–81) in the second 
one. The latter was sampled in close spatial relation with 
an amphibolite layer and such a high basicity of plagio-
clase likely reflects a preservation of primary composition 
of plagioclase from a tuffitic source. In some cases the 
plagioclases may show slight reverse zoning, whereby 
the core is more sodic than the marginal parts, and cor-
responds to the andesine (An37). 

5.	Whole-rock geochemistry

The newly obtained whole-rock geochemical data from 
orthogneisses (metagranites) and amphibolites of the 
KKC and UUC are presented in Tables 1 and 2. They are 
complemented by Sr–Nd isotopic data from one KHC 
amphibolite and Nd data from an UUC gabbro. No sam-
ples of Chandman Khayrkhan Crystalline Complex 
were analysed in course of the present study. The data 
presented in the diagrams (Figs 7–8) are for comparison 
only and come from Chandman Massif (Economos et al. 
in print).

Metagranites of the Unegt Uul Crystalline Complex 
(Fig. 7a) usually show high to very high Ba contents 
(47–1002 ppm) and variable Rb/Sr ratios (0.1–6.1). 
The SiO2 abundances range between 70 and 75 wt. %, 
A/CNK = 1.06–1.23 (Fig. 7b), potassium abundance is 
high (K2O = 3.8–4.8 wt. %; Fig. 7c) and the total REE 
contents are very variable (62–329 ppm). Chondrite-nor-
malised (Boynton 1984) REE patterns show slight LREE 
enrichment (LaN/SmN = 2.7–4.3), flat HREE (GdN/YbN = 
1.1–1.2) and moderate to deep negative Eu anomalies 
(Eu/Eu* = 0.33–0.61) (Fig. 7e). They fit the field of syn-

collisional, within plate and volcanic arc associations in 
the Rb vs. Ta + Yb diagram of Pearce (1984) (Fig. 7d). 

Amphibolites of the Unegt Uul Crystalline Complex 
are tholeiitic with SiO2 = 48.6–51.1 wt. % and K2O/Na2O 
= 0.1–1.0. Amphibolites correspond to MORB in geo-
tectonic discrimination diagram of Meschede (1986) 
(Fig. 8b). Compared to N-MORB (Sun and McDonough 
1989), the amphibolites are somewhat enriched in litho-
phile elements (Fig. 8a). Still, the REE contents are 
very low (34–43 ppm) and chondrite-normalized REE 
patterns flat as demonstrated by low LREE/HREE and 
LREE/MREE ratios (LaN/YbN = 1.4, LaN/SmN = 1.0–1.2; 
Fig. 8c). 

Exact age of the gabbro sample (D0873), which comes 
from a tectonic mélange, is not at all clear. Fortunately 
the age-corrected Nd isotopic composition does not vary 
greatly with time and thus it in any case demonstrates a 
large proportion of the crustal material (ε9

Nd
00 = -4.0), pre-

cluding direct derivation from the Earth’s mantle.
Granitic orthogneisses of the Khan Khayrkhan Crys-

talline Complex are medium-K calc-alkaline, slightly 
metaluminous to peraluminous rocks (A/CNK = 0.9–1.3; 
K2O/Na2O = 0.4–1.2). Trace-element signatures of the 
metagranitic rocks indicate a volcanic-arc character 
sensu Pearce et al (1984). Chondrite-normalised pat-
terns show well fractionated LREE and flat trend for the 
HREE (LaN/YbN = 6.5–11.5, LaN/SmN = 3.89–6.43). The 
Eu anomaly is variably negative to negligible (Eu/Eu* = 
0.5–1.0). (Fig. 7a–d, f)

Amphibolites from the Khan Khayrkhan Crystalline 
Complex are tholeiitic to calc-alkaline with SiO2 = 43.1– 
47.8 wt. % and very variable K2O/Na2O ratios (K2O/Na2O 
= 0.05–1.80). Chondrite-normalized REE patterns show 
a fair fractionation as demonstrated by LREE/HREE 
and LREE/MREE ratios (LaN/YbN = 3.0–6.4, LaN/SmN 

= 1.6–2.7). They are strongly enriched in lithophile and 
weakly in HFS elements compared with N-MORB (Sun 
and McDonough 1989) (Fig. 8b). Amphibolite samples 
fit into fields of within-plate basalt in the discrimination 
diagram of Meschede (1986) (Fig. 8a).

The trace-element composition of the amphibolite 
H0477 resembles EMORB (Fig. 8a–b). Accordingly, 
the Sr–Nd isotopic signature is primitive, in line with 
its likely derivation from a moderately depleted mantle 
source in Cambrian times (ε5

Nd
50 = +8.4, 87Sr/86Sr550 = 

0.7040, TD
Nd

M = 0.56 Ga).

6.	Metamorphic conditions

6.1.	Unegt Uul Crystalline Complex

Three samples from the UUC have been studied to esti-
mate metamorphic conditions of the unit: a mica schist 
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Fig. 7 Geochemical characteristics of acid rocks – granites and ortho
gneisses of UUC, KKC and CHC: a – Q’–ANOR diagram of Streck-
eisen and Le Maitre (1979) based on the Improved Granite Mesonorm 
(Mielke and Winkler 1979): 2 – alkali feldspar granite, 3 – granite, 
4 – granodiorite, 5 – tonalite, 6* – quartz-alkali feldspar syenite, 7* – 
quartz syenite, 8* – quartz monzonite, 9* – quartz monzonite/quartz 
monzogabbro, 10* – quartz diorite/quartz gabbro, 6 – alkali feldspar 
syenite, 7 – syenite, 8 – monzonite, 9 – monzodiorite/monzogabbro 
10 – diorite/gabbro; b – Shand’s index (A/CNK – A/NK) plot (Shand 
1943; Maniar and Piccoli 1989); c – diagram SiO2–K2O of Peccerillo 
and Taylor (1976); d – geotectonic discrimination plot for metagranitic 
rocks (Pearce et al. 1984); e–g chondrite-normalized (Boynton 1984) 
REE patterns for individual crystalline complexes (C. C.).
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Tab. 1 Whole-rock analyses (major elements in wt. %, trace elements in ppm) for acid rocks from the eastern Mongolian Altay. 

Sample H0168 H0267A H0332 H0333 H0335 R0221 Z0992 AB6-8 D0816
Sheet_no L-47-101A L-47-101B L-47-101A L-47-101A L-47-101A L-47-101A L-47-101A L-47-100 L-47-101V
E_coord. (°) 98.22329 98.37318 98.16809 98.19587 98.21791 98.08679 98.17676 97.96672 45.21626
N_coord. (°) 45.27573 45.23777 45.26511 45.26924 45.28201 45.29015 45.27202 98.15597 45.15311
Rock orthogneiss orthogneiss orthogneiss orthogneiss orthogneiss orthogneiss orthogneiss orthogneiss orthogneiss
Formation CHC CHC CHC CHC CHC CHC CHC KKC KKC
SiO2 75.48 72.56 57.72 76.12 72.12 68.89 70.64 69.30 74.08
Al2O3 14.00 14.23 15.43 13.43 13.19 14.63 14.16 13.45 13.86
Fe2O3 1.05 2.49 8.39 1.15 2.00 4.62 2.92 2.56 2.01
MgO 0.13 0.71 4.14 0.19 0.34 1.86 0.69 1.05 0.62
CaO 0.66 2.63 6.63 0.68 1.47 3.99 1.78 2.67 0.82
Na2O 3.45 4.35 2.82 2.63 2.85 3.14 3.56 4.76 5.81
K2O 4.32 1.55 1.78 4.51 4.07 1.76 4.07 1.75 1.41
TiO2 0.05 0.27 1.20 0.08 0.18 0.46 0.43 0.24 0.27
P2O5 0.08 0.10 0.46 0.08 0.05 0.14 0.13 0.06 0.06
MnO 0.10 0.05 0.13 0.04 0.03 0.07 0.03 0.06 0.06
LOI 0.60 0.60 0.80 0.90 1.00 0.40 1.40 3.90 1.00
TOT_C 0.01 0.01 0.01 0.01 0.06 0.01 0.10 0.83 0.04
Total 99.92 99.54 99.52 99.81 97.30 99.97 99.82 99.81 100.00
Sc 4 3 18 4 3 11 4 4 3
Ba 119.2 296.6 404.4 174.3 733.9 249.9 1305.0 559.7 276.4
Be 4 2 2 3 1 3 2 1 2
Co 0.8 3.9 27.6 1.0 2.6 12.2 5.5 4.0 2.9
Cs 8.6 3.9 1.9 4.4 9.1 9.3 1.7 1.3 0.3
Ga 21.4 20.0 20.8 17.8 17.0 21.4 15.7 12.8 13.9
Hf 2.4 4.3 5.4 1.9 4.4 6.2 6.8 3.3 5.5
Nb 32.0 7.0 14.9 19.1 11.0 11.5 9.0 4.6 10.7
Rb 244.9 78.8 66.9 173.3 185.3 102.8 65.1 39.9 26.8
Sn 2 2 3 2 2 3 1 1 2
Sr 28.6 312.8 382.1 50.3 159.8 183.2 278.0 156.1 161.2
Ta 3.8 0.5 0.9 2.5 1.3 0.8 0.6 0.3 1.0
Th 6.7 10.0 4.4 7.2 32.1 8.1 6.5 8.2 9.8
U 1.3 1.4 1.2 1.6 2.5 1.0 1.3 1.8 1.5
V – 26 173 6 14 71 29 28 16
W 0.5 0.2 0.1 2.4 0.7 0.2 0.2 0.4 0.7
Zr 48.6 148.7 226.7 45.5 147.0 194.4 267.9 98.1 166.2
Y 25.8 9.7 29.0 21.9 21.1 25.2 17.9 10.4 17.9
Mo 0.2 0.2 0.3 0.2 0.2 0.2 0.2 0.4 0.3
Cu 6.3 7.9 53.0 6.9 7.6 20.2 6.1 15.2 10.8
Pb 1.7 2.7 1.1 2.8 6.0 1.6 3.2 6.6 1.8
Zn 9 48 61 13 25 74 35 39 31
Ni 2.2 5.1 49.9 2.1 3.0 32.8 4.4 6.6 3.6
As 0.5 0.5 0.8 0.6 0.6 – 0.5 3.1 0.8
Cd 0.1 – – – 0.1 0.1 – – –
Sb – – – – 0.1 – – – 0.1
Bi 0.1 – – 0.2 0.1 0.1 – 0.1 0.1
Au 1.4 1.0 1.1 0.9 – 17.1 4.3 – 0.8
Tl 0.1 0.3 0.3 0.1 0.3 0.5 0.1 – –
La 10.0 19.4 25.2 11.3 37.8 25.2 41.7 17.6 24.9
Ce 22.9 37.2 62.5 25.1 67.0 57.3 86.7 36.7 59.8
Pr 2.52 3.88 7.55 2.68 6.87 6.32 8.83 3.75 5.73
Nd 10.1 15.9 34.3 10.4 23.6 27.2 32.5 12.8 21.2
Sm 2.6 2.7 6.7 2.6 4.3 5.6 5.1 2.1 3.6
Eu 0.27 0.74 1.57 0.38 0.86 1.52 1.32 0.57 0.70
Gd 3.23 2.25 6.02 2.80 4.14 5.08 3.69 1.59 2.74
Tb 0.69 0.32 0.86 0.50 0.58 0.84 0.61 0.30 0.51
Dy 3.97 1.65 5.03 3.35 3.23 4.92 3.26 1.65 2.76
Ho 0.86 0.32 1.06 0.66 0.68 0.97 0.57 0.31 0.52
Er 2.46 0.80 2.70 1.80 1.97 2.65 1.64 0.98 1.76
Tm 0.38 0.12 0.39 0.29 0.31 0.37 0.23 0.14 0.27
Yb 3.04 0.72 2.54 2.35 2.46 2.21 1.44 1.03 1.82
Lu 0.40 0.11 0.34 0.33 0.36 0.32 0.21 0.17 0.29
∑ REE 63.42 86.11 156.76 64.54 154.16 140.50 187.80 79.69 126.60
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Tab. 1 continued Whole-rock analyses (major elements in wt. %, trace elements in ppm) for acid rocks from the eastern Mongolian Altay. 

Sample H0352 R0196 R0237 A1000-2 D0713 D0714 H0165 H0272 H1291
Sheet_no L-47-101A L-47-101A L-47-101A L-47-101B L-47-101G L-47-101G L-47-101A L-47-101B L-47-101A
E_coord. (°) 98.03787 98.00885 98.07759 98.36456 98.41703 98.44172 98.24330 98.27132 98.24266
N_coord. (°) 45.18757 45.20836 45.17450 45.28449 45.27529 45.27385 45.29260 45.29054 45.29318
Rock orthogneiss orthogneiss orthogneiss granite granite granite rhyolite granite granite
Formation KKC KKC KKC UUC UUC UUC UUC UUC UUC
SiO2 76.78 75.24 75.76 74.07 69.72 74.05 70.13 74.99 70.66
Al2O3 12.92 13.89 13.78 13.44 15.50 13.23 14.22 14.23 13.14
Fe2O3 1.27 1.63 1.23 1.89 1.73 2.07 3.31 0.98 5.82
MgO 0.27 0.22 0.11 0.52 0.62 0.48 0.78 0.08 0.47
CaO 0.95 0.91 0.32 0.87 1.78 0.98 1.05 0.30 0.40
Na2O 4.58 4.71 3.53 2.79 4.30 2.95 3.51 4.18 3.71
K2O 2.34 2.77 4.27 4.75 4.08 4.76 5.14 3.84 3.92
TiO2 0.17 0.18 0.08 0.26 0.25 0.22 0.46 0.02 0.56
P2O5 0.04 0.04 0.02 0.20 0.05 0.04 0.11 0.02 0.14
MnO 0.02 0.03 0.02 0.02 0.03 0.03 0.04 0.01 0.08
LOI 0.50 0.60 1.20 1.00 1.80 1.10 1.20 1.00 1.00
TOT_C 0.02 0.03 0.02 0.05 0.27 0.04 0.15 0.03 0.03
Total 99.84 100.22 100.32 99.81 99.86 99.91 99.95 99.65 99.90
Sc 2 2 2 4 4 3 5 4 10
Ba 441.0 521.0 479.0 495.6 1002.0 759.8 717.2 47.0 507.1
Be 3 1 1 2 2 2 2 3 3
Co 1.8 1.6 1.0 2.2 2.4 2.9 5.8 0.8 4.0
Cs 1.1 1.7 2.1 12.3 2.1 2.4 2.7 5.7 1.9
Ga 14.7 15.7 15.1 17.9 14.9 15.4 18.4 21.2 24.7
Hf 2.9 3.1 3.1 3.7 3.9 4.7 6.0 1.5 13.4
Nb 7.2 7.9 8.9 9.4 5.1 8.6 10.1 10.3 24.0
Rb 75.8 85.1 146.5 205.8 80.7 137.1 181.5 218.3 151.6
Sn 1 – 5 3 2 3 4 4 6
Sr 86.6 110.5 86.5 126.4 593.2 241.3 118.5 36.1 81.6
Ta 0.6 0.6 0.7 1.0 0.3 1.0 1.0 1.1 1.7
Th 12.0 8.5 15.9 11.0 12.8 29.2 21.0 10.7 31.8
U 1.4 1.3 6.7 4.1 2.4 4.1 5.3 4.4 4.0
V 11 11 – 17 24 26 30 – 28
W 5.2 0.7 0.4 2.8 0.5 0.2 1.2 1.3 0.6
Zr 83.3 118.2 80.8 112.0 146.8 108.2 188.0 31.4 472.0
Y 14.1 16.2 31.0 38.2 23.0 26.0 31.2 22.3 68.9
Mo 0.4 0.7 7.0 0.2 0.3 1.0 0.3 0.2 0.8
Cu 8.4 5.3 6.8 4.1 7.5 10.6 26.5 8.4 17.9
Pb 3.4 2.2 2.8 5.2 14.0 6.7 24.9 8.8 12.5
Zn 16 17 26 23 25 31 45 12 129
Ni 2.5 4.3 2.1 4.6 3.7 3.7 5.6 1.9 4.1
As – 1.2 0.9 5.0 – – 0.8 2.7 0.7
Cd 0.1 – – – 0.1 – 0.1 – 0.1
Sb – – – 0.2 – – – – –
Bi – – 0.1 0.1 0.1 0.2 0.2 0.6 0.1
Au – – – 1.0 0.7 – 0.8 1.1 0.9
Tl 0.1 0.1 0.1 0.6 – – – 0.1 0.1
La 28.6 23.4 30.3 19.1 25.3 40.5 43.2 11.4 55.8
Ce 58.2 43.9 62.4 43.1 52.4 95.9 89.7 23.7 138.8
Pr 5.44 4.33 6.74 5.09 5.48 9.77 9.25 2.51 15.46
Nd 19.2 14.8 24.7 18.2 19.7 36.5 39.0 10.2 61.6
Sm 2.8 2.6 4.9 3.9 3.7 6.2 6.4 2.6 12.1
Eu 0.56 0.52 0.67 0.44 0.71 0.65 0.95 – 1.58
Gd 2.22 2.42 4.23 4.15 3.37 4.70 6.02 2.79 11.35
Tb 0.35 0.38 0.81 0.99 0.65 0.80 0.87 0.54 2.12
Dy 1.98 2.09 4.91 5.59 3.56 4.37 5.04 3.31 11.57
Ho 0.43 0.49 1.07 1.20 0.63 0.77 1.02 0.70 2.46
Er 1.28 1.60 3.21 3.48 2.02 2.41 2.84 1.91 7.25
Tm 0.20 0.26 0.52 0.56 0.29 0.36 0.44 0.30 1.13
Yb 1.49 1.82 3.12 3.40 1.78 2.11 2.98 1.81 7.20
Lu 0.25 0.28 0.46 0.51 0.30 0.34 0.42 0.24 1.03
∑ REE 123.00 98.89 148.04 109.71 119.89 205.38 208.13 61.96 329.45
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Tab. 2 Whole-rock analyses (major elements in wt. %, trace elements in ppm) for basic rocks from the eastern Mongolian Altay.

Sample H0333B H0693 H0477 H1300A H1300B D0711 D0715 D0873
Sheet_no L-47-101A L-47-101A L-47-101A L-47-101V L-47-101V L-47-101G L-47-101G L-47-101B
E_coord. (°) 98.19587 98.11516 98.09348 98.00317 98.00317 98.39088 98.43877 98.46475
N_coord. (°) 45.26924 45.17224 45.17784 45.23340 45.23340 45.27602 45.27262 45.27620
Rock amphibolite metagabbro amphibolite amphibolite amphibolite amphibolite amphibolite gabbro
Formation CHC KKC KKC KKC KKC UUC UUC UUC
SiO2 43.24 46.97 43.10 46.80 47.84 48.60 51.13 48.13
Al2O3 13.64 15.65 17.64 16.43 18.11 14.18 14.08 16.05
Fe2O3 14.49 12.58 13.25 11.81 12.47 12.59 11.63 13.00
MgO 7.50 8.97 3.44 6.83 4.67 8.44 7.29 7.96
CaO 15.41 9.17 12.45 12.11 8.85 12.09 10.44 9.39
Na2O 0.53 3.22 0.95 1.69 4.04 1.75 2.34 1.35
K2O 0.35 0.17 1.73 0.28 0.21 0.26 0.90 1.07
TiO2 2.65 1.70 2.07 2.12 2.11 0.87 0.88 1.36
P2O5 0.28 0.15 0.43 0.32 0.36 0.07 0.08 0.07
MnO 0.20 0.18 0.24 0.19 0.15 0.18 0.19 0.21
Cr2O3 0.04 0.03 0.05 0.03 0.03 0.04 0.04 0.02
LOI 1.00 1.00 3.90 1.20 1.10 0.90 1.00 1.20
TOT_C 0.04 0.05 0.95 0.02 0.05 0.08 0.06 0.03
Total 99.36 99.81 99.26 99.81 99.96 99.99 100.02 99.82
Sc 44 41 29 34 39 40 38 41
Ba 93.6 20.8 798.0 37.8 100.6 49.5 91.6 132.1
Be 2 1 2 1 1 1 1 2
Co 62.4 48.1 39.5 40.3 47.0 51.5 43.0 54.1
Cs 0.6 – 1.4 0.4 0.1 0.9 1.2 0.8
Ga 23.4 18.1 24.7 18.9 19.1 16.2 16.3 20.1
Hf 5.5 2.5 5.6 3.5 3.6 1.7 1.8 3.5
Nb 19.8 2.3 40.4 21.9 19.2 2.6 3.9 24.5
Rb 4.3 1.0 40.3 7.9 2.5 10.4 20.2 50.6
Sn 2 – 3 1 1 1 1 2
Sr 508.2 518.0 332.8 449.7 281.0 252.2 153.7 311.3
Ta 1.2 0.2 2.7 1.2 1.2 0.2 0.3 1.0
Th 1.7 – 3.4 1.8 0.8 0.6 1.8 5.1
U 1.6 0.2 1.2 0.5 0.4 0.1 0.7 0.8
V 394 323 244 240 287 335 312 308
W 1.8 0.4 1.9 0.4 0.1 – 0.4 3.8
Zr 206.7 96.6 219.5 139.2 138.1 51.3 56.6 116.2
Y 47.4 31.9 43.4 28.5 31.9 18.1 21.4 26.6
Mo 0.2 0.2 0.7 0.2 0.8 – 0.2 0.1
Cu 5.4 36.4 66.5 65.2 91.3 96.7 74.9 1.9
Pb 5.9 0.3 2.4 0.6 0.3 0.9 2.4 4.3
Zn 20 19 73 15 34 14 20 27
Ni 30.5 26.7 74.5 17.5 32.3 20.9 23.4 25.0
As – 0.7 0.9 – – – – –
Cd – – 0.1 – – – – –
Sb 0.1 0.1 0.1 – – – – –
Bi 2.4 – – – – – 0.1 0.3
Au – 0.5 1.0 – 0.7 0.7 1.3 1.4
Tl – – 0.1 – – – – –
La 17.4 4.2 32.6 14.8 12.8 3.3 4.9 18.2
Ce 44.5 12.6 71.7 35.5 32.3 9.1 12.4 43.1
Pr 5.77 2.14 8.15 4.53 4.36 1.34 1.70 5.16
Nd 28.6 10.5 36.9 21.7 19.5 7.3 8.0 21.7
Sm 7.1 3.7 7.5 4.9 4.8 2.1 2.5 4.8
Eu 2.29 1.54 2.63 1.68 1.50 0.77 0.76 1.20
Gd 8.55 4.69 7.33 5.05 5.28 2.53 2.91 5.13
Tb 1.28 0.97 1.19 0.88 0.95 0.49 0.59 0.88
Dy 8.15 5.40 6.98 5.04 5.14 3.27 3.58 4.65
Ho 1.74 1.15 1.43 1.05 1.11 0.57 0.66 0.83
Er 4.59 3.44 3.89 2.97 3.26 1.93 2.05 2.64
Tm 0.60 0.47 0.55 0.41 0.47 0.25 0.30 0.39
Yb 4.48 2.73 3.44 2.71 2.87 1.55 1.84 2.42
Lu 0.64 0.47 0.58 0.39 0.42 0.26 0.30 0.35
∑ REE 135.69 54.00 184.87 101.61 94.76 34.76 42.49 111.45
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Fig. 8 Geochemical characteristics of the basic rocks from the individual crystalline complexes a – ternary diagram Zr/4–2×Nb–Y for geotectonic 
discrimination of basaltic rocks (Meschede 1986), AI – Within-plate alkali basalt, AII – Within-plate alkali basalt, Within-plate tholeiite, B – En-
riched Mid-ocean ridge basalt, C – Volcanic arc basalt, D – Normal Mid-ocean ridge basalt ; b – trace-element multielement plots (normalized to 
N-MORB after Sun and McDonough 1989); c – characteristic REE patterns (normalized to average chondrite composition after Boynton 1984).

representing a roof pendant to the Unegt Uul metagranite 
and two amphibolites, which are likely tectonic frag-
ments incorporated into the UUC by the activity of the 
Bogt fault. 

The P–T conditions were calculated for marginal parts 
of the mineral grains, which seem to be well equilibrated. 
Additionally, wherever possible, independent estimates 
were obtained for central parts of garnet grains taking 
the included minerals into account. The aim was to 
estimate P–T conditions for the early and late stages of 
metamorphism. 

The amphibolites are represented by two garnet-
bearing samples H0256 and H0159. The sample H0256 
consists of amphibole, garnet, plagioclase and biotite; 
titanite and opaque minerals are accessoric. Amphibole 

corresponding to ferrotschermakite (Leake et al. 1997) 
has XMg = 0.24 in the centres of the crystals and slightly 
higher XMg = 0.25 in the marginal parts. Garnet grains 
show zoning from Alm61 Sps3 Prp3 Grs31 in cores to Alm61 
Sps0.5 Prp2-3 Grs34 at the rims (Fig. 5a). Plagioclase has 
labradorite composition (An60–62). Biotite in matrix (AlIV= 
2.75 and XFe=0.73) differs slightly from that included in 
garnet grains (AlIV= 2.48 and XFe=0.74).

The sample H0159 contains garnet with compositional 
zoning from Alm57 Sps7 Prp7–8 Grs27 in the central parts 
to Alm56 Sps1-2 Prp11 Grs28-29 in the rims (Fig. 5b). Plagio-
clases are labradorite (An53–54). Amphiboles correspond 
to ferrotschermakite with XMg = 0.39. 

The metamorphic conditions calculated using Ther-
mocalc (Powell and Holland 1985) from amphibolites 
suggest a prograde growth at progressively increasing 
temperature, the central parts together with included 
grains giving T = 613 ± 90 °C; P = 6.4 ± 1.1. Marginal 
parts yield conditions of 761 ± 79 °C; 6.2 ± 1.4 kbar, 753 
± 87 °C; 6.4 ± 1.6 kbar and T = 655 ± 46 °C and P = 7.5 
± 0.9 kbar (Tab. 3, Figs 9a, 10). 

The conventional garnet–amphibole thermometer of 
Ravna (2000), also used for estimating the metamor-
phic conditions, shows slightly lower temperatures then 
Thermocalc calculations. The temperatures calculated 
for the rims in the sample H0256 yield values of 753 
and 687 °C. The temperatures calculated for the sample 
H0159 from the central parts of mineral grains correspond 
to 490–554 °C, for marginal parts to 561 °C (Tab. 5).

The mica schists are represented by the sample H0161. 
Its mineral association comprises quartz, muscovite, 
biotite, garnet and plagioclase; zircon and apatite are 
accessoric. The garnet zoning ranges between Alm67–69 
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Sps20 Prp6 Grs3–6 in the cores and Alm66 Sps25 Prp5 Grs2 
in the rims (Fig. 5c). In contrast to the garnet grains in 
the amphibolites of the same unit, they show more ret-
rograde character documented by rimward increase in 
Sps and decrease in Prp components. Plagioclases show 
also slightly different character in centres of the grains, 
where they have An28. The marginal parts of plagioclases 
correspond to An24. 

The P–T estimates computed from mica schist seem to 
be relatively constant for the central and marginal parts of 
the mineral grains, which suggests a likely faster mineral 
growth at T ranging from 639 ± 30 to 657 ± 33 °C and P 
from 6 ± 1.2 to 6.7 ± 1.2 kbar (Tab. 3, Figs 9a, 10).

For the comparison, the garnet–biotite thermometers 
were also used for calculating temperatures in mica 
schists. Five different thermometers were employed 
(Thompson 1976; Lee and Holdaway 1977; Ferry and 
Spear 1978; Perchuk and Lavrenťeva 1983; Bhattacharya 
et al. 1992). The results differ in order of tens of degrees, 
as summarized in Tab. 4. 

The temperatures in mica schists at 6 kbar reach 516–
622 °C in marginal parts of the garnet grains and span 
508–665 °C in the cores. These are in agreement with 
Thermocalc results, showing no significant temperature 
differences between cores and rims. 

6.2.	Chandman Khayrkhan Crystalline  
Complex

The widespread migmatitization probably bears witness 
to peak metamorphic conditions. The migmatitization 
may be related to the pre-intrusive metamorphic event or 
it may be a result of periplutonic metamorphism linked 
with the high-T regime during granite emplacement of 
the Chandman Massif. 

Subsequently the rocks of the CHC were strongly 
affected by a younger retrograde metamorphic event. 
Mineral assemblage in the calc-silicate rocks (Ep + Act 
+ Pl) is probably a product of retrograde metamorphism 
under the lower amphibolite to greenschist-facies condi-
tions (< 600 ºC for 5 kbar – Thompson and Norton 1968). 
Mineral assemblage observed in the studied rocks how-
ever precludes a more accurate P–T calculation.

6.3.	Khan Khayrkhan Crystalline Complex

Metamorphism in the Khan Khayrkhan Crystalline Com-
plex was studied on samples of mica schists and garnet-
bearing amphibolites. 

Mica schists are represented by samples H0478 and 
H0477. Sample H0478 comprises mineral assemblage 
Grt + Bt + St + Pl. Garnet zoning (Fig. 6a) varies from 
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Fig. 9 P–T grid for samples of amphibolitic rocks and metapelites from a – Unegt Uul Crystalline Complex; b – Khan Khayrkhan Crystalline 
Complex.

Fig. 10 Correlation of calculated P–T conditions of samples from 
Unegt Uul Crystalline Complex and Khan Khayrkhan Crystalline 
Complex units.
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composition Alm73 Sps0-1 Prp10–11 Grs14 in cores to Alm72 
Sps1 Prp14–15 Grs11–12 in rims. Biotite has AlIV = 2.42 and 
XFe = 0.50–0.51 in contact with garnet, the values of AlIV= 
2.38 and XFe=0.46–0.47 are characteristic of biotites from 
matrix and AlIV = 2.5 with XFe = 0.43–0.45 have biotites in 
contact with staurolite. Staurolite is Fe staurolite with XFe 
= 0.87–0.89. Plagioclase corresponds to andesine (An37). 
Alumosilicate kyanite is present in comparable mica 
schist samples which, unfortunately, were not analysed.

Sample H0477 has mineral assemblage Mu + Bt + St 
+ Pl. Plagioclase is oligoclase with An24–27, XFe in stauro-
lite is 0.86–0.89; biotites have AlIV = 2.42–2.46 and XFe 
= 0.46–0.50.

Thermocalc P–T calculations for the samples of mica 
schists yielded conditions varying from c. 559 ± 33 to 
651 ± 47 °C and from 7.2 ± 2.9 to 7.4 ± 1.6 kbar for the 

central parts of garnet porphyroblasts and from 636 ± 
47 °C to 639 ± 22 °C and from 7.5 ± 0.8 to 7.9 ± 1.5 kbar 
for the rims. The peak metamorphic assemblage was Bt 
+ Ms + Grt ± St ± Ky. However, these P–T conditions 
seem to be rather high for mentioned mineral assemblage. 
Similar conditions were obtained also using garnet–bio-
tite thermometer, which yielded temperatures from 654 to 
715 °C for the rims of mineral grains, setting P = 6 kbar 
(Tab. 4). 

Amphibolite samples H0357 and H0478B were also 
used for P–T calculations. Mineral association of H0357 
includes ferrotschermakite (XMg=0.42–0.49), biotite 
(AlIV= 2.52–0.60 and XFe=0.43–0.55), garnet (with com-
positional zoning from Alm65 Sps8 Prp10 Grs15 in cores 
to Alm64 Sps7 Prp12 Grs15 at the rims) and labradorite 
(An52–65). 

Tab. 3 Results of P–T calculations using Thermocalc. The results falling outside the sigfit limit are shown in grey.

Sample Position Unit Rock av T°C sd (T) P (kbar) sd (P) corr sigfit
fit  for 95% 
confidence

H0256 core UUC amphibolite 613 90 6.4 1.1 0.888 1.20 1.54

H0256 rim UUC amphibolite 761 79 6.2 1.4 0.192 1.30 1.45

H0256 rim UUC amphibolite 753 87 6.4 1.6 0.056 1.34 1.45

H0159 rim UUC amphibolite 655 46 7.5 0.9 0.592 1.10 1.45

H0161 core UUC mica schist 647 31 6.7 1.2 0.724 0.44 1.61

H0161 core UUC mica schist 657 33 6.6 1.4 0.693 0.81 1.61

H0161 rim UUC mica schist 639 30 6.0 1.2 0.730 0.65 1.61

H0478 core KKC mica schist 559 33 7.4 1.6 0.944 0.11 1.73

H0478 rim KKC mica schist 608 36 7.9 1.5 0.947 0.90 1.61

H0478 rim KKC mica schist 639 22 7.5 0.8 0.235 0.41 1.61

H0477 core KKC mica schist 651 47 7.2 2.9 0.929 0.40 1.73

H0477 rim KKC mica schist 636 47 7.9 3.1 0.933 0.24 1.73

H0357 rim KKC amphibolite 575 24 6.2 1.6 0.183 1.71 1.42

H0357 rim KKC amphibolite 578 69 6.4 1.5 0.533 1.34 1.54

H0478B rim KKC amphibolite 683 97 6.7 2.4 0.614 1.68 1.61

H0478B core KKC amphibolite 587 109 6.2 2.6 -0.119 2.16 1.54

Tab. 4 Results of P–T calculations using garnet–biotite thermometers according to Thompson (1976), Lee and Holdaway (1977), Ferry and Spear 
(1978), Perchuk and Lavrenťeva (1983) and Bhattacharya et al. (1992). 

Sample Position Unit Rock

Temperature °C

P (kbar) Bhatacharya 
et al. (1992)

Ferry and 
Spear (1978)

Perchuk and 
Lavrent´eva 

(1983)

Thompson 
(1976)

Lee and 
Holdaway 

(1977)

H0161 rim UUC micaschist 6 544 612 602 626 602

H0161 rim UUC micaschist 6 516 581 585 602 581

H0161 core UUC micaschist 6 570 658 626 665 633

H0478 rim KKC micaschist 6 682 715 654 703 668
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Mineral assemblage of the sample H0478B is fairly 
similar and involves garnet, amphibole and plagioclase. 
Garnet zoning varies from Alm73 Sps3 Prp9 Grs10 in cen-
tral part of grains to Alm72 Sps0.8 Prp13 Grs11 in the rim. 
Composition of amphibole slightly differs in the cores 
(XMg = 0.40) from the rims (XMg = 0.37). Plagioclase with 
normal zoning from this sample corresponds to andesine 
(An35).

Metamorphic conditions estimated from amphibolites 
indicate an evolution similar to that of mica schists. Re-
sults of Thermocalc calculations for amphibolite H0478B 
correspond to T = 587 ± 109 °C and P = 6.2 kbar for the 
mineral cores, slightly higher conditions 683 ± 97 °C 
and 6.7 ± 2.4 kbar were calculated for the rims. Using 
Thermocalc, the sample H0357 yielded temperatures of 
575 and 578 °C at pressures of 6.2 and 6.4 kbar for the 
marginal parts of measured mineral grains. Garnet–am-
phibole thermometer (Ravna 2000) gave T = 617 and 
514 °C (Tab. 5). Both temperatures correspond to the 
marginal parts of the mineral grains. 

The contrast between P–T conditions estimated from 
central and marginal parts of the grains as well as (al-
though indistinctive) zoning in Prp and Sps components 
across the garnet grains provide an evidence for prograde 
metamorphism (Tab. 3, Figs. 9b, 10). 

7.	Dating

7.1.	Unegt Uul Crystalline Complex

Two grains of slightly cloudy zircon, with rectangular 
shape (c. 80 × 160 µm), have been recovered from leuco-
granite H0057. The grain zr1 is characterized by a sector 
zoning with only relict oscillatory banding (Fig. 11a), 

while in zr2 the fine oscillatory zoning, with darker core 
and lighter mantle, is well preserved. Four LA-ICP-MS 
spots on each grain give contrasting results (Tabs 6, 9); 
zr1 analyses define an upper intercept of 329 ± 33 Ma, 
which is consistent with the concordia age of 337 ± 6 
Ma (Early Carboniferous) from two concordant spots. In 
contrast all analyses from zr2 yield a concordia age of 
518 ± 5 Ma (Early Cambrian). The contrasting ages are 
difficult to interpret given the small number of analyzed 
grains and that the leucogranite shows no clear signs of 
a metamorphic overprint. The age of c. 518 Ma most 
likely dates the time of zr2 crystallization, which could 
be related to the leucogranite formation. The meaning of 
the c. 337 Ma age remains, however, unclear.

7.2.	Chandman Khayrkhan Crystalline  
Complex

These metamorphic rocks have not been successfully 
dated in the frame of the project, the data obtained from 
this part of the studied area come from granitoid rocks 
of the Chandman Massif only. The monazite from gran-
ite was dated using the CHIME technique. Only one 
monazite grain could be measured and thus it is essential 
to consider the credibility of such an individual mea-
surement. The measured monazite was yellowish short 
prismatic with length of 80–120 µm. No metamictization 
effects have been observable under CL. The data obtained 
point to an age of 332 ± 29 Ma (MSWD = 0.20), which 
corresponds to Late Carboniferous. 

The LA-ICP-MS U-Pb dating of zircons from the 
Chandman granite yields concordia age of 345 ± 2 Ma 
(2σ) (Tabs 7, 9; Fig. 11b). Together with 6 discordant 
analyses they define a discordia with intercepts at 
354 ± 26 and 154 ± 160 Ma or with an upper intercept of 

Tab. 5 Results of P–T calculations using garnet–amphibole thermometer according to Ravna (2000) 

sample unit mineral position #Fe+2 #Mn #Mg #Ca KD
Grt

(Fe
-A

2+
mp
/Mg) XC

Grt
a XM

Grt
n Temperature

H0159 UUC Grt rim × rim 1,73 0,08 0,35 0,86 5,739 0,285 0,025 T (°C)
H0159 UUC Amp rim × rim 2,13 0,04 2,46 1,98 561,29
H0159 UUC Grt core × core 1,78 0,06 0,35 0,89 5,839 0,291 0,018 T (°C)
H0159 UUC Amp core × core 2,13 0,04 2,46 1,98 554,10
H0159 UUC Grt core × core 1,74 0,23 0,25 0,85 7,924 0,275 0,076 T (°C)
H0159 UUC Amp core × core 2,11 0,03 2,44 1,93 490,56
H0256 UUC Grt rim × rim 1,98 0,07 0,12 1,87 4,857 0,465 0,016 T (°C)
H0256 UUC Amp rim × rim 3,13 0,02 0,92 1,80 753,58
H0256 UUC Grt rim × rim 1,95 0,05 0,10 1,88 5,718 0,471 0,013 T (°C)
H0256 UUC Amp rim × rim 3,03 0,02 0,93 1,80 687,93
H0357 KKC Grt rim × rim 2,02 0,20 0,41 0,41 3,931 0,134 0,066 T (°C)
H0357 KKC Amp rim × rim 2,08 0,02 1,67 1,71 617,41
H0357 KKC Grt rim × rim 1,99 0,24 0,35 0,45 5,506 0,149 0,079 T (°C)
H0357 KKC Amp rim × rim 2,13 0,05 2,08 1,74 514,56
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346 ± 12 Ma when forced through zero. The age of 345 ± 
2 Ma (Early Carboniferous) is therefore interpreted as the 
best estimate for the time of granite crystallization.

7.3.	Khan Khayrkhan Crystalline Complex

Zircons from the sample R0237 (leucocratic orthog-
neiss) are clear to cloudy, yellowish, and short to long 
prismatic with aspect ratios of 1:1 to 3:1 and length of 
150–350 µm (Fig. 11c). Twenty-six U-Pb spot analyses 
were carried out on 24 grains. The U contents range from 
100 to c. 2000 ppm, while the Th/U ratios vary only 
from 0.40 to 1.00. Cracks are abundant in most grains. 
Oscillatory zoning predominates in the CL images. It is 

well-defined in the outer domains while the inner parts 
of various grains are characterized by chaotic zoning, an 
almost uniform grey luminescence, or a combination of 
both. This is consistent with multiphase zircon growth, 
in which the earlier zoning was variously obliterated due 
to a later crystallization event. The latter was dated by 
24 spots, which define a discordia with intercepts at 362 
± 17 Ma and around zero. Only 10 of the spots yield con-
cordant results with a concordia age of 363 ± 3 Ma (Tabs 
8–9). The high percentage of discordant analyses relates 
to Pb-loss due to radiation damage. This is supported by 
a clear correlation between the degree of discordance 
and the U content (r2 = 0.60). Two spots yielded older, 
apparently concordant U-Pb ages of around 529 and 591 
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Fig. 11a Position of analyzed points in zircon grains and calculated concordia ages for Unegt Uul Crystalline Complex.
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Fig. 11b, c Position of analyzed points in zircon grains and calculated concordia ages for b – Chandman Massif; c – Khan Khayrkhan Crystalline 
Complex.
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Ma, respectively. Thus in most analyzed grains inherited 
domains have been fully reset during re-crystallization or 
were not present. The age of 363 ± 3 Ma (the latest Devo-

nian) is interpreted as the time of granite crystallization, 
while the cores probably record Cambrian inheritance in 
the granite protolith.
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Tab. 6 LA-ICP-MS U, Pb and Th isotope data of dated zircon grains from sample H0057, Unegt Uul Crystalline Complex.

Isotope ratiosc Ages (Ma)

No.
207Pba

(cps)
Ub

(ppm)
Pbb

(ppm)
Thb

U

206Pb
204Pb 

206Pb*
238U

±2σ
(%)

207Pb*
235U

±2σ
(%) 

207Pb*
206Pb*

±2σ
(%)

rhod
207Pb
235U

±2σ
206Pb
238U

±2σ
207Pb
206Pb

±2σ

sample H0057, leucogranite
zr1-a 837 186 13.1 1.60 1589 0.05411 3.4 0.3917 4.5 0.05250 3.0 0.75 340 12 336 30 307 67
zr1-b 2702 155 10.0 1.52 5030 0.05055 1.9 0.3689 3.3 0.05292 2.6 0.59 318 6 319 21 325 60
zr1-c 1989 172 11.7 1.42 3605 0.05341 2.2 0.3988 3.6 0.05415 2.9 0.60 335 7 341 25 377 65
zr1-d 932 93 5.1 1.03 1719 0.04472 4.3 0.3263 5.3 0.05292 3.1 0.81 282 12 287 31 325 71
zr2-a 12517 390 36 0.94 184 0.08281 2.4 0.6522 3.7 0.05712 2.8 0.65 513 12 510 38 496 62
zr2-b 14545 872 85 0.90 24734 0.08451 1.6 0.6745 2.1 0.05788 1.4 0.75 523 8 523 22 525 31
zr2-c 10150 637 60 0.88 7558 0.08097 2.6 0.6456 3.0 0.05783 1.4 0.88 502 13 506 30 523 31
zr2-d 5204 566 50 0.41 8595 0.08471 2.1 0.6739 2.8 0.05770 1.9 0.73 524 11 523 30 518 42
Plesovi e 6982 732 37 0.12 11233 0.05397 1.5 0.3972 1.6 0.05338 0.5 0.74 339 5 340 5 345 11

a within-run background-corrected mean 207Pb signal in counts per seconds. b U and Pb content and Th/U ratio were calculated relative to GJ-1 
reference and are accurate to approximately 10 % due to heterogeneity of the GJ-1 zircon. c corrected for background, mass bias, laser induced 
U-Pb fractionation and common Pb using Stacey and Kramers (1975) model Pb composition. 207Pb/235U calculated using 207Pb/206Pb/(238U/206Pb × 
1/137.88). Uncertainties are propagated by quadratic addition of within-run precision (2SE) and the reproducibility of GJ-1 (2SD). d Rho is the 
error correlation defined as err206Pb/238U/err207Pb/235U. e mean and standard deviation (2σ) of 14 analyses of the Plešovice reference zircon (338 ± 
1 Ma; Sláma et al. 2008).

8.	Discussion

8.1.	Metamorphic development

The Altay orogen as a part of Central Asian Orogenic 
Belt extends from Russia and East Kazakhstan in the 
west, through Northern China to south-eastern Mongolia 
in the east. It is composed of Proterozoic to Palaeozoic 
volcanosedimentary rocks accreted between the Siberian 
and Tarim continental blocks. The metamorphic rocks in 
the Mongolian Altay, known only from the Tseel Terrane 
(Badarch et al. 2002), amalgamated to the SW rim of the 
Gobi Altay Terrane (see Introduction to this Volume) and 
the Neoproterozoic metamorphic complex consisting of 
amphibolite- to granulite-facies metasedimentary and 
meta-igneous rocks thrusted over the ophiolite in Dariv 
Range (Dijkstra et al. 2006). In the easternmost Mongo-
lian Altay, three newly described MP-MT metamorphic 
units – Unegt Uul, Khan Khayrkhan and Chandman 
Khayrkhan crystalline complexes were tectonically in-
corporated into geological structures of the Palaeozoic 
volcanosedimentary complexes of the Gobi-Altay Terrane 
along its northern margin. 

Apparently, despite their close spatial association con-
trasting metamorphic conditions and geochronological 
data reveal that the evolution of the three studied crystal-
line units exhibits distinct features.

The leucogranites and orthogneisses of Unegt Uul 
Crystalline Complex are exposed in a tectonic mélange 
along the Cenozoic Bogd fault, with dominating strike-
slip component of shearing. There were observed no 
geological relations with adjacent Palaeozoic rocks. Nev-
ertheless, despite the fact that the granite dating detected 

two contrasting ages, the studied zircons show no signs 
of polyphase development or of metamorphic overprint. 
The leucogranite formation took place at 518 ± 5 Ma, 
which indicates pre-Variscan evolution and corresponds 
well with ages of Cambrian granites in the Lake Zone 
Terrane (Hanžl and Aichler eds. 2007). Significance of 
the measured ages of c. 377 Ma remains unclear. 

Mineral association in metamorphic rocks of the UUC 
points to a simple MP–MT event. The P–T conditions 
in mica schist were estimated to c. 640–660 °C and 
6–6.7 kbar. The metamorphic conditions estimated from 
amphibolitic rocks correspond to average temperatures of 
c. 610–760 °C and pressures of 6.2–7.5 kbar.

The exposures of the Chandman Khayrkhan Crys-
talline Complex are spatially related to the Chandman 
granite Massif, intrusion of which has been dated at 345 
± 2 Ma. Although the metamorphic evolution preceding 
this granite intrusion remains unconstrained, the charac-
ter of metamorphism (strong migmatitization), together 
with the geochemical signature of the granitic plutons 
themselves points to an evolution within the continental 
crust realm. 

The rocks of Khan Khayrkhan Crystalline Complex 
are systematically exposed in tectonic slices between 
the unmetamorphosed Lower Carboniferous flysh in 
the SW and weakly metamorphosed Lower Palaeozoic 
volcanosedimentary complex in the N. The peak meta-
morphic assemblage was Bt + Ms + Grt ± St ± Ky and 
the calculated conditions correspond to temperatures of c. 
560–650 °C and pressures of 7.2–7.4 kbar for the central 
parts and c. 630–660 °C and 7.5–7.9 kbar for marginal 
parts of mineral grains in mica schists. Temperatures of 
c. 580 °C and pressures of 6.2 kbar for the central parts 
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Tab. 7 LA-ICP-MS U, Pb and Th isotope data of dated zircon grains from sample HO341, Chandman Massif.

Isotope ratiosc Ages (Ma)

No.
207Pba

(cps)
Ub

(ppm)
Pbb

(ppm)
Thb

U

206Pb
204Pb 

206Pb*
238U

±2σ
(%)

207Pb*
235U

±2σ
 (%) 

207Pb*
206Pb*

±2σ
(%)

rhod
207Pb
235U

±2σ
206Pb
238U

±2σ
207Pb
206Pb

±2σ

sample HO341
zr28 3175 109 7 0.63 1322 0.05547 2.0 0.3759 14 0.0492 6.8 0.14 324 45 348 7 155 319
zr26 3469 118 7 0.39 7032 0.05424 2.1 0.3930 3.9 0.0526 1.6 0.55 337 13 340 7 310 73
zr25 94337 293 39 1.00 3593 0.05423 1.8 0.3988 3.6 0.0533 1.6 0.51 341 12 340 6 343 70
zr26 4595 157 9 0.46 3941 0.05575 1.9 0.4145 3.4 0.0539 1.4 0.55 352 12 350 6 368 64
zr20 1572 45 3 0.46 2843 0.05569 2.7 0.4073 4.5 0.0530 1.8 0.60 347 16 349 9 331 82
zr19 6920 218 13 0.70 12675 0.05432 2.4 0.3978 4.9 0.0531 2.1 0.49 340 17 341 8 334 96
zr18 19926 367 24 0.73 488 0.05463 2.3 0.3878 4.1 0.0515 1.7 0.55 333 14 343 8 263 78
zr17 7120 212 13 0.78 7122 0.05405 2.2 0.4022 3.2 0.0540 1.2 0.68 343 11 339 7 369 53
zr16 11453 352 20 0.61 18191 0.05188 2.0 0.3846 3.0 0.0538 1.1 0.68 330 10 326 7 361 50
zr14 13029 261 16 0.55 641 0.05532 3.3 0.3954 5.5 0.0518 2.2 0.60 338 19 347 12 279 101
zr11 10823 320 19 0.66 1905 0.05417 2.1 0.3779 6.3 0.0506 2.9 0.34 326 20 340 7 223 136
zr10 14243 421 21 0.72 2694 0.04120 4.0 0.2992 5.3 0.0527 1.8 0.74 266 14 260 10 315 81
zr7 9658 292 17 0.50 17693 0.05464 2.3 0.4057 3.2 0.0539 1.1 0.72 346 11 343 8 365 49
zr6 17020 389 23 0.61 505 0.05428 2.3 0.4003 6.7 0.0535 3.2 0.34 342 23 341 8 349 143
zr8 7671 241 14 0.51 11688 0.05400 2.1 0.4036 2.9 0.0542 1.0 0.74 344 10 339 7 380 44
zr3 26530 447 29 0.87 1005 0.05544 2.5 0.3903 8.3 0.0511 4.0 0.30 335 28 348 9 244 183
zr1a 6152 180 10 0.50 10443 0.05472 3.1 0.4100 4.3 0.0543 1.5 0.72 349 15 343 11 385 66
zr1b 28833 294 18 0.53 749 0.05385 2.2 0.3902 3.5 0.0526 1.4 0.61 334 12 338 7 310 64
zr42a 24735 264 16 0.48 3466 0.05671 1.9 0.4142 3.7 0.0530 1.5 0.53 352 13 356 7 328 70
zr42b 12942 341 21 0.44 6607 0.05692 2.0 0.4207 4.8 0.0536 2.2 0.42 357 17 357 7 354 99
zr42c 22104 255 16 0.58 841 0.05517 2.1 0.4084 4.8 0.0537 2.2 0.43 348 17 346 7 358 97
zr38 11954 367 19 0.54 4559 0.04773 2.9 0.3557 7.0 0.0541 3.2 0.41 309 21 301 9 374 142
zr41 10428 280 15 0.50 1247 0.05075 2.5 0.3605 5.3 0.0515 2.4 0.47 313 17 319 8 264 108
zr40 26694 315 20 0.66 961 0.05589 2.1 0.4168 3.9 0.0541 1.7 0.53 354 14 351 7 375 75
zr36 20469 277 16 0.54 1299 0.05477 2.4 0.3988 4.6 0.0528 2.0 0.52 341 16 344 8 321 89
zr33 18309 265 15 0.43 2822 0.05384 2.0 0.4005 2.8 0.0539 1.0 0.73 342 10 338 7 369 43
zr31a 17359 218 13 0.44 1072 0.05481 2.0 0.4053 4.7 0.0536 2.1 0.43 346 16 344 7 356 95
zr31b 8072 256 15 0.45 14737 0.05505 2.4 0.4077 3.3 0.0537 1.2 0.71 347 11 345 8 359 52
zr32a 32632 453 27 0.51 9002 0.05602 2.3 0.4172 3.3 0.0540 1.2 0.68 354 12 351 8 372 55
zr32b 26341 357 21 0.59 813 0.05380 2.2 0.3963 3.7 0.0534 1.5 0.58 339 13 338 7 347 68
zr49 49539 277 17 0.72 194 0.04519 4.3 0.3293 5.1 0.0529 1.4 0.85 289 15 285 12 322 62
zr50 6064 405 17 0.65 12167 0.04382 2.8 0.3115 5.2 0.0515 2.2 0.54 275 14 276 8 265 101

and c. 570–680 °C and 6.2–6.7 kbar for marginal parts 
of mineral grains were estimated from amphibolites. This 
suggests prograde stage of metamorphism during grains 
growth. This assumption is also in agreement with garnet 
zoning, whereby the content of Prp increases and Sps 
decreases from core to rim. 

In the late stage of metamorphic development the meta-
morphosed volcanosedimentary sequence was intruded by 
a granitic body. The low temperature contrast and, conse-
quently, heat interchange during syn-metamorphic intrusion 
prevented growth of contact metamorphic minerals. How-
ever, the nests of decomposed alumosilicates may be a relict 
of a former contact-metamorphic mineral assemblage.

Main magmatic event – formation of the granitic 
protolith to the orthogneiss – corresponded to the lat-

est Devonian (363 ± 3 Ma). In addition, ages of c. 529 
and 591 Ma were also obtained in zircon cores from 
Khan Khayrkhan Crystalline Complex. These may be 
interpreted as inherited components and point to the 
presence of pre-Variscan continental crust. Besides the 
isotopic dating, the palaeontological finds may support 
the Middle to Late Ordovician age for the sedimentation 
of the recrystallized limestones in the KKC. 

There is some contrast between the chemically 
relatively evolved granites (slightly metaluminous to 
peraluminous, medium-K calc-alkaline) of volcanic-arc 
character and the occurrence of within-plate basalts with 
tholeiitic affinity and primitive, depleted-mantle like 
isotopic composition (ε5

Nd
50 = +8.4, 87Sr/86Sr550 = 0.7040, 

TD
Nd

M = 0.56 Ga).
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Tab. 8 LA-ICP-MS U, Pb and Th isotope data of dated zircon grains from sample RO237, Khan Khayrkhan Crystalline Complex.

Isotope ratiosc Ages (Ma)

No.
207Pba

(cps)
Ub

(ppm)
Pbb

(ppm)
Thb

U

206Pb
204Pb 

206Pb*
238U

±2σ
(%)

207Pb*
235U

±2σ
 (%) 

207Pb*
206Pb*

±2σ
(%)

rhod
207Pb
235U

±2σ
206Pb
238U

±2σ
207Pb
206Pb

±2σ

sample RO237
zr6 133059 1336 93 0.41 182 0.0510 1.7 0.3751 3.5 0.0533 3.0 0.49 323 11 321 5 342 69
zr7 7732 265 16 0.68 12128 0.0535 2.8 0.3957 5.3 0.0537 4.4 0.54 339 18 336 10 357 100
zr35 12676 242 14 0.63 631 0.0469 4.1 0.3507 6.4 0.0542 4.9 0.64 305 20 296 12 380 111
zr14 421031 1450 136 1.00 51 0.0252 6.4 0.1887 7.7 0.0544 4.3 0.83 176 14 160 10 388 97
zr15a 20099 420 24 0.65 217 0.0482 1.8 0.3473 5.9 0.0523 5.6 0.31 303 18 303 6 298 128
zr15b 302113 1631 137 0.85 88 0.0419 2.3 0.2947 6.4 0.0510 6.0 0.36 262 17 264 6 243 139
zr12 621753 1981 211 0.72 158 0.0332 2.0 0.2402 4.4 0.0526 4.0 0.46 219 10 210 4 310 90
zr18 74553 868 54 0.56 287 0.0515 1.8 0.3876 3.5 0.0546 3.0 0.52 333 12 324 6 395 67
zr19a 19487 628 37 0.38 34269 0.0583 1.9 0.4345 2.4 0.0541 1.5 0.77 366 9 365 7 374 35
zr19b 6008 186 11 0.38 9994 0.0591 1.8 0.4391 3.1 0.0538 2.5 0.57 370 11 370 7 365 57
zr20 218534 1487 106 0.57 129 0.0389 1.9 0.2841 3.2 0.0529 2.5 0.59 254 8 246 5 324 58
zr27 3230 116 8 0.98 6789 0.0565 2.2 0.4143 3.7 0.0532 3.0 0.59 352 13 354 8 338 67
zr28 466679 472 140 0.66 128 0.0584 2.7 0.4288 3.9 0.0532 2.8 0.69 362 14 366 10 339 65
zr29 6864 152 15 0.72 11295 0.0855 1.8 0.6889 2.5 0.0584 1.8 0.70 532 13 529 9 546 39
zr30 11169 319 21 0.74 1259 0.0582 1.8 0.4361 3.8 0.0543 3.3 0.46 367 14 365 6 384 75
zr31 11659 406 24 0.43 19515 0.0563 2.0 0.4205 3.1 0.0541 2.3 0.67 356 11 353 7 377 51
zr32 123561 1349 81 0.61 526 0.0404 4.4 0.3020 7.3 0.0542 5.8 0.61 268 19 255 11 380 130
zr33 14379 298 20 0.59 15780 0.0579 2.5 0.4282 3.1 0.0536 1.9 0.79 362 11 363 9 354 44
zr1 12890 237 26 0.88 19940 0.0960 1.7 0.7931 2.4 0.0599 1.7 0.70 593 14 591 10 600 38
zr2 226195 900 100 0.48 155 0.0532 3.5 0.3822 7.4 0.0521 6.5 0.47 329 24 334 12 289 149
zr8 19892 1196 48 0.54 182 0.0340 4.4 0.2519 6.2 0.0538 4.5 0.70 228 14 215 9 362 101
zr9 98063 1010 67 0.65 223 0.0462 3.2 0.3351 6.4 0.0526 5.6 0.50 293 19 291 9 310 127
zr23 52193 706 39 0.87 202 0.0374 3.8 0.2903 6.0 0.0562 4.6 0.63 259 15 237 9 462 102
zr24 5008 176 11 0.79 7606 0.0567 1.8 0.4242 3.4 0.0543 2.9 0.53 359 12 355 6 382 66
zr26 3260 98 6 0.34 3861 0.0584 1.9 0.4261 4.8 0.0529 4.4 0.39 360 17 366 7 324 99
zr4 35499 604 38 0.48 8021 0.0589 1.8 0.4418 3.3 0.0544 2.8 0.53 372 12 369 6 386 63

Tab. 9 Summarized LA-ICP-MS U, Pb and Th isotope ages from Unegt Uul Crystalline Complex, Chandman Massif and Khan Khayrkhan Crys-
talline Complex.

sample rock unit LI (Ma) UI (Ma) AVG (Ma) map (Ma) dated event
H0057 granite UUC 329 ± 33 336 ± 6.0 330 ?
H0057 granite UUC 518 ± 5.0 518 granite crystallization
H0341 granodiorite GCH 154 ± 160 354 ± 26 344 ± 1.9 345 granite emplacement
R0237 orthogneiss KKC 160 +57/-61 362 +17/-16 363 ± 3.1 363 granite emplacement
R0237 orthogneiss KKC 529 ± 9 529 ± 9 530 inheritance
R0237 orthogneiss KKC 591 ± 10 591 ± 10 inheritance

8.2.	Geological interpretation

The southern domains of Mongolia are represented by 
the Silurian to Carboniferous accretionary complexes 
and arc-related volcanoclastic rocks (Lamb and Ba-
darch 1997). This characteristic can be also applied 
to the Gobi-Altay Terrane in the Chandman area. The 
whole sequence is built by very low grade Ordovician 
to Devonian sedimentary–volcanosedimentary complex 
representing relatively deep-basin sediments. This Or-

dovician and Silurian sedimentation was characterized 
by an episodic influx of clastic and bioclastic material 
to the basins towards the Devonian and Carboniferous 
(Hanžl and Aichler 2007). Within these sedimentary 
sequences are tectonically incorporated crystalline units 
of different lithological and metamorphic character. The 
whole assemblage was intruded by Variscan granitoid 
rocks of I-type (CHC) and S-type (KKC) affinity during 
a relatively short time interval between 363 and 354 Ma, 
respectively 332 Ma. 
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The spatial and temporal relations suggest the con-
temporary evolution of the Chandman Khayrkhan and 
Khan Khayrkhan crystalline units in Late Palaeozoic. 
However, their position in the frame of orogenic belt 
was different. The intrusion of the protolith to the Khan 
Khayrkhan orthogneisses was probably related to an 
earlier phase of Variscan metamorphism in a volcanic-arc 
environment. The emplacement of the Chandman Mas-
sif followed the peak of Variscan metamorphism in the 
frame of accretion (collision) of an evolved volcanic arc 
or a microcontinent.

Both units were accreted together with the Palaeozoic 
sequences between the Lake Zone Terrane in the N and 
Tseel Terrane in the S. The more precise interpretation is 
hampered by Cenozoic imbrication in restraining bends 
evolved in the Northern Gobi-Altay fault zone.

Noticeable is the temporal (and partly lithologic) anal-
ogy with the Tseel Terrane (see Introduction to this Vol-
ume). The Tseel Terrane is a complex of Early Devonian 
volcanic-arc rocks with zircon age of c. 400 Ma that were 
subsequently metamorphosed to amphibolite-facies mig-
matitic amphibolites and gneisses (Windley et al. 2007). 
The zircon age from gneisses corresponds to 360.5 ± 1.1 
Ma and the Tseel Terrane is interpreted as the root of an 
arc system (Kröner et al. 2007).

The Unegt Uul Crystalline Complex has a lithologic 
character as well as a metamorphic and structural evolu-
tion completely different from the remaining two units. 
Geochemical characteristics with geochronological data 
resemble closely the Burdnii Gol Massif (Hanžl et al. 
2007), which belongs to the Lake Zone Terrane. Con-
sequently, the Unegt Uul Crystalline Complex may also 
show a genetic link to the Lake Zone Terrane and be 
independent of the Gobi-Altay Terrain. Instead it may 
represent a rock slice incorporated into the Gobi-Altay 
Zone tectonically along the Bogd fault. 

9.	Conclusions

Metamorphic domains exposed in tectonic slices among 
the Palaeozoic volcanosedimentary sequences were newly 
described in the Gichigeney Nuruu Mountains (eastern 
Mongolian Altay) and Unegt Uul range (western Gobi 
Altay). The area is situated along the northern margin of 
the Gobi Altay Terrane, close to boundary with the Lake 
Zone Terrane. Unegt Uul, Chandman Khayrkhan and 
Khan Khayrkhan crystalline complexes were defined on 
the basis of distinct geological position, lithology, meta-
morphic conditions and age.

Unegt Uul Crystalline Complex represents a tectonic 
mélange closely associated with the Bogd Fault system. 
The Complex consists of prevailing granites to leuco-
granites with mica schists representing the roof pendants 

of the granitic intrusions and tectonically assembled 
fragments of basic rocks. The metamorphic conditions 
estimated for the amphibolites correspond to c. 610 °C 
and 6 kbar in the cores and c. 650–760 °C and 6–7 kbar 
in the marginal parts of the mineral grains. Mica schists 
yielded T = c. 640–660 °C and P = 6.0–6.7 kbar. 

Chandman Khayrkhan Crystalline Complex is a 
metamorphic unit markedly affected by the Chandman 
granite intrusion. It is represented by orthogneisses and 
migmatites with lenses of amphibolite and sporadic 
calc-silicate bodies. The metamorphic development 
featured a HT event with subsequent retrogression 
under amphibolite-facies conditions perceptible from 
the mineral association of the calc-silicate rocks. The 
monotonous mineral assemblages of the rocks hamper 
any more specific determination of the P–T metamor-
phic conditions.

Khan Khayrkhan Crystalline Complex is a narrow 
tectonic slice sandwiched in between the Lower and Up-
per Palaeozoic sedimentary sequences represented by or-
thogneisses with lenses and layers of amphibolites, mica 
schists, paragneisses and recrystallized limestones. The 
P–T conditions correspond to c. 560– 650 °C and 6.2–7.4 
kbar for the central parts and c. 630–680 °C, 6.4–8 kbar 
for marginal parts of mineral grains.

Laser ablation ICP-MS U-Pb dating suggests a for-
mation of the UUC leucogranites at c. 518 Ma. Intrusion 
of granitic protolith to the KKC orthogneiss took place at 
363 ± 3 Ma, while inherited zircon cores point to earlier 
zircon crystallization events at c. 529 and 591 Ma. The 
rocks of CHC remain undated, the only time informa-
tion having been provided by dating of the Chandman 
Massif granites themselves (345 ± 2 Ma). These data 
confirm the Variscan tectonometamorphic activity inside 
the Gobi-Altay and Lake Zone terranes in the Southern 
Domain of Mongolia.
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