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Abstract—Within subduction-accretion complexes, high-pressure rocks (blueschists, eclogites) are com-
monly juxtaposed with lower-grade rocks, which represent their retrograded counterparts or were involved
into accretionary event at later stages, and thus characterize distinct stages of evolution of accretionary belts.
In SW Mongolia, the Central Asian Orogenic Belt includes Neoproterozoic–Early Paleozoic paleosubduc-
tion complexes represented by eclogites and associated rocks of the Alag-Khadny accretionary complex. This
paper reports the results of mineralogical, geochemical and isotopic studies of amphibolites from this com-
plex, the geochemical nature and relationships of which with eclogites have been yet uncertain. The texture
of the studied rocks varies from fine- and medium-grained granoblastic and nematoblastic amphibole–pla-
gioclase–epidote rocks to medium-grained nematoblastic amphibole–epidote–albite–titanite amphibolites,
which experienced intense recrystallization as a response to late deformations. Primary assemblages include
pargasite and Mg-hornblende ([B]Na = 0.07–0.16, IVAl = 0.79–1.69, [A](Na + K + 2Ca) = 0.14–0.64, [C](Al+
Ti + Fe3+) = 0.58–1.29, Fe2+/(Fe2+ + Mg) = 0.18–0.46 at Fe3+/(Fe3++Al) = 0.18–0.77), low-to-medium-
Ca plagioclase (An24–36), and epidote–clinozoisite (0.08 <  < 0.16), whereas the retrograde assemblage
is represented by albite and Mg-hornblende. Calculations using amphibole composition and amphi-
bole/amphibole–plagioclase thermobarometry revealed peak P-T conditions up to 570–630°С and 7–9 kbar
ascribed to the high-T epidote-amphibolite facies with subsequent greenschist-facies retrogression. The
major-element composition of the amphibolites corresponds to low-alkali moderate-Ti tholeiites, although
their trace-element composition varies significantly from N-MORB to E-MORB-type basalts, which are
variably enriched in LREE, Nb, Ta, Th, U, and show negative Eu and Ti anomalies due to fractionation of
parental melts for precursor rocks. Isotopic composition of Nd (εNd(550) from +5.1 to –9.1) and Sr
((87Sr/86Sr)550 = 0.7057–0.7097) indicates distinct mainly moderately-depleted nature of mantle sources for
the mafic rocks, but also highlights the involvement of “anomalous” mantle domains with unradiogenic Nd
composition. The data supports that the precursor rocks of the amphibolites were formed during intraconti-
nental extension of a continental margin, which was likely linked to opening of a limited Neoproterozoic oce-
anic basin with a subsequent Late Vendian–Early Cambrian convergence. The medium- to high-pressure
metamorphism of amphibolites had similar P-T conditions to that of retrograde metamorphism of eclogites
and associated metasediments and was directly related to the Early Paleozoic subduction-accretion meta-
morphism (~550–540 Ma), or results from the final accretion during the formation of a tectonic mélange
zone between the Lake zone and Dzabkhan terrane (~515–490 Ma or younger).

Keywords: Central Asian Orogenic Belt, subduction, accretion, metamorphism, amphibolites, trace ele-
ments, Nd-Sr isotopes
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INTRODUCTION
Subduction-accretion complexes formed on con-

vergent plate margins are characterized by the pres-
ence of high-pressure rocks (eclogites and glauco-
phane schists) in association with serpentinite
mélange, metasedimentary and felsic rocks (Ernst,
2005). In the Pacific-type (oceanic) paleosubduction
complexes, the high-pressure rocks are usually repre-

sented by metamorphosed analogues of oceanic rocks
(N-, T-, and E-MORB basalts associated with terrig-
enous, siliciclastic f lysch metasediments, and abyssal
clays), which are genetically related to the evolution of
paleooceans of similar age. In contrast, paleozones of
continental (Alpine-type) subduction demonstrate
significant geochemical and age diversity of rocks
involved in subduction. In some cases, rocks in poly-
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metamorphic paleosubduction belts mark the transi-
tion from oceanic to continental subduction (Song
et al., 2006; Zhang et al., 2013). Regardless of the type
of subduction belts, they usually show a juxtaposition
of rocks of different metamorphic grade. In particular,
medium-grade metamafic rocks (amphibolites, garnet
amphibolites) could represent both the retrogressed
eclogites and rocks that did not experience significant
subsidence. Therefore, the consideration of geochem-
ical, isotope, and thermobarometric data is required to
decipher the evolution of accretionary structures.

Within recently revealed high-pressure Alag-
Khadny Complex in SW Mongolia (Štípská et al.,
2010; Skuzovatov et al., 2018), eclogites are juxtaposed
with orthogneisses and metasedimentary rocks show-
ing signs of subduction metamorphism (Skuzovatov,
2021), as well as with lower grade metamorphic rocks
(metacarbonates, amphibolites). Geochemical studies
showed a common paleooceanic nature of metamafic
rocks of the complex and thus, its formation in an
intraoceanic setting in the Vendian–Early Cambrian
(Štípská et al., 2010). However, this suggestion was not
confirmed by more detailed isotope-geochemical
studies (Skuzovatov et al., 2018). This work reports
mineralogical-geochemical and isotope data on
amphibolites exposed in the southern periphery of the
eclogite-bearing complex. These rocks could repre-
sent previously unproved fragments of oceanic crust of
the Neoproterozoic oceanic basin, which are spatially
and genetically related to the tectonic evolution of
high-grade rocks.

GEOLOGICAL STRUCTURE OF SW 
MONGOLIA AND STUDIED AREA

The Central Asian Fold Belt (CAFB) bordered by
the Siberian, Tarim, and North China cratons charac-
terizes the largest Phanerozoic crustal growth on
Earth (Jahn et al., 2000; Sengör et al., 1993). The belt
consists of terranes of different geodynamic nature,
mainly of subduction-accretion complexes, micro-
continents with Precambrian basement, and ophio-
lites. The CAFB was formed owing to the evolution
and closure of the Paleoasian Ocean from Neopro-
terozoic to Permian (e.g., Kozakov et al., 2012; Yar-
molyuk et al., 2006; Jahn et al., 2000; Sengör et al.,
1993). The Mongolian segment of the CAFB is the
central structure of the belt. Its western and south-
western parts exemplify the collage of high-grade Pre-
cambrian blocks, Paleozoic arcs, and accretionary
complexes (Fig. 1a) (Yarmolyuk et a., 2006; Dobretsov
et al., 2003; Khain et al., 2003; Kröner et al., 2010).
Northern Mongolia is mainly made up of Early Paleo-
zoic (Caledonian) complexes, which are separated
from the Late Paleozoic (Hercynian) complexes of
South Mongolia by the Main Mongolian Lineament
(Tomurtogoo, 1997). The studied area is located in the
western part of Gobi Altai, within the Lake Zone of
the Vendian–Early Paleozoic ophiolites and subduc-
tion–accretion complexes (Rudnev et al., 2013; Mat-
sumoto and Tomurtogoo, 2003) between the linea-
ment and suture separating the Lake Zone from com-
plexes of the Dzabkhan microcontinent and the
Baidarik Block (Kozakov et al., 2007, 2012).

Field studies were carried out within the Zamtyn
Range, 20 km northeast of the Chandman settlement
(Fig. 1b). The detailed description of geological struc-
ture of the area was given for the first time in (Hanžl,
Aichler, 2007) and in (Štípská et al., 2010). According
to the cited materials, the lower levels of the structure
are occupied by the high-grade rocks of the Zamtyn-
Nuruu crystalline complex with U-Pb zircon ages
varying from Neoproterozoic to Early Cambrian
(948–541 Ma) (Hanžl and Aichler, 2007; Kröner et al.,
2010; Buriánek et al., 2017). The basement complexes
are unconformably overlain by volcanosedimentary
and carbonate rocks of the Tsakhir-Uul Formation
with Early Cambrian fauna (Kröner et al., 2010).
Eclogites were initially identified as separate boudins
up to a few hundreds meters in size among metasedi-
mentary rocks and carbonates (Štípská et al., 2010;
Skuzovatov et al., 2018), being confined to the block
consisting of orthogneisses and metapelites (Alag-
Khadny crystalline complex) (Štípská et al., 2010;
Skuzovatov et al., 2018). Based on the T-MORB geo-
chemical signatures, the high-grade rocks were
ascribed to the accretionary complex of the Early
Cambrian subduction paleozone thrust onto the crys-
talline rocks of the basement. Later models suggest
that the sedimentary and magmatic protoliths of the
rocks were formed in a setting of continental margin,
which evolved from Early Neoproterozoic rifting
(Skuzovatov et al., 2018) or suprasubduction-back arc
magmatism (Buriánek et al., 2017) to the Early Cale-
donian subduction-accretionary stage (540–530 Ma).
Metamorphic conditions of the eclogites (600–
620°С, 19–21 kbar) are interpreted as a result of con-
tinental-margin subduction (Štípská et al., 2010; Sku-
Fig. 1. (a) Geological structure of the central segment of the Central Asian Fold Belt after (Kozakov et al., 2021). (1) Quaternary
sediments; (2) Devonian–Carboniferous turbidite deposits; (3) undivided Paleozoic–Early Mesozoic volcanoplutonic com-
plexes; (4) paleooceanic and island-arc Hercynides of the South Altai zone; (5) deposits of the continental slope and passive mar-
gin; (6) Late Caledonides of the Mongol-Altai zone; (7) Ediacaran–Lower Cambrian paleooceanic and island-arc complexes of
the Lake Zone; (8) Ediacaran–Neoproterozoic ophiolites of the Bayankhongor zone; (9) Early Neoproterozoic paleooceanic
and island-arc complexes; (10–15) proved and inferred blocks of crystalline rocks; (10) Early Precambrian, (11) undivided shelf
and volcanic sequences of the Bayankhongor zone and metamorphic rocks of the South Khangay metamorphic belt (Late Neo-
proterozoic), (12) Early Neoproterozoic metamorphic complexes (exposed and inferred beneath cover), (13) Late Neoprotero-
zoic metamorphic complexes, (14) Early Paleozoic metamorphic complexes, (15) Late Paleozoic metamorphic complexes;
(16) tectonic boundaries, faults; (17) position of the studied object. (b) Geological scheme of the studied area (modified after
Buriánek et al., 2017).
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zovatov et al., 2018). The age of the eclogites and
metapelites (Ar-Ar phengite age of 543 and 537 Ma,
respectively) (Štípská et al., 2010) is similar to that of
metamorphic zircons from orthogneisses (538 Ma)
(Buriánek et al., 2017; Skuzovatov, 2021). Detailed P-T
estimates for different lithologies associated with
eclogites made it possible to establish the different
degree of metamorphic transformation for the base-
ment metagranitoids and metasedimentary schists (no
more than 600–670°С and 11–14 kbar) and for
metapelites (up to 500–570°С and 21–23 kbar), which
likely had a common subduction history with eclog-
ites. From the south, a zone of high-grade rocks is in a
tectonic contact with Vendian–Early Cambrian car-
bonates of the Maikhan-Tsakhir Formation bearing
amphibolite bodies, the development area of which is
limited by metaperidotites from the south. Mineral
assemblages and geochemical features of metaperidot-
ites indicate that their protoliths were formed in an
extensional setting, with subsequent suprasubduction
refertilization by melts and/or f luids and metamor-
phism at Р-Т conditions similar to those of eclogite
formation (640–720°С, 16–20 kbar) (Gornova et al.,
2020).

ANALYTICAL METHODS

Sample preparation procedure and all analytical
studies were conducted at the Center for Collective
Use of Isotope-Geochemical Studies of the Vinogra-
dov Institute of Geochemistry, Siberian Branch, Rus-
sian Academy of Sciences, Irkutsk. The compositions
of rock-forming and accessory phases in amphibolites
were acquired using a JEOL JXA8200 electron micro-
probe analyzer at a beam size of 2 μm, a beam current
of 15 nA, and an accelerating voltage of 20 kV. The set
of reference samples used for calibration involved
albite (Na), pyrope garnet (Al), K-feldspar (K), diop-
side (Ca), forsterite (Mg), Mn-garnet (Mn), Ti-
ilmenite (Ti) and Cr-spinel (Cr). Amphibole formulas
were calculated according to the recommended classi-
fication using ACES algorithm (Amphibole Classifi-
cation Excel Spreadsheet, version 1.9.8; Locock,
2014). Formula coefficients were calculated ignoring
Ti4+ compensation by substitution of OH– for O2– in
site W, which systematically underestimates Fe3+ by
~6–7%. Formulas for epidote–clinozoisite and pla-
gioclase were calculated based on 8 cations and 16
charges (8 oxygen atoms), respectively, while titanite
was calculated for 3 cations. Representative composi-
tions of minerals from amphibolites of the Alag-
Khadny Complex are given in Table 1; all data are
given in Supplementary1, ESM_1.xlsx.

1 Supplementary materials to Russian and English on-line ver-
sions can be found at https://elibrary.ru/ and
http://link.springer.com/, respectively:
ESM_1. xlsx—Compositions of minerals of epidote–clinozoisite
amphibolites from the Alag-Khadny Complex, SW Mongolia.
To determine the bulk composition, rock frag-
ments were ground in jaw crusher and powdered to
0.02 mm using steel mills. Major oxides were analyzed
using X-ray f luorescence analysis on a Bruker S4 Pio-
neer spectrometer. The trace element contents were
analyzed by ICP-MS method on a NexION 300D
(Perkin Elmer) quadrupole mass-spectrometer with a
preliminary sample preparation by open acid diges-
tion. For both types of bulk analysis, standard samples
(ST-1, SGD-1, BHVO-1) were used to control the
accuracy and reproducibility of measurements.

For Sr and Nd isotope analyses by isotope dilution,
whole-rock samples were spiked with 149Sm-150Nd and
85Rb-84Sr tracers and decomposed in a Savillex Teflon
beakers in an HF–HNO3–HClO4 mixture (propor-
tions of 3 : 1 : 0.3) in an ultrasonic bath, then evapo-
rated on a plate at 100°С, and treated with 6 N HCl to
remove formed fluorides and with 2 N HCl prior to
applying to column. Sr was extracted in two stages by
ion-exchange chromatography using BioRad AG 50W ×
8 (200–400 mesh) and BioRad AG 50W × 12 (200–
400 mesh) resins. The total REE and Sm-Nd were
extracted using BioRad AG 50W × 12 (200–400 mesh)
and LN-Resin (Eichrome) resins. The Sr isotope
analysis was performed on a Finnigan MAT 262 ther-
moionization mass-spectrometer (TIMS) at the Geo-
dynamics and Geochronology Center for Collective
Use (Institute of the Earth’s Crust, Siberian Branch of
the Russian Academy of Sciences), in a static mode.
Measured values were normalized to 88Sr/86Sr =
8.37521 and controlled by replicate measurements of
NBS-987 and BCR-2 standards. The Nd isotope
analysis was conducted on a MC-ICP-MS Neptune
Plus multicollector mass-spectrometer in static mode,
and accuracy was controlled by replicate analysis of
JNdi-1 and BCR-2 standards.

RESULTS
Petrography and Mineralogy of Rocks

Amphibolites form extended round bodies (from a
few meters to 2 km long) in the carbonates of the
Maikhan–Tsakhir Formation between zone of high-
grade rocks and metaperidotites and are tectonic
megaboudins. A spatial juxtaposition of eclogites and
amphibolites are observed neither in carbonates south
of the high-grade zone nor within the zone: the most
retrograded eclogites are represented by apoeclogite
garnet amphibolites. The rocks are made up of amphi-
bole (40–70%), clinozoisite (20–30%), plagioclase
(20–30%), sometimes quartz (up to 10%), and acces-
sory titanite/rutile/titanomagnetite. They have gray-
black color, banded structure, and fine to medium-
grained texture and frequently contain sericite–cal-
cite–chlorite veinlets. The petrographic study
revealed a wide spectrum of characteristic textures and
structures (Figs. 2, 3): from massive and fine-grained
(grains up to 100 μm) granonematoblastic textures
PETROLOGY  Vol. 30  No. 5  2022
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Fig. 2. Petrographic features of the studied epidote–clinozoisite amphibolites (in transmitted light).
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(b) Sample M16-37
with randomly oriented minerals (Figs. 2a, 2d; 3a, 3f)
to nematoblastic and banded directive textures with
subparallel orientation of amphibole and epidote–cli-
nozoisite (Figs. 2b, 2e, 2f; 3c, 3e). In some amphibo-
lites, banding is accompanied by a significant increase
of grain size (up to 1–1.5 μm, Figs. 2e, 3e) of both
rock-forming amphibole and epidote–clinozoisite,
and accessory titanite. Signs of migmatization are not
observed. Mineral abbreviations are given according to
(Whitney and Evans, 2010).

Amphibole is ascribed to Ca-group and varies in
composition from pargasite to magnesian hornblende
([B]Na = 0.07–0.16, IVAl = 0.79–1.69) (Fig. 4a; given
according to Tsujimori et al., 2006). According to
amphibole classification (Hawthorne et al., 2012),
data points fall mainly in the field of magnesian horn-
blende at [A](Na + K + 2Ca) = 0.14–0.64, [C](Al + Ti +
Fe3+) = 0.58–1.29 (Fig. 4b). Calculation for formula
coefficients according to (Holland and Blundy, 1994)
PETROLOGY  Vol. 30  No. 5  2022
yields close results. The Ti content (0.02–0.10 a.p.f.u)
changes insignificantly at wider variations of IVAl (see
above) and VIAl (0.19–0.85 a.p.f.u.). Calculated Fe
mole fraction (Fe2+/(Fe2+ + Mg)) of the amphiboles is
within 0.18–0.46 at Fe3+/(Fe3+ + Al) = 0.18–0.77.
The observed trends and compositional features are
typical of metamorphic amphiboles from medium-
grade metamafic rocks (Gerya et al., 1997; Zenk and
Schulz, 2004; Schumacher, 2007) and indicate the
absence of relicts of primary magmatic amphibole. In
some samples, amphibole is azonal or weakly zoned,
with cores represented by higher Ti and higher Al
amphibole. This zoning is best expressed in samples
М16-42 and М16-43 due to significant depletion of
rims in Al, Na, and/or Ti (Fig. 4). Similar tendency
together with general character and scales of composi-
tional variations of amphibole in these samples sug-
gests re-equilibration of primary amphibole–epi-
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Fig. 3. Detailed structural relations of rock-forming and accessory minerals in amphibolites (BSE microimages).
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dote–plagioclase assemblages under low-temperature
epidote–amphibolite facies conditions.

Clinozoisite-group minerals vary in Fe mole fraction
(Fe3+ = 0.37–0.77 a.p.f.u., Fe3+/(Fe3+ + Al) = 0.13–
0.25, Fig. 5a) and are ascribed to epidotes, sometimes,
to clinozoisites (Fe3+ = 0.4–0.5 a.p.f.u.). The epi-
dote–clinozoisite contains 0.10–0.35 wt % MnO,
demonstrates a homogenous distribution of pistazite end
member or its outward growth (expressed, for instance,
in pronounced zoning in BSE images in Fig. 3d).

Plagioclase reveals significant compositional varia-
tions (Fig. 5b). In samples showing no superimposed
processes, plagioclase is represented by oligoclase–
andesine (An24–36). In many cases, the primary oligo-
clase–andesine is replaced by secondary plagioclase
from higher Na composition to albite (An2–10) or
albite–epidote–sericite aggregate. Amphibolites con-
taining mainly sodic plagioclase are characterized by
the presence of quartz and mentioned above trend of
amphibole toward the tremolite/ferroactinolite
(higher SiO2 and low Al2O3 and Na2O).

Ti minerals in amphibolites are represented by
accessory Ti-magnetite, rutile, and titanite. Ti-magne-

tite (13.2–19.2 wt % TiO2) was found in one sample
with most massive and fine-grained texture (sample
M16-36, Fig. 2a). Two samples (М16-41, М16-42)
contain titanite (0.80–1.80 wt % Al2O3) (Figs. 3e, 3b).
Samples М16-37 and М16-43 contain rutile (0.56–
0.93 wt % FeO) and titanite (0.96–1.33 wt % Al2O3,
PETROLOGY  Vol. 30  No. 5  2022
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Fig. 4. Composition of amphiboles in the studied amphibolites. 
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0.13–0.17 wt % F, 0.13–0.20 wt % P2O5). Thereby,
titanite occurs as separate grains and as replace-
ment/overgrowth rims in rutile (Figs. 3c, 3f). Amphi-
bole (sample М16-44) contains only rutile (Fig. 3d).

Mineral Thermobarometry

The medium-grade metamafic rocks have limited
variations of modal composition (Oh and Liou, 1998),
but demonstrate wide variations of zonal rock-forming
phases, in particular, Ca-amphibole (Laird and Albee,
1981; Raase, 1994; Zenk and Schulz, 2004), which is
an important source of information on the P-T evolu-
tion of the rocks. The composition of amphiboles, in
particular, the degree of tschermakite and glauco-
phane isomorphism, depends on the metamorphic
PETROLOGY  Vol. 30  No. 5  2022
grade, which leads to the increase of Ti, VIAl, and [A]Na
contents with temperature increase and VIAl and
[M4]Na with pressure increase (Brown, 1977; Spear,
1980; Gerya et al., 1997; Ernst and Liu, 1998; Zenk
and Schulz, 2004). In this paper, P-T parameters were
estimated using amphibole–plagioclase geothermom-
eter (Holland and Blundy, 1994). However, its appli-
cation is limited by (1) the fact that free quartz
involved in amphibole-forming reactions is present
only in two samples, (2) ubiquitous replacement of
primary plagioclase (presence of two plagioclase gen-
erations or the complete absence of andesine–oligo-
clase), and (3) potentially disequilibrium character of
association of late amphibole with albite. This could
result in the slightly overestimated temperature values
(calculated for pressure of 7 kbar) on quartz-free
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Fig. 5. Composition of epidote–clinozoisite (a) and plagioclase (b) in the studied amphibolites. 
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amphibolites (~690–750°С for sample М16-36, 650–
730°С for sample М16-37, 680–710°С for sample
М16-41) and slightly lower values of 640–690°С for
sample М16-42 with single quartz grains. Incorrect
estimates were obtained for quartz-bearing amphibo-
lites (samples М16-43, М16-44) with albitic pla-
gioclase. The series of P-T estimates obtained from
amphibole composition using geothermobarometers
according to (Gerya et al., 1997), in modified form
after (Zenk and Schulz, 2004), are restricted to the rel-
atively narrow range of more moderate temperatures
(570–630°С) and pressures (4–7 kbar), except for
lower parameters determined for low-Al and low-Ti
rims of two samples М16-42 and М16-43 (500–
550°С, 3–4 kbar) (Fig. 6).

Petro- and Geochemistry

The studied amphibolites are characterized by a
sufficiently limited range of SiO2 = 48.0–51.0 wt %
and total alkalis (K2O + Na2O) = 2.07–2.85 wt %, low
to moderate TiO2 = 0.49–1.45 wt % and Mg# = 0.44–
0.52, which correspond to low-Ti Fe-rich tholeiites
(Table 2). The magnesian number (Mg# = 0.30–0.38)
corresponds to the least magnesian eclogites. Thereby,
the amphibolites with the lowest Mg content (MgO <
6 wt %) show the largest deviation from eclogite com-
position (Fig. 7). In particular, they have elevated
Al2O3 and CaO contents and, in contrast, the lowest
FeO and TiO2 contents.

At narrow major-element variations, the studied
rocks show wide trace-element variations (Fig. 8).
Amphibolites demonstrate two types of REE distribu-
tion: LREE depleted ((La/Yb)N 0.79–0.82) and
LREE-enriched ((La/Yb)N 2.31–2.99, (La/Sm)N
1.89–2.24) patterns relative to HREE (Fig. 8). Nor-
malized HREE contents are 20–30 times chondrites,
which are higher than typical N-MORB and E-MORB
values. The exception is sample M16-42 with YbN ~
14, which is lower than N-MORB value. All samples,
except for sample M16-42, have Eu-minimum. Two
samples (М16-36, М16-42) with massive structure
and low content of epidote-clinozoisite display LREE
depletion relative to HREE ((La/Yb)N 0.79–0.82),
LREE enriched or f lat distribution pattern ((La/Sm)N
0.83–1.09), and a weak negative Eu-anomaly
(Eu/Eu* = 0.86–0.94) (Fig. 8a). The incompatible
element distribution patterns (Fig. 8b) show positive
Th, U, Nb-Ta, and Zr-Hf anomalies and negative Ti
anomaly, as well as relative enrichment in large ion
lithophile elements (Cs, Rb, and Ba). The distribution
of other elements of this group differs in the consid-
ered samples. Amphibolite (sample M16-36) exhibits
Sr and K minima and Pb maximum. In conrast, sam-
ple M16-42 has opposite (positive) K, Pb, and Sr
anomalies.

In other samples (М16-37, М16-41, М16-43,
М16-44) with variably expressed banding, the REE
distribution pattern shows LREE enrichment com-
pared to N-MORB and E-MORB (Fig. 8c) ((La/Yb)N
2.31–2.99, (La/Sm)N 1.89–2.24), MREE enrichment
relative to HREE with (Sm/Yb)N within 1.16–1.34, as
well as Eu, Sr and Ti-minima, Th and U enrichment
(except for one sample), and Nb and Ta enrichment
relative to LREE (Fig. 8d), which is similar to that
observed in sample М16-36 (Fig. 8b). In addition,
there are negative K and Ba anomalies and positive Pb
PETROLOGY  Vol. 30  No. 5  2022
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Fig. 6. Р-Т estimates for amphibolites based on the amphibole geothermobarometer (ZS94—Zenk and Schulz, 1994; G97—
Gerya et al., 1997).
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anomaly, except for sample M16-37 with Рb mini-
mum.

Nd-Sr Isotope Composition

Amphibolites are characterized by a narrow range
of 87Sr/86Sr (0.7057–0.7097) calculated for an age of
550 Ma (inferred age of accretionary events) at much
wider variations of measured 87Rb/86Sr (0.0863–
0.2756) (Table 3, Fig. 9). The Nd isotope composition
shows wider variations of εNd(550) from +5.1 to –9.1.
Corresponding values of model age T(DM) are plau-
sible only for three samples (808–1418 Ma), whereas
five of six samples yield close two-stage ages within
817–1134 Ma, and sample with the least radiogenic Nd
composition yields the oldest model age of 1930 Ma.

DISCUSSION
Metamorphic Conditions

The studied amphibolites are made up of limited
mineral associations, which for instance, in the
PETROLOGY  Vol. 30  No. 5  2022
absence of garnet, prevent the reliable temperature
and pressure determination. The observed assem-
blages (high to moderate-Na plagioclase + epidote–
clinozoisite + Ca-amphibole) in the absence of chlo-
rite correspond to the high-pressure zone of the epi-
dote–amphibolite and amphibolite facies (Maruyama
et al., 1983; Starr et al., 2020). The moderate-Fe com-
position of epidote–clinozoisite in amphibolites
(  < 0.25) corresponds to that of amphibolite
facies (Starr and Pattison, 2019), although depends on
the degree of iron oxidation in the rock. It is notewor-
thy that the higher Fe3+ content in the outer zones of
zonal epidote and some replaced domains indicates
the growth/recrystallization of epidote–clinozoisite
with decreasing temperature (Starr and Pattison,
2019) and/or the gradual growth of oxidizing potential
at late low-temperature metamorphic stages (Raith,
1976; Keskinen and Liou, 1987). A potential role of
decreasing temperature follows from compositional
variations of amphibole and plagioclase, although it
was difficult to estimate the equilibrium of definite
amphibole with definite plagioclase in the studied

3+FeX
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Table 2. Content of major (wt %) and trace (ppm) elements in the amphibolites of the Alag-Khadny Complex, SW Mon-
golia

Components М16-36 М16-37 М16-41 М16-42 М16-43 М16-44

SiO2 48.9 50.0 51.0 48.0 50.9 48.1
TiO2 1.22 1.13 1.10 0.79 1.23 1.45
Al2O3 13.3 13.9 15.1 16.3 14.8 14.4
Fe2O3* 15.3 13.0 12.8 10.8 11.6 14.0
MnO 0.23 0.19 0.19 0.21 0.18 0.22
MgO 7.10 7.09 5.86 5.98 5.22 5.47
CaO 11.1 11.8 10.7 13.9 12.2 12.0
Na2O 2.27 1.83 1.79 2.40 2.27 2.14
K2O 0.19 0.24 0.54 0.35 0.51 0.71
P2O5 0.12 0.14 0.13 0.08 0.16 0.34
L.O.I. 0.78 1.29 1.4 1.67 1.49 1.11
Total 100.6 100.6 100.6 100.5 100.6 100.0

Cs 0.06 0.10 0.15 0.10 0.12 0.11
Rb 6.50 7.70 17.8 13.9 14.2 17.6
Ba 40.5 37.2 143 79.1 84.5 115
Th 1.12 2.60 2.88 0.34 1.75 4.54
U 0.31 0.72 0.79 0.12 0.60 1.16
Nb 8.10 20.3 8.36 3.13 14.1 30.3
Ta 0.53 1.27 0.54 0.19 0.83 1.88
La 5.85 13.2 13.4 2.51 10.9 22.8
Ce 13.3 28.0 27.5 5.97 23.7 47.8
Pb 1.48 1.66 3.81 1.24 4.73 5.58
Pr 1.91 3.63 3.58 0.92 3.14 6.00
Sr 127 261 199 172 215 182
Nd 9.37 15.5 14.6 4.91 14.0 24.7
Zr 90.0 134.0 90.0 50.0 94.0 190
Hf 2.62 3.84 2.26 1.42 2.51 5.30
Sm 3.36 4.35 3.72 1.89 3.77 6.40
Eu 1.15 1.25 1.06 0.71 1.34 1.59
Gd 5.00 5.45 4.63 2.77 4.72 7.71
Tb 0.96 0.97 0.81 0.53 0.81 1.33
Dy 6.80 6.42 5.42 3.49 5.40 8.73
Y 42.0 36.7 33.2 20.4 30.4 49.8
Ho 1.59 1.39 1.21 0.75 1.13 1.84
Er 4.98 4.12 3.67 2.38 3.32 5.52
Tm 0.72 0.60 0.54 0.32 0.48 0.79
Yb 4.83 3.82 3.48 2.17 3.21 5.19
Lu 0.72 0.57 0.53 0.32 0.48 0.77
V 483 351 255 303 335 385
Cr 71.4 132 124 350 130 80.7
Co 57.5 52.6 41.5 44.9 39.4 51.1
Ni 80.9 91.8 40.5 127 81.2 63.3
Cu 182 176 69.3 133 47.0 102
Zn 111 88.9 98.4 63.0 79.5 129
Ga 56.7 49.4 49.5 44.4 40.0 47.1
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Fig. 7. Variations of some major (in wt %) and trace (in ppm) elements in the amphibolites. Compositions of eclogites from the
Alag-Khadny Complex are shown for comparison (Skuzovatov et al., 2018).
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amphibolites. Nevertheless, variation trends of two
mineral phases suggest that the highest Al (IVAl > 1.3
a.p.f.u) hornblende could be formed in equilibrium
with the highest calcium (>20% anorthite) oligo-
clase–andesine at 600–650°С. Partial re-equilibra-
tion at lower temperatures in the epidote–amphibolite
facies could occur in association of the highest-Na
plagioclase with the highest-Si amphibole. The
absence of tremolite–actinolite amphibole, which
could be in equilibrium with albite as rims or separate
grains/aggregates, could indicate the incompleteness
of the process. In addition, the compositional varia-
tions of main rock-forming phases, including amphi-
bole, plagioclase, and epidote–clinozoisite that
PETROLOGY  Vol. 30  No. 5  2022
accompany dissolution/reprecipitation deformations
have been repeatedly described for medium-grade
metamorphic rocks (e.g., Triboulet and Audren, 1988;
Guintoli et al., 2018). Thus, intense deformation both
in eclogites and in associated rocks could serve as cat-
alysts for re-equilibration at retrograde stage.

Of great importance for deciphering the metamor-
phic evolution of amphibolites is the presence of indi-
cators of high-pressure conditions such as garnet and
rutile. In the studied amphibolites, Ti mineral carrier
in most cases is titanite, however, in some cases,
titanite is developed after rutile (Fig. 3f). The presence
of rutile relicts in some amphibolites indicates that the
rocks were subjected to high-pressure metamorphism,
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Fig. 8. Rare-earth element (a, c) and trace-element (b, d) patterns for amphibolites from the Alag-Khadny Complex. Element
abundances are normalized to chondrite (C1) and primitive mantle (PM) compositions after (Sun and McDonough, 1989). Sam-
ple М16-41 (amphibolite) therein is shown by circle.
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however, the definite boundaries of the rutile and
titanite stability fields depend on the whole-rock com-
position, including Ca content (e.g., Frost et al.,
2000), Mg#, as well as SiO2 content. In particular, the
rutile–titanite equilibrium in the medium-grade rocks
Table 3. Nd and Sr isotope composition in the amphibolites o

Sample 
no.

Sr,
ppm

Rb,
ppm

87
R

b/
86

Sr

87
Sr

/8
6 Sr ± Nd,

ppm
Sm,
ppm

M-16-37 224 6.7 0.0863 0.70667 0.00002 15.1 4.05
M-16-36 108 5.6 0.1504 0.70568 0.00002 10.0 3.49
M-16-41 167 16.0 0.2756 0.70973 0.00002 14.2 3.48
M-16-42 155 13.0 0.2482 0.70699 0.00001 6.21 2.28
M-16-43 178 12.0 0.2003 0.70812 0.00002 13.1 3.51
M-16-44 159 15.0 0.2656 0.70826 0.00002 24.6 4.24
according to (Kapp et al., 2009) is determined by gar-
net-bearing and garnet-free reactions:

(1)

(2)

22 3 H O,Czo Zo Rt Qtz An Ttn+ + = + +

2 2 .An Ttn Grs Rt Qz+ = + +
PETROLOGY  Vol. 30  No. 5  2022

f the Alag Khadny Complex, SW Mongolia

14
7 Sm

/14
4 N

d

14
3 N

d/
14

4 N
d

±

ε N
d(

55
0)

Model age, Ma

T(DM) T(DM-2st)

0.16295 0.512570 0.000006 1.0 1402 1132
0.21250 0.512893 0.000008 3.9 – 911
0.14961 0.512000 0.000008 –9.1 – 1930
0.2241 0.512996 0.000015 5.1 – 817
0.16381 0.512572 0.000007 1.0 1418 1134
0.10481 0.512493 0.000006 3.6 808 929
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Fig. 9. The Nd and Sr isotope data on the studied amphibolites. The isotope characteristics of eclogites and associated felsic and
metasedimentary rocks of the Alag-Khadny Complex are shown for comparison (Skuzovatov et al., 2018). 
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According to the experimental data on metamafic
rocks (Oh and Liou, 1998; Kapp et al., 2009), the
rutile–titanite transition in the medium-temperature
region (500–700°С) occurs within 12–14 kbar, and,
hence, titanite could be the product of retrograde
transformation of higher pressure rocks. Nevertheless,
P-T modeling for the average MOR basalts and partic-
ular basalts of the similar composition points to the
appearance of rutile at the same moderate to high
temperatures of 500–700°С, but at much lower pres-
sures of 7–8 kbar (Starr et al., 2019). Similar results are
consistent with thermobarometric estimates on the
epidote–clinozoisite amphibolites (Kapp et al.,
2009), which revealed that P-T equilibrium conditions
of the rutile-bearing amphibolites widely vary (~500–
780°С, 7–12 kbar) and are significantly overlapped
with Р-Т parameters determined for titanite-bearing
rocks (~500–650°С, 5–11 kbar). Thus, rutile relicts
found in the titanite cores of some studied samples
could indicate the pressure more than 5–7 kbar, which
is consistent with peak P-T conditions determined
from amphibole–plagioclase assemblages (likely, up
to ~7 kbar and no more than ~650°С). Presented liter-
ature data indicate that the higher P-T parameters, in
particular, higher pressure, are not required for rutile
formation. The garnet stability field in the amphibo-
lites is usually wider than the rutile field and is
extended to the relatively lower pressure region. At the
same time, the appearance of garnet in MOR-type
basalts at ~500–800°С is related to reactions involving
low-temperature amphibole and epidote–clinozoisite
at transition from epidote–amphibolite to eclogite
facies at ~8–10 kbar (e.g., Ernst and Liu, 1998; Oh
and Liou, 1998; Starr et al., 2020), which is even
slightly higher than values typical of rutile. Thus, the
absence of garnet relicts or its low-pressure pseudo-
PETROLOGY  Vol. 30  No. 5  2022
morphs in the observed assemblages (e.g., pla-
gioclase–hornblende or quartz–clinozoisite) in the
presence of rutile relicts suggests metamorphic evolu-
tion of rocks at pressure no more than ~7 kbar.

Based on calculations of P-T metamorphic param-
eters, the amphibolites from the Alag-Khadny Com-
plex had distinct Barrovian-type metamorphic evolu-
tion different from eclogite evolution, but they do not
contain mineralogical indicators of high-pressure
metamorphism. At the same time, Javkhlan et al.
(2019) showed that metamorphism of eclogites of the
Alag-Khadny Complex could occur in two stages. The
final accretionary/collisional stage produced garnet
amphibolites (Grt + An1–13 + Mg-Hbl + Ep) at ~550–
610°С and 7–8 kbar, with subsequent cooling and
decompression up to the greenschist facies conditions
(Chl + Ab + Ep + Act). However, the equilibrium state
of the garnet causes some doubts: eclogite garnet in
the rocks has characteristic prograde zoning with out-
ward increase of XMg and decrease of XCa and a change
of mineral assemblage of the inclusions from hydrous
(clinozoisite/epidote, amphibole) to anhydrous
(quartz, rutile, omphacite), which excludes the
growth, dissolution/precipitation, or noticeable diffu-
sion re-equilibration of garnets owing to the late ther-
mal event. Hence, the high-Na plagioclase + horn-
blende + epidote/clinozoisite assemblage similar in
conditions to those of the studied amphibolites
implies that the amphibolites and retrograded eclog-
ites shared a common P-T evolution.

Nature of Geochemical Variations

In spite of a limited number of the studied samples,
amphibolites reveal significant geochemical and iso-
tope variations. Their incompatible element distribu-
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tion patterns are similar: multielement diagrams for
amphibolites (Figs. 8b, 8d), except for the most
depleted amphibolite sample М16-36, are character-
ized by the enrichment in Th and U relative to large-
ion lithophile elements, which is not typical of N-
MORB and E-MORB oceanic basalts, Pb-maximum
(except for one sample), and Nb and Ta enrichment
relative to LREE typical of E-MORB (except for one
sample). Thereby, amphibolites have different con-
tents of the considered elements. Such significant
variations can be caused by (1) juxtaposition of rocks
of initially different composition (from depleted N-
MORB type to enriched E-MORB-type and conti-
nental basalts) within accretionary structure, (2) crustal
contamination of melts, (3) fractionation of melts or
combination of two above factors.

The amphibolites have nearly MORB values of
TiO2 content (~1.5 wt %), as well as nearly N-MORB
values of SiO2 (within 49–51 wt %) and Na2O (~2 wt %)
contents at systematically higher FeO content (>11 wt %)
(Fig. 7). The Mg# of the rocks is lower than that of
primitive MORB melts (Mg# 47.3–52.3). Hence,
their compositions do not correspond to primary
primitive melts and could be formed by fractionation
of melts during crystallization of olivine, plagioclase,
and Ti-magnetite. This could result in the high HREE
and negative Eu and Ti anomalies in the rocks. Com-
pared to other rocks, protolith of amphibolite (sample
M16-42) could be enriched in low-REE mineral, for
instance, in plagioclase. This is confirmed by the high
Al2O3 content in the rock and positive Rb and Sr
anomalies, whereas the absence of the positive Eu
anomaly could be related to the intrusive rather than
effusive nature of amphibolite protolith.

The amphibolites have significant variations of
large-ion lithophile elements expressed in values of the
Sr/Nb and Rb/Sr ratios (Figs. 10c, 10d), as well as less
mobile elements, for instance, Th or LREE (Figs. 10a,
10b). In the medium-grade metamorphic rocks, the
large-ion lithophile elements are partitioned between
plagioclase and amphibole, while Sr is mainly parti-
tioned in plagioclase. The majority of the studied
amphibolites contain plagioclase of two generations:
anorthite-rich (XAn > 0.2) and albite with K2O admix-
ture, which partially (as rims) or completely replaces
initial plagioclase (Fig. 5b). It has been repeatedly
shown that the transformation of oceanic crust rocks
under low-temperature conditions up to the green-
schist facies could lead to the loss of Sr and other
fluid-mobile elements owing to the replacement of
primary magmatic or higher temperature metamor-
phic, anorthite-rich plagioclase (e.g., Kirchner and
Gillis, 2012). Thus, Rb and Sr variations could be
caused by the transformation of initial high- to mod-
erate-Ca plagioclase and reflect the mobility of large-
ion lithophile elements during both f luid metasoma-
tism of protolith and retrograde transformation of
amphibolites.
Discriminant diagrams based on the content of ele-
ments that are inert during metamorphism (Pearce,
2014; Saccani, 2015) allowed us to class all amphibole
samples with tholeiitic basalts (Fig. 11a). In the ThN–
NbN diagram (Fig. 11b), composition points of the
amphibolites fall in the oceanic basalt field, with
LREE-depleted amphibolites falling in the N-MORB
field, and LREE-enriched amphibolites, in the E-MORB
and P-MORB overlap. Additional normalization of
trace-element contents to YbN-MORB makes it possible
to minimize the fractionation effect (Pearce et al.,
2021) and indicates the affinity of LREE-depleted
amphibolites to N-MORB in terms of all their charac-
teristics except for Th and U enrichment (Fig. 12a).
The enrichment of amphibolites in inert Th, Nb, and
Ta should reflect the composition of source rocks
during formation of their protoliths. Thus, the proto-
liths of depleted amphibolites could not be formed
only from depleted mantle source. The N-MORB-
and YbN-MORB-normalized compositions of LREE-
enriched amphibolites in the Alag-Khadny complex
(samples M16-37, M16-43, and M16-44) are similar
to E-MORB, in particular, to composition of tholeiitic
basalts from the Sarve-Abad ophiolite complex (Iran)
(Saccani et al., 2014), except for the higher Th and U
contents (Fig. 12b). These rocks show no any prograde
contribution of typical crustal enriched component.
At the same time, according to used discrimination
models, the eclogites of the Alag-Khadny Complex
most resemble the N-MORB and G-MORB basalts
(Figs. 11–13).

Contamination of mafic MORB-like melts by
crustal protolith would result in the negative anoma-
lies of high-field strength elements (first of all, Nb-Ta
and Ti) relative to REE and corresponding increase, in
particular, of Th/La, La/Nb, and Sr/Nb ratios, which
is not observed in the studied rocks (Figs. 10a–10c).
This is confirmed by the absence of correlation
between Nd isotope composition and above-men-
tioned ratios in the studied rocks, and, in contrast, the
radiogenic Nd composition of the highest LREE
amphibolites (for instance, in sample М16-44). In
addition, the low alkalinity and Ti content in the
amphibolites are also not typical of continental tholei-
ites. Thus, the systematically elevated contents of large
ion lithophile elements, Th, and U, can be partially
inherited from primary melts. At the same time, some
samples of eclogites and amphibolites have higher
Th/Nb ratio compared to MORB (Pearce et al., 2021),
and a few samples demonstrate negative Nb–Ta
anomalies and unradiogenic Nd isotope composition
(εNd(Т) < 0). Such features could be explained by the
crustal contamination of primary melts. In addition,
the enrichment of amphibolites and eclogites of all
distinguished geochemical types in Th, U, and, to dif-
ferent extent, in Nb and Ta compared to MORB-type
mafic rocks indicates a potential involvement of litho-
spheric mantle in melting.
PETROLOGY  Vol. 30  No. 5  2022
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Fig. 10. Covariations of Nd isotope characteristics and indicator element ratios in the amphibolites (this study) and in high-pres-
sure rocks of the Alag-Khadny Complex (Skuzovatov et al., 2018).
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Geodynamic Setting of the Formation of Amphibolite 
Protolith and Relationship with High-Pressure Rocks

in the Accretionary System of SW Mongolia

The Alag-Khadny accretionary complex comprises
association of metamorphic rocks, whose protoliths
could be generated from N-MORB, G-MORB, and
E-MORB-type melts at predominant melting of
asthenospheric depleted and enriched mantle, respec-
tively. The principal difference of reconstructed
eclogite protolith from amphibolite protolith is vari-
ations between N-MORB and G-MORB compositions
(Fig. 13), and to lesser extent, between E-MORB and
P-MORB-type enriched basalts (Figs. 11, 12). The
MREE enrichment relative to HREE in G-MORB
basalts is interpreted as a result of melting of garnet-
bearing mantle source (e.g., Montanini et al., 2008).
This suggests that melting involved the deeper seated
(garnet peridotite) mantle facies or likely metasoma-
PETROLOGY  Vol. 30  No. 5  2022
tized (garnet–pyroxenite) mantle domains among
typical spinel peridotites (Saccani et al., 2015), which
generate most MORB-type melts (Niu, 1997). The
enrichment in Nb and other incompatible elements
relative to N-MORB observed in the amphibolites is
typical of E-MORB-type mafic rocks related to the
variable involvement of mantle domains metasoma-
tized by asthenospheric/lower mantle or subduction
melts (Gale et al., 2013 for overview). According to
(Castillo et al., 2002), volcanic rocks formed in the
axial parts of extension zones during continental rift-
ing could have more enriched and evolved composi-
tion relative to N-MORB, as is observed for the stud-
ied amphibolites. In recent classification, Dilek and
Furnes (2014) describes the continental-margin ophi-
olites representing fragments of newly formed oceanic
crust of N-MORB, G-MORB, and E-MORB types of
the ocean–continent transition zone, which was
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Fig. 11. (a) Zr/Ti–Nb/Y classification diagram for volcanic rocks (Pearce, 2014). (b) ThN–NbN discrimination diagram after
(Saccani, 2015). The values were normalized to N-MORB after (Sun, McDonough, 1989). Gray field—oceanic basalts.
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formed during continent breakup. Hence, the proto-
lith of the eclogites and amphibolites could be formed
within a single riftogenic passive margin, as was pro-
posed for spatially juxtaposed N-MORB, T-MORB,
and E-MORB type rocks (Andreasson and Albrecht,
1995).

Isotope-geochemical features of most amphibo-
lites and eclogites of the Alag-Khadny Complex indi-
cate a moderately depleted mantle source of parental
melts. This is consistent with an extensional setting
and formation of oceanic crust, but cannot explain the
existence of rocks with unradiogenic Nd (εNd(Т) < 0)
composition among amphibolites (Figs. 9, 10, Table 3)
and eclogites (Skuzovatov et al., 2018). Corresponding
εNd(Т) values could be interpreted as reflecting the
crustal contamination or interaction with a crustal
f luid during amphibolization (Fig. 9). However, the
isotope characteristics do not correlate with geochem-
ical signatures of crustal contribution and, in general,
correspond to the end compositions of E-MORB, for
instance, those of the Indian Ocean (e.g., White and
Klein, 2014).

A spatial association of amphibolites with carbon-
ate mélange bearing Cambrian fauna (Kröner et al.,
2010), unlike mainly Early Neoproterozoic (Tonian)
and Mesoproterozoic ages of crystalline rocks of the
Alag-Khadny and Zamtyn-Nuruu complexes
(Buriánek et al., 2017; Skuzovatov, 2021), indicates a
possible relation of protolith of amphibolites and
eclogites with close model Nd ages (T(DM) ~ 1500–
800 Ma) with Neoproterozoic rifting of yet undeter-
mined age (~900–540 Ma). According to model pro-
posed in (Skuzovatov et al., 2018), the formation of
eclogite protolith was related to rifting of passive con-
tinental margin and opening of a limited oceanic
basin, which is supported by the absence of conjugate
fragments of oceanic or island-arc ophiolites. Thus,
geochemically and isotopically heterogenous proto-
liths of N-MORB and E-MORB-type amphibolites
could represent a missing fragment of this riftogenic
association.

All available P-T estimates for eclogites and associ-
ated metagranitoids and metasedimentary rocks indi-
cate subduction and accretionary/collisional meta-
morphic trends during subsequent change of tectonic
regime that accompanied the closure of the limited
oceanic basin. The absence of evidence for high-pres-
sure metamorphic conditions suggests that the amphi-
bolite protolith did not experienced subduction eclog-
ite metamorphism, but could be involved in medium
to elevated-pressure accretionary metamorphism in
the Late Ediacaran–Early Cambrian, which is marked
by 40Ar-39Ar age of high-pressure rocks (Štípská et al.,
2010) and age of metamorphic zircons from metagran-
itoids and metasedimentary rocks (Buriánek et al.,
2017; Skuzovatov, 2021). Note that the considered
metamorphic complexes are restricted to the junction
zone of the Early Caledonian Lake Zone and Dzab-
khan terrane. This zone consists of tectonic nappes of
different age (from Paleoproterozoic, Early and Neo-
proterozoic to Early Paleozoic) made up of granulite
to amphibolite facies rocks (Kozakov et al., 2021; Bold
et al., 2016; Buriánek et al., 2017; Kröner et al., 2010).
The upper age limit of metamorphism in the indicated
blocks in the different parts of the mélange zone is
constrained by ~515–490 Ma. Hence, the mélange
zone was formed after completion of the Early Paleo-
zoic metamorphism within this time interval.
PETROLOGY  Vol. 30  No. 5  2022



PETROLOGY  Vol. 30  No. 5  2022

MINERALOGICAL, GEOCHEMICAL, AND Nd-Sr ISOTOPE CHARACTERISTICS 541

Fig. 12. Yb- and N-MORB-normalized multielement diagrams for the amphibolites and eclogites of the Alag-Khadny Complex.
For symbols, see Fig. 11. Compositions of N-, P-, E- and G-MORB volcanic rocks from the Sarve-Abad ophiolite complex are
shown for comparison (Saccani et al., 2014).
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Fig. 13. Separation of the N- and G-MORB volcanic
rocks in the Dy/Yb–Ce/Yb discrimination diagram after
(Saccani et al., 2015). The values are normalized to C1
chondrite (Sun and McDonough, 1989). For symbols, see
Fig. 11.

0 0.5 1.0 1.5 2.0 2.5
0.5

1.0

1.5

2.0

N-MORB

G-MORB

(Dy/Yb)N

(Ce/Yb)N
CONCLUSIONS
Obtained data indicate that the Alag-Khadny

accretionary complex comprises association of high-
and medium-pressure rocks with geochemical signa-
tures of N-MORB, G-MORB, and E-MORB, which
are typical of ophiolite complexes of the ocean–conti-
nent transition zone. Given their spatial association
with two gneiss complexes of similar age, Alag-
Khadny and Zamtyn-Nuruu (~960–950 Ma), the
protolith of the amphibolites and eclogites was likely
formed in an intracontinental extension setting related
to the formation of a limited Neoproterozoic oceanic
basin and subsequent Late Vendian–Early Caledo-
nian convergence. At the absence of reliable geochro-
nological data, we suggest that the medium-high pres-
sure metamorphism, which formed amphibolites of
the indicated geochemical affinity and was similar in
P-T parameters with retrograde metamorphism of
eclogites and associated metasedimentary rocks, was
related to the accretionary processes responsible for
the Early Paleozoic subduction–accretion metamor-
phism (~550–540 Ma) or resulted from final accretion
with formation of tectonic mélange zone between the
Lake Zone and Dzabkhan terrane (~515–490 Ma and
younger).
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