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INTRODUCTION
The Central Asian Orogenic Belt (CAOB), also 
called the Altaids (Şengör et al., 1993, 2022), 
formed over a long time range, starting at the 
beginning of the Tonian and continuing until 
the upper Triassic (Şengör et al., 2022; Windley 
et al., 2007; Zonenshain, 1973), and includes a 
variety of lithologically distinct rock complexes 
that naturally occur in nearly all geotectonic 
settings described in geology, such as ophiolites, 
arcs, accretionary wedges, and microcontinents 

(Windley et al., 2007). This complex geological 
structure which developed over a long period 
spans the entire CAOB (Windley et al., 2007), 
also called Altaids (Şengör et al., 1993, 2022). The 
CAOB is a large subduction-accretion complex 
sandwiched between the Siberian craton in the 
north and the Tarim and North Chinese cratons 
in the south (Şengör et al., 1993, 2022; Windley 
et al., 2007). It has recently been referred to as 
a “Supercollage” which includes the Mongolian 
Collage to the east, the Kazakhstan Collage to 
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ABSTRACT

This study presents new geochemical data on pillow lavas from the Bayankhongor 
Ophiolite in western Mongolia, revealing compositions that range from sub-
alkaline to alkaline basalts. While most of these basalts are tholeiitic, some show 
transitional geochemical variations. Except for one sample resembling normal 
mid-ocean ridge basalt, all others are enriched in light rare earth elements and 
closely resemble enriched mid-ocean ridge basalt and ocean island basalt. The 
presence of high-field strength elements such as Th, Ta, Nb, Zr, Hf, and Ti 
indicates a mantle-derived origin. Tectonic discrimination diagrams demonstrate 
a transition between enriched mid-ocean ridge basalt and within-plate basalt, 
characteristic of mid-ocean ridges. The samples are categorized into three 
groups based on the LREE variation: low- normal mid-ocean ridge basalt, high- 
enriched mid-ocean ridge basalt, and ocean island basalt, suggesting advanced 
partial melting of the mantle and a mixing of mid-ocean ridge basalt with ocean 
island basalt. The Bayankhongor Ophiolite is widely recognized as a subduction-
unrelated ophiolite and represents one of the largest Neoproterozoic oceanic 
rift basins in the Central Asian Orogenic Belt. Consequently, subduction-
unrelated tectonic models are often favored for the Bayankhongor Ophiolite, 
which somewhat aligns with our findings. However, recent studies highlight 
the importance of subduction-related models and timing. Our model aims to 
integrate both aspects.
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the west, and the Tarim-North China Collage 
to the south (Xiao et al., 2018 and references 
therein). The Mongolian Collage, for instance, 
is primarly composed of Paleozoic arc-related 
rock and accretionary complexes that exhibit  
oroclinal bending structure on a crustal scale 
(Parfenov et al., 2003; Xiao et al., 2015). In 
addition, the Central Mongolian Massive 
(CMM) within the Mongolian Collage contains 
fragments of the Precambrian microcontinent 
including the Baidrag, Zavkhan, Tuva-Mongol, 
and Tarvagatai Blocks (Tomurtogoo, 2014). 
The southern part of the CMM is represented 
by the Baidrag Block and is connected to the 
enormous oceanic basin in the north, known 
as the Bayankhongor Ophiolite (BRO) in 
the Bayankhongor Zone (BZ). This oceanic 
lithosphere has been distinctly named either 
the Paleo-Asian Ocean (Terent’eva et al., 2008, 
2010) or the Palaeo-Pacific Ocean (Sukhbaatar 
et al., 2024 and references therein) and is 
composed of rocks with mid ocean ridge (MOR)-
like Nd-Sr isotopic compositions (epsilon 
Nd(t) = +7.6 to +4.7; Jian et al., 2010). Jian et 
al. (2010) interpreted that this oceanic crust 
formed overnearly 100 Ma, and  has geological 
characteristics similar to subduction-related, 
Cordilleran-type ophiolite (Wakabayashi and 
Dilek, 2003). In contrast, recent studies suggest 
that the BRO corresponds to an ophiolite that 
is subduction-unrelated (Furnes and Safonova, 
2019; Jian et al., 2010), contrasting with earlier 
works suggesting a subduction influence 
(Buchan et al., 2002). However, the lavas 
present in the BZ may have formed in both 
tectonic settings, just at different times. For 
instance, Sukhbaatar et al. (2024) presented a 
revised interpretation of the Ediacaran (ca. 564-
598 Ma) active margin in the northeastern part 
of the Baidrag Block.
In this work, we aim to contribute to the 
geochemistry of the mafic extrusive rocks from 
the BRO, which is crucial to understanding 
the geotectonic evolution of the BZ within the 
CAOB.

GEOLOGICAL SETTING
The BZ is often regarded as an oceanic basin, 
dominated by fragments of late Neoproterozoic 
(zircon U-Pb data of ca. 636-665 Ma; Jian et 

al., 2010; Kovach et al., 2005) remnants of 
ophiolite (Badarch et al., 2002; Buchan et al., 
2002; Jian et al., 2010; Tomurtogoo, 1989, 
2014). The mafic to ultramafic rocks within 
the BZ are called the BRO, which is one of the 
largest dismembered ophiolite mélanges in the 
CAOB (Jian et al., 2014; Windley et al., 2007). 
The ophiolite mélange consists of serpentinites, 
cumulate rocks, gabbros, pillow lavas, sheeted 
dykes, and deep marine sediments, including 
cherts (Badarch et al., 2002; Jian et al., 2010; 
Tomurtogoo, 1989, 2014). In present day 
coordinates, the BZ exhibits a narrow structure 
(~ 80 km wide) between the Tarvagatai Block 
in the north and the BB in the south, extending 
approximately 300 km from northwest to 
southeast (Buchan et al., 2002; Demoux et al., 
2009 and references therein). However, the 
northern margin is unclear and is mostly covered 
by Devonian-Carboniferous turbidites known 
as the Khangai Basin (Zorin, 1999), which 
was later emplaced by  Permian-Triassic felsic 
intrusions (Jahn et al., 2004; Yarmolyuk et al., 
2019). Notably, Buchan et al. (2001) interpreted 
the northern part of the BZ attached to the 
passive margin that is represented by the NW-
SE extending narrow zone belt called the Zag 
Zone. Prior to the Paleozoic geological events, 
the Bayankhongor oceanic crust was subducted 
beneath the Baidrag Block by its southward 
subduction (~ 564-598 Ma; Sukhbaatar et al., 
2024). Sukhbaatar et al. (2024) interpreted that 
the volcanic rocks from the Ulziit Gol Unit 
(UGU) in the BZ compositionally range from 
basaltic to felsic and exhibit both MORB-
like and subduction-influenced geochemical 
characteristics, similar to volcanic rocks found 
in a back-arc basin (Pearce and Stern, 2006). 
Those subduction-related volcanic rocks of the 
UGU display distinct structural, lithological, 
and geochemical characteristics compared to 
the basaltic rocks (mostly pillow lavas) of the 
BRO (Sukhbaatar et al., 2024; Terent’eva et 
al., 2008, 2010). For instance, the UGU mainly 
consists of a volcanic-sedimentary sequence 
sourced from both the Ediacaran juvenile arc 
in the BZ and Precambrian Baidrag Block in 
the south (Sukhbaatar et al., 2024), while the 
basaltic lavas from the BRO are primarily part 
of the ophiolite section, such as the serpentinite 

https://doi.org/10.1186/s40623-020-01223-0 
https://doi.org/10.1186/s40623-020-01223-0 


Batsukh et al., 2025. Mongolian Geoscientist 30 (61) 

55

Fig. 1. Simplified tectonic map of the Bayankhongor area in western Mongolia (Sukhbaatar et al., 2024). Locations 
of previous geochronological studies are indicated by white circles (Jian et al., 2010), while samples from this work 
are represented by red stars with sample numbers.

mélange (Terent’eva et al., 2008; Jian et al., 
2014). Due to a later tectonic event, the oceanic 
fragments of the BRO were thrust over the 
northeastern margin of the BB, forming its 
current structure (Buchan et al., 2001, 2002).

METHODS
In total, we analyzed 14 basaltic rock 
samples (pillow-like lavas) collected along 
the Bayankhongor ophiolite zone, from 
southeast to northwest. The locations and 
modal compositions of the studied samples are 
reported in Table 1. In the field, we collected 
about 2-3 kg of rocks for each sample. The 
samples were crushed and homogenized at the 
Institute of Geology, Mongolian Academy of 
Sciences in Ulaanbaatar and analysed at the 
SGS IMME Mongolia LLC laboratory (https://
www.sgs.com/en) using procedures of GE-
ICP40Q1 package (ICP-OES method) and GE-
ICP40Q package (ICP-MS method) for trace 
elements (for 40 and 20 elements, respectively 

using the four-acid digestion). The geochemical 
data are plotted using the GCDkit 6.2 package 
(Janoušek et al., 2006, updated in 2022; see the 
following link: www.gcdkit.org)

PETROGRAPHY
We sampled mafic extrusive rocks from the BRO, 
as shown in Fig. 1. The mineral assemblages and 
coordinates of analysed samples are provided in 
Table. 1. 
The basaltic lavas display various forms (Fig. 2), 
and are commonly associated with ultramafic-
mafic rocks and parallel dyke complexes (Figs. 
2A-C). They exhibit pillow-like structures 
in the field (Figs. 2D, E); however, in some 
cases, the basaltic lavas are brecciated (Fig. 
2F). The lavas consist  of primary amphibole 
and plagioclase, as well as, secondary minerals 
such as actinolite, magnetite, epidote, and 
serpentine (Figs. 3C, D). Two samples are 
not lavas. Sample BHR2417C is serpentinite 
predominatly composed of serpentine, 

https://www.sgs.com/en
https://www.sgs.com/en
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Table 1. General description of the mineral assemblage and location of the analyzed sample from the BRO.
Sample Rock name Mineral assemblage Latitude Longitude

BHR2401 Tuff lava Pl, tuffitic matrix 46.5010 99.9690
BHR2403 Porphyritic basalt Pl, secondary Cal, Chl, vein of Ms 46.5105 99.9366
BHR2404 Basalt Pl, Amp, Chl, Vein of Ms 46.5054 99.9444
BHR2404B Basalt Pl, Amp 46.5054 99.9444
BHR2406 Basalt Pl, Ep 46.5488 99.8631
BHR2407 Basalt Pl, Amp 46.5258 99.8565
BHR2410 Basalt Pl, Ep 46.5282 99.8400
BHR2412 Porphyritic basalt Pl, Amp 46.6257 99.6434
BHR2413 Amphibole bearing basalt Pl, Amp, Chr, Ep, Mag 46.6244 99.6400
BHR2415 Porphyritic basalt Pl, Cpx, Amp, secondary Mag, Chl, Mus 46.6078 99.6357
BHR2417A Amphibole bearing basalt Hbl, Pl 46.6114 99.6258
BHR2418 Metabasalt Amp, Pl, secondary Ep, Chl 46.6240 99.6037
BHR2419 Fine-grained basalt Pl, Amp 46.6623 99.5133
BHR2422 Basalt Pl, Amp, secondary Chl

Fig. 2. Field photographs of extrusive volcanic rocks from the Bayankhongor area. A) A boudin of intrusive ultramafic 
and mafic extrusive rocks enclosed within a serpentine mélange. B) Serpentinite that constitutes the ophiolite 
mélange. C) Felsic parallel dykes crosscut the basaltic lava. D-E) Lavas with pillow-like structures. F) Volcanic 
breccia featuring a hyaloclastic matrix.

A)				             B)

C)			    	          D)

E)	  			            F)
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chromite, and magnetite (Fig. 3A), while the 
pyroxenite sample BHR2417B consists of both 
ortho- and clinopyroxenes, partially overprinted 
by serpentine (Fig. 3B). The rock formations in 
the BZ, including the  studied basaltic lavas, 
were affected by regional metamorphism at 
greenschist to lower amphibolite facies. For 
instance, ultramafic rocks are commonly altered 
to serpentinite, which is a major rock type 
representing ultramafic rocks, and forms the 
ophiolite mélange (Figs. 2A, B, and 3A, B).

GEOCHEMISTRY
For whole-rock geochemistry, we analysed 
14 basaltic rock samples from the BRO.  The 
modal compositions are reported in Table 1, and 
geochemical data are provided in Table. 2.

Rock Classification 
Based on some high field strength element 
(HFSE) that are used as indicator elements (Zr 
and Nb) to identify the alkalinity of rocks, we 
split our samples into three groups: Group 1 
has a low concentration of Zr and Nb (Zr=16.7 
ppm, Nb=0.8 ppm), while Group 2 contains 
moderate levels of Zr and Nb (Zr=43.5-131.0 
ppm, Nb=3.7-13.8 ppm). In contrast, Group 3 is 
characterized by high levels of Zr and Nb, with 
concentrations ranging from 126.0 to 183.0 
ppm for Zr and 22.3 to 60.6 ppm for Nb. Group 

Fig. 3. Microphotomicrographs of rocks collected from the BRO: A) 
Serpentinite; B) Pyroxenite; C) Amphibole-bearing basalt; D) Basalt. The 
abbreviation is based on the work of Whitney and Evans (2010).

1 includes a single sample BHR2417A, which 
is amphibole-rich, fine-grained basalt, while 
Group 2 represents ten basaltic samples. Unlike 
the others, Group 3 contains three samples that 
are alkali basalts (BHR2406, BHR2418, and 
BHR2419).
As the studied samples were affected by 
greenschist to lower amphibolite facies 
metamorphism after their formation, we focus 
primarily on the characteristics of immobile 
HFSE such as Zr, Nb, Y, and Ti to classify  
the rocks (Pearce, 1996). Overall, the samples 
exhibit a tholeiitic composition as indicated by 
the Zr/Y vs. Th/Yb diagram (Ross and Bédard, 
2009), although some show a transitional 
composition towards a Zr-rich phase (Fig. 4B).

Characteristics of REE and Trace Elements
Fig. 5 displays the rare earth element (REE) 
and trace element concentrations of 14 basaltic 
samples normalized to chondritic meteorites 
(Boynton, 1984; Fig. 5A) and average 
composition of normal mid-ocean ridge basalt 
(NMORB) (Sun and McDonough,1989; Fig. 
5B). In the following paragraph, the samples 
are categorized into three groups (see rock 
classification above), showing distinct patterns 
in their light rare earth element (LREE) (Fig. 
5A). For all samples, the LaN/SmN ratios range 
from 0.63 to 4.28 and the Eu anomalies vary 

 A)	 			   B)

C)				     D)
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from negative to positive (Eu/Eu*=0.86-1.21; 
see Table 2).
Amphibole-rich basaltic sample BHR2417A 
belongs to Group 1 and has the lowest content 
in its total REE (SREE=16.55). This  sample  
also has a less LaN/SmN ratio (0.62), negative 
Eu anomaly (Eu/Eu*=0.92), and is depleted in 
LREE (LaN/YbN=0.40; see Table 2). Group 2 
includes the 10 subalkalic basalts, which  have 
higher total REE abundance (SREE =34.64-
90.78) and LaN/SmN ratios (1.37-2.51) compared 
to Group 1. The Eu anomalies in these samples 
range from negative to positive (Eu/Eu*=0.86-
1.21). In Fig. 5A, the samples exhibit varying 

Fig. 4. Whole-rock geochemical classification diagrams for extrusive volcanic rocks of the BRO: A) Binary plot 
of Zr/Ti versus Nb/Y (Winchester and Floyd, 1977 - modified by Pearce, 1996). B) Zr/Y versus Th/Yb diagram 
modified by Ross and Bédard (2009).

levels of LREE (LaN/YbN=1.49-4.53; see Table 
2). In contrast, three alkali basaltic samples 
(BHR2406, BHR2418, and BHR2419) exhibit 
the highest total REE concentrations (SREE 
=98.07-211.44), which influence the LaN/SmN 
ratios (1.86-4.28). Notably, these samples are 
significantly enriched in LREE (LaN/YbN=3.83-
11.39) and their Eu anomalies are slight (Eu/
Eu*=0.94-1.03; see Table 2). As a result, they 
display the highest levels of LREE, as illustrated 
in Fig. 5A. Nevertheless, the fluid-immobile 
elements Th and HFSE (Ta, Nb, Hf, Zr, and 
Ti) are present in higher concentrations in all 
samples (Fig. 5B).

Fig. 5. A) Chondrite-normalized (Boynton, 1984) REE pattern, B) NMORB (Sun and McDonough, 1989, in Pearce, 
2014) normalized spider plot. 

 A)						                   B)

 A)						             B)
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Fig. 6. Geotectonic discrimination diagrams for volcanic rocks from BRO include the following: A) Th-Hf/3-Nb/16 
ternary plots (Wood, 1980). B) Th-Zr/117-Nb/16 triangular plot (Wood, 1980). C) Geochemical classification 
diagram of V vs. Ti (Shervais, 1982). D) Ternary diagram of La/10-Y/15-Nb/8 (Cabanis and Lecolle, 1989). E)  Thₙ 
vs. Nbₙ diagram (Saccani et al., 2015). F) Nb/Yb vs. Th/Yb discrimination diagram (Pearce, 2008). Abbrevaition: 
CAB=Calc-Alkaline Basalts; IAT=Island-Arc Tholeiites; WPT=Within-Plate Tholeiites; WPA=Within-Plate 
Alkaline basalts.

	 A)			             			      B)

E)				      		    F)

C)				       			   D)
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Fig. 7. A columnar section illustrating the upper mantle and crustal components of a generalized ophiolite complex. 
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DISCUSSION
The interaction between water and the eruption 
of hot magma (mostly mafic) on the seafloor 
creates a unique ellipsoid structure known as 
“Pillow Lava” (Buddington, 1926; Griffiths and 
Fink, 1992). Pillow lavas are typically formed 
at constructive plate boundaries of MORs; 
(De Boer et al., 1969). Their significance lies 
in being a crucial component of the upper 
section of the ophiolite sequence (Fig. 7), and 
they are genetically linked to the sheeted dyke 
found within the ophiolite (Dilek and Furnes, 
2014). In the case of the pillow lavas found 
in the BRO, they are frequently intercalated 
with hyaloclastites, while the surrounding 
pelagic sediments primarily consist of chert 
and carbonates. Additionally, in the field, these 
pillow lavas are often intersected by parallel 
dykes of various compositions, including 
plagiogranite, gabbro, and diabase.
Both binary and ternary diagrams have been 
effectively utilized to better understand 
the source of the studied samples and their 
geotectonic settings. For instance, in the Th-
Hf/3-Nb/16 and Th-Zr/117-Nb/16 ternary 
plots from Wood (1980), the mafic extrusive 
rocks fall within the enriched mid-ocean ridge 
basalt (EMORB) field. However, a notable 
trend shows a shift from the Hf and Zr-rich 
NMORB towards the Th and Nb-rich within 
plate alkaline (WPA) field (see Figs. 6A, B). 
Additionally, a significant correlation between 
Ti and V is observed in the diagram of Shervais 
(1982), indicating the presence of ocean floor 
basalt (OFB; Fig. 6C). The ternary diagram of 
La/10-Y/15-Nb/8 (Cabanis and Lecolle, 1989) 
demonstrates geochemical characteristics 
similar to NMORB, evolving through EMORB 
with increased levels of both La and Nb and 
ultimately progressing towards the Nb-rich 
alkali field (Fig. 6D). The ThN vs. NbN diagram 
(Saccani et al., 2015) illustrates that the  oceanic 
basalts shown in Fig. 6C, originate from 
depleted compositions, such as NMORB, to 
progressively more enriched compositions like 
EMORB and ocean island basalt (OIB) (OFB; 
Fig. 6E). This highlights the variation in sample 
source composition and their melting degree 
in the depleted mantle. These geochemical 
characteristics align with the Th/Yb vs. Nb/Yb 

diagram by Pearce (2008), illustrated in Fig. 
6F. The REE patterns of the studied samples 
show significant variation in LREE, while the 
HREE patterns remain relatively flat. This 
variation in REE could indicate the degree of 
melting at different depths involving garnet-
poor sources (Fig. 5A). In Fig. 5A, the samples 
exhibit varying patterns, transitioning from 
LREE-depleted NMORB-like to enriched OIB-
like compositions. This variation may suggest 
a potential mixing process that contributes to 
the formation of EMORB. These characteristics 
are further supported by other trace element 
features, such as an enrichment of HFSE (Ta, 
Nb, Hf, and Ti), indicating the presence of 
relatively juvenile mantle sources (Fig. 5B). 
Taken together, the geochemical features of the 
studied basaltic samples from BRO indicate 
subduction-unrelated sources, which align with 
previous studies (Furnes and Safonova, 2019; 
Jian et al., 2010).
The complete section of the ophiolite mélange 
discovered over the past decades in the BZ 
of the CAOB, includes ultramafic and mafic 
rocks, sheeted dykes, pillow lavas, and deep 
marine sediments (Badarch et al., 2002; Buchan 
et al., 2001, 2002; Tomurtogoo, 1989, 2014). 
Since its discovery, numerous authors have 
interpreted the BRO as one of the largest suture 
zones or its oceanic crust in the CAOB. The 
age of formation of this oceanic lithosphere 
was long considered as Ediacaran (ca. 569 Ma; 
Kepezhinskas et al., 1991) until the first decade 
of the 21st century. However, in 2010, the late 
Neoproterozoic ages were determined using 
the U-Pb isotopic method on zircons obtained 
from the magmatic complexes of its ophiolite 
in the BZ (Jian et al., 2010). They found that 
the youngest age of the BRO is defined by 
the age of plagiogranite (ca. 636 Ma). This 
suggests that the ocean likely opened during 
the Neoproterozoic (ca. 636-665 Ma; Jian et 
al., 2010; Kovach et al., 2005). The ages of the 
studied mafic extrusive rocks from the BRO are 
currently unclear; however, they might be older 
than the plagiogranite, which is approximately 
636 Ma (Jian et al., 2010). It is common for 
these basalts to be crosscut by parallel dykes 
in the field. Additionally, these mafic extrusive 
rocks could be either younger than or the same 
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Fig. 8. The idealized tectonic models for the Bayankhongor region illustrate the formation of the Cryogenian 
oceanic crust and the Ediacaran supra-subduction, culminating in the final stage of accretionary orogeny and 
collision.

age as the mafic plutonic complexes, such as 
gabbro, which range from about 655 to 665 
Ma (Jian et al., 2010; Kovach et al., 2005). 
Consequently, we propose an idealized tectonic 
models based on the pre-existing works and our 
new data (Fig. 8) that illustrate the formation 
of the Cryogenian oceanic crust (Figs. 8A, B) 
and Ediacaran-Cambrian supra-subduction 
(Fig. 8C), ultimately leading to the final stages 

of accretionary orogeny and early Cambrian-
Ordovician amalgamation (Fig. 8D). 

CONCLUSION
The studied 14 basaltic samples exhibit 
geochemically uniform characteristics, similar 
to those of basalts from the MORs. Therefore, 
we draw the following conclusions:
1)	 The studied samples primarily display 

A)	
	
	
	
	
	

   
B)

C)

D)
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pillow-like structures in the field and are 
found in various  forms, such as boudins 
in the serpentinite mélange, among other. 
Compositionally, the basaltic samples are 
categorized into two types: subalkaline 
and alkaline.

2)	 The samples display a range of LREE, 
with concentration varying from relatively 
depleted to similar to those found 
in NMORB to higher concentration 
characteristics of enriched EMORB and 
OIB. This variation in LREE indicates 
that the source of the basaltic rocks may 
have originated from both depleted and 
enriched mantle sources. The transition 
from NMORB to OIB demonstrates the 
extent of mixing between mantle domains, 
which contributes to the formation of 
EMORB.

3)	 Consequently, geochemical data indicate 
that the mafic extrusive rocks represent 
the upper part of a section of the BRO 
that were  formed within a MOR setting, 
suggesting a subduction-unrelated source.

4)	 Although the subduction-unrelated 
tectonic model is often preferred for the 
BRO, the possibility of a back-arc setting 
cannot be entirely ruled out. A recent 
revised study for the Bayankhongor Zone 
indicates that an active margin existed in 
the northeastern part of the BB during the 
Ediacaran. Therefore, to gain a complete 
understanding of the BRO, further research 
is necessary.
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