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ABSTRACT

The subduction initiation dynamics and
southwestern extension of the Mongol-
Okhotsk suture zone in Central Asia have
been enigmatic due to a scarcity of robust
ophiolitic records. This study presents an
integrated analysis of petrography, geochem-
istry, and geochronology conducted on the
newly discovered Erdendalai ophiolite in the
Dundgobi Province of Mongolia. The ophio-
lite mainly comprises serpentinized perido-
tite, gabbro, anorthosite, and chert. Zircon
U-Pb dating of an anorthosite sample yields a
crystallization age of 350 = 4 Ma (early Car-
boniferous), which identifies this ophiolite as
the oldest documented ophiolite within the
Mongol-Okhotsk Ocean realm. Geochemi-
cally, the gabbroic rocks exhibit normal mid-
ocean-ridge basalt-like signatures with slight
depletion in high field strength elements and
enrichment in large ion lithophile elements,
resembling forearc basalts. The anorthosites
are interpreted to have crystallized from hy-
drous, arc-related tholeiitic magmas derived
from boninitic precursors. These features
collectively indicate that the Erdendalai
ophiolite formed in a supra-subduction zone
setting, specifically an intra-oceanic forearc,
during the early Carboniferous. Detrital zir-
con age spectra from the enclosing Khoid-
gobi Formation schists show a youngest peak
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at ca. 302 Ma, constraining the accretion
and emplacement of the ophiolite to the lat-
est Carboniferous or later. Our findings not
only confirm the southwestern extension of
the Mongol-Okhotsk suture but also provide
critical evidence for the early Carboniferous
subduction initiation of the Mongol-Okhotsk
Ocean, likely facilitated by the presence of a
continental ribbon rifted during the ocean’s
opening. The distribution of supra-sub-
duction zone ophiolites with different ages
along the Mongol-Okhotsk suture zone may
document lateral propagation of subduction
initiation.

1. INTRODUCTION

The Central Asian Orogenic Belt (CAOB;
Jahn et al., 2000; Windley et al., 2007; also
termed the Altaids; Sengor et al., 1993) consti-
tutes one of the largest and longest-lived accre-
tionary collages in the world, with consider-
able juvenile crustal growth (Jahn et al., 2004;
Schulmann and Paterson, 2011; Wang et al.,
2023). This giant tectonic domain extends from
the Uralides in the west to the Pacific margin
in the east and is bounded to the north by the
Siberian Craton and to the south by the compos-
ite Tarim—North China cratonic blocks (Pirajno
et al., 2008; Xiao et al., 2015; Fig. 1A). As the
youngest segment of the CAOB, the Mongol-
Okhotsk orogenic belt runs northeastward
for >3000 km, spanning from the Khangay
Mountains in central Mongolia to Uda Bay in
the Okhotsk Sea (Figs. 1A and 1B; e.g., Zorin,
1999; Bussien et al., 2011; Tang et al., 2016).
Its tectonic evolution is widely attributed to the
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closure of the Mongol-Okhotsk Ocean (MOO),
which separated the Siberian Craton to the north
from the Amuri and North China blocks to the
south (Tomurtogoo et al., 2005; Van der Voo
et al., 2015; Zhu et al., 2023a). The MOO likely
closed between the Early-Middle Jurassic and
the Early Cretaceous, a process that marked the
final stages of crustal amalgamation in East Asia
(Van der Voo et al., 2015; Sorokin et al., 2020; Yi
and Meert, 2020).

Supra-subduction zone (SSZ) ophiolites,
representing fragments of ancient oceanic litho-
sphere tectonically incorporated into orogenic
systems, typically originate during subduction
initiation in proto-forearc environments (Pearce,
2003; Dilek and Furnes, 2011; Whattam and
Stern, 2011; Stern et al., 2012; van Hinsbergen
et al., 2015). Thus, these lithospheric remnants
provide critical insights into the mechanisms
and geodynamic processes governing subduc-
tion nucleation (van Hinsbergen et al., 2015;
Guilmette et al., 2018). The spatial-temporal
distributions of SSZ ophiolites and numerical
modeling indicate that subduction initiations
of ancient oceans were more complicated than
previously thought, commonly showing signifi-
cant along-strike variations (Zhou et al., 2018b;
Zhu et al., 2024a). In the context of the Mongol-
Okhotsk orogenic belt, the Adaatsag ophiolite
(ca. 325-319 Ma; Tomurtogoo et al., 2005;
Zhu et al., 2023a) and Khuhu Davaa ophiolite
(ca. 320 Ma; Zhu et al., 2018) have suggested
the subduction of the southwestern MOO initi-
ated during the early Pennsylvanian in the cen-
tral Mongolia region. However, two major and
interrelated knowledge gaps severely limit our
understanding of the MOO’s subduction system
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Figure 1. Tectonic map showing the main tectonic units of the Mongol-Okhotsk orogenic belt of central Mongolia (A is modified from Xiao
et al., 2015; B is modified from Bussien et al., 2011). NCC—North China Craton; SCC—South China Craton; NA plate—North American
plate; LIP—Ilarge igneous province; MC—microcontinent; D-C—Devonian—Carboniferous; MOO—Mongol-Okhotsk Ocean.

and, consequently, the evolution of the broader
orogen. First, the current documentation of only
two SSZ ophiolites within the vast Mongol-
Okhotsk orogenic belt is insufficient to charac-
terize such variability or to rigorously test geo-
dynamic models. Second, and closely related,
the southwestern continuation of the Mongol-
Okhotsk suture zone remains poorly constrained
mainly due to the scarcity of robust lithospheric
markers such as ophiolites. Consequently, the
discovery and comprehensive study of new SSZ
ophiolite exposures—particularly in the poorly
understood southwestern sector—are impera-
tive. Such work is essential not only to augment
the ophiolitic records but also to provide typical
markers for the suture zone geometry and better
constrain the spatiotemporal pattern of subduc-
tion initiation.

To address these critical knowledge gaps, this
study focuses on the newly identified early Car-
boniferous Erdendalai ophiolite, located farther
southwest than the previously known Adaatsag
and Khuhu Davaa ophiolites. Critically, new
zircon U-Pb geochronology suggest the Erden-
dalai ophiolite formed at ca. 350 Ma, making it
~25-30 m.y. older than these previously docu-
mented ophiolites. Combined with petrographic
and geochemical data, our results (1) establish
the Erdendalai as the oldest known SSZ ophio-
lite in the Mongol-Okhotsk belt, (2) provide a
crucial new lithospheric marker to constrain the
southwestern extension of the suture zone, and

(3) push back the timing of subduction initia-
tion in the southwestern MOO to the early Car-
boniferous.

2. GEOLOGICAL SETTING

Mongolia has conventionally been subdi-
vided into two principal tectonic domains along
the so-called Main Mongolian Lineament—an
approximate regional topographic and structural
boundary (Figs. 1A and 1B): a northern domain
characterized by early Paleozoic assemblages
and a southern domain dominated by late Paleo-
zoic formations (Badarch et al., 2002; Windley
et al., 2007). The northern domain comprises
Archean—Proterozoic microcontinental frag-
ments, Neoproterozoic to Lower Paleozoic
metamorphic units and ophiolitic sequences, and
Paleozoic volcanic and sedimentary cover. The
recently-identified >1000-km-long eclogite-
bearing Cambrian high-pressure metamorphic
belt (ca. 548-520 Ma) in west Mongolia and the
>1000-km-long granulite-bearing metamorphic
belt at the southern margin of the Siberian cra-
ton (507-490 Ma) provide robust evidence for
major early Paleozoic orogenesis during the
Cambrian (Gladkochub et al., 2008; Zhu et al.,
2023b). In contrast, the southern domain is pri-
marily composed of lower to middle Paleozoic
ophiolites, together with arc-derived volcanic
and volcaniclastic rocks (e.g., Badarch et al.,
2002). The northern domain is transected by
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the younger Mongol-Okhotsk orogenic belt, a
feature linked to the subduction and final clo-
sure of the MOO (Parfenov et al., 2001; Bus-
sien et al., 2011; Donskaya et al., 2013; Fig. 1).
Interpretations regarding the origin of the MOO
vary among previous studies, which have attrib-
uted it to an Ediacaran—-Cambrian ocean situ-
ated between the Siberian Craton and the Tuva-
Mongol massif (Sengor et al., 1993), an early
Carboniferous—earliest Permian embayment of
the Paleo-Pacific Ocean (Zorin, 1999), or a Late
Ordovician—Silurian ocean formed by backarc
extension of the Paleo-Asian Ocean (Bussien
et al., 2011; Domeier, 2018). Recent investiga-
tions have identified a bimodal volcanic suite
(415410 Ma) and coeval volcanic-sedimentary
sequences in northwestern Mongolia, which
constitute part of the Altay-Sayan Large Igne-
ous Province (Zhu et al., 2024b). These findings
support a model in which an Early Devonian
mantle plume impacted and thermally eroded the
lithosphere of the early Paleozoic collage in the
CAOB, ultimately leading to the opening of the
MOO (Zhu et al., 2024b). The Mongol-Okhotsk
orogenic belt overall formed as an orocline dur-
ing the closure of the MOO, as evidenced by the
concentric horseshoe-shaped microcontinental
ribbons and magmatic arcs, along with a dis-
tinctive U-shaped aeromagnetic signature (Xiao
et al., 2018; Wang et al., 2022). Subduction of
the MOO initiated in the Pennsylvanian (Zhu
et al., 2023a), with oceanic lithosphere being
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consumed through bidirectional subduction—
southward beneath the Amur Block and north-
ward beneath the Siberian Craton (Donskaya
et al., 2013; Tang et al., 2016; Liu et al., 2018;
Wang et al., 2022). Based on the tectonic terrane
framework established by Badarch et al. (2002),
the study area is situated near the boundary
separating the Hangay-Hentey belt to the north
from the Middle Gobi volcano-plutonic belt to
the south.

Superimposed upon the older early Paleozoic
tectonic framework, the Hangay-Hentey belt
(Fig. 1) constitutes a major part of the younger
Mongol-Okhotsk orogenic belt. It is predomi-
nantly composed of Silurian to Carboniferous
turbidites intruded by numerous late Paleozoic
to early Mesozoic granitoids (Badarch et al.,
2002; Bussien et al., 2011; Ganbat et al., 2021).
The Silurian—Devonian strata are characterized
by pelagic red radiolarian chert beds and deep-
sea turbidites intercalated with ocean-island
basalt—type mafic volcanic rocks. In contrast,
the Carboniferous units exhibit a shallowing-
upward succession, transitioning from turbiditic
deposits to proximal deltaic facies (Kelty et al.,
2008; Kurihara et al., 2009; Bussien et al., 2011).
Detrital zircon geochronology of the Paleozoic
sedimentary rocks reveals dominant age peaks
in the Mississippian (Kelty et al., 2008) and/or
Devonian (Bussien et al., 2011). The Hangay-
Hentey belt has been widely interpreted as a
Devonian—Carboniferous accretionary wedge
of the MOO (Kurihara et al., 2009; Bussien
etal., 2011).

The Middle Gobi belt is dominated by Car-
boniferous—Triassic calc-alkaline volcanic and
plutonic rocks, interpreted to record the south-
ward subduction of the MOO (e.g., Badarch
et al., 2002; Tomurtogoo et al., 2005; Zhao
etal., 2017). Its basement consists of the Ereen-
davaa terrane—a microcontinent with a Paleo-
proterozoic crystalline basement overlain by
Neoproterozoic metasedimentary and metavol-
canic units (Bold et al., 2025). Early-middle
Paleozoic gneisses, amphibolites, and schists in
the region are inferred to reflect the evolution
of the Kherlen Ocean, as supported by the pres-
ence of the Kherlen ophiolite (ca. 566-510 Ma;
Miao et al., 2016, 2017; Narantsetseg et al.,
2019). Post-collisional granites emplaced at ca.
440 Ma indicate that the closure of the Kherlen
Ocean occurred prior to the Silurian, resulting in
the amalgamation of the Ereendavaa and Ider-
meg continental terranes (Miao et al., 2016).
These combined terranes subsequently formed
the southern continental margin of the MOO.
Furthermore, Late Permian backarc ophiolites
and Triassic bimodal volcanic suites identified
south of the Middle Gobi belt imply multiple
phases of backarc extension during the contin-

ued southward subduction of the MOO (Zhu
et al., 2016, 2023c¢).

3. GEOLOGY AND PETROGRAPHY OF
THE ERDENDALAI OPHIOLITE

The newly discovered ophiolite, designated as
the Erdendalai ophiolite, is located ~50 km west
of Erdendalai village in Dundgobi Province,
Mongolia (Fig. 2). It crops out as tectonic lenses
(up to 0.5 km along-strike length and 0.1 km in
apparent thickness) within the volcano-sedimen-
tary Khoidgobi Formation that exhibits a well-
developed foliation striking ~155° and dipping
30° to the southwest (Fig. 2). The ophiolitic
slices mainly comprise serpentinized perido-
tite, pyroxenite, gabbro, anorthosites, and chert
(Fig. 3). The anorthosites occur as centimeter- to
decimeter-thick layers or lenses in the serpen-
tinized peridotite (Figs. 3A and 3C). Although
the Khoidgobi Formation is regionally described
as consisting of mica schist, quartz-amphibole
and biotite-amphibole schist, marble and green
schist, and has experienced greenschist-to-
amphibolite facies metamorphism and vary-
ing degrees of deformation (Jamyandorj et al.,
1990), our field observations within the study
area specifically identified micaschist (Fig. 3F).
Although previously attributed to the Precam-
brian (Jamyandorj et al., 1990), no isotopic ages
have been reported to confirm this assignment.

The peridotites exhibit extensive serpentiniza-
tion, with olivine and orthopyroxene being either
completely or partially replaced by serpentine
minerals (Fig. 4A). Modal mineralogy estimates
indicate that the peridotite consists of ~80%
serpentine, 10% magnetite, 5% olivine, and 5%
orthopyroxene. The gabbro displays a medium-
to coarse-grained poikilitic texture (Fig. 4B)
and is predominantly composed of hornblende
(~50%), plagioclase (~40%), and pyroxene
(~10%). Anorthosites are characterized by fine-
grained calcic plagioclase making up ~95% of
the rock and a minimal mafic component (horn-
blende ~5%; Fig. 4C). A representative schist
sample from the Khoidgobi Formation contains
~40% quartz and 50% plagioclase, both aligned
within the foliation plane, along with ~5% mag-
netite and 5% lithic fragments (containing some
relict hornblende and feldspar assemblages char-
acteristic of igneous rocks; Fig. 4D).

4. ANALYTICAL METHODS
4.1. Geochemistry

Whole-rock major and trace element compo-
sitions were determined at the Wuhan Sample

Solution Analytical Technology Co., Ltd., China
by X-ray fluorescence (XRF) and inductively
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coupled plasma—mass spectrometry (ICP-MS).
The precision of the XRF analyses is within
+2% for the oxides >0.5 wt% and within £5%
for the oxides >0.1 wt%. Analytical results for
U.S. Geological Survey standards indicated that
the data are accurate within +5% for the trace
elements.

4.2, Zircon U-Pb Geochronology

Zircon crystals were extracted from crushed
rocks using conventional heavy liquid and mag-
netic separation techniques and hand-picked
under a binocular microscope. The zircons
were mounted in epoxy resin and polished to
expose the grain centers. Optical (transmit-
ted and reflected light) photographs and cath-
odoluminescence (CL) images were prepared
to reveal the internal texture of the zircons in
order to select optimal sites for analysis. Finally,
the mounts were vacuum-coated with high-
purity gold.

Zircon U-Pb dating for magmatic rocks using
the sensitive high-resolution ion microprobe
(SHRIMP) secondary ionization mass spectrom-
etry instrument was carried out at the Beijing
SHRIMP Center, Institute of Geology, Chinese
Academy of Geosciences, following the stan-
dard procedures described by Jian et al. (2012).
The spot size of the ion beam was ~20 pm and
analytical data for individual spots are the mean
values of five consecutive analyses. The analyti-
cal data were processed using the software pro-
grams Squid 1.03 (Ludwig, 2001) and Isoplot
3.0 (Ludwig, 2003). Errors of individual analy-
ses are given at the two standard deviation level
and the ages reported in the paper are weighted
mean 2Pb/238U ages with common Pb correc-
tion using the 2**Pb-based methods of Compston
etal. (1984).

Detrital zircon U-Pb dating for sedimentary
rocks by laser ablation (LA)-ICP-MS was con-
ducted at Beijing GeoAnalysis Co., Ltd. Pre-
ablation was conducted for each spot analysis
using five laser shots to remove potential sur-
face contamination. The analysis was performed
using a 30 pm diameter spot. The Iolite software
package was used for data reduction (Paton
et al., 2010). Zircon 91500 was used as the pri-
mary reference material, whereas zircon GJ-1
(609 Ma; Jackson et al., 2004) and PleSovice
(337 Ma; Slama et al., 2008) were used to check
accuracy. Typically, 35-40 seconds of the sam-
ple signals were acquired after 20 seconds of gas
background measurement. The exponential func-
tion was used to calibrate the downhole fraction-
ation (Paton et al., 2010). The analyses yielded
weighted mean 2%°Pb/?¥U ages of 606 + 4 Ma
for GJ-1 and 338 £ 2 Ma for PleSovice, which
agree with the reference values.
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Figure 2. Regional geologic map of the Erdendalai ophiolite study area in central Mongolia (modified from Zabotkin et al., 1982; Jamyan-
dorj et al., 1990; and Erdenechimeg and Enkhabayar, 2017).

5. RESULTS
5.1. Whole-Rock Major and Trace Elements

Major and trace element compositions for
ten samples from the Erdendalai ophiolite—
comprising one ultramafic sample, six gabbros,
and three anorthosites—are provided in Table
S1 in the Supplemental Material.! Although

ISupplemental Material. Table S1: Whole-rock
compositions of various rocks from the Erdendalai
ophiolite. Table S2: SHRIMP zircon U-Pb analytical
data for the anorthosite from the Erdendalai ophiolite.
Table S3: LA-ICP-MS zircon U-Pb analytical data
for the schist from the Khoidgobi Formation. Table
S4: Compilation of detrital zircon ages of the Late
Paleozoic—Mesozoic accretionary complexes from the
southwest segment of the Mongol-Okhotsk orogenic
belt. Please visit https://doi.org/10.1130/GSAB.S
32293206 to access the supplemental material;
contact editing @ geosociety.org with any questions.

fresh samples were carefully selected for anal-
ysis, the ultramafic rock has high loss-on-igni-
tion (LOI) values (11.80 wt%), indicating vari-
able degrees of alteration. The ultramafic rock
is characterized by low SiO, (41.28 wt%) and
alkalinity (Na,O + K,O) contents (0.03 wt%),
and high MgO (36.87 wt%) and Fe,O,T con-
tents (7.79 wt%), with Mg# [ = molar Mg/
(Mg + Fe?%)] of 0.92. The ultramafic sample
has low total rare earth element (REE) con-
tents (13.84 ppm) and the incompatible man-
tle trace elements such as Rb, Nb, and Ta are
depleted. In contrast, concentrations of mantle
compatible elements such as Cr (3324 ppm)
and Ni (1937 ppm) are extremely high in
the sample.

The gabbro samples exhibit variable SiO,
(45.36-52.75 wt%), MgO (4.09-10.76 wt%),
CaO (10.09-15.84 wt%), Al,O; (12.03-
20.33 wt%), Na,O (0.77-4.68 wt%), and TiO,
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(0.28-1.36 wt%) contents, but low K,O (0.03—
0.21 wt%) and P,O5 (0.02-0.12 wt%) contents.
Mg# values range from 0.64 to 0.77. The sam-
ples have REE contents between 11.49 ppm and
49.42 ppm with no or positive Eu anomalies (Eu/
Eu* = 0.89-2.64). With the exception of sample
MS-753-2, all gabbros exhibit distinct chondrite-
normalized light REE (LREE) depletion (Lay/
Yby = 0.56-1.17; Fig. 5A). In a primitive man-
tle-normalized trace element variation diagram,
most gabbro samples are enriched in large ion
lithophile elements (LILEs; e.g., Sr, Ba, and U)
and slightly depleted in high field strength ele-
ments (HFSEs; e.g., Nb, Ta, and Ti; Fig. 5B).
The anorthosite samples have low SiO,
(49.99-52.57 wt%), MgO (0.41-0.67 wt%),
Fe,0;T (0.42-0.62 wt%), and K,O (0.05-
0.09 wt%) contents, but have high CaO (12.46—
14.20 wt%) and Al,O; (23.94-26.00 wt%)
contents. The samples show REE contents of
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Serpentinite

Figure 3. Field photographs showing the occurrences of the Erdendalai ophiolite and the as-
sociated Khoidgobi Formation in central Mongolia. (A) Serpentinized ultramafic rocks with
anorthosites layers or lenses. (B) Serpentinized ultramafic rocks displaying a mesh texture.
(C) Anorthosites occur as lenses in the serpentinized ultramafic rocks. (D) Gabbro frag-
ments within the schist of the Khoidgobi Formation. (E) Red chert occurs as tectonic blocks
in fault contact with ultramafic rocks. (F) Schist of the Khoidgobi Formation characterized
by a well-developed foliation (dipping 30° to the southwest).

16-52 ppm and the chondrite-normalized REE
patterns of the samples are slightly fractionated
and exhibit distinct chondrite-normalized LREE
depletion [(La/Yb)y = 0.25-0.31)] and positive
Eu anomalies (Eu/Eu* = 1.33-1.48; Fig. 5C).
They exhibit negative Nb and Ti anomalies but
slightly positive Zr, Hf, and Sr anomalies in
primitive mantle-normalized trace element dia-
grams (Fig. 5D).

5.2. Zircon U-Pb Geochronology

One anorthosite sample from the Erdendalai
ophiolite and two schist samples from the Khoid-
gobi Formation were selected for SHRIMP U-Pb
zircon dating and LA-ICP-MS U-Pb detrital zir-
con dating, respectively. The analytical results
are presented in Tables S2 and S3.

Zircons extracted from the anorthosite
sample MS-746 collected from the Erdendalai
ophiolite are euhedral to subhedral prisms mea-
suring 75-150 pm in length. Most grains display
well-defined oscillatory zoning (Fig. 6A), a fea-
ture typical of magmatic zircon (e.g., Rubatto,
2002). Twelve zircon grains were analyzed,
showing U concentrations ranging from 25 ppm
to 425 ppm and Th concentrations ranging from
21 ppm to 215 ppm. Th/U ratios vary between
0.35 and 1.11, consistent with an igneous ori-
gin (Rubatto, 2002). Eight analyses yielded a
weighted mean 2°°Pb/?3#U age of 350 + 6 Ma
(mean square of weighted deviates = 0.86;
Fig. 6B), which is interpreted as the crystal-
lization time of the zircons. One spot analysis
yielded an older age of ca. 2522 Ma, likely
reflecting zircon inheritance. The remaining
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three zircons yielded much younger ages (269—
241 Ma), which are interpreted to be the result
of disturbance or resetting of zircons during a
later tectono-thermal event.

Detrital zircons separated from the schist
sample MS-767, collected from the Khoidgobi
Formation, exhibit rounded to subhedral mor-
phologies and range from 50 pm to 200 pm
in size. CL imaging reveals that most grains
have oscillatory or planar-banded growth
zones (Fig. 6A), indicating a magmatic origin
(Rubatto, 2002). A total of 60 U-Pb analyses
were obtained, and they have U contents rang-
ing from 24 ppm to 803 ppm and Th contents
ranging from 14 ppm to 1143 ppm, and Th/U
ratios ranging from 0.28 to 1.42. All the analy-
ses yielded ages ranging from 2361 £+ 56 Ma
to 324 + 4 Ma, which cluster in four main age
groups: (1) U-Pb ages of 345-324 Ma, with a
peak at 334 Ma; (2) 371-347 Ma, with a peak
at 357 Ma; (3) 394-375 Ma, with a peak at
385 Ma; and (4) 418-402 Ma, with a minor
peak at 410 Ma (Figs. 6C and 6D).

Detrital zircons from the schist sample
MS-769 collected from the Khoidgobi For-
mation are rounded to subhedral and range
from 100 pm to 200 pm in size. CL imaging
reveals that most grains have oscillatory or
planar-banded growth zones (Fig. 6A), indicat-
ing a magmatic origin (Rubatto, 2002). Sixty
U-Pb analyses indicate U concentrations of
18-799 ppm, Th concentrations of 18-955 ppm,
and Th/U ratios ranging from 0.69 to 1.20. The
obtained 20Pb/?*8U ages vary from 769 + 7 Ma
to 300 £ 5 Ma and define four principal age
clusters: (1) U-Pb ages of 304-300 Ma, with a
minor peak at 302 Ma; (2) 340-314 Ma, with a
peak at 328 Ma; (3) 395-342 Ma, with a peak at
365 Ma; and (4) 439—437 Ma, with a minor peak
at 438 Ma (Figs. 6E and 6F).

6. DISCUSSION

6.1. Ages of the Erdendalai Ophiolite and
Associated Sedimentary Rocks

The Erdendalai ophiolite had not been rec-
ognized in previous studies and the associ-
ated Khoidgobi Formation was ascribed to the
Riphean sequence on an earlier geological map
(Jamyandorj et al., 1990) and to Permian sedi-
mentary units on a later map (Li et al., 2008).
Consequently, no isotopic dating data has yet
been reported for the Erdendalai ophiolite. The
anorthosite from the ophiolite yielded a SHRIMP
zircon U-Pb concordant age of 350 4+ 4 Ma,
which is interpreted to represent the crystalliza-
tion ages of the anorthosite based on the mag-
matic signature of the analyzed zircons (oscilla-
tory zoning in CL images and high Th/U ratios
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Figure 4. Microphotographs of the Erdendalai ophiolite and the samples from central
Mongolia used for age dating. (A) Ultramafic rocks with strong serpentinization. (B) Gab-
bro with a poikilitic texture. (C) Anorthosites from the Erdendalai ophiolite. (D) Schist
from the Khoidgobi Formation, with red dashed lines outlining the primary foliation plane.
Serp—serpentine; Mag, magnetite; Py—Pyroxene; Hb—hornblende; Pl—plagioclase,

Qz—quartz.

because of the preferential incorporation of Th
over U during melt crystallization). This robust
geochronological result constrains the formation
of the Erdendalai ophiolite to the early Carbon-
iferous. Notably, this unit represents the oldest
known ophiolite along the Mongol-Okhotsk oro-
genic belt, implying that the MOO had already
initiated rifting and oceanic crust formation prior
to the early Carboniferous. The presence of older
inherited zircon grains within the anorthosite
may originate from entrained crustal fragments,
delaminated continental lithosphere during
ocean opening, or continental material incorpo-
rated along transform faults and mid-ocean ridge
systems (Pilot et al., 1998).

The two schist samples (MS-767 and
MS-769) from the Khoidgobi Formation, which
encloses the Erdendalai ophiolite, exhibit a
broad spectrum of detrital zircon U-Pb ages. A
significant proportion of these ages fall within
the 400-320 Ma range, consistent with age
distributions documented from late Paleozoic
to Mesozoic accretionary complexes adjacent
to the Mongol-Okhotsk suture zone (Fig. 7;
Table S4; Kelty et al., 2008; Bussien et al.,
2011; Hara et al., 2013; Ruppen et al., 2014).
These metasedimentary rocks, interleaved with

ophiolitic slices, are interpreted as components
of a subduction-accretionary complex. In such
tectonic settings, the detrital zircons are likely
derived from nearby magmatic arcs and rap-
idly deposited into adjacent forearc or trench
basins, and the age of the youngest zircon pop-
ulation provides a maximum estimate for the
timing of sediment deposition. The presence
of a prominent youngest zircon peak at ca.
302 Ma suggests that the Khoidgobi Formation
was deposited after the latest Carboniferous—
rather than in the Precambrian as previously
proposed.

The southwestern segment of the Mongol-
Okhotsk suture zone is manifested as the
Adaatsag-Dochgol terrane, which correlates
with the Onon terrane in its northeastern Rus-
sian extension (Fig. 1; Parfenov et al., 2001;
Badarch et al., 2002; Zhu et al., 2023a). The
Dochgol terrane contains deformed and meta-
morphosed Devonian to Triassic marine sand-
stone, shale, conglomerate, and minor volca-
nic rocks (Badarch et al., 2002; Bussien et al.,
2011). The Adaatsag terrane is predominantly
composed of intensely deformed schist, quartz-
ite, metasandstone, phyllite, chert, metavolca-
nic rocks, limestone, mélange, and dismem-

Geological Society of America Bulletin

bered ophiolitic fragments, all of which have
undergone greenschist- to amphibolite-facies
metamorphism (Parfenov et al., 2001; Badarch
et al., 2002). As noted in previous sections, the
southwestern continuation of this suture has
remained poorly constrained, largely due to
insufficient documentation of ophiolitic rem-
nants within this segment. The identification
of the Erdendalai ophiolite and its associated
Carboniferous metasedimentary rocks in this
study provides critical evidence supporting
the southwestern extension of the Mongol-
Okhotsk suture zone, thereby helping to clarify
the regional tectonic architecture.

6.2. Petrogenesis and Tectonic Setting

Petrographic and geochemical analyses indi-
cate that the studied samples underwent varying
degrees of hydrothermal alteration. However,
no systematic correlation was observed between
LOI values and key major element oxides such
as Si0,, Ti0,, and Na,O (Figs. 8A-8D), indicat-
ing that these elements remained largely immo-
bile during alteration processes (Nakamura
et al., 2007). Zirconium (Zr), known for its low
mobility under hydrothermal conditions, was
employed as a reference element to assess the
behavior of other trace elements (Pearce, 2014).
Elements including Nb, La, and Yb exhibit well-
constrained linear correlations with Zr, confirm-
ing their immobile nature, whereas others such
as Rb and Pb display significant scatter due to
their post-magmatic mobility (Figs. 8C-8F).
These relationships support the interpretation
that the samples have largely retained their pri-
mary magmatic geochemical signatures.

Although mantle-derived magmas are com-
monly subject to crustal contamination during
ascent, several lines of geochemical evidence
argue against significant assimilation in the stud-
ied samples. The absence of correlation between
Nb/La and Th/La ratios with SiO,, combined
with low Th/Ce (0.01-0.03) and Th/La (0.02—
0.06) values, indicates negligible crustal con-
tamination in the gabbros (Figs. 9A and 9B).
Similarly, Th/Ta ratios in the gabbros range
from 0.79 to 3.12, closely matching the primi-
tive mantle value (Th/Ta = ~2.3) and contrast-
ing sharply with typical continental crust (Th/
Ta = ~10), further supporting a lack of crustal
input (Sun and McDonough, 1989). The gab-
broic samples exhibit lower Mg# (0.65-0.77),
Cr (82-629 ppm), and Ni (51-232 ppm) than
expected for primitive mantle melts (Mg# val-
ues of 0.68-0.76, Cr contents of 300-500 ppm
and Ni contents of 300-400 ppm; Frey et al.,
1978; Wilson, 1989), consistent with an evolved
magmatic origin. Positive correlations between
Cr and Ni with Mg# in the gabbros suggest
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Figure 5. Chondrite-normalized rare earth element patterns and primitive mantle-normalized diagrams for the Erdendalai ophiolite from
central Mongolia. (A, B) Gabbros. (C, D) Anorthosites. Normalizing values are from Sun and McDonough (1989). Data sources of Izu-
Bonin-Mariana forearc basalts (IBM-FAB) are from Reagan et al. (2010), data sources of IBM boninite are from Ishizuka et al. (2020) and

Shervais et al. (2021). N-MORB—normal mid-ocean-ridge basalt.

fractional crystallization of olivine and clinopy-
roxene (Figs. 9C and 9D), because Cr and Ni
are strongly compatible in these minerals (Cr
in clinopyroxene/spinel, Ni in olivine) and are
therefore efficiently removed together with Mg
during crystallization (Wilson, 1989; Rollinson,
1993). Partition coefficient-based discrimination
using Ni-Cr and V-Cr relationships (Rollinson,
1993) points to clinopyroxene—rather than oliv-
ine or hornblende—as the dominant fractionat-
ing phase (Figs. 9E and 9F). The absence of a
correlation between Dy/Yb and SiO, (Fig. 9G)
argues against significant amphibole fraction-
ation (Davidson et al., 2007). Positive Eu anom-
alies in some gabbros indicate plagioclase accu-
mulation, because Eu occurring significantly
as Eu?* in magmatic systems could substitute
readily for Ca in plagioclase. This causes plagio-
clase to strongly partition Eu relative to trivalent
REEs, so that plagioclase accumulation imparts
a positive Eu anomaly to the whole-rock com-
position (Drake and Weill, 1975; Aigner-Torres

et al., 2007). The lack of correlation between
TiO, and MgO suggests limited fractionation of
Fe-Ti oxides (e.g., ilmenite and magnetite) dur-
ing magma differentiation (Fig. 9H), because
in magmatic systems where Fe-Ti oxides crys-
tallize and are removed, they efficiently scav-
enge TiO, from the melt, typically generating
a positive correlation between decreasing TiO,
and decreasing MgO (Wilson, 1989; Rollin-
son, 1993).

The gabbroic rocks from the Erdenda-
lai ophiolite exhibit geochemical signatures
typical of normal mid-ocean-ridge basalts
(N-MORBSs), suggesting derivation from a
depleted mantle source (Sun and McDonough,
1989). Our interpretation is supported by mul-
tiple tectono-magmatic discrimination diagrams
(Figs. 10A-10D). However, compared to typical
N-MORB, the gabbros display lower concentra-
tions of HESEs, such as Nb and Ta, a feature
more consistent with forearc basalts (FABs;
Figs. 5A and 5B; Reagan et al., 2010; Ishizuka
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et al., 2011; Hickey-Vargas et al., 2018). They
also show mild enrichment in LILEs (e.g., Ba
and U), indicative of contributions from slab-
derived fluids or melts (Stern, 2002; Ishizuka
et al., 2014). This interpretation is further sup-
ported by the Nb/Yb versus Th/Yb diagram,
in which several gabbro samples plot slightly
above the mantle array (Fig. 10A). In the Nby-
Thy discrimination diagram (Saccani, 2015),
most samples fall near the boundary between
the N-MORB and FABs fields (Fig. 10C). In
the Nb-Zr-Y diagram (Meschede, 1986), all the
gabbro samples plot in the island-arc basalt/N-
MORSB field (Fig. 10D). The overall geochemi-
cal character—marked by HEFSE depletion and
LILE enrichment—is indicative of arc-related
magmatism. We therefore propose that the
Erdendalai ophiolite likely formed in an intra-
oceanic forearc setting.

Anorthosite can constitute a petrogeneti-
cally significant component within ophiolitic
sequences despite that they are volumetrically
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Figure 6. Representative cathodoluminescence (CL) images of zircons and zircon U-Pb concordia diagrams for the Erdendalai ophiolite
and the associated Khoidgobi Formation from central Mongolia. (A) Representative CL images of analyzed zircons. Yellow circles represent
sites of analytical spots and the numbers around the circles are the spot numbers and ages. (B) U-Pb concordia diagram for the anorthosite.
(C, D) Detrital zircon U-Pb concordia and relative probability diagrams for sample MS-767 schist from the Khoidgobi Formation. (E, F)
Detrital zircon U-Pb concordia and relative probability diagrams for sample MS-769 schist from the Khoidgobi Formation. MSWD—mean
square of weighted deviates; N—number.
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small. Anorthosite-bearing ophiolites gen- a forearc tectonic setting (Dilek and Furnes, The Carboniferous Erdendalai ophiolite
erally possess tholeiitic affinity exhibiting 2009; Reagan et al., 2010; Hickey-Vargas and its associated sediments are located in the
low La/Nb, Th/Nb, La/Yb and Th/YD ratios, et al., 2018). southernmost part of the Hangay-Hentey belt—a

along with trace element patterns resembling
N-MORB (Ross and Bédard, 2009; Dilek
and Furnes, 2009; Saccani, 2015; Golowin LA This study
et al., 2017). Formed in oceanic settings and 3

emplaced into oceanic crust, these anortho- 50 | N=119
sites are typically uncontaminated by conti- I
nental material, making them reliable indi-
cators of mantle source characteristics and 40 |
tectonic environments (Sotiriou and Polat, I
2020, 2023). A comprehensive compilation of
Tethyan anorthosite-bearing ophiolites indi-
cates that these anorthosites predominantly
derived from tholeiitic magmas in subduction-
related settings, although some also occur in
mid-ocean ridges, continental rifts, and mantle
plume environments (Takagi et al., 2005; Pic-
cardo and Guarnieri, 2011; Sotiriou and Polat,
2020). The anorthosites within the Erdendalai
ophiolite display negative Nb and Ti anoma-
lies, N-MORB trace element characteristics F ‘
and elevated CaO concentrations, and are 0 200 b0 600 800 1000 1200
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a subduction zone setting. A significant num-
ber of Phanerozoic anorthosites in subduction
zone are interpreted to have originated from
boninitic parental magmas, which themselves
formed through high-degree partial melting of
highly depleted, hydrous mantle sources that
had been metasomatized by slab-derived fluids
and melts (Golowin et al., 2017; Woelki et al.,
2018; Sotiriou and Polat, 2020, 2023). Since i
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enriched tholeiitic melts. Consequently, the
anorthosites did not crystallize directly from 0 200 400 600
boninitic melts, but rather from these more Age (Ma)

differentiated tholeiitic magmas derived from
boninitic precursors (Sotiriou and Polat, 2020, ~ Figure 7. Comparison of detrital zircon populations of the shist from the Khoidgobi For-

2023). The involvement of boninitic magmas mation of central Mongolia and the late Paleozoic-Mesozoic accretionary complexes of the
to anorthosite petrogenesis suggests that these ~ Mongol-Okhotsk Ocean (MOO). Detrital zircon ages of the late Paleozoic—Mesozoic accre-
rocks formed during the initial phases of sub-  tionary complexes (Table S4; see text footnote 1) are compiled from the literature of Kelty
duction zone development, most likely within et al. (2008), Bussien et al. (2011), Hara et al. (2013), and Ruppen et al. (2014). N—number.
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Figure 9. Selected elements and their ratios plots for the gabbros of the Erdendalai ophiolite from central Mongolia. (A, B) Plots of SiO,
versus Th/La and Nb/La to evaluate the crustal contamination. (C, D) Plots of Mg# versus Cr and Ni indicating fractional crystallization of
olivine (Ol) and clinopyroxene (Cpx). (E, F) Plots of Cr versus Ni and Cr versus V implying Cpx crystallization (Rollinson, 1993). (G) Plots
of SiO, versus Dy/Yb to exclude amphibole fractionation (Davidson et al., 2007). (H) Plots of TiO, versus MgO suggesting limited fraction-
ation of Fe-Ti oxides. Hb—hornblende.
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Figure 10. Geochemical plots of the gabbros from the Erdendalai ophiolite from central Mongolia. (A) Th/Yb versus Nb/Yb diagram
(Pearce, 2008). (B) Sm/Yb versus La/Sm diagram (Aldanmaz et al., 2000). (C) Nby versus Thy diagram (Saccani, 2015). (D) Nb-Zr-Y dia-
gram (Meschede, 1986). Data sources of Izu-Bonin—-Mariana (IBM) forearc basalts (FABs) are from Reagan et al. (2010) and data sources
of IBM boninite are from Ishizuka et al. (2020) and Shervais et al. (2021). Normalizing values are from Sun and McDonough (1989).
N-MORB—normal mid-ocean-ridge basalt; WPA—within-plate alkaline basalt; WPT—within-plate tholeiite; IAB—island-arc basalt;
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garnet-influenced mid-oceanic-ridge basalt.

domain widely interpreted as having formed in
a trench—accretionary wedge setting during the
subduction of the MOO (Kurihara et al., 2009;
Bussien et al., 2011). Tectonically, the Erden-
dalai ophiolite correlates with the Adaatsag and
Khuhu Davaa ophiolites along the strike of the
suture zone (Zhu et al., 2018, 2023a) but it is dis-
tinct from the backarc basin systems documented
in the rear of the MOO’s main magmatic arcs
(Zhu et al., 2016, 2023c). Thus, the Carbonifer-
ous SSZ-type Erdendalai ophiolite, comprising
identified FAB-like gabbro and boninite-derived
anorthosite, provides key evidence for the pres-

ence of an intra-oceanic subduction-accretion
system in the southwest MOO during the early
Carboniferous.

6.3. Tectonic Evolution of the MOO

SSZ ophiolites are widely interpreted to
preserve evidence of forearc extension in the
upper plate during subduction initiation (Dilek
and Furnes, 2011; Whattam and Stern, 2011).
In particular, the volcanic crustal sequence of
an SSZ ophiolite is expected to include earli-
est MORB-like FABs, overlain by boninites

Geological Society of America Bulletin

Downl oaded from http://pubs. geosci encewor| d. or g/ gsa/ gsabul | etin/articl e-pdf/doi/10. 1130/ B38935. 1/ 7897839/ b38935. pdf by Uni versi dad Conpl utense de Madrid ,

and other high-Mg andesites, and succeeded
by arc tholeiites and calc-alkaline lithologies
(Whattam and Stern, 2011; van Hinsbergen
et al., 2015). Despite the common structural
dismemberment and incomplete preservation
of ophiolitic chemostratigraphy, the diagnostic
presence of FABs and/or boninitic rocks within
SSZ ophiolites is regarded as a key signature of
the earliest volcanic activity linked to subduc-
tion initiation (Whattam and Stern, 2011; Stern
et al., 2012; Hickey-Vargas et al., 2018). Our
new findings provide important constraints on
the subduction initiation history of the MOO.
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The gabbroic rocks from the Erdendalai ophio-
lite display only minor LILE enrichment rela-
tive to heavy REEs and HFSEs, along with
slightly depleted Nb and Ta concentrations
compared to N-MORB. These features indi-
cate minimal contribution from slab-derived
components. Collectively, the geochemical
characteristics suggest that the gabbros are
compositionally analogous to FABs, which
are interpreted as the earliest magmatic prod-
ucts formed following subduction initiation
(Reagan et al., 2010; Ishizuka et al., 2014;
Hickey-Vargas et al., 2018). There are two end-
member mechanisms of subduction initiation:
spontaneous and induced (Stern, 2004; Stern
and Gerya, 2018). Spontaneous subduction
initiation is theorized to be triggered by gravi-
tational instability, such as the negative buoy-
ancy contrast across oceanic transform faults
or passive continental margins, leading to
lithospheric collapse without requiring external
plate convergence (Stern, 2004; Arculus et al.,
2015). In contrast, induced subduction initia-
tion necessitates a period of forced plate con-
vergence, which nucleates a new subduction
zone along a pre-existing weak zone (Gurnis
et al., 2004; Stern and Gerya, 2018). However,
advanced numerical models demonstrate that
even archetypal “spontaneous” settings require
some degree of external horizontal forcing to
initiate self-sustaining subduction (Zhong and
Li, 2019; Liu et al., 2024). Given this mod-
ern understanding that favors a hybrid driving
mechanism, and considering the Erdendalai
ophiolite’s formation within a pre-existing
tectonic collage, we favor a model where the
subduction initiation in the southwestern MOO
was induced or at least critically facilitated by
regional compressional stresses. These stresses
could have been transmitted from distant plate
boundaries or from the resistance to the open-
ing of the MOO itself. Consequently, detailed
structural analysis around the Erdendalai ophi-
olite remains a key objective for future work
aimed at resolving its specific subduction ini-
tiation mechanism. In addition, the presence
of ancient zircon grains within the Erdendalai
ophiolite suggests inheritance from a continen-
tal crustal source. Although one might specu-
late that the collapse of a passive continental
margin could initiate subduction and explain
these signatures, both numerical models and
geological evidence indicate that subduction
initiation at passive margins is unlikely due to
the high mechanical strength of lithosphere,
which resists collapse—as exemplified by the
stable Atlantic passive margin (e.g., Gurnis
et al., 2004; Nikolaeva et al., 2011; Stern and
Gerya, 2018). More critically, the depleted
mantle signature and the absence of signifi-

A 415-410Ma Mongol-Okhost

Adaatsag
Khuhu-Dava J/

Erdendalai ophiolite
formed in the forearc

i

NE lateral
propagation

ophiolites

Figure 11. Schematic diagrams showing the proposed tectonic evolution of the Mongol-Ok-
hotsk Ocean. DMM—depleted MORB mantle.

cant continental crustal contamination in the
Erdendalai ophiolite argue against proximity to
a thick continental margin during melt genera-
tion. Furthermore, as previously discussed, the
geochemical characteristics of this SSZ ophio-
lite are consistent with formation in an intra-
oceanic setting. We propose that the Erden-
dalai intra-oceanic arc was underlain, at least
partially, by a continental fragment or relic that
separated from the southern continental margin
during the opening of the MOO. This model
is supported by both modern and ancient ana-
logues of oceanic arcs underlain by continental
slivers (Tapster et al., 2014; Shao et al., 2015;
Li et al., 2018). Numerical modeling further
confirms that such microcontinental ribbons
can play a critical role in localizing subduc-
tion nucleation (Zhu et al., 2023d). In the pres-
ent case, we suggest that the presence of this
continental sliver triggered, or at least facili-
tated, the initiation of southward subduction
of the southwestern MOO plate—a mechanism
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comparable to that proposed for the Adaatsag-
Khuhu Davaa intra-oceanic subduction system
(Zhu et al., 2023a).

Based on integrated evidence from this study
and previous works, we propose a revised tec-
tonic model for the evolution of the MOO in
the Mongolian segment (Fig. 11). The identi-
fication of Cambrian continental-type eclog-
ites along with other high-grade metamorphic
records indicates that microcontinental blocks
and Neoproterozoic subduction-accretion com-
plexes were accreted to the Siberian Craton
during the early Paleozoic, likely associated
with the closure of the Pan-Rodinian Mirovoi
Ocean (e.g., Wilhem et al., 2012; Zhang et al.,
2016; Buridnek et al., 2017; Zhou et al., 2018a;
Yang et al., 2022; Zhu et al., 2023b). This inter-
pretation is further supported by paleomagnetic
data, which suggest that the microcontinents of
the CAOB were in proximity to the Siberian
Craton by the Early Cambrian (Kravchinsky
et al., 2010). During the Early Devonian, a
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mantle plume impinged upon and thermally
eroded the lithosphere of the early Paleozoic
accretionary collage, ultimately triggering rift-
ing and the opening of the MOO. This model
offers a coherent explanation for the observed
crosscutting relationship wherein the younger
Mongol-Okhotsk orogenic belt truncates the
pre-existing early Paleozoic accretionary col-
lage around the Siberian Craton (Zorin, 1999;
Zhu et al., 2024b). During the opening of the
MOO, one or several thin ribbon continents
rifted away from its southern continental
margin (Fig. 11A). These ribbon continents
introduced critical lithospheric weaknesses
and heterogeneities along the continent-ocean
boundary, which facilitated the localization
of new subduction zones during subsequent
kinematic reorganization (Zhu et al., 2023d).
By the early Mississippian, sinking of the oce-
anic lithosphere likely induced rapid trench
rollback, enabling asthenospheric material to
flow over the descending slab (Fig. 11B). This
asthenospheric upwelling led to decompres-
sion melting (Stern and Gerya, 2018), generat-
ing MORB-like forearc basaltic gabbros and
boninitic magmas (the parent magma of anor-
thosites; ca. 350 Ma) in the Erdendalai ophio-
lites. Similarly, in the northeastern segment
of the MOO, subduction initiations occurred
during the early Pennsylvanian, as evidenced
by the Adaatsag and Khuhu Davaa SSZ ophio-
lites (Zhu et al., 2018, 2023a). The simplest
scenario to explain the age difference is a sub-
duction initiation in the southwest during the
early Carboniferous, followed by lateral prop-
agation toward the northeast (Fig. 11C). 3-D
thermomechanical modeling suggest subduc-
tion initiation could laterally propagate along
the transform away from the ridge, which
can explain the systematic variations in ages
of SSZ ophiolites in the Bitlis-Zagros suture
zone (Zhou et al., 2018b). The propagation
mechanism need not be limited to transform
faults. As noted by Zhou et al. (2020), subduc-
tion can also jump to and advance along pas-
sive margins if significant lithospheric weak-
nesses exist and are leveraged by strong slab
pull from a neighboring, established oceanic
subduction zone. The subsequent change of the
southern passive margin in central Mongolia to
an active margin by the late Carboniferous, as
evidenced by various magmatic records in the
Middle Gobi belt (Zhu et al., 2023e), could be
the direct consequence of this northeastward
subduction zone propagating and eventually
affecting the continental margin. However,
with our current knowledge, we cannot rule
out the possibility that these subduction zones
initiated independently at different times. The
observed age discrepancy between the Erden-
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dalai ophiolite formation and the deposition
of the Khoidgobi Formation clastic sediments
can be explained by two tectonic models: (1)
a progressive accretion and emplacement of
the ophiolite and associated sediments within
the forearc environment of an intraoceanic
subduction zone. (2) Alternatively, the ophio-
lite was thrusted over a continental margin or
microcontinent during a collisional event, with
the accompanying sediments accumulating in a
syn-collisional peripheral foreland basin. The
detection of Precambrian and pre-Carbonifer-
ous zircon grains in the Khoidgobi Formation
provides supporting evidence for the second,
collision-related scenario.

7. CONCLUSIONS

The investigation of the Erdendalai ophio-
lite provides critical insights into the tec-
tonic evolution of the southwestern Mongol-
Okhotsk Orogenic Belt, with the following key
conclusions:

(1) Zircon U-Pb dating of anorthosite yields
a crystallization age of ca. 350 Ma for the
Erdendalai ophiolite, indicating the presence
of a mature Mongol-Okhotsk Ocean capable of
generating oceanic crust by the early Carbonifer-
ous. The discovery of the Erdendalai ophiolite
provides the first robust ophiolitic evidence to
trace the southwestern extension of the Mongol-
Okhotsk suture zone in Mongolia.

(2) The geochemical signatures of the gabbros
(forearc basalt-like) and anorthosites (derived
from boninitic precursors) are diagnostic of for-
mation in an intra-oceanic forearc setting, indi-
cating subduction of the southwestern Mongol-
Okhotsk Ocean had already initiated by the early
Carboniferous. The age variations of Carbonifer-
ous supra-subduction zone ophiolites may reflect
lateral propagation of the subduction initiation.
The depositional age (post—ca. 302 Ma) of the
enclosing Khoidgobi Formation accretionary
complex sediments indicates that the obduction
and accretion of this oceanic lithosphere onto
the continental margin occurred during the lat-
est Carboniferous or later.
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