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Since the closure of the Mongol-Okhotsk Ocean in the Mesozoic, Mongolia has been in an intraplate tec-
tonic setting; the nearest plate boundary being � 3,000 km to the east, at the active PaciÞc subduction
front. Throughout this time, Mongolia has experienced magmatism in the form of distinctive, small-
volume volcanic Þelds dispersed along the central and eastern parts of the country. On the basis of geo-
chemical, isotopic, palaeomagnetic and zircon data, the magmatism can be discriminated from preceding
post-collisional magmatism. Gradual change from a lithospheric to an asthenospheric mantle source sug-
gests lithospheric delamination occurred beneath Mongolia, starting at � 140 Ma and terminating
at � 107 Ma. Accordingly, the onset of intraplate magmatism is set at 107 Ma. Regardless of the spatial
and temporal occurrence and evolution of the intraplate magmatism in Mongolia, the geochemistry of
the resultant volcanic rocks throughout time remains remarkably similar, although the cause of magma-
tism has been much debated.

Through evaluation of available K-Ar and Ar-Ar data from the literature, along with newly-obtained
data from three different volcanic Þelds, we have identiÞed that the intraplate volcanism in Mongolia
has been near-continuous since its onset, with hiatuses of only <6 Myr. Since 35 Ma, hiatuses have
reduced to <1 My. In light of these Þndings, we re-evaluate the various models that have been proposed
for the origins of this long-lived volcanism and suggest the cause of magmatism results from astheno-
spheric upwellings initiated by a delamination event in the Mesozoic, but have been prolonged by
enhanced mantle ßow relating to northward progression of India, the closure of Neo-Tethys, and ulti-
mately the Indo-Asian collision. This example of intraplate magmatism is one of the longest-lived vol-
canic intraplate regimes on Earth that does not appear to relate to a geophysically-recognisable high
heat-ßux mantle plume.

� 2024 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

Intraplate Mesozoic and Cenozoic magmatism has long been
described across central and eastern Asia, with numerous volcanic
provinces in Mongolia, NE China and Russia (e.g. Barry et al., 2003;
Rasskazov et al., 2003; Vorontsov & Yarmolyuk, 2007 ; Ivanov et al.,
2011; Yarmolyuk et al., 2015; Guo et al., 2016; Zhang & Guo, 2016;
Liu et al., 2017; Sheldrick et al., 2020a ). Despite occurring at differ-
ent times and on different terranes, the chemistry of the intraplate
magmas has remained remarkably similar, indicating a unifying,
large-scale process operating within the underlying mantle
(Barry & Kent, 1998 ). Following the closure of the Mongol-
Okhotsk Ocean in the Mesozoic (see further discussion in section
2.1) and a subsequent period of post-subduction magmatism that
was terminated with a delamination event peaking at 107 Myr
(Sheldrick et al., 2020b ), magmatism across the region that is
younger than 107 Myr can be described as intraplate.

In Mongolia, the late Mesozoic intraplate magmatism
(<107 Ma) is preserved in central-southern and southernmost
areas, and in the northeast of the country, as small distinctive vol-
canic provinces (e.g. Yarmolyuk et al., 2007a, 2007b; Yarmolyuk
et al., 2015, Ancuta et al., 2018; Yarmolyuk et al., 2019; Yarmolyuk
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http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.gr.2024.04.009
http://creativecommons.org/licenses/by/4.0/
mailto:mp589@leicester.ac.uk
https://doi.org/10.1016/j.gr.2024.04.009
http://www.sciencedirect.com/science/journal/1342937X
https://www.elsevier.com/locate/gr


M. Papadopoulou, T.L. Barry, B. Dash et al. Gondwana Research 133 (2024) 30–59
et al., 2020) ( Fig. 1). Cenozoic intraplate magmatism largely
appears in the central part of the country, in a belt that stretches
from north to south (e.g. Kononova et al., 1988; Hšck et al.,
1999; Barry et al., 2003; Rasskazov et al., 2003; Hunt et al.,
2012), and consists of diffusely-dispersed plateaus of small volume
(<30 km 3) (Barry et al., 2003) ( Fig. 1). The regions of the Valley of
Lakes, Gobi Altai and Gobi Tien Shan in central, south and south-
ernmost Mongolia respectively, as well as a volcanic Þeld in
central-east Mongolia, are the only places in Mongolia where both
Mesozoic and Cenozoic intraplate activity are preserved together.

Numerous models have been proposed for the origin of the
magmatic activity across Mongolia, but the cause(s) of it remain
much debated. Models for the intraplate, 107Ð65 Ma Mesozoic
activity include: mantle plume ( Yarmolyuk & Kovalenko, 2001 );
Palaeo-PaciÞc slab roll-back ( Ma et al., 2014 ; Bars et al., 2018);
Mongol-Okhotsk slab-break off ( Meng, 2003 ); delamination of
the sub-continental lithospheric mantle (e.g. Windley et al.,
2010; Dash et al., 2015; Sheldrick et al., 2020a ); convective erosion
of a subducting/stagnant slab in connection with the Palaeo-PaciÞc
(He, 2014, 2015); or the Mongol-Okhotsk ( Fritzell et al., 2016 ) clo-
sure. Models for the magmatism during the Cenozoic, include: a
mantle plume, or hotspot ( Logatchev, 1984; Zorin & Lepina,
1985; Windley & Allen, 1993; Yarmolyuk et al., 2015; Wang
et al., 2023); a thermal upwelling within the asthenosphere (Barry
et al., 2003; Ivanov et al., 2015); a far-Þeld effect of the collision
between India and Asia ( Tapponnier & Moln‡r, 1979; Zonenshain
& Savostin, 1981; Khain, 1990; Cunningham, 2001 ; Rasskazov
et al., 2003; Togtokh et al., 2018 ); lithospheric extension and rifting
due to crustal weakness ( Yarmolyuk et al., 1991; Ionov, 2002 ); and
thermal blanketing induced by the Indo-Asian collision ( Petit et al.,
Fig. 1. Map of Mongolia showing the different intraplate volcanic provinces. The volcanic pr
(Hovsgol, Darkhad Depression, Erkhel Lake and Khalban), (b) Central (Hangai Dome and
Mongolia and Dariganga). Due to the small extent of the various volcanic Þelds compared t
intraplate magmatism within Mongolia. Detailed maps and descriptions of the geographical
Figs. 11a & 11b; South, Fig. 13; East, Fig. 15a & 15b).
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2002). Models for SE Mongolia alone, (along with magmatism in
NE China) have related the magmatism to subduction of the PaciÞc
plate with the suggestion that the tip of the PaciÞc palaeo-slab is
located in the mantle transition zone (MTZ) beneath the area, trig-
gering wet upwellings (e.g. Guo et al., 2016; Chen et al., 2017;
Togtokh et al., 2018; Chen & Faccenda, 2019 ).

There has been little discussion of whether different models are
required to explain the intraplate magmatism through its 107 Myr
history, or whether the magmatism has been caused by one pro-
cess, operating at different times beneath the region ( Yarmolyuk
et al., 2015). Part of the difÞculty in assessing this has been a lack
of robust age constraints or dedicated studies looking at the peri-
odicity of the magmatic process. Following an assessment on the
reliability of existing age data (see section 5.2 ), we compile all
known K-Ar and Ar-Ar age determinations from the different intra-
plate volcanic provinces across Mongolia, as well as present new
Ar-Ar data for three areas with limited data (Valley of Lakes, Gobi
Altai and Dariganga) ( Fig. 1). Using strict criteria to assess data
quality, we re-evaluate the longevity and periodicity of magma-
tism in Mongolia along with its spatial distribution, and assess
what this may mean for the different proposed models. Finally,
we compare the Þndings of this study to other long-lived intraplate
regimes in terms of periodicity and origin of the magmatism.
2. Tectonic and magmatic history of eastern Asia and Mongolia

Mongolia is located in central Asia and tectonically lies between
the Siberian craton to the north and the North China and Tarim cra-
tons to the south ( Fig. 2a). The majority of the Mongolian basement
ovinces have been divided based on their geographical position into (a) North
Valley of Lakes), (c) South (Gobi Altai and Gobi Tien Shan) and (d ) East (Eastern
o the size of the country, the purpose of this map is to show the d istribution of
ly divided volcanic provinces are available in section 6 (North, Fig. 9; Central,



Fig. 2. (a) Tectonic position of Mongolia within the Central Asian Orogenic Belt (CAOB). Map modiÞed after Ju & Hou (2014) , (b) Map of the basement rock of Mongolia and
location of the Main Mongolian Lineament. Map modiÞed after Badarch et al. (2002) .
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is part of the Central Asian Orogenic Belt (CAOB), one of the largest
provinces of Phanerozoic continental growth on Earth that evolved
for over 800 Myr, from the latest Mesoproterozoic to Early Triassic
(e.g. Sengšr et al., 1993; Kršner et al., 2007 ). The evolution of the
CAOB is complex and includes closure of several ocean basins,
along multiple subduction zones, with obduction of diverse arcs
and microcontinental cratonic fragments, plus ophiolites of ocean
crust and islands. The orogenic belt largely represents the history
of the Palaeo-Asian Ocean (PAO), an archipelago-type domain
(Mossakovsky et al., 1993; Hall, 2002, 2009; Dobretsov et al.,
2004; Kuzmichev et al., 2007; Kršner et al., 2014 ). As part of the
CAOB, the basement of Mongolia exhibits a similarly complex tec-
tonic history, as shown in studies by Badarch et al. (2002) and
Badarch (2005) . Within Mongolia, the Main Mongolian Lineament
(Fig. 2b), a feature interpreted as the main regional topographic
and structural boundary, separates the country into dominantly
Precambrian and early Palaeozoic rocks affected by the Cambrian
orogeny to the north, and dominantly early to late Palaeozoic rocks
subjected to Devonian Ð Triassic deformation, metamorphism and
magmatism to the south ( Amantov et al., 1970; Marinov et al.,
1973; Badarch et al., 2002; Tomurtogoo, 2003, 2012; Hanz ÿl et al.,
2020).

Since Proterozoic times and throughout the Palaeozoic and
Mesozoic, the basement of Mongolia was largely formed in a suc-
cession of ocean basins, starting with the Palaeo-Asian Ocean
(� 1135Ð245 Ma) ( Wan et al., 2018; Wang et al., 2019 ), with the
Palaeo-PaciÞc Ocean to the east, and Palaeo-Tethys Ocean and
the Mongol-Okhotsk Ocean to the south ( Fig. 3). Volcanism at this
time was related to either active subduction and/or closure of
small intra-oceanic basins ( Safonova & Santosh, 2014; Safonova
et al., 2017; Wan et al., 2018; Wang et al., 2019; Guan et al.,
2020). Early to middle Mesozoic volcanism preserved across east-
ern Mongolia is attributed to the active double-sided subduction
Fig. 3. The position of the (a) Palaeo-Asian, (b) Panthalassic (=Palaeo-PaciÞc), (c) Palaeo
Siberian and North China cratons. Palaeo-reconstructions by Scotese (2001).
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of the Mongol-Okhotsk Ocean. The onset of the subduction in the
Mongol-Okhotsk basin is still a matter of debate, and is placed
either during Ordovician-Devonian times ( Li et al., 2021 ) or in
the Carboniferous ( Windley et al., 2010; Sheldrick et al., 2020b ).
The closure of the Mongol-Okhotsk Ocean was the penultimate
orogenic event in the amalgamation of the Asian landmass, prior
to the Indo-Asian collision.

2.1. Intraplate magmatism in Mongolia

Since the Mongol-Okhotsk Ocean closure Mongolia has been
entirely within an intraplate setting. In this study we will look to
constrain the temporal and spatial evolution of intraplate volcan-
ism that is evident from both Mesozoic and Cenozoic times. How-
ever, in order to differentiate between subduction/orogenic-
related and intraplate volcanism, we Þrst establish a set of criteria
to discriminate between magmatic origins.

The Þnal closure of the Mongol-Okhotsk Ocean has been a mat-
ter of debate for decades. On the basis of Late Jurassic-aged grani-
toids and basalts in the Transbaikal region of Russia, having an
intraplate-type chemistry, Zonenshain et al. (1990) and
Zonenshain & Kuzmin (1997) claimed the greatest part of the
Mongol-Okhotsk Ocean closed by Middle Jurassic times. Temporal
reconstructions for the closure of the Mongol-Okhotsk Ocean
based on palaeomagnetic data reveal two conßicting opinions.
On the one hand, palaeomagnetic data from sediment formations
from the Siberian craton and the Mongol-Okhotsk suture zone
(Kravchinsky et al., 2002 ), and from the Siberian and North-South
China cratons ( van der Voo et al., 2015 ) have placed the closure of
the Ocean between Late Jurassic (� 155 Ma) and Early Cretaceous
(� 120 Ma). On the other, a re-evaluation of published palaeomag-
netic data from sedimentary and volcanic rocks from Mongolia,
Siberia and north China argued for a closure of the Mongol-
-Tethys and (d) Mongol-Okhotsk Oceans in time, compared to the p osition of the
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Okhotsk Ocean by Middle Jurassic ( � 174 Ma) ( Yi & Meert, 2020 ).
Furthermore, studies on detrital zircons from metasediments of
the Mongol-Okhotsk basin argue for a closure date in the Early to
Middle Jurassic ( � 171 Ma) for the eastern part of the Mongol-
Okhotsk Ocean, due to the collision of the Siberian craton with
the Amur block to the south, and/or subsequent orogenesis
(Sorokin et al., 2020 ). Additionally, studies on intrusions and mar-
ine fossils from the Mongol-Okhotsk suture zone show a younging
age progression from west to east, suggesting that the ocean closed
in multiple stages, the last part of it being in the east (e.g.
Tomurtogoo et al., 2005; Cocks & Torsvik, 2007; van der Voo
et al., 2015). More recently, assessment of a large dataset of U-Pb
zircon ages from calc-alkaline granitic and alkaline rocks in the
CAOB revealed a correlation between the magmatic evolution of
these rocks and a scissor/zipper-like closure of the Mongol-
Okhotsk Ocean that began during the Triassic (prior to � 230 Ma),
progressed eastwards with time, and was completed by the Late
Jurassic (160Ð150 Ma) (Wang et al., 2022 ). Since the closure of
the Mongol-Okhotsk Ocean and the Þnal amalgamation of Mongo-
lia, the nearest plate boundary has been the active subduction
front of the PaciÞc Plate, � 3,000 km to the east.

Following the active subduction of the Mongol-Okhotsk Ocean
and subsequent collision phase between the Siberian craton, the
different terrains of the Transbaikalia orogenic belt and the Amur-
ian microplate, there appears to have been a period of post-
subduction, or post-collisional, volcanism ( LiŽgeois et al., 1998).
This type of volcanic activity occurs in intracontinental settings
after the Þnal closure of a major ocean, but is often connected to
the subduction event, as its source displays characteristics inßu-
enced by the previous subduction process. Post-subduction tec-
tonic regimes can be characterised by large horizontal
movements along shear zones and delamination of the lithospheric
mantle or rifting, commonly perpendicular to the original com-
pressional direction ( LiŽgeois et al., 1998; Bonin, 2004 and refer-
ences therein). A post-subduction period, following orogenesis,
appears as transitional to a truly intraplate setting. DeÞning the
magmatism that occurred during a post-subduction regime can
be difÞcult as the source of the magmatism may be highly variable
and may appear similar to magmatism that had been active during
the subduction event ( Negrete-Aranda & Ca–—n-Tapia, 2008;
Farmer et al., 2013; Bracco Gartner et al., 2020 ).

Although the exact timing of the onset of intraplate volcanism
following a subduction event can be difÞcult to reconstruct, the
transition period from post-subduction to intraplate magmatism
is recorded in the geochemistry of the rocks. Post-subduction-
induced magmatism is enriched in K 2O, H2O and large ion litho-
phile elements (LILE), and shows characteristic low Nb/Ta ratios,
similar to subduction-related magmatism ( Zheng, 2019 and refer-
ences therein) ( Fig. 4). In addition, indications for the presence of
hydrous minerals in the magma source reßect metasomatism by
hydrous, slab-derived melts and ßuids ( Duggen et al., 2005). Fur-
thermore, the presence of crustal components in such magmas is
abundant and their inßuence in the geochemistry is strong. Over
time, the inßuence from subduction-related metasomatism in the
mantle source diminishes and the source of intraplate magmatism
acquires a characteristic concave pattern on which light rare earth
elements (LREE) are enriched compared to heavy rare earth ele-
ments (HREE) and which is typical for ocean island basalt (OIB)
(Rabayrol et al., 2019 and references therein). Fig. 4 shows the geo-
chemical evolution of volcanic rocks from different volcanic Þelds
across Mongolia with time, starting at 180 Ma until present. For
consistency, all Mongolian rocks plotted in Fig. 4 represent maÞc
rocks. The time span has been divided in 10 Myr intervals for easy
reading and the diagrams show the changes in geochemistry of the
volcanism from a subduction-related regime prior to the closure of
the Mongol-Okhotsk Ocean ( � 170 Ma) to the subsequent post-
34
collisional period to purely intraplate regime. The periods between
170Ð160 Ma and 150Ð140 Ma are not shown here due to a lack of
dated volcanic rocks from Mongolia. The grey Þeld represents the
Mongolian volcanism and the Þelds of normal mid-ocean ridge
basalt (N-MORB), continental arc basalt (CAB), post-collisional
magmatism (P-COL) and ocean island basalts (OIB) are also plotted
for comparison (see Fig. 4 caption for data sources). From these
plots it can be observed that while the volcanism between 180Ð
110 Ma is remarkably similar to the Þeld of post-collisional volcan-
ism, a change occurs in the 110Ð100 Ma interval. More speciÞcally,
rocks that are older than 107 Ma still showcase the characteristics
of post-collisional volcanism, whereas rocks younger than 107 Ma
resemble more the ocean island basalts pattern.

It has long been proposed that the subcontinental lithospheric
mantle (SCLM) beneath East Asia has undergone delamination or
thinning during Mesozoic times (e.g. Menzies et al., 1993; Gao
et al., 2002; Windley et al., 2010 ). Moreover, there is evidence for
a regional scale active continental extension event in the Late
Jurassic Ð Early Cretaceous during which volcanism and emplace-
ment of plutonic bodies took place (e.g. Graham et al., 2001;
Meng, 2003; Daoudene et al., 2012; Johnson et al., 2015 ). Both con-
tinental extension and lithospheric delamination are processes
that can lead to thinning or removal of the SCLM beneath an area
allowing hot asthenospheric material to upwell and initiate mag-
matism ( Kay & Kay, 1993; Corti et al., 2003 and references therein).
In recent studies on the nature of the source of Mesozoic volcanism
in the Gobi Altai area of Mongolia a dramatic change in the Nb/La
ratio as well as 87Sr/86Sr(i) , and eNd(t) -eHf(t) ratios has been
revealed (Sheldrick et al., 2018, 2020a). These changes appear to
suggest a modiÞcation in magmatic source from a predominantly
lithospheric mantle composition, to one dominated by astheno-
spheric melt contributions. The change in magmatic chemistry is
continuous and occurs over a 30 Myr period starting at � 140 Ma
and terminating at � 107 Ma (mid-Cretaceous), and correlates with
similar changes in chemistry at the same time in volcanic rocks
across the rest of Mongolia (north part of Hangai Dome, Eastern
Mongolia volcanic Þelds) and neighbouring China; the change is
also evident in near-by Russia too, but ends at a slightly younger
date (Þgs. 2 and 3 from Sheldrick et al., 2020a ). The late Mesozoic
continental extension event in Mongolia appears to peak
at � 120 Ma ( Daoudene et al., 2012 ), after which time there is no
evidence for a large scale extension in Mongolia. During this per-
iod, the various isotopic ratios gradually move away from litho-
spheric signatures ( Fig. 5, negative DNb values) towards more
asthenospheric signatures ( Fig. 5, positive DNb values), with some
samples originating from asthenospheric magmas prior to 107 Ma.
By 107 Ma, all lithospheric components have been removed from
the source of the magmatism, which retained its asthenospheric
character throughout the late Mesozoic to Cenozoic. To explain
the changes in the source of magmas between 140 and 107 Ma,
Sheldrick et al. (2018, 2020a) propose thinning of the lithosphere
due to a widespread, though patchy, delamination event.

Moreover, recent thermo-mechanical numerical modelling
associates the topographic upwelling and surface deformation of
the Hangai Dome in central Mongolia with delamination of the
SCLM beneath this area during the Mesozoic ( Comeau et al.,
2021). In this study, observations of the conditions in the litho-
spheric mantle and crust of the Hangai Dome area (such as pres-
ence of ßuids from the subducted Mongol-Okhotsk slab,
metasomatic induced eclogitisation of the SCLM, existence of an
ancient weak zone owing to different basement lithologies etc.)
fed into the modelling to reveal that delamination can sufÞciently
explain the topographic pattern and surface elevation observed in
central Mongolia. The results by Comeau et al. (2021) agree with
an uplift event and exhumation-induced topography of the Hangai
Mountains in Late Cretaceous ( � 120Ð100 Ma) as presented in the



Fig. 4. Geochemical variation of trace element patterns of the Mongolian magmatism through time. Plots show the geochemical trends in 10 Myr intervals start ing at 180 Ma
until the present day. No data are available for the time range of 160Ð170 Ma and 140Ð150 Ma. The Mongolian magmatism is shown as a grey Þeld (data from: En khtuvshin,
1995; Barry et al., 2003; Yarmolyuk et al., 2003, 2007a, 2007b, 2008; Tsypukova et al., 2014; Dash et al., 2015; Yarmolyuk et al., 2015 ; Ancuta et al., 2018; Sheldrick et al.,
2018, 2020a, 2020b, 2020c ; Papadopoulou et al., 2020 ; Yarmolyuk et al., 2019, 2020; Kuznetsov et al., 2022; Tsypukova et al., 2022). For comparison, the Þelds of post-
collisional magmatism (P-COL; Duggen et al., 2005), ocean island basalt (OIB; Sun & McDonough, 1989 ), continental arc basalt (CAB; Kelemen et al., 2003 ) and normal mid-
ocean ridges basalt (N-MORB; Gale et al., 2013) are also plotted.
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study of McDannell et al. (2018) , and with the transition from a
lithospheric to an asthenospheric mantle source as observed by
Sheldrick et al. (2018, 2020a). Comeau et al. (2021) proposed that
lithospheric delamination beneath the Hangai Dome occurred in a
relatively short period of time, within � 10 Myr.

Recently, experimentally-calibrated geobarometers were used
to calculate equilibrium pressures of maÞc magmas beneath the
eastern part of the North China craton ( Chen et al., 2023). The
authors came to the conclusion that wholescale delamination of
the lithospheric mantle was responsible for the destruction of
the >200 km thick pre-existing Archean craton to a < 100 km thin
lithospheric mantle. Similar to the study by Comeau et al. (2021) ,
the delamination event of the eastern part of the North China cra-
ton appears to have occurred in a relatively short period of time,
namely within � 10 Myr, at least in a local scale. Relative to the
Þndings of Chen et al. (2023) , delamination beneath Mongolia
appears to have occurred for a longer period of time ( � 30 Myr).
However, owing to the various crustal lithologies comprising the
basement of Mongolia (e.g. Badarch et al., 2002) it is possible that
destruction and removal of the SCLM did not occur simultaneously
beneath the whole of Mongolia, but instead was rather more
patchy.
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Studies on other areas believed to have undergone delamina-
tion show similarities to the observations from Mongolia. In the
Iberian Massif discrepancies in the isotopic ratios ( eNd) and trace
elements (e.g. LREE, Eu anomaly) between older (1.1Ð0.9 Ga) and
younger (Cretaceous Ð Miocene) maÞc volcanic rocks, with some
overlap between the two end members observed in Carboniferous
Ð Early Permian basaltic rocks, led to the conclusion that the older,
Archean SCLM beneath the area has been replaced during a delam-
ination event with the youngest volcanism originating from a juve-
nile SCLM with different isotopic characteristics ( GutiŽrrez-Alonso
et al., 2011). Transitions from a lithospheric magma source prior to
delamination to an asthenospheric magma source after it have
been observed in other regions too, such as the Basin and Range
(Meissner & Mooney, 1998 ) and in the Coast Mountains Batholith
(Calkins et al., 2010 ). Such large-scale mantle chemistry transitions
can occur over periods of tens of millions of years, as it is suggested
for basaltic dykes from the Coast Mountains region ( Manthei et al.,
2010; Duncea, 2011), Furthermore, it has been observed that con-
tinental maÞc magmatism associated with delamination events is
volumetrically small ( Ducea, 2011 and references therein), consis-
tent with the small-volume, widespread intraplate magmatism in
Mongolia. Lastly, it is shown that removal of a portion of the SCLM



Fig. 5. Changes in the DNb concentrations of Mongolian volcanic rocks through time. Between 140 Ma and 107 Ma the origin of magmatism gradually shifts from a
lithospheric towards a more asthenospheric source, with only limited samples exhibiting asthenospheric source signatures prior to 107 Ma. The vari ous volcanic Þelds are
colour-coded to reßect the colours used in Fig. 1. The different dating methods used are indicated by different symbols. Although the Ar-Ar and K-Ar methods are used to date
rocks through the presented time range, dating by Ar-Ar (TF) is restricted to the last 30 Myr only. This is due to Ancuta et al. (2018) which used Ar-Ar (TF) as the preferred
method to analyse a large amount of samples and does not reßect on the reliability of the method on older rocks or the quality of the presented sample suit e.
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beneath an area leads to tectonic and geomorphologic changes in
the upper crust and surface above, with local uplifts and subsi-
dence occurring ( Zandt et al., 2004 ), similar to the uplift of the
Hangai Dome or the subsidence of the adjacent Valley of Lakes.

Summarising the above information, we conclude that current
studies place the closure of the Mongol-Okhotsk Ocean, and thus
the termination of active subduction in the area, between 171
and 120 Ma. Magmatism that followed this event, but inßuenced
by subduction ßuids (negative DNb values), can be regarded as
post-subduction. During Late Jurassic Ð Early Cretaceous an exten-
sional event occurred in Mongolia, which could have caused thin-
ning of the lithosphere and allowed hot asthenospheric material to
ascend. Furthermore, by the mid-Cretaceous, the area appears to
have undergone a delamination event, with the gradual removal
of lithospheric mantle between � 140 and � 107 Ma. On the basis
of the observations made by Sheldrick et al. (2018, 2020a) and
Comeau et al. (2021) and the lack of evidence for further exten-
sional events that could have sustained intraplate magmatism over
longer periods of time, we consider the delamination model to be
the main trigger for the magmatism in the area, although the
involvement of continental extension in the process should not
be completely disregarded. Only by � 107 Ma, magmas show geo-
chemical characteristics similar to OIB ( Fig. 4) and/or appear to
originate from the asthenospheric mantle (positive DNb values)
(Fig. 5), and therefore we use this as the basis for deÞning the point
at which magmas are no longer inßuenced by subduction-related
processes, and can be regarded as intraplate.
3. Characterising the chemistry of late Mesozoic and Cenozoic
intraplate volcanic rocks of Mongolia

The late Mesozoic and Cenozoic intraplate volcanic rocks from
Mongolia can be geographically divided into north, central, south
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and eastern areas; Dariganga Plateau, which lies in the far south-
east has been included in the eastern area ( Fig. 1). The petrological
and geochemical character of these rocks can be summarised on
total alkali-silica (TAS) diagrams ( Fig. 6a, c, e, g) and multi-
element diagrams ( Fig. 6b, d, f, h); note Ð these plots consist only
of samples that have been both dated and geochemically analysed
(see Appendix I for details).

Despite the differences in the basement rock of the various vol-
canic Þelds and the age span of the different samples (107 Myr Ð to
present day), the composition of the volcanic rocks of Mongolia are
remarkably consistent, as the TAS diagrams ( Fig. 6a, c, e, g) show.
The majority of the rocks are basaltic trachyandesites or trachy-
basalts, and to a lesser extent basanites, phonotephrites, basalts
and trachyandesites. Some tephriphonolites, basaltic andesites,
andesites, olivine tholeiites and a nephelinite have also been found.

Considering the multi-element diagrams for all four geographi-
cal regions, we observe that, regardless of the number of samples
available, only small differences occur in some of the trace ele-
ments, while the main shape of the distribution pattern remains
the same. All regions show a convex compositional curve, deple-
tion of heavy rare earth elements (HREE) and are similar to OIB,
typical for intraplate volcanism ( Fig. 6b, d, f, h).
4. New radiometric 40Ar/ 39Ar data for Mongolia

In addition to the compilation of published data that we review
in this paper, we present 15 new whole-rock 40Ar/ 39Ar data from
the Valley of Lakes (south Hangai), Gobi Altai (southern Mongolia)
and Dariganga (southeastern Mongolia) provinces ( Fig. 7a-c). Five
samples from the Valley of Lakes were selected from across basal-
tic plateaus in the south-eastern part of the area (MN-18-45a-1,
MN-18-47a-1, MN-18Ð49-2, MN-18-50c-1, MN-18Ð55-1), and



Fig. 6. Total alkali-silica (TAS) and multi-element diagrams for the volcanic provinces of north (a-b), central (c-d), south (e-f) and eastern (g-h) Mongol ia. Mesozoic samples
from the western Valley of Lakes are not shown here as no geochemical data are available. Samples with high loss-on-ignition (LOI) values or high deple tion/enrichment in
mobile elements (e.g. Ba, Pb) that may have been affected by high degrees of alteration are also not included. The solid black line in the multi-element diagrams represents
the composition of OIB ( Sun & McDonough, 1989 ). Numbers in the legend refer to the number of samples plotted for each volcanic Þeld. C = Cenozoic, M = Mesozoic. TAS
diagram by Le Maitre et al. (1989) . Trace elements are normalised to primitive mantle values by Sun & McDonough (1989) . See Appendix I for sources of the geochemical data.

M. Papadopoulou, T.L. Barry, B. Dash et al. Gondwana Research 133 (2024) 30–59

37



Fig. 7. Maps showing the locations of dated samples in this study. (a) Valley of Lakes, (b) Gobi Altai, (c) Dariganga Plateau volcanic provinces. The locations of the samples are
shown by black circles. Red stars represent nearby cities. Yellow stars show the position of lava cones within the province. (For interpretation of th e references to colour in
this Þgure legend, the reader is referred to the web version of this article.)
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Table 1
Summary of Ar-Ar data from Valley of Lakes (South Hangai), Gobi Altai and Dariganga.

Sample Latitude, longitude Rock type Material
analysed

Age spectra Isochron

Increments (W) No. of steps % 39Ar Weighted
age (Ma)

MSWD Age (Ma) 40Ar/ 36Ar
intercept

MSWD

Valley of Lakes (South Hangai)
South-eastern
MN-18-54a-1 45 � 36Õ24.2Ó 100� 58Õ20.7Ó BTA groundmass 0.3 Ð 9.0 12 of 13 98.3 14.45±0.20 0.75 14.54±0.36 295.9±5.6 2.5
MN-18-47a-1 45 � 47Õ47.7Ó 101� 18Õ45.1Ó BTA groundmass 0.3 Ð 9.0 11 of 13 90.1 13.50±0.19 0.18 13.77±0.25 292.7±3.1 0.69
MN-18-49-2 45 � 36Õ35.7Ó 101� 21Õ52.4Ó BTA groundmass 0.3 Ð 9.0 9 of 13 77.6 12.76±0.16 1.5 12.69±0.41 340±61 2.9
MN-18-50c-1 45 � 37Õ22.8Ó 101� 50Õ59.6Ó TB groundmass 0.3 Ð 9.0 8 of 13 61.8 31.63±0.41 0.72 31.72±0.42 314.4±9.3 1.5
MN-18-55-1 45 � 25Õ14.1Ó 102� 12Õ00.9Ó BTA groundmass 0.3 Ð 9.0 8 of 13 73.9 30.54±0.35 0.72 30.22±0.46 429±66 1.4
Central
MN-18-38a-1 46 � 17Õ4.00Ó 98� 59Õ20.70Ó BTA groundmass 0.3 Ð 9.0 11 of 13 92.9 11.62±0.13 0.78 11.39±0.29 395±100 1.19
MN-18-40a-1 46 � 19Õ18.60Ó 99� 5Õ58.60Ó BTA groundmass 0.3 Ð 9.0 11 of 13 88.4 13.42±0.16 1.03 13.24±0.29 367±73 1.2
MN-18-41a-1 45 � 59Õ1.90Ó 99� 56Õ6.00Ó BTA groundmass 0.3 Ð 9.0 10 of 13 83.7 22.20±0.28 1.11 22.60±3.6 289±170 5.8

Gobi Altai
Balgasiin Ulaan
MN-18-4-1 43 � 14Õ40.30Ó 104� 35Õ26.40Ó TB groundmass 0.3 Ð 9.0 8 of 13 70.6 61.70±0.66 1.14 61.65±0.75 339±31 2.0
Dalanzadgad
MN-18-1/2-1 43 � 30Õ8.00Ó 104� 43Õ5.50Ó TB groundmass 0.3 Ð 9.0 9 of 13 81.4 58.69±0.64 0.81 58.99±0.82 299±12 3.2
Gurvan Saikhan
MN-18-20-2 44 � 0Õ34.80Ó 102� 58Õ53.00Ó BTA groundmass 0.3 Ð 9.0 10 of 13 82.0 34.84±0.44 0.94 34.70±0.59 327±19 2.2
Khatan Suudal
MN-18-28-1 44 � 30Õ17.40Ó 101� 20Õ30.30Ó BTA groundmass 0.3 Ð 9.0 10 of 13 86.8 43.84±0.50 1.4 43.68±0.50 312.5±4.1 0.97

Dariganga
Shiliin Bogd
14Ð09-08:01 45 � 28020.9000114� 35020.5000 TB groundmass 0.3 Ð 9.0 9 of 13 100 0.85±0.22 0.56 0.20±0.02 372±190 0.54
Altan-Ovoo
15Ð09-08:01 45 � 1900.1000113� 49039.8000 BSN groundmass 0.3 Ð 9.0 6 of 13 77.7 0.54±0.09 2.2 � 0.08±0.02 441±82 1.12
Asahatay
16Ð09-08:04 45 � 43028.0000113� 43051.9000 BSN groundmass 0.3 Ð 9.0 5 of 13 81.6 3.97±0.07 0.7 3.92±0.88 291±77 21

BTA = basaltic trachyandesite, TB = trachybasalt, BSN = basanite
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Fig. 8. Ar-Ar age plateau diagrams for the Valley of Lakes (a-b) , Gobi Altai (c-d) and Dariganga (e-f) volcanic provinces. The provided ages show the oldest (a, c, e) and
youngest (b, d, f) ages of each of the magmatic provinces for the studied samples. Plateau ages are in magenta, whereas rejected steps are in cyan. The bo x heights represent
2r error. The gap in the high temperature steps of Fig. 8f represents measured points with big errors that plot off the scale of the graph, and are not included in the calculation
of the plateau age. Valley of Lakes samples are: (a) MN-18-50c-1 and (b) MN-18-38a-1. Gobi Altai samples are: (c) MN-18Ð4-1 and (d) MN-18Ð20-2. Dariganga sampes are:
(e) 15-09-08:01 and (f) 16-09-08:04. (For interpretation of the references to colour in this Þgure legend, the reader is referred to the web version of this article.)
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three from the central area (MN-18-38a-1, MN-18-40a-1, MN-18-
41a-1) ( Fig. 7a). From the Gobi Altai four samples were selected;
one sample from each of Balgasiin Ulaan (MN-18Ð4-1), Dalan-
zadgad (MN-18Ð1/2Ð1), Gurvan Saikhan (MN-18Ð20-2) and Kha-
40
tan Suudal (MN-18Ð28-1) volcanic Þelds ( Fig. 7b). From
Dariganga, three samples were selected from the south and the
western edge of the Dariganga Plateau (14-09-08:01, 15-09-
08:01, 16-09-08:04) ( Fig. 7c).
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All samples were selected based on the freshness of the sample,
especially the condition of the groundmass, and their loss-on-
ignition values (LOI < 2 wt%). Full details of the analytical process
and the Ar-Ar age calculations are presented in Appendices II-III,
with a summary of the results presented in Table 1. The basaltic
rocks from the Valley of Lakes yield ages between 31.63 ± 0.21
and 11.62 ± 0.07 Ma ( Fig. 8a, b). The lavas from the Gobi Altai have
been dated between 61.70 ± 0.33 and 34.80 ± 0.22 Ma ( Fig. 8c, d).
Age constraints acquired from the three samples from the Darig-
anga Plateau lay between 3.97 ± 0.07 and 0.54 ± 0.09 Ma ( Fig. 8e,
f). Two samples from the Dariganga Plateau (14-09-08:01 and
15-09-08:01) show a discrepancy in the obtained age determina-
tions between the plateau and isochron age, with the two values
not within error ( Table 1). Such discrepancies occur when experi-
mental conditions are not ideal. As these two samples have proven
to be younger than expected based on the available literature
(Kononova et al., 1988; Genshaft & Saltykovsky, 1990), inaccura-
cies overshadow the calculated age. Accuracy in dating young
(<2.6 Ma old) volcanic rocks is poor due to: (a) relatively low
K2O contents (generally < 3 wt%); (b) low proportions of radiogenic
40Ar (generally < 5 %); and (c) high levels of atmospheric Ar con-
tamination ( Matchan & Phillips, 2014 ). Furthermore, efÞcient dat-
ing of such rocks often requires sample sizes up to 1 g of unaltered
material and 40Ar/ 39Ar stepwise-heating analyses of multiple
duplicates of the same sample ( Matchan & Phillips, 2014 and refer-
ences therein).
5. A review of radiometric data for intraplate Mongolian basalts

In order to present a comprehensive data set of radiometric
ages for the Mongolian basalts, we have compiled all available
published 40Ar/ 39Ar data, as well as K-Ar data (see Appendix IV).
All the 40Ar/ 39Ar dates have been standardised using the widely
accepted reference age for Fish Canyon sanidine ( Jourdan &
Renne, 2007). For accurate comparisons between the data it has
been necessary to recalculate 40Ar/ 39Ar and older K-Ar dates to
the newest K decay constant by Renne et al. (2011) . For data pub-
lished before 2011, we have assumed use of the decay constant
reported by Steiger & JŠger (1977), unless otherwise stated. Simi-
larly, for data older than 1977, when no information about the
decay constant has been provided, we have assumed the decay
constant reported by Beckinsale & Gale (1969) . And Þnally, for data
published prior to 1969, we have assumed the decay constant
reported by Aldrich & Wetherill (1958) . Recalculations to the new-
est K-decay constant have been made using the ArAR software
(Mercer & Hodges, 2016 ).
5.1. The K-Ar and Ar-Ar dating methods

Ages determined using K-Ar and Ar-Ar dating methods are sus-
ceptible to errors and large analytical uncertainties that can pro-
duce erroneous ages if corrections are not applied correctly.
There are also several factors that can complicate the interpreta-
tion of Ar-Ar data, such as: the presence of atmospheric argon
36Ar (argon in the atmosphere trapped in a crystallising magma
or mineral during its formation or during a later event); inherited
or ÔÔexcessÓ40Ar in the rock, contamination of 40Ar from a different
source; 37Ar and 39Ar recoil induced by the reactor during irradia-
tion; and Þnally, K and Ar loss or gain due to exchange with the
surrounding environment during a post-crystallisation, low-
temperature alteration event (e.g. Min et al., 2000; Renne, 2000,
Kelley, 2002 ).

Before the development of the Ar-Ar method, K-Ar dating was
commonly used to date volcanic rocks. However, the Ar-Ar method
is advantageous over the K-Ar method in that: (a) measurement of
41
40K and radiogenic 40Ar does not need to be performed by different
techniques, requiring two different aliquots from the same sample,
thus eliminating the problem of possible inhomogeneous distribu-
tion of K in the rock; and (b) K-Ar measurements on young volcanic
rocks might prove challenging as potential presence of 36Cl in sam-
ples can lead to a misleading non-radiogenic argon value caused by
an isobaric interference from 36Cl on 36Ar. The introduction of the
Ar-Ar method has led to increased precision of measurements even
for samples with low radiogenic argon content.

Newly presented data in this study, as well as the majority of
the Ar-Ar data reviewed from the literature, are obtained through
the stepwise-heating technique. The majority of Ar-Ar data pre-
sented in Ancuta (2017) and Ancuta et al. (2018), and reviewed
here, are obtained through the Ar-Ar total fusion technique, in
which samples are heated in one single step. The total fusion tech-
nique is less commonly used in volcanic rocks, but allows for a
large number of analyses to be produced in a relatively small
amount of time, thus giving a good indication of the outline of ages
in a region. Successful age determinations can be obtained if sam-
ples are fresh and carefully prepared, as even the smallest distur-
bances on a sample or minor amounts of alteration can lead to
unreliable data with large errors.

5.2. Criteria for selection of ‘‘acceptableÓages for the Mongolian
basalts

Whilst we have compiled and reported all available age deter-
minations for Mongolian basalts younger than 107 Ma (Appendix
IV), not all these data are of equal reliability. In order to evaluate
and obtain the most accurate age determinations for the different
Mongolian volcanic provinces, we have set some criteria for the
selection of reliable data. We outline these criteria below, in no
particular hierarchy of importance.

1. Analytical reproducibility of the samples. In a few examples,
more than one study has dated sample(s) from the same vol-
canic plateau/formation (e.g. in the Hangai Dome, in the Valley
of Lakes and the Gobi Altai). These occurrences have been very
useful, as we have been able to compare results, and assess the
reproducibility of an age (within error). This information has
been used as a strong indication for the reliability of data.

2. Excess of40Ar and sample alteration. In reliable age determina-
tions, atmospheric 40Ar/ 36Ar ratio, as determined by the IUGS
convention ( Steiger & JŠger, 1977), should have a value of
295.5. A study by Lee et al. (2006) found a higher precision
value of 298.5 for atmospheric 40Ar/ 36Ar. The majority of the
published data included in this study state determinations rel-
ative to 295.5, and unless speciÞcally stated is what we have
assumed throughout. To take account of both these values, we
have accepted data within ±5 % of both 295.5 and 298.5.
Another important factor that can affect the reliability of data
is the degree of alteration, as deÞned by the loss-on-ignition
(LOI) value. In this study ages derived from samples with
LOI > 4 wt% were considered as unreliable and therefore
excluded.

3. Whole-rock or matrix/groundmass age determinations. Given
the Þne-grained nature of the basaltic rocks in Mongolia, the
majority of the age determinations have been made on
whole-rock separates. Age determinations obtained on phe-
nocrysts are rare and have only been reported using the K-Ar
method (see Appendix IV). Such data are not taken into consid-
eration, as the origin of the phenocrysts and the details of their
analyses have not been described.

The above criteria are helpful towards the selection of reliable
data for Ar-Ar or recently published K-Ar age determinations,
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where details about the procedure are provided. However, a lot of
K-Ar data considered in this study were produced and reported
prior to 1990, often with limited details of analytical error ( r ),
what material was analysed, or even which method was used. This
is especially the case for regions in Mongolia that are less easily
accessible (e.g. Eastern Mongolia, Dariganga, Gobi Tien Shan) as
opposed to the central areas of the country (e.g. Hangai Dome, Val-
ley of Lakes). This is also apparent from the number of data avail-
able for each volcanic region (see Appendix IV). Whilst there is no
evidence to assess the quality of these data, there is also no evi-
dence that such data should be inferior, or disregarded. Discarding
such data could lead to a loss of valuable data, gained at a time
when research in Mongolia was more extensive than recent times.
Furthermore, removing such data from the compilation could
wrongly skew the dataset and lead to misinterpretations. There-
fore, whenever possible, we have tried to compare data collected
from before 1990 with more recently obtained data, and in most
cases, the older-produced data agree, within error, with recently
produced data. Thus, pre-1990 data have been included in this
study.

From Table 1 it is apparent that data produced in this study
often show much higher atmospheric Ar values than the accepted
295.5/298.5 value. These samples still fall within the 5 % error mar-
gin set in criteria 2 above, but this is only due to the large errors
they show, and thus one could discard them as unreliable. How-
ever, the credibility of these data can be demonstrated from two
factors; the high % of 39Ar inclusivity (in these samples usually over
60 %, often above 80 %) is often indicative of the good quality of the
performed analyses. Furthermore, good agreement within error
between the plateau and the isochron ages is a further indicator
for the robustness of these data. For these reasons, samples
obtained here that show large atmospheric Ar errors but still fall
within the 5 % error margin are included in this study. Only two
of the newly obtained data (MN-18Ð55-1 Ð Valley of Lakes and
15-09-08:01 Ð Dariganga Plateau) fall outside the error margin,
and although are presented here, they are excluded from further
diagrams and interpretations.
6. Results for individual volcanic provinces

A Þrst compilation of the different volcanic provinces across
Mongolia was attempted by Whitford-Stark (1987). This study
was primarily based on earlier publications from the International
Association of Volcanology and Chemistry of the EarthÕs Interior
(IAVCEI, 1951Ð75; 1973) and work done by Devyatkin & Smelov
(1980), as well as some studies by Soviet and Mongolian geologists.
In general, information in the volume includes topographic fea-
tures and location, along with some age determinations for differ-
ent volcanic provinces, Þelds or even individual volcanoes; the
purpose of this study appears to have been to compile all known
information regarding volcanism in Mongolia without aiming
towards any particular evaluation of the given data. This was a
very useful contribution at the time, especially given the remote-
ness of some of the regions and the special geopolitical position
of the country. In the 1990 0s, but mainly after the 2000 0s, improved
access to the country has led to a number of studies on the various
volcanic provinces. These studies have focused more on the charac-
terisation of the volcanism within a speciÞc region, with the excep-
tion of Yarmolyuk et al. (2015) . In that study, a compilation of the
chronology and geochemistry of late Mesozoic Ð Cenozoic volcan-
ism of the central, southern and southernmost Mongolia was pre-
sented, along with a hypothesis regarding the origin of the
volcanism.

Here, we present a complete record of the intraplate magma-
tism in Mongolia, with data presented spatially, for ease of compi-
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lation and reading. Below, we describe the volcanic provinces from
the north to south across Mongolia, leaving the volcanic provinces
of Eastern Mongolia and the Dariganga Plateau, in the southeast, to
the end. Each volcanic province contains a number of smaller vol-
canic Þelds; the volcanic rocks in Mongolia commonly appear as
volcanic cones or remnants of basaltic plateaus, often consisting
of multiple lavas. In cases where lavas inÞll a (palaeo-) river valley
(e.g. Tariat in Hangai Dome), the different lava ßows have followed
the morphology of the area and spread along the river banks. The
results and summaries presented below are based on the available
data. However, greater sampling and data availability could lead to
different results. The full compilation of data is presented in
Appendix IV. All references related to geochronological data are
fully presented in Appendix V.

6.1. The North

In the north of Mongolia, volcanic activity is mainly concen-
trated around, and to the east of, Lake Hovsgol, with smaller vol-
canic provinces to the west (Darkhad Depression), the south
(Erkhel Lake), and the southwest (Khalban) ( Fig. 9).

6.1.1. Hovsgol Lake and Darkhad Depression
The volcanic provinces of Hovsgol and Darkhad Depression are

located near the border to Russia, and are thought to be part of the
southern extension of the Baikal Rift System ( Delvaux et al., 1997;
Ionov, 2002 ) (Fig. 9). The two areas have previously been charac-
terised as a single volcanic plateau surrounding Hovsgol Lake, with
thick, complex lavas (Whitford-Stark, 1987). Here we consider the
provinces separately as we Þnd no immediate evidence to suggest
they are part of the same magmatic event.

The majority of the basalts in the Hovsgol volcanic province
cover the area east of the Lake and can be traced across the border
to Russia, towards the Khamar Daban Range (Devyatkin & Smelov,
1980; Ivanov et al., 2015), although some small exposures of vol-
canic rocks are also known west of the Lake ( Fig. 9). Originally
described as Pliocene to Quaternary in age (Whitford-Stark, 1987
and references therein), extensive K-Ar and Ar-Ar data mainly from
lavas in eastern exposures, and some from the western exposures,
indicate the volcanic activity spans from Oligocene to Miocene (be-
tween 32.29 ± 0.76 and 6.26 ± 0.10 Ma) (Amirkhanov et al., 1985;
Ivanenko et al., 1988; Rasskazov et al., 2003; Yarmolyuk et al.,
2003; Tsypukova et al., 2014; Ivanov et al., 2015; Ancuta et al.,
2018). Furthermore, the volcanic activity in Hovsgol appears to
be continuous for this time range, with only two 1 Myr gaps during
Oligocene times ( Fig. 10a).

Early studies from the Darkhad Depression characterised the
area as Miocene with high basalt terraces consisting of lavas with
variable magnetisations (Badamgarav et al., 1975; Devyatkin &
Smelov, 1980). Recent K-Ar and Ar-Ar studies (Ivanenko et al.,
1988; Rasskazov et al., 2003; Yarmolyuk et al., 2003; Ivanov
et al., 2015; Ancuta et al., 2018; Tsypukova et al., 2022) have
expanded the age range of the volcanic province to between late
Oligocene to Pliocene in age (28.22 ± 0.22 to 4.22 ± 0.07 Ma). In
contrast to the magmatism around Hovsgol, the volcanic activity
in Darkhad Depression appears to have occurred in pulses over
periods of 1Ð3 Myr ( Fig. 10b).

6.1.2. Erkhel Lake
The volcanic province of Erkhel Lake lies � 50 km south of the

southernmost tip of Lake Hovsgol and � 15 km north of the city
of Murun ( Fig. 9). This volcanic province Þrst appears in a map
compiling basaltic complexes in central Mongolia and around Bai-
kal region (Devyatkin & Smelov, 1980) as a Miocene volcanic cen-
ter, but no radiometric evidence was previously provided. Recent
Ar-Ar dates on volcanics from two different volcanic Þelds (one



Fig. 9. Detailed map of the northern volcanic provinces of Mongolia that shows the location and extent of the Hovsgol (dark green), Darkhad Depression (lime g reen), Erkhel
Lake (dark blue) and Khalban (turquoise) volcanic provinces. The faded dark green area represents the Khamar Daban volcanic province in Russia that i s thought to be the
extension of Hovsgol volcanic province. The map layout is based on Google Earth surÞcial exposures of volcanic rocks with additional input from the fo llowing studies:
Rasskazov et al. (2003); Tsypukova et al. (2014); Ancuta et al. (2018); Perepelov et al. (2020); Tsypukova et al., 2022. (For interpretation of the ref erences to colour in this
Þgure legend, the reader is referred to the web version of this article.)
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to the NW and one to the SE of Erkhel Lake) revealed a late Oligo-
cene to early Miocene age (26.35 ± 0.37 Ma to 21.03 ± 0.30 Ma)
(Ancuta et al., 2018). The volcanic activity appears to be almost
continuous during this time ( Fig. 10c).
6.1.3. Khalban (Tesiin Gol)
The volcanic province of Khalban (often referred to in the liter-

ature as Tesiin Gol) is located to the south west of Lake Hovsgol
and to the north west of the Hangai Dome, close to the border to
Russia (Fig. 9). As with the volcanism around Erkhel Lake, this vol-
canic province also appears on the compilation map by Devyatkin
& Smelov (1980) as Miocene in age, but without any radiometric
data available. Recently, two volcanic cones (Uguumur to the north
and Bod-Uul to the southeast of the volcanic province) have been
identiÞed (Perepelov et al., 2020). Radiometric Ar-Ar age determi-
nations of volcanic rocks from this province place the volcanic
activity in the late Miocene (13.38 ± 0.20 to 8.21 ± 0.14 Ma)
(Ancuta et al., 2018). Magmatism in Khalban appears to be contin-
uous during that time, with a 1 Myr gap during which no volcan-
ism has been recorded so far ( Fig. 10d).
6.2. Central

In central Mongolia, various small volcanic Þelds (e.g. Tariat,
Orhon, Hanui) occur on an uplifted topographic dome, known as
the Hangai Dome ( Fig. 11a). Along its southern ßank, and between
the Hangai Dome and the Gobi Altai to the south, is the SEÐNW ori-
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entated Valley of Lakes depression that consists of extensive pla-
teau basalts ( Fig. 11b).

6.2.1. Hangai Dome
The Hangai Dome is a broad elevated upland ( � 200,000 km 2)

with a maximum altitude of 4,000 m ( Cunningham, 2001 ), in
which a number of volcanic Þelds occur (Hanui, Jargalant Valley,
Orhon, Orkhon Falls, Tariat, Togo, Tsetserleg, Ugii Nuur). The Han-
gai Dome is tectonically separated from its adjacent areas by the
Bulnay Fault in the north and the Bayankhongor Ophiolite Belt
and the South Hangai Fault in the south ( Walker et al., 2007;
Comeau et al., 2018) (Fig. 11a). The reason and the timing of the
uplift of the area are still a matter of debate (e.g. Cunningham,
2001; Sahagian et al., 2016; McDannell et al., 2018 ). The volcanic
Þelds of Hangai Dome have been studied extensively and in much
detail by many scientists both chronologically as well as geochem-
ically and were thought to represent the youngest volcanism in
Mongolia (i.e. <5 Myr). Magmatism in the Hangai Dome seems to
occur in three pulses; early Oligocene, late Oligocene and from
early Miocene to present. Although the Þrst two pulses seem to
be short (<1 Myr), the last one has been continuous from early
Miocene to present day, with the majority of the dated samples
being <1 Ma old ( Fig. 12a). Below we provide age determinations
for each of the Hangai Dome volcanic Þelds.

6.2.1.1. Hanui. The Hanui volcanic Þeld is one of the northernmost
Þelds of the Hangai Dome, located in the area south of the Selenge
River and along the valley of the Hanui River ( Fig. 11a). In the large



Fig. 10. Diagram that shows the distribution of magmatism through time in the four northern volcanic provinces of Mongolia. (a) Hovsgol, (b) Darkhad Depression, (c) Erkhel
Lake, (d) Khalban. Number of samples per volcanic province is given in the Þgures. Age uncertainties were not taken into consideration. Same colours as in Fig. 9.
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ßat-lying volcanic plain that covers an area of � 3,500 km 2 two vol-
canic cones are located. Hanui volcanic Þeld has been described as
Miocene in age, with its northern part near the Selenge River being
dated as Miocene (12.61 ± 0.50 Ma) (Devyatkin & Smelov, 1980;
Whitford-Stark, 1987). More recent K-Ar and Ar-Ar dating on the
Hanui basalts place this volcanic Þeld between Miocene and Pleis-
tocene (5.85 ± 0.10 Ma to 0.93 ± 0.02 Ma) (Yarmolyuk et al., 2007a;
Ancuta et al., 2018).
6.2.1.2. Togo.Togo is a small volcanic Þeld � 50 km east of Hanui
and � 15 km north of Orhon volcanic Þelds ( Fig. 11a). It has been
described by Devyatkin & Smelov (1980) as a small Þeld of Pleis-
tocene to Holocene in age north of the city of Bulgan, where par-
tially eroded volcanoes and the well-preserved Togo cone can be
found. Barry (1999) describes the area as a ßat plain with two vol-
canic cones; Ikh Togo Uul and Baga Togo Uul. K-Ar and Ar-Ar dating
of volcanic rocks from Togo yield ages of Miocene to Pleistocene
(6.05 ± 0.10 to 0.17 ± 0.02 Ma) (Yarmolyuk et al., 2007a, 2015;
Ancuta et al., 2018).
6.2.1.3. Orhon. Orhon volcanic Þeld lies to the northeast of the Han-
gai Dome, just southeast of the Togo volcanic Þeld ( Fig. 11a), and
consists of several lavas and a couple of lava cones (Whitford-
Stark, 1987; Barry, 1999). Early K-Ar dating on Orhon basalts
(Devyatkin et al., 1973; Gabuniya et al., 1975; Devyatkin & Smelov,
1980; Devyatkin, 1981) suggested a late Miocene to Quaternary
age (6.46 ± 0.25 to < 1 Ma). More recent K-Ar and Ar-Ar studies
expanded the range of the volcanic activity to mid Miocene (13.1
2 ± 0.20 Ma) ( Yarmolyuk et al., 2015 ).
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6.2.1.4. Tariat. The Tariat volcanic Þeld in northwest Hangai Dome
is the most well-studied volcanic Þeld in Mongolia, due to the
unique occurrence of spinel and garnet peridotite xenoliths on its
southern margin ( Ionov, 1986; Pre§ et al., 1986; Stosch et al.,
1986; Harris et al., 2010 ). In this Þeld, basalt lavas inÞll the river
valley formed by the river Chuluut, and cover an area of at least
2000 km 2 (Fig. 11a). In Tariat, a number of lava cones have been
preserved, among which is the Orog (or Horgo) volcano. Depicted
as Pliocene to Holocene in age on the map of Devyatkin & Smelov
(1980), the basalts of Tariat have been dated as Miocene to Holo-
cene (7.57 ± 0.61 to 0.005 Ma) (Devyatkin & Smelov, 1980; Ionov
et al., 1992; Enkhtuvshin, 1995; Schlupp, 1996; Barry, 1999; Barry
et al., 2003; Yarmolyuk et al., 2008, 2015; Ancuta et al., 2018). Fur-
thermore, studies with 14C on organic materials from the Tariat
volcanic Þeld revealed ages between 8400 and 5700 a (Vipper
et al., 1976; Devyatkin, 2004; Khosbayar, 2005).
6.2.1.5. Ugii Nuur. The Ugii Nuur volcanic Þeld is located in the cen-
tral east side of the Hangai Dome, south of the Orhon volcanic Þeld
and to the east of Ugii Nuur Lake ( Fig. 11a). It is mentioned in
Whitford-StarkÕs (1987) compilation study as comprising of two
basaltic volcanoes of Quaternary age (Ikha-togo-ula and Bogo-
togo-ula). However, K-Ar and Ar-Ar dating of volcanic rocks from
Ugii Nuur volcanic Þeld yield Miocene ages (15.90 ± 0.25 to 13.4
9 ± 0.20 Ma) (Saltykovsky et al., 1984; Enkhtuvshin, 1995; Devy-
atkin, 2004; Yarmolyuk et al., 2007a, 2015; Ancuta et al., 2018).
6.2.1.6. Tsetserleg.Tsetserleg volcanic Þeld lies to the south of Han-
gai Dome between Jargalant Valley and Orkhon Falls volcanic Þelds
(Fig. 11a) and has been described as Miocene in age (Devyatkin &



Fig. 11a. Detailed map of the central volcanic province of the Hangai Dome (pink). The map layout is based on Google Earth surÞcial exposures of volcanic rocks wi th
additional input from the following studies: Barry et al. (2003); Cunningham et al. (2003) ; Yarmolyuk et al. (2007a, 2008, 2015); Ancuta et al. (2018). The position and extent
of the Bayankhongor Ophiolite Belt and the South Hangai Fault are after Comeau et al. (2018) . Red stars represent nearby cities; yellow stars represent volcanic cones. (For
interpretation of the references to colour in this Þgure legend, the reader is referred to the web version of this article.)
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Smelov, 1980). Radiometric K-Ar and Ar-Ar dating of the Tsetserleg
volcanics has been obtained only recently, revealing Miocene to
Pleistocene ages (20.89 ± 0.61 to 1.42 ± 0.09 Ma) (Schlupp, 1996;
Yarmolyuk et al., 2008, 2015; Ancuta et al., 2018).
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6.2.1.7. Jargalant Valley.The volcanic Þeld of Jargalant Valley is
located in the southwest area of the Hangai Dome, extending along
the valley formed by the Chuluut River ( Fig. 11a). It has been
described as Miocene in age by Devyatkin & Smelov (1980),



Fig. 11b. Detailed map of the central volcanic province of the Valley of Lakes (light purple = Cenozoic, dark purple = Mesozoic). The map layout is based on Google Earth
surÞcial exposures of volcanic rocks with additional input from the following studies: Yarmolyuk et al. (2015) ; Daxner-Hšck et al. (2017); Ancuta et al. (2018) and this study.
The position and extent of the Bayankhongor Ophiolite Belt, the South Hangai Fault and the Bogd Fault System are after Comeau et al. (2018) [double column Þgure]. (For
interpretation of the references to colour in this Þgure legend, the reader is referred to the web version of this article.)
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although the same authors provide an Oligocene radiometric age
(28.76 ± 0.5 Ma) for the Þeld. In more recent years, extensive K-
Ar and Ar-Ar dating of the basalts from Jargalant Valley places
the volcanic activity between Miocene and Pleistocene (13.01 ± 0.
20 to 2.12 ± 0.05 Ma) (Schlupp, 1996; Yarmolyuk et al., 2008;
Ancuta et al., 2018).

6.2.1.8. Orkhon Falls.The Orkhon Falls volcanic Þeld is the south-
ernmost of the Hangai Dome Þelds and extends along the Orkhon
River valley ( Fig. 11a). This volcanic Þeld has been previously
described as Miocene to Quaternary in age (Devyatkin & Smelov,
1980). However, K-Ar and Ar-Ar studies revealed that the volcanic
activity in Orkhon has been active from Oligocene to Holocene
times (32.70 ± 0.58 to 0.00 ± 0.10 Ma) (Schlupp, 1996; Yarmolyuk
et al., 2008, 2015; Ancuta et al., 2018).

6.2.2. Valley of Lakes (South Hangai area)
The area south of the southern ßank of the Hangai Dome,

known as Valley of Lakes, or South Hangai area, has been charac-
terised as an elongated and relatively narrow intermontane
depression trending NNWÐSSE. The Valley of Lakes separates the
Hangai Mountains to the north from the Gobi Altai range to the
south and is tectonically deÞned by the South Hangai Fault and
the Bogd Fault System respectively ( Fig. 11b). Numerous volcanic
plateaus extend along the valley, from the Guchin-Us area in the
southeast to the Zavkhan River in the northwest. Magmatic activity
in the Valley of Lakes appears to be more prominent during early
Oligocene as well as during middle Miocene times. In addition,
we can recognise at least three distinct periods of volcanic activity
during the Cenozoic, as well as sporadic volcanism during Meso-
zoic times ( Fig. 12b).

In Whitford-Stark (1987), and references therein, the volcanic
province has been dated to be Oligocene to early Miocene in age
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(32.39 to 18.67 ± 0.50 Ma). In this study, we have divided the Val-
ley of Lakes volcanic province into three smaller volcanic Þelds; the
south-eastern, the central and the north-western Valley of Lakes
separated from each other by the Tuin River and the Zavkhan River
respectively ( Fig. 10b). All three volcanic Þelds show similar age
reconstructions. Basalts from the north-western Þeld dated as
Eocene (50.90 ± 1.50 Ma) to middle Miocene (14.13 Ma) in age
(Gabuniya et al., 1975; Devyatkin & Smelov, 1980; Gorshkov
et al., 1991), basalts from the central Þeld as late Oligocene (24.4
2 ± 1.00 Ma) to middle Miocene (11.62 ± 0.04 Ma) (Devyatkin &
Smelov, 1980; Devyatkin, 1981; Schlupp, 1996; Devyatkin et al.,
2002; Yarmolyuk et al., 2015 ; Ancuta et al., 2018; this study) and
basalts from the south-eastern Þeld as early Oligocene
(33.23 Ma) to late Miocene (10.09 ± 0.15 Ma) (Mellet, 1968;
Badamgarav et al., 1975; Gabuniya et al., 1975; Devyatkin & Sme-
lov, 1980; Devyatkin et al., 2002; Yarmolyuk et al., 2015 ; Daxner-
Hšck et al., 2017; Ancuta et al., 2018; this study).

Until recently, the Valley of Lakes has been considered as a
Cenozoic volcanic province. However, recent studies by Ancuta
et al. (2018) dated volcanic rocks from the north-western Þeld to
be of Mesozoic age (86.75 ± 1.20 to 84.03 ± 1.17 Ma). This discov-
ery places the Valley of Lakes volcanic province along with the
Gobi Altai, Gobi Tien Shan and Eastern Mongolia as one of the
few provinces where both Cenozoic and Mesozoic intraplate vol-
canism has occurred and might have implications for the origin
of volcanism in Mongolia.

6.3. The South

The Gobi Altai and Gobi Tien Shan provinces of southern and
southernmost Mongolia extend from the Bogd Fault System in
the north to the Chinese border to the south, and they are tecton-
ically separated from each other by the Gobi Tien Shan Fault Sys-



Fig. 12. Diagrams that show the distribution of magmatism through time in the central volcanic provinces of Mongolia. (a) Hangai Dome, (b) Valley of Lakes. Number of
samples per volcanic province is given in the Þgures. For the Hangai Dome the number of samples for each volcanic Þeld is also given. Age uncertainties w ere not taken into
consideration. Same colours as in Fig. 11.
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tem ( Cunningham et al., 2003 ) (Fig. 13). Here, distinct, mainly
small-sized, magmatic Þelds occur.

6.3.1. Gobi Altai
In the Gobi Altai, volcanic activity occurs both during Mesozoic

and Cenozoic times. The Mesozoic volcanism mainly occurred in
the central and western areas of the region, whereas the Cenozoic
activity is mainly focused to the central and eastern areas ( Fig. 13).
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Several volcanic cones and lavas have been previously described to
range in age between Eocene to Pleistocene (Whitford-Stark, 1980
and references therein). K-Ar and Ar-Ar radiometric data from
basalts from the Gobi Altai identify two major pulses of magma-
tism in the province; the Þrst during Mesozoic times occurred
between Early and Late Cretaceous (106.64 ± 0.90 to 71.63 ± 2.50
Ma) (Samoylov & Kovalenko, 1983; Shuvalov & Nikolaeva, 1985;
Enkhtuvshin, 1995; Yarmolyuk et al., 1995, 2015; Hankard et al.,



Fig. 13. Detailed map of the southern and southernmost volcanic provinces of Mongolia that shows the location and extent of the Gobi Altai (yellow = Cenozoic,
peach = Mesozoic) and Gobi Tien Shan (orange = Cenozoic, scarlet = Mesozoic) volcanic provinces. The map layout is based on Google Earth surÞcial expos ures of volcanic
rocks with additional input from the following studies: Barry et al. (2003); Hankard et al. (2007b); Yarmolyuk et al. (2015) ; this study. The position and extent of the Bogd and
Gobi Tien Shan Fault Systems are after Comeau et al. (2018) . Red stars represent nearby cities; yellow stars represent volcanic cones. (For interpretation of the references to
colour in this Þgure legend, the reader is referred to the web version of this article.)
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2005, 2007a; Sheldrick et al., 2018; Togtokh et al., 2019), whereas
the second took place during Cenozoic times from Paleocene
(62.72 Ma) to late Oligocene (26.84 ± 0.40 Ma) (Gabuniya et al.,
1975; Chichagov, 1976; Devyatkin & Smelov, 1980; Shuvalov &
Nikolaeva, 1985; Gorshkov et al., 1991; Schlupp, 1996; Hankard
et al., 2007b; Yarmolyuk et al., 2007b, 2015; Togtokh et al., 2019;
this study). While the Mesozoic magmatic event appears to have
been more intense over a relatively short period of time (between
107 and 91 Ma) with some sporadic activity at 84, 73 and 71 Ma,
the Cenozoic event appears to be almost continuous for a longer
period of time ( Fig. 14a). Both pulses show gaps in the magmatism
of up to 3 Myr.
6.3.2. Gobi Tien Shan
The Gobi Tien Shan volcanic province in southernmost Mongo-

lia consists of small, distinctive volcanic Þelds and cones scattered
in the area south of the city of Sevrei, to the Chinese border
(Fig. 13). Due to the remoteness of the area, only a handful of stud-
ies investigated the volcanism here, as is apparent from the scarce
number of dated samples (see Appendix IV). Whitford-Stark (1987)
and references therein have described the province as Pliocene to
lower Pleistocene in age with a few basaltic volcanic cones scat-
tered around. K-Ar and Ar-Ar radiometric data in recent years have
revealed, as for the Gobi Altai, two distinct pulses of magmatic
activity; one during the Mesozoic and the other during the
Cenozoic.

The Mesozoic magmatism of Gobi Tien Shan spans across the
Late Cretaceous, between 97.86 ± 1.00 and 70.62 ± 1.26 Ma (Shu-
valov & Nikolaeva, 1985; Yarmolyuk et al., 1995, 2007b, 2015).
The Cenozoic magmatism can be further subdivided into two smal-
ler magmatic events; the Þrst occurring during early Paleocene (66.
59 ± 1.00 to 63.56 ± 0.80 Ma) and the second during late Eocene to
Oligocene times (37.33 ± 1.50 to 31.28 ± 1.50 Ma) (Barry, 1999;
Barry et al., 2003; Yarmolyuk et al., 1995, 2007b, 2015). Unlike
the volcanic activity of the Gobi Altai, the Gobi Tien Shan magma-
tism shows three distinct clusters of magmatism. The Þrst event
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occurred in Cenomanian Ð Coniacian times, the second during Late
Cretaceous (Campanian) and early Paleocene, and the third and
most prominent during Eocene to Oligocene ( Fig. 14b).

6.4. The East

The eastern Mongolia magmatism consists of numerous vol-
canic Þelds occupying different parts of the country; some volcanic
Þelds are located to the northeast of the country near the border to
Russia, while another is located at the eastern side of Mongolia,
between the Valley of Lakes to the west and the Dariganga Plateau
to the east ( Fig. 15a). Finally, the Dariganga Plateau, in the south-
east, comprises >200 volcanic cones (Whitford-Stark, 1987 and ref-
erences therein; Ionov et al., 1994; Chuvashova et al., 2012 ), and
covers an area of >10,000 km 2. It forms the most extensive volcanic
province in Mongolia, and further continues across the border to
China, where it is called the Abaga plateau ( Fig. 15b). Both the East-
ern Mongolia volcanic Þelds and the Dariganga Plateau are sparsely
studied due to the remoteness of their locations and their proxim-
ity to borders.

6.4.1. Eastern Mongolia
In Whitford-Stark (1987) and references therein, the volcanic

province of Eastern Mongolia is brießy mentioned as the location
of a volcano and two ÔÔdestructive conesÓ, all of them Pleistocene
Ð Holocene in age. However, K-Ar and Ar-Ar radiometric data of
basalts reveal mainly Mesozoic volcanic activity in the region,
spanning from Early to Late Cretaceous (106.63 to 71.63 Ma)
(Enkhtuvshin, 1995; Dash et al., 2015; Bars et al., 2018; Yarmolyuk
et al., 2019, 2020; Kuznetsov et al., 2022; Yarmolyuk et al., 2023).
The few K-Ar dates of basalt rocks from the Mandalgovi volcanic
Þeld in the central-east part of the province indicate that the
region has experienced magmatism during Cenozoic times, from
Paleocene to Eocene times (59.88 to 47.93 ± 1.26 Ma) (Chichagov,
1976; Yarmolyuk et al., 2019; Kuznetsov et al., 2022). The volcanic
activity in Eastern Mongolia is scattered throughout time and peri-



Fig. 14. Diagrams that show the distribution of magmatism through time in the southern and southernmost volcanic provinces of Mongolia. (a) Gobi Altai, (b) Gobi Tien Shan.
Number of samples per volcanic province is given in the Þgures. Age uncertainties were not taken into consideration. Same colours as in Fig. 13.
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ods of magmatism alternate with periods of non-magmatism,
though this could be an artefact of the limited number of studies
(Fig. 16a).

6.4.2. Dariganga
The Dariganga Plateau is located in the southeastern Mongolia

at the border to China, where it appears to continue into the so-
called Abaga Plateau (Fig. 15b). The Abaga Plateau constitutes the
largest intraplate volcanic Þeld in eastern China (Ho et al., 2008)
and together with the Dariganga Plateau they comprise the largest
Cenozoic intraplate volcanic Þeld in East Asia ( Wiechert et al.,
1997; Ho et al., 2008; Zhang & Guo, 2016). Stretching over an area
of � 10,000 km 2, at least 100 volcanic cones are found, distributed
along NEE-trending faults ( Yang, 1988). Available K-Ar and Ar-Ar
ages from the literature place the timing of the volcanism in the
Abaga Plateau between Miocene to Middle Pleistocene (15.42 to
0.16 Ma) (Luo & Chen, 1990; Liu et al., 1992; Ho et al., 2008; Shao
et al., 2008; Chen et al., 2013).

Although the most extensive volcanic province in Mongolia, the
Dariganga Plateau is scarcely studied. Whitford-Stark (1987) and
references therein describe this province as Pleistocene to Quater-
nary in age and indicate that more than 200 lava and cinder cones
are scattered along parallel Þssures trending NEÐSW. The province
is also characterised by the abundance of lower crustal and mantle
xenoliths found in its southern areas (Ionov et al., 1992, 1994;
Stosch et al., 1995; Wiechert et al., 1997 ). The Dariganga Plateau
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has been described in the literature as Neogene to Quaternary in
age (Kononova et al., 2002). Radiometric data provided by Kono-
nova et al. (1988) and Genshaft & Saltykovsky (1990) place the vol-
canic activity between 14 and 1.6 Ma. Unfortunately, those studies
were impossible to retrieve and as a result we could not assess
their data. However, Ar-Ar dating obtained in this study reveals
Pliocene to Pleistocene ages for the Dariganga Plateau
(3.97 ± 0.07 to 0.54 ± 0.09 Ma) ( Fig. 16b).
7. Discussion

Since the compilation of Whitford-Stark (1987), volcanic rocks
in Mongolia have been dated and examined in numerous studies,
adding to and expanding our knowledge of this enigmatic intra-
plate volcanic region. This study aims to pinpoint the onset of
intraplate volcanism in Mongolia by considering different lines of
evidence from geochemical data, isotopic analysis, palaeomagnetic
data, zircons and tectonic events. This synthesis will enable us to
differentiate between volcanism that is originating from a purely
intraplate setting as opposed to the previously existing post-
collisional volcanism. From the data presented on the age con-
straints for the late Mesozoic and Cenozoic intraplate magmatism
in Mongolia it has been possible to reconstruct the intraplate vol-
canic history of Mongolia temporally and spatially and thus to
update our understanding of Mongolian volcanism. Our aim is



Fig. 15. Detailed map that shows the location and extent of the (a) Eastern Mongolia (khaki = Cenozoic, green = Mesozoic) and (b) Dariganga Plateau (royal blue) volcanic
provinces. The faded light blue area in (b) represents the Abaga volcanic province in China that is thought to be the extension of the Dariganga Plateau. The map layout is
based on Google Earth surÞcial exposures of volcanic rocks with additional input from the following studies: Chuvashova et al. (2012) ; Chen et al. (2015b) ; Yarmolyuk et al.
(2019, 2020), Kuznetsov et al. (2022). (For interpretation of the references to colour in this Þgure legend, the reader is referred to the web version o f this article.)
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not only to set a good starting point for researchers who may also
wish to study the complex Mongolian magmatism, but also to
assess and shed new light on longstanding questions of long-
lived intraplate volcanic regions, such as Mongolia. More speciÞ-
cally, we are looking to: (a) identify any existing gap, or gaps, in
the Mongolian intraplate magmatism, when and for how long
these occurred, and point out any bias in our understanding of
MongoliaÕs volcanic history caused by a lack of data from any
speciÞc provinces (e.g. Dariganga Plateau), (b) examine the pro-
posed hypotheses for the origin of the Mongolian intraplate vol-
canism in the light of the temporal and spatial distribution of the
volcanism as we presented here; how our data agree/disagree with
these models and could they indicate towards an alternative
hypothesis for the origin of this intraplate magmatism?, and (c)
compare Mongolia to other long-lived intraplate regions, continen-
tal and oceanic, to better understand the diversity and complexity
of processes that can sustain magmatism for periods over hun-
dreds of millions of years.

7.1. Revealing the spatial and temporal evolution of the Mongolian
intraplate volcanism

We have established that Mongolian intraplate magmatism
occurs since 107 Ma in various volcanic Þelds across the country.
However, it is important to establish whether the volcanism has
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been continuous throughout this time or if periods of inactivity
(gaps in the magmatic record) exist and to examine whether the
magmatism relates to one process or many; as such information
can give us valuable indications for the nature of the process that
originates the volcanism. Before we can discuss about existing gaps
in the intraplate magmatic history of Mongolia it is important to
understand the periodicity of magmatic systems. Periodicity of
magmatism and variation of magmatic melt production rates have
been a matter of study for many years (e.g. White, 1993; Ito, 2001;
Van Ark & Lin, 2004 ). In a review of Cenozoic, mainly oceanic,
intraplate hotspots that have been associated with the presence
of a mantle plume, Mjelde et al. (2010) identiÞed two periods with
variable magmatic productivity; a dominant � 10 Myr period and a
lesser � 5 Myr period. More recently, Dobretsov (2015) divided the
periodical changes in global volcanism on cycles of three different
scales, each with a different duration, cause and effect: short cycles
lasting from 10s to 1000s of years; medium cycles 100,000s to � 1
Myr; and long cycles 30Ð120 Myr. Based on this, the term ÔÔgap in
the magmatismÓ is considered here as the time range, during
which there is not only a lack of evidence for surÞcial magmatic
activity, but moreover, changes in the conditions within the mantle
lead to cessation of the process that causes the magmatism. In such
a case subsequent magmatic events will reßect the changes in the
conditions on their source area in the geochemistry and/or isotopic
character of the produced lavas.
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In this study we have reconstructed the evolution of the Mon-
golian intraplate magmatism with time, from 107 Ma to present
day, using a total of 676 newly obtained and previously published
and reassessed data, from all the volcanic provinces documented in
Mongolia ( Fig. 17). For simplicity, we have divided the age range to
1 Myr periods without taking into consideration the error range of
the dated samples. Inclusion of the error ranges in our analysis has
the potential to create a false impression in the duration of individ-
ual volcanic events in any given volcanic province and obscure the
existence of any possible gaps in the volcanism. In samples dated
with the Ar-Ar method, where both plateau and isochron ages
were available, the plateau age has been considered as more reli-
able and used in preference to the isochron age. During the Ceno-
zoic, across the whole of Mongolia periods with no recorded
magmatism extend up to 3 Myr, alternating with periods of active
magmatism. Magmatism in Mongolia has been continuous for at
least the last 35 Myr. During Mesozoic times, a period of 6 Myr (be-
tween 82 and 77 Ma) appears to lack any volcanic activity, thus
seemingly dividing the Mesozoic magmatism into two events;
the Þrst extends between 106 and 83 Ma and the second between
76 and 66 Ma. Within both events, periods with no recorded mag-
matic activity of up to 3 Myr in duration are observed. Numerous
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smaller phases with no recorded magmatic activity during the
Mesozoic and the Cenozoic are observed. Are these gaps real
though?

One major concern in the plausibility of the existing gaps in the
volcanic activity of Mongolia, as presented above, is the number of
age determinations available for (a) Cenozoic/Mesozoic times and
(b) the various volcanic provinces across Mongolia, which in turn
affects how one might interpret the magmatism during these
times. In the Þrst case, from the total number of dated volcanic
samples in Mongolia, only 73 ( � 10 %) are of Mesozoic age. This
combined with the fact that only a handful of samples from vol-
canic provinces where Mesozoic magmatism occurred (e.g. Gobi
Tien Shan, Eastern Mongolia, western parts of Valley of Lakes) have
been dated, leads to the conclusion that potentially the full extent
of the Mesozoic intraplate magmatism of Mongolia is unknown. In
the second case, although the magmatic history of certain volcanic
provinces such as the Hangai Dome and the Valley of Lakes seems
to be well constrained, other provinces such as Khalban and the
Dariganga Plateau have only been scarcely studied. Furthermore,
for volcanic provinces, such as the Gobi Tien Shan and Eastern
Mongolia, that are crucial to our understanding of the extent of
volcanism in Mongolia during the early Cenozoic, only limited



Fig. 16. Diagrams that show the distribution of magmatism through time in eastern and southeastern volcanic provinces of Mongolia. (a) Eastern Mongolia, (b) Dariganga
Plateau. Number of samples per volcanic province is given in the Þgures. Age uncertainties were not taken into consideration. Same colours as in Fig. 15.
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age constraints are available ( Fig. 17). Based on the above observa-
tions, it seems possible that at least some of the gaps in the volcan-
ism are the result of bias in the availability of samples.

Furthermore, some age determinations on phenocrysts from
different Mongolian provinces ( Fig. 17, data with question mark),
although not considered in this study, display ages that fall within
the major Mesozoic volcanic activity gap (82 to 77 Ma). ConÞrma-
tion of these ages from the related samples using whole rock
instead of phenocrysts would reduce the gap to merely phases
with no recorded magmatic activity of up to 3 Myr in duration.
Based on these remarks, along with the observation that trace ele-
ment geochemistry of the intraplate volcanism remained remark-
ably similar throughout 107 Myr ( Fig. 6), we can consider the
above presented gaps in volcanism as merely lack of sufÞcient
sampling in critical provinces and/or lack of surÞcial magmatic
expression, with no indications that the actual magmatic processes
at depth have ceased or changed during this period of time. This
evidence is very important in order to decipher the nature of the
process or processes that can originate and sustain magmatism
in an intraplate tectonic setting for so long.

Until recently, the spatial distribution of the Mongolian intra-
plate volcanism could be roughly divided into two regions: Meso-
zoic volcanism occurs in the volcanic Þelds of Eastern Mongolia,
the Gobi Altai and Gobi Tien Shan, meaning in the northeast,
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central-east, and southern areas of the country. On the other hand,
Cenozoic volcanism appears mainly in the central parts of Mongo-
lia, in a zone extending from north to south, and to the southeast
(Dariganga Plateau). However, the study of Ancuta et al. (2018)
revealed for the Þrst time that Mesozoic volcanism is also present
to the westernmost parts of the Valley of Lakes, demonstrating this
way that there is a higher degree of complexity in the spatial dis-
tribution of the volcanism than previously thought.

Considering the above discussed factors, more extensive and
reliable dating in volcanic provinces with sparse data might reveal
more robust results regarding the temporal continuity of the intra-
plate volcanism in Mongolia. Given the fact that the majority of the
volcanic Þelds in Mongolia are small, often comprising a single vol-
canic cone, it appears that further Þeld investigations in the areas
west of the Valley of Lakes and the Hangai Dome, as well as in the
vast area that the volcanic province of Eastern Mongolia covers
might be proved helpful in order to further understand the spatial
distribution and the complexity of this long-lived intraplate
magmatism.

7.2. Implications for the origin of the volcanism

The data that have been presented and discussed in this study
give a comprehensive idea of the temporal and spatial constrains



Fig. 17. Temporal and spatial distribution of intraplate (<107 Ma) magmatic activity in Mongolia. n = number of dated samples for each volcanic province, K = Cr etaceous,
Pg = Paleogene. The colours used for each volcanic province are the same as in Fig. 1. The grey areas refer to the possible existing gaps in the magmatism. The question marks
(?) refer to age constraints obtained from phenocrysts, which are considered in this study as unreliable.
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of intraplate volcanism in Mongolia. Thus, the conclusions that
have been drawn so far have implications for, at least, some of
the proposed models for the origin of the Mongolian intraplate
magmatism.

Models that seek to explain the Mongolian intraplate magma-
tism as the result of slab roll-back, slab-break off or erosion of a
stagnant slab attributed to either the Palaeo-PaciÞc or Mongol-
Okhotsk Ocean (Meng, 2003; He, 2014, 2015; Ma et al., 2014 ; Bars
et al., 2018; Fritzell et al., 2016 ) cannot explain Mongolian intra-
plate magmatism for two reasons: 1) with exception of the studies
by Meng (2003) and Bars et al. (2018) the rest of the studies are
seeking to understand volcanism within the North China Craton
(NCC) in areas much closer to past and present Palaeo-PaciÞc
and PaciÞc subduction fronts, thus the mantle dynamics and inter-
actions with the subducted slabs can be more prominent here than
in Mongolia. Furthermore, the majority of the studied areas in
these contributions appear to be in a back-arc tectonic setting or
close to it, quite different to the purely intraplate tectonic setting
that occurs in Mongolia; 2) the rocks studied by Meng (2003)
and Bars et al. (2018), although representing Mongolian volcanic
provinces, span in age between Triassic Ð Early Cretaceous, with
the youngest � 111 Ma old, clearly older than our deÞned
107 Ma as the marker for the onset of intraplate volcanism in Mon-
golia. These rocks show characteristic geochemical and isotopic
signatures (e.g. negative Ti anomaly, Pb enrichment) that suggest
contamination from subduction-related ßuids and/or crustal mate-
rials, and thus agree with our interpretation that volcanism prior to
107 Ma was related to post-collisional processes and was inßu-
enced by subducted slabs. The only exception to this statement
is sample DG-75BA, studied by Bars et al. (2018) and dated at
99 ± 2 Ma.

A model that seeks to explain both the Mesozoic and Cenozoic
Mongolian intraplate magmatism is the mantle plume hypothesis.
This model was Þrst proposed by a series of studies (e.g. Logatchev,
1984; Zorin & Lepina, 1985; Windley & Allen, 1993 ), but only in the
study by Yarmolyuk et al. (2015) was age data compiled to assert
this model. However, our study contradicts this model in two
major points. Firstly, the age progression as proposed by
Yarmolyuk et al., (2015 , Þg. 2) does not take into account already
published data for the northern provinces of Hovsgol and Darkhad
nor the dating that places the magmatism of the Dariganga Plateau
between 14 and 1.6 Ma. According to the proposed age progression
path, one can interpret the Hangai Dome, where the youngest mag-
matic activity in Mongolia occurs, as the area beneath which the
mantle plume currently resides. However, volcanism north of the
Hangai Dome (in Hovsgol and Darkhad provinces) is older. This
observation contradicts a linear age progression of the magmatism,
under which magmatism should be older in the south and becom-
ing increasingly younger towards the north. Secondly, the Darig-
anga Plateau has been shown to be similarly young as the Hangai
Dome, thus negating the idea that the youngest magmatism in
Mongolia occurs (exclusively) in the Hangai Dome. In addition,
more recent studies in the northeast of Mongolia, as well as the
area east of the Hangai Dome (described here as the Eastern Mon-
golia province), reveal further volcanic Þelds, which experienced
volcanic activity during Mesozoic and Cenozoic times (e.g. Yar-
molyuk et al., 2019, 2020; Kuznetsov et al., 2022). The similar tem-
poral magmatic evolution of the Eastern Mongolia and the Gobi
Altai provinces ( Fig. 17) is unavoidably ÔÔbreakingÓ the linearity of
the proposed temporal migration model by introducing a second
simultaneously developed branch of magmatism that would
require the presence of a second plume in the area in order to be
explained.

Furthermore, the age progression path proposed by Yarmolyuk
et al. (2015) contradicts plate motion estimates for central/east
Asia. According to the most recent plate motion estimates by
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Rasskazov & Chuvasova (2017), since Late Cretaceous times
(� 90 Ma) the Asian continent has moved east/south-eastwards,
while at least since the early-middle Miocene ( � 20 Ma) there is
a northwards motion due to the Indo-Asian collision, for at least
some parts of the Asian continent including Mongolia. In the case
of a deep mantle plume being active beneath Mongolia the age
progression of the magmatism should be younging initially
towards the west and then towards the south.

Moreover, geophysical data from various studies, mainly in the
area beneath the Hangai Dome, either do not recognise any type of
convective mantle plume or ÔÔhotspotÓ (Bayasgalan et al., 2005) or
they observe small-scale, low-heat inßux asthenospheric upwel-
lings originating in the upper mantle (e.g. Petit et al., 2002 ; Chen
et al., 2015a; Comeau et al., 2018). More recent geophysical studies
support the existence of lower mantle upwellings with moderate
thermal inßux that deviate however from the characteristics of a
deep-seated mantle plume ( Wu & Bao, 2023). To summarise, there
are no geophysical data that support the existence of a deep-rooted
mantle plume beneath Mongolia. Finally, part of the age progres-
sion path proposed by Yarmolyuk et al., (2015 , Þg. 2) includes sam-
ples dated back to 159 Ma which, in line with the criteria set in
section 2.1 , are considered here as post-subduction-related and
not as intraplate. From the above observations it looks unlikely
that a deep mantle plume could be the cause of the intraplate vol-
canism in Mongolia.

From the K-Ar and 40Ar/ 39Ar age reconstructions in this study it
seems possible that the intraplate magmatism of Mongolia has
been continuous since its onset 107 Ma ago. The repetitive pattern
between periods of magmatic activity and hiatuses (of mostly 1Ð3
Myr duration with a maximum of 6 Myr) could indicate a single
mechanism or a couple of mechanisms that are self-sustained
and can initiate melting and subsequent volcanism over long peri-
ods of time. However, lithospheric extension and rifting, regardless
of the process responsible for its origin (active vs passive), may
result in continental breakup and formation of new oceanic litho-
sphere when active over long periods of time ( Rosenbaum et al.,
2008 and references therein). In order for thermal blanketing to
noticeably affect the underlying lithosphere and trigger melting,
constant sedimentation (of a rate of 250 m/Myr � 1) over a long per-
iod of time in an unstretched lithosphere is necessary ( Wangen,
1995). Furthermore, this model requires the presence of a large
and long-lived continent and the minimum possible interaction
of the lithosphere underneath it with subducted slabs. Both these
models seem therefore unlikely for explaining the intraplate Mon-
golian magmatism.

Another model that strives to explain the intraplate Mongolian
magmatism has linked upwellings in the asthenosphere with
enhanced lateral mantle ßow as a result of the collision between
India and Asia (e.g. Cunningham, 2001 ). Numerical modelling by
Liu et al. (2004) explored this possibility for a range of velocities
for the injected material at viscosities typical for the mantle, con-
cluding that the Indo-Asian collision has played an important role
in the volcanism of eastern Asia. Although this view is still debated
(e.g. Zhao et al., 2011), even with the most optimistic calculations
for a relatively high-velocity lateral mantle ßow, no asthenospheric
upwellings related to the Indo-Asian collision would be able to
explain intraplate magmatism in Mongolia that is older
than � 50 Ma (depending on the outbreak of the lateral mantle ßow
due to the northwards movement of India). However, it is more
realistic to think that enhanced lateral mantle ßow was triggered
much earlier than the actual continental collision between India
and Eurasia. The breakup of Pangea, and more speciÞcally of the
Indian subcontinent from eastern Africa has been documented
at � 130 Ma ( Yoshida & Hamano, 2015 ). This northwards drift of
the Indian subcontinent resulted in the gradual closure of the
Neo-Tethys Ocean, which terminated with the continental collision
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between India and Eurasia. In the time between the breakup of
India and its collision to Eurasia, the relative motion of the subcon-
tinent towards the north would have been sufÞcient to cause lat-
eral mantle ßow towards the same direction. The subduction of
the Neo-Tethys ridge at Late Cretaceous times ( � 100 Ma) ( Zhang
et al., 2023) would have only intensiÞed this lateral mantle ßow.
Taking into account the northwards migration of India, lateral
mantle ßow upwellings could possible explain magmatism in
Mongolia prior to the calculated 50 Ma. Thus, this model, although
it cannot account for the full longevity of the intraplate magma-
tism in Mongolia, it would be sufÞcient to change the geodynamic
setting in Mongolia, and could be a possible mechanism that con-
tributed to other processes of melt production at depth, thereby
prolonging the life span of the magmatism in the area.

Recent studies by Sheldrick et al. (2018, 2020a) were able to
temporally construct a delamination event beneath Mongolia in
the late Mesozoic by observing a gradual change in isotopic ratios
(e.g. 87Sr/86Sr, eNd) reßecting a shift from lithospheric to astheno-
spheric signatures. These studies conclude that the delamination of
the subcontinental lithospheric mantle (SCLM) occurred gradually,
in a relatively short time period ( � 30 Myr), between � 140 Ma
and � 107 Ma. This process appears to have been simultaneous
beneath Mongolia and North China, but continued a little while
longer beneath Russia, to � 85 Ma. This widespread event is very
important, as removal of the colder and probably slab-
metasomatised lithospheric mantle will have allowed for hotter
asthenospheric material to rise up as thermal upwellings and initi-
ate melting at the base of the thinned lithosphere ( Kay & Kay,
1993). Having thus effectively removed any immediate inßuence
of the previously subducted slabs in the area magmatism can
now be labelled as purely intraplate. This model could explain
the simultaneous occurrence and the notably similar geochemical
character of the magmatism from the various volcanic provinces
across the country and throughout time. However, delamination
is not a self-sustained melting process, thus it is expected that
gradual cooling of the recently upwelled asthenosphere will reduce
the melting rates and subsequently the magmatism with time and
even lead to cessation of the magmatism. Injections of fresh
asthenospheric material through increased lateral mantle ßow
due to the northwards migration of India, closure of the Neo-
Tethys and Indo-Asia collision might have been the event that
allowed for continuous asthenospheric upwellings and constant
melt production, thus enabling the observed long-lived Mongolian
intraplate volcanism to occur.

7.3. A comparison to other long-lived intraplate volcanic regions

The long-lived intraplate volcanic history of Mongolia
spans � 107 Myr in an area of � 650,000 km 2, with possible hiatuses
of 1Ð6 Myr. Here, we examine what deÞnes a magmatic system as
Ôlong-livedÕ and compare Mongolia to other regions of long-lived
systems, for: (a) periodicity of the magmatic activity and hiatuses;
(b) and processes that can trigger and sustain magmatism. The aim
of this section is to establish Mongolia as a long-lived volcanic pro-
vince and showcase the complexity and diversity of processes that
can explain such long-lived volcanic domains.

Although many studies focus on the origin and temporal con-
straints of intraplate volcanism, in both continental and oceanic
environments, there is little agreement on what Ôlong-livedÕ mag-
matic systems means. Thus, descriptions of long-lived systems
can apply to a single volcano or a whole volcanic province, span-
ning durations a few Myr (e.g. Dunedin Volcano, New Zealand;
Baxter et al., 2022 ) to hundreds of Myr (e.g. SW PaciÞc magmatic
province; McCoy-West et al., 2010 ). Studies on large magmatic
reservoirs and magmatic systems in the upper crust estimate that
magma accumulation can occur over 10 5 to 10 6 years; the mag-
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matic processes related to such magma bodies being active for at
least 107 years (de Silva & Gregg, 2014 and references therein;
Glazner, 2021). More recently, experimental studies on secondary
or ÔbabyÕ plumes (thermal perturbations originating in the upper
mantle due to the presence of a deep-seated mantle plume stag-
nating at the 660 km phase transition zone) in a variety of ÔÔtecton-
ically neutralÓ continental and oceanic settings, reveal that the life
span of these thermal anomalies can vary from � 20 Myr to >200
Myr, depending on their buoyancy ( Koptev et al., 2021 ).

Intraplate magmatism occurs in various regions on Earth, both
in oceanic (e.g. Hawaii) and continental tectonic environments
(e.g. European intraplate magmatism), but can also transit between
the two (e.g. Northeast Brazil and Cameroon Line). Here, we com-
pare the intraplate magmatism of Mongolia with two other simi-
larly long-lived intraplate magmatic domains; the Kerguelen
large igneous province and the eastern Australia Ð Zealandia vol-
canic domain.

One of the longest-lived intraplate volcanic areas on Earth is the
Kerguelen large igneous province (LIP). Records of the volcanic
activity produced by the Kerguelen hotspot span both continental
and oceanic tectonic environments, and include various provinces
in western Australia (Bunbury), India (Rajmahal), the northern
Antarctic margin and the Indian Ocean. The province spans
from � 130 Ma ago to the present ( CofÞn et al., 2002). Similar to
the current study on intraplate Mongolian magmatism, attempts
to reconstruct the volcanic history of the Kerguelen hotspot used
extensive K-Ar and Ar-Ar radiometric age constraints from all the
volcanic provinces ( CofÞn et al., 2002; Duncan, 2002 ). These stud-
ies showed that although the mechanism that triggered the mag-
matism remained the same throughout time, there was a
periodicity to the magmatic activity with peaks up to � 25 Myr
duration, and waning phases of magmatic ßux that cannot always
be linked to tectonic events. However, it is not clear whether hia-
tuses were identiÞed in the magmatism and if so, what the average
duration of a peak/waning phase is. Importantly, it has also been
reported that limited sampling can lead to false interpretations
on the duration and magnitude of the magma ßux during a waning
phase (CofÞn et al., 2002); an issue noted form the Mongolian data.
In both cases, inadequate sampling from speciÞc provinces/periods
of time might be misleading to our understanding of the real
extent and duration of magmatism. Despite the many similarities
in the intraplate magmatism of Mongolia and Kerguelen there is
a substantial difference between the two areas; the Kerguelen vol-
canism, through its duration, has been linked to a deep-seated
mantle plume, a mechanism that can explain both its longevity
and persistent volcanic activity. As argued in section 7.2 , it is unli-
kely that such a deep-seated plume accounts for the magmatism in
Mongolia.

The eastern Australia Ð Zealandia domain is another well-
documented region of long-lived intraplate volcanic activity. Here,
intraplate volcanism has occurred over the last � 100 Myr on both
continental and oceanic lithosphere, covering an area � 5000 km
wide. Similar to the intraplate volcanism of Mongolia, the magma-
tism of eastern Australia Ð Zealandia has been described as wide-
spread, with some provinces displaying age progressive paths;
although some argue the area shows a lack of overall age progres-
sion (e.g. Timm et al., 2010; Rawlinson et al., 2017 ). A variety of
mechanisms, such as edge-driven convection and hydrous mantle
domains, have been proposed to explain the youngest volcanic
activity, but it is questionable if these mechanisms could account
for the whole 100 Myr volcanic history of eastern Australia Ð
Zealandia (Mather et al., 2020 , and references therein). In a holistic
approach, Mather et al. (2020) used a database of volcanic eruption
ages from east Australia and Zealandia, along with numerical mod-
elling of the western PaciÞc subduction, to correlate the amount of
slab ßux input to the upper mantle, with the frequency of volcanic
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eruptions. It was shown that the volcanic activity in this domain
was not constant through time, and peak magmatic periods, along
with waning periods, were identiÞed. In order to explain sufÞ-
ciently the intraplate magmatic history of eastern Australia Ð
Zealandia, Mather et al. (2020) proposed that volatile enriched
reservoirs in the mantle transition zone (the remains of dehydra-
tion reactions of ancient subducted slabs) were mobilised due to
perturbations caused by recently subducted slabs in the area. A
similar model has also been proposed to explain the intraplate vol-
canism in eastern China ( Yang & Faccenda, 2020). It is known that
the upper mantle beneath Mongolia has experienced numerous
past subduction regimes, as described in section 2 . The possibility
of volatile-rich reservoirs in the transition zone could be explored
as a mechanism for the volcanism in Mongolia. The importance of
the study by Mather et al. (2020) , as a comparison to Mongolia, is
that it demonstrates that the presence of a deep mantle plume is
not needed to explain long-lived, widespread intraplate
magmatism.
.,
8. Conclusions

This review on the intraplate Mongolian magmatism based on
published and newly obtained K-Ar and 40Ar/ 39Ar radiometric data
has led to the following Þndings:

� Considering multiple lines of evidence, we have been able to
discriminate between the post-collisional magmatism still
related to the inßuence of the subducted Mongol-Okhotsk slab
and the purely intraplate magmatism that followed

� Gradual change in the geochemistry of the magmatic source
occurred over � 30 Myr ( � 140Ð107 Ma) suggesting gradual
removal of the lithospheric mantle beneath Mongolia (delami-
nation). The onset of the intraplate magmatism at 107 Ma is
based on this observation

� Newly obtained Ar-Ar data show that the Dariganga Plateau is
potentially much younger than previously suggested in the lit-
erature. The new data place the volcanism in this volcanic pro-
vince between 4 and < 1 Ma old, effectively removing the idea
that the youngest volcanism in Mongolia occurs exclusively in
the Hangai Dome

� Newly obtained high precision Ar-Ar data from this study and
recently published literature show good agreement with clus-
ters of K-Ar ages, including data published prior to 1990, con-
Þrming the validity of these data

� Assessment of nearly 700 published radiometric data from the
various volcanic Þelds across Mongolia reveal that there is a
complex temporal and spatial evolution of the magmatism
and this evolution is not linear; rather it runs parallel in differ-
ent areas through time

� Gaps in the active volcanism can be misleading due to a lack of
evidence as a result of inconsistent and disproportionate sam-
pling and dating, as well as due to a lack of surÞcial expression
of the active underlying magmatism. We believe that the intra-
plate magmatism in Mongolia has been continuous since its
onset 107 Ma ago, making it one of the longest intraplate mag-
matic regimes in the world

� We propose that the intraplate magmatism initiated from
asthenospheric upwellings after the removal of an old metaso-
matised lithosphere during a delamination event. Enhanced lat-
eral mantle ßow, resulting from the rapid northwards migration
of the Indian subcontinent, prior to the eventual closure of the
Neo-Tethys Ocean and Indo-Asian collision during the Late
Mesozoic Ð Cenozoic, could have increased upper mantle ßow
into the area beneath Mongolia prior to 50 Ma, keeping up the
melting rates and prolonging the volcanic activity in the area
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� Comparing Mongolia with other similarly long-lived intraplate
magmatic domains (Kerguelen, eastern Australia Ð Zealandia)
shows that magmatic activity can vary with time, displaying
waxing and waning phases without a change in the triggering
mechanism. Moreover, a lack of age constraints can lead to false
interpretations on the extent and duration of the volcanic
activity

� Lastly, it has been demonstrated that the presence of a deep
mantle plume is not the only mechanism that can sustain intra-
plate magmatism for periods of 100s Myr
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