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Abstract 
Pliocene to Recent Arxan-Chaihe Volcanic Field (ACVF) is composed of at least 47 vents, 

representing various types of volcanism, such as Strombolian style, phreatomagmatic 

explosive, effusive, and lava-fountaining eruptions. These eruptions produced scoria 

cones, fissure-aligned spatter cones, and tuff rings with a few surrounding maar 

craters. Field observations imply that the lava-fountaining eruptions are more 

common on the western side of ACVF, represented by Yanshan (YS)-the Triple Vent, 

and Daheigou (DHG). In the southwest part of ACVF, lava flows and loose pyroclastic 

ejecta, such as scoria, mark the eruption events that took place during the Holocene 

era about 2000 years ago. Dichi (Earth Pond) Lake, with fissures on its eastern side, 

formed by lava-effusive eruption styles with spatter rows occurring along a fissure, 

while the low-lying western side of the vent chain is a maar volcano cut into the pre-

eruptive lava sheets. Tianchi (Heaven Lake) Lake and Tuofengling (Camel Hump) Lake 

on the western side of ACVF preserves a range of well-exposed pyroclastic deposits 

consistent with edifice-building successions. These are composed of scoriaceous 

pyroclastic materials, yielding construction histories of complex cones (with both 

"wet" and "dry" explosive eruptive phases). The most significant and largest vent is in 

the eastern corner of ACVF, Tongxin Lake, a complex phreatomagmatic eruption-style 

volcano with a maar crater and thick rim deposits. Tongxin Lake is interpreted to be a 

maar lake that erupted into an intra-montane basin. Intact pyroclastic deposits are 

preserved within a km from the crater rim and at least 5 meters thick. Stratigraphic 

and granulometric analyses from five sites around Tongxin Lake indicate the tuff ring 

of Tongxin was built by processes associated with magma-water interactions that 

fueled violent explosive eruptions during distinct syn-eruptive stages. Geochemistry is 

consistent with at least three magma sources contributing to the formation of the 

complex eruptive products that build the large tuff ring of the maar edifice. 

Geomorphology terrain analyses performed through GIS-based applications (QGIS) 

imply that the diverse range of local geology, especially the pre-eruptive topography, 

was confined and reshaped by the subsequent Pliocene to Recent volcanism in ACVF. 

Lava flows within ACVF were emplaced over large areas around the two major fluvial 

systems: Halaha River in the west and Chaoer River in the east of ACVF. The lava flows 
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in the west of ACVF are generally young and can be modelled using the Q-LavHA plug-

in of QGIS.  The model has been utilized to simulate lava flow inundation and indicates 

diverse flow along the flow axis as well as lateral and temporal variations during the 

evolution of the edifice. Other studies of ACVF, e.g., hazard management, concluded 

that violent phreatomagmatic explosive events had impacted the fluvial valleys that 

are commonly associated with structural weakness zones in ACVF. In addition, lava-

effusive and lava-fountaining eruptions in urban areas and along major utilities (e.g., 

roads, geopark facilities or powerlines) also could be heavily impacted by fissure-fed 

lava flows and potential phreatomagmatic explosions controlled by the local 

hydrology conditions. 
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Chapter1: Introduction 

1. Context of the research 

1) Monogenetic volcanism 

Small-volume volcanoes with a single eruption period are common in basaltic 

composition with broad eruption style ranges. Fragmented magma can produce 

pyroclasts in a wide range of grain sizes and shapes, as well as chemical properties 

within a single eruptive unit reflect on a complex magmatic system and its interaction 

with the eruptive environment, even in such small-volume eruptions. Monogenetic 

volcanism is typically represented as "small volcanoes", but how small? In comparison 

to large stratovolcanoes, monogenetic volcanoes have small eruption volumes in a 

relatively short eruptive duration (commonly in weeks) Németh and Kereszturi (2015). 

Even for the largest extensions of one (El Negrillar Volcanic Field, Chile), the total 

volume is still considered to be about 1-3 times less than a common polygenetic 

stratovolcano (Németh, 2010b; Smith & Németh, 2017). The majority of monogenetic 

volcanoes are basaltic, with rarer andesitic or even rhyolitic compositions (Bacon, 

1990; Straub et al., 2008; Valentine & Gregg, 2008). Usually, monogenetic volcanoes 

form clusters which form a volcanic field within a larger volcanic field (de Silva & 

Lindsay, 2015). An individual volcano may have a short-lived eruption duration, but 

the entire volcanic field may have very long-lived activity, even longer than a single 

stratovolcano, e.g., the volcanic activity length of the Arxan-Chaihe Volcanic Field 

(ACVF) vs Mt. Changbai in the frontier between China and the Korea DPR (Kereszturi 

& Németh, 2012a; Németh, 2010b, 2012; Németh & Kereszturi, 2015; Smith & 

Németh, 2017). The distribution trends of these "small" (typically less than 1 km3 

dense rock equivalent volume) (Kereszturi et al., 2013) volcanoes commonly reveal 

the regional tectonic settings and contribute to the understanding of the evolution of 

tectonic basins (Cañón-Tapia, 2016; Cañón-Tapia & Walker, 2004; Mazzarini & Isola, 

2010; Mazzarini et al., 2016; Uslular et al., 2021). Based on the erosional features of a 

monogenetic volcano, geologists can even reconstruct the post-eruptive environment, 

such as the surface erosion in relation to impacting the volcanic clasts, regional 

prevailing wind directions in relation to the distal ash distributions, and topographic 
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evolution (Bemis & Ferencz, 2017; Fornaciai et al., 2010; Kereszturi & Németh, 2012b; 

Nemeth, 2001; Németh & Martin, 1999; Németh et al., 2003a; Zarazúa-Carbajal & De 

la Cruz-Reyna, 2021). Monogenetic volcanism generally can be found in intra-plate 

continental settings, far away from tectonic plate boundaries (Smith & Németh, 2017). 

Thus, the origin of such volcanism is related to regional structural features such as 

fault zones or graben subsidence processes. Monogenetic volcanism commonly 

involves explosive eruptions and phreatomagmatic activity with explosive interactions 

between magma and water. The typical pyroclastic density current deposits that are 

commonly associated with volcanoes erupted through explosive phreatomagmatism 

with the deposit texture and trend evident by their typical sedimentary patterns in the 

field (Martí et al., 2018; Németh, 2012; Valentine & Gregg, 2008; White, 1990). In 

comparison to stratovolcanoes, monogenetic volcanoes can erupt dominantly 

primitive compositions directly connected to deep mantle sources, e.g., mafic 

materials (Nemeth et al., 2003b; Smith et al., 2008). The magma evolution of 

monogenetic volcanism consists of highly contained crystal fractionation and fewer 

interactions between magma batches and bedrocks (assimilation) (Kereszturi & 

Németh, 2016a).  In recent years, however, growing evidence shows that the 

compositional variations recorded within monogenetic volcanic successions are 

dominantly linked to variations of deep source regions (Brenna et al., 2012; Brenna et 

al., 2018; Brenna et al., 2015; Jankovics et al., 2015; Jankovics et al., 2019; Smith et al., 

2021). The temporal and spatial distributions of monogenetic volcanism have been 

studied in various volcanic regions on Earth in different geotectonic settings, such as 

Western Pannonian Basin in Hungary (Martin & Németh, 2004), Auckland Volcanic 

Field in NZ (McGee et al., 2013), and Arxan-Chaihe Volcanic Field (ACVF) in NE China 

(Li et al., 2020; Németh et al., 2017a; Sun et al., 2016; Tang et al., 2005; Wang et al., 

2014). Different types of structural settings can cause different patterns of vent 

distribution, e.g., fissure-triggered volcanic fields in Hawaii (Nakamura, 1977; Takada, 

1994) and the western Pannonian Basin in Hungary (Kereszturi et al., 2011; Nemeth 

et al., 2003b). ACVF has a linear distribution pattern of its volcanic edifices, which 

follow deep regional tectonic fault zones and the basement structure (Li et al., 2020; 

Wang et al., 2014; Zhao et al., 2008). 
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Auer et al., 2007; Dellino et al., 2004b; Dellino et al., 2004a; Lorenz, 2007; Ngwa et al., 

2010; Pardo et al., 2009). In monogenetic volcanoes that undergo a range of styles of 

phreatomagmatic eruptions over time, the availability of external water may diminish, 

and fragmentation can gradually or abruptly shift towards more magmatic volatile-

driven eruptions that can eventually form columnar jointed lavas, as well as the scoria 

or spatter cones in the final stage of the eruptions. Either way, these volcanic craters 

will be filled with post-eruptive products, including effusive lava and their erosional 

fans, as well as sediments forming in the crater lakes (Aranda-Gómez et al., 1992; 

Hetényi et al., 2012; Lorenz, 2007; Martí et al., 2011; K. Németh & J. D. L. White, 2009). 

Low-lying landforms (especially valleys) are often associated with phreatomagmatic 

volcanism (Lorenz, 1973, 1986; Lorenz & Büchel, 1980). Phreatomagmatism can 

provide evidence for the presence of extensive surface and groundwater in a territory 

where the syn-eruptive phases occur (Németh, 2010a). For instance, studies of 

Miocene to Pliocene fields in the western Pannonian Basin (Martin & Németh, 2004) 

and the Western Snake River Plain in Idaho (Godchaux et al., 1992; Wood & Clemens, 

2004) have provided an understanding between the volcanology and 

paleogeomorphology. In fluvial and lacustrine conditions, e.g., Western Snake River 

Plain (Godchaux & Bonnichsen, 2002; Godchaux et al., 1992), the fields provide 

opportunities to assess and identify the mechanisms of volcanism under magma-

water interactive patterns and also for the reconstruction of paleoenvironments, 

paleohydrology, as well as pre-eruptive landforms (Németh, 2010a). 

3) Intraplate volcanism 

Intraplate volcanism displays a range of volcanic styles that are generated from the 

interior of continents. These volcanoes are distant from and do not involve 

lithospheric plate boundary processes. Intraplate volcanism is responsible for 5% of 

volcanoes around the world (Decker & Decker, 1999; Siebert, 2008). There are two 

major intraplate volcanism models. The first one is in regard to the consistent mantle 

plumes that are formed by the convection of deep mantle materials with high viscosity 

(Decker & Decker, 1999). When the hot and solid materials ascend from the deep 

mantle source, partial melting will occur during their ascent due to the pressure-

dependent melting point (Decker & Decker, 1999). When the mantle plumes reach the 
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surrounding maar craters. The field has several medium-length (5-7 km) lava flows 

that follow stream valleys. A gravity gradient extending along the western side of the 

Songliao Graben (Liu, 1993; Liu et al., 2001) was formed by continental rifting during 

the middle Cretaceous (Liu et al., 2001; Yang et al., 1985), suggesting the existence of 

an extensive NE-SW elongated Mesozoic basin within a basement. There are at least 

46 vents within ACVF, and most of them are recognised as monogenetic volcanoes. 

During the early part of the Late Pleistocene, eruption patterns of ACVF volcanism 

were dominated by phreatomagmatic and magmatic styles, which formed the 

volcanoes such as Tongxin (also known as Woniupaozi/WNPZ) and Wusulangzi Lake 

(Fig 2). Magmatic and effusive style eruptions were the major eruptive pattern slater 

in the Late Pleistocene; in particular, Strombolian eruptions were the most common 

eruption type (Bai et al., 2012). Most of the craters developed crater lakes, e.g., 

Tianchi Lake, Tuo Fengling Lake, Wusulangzi Lake and Tongxin Lake. Water-filled 

craters are not obviously maar volcanoes, and the origin of most of the crater lakes is 

poorly established. Two major fluvial systems flowing through the ACVF are the 

Halaha River and Chaoer River. Exposed aa type and pahoehoe lava flow morphologies 

are well-developed. Along the Chaoer River, vertical columnar jointing with evolved 

hexagonal shape can be seen, indicating the large volume of the basaltic lava flow was 

emitted from the nearby vents and later incised by existing fluvial networks. On the 

western side of ACVF, two large vents, Yanshan (YS) -the Triple Vent, and Daheigou 

(Dahei Gou/DHG), preserve hundreds of miles of lava flows and overlying scoria 

deposits (Fig 15A & 16D). 

ACVF is located on the eastern side of Inner Mongolia, near the Great Xing'an 

Mountain Range (Fig 1) (the Greater Khingan Range written by some sources (Liu et 

al., 2017)). This range is part of the Central Asian Orogenic Belt (CAOB), which formed 

approximately a billion years ago during the Phanerozoic tectonism of the Asian 

continent (Xiao et al., 2009). During this period, the Solonker Suture was generated by 

massive tectonic movements accreting the North China craton to the Siberian craton 

along a length of almost 2000 km (Zhang et al., 2014). This suture has been interpreted 

as the closure of the Palaeo-Asian Ocean (Eizenhöfer, 2020; Li, 2006; Xiao et al., 2003). 

The Great Xing'an Mountain is an extension of the collision of the two above-
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mentioned cratons alongside Solonker Suture. Today the southwestern side of the 

Great Xing'an Range is bounded by well-developed fault lines (Fig 1), and the ACVF lies 

in an intra-continental setting. The eastern side of ACVF lies about 2000 km from the 

subduction zone on the eastern side of Japan. Due to the pushing from the western 

margin of the Pacific Plate onto the East Asian Plate, the eastern side of NE China was 

formed by two microplates: Jia Musi Microplate and Middle Craton Microplate (Liu, 

1993; Liu et al., 2004; Liu et al., 2020). Another fault system has been generated by 

this mechanism, and between the two fault systems, there is huge subsidence forming 

the Songliao Graben (Fig 1) (Liu, 1993, 1999). NE China is basically a continental rift 

zone, and ACVF is the west margin of the Songliao Graben tectonic basin (Liu et al., 

2021; Liu et al., 2001). 

The Great Xing'an Range is composed of plutonic rocks emplaced during the 

Cretaceous in response to mantle upwelling (Wang et al., 2006). Late Mesozoic 

volcanism occurred when the lithosphere in NE China, and adjacent regions, became 

thinner than usual, resulting in clusters of magmatic activity (Fan et al., 2003; Kinoshita, 

1995, 2002; Wu et al., 2005; Zhou & Armstrong, 1982; Zhou & Li, 2000). The total area 

covered by Late Mesozoic igneous rocks is approximately 100,000 km2 in the Great 

Xing'an Range/Mountain (source from 

https://www.orrbodies.com/resource/geology-nei-mongol-inner-mongolia-north-

eastern-china/). Volcanic rock also occurs around the regions of the Songliao Basin 

and the southeastern side of the boundary between Mongolia and China (Yarmolyuk 

& Kovalenko, 2004). This igneous activity was in response to tectonism in the Mongol-

Okhotsk suture and the Japan subduction zone (Wang et al., 2006). It is believed that 

the Late Mesozoic magmatism in the Great Xing'an Mountain began at about 160 Ma 

and spanned the entire time interval from Late Jurassic to Early Cretaceous, which is 

about 160- 90 Ma, based on the Rb-Sr and Sm-Nd geochronology (Lin et al., 1998; Shao 

et al., 1998). In general, there were four intervals in which large amounts of magma 

were shifting and migrating by lithospheric delamination from the west to east on the 

northeastern side of Aisa, about 163-106 Ma, 147-140 Ma, 125-120 Ma, and 116-113 

Ma (Kinoshita, 1995; Wang et al., 2006; Wang et al., 2002; Wu et al., 2005; Yarmolyuk 

https://www.orrbodies.com/resource/geology-nei-mongol-inner-mongolia-north-eastern-china/
https://www.orrbodies.com/resource/geology-nei-mongol-inner-mongolia-north-eastern-china/
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(country rock) of the Zhalantun side (eastern half of ACVF) and yielded a date of 481 

Ma, suggesting a basement formed in the early in the Late Paleozoic. 

The first detailed research on ACVF was by Bai et al. (2005), who documented two 

distinctive, active volcanoes, Yanshan (YS) and Gaoshan (GS). C14 dating on charcoal 

samples associated with the eruptive from these two volcanic edifices yield a 2000 cal 

yr BPdate. The Yanshan and Da Heigou volcanoes produced scoria deposits and lava 

flows recognized over large areas (Fig 1, 12C and 15A). Zhao and Fan (2010) 

subsequently showed that YS and GS were created by a range of violent Strombolian-

type eruptions. Wang et al. (2013) reviewed the general eruption types and 

geomorphology of Cenozoic volcanism in ACVF and recognized its geoconservation 

value. On the basis of their research, Wang et al. (2014) proposed that ACVF be 

officially designated a global UNESCO geopark based on the Cenozoic volcanism and 

volcanic landscapes, which included volcanic cones, craters, calderas, lava plateaus, 

lava tubes, columnar jointing, lava hornito, lava domes, sub-rhyolite peak forest 

landforms, crater lakes, lava-dammed lakes, and hot springs. Yu and Cong (2006) 

analysed the mantle xenoliths that implied the lava flows around YS and GS came from 

different sources with different depths due to xenoliths crystallising from the fluid of 

the mantle. Zhao et al. (2008) provided the first comprehensive summary following 

the modern volcanology approach to understand eruption styles in ACVF, in which the 

Cenozoic volcanism contains varieties of eruptive types, ejecta and two major 

episodes of volcanism-Pleistocene and Holocene. 

3. Questions arising from the literature review for the study areas 

There are large areas of basaltic materials in ACVF set within a range of 

geomorphological settings covering thousands of square kilometres. These first drew 

interest in the search for ore belts and mineral deposits. Later the geoconservation 

and geoheritage values of the region were recognized, and that led to the 

establishment of the global UNESCO geopark. Research has focused on the recognition 

and morphologies of volcanic edifices, their distribution and classification of volcanic 

materials. Work on the origin of the magma and the ascension processes that created 

the small volumes of volcanoes in ACVF is warranted.  









20 
 

2) Chapter 2: Basic elements of the Arxan-Chaihe Volcanic Field, Inner Mongolia, NE 

China 

This chapter is a published paper and provides correct bibliometric information about 

the published works (Li, B., Németh, K., Palmer, J., Palmer, A., Wu, J., Proctor, J., & Liu, 

J. (2020). Basic Volcanic Elements of the Arxan-Chaihe Volcanic Field, Inner Mongolia, 

NE China. In N. Károly (Ed.), Updates in Volcanology (pp. Ch. 10). IntechOpen. 

https://doi.org/10.5772/intechopen.94134). 

Chapter 2 is about the overall recognition of the Cenozoic volcanism in ACVF with 

utilisations of field works. This chapter is based on the two seasons of fieldwork in 

Arxan UNESCO Geopark and Tongxin Lake near Chaihe Town. The general 

geomorphology of volcanoes in ACVF is described, including their types of cone 

structures, i.e., scoria cones, tuff rings, tuff cones and complex cones, and the 

morphologies of the lava flows around YS, DHG  and Dichi Lake are described. Ages of 

Cenozoic volcanism have been collated and compared to previous research. The 

chapter provides detailed field observations in large remote uninhabited undeveloped 

and previously poorly described areas. 

3) Chapter 3: Violent phreatomagmatic explosive eruptions in the Pleistocene 

Tongxin Volcano and its implication for volcanic hazards of the Arxan-Chaihe 

Volcanic Field, Inner Mongolia, NE China 

This is a manuscript to be submitted to the Journal of Volcanology and Geothermal 

Research (JVGR). 

In order to model the syn-eruptive behaviours of the key vents in ACVF, I chose the 

largest vent in this area, Tongxin Lake. Thus, Chapter 3 concentrates on the 

quantitative analyses of Tongxin Lake with fundamental geological methods. This 

chapter presents field data on Tongxin Lake, stratigraphic logs of surrounding 

pyroclastic deposits, labwork-driven datasets (sedimentology and bulk rock 

geochemistry), and the first detailed geological map of Tongxin Lake. 

4) Chapter 4: Geodiversity estimate of the Arxan-Chaihe Volcanic Field extends 

across two geoparks in Inner Mongolia, NE China 
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This chapter is based on a published paper  (Li, B. x., Németh, K., Zakharovskyi, V., 

Palmer, J., Palmer, A., & Proctor, J. (2023b). Geodiversity estimate of the Arxan-Chaihe 

Volcanic Field extending across two geoparks in Inner Mongolia, NE China. Geological 

Society, London, Special Publications, 530(1), SP530-2022-2130. 

https://doi.org/doi:10.1144/SP530-2022-130). 

Due to the COVID situation that happened at the end of 2019, the research turned to 

remote-sensing-based analyses. Thus the overall geodiversity of ACVF was placed 

after Chapter 3 in order to categorise the geological features and ranges in the area. 

In Chapter 4, the geodiversity shows that the young lava flows play an important role 

in understanding Cenozoic volcanism with respect to lava emplacement. The diverse 

range of geology in ACVF and surrounding areas is presented using GIS-based analyses, 

e.g., QGIS software and its related remote sensing techniques. The analysed 

parameters include geology, slope, elevation, geomorphology and local hydrology. 

These aspects of ACVF have been interrelated to provide an overview of the 

geodiversity of the region. The data are presented as a series of maps.  

5) Chapter 5: Eruption scenario builder based on the most recent fissure feed and 

lava-producing eruptions of the Arxan-Chaihe Volcanic Field (ACVF), NE China 

Subsequently, Chapters 5 and 6 concentrate on the young lava flow analyses by 

utilisations of remote sensing techs on the major fissure-driven vents to reveal the 

behaviours of lava emplacement with a glimpse of future possible risks in this area.  

This chapter is based on a published paper (Li, B. x., Németh, K., Palmer, J., Palmer, A., 

Zakharovskyi, V., & Gravis, I. (2023a). Eruption Scenario Builder Based on the most 

recent fissure-feed lava-producing eruptions of the Arxan-Chaihe Volcanic Field 

(ACVF), NE China. In N. Dr. Károly (Ed.), Updates in Volcanology - Linking Active 

Volcanism and the Geological Record (pp. Ch. 1). IntechOpen. 

https://doi.org/10.5772/intechopen.109908). 

GIS-based analyses of the Yanshan and DHG vent locations and youngest lava flows in 

the surrounding areas utilising Sentinel Satellite Imagery with nine different optical 

spectrums reveal the lava flow blocks with respect to forming in different periods. 
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These have been further analysed to provide a chronology of volcanic activity and, in 

particular, lava flows.  

6) Chapter 6: Geodiversity elements of a young fissure system as an immediate 

precursory event of the youngest fissure-fed eruption within the Arxan UNESCO 

Global Geopark, Inner Mongolia in NE China 

This chapter has been published (Li, B.; Nemeth, K. Geodiversity elements of a young 

fissure system as an immediate precursory event of the youngest fissure-fed eruption 

within the Arxan UNESCO Global Geopark, Inner Mongolia in NE China, MDPI: Basel, 

Switzerland, doi:10.3390/IECG2022-13807), https://sciforum.net/paper/view/13807. 

 GIS-based analyses have been used to investigate the geological factors controlling 

the evolution of fissure-fed eruptions in ACVF. This research is performed on the areas 

of the smallest vent of ACVF, the Dichi Lake, which may have been formed by a single 

eruption. Cross sections have been from most lakes in the Arxan area, such as 

Wusulandzi, Dichi Lake and Tianchi Lake, to demonstrate regional morphological 

changes. Topographical changes are consistent with fissure-fed eruption behaviours. 

Using combinations of geodiversity concepts and Sentinel Satellite Imagery, it is 

concluded Dichi Lake and its surrounding lava flows indicate that the Cenozoic 

volcanism in ACVF reflects a strong structural control. 

7) Chapter 7: Synthesis and Conclusion 

 The final thesis chapter discusses the findings of the previous five chapters and draws 

conclusions about the volcanic history of ACVF, its geoheritage and geoconversation 

values, hazard investigations and how geologically diverse and significant the region 

is. 

https://sciforum.net/paper/view/13807
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2. Introduction 

The Arxan-Chaihe Volcanic Field (ACVF) is a young intracontinental volcanic field 

located in the northeast of China (Fig 1). The volcanic field is best defined as a 

monogenetic volcanic field on the basis of the presence of small-volume volcanic 

edifices, eruptive products and typical landforms such as tuff rings, scoria (cinder) 

cones, fissure-controlled vents, and complex but small volcanic cones being the key 

elements of the volcano types preserved. Early research in the region focused on 

characterising the volcanology of the area. However, in recent years research on the 

active volcanism in Northeast (NE) China has shed some light on magma genesis, 

volcanic edifice growth and volcanic hazards at some iconic locations such as the 

Changbaishan volcano, Longgang or Wudalianchi Volcanic Fields (Fig 1) (Liu et al., 

2001). This research has defined the basic characteristics of some of these volcanic 

regions, outlining the geochemical characteristics of the volcanic rocks and linking 

magma genesis to lithospheric processes. Volcanological research about NE China is 

increasingly appearing in the international literature (Feng & Whitford-Stark, 1986; 

Pan et al., 2017; Ramos et al., 2019; Sun et al., 2018; Wei et al., 2013; Wu et al., 2019; 

Xiao & Wang, 2009). However, their volcanic regions are largely unstudied. Among 

these is the Arxan-Chaihe Volcanic Field (ACVF). Several research outputs have made 

basic observations of the volcanic history of the region, but a systematic study has 

only recently been undertaken. Here we report a summary of volcanological 

observations made in the last six years of research on the ACVF. The aim of the study 

is to understand the eruptive history, volcanic stratigraphy, eruption styles and 

associated volcanic hazards that may be associated with the ACVF.  

In this book chapter, we summarise the field-based observations of two major field 

campaigns to provide some basic descriptions of the recognised volcanic products, 

including the most accessible and iconic volcanoes that form the core of the newly 

established Arxhan UNESCO Global Geopark (Németh et al., 2017a). We included 

Tongxin Lake on the northeast corner of ACVF, the Heaven Lake, Tuofengling Lake, 

Dichi Lake and Yanshan volcanic group (informally identified as the "Triple Vent") (Fig 

2) to provide evidence of the important role of explosive hydro volcanism, fissure-fed 

eruptions, Strombolian-style eruptions and various large-volume lava outpouring to 
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the volcanic architecture of the field. We demonstrate that the Tongxin Lake near 

Chaihe township (Fig 2) is a tuff ring of explosive phreatomagmatic origin that covered 

an area of at least 13 km2 (Fig. 2). Eruptions from Tongxin Volcano were probably the 

most violent in the ACVF indicating the importance of externally-driven explosive 

hydro volcanism during the eruptive history of ACVF. In contrast, the youngest known 

eruption site at Yanshan (C14 - 2040 +/-75; 1960+/-70; 1990+/-100; 1900+/-70, BP) 

(Wang et al., 2014) is a nested scoria and spatter cone with three distinct vents 

forming a volcanic complex producing scoria-fall, agglutinated and clastogenic lavas. 

This location demonstrates probably the most common type of volcanic eruption in 

the ACVF. They are also the most voluminous and the youngest. 

The region at and nearby the Dichi Lake vent produced the smallest eruptive volumes 

in ACVF (Fig 2). The crater wall of Dichi Lake is composed of lava flows. These were 

disrupted by an explosive event that left produced angular breccias as a pyroclast ring 

around the now water-filled crater, best defined as a maar volcano. From Dichi Lake, 

however, a NE-SW trending fissure exposing a chain of vents gradually builds spatter 

cones and small scoria cones (Fig 2). 

The majority of the volcanoes on the western side of the ACVF, closer to Arxan, are 

clearly volcanoes that erupted through the magmatic explosion and effusive processes 

and formed lava spatter cones, spatter ramparts, scoria cones, and associated lava 

flows. Large, elongated craters in this region are filled by water, for example, 

Tuofengling (Fig 2). Tuofengling was first interpreted as a scoria cone, but recent field 

mapping has revealed it is a complex volcanic cone with a basal tuff ring capped by a 

scoria cone complex. The field-based data presented here provide evidence of one of 

the largest Pleistocene phreatomagmatic explosive eruptions in the ACVF that formed 

a maar within a closed intramountain basin (Fig 2).  

3. Geological settings 

ACVF locates about 2000 km away from the Japan subduction zone (Fig 1). Thus, the 

background settings are generally under control by intra-continental settings 

influenced by a distant convergent plate margin.  
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between China, Russia and Mongolia (Fig 1). The regional fault systems align NE-SW 

with the vents of ACVF, suggesting that the volcanic field is associated with major 

supracrustal weakness zones or even be linked to rifting and/or reactivation of 

Mesozoic structural zones separating major tectonic terrains (Figs 1 & 2). The rifting 

history of the region occurred in two major phases (Bai et al., 2005) around the 

Songliao Graben (Fig 1). It is believed that Songliao Graben subsidence is related 

delamination of the lithosphere and thinning of the upper crust of NE. China (Bai et 

al., 2005; Gao & Li, 2014; Jia et al., 2016; Liu, 1989). One of the conventional concepts 

is that the ascending asthenosphere caused by the subduction of the down-going slab 

into the upper mantle initiated and sustained the delamination processes that were 

manifest as rifting in NE. China (Liu et al., 2001). ACVF is located on the west flank of 

Songliao Graben (Fig 1). Hence the regional tectonic setting, characterised by the fault-

controlled features, resulted in fissures and NE-SW orientation and alignment of vents 

(Fig 2). These are correlated with macro scale the tectonics of NE China. Volcanoes of 

ACVF overlie from Mesozoic basement rocks, such as granites and metamorphosed 

sediments (Ji et al., 2018; Liu et al., 2019; Wan et al., 2019; Zhang et al., 2020; Zheng 

et al., 2011). The eruptive products are interfingered with various Quaternary 

sediments that accumulated in intra-mountain basins and along fault-controlled valley 

networks (Fig 2). The granitoid basement is strongly fractured, intruded by younger 

mafic to intermediate dyke swarms and usually covered by thick surface material 

derived from erosion and in situ weathering. Basement rocks are abundant in 

pyroclastic rocks as accidental lithics, especially those formed during explosive magma 

and water interaction. These lithics are preserved as xenoliths in individual or cored 

bombs in pyroclastic breccias or as accidental lithics of ash and lapilli in pyroclastic 

density current (PDC) deposits and within lava flows. Among the country-rock debris, 

there are low-grade metamorphic rocks or meta-sediments (commonly referred to 

informally as "mudrocks") in minor amounts within the pyroclastic beds. These rocks 

are also part of the Late Mesozoic basement assemblages. 

The region around ACVF includes two main fluvial systems (Halaha River and Chaoer 

River) and several lacustrine systems (Figs 2 & 3). The lacustrine systems have likely 

been formed after major lava flows diverted the fluvial channels. For example, a lake 
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is likely a minimum number (Németh et al., 2017a). ACVF has been experiencing high 

erosion triggered by dramatic temperature changes and fluctuating surface water 

runoff. Two major fluvial systems within ACVF, the Halaha River and Chaoer River, 

facilitate surface erosions (Figs 2 & 3). They rework the volcanic materials and modify 

the general topography. Within ACVF, volcanic landforms typical of a monogenetic 

volcanic field, such as tuff rings, scoria/cinder cones, fissures, lava flows, as well as 

ponded lava flows, have been recognised (Németh et al., 2017a; Zhao et al., 2008). 

This great diversity of monogenetic volcanic landforms gave the region its high 

geoheritage value and was the basis for the protection of volcanic landforms by the 

establishment of a geopark network in the region through intensive work since 2004. 

The western side of the ACVF became a registered national geopark in the system of 

the UNESCO Global Geopark Network in 2017 

(http://www.unesco.org/new/en/natural-sciences/environment/earth-

sciences/unesco-global-geoparks/list-of-unesco-global-geoparks/china/arxan/). The 

recognition of the region's volcanic geoheritage in the highest level shows the 

importance of the ACVF as an intraplate volcanic field that is far from active plate 

margin processes and still recognised as an active volcanic region (Németh et al., 

2017a). The ACVF is one of the lesser-known volcanic regions of the world, and its 

physical volcanology and implications for potential volcanic hazards have not yet been 

studied extensively. 

5. Vent locations and volcano morphology 

So far, ACVF preserves at least 47 (known) vents in a 2000 km2 area (Fig 2). From these 

47 vents, only 35 were investigated in more detail and assigned to some volcanic 

geoforms (Fig 3 and Table 2). The age of the volcanoes was mainly assigned by their 

relative stratigraphy (Table 2), as sporadic and random absolute age dates are 

available (Fan et al., 2011; Liu, 1987; Sun et al., 2017; Wang et al., 2014) only from a 

handful of identified volcanoes (Table 2). As absolute age dating using radiometric 

tools such as K-Ar or Ar-Ar methods is problematic in young mafic volcanoes, most of 

the data is derived from lava flows and coherent lava as pyroclasts from volcanic 

edifices. Lava flows, however, show that volcanism was spread through time in the 

wider ACVF region (Table 3). This means that the available age data should be viewed 

http://www.unesco.org/new/en/natural-sciences/environment/earth-sciences/unesco-global-geoparks/list-of-unesco-global-geoparks/china/arxan/
http://www.unesco.org/new/en/natural-sciences/environment/earth-sciences/unesco-global-geoparks/list-of-unesco-global-geoparks/china/arxan/
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with care, and many data may not include a representative for an eruption age of the 

volcano located in the vicinity of the sampling point but shows the ages of earlier lava 

flows. The volcanic landforms identified in ACVF include tuff rings, scoria/spatter 

cones, complex volcanic cones and tumuli structures, respectively (Fig 4). Tongxin 

Volcano (Fig 4A) is the largest tuff ring preserved in the ACVF, with a rim-to-rim 

diameter of 1.4-1.1 km. The volcanic edifice is sandwiched between cliffs of basement 

rock (granite and metavolcanic), forming a typical intramountain basin that has been 

gradually filled from the north by an alluvial fan (Fig 4A). The bedrock is exposed about 

306 m above the present-day crater lake surface, which is commonly flanked with 

debris. The average elevation of the ring boundary is approximately 800 m above sea 

level. The central bottom of the lake is nearly flat, with a present-day water depth of 

no more than 13 m. 
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Figure 2: The map of vent distributions of ACVF (red dots) in relationship with the patterns 
indicating the distributions of volcanic eruptive products from previous research (Zhao et al., 
2008). Numbers refer to locations mentioned in the text. 
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Figure 3: A Google Earth map showing the volcanic locations from where basic volcanological 
information is available. The names and abbreviations also correspond to the common name 
of the locations entered into various publications. 
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Figure 4: Four types of volcanic geoforms identified in ACVF, such as A-tuff ring; B-complex 
cone; C-scoria/cinder cone; D-tumuli. 

There are no similar, large and preserved tuff rings known from the ACVF. However, 

small phreatomagmatic volcanoes are suspected or have been associated with the 

basal sections of large scoria cones. Tuofengling Lake (Camel Humps Lake in Chinese) 

is an excellent example of such volcano edifice architecture (Fig 4B). This volcano hosts 

an elongated lake suggesting that this volcano might be a complex volcano with 

multiple vents along the lake axis. This volcano appears different in its edifice 

architecture from Tongxin Volcano. In Tongxin Volcano, the country rocks are exposed 

in the inner basement hosting the crater lake, while in Tuofengling, no basement is 

exposed. The volcanic edifice surrounding the crater lake is entirely volcanic in origin 

and part of a larger volcanic edifice. The preserved and accessible sites exposing 

typical lava spatter, agglomerate, scoriaceous deposits, and various clastogenic lava 

flows suggest a largely magmatic explosive eruption style being responsible for the 

formation of them. However, from observations of the crater rim, at least two 

different volcanic deposits were found. The majority is typical of scoria and spatter 

cone complex, while in the basal sections, thick pyroclastic successions indicate 
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explosive hydro volcanism occurred as recorded by chilled pyroclast-dominated units 

predating the formation of the main central cones that were later disrupted, giving 

space to form a broad and elongated crater within them (Fig 4B).  

The youngest volcanic sites of the ACVF, i.e., approximately 2000 years ago (Wang et 

al., 2014), demonstrate a typical volcanic landform considered to be a common form 

of volcano type across the ACVF. Yanshan Hill, marked as a single volcanic edifice, in 

fact, consists of at least three preserved volcanoes, informally named the Triple Vent 

forming a volcanic complex. This volcano is a nested and closely spaced scoria cone 

edifice (Fig 4C). The main edifice is a steep-sided scoria cone with slope angles of about 

45°. The elevation of this volcano is about 1590 m above sea level. The volcanic 

complex was the source of extensive lava flows that reached 4 km to the west and 

captured the Halaha River causing major landscape modification and damming of the 

fluvial system. The lava flows show inflation and deflation features, development of 

pressure ridges, tumuli and outbreaks leading to the formation of a complex laterally 

changing surface flow morphologies ranging from rubble pahoehoe to aa lava 

morphotypes. Such large and complex volcanoes are the main volcanic landforms 

along with the main structurally controlled vents and with NE-SW trending structural 

elements. The complexity and estimated edifice volumes, as well as the large volume 

of associated lava flows of these volcanoes, suggest these eruptions changed the 

actual erupting points within km-ranges, were likely long-lasting events and were 

capable of sustained eruptions such as sub-Plinian or violent Strombolian style 

eruptions. This is supported by the extensive ash plain mapped around Yanshan. 

Across the field, there is evidence of ponded lava flows, leaving behind a range of 

ponded lakes, clastogenic lava flows or agglomerates (Fig 4D). Based on the previous 

studies and evidence from 2019 fieldwork, the vents in ACVF are mostly fissure-

controlled. 

6. Evidence of explosive hydro volcanism 

Explosive hydrovolcanism is the result of magma-and-water explosive interactions 

(Meng et al., 2018). Phreatomagmatism is a term reserved for magma and 

groundwater interaction commonly involving molten-coolant interaction (Meng et al., 



39 
 

2018). In the ACVF, pyroclast textures and deposit characteristics indicate that in low-

lying areas, along fluvial valleys, phreatomagmatic explosive eruptions took place (Fig 

2). While shreds of evidence of sustained phreatomagmatic explosive eruptions that 

formed maar or tuff ring volcanoes alone are not common, evidence of intermittent 

phreatomagmatic phases during eruptions are compelling. Evidence for 

phreatomagmatism can be seen in the form of quenched pyroclasts, the glassy and 

angular texture of juvenile particles and the relative abundance of country-rock 

fragments as accidental lithics in the pyroclastic successions. Indirectly, volcanic 

landforms may also be linked to the occurrence of phreatomagmatism in the course 

of volcanic eruptions; however, typical "wet" phreatomagmatic landforms are rarely 

preserved at ACVF. 

 

Figure 5: Typical pyroclastic deposit characteristics associated with explosive 
phreatomagmatic eruptions at the ACVF Are linked to accidental lithic-rich pyroclastic breccias, 
inferred to be phreatomagmatic shower curtain deposits (A), the abundance of cored/loaded 
(B) and partially melted accidental lithics in chilled lavas (C), and typical angular and low 
vesicularity juvenile pyroclasts forming typically graded beds in a combination of shower and 
pyroclastic density current-derived beds (D), captured on the south of Tongxin Lake, about 12 
km away from the lake). The Brown letter "g" indicates "granite". 

The most typical and complete site where evidence for explosive hydro volcanism, 

phreatomagmatism has been identified in the ACVF is Tongxin Lake (Figs 2 & 3). 

Tongxin Lake has been recognised as a large tuff ring, partially draping over the rugged 

mountainous region (Fig 2). Two significant outcrops on the west flank of the ring 

margin have revealed deposits primarily formed by sustained phreatomagmatic 

eruptions. Dune-bedded, cross-stratified and wavy, accidental lithic-rich pyroclastic 
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successions were observed and inferred to be the product of a combination of 

pyroclastic density currents and fallout. The succession of interbedded coarse-grained 

and fine-grained units suggest rapid changes in particle concentration, transportation 

style and interaction with microtopography. The majority of the pyroclasts are dense 

(i.e., low vesicularity), angular to subangular, with delicate chilled margins. 

Accretionary lapilli is common in fine ash beds. 

Features indicative of phreatomagmatism can be found at other sites, such as 

Tuofengling/Camel Humps Lake, the southwestern side of Tianchi/Heaven Lake, and 

in sporadic outcrops south of Wusulangzi Lake (Fig 2). The deposits at Tuofengling Lake 

form a basal unit beneath the dominant scoria/cinder deposits. This unit is composed 

of a range of indurated parallel bedded, pyroclastic beds abundant in angular and 

dense lapilli within a fine ash matrix. The average grain sizes from the deposits of 

Tuofengling are greater than the majority of the deposits recorded at Tongxin Lake 

(Fig 5A), and they are also more indurated than those from Tongxin Volcano. 

Bombs and accidental lithics in the eruptive products from Tongxin Volcano are 

commonly cored/loaded and/or granitoid lithics are fused or partially melted (Figs 5B 

& C). Cauliflower-shaped bombs with xenoliths are strong evidence for country-rock 

entrapment prior to the explosive disruption of the clasts during an eruption. Among 

the shell of the juvenile materials, large amounts of lithic debris are intercalated within. 

All these lithics are irregular-shaped, and the juvenile materials are pasted onto the 

surface, chilled and formed into cauliflower-shaped bombs or juvenile pyroclasts. The 

general shape of those juvenile pyroclasts is sub-angular to angular. They probably 

came into contact with external water and became chilled and fragmented in a brittle 

fashion to form angular, low-vesicular pyroclasts. Pyroclastic successions, which are 

rich in accidental lithics and contain large volumes of chilled, angular juvenile 

pyroclasts, commonly form unsorted and graded beds intercalated with fine tuff that 

also contains accretionary lapilli (Fig 5D). These textural features and outcrop scale 

sedimentological characteristics are common among phreatomagmatic pyroclastic 

successions. Commonly, the fine-sized grains indicate that explosive 

phreatomagmatic fragmentation was accompanied by blasts; on the contrary, the 

coarse-grained and moderately sorted beds imply fallout origin. 



41 
 

6. Evidence of fissure-controlled volcanism 

ACVF preserves a range of fissure-controlled vents (Fig 2). Those vents are always 

aligned NE-SW with the regional tectonic trend (Fig 6). Along with those fissures, 

several small craters with exposed fissures can be observed, for example, 

Tianchi/Heaven Lake (Figs 6 & 7) and Dichi Lake (Fig 8). These two vent systems are 

not only the scenic spots of ACVF but also, they preserve the typical topography and 

landforms of fissure-fed volcanoes. 

Fissure eruptions are common in monogenetic volcanic fields (Németh & Kósik, 2020). 

In ACVF, at least five distinct fissures can be identified from satellite images. They 

appear as linear ridge crests associated with closely spaced crater rows (Fig 2). In 

general, ACVF eruptions occur along fissures formed by regional faulting systems (Liu 

et al., 2001); however, the volcanoes have yet to be documented in detail. An 

elongated vent structure is apparent on a satellite view of Tianchi/Heaven Lake (Fig 6). 

The central part of the lake is bumped out through the surrounding topography, which 

indicates the presence of steep-sided and agglutinated scoria/cinder cone as the main 

volcano architecture in that area (Fig 6). A series of the lava flows with large amounts 

of scattered spatter deposits can be seen on the western side of the lake (Fig 6). The 

shape of the lake suggests an outpouring may have occurred on the southeast section 

of the present-day water-filled, lacustrine basin (Fig 7A). Two other locations marking 

fissure structures on both sides of the lake are shown by the large green arrow in Fig. 

6. The orientation of the fissures implies Tianchi Lake, too, follows the orientation of 

the regional structures (NE-SW). The brown dots in Fig 6 indicate two rows of spatter 

and lava ramparts surrounding the margins of an eruptive fissure. This morphological 

setting and the presence of proximal spatter deposits and clastogenic lava flows are 

interpreted to be the result of fissure eruptions that formed the Tianchi Lake Volcano. 

Also, the angle of repose of the main cone of Tianchi Lake Volcano is nearly 37-41 

degrees suggesting a relatively young age of the volcano as Tianchi Lake Volcano is a 

scoria cone similar to other scoria cones in the world, i.e., the one in AVF (Auckland 

Volcanic Field) (Kereszturi & Németh, 2012a). The total surface area of Tianchi Lake is 

approximately 0.1 km2, with about 1.2 km in its perimeter. With the well-established 

forests and vegetation around the lake, field observations and sampling are difficult 
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(Fig 7A). However, on the outer rim of the lake and the surrounding areas, volcanic 

materials are well-exposed and easily sampled. 

 

Figure 6: Within Tianchi Lake, a shallow and elongated lake sits well above the surrounding 
background topography suggesting the lake itself is a crater lake in a constructional volcanic 
landform such as a scoria cone. On both sides (E and W), the elongated water-filled crater 
continues into an elongated zone of depression surrounded by a spatter rampart (brown 
arrows). The overall orientation of the fissures is the same as the main structural setting of the 
ACVF (green arrow). 
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Figure 7: The field observations of Tianchi Lake (A) area showing spatter ramparts and 
clastogenic lava flows in the eastern (B) and western (C) regions of Tianchi Lake. Platy lava 
flows also crop out more or less in the same elevation as the lake floor itself (D). 

Preliminary observations on the Tianchi Lake Volcano so far have been interpreted as 

it is a complex, elongated scoria cone. No phreatomagmatic deposits have been 

identified yet in the area, suggesting that the volcano, despiting it is hosting of a 

shallow lake, was formed purely by magmatic explosive and effusive processes. During 

the dry season (August to October, annually), the height of the water level of the 

crater lake drops a few metres (Fig 7A). Along the eastern and western sides of the 

preserved scoria cone, the fissure is marked by a 10 meters high wall of lava consisting 

of flows and spatter ramparts. Evidence of agglutinated interbeds within lava flows, 

as well as some clastogenic origin flows, attests to fissure lava fountaining and shifting 

of active vent locations occurring. The surface structures of the fissure are similar to 

the lava flow but are considerably harder, thereby preserving the original volcano 

architecture well. Occasionally, some lithic xenoliths (granite) can be observed within 

the spatter and lava flows. The rarity of vesicles in the lava flows, and the agglutinated 

texture suggest the lava was degassed during the eruption, indicating that some sort 

of lava pool must have occupied the main axis of vents. On the western side of the 
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main cone (Fig 7C), an approximately 50 m high wall of weakly stratified agglomerate 

and interbedded clastogenic lava flows formed due to explosive magmatic eruptions 

from a sustained lava fountaining stage forming a wall-like topography. In the middle 

part of the "wall", a small gap between them might be the fissure structures aligning 

with the orientation. Field observations could only be taken from one side of the 

branch of the Halaha River. On the other side, the bedded and agglutinated nature of 

the rocks is clearly visible, suggesting the proximal location of the region. The 

horizontally stratified structures of the "wall" might indicate various stages of the cone 

building as well as the longevity of the eruptive phase. The thickness of the lava flows 

on the western side of Tianchi/Heaven Lake is about 4-6 m (Fig 7D). The lava displays 

textures consistent with fluid transportation; there are also a moderate amount of 

bubbles. Within the bulk rock, some mafic minerals, including olivines and pyroxenes, 

can be seen. The top of these lava flow structures is eroded by vegetation, but in some 

places, the typical structures of the a'a' type are still preserved. 

 

Figure 8: The GoogleEarth satellite image of the vicinity of Dichi Lake showing a chain of craters 
(brown dots) preserved and oriented to the main structural zones of ACVF (green arrow). 

Along with Tianchi/Heaven Lake, Dichi Lake is another small vent sitting on a fissure 

estimated to be about 3 km long. This lake might be the smallest one in ACVF (Fig 8). 

The green arrow in Figure 8 marks the regional trend of the fissure orientation, which 

is also NE-SW, the same orientation as Tianchi Lake. In comparison to Tianchi Lake, 
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this fissure system is narrower but longer. The surrounding topography is flat without 

the tiny bumps due to local tumuli (Fig 8). Observations from the proximal areas of 

the Dichi Lake confirm the presence of pyroclastic breccias composed of dm-to-m 

sized angular blocks of lava commonly forming well-defined zones several metres 

across. This deposit is estimated to be a few metres thick and sitting on a lava platform 

exposed in the crater wall of the Dichi Lake. There is no sign of deposits that may 

indicate PDC-generating eruptions or accumulation of typical base surge deposits. On 

the basis of this observation, Dichi Lake is likely a product of a short-lived, single 

explosive blast triggered by magma-water interaction along a fissure when the fissure 

hit the lowermost point of the region (Fig 8). 

In the densely vegetated area of the Dichi Lake, a volcanic cone chain (Fig 9A) with 

small-preserved craters is still recognisable (Fig 9B). On the top of the small volcanic 

cones along the fissure, large blocks of scoria can be found hosting dm-sized spindle-

shaped bombs (Fig 9D). The reddish colour of most of the recovered bombs indicates 

high-temperature emplacement. 
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Figure 9: The field observations of Dichi Lake show small (tens of metres across) crater chains 
(A) with shallow but recognisable craters (B). In the crater wall of DIchi Lake, lava flows 
exposed that are covered by pyroclastic breccia deposits (C). In the flank of the crater chains, 
fluidly shaped lava bombs suggest proximal portions of those areas (D). Dichi Lake is best 
interpreted as a result of a single, short-lived phreatomagmatic blast (explosion crater) in the 
fissure edge. 

7. Evidence of spatter-dominated volcanism 

Spatter deposits are the typical dry eruption phase during the building of volcanic 

cones. In ACVF, spatter deposits are shown on the vents, which are scoria cones or 

fissure-related vents, such as Dichi Lake. However, one location preserves intact 

spatter deposits in the basal section of Tongxin Volcano (Fig 10A). The rest of the vents 
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in ACVF only preserve scoria deposits from non-welded (black) to welded (red) 

varieties. 

 

Figure 10: The spatters deposits on the northwestern side of Tongxin Lake (A). The blue letter 
"G" means "granite" for country rocks. Spatter deposits lay on the bedrock (B), and granitoid 
lithics are commonly captured within the spatter deposit (C). 

At Tongxin Volcano, the basal pyroclastic deposits along the western rim of the 

phreatomagmatic volcano preserve an about 2 m thick undulating, laterally 

discontinuous spatter unit (Fig 10A). On the top of the spatter unit, 30-50 cm of 

unsorted and laterally continuous PDC deposits were found suggesting dramatic 

eruption style change from a lava fountain stage to a phreatomagmatic blast eruption 

prior to the eruption becoming more sustained phreatomagmatic in style. Here the 

spatter deposits are in contact with the country rock. Based on the contact 

relationships, Tongxin Volcano might have experienced an initial dry-eruptive phase 
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followed by explosive phreatomagmatism. The distribution of the spatter deposits on 

Tongxin Volcano is elongated and expanded about 30 m long. On both ends of the 

spatter deposit, the thickness is thinner than the thickness on the middle part, and the 

shape is lens-like. Large accidental lithic bombs and blocks are commonly intercalated 

into the spatters, suggesting some sort of excavation of the country rock through the 

initial magmatic explosive phase of the Tongxin eruption. The weight of debris of the 

spatter is low due to the high vesicularity of the spatters. The spatter deposits are 

hardly found in other areas surrounding Tongxin Lake. However, at least two outcrops 

preserving the deposits in contact with bedrock indicate the dry-eruption phases, 

which are correlated with this spatter deposit.  

Spatter beds are common elsewhere in the ACVF, especially along the previously 

described fissure-aligned vents. Spatter deposits have also been recovered within 

exposed scoria cone sections, indicating a switching on and off nature of the cone 

growing phases of those eruptions between Hawaiian and Strombolian style eruptions. 

8. Evidence of lava-ponding in craters and topography lows 

Lava ponding in ACVF is another feature characteristic of the volcanism in the region. 

The topography of the lava flows indicates an overwhelming dominance of various 

types of aa and rubbly pahoehoe lava flow morpho-types for the ACVF. 

In ACVF, not only small vents formed but also large craters formed that acted as traps 

for lava flows. In addition, lava is commonly ponded in local basins or valley networks. 

A large crater (about 1.1 km across) from where one of the youngest and most 

extensive lava flows initiated to form a significant volcanic landform with a typical 

volcanic morphology (Fig 11). The local name for this location is Dahei Gou, which 

means "the big melanocratic valley". Actually, there are two territories with the same 

name, but in consideration of the descriptions of volcanism of ACVF, the name "Dahei 

Gou" can only be a marker to define this unique location of ponded lava in a large 

crater. Dahei Gou Crater is located about 4.9 km northeastern of the three young 

volcanic cones of Yanshan (Fig 11). The satellite image (Figs 2 & 11) indicates that these 

two groups of vents (cones) have the same orientation as the Tianchi and Dichi fissures. 
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Thus, it is believed that there are at least two major regional structures controlling the 

vent distributions of ACVF. 

 

Figure 11: The satellite view of Dahei Gou (Big Black Valley), also this photo depicts the 
relationship with Yanshan-Triple Vent. The dashed line indicates the extrapolation of the major 
fissure trend. The blue curve marks the caldera rim of Dahei Gou. 

The Dahei Gou crater is heavily vegetated, and only small tracks lead to the remote 

interior of a complex crater system. From the entrance of the valley, where the main 

lava flows spread along the Halaha River valley to the crater is about 4 km (Fig 11). The 

valley from the crater is filled with about 1 km wide lava flow along a 4 km length, 

exposing typical flow margin features such as small to medium-sized tumuli and 

pressure ridges (Figs 12A & B). 

Within the crater, a breakout zone can be identified along which the lava flow 

outpours. In that area, rafted spatter sections and large slabs of lava in a randomly 

packed chaotic nature are evident. Inside the crater, individual tumuli, ramped-up lava 

rubbles, and large piles of aa blocks form a rugged topography. Along the crater 

margin, lava flows preserve several meter-long cracks parallel to the crater margin (Fig 

12D). These zones are interpreted as fractures along the inflated and ponded intra-

crater where ponded lava collapsed upon the partial emptying of the large crater. The 

major body of the intra-crater lava flow is shown in Fig 12C. Along the crater margin, 

on the inner crater wall, drain back features can be seen that are partially collapsed 
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River. Such areas are prominent around Wusulangzi Lake and Tianchi Lake (Fig 13). 

Eventually, in these areas, the lava flows are ponded around and form a range of 

significant landforms; some of them have already become scenic spots for 

volcanological educational purposes. 

Along Halaha River, large lava caves are partially open, reaching a width of about 4 

metres (Fig 13A). The lava flows formed successive layers with unambiguous and 

parallel boundaries. This suggests that the flows ponded during several influx stages 

contemporaneously. The lava dripped from the ceiling (Fig 13B) but had no time on 

the ground consolidating while the processes were ongoing, giving them a typical 

shape that was well preserved. Due to the roughness of the lava flow surface, the 

ponded lakes developed as the Halaha River became blocked (Fig 13C). The lake is no 

more than 6 m deep. Some of the ponded lakes have been misinterpreted as the sites 

of small cones; however, they are tumuli that formed along the flow margin. Cone and 

star shape tumuli displaying the cone shape form group of dozens of tumuli in this 

region (Fig 13D). The cracks on the top of the tumuli indicate the upwelling and shape-

forming processes were accompanied by tremendous volumes of steam. During the 

slow movement of lava flows, the gas and vaporised steam would occasionally gather 

and form large bubbles. Some of them were emitted through the surface of the flow. 

Thus, the inner parts of the tumuli are empty voids with a cone shape. In the Halaha 

River area, some tumuli are linear in shape (about 4 m in length and about 3 m in 

height) and align with each other. Most are similar in size and volume. 
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Figure 13: The ponded lava flow topography around fluvial areas of Halaha River exposes 
partially open lava tubes (A) that are draped by lava stalagmites (B). The blocked Halaha River 
forms a network of lakes and swamps (C). Tumuli are typically formed in the flat Halaha River 
valley where the cooling effect slowed down and eventually ponded the lava flows derived 
from the Dahei Goe volcano and Yanshan- Gaoshan volcanic system about 500 m above the 
valley floor (D). 

9. Evidence of violent Strombolian style eruptions 

Dry-eruption types of volcanism are the most common type of explosive volcanism in 

the ACVF. Large cones along the NE-SW trending ridge tops form a chain of cones that 

are vegetated and difficult to access. Most of these cones preserved edifice-building 

sections where ash, lapilli and bomb beds suggest normal Strombolian-style volcanism. 

In the youngest known vent complex, the Gaoshan (High Hill) and Yanshan (Hill of 

Fire)-Triple vent, large amounts of scoriaceous deposits form the cones and also 

spread across the landscape to form an extensive "ash plain" (Fig 14). The location of 

Gaoshan and Yanshan on the southeastern boundary of ACVF, is the location of several 

scoria cones representing the eruptive products of Strombolian style volcanism. In this 

section, Yanshan-Triple Vent forms a more closely spaced vent system than those at 

Gaoshan, inferred on the basis of the special distribution pattern of the volcanic 
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products and the presence of multiple vents within one volcanic massif. The origins of 

Gaoshan are still being investigated. 

Yanshan - Triple Vent is located in the central part of ACVF (Fig 2). The highest peak in 

Yanshan is 1597 m above sea level. The total area of this "dry" hill is approximately 2 

km2, with a perimeter of nearly 5.3 km. On every side of the hill, the burnt forests 

cover the slopes of the hill; this was a fire hazard at the end of 1987, i.e., the Black 

Dragon Fire event. 

 

Figure 14: The satellite view of Yanshan-Triple Vent. White lines mark the outlines of the three 
vents; red lines mark the outlines of the lava flow (LF). Yellow arrowheads show viewpoints 
from where Fig. 15 A, B and C were taken. 
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escaped the crater is recorded (Fig 16C). The lava ponded in the crater and flowed out 

of the ring structures, forming an outlet. The width of the breakage is narrow (Fig 16C), 

not more than about 250 m, which means the flux of the lava flows may reach a 

threshold value triggering the collapse of the edifice sector. The crater rim of the main 

crater composes of agglutinate, clastogenic lava and densely welded scoria beds (Fig 

16D). 

 

Figure 16: Yanshan - Triple Vent field details. On "A", a photo was taken from the western rim 
of vent 1, showing the overgrowth of vents 2 and 3. Vent 3 is the source of the main lava flows 
outpouring from a breached section of the elongated (fissure-aligned) crater (C). The inner 
crater wall of vent 3 exposes a set of agglomerates, welded scoria, spatter, and localised 
clastogenic lava flows, all indicative of lava fountain-dominated eruptions and intermittent 
more violent Strombolian phases (D). 

10. Discussion and comparison of ACVF to other similar volcanic fields elsewhere 

The volcanism and volcanoes of ACVF were the subjects of fieldwork in 2018 and 2019. 

The observations made play a critical role in understanding the genesis, evolutionary 

history, types of landforms, and classification of topography. The observations made 

at ACVF are compared to several volcanic fields elsewhere in the world in terms of 

type and topography (Table 4).  
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the number of vents are also significantly larger than those recorded at ACVF 

(Murcia et al., 2015). 

4) The Chichinautzin Monogenetic Volcanic Field is located in the central part of 

Mexico and belongs to Trans Mexican Volcanic Belt. There are more than 220 vents 

located within c. 6000 km2 area. Most volcanoes in this field are basaltic andesite 

or basaltic trachyandesite (Murcia et al., 2014; Nieto-Torres & Martin Del Pozzo, 

2019). Chichinautzin shares similarities to ACVF with respect to the similar 

individual volcano sizes, geochemistry, surface area and some aspects of forming 

nested vents and complex vent systems. However, Chichinautzin is a far more 

evolved complex, and it is likely volcanoes were longer lived compared to those in 

ACVF, where other than nested vent complex formation, the majority of its 

volcanoes are more typical of monogenetic volcanism. 

11. Conclusion and volcanic eruption scenarios 

Volcanism always causes a range of significant hazards to human societies. Not only 

the life expectancy but they can also harm the foundations of infrastructures, expose 

communities, disrupt the business, and put additional risks on the surrounding 

environments (Lorenzo-Merino et al., 2018). The hazards and threats from volcanic 

eruptions and their related tectonic disasters are increasing annually to vulnerable 

societies. This is caused by the specific natural features of a volcanic field. The volcanic 

products, especially the mapped PDC deposits at Tongxin Volcano, can generate a 

range of very fertile soils and lands, which are utilised intensively for agriculture. 

However, the presence of thick and extensive PDC deposits indicates that the threat 

of violent phreatomagmatic explosive events that can devastate large regions is ever-

present. On the other hand, the lava flows common at ACVF, which constitute the bulk 

of the volcanic products, are very good construction materials. In general, the major 

effective regions under the shadows of volcanic eruptions are the proximal and 

intermediate areas, which can be impacted by the significant and severe threats from 

lava flows as well as deadly PDC flows. 
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Volcanic fields 

Ages 

Rock Types Tectonic Settings Vent 
numbers 

Volcano types 

     

Arxan-Chaihe 
Volcanic Field 

(ACVF)  

Late-Pleistocene 
to Holocene 

Majority:  Basalt/Trachybasalt 

Minority:  Basaltic Andesite 

Intra-continental, 
rifting system 

47+ 

2000+ km2 

Tuff rings, Scoria 
cones, Fissures 
vents, Caldera, 
Complex cones 

Craters of Moon 

Idaho, USA 

Holocene 

Basalt/Picro-Basalt, 
Trachybasalt/Tephrite Basanite, 

Trachyandesite/Basaltic Trachyandesite 

Rift zone, 
Continental crust 

(> 25 km) 

25 

1600 km2 

Cinder cones, 
Fissure vents, Tuff 

rings 

Laki Fissure, 
Iceland 

Holocene 

Basalt / Picro-Basalt Rift zone, Oceanic 
crust (< 15 km) 

130 

600 km2 

Calderas, Craters, 
Fissure vents 

Harrat Rahat 

Saudi Arabia 

Pliocene to 
Holocene 

Majority: Basalt/Picro-Basalt, 
Trachybasalt/Tephrite Basanite, 

Trachyandesite/Basaltic Trachyandesite 

Minority: Trachyte/Trachydacite 

Intraplate, 
Continental crust 

(> 25 km) 

500 

20000 km2 

Tuff cones, Tuff 
rings, Scoria cones, 

Lava domes 

Chichinautzin 

Mexico 

Pleistocene to 
Holocene 

Majority: Andesite/Basaltic Andesite, 
Trachyandesite/Basaltic Trachyandesite, 

Dacite, Basalt/Picro-Basalt 

Minority: Trachybasalt/Tephrite 
Basanite 

Subduction zone, 
Continental crust 

(> 25 km) 

220 

6000 km2 

Tuff cones, Scoria 
cones, Lava shields, 

tuff rings 

Auckland Volcanic 
Field (AVF) 

New Zealand 

Late-Pleistocene 
to Holocene 

Trachybasalt/Tephrite Basanite, 
Basalt/Picro-Basalt, Foidite 

Subduction zone, 
Continental crust 

(> 25 km) 

53 

360 km2 

Maars, Tuff rings, 
Lava shields, Scoria 

cones 

Table 4: Comparisons of ACVF to other volcanic fields (data from https://volcano.si.ed)  

In ACVF, several volcano types have been identified, but all of them show features of 

typical monogenetic volcanoes with small eruptive volume, small edifice size, typical 

deep-sourced magma systems and suspected short eruption duration. The majority of 

the volcanoes identified formed through dry magmatic explosive eruptions forming 

lava spatter cones (Fig 17A), scoria cones (Fig 17B) or complex fissure-aligned volcano 

chains (Fig 17C). These volcanoes pose hazards to their immediate surroundings. 

However, because we do not know where the next eruption will take place, they pose 

prediction uncertainty. The strong fissure alignments of the vents in hundreds of 

https://volcano.si.ed/
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metres to tens of kilometres in length, however, suggest that new vents likely will 

open along those main regional structure-controlled zones. The identification of 

fissure-fed, dominantly Hawaiian and Strombolian style eruptions suggests that once 

a new vent opens, the active vents likely will migrate along the fissure axis within the 

hundreds of metres to several kilometres length, making it difficult to mitigate the 

volcanic hazard. Due to the propagation of fissures through periods, volcanoes can be 

classified not only by type but also by eruption types. Generally, Strombolian 

eruptions and phreatomagmatic eruptions are the two major eruption types. 

Otherwise, the transition type or switching of the eruption types between two major 

eruptive behaviours is another major hazard event. It seems that phreatomagmatism 

occurred at ACVF (Fig 17D), but it is not the most significant type of volcanism. 

Phreatomagmatism seems to have occurred in low-lying areas and/or along major 

fluvial networks. This style of volcanism formed a very violent event at Tongxin (Fig 

17D). Similar eruptions in the fluvial valleys, where most of the human population lives 

today, could be catastrophic. It is also evident that the Tongxin eruption started just 

like any other volcanic eruption at ACVF, as lava fountains along a migrating fissure 

(Fig 17D1). Once the rising magma along the fissure hit an active hydrogeological zone, 

violent phreatomagmatic explosions took place (Fig 17D2). Similar situations were 

suggested at Dichi Lake, only on a significantly smaller scale (Fig 17E). The nature of 

this eruption-style transition, accompanied by the fissure-fed nature of the volcanism, 

needs further study to develop realistic eruptions scenario-based volcanic hazard 

study of the region. 
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Figure 17: Typical volcano types identified at ACVF and their inferred schematic volcanic eruption scenarios. An 
explanation is in the main text. Horizontal scales are approximate only. 

Effects on the local topography are represented as the lava pouring into the fluvial 

systems changes the river flow patterns (Fig 17F). By damming rivers, temporary lakes 

can form, changing the local hydrogeology that may promote explosive 

phreatomagmatism in the course of the ongoing eruption.  

The lava ponding has also been recognized as an important process in the 

development of the lava fields. The complex high-altitude volcanoes with multiple 

vents, shifting active vent locations and lava ponding in large craters are features that 
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need to be considered in volcanic hazard eruption scenarios, as sudden collapse of 

scoria cone sectors and outpour of ponded lava could initiate large lava flows to areas 

that normally would not be considered as regions susceptible to lava flow hazards (Fig 

17G). 

Epilogue: 

Basically, from Chapter 2, the ACVF contains a range of typical volcanic features which 

were created in the Cenozoic eras. Many of them were identified in the previous 

research. However, the genesis of each vent is still under debate. Thus, in the next 

chapter, this project will concentrate on the largest vent in ACVF, Tongxin Lake, as an 

example of detailed research in relation to its recognitions, vent type classifications, 

and qualified & quantified analyses. Also, the next chapter will utilise fundamental 

concepts of theoretical geology to examine Tongxin Lake in all aspects as much as 

possible. 
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scanning electron microscope. In the absence of high-resolution geospatial mapping, 

we relied on the available paper maps and field observations. A 3D model rendering 

was applied by the AutoCAD program with applied proper elevation database; in the 

graph, the morphologies of surrounding areas of Tongxin Lake, indicating the 

distributions of volcanic materials, can be depicted. Geochemical analyses have 

enabled the modelling of magma evolution and petrogenesis using TAS and binary 

diagrams to understand the volcanic eruptive sequence, juvenile material types, the 

varieties of major and trace elements and their roles during the volcanic evolutionary 

history. Geochronology is established from field relationships.   

Keywords: Maar volcano, tuff ring, pyroclastic density current, base surge, directed 

blast, intramountain basin, scoria, sideromelane, volcanic glass 

2. Introduction 

Monogenetic volcanism is defined as a range of small (0.01 km3 or less in a total 

volume of a single vent) and short-lived (typically no more than 102 years) volcanoes 

that commonly occur in clusters within a constrained area (Connor et al., 2000; 

Guilbaud et al., 2011; Le Corvec et al., 2013a; Le Corvec et al., 2013b; Németh & 

Kereszturi, 2015). Although monogenetic volcanoes have a short eruptive sequence, 

their volcanic architecture can be complex, sometimes involving different magma 

batches within a short time frame.  

Studying monogenetic volcanism facilitates knowledge of global volcanism and will 

help the understanding of 

1) The relationships between monogenetic volcanism and polygenetic volcanism, 

2) Regional geological settings connected to the genesis of monogenetic volcanism, 

3) Syn-eruptive processes operating and how these compare to other volcanic fields, 

4) Help the understanding of how global monogenetic volcanism, regional geology 

setting and plate evolution are related, 

5) Also, the local volcanic hazard is highly dependent on monogenetic volcanism. 

Monogenetic volcanism produces a variety of ejecta, including air-fall pyroclasts, 

pyroclastic density currents and their reworked pyroclastic successions. The volcanic 
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glades covering the surfaces of the mountainous lands. The basement of the range is 

composed of Mesozoic meta-sediments intruded by a granitoid sill formed by early 

rifting activities (Liu, 1987, 1988; Liu, 1989; Liu, 1993, 1999; Németh, 2016; Németh et 

al., 2017a). During the Cenozoic era, the Japan subduction zone moved to the east as 

a subduction rollback effect by the westward subduction of the Pacific Plate beneath 

Asia. 

4. Methodology 

1) Field works on the Tongxin Volcano 

Tracking back on the previous research pieces, although several papers were trying to 

describe the field observation on Tongxin Lake, they still lack the details on 

systematical analyses and its eruptive products in the adjacent areas.  

Two seasons of field trips, the fall of 2018 and 2019, were spent visiting key locations 

exposing the pyroclastic succession within a 15km radius of Tongxin Lake. Fieldwork 

was concentrated in the immediate vicinity of Tongxin Lake and the region in the south 

of the lake. Towards the north, mapping followed the deposits until they had pinched 

out or we reached a municipality boundary where we had no permission to work. In 

the area around Tongxin Lake, a range of volcanic successions with continuous 

exposure are preserved. Well-exposed volcanic sequences can be traced on the 

western flank of the crater rim surrounding the lake. In places, the exposed section is 

over 10 m thick, and there are locations where the initial deposits associated with 

Tongxin Volcano are exposed. We have used deposits in five well-exposed outcrops to 

establish a composite section that represents the volcanic history of the Tongxin 

Volcano. The most significant stratigraphic sections are informally named Site 1 (S1) 

and Site 2 (S2), respectively.  S1 is on the inner wall of the tuff ring; otherwise, S2 is on 

the outer wall. Both pyroclastic successions are composed of a range of intact parallel 

bedded tuff and lapilli tuff, commonly displaying dune structures and cross-bedding. 

Three lithofacies are identified based on grain size and textural characteristics, 

including parallel/planar bedding (PB), non-bedded or massive (NB), and dune and 

cross-bedding (DC). Nearly identical sets of lithofacies are seen in both S1 and S2. 

These two sites were described in detail, and stratigraphic columns were drawn 
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showing the lithofacies and would be a standard for comparisons and analogue to 

interpret the other three locations (Fig 18). Other locations with volcanic deposits 

share similar or identical lithofacies assemblages. Thus, S1 and S2 are the key locations 

documenting the pyroclastic stratigraphy of Tongxin Volcano.   

Lava flows are widely distributed to the northwest, west and south of Tongxin Lake. 

The modern Chaoer River, one of the large fluvial systems in  ACVF, cuts through the 

lavas (Fig 19) (Németh et al., 2017a). Typical lava flow structures and textures in cross-

sectional view include columnar jointing, fluidal shapes with a specific orientation, 

sheared bubbles, and rotated and partially homogenised lithic xenoliths intercalated 

within a plagioclase-dominated groundmass. However, the actual thickness of the lava 

flows is unknown due to the lack of exposed sites where both upper and basal contacts 

can be observed. However, on the bridge site (Fig 18, LF1), an outcrop preserving a 

contact between flow and the baked paleosol, the thickness of the flow in this site is 

approximately 3 to 5 m. 
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Figure 18: Major locations of sampling; those names of locations will be correlated to the ones 
in the following contents. 

There are three locations where the volcanic deposits are in direct contact with the 

underlying country (granitoid) rock. One of the locations contains well-preserved lava 

spatter deposits deposited immediately over the underlying crystalline basement 

horst at 770 m above sea level on the east rim of Tongxin Lake. This is representative 
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of an early phase of dry explosive eruption in the early phase of the Tongxin Volcano. 

The other two locations, where similar well-exposed basal contact relationships are 

observed, preserve similar lava spatter-dominated deposits, but here, they are finer-

grained and include fine, scoriaceous dark lapilli beds a few cm thick. They are about 

3.2 km from the centre of Tongxin lake, which is their suspected source. The data in 

these columns are based on the key locations with the most complete and well-

exposed pyroclastic successions. Representative samples were collected for 

granulometry, pyroclast morphometry, texture and geochemical analyses to identify 

spatial and temporal variations through the eruptive history of the volcano. 

2) Construction of 3D models 

3D model maps are an efficient way to interpret the regional variations of topography 

from a perspective 3D photo from any direction. This may require highly detailed field 

works, e.g.,, GPS locations and contour data, as well as the real-time renderer with a 

high polygon algorithm (sourced from 

https://qgis.org/en/site/forusers/download.html). Also, this set of 3D models must be 

checked through real satellite maps, especially the observation locations and their 

surrounding areas in relation to the topography trends. By applying this method, the 

dynamic geomorphology can be fit with the regional observation on a realistic scale, 

i.e., by utilising the data from https://srtm.csi.cgiar.org/srtmdata/, then exporting the 

contour data to AutoCAD 2021, then eventually creating the 3D topography map. A 

minimum volume of the lava flows can be estimated by multiplying the depth of the 

flow by the surface area of the top of the flows and projecting the slope angles of 

valley sides using a slope map based on the Shuttle Radar Topography Mission (SRTM) 

data (Fig 20). 

3) Stratigraphy of the volcanic units around Tongxin Lake 

Tongxin Volcano produced two types of eruptive materials, lava flows and explosive 

pyroclastic deposits. Systematic analyses, including the recognition and classification 

of their facies, structures, sorting, and average grain size variations, were undertaken 

following methods outlined and applied to small-volume monogenetic volcanoes 

(Sohn & Sohn, 2019a; Sohn & Sohn, 2019b; Sohn & Park, 2005). The observable 
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Figure 19: a geological map of Tongxin lake; please note that the coordinate system is WGS 
84/Pseudo-Mercator grid system. The interval of the contour lines is 100 m in their elevations 

Landscape and topography have evolved rapidly since the volcanism complicating the 

interpretation of the lateral distribution of the pyroclastic deposits and their 

correlatives in proximal to distal regions of Tongxin Volcano. 


















































































































































































































































































































































































































