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ARTICLE INFO ABSTRACT

Keywords: The coexistence of monogenetic and polygenetic volcanoes is a common phenomenon in volcanic areas. How-
Changbaishan ever, the genetic relationship between monogenetic and polygenetic systems and the factors controlling their
Tianchi distinct eruptive styles are not well understood. In active volcanic areas, analysing the clustering and vent
;?:ff;élngetic voleanic field alignment of monogenetic volcanoes, as well as examining the geomorphology and relative ages of scoria cones,
Volcanism offers quantitative insights into magma supply rates, volcano type distribution, and volcanic development trends.

Our study presents geomorphological and spatio-temporal analyses of the co-existing monogenetic volcanoes in
the Longgang Volcanic Field (LVF) and those associated with a polygenetic volcano (Tianchi) in the Chang-
baishan Volcanic Area, China. The distance between the two volcanic areas is around 150 km. Monogenetic vents
in the LVF exhibit greater density compared to the dispersed system associated with Tianchi. The LVF vents also
show better alignment, particularly in the direction of pre-existing basement faults (NE-SW, NW-SE and EW). By
using scoria cone morphometric parameters and features, we estimated the relative ages and erupted volumes of
monogenetic volcanoes in the LVF and the Tianchi area. We classified the cones of the two volcanic systems into
five eruptive periods and found that, despite similar magma sources and output rates over approximately 870
kyr, differing numbers of scoria cones across age classes suggest that Tianchi’s magma system influences its
associated monogenetic volcanic plumbing. Furthermore, the continuous rise in output rates of monogenetic
volcanoes in the Tianchi area highlights the increasing magma supply sustaining Tianchi volcano. Together,
these interpretations are consistent with the two systems being controlled by different factors: the Tianchi
monogenetic volcanic system is more controlled by magmatism, whereas the LVF is more strongly controlled by
local tectonic structures, alongside an increasing magma supply causing the formation of progressively larger
individual volcanoes. In volcanic areas, analysing monogenetic volcanoes’ spatial-temporal distribution, volumes
and recurrence rate provides a framework to evaluate magma supply rates and tectonic associations, which are
key to the development of different volcano types.

1. Introduction

Monogenetic volcanic fields are ubiquitous in intraplate settings.
They can occur in association with polygenetic volcanoes, either as
overlapping systems, such as the Jeju Island Volcanic Field (Brenna
et al., 2012, 2015a), or as neighbouring but spatially distinct systems,
such as the Auckland Volcanic Field (Kereszturi et al., 2014; Leonard
et al., 2017). Monogenetic volcanoes are generally distinguished from
polygenetic ones based on eruptive history (monogenetic volcanoes are
formed by a single eruption; Wood, 1979), volume (typically <1 km?;
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Németh and Kereszturi, 2015) and morphology (spatter/scoria/tuff
cones, tuff rings, maars and lava domes; Connor and Conway, 2000;
Kereszturi and Németh, 2012a; Valentine and Connor, 2015; Murcia and
Németh, 2020). The differences between monogenetic and polygenetic
volcanic systems may be controlled by magma supply rates (Fedotov,
1981; Hildreth, 1981; Takada, 1994; Candon-Tapia and Walker, 2004),
magma extrusive/intrusive ratio (Hildreth, 1981) and/or different tec-
tonic settings (Takada, 1994; Canon-Tapia and Walker, 2004; Valentine
and Perry, 2007). The coexistence of monogenetic and polygenetic
volcanoes in a region often involves magmatic and/or tectonic
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heterogeneity on a local scale (Alaniz-Alvarez et al., 1998; Carn, 2000;
Ishizuka et al., 2015). However, despite these advances in understand-
ing, the relationship between monogenetic and polygenetic volcanoes
coexisting within the same area, and the mechanisms controlling
distinct modes of eruptive activity (dispersed versus centralized) remain
unclear.

At the border between China and North Korea, a monogenetic vol-
canic field (Longgang) and polygenetic volcanoes (Tianchi, Wangtian’e
and Namphothe) coexist in the Changbaishan Volcanic Area (CVA) (Lei
et al., 2019). The three polygenetic volcanoes are situated next to each
other within a 50 km radius, distinct from the monogenetic volcanic
field located approximately 150 km away. The Longgang Volcanic Field
(LVF) contains approximately 160 monogenetic volcanoes, whereas
>200 dispersed vents are distributed on and near the flanks of (within
100 km of), and are interpreted to be associated with, the three poly-
genetic volcanoes (Zhang et al., 2018; Li et al., 2021). The monogenetic
volcanoes in the LVF and those associated with the polygenetic vol-
canoes have similar eruption ages (peak activity in the Quaternary),
tectonic settings, and magma sources (Zhang et al., 2015; Li et al., 2021;
Zhao et al., 2021). Magmatism of the polygenetic volcanoes of Chang-
baishan has generally been attributed to mantle plume activity or pas-
sive asthenospheric upwelling driven by settling of the subducted Pacific
plate (Zhao et al., 2009; Tang et al., 2014; Kuritani et al., 2019). The
more broadly dispersed monogenetic volcanic fields in northeastern
China, including the LVF, have likewise been attributed to variable rates
of mantle upwelling due to influence from the subducted Pacific plate
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(Zou et al., 2008). The lithospheric mantle beneath both areas has been
metasomatized above the subducted Pacific plate (Xu et al., 2019). All
volcanoes also lie on similar lithospheric columns with Moho transitions
at depths of ~35-40 km, generally deeper under the polygenetic vol-
canoes (Zhang et al., 2020). Despite all these similarities, the LVF is a
standalone volcanic system. Longgang magma is interpreted to originate
from a deeper source region, undergo less differentiation, and rise
rapidly to the surface (Zhao et al., 2021). In contrast, monogenetic
volcanoes associated with the polygenetic volcanoes might have un-
dergone more complex magmatic evolutions or have been influenced by
the polygenetic magmatic system (Li et al., 2021). Analysing the geo-
morphology and spatio-temporal characteristics of co-existing mono-
genetic volcanoes in the active LVF, and of those associated with
polygenetic volcanoes in the CVA, provide an opportunity to explore the
factors controlling different types of volcanism and gain a better un-
derstanding of volcanic plumbing systems.

2. Changbaishan Volcanic Area

CVA volcanoes are constructed over a large basaltic platform, i.e.,
the Gaima lava plateau, developed from ca. 23 to 5 Ma, and located near
the northern margin of the Archean-Proterozoic Sino-Korean craton
coinciding with the border between China and North Korea (Fig. 1; Wei
et al., 2013, Zhang et al., 2018). Active volcanism occurs at the inter-
section of the NE-trending Tanlu fault system and the NW-trending
Paektusan fault system (Andreeva et al., 2014). The volcanoes include
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Fig. 1. (a) Location of the Changbaishan Volcanic Area (CVA). Base map from Esri™. (b) Volcanoes in the CVA. Monogenetic volcano clusters defined based on vent
density in the Longgang Volcanic Field (LVF) and the Tianchi area, respectively. Calculated minimum ellipses enclosing each volcanic area shown by blue lines. Blue
numbers indicate the azimuths of the long axes of the ellipses. Shaded relief base map from Esri™. (For interpretation of the references to colour in this figure legend,
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Tianchi on the China-North Korean border, Wangtian’e in NE China, and
Namphothe in North Korea, as well as the LVF in China (Fig. 1). They
cover an area of about 20,000 km?. Eruptions have occurred repeatedly
from the Pliocene to modern times. The total eruptive volume of the
CVA, excluding the LVF, is in the range 1.7 x 10° to 5.8 x 10° km?®
(Zhang et al., 2018).

2.1. Polygenetic volcanoes and associated monogenetic volcanoes

Tianchi (2745 m above sea level) is a well-preserved Late Cenozoic
polygenetic central volcano, and the largest active volcano in China
(Wei et al., 1999). During the Holocene, at least one large-scale eruption
and several medium to small-scale explosive eruptions have occurred at
Tianchi. The “Millennium eruption” of Tianchi with a Volcanic Explo-
sivity Index (VEI) of six has been described as one of the largest erup-
tions in the world in the last 2000 years (Liu et al., 1997; Yang et al.,
2021). In general, Tianchi has undergone growth and evolution pro-
gressing from an early shield stage (5.02-1.05 Ma), to a middle cone
stage (1.37-0.01 Ma) and a late caldera-forming stage (0.01 Ma to 1903
CE) (Zhang et al., 2018). The eruptive products of the shield period were
alkaline and tholeiitic basalt; those of the cone period were trachyte and
comendite lava, along with pyroclastic rocks; and the recent eruptive
products are mainly comenditic pyroclastic rocks (Wei and Yang, 1998;
Wei et al., 1998a, 1998b; Wang et al., 2003; Wei et al., 2013). Wang-
tian’e is located ca. 35 km southwest of Tianchi (Fig. 1) and consists of a
basalt-trachybasalt shield-like plateau (4.77-1.86 Ma) and a
trachyandesite-trachyte-rhyolite cone (3.14-2.12 Ma) (Zhang et al.,
2018). Based on limited age data, it is suggested that Namphothe,
located ca. 45 km southeast of Tianchi, had a basalt-basaltic trachyan-
desite shield-forming stage (1.22-1.18 Ma) and a trachyandesite-
trachyte-rhyolite cone-forming stage (1.79-0.70 Ma) (Zhang et al.,
2018).

Over 200 monogenetic volcanoes, including scoria cones and maars,
are dispersed through the area surrounding the polygenetic volcanoes
(especially Tianchi volcano), with some closely associated with the
flanks of the polygenetic volcanoes (Fig. 1) (Jin and Zhang, 1994; Li
et al., 2021; Sun et al., 2021). The eruptive products of these mono-
genetic volcanoes are considered contemporaneous with the construc-
tion of Tianchi’s cone (ca. 1-0.01 Ma) (Zhang et al., 2018; Lei et al.,
2019; Li et al., 2021). They have similar petrological and mineralogical
characteristics to the shield-forming lava flows of Tianchi volcano,
suggesting they originate from the same mantle source (Chen et al.,
2017). In addition, they are believed to be directly derived from the
mantle magmatic system that also supports the crustal magmatic system
underlying Tianchi volcano (Fan et al., 2006; Chen et al., 2017).
Therefore, these monogenetic volcanoes are genetically related to the
Tianchi volcano magmatic system, but their overall distance (up to 100
km) precludes their direct derivation from the centralized plumbing and
caldera-forming magma reservoirs. The monogenetic volcanoes are
classified into two periods: the Laofangzixiaoshan Period (0.87-0.54
Ma), with alkaline basaltic compositions, and the Laohudong Period
(0.34-0.1 Ma), which includes both alkaline and tholeiitic basaltic rocks
(Qian et al., 2016).

2.2. Longgang Volcanic Field

The LVF is located about 150 km northwest of Tianchi in the central
Longgang mountains region (Fig. 1). It is about 70 km long from east to
west and about 40 km wide from north to south, and covers an area of
>1500 km?. The Pre-Cenozoic basement in the region comprises mainly
Archean metamorphic rocks (Bai et al., 2006). The Quaternary volcanic
activity in Longgang has created the modern, cone-dominated topog-
raphy of the Longgang volcanoes (Fan et al., 2002). Volcanic activity
periods were divided into the Xiaoyizishan Period (2.15-0.75 Ma),
marked by fissure-type eruptions; the Longgang Period (0.68-0.05 Ma),
characterised by explosive eruptions; and the Jinlongdingzi Period
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(1600-1500a. BP), a more recent phase (Fan et al., 2002). The volcanic
field is considered one of the few volcanically active areas in modern
China (Liu, 1988; Liu, 2000).

The LVF contains >160 distributed monogenetic volcanoes (Ou and
Fu, 1984; Fan and Hooper, 1991; Xie et al., 1993; Liu, 1999; Sui et al.,
1999; Fan et al., 2002). Their volcanic eruption styles and volcanic
structures are complex and characterised by multi-cycle and multi-stage
eruptions forming principally scoria cones and associated lavas, as well
as several maars (Bai et al., 2006). Liu (1990) suggested that the LVF
volcanoes have obvious directional arrangement, which is controlled by
the checkerboard crustal structure dominated by EW-, NE- and NW-
trending faults. The EW-striking fault zone is compressional and con-
trols the overall distribution of the volcanoes within the field and hence
the orientation of the field. The NE- and NW-striking faults are trans-
current, determining the local distribution of the volcanoes (Zhao et al.,
2021; Zhang et al., 2023). The Quaternary volcanic rocks in the LVF are
mostly trachybasaltic with abundant ultramafic xenoliths (Sui et al.,
1999; Fan et al., 2000; Liu et al., 2009; Yu et al., 2005) and are closer in
composition to the primitive mantle and show more primitive
geochemical characteristics compared to those surrounding Tianchi
(Zhao et al., 2021).

3. Database and methods
3.1. Database

This study used freely available Advanced Land Observing Satellite
(ALOS) World 3D 30 m (AW3D30) data, terrain maps (e.g., from Esri,
USGS, CGIAR) and satellite images (e.g., from Maxar). AW3D30 is a free
30 m spatial resolution digital elevation model (DEM) with near com-
plete global coverage. It has a target accuracy of 5 m (root mean square
error) and was determined to be the most accurate freely available
global DEM for monogenetic volcano applications (Takaku et al., 2014;
Zhang et al., 2022). Based on these data, we manually located 150
monogenetic volcanoes in the LVF area, comprising of 140 scoria cones
and 10 maars, and 137 monogenetic volcanoes in the Tianchi area,
consisting of 134 scoria cones and 3 maars. According to Zhang et al.
(2022), the computation of morphometric parameters (volume, slope,
height) of scoria cones using the AW3D30 gives errors of <15.7% for
cones with volumes <5 x 10° m®, and errors of <10% for cones with
volumes >5 x 10° m>. In this study, there are 99 scoria cones with
volumes <5 x 10° m® and an additional 175 with volumes >5 x 10® m*
(refer to Supplementary Data 1).

3.2. Spatial analysis

Analysis of the spatial distribution of monogenetic volcanoes allows
detailed studies of local tectonic conditions and vent density (Le Corvec
et al., 2013; Schmidt et al., 2022), as well as conditions that may favour
the formation of large volcanoes. The CVA is ideal for this because of the
large number and good preservation of monogenetic volcanoes.

3.2.1. Cluster analysis

To discuss trends in the spatial development of volcanic fields, we
performed a cluster analysis of monogenetic volcanoes in the LVF and
the Tianchi area. The Kernel Density tool of ArcGIS Pro was used to
prepare vent density maps (c.f. van den Hove et al., 2017), which might
not directly correspond to event/eruption density maps (Runge et al.,
2014). A search radius of 5 km was used, which is close to 2-3 times the
mean vent separation in both volcanic areas. This search radius reflects
the local scale range of the volcano distribution density in both volcanic
areas (Mazzarini, 2007). The monogenetic volcanoes in the Tianchi area
were manually grouped into 7 clusters, while those in the LVF were
manually divided into 5 clusters (see Fig. 1 and Supplementary Data 1).
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3.2.2. Vent alignment analysis

Vent alignment analysis can reveal the potential paths of magma
rising to the surface and reflect the controlling tectonic/structural fac-
tors (Le Corvec et al., 2013). We used the MATLAB tool of Thomson and
Lang (2016) to determine vent alignments. The tool was designed based
on the two-point azimuth method of Lutz (1986) and the modified two-
point azimuth method of Cebria et al. (2011). The alignments of all pairs
of features are determined by the method of Lutz (1986), with preferred
alignments illustrated by peaks in a histogram. The Lutz (1986) method
is, however, area sensitive (Cebria et al., 2011). To eliminate this in-
fluence, the raw histogram is normalized by Monte Carlo simulations of
random patterns with the same number of points and similar spatial
extent. Consequently, a 95% confidence level is calculated to determine
significant peaks. In the method of Cebrid et al. (2011), azimuths are
only calculated between features within the minimum significant dis-
tance, dms = |x — 16|/3, where x is the mean separation distance and ¢ is
the standard deviation.

3.2.3. Poisson nearest neighbour analysis

Poisson Nearest Neighbour (PNN) analysis can statistically charac-
terize the distribution of vents in monogenetic volcanic areas to quantify
the degree of clustering and the spatial correlation between volcanoes.
This is based on the comparison of the mean nearest neighbour (NN)
distance of an observed population (R,) with the mean NN distance
calculated from an idealised Poisson distribution (R,) (Le Corvec et al.,
2013; Paguican et al., 2021). A convex hull is employed to define the
volcanic area for the population density estimation (Le Corvec et al.,
2013). The ratio (R) is equal to R,/R.. The c statistical test is used to
assess the quality of the fit with the Poisson distribution (Clark and
Evans, 1954). A Poisson distribution will ideally show 1 for R value and
0 for c value. Values of R greater than and less than 1 mean that the
distribution of the population is more dispersed and clustered than the
Poisson distribution, respectively (Beggan and Hamilton, 2010). We
used the MATLAB-based Geological Image Analysis Software (GIAS)
(Beggan and Hamilton, 2010) for the PNN analysis. Since the R and ¢
statistical values are based on the population size, the values are plotted
with a confidence interval of 2¢ to overcome the sample-dependent bias
and assess the fitness of the PNN analysis (Beggan and Hamilton, 2010).

3.2.4. Shape of monogenetic volcanic fields

The shape of a volcanic field can provide important information
about where magma is generated and its behaviour from source to
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surface (Condit and Connor, 1996; Le Corvec et al., 2013; Paguican
et al.,, 2021). Shapes are determined by various factors, including
magma generation processes and tectonic environment (Le Corvec et al.,
2013). We used the function getMinEllipse of the package ‘shotGroups’
in the R software (Wollschlaeger, 2022) to define the minimum
enclosing ellipses of the LVF and the Tianchi area.

3.3. Morphometric analysis of scoria cones

Most of the scoria cones in the CVA are horseshoe-shaped with one or
two craters, some are intact cones with a crater, and a few are cones
without craters. The outlines of scoria cone base and crater were
manually delimited following slope breaks around their base and crater
edges. For analysing the crater and cone diameters, the crater and base
of breached cones were manually reconstituted to circular shapes
(Fig. 2a), while all other morphometric parameters were calculated
based on the outlines of the scoriaceous deposits (Fig. 2b).

We used ArcGIS Pro to estimate the planimetric areas of scoria cone
base (Aco) and crater (Acr). Following Favalli et al. (2009), average
diameters of the cone base (Wco) and crater (Wcr) were defined as:

Weo = 24/Aco/n €y
Wer = 2\/Acr/n 2

The volume of each scoria cone was estimated from the space
enclosed by the current surface and the pre-eruption surface, modelled
by the interpolation of a triangulated irregular network (TIN) function
(c.f., Kereszturi et al., 2013b). The erupted volume of a scoria cone is
defined as:

Veo = Azxy 3

where Ag; is the elevation difference between the current and the pre-
eruptive surface at the grid cell i, and x and y are the dimensions of
the pixel size along the two main principal directions.

The maximum height of scoria cones (Hco) was quantified following
Favalli et al. (2009), as:

Hco = AZpax @

where Az;qy is the maximum elevation difference between the crater
rim and the pre-eruption surface.

Fig. 2. Definition of the base and crater of a breached scoria cone (No. 240). (a) Reconstituted cone base and crater. (b) Delineated cone base and crater. Shaded

relief base map from AW3D30.
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The maximum crater depth (Dcr) was calculated by subtracting the
minimum elevation from the maximum elevation of the crater.

The mean outer flank slope angle of the scoria cone (Sco-f), the mean
slope angle of the pre-eruption basement (Sba) and the mean inner slope
angle of the crater (Scr) were calculated for each scoria cone. The ratios
Hco/Weco, flat-topped-ness (Wcr/Wco), steep-sided-ness (2Hco/(Wco-
Wecr)), and Dcr/Wecr were also estimated for each scoria cone. Detailed
information of morphometric parameters of scoria cones in the LVF and
the Tianchi area are reported in Supplementary Data 1.

According to Zhang et al. (2023), Wco is the best indicator of the
volume of lava flows related to individual scoria cones. The volume of
the lava flow associated with a scoria cone is defined as:

Via = 10.32¢003W ©)

When the proportion of scoria cones surpasses 90% of the total
number of vents within a volcanic field, the planimetric scoria cone
output rate becomes a dependable parameter for assessing the magma
flux rate. This method involves calculating the total base area of all
scoria cones to represent the total eruptive volume of a volcanic field
(Zhang et al., 2023). Additionally, the volume of volcanic eruptions is
estimated by summing the volumes of the scoria cones and their asso-
ciated lava flows. To minimize the impact of lava breaches and/or
degradation on the cone volumes, the method of Riedel et al. (2003) is
used to estimate their ideal volume.

3.4. Relative age of scoria cones

To compare the spatial and temporal evolution of monogenetic
volcanoes in the LVF and the Tianchi area, we conducted relative age
analysis using cone morphology. Morphological parameters of scoria
cones, such as Dcr, Dcr/Wer, Scr, Sco-f, Hco, and Hco/Wco can provide
first-order information on relative age, with decreasing values with age
(Hooper and Sheridan, 1998; Fornaciai et al., 2012; Kereszturi and
Németh, 2012b; Kereszturi et al., 2013a; Grosse et al., 2020). In this
study, scoria cones were categorized as intact, breached, and mound-
like. Furthermore, based on the number of craters, they were classified
into three types: single crater, multiple craters, and craterless (Supple-
mentary Data 1). For analysing the relative ages of intact scoria cones
with a crater, four morphometric parameters Dcr, Scr, Dcr/Wcr, and Hco
were taken into account (Table 1). However, for the breached scoria
cones, only Scr and Hco were considered, as the breaching changes the
crater depth (Bemis and Ferencz, 2017). Furthermore, for more complex
breached scoria cones with multiple craters, only Scr was considered
(Table 1) because volcanic materials ejected from two craters may
disperse laterally, thereby reducing Hco. Lastly, for the analysis of scoria
cones without a crater (i.e., “scoria mounds”), only Hco was considered.
Scoria cones with absolute age data can be used to calibrate relative age
classes and provide reference for the geomorphological characteristics
of scoria cones. Seven scoria cones from the LVF have absolute age data,
of which five are K—Ar ages (110 ka, 240 ka, 270 ka, 620 ka and 680 ka)
(Fan et al., 2002), one is a U-series component age (71 ka) (Yu et al,,
2005), and another is a l4c age from a volcanic tephra layer (1.59 ka)
(Liu et al., 1989). Three scoria cones from the Tianchi area have K—Ar
ages (340 ka, 750 ka and 870 ka) (Qian et al., 2016). Based on the di-
vision of volcanic activity periods in the two volcanic areas (see Section

Table 1
Geomorphological parameters for analysing scoria cone relative age based on
different types of scoria cones.

Cone type Crater type Cone number Scr Der Hco Der/Wer
LVF Tianchi
Intact One crater 4 10 \/ \/ \/ \/
Breached One crater 122 103 Vv v
Two craters 6 1 \/
Mound-like  No crater 8 20 v
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2), we grouped the scoria cones into five classes following Haag et al.
(2019): (1) ancient (>870 ka), (2) old (870-540 ka), (3) mature
(540-340 ka), (4) moderately mature (340-100 ka), and (5) young
(<100 ka). The age grouping comprehensively considers absolute age,
relative age derived from geomorphological parameters, and age classes
represented by geomorphological features (Fig. 3).

4. Results
4.1. Spatial distribution

The kernel density map (Fig. 1) reveals that the density of mono-
genetic volcanoes in the LVF is substantially higher than that in the
Tianchi area. In the LVF, from east to west, the density gradually de-
creases from clusters 1 and 2 (about 0.531-0.312 vents/kmz) to clusters
4-5 (about 0.105 vents/km?). The density distribution of clusters in the
Tianchi area is <0.105 vents/km?, and there are no particularly high- or
low-density areas (Fig. 1). The overall density of the LVF is 0.107 vents/
kmz, whereas that of the Tianchi area is 0.017 vents/km? (Table 2).

The PNN analysis indicates that both the LVF and the Tianchi area
have c-statistic values <—2c and R-statistic values <—20, indicating that
their vent distributions are clustered relative to the Poisson distribution
(Table 2). The Tianchi area shows a lower R-statistic value than the LVF,
indicating that monogenetic volcanoes in the Tianchi area are more
clustered than in the LVF (Table 2).

The LVF shows a more elongate volcanic area shape than the Tianchi
area, with the minimum ellipse short axis/long axis value of 0.38 for the
LVF versus 0.81 for the Tianchi area (Table 2). The long axis azimuth of
the minimum ellipse of the LVF is about 96° and that of the Tianchi area
is approximately 114° (Fig. 1 and Table 2), suggesting that their dis-
tribution is likely controlled by different factors.

In analysing vent alignment in the LVF, one direction (WNW-ESE)
was derived from the method of Lutz (1986) (Table 2 and Fig. 4a).
However, the Cebria et al. (2011) method shows possible vent align-
ments in the NE-SW, NW-SE and EW directions, in agreement with
findings from Zhao et al. (2021), indicating potential faulting controls
on the spatial vent distribution (Table 2 and Fig. 4b). In contrast, the
Tianchi area has only one significant volcanic alignment direction (NW-
SE) derived from the Lutz (1986) method and coinciding with the trend
of a fault set, while the NNE-SSW direction determined by the Cebria
etal. (2011) method does not overlap with any fault system (Table 2 and
Fig. 4c-d).

4.2. Morphometry of scoria cones

Cone diameter (Wco) and crater diameter (Wcr) in the Tianchi area
show a gradual overall increase away from Tianchi volcano, with
notable decreases in clusters 1 and 4, while Wer and Wco increase from
east to west in the LVF (Fig. 5a-b). In contrast, cone height (Hco) and
volume (Vco) in the centre of the LVF are higher compared to its mar-
gins, while these parameters change minimally in the Tianchi area
(Fig. 5c-d). Wco is considered to be the parameter least affected by later
onlapping lava flows (Zhang et al., 2023). The distribution patterns of
Hco and Vco in the LVF show significant differences from Wco, which
may be due to lava flow burial of the base of scoria cones, leading to an
underestimation of these parameters, especially in LVF cluster 5.

Morphological parameters such as Scr, Dcr, Der/Wer and Sco-f are
sensitive to degradation and show similar variation trends among the
clusters (Fig. 5e-h). In the Tianchi area, clusters 2, 6 and 7 have lower
mean values for these parameters, while the values for the other Tianchi
clusters are close to, but lower than, those of the LVF clusters except
cluster 5. The highest values for clusters 3 and 4 in the LVF (Fig. 5e-h)
agree with these clusters containing the youngest monogenetic vol-
canoes (Jinglongdingzi and Dayizishan) in the CVA (Liu et al., 1989; Yu
et al., 2005). Most of the scoria cones in both volcanic areas formed on
pre-eruptive terrain with <5° slope (Sba; Fig. 5i), thus their slope angle



R. Zhang et al.

* te '59:007 kdl .~ 500
I You feie
LSV W=

Steep outer flank slope
Distinct crater rim
Blurred cone base edge

L

No. 174
Absolute age: 240+10 ka
Relative age: Moderately mature

»

Gentl
Distinct

ter flank slope
er rim
lurred cone base edge

No. 258
Absolute ageﬁ0+20 k
Relative age: Old

(d)
5

Journal of Volcanology and Geothermal Research 451 (2024) 108116

eep outer flank slope
‘Distinct crater rim
Distinct cone'base edge
-

~
o’
Vi
y
|
Abéolute age: 71+ 500
E_Erremr

Rela%age: Young
- A -

— 2
Moderate Jer flank slope
Distinct crater rim
Blurred cone base edge

r :

ge: 340+20 ka

e: Mature,
Moden‘nature
1
. ) Gentlgouterﬂakl
> Bluxd crat
( Blu ?ez'se ed ’

. ¥,

ATy ?

' a “'\

Iuieg 0:!:20 y 400 p
‘k g

Angent/’ld

Fig. 3. Geomorphological characteristics of different volcanic age classes. (a-b) Young. (c) Moderately mature. (d) Mature/Moderately mature. (e) Old. (f) Ancient/

Old. Shaded relief base map from AW3D30.

variations can be assumed to be minimally affected by the pre-eruptive
terrain (Kereszturi et al., 2012).

The scoria cones in the LVF exhibit slightly higher flat-topped-ness
values (Wcr/Wco) in comparison to the Tianchi scoria cones (Fig. 6a-
b). This difference could be related to climatic/altitude differences and
potential phases of phreatomagmatic eruptions (Fornaciai et al., 2012;
Aguilera et al., 2022). The average altitude of the scoria cones in the two
volcanic areas differs by about 400 m (see Supplementary Data 1).
Furthermore, hydrovolcanic activity is an important characteristic of the
LVF, resulting in at least 10 maar volcanoes, while only 3 maars are
known in the Tianchi area (Ou and Fu, 1984; Jin and Zhang, 1994; Liu

et al., 2009; Sun et al., 2021; Zhao et al., 2022). At a given Wco, the
scoria cone Wer and Dcr values of the LVF are greater than those of the
Tianchi area (Fig. 6d-e), which may be related to phreatomagmatic
eruptions which tend to produce relatively larger craters (Aguilera et al.,
2022). Even though there are local variations, the distributions of Hco
and Scr vs. Wco in the two areas are remarkably similar (Fig. 6¢ and f).

4.3. Relative ages of scoria cones

X-Y scatter plots between the absolute ages of the seven dated scoria
cones of the LVF and their morphometric parameters show a logarithmic
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Table 2
Properties and results of spatial analysis for monogenetic volcanoes in the LVF
and the Tianchi area.

Monogenetic volcanic LVF Tianchi
area
Measured NN Number of vents 150 137
properties Number of vents in 140 126
convex hull
Area convex hull (km?) 1310 7442
Density (vents/km?) 0.107 0.017

Min NN distance (m) 543 542

Max NN distance (m) 6287 7340
Mean NN distance (m) 1440 2771
Standard deviation (20) 1649 3313
(m)
Skewness 2.39 0.96
Kurtosis 9.38 0.35

NN results relative to Poisson expected mean 1532 3843

the Poisson model NN distance (m)

R 0.94 0.72
R positive thresholds at 1.13 1.14
20
R negative thresholds at 0.94 0.94
20
Distribution implication Clustered Clustered
c -1.36 -5.99
c positive thresholds at 3.03 3.04
20
¢ negative thresholds at -1.34 -1.35
20

Alignment analysis Lutz (1986) method WNW-ESE NW-SE
Cebria et al. (2011) NNE-
method SSW
Zhao et al. (2021) NE-SW, NW-
inferred SE, EW

Shape analysis Short axis (m) 19 70

(minimum ellipse) Long axis (m) 50 86
Short axis/Long axis 0.38 0.81
Azimuth of long axis 96° 114°
Method of Lutz (1986)
900 = Normalized histogram (a)
800 © 95% significance threshold
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correlation with age for Scr, Dcr/Wer, Dr. and Hco (R?>0.74) (Fig. 7a-
d). However, Hco/Wco and Sco-f show scattered patterns (Fig. 7e-f).
Although there are only three absolute ages of scoria cones in the
Tianchi area, they also show a similar trend to the LVF scoria cones
(Fig. 7). Furthermore, the logarithmic trend lines of the overall data are
consistent with those of the individual volcanic areas, showing that the
correlation coefficients (R?) of Scr, Der/Wer, Der and Heo with absolute
age are >0.62 (Fig. 7a-d).

To compare the spatio-temporal distribution of scoria cones in the
LVF and the Tianchi area, we morphometrically classified all scoria
cones into age groups using parameters in Tables 1 and 3 as well as
geomorphological features.

In the ancient group, the number of cones in the LVF is twice that of
the Tianchi area. Due to the lack of convincing absolute age data, the
reasons for this disparity are not discussed here. In the LVF, the number
of scoria cones remains consistent across age classes (old to young),
while in the Tianchi area, there are progressively fewer young cones
(Fig. 8). Furthermore, in the LVF, the ancient and old groups are
concentrated in clusters 1, 2, and 3, while the mature and moderately
mature groups are focused in cluster 2, and the young group in clusters
2, 3, 4, and 5 (Fig. 8). This can indicate the temporal progression of
volcanism and the evolution of the Longgang volcano from east to west.
However, in the Tianchi area, the distribution across each group is
relatively even (Fig. 8).

5. Discussion
5.1. Scoria cones morphology

Many studies (e.g., Wood, 1980; Hooper and Sheridan, 1998; Guil-
baud et al., 2012; Kereszturi et al., 2013a; Haag et al., 2019) have used
steepness parameters of scoria cones, e.g., Hco/Wco and Sco-f, to derive

the relative age of cones, which is based on the assumption that the
original cones have similar morphological parameters, e.g., Hco/Wco =

Method of Cebria et al. (2011)
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Fig. 4. Histograms of vent alignments of monogenetic volcanoes in the LVF and the Tianchi area with (a) and (c) the two-point azimuth method of Lutz (1986) and
(b) and (d) the simplified two-point azimuth method of Cebrid et al. (2011). 100 Monte Carlo models were run for each analysis.
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Fig. 5. Boxplots of morphometric parameters (a) Wco, (b) Wcr, (¢) Hco, (d) Vco, (e) Scr, (f) Dcr, (g) Dcr/Wer, (h) Sco-f and (i) Sba for scoria cones in the LVF and
around Tianchi, classified according to clusters in Fig. 1. The clusters on the x-axis from left to right are from closest to farthest to Tianchi volcano (see Supplementary
Data 1). Black lines show mean values. Insets in (a) and (b) are the overall distributions of Wco and Wecr for the Tianchi area and the LVF, respectively. Wco = Cone
base width, Wer = Crater width, Hco = Cone height, Vco = Cone volume, Scr = Mean inner slope of crater, Dcr = Crater depth, Sco-f = Mean flank slope of cone, and

Sba = Mean slope of pre-eruption basement.

0.18, Wer/Wco = 0.4, Sco-f = 33° (Porter, 1972; Wood, 1980), degra-
dation processes and pyroclastic deposits. However, volcanic systems
can often have different characteristics reflecting the local environment,
magma composition, eruption type and other factors (e.g., Riedel et al.,
2003; Martin and Németh, 2006; Favalli et al., 2009; Bemis et al., 2011;
Kervyn et al., 2012; Cimarelli et al., 2013; Kereszturi et al., 2013a; Bemis
and Ferencz, 2017). We found that the morphometric parameters that
are best correlated with age are the crater-related parameters as well as
Hco in the CVA, which is consistent with Grosse et al. (2020). These
authors reported that in the Peinado and Incahuasi volcanic fields,
southernmost Central Volcanic Zone of the Andes, Dcr, Der/Wer, Der/
Hco, Scr vs. age have better correlations (R? > 0.68) compared to other
morphometric parameters. This may indicate that the outer slope
characteristics of the scoria cones in the CVA area are variable due to
extrinsic or intrinsic factors, such as local climate, vegetation, magma
composition, among others, whereas the crater parameters are less
affected. Therefore, using morphometric parameters of scoria cones for
relative age analysis should be carefully considered on a case-by-case
basis. This is seen also in the different correlations we found for the
LVF and Tianchi scoria cone populations (Fig. 7).

5.2. Spatial-temporal distribution and controlling factors

Two distinct monogenetic volcanic systems have developed in the
CVA: the standalone LVF and the Tianchi monogenetic field associated
with Tianchi composite volcano. They show remarkable differences in

the mean NN distance (1440 vs. 2771 m; Table 2) and vent density
(0.107 vs. 0.017 vents/kmz; Table 2). These vent densities are in
agreement with those calculated for similar volcanic fields (Le Corvec
et al., 2013). Compared with a Poisson distribution, the vents in both
volcanic areas are clustered, suggesting that systematic nonrandom
processes, such as magmatic and tectonic activities, govern vent distri-
bution (Bruno et al., 2006; Le Corvec et al., 2013). A higher magma
rejuvenation rate and flux rate can repeatedly generate more clustered
volcanic fields (Valentine and Connor, 2015). In the LVF, the plani-
metric scoria cone output rate is 0.072 km?/kyr during the last 870 ka,
equating to a volumetric volcanic output rate of 0.027 km?>/kyr,
following Zhang et al. (2023). Similarly, in the Tianchi area, the plani-
metric scoria cone output rate is 0.064 km?/kyr during the last 870 ka,
corresponding to a volumetric volcanic output rate of 0.023 km?/kyr
(Table 4). Similar magma flux but different patterns of vent number
development in the two volcanic fields (Fig. 8) may be related to the
influence of the magma plumbing system of the Tianchi volcano. Tianchi
volcano is considered to have a two-layer magma system in which
mantle-derived potassic trachybasalt magma feeds eruptions on the
surface, forming scoria cones (Fan et al., 2006). The rates of magma
generation and supply into the plumbing system have varied over time
(e.g., Kuritani et al., 2009), likely associated with complexities in the
tectonic drivers of magmatism (e.g., Kimura et al., 2018). However,
when a continuous supply is available, the crustal magma chamber feeds
more evolved eruptions with abundant fractional crystallization and
mixing (Fan et al., 2007a). Therefore, with an increasing magma supply,
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Fig. 6. X-Y plots of morphometric parameters for scoria cones in the LVF and the Tianchi area. (a) Flat-topped-ness vs. steep-sided-ness. (b) Wer/Wco vs. Hco/Wco.
(c) Wco vs. Heo. (d) Wco vs. Wer. (e) Wco vs. Der. (f) Wco vs. Scr. The “ideal” cone values are from Porter (1972) and Wood (1980). Weco = Cone base width, Wer =
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indicated by the increase of magma flux (Table 4 and Fig. 9), and
development of a complex plumbing system beneath Tianchi to form
trachyte cones (0.61-0.25 Ma; Wei et al., 2007), successive basaltic in-
trusions may have been more readily captured by developing magma
storage areas (Brenna et al., 2015b). This is supported by petrologic
evidence for magma mixing/mingling, possibly associated with or trig-
gering eruptive episodes (Fan et al., 2007b; Wei et al., 2007). A similar
scenario occurs in the western part of the Trans-Mexican Volcanic Belt,
Mexico, at Ceboruco and Tepetiltic (Petrone, 2010) and in Lamongan,
Java, Indonesia (Carn and Pyle, 2001), where the magma that fed
monogenetic volcanoes also fed and triggered polygenetic volcanoes.
Evaluating the spatio-temporal development of dispersed monogenetic
vents and their magma output rates can reflect the overall magma
production in the area and provide insights into the development of
polygenetic volcanoes.

The spatio-temporal distribution and geomorphological character-
istics of monogenetic volcanoes can reflect different controls of magma
propagation from source to surface. The alignments of the volcanoes in
the LVF are approximately consistent with the local faults in three di-
rections, and the elongate shape of the volcanic field is also consistent
with one of the fault directions, which may indicate that the volcanic
field is strongly affected by tectonic factors and crustal weaknesses. In
contrast, the alignments of monogenetic volcanoes in the Tianchi area
only coincide with faults in the NW-SE direction, and the shape of the
volcanic area overall does not appear to be controlled by faults. This
implies that lithospheric structural features and tectonics have a lesser
impact on the Tianchi volcanic system compared to the LVF. Addition-
ally, there is no clear radial vent alignment, and hence no obvious link
with the central edifice plumbing system and locally induced stress
regime (Acocella and Neri, 2009; Roman and Jaupart, 2014); this
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Table 3

Age group classification using Scr, Der, Hco and Der/Wer parameters. Wer = Crater width, Hco = Cone height, Scr = Mean inner slope of crater, and Dcr = Crater

depth.
Parameter Ancient Old Mature Moderately mature Young
Estimated age range >870 ka 870-540 ka 540-340 ka 340-100 ka <100 ka
Ser® <12.08° 12.08-13.43° 13.43-14.75° 14.75-18.22° >18.22°
Der/Wer” <0.15 0.15-0.18 0.18-0.20 0.20-0.26 >0.26
Der® <40 m 40-55 m 55-69 m 69-106 m >106 m
Heco® <66 m 66-75 m 75-85m 85-110 m >110 m
2 . The threshold values for each relative age class are calculated using the formula in Fig. 7a.
b

c
d

implies significant independence of the dispersed volcanoes from their
coexisting polygenetic volcano (Yokoyama, 2015). Valentine and Perry
(2007) proposed that the plumbing system of volcanoes with higher

. The threshold values for each relative age class are calculated using the formula in Fig. 7b.
. The threshold values for each relative age class are calculated using the formula in Fig. 7c.
. The threshold values for each relative age class are calculated using the formula in Fig. 7d.

magma productivity (magmatically controlled) are less affected by pre-
existing crustal structures. Moreover, according to the study of Morfulis
etal. (2020) in the Southern Puna Plateau, Argentina, factors controlling

10
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Fig. 8. Density maps and histograms of scoria cones with relative age classes (a) ancient, (b) old, (c) mature, (d) moderately mature and (e) young in the LVF and the
Tianchi area. Other legends and base maps refer to Fig. 1.
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Table 4
Output rate of monogenetic volcanic eruptions in the LVF and the Tianchi area.

Journal of Volcanology and Geothermal Research 451 (2024) 108116

Relative age class Volcanic Cumulative scoria cone area Cumulative Planimetric scoria cone output rate (km?/  Volumetric volcanic output rate (km®/
area (km?) volume (km®) kyr) kyr)
old LVF 13.265 4.948 0.040 0.015
Tianchi 19.338 6.129 0.059 0.019
Mature LVF 11.522 4.369 0.058 0.022
Tianchi 11.938 3.787 0.060 0.019
Moderately LVF 20.451 7.060 0.085 0.029
mature Tianchi 17.655 7.039 0.074 0.029
Young LVF 17.237 7.330 0.172 0.073
Tianchi 6.585 3.007 0.066 0.030
Total LVF 62.475 23.707 0.072 0.027
Tianchi 55.517 19.962 0.064 0.023

* Volume is the total volume of scoria cones and associated lava flows. Ideal cone volume (Vco-eq.) is calculated according to Eq. 2 of Riedel et al. (2003), which
assumes cones have reached the angle of repose and Hco/Wco and Wer/Wco are the ideal values proposed by Porter (1972) and Wood (1980). Associated lava flow

volume (Vla) is based on Eq. 5 (see Supplementary Data 1).
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Fig. 9. Comparison of volumetric volcanic output rate in the two volcanic
fields across age classes.

the distribution of vents in monogenetic volcanic fields can be divided
into two overall types: control by magmatism, with more clustered
distribution, and control by tectonism, with more random distribution.
Following their framework, in the CVA, the magmatic evolution and

eruptive system of the LVF are related to tectonic controls, whereas the
development of the monogenetic volcanoes in the Tianchi area have a
greater link to the magmatic source dynamics of the polygenetic
volcano.

5.3. Transition between monogenetic volcanic field and polygenetic
volcano

In the LVF, the number of scoria cones in the volcanic field is stable
with markedly increased output rates from old to young (Figs. 8 and 9),
indicating a corresponding increase in cone size. Fig. 10 shows that Wco
tends to increase with decreasing age, both absolute and relative, in the
LVF, suggesting the growth of larger cones with time. There are some
other regions where this same trend has been identified. For instance, in
the Jeju Island Volcanic Field, increased magma generation rates shifted
volcanism from producing small-volume monogenetic volcanoes to
accumulating large-volume volcanoes (Brenna et al., 2012, 2015a).
Rangitoto is the youngest and largest monogenetic volcano in the
Auckland Volcanic Field, and its formation is accompanied by an in-
crease in magma output rate (Kereszturi et al., 2013b). In the Abu
monogenetic volcanic group, Japan, although there was not a clear
increment in individual volcano size, the overall output rates also
increased over time (Kiyosugi et al., 2010). As these volcano charac-
teristics are impacted by dynamic processes, such as tectonics and
magma supply, they are not fixed for a given system, but may experience
transitions from monogenetic to polygenetic activity (or vice versa).
Quaternary volcanism in the Izu peninsula (Japan) was impacted by
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Fig. 10. (a) X-Y plot of age vs. Wco in the LVF for the seven cones having absolute ages. (b) Boxplot of Wco for the different relative age classes. Wco = Cone
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changes in stress field due to subduction dynamics, resulting in poly-
genetic activity building a stratovolcano that transitioned to dispersed
small-volume monogenetic centres (Hasebe et al., 2001). In contrast,
increasing complexity of mineral phases (olivine, clinopyroxene and
plagioclase) in eruption products of the Wulanhada Volcanic Field
(China) is interpreted as indicating the development of a crustal
plumbing architecture favourable for the formation of a central poly-
genetic volcano (Luo et al., 2022). The coupling between magma supply
and rate and tectonic activity has an impact on the resulting
morphology. Ultimately, the transition of volcanic types in a single area
can be evaluated by analysing spatial-temporal and geomorphological
information of monogenetic volcanoes. An increase in Wco and/or more
clustered vent distribution over time may represent the transition of
factors controlling the volcanic activity and be a sign of the development
of larger/polygenetic volcanoes. Therefore, detection of spatial-
temporal pattern along with geomorphological characteristics of
monogenetic volcanoes can hold key information to forecast and resolve
evolution and associated volcanic hazards within volcanic fields.

6. Conclusions

The similarities and differences of monogenetic volcanoes in the LVF
and the Tianchi area reveal different controlling factors within the CVA.
Although their volcanic systems have similar magma source regions and
output rate in the past 870 kyr, variations in the numbers of scoria cones
in different age classes in the two volcanic fields suggest the influence of
Tianchi volcano’s magma system on the development of associated
monogenetic volcanoes. Furthermore, the Tianchi area exhibits a more
clustered vent distribution and an increased magma output rate, indi-
cating monogenetic volcanoes in the Tianchi area are more magmati-
cally controlled. Conversely, with more random vent distribution and
better vent alignment, monogenetic volcanoes in the LVF are more likely
influenced by tectonic factors such as faulting. Moreover, the continuous
increase in magma output in the LVF suggests a potential risk of larger
volcanoes occurring in the future.

The development and evolution of geomorphology, spatial-temporal
information, and composition of monogenetic volcanoes are important
research focuses for exploring and predicting volcanic eruption types
and evaluating volcanic hazards. Comparing these characteristics be-
tween different monogenetic vent clusters in the same area can provide
clues to the evolution and development of volcanic types in the area.
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