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Preface

Updates in Volcanology - Linking Active Volcanism and the Geological Record provides 
an exciting snapshot of research around the hot topic of volcanic geology. Volcanic 
geology is a fast-growing research arena within volcanology in which the basic aspects 
of volcano science are revisited based on direct geological observations from the field. 
As field geology is the fundamental data provider for any geological research, such 
work examines the basic elements of how volcanoes work. In addition, the volcanic 
geology approach to understanding volcanic systems can provide a strong evidence-
based approach to design analogue and numerical modeling of various volcanic 
processes ranging from the eruption-fed aspects to the more secondary elements 
governed by the background environment within which the volcanism takes place. In 
proximal settings, primary volcaniclastic successions are more abundant and complex 
(Figure 1), while in distal regions, volcanic eruptive products tend to form clear 
stratigraphy marker horizons. As volcanic rocks or rocks that formed under volcanic 
influence form vital elements of the geological record, tracing the transition from 
modern pyroclastic and volcaniclastic successions to rocks formed from such is key 
to providing valid and realistic reconstructions from preserved rocks in any geoen-
vironment. Naturally, this subject is too broad to be covered in a single book, but it is 
also a subject that can be evaluated through various locations, volcanic systems, and 

Figure 1.  
Proximal region of the Lascar Volcano (northern Chile) complex primary pyroclastic successions and lava  
flows filling the landscape. Pyroclastic flows tend to fill the valleys such as the deposits of the 1993 eruption  
(light-colored zone in the middle of the view).



geological times through specific research topics. This book discusses a wide range of 
volcanic systems and describes their volcanic geology.

The link between active volcanic processes, their eruptive products, and what is 
preserved in the geological record is fundamental to understanding the growth and 
erosion processes of volcanoes. Volcanic systems and volcanic rocks differ from other 
geological processes and rock types because they act and form during extremely 
short time scales and can also be voluminous (Figure 2). As such, volcanic rocks are 
commonly viewed as excellent chronostratigraphy markers that can present across 
large sedimentary basins but on a very large spatial scale, such as thin tephra layers 
in marine or terrestrial settings. On the contrary, massive landscape-forming succes-
sions can completely alter the sedimentation of entire regions and thus their impact 
on the geological record is huge. There is no other geosystem where such a dramatic 
range of time and space needs to be considered within a single volcanic system and 
commonly in repeated fashion over longer time scales. It is critical to acknowledge 
this issue in the geological mapping of volcanic terrains or regions influenced by 
volcanism in the past. The impact of volcanism on sedimentary basins far from an 
active volcano might just be an accumulation of thin volcanic ash layers that can be 
preserved in the geological record as sharp chronostratigraphic horizons. Information 
from these thin layers however is vital to identify and define the nature of volcanism 
interacting with the normal sedimentary environment. To be able to trace these 
gradual changes to obtain the maximum potential information volcanic rocks can 
provide in the context of sedimentary basin evolution, it is important to be able to 
assign the correct time and space scales of volcanism recorded in the rock successions.

IV

Figure 2.  
Enormous spatial-scale variations of volcanism and their products in one photo in northern Chile. In the 
foreground, Cerro Overo maar represents a fast and small-volume eruption that cut through a landscape-forming 
ignimbrite succession (pink). Group of complex andesite stratovolcanoes are a magnitude less in edifice and 
eruptive volume than those exceptionally large ignimbrite sheets.

Chapter 1 introduces and summarizes the subject matter. Chapter 2 provides a 
summary of the role of paleovolcanology within the context of volcanic geology 
based on past research. The chapter is a useful guide to identifying the correct scale 
of volcanism and linking it to the volcanic rock record. Chapter 3 discusses one of 
the largest volumes and potentially the most complex type of volcanism associated 
with convergent plate margins. It outlines some models that link the active subduc-
tion processes and what we can see in the geological record. Chapter 4 focuses on 
dispersed volcanic systems such as mafic monogenetic volcanic fields whose eruptions 
can span over millions of years despite the individual volcanoes being very short-lived 
in the geological time scale. The chapter provides an overview of using the geological 
record to define the most likely eruptive scenarios in future eruptions in long-lived 
volcanic fields. While mafic volcanism is the most common manifestation of volca-
nism on Earth, large silicic systems can be the most explosive or produce unusually 
effusive products, as outlined in Chapter 5. Volcanic systems act as part of the normal 
sedimentary environment; hence volcanism can alter, modify, or completely switch 
the nature of sedimentation. Chapter 6 describes this process, which can be traced 
well along fluvial systems evolving in volcanic terrains.

Overall, this book provides a representative overview of the problem geologists face 
when geological reconstruction involves volcanic successions in various time and 
space scales. This book is a useful reference for approaching and solving this problem.

Károly Németh
Saudi Geological Survey,

Jeddah, Kingdom of Saudi Arabia

Institute of Earth Physics and Space Science,
Sopron, Hungary

Massey University, 
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Chapter 1

Introductory Chapter: Linking 
Modern and Ancient Volcanic 
Successions
Károly Németh

1. Introduction

Understanding volcanic rocks plays a crucial role in reconstructing the environment 
in various scales within volcanic rocks formations. Volcanic processes can act in a 
short time scale and still produce large volumes of eruptive products that commonly 
can misbalance the sedimentary budget of a sedimentary basin, regardless of their 
geoenvironmental position (e.g., marine, or terrestrial). Distal ash, on the other hand, 
can travel hundreds of kilometers away from their source and fall into the background 
sedimentary environment and can produce a very characteristic and sharp time 
marker across the entire region. This makes volcanic deposits excellent chronostratig-
raphy markers [1]. Volcanic processes are also diverse not only by the way coherent 
and fragmented source materials get generated (e.g., fragmentation style variations, 
eruption intensity diversity) but also by the way those materials get transported and 
accumulated. Large volumes of volcanic material can accumulate quickly (hours to 
days) and alter the entire drainage pattern of large regions. The same accumulated 
volcaniclastic deposits later can gradually get redeposited and altered by normal 
surface processes but can provide volcanic detritus over prolonged time along the 
transportation arteries that eventually lead to marine basins [2, 3]. While this pro-
cess seems to be a slow and gradual way effectively remove large volume of volcanic 
deposits from source regions and disperse it over large territories, such processes can 
also take place in a dramatic and abrupt fashion. Massive breakout lahars can mobilize 
large volumes of water and damp their sediments suddenly over large areas. On many 
occasions, like in the Taupo Volcanic Zone in New Zealand, large volumes of caldera-
forming silicic eruptions had modified the landscape dramatically and promoted the 
formation of large lake systems, which, from time to time, initiated breakout lahars 
moving large volumes of volcaniclasts to other sedimentary basins [4]. Over time, 
major sedimentary basins from terrestrial to marine produce massive successions of 
complex multisource volcaniclastic aprons, fans, and basin fills. In ancient settings, 
such basins and their complex volcaniclastic successions can be the only “messengers” 
of former high-intensity volcanism, especially if the preserved volcaniclastic rocks are 
preserved as part of tectonically dissected terrains.

Volcaniclastic sedimentology has evolved in recent years dramatically. Primary 
eruption-fed processes considered to produce fragmented volcanic materials gener-
ate pyroclasts that can start their journey through initial primary volcanic processes 
that later interact with the normal sedimentary environment, making it increasingly 
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difficult to distinguish the effect of the primary volcanic and the background sedi-
mentary processes. This difficulty manifests in the way how we describe and interpret 
the preserved volcanic material in the geological record. In the past decades, various 
terminologies have appeared with an aim to provide a clear method to document 
objectively volcanic rocks, keeping the descriptive and interpretative aspects of the 
nomenclature separated [5]. It is apparent that over time, such terminologies have 
become more and more process related, expressing the strength of the link between 
primary (eruption-fed) and secondary (background sedimentation-dominated) 
processes [6–8]. In the past decades, entire volcaniclastic sedimentology schools have 
formed with key research groups (Figure 1) with diverse geological backgrounds, 
demonstrating the vitality of volcaniclastic sedimentology. Moreover, in recent years, 
the geology-based approach has reemerged, and new research has applied basic 
geological rules to look at volcanoes through volcano geology perspective [9, 10].

2. Polygenetic vs. monogenetic systems

Volcano types are commonly distinguished along their appearance, volume, and 
the time required for their formation. Polygenetic volcanic systems are characteristi-
cally long-lived volcanoes with a stable melt source and conduit system. Individual 
eruptions occur in diverse eruption styles, but they activate many times over the total 
lifespan of the volcano. As a result, a large volcanic edifice will build up that is sur-
rounded by a broad ring plain where mostly valley-filling pyroclastic density currents, 
hot and cold reworked equivalent of them, accumulate alongside with landscape-
draping ash fall beds. Further away we are from the source volcano, the higher the 

Figure 1. 
Bibliometric surveys based on Scopus data for search terms of “volcaniclastic” and “sediment” as well as 
“pyroclastic” and “sediment” within keyword, title, and abstract documents.
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influence of the background sedimentation, resulting in developing extensive volca-
niclastic sedimentary basins. On the contrary, small-volume and short-lived, so called 
“one shot,” eruptions are commonly defined as monogenetic volcanoes [11]. They 
mostly form complex groups of volcanoes, a volcanic field where the primary volca-
nic deposits (e.g., directly fed by an eruption) are dispersed over large (100 s km2) 
areas (Figure 2). While each volcano erupts only once, their eruption record could 
show great variation of eruption styles as a function of the interaction between the 
magmatic and external (mostly water) impacts on the individual explosive eruptions. 
Overall, if the volcanic field is long lived (million years scale), significant volumes of 
inter-volcano volcaniclastic deposits can accumulate. Over time, volcanic fields can 
reach mature stages when they can feed from magmas that have evolved over time and 
produce simple silicic explosive volcanoes such as known from many volcanic fields 
from the Arabian Peninsula (Figure 2).

3. Role of type of volcanism, environment, and volcano instability

Large volumes of silicic magma-dominated volcanism commonly culminate in 
caldera formation that is associated with large volumes of ignimbrite accumulation. 
Such processes can be landscape forming as they change not only the hydrology of 
a large area but also the orography of a large area. Caldera-forming eruptions are 
common in the geological record, and their volcanic facies architecture can stay 
relatively intact over millions of years. Their most important characteristic is that an 
entirely distinct sedimentary system can form within the caldera that is different from 

Figure 2. 
Harat Rahat in Saudi Arabia is a typical mature monogenetic volcanic field with several silicic eruptive centers 
forming maars, small calderas, and lava domes such as the Holocene Um Rgaibah. The trachytic block-and-ash 
fan is clearly distinct on a Sentinel Highlight Optimized satellite image.
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the extra-caldera-depositional systems. In a volcanic terrain where a large number 
of volcanoes can form in a relatively small region, volcanic products can accumulate 
from different sources. In addition, such closely spaced composite volcanoes can 
interact with the background sedimentary environment, especially if that is complex 
and exhibits a multitude of small sedimentary systems across the composite volcanoes 
(Figure 3). Large stratovolcanoes are commonly associated with convergent plate 
margins and subduction processes. Along old and long-lived volcanic arcs, volcanoes 
spaced in a regular fashion result in aligned volcanic fronts that can spread across 
many climatic zones. Individual volcanoes can provide steady intermediate pyroclast 
input through medium but occasional high-intensity explosive volcanic eruptions. 
The sudden input of pyroclasts to the terrestrial environment can behave differently 
if that occurs in arid or humid climatic conditions. In arid conditions, the preserva-
tion potential of primary pyroclastic successions can be good, keeping near-original 
deposit characteristics intact over longer time; however, occasional high-intensity 
rainfall events can rapidly modify those features as soil formation is limited, and 
exposed deposits can be remobilized quickly. On the contrary, in humid climatic 
conditions, remobilization of pyroclasts due to meteorological and/or volcanic events 
can trigger massive volcanic mass flows commonly named as lahars (volcanic mud 
and debris flows).

Major lahars can follow the normal fluvial system, and deposition can interact 
with fluvio-lacustrine elements. Such systems can form confined long valleys such as 
observed in the aftermath of the Pinatubo 1991 [12] (Figure 4) eruptions.

Figure 3. 
Complex terrestrial–marine sedimentary system around the Kronotsky volcano in central eastern Kamchatka, 
Russia on a Sentinel Short Wave Infra-Red satellite image sensitive for wet zones (green or blue). Note the large 
lake (Kronotsky Lake), the complex fluvial systems “sampling” volcanic sources of various ages and compositions. 
Note the deep erosional gullies on the Pleistocene Schmidt Volcano that functions as the main sediment 
delivery channel. Also, note the complex coastal plain to shallow marine sedimentary system that likely collects 
volcaniclastic material from a complex, multi-source volcanic terrain (circle).
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Recognition of volcanic instability is dated back to the advent of remote sensing in 
the late 80s, when peculiar patterns over tens of km2 areas recognized along Andean 
volcanoes were associated with horseshoe-shaped central cone morphology [13]. 
Volcanic instability is either directly linked to an explosive eruption and/or triggered 
by the gravitational spreading of the volcano. This means that the type of explosive 
volcanic activity, the steady degassing of the volcanic system that generate structur-
ally controlled hydrothermal alterations to weaken the growing volcanic edifice, and 
the environment where the volcano activates together will put the volcanic edifice to 
a specific course to collapse over time. Large-volume volcanic collapses are known in 
every geometrical scale across volcanic arcs. Especially in those in arid climate where 
salt formation is intense such as around the Atacama Basin in Chile, volcanic instabil-
ity is even accelerated as salt provides good lubrication for the volcanic edifice to slide 
apart catastrophically [14].

Explosive eruption-triggered volcano collapses are also more frequent than 
previously thought as the 1980 eruption of Mount St. Helens shed light on the scale 
of such events (Figure 5). Volcanic collapses, especially those that occur in temperate 
or tropical climate (e.g., humid conditions) where vegetation cover quickly develops 
(decadal scale), can initiate new sedimentary regimes as they open large surface areas 
where unconsolidated volcanoclasts can be remobilized and fed into fluvio-lacustrine 
sedimentation arteries. Such a process is clearly demonstrated from the Taranaki 
Volcano in New Zealand and followed dup at Mount St. Helens since the eruption 

Figure 4. 
Pinatubo Volcano (Philippines) on a Sentinel False Color satellite image. On the image, fresh sediment-dominated 
fluvial channels are shown in various gray colors. These fluvial channels functioned as major lahar channels 
following the Pinatubo 1991 Plinian/ultra-Plinian Volcanic Explosivity Index (VEI) 6 eruption.
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occurred. In some stratovolcanoes such as Taranaki, even the cyclicity of such volcano 
collapses and their sedimentary responses have been recognized [15]. Individual 
volcanic particles preserved in ancient rock units carry vital information about the 
style and type of volcanic eruptions that created those particles, while sedimentary 
features and the overall facies characteristics can provide information on the trans-
portation and deposition of those individual particles. In arc settings, especially under 
temperate to tropical, humid climates complex sedimentary environments can form 
where the volcanism and the background sedimentation together can create complex 
volcano-influenced sedimentary aprons.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 

Figure 5. 
Mount St. Helens (Washington State) on a Sentinel Short Wave Infra-Red satellite image. Note the horseshoe-
shaped scar on the edifice and the connected fluvial system along volcaniclastic material transported away.



Introductory Chapter: Linking Modern and Ancient Volcanic Successions
DOI: http://dx.doi.org/10.5772/intechopen.110313

7

References

[1] Martí J, Groppelli G, Brum da 
Silveira A. Volcanic stratigraphy: A 
review. Journal of Volcanology and 
Geothermal Research. 2018;357:68-91

[2] Kósik S, Rees C, Palmer AS, Todd M, 
Tost M, McKay W. From sink to source: 
Late quaternary landscape evolution 
and fluvial dynamics of the Hautapu 
River catchment, New Zealand. 
Geomorphology. 2022;412. Article id: 
108319

[3] Procter J, Zernack A, Mead S, 
Morgan M, Cronin S. A review of lahars; 
past deposits, historic events and present-
day simulations from Mt. Ruapehu and 
Mt. Taranaki, New Zealand. New Zealand 
Journal of Geology and Geophysics. 
2021;64(2-3):479-503

[4] Manville V. An overview of 
break-out floods from Intracaldera 
lakes. Global and Planetary Change. 
2010;70(1-4):14-23

[5] Fisher RV, Schmincke H-U. Pyroclastic 
Rocks. Heidelberg: Springer; 1984. p. 474

[6] Cas R, Wright J. Volcanic Successions 
Modern and Ancient - A geological 
approach to processes, products and 
successions. Dordrecht: Springer; 1988. 
p. 528. DOI: 10.1007/978-94-009-3167-1

[7] McPhie J, Doyle M, Allen R. Volcanic 
textures. In: A Guide to the Interpretation 
of Textures in Volcanic Rocks. Tasmania: 
Tasmanian Government Printing Office; 
1993. p. 19

[8] Németh K, Martin U. Practical 
Volcanology - Lectures Notes for 
Understanding Volcanic Rocks from 
Field Based Studies. Budapest, Hungary: 
Magyar Allami Foldtani Intezet; 2007. 
p. 221

[9] Németh K, Palmer J. Geological 
mapping of volcanic terrains: Discussion 
on concepts, facies models, scales, 
and resolutions from New Zealand 
perspective. Journal of Volcanology and 
Geothermal Research. 2019;385:27-45

[10] Di Capua A, De Rosa R, Kereszturi G, 
Le Pera E, Rosi M, Watt Sebastian FL. 
Volcanically-derived deposits and 
sequences: a unified terminological 
scheme for application in modern and 
ancient environments. Geological 
Society, London, Special Publications. 
2023;520(1):SP520-2021-201

[11] Smith IEM, Németh K. Source to 
surface model of monogenetic volcanism: 
A critical review. In: Németh K, 
Carrasco-Nuñez G, Aranda-Gomez JJ, 
IEM S, editors. Monogenetic Volcanism. 
Geological Society of London Special 
Publications. Bath, UK: The Geological 
Society Publishing House; 2017. pp. 1-28

[12] Umbal JV, Rodolfo KS. The 1991 
Lahars of Southwestern Mount Pinatubo 
and evolution of the Lahar-Dammed 
Mapanuepe Lake. In: Christopher NG, 
Punongbayan RS, editors. Fire and 
Mud: Eruptions and Lahars of Mount 
Pinatubo, Philippines. Seattle, WA: 
University of Washington Press; 1996. 
pp. 951-970. ISBN 9780295975856

[13] Francis PW, Gardeweg M, 
Ramirez CF, Rothery DA. Catastrophic 
debris avalanche deposit of Socompa 
volcano, Northern Chile. Geology. 
1985;13(9):600-603

[14] Clavero J, Polanco E, Godoy E,  
Aguilar G, Sparks RSJ, van Wyk de 
Vries B, et al. Substrata influence in the 
transport and emplacement mechanism 
of the Ollague debris avalanche (northern 
Chile). Acta Vulcanologica. 2004;16:59-76



Updates in Volcanology - Linking Active Volcanism and the Geological Record

8

[15] Zernack AV, Procter JN. Cyclic 
growth and destruction of volcanoes. In: 
Roverato M, Dufresne A, Procter J, editors. 
Volcanic Debris Avalanches: From Collapse 
to Hazard. Cham: Springer International 
Publishing; 2021. pp. 311-355



9

Chapter 2

Volcano Geology Applications to 
Ancient Volcanism-Influenced 
Terrains: Paleovolcanism
Joan Martí

Abstract

This chapter discusses how to apply the most significant aspects and concepts of 
modern volcanology to the study the ancient volcanic terrains, where volcanic succes-
sions appear exposed in discontinuous outcrops, with various degrees of deformation, 
which are often manifested in the presence of metamorphosed and hydrothermally 
altered volcanic rock assemblages. The way to understand paleovolcanism is through 
the identification and interpretation of the products of past volcanic activity in terms 
that is equivalent to what is done in modern terrains, despite the difficulty of having 
to characterize and recompose all those subsequent geological processes that have 
been superimposed upon them. This chapter summarizes the most fundamental 
aspects of the study of ancient volcanic terrains, paying special attention to the 
definition of facies associations, the characterization of their spatial and genetic 
relationships, and their paleoenvironmental and paleogeographic significance, as well 
as to the possible causes of the original facies modification. The implications for the 
presence of volcanism in the dynamics of sedimentary basins and its relationship with 
different geodynamic environments are also analyzed.

Keywords: volcanic processes, volcano-stratigraphy, volcano-tectonics, volcanogenic 
sediments, alteration processes, paleoenvironmental reconstruction

1. Introduction

Volcanic deposits are present since the very beginning of the geological record, 
thus confirming that volcanism has been a main component of Earth’s evolution. 
Active volcanism has important implications for our society. There is of course the 
constant threat that volcanic activity represents for the immediate areas around active 
volcanoes, but there are also risks at greater distances, even globally, depending on the 
intensity of this activity. On the other hand, volcanic systems represent an important 
source of natural resources (e.g., geothermal energy, mineral deposits) (Figure 1a). 
In addition, volcanism provides relevant information to understand the dynamics 
of the Earth’s mantle and crust, which is essential to understand the evolution our 
planet, in addition to other planetary bodies with similar characteristics. For these 
reasons, characterizing past volcanic events in the same way that we characterize 
active volcanism is essential to decipher the meaning of these past volcanic episodes 
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Figure 1. 
Sketch illustrating the main concepts of modern and paleovolcanism and their main observational differences.  
a) Current state of an active central volcano and sedimentation in and adjacent basin. Primary volcanic deposits 
(lava flows, pyroclastic (air fall, PDC, lahars, etc.)) deposits contribute to the infill of the basin together with 
deposits resulting from their erosion and redeposition (reworking) by external (epiclastic) processes. Black arrows 
indicate the sense of movement of magma inside the volcanic edifice, lava flows, eruption column, and PDC.  
b) State of the same depositional environment after volcanic activity has ceased and the volcanic edifice has been 
partially dismantled, producing volcanic epiclastic deposits that will mostly contain fragments from the primary 
volcanic deposits. c) Same scenario after hypothetical compressional tectonics and further erosion (white line).
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in a local, regional, or even global context. Unfortunately, the degree of preservation 
of ancient volcanic deposits, which may have suffered important transformations due 
to erosion, diagenesis, hydrothermal alteration, tectonic deformation, etc., may not 
always be conclusive to recognizing their nature and significance, hence complicating 
their comparison with modern deposits (Figure 1b). However, the study of ancient 
volcanic successions, even if this represents an additional handicap, should employ 
the same concepts and methods (e.g., stratigraphic correlations, facies analysis, 
textural characterization, componentry analysis) that are used in the characterization 
and interpretation of historical eruption products (e.g., [1]).

The same transformation that volcanology has undergone regarding the study of 
active or recent volcanic areas—from a basically descriptive to a more interpretative 
and quantitative science—should also affect the study of ancient volcanic terrains. 
The presence of volcanic episodes in the geological record should not be regarded as 
an isolated or sporadic event that does not necessarily need to be relevant to interpret 
the remainder of rocks found at a particular site [2]. On the contrary, we should try to 
deduce the tectonic controls that conditioned the rise and accumulation of magmas 
and their geodynamic significance, the mechanisms responsible for their eruptions, 
or to determine the influence that volcanic activity had had on sedimentation in the 
basin. In this sense, the invariance over time of the physical parameters that control 
the ascent and eruption of magmas allows ancient and modern volcanic products to 
be compared and interpreted in the same terms.

In this chapter, I will revise the main concepts that should be considered in the 
study of ancient volcanic succession to achieve the same degree of accuracy and 
information as in the study of recent volcanism.

2. Definitions

Before starting with the identification criteria for paleovolcanic rocks, it is 
necessary to review some definitions referring to the processes and products of 
paleovolcanism. The first aspect that requires our attention is the proper definition of 
paleovolcanism.

There is no specific age from which the limit between ancient volcanism (or paleo-
volcanism) and modern volcanism can be distinguished, since we can find relatively 
recent terrains that have been strongly altered and eroded (e.g., some volcanic islands 
or active calderas hosting geothermal fields), and ancient terrains that preserve a 
large part of the original characteristics of their volcanic materials (e.g., Permo-
Carboniferous volcanism in some areas). For this reason, and although there is no 
specific definition for the term paleovolcanism, we will consider it as the volcanism 
recorded in the stratigraphic record of regions that have undergone erosion, diagen-
esis, tectonics, hydrothermal, and/or metamorphic processes, thus causing significant 
changes in the original volcanic facies.

The second aspect that needs our attention is the difference between processes 
and products (Figure 2). Processes refer to those aspects concerning the origin as well 
as the transport and emplacement mechanisms of volcanic materials, while the term 
products should be understood as the result of these processes. While this is not par-
ticularly problematic when referring to a lava flow—and in this case, both the process 
and the product will receive the same name, lava flow—the situation is much more 
complex when we refer to any type of clastic volcanic deposits (e.g., covering the full 
spectrum of primary, eruption-fed products to secondary, epiclastic successions). For 
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this reason, it is necessary to distinguish here between process and product and to use 
an appropriate nomenclature that allows them to be differentiated. As an example, we 
can use the term pyroclastic density current (PDC), which refers to the flow processes 
of transport and deposition of primary pyroclastic material (e.g., [3, 4]). It is there-
fore incorrect to use this term as a particular type of fragmentary volcanic deposit. 
The term PDC deposit, as a general term to refer to an indeterminate type of deposit 
produced by such a process, or the terms ignimbrite, block-and-ash flow, dilute PDC 
deposit, dense PDC, deposit, etc., applied to specific deposits derived from PDCs 
with different characteristics, are appropriate to refer to the products of this process.

This complexity increases when referring to paleovolcanic materials where the 
discrimination between primary and secondary products (derived from the weather-
ing and erosion of the former) is not always straightforward (e.g., [1, 5]). Likewise, 
terms such as ignimbrite, block-and-ash, Plinian fall deposit, although they refer to a 
deposit, imply a specific type of process in each case. In paleovolcanism, it is not always 
straightforward to identify the genetic characteristics of a deposit based on its litho-
logical features, hence I recommend using purely descriptive terms (see below), even 
though this description may fit for the products of different processes, and there will be 
time to apply more precise terms if the information obtained eventually allows it.

To clarify the nomenclature of clastic volcanic materials, Fisher [6, 7] established 
two groups of definitions, the first group is non-genetic, based on the lithological 
characteristics of volcanic materials in order to differentiate the different products, 
and the second group comprises definitions focused on differentiating between their 
genetic mechanisms. Some of these definitions were reviewed by Fisher and Schmincke 
[8] and Fisher and Smith [9]. According to Fisher’s definitions, the term volcaniclastic 
includes the entire spectrum of clastic materials composed in part or entirely of volcanic 
fragments originating from any particle formation mechanism (i.e., pyroclastic, hydro-
clastic, epiclastic, autoclastic), transported by any mechanism, deposited in any phys-
iographic environment, or mixed with any other volcaniclastic type, or with any type 
of non-volcanic fragments in any proportion whatsoever. This non-genetic term allows 
products to be identified without the need to attribute origins or processes to them.

The main fragmentation processes that generate volcaniclastic deposits are 
pyroclastic, hydroclastic, autoclastic, and epiclastic (Figure 3) [7, 9]. Pyroclasts are 
formed by direct fragmentation of magma due to the rapid exsolution and explosive 
expansion of the gases it contains. Hydroclasts are formed by explosive or non-
explosive water-magma interactions that result in frozen glass particles. Autoclastic 

Figure 2. 
Difference between processes and products in volcano-sedimentary environments: a) formation of an eruption 
column that will rise into the atmosphere and will disperse horizontally controlled by the predominant winds and 
initiation of a PDC that will run away from the vent on the volcano slopes controlled by gravity (Mount Saint 
Helens 1980 eruption, (photo by H. Glicken-U.S. Forrest Service. Credit: USGS). b) Fallout deposit formed by the 
deposition of pumice fragments from the eruption column and of an ignimbrite deposited from a PDC (Tenerife, 
Canary Islands) (credit: Joan Martí).
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fragmentation is caused by the mechanical friction of lava flows that are being 
emplaced or by the gravitational collapse of domes or spines. Finally, epiclastic frag-
ments are lithic fragments and crystals derived from any type of preexisting rock by 
weathering and erosion—in this case, volcanic or volcaniclastic. Fisher and Smith [9] 
suggested that to understand volcanic facies and sedimentation differences between 
volcanic and non-volcanic areas, fragmentation processes must be clearly separated 
from particle transport processes (e.g., wind, pyroclastic flows, flowing water, ice, 
avalanches), since these terms refer to the processes that create the particles and that 
cannot change from one type of particle to another simply by changing the transport 
agent.

In this chapter, I follow Fisher’s conceptual recommendations, and therefore, an 
attempt is made to clearly differentiate between processes (fragmentation, transport, 
and deposition mechanisms) and their products (rocks and deposits), bearing in 
mind that before deducing the process, we must describe and correctly interpret the 
products, which is not always possible.

3. Volcanic deposits

In general terms, a volcanic deposit can be defined as a stratigraphic unit that is 
generated directly or indirectly by a volcanic process. This includes lavas, any type of 

Figure 3. 
Examples of products originated by different fragmentation processes. a) Pumice-rich ignimbrite resulting 
from pyroclastic fragmentation of the erupting magma at the conduit (Cerro Galán ignimbrite, Central Andes, 
Argentina, 2 Ma). b) Hyaloclastites originated by hydrofragmentation of a subglacial basaltic lava flow 
(precaldera deposits, Deception Island, Antarctica, unknown age). c) Autobrecciated sub-aerial andesitic lava 
flow (Coll de Vanses andesites, Catalan Pyrenees, NE Spain, 300 Ma). d) Epiclastic deposit (ep) formed by water 
erosion and redeposition of a previous ignimbrite (ig). (Castellar de N’Hug Permian red beds, Catalan Pyrenees, 
NE Spain, 285 Ma) (credits: Joan Martí).
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primary volcaniclastic deposits, in addition to any epiclastic deposits that are directly 
derived from the erosion, reworking, and redeposition of primary volcanic deposits. 
Unlike with non-volcanic sedimentary deposits, which tend to preserve their charac-
teristics and appearance over long distances and wide extensions, volcanic deposits 
may change drastically over very short distances, which makes it difficult to determine 
their lateral and spatial correlations when the outcrops are non-continuous. For this 
reason, facies—defined as a body or fraction of rock or sediment that has a unique 
defining character that allows it to be differentiated from other facies or fractions of 
rock or sediment [10, 11]—are widely used in the reconstruction of volcanic environ-
ments [1, 8, 9, 12]. When describing volcanic deposits or volcanic facies, there will be 
always a set of factors (e.g., physical, chemical, and biological) that will help to define 
their origin (e.g., eruption, transport, and depositional mechanisms), source area, 
and depositional environment [13]. An important aspect to be considered here is that 
eruption processes are very rapid, much more so than the geological timescale. Thus, 
volcanic deposits, in particular those that present a very wide spatial extent, will repre-
sent very valuable isochrones in the geological record, which will be crucial to strati-
graphic corrections. Therefore, the correct identification and interpretation of volcanic 
deposits are so important. In each case, the degree of details used in the stratigraphic 
division will depend on the type of study we want to do, the degree of exposure of the 
selected materials, and the level of knowledge we have.

The genesis or mode of formation of volcanic deposits is not always evident, so 
initially, as Cas and Wright [1] propose, it is better to use descriptive terms (e.g., lava 
flow, intraformational breccias, deposit of supported matrix, rhyolitic) rather than 
terms that imply a certain genesis (e.g., ignimbrite, co-ignimbritic breccia). For this 
reason, both during field work and while writing it once the data have been prepared, 
it is always advisable to first adequately describe the materials and, at the end of 
the process, to propose an interpretation of them, since a well-done description, in 
addition to being more impartial, will always remain and can be useful for later work, 
while interpretations and genetic models always depend on each particular author 
and on the trends (writing style) of the moment.

3.1 Lithological characteristics of ancient volcanic deposits

3.1.1 Lava flows

Lava flows are the products of effusive volcanism and may form stratigraphic units 
of variable extents and thicknesses depending on the composition of the erupting 
magma and the size of the eruption. The internal characteristics of lava flows are 
mostly preserved in ancient volcanic terrains (Figure 4), but their superficial aspects 
may have been partially or totally obliterated by further erosion or burial by younger 
sediments. In fact, on many occasions when we will only observe a cross section of 
the lava flow, and like so, we will be able to distinguish aspects such as macroscopic 
texture, autobrecciation, columnar jointing, the presence of scoriae at the base and/
or top of the deposit, but rarely we will see the original surface or base of the lava 
flow. On some occasions, it will be difficult to distinguish between true lava flows 
and younger sills that have intruded into previous sediments along a stratigraphic 
plane. This may be relevant when trying to interpret the cores extracted from bore-
holes drilled in volcanic successions, as they may have a very similar aspect. Another 
important aspect of paleo lava flows is the different degree of alteration that they may 
have experienced, as this may severely affect their original texture and mineralogy.



15

Volcano Geology Applications to Ancient Volcanism-Influenced Terrains: Paleovolcanism
DOI: http://dx.doi.org/10.5772/intechopen.108770

3.1.2 Volcaniclastic deposits

The main lithological criteria to consider in the study and characterization of vol-
caniclastic deposits are the nature of the clastic components, namely the morphology 
of the grains and the resulting texture of the deposit, in addition to the petrological 
and geochemical characteristics of the volcanic components and the identification of 
the alteration products [1, 9, 14]. First, we must analyze the nature of the grains. It is 
necessary to identify whether it is a primary volcaniclastic deposit or, on the contrary, 
it has been formed by weathering and erosion of preexisting materials. Although the 
lithological characterization of the deposit may not be sufficient to make this dis-
crimination, such that other criteria may be also necessary, it helps to obtain essential 
information when trying to characterize the deposit and identify its origin [12].

The aspects that must be analyzed to define the texture of a deposit are grain size 
distribution, the degree of sorting of the different fragment populations, their shape, 
their degree of rounding, and the fabric (Figure 5) [1, 8, 15, 16]. The characteristics 
of paleovolcanic deposits, which are generally compacted, altered, and sometimes 
deformed and metamorphosed, complicate their study compared with recent 
deposits. Although there are few difficulties in identifying the nature of the different 
components—for example, it is almost impossible to obtain an absolute grain-size 
distribution of these deposits—nonetheless, the relative size comparison of the frag-
ments at a macroscopic level, in addition to the point count, can give us a first-order 
approximation on the size distribution.

Also, due to the consolidation of most ancient deposits, it is not possible to 
carry out a three-dimensional grain morphology study. Furthermore, alteration 
processes tend to modify pyroclastic morphologies (e.g., [17]). However, a detailed 

Figure 4. 
Field photographs of a) a vesicular andesitic lava flow (upper Ordovician, Catalan Pyrenees, NE Spain, 
450 ma); vesicles are now filled with secondary minerals, b) classical porphyritic texture in dacitic lavas 
(Camprodon, Catalan Pyrenees, 300 ma) and (c) of a dacitic dome with well-developed columnar jointing  
(El Querforadat, Catalan Pyrenees, 300 ma) (credits: Joan Martí).
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petrographic study can reveal some primary morphological characteristics of the 
volcanic grains and, consequently, reveal their fragmentation mechanism. Likewise, 
the degree of rounding can be examined without difficulty at macroscopic and 
microscopic levels, which also gives us information about the transport mechanisms 
of the deposits.

Other textural aspects, such as the orientation of crystals and fragments, the pres-
ence of lineations, geometry of the spaces between the clasts, etc., can provide infor-
mation on the nature of the deposit and the transport and deposition mechanisms. For 
example, the products derived from the explosive activity of siliceous magmas almost 
always contain pumice fragments. Due to its vitreous nature and its high content of 
vesicles, this component is easily altered by post-depositional processes. However, the 
texture of pumice fragments can remain relatively preserved (Figure 5); this occurs in 
those cases where the vesicle content of the original fragments was relatively low due 
to the stretching they underwent when emplaced at high temperature (ignimbrites 
and welded pumice deposits), now appearing as clayey aggregates with a frayed 
appearance, while being preferentially oriented. However, this texture is not exclusive 
to welded rocks, but can also appear in deformed rocks that contained stretched or 
unstretched pumice fragments (Figure 6), or simply by compaction of devitrified 
pumice fragments at edaphic levels [17]. The interpretation in each case should be 
based not only on the textural aspect, which will be similar in all of them, but also on 
the relationships with the other deposits of the same sequence.

Another lithological criterion that must be taken into account is the petrological 
and geochemical composition of the rocks, although this is only feasible in the case of 
lava or other massive volcanic rocks, or in some particular cases of primary pyroclas-
tic deposits formed almost entirely of juvenile material. In most cases, volcaniclastic 
rocks, whether primary or derived from the reworking of preexisting rocks, contain 
a variable number of lithic fragments of diverse compositions and origins. In consoli-
dated rocks, such as most ancient volcaniclastic rocks, the impossibility of separating 
the different components of the deposit makes chemical analysis of the rock unfea-
sible, since the presence of lithic fragments contaminates the true composition of the 
eruptive magma. Likewise, the existence of alteration (hydrothermal, diagenetic, 
and/or meteoric), a common characteristic of paleovolcanic rocks, also makes it diffi-
cult to identify the chemical composition of juvenile volcanic components. However, 
the mineralogical composition of volcanic fragments can be established in most cases 
by petrographic analysis, although when alteration processes have been important, 
the original mineralogical composition can also be obliterated.

Figure 5. 
Field photographs of two ignimbrites with eutaxitic texture, a) from the upper Miocene (6 ma) (Central Andes, 
Argentina), and b) from the upper Ordovician (450 ma) (eastern Pyrenees, Spain). Despite the difference in age 
between the two rocks they show a very similar appearance (credits: Joan Martí).
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3.2 Geometry of paleovolcanic deposits

Geometry defines the three-dimensional shape of the deposit and will be con-
trolled by the topography of the terrain, the volume of deposit, the transport and 
deposition mechanisms of volcanic materials, the existence of non- and post-deposi-
tional erosive processes, and the existence of subsequent deformations [1, 8, 12].

Three-dimensional deposit geometries are difficult to observe in ancient volcanic 
terrains. The paleovolcanic successions correspond to parts of complex volcanic edifices 
that are very rarely well preserved, such that the resulting successions and their geometry 
will depend on the relationship between deposition, erosion, and deformation. In general, 
volcanic materials are easily altered and eroded, so that a large part of them will disappear, 
partially forming the epiclastic volcaniclastic deposits. Moreover, paleovolcanic terrains 
may have been affected by further tectonic movements, so they may have been incorpo-
rated into different tectonics units that may have hidden them or have altered their original 
lateral continuity. This implies that the lateral extension of paleovolcanic deposits and, 
consequently, their relative age cannot be always established. Only in cases of rapid accu-
mulation of large volumes of pyroclastic materials—as is the case of intra-caldera deposits 
in collapse calderas (e.g., [18])—can most of the original materials be preserved (Figure 7).

On the other hand, the presence of discontinuities in volcanic terrains is frequent and 
may have a relatively local significance, with the corresponding erosive episodes generally 
being the result of an eruptive event rather than a tectonic uplift (Figures 7 and 8) [2]. 
Likewise, the presence of strong dips in this type of terrain does not necessarily imply the 
existence of tectonic pulses. On the contrary, the volcanic edifices may initially have steep 
slopes that will determine the geometry of subsequent deposits. Thus, the interpretation 
of the geometry of paleovolcanic deposits must be done with great care, since otherwise 
the existence of phenomena may be assumed that had never really occurred [2]. A good 
recommendation when interpreting the geometry of ancient volcanic deposits is to com-
pare it with current analogs in which its three-dimensional representation at the regional 
level can be deduced.

3.3 Sedimentological characteristics

Sedimentary structures occur before deposition (i.e., erosional features), dur-
ing deposition (stream-generated structures), and after deposition (bioturbations, 

Figure 6. 
Microphotographs of a) a vesicular pumice texture in a fallout deposit, with vesicles now filled with secondary 
minerals (Gréixer rhyolitic succession, Catalan Pyrenees, NE of Spain, 300 ma), and b) elongated pumice 
fragments (fiamme) in a) strongly welded ignimbrite (upper carboniferous, Campelles, Catalan Pyrenees, 
450 ma). In both cases, pumice fragments are now devitrified and transformed into clay aggregates. (credits: Joan 
Martí).
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deformations in soft sediments) of sedimentary aggregates. Together with the 
textural aspects, they inform us about the characteristics of the emplacement and 
deposition processes. Sediments can basically be transported in two ways, particle 
by particle or en masse, resulting in different structures in both cases, although not 
always exclusive, such that each sediment must be analyzed in detail and evaluated on 
its own merits [1].

These types of transport mechanisms can occur both in primary pyroclastic 
materials and in other types of sediments, although the transport medium is usually 
gas in the former, while in the latter it is frequently water. This implies differences in 
the morphological and textural characteristics of the sediment components, which 
will allow us to identify the genetic character of the deposit.

Volcaniclastic deposits tend to present elements (either textural or sedimentary 
structures) that allow us to reconstruct the directions of the paleocurrents. In epi-
clastic materials, the existence of ripples, dunes, cross-stratification, imbrications, 
angle of repose, etc., constitute the basic elements for this task. Pyroclastic materi-
als can also exhibit unidirectional sedimentary structures, especially in the case of 
dilute PDC (i.e., pyroclastic surge) deposits (Figure 8). Massive deposits, such as 
dense PDC deposits or lahars, may present other types of structures such as imbrica-
tions, lineations of elongated elements (crystals, stretched pumice fragments, plant 
remains, etc.) that also allow the direction of flow to be identified.

3.4 Fossils

The use of fossils as paleoenvironmental indicators is essential not only for non-
volcanic successions, but also for volcanic ones. In paleovolcanic successions, the 

Figure 7. 
Panorama of the post-Variscan Permo-carboniferous volcano-sedimentary formations at Erillcastell (Catalan 
Pyrenees, NE Spain, 300–270 ma), where an entire intra-caldera succession (Erillcastell Fm.) is preserved [16]. 
Also observe the discontinuities between some of the formations, which indicate the existence of inter-formational 
tectonic movements. (credit: Joan Martí).
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presence of fossils in the interbedded epiclastic, but also in the pyroclastic deposits, 
can provide information about the age of the rocks and their depositional environ-
ment, although it is not always easy to know whether the fossils were deposited in situ 
or were transported and redeposited. The presence of fossils (vertebrate, invertebrate 
and plants) within pyroclastic deposits (e.g., [19]) and lavas (e.g., [20]) is com-
mon. In addition to the stratigraphic, paleoenvironmental, and paleoclimatological 
information that this represents (e.g., [21, 22]), we can also obtain information on the 
emplacement temperature of the deposit and the direction and sense in which it was 
emplaced (e.g., [23, 24]). Also significant is the presence of fossils in the post-eruptive 
successions of maars (e.g., [25]), or the presence of vertebrate tracks on volcanic and 
associated deposits [26], which helps to decipher their paleoenvironmental evolution.

3.5 Factors that alter the original characteristics of volcanic deposits

Volcanic materials may undergo, including from the stages immediately after their 
emplacement, a series of transformations that can imply significant changes in their 
texture, mineralogy, and chemistry. The metastable nature of volcanic glass, the main 
component in this type of rocks, favors these changes. In paleovolcanic terrains, there 
is also the superposition of large-scale erosive and re-sedimentation processes, such 
as sediment gravity flows or debris avalanches, diagenesis, tectonic deformations, and 
even metamorphism. For all these reasons, the lithological characteristics that we can 
identify in modern deposits are not always comparable or identifiable with the same 
clarity in ancient materials.

One of the conflicting points in the interpretation of the alteration processes 
experienced by volcanic materials is the distinction between the results produced by 

Figure 8. 
Succession composed of primary phreatomagmatic pyroclastic deposits mostly emplaced by dilute PDCs, showing 
a wide diversity of sedimentary structures (middle Miocene, México) (credit: Joan Martí).
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processes such as weathering, hydrothermal alteration, or diagenesis. In all cases, the 
result of the transformations of the affected rocks is the devitrification of the glass 
and the formation of secondary minerals replacing the original glass, filling the pores 
of the rock, and/or partially or totally replacing the primary minerals. Consequently, 
there will be a change in the chemical composition of the original volcanic compo-
nents, although the intensity of this change will depend on the intensity of the altera-
tion processes and the original composition and texture of the rock (Figure 9).

Figure 9. 
Examples of microphotographs of volcanic and subvolcanic rocks from the Permo-carboniferous terrains 
(305–285 ma) of the Catalan Pyrenees (NE Spain) showing different degrees of alteration. a) Dacitic lava flow, 
showing a porphyritic texture with phenocrysts of quartz and plagioclase. b) Granodioritic dyke, showing a 
porphyritic texture with phenocrysts of quartz and partially altered plagioclase. c) Crystal-rich (phenocrysts of 
quartz, plagioclase, and biotite), totally devitrified (to microcrystalline quartz aggregates) pumices, in a partially 
welded ignimbrite. d) Crystal-rich (phenocrysts of quartz, plagioclase, and biotite), totally devitrified (to 
microcrystalline clay aggregates) fiamme pumice fragments, in a very crystal-rich ignimbrite matrix. e) Eutaxitic 
texture in an ignimbrite matrix with devitrified fiamme transformed into clay aggregates. f) Crystal-rich dilute 
PDC deposits. (credits: Joan Martí).
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Weathering includes a set of processes, such as the chemical action of the 
atmospheric air and rainwater and of plants and bacteria, as well as the mechanical 
action associated with temperature changes, by means of which the rocks exposed 
on the Earth’s surface alter until they become soils [27, 28]. Weathering depends on 
the climatic conditions prevailing in the deposition area and on the composition 
of the rocks. The changes produced by weathering tend to cause a compositional 
zonation in the rock, in most times grading vertically in intensity but also from an 
unaltered zone in the interior to zones with variable alteration in the external part. 
In the altered parts, weathering can imply a loss of original porosity in the rock, 
although sometimes this can also increase due to the dissolution of the original glass 
components (e.g., [29, 30]).

Hydrothermal alteration includes the chemical, mineralogical, and textural 
changes that occur in rocks due to thermal and chemical changes in the environment 
in the presence of hot water, steam, or gas [31, 32]. Hydrothermal alteration involves 
ion exchange reactions, mineral phase transformations, mineral dissolution, and the 
precipitation of new mineral phases [1]. In most volcanic zones, hydrothermal altera-
tion is associated with the proximal zones, which are characterized by the presence of 
fluids secreted directly from the residual magma chamber, or via the percolation of 
meteoric water that is heated at depth by this magmatic heat source. These hydrother-
mal fluids experience a convective-type permanent circulation that allows an almost 
continuous transformation of the host rocks. However, in distal areas of pyroclastic 
and lava deposits, a particular type of hydrothermal (or autohydrothermal) alteration 
can also occur, caused by the magmatic gases themselves that have been trapped in 
the deposit (“vapor phase alteration”), producing rapid devitrification of its vitreous 
components and precipitation of secondary mineral phases in the vesicles and pores 
of the rock [33–37].

Hydrothermal alteration can produce quartz aggregates, amorphous silica, 
potassium feldspar, albite, calcite, montmorillonite, illite, kaolinite, alunite, chlorite, 
zeolites, and low-grade metamorphic minerals, depending largely on the composition 
of the rock and the origin and composition of the hydrothermal fluids. Likewise, 
hydrothermal alteration is responsible for the presence of important epithermal 
mineralizations of precious metals and metallic sulfides that are associated with 
many volcanic zones, especially in paleovolcanic terrains (e.g., [38]). Sometimes 
hydrothermal alteration is also responsible for the existence of pseudo-eutaxitic or 
clastic textures, since it tends to give patching-type structures (e.g., [1, 39, 40]), 
which can confuse massive lava flows for volcaniclastic deposits. This implies that 
extreme care must be taken when examining the textures of paleovolcanic rocks and 
using other criteria such as their relationship with other deposits, their geometries, 
lateral variations, before making a final diagnosis of their nature. Special attention 
should be given to rocks that have undergone subsequent deformation and therefore 
present penetrative schistosity, since the recrystallization of clay minerals, micas, and 
chlorites is more important and can enhance the presence of pseudo-clastic textures.

Diagenetic changes group all those that can take place within sediment following 
its deposition and burial, except those that are due to metamorphism or weathering 
on the Earth’s surface. There has been an ongoing discussion among researchers about 
the exact demarcation limits under which diagenesis occurs. In our case, we consider 
as such the chemical, mineralogical, and textural changes that occur slowly and at low 
temperatures (between 20 and 300°C), which occur in the sediment (volcanic rocks) 
after its burial, although being relatively close to the surface to be able to withstand 
pressures less than 1 kbar (~ 3 km deep).
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Diagenesis is a process associated with the lithification of sediments, which 
includes compaction, cementation, recrystallization, authigenic mineralization, and 
the growth of concretions or nodules [41]. Diagenetic processes occur in the early 
stages of burial of deposits and are associated with the circulation of interstitial 
fluids, these being mostly meteoric water. Unlike what happens with weathering or 
hydrothermal alteration, diagenesis affects the entire rock more homogeneously, 
especially in terms of changes in texture, although there may be zoning in the appear-
ance of sequences of secondary minerals. The diagenesis of volcaniclastic rocks is of 
great importance in the exploration of hydrocarbons, since it produces a modification 
of the original porosity of the rock, generating a secondary porosity and favoring the 
maturation of hydrocarbons (see [42]).

In rocks that contain abundant primary volcanic components (pyroclastic rocks), 
diagenesis can be favored by the existence of previous compositional and textural 
changes in the glass produced during their transport and initial weathering. However, 
in the case of intra-caldera succession (e.g., [43, 44]), the rapid emplacement of thick 
ignimbritic successions prevents weathering and favors the vapor phase and a very 
early diagenesis (or hydrothermal alteration) but at a much higher temperature than 
it would be in a normal burial process.

Metamorphic transformations, whether due to regional or contact metamorphism, 
constitute a higher degree extension of diagenesis, although they should not be 
confused with hydrothermal alteration, which generally has a much more localized 
effect [1]. Metamorphism produces significant mineralogical and textural changes 
and, if accompanied by deformation, can completely obliterate the initial texture of 
the rock, especially when there are intermediate to high-grade transformations. In 
low-grade metamorphic transformations (green schist facies), it is possible, however, 
to still recognize some primary textural aspects such as welding textures, vitroclasts, 
or perlite fractures (Figure 10).

In all these alteration processes, the fundamental factor is the metastable character 
of the volcanic glass, the resulting products reflecting its original composition. The 
devitrification of basaltic or silicic glasses can give rise to totally different products 
even when they have been generated under very similar conditions. Palagonitization 
is a typical alteration of basaltic glass in both subaqueous and subaerial conditions, 
characterized by its transformation first into an apparently amorphous substance 
(palagonite), due to the initial hydration process, and later into smectites and zeolites. 
Palagonitization is explained as the result of hydrothermal or diagenetic alteration 
[8, 45–50], especially in submarine environments, although it can also be explained 
because of hydrovolcanic processes (e.g., [51]). Unlike basaltic composition glasses, 
the devitrification of silica glasses gives rise to the formation of perlite textures in 
the initial stages of hydration (without emplacement) and the majority formation 
of zeolites, clay minerals, and potassium feldspar in the more advanced stages. A 
singular case is the formation of tonsteins (e.g., [52]) and bentonites (e.g., [53]) that 
correspond, respectively, to layers rich in kaolinite (illite and smectites) interbed-
ded between deposits of marl, slates, and especially coal layers and to layers that are 
dominated by smectites. In both cases, it is the product of the alteration of layers of 
silicic ashfall deposits.

In addition to the alterations described above, it should be noted that volcanic 
terrains are places where contemporaneous crustal movements take place and because 
many of them are associated with orogenic belts, where subsequent penetrative 
deformation may take place. Deformation can significantly change the original 
stratigraphic relationships and deposit geometry. Likewise, deformation can also 
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produce important changes at macroscopic and microscopic scales, causing important 
problems for the identification of primary textures. For this reason, in paleovolcanic 
terrains that have undergone tectonic transformations, it is important to carefully 
study the textures of the volcaniclastic rocks, in order to not confuse aspects super-
imposed by the deformation of the original elements of the rocks. In the same way, 
at a regional and outcrop level, it is necessary to know how tectonic deformation has 
affected the original structure of the area and, if possible, to conduct a palinspastic 
restoration of the terrain to its original position (e.g., [54]).

4. Stratigraphy of paleovolcanic successions

An important aspect in the characterization of paleovolcanic terrains is the correct 
description and interpretation of their stratigraphy. We have already highlighted some 
of the most relevant difficulties in merely identifying ancient volcanic deposits, not 
to mention the challenges to establish their lateral relationships and the relative ages. 
The development of a detailed stratigraphy can help alleviate these difficulties and 
correctly interpret the succession of events that make up a given succession of depos-
its. Likewise, the completion of such a stratigraphy is essential to be able to interpret 
such successions in terms of eruptive sequences.

The stratigraphic divisions to be established, as well as their geological mapping, 
will depend on the type of study to be carried out. However, there must be some 
general criteria that allow us to establish a stratigraphy that can be compared with 
other similar examples and, therefore, can always be interpreted in the same way. 
When investigating a given area, the first step must always be the objective descrip-
tion of the local stratigraphic succession in terms of lithostratigraphic units able to be 
mapped and correlated. Lithostratigraphy consists of the description, identification, 
and interpretation of rock units (see [55]). Individual units must be described and 
defined based on their general lithological characteristics and their interrelationships 
with adjacent units. Stratigraphy of volcanic terrains, both modern and ancient, 
should try to identify the stratigraphic and chronological order in which the products 
of an eruption, a series of eruptions, or of an interruptive period (epiclastic deposits 
or reworked volcanics) appear in the geological record (Figure 11) [2]. Therefore, 
the most logical way to describe the stratigraphy of volcanic terrains is by using the 
same principles as classical stratigraphy (e.g., [56]), that is, to identify and group the 
different existing units based on a hierarchy that allows for the identification of a 

Figure 10. 
a) Microphotographs of vitroclasts in an ignimbrite matrix b), perlite fractures in a highly welded, rheomorphic 
pyroclastic deposit (Gréixer-Coll de pi rhyolitic succession, Catalan Pyrenees, NE Spain, 300 ma) (credits: Joan 
Martí).
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temporal succession of events or units of eruptive activity [2, 8]. In recent volcanism, 
the identification of the different lithostratigraphic units can be done without too 
much difficulty since the products of the different eruptions can nearly always be eas-
ily distinguished. Likewise, the variations in the compositional trend of the magmas, 
eruptive styles, or other characteristics that allow the deposits from different erup-
tions to be grouped in cycles of volcanic activity are equally identifiable. However, 
in older terranes, due to the complications discussed above, establishing the correct 
lithostratigraphy is not always possible. Despite this, attempts should be made to use 
the same lithostratigraphic subdivisions, since an accurate interpretation of a paleo-
volcanic zone must include (or at least attempt) the identification and interpretation 
of the different volcanic episodes recorded in the succession of deposits. Martí et al. 
[2] have provided a detailed review of the principles of volcanic stratigraphy and how 
they should be applied in field studies of volcanic terrains. I direct the reader to this 
contribution to be informed about the methods used in volcanic stratigraphy.

As we have seen previously, the different deposits can be identified based on their 
lithology (mineralogy, petrology, alteration, color, degree of welding, grain-size 
distribution), geometry, and relative stratigraphic position. Within a volcano-
sedimentary succession, the existence of different deposits corresponding to the same 
eruption (i.e., Member) and of different members constituting a formation can be 
established based on the presence of first-order discontinuities such as paleosoils, ero-
sional surfaces, or interbedded epiclastic deposits. However, the presence of erosional 
surfaces or interbedded epiclastic deposits does not always indicate a significant inter-
ruption in eruptive activity. This can be especially important when trying to recon-
struct an eruptive sequence from a poorly exposed succession of deposits. Recall that 
some pyroclastic deposits are emplaced in a highly turbulent regime (e.g., [57]), so 

Figure 11. 
Example of a volcano-sedimentary succession in which different volcanic units (lava flows (L), primary 
pyroclastic deposits (P), and epiclastic deposits (E)) all having originated by reworking of volcanic material 
(Tenerife, Canary Islands). The presence of paleosoils (Pa) separating some of the deposits is also visible. (credit: 
Joan Martí).
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they can erode previously formed deposits without indicating a change of eruption. In 
the same way, the existence of rainfall, sometimes torrential, associated with volcanic 
eruptions is a common fact, and this may cause some primary pyroclastic deposits to 
be partially reworked during the eruption itself (e.g., [58]). In this case, the maturity 
of the epiclastic deposit (degree of reworking) will be a criterion to consider in its 
identification.

Establishing the age of the deposits forming a particular stratigraphic succession 
is crucial to determine the eruptive history of a particular volcanic system. This will 
permit distinguishing between several eruptions and also establishing the existence 
of possible cycles of activity. However, knowing the “absolute” (radiogenic) age is 
not always possible, since it will depend on the quality (degree of alteration) of the 
samples, their mineralogy, and the limitations of the method itself. The same restric-
tions or uncertainties apply with dating based on flora found in ancient pyroclastic 
or associated deposits. Therefore, what is essential is to establish at least the relative 
chronology of the set of deposits studied.

The importance of establishing a correct stratigraphy for correlation purposes 
relies on the fact that pyroclastic materials can be deposited over wide extensions, 
sometimes exceeding the limits of the basin itself, which means that these volcani-
clastic horizons occasionally constitute excellent correlation levels. As previously 
mentioned, we should also consider that a volcanic eruption represents a very short 
period of time (generally hours or a few days), which, when translated to the geologi-
cal scale, means an instant; in this way they can be considered as a physical represen-
tation of an isochron.

In recent years, magnetostratigraphy, which uses variations within the strati-
graphic sequence of the magnetic properties of rocks (magnetic susceptibility and 
direction of remanent magnetism), has emerged as an excellent method for geological 
correlations (see [59]) and particularly in old volcanic terranes (see e.g., [60]). In this 
sense, we must consider that magnetostratigraphy, together with radiometric or fossil 
dating, allows us to obtain not only relative ages but also an absolute timescale of the 
volcanic succession.

In any case, it must be kept in mind that when going backward (toward older 
terrains) in the examination of paleovolcanic terrains, the geological timescale is 
progressively less well defined, so we may find that simple stratigraphic unit levels are 
representing very important periods of time, even several million years long, as the 
degree of preservation of volcanic materials becomes worse proportional to the age 
of the terrain. However, in fact, a volcanic level—and especially those of pyroclastic 
origins—represents an instant not only on the geological timescale, but also on the 
human timescale. For this reason, we must be very careful in interpreting the chro-
nostratigraphic value of volcanic units in ancient terrains since each deposit by itself 
represents a single event in geological time but corresponds to the culmination of long 
geodynamic and magmatic processes that may extend significantly longer than the 
observed stratigraphic succession.

Volcanic deposits may show significant lateral variations from the vicinity to the 
vent to the areas away from it (e.g., [61]). In this sense, it is worth mentioning that 
proximal to distal definition is far not as fixed as in normal sedimentary environment. 
In volcanic systems, these can be in a very broad range, even with similar eruption styles 
but different eruption intensity, eruption rate, etc. This is particularly important in 
paleovolcanic systems where we have limited spatial knowledge about them system. So 
what we see in the cross sections offered by most outcrops needs to be scale up to 3D to 
be able to provide an “intelligent guess” for the location’s position relevant to the source.
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Depending on the distance to the vent, volcanic deposits can be proximal, intermedi-
ate, or distal. For example, fall deposits will progressively decrease in thickness and grain 
size with the distance from the vent. For ballistically emplaced deposits, a more or less 
radial distribution can be observed around the vent, but the deposits associated with the 
horizontal dispersion of the eruptive column will present a distribution that will depend 
on the orientation of the prevailing winds, although the proximal to distal distribution 
will be as mentioned before. The deposits generated by PDCs may also present significant 
lateral variation with distance from the vent. In the case of deposits emplaced from dense 
PDCs, they may correspond to thick units (intra-formational breccias) in the proximal 
zones (Figure 12a), massive ignimbrites in the intermediate zones (Figure 12b), and 
co-ignimbritic ash layers in the most distal areas (Figure 12c). Deposits emplaced from 
dilute PDCs, especially those associated with tuff ring or cone-type edifices, present a 
very characteristic distribution from the vent to the distal zones, with significant changes 
in their internal sedimentary structures. However, in ancient volcanic terrains, especially 
for those in which later tectonic processes have been important, it is possible that only 
parts of the geological record corresponding to volcanic activity have been preserved, so 
that these variations from proximal to distal will probably only be assumed on the basis 
of variations in the deposit’s thickness, grain size, or rock type [61–63].

Within this ideal model of proximal-distal (referred to the vent area) variations in 
volcanic terrains (Figure 1a and 12), proximal areas are mainly represented by lava 
flows, domes, and coarse-grained primary pyroclastic deposits or epiclastic volcani-
clastic materials generated by erosion and gravitational processes, which act on the 
steep slopes of the volcanic edifice. In deeply eroded terrains, proximal areas may also 
include different groups of subvolcanic intrusive rocks (stocks, sills, and dykes). The 
presence of a significant fumarolic alteration is also a good guide to identify proximal 
zones in paleovolcanic terrains. The intermediate areas are mostly represented by 
the terminal parts of lava flows and thick successions of PDC, as well as some fallout 
deposits and their reworked products. Increasing the distance from the vent also 
increases the amount of re-sedimented pyroclastic material and epiclastic deposits. 
Finally, the distal areas will be formed by fine-grained fallout deposits interbedded 
with abundant non-volcanic sedimentary material.

5. Depositional environment

An important aspect in the study of ancient volcanic terrains is to identify 
the corresponding depositional environments. These include all the physical, 

Figure 12. 
Example of a) proximal (co-ignimbrite lag breccias), b) intermediate (units of ignimbrites showing a 
characteristic planar basal contact), and c) distal (distal, > 100 km away from the vent, strongly indurated 
(silicified) ash fallout deposits), deposits from the Permo-carboniferous volcanism of the Catalan Pyrenees (NE 
Spain) (credits: Joan Martí).
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chemical, biological, and geological aspects that affect sedimentation within a 
specific area, being possible to distinguish between local environments (e.g., 
marine and non-marine, fluvial, lacustrine, wind, deep, shallow), defined in 
geomorphological terms, and tectonic environments with a much broader regional 
implication [13].

The explosive character of some volcanic activity is widely recognized in subaerial 
environments, and the distinctive characteristics of the products of this type of vol-
canic activity are well established. However, in relatively shallow subaquatic environ-
ments, explosive volcanic activity with characteristics similar to subaerial ones and 
with nearly identical products can also occur [64–70]. Likewise, this may be the case 
for PDC deposits originating in a subaerial environment, but that were ultimately 
emplaced in a subaqueous environment. In this case, there are no particular char-
acteristics that allow them to be distinguished from purely subaerial or subaquatic 
deposits of the same type [71–75]. Furthermore, it will be necessary to identify the 
existing lateral variations within the volcanic deposits and the characteristics of the 
interbedded epiclastic deposits in order to accurately determine the depositional 
environment. In deep submarine environments, the hydrostatic pressure of the water 
column inhibits the vesiculation of magmas (e.g., [76, 77]), such that the volcanic 
activity will be predominantly effusive, regardless of the type of magma, until the 
volcanic edifice grows enough for the magma column to reach sufficiently superficial 
levels where it can experience explosive vesiculation, thus beginning to generate the 
first pyroclastic products [70, 77].

Depositional environments will also depend strongly on the tectonic setting where 
they develop, as this will control the geometry of sedimentary basins, rate of subsid-
ence, location of volcanic vents, types of volcanism, local tectonics, and the general 
sedimentation rate.

Finally, it is worth mentioning that in paleovolcanic terrains in which the mixture 
of pyroclastic material with sedimentary material (with different proportions of 
each) is frequent, subsequent transformations experienced by volcanic deposits can 
cause significant changes with respect to the primary composition and texture of 
these rocks. However, both the composition and the secondary texture resulting from 
these transformations can serve to establish groups of deposits based on composi-
tional and textural characteristics that may help their spatial and temporal correlation 
(Figure 13).

Figure 13. 
Comparison between two microphotographs of crystal-rich, pumice rich ignimbrites from a) Cerro Galan, 
Argentine (2 ma) and b) Prats d’Aguiló, Catalan Pyrenees, NE Spain (300 ma). Both show a very similar 
texture, with a similar content of phenocrysts of the same composition (quartz, Q; plagioclase, Pl; biotite, 
Bi), pumice fragments (P), vitric in the Gerro Galán ignimbrite and devitrified (clay aggregates) in the Prats 
d’Aguiló ignimbrite, and lithic fragments (L). (credits: Joan Martí).
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6. Volcanism, basin dynamics, and sedimentation

The presence of volcanic deposits is frequent in many sedimentary basins. The 
existence of volcanic episodes in the sedimentary record represents an important 
source of information to understanding the geological evolution of that particular 
time frame. Specifically, the presence of volcanism responds to geodynamic condi-
tions that favor the genesis and rise of magmas and that, on the other hand, can trans-
late into suitable tectonic conditions for the development of a subsidence structure 
[78]. In paleovolcanic terrains, where erosion and tectonics may have obliterated their 
original characteristics, the location of vent zones or proximal areas will help to infer 
the position of the main fault zones that controlled volcanism and that occasionally 
may also be associated with basin subsidence—even when these faults may have been 
reactivated in subsequent tectonic movements (e.g., [54, 79]). Likewise, volcanic 
deposits, and especially those derived from explosive eruptions, constitute a valuable 
tool for establishing stratigraphic correlations within and outside the limits of the 
basin, as well as a precise geochronology of the host sedimentary successions (e.g., 
[80]). On the other hand, the interaction between volcanic processes (which are gen-
erally catastrophic) and sedimentary processes sometimes leads to the appearance of 
“anomalous” deposits within the sedimentary successions, which can be predisposed 
to erroneous interpretations if the nature of volcanic processes is not well known 
[81, 82]. Thanks to the current approach of volcanology that pursues the study and 
understanding of volcanic processes, bringing together many other aspects besides 
the pure identification and classification of volcanic rocks, it is possible to obtain a 
much broader vision of these phenomena, which helps in the interpretation of other 
geological problems, such as basin analysis.

The formation of a sedimentary basin is a geodynamic process that frequently 
implies the existence of a fracture network that allows the progressive subsidence of 
the blocks it delimits, thus accommodating sedimentation [83]. Similarly, volcanic 
episodes respond to geodynamic processes that lead to the formation of magmas 
at depth and hence facilitate their rise to the surface. However, the formation and 
ascent of magmas do not always imply the existence of eruptive processes. Only when 
tectonic conditions are adequate (especially in the upper crust) can magma reach the 
surface. These conditions imply a locally distended stress field that favors the opening 
of fractures and consequently the rise of magma through them (e.g., [84]). In many 
cases, these fractures are the ones that delimit the basin and control its subsidence, 
so the location of the volcanic centers is directly related to the structure of the basin. 
Therefore, in paleovolcanic terrains, the reconstruction of volcanic stratigraphy that 
indicates the position of vents may help to infer the structure of the basin where 
volcanic deposits have been emplaced.

Due to the fact that the physical conditions that control the release of magma to 
the surface do not vary with time, the study of volcanic processes is useful, above 
all, in the reconstruction of those basins that have undergone subsequent tectonic 
transformations. In current basins, the application of geophysical methods allows 
obtaining an adequate understanding of their structure and dynamics—although 
these methods may be of little value in the interpretation of ancient basins. However, 
the reconstruction of the volcanic episodes helps to know the initial structural 
conditions that controlled them and, therefore, allows one to deduce which were the 
tectonic features that directed the dynamics of the basin. Moreover, in deeply eroded 
paleovolcanic terrains, it is sometimes possible to observe the roots of large volcanic 
complexes (stratovolcanoes, collapse calderas, etc.) represented by different sets of 
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subvolcanic intrusions and faults [85–87], whose orientation may depart from the 
regional ones; hence, the structural reconstruction of such paleovolcanic settings 
needs to be conducted and understood at different spatial and temporal scales when 
these complexities appear.

The influence of volcanic activity on sedimentation can be significant in various 
aspects. The sedimentation rate in a basin with volcanism can be much higher than 
in a non-volcanic basin with similar characteristics. This may represent a significant 
increase in the rate of subsidence of the basin, while it can significantly reduce the 
time required to become clogged. This fact can be accentuated in the case of volcano-
tectonic basins or especially in the case of large collapse calderas, where the deposi-
tion of successions of volcano-sedimentary materials, several hundreds of meters 
thick, is carried out over very short periods of time (e.g., [43]). This can be mislead-
ing if the observer does not properly separate both processes on the timeline.

In a sedimentary basin where there is a direct influence of volcanic activity, 
sedimentation will be significantly affected by the simultaneous presence of 
eruptions that generate large volumes of pyroclastic materials and by the growth 
and subsequent dismantling of volcanic edifices. When studying the response of 
the sedimentary system to the presence of volcanism, we must make a distinction 
between syn-eruptive periods and inter-eruptive periods [82]. The syn-eruptive 
periods are characterized by the instantaneous production, geologically speaking, 
of large volumes of volcaniclastic sediments and other volcanic products that may 
be remobilized and deposited through different sedimentation processes (e.g., 
[88]). These periods are short and are separated by relatively longer inter-eruptive 
periods during which volcanism has little or no influence on the sedimentary 
system and which will consequently be characterized by a significant decrease in 
sediment production. In the stratigraphic record, the existence of these syn- and 
inter-eruptive periods can be identified based on the lithological and sedimento-
logical characteristics of the deposits. In this sense, we must take into account that 
the resulting deposits will depend on the relative importance of these two types of 
periods.

The presence of volcaniclastic sedimentation implies some notable differences 
with respect to typical siliciclastic sedimentation [9, 82, 89, 90]. First, the result-
ing deposits will mostly be made up of fragments derived directly from eruptive 
activity rather than by weathering of preexisting rocks (Figure 14). In contrast, 
pyroclastic deposits are sediments generated over very short intervals of time and 
can be emplaced in the form of thick layers that may cover the topography more or 
less homogeneously or fill valleys and topographically depressed areas, resulting 
in efficient erosion. In a volcanic terrain with a predominance of explosive activity, 
erosion rates are high not only due to the existence of a high volume of unconsolidated 
material, but also to the destruction of the vegetation, which acts as a regulating agent 
for sedimentation from volcanic processes [82, 88, 91]. The loss of vegetation and the 
relative impermeability of the pyroclastic material, due to its fine grain size or poor 
sorting compared with soils, causes an increase in the amount of material that can 
be remobilized, which significantly increases the volume and periodicity of the total 
discharge into the basin [82].

The style of volcanism is of great importance to the development of the basin 
infilling successions. The volume of volcaniclastic material determines the extent of 
the influence of eruptions on sedimentation. In paleovolcanic terrains where a large 
part of the vent areas may have been eroded, it is necessary to identify the primary 
or secondary character of all the deposits that form the stratigraphic record if we 
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want to know the evolution of the non-volcanic sedimentation in the basin and the 
influence of eruptive activity on it. The identification of the syn- and inter-eruptive 
periods serves to interpret the stratigraphic record in terms of cycles of eruptive activ-
ity, which, when combined with the identification of compositional criteria, allows 
establishing the relationship between sedimentation and magma compositions. In this 
way, we can observe how variations in the volume and extension of volcanic mate-
rial supplied by the eruptions to the basin may depend on variations in the degree of 
explosiveness of magmas, this in turn being related to variations in their chemical 
composition (and volatile content).

Finally, we should note that the epiclastic processes that act in volcanic terrains 
do not differ from those that can be found in non-volcanic terrains. However, differ-
ences may exist in the resulting deposits due variations in the density of fragments, 
as a consequence of their variable degrees of vesiculation; this may affect their 
hydraulic classification and, consequently, the texture and sedimentary structures 
of the resulting deposits [1, 92]. A common feature of most paleovolcanic sequences 
is the presence of crystal-rich deposits of a different nature (e.g., [1, 58, 66, 93–95]). 
The main features that these rocks present can be relatively similar despite their 
potential diversity of origins (Figure 9c, d, f), making it possible that they could 
be materials of pyroclastic or epiclastic origin or a combination of both. The correct 
characterization of these crystal-rich deposits, particularly those of epiclastic origins, 
will permit us to know the influence of volcanism on sedimentation in the basin, 
its nature, and quite possibly the location of the source areas of the volcaniclastic 
materials. For example, in the description of many ancient terrains we can find rocks 
of an ambiguous nature, rich in crystals and with a clay matrix, which are generically 
called graywackes (e.g., [96, 97]), and which in many cases, among other origins, 
correspond to volcaniclastic (pyroclastic or epiclastic) deposits. The presence of these 
deposits in the stratigraphic record remark the importance of volcanism as a source 

Figure 14. 
Field example of an ignimbrite deposit (Ig) eroded by an epiclastic crystal-rich sandstone (E) which incorporates 
fragments of the ignimbrite (Igf). The lack of a paleosoil separating both deposits is indicative of a short time 
lapse between the two (credit: Joan Martí).
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of sediments and offer good samples for radiometric dating because of the minerals 
(e.g., zircon) they usually contain.

7. Final remarks and future perspectives

In the previous sections, we have briefly outlined some of the main aspects that 
need to be considered when working in paleovolcanic terrains. Probably, the most 
important is the fact that volcanic activity has not fundamentally changed over time 
(uniformitarianism), so that we can confidently assume that the volcanic processes 
and products that we observe at present are the same as those represented in the geo-
logical past. Therefore, their characterization and interpretation may be carried out in 
the same way. This observation, however, also allows us to consider another impor-
tant aspect of volcanic activity, which is that, despite the existence of certain broad 
similarities, each volcanic area may have particular characteristics, which suggest 
that it should be studied independently. The criteria that must be taken into account 
when studying an ancient volcanic terrain should be as similar as possible to the ones 
used in recent volcanic areas. At present, it is not enough to give a good description 
of the different volcanic or volcano-sedimentary deposits, an essential step in any 
volcanological study, but they must be interpreted in terms of their volcanological 
significance and their influence on associated depositional environments. Therefore, 
the same should be applied to the study of paleovolcanic terrains.

Many paleovolcanic terrains are associated with important mineral deposits 
(e.g., Kurokos, in Japan [98, 99]; the Pyrite Belt of the Iberian Peninsula [40, 100]). 
Volcanic areas represent regions with a high thermal flux and the existence of hydro-
thermal fluids, many of them directly associated with the magmatic source, which 
means a high possibility for the accumulation of mineralizing elements. Likewise, 
volcaniclastic materials can constitute important hydrocarbon reservoirs (e.g., [42, 
101]). Diagenetic changes of fresh volcanic deposits can reduce their permeability; 
however, the dissolution of volcaniclastic materials can contrastingly increase perme-
ability and increase reservoir quality. The study of paleovolcanic terrains in terms of 
modern volcanology may also provide results that are quite helpful in the study of 
recent terrains with similar characteristics, where such processes may be inferred, 
yet not observed directly due to the lack of deep erosion and tectonics. Similarly, 
the exploration of high-enthalpy geothermal reservoirs in active volcanic areas can 
greatly benefit from the study of ancient analogs coming from deeply eroded volcanic 
terrains where the roots of the volcanic edifices are well exposed and the geometry 
and distribution of fossil geothermal reservoirs can be observed (e.g., [102–104]).

Another aspect to highlight in the study of ancient volcanic terrains is that 
they offer a good source of information to analyze plate tectonic evolution and 
the formation of sedimentary basins (e.g., [105]). In this sense, we can deduce the 
geodynamic framework in which the basins develop by studying the nature of the 
associated volcanism. The reconstruction of the position of eruptive vents will give 
information on the tectonic structure of the basin, since it will allow us to infer the 
distribution of the fractures through which the magma ascended to the surface; this 
will thereby provide clues for the reconstruction of the corresponding stress field. 
Therefore, the presence of volcanic products in the sedimentary record of a basin 
should not be necessarily considered as an isolated event. Volcanic activity must be 
interpreted as an effect with the same causes that condition the existence of some 
sedimentary basins, although on some occasions it can even become the direct cause 



Updates in Volcanology - Linking Active Volcanism and the Geological Record

32

Author details

Joan Martí
Geosciences Barcelona, CSIC, Barcelona, Spain

*Address all correspondence to: joanmartimolist@gmail.com

that conditions their formation, as is the case of some collapse calderas and volcano-
tectonic depressions (e.g., [106, 107]).

Based on what has been exposed in this contribution, I hope that a clear idea can 
be drawn for the importance of a correct interpretation of the volcanic episodes that 
we find in the geological record. A good description of the products generated by 
these volcanic processes is the first step to be able to understand their true meaning. 
However, the reconstruction of the volcanic episodes, in terms of their geodynamic 
framework, volcano-tectonic environment, basin dynamics, and eruptive mecha-
nisms, based on a correct identification and interpretation of deposits, should be 
the main objective that we must consider when beginning a study of paleovolcanic 
terrains.
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Abstract

Ampferer-type subduction is a term that refers to the foundering of hyper-extended 
continental or embryonic oceanic basins (i.e., ocean-continent transitions) at passive 
continental margins. The lithospheric mantle underlying these rift basins is mechani-
cally weaker, less dense, and more fertile than the lithospheric mantle underlying 
bounded continents. Therefore, orogens resulting from the closure of a narrow, imma-
ture extensional system are essentially controlled by mechanical processes without 
significant thermal and lithologic changes. Self-consistent, spontaneous subduction 
initiation (SI) due to the density contrast between the lithosphere and the crust of 
ocean-continent transitions is unlikely to occur. Additional far-field external horizontal 
forces are generally required for the SI. When the lithosphere subducts, the upper 
crust or serpentinized mantle and sediments separate from the lower crust, which 
becomes accreted to the orogen, while the lower crust subducts into the asthenosphere. 
Subduction of the lower crust, which typically consists of dry lithologies, does not 
allow significant flux-melting within the mantle wedge, so arc magmatism does not 
occur. As a result of melting inhibition within the mantle wedge during Ampferer-type 
subduction zones, the mantle beneath the resulting orogenic belts is fertile and thus has 
a high potential for magma generation during a subsequent breakup (i.e., magma-rich 
collapse).

Keywords: A-type subduction, B-type subduction, orogeny, missing arc magmatism, 
subduction, subduction initiation (SI), ocean-continent transitions (OCT)

1. Introduction

The term “subduction” was first used by Amstutz [1] to describe the original 
concept of the downward thrusting of oceanic lithosphere beneath a continental or 
oceanic upper plate bounded by a Wadati-Benioff zone of earthquake foci [2, 3]. This 
process is essential for maintaining Earth’s surface constant as new oceanic litho-
sphere (crust and upper mantle) is formed at mid-ocean ridges, and older lithosphere 
is destroyed at convergent plate boundaries. With application to the various mecha-
nisms of lithospheric convergence, foundering, and recycling, the term subduction 
has become broader over time and has lost some of its original meaning. It now 
refers to a series of processes in which material from the Earth’s uppermost layer is 
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submerged into the asthenospheric mantle, and its chemical constituents are recycled 
back into the Earth’s interior. Regardless of submerging Earth’s lithosphere process 
into the convective asthenosphere, two categories of subduction zones on the modern 
Earth (ca, 1 Ga, [4]) can be distinguished based on the association of magmatism: (a) 
The subduction zones associated with volcanism and (b) subduction zones missing 
arc-volcanicity.

The subduction zones associated with giant volcanism are referred to as Benioff-
type (or B-type or Pacific-type) subduction, which is characterized by the spontaneous 
initiation of giant oceanic lithosphere foundering, previously formed at a mid-ocean 
ridge into the convective upper mantle beneath oceanic or continental upper plates 
[5–8]. While at the ocean-ocean convergence boundary, the older and colder plate 
(i.e., the denser plate) often subducts the younger and warmer oceanic plate, at the 
ocean-continental convergence boundary, the oceanic plate subducts beneath the less 
dense continental plate. Although the density contrast between the oceanic lithosphere 
and the asthenosphere may be a possible driving force for the initiation of subduction, 
it is considered a second order of importance compared to convective currents in the 
asthenosphere that exert drag forces on the base of the lithosphere [9, 10]. However, 
the negative buoyancy of the sinking lithosphere (which is denser than the underlying 
asthenosphere) results in slab pulls, which are thought to be the dominant driving 
forces of plate motions [6, 11–13]. One or two planar zone(s) of seismicity in the down-
going slab (the Wadati-Benioff plane) [3, 14] can reach the mantle transition depth of 
~660 km [15]. In addition, heating of the subducting crust releases a significant vol-
ume of water from the hydrated lithologies of the subducting material, leading to the 
fluid-flux melting within the overlying mantle wedge and the generation of hydrous, 
near-continuous arc magmatism [4, 8, 15–19]. The generated magma is lighter than the 
surrounding mantle material and rises through the mantle and overlying crust [20]. It 
creates a chain of volcanic islands on the ocean floor known as an island arc at ocean-
ocean convergence margins, or it forms a mountain chain with many volcanoes known 
as a volcanic arc at ocean-continental convergence margins. The hydrous, calcareous 
magmatism with low FeO content “calc-alkaline” is predominant in the magmatic arcs 
[21–24]. A deep trench usually forms parallel to the convergence boundary as the crust 
sinks downward. More volcanic material and sedimentary rocks accumulate around 
the island arcs, eventually thrust into an accretionary wedge and onto the continental 
plate [15]. As a result, high-pressure, low-temperature metamorphic facies series are 
common at these convergent boundaries [25–27].

The term Ampferer-type subduction was first used to describe the “missing” 
continental crust in the Alpine orogen (European Alps) [28]. The term was recently 
revived considering a new understanding of hyper-extended basins and passive 
margins by [7, 8, 29], who interpreted the mechanism of lithospheric recycling in the 
Pyrenees and Western and Central Alps. The Ampferer-type (or A-type) subduction 
occurs when a continent or large island collides with another continent by subduct-
ing hyperextended continental basins that contain minor oceanic crust formed at 
rift margins [7, 8, 20]. These hyper-thinned basins and their mechanically weak 
serpentinized mantle beneath serve as focal points for initiating convergence and 
down-thrusting of these basins beneath passive margins [7, 20, 30–32]. Only the dry 
root lithosphere is subducting, while hydrated lithologies from the descending plate 
(hydrated mantle rocks and sedimentary deposits) are sequentially accreted into a 
nascent orogenic wedge, resulting in amagmatic closure associated with tremendous 
deformation of preexisting continental rocks, forcing the material upward, creating 
high mountains [7, 32–34].
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Since the advent of plate tectonic theory in the 1960s, which assumes that 
subduction of the oceanic lithosphere primarily controls rigid plate motions [35, 36], 
alternative concepts for the lithosphere’s foundering process have been neglected 
[7, 8, 20, 37]. Many convergent boundaries that exhibit Ampferer-type subduction 
features could have been considered Benioff-type subduction in the strict sense. 
Therefore, this chapter presents the well-known cases of Ampferer-type subduction 
zones and addresses the challenging questions of when, where, and how subduction 
initiation (SI) occurs at/around passive margins and the reasons for missing arc 
magmatism along these margins.

2.  The Ampferer-type subduction: convergence and assembly of the 
previously rifted lithosphere

Ampferer-type subduction occurs only at passive continental margins that hyper-
extend into rift basins, often accompanied by exhumation of the (subcontinental) 
mantle and may reach the stage of (magma-poor) embryonic oceans [7]. Such an 
embryonic basin-margin system is likely to be more laterally homogeneous than 
ocean basins, which contain significant spreading ridges. Under these conditions, the 
mechanical weakness of the serpentinized mantle and the hyper-thinned continental 
lithosphere serve as focal points for the initiation of convergence and downward 
thrusting of these basins beneath passive continental boundaries [7, 30–32]. The 
main features for recognizing Ampferer-type subductions are (i) coherent struc-
tural units or nappes (flake tectonics) transported over long distances modified by 
moderate deformation and comprising the (ultra-) high-pressure continental and 
oceanic fragments and (ii) the lack of Penrose-type oceanic crustal fragments [7, 38]. 
The Ampferer-type subductions instead comprise fragments of basins flooded by 
exhumed subcontinental mantle, like the magma-poor Iberia-Newfoundland ocean-
continent transition zones (OCTs) [39–41].

3. Architecture and embryonic oceans and hyperextend rift basins

Although the Wilson cycle is often used to describe the continental collision zones 
as formed by the closure of broad oceans floored with Penrose-type crust [42], there 
are numerous orogenic belts (e.g., Pyrenees, Alps, and European Variscides) hav-
ing conjugate precollisional margins separated by immature extensional zones (i.e., 
narrow oceans or hyperextended continental rift basins) [7, 29, 34, 43, 44]. Immature 
extension systems are rift systems that begin when the continental crust has been 
stretched to complete embrittlement, typically at a crustal stretching factor of about 
3–4 [45], and whose development stopped before or with the initiation of seafloor 
spreading [43, 44, 46, 47] (Figure 1). These rift systems involve thinning continental 
crust to the exhumation of the subcontinental lithospheric mantle at the floor of rift 
basins [43, 44, 46, 47]. In these basins, the entire remaining crust and the uppermost 
part of the subcontinental mantle are subject to intense hydrothermal circulation 
that forms sericite and illite in the crustal rocks [48–50] and serpentine, chlorite, 
and talc up to 4–6 km deep in the lithospheric mantle [51–54]. The hyperextension 
of the continents can also lead to decompression melting of the underlying asthe-
nospheric mantle [55], commonly without the formation of mid-ocean ridge basalt 
(MORB)-type melts, or they are only partially extracted and tend to stagnate in and 
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fertilize the overlying lithospheric mantle [56]. This process tends to homogenize (on 
a large scale) the uppermost lithospheric mantle (~30 km) beneath the rift basins 
into plagioclase-bearing lherzolite [41, 56]. However, growing evidence suggests that 
fertilization of the lithospheric mantle beneath the rift basins is uneven and gradually 
increases from the proximal to the unstretched continental part to an ideal homoge-
neous plagioclase-bearing peridotite beneath the distal part of the rift basin [41].

The fertilized mantle under immature oceanic basins, such as beneath the south-
ern part of the Porcupine Basin [57] or at hyperextended rifted margins such as the 
Iberian margin [58], the Newfoundland margin [59], and the Flemish Cap [60], is 
also characterized by a reduction in seismic velocities of about 1% at pressures up 
to 1 GPa and by >2% at higher pressures [44]. Although serpentinization is likely 
the main cause of the velocity decreases up to 6 km below the seafloor, it may not 
be responsible for reducing the seismic velocity at greater depths as the serpentine 
becomes unstable [44]. However, the presence of plagioclase in the fertilized mantle 
strongly affects the rheology of the lithospheric mantle because plagioclase is weaker 
than pyroxene and olivine [44]. As a result, the fertilized mantle behaves semi-brittle 
(i.e., the plagioclase stability field) between 18 and 40 km below the embryonic 
oceans and hyperextended rift basin. This mantle domain, where deformation can be 
accommodated along localized anastomosing shear zones, is broader than in the litho-
spheric mantle beneath the bounded continental margins and could have significance 
as a stress guide for subduction initiation of rift basins beneath passive continental 
margins at greater depths up to 30 km [44].

The absence of significant subduction-related magmatism in orogens formed 
from Ampferer-type subduction zones is interpreted because of the narrow width 
of the closing ocean, which did not allow significant decompression and/or flux 
melting [61, 62]. Therefore, the mantle beneath orogens resulting from the closure 

Figure 1. 
(a) Various stages of extension and corresponding physical properties of the lithospheric mantle at the center of 
the rift. (b) Architecture and lithology of a typical magma-poor rifted margin [44].
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of a hyperextended rift basin or narrow embryonic ocean is likely fertile because 
it is hydrated and enriched in mobile constituents derived from subducting sedi-
ments, oceanic crust, and dehydrating serpentinite but lacks significant flux melting 
[63]. This fertile mantle could provide fusible components for intense magmatism 
during subsequent collapse (magma-rich orogenic collapse [43, 44]. This is shown 
in the widespread mafic to acidic intrusions, for instance in the crust in the Variscan 
region, Basin and Range province, and Canadian Cordillera [64–67]. Conversely, 
orogenic belts formed by the closure of a large ocean are associated with intense 
flux melting within the mantle wedge due to the release of substantial fluids from 
dehydration of the large, subducted slab and decompression melting of the hot 
asthenosphere that rises to compensate for the down dragged mantle wedge material 
by the slab [68–70]. These melting processes form island arcs at the sea-flower or 
volcanic arcs at the continental margin [71] and deplete the source mantle wedge 

Figure 2. 
Two end-members proposed for the Wilson cycle in the North Atlantic as it is resulting from the closure of 
both broad, mature oceans (the Scandinavian Caledonites), and narrow oceans (<500 km) or immature, 
hyperextended rift systems (the Variscides of Western Europe) [44].
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[72]. Orogens formed by the closure of a large ocean may therefore be underlain 
by a relatively depleted mantle [43]. Therefore, the subsequent collapse of these 
orogenic belts is devoid of magma (magma-poor collapse). The Western Europe-
North Atlantic region is an ideal example to examine how shortening or incomplete 
Wilson cycles may differ from classic Wilson cycles, as it consists of orogens result-
ing from the closure of both narrow oceans (< 500 km) or immature, hyperextended 
rift systems (the Variscides of Western Europe) and broad, mature oceans (the 
Scandinavian Caledonides) (Figure 2) [44, 73].

4. Subduction zone initiation (SZI)

Two concepts are commonly proposed for subduction zone initiation (SZI): (i) 
spontaneous or vertically forced and (ii) induced or horizontally forced SZI [74–76]. 
Vertically forced SZI is caused by the contrast between the underlying convicting 
mantle and the cooling lithosphere above. The viability of this scenario is controver-
sial [77], especially for SZI at passive margins [78]. The body force resulting from 
density differences is most likely insufficient to break up and initiate a subduction 
zone if the rift basin lithosphere is older than 20 My after the continental breakup 
[79]. This assumption is not consistent with the ages of descending, hyperextended 
continental basins, which are generally older than 20 My (e.g., ~34 My for Oligocene 
subduction of the New Caledonia Basin beneath the northern Norfolk Ridge, SE 
Pacific; [20] and ~ 60–65 My for initiation of subduction of Piemonte-Liguria Ocean 
beneath the Adriatic continental margin, [78]. Moreover, data from recent and 
ancient subduction zones [76, 80] suggest that vertically forced SZI was probably not 
the dominant scenario during the last 100 million years. Therefore, the horizontally 
forced SZI model is preferred to overcome the increasing strength of the cooling 
lithosphere [76, 78, 81]. The far-field external horizontal forces can be caused by the 
mid-ocean ridge, mantle plume, neighboring sinking slab, and large-scale mantle 
convection [82]. However, [83] argues that vertical forces can accelerate, propagate, 
and facilitate the development of self-sustaining subduction zones that are initially 
dominated by horizontal forces.

It is most likely that the initiation of subduction zones by horizontal compressive 
forces requires a process that mechanically weakens or softens the lithosphere to aid in 
the localization stresses that eventually lead to the breakup [20]. Several mechanisms 
have been proposed for softening the lithosphere during SZI including mineral reac-
tion and transformation [84], fluid-induced [20, 85, 86], microstructural evolution 
and anisotropy [87], mineral grain damage and plunging [88, 89], and thermal soft-
ening [78, 90, 91]. Petrological thermomechanical models show that a temperature 
increase of only ca. 50°C is sufficient for successful SZI [78, 92]. Therefore, thermal 
softening is considered a potential mechanism to form a shear zone transecting the 
lithosphere [90, 93–97] and initiate subduction at a hyperextended continental [78]. 
Serpentinization within the lithosphere may also serve as a stress conductor during 
subduction initiation because it is weaker than peridotite, continental crust, and oce-
anic crust [98–100]. In addition, greater serpentinization would reduce the coherence 
of the rift basin lithosphere [7], which generally exhibits shallow slab detachment 
(SD) early after the SZI [78]. In contrast, the low-serpentinized lithosphere is coher-
ent and requires more compressional forces for SZI [79, 101]. The strong lithosphere 
may be able to maintain a continuous subducting slab down to 660 km depth for more 
than 20 Myr after basin closure [78].
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5. Missing arc magmatism

Well-documented examples of subduction initiation involving mature oceanic 
lithosphere (Benioff-type subduction zones, e.g., the Neotethys supra subduction 
zone and the Izu-Bonin-Mariana arc) are characterized by an initial phase of upper 
plate extension and tholeiitic to boninitic magmatism [102, 103]. Once initiated, 
partial eclogitization and densification of the subducting oceanic lithosphere results 
in a slab-pull mechanism that is a driving force for self-sustaining subduction and 
ocean closure [6]. Dehydration of oceanic crust drives flux melting of the overlying 
mantle wedge and lower crust of the overriding plate, resulting in predominantly 
“calc-alkaline” magmatism [104–108]. Therefore, the presence of ophiolites associ-
ated with calc-alkaline magmatism and low-temperature, high-pressure metamor-
phic rocks are interpreted as unequivocal evidence for paleosubduction zones [109]. 
In contrast, subduction zones with the immature oceanic lithosphere (Ampferer-
type subduction zones, e.g., the European Variscides, Pyrenean Belt, and Alpine 
Mountains) are characterized by ophiolites, subduction-related metamorphism, 
accretionary prisms, and syn-orogenic clastic sediments but and lacking calc-
alkaline magmatism [7, 8, 20, 29]. Although the absence of calc-alkaline magmatism 
within the Ampferer-type subduction zone is commonly attributed to the narrow 
width of the closing ocean (<500 km), which did not allow for significant decom-
pression and/or flux melting and thus habitable arc magmatism [61, 62], a recent 
study of a case of Ampferer-type subduction zones beneath New Caledonia in the 
Oligocene revealed that other causes of missing arc magmatism are also relevant 
[20]. The Oligocene subduction zone beneath New Caledonia is an ideal Ampferian-
type paradigm for investigating the reason for missing the arc magmatism associated 
with Ampferian-type subduction zones because its paleogeographic elements have 
not been jumbled together by collisional deformation or dismembered by strike-slip 
faulting. In addition, the well-documented evolutionary history of New Caledonia 
and its relative tectonic simplicity is appropriate for specifying the operational 
processes within the Oligocene Ampferer-type subduction zone [20].

The New Caledonia Island is a remnant of Gondwana continental crust that is 
part of the Norfolk Ridge (Figure 3), which began to drift away from the eastern 
Australian margin during the opening of the Tasman Sea in the Late Cretaceous 
[110–112]. Norfolk Ridge is a suitable location for commencing Ampferer-type 
subduction due to the hyperextension of the east border of the Australian conti-
nent, which curtailment in tiny slivers in this region [20, 112]. The magmatism 
associated with the Oligocene subduction zone is rare and represented by in situ 
minor eruptive basalt-andesite lava flows of La Conception (c. 29.12 My Ar/Ar age, 
[20]) and two small isolated Oligocene granodiorite massifs (c. 24 My [113]) that 
are not far from the La Conception lavas: the Saint Louis Massif, located about 2 km 
to the east, and the Koum/Borindi Massif, located ∼55 km to the northeast (Figure 
3). Thus, the correlation of La Conception lava with Saint Louis and Koum/Borindi 
Massifs is of great importance for studying the cross-geochemical trend associated 
with the Ampferer subduction zone, which is critical for understanding the dynam-
ics of the mantle wedge, including how it convects, where and how much melting 
occurs, how much melt extraction affects source heterogeneity, and how non-
subduction heterogeneity affects arc lavas. However, a recent study of the Oligocene 
subduction zones beneath New Caledonia [20] revealed the following reasons 
that may result in missing the arc magmatism in association with Ampferer-type 
subduction zones:
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5.1 Cold subduction zone

The opening of the New Caledonian Basin occurred during the rifting of the eastern 
margin of the Australian-Gondwanan continent in the Late Cretaceous time [114, 115]. 
This implies that the crust of the New Caledonian Basin was about 34 Ma old (i.e., cold 
crust) [79–108] at the time of its subduction beneath the northern Norfolk Ridge in the 
early Oligocene (ca. 32 Ma) [116]. The mantle wedge overlying the descending plate 
was also cold. Its potential temperature (Tp °C), estimated from the composition of the 
La Conception lava, ranges from 1268 to 1316°C [20]. This estimate is below the poten-
tial temperatures of the ambient mantle (i.e., ∼1400°C) [117] and below the 1350°C 
required for arc basalt magma formation within the mantle wedge [118]. In addition, 
trace element modeling of the La Conception lavas suggests that the melting source 
was 119–129 km within the mantle wedge [20]. These constraints are consistent with 
cold subduction zones, where large amounts of water can be transported in the gabbro 
and peridotite layers of the subducted slabs to depths greater than 200 km, where it 
hydrates and partially melting the mantle wedge, in contrast to warm subduction zones, 
where the entire subducted slab becomes anhydrous at shallow to intermediate depths 
and the mantle wedge only at shallow depths [119, 120].

Figure 3. 
The generalized geology map of New Caledonia shows the locations of all eight terranes. Red stars show locations 
of Oligocene magmatism (La conception lava quarry, the Saint Louis Massif [SLM], and the Koum/Borindi 
Massif [KBM]) [20].
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5.2 The high sinking velocity of the subducted slab

Given that the emplacement of the La Conception lavas occurred around 29.12 Ma 
and that the Oligocene subduction zone began at approximately 33.7–35 Ma at a 
location about 50 km west of New Caledonia (as indicated by a + 100 mGal gravity 
anomaly, [121, 122], the sinking velocity of the subducted slab to depth ∼119–129 km 
within the mantle wedge where the La Conception lavas generated [20] ranges from 
4.0 to 5.1 cm/year. Such a rapid sinking velocity, combined with the cold nature of the 
subducting slab, may not allow enough interaction between the sinking slab and the 
mantle wedge to produce significant volumes of arc magmas [123, 124].

5.3 The depletion inheritance of the mantle beneath the continental border

The depletion heritage of the mantle beneath the continental border considering 
that Nb and Ta are least effectively transferred from the subducted oceanic slab to the 
overlying mantle melting column, the ratio of elements to Nb (or Ta) would measure 
the non-conservative character of the elements (% sz), which expresses the extent of 
their displacement from the average MORB at a given Nb [125]. Calculations of % sz 
for the elements in La Conception show that Rb, Pb, Th, Ba, U, K, and Pb are strongly 
non-conservative with % sz > 80%; LREE, Sr., and P2O5 are moderately non-con-
servative with a % sz range of 80–40%; Sm and Nd are non-conservative to slightly 
non-conservative with % sz from 40% to the detection limit, whereas other elements 
exhibited negative % sz values (Figure 4) [20]. The negative % sz values suggest that 
the mantle beneath the Norfolk Ridge was relatively depleted before the onset of the 
Oligocene subduction zone, which may partially inhibit the arc magmatism.

5.4 The continental nature of the subducting slab

The nature of the New Caledonian Basin itself may also play a significant role in 
reducing arc volcanism because the New Caledonian Basin is a continental crust that 
is commonly dominated by dry granitic material [126, 127]. Furthermore, unlike the 
oceanic lithosphere, the lithospheric mantle underlying continental crust does not 
contain voluminous hydrous mineral phases [7, 29]. Therefore, the sinking slab of the 
New Caledonian Basin beneath the Norfolk Ridge did not provide the hydrous fluids 
necessary to lower the solidus of the mantle wedge and produce the arc volcanism 
associated with the Oligocene subduction zone [20].

5.5 Formation of a magmatic barrier at the base of the overriding plate

Seismic tomography shows evidence of a deep reflector at a depth of 60 km 
(∼18 kbar) beneath the west coast of New Caledonia, and this structure was found 
to dip northward by at least 30° [115]. This deep seismic discontinuity was attrib-
uted to a remnant of a sinking slab of a subduction zone that formed in response to 
the blocking of an older subduction east of the Norfolk Ridge in the early Oligocene 
(ca. 32 My) [116]. However, this depth estimate for the subducted slab is not con-
sistent with the fractionated REE and high Sr/Y content of the La Conception lava 
[20], suggesting the presence of residual garnet in the melting source (i.e., melting 
within the garnet stability field >25 kbar) [128]. Therefore, we believe that the 
seismic mirror beneath New Caledonia is the solidification front of accumulated 
mantle-derived melts at the base of the overriding plate. The incipient melt slowly 
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percolates upward (i.e., porous flow), mainly in a vertical direction due to the buoy-
ancy of magma and the high permeability of partially molten systems [129, 130], 
and eventually, it enters the cooler lithosphere where it begins to solidify [131]. This 
would cause of the development of a low-permeability zone or permeability barrier 
[131, 132], under which the subsequent pluses of magma accumulate, forming a 
melt-rich zone [133–135].

6. Examples of Orogenic belts resulting from Ampherer-subduction zones

Ideal examples of orogens resulting from the closure of a hyperextended rift sys-
tem or an immature ocean include the Alps [34], Pyrenees [136, 137], and European 
Variscides [138, 139]. These orogens often occurred without significant subduction-
related magmatic activity, so the original rock units before the collision were relatively 
well preserved [34, 43, 44, 137, 140].

6.1 Closure of the Piemonte-Liguria Ocean and Alpine orogeny

The Alpine orogen, upon subduction initiation at ~85–100 Ma [30, 141, 142], 
shows no evidence of magmatic activity during subduction initiation combined with 
a ~ 50 Ma hiatus in magmatism, or “arc gap” [29]. The orogen contains fragments 
of the Piemont-Liguria Ocean, which was not a Penrose-type oceanic crust. The 
Piemont-Liguria Ocean was formed in the Jurassic period when the paleocontinents 
Laurasia (to the north, with Europe) and Gondwana (to the south, with Africa) 
started to move away from each other [143]. The Piemont-Liguria Ocean contained 

Figure 4. 
The percentage of the subduction component (%sz) of the La Conception lavas is estimated from the 
displacement of the average mid-oceanic-ridge basalt (MORB) at a given Nb [20].
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several continental blocks such as the Adriatic plate (also known as the Apulian Plate) 
and Sesia-Dent Blanche unit separated from Gondwana and Briançonnais block 
separated from Laurasia (Figure 5). The Gondwanan continental block Adriatic 
plate was moving northward into Laurasia. In the Cretaceous period, the Piemont-
Liguria Ocean lay between Europe (and a smaller plate called the Iberian plate) in 
the northwest and the Adriatic plate in the southeast. The European and Adriatic 
passive margins were likely hyperextended, while the Piemonte-Liguria ocean basin 
was mainly floored by an exhumed mantle and hyperextended continental crust 
rather than mature oceanic crust (e.g., [7, 34, 78, 144]. At ca. 85–80 Ma, subduction 
at the Adriatic margin led to subduction of the Sesia-Dent Blanche unit [145], and 
progressed from southeast to northwest across the PL Ocean (ca. 50–45 My), the 
Briançonnais (ca. 45–42 My), and the Valais Basin (ca. 42–35 My) as indicated by the 
tectono-metamorphic evolution of those units (Figure 5 [142, 145–148]. However,  
the onset of subduction initiation at the passive margins of Laurasia allowed the 
accretion of the hydrated portion of the subducting of the remaining Piemont-Liguria 
Ocean plate within an orogenic Alpine wedge (Figure 5) [29]. It is unclear whether 
the subducted slab is currently separated or remains attached to the European plate 
(Figure 5) [149].

6.2 Iberian plate kinematics and Pyrenees orogeny

The Pyrenean orogeny in southwestern Europe is an ~E-W trending mountain belt, 
about 450 km long and 125 km wide (Figure 6) that formed in the Late Cretaceous 
to Paleogene in response to convergence between the hyperextension NE continental 
margins of the Iberian Microplate and the Southwest Eurasian Plate [150]. The Iberia 
microplate was part of Pangea in the Paleozoic [151] but separated in the Late Jurassic 
[152–154]. Based on magnetic lineation in the Atlantic Ocean and Bay of Biscay to 
the west, the separation of the Iberian Microplate was N-S directional rifting before 
it rotated counterclockwise early Aptian (e.g., Scissor-type opening) (Figure 7) 
[155–158]. Analysis of the paleomagnetic record suggests a ~ 35° counterclockwise rota-
tion of the Iberia microplate completed in the early Aptian (126 ~ 118 My) [150]. Such 
a high amount of rotation should be associated with subduction beneath the Eurasian 
margin [150, 157, 158] and the North Pyrenean fault zone represents the suture between 
Iberia and southwest Eurasia (Figure 6) [150]. Structural and deep seismic studies have 
shown that the orogen is asymmetric, with the Iberian continental lithosphere under-
thrust at least ~80 km beneath Europe [ 159, 160]. However, several tomographic studies 
show no evidence of a subducted slab anywhere beneath the Pyrenees [161–163], ruling 
out the opening of a broad oceanic basin prior to Late Cretaceous convergence [161]. 
Vissers et al. [150] explained the absence of a remnant subducted slab by the motion 
of Iberia/Eurasia relative to the mantle, where the Pyrenean region may have laterally 
displaced from a subducting slab remnant after slab break-off. Mantle tomography 
indicates that such a slab remnant may exist today between 1900 and 1500 km depth 
beneath southern Algeria [150].

6.3 Closure of the Paleozoic Rheic ocean and Variscan orogeny

The Variscan Belt is a segment of a mountain system that has existed all around 
the world because of a sequence of Paleozoic collisional orogenic events (e.g., the 
Appalachians in America, Mauritanides in Africa, the Caledonides in Scandinavia 
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and Scotland, the Urals in Russia, the Tien Shan in Asia, and the Lachlan Fold Belt in 
Australia) that marked the amalgamation of the supercontinent Pangea [138, 139] 
(Figure 8). The Variscan belt extends across Europe, with the best exposure in central and 
western Europe and parts of Morocco and Algeria to the north of the West African Craton 
[138, 165]. It formed between 480 and 250 My after the collision of Gondwana to the 
south and Baltica-Laurentia to the north [164, 166–167]. The Variscan belt is a much more 
complex paleogeographic orogenic belt whose elements were not only shuffled together 
by collisional deformation but were also dismembered by strike-slip faults and the 
formation of oroclines [167]. Reviewing the evolution of the main tectonic units and their 
paleogeography position within the Variscan is beyond the scope of our work, and the 
reader may refer to [138, 167–169] for further details. However, the presence of suture 
zones characterized by ophiolites, subduction-related metamorphism and magmatism, 
accretionary prisms, and foreland basins with syn-orogenic clastic sediments within the 

Figure 5. 
Simplified conceptual geodynamic sketch of the Alpine orogeny after Candioti et al. [78]. (a) Passive margin 
geometry and embryonic oceans after the rifting phase. (b) Horizontally forced SZI on the Adriatic passive 
margin and subduction of the Sesia-Dent Blanche unit. (c) Possible scenarios for the collisional phase of Alpine 
orogeny with a slab that is continually subducting (left) or a slab that is separated (right).
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European Variscides confirms the existence of several microcontinents between Laurussia 
and Gondwana. These microcontinents include the blocks of Avalonia, North Armorica 
(Franconia + Thuringia, separated by the failed Vesser Rift), and South Armorica (south-
western central Iberia, north-central Armorican Massif, Bohemia, all probably united, 
and Paleo-Adria) (Figure 9) [138, 139, 166, 167, 170, 171]. Several authors [138, 170, 171] 
have proposed that the Variscan microcontinents separated from the north-Gondwana 
margin by back-arc spreading and southward subduction. Although this model may 
apply to the Avalonia microcontinent and the opening of the Rheic Ocean, it cannot 
explain the existence of other microcontinents and intervening rift/drift zones during the 
Cambrian and Ordovician [167]. Alternatively, a system of mantle plume activity beneath 
the North Gondwanan margin has been hypothesized to result in the opening of the Rheic 
and other peri-Gondwanan oceans [172–174]. Only the Rheic (between Avalonia and the 
Armorican microcontinents) evolved into a sizeable ocean documented by biogeography 
and paleomagnetism [167]. The other basins (i.e., the Saxo-Thuringian Ocean between 
north and South Armorica and the Galicia-Moldanubian Ocean between South Armorica 
and Palaeo-Adria) did not grow beyond the narrow ocean stage and did not pass through 
the complete Wilson Cycles [167]. Closure of the narrow oceans and their subduction 

Figure 6. 
(a) Geological sketch map of the Pyrenees [150]. Blue line indicates ECORS seismic section shown in (b). White 
diamonds denote mantle peridotite bodies. NPZ, North Pyrenean Zone; NPF, North Pyrenean Fault; SPZ, 
Southern Pyrenean Zone; B, Boixols thrust. (b) ECORS crustal-scale cross-section Pyrenees [150].
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beneath microcontinents in order from south to north, between the middle Devonian and 
the Tournaisian gave birth to orogenic belts with HP-UHP metamorphism with missing 
arc magmatism (i.e., Ampferer-type subduction).

7. Conclusions

Orogenic and post-orogenic magmatism is primarily controlled by the size and 
maturity of the basin/oceanic crust involved in the subduction zones. Orogenic 
belts formed from the closure of narrow oceans or hyperextended rift basins 
(Ampferer-type subduction) are characterized by the absence of arc magmatism 

Figure 7. 
Scissor-type scenario [159], for the plate kinematic of the Late Mesozoic motion of the Iberian Peninsula to 
Europe, with the inferred position of the Iberian Peninsula at M0 times (left panel) and the onset of the Alpine 
collision (right panel). NA, North America; IB, Iberia; EUR, Europe; NGFZ, Newfoundland-Gibraltar Fracture 
Zone. Circles with crosses denote the poles of the overall reconstruction. Circles labeled M0-A33 denote the poles of 
the phase describing the opening of the Bay of Biscay.

Figure 8. 
Permian (at 280 Ma) assembly of the continents showing the Paleozoic belts. Yellow, 400 ± 250 Ma; orange, 
450 ± 400 Ma [164].
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but post-orogenic magma-rich collapse. In contrast, orogenic belts formed from the 
closure of broad oceans floored with Penrose-type crust (Benioff-type subduction) 
are characterized by arc magmatism but post-orogenic magma-poor collapse.
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Figure 9. 
Tentative reconstruction of the Variscan and surrounding areas at successive intervals from middle Ordovician 
(465 Ma) to Lower Carboniferous (340 Ma) [166] continental microplates. Blue, island arcs; black squares, 
distribution of Callixylon (petrified trees) in the Late Devonian (375 Ma).
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Abstract

Fissure eruption is the most prominent type of Pleistocene to Holocene volcanism 
in Arxan-Chaihe Volcanic Field recording vent migration along fissures. This research 
is examined Sentinel Satellite Images to outline the youngest lava flows in the region 
in conjunction with field observations. Also, GIS-based analyses were performed 
with the aim to calculate the volumes of lava flows to determine the length of the lava 
flow emissions. Topographic cross sections and various geomorphological parameters 
(e.g., geomorphon and topographic position index) were used to reconstruct the 
pre-eruptive geomorphology of the region to simulate lava flow inundation using 
Q-LAVHA plug in the QGIS package. Pre-eruptive topography was created, and vari-
ous simulations were used to obtain the best-fit lava inundation. This process yielded 
to estimate an average of 5 m lava flow thickness. The same parameters of the lava 
flow simulations were used to run on the post-eruptive topography to simulate future 
lava flow inundation. Results showed that the lava flows best simulate if they emit-
ted along a NE–SE trending fissure between two young vent zones or in an extensive 
elongated area following the NW–SE trending valley axis initiated from the Yanshan 
vents.

Keywords: scoria cones, pyroclastic, lava flow, fissure eruption, lava fountaining, 
strombolian eruption, satellite imagery, GIS

1. Introduction

Lava flows in every volcanic field represent the major volcanic events and 
 significant phases of volcanism [1]. The most distinctive characteristics of lava flows 
are their surface morphology. Such surface “shapes and patterns” not only represent 
the interests of tourism and scientific exhibitions but also reveal great value for 
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interpretations of how volcanism occurred, potential indicators of petrogenesis, shift-
ing of eruption phases, eruptive magnitudes (volumes and ejection pressures), and 
geochronology of how long an eruption last. In general, two types of the morphol-
ogy of lava flows have been described in the literature: ʻaʻā type and pāhoehoe [1]. 
pāhoehoe lava flows commonly emerge during events of Strombolian style eruptions 
with low viscosity and high-temperature basaltic eruptions [2, 3]. This type of lava 
flow is usually known for its smooth surfaces and gentle undulations, with occasional 
hummocky surfaces and tumuli. In general, pāhoehoe lava flows can extend tens of 
kilometers in distance from their sources [3]. Small outflows alternatively emerge 
from the chilled crust of the surface and can feed small “toes”, which are approxi-
mately no more than few dm thick, several m long, and dm-to-m wide. Pāhoehoe 
lava flows are associated with low outflux velocity; this means the volumetric flow 
rates are about 2–5 m3/s and slow flow front velocities are approximately 1–10 m/hr. 
[3]. These behaviors of the emplacement are shown by the low flux velocity profile 
allowing the flows to develop a chilled crust keeping the melt able to move. Thus, the 
forehead of flows commonly proceeds moving slower than the lateral partitions of the 
flow body; this indicates not only the flow can maintain undisrupted with smooth and 
intact surfaces but also preserve “toe” structures while the flows keep moving. Like its 
counterpart, aa-type lava flows commonly present as extremely rough surfaces with 
spikes and swarmed gullies [1]. ʻaʻā lava type generally has denser inner parts. The 
emplacement behavior shows that the flows commonly have a thick (1–2 m) chilled 
shield surrounding the main lava body. The forehead of rough surfaces with clinkers 
can be broken while the flow moves [4–6]. The fallen part will eventually be buried by 
the bottom of the flows. Topography can affect significantly how the flow moves, and 
facilitate ponding or cascading effects in steep steps or behind obstacles or valleys. 
Pāhoehoe lava can also become rubble where chilled crusts can be broken apart and 
carried rapidly further. In this case, morphotypes could work better to describe the 
flows (e.g., [7]).

Following the regional tectonic trends, fissure eruptions always generate large 
volumes of lava, which form the continental flood basaltic lava provinces [8, 9]. 
Commonly, the lava provinces can stretch into hundreds to thousands of km2 areas. 
Due to the volumes of the lava that ejected, a basaltic flood lava province usually was 
formed over long time, extreme in a period of 1 to 2 million years [10, 11]. The fissure 
eruptions generally are related to the continental rift zones, such as East African 
Great Rift [12]. The stretching or rifting property usually produces large lava volumes 
These geological settings are usually defined by monogenetic volcanic fields. They are 
defined by tens to hundreds of small vents formed due to mainly two eruptive styles, 
such as Strombolian, Hawaiian, and phreatomagmatic types [13]. Those small vents 
usually swarm and confine in a large region (e.g., thousands of km2). The occurrences 
of monogenetic volcanic fields are commonly shown by the linear trend of vents, 
clustering, or randomly distributed all strongly influenced by the crustal structure of 
the region where they erupted [14, 15]. In old continental crusts inherited structural 
elements commonly influence the vent distribution of monogenetic volcanic fields 
and can be controlled by the regional fracture zones, which could subsequently form 
fissure-aligned volcanic systems [14].

The products of monogenetic volcanism are commonly revealed as scoria cones, 
cinder cones, tuff cones, tuff rings, lava flows, and pyroclastic materials (formations 
of ashes and density currents). Those straight-generated and primitive volcanic 
products can be easily affected by the local environments and climates; in other 
words, the surface processes (Kereszturi et al. 2011). When the surface processes 
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influenced the young volcanism, it could vastly change the outlines of the topography 
and landforms [16]. Also, the pre-existed landforms play an important role in form-
ing subsequent volcanic landforms, such as hydrogeology-controlled lowlands and 
complexities of country rocks.

Modeling for lava flow emplacement is one of the interests of interpretations of 
lava eruptions in some ways that are beyond human records. Long lava flow com-
monly indicates flows extending approximately more than 100 km from their sources 
[17] (Stephenson et al. 1998). In general, long flows can generate rapid and insulated 
emplacements. The rapid model can expect lava flows exceeding 100 km from sources 
[17], with less than 0.5°C/km of chilling stages under the transporting velocity of 
approximately 2–15 m/s. The insulated models prefer flows outfluxing under low 
velocities [3, 12, 17], for example, 0.1–1.4 m/s. Also, insulated emplacements can 
be expected the thickness of flows to be no more than 23 m at the maximum, with 
effusive rates at about 8–7100 m3/s [3]. Slope datasets are the essence of all the 
above-mentioned assessments. The flows that were emplaced by rapid aspect should 
be distinguished by the channel-fed structures, for example, lava channels on the 
surfaces of ʻaʻā type, and expected as generated from short-lived lava fountaining. 
On the other hand, the insulated aspect can be expected to produce a range of inflated 
tube-feeding, and sheet pāhoehoe flows within a long distance from their sources/
vents. Such flows are also marked as an indicator of a long-lived ponding system [3].

Volcanic eruptions commonly reveal themselves as multi-phases and prolonged 
event during the syn-eruptive stages. Also, building a range of eruption scenarios 
can allow researchers to have a better view of the complexities of volcanic eruptions 
and volcanic uncertainties [18]. In general, the eruption scenarios contain four major 
aspects: eruption locations, types of eruptive phases, duration of a single phase, 
and occurrence and frequency of hazards. Eruption locations indicate short-lived 
and small vents with their distributions and a single large composite volcano, which 
produces long-lived and complex volcanic events. The transitions between differ-
ent eruptive types show that the diversities of volcanism are the current and future 
preceding states of volcanoes. Durations of eruptive phases analyze the potential 
magnitudes of local volcanism and are considered either discrete or prolonged 
eruptions. Hazards’ frequencies and occurrence are considered as the influences of 
erupted gas, blast styles, pyroclastic density current-triggered syn-eruptive disasters, 
and post-eruptive lahar events.

In NE China, numerous mafic monogenetic volcanic fields formed through the 
Cenozoic. Among these fields, there are volcanic fields that had historic volcanic 
eruptions including lava effusions such as those known from Wudalianchi [19, 20] 
and the Arxan-Chaihe Volcanic Fields [21]. Two young volcanoes located in the south-
east part of the Arxan-Chaihe Volcanic Field (ACVF), that is, Yanshan-the “triple 
vent” and Gaoshan (eastern side of YS), have been dated under the C14 method, which 
revealed the ages of those two vents about 1900–1990 cal a BP [21, 22].

The major aim of this research is to focus on providing the best possible eruption 
model to understand the potential impact of a similar eruption in the future based 
on the youngest eruptive event in the region that occurred approximately 2000 years 
ago in ACVF. To constrain this, we employed satellite images that show the surface 
successions of lava flows as a range of typical indicators of how to build the pos-
sible chronicle of the vent onset events and the subsequent ponding processes in the 
volcanic histories of ACVF. Thus we propose that the youngest eruption in the region 
took place along fissure-dominated vents. As the ACVF is part of the UNESCO Global 
Geopark network [23], volcanic hazard needs to be treated seriously and this work 
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provides valuable geology-based information and lava flow simulation to envision the 
likely eruption scenario the region may face in a future volcanic eruption.

2. Geological settings

ACVF is located on the eastern side of Inner Mongolia, northeast of China 
(Figure 1a). The Great Xing’an Mountain is the basement holding ACVF’s volcanism 
as a distinctive geomorphological outline, which vastly distracts and draws the 
interests of both tourism and commercial behaviors.

The volcanism of ACVF is the most targeted element of local interest, not only its 
rareness but also the value of research. ACVF is a distinctive volcanic field due to its 
distance away from Japan Subduction Zone, about 200 km. Such a long spatial span 
indicates that the general background of ACVF is mostly controlled by the intra-conti-
nental settings, which are influenced by a distant convergent plate margin [24]. ACVF 
is located on the western side of Song’liao Graben, which is an enormous geological 
and structural subsidence in the center of NE China in consideration of a rifting-zone 
environment. One of the conventional concepts is that the delamination of supra-
crustal layers takes place on the weak points so that the rifting processes can generate 
large subsidence areas, that is, grabens, on the local territories [25]. The subduction 
zone fueled the delamination processes, which manifested the increasing activities of 
rifting. The basement of ACVF is approximately formed in the middle to late Mesozoic 
eras. Previous pieces of research show that the major components of the basement of 
the Great Xing’an Range are composed of Mesozoic volcanic and granitoid materials. 
The dwelling elements such as zircon, whole-rock elements, and Hf isotopic composi-
tion indicate the properties of the Great Xing’an Range. Geochronology (mostly K-Ar 
and Ar-Ar techniques) shows that there are at least three stages of the evolutionary 
histories of the ranges. The felsic volcanic rocks were formed in the Middle-Late 
Jurassic periods about 174–148 Ma; intermediate and intermediate-felsic volcanic 

Figure 1. 
The general morphological aspect of the Arxan-Chaihe volcanic field (a) and its simplified geological architecture 
(b). Topography is based on SRTM 30 m resolution digital elevation model. Geology information is derived from 
(Wang et al. 2014). Please note that the young lava flow extent is greatly overestimated. Reconnaissance mapping 
indicated that many regions shown on this map covered by the youngest lava flows are not accurate and they are 
rather part of old lava flow fields. Maps are on WGS84 projection using NE China local coordinate system.
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rocks were created in the Early Cretaceous intervals about 142–138 Ma, with no later 
than 125 Ma; normal felsic volcanic rocks were generated in the Early Cretaceous 
about 140–120 Ma, with the major volcanic events at 125 Ma. Upwelling mantle move-
ments are the general factor of the compositions of Mesozoic volcanic rocks; this very 
well corresponds to the methods rifting system of Song’liao Graben [25].

The youngest activities of volcanism at ACVF occurred approximately 
2000 years ago. Previous research shows that the lava flows cover the major areas 
of the Arxan UNESCO Global Geopark with several intervals of the ages. K-Ar 
method (whole rock) reveals the ages of the bulk lava flows in multiple vent loca-
tions of AVCF. Lava flows on both riverbanks of Halaha River erupted at about 
0.587 ± 0.18 Ma [21, 26]. Among them, the youngest lava flows were generated from 
Yanshan’s “triple vent” about 1990 to 2000 years ago. All these flow or bulk volca-
nic rocks are basalt or trachybasalt. The mafic property makes those flows follow 
the specific rheology and emplacement mechanisms of forming a range of young 
landforms of volcanism [21, 26, 27].

Up to now, 47 vents have been recognized by various field trips or through satellite 
images (Li et al. 2021). The ACVF occupies an area of about 2000 km2 in hill country 
(Figure 1a). Those vents are aligned from southwest to northeast, especially along 
the study area (Figure 1b). For instance, on the eastern side of Tianchi Lake, two 
paralleled fissures indicate the propagation processes during the syn-erupted stages 
(Figure 2a-d). This feature is also found on the eastern side of Dichi Lake (Figure 
2a-d). From the satellite images, the two ends of ACVF are marked by Wusulangzi 
Lake in the southwest corner (Figure 2a-d) and Tongxin Lake in the northeast corner. 
Between those two lakes, at least 15 vents are aligned through a distinctive orienta-
tion, which is SW-NE. Thus, vent distributions of ACVF show that the local tectonic 
trends, such as fissure orientations, follow a general direction, which is SW-NE 
directed trend [23, 24].

Figure 2. 
Sentinel satellite images of the Arxan – Chaihe volcanic field showing the distinct texture of the young lava flows. 
a) False color image; b) SWIR image; c) geology – Band 8, 11, 12; d) geology – Band 12, 8, 2. Maps are in WGS84 
projection using geographical coordinate systems.
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Present-day geomorphology of the region of ACVF is revealed by a range of 
post-eruptive landscapes with volcanic products. The currently available geological 
map (Figure 1b) shows an extensive lava-covered region marked as Holocene basalt. 
Interestingly, in this maps the three volcanic cone complexes, Gaoshan, Yanshan, and 
Dahei Gou marked as Middle Pleistocene basalts distinctly separated from the young 
lava flows (Figure 1b). The targeted two vent complexes (Yanshan and Dahei Gou) 
are scoria cones with welded cores and various clastogenic lava units indicating erup-
tions where Hawaiian and Strombolian style eruptions alternated over the activity. 
On the present-day Halaha riverbanks, the youngest lava flows extend over 10 km on 
average and are suspected to reach about 16 km SW from their source following the 
paleo-Halaha River valley (Figure 2a-d). The surface structures of the flows represent 
the two distinctive pāhoehoe and ʻaʻā types. Also, pāhoehoe flows preserve a range of 
ponded fabrics such as ponded lakes, lave tubes, whalebacks, and tumuli. Lava chan-
nels can be observed in a partially collapsed SW side of the Yanshan scoria cones.

3. Methods

Sentinel imagery is a ground-breaking aerospace technology, which was carried out 
by European Space Agency in 2014 (https://apps. sentinel-hub.com). The missions aim 
at the goals of agricultural monitoring, emergency management, land cover classifica-
tion, and water quality. This research applies the satellite images depicted from the 
Sentinal-2 orbital system. The main reason for this research by utilizing the Sentinel 
images is that lava flows or products of volcanism can vastly reveal a range of different 
textures or visual effects of imagery on the satellite photography system compared 
to the textures of surrounding areas. Yanshan (YS) and Dahei Gou (DHG) are the 
two vents that generated the youngest morphologies of lava flows covering an area 
of at least about 70 km2. Please note that on the geological map, the young lava flows 
are marked in an area significantly larger than the real extent of the lava flows sug-
gested by our reconnaissance mapping. The images from the Sentinal-2 system reveal 
a series of flow textures under different observation methods (Figure 2a-d). Thus, 
the targeted two vents, that is, YS and DHG, and their eruptive products (mostly lava 
flows) might be outlined by systematical analyses of remote sensing and GIS meth-
ods in relation to the observed lava successions. DEM images downloaded from the 
ALOS-PALSAR dataset (https://asf.alaska.edu/data-sets/sar-data-sets/alos-palsar/) 
that offers digital elevation data with a resolution of 12.5 m. The accessed DEMs were 
reprojected to the WGS 84/UTM zone 51 N map datum and coordinate system. Using 
QGIS (version 3.26 – Tisler) and its SAGA and GrassGIS we created slope maps, hill 
shades, and topography position index maps to check the general geomorphological 
details of the region. Cross-sections were utilized to understand the general trends of 
the morphology of the study area (Figure 3).

The Q-LAVHA plugin of QGIS software can provide a general model or a simula-
tion with analyses of pre-eruptive and post-eruptive topography to interpret lava flow 
evolution histories and future hazard assessments [28, 29] (Mossoux et al. 2016). In 
general, the Q-lavHA program is a QGIS plugin that simulates probabilities of ʻaʻā 
lavas distributions from one or multiple distributed eruptive vents on a DEM satellite 
image [29]. The inserted models, such as probabilistic and deterministic models, can 
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Figure 3. 
Slope map of the ACVF showing the characteristic texture of the region with scoria cones and extensive lava flows. 
Cross sections (lines with numbers on the map) revealed a very gentle sloping landscape upon the lava emplaced. 
Map is on WGS84 projection using NE China local coordinate system.
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provide a range of calculations in relation to probabilities for lava flow propagation 
and terminal length under spatial aspects [28–32]. The confine of this program is the 
probabilistic steepest slope on parameters of spatial spreads. The corrective factors 
are the major algorithm to even the “pits,” which may jeopardize the lava modeling 
processes by obstacles from DEM images. To overcome this issue, the DEM upon the 
simulation runs need to go through a prescribed preparation outlined in the plug-in 
manual. We have completed these steps. Moreover, we created a pre-eruptive topogra-
phy by removing the lava flows on the current DEM. To do this, we created a contour 
map based on the ALOS-PALSAR 12.5 m resolution DEM and then we manually 
modified – in a supervised fashion – the contour lines fitting them to the general 
morphology unaffected by the youngest lavas (Figure 4a and b).

Based on the new contour lines, we recreated a new pre-eruptive DEM (Figure 4c)  
and visually compared it to the current DEM (Figure 4d). To see the validity of 
the pre-eruptive topography we created slope maps for the pre- and post-eruptive-
scenario (Figure 5a and b) as well as aspect maps (Figure 5c and d) to have visual 
control over the process. We decided to follow this manual process, in spite of it being 
more time-consuming as during the supervised process we had continuous connec-
tion to the landscape and we were able to self-evaluate the scenes based on our own 
field experiences. In the end, we also created pre- and post-eruptive topographic 
position index maps just to see how the lava flow removal affects this parameter 
(Figure 6a and b). Finally, we created a geomorphon map for the present-day situa-
tion (Figure 6c).

For the Q-LAVHA simulation, we tested all the in-built methods and we found 
the Euclidian simulation performed the best due to the general low slope angle at our 

Figure 4. 
Contour map of the pre-eruptive (a) and post-eruptive (b) surface. Regenerated DEM of the pre-eruptive surface 
(c) was used to simulate lava flow emplacement. Post-eruptive DEM (d) was used to simulate future lava flow 
inundation. Maps are on WGS84 projection using geographical coordinate system.
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lava flows emplaced (an average of less than 1 degree). Within the simulations, we 
increased the simulation distances from the measured maximum lava flow runout 
distances. As other researchers used Q-LAVHA on regions of low slope angles (e.g., 
flat surface) such as Paricutin in Mexico [33], we followed their recommendations to 
increase the simulation length well over 10 times of the measured lava flow length. In 
Paricutin, even 50 times longer simulation length has been applied. In our work, we 
find the simulation distance about 25 times longer than the average lava flow runout 
distances provided good results, hence in our work we followed this simulation 
distance (e.g., 250 km for a 10 km long, or 100 km for a 4 km long lava flow).

The terminal length is considered as FLOWGO Model [31] through the definitions 
of fixed length values, a function of statistical length probabilities, and thermal-
rheological properties of open-channel lava flow [7]. While Q-LAVHA offers the 
FLOWGO simulation, it requires numerous physico-chemical parameters [19]. As we 
do not have most of those data, we have not explored the FLOWGO to the full extent, 
instead run some tests with likely parameters drafted from variable literature [34–36]. 
As field evidence indicates that the eruption, at least in the Yanshan vent complex 
reached high intensity in times as evidenced by the presence of abundant clastogenic 
lava flows, we applied high magma mass flux rates, mafic composition, high-tempera-
ture conditions, and wide flow channel parameters.

The lava flow simulation method was performed by Q-LAVHA within QGIS. 
Three different modeling concepts have been carried out: points, a line, and a polygon 
[29]. A single point or multiple points are the envisions of vents that probably erupted 
flows around Yanshan areas. Lines are the simulations of fissure vents. Polygons 

Figure 5. 
Pre-eruptive slope map (a) shows the general trend of the landscape, while post-eruptive slope map demonstrates 
the rugged flow fields (b). Aspect maps of the pre-eruptive morphology (c) indicate a good trend to the general 
landscape characteristics. Aspect map of the post-eruptive surface (d) shows the rugged nature of the lava flow 
field. Maps are on WGS84 projection using geographical coordinate system.
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Figure 6. 
Pre-eruptive (a) and post-eruptive geomorphon maps show clearly the topographical differences the landscape 
received through the lava inundation. Codes refer to the following parameters: 1) flat; 2) summit; 3) ridge; 4) 
shoulder; 5) spur; 6) slope; 7) hollow; 8) footslope; 9) valley; 10) depression. Topographic position index map (c) 
of the post-eruptive (present-day) landforms show the variety of landforms the region has. Codes are: 1) canyons, 
deeply incised streams; 2) midslope drainages, shallow valleys; 3) upland drainages, headwaters; 4) U-shaped 
valleys; 5) plains; 6) open slopes; 7) upper slopes, mesas; 8) local ridges, hills in valleys; 9) midslope ridges, small 
hills in plains; 10) mountain tops, high ridges. Maps are on WGS84 projection using geographical coordinate system.
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imply vent swarms. For the simulation processes, the preparation of DEM images is 
necessary. The resolution of a DEM image used is approximately 12.5 m in pixel sizes. 
Then, the contour map was treated in a supervised fashion, essentially adjusting the 
contours where the lava flow clearly acts as an addition to the morphology. Utilizing 
the GrassGIS plugin of QGIS is the next step to rebuilding a DEM image with a new 
corrected pre-eruptive contour line. It is also important that all the maps must be 
projected properly to UTM coordinate with the NE China sections.

In the end, we applied 5 m average lava flow thickness and run the flow simulation 
on the current topography to see potential lava inundation in case a similar eruption 
take place in the same vent locations as those created in the 2000 AD lava flow fields. 
As mentioned above, several methods of Sentinel Imagery have been applied to the 
areas of YS and DHG.

False-color imagery (Figure 2a) aims at observations of at least one non-visible 
wavelength to image Earth, which is generally composed of red and green bands in a 
very popular recognition of images. False-color imagery is most used to assess plant 
density and healthy conditions since plants reflect near-infrared and green light while 
they absorb red. Cities and exposed grounds are gray or brown, and water appears 
blue or black. In this image, the youngest lava flows appear as green color regions 
with specific flow-banded patterns. Ash is shown up in pink smooth pattern that fills 
topography lows. From ash, loose alluvial deposits can be difficult to distinguish but 
their surface pattern is slightly different.

Short wave infrared composite (SWIR) measurements (Figure 2b) can estimate 
how much water is present in plants and soil as water absorbs SWIR wavelengths in 
the optical spectrum. Shortwave-infrared bands are also helpful in distinguishing 
between cloud types (e.g., water clouds vs. ice clouds), snow and ice, all of which 
appear to be white in visible light. In this classification, vegetation appears in green 
gradients, soils and infrastructures are in brown gradients, and water appears to be 
black. Newly burned lands are strongly reflected in SWIR bands, making them visible 
for mapping fire events. Each rock type differently reveals shortwave infrared light, 
making it possible to map geology by comparing different colors of reflected SWIR 
light. Barren lava flow surfaces appear in pink tones reflecting the quick depletion of 
moisture from porous, dark lava surfaces.

Geology 8, 11, and 12 composite uses both shortwave infrared (SWIR) bands 11 
and 12 to differentiate among different rock types (Figure 2c). Each rock and min-
eral type reflects shortwave infrared light differently, making it possible to map out 
geology by comparing reflected SWIR light. Near-infrared (NIR) band 8 highlights 
vegetation, contributing to the differentiation of ground materials. Vegetation in the 
composite appears red. The composite is useful for differentiating vegetation and 
land, especially geologic features that can be useful for mining and mineral explora-
tion. In the Arxan region, young lava flows appear bright blue and differ significantly 
from the background brownish-reddish (mostly dry vegetated) regions (Figure 2c).

Geology 12, 8, and 2 composite use shortwave infrared (SWIR) band 12 to dif-
ferentiate among different rock types. Each rock and mineral type reflects shortwave 
infrared light differently, making it possible to map out geology by comparing 
reflected SWIR light. Near-infrared (NIR) band 8 highlights vegetation, and band 2 
detects moisture, both contributing to the differentiation of ground materials. The 
composite is utilized for finding geological formations and features (e.g., faults and 
fractures), lithology (e.g., granite and basalt), and mining applications. At Arxan, 
the image shows clearly the young lava surfaces against the vegetated background 
(Figure 2d).
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4. Results

4.1 Lava flow morphology and the sources of the youngest AD2000 eruption

Field observations have already determined that YS (Figure 7a) and DHG are the 
two large scoria cone complexes that generated significant morphologies of lava flows.

YS, The Triple Vent, preserves three distinctive scoria cones with visual successions 
from the observations of satellite images (Figure 2a-d). As Figure 2a-d depict, YS 
composes of three distinct volcanic edifices overlapping each other with a total area of 
2.2 km2. Fieldworks indicate that the highest elevation (approximately 1597 m above 
sea level) is observed on the top of the jointing point between the southeast one and 
the southwest one (Figure 7b). Scoria caps cover the top of the triple vent. The steep-
est slope is located on the southern flank of the edifice, which is nearly 47 degrees due 
to the welded nature of the proximal scoria and spatter beds. A breakage merges on 
the southwestern cone with outpouring lava flows that form a range of influxes at least 
3.77 km long into the broad fluvial valley of the Halaha River. Scoria ash and lapilli 
formed deposits that blanketed at least 1 m thick units in an area mostly to the east 
of the Yanshan vents (Figure 7c). The Sentinel images reveal that ash plain extends 
about 4 km from the Yanshan volcanic complex and traces of valley accumulated ash 
up to 10 km from the source are likely based on the satellite image pattern. The eastern 
side of the Yanshan edifice is truncated and a hummocky surface can be traced about 
a km from the cone flank indicating an early collapse of the vent toward the east. 
The rafted cone fragments were subsequently covered by the ash plain (Figure 2a, b 
and d). Lava flows preserve a range of distinctive features of morphologies, such as 

Figure 7. 
a) Yanshan complex scoria cone from the south. Note the steep slope and the wide-open crater toward the SW. b) 
Extensive ash plain over lava flows indicate that explosive eruption took place after the first effusive stage. C) the 
broad and deep crater of Yanshan is surrounded by steep crater rim formed by clastogenic lavas.



83

Eruption Scenario Builder Based on the most Recent Fissure-Feed Lava-Producing Eruptions…
DOI: http://dx.doi.org/10.5772/intechopen.109908

rubbly pāhoehoe (Figure 8a), rugged surface textures (Figure 8b), lava channels, and 
tumuli. Similar to YS, DHG is located in the southwest direction of YS, about 5 km.

The total area of the vent is approximately 2 km2. In the areas of lava flows influ-
enced by DHG, raft-shaped spatter sections and large slabs of lava that randomly 
pack in chaotic nature are shreds of evidence of the outpouring of lava from the vent. 
Inside the crater areas, individual tumuli, ramped-up lava rubble/talus, and large piles 
of ʻaʻā lava blocks form a range of rough surface topography. Lava flows along the 
crater margin preserve several meter-long cracks parallel to the crater margin. These 
zones, as mentioned above, are represented as fractures along the inflated and ponded 
intra-crater, where ponded lava collapsed upon the partial evacuation of the large cra-
ter. DHG is composed of at least three major nested crater systems (Figure 2b and d), 
which indicate vent migration, crater infill, and sudden releases of lava forming a 
pit-like crater system. Those extended lava fields and morphologies of the vents have 
drawn interest in eruption histories and geoconservation purposes [23, 24].

Figure 8. 
a) Typical distal lava flow field along the Halaha River valley, about 8 km from the source. b) Typical proximal 
lava flow field in the upper basin just east of the Yanshan volcano group.
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General observations on satellite images such as the Sentinel image sets reveal a 
complex lava flow emplacement history. Three vents of the YS are clearly overlapping 
each other. On the basis of the overlap, a relative chronology can be established. The 
northern edifice formed first followed by a new edifice grown in its southeastern 
flank. Later on, a third edifice was built on the western margin of the second cone. 
It is evident that the northern, first cone likely suffered a collapse event and a large 
part of the edifice was rafted away, forming a hummocky landscape in the eastern 
regions. It is also evident that the majority of the youngest lava flow is not covered by 
ash, hence the main ash-producing eruption, inferred to be sub-Plinian (based on the 
estimated extent of its deposits), was followed by the main lava effusion toward the 
west and from a small fissure just NE from the first Yanshan cone.

The main lava flow can be distinguished into at least five satellite image patterns 
not including the valley filling flow segment inferred to be derived from Dahei Gou 
(Figure 9a). The patterns are very similar in each sentinel image; hence they are likely 
to be reasoned from some geological feature. The main lava flow has a whirlpool-like 
pattern (Figure 9b and c), indicating flow movement and interaction with obstacles 
like tumuli; pressure ridges formed slightly earlier in the same flow field. All the 
sentinel images show that the main lava flow from YS made into the paleo-valley of the 
Halaha River. They are not covered by ash; hence they clearly represent the youngest 
eruptive event in the region. The whirlpool-like pattern on the main flow indicates 
a higher portion of the lava margin on its N-NE side of the confining valley than on 
the S-SW side, suggesting that the flow likely made a curved move anticlockwise 
(Figure 9a). The elevation difference between the two edges of the flow (on profile 2) 
is about 40 m indicating a slightly westward inclined surface on what the lava emplaced 
(over 3660 m, about 40 m elevation difference yield to a slope of no more than 1 
degrees, a very flat landscape). A low slope angle means that the lava emplaced in a 
very gentle sloping landscape, so no wonder it generated some ponding once entered 
the main flow channels of the paleo-Halaha River. On the NE-SW sections of the main 
YS lava flow, the flow thickness is estimated to be less than 10 m in proximal areas but 
in the flow edges the flow became thin, often only around 1–2 m thick. On the basis of 
the geological observation, a 5 m average flow thickness is a realistic estimate. In the 
thickest part of the lava flow fields and some ponded sections, the lava thickness may 
reach 20 m in localized sections. Topography profile from YS and to the far end of the 
lava field in the SE, over 16,000 m distances, 225 m drop has been recorded, yielding 
a less than 1° slope again. A low slope angle also indicates relatively thin lava coverage, 
especially in distal regions which the direct observations confirmed. DHG longitudinal 
topography profile across the lava flow emitted from DHG also shows a clear drop of 
94 m over 6638 m distance, yielding less than a 1° slope. This section forms the main 
DHG flow part. The satellite image pattern shows the textures of flows from DHG 
smoother than the ones of Yanshan flows, indicating that the main DHG flow might 
predate YS. About 1186 m above sea level, a clear 2–4 m drop, and a topography gap 
was recognized that separated a younger satellite image pattern suggesting that a young 
flow probably YS origin formed the axis of the river valley fill flows.

Flow thickness is estimated to be similar to YS and fixed to an average of 5 m. DHG 
topography profile perpendicular to the main flow axis indicates about 7 m higher 
lava surfaces on the N-NE side of the flow channel, suggesting that the flow slightly 
climbed in the southern valley margin, just as expected by the movement of the 
flow from DHG. YS lava flow initiated about 125 m higher than DHG (1381 m versus 
1256 m). Judging that both flows emplaced on flat areas with less than 1° slopes, it is 
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Figure 9. 
a) Distinct lava flow regions of the youngest lava flow of Arxan. b) Whirlpool-like lava flow pattern on false 
color (c) and geology band 8, 11, 12 sentinel satellite images. Maps are on WGS84 projection using geographical 
coordinate system.
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expected that flows, if similar effusion rates are expected, will go further distances 
rather than go higher elevations (16,000 m vs. 6638 m, YS vs. DHG, respectively). 
Following the above-mentioned logical steps, it can be assumed that at low lands, 
some mixing and interflow of lava flows take place, what we recognized as different 
satellite image textures. From field investigations, we can see that young lava flows 
are covered by an ash plain of about 2–4 m thick scoriaceous ash in the SE of YS. Light 
color patterns on satellite images indicate that the ash covers are extensive in the SE 
of YS and likely reach over 10 km from their source. Field mapping confirms that 
beneath the ash cover, young lava flows to fill the valley in the SE of YS with a new 
channel of lava flow probably not thicker than 5 m. These lava flows formed before 
the ashfall. Satellite image textures indicate that lavas likely erupted and formed 
after the main ash fall events toward the NW, feeding main YS flows to the Halaha 
River valley. Thin ash coverages were recorded in NW of YS, in elevated regions and 
beneath some proximal flows. Satellite image textures indicate that young lava flow 
erupted from a fissure and filled the valley between YS and Gaoshan and some local 
lows SE from YS. As Gaoshan is fully covered by ash, following the points mentioned 
above, it can be stated that the fissure formed after the main ash fall event. In sum-
mary, Sentinel images reveal different textures from various methods of waveband 
observations. Those textures might be the indicators of lava successions and possible 
eruption histories of major territories of ACVF.

5. Discussion

5.1 Eruption scenarios and possible magnitudes of the events

From the previous research, YS and DHG are two volcanoes formed by effusive or 
even violent Strombolian eruptions. Successions of lava flow distributed in surround-
ing areas of these two vents indicate a range of typical histories of syn-eruptive stages 
and volcanic edifice constructions.

DHG vent opened first in the youngest eruptive events and formed a scoria cone in 
the NE, gradually shifting fissures toward the SW. Lava outpour from the SW vent of 
DHG. At least three closely spaced vent/volcano formed, most of them still preserv-
ing young volcano morphology. Satellite image textures indicate that some lava flows 
spill over the SW vent of DHG and feed the main DHG flow. It cannot be ruled out 
that the flow was not fed from some western flank fissure in the SW vent of DHG, but 
the satellite image pattern is more indicative of spillover. The dense vegetation cover 
over the main DHG flow indicates some soil formation over the lava flow surface. 
Some ash recorded on top of DHG flow indicates that subsequent, probably early 
Yanshan-sourced ash covered the main flow and the mixed flows in the far valley. The 
main SW crater is a 1 km wide and about 50 m steep pit crater filled with fresh lava 
that shows similar satellite image textures to the youngest lava flows and no sign of 
ash cover. This indicates that this fresh lava must have been emplaced after the main 
ash falls from YS.

Shortly after the emplacement of the DHG main flow, the complex YS vent system 
formed. While earlier Gaoshan was assigned to be part of the Yanshan vent system, 
based on the satellite image pattern and the general morphological architecture of 
the edifice, Gaoshan is clearly the oldest landform of the YS region as it has erosional 
gullies typical for older landforms in the region. It is also completely covered by ash 
inferred to come from YS.
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The YS first vent y1 (Figure 2) is the northern edifice, a scoria cone with relatively 
fine-grained deposits. It is not easy to establish if this vent sourced any lava or not. It 
seems that its SE side might have suffered some collapse as some hummocky surface 
was observed in the SE of this edifice about a km from its rim, which is in the right 
position to have some rafted cone there. In addition, in the same scar region, the 
second set of vents formed y2. This volcanic edifice reached about 100 m elevation 
and formed a steep scoria cone. The deepest point of the funnel-shaped crater is 
only about 25 m above the lava fields in the east. This cone must have been active for 
a long time to build such a substantial size of cone. The cone also evolved in at least 
two phases as magma withdrawal must have created a crater. After rejuvenation, it 
formed an intra-crater cone that nearly filled the original crater zone but never grew 
out of it. This eruption phase was also purely explosive, but its deposits were likely 
to form localized deposit piles within the major crater and probably the outer flank. 
This complex explosive activity produced ash plumes that deposited ash that covered 
earlier lava flows. Such flows are probably emitted due to magma withdrawal during 
the main cone growth phase. The eruption subsequently built the third volcano just 
SW from the y2, defined as y3. The y3 built a scoria cone as well, forming an attached 
cone nearly as high as y2. Gradual SW-ward shift of the activity gradually built 
another edifice that subsequently changed its activity dominated by Hawaiian-style 
lava fountaining and building a complex spatter system. This side of the volcanic 
complex probably suffered some collapse and rafting, letting the magma find its way 
out toward the west feeding the main lava flow of YS, reaching the Halaha River valley 
about 16 km away from the emission point.

At the time of the main lava emission, explosive activity was ceased or limited only 
to small lava fountains and/or localized ash emission toward the east, as the young 
lava flow surface has no ash cover. Probably at the same time (not really possible 
to establish relative chronology), a small fissure opened between YS and Gaoshan 
and emitted a flow that filled the depression just east of the YS system and between 
Gaoshan and YS. This event also postdates the ash fall event and is likely the youngest 
phase of the eruption. Interestingly, the Sentinel image textures in the DHG crater 
also exhibit very young lava morphology, raising the question that DHG probably had 
experienced an intermittent lava effusion phase that partially refilled the crater. Thus, 
a complex fissure is an aligned eruption sequence that puts DHG and YS on the same 
time horizon. Gaoshan is likely part of an older phase of eruptions. Thus, it can be 
assumed that this eruption was really an extensive event that occurred in a structural 
alignment (fissure or fault?) about 15 km in length.

The calculations of the estimated volumes of lava pouring can reveal how long the 
eruption events last. The lava flows are unlikely to form more than 20 m in thickness 
in ponded regions on valley floors. The estimated volumes of lava emplacements are 
calculated by a range of standards, such as the eruption types of other volcanic fields 
(e.g., Mt. Etna in 2001 and Hawaii in 1985). So far, the field identifications and obser-
vations, or even classifications, have already yielded an outcome that YS and DHG 
were formed by a series of violent lava fountaining or effusive eruption events. Also, 
the steps on the field are indicated that the slope of lava fields is relatively flattened. 
Thus, the simulations carried out on YS and DHG from the volcanoes with this similar 
eruptive style can be considered to be valid assumptions of eruption scenarios. In 
Table 1, the rates of lava emplacements are based on different scenarios from varieties 
of volcanic fields in the world.

From Table 1, it can be assumed probably about 14–30 m3/s interval of the realistic 
one (green color). These two values mean that the eruption periods lasted about half a 
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year to one and a half years with the continuous development of the entire flow field. 
However, considering the distinctive flow fields, it can be inferred that major effusive 
phases, either explosive phases or quiet time, have taken place. Overall, the possible 
assumption can be estimated that a similar eruption probably took a few years with 
distinctive explosive phases and separate lava effusion stages from vents along the 
main structural zones.

The 1983 eruption on Hawai’i was fed by effusion rates of up to 22–44 m3/s, and 
flows extended 7 km2 to form a 6 km2, 100 × 106 m3 flow field (Trusdell 1995). In 
contrast, the 1985 eruption (also in Hawai’i) was fed by effusion rates of 0.5–4.5 m3/s, 
which resulted in flows extending 1.8 km to form a 2.2 km2, 19 × 106 m3 flow field 
(Harris et al. 1997). Effusion rate also appears to control the basic flow dynamics. In 
Hawaii, effusion rates determine the manner in which flows are emplaced. Effusion 
rates at 120 m3/s produce rapidly advancing channelized ʻaʻā lava flows, and effu-
sion rates of approximately 20 m3/s (but typically more than 5 m3/s) produce slowly 
advancing tube-fed pāhoehoe flows (Rowland and Walker 1990). The lava flows at 
ACVF are somewhere between. In the upper flow regime, they are more like aa-type 
of lava flows with lots of slabs and rubbly pahoehoe; once they reach the valley floor, 
they slow down, inflate, and make whaleback features. Considering that the region 
is very flat, it can be imagined that the flow had to go at a reasonable speed (higher 
effusion rate) to retain heat to make the lava able to advance. In the end, the flow 
advanced over 16 km from its source, and even in DHG, the flow reached nearly 7 km. 
This is a large number and requires a relatively fast-moving flow.

5.2 Lava flow simulation

Sentinel images in different observation methods show the different textures of 
lava flows around YS and DHG. Those textures indicate the different lava batches, 
which were systematically emplacing and overlapping each other. As mentioned 
above, the flow thickness is estimated to be about 5 m on average. While flows accu-
mulated on a very flat surface (less than 1 degree), the program needs a substantial 
L value of simulation distance to put in as the measured lava runout distance [33]. If 
given a specific runout distance of the flows, for example, 10 km, the L value would 
be 10 km. Thus, if given 25 times of runout distance, the L value is actually 250 km. 
Eventually, the best simulation outcome is 250 km for the lava flow runout distance 
as the modeling pattern successfully covers the estimated flow areas (i.e., from YS). 
Field works have already proven that the slope of the flow areas is low, which might 
be no more than 1°. Such large volumes of flow can only be pushed on the flattened 
surface by a high effusion rate. Also, the low value of flow thickness with such an 
effusion rate that leads to large coverage areas of lava flows is approximately 5 m. 
Eventually, 5 m thickness of the flow pluses and 10 m of the given buffer thickness 
can help the modeling process switch on the quadrant, and the “16-point” aid makes 
sure that the simulation does not stop on flat surfaces [29]. The best modeling pattern 
was created by Euclidean Length, which is that each iteration stops when the flowline 
reaches the specified Euclidean Length (m). The Euclidean represents the crow-fly 
distance between the point where the simulation starts and the front of the flow line. 
This calculation way can let flow patterns freely distribute in confined areas. From the 
above-mentioned modeling processes, geological implications can be:

1. The flow thickness is probably the best to fix at 5 m, knowing that this might be 
higher up to 10 in proximal areas or far less in the far end of the flow lobes. This 
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envision is very well corresponded with geological observations in two seasonal 
field works.

2. The lava flows probably cannot be in the 3 m range as they are too thin, and the 
model stops too early, whatever parameters that are fitted in the program.

3. The flows also cannot be more than 10 m range as that creates edifice-like flow 
patterns with far less lava flow runoff.

Especially applying another single point marking as the vent location shows the 
model can reach the far north and northeast boundaries of the flow. This newly 
assumed emission point was put on the territory of a whirlpool-like feature that was 
apparent in satellite images (Figure 9b and c), which is suspected to be a buried vent 
beneath the lava flows.

In addition, this location also falls in the zone where another SW-NE fissure may 
exist lying on the old Tianchi Lake fissures. The points simulations likely provide the 
flow from YS in the flow inundation areas (Figure 10a-d).

However, the problem is that this simulation cannot simulate the flow flowing through 
the Halaha River channel, which has a lower elevation than YS’s. In order to solve this 
issue, one possibility is that those fields had been inundated by flows from DHG earlier.

The line simulation yields a distinctive outcome that may indicate YS and DHG 
were lying on the same fissure (Figure 11a and b). If the program is carried out YS 
and DHG within a 1 km wide, 7 km long fissure line, also let the program select ran-
dom vents along this assumed line with an average distance of about 500 m spacing. 
In this way, almost the entire lava flow area is covered by the simulated pattern. Thus, 

Figure 10. 
Lava flow simulations from four different point sources; a) from y1; b) from y2; c) from y3; d) from y4. Maps are 
on WGS84 projection using geographical coordinate system.
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the line simulation may imply that the Triple Vent and DHG probably erupted at the 
same time along a fissure about 1 km wide and 7 km long. Furthermore, flow thick-
ness is no more than 5 m on average.

In addition, we explored the simulation if we envision a fissure from Yanshan toward 
the Halaha River valley and simulating a fissure eruption event (Figure 11c) and treating 
the region as a potential vent zone within a rectangular region (Figure 11d). Both model-
ing was able to reproduce the upper flow fields of Yanshan. The vent area model however 
generated a potential scenario that lava may have overspilled from the Yanshan valley to 
Dahei Gou which is a unique but apparently not impossible scenario (Figure 11d).

On the basis of the simulations, we fixed the lava flow thickness at 5 m and applied 
the same parameters we used on the current DEM to test how a lava flow would behave 
if future eruptions would take place from the same vent. This is an unlikely situation 
within monogenetic volcanic fields but not unknown. In addition, the two main vent 
complexes clearly show geological evidence that they are amalgamated complex edifices 
where subsequent eruptions took place at least in the vicinity of the previous vents.

The four-vent simulation on the current topography created a lava flow field 
nearly completely covered the lava fields in the Yanshan and upper Halaha River 
Valley (Figure 12). It is clear that such eruptions would produce enough lava flow to 
disrupt the two main roads crossing the region.

5.3 Implications for the geopark

Applying the simulation to a theoretical fissure opening between Dahei Gou and 
Yanshan produced very extensive lava flow fields that clearly would be a devastating 
event for the operation of the geopark (Figure 13).

Figure 11. 
Lava flow simulation through a fissure between Dahei Gou and Yanshan (a) or a rectangle shape area of vents 
between Dahei Gou and Yanshan (b). Fissure eruption along an NW-SE axis valley centerline (c) and along a 
rectangle shape area (d) near Yanshan. Maps are on WGS84 projection using geographical coordinate system.
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Figure 12. 
Set of lava flow simulations run over the current topography (post-eruptive) simulating lava effusion from the 
four vents along the NW-SE trending valley near Yanshan. Shaded relief map (a) with roading, post-eruptive 
DEM with roading (b), and GoogleEarth satellite imagery with roading showing the potential inundation if 
effusive eruptions would take place from y1, y2, y3, and y4 vents in this time sequence.
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Surprisingly, if we envision a vent swarm within a rectangle area in the Yanshan val-
ley, it is likely that lava will enter the Dahei Gou valley and be able to produce extensive 
flow inundation, posing a substantial volcanic hazard for the geopark (Figure 14).

ACVF is located in a territory of a UNESCO Global Geopark, which was estab-
lished in 2016 [23]. The annual tourism visitation rate is high, especially in high 
season and Chinese holidays, hence the volcanic risk is evident. The infrastructures of 
this geopark are mostly well constructed but lava flow inundation simulations showed 
they are beyond the potential destruction zones. The current lack of volcanic hazard 
management in consideration can be a critical issue not only for wealth engagements 
but also for the safety of local people.

Figure 13. 
Simulating lava effusion along a fissure running between Dahei Gou and Yanshan on a post-eruptive DEM (a) and 
shaded relief (b) maps showing an extensive lava inundation that would fill the two parallel NE-SW valley within 
Dahei Gou and the Yanshan group situated. Maps are on WGS84 projection using geographical coordinate system.
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Figure 14. 
Lava flow inundation simulation applying rectangle shape vent zones along the NE-SW axis valley within the 
Yanshan group sits. On the digital elevation model (a) it is clearly visible that lava flows can reach the Dahei 
Gou valley and the maximum run-out distance of the flow can reach the broad alluvial valley near to the local 
tourism center of Tianchi township. On the shaded relief, (b) and Google earth satellite image (c) illustrate well 
the potential extent of the lava flows and its impact on the infrastructure. Maps are on WGS84 projection using 
geographical coordinate system.
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As mentioned above, ACVF is still an active volcanic field; YS and DHG are the 
two major vents in magnificent scales (e.g., volumes and areas). DHG and YS are 
observed from the Google satellite images and located from the main Tianchi Town, 
about 12.6 km and 17.3 km, respectively. From the observations of slope maps, the 
town is on the west side of these two vents, and elevations on the western side of 
ACVF are generally lower than the elevations on its east. Satellite images show that 
lava flows are the basement of constructions in relation to the town. The Halaha River 
cuts through from the western end of ACVF and then flows to the south, which is 
also the southern side of the town. Assessments and evaluations from Table 1 are 
sufficient indicators that a possible effusion rate of lava flows might be a significant 
parameter of local risk management. Under the relatively high effusion rates and 
considered flattened surfaces of local territories, basaltic flows always influenced tre-
mendous areas surrounding the vents. The total area of flows in targeted destinations 
of ACVF is approximately 90 km2. In comparison to the Hawaii eruptions in 2018, the 
flow areas generated from YS and DHG are less than the mentioned one, which was 
about 144 km2. Another thing is that a 90 km2 area of lava flows has already suc-
ceeded the total area of Wudalianchi flows, which is approximately 65 km2 [37, 38]; 
this could mean that the potential hazards from ACVF are needed to pay attention to 
most aspects of safety prospects. Local geomorphology shows that YS and DHG were 
formed in intra-mountainous settings. Valleys are the confines for the lava flowing. 
The low viscosity properties of basaltic lavas make the hazard areas even more dan-
gerous than other areas with open topography; specifically, the town was built in the 
central part of the valley bottoms. ACVF is a national geopark in an active volcanic 
zone; this is very different from other volcanic geoparks that are commonly far away 
from the major vents. The low population in the region prevents generating primary 
interest in volcanic hazards within the community. In addition, people have low 
information and understanding of volcanic hazards hence the Arxan UNESCO Global 
Geopark could be an excellent avenue to pass knowledge on the volcanic hazard to the 
local communities and visitors.

6. Conclusion

This preliminary research about lava flows erupted from YS and DHG tries to 
bring a new insightful result of lava evolutionary histories and subsequent hazard 
evaluations. Sentinel imagery plays an essential role in this research. Calculations 
for the lava volumes and effusion rates are the major outcomes of this research 
for the first time providing geologically validated and modeled lava flow erup-
tive volumes for ACVF. GIS-based techniques provided new information on the 
nature and extent of lava flow inundation. Applying STRM, ALOS-PALSAR Digital 
Elevation Models and applying GIS techniques to analyze the morphological assets 
of the ACVF provided a complex framework to simulate lava flow inundation. Lava 
flow simulations in concert with direct field observations revealed that future lava 
flow effusion would generate significant lava flow infill along the NE-SW trending 
valley within Dahei Gou and Yanshan volcanoes sit. As these lava flow likely would 
reach the main transport routes of the region, complex volcanic hazard studies 
and probabilistic estimates are needed to mitigate future volcanic hazards. Future 
research is needed to concentrate on the chronologies of lava successions, and 
predictions of future eruptions along with the local fissures which formed the lava 
flows in ACVF.
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Chapter 5

Physical Volcanology and Facies
Analysis of Silicic Lavas: Monte
Amiata Volcano (Italy)
Luigina Vezzoli, Claudia Principe, Daniele Giordano,
Sonia La Felice and Patrizia Landi

Abstract

Monte Amiata (Italy) is a middle Pleistocene silicic volcano characterized by the
extrusion of extensive (5–8 km long and 60 m thick on average) sheet-like lava flows
(SLLFs). It is one of the prime volcanoes that have been involved in the volcanological
debate on the genetic interpretation of large silicic flows. We performed integrated
stratigraphic, volcanological, and structural field survey and petrochemical study of
Monte Amiata SLLFs to describe their volcanic facies characteristics and to elucidate
their eruptive and emplacement processes. Individual flow units exhibit basal
autoclastic breccia beds or shear zones, frontal ramp structures, massive cores with
subvertical cooling columnar jointing, coherent non-vesicular upper parts, and plain
surfaces with pressure ridges. Internal shear-bedding and crystals and vesicles linea-
tions define planar to twisted and straightened outflow layering. The absence of
fragmental textures, both at micro- and macro-scale, supports the effusive nature for
the SLLFs. The most common lithology is a vitrophyric trachydacite of whitish to
light-gray color, showing a homogeneous porphyritic texture of K-feldspar, plagio-
clase, pyroxene, and biotite, in a glassy perlitic or microcrystalline poorly vesicular
groundmass. Morphological features, facies characteristics, internal structure, and
petrographic textures of these silicic sheet-like and long-lasting flows suggest that
their effusive emplacement was governed by peculiar physicochemical and structural
conditions.

Keywords: sheet-like silicic lava flow, volcanic facies, emplacement dynamics,
volcano-tectonics, perlite, Monte Amiata

1. Introduction

Due to their relatively high viscosity and volatile content, silicic (SiO2 > 63 wt%)
magmas are mainly erupted explosively producing voluminous fallout and ignimbrite
deposits, which can reach areal extension of thousands of square kilometers and
thickness of hundreds of meters (e.g., [1]). In contrast, silicic effusive eruptions are
correlated with domes and short and thick flows. The emplacement of silicic lavas is
commonly governed by physical variables such as the high viscosity, low temperature
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and volatile content, and low eruption rates. Moreover, silicic lava effusions are poorly
constrained because of a paucity of direct observations on historical eruptions (i.e.,
Colima, Mexico, 1998–1999, [2]; Santiaguito, Guatemala, 1922 to present, [3];
Chaitén, Chile, 2008–2009, [4]; Cordón Caulle, Chile, 2011–2012, [5–7]). Overall, the
best known and described silicic effusive products are rhyolite lava domes [8] and
stubby obsidian flows restricted to the near-vent areas [9, 10]. Since the 1960s, more
extensive silicic volcanic units have been the object of controversy over their origin
because of volcanological characteristics typical of either lava flows and welded or
rheomorphic pyroclastic rocks (ignimbrite). In more recent times, several of these
extensive sheet-like silicic volcanic units were interpreted as lava flows and distin-
guished from rheomorphic ignimbrites in well-documented geological records world-
wide [11–21]. However, some key questions regarding the eruption and emplacement
mechanisms of large volume silicic lavas remain still open [22–25].

Monte Amiata is a silicic (mainly trachydacite) middle Pleistocene volcano
(Figure 1) of the Tuscan Magmatic Province (Italy; [26]) that focused on the interest
of volcanologists and petrologists for about 300 years since the eighteenth century
[27] and was one of the prime volcanoes that have been involved in the
volcanological debate on the genetic interpretation of the enigmatic sheet-like silicic
volcanic rocks [28–33].

Monte Amiata is that volcano for which the word “rheoignimbrite” was first
coined by Alfred Rittmann [30] to indicate a volcanological process explaining the
concomitant lava- and pyroclastic-like textural and geological characteristics found in
some silicic volcanic rocks [33]. The pristine interpretation of Monte Amiata ignim-
brites and rheoignimbrites by Rittmann was not universally accepted (e.g., [34]; G.P.
L. Walker in [32]). However, the concept of rheomorphism, considered such as a
post-depositional gravitational flow and deformation process, has been subsequently
recognized and applied in volcanology to ignimbrites (e.g., rheomorphic ignimbrites;
[35, 36]), pyroclastic fall deposits [32], and lavas. After the Rittmann assumption, the
various studies present in the literature [37–44] have in fact suggested not conclusive
data and interpretations about the eruption processes of Monte Amiata silicic rocks,
mainly because of the lack of exhaustive physical volcanological observations and
their interpretations in a modern volcanological framework.

Nowadays, we accept that Monte Amiata is a completely effusive silicic volcano
whose activity was dominated by the emplacement of silicic lava flows, exogenous
lava domes, and coulées [45]. To support our interpretation, we have performed

Figure 1.
Idealized cross section showing the stratigraphic relationships and the internal architecture of the completely
effusive silicic Monte Amiata composite volcano. Not in scale.
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detailed and systematic field-based investigations on the stratigraphy, structure,
physical features, volcanic facies, and macroscopic and microscopic structures and
textures of Monte Amiata deposits.

Specifically, this chapter focuses on several sheet-like lava flows (SLLFs) that
constitute the main part of the Monte Amiata volcanic edifice and offer an excellent
opportunity to learn more about extensive and voluminous silicic lavas. The goals of
our study are (1) to discuss some criteria to distinguish silicic lava flows from welded
tuffs and rheoignimbrites, (2) to interpret ascent, eruption, and emplacement mech-
anisms for Monte Amiata trachydacite through physical and observational data, (3) to
produce a model of emplacement for the SLLFs, and (4) to suggest reading keys for
the interpretation of the eruptive activity, which originates for such kind of mag-
matic, structural, and volcano-tectonic environments. We are convinced that the
conclusions obtained for Monte Amiata can be applied to improve the general under-
standing of the volcanic processes at the origin of the emplacement of large silicic
effusive bodies and to enhance the assessment of their associated volcanic hazard.

2. Geological setting

2.1 Overview of Monte Amiata volcano

Monte Amiata (42°53015″N, 11°37024″E) is a middle Pleistocene polygenetic vol-
cano culminating at 1738 m above sea level (a.s.l.) and located in southern Tuscany
(Italy) within the Tuscan Magmatic Province [26]. The province formed in the inner
sector of the Late Cretaceous–Early Miocene Northern Apennine thrust-and-fold belt
[46, 47] and appears related to crustal thinning and asthenosphere upwelling [48, 49]
associated with a Miocene-Pleistocene extensional tectonic regime [50, 51] that
favored the partial melting in lower crust and mantle [26]. Magmatism in the province
extended from 8 Ma to 0.2 Ma and includes plutonic and volcanic rocks. Monte
Amiata is the youngest volcanic activity of the province. Its volcanic products overlay
a sedimentary substratum represented by marly limestones and calcareous sandstones
of Mesozoic-Cenozoic age [52].

Monte Amiata was active in a short interval of time (305–231 ka, [53, 54]). The source
vents are eruptive fissures forming a 7 km-long, NE-SW-trending volcanic rift zone
(Figures 1 and 2; [45]) related to a regional transtensional fault system (Bágnore—Bagni
S. Filippo Shear Zone; [55]). Times and modes of the volcanic activity and evolution,
such as the volcano-tectonic deformations of the edifice and the periodic refilling of the
shallow silicic reservoir with new basaltic magmas ([56], and references therein), were
probably controlled by the tectonic deformations along this shear zone [45].

The main composition of Monte Amiata lavas is trachydacite, with subordinate
latite [40, 42, 44, 57]. Mafic magmatic enclaves (ME) are present within the silicic
lava flows [58] and reflect the indirect mantle input to the volcanic activity and
geological evolution [44, 45].

Based on a new accurate stratigraphic and structural geological survey [45, 59–62],
we have innovatively proposed that the Monte Amiata geological evolution consists of
two main periods of activity corresponding to two Unconformity Bounded Strati-
graphic Units (UBSUs; [63]): the older Bágnore Synthem (BAS) and the younger
Monte Amiata Synthem (MAS) (Figure 1). They are separated by a period of volcanic
quiescence represented by a major geological unconformity during which a surface of
intravolcanic saprolite paleo-weathering and associated tectonic deformations
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developed at expense of the BAS rocks [62]. Then, the recognition of other surfaces of
discontinuity of lower rank has made it possible to divide these two synthems into
seven subsynthems (Figure 1). Monte Amiata succession does not record pyroclastic
deposits, on the contrary to common composite silicic volcanoes that show packages
of intercalated tuffs and lava flows.

From its earliest stages, BAS volcanic activity is characterized by the emplacement of
several extensive, individual SLLFs (Bagnólo Subsynthem-BSS; Figure 1) that flowed N,
SE, and S for very long distances (up to 8 km) and crop out in the distal portion of the
volcanic edifice (Figure 2; [45]). After the construction of an effusive cone formed by
the successive emplacement and overlap of channelized compound lava flows (Faggia
Subsynthem-FSS; Figure 1), more localized individual SLLFs are once again extruded
(Montearioso Subsynthem-MSS; Figures 1 and 2; [45]). Younger units, composing
MAS, comprise long individual SLLFs that reach 5–6 km in length (Figure 2) associated
with extrusive lava domes and coulées (Valle Gelata Subsynthem-GSS; Figure 1),
followed by numerous exogenous lava domes with associated coulées (Valle dell’-
Inferno-ISS and Prato della Contessa-PSS Subsynthems) and, finally, by some smaller
channelized lava flows (La Croce Subsynthem-CSS; Figure 1; [45]).

Figure 2.
Geologic sketch map of Monte Amiata showing the sheet-like lava flows (SLLFs) object of the study. The last phases
of activity (Valle dell’Inferno, Piano della Contessa, and La Croce Subsynthems; see Figure 1), which not include
SLLFs, are omitted. Colors of stratigraphic units are as in Figure 1. The more intense color tone indicates exposed
SLLFs, and the lighter one indicates the inferred portions covered by younger units. Letters for name of SLLFs: A—
Abbadia San Salvatore, C—Castel del Piano, F—Sorgente del Fiora, G—Piancastagnaio, P—Pozzaroni, Q—
Quaranta, V—Vivo d’Orcia. The presence of ogive structure on some flow surface is depicted. Front and margins of
the Pozzaroni lava flow show outflow lobes. Geologic mapping from your original field survey. Digital terrain
model (DEM) basis from the technical map of the Tuscany Region at the 1: 10,000 scale.
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2.2 Previous studies and open questions

Two fundamental geological problems on Monte Amiata volcano emerged from
previous studies carried out during the last 60 years including the issues associated
with the correct definition of the stratigraphic units and, consequently, of the inter-
pretation of the geological evolution in light of the revised volcanological interpreta-
tion of the eruption dynamics and the emplacement processes.

In all previous studies, the reconstruction of the stratigraphic framework was
founded mainly on lithological and petrographic characteristics rather than on objec-
tive geological criteria applying the principal approach of volcano geology. Conse-
quently, based on supposedly homogeneous and indistinguishable textures,
geochemical composition, and mineral paragenesis of rocks, the resulting volcanic
history was represented by only three units [39, 40, 43]. This tri-fold division of the
volcanic activity of Monte Amiata includes (1) an initial and single extended sheet of
vitrophyric flows (Basal Complex Auctorum), (2) a cluster of lava domes and coulées
extruded from the axial summit crest of the volcano, and (3) two final trachyandesite
(olivine-phyric latite) small lava flows.

In fact, in all previous studies on Monte Amiata, the SLLFs of the lower portion of
the stratigraphic succession (Basal Complex Auctorum) were all assigned to a single
eruptive event (in turn explosive, effusive, or mixed), which would have marked the
beginning of the activity of the volcano. Differently, the stratigraphic reconstruction
presented in our works ([45, 59–62], this paper) demonstrates that the SLLFs are not a
large indistinct unit produced by a single eruptive event, but that they consist of
numerous eruptive units that are distinct in the source area, areal distribution, and
volcanological and petrographic features. Moreover, these single eruptive units until
now included in the former Basal Complex Auctorum are actually individual lithostra-
tigraphic units found at different levels of the stratigraphic succession (Figures 1 and 2).

After the initial definition as ignimbrites and rheoignimbrites [30, 37–39], the
genetic interpretation of the extensive sheet-like trachydacite flows of Monte Amiata
has been the subject of various conjectures, which, however, was not supported by
stratigraphic and structural field data and by an accurate volcanological definition of
the depositional facies. Ref. [40] proposed a mixed complex eruption, with an initial
explosive phase followed by an effusive phase. The effusive nature of these flows has
been generically supposed by various authors [41, 42], albeit in contexts focused on
other topics and without any objective observation. Refs. [43, 44] proposed a highly
speculative mechanism of the collapse of an endogenous summit mega-dome gener-
ating a single predominantly gravitational flow of fragmented and still hot material
that was distributed all around the volcano and evolved in a rheomorphic sheet, which
flowed like lava after emplacement.

On the basis of the various physical and compositional indicators, stratigraphic
relations, and our geologic mapping, we do not agree with these previous interpreta-
tions for any of the Monte Amiata sheet-like trachydacite flows.

3. Materials and methods

This chapter focuses on the volcanological and stratigraphic characterization and
interpretation of the SLLFs of Monte Amiata volcano. The stratigraphic identification
and cartography of the geological units studied are based on the stratigraphic criteria
of the Unconformity Bounded Stratigraphic Units (UBSUs; [63]), following the
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suggestions of the International Stratigraphic Guide (that can be accessed online
http://www.stratigraphy.org). This type of stratigraphic unit is defined as a rocky
body bounded to the top and bottom by specific, significant, and demonstrable sur-
faces of geologic discontinuity. The basic synthem unit can be divided into two or
more subsynthems. Names of units adopted in this work have been introduced and
described in previously published papers [45, 62].

The description of lava flows studied is based on the analysis of volcanic facies
[64, 65]. For depositional facies, we mean the set of lithological characters of a rock,
which allows its distinction according to some combination of physical features and
composition, without nor genetic neither stratigraphic significance. Different facies
record variations in conditions and processes of formation and deposition; conse-
quently, they can lead to the interpretation of volcanological genetic processes and
emplacement mechanisms. For each of the identified volcanic facies, we describe phys-
ical and morpho-structural features, internal and surface structures, and macroscopic
and microscopic textures, and we propose their genetic interpretation. The internal
arrangement of facies in terms of vertical and horizontal sequence and association
contributes to recognize the architecture of the effusive volcano. We refer to a flow unit
as the deposit of a discrete flow within an eruption event, whereas to an eruptive unit as
all the products effused during a time- and space-distinct eruption event which can also
be composed of several successive flow units. Individual eruptive unit outlines have
been delineated and mapped from field evidence, and patterns and textural differences.

The petrographic observation of the Monte Amiata rock samples allowed to recog-
nize several different exposed lithotypes [57] on the basis of different paragenesis,
groundmass textures, and content in mafic magmatic enclaves and meta-sedimentary
xenoliths. About 30 rock samples belonging to the SLLFs discussed in this work were
analyzed under a polarizing microscope at Institute of Geosciences and Earth
Resources (National Research Council of Italy), Pisa (Italy), in order to carry out a
textural, petrographic, and mineralogical characterization. In addition, further tex-
tural investigations were performed at the National Institute of Geophysics and Vol-
canology (INGV), Pisa (Italy), using a Zeiss EVO MA 10 Scanning Electron
Microscope (SEM), capturing selected back-scattered electron (BSE) images.

The morphometric parameters of Monte Amiata lava flows were determined in the
field and with reference to the geologic map (Figure 2; see also [45]). The area,
minimum length, and slope of each flow were calculated by means of the ruler tool of
Google Earth on the basis of the performed geological mapping. The average thickness
of each eruptive unit was estimated from outcrop relief scaled from the topographic
base maps. Most calculated volumes are less than real volumes because a great part of
the SLLFs are covered by the overlying volcanic units, and their extent to the source
zone is actually unknown. Anyway, the calculated volume is essentially a dense-rock
equivalent, since porosity in these lavas is generally very low to absent.

4. Results on Monte Amiata trachydacite SLLFs

4.1 Stratigraphic relationships and physical features

The long, trachydacite SLLFs span over the stratigraphic succession of the volcano
and are not restricted to a particular stratigraphic level (Figure 1). They are more
abundant but not exclusive in Bágnore Synthem (BAS), as they are found also in
Monte Amiata Synthem (MAS).
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Among the BAS trachydacite, we have identified two stratigraphically distinct
groups of SLLFs. The oldest SLLFs group crops out at the base of the volcanic strati-
graphic sequence (BSS; Figure 1) and comprises the Sorgente del Fiora,
Piancastagnaio, Abbadia San Salvatore, and Vivo d’Orcia lithostratigraphic and erup-
tive units (Figure 2). They spread NW and SE over a wide area unconformably
overlying the pre-volcanic sedimentary substratum and are extensively exposed along
the external perimeter of the volcano. They reach distances up to 5–8 km from the
probable vent area, with widths up to 1.5–2 km and thickness of 30–90 m (Table 1). A
second BAS series of SLLFs (MSS; Figure 1) is in the NW and S sides of the edifice and
comprises the Castel del Piano and Quaranta lithostratigraphic and eruptive units
(Figure 2). They reached a distance of about 7 km from the probable emission centers,
with thicknesses of 50–80 m (Table 1). After an interval of weathering (saprolite) and
faulting, the resumed MAS volcanic activity (GSS; Figure 1) produced extensive
SLLFs along the N and S slopes forming Leccio and Pozzaroni lithostratigraphic and
eruptive units (Figure 2) with length of 5–6 km and thickness ranging 50–70 m
(Table 1).

The two younger SLLFs (GSS; Leccio and Pozzaroni) show about the same area (5–
6 km2) that is the smallest of the Monte Amiata SLLFs. The greatest extent (10–
11 km2) is reached by the SLLFs of MSS (Quaranta and Castel del Piano). Intermediate
areas (7–9 km2) are typical of SLLFs effused during BSS, considering in this case the
incertitude in vent positioning and the related error in the area calculations (Table 1).

The calculated average volume of the SLLFs spans between 0.30 and 0.72 km3. To
be considered that the error associated with these volumes is quite high, with the
exception of Pozzaroni and Leccio SLLFs (Figure 3a), due to the incertitude on the
thickness distribution along the lava flow’s path. There is a faint linear correlation
between the calculated volumes and the flows lengths (R: 0.423) (Table 1 and
Figure 3a). Moreover, two different alignments are recognizable in both area/length
and volume/length graphs (Figure 3a and b). In particular, (i) there is a very good
linear correlation (R: 0.994) between both volume and area and the length of the three

SLLF Label S/SS Area
(km2)

Length
(km)

Slope
(%)

Thickness
range (m)

Average
thickness

(m)

Volume
(km3)

Average
volume
(km3)

Pozzaroni P MAS/GSS 5.83 4.75 9.7 70–50 60 0.41–0.29 0.35

Leccio L MAS/GSS 5.00 6.33 18.6 70–50 60 0.35–0.25 0.30

Quaranta Q BAS/MSS 9.98 6.94 13.0 80–50 65 0.80–0.50 0.65

Castel del
Piano

C BAS/MSS 11.23 7.00 5.3 80–50 65 0.90–0.56 0.73

Piancastagnaio G BAS/BSS 8.66 7.72 13.2 90–30 60 0.78–0.26 0.52

Fiora F BAS/BSS 9.76 5.57 11.2 90–30 60 0.88–0.29 0.59

Abbadia A BAS/BSS 7.36 5.07 8.0 90–30 60 0.66–0.22 0.44

Vivo d’Orcia V BAS/BSS 6.50 6.76 9.2 90–30 60 0.59–0.20 0.39

Slope is average from the inferred vent to the terminus of the flow. S: synthem, SS: subsynthem, and labels of eruptive units
as in Figure 2.

Table 1.
Morphometric parameters for the sheet-like lava flow (SLLF) of Monte Amiata.
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valley-controlled lava flows of Leccio, Vivo d’Orcia, and Piancastagnaio (in its termi-
nal portion), and (ii) a quite good linear correlation (R: 0.894) for the other five lava
flows that distributed in larger lava bodies. In this last case, the poor correlation can be
attributed to the exposure condition of the lava flows that influence the accuracy of
the area calculation. No correlation is observed between area and slope values,
suggesting that the different areal distribution of SLLFs can be independent of the
underlying morphology [66], but depending probably on the physicochemical prop-
erties of the erupted magma (see discussion in Section 5.2).

The present topographic surface of Monte Amiata volcano represents the primary
volcanic surface of the subsequent constructional bodies that concurred to build the
volcanic edifice, with the little effects of exogenous erosion and tectonic deformation.
All SLLFs are characterized by low- or moderate-relief surfaces forming large tabular
areas on the slopes of Monte Amiata. Different lava plateaus developed at different
altitudes and formed a stepped relief consisting of overlapping plains separated by
breaks of slope [45, 62]. This morphology suggests that flows were not confined by
channels and spread along the low-relief sides of the volcano. In the case of Vivo
d’Orcia (BAS) and Leccio (MAS) eruptive units (Figure 2), lavas moved down the
outer flank of the volcano following tectonically controlled preexisting drainage,
entering and filling river furrows where they stopped.

The source areas of SLLFs are mainly buried by younger volcanic units and prob-
ably correspond to the present elongated summit crest of the volcano (Figure 2).
Exposures of the flows are largely their surficial part; abrupt but irregular scarps
identify the flow fronts and margins. Due to the relatively old age of the volcano, the
outcrops are subject to possible surface erosion and front collapses (for this reason, the
measured lava length and area have to be considered as minimum values) and the
exposed logs are often discontinuous.

The opportunity to access to the complete succession of a SLLF was a continuously
cored deep borehole (David Lazzaretti borehole; [67–69]) that intersected top-to-
bottom the Sorgente del Fiora eruptive unit. This drilling is located on the southern
slope of the volcano about 2 km NNE of the lava flow front (DL in Figure 2) and
displays well-preserved lithofacies and internal textures. The Sorgente del Fiora lava
was recovered between 147 m and 265 m of depth from the ground level (i.e., between
939 and 821 m a.s.l.) and shows a thickness of 118 m (Figure 4a). It overlies a lower

Figure 3.
Plots (a) length vs. volume and (b) length vs. area for the Monte Amiata SLLFs. R is the linear correlation
coefficient. See text for explanation.
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volcanic sequence of trachydacite predating the exposed units and is overlain by
trachydacite belonging to FSS.

4.2 Lithofacies, structures, and textures

4.2.1 Macroscopic lithofacies and facies association

Based on observations of outcrops, hand specimens, and drill cores in the Monte
Amiata SLLFs trachydacite (Figure 4), we have identified four main coherent
lithofacies based on variations in groundmass texture, color, and vesicularity. In
addition, three fragmental lithofacies have also been recognized based on differences
in texture and composition of clasts and matrix. In all these lithofacies, trachydacite is
characterized by nearly identical mineral paragenesis (K-feldspar, plagioclase, biotite,
and subordinate pyroxene) and phenocrysts size. The characteristics of these
lithofacies and their facies association are well exemplified by the lithostratigraphic
log of the Sorgente del Fiora eruptive unit in the David Lazzaretti borehole compared
with the correlate outcropping sequence (Figure 4).

Figure 4.
The Sorgente del Fiora eruptive unit is representative of the trachydacite SLLFs of Monte Amiata, showing the
vertical distribution and association of the coherent and fragmental lithofacies identified. (a) Lithostratigraphy of
the drill core David Lazzaretti (DL in Figure 2) that intersected top-to-bottom the Sorgente del Fiora unit. (b)
Examples of the main lithofacies identified and described in the DL core. (c) Generalized lithostratigraphic log
through the Sorgente del Fiora unit from outcrops along flow margins and front. (d) Interflow scoria agglomerate
(lithofacies g). Hammer for scale. (e) Vesicle layering. Some beds show tubular vesicles a few cm high. In the upper
right part of the image, flow bands have been deflected around a lens of coarse vesiculation, implying that the
vesicles formed while the lava was still ductile, probably during flowage. (f) Interflow monogenetic breccia with
welded vitrophyric matrix (br; lithofacies f) overlain by thin-laminated lava beds (fl). (g) Flow bedding
composed of massive porphyritic lava beds separated by sheet joints. (h) Thin flow lamination alternating massive
porphyritic, vesicular, and glassy lava layers at mm to cm scale.
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The four coherent lithofacies identified (Figures 4 and 5; Table 2) are as follows:
(a) whitish coherent vitrophyric perlitic trachydacite; (b) gray coherent porphyritic
microcrystalline trachydacite; (c) black-to-red coherent vitrophyric obsidianaceous
trachydacite; and (d) cream-colored coherent vitrophyric microvesiculated
trachydacite. Each of these coherent lithofacies shows internal subtle textural varia-
tions that include dimensions and abundance in phenocrysts (from fine-grained to
coarse-grained porphyricity), vesicles and crystal concentration zones, vesicles layers,

Figure 5.
Outcrop photo of lithofacies and physical volcanological features of the trachydacite SLLFs of Monte Amiata. (a)
Bands of black obsidianaceous vitrophyric trachydacite (lithofacies c) in white perlitic vitrophyric trachydacite
(lithofacies a; Quaranta unit). (b) Deformed mingling texture between black-to-red obsidianaceous vitrophyric
trachydacite (lithofacies c) and white perlitic vitrophyric trachydacite (lithofacies a; Abbadia unit). (c) Basal
monogenetic breccia with clastic matrix (lithofacies e) separating two flow units (Piancastagnaio unit). Note the
inverse gradation with the larger angular clasts at the top. (d) Interflow monogenetic breccia with laminated
trachydacite clasts welded in vitrophyric matrix (lithofacies f; Piancastagnaio unit). (e) Coarse vesicularity with
tubular-shaped gas cavities confined in layers (Sorgente del Fiora unit). Inset shows the tridimensional geometry of
these cavities that are elongated parallel to the flow direction (arrow). (f) An irregular elongate cavity developed
around a meta-sedimentary xenolith (Sorgente del Fiora unit). Hammer for scale where not indicated.
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and crystals preferential alignment in fluidal texture. Moreover, lithofacies are
arranged in variable vertical and horizontal facies association. At the outcrop scale, the
contact between texturally distinct lithofacies is usually sharp.

The three fragmental lithofacies (Figures 4 and 5; Table 2) are as follows: (e)
monogenetic, clast-supported to matrix-supported breccia with fine-grained clastic
matrix; (f) monogenetic matrix-supported breccia with clasts welded in a vitrophyric
matrix; and (g) monogenetic clast-supported scoria agglomerate. All these fragmental
lithofacies have to be considered primary volcanic and autoclastic deposits. In partic-
ular:

i. Texture and composition of breccia of lithofacies (e) suggest a formation
involving brittle fragmentation at temperatures below the glass transition
field [70] of already solidified and flow-laminated lava (Figures 4 and 5c).

ii. In lithofacies (f), clast shape and texture suggest that trachydacite was yet
rigid at the time of brecciation and that fragmentation occurred in situ with
scarce disaggregation and transport. Texture and composition of this breccia
suggest an initial fracturing and fragmentation at the base of a cooling lava
flow unit, followed by its successive welding, as a consequence of the
reheating due to the heat advection from the flow to the basal breccia [70, 71].
The overlying coherent trachydacite shows a planar, undeformed flow
lamination that parallels the irregular breccia top (Figure 4f and 5d).

4.2.2 Internal structures and textures

Internal structures and textures, such as vesiculation and gas cavities, flow
banding, cooling joints, and deformations, have been observed in Monte Amiata
SLLFs.

Vesicles and gas cavities are segregation structures of fluids and show different
shape, orientation, and dimension in function of their temporal and genetic relation-
ships with the flowing molten lava [72]. In Monte Amiata SLLFs, the dominant
coherent lithofacies are poorly or evenly microvesiculated. Vesicles, ranging from less
than a millimeter across to cavities more than 10 cm large, are concentrated in trains
that form discrete interlayers defining flow layering (Figure 4e) and the local flow
directions. In coarsely vesicular beds, tubular gas cavities occur together in zones that
form planar lenses and layers (Figure 4e). The tridimensional geometry of these
cavities is complex and unusual (Figure 5e). They are apparently continuous for
several tens of centimeters in length, horizontally elongated with the main axis paral-
lel to the flow foliation and flow direction. They show an irregular ellipsoidal section,
up to 1 cm across and 10 cm along the vertical axis, with scalloped bubble walls
(Figure 5e). These peculiar gas cavities show some differences as compared with the
pipe vesicle typically occurring in basaltic lava [73] that is characterized by individual,
subvertical cylindrical tubes with a subcircular section whose formation is attributed
to the upward migration of a single bubble of magmatic gas. In the case of Monte
Amiata SLLFs, tubular vesicles are formed probably by both the upward coalescence
of smaller bubble and lateral migration along the flow direction under the influence of
a strong volatile segregation in not-quenched lava. The bubbles confinement in dis-
crete levels may suggest gas entrapment in discrete superimposed domains imperme-
able among them to the further upward volatile migration. This molten lava
partitioning resulted from laminar flow processes, possibly enhanced by the mingling
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Lithofacies Compositional characteristics Architecture and occurrence

Coherent lithofacies

a Coherent vitrophyric
perlitic whitish
trachydacite

Massive, evenly porphyritic,
equigranular, medium-fine grain
(2–5 mm). Groundmass limpid and
unaltered glassy, poorly
vesiculated, and perlite fractures
(2–3 mm). Glomerophyres
px + bt + plg; sieved and zoned plg
(max 5 cm) and rare K-fs (max 1–
2 cm) megacrysts. Poor ME;
frequent Msx

Nonuniformly distributed strips
and lenses of lithofacies (c).
Dominant lithofacies, mainly in Q,
C and V units. (Figure 5a)

b Coherent porphyritic
microcrystalline gray-to-
pink trachydacite

Massive and flow banded,
porphyritic, equigranular or
seriated, coarse-medium grain.
Groundmass microcrystalline—
aphyric, locally spherulitic, poorly
vesiculated, patches of vesicular
pink glass. Glomerophyres
plg + bt + px (5–20 mm); sieved and
zoned plg (max 5 cm) and rare K-fs
(max 1 cm) megacrysts. Abundant
ME and Msx.

Interlayer with beds of lithofacies
(c) and (d).
Well-represented lithofacies, in
both flow-banded marginal and
frontal parts and massive cores of
lava bodies. (Figure 4g)

c Coherent vitrophyric
obsidianaceous black-to-
red trachydacite

In beds 0.1–10 cm thick,
porphyritic, equigranular, medium-
fine grain. Groundmass glassy,
dense obsidianaceous, not
vesiculated, partly perlitic.
Glomerophyres plg + bt + px; sieved
and zoned plg; rare K-fs (max 1 cm)
megacrysts.

Layers and small lenticular patches
in lithofacies (a) and (b), planar to
very irregular mingling textures
[69].
Never outcropping in large
individual bodies. (Figure 5b)

d Coherent vitrophyric
vesiculated cream-colored
trachydacite

In beds 0.1–10 cm thick, poorly
porphyritic, medium-fine grain.
Groundmass glassy vesiculated,
patches of highly vesicular fibrous
glass (Figure 4e).

Interlayers in the other coherent
lithofacies defining a compositional
flow lamination.
Never outcropping in large
individual bodies. (Figure 4h)

Fragmental lithofacies

e Monogenetic clast- to
matrix-supported breccia,
fine-grained clastic matrix

Poorly sorted, sometimes inverse-
graded. Clasts (cm to dm scale) of
blocky, roughly equant, angular to
sub-rounded fragments of
lithofacies (a) and (b) with flow
laminations. Matrix loose to poorly
indurated, composed of finer
fragments of the same composition.

Thickness 0.5–2 m, lateral
extension 1–20 m; after lateral
extinction, encasing flow units
become para-concordant.
Basal breccia in Q and P units,
interflow breccia in F and G units,
surface breccia in L unit. (Figures 4
and 5c)

f Monogenetic matrix- to
clast-supported breccia,
clasts welded in a
vitrophyric matrix

Poorly sorted. Clasts (cm to dm
scale), angular to sub-rounded
fragments of lithofacies (a) and (b)
with flow laminations, lacking
deformation structures. Red and
gray coherent vitrophyric matrix
welding the clasts, with sharp
boundaries; sometimes, matrix is
injected in fractures within clasts.

Thickness 0.5–5 m, lateral extension
2–5 m. Clasts’ flow lamination
evidences little rotation and jigsaw-
fit texture.
Interflow breccia in F and G units.
(Figure 4f and 5d)
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of different lithofacies. Another characteristic of the Monte Amiata SLLFs is the
presence of cavities with irregular shape formed around meta-sedimentary xenoliths
and megacrysts of plagioclase and sanidine (Figure 5f). In this case, gas segregation
may result directly from the inclusions.

A layered banded aspect, often flat-lying, is well developed in the Monte Amiata
SLLSs, defined both by the interlayering of different lithofacies and by variation in
vesicularity, crystallinity, grain size, color, and groundmass texture. Flow bands are
laterally continuous, parallel, and dominantly quite planar.

Two types of flow banding must be distinguished in the Monte Amiata SLLFs. A
pervasive fine-scale flow banding structure (flow lamination) is produced by
interlayering of mm- to cm-sized dark and light laminae of different coherent
lithofacies (Figure 4h). In addition, sheeting joints, generally attributed to shear
partings developed during laminar flow, form well-developed bedding (Figure 4g).
The stratified structure (flow bedding) comprises massive beds (cm- to m-thick) of
porphyritic and vitrophyric coherent lithofacies enclosed at top and bottom by inter-
layers (mm- to cm-thick) of microvesicular or obsidian lithofacies (Figure 4a and b).
Several processes have been taken into account for the formation of bedding in silicic
lavas [74]: (i) mingling of different parts of the magma [75–77]; (ii) welding and
rheomorphism [78]; (iii) repeated brecciation followed by reannealing into the con-
duit [79, 80]; and (iv) laminar flowage inherited during flow in the conduit in
response to shear stresses along the conduit walls that continue and propagate upward
during the lava advance for the shear stresses at the lava flow base [9].

The flow bands define local sinuosity, steep dips, folding, and convolution in
frontal and margin zones of SLLFs (see Section 4.2.3).

Some of the Monte Amiata SLLF trachydacite (Sorgente del Fiora and
Piancastagnaio) shows parallel columnar cooling joints that post-date the flow
bedding and flow lineation. They are roughly defined, with spacing of 1.5–2.5 m, vary
from subvertical to dipping at moderate angles toward the flow front.

4.2.3 Surface and margin structures

At Monte Amiata, in situ paleo-weathering, overlaying by younger volcanic units,
and current poorly exposure preclude the detection of SLLF original surface struc-
tures, such as creases [81] and fractures [82], typical of large silicic lava flows. At the
meso-scale, the only surface structures that were preserved in SLLFs include surface
ridges or ogives.

Lithofacies Compositional characteristics Architecture and occurrence

g Monogenetic clast-
supported scoria
agglomerate

Sub-rounded clasts (dm scale) of
coarsely vesiculated, dense
fragments (scoriae) of lithofacies
(a) and (b). Open framework with
scarce and irregularly distributed
fine-grained clastic matrix with the
same composition of clasts.

Thickness 0.3–1 m, lateral
extension limited to few meters.
Interflow layer in F and G units.

bt: biotite, K-fs: K-feldspar, plg: plagioclase, px: pyroxene. ME: magmatic enclave, Msx: meta-sedimentary xenolith.

Table 2.
Summary of the macroscopic lithofacies of SLLFs of Monte Amiata trachydacite.
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Surface ridges or ogives are arcuate reliefs, transversely oriented to the downslope
flow. Their convexity indicates the direction of flow. The arcuate shape is caused by
the increase in frictional resistance toward the margins of the flow [38, 83]. At Monte
Amiata, the presence of surface ridges or ogives is mainly evident on the Quaranta and
Castel del Piano units (Figure 2). Both these trachydacite SLLFs are stratigraphically
below the surface of saprolite paleo-weathering that marks the boundary between
BAS and MAS. The Monte Amiata ogives look as linear accumulations of lava boul-
ders. Boulders are rounded-shaped, stacked in an open framework, and arranged in
transversal arcuate ridges that are spacing 50–100 m apart from each other with
apparent amplitudes averaging 5–15 m upon the topographic surface. These structures
have already been distinguished by [30], which, however, considered ogives as the
discriminating structure supporting his interpretation of Monte Amiata
rheoignimbrites.

Several interpretations have been proposed to explain the formation of ogives on
silicic lava flows. Taking Monte Amiata as a model, Rittmann [30] first explained the
formation of ogives as pressure ridges due to the differential viscosity between the hot
and fluid core and the rigid surface of flows that is compressed and corrugated in
folds. The boulders forming the ridges are considered by [30] of primary volcanic
origin, resulting as the remnant of rootless dikes of molten material intruded from
below in the fractured core of the anticlinal-like ridges subjected to extensive stresses.
These seminal ideas of Alfred Rittmann are the premise for various subsequent inter-
pretations. However, most of the observations and models on surface ridges have been
addressed to rhyolite obsidian domes and coulées rather than to the structures present
on the surface of long silicic lava flows. Macdonald [84] proposed that the ridges on
rhyolitic block lava flows are the surface expression of the upward bending—named
ramp structure—of the shear planes of the internal flowing lava. The conception that
ogives are folds of the lava crust produced by ductile deformation in compression
(pressure ridges) as due to differential movements between two layers (center and
outside crust of the flow) having temperature and viscosity contrasts was applied by
previous scientists [9, 83, 85] among others. Another interpretation proposes that
surface ridges are evidence of an extensional regime due to the inflation and defor-
mation of a rigid crust. The moving fluid-rich melt beneath the insulation crust
extrudes through regularly spaced cracks forming diapir-like structures [9, 86, 87]. In
a more extreme way, Andrews and colleagues [88] challenged the “fold theory” of
Fink and proposed that ogives are tensile fracture-bound structures that record brittle
failure and stretching of the crust as the lava advances and spreads.

Based on our field observations (Figure 6), we interpret the ogives developed on
the surface of Monte Amiata SLLFs as compressional structures [89] produced during
downslope flowage of viscous silicic lava. The core of these small antiform folds is
fractured, enhancing a stronger spheroidal in situ weathering of lava in rounded
boulders (corestones) during the paleo-weathering processes (Figure 6; [62]). Being
prominent on the topographic surface, ogives are also the site of more intense surface
erosion that removed the sandy saprolite matrix. Consequently, the residual blocks
have collapsed in place on themselves forming the boulder accumulations exposed on
flow surface [62].

Previous authors [39, 40, 43] have interpreted the surface ridges and boulder
accumulations on Monte Amiata SLLFs surface as the evidence of the emplacement of
block lava flows. Block lava flows are defined [84, 90, 91] as lava flows in which a
highly irregular surface is completely covered by continuous, open clast-supported
debris of dense and solidified lava blocks, up to several meters in size, with a
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polyhedral shape delimited by smooth, slightly curved faces and angular edges. Nor-
mally in the block lava body, a central mass of massive lava is preserved, but the
fragmented material remains predominant [84]. Block lavas formed from magmas
with silicic to intermediate composition and high viscosity. The mechanism of forma-
tion of a blocky breakage of lava is interpreted as dependent on the rapid growth on
the flow surface of a thick, more or less glassy crust, which shatters due to the
movement of the warmer underlying flow [90]. The extensive deposits of large sub-
rounded lava boulders arranged in arcuate ridges on the surface of the SLLFs of Monte
Amiata are not identifiable with the block lava flow as defined above.

The typical structural model of silicic lava flows comprises an internal coherent
core enveloped with flow-generated breccia that forms loose deposits on the surface,
along the flow margins (levées; [3]) and at the flow front [12]. In Monte Amiata
SLLFs, evidence of the presence of lateral levées and accumulation of auto-brecciated
debris at the flow front were not observed.

Surface breccia is also absent, but of a localized exception in the Leccio eruptive
unit. In the outcrop of Pian di Ballo quarry, located in the medial part of the Leccio
lava flow, coherent trachydacite is enveloped with flow-generated breccia (Figure 7).
Based on texture of the deposit, we distinguished five lithofacies: (1) coherent massive
trachydacite with concentric flow foliation forming a monolithic core; (2) coherent
stratified trachydacite protruding laterally from the massive core; (3) fractured
trachydacite (both massive and stratified) with close fractures and jigsaw cracks; (4)

Figure 6.
Natural section showing the internal structure of a ridge (ogive) on the surface of the Quaranta SLLF. The flow
banding (dashed black lines) defines an antiform fold. Radially distributed fractures (red solid lines) are related
to the extension in the anticline hinge. At the intersection between joints defined by the flow banding and
extensional fractures, in situ saprolite paleo-weathering isolated subrounded corestones of trachydacite. As an
extreme effect of this alteration, the ridge resulted as an accumulation of residual lava blocks. Geologist for scale.
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fragmented and poorly disaggregate trachydacite; and (5) monogenetic, structure-less
matrix-supported lithic breccia. These lithofacies undergo lateral transitions with
grading boundaries and complex sedimentary architecture (Figure 7). Fragmented
and poorly disaggregated lava (lithofacies 4) is characterized by polyhedral blocks, up
to 1 m large (Figure 7) with low intra-clast matrix. Even though most of the blocks are

Figure 7.
Quarry escarpment in the locality Pian di Ballo (red triangle in f) showing a complete section transversal to the
flow direction of the Leccio SLLF. The structure of the lava flow shows the development of a surface autobreccia.
(a) Photo and (b) sketch of the outcrop. A central core of massive trachydacite (cm) with concentric flow foliation
is embedded in a monogenetic breccia (br) through progressive fragmentation and dispersion of lava blocks.
Although the different lithofacies on the sketch are separated by solid lines, the contacts are gradational. Flow
direction is toward the observer. (c) Particular of the gradational transition from coherent trachydacite (cst), to
fragmented and poorly dispersed trachydacite (fdp), and to chaotic breccia (br). (d) Close-up of the massive lava
core (cm). While the outermost part of the flow was breaking, the center was still molten and moving lava. (e) The
flow banded lava (cst) is progressively pervasively fractured by a network of jigsaw cracks but remaining coherent,
then is fragmented in a jigsaw-fit breccia that retains the original stratification (fpd), and, finally, is dispersed in
the breccia (br). Location of boxes c, d, and e is depicted in a. (f) Map of the Leccio eruptive unit showing the areal
distribution of lithofacies and structures. In the inset is the frontal ramp at the edge of the SLLF.
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shattered, they retain a recognizable geometry of original bedding and jointing of the
primary depositional and cooling structures of lava flows. Bigger blocks are either
fractured or shattered, and many of the block interiors exhibit pervasive jigsaw cracks
and jigsaw-fit fractures. This lithofacies represents portions of the coherent pre-
fragmentation lavas, slightly disaggregated and displaced. The monolithologic massive
and poorly sorted breccia (lithofacies 5) is a chaotic assemblage of matrix-supported
clasts from medium to well consolidated. Angular to sub-rounded fragments of
trachydacite, ranging from a few centimeters to more than a few decimeters in size,
are completely disaggregated and dispersed in the prevailing sandy matrix with the
composition of the adjacent clasts. This matrix was likely produced by the
disaggregation of the same clasts during transport.

Geologic relationships indicate that fragmentation of a rhyolite lava flow occurred
mainly when the flow was spreading [92]. The spatial distribution of the breccia
deposit present at the surface of the Leccio eruptive unit (Figure 7f) indicates that this
unusual (for Monte Amiata SLLFs) volcanic facies probably formed as a function of
the change in topography that the lava has encountered during emplacement. From
the source area, represented by an eruptive fissure of the summit volcanic rift zone
(Figures 2 and 7f), the Leccio trachydacite flowed for up to 3 km along a slope of
about 15° and then reached a low gradient area (2–3° in slope) without confining walls
at the edge of the volcanic edifice. When the flow arrived at the abrupt break-in-slope,
it decelerated, and a dynamic block fragmentation occurred at the margins and
surface of the flow, forming the monogenetic matrix-supported breccia observed in
this part of the Leccio eruptive unit (Figure 7). The increase in the degree of
fragmentation suggested by the textural characteristics of the breccia (grain size
reduction, jigsaw cracks, and jigsaw-fit fragmentation), proceeding from the
internal coherent core to external surfaces of flow, is probably the consequence of
progressive fracturation, disaggregation, and dilation processes that have
occurred during this deceleration phase [93, 94]. Then, the massive coherent
trachydacite core (Figure 7d) resulted in a thermally insulated internal part of the
lava that continued to flow downstream confined through a paleo-valley, attaining a
total length of more than 6 km (Table 1), and terminated with a frontal ramp
structure (Figure 7f).

Monte Amiata SLLFs have steep flow front, tens of meters thick, exhibiting ramp
structures and monoclinal folds outlined by the orientation of the flow bedding
(Figure 8). In ramp structures, the flow bedding varies from a flat foliation parallel to
the base of the flow to an upward curved, steeply dipping to vertical shape. The stack
of layers involved in the upward spoon-shaped deformation overrides along a plane of
shearing and discontinuity the underlying gently dipping layers (Figure 8a). Contact
occurs without the interposition of breccia. Moving upstream away from the ramp,
the attitude of the flow bedding becomes para-concordant. These ramp structures
have been observed near the frontal portion of several flow units and are probably to
be attributed to an increased stress regime owing to an increasing frictional resistance
toward the base of the flow ramp. Indeed, they are well developed at the front of flow
that was channelized and ponded in paleo-valleys (Leccio and Vivo d’Orcia; Figure 7f,
8a and b). The ramp structures observed in Monte Amiata SLLFs are different from
both the sheet-like flow ramps described in obsidian block lava flows and attribute to
individual flow units having upper and lower surfaces that are composed of in situ
brecciated, brittle glassy carapaces (i.e., the Rocche Rosse flow at Lipari; [95]) and
ramps triggered by shear planes inside the lava interior and related to the formation of
surficial ogive structures [96].
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Another type of flow front observed at Monte Amiata consists of layers which,
instead of being bent upward, as in the ramps, are bent downward to form a
monoclinal fold (Figure 8c and d). In this case, flow bedding is planar and sub-
horizontal in the upper part of the flow body, whereas near the front, it curves sharply
downward until it becomes subvertical. Flow bedding experienced a stratal stretching
and thinning caused by the extension in the fold limb (Figure 8c and d). The core of
the fold is composed of coherent massive trachydacite, enveloped by faintly tiny
laminated trachydacite with layers deformed in crumpled minor folds. Locally, a
detachment surface has been observed at the base of the frontal fold. Also in this case,
the deformation occurs without the presence of breccia. This type of flow front has
been observed in the Piancastagnaio and Sorgente del Fiora eruptive units.

Flow front of lavas usually is obscured by a talus apron. At Monte Amiata, the
presence of frontal breccia has never been observed. It cannot be excluded a priori
that breccia has been completely removed by erosion, but the lack of both any deposit
remains and its continuation in a basal breccia lead to the interpretation of an
emplacement mechanism different from that of rhyolite lava flows.

4.3 Facies architecture

Within a single flow unit, the vertical and lateral lithofacies distribution and
association allows to recognize a characteristic structural partitioning of lava flow
interior [11, 97]: (i) basal zone; (ii) core or central zone; and (iii) upper zone.

Figure 8.
Flow front structures in SLLFs of Monte Amiata. (a) Outcrop exposure and (b) interpretative sketch of flow ramp
structure at the flow front of Vivo d’Orcia eruptive unit composed of fine laminated vitrophyric trachydacite with
perlitic glassy groundmass. Arrow is the flow direction. Note the transition from para-concordant to discordant bedding
and the absence of breccia deposits. (c) Outcrop exposure and (d) interpretative sketch of monoclinal fold structure of
the flow front of Piancastagnaio eruptive unit. The core of the fold is composed of coherent massive trachydacite (cm),
enveloped in flow-laminated (fl) and flow-banded (fb) trachydacite. Along the subvertical limb of the fold, the flow-
laminated lava is deformed in small asymmetric parasitic folds and the flow-banded lava is stretched.
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i. The basal zone [12, 98] of BAS SLLFs typically rests directly on the surface of
the underlying unit (sedimentary substratum or older volcanic units in core
drill DL) without intervening pyroclastic, volcaniclastic, sedimentary, or
pedogenetic layers. MAS SLLFs overlay the paleo-weathering saprolite
deposit developed at the expense of BAS units. The SLLF basal zone is
generally 2–5 m thick and comprises a breccia bed (lithofacies e; Table 2) or a
shear zone (Figure 9). The occurrences of basal breccia are localized; the
contact between the basal breccia and the overlying lava is typically sharp. In
the classic models [12, 99], basal breccia is interpreted as originated as
crumble breccia at the surface of slowly moving masses of lava, which
concurs to form the steep flow front talus and then was overridden as the lava
advanced. In Monte Amiata SLLFs, both the absence of surface and frontal
breccia deposits and the texture of the basal breccia observed suggest that the
basal breccia is produced in situ by shear fragmentation. In most cases, the
basal breccia is lacking, and the bottom of SLLF is composed of bedded facies
with flow layering of glassy and microcrystalline trachydacite (lithofacies a,
b, and d; Table 2), planar or tightly folded, and sparse—greatly stretched—
shrinkage gas cavities.

ii. The central (lava core) zone [12] in SLLFs of Monte Amiata is typically
20–40 m thick and comprises massive and bedded facies, with joints and flow

Figure 9.
(a) Overview of the outcrop showing the contact between the Quaranta (QRT) and Pozzaroni (PZZ) SLLFs. The
upper portion of the Quaranta lava flow (BAS-MSS) has been in situ paleo-weathered into a whitish sandy
saprolite with groups of corestones (CS). The basal zone of the Pozzaroni lava flow is composed of a discontinuous
bed of monogenetic matrix-supported breccia (br) overlaid by flow-bedded trachydacite. Both breccia and
stratified basal trachydacite are deformed in convoluted folds. dt =debris. Boxes refer to b and c details. (b) Close-
up of the breccia at the base of PZZ eruptive unit. The flow lamination in the clasts is randomly oriented. (c)
Detail of the recumbent fold and convoluted structures at the base of PZZ formed during the flow for the high
viscosity of the lava.
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layering. Massive lava is generally uniform and dense. Lava shows poorly
developed, vertical, or locally inclined columnar joints a few to several meters
across (i.e., Sorgente del Fiora and Piancastagnaio eruptive units).
Subhorizontal sheeting joints are also present and are more conspicuous near
the top and base of the central zone. Flow layering is parallel to aligned
crystals and vesicle-rich layers and is interpreted as planes of weakness
imparted by the flowage. In some units (i.e., Sorgente del Fiora and Vivo
d’Orcia eruptive units), lenses and irregular zones of welded breccia
(lithofacies f; Table 2) and scoriaceous agglomerate (lithofacies g; Table 2),
with an individual thickness of 0.5–1.5 m, form interlayers between otherwise
massive lava banks. We interpret that these interlayers resulted from intra-
flow fragmentation processes within a single eruptive unit, probably related
to stresses caused by movement in the overlying flow.

iii. The upper zone of Monte Amiata SLLFs trachydacite is characterized by a
moderately more vesicular groundmass and a planar morphology forming
subhorizontal plateaus and poorly inclined sides. It does not show the typical
structure of lithophysae, strong vesiculation, and scoriaceous or blocky
autobreccia classically described for the top of large silicic lava flows [12, 92].
The absence of these surface structures is confirmed by the stratigraphic log
of the Sorgente del Fiora unit in the DL core (Figure 4), even if it cannot be
excluded that in other units, they were present but currently poorly exposed
or subsequently eroded.

4.4 Geochemical and petrographic characteristics

The whole chemical composition of the lava flows (LF) and domes (LD) at Monte
Amiata ranges from latite to trachydacite (SiO2 = 57–68 wt%; Na2O + K2O = 7–9 wt%;
Figure 10) [40, 42, 44, 57, 58, 100]. In variable proportion through the entire
sequence, millimetric to pluri-decimetric in size, meta-sedimentary xenoliths and
microgranular magmatic enclaves (ME) are present. The ME compositions range from
trachybasalt to latite (SiO2 = 47–59 wt%; Na2O + K2O = 5–8 wt%; Figure 10; [58]). A
careful selection (Table 3) of data from literature shows that all the SLLF samples are
among the most evolved rocks of the suite and classify them as trachydacite
(SiO2 = 64–68 wt%; Na2O + K2O = 8–9 wt%; Figure 10) having a normative q > 20%
(q = Q/(Q + or + ab + an)*100) [101].

The SLLFs are highly porphyritic (about 40% according to [41]), medium- to
coarse-grained, with maximum dimensions of the phenocrysts rarely exceeding 1 cm
(Table 4). The most abundant phenocrysts are plagioclase, K-feldspar,
orthopyroxene, and biotite, and less abundant are apatite, ilmenite, and quartz, rarely
present clinopyroxene (Table 4). The presence of fragmented crystals is peculiar,
especially of K-feldspar (Figure 11a and b). Content in mafic magmatic enclaves is
scarce, while tabular meta-sedimentary xenoliths are more frequent.

Instead, the lava domes, coulées, and short lava flows are medium to high porphy-
ritic ranging from 26 to 34% [41, 56], with similar mineral paragenesis, but are
characterized by the distinctive presence of K-feldspar megacrysts (from 1 to 5–6 cm
long) coupled with abundant microgranular magmatic enclaves [40, 42, 44, 57].

The SLLFs are generally porphyritic to glomeroporphyritic with a glassy ground-
mass commonly showing perlitic fractures. Different groundmass microtextures are
observed, also in the same unit: (i) glassy groundmass microlite-free (Figure 11c) or
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(ii) with ultra-microlites aligned to the flow direction (Figure 11d); (iii) glassy
groundmass locally devitrified with scattered spherulites (Figure 11e); and (iv) het-
erogeneous groundmass with flow banding in elongated bands or lenses generally of a
darker color (Figure 11f). Flow bands are normally enriched in crystal fragments
(Figure 11g); (v) highly vesicular with fibrous glass and large flattened vesicles
(Figure 11h).

4.5 Temperature, pressure, and dissolved volatile content in Monte Amiata
magmas

In order to retrieve the conditions (i.e., pressure, P; temperature, T; and volatile
content) of magma in the storage system and during the dynamics of ascent toward
the surface, and to understand eruption dynamics of Monte Amiata SLLF generating
magmas, we have applied the numerous geothermobarometers and geohygrometers
so far available in the literature, accounting for both “crystal,” “crystal-crystal,” and
“crystal-residual liquid” equilibria. The compositions of the lavas for which calcula-
tions were performed are reported in Table 3. More details about the contour
conditions (e.g., mineral-liquid duplets; preliminary estimations by independent
variables; necessary equilibrium tests) necessary to apply each specific model are
reported in [102].

The list of geothermobarometers and hygrometers adopted is reported in Table 5
[103–107], together with the temperature interval of application of magma ascent and

Figure 10.
T.A.S. (Total Alkali-Silica) diagram for products of Monte Amiata volcano: Silicic lava flows and lava domes
(LF + LD; light gray dots), magmatic enclaves (ME; dark gray diamonds), and SLLF units studied in this work
(red dots; Table 2). Data from [39–42, 44, 57].
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lava flow dynamics. Our results all show that the lavas emitted at Monte Amiata
represent, in terms of temperature, an extreme end member for each of the composi-
tions and mineral assemblages investigated here.

On the basis of the results provided in Table 5, we can distinguish two sample
subsets: (1) a first group (PES, preeruptive stage) characterized by crystalline liquid
balances associated with a phase of initial crystallization, where the liquid is the total
rock, representative of a preeruptive or initial phase of ascent; (2) a second group (ES,
eruptive stage) where the liquid phase in equilibrium with a specific crystalline phase
is the interstitial fluid. This group has been related to a late phase of the crystallization
occurred during the ascent of the magma and/or during the mass emplacement of
lavas. The PES group shows temperature estimates between 900°C and 1070°C,
whereas ES group has temperature range between 800°C and 900°C. These tempera-
ture ranges constitute the entire temperature interval provided by the employment of
all the geothermometers analyzed and constitute therefore an enlarged estimate of the
real intervals of expected temperature.

The estimation of dissolved water content (hereafter reported as H2O and
expressed in wt%) is of fundamental importance to comprehend the storage and

Groundmass texture Glassy with perlitic fractures, subordinate aphanitic, and devitrified in
spherulites (unit P); variable amount and distribution of vesiculation,
stretched and folded vesicles aligned according to flow foliation (units F, P, Q,
and V), sometimes filled by secondary precipitation minerals (e.g. cristobalite)
(unit P); variable amount (few to abundant) of microlites and spider- and
needle-shaped ultra-microlites (mainly K-fs and px) aligned according to flow
foliation

Phenocrysts assemblage1 K-fs (medium 5 mm, rare up to 1.5 cm); plg (3–5 mm); opx (2–3 mm); bt
(medium 1–3 mm, abundant, euhedral and up to 4 mm in units A, P, Q, and
V); rare cpx (unit F); glomeroporphyres of plg + opx + bt units F, G, Q, and V)

Mineral phases and
microstructures1

K-fs: mainly fragments of larger crystals, Carlsbad twinning (unit F), rounded
and lobate rims; some poikilitic texture including melts and crystals (plg, bt
and crystal aggregate of plg + opx) (units A, L, Q, and V)
Plg: complex zoned crystals with sieve-textured and patchy-zoned resorbed
nucleii (highly altered into alluminosilicate minerals e.g., allophane) and
oscillatory-zoned rims., often host fluid, glass and mineral inclusions(e.g., bt,
opx, Fe-Ti oxides), commonly as crystal cluster (C, F, G, P, and V)
Bt: abundant, sometimes opacized; folded, broken in thin lamellae, and
containing sub-spherical holes (sieve texture) and mineral inclusions
Opx: deep embayments and rounded opacized rims include small euhedral
apatite and Fe-Ti oxides.
Cpx: rare, in microphenocrysts and microlites
Fe-Ti oxides: microphenocrysts: commonly included in other minerals
Quartz: abundant highly resorbed crystals (unit L)

ME/xenoliths Holocrystalline aggregates (plg + opx + bt), abundant in units P and Q
Meta-sedimentary xenoliths, dark gray, platy, fine-grained, composed of: (i)
green spinel+bt + feldspar, unit A, (ii) green spinel + graphite, with a feldspar
corona, and “baked clay”-like fragments, unit L, (iii) green spinel + quartz +
cordierite with plg + bt corona, unit Q, and iv) aggregates of acicular crystals
bt/phlogopite + plg + K-fs + cpx + glass, unit V

1Mineral phases: K-fs = K-feldspar; plg = plagioclase; cpx = clinopyroxene; opx = orthopyroxene; bt = biotite. ME: mafic
magmatic enclave. Labels of SLLF units as in Figure 2.

Table 4.
Microscopic petrographic characteristics of Monte Amiata SLLFs.
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Figure 11.
(a) Highly porphyritic texture: The phenocrysts are fragmented crystals of K-feldspar, plagioclase, orthopyroxene,
biotite set in a glassy groundmass (optical microscopic image crossed polarized, unit Q, sample AMT 14–51); (b)
broken crystals of K-feldspar, zoned plagioclase, orthopyroxene, biotite, and resorbed quartz set in a perlitic glassy
groundmass (BSE-SEM image, unit L, sample AMT 14–71b); (c) glassy groundmass, microlite-free, with perlitic
texture (BSE-SEM image, unit L, sample AMT 13–10b); (d) glassy groundmass with ultra-microlites (probably
Fe-Ti oxides) aligned to the flow direction (BSE-SEM image, unit L, sample AMT 13–10b); (e) devitrified
groundmass with spherulites (optical microscopic image plane polarized, unit P, sample AMT 14–54); (f)
heterogeneous glassy groundmass with perlitic texture and darker flow bands (optical microscopic image plane
polarized, unit L, sample AMT 14-71b); (g) glassy groundmass with perlitic texture and flow band enriched in
crystal fragments (BSE-SEM image, unit L, sample AMT 13–10); (h) highly vesicular glassy groundmass with
large flattened vesicles (BSE-SEM image, unit L, sample AMT 13–10). Labels of SLLFs as in Figure 2. bt: biotite;
gdm: groundmass; K-fs: K-feldspar; opx: orthopyroxene; plg: plagioclase; qz: quartz, xts: crystals.
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ascent conditions of magma, as well as the eruption style and emplacement of the
volcanic products. H2O, in fact, more than any other component, affects the physical
properties of the magmatic and volcanic materials as well as the associated processes
(diffusivity, crystallization, and degassing). One weight percent of H2O dissolved in a
SiO2-rich magma may change its viscosity of ca. 6 orders of magnitude and its glass
transition temperature (i.e., the temperature at which, upon certain stress conditions,
there a transition between a viscous to a brittle mechanical behavior occurs) of 200°C.

Since there are no data on the CO2 concentration of melt inclusions, the H2O-CO2

saturation model of [108] (https://melts.ofm-research.org/CORBA_CTserver/GG-H2O-
CO2.html) was used to estimate the fluid content of the magma stored in the Monte
Amiata magma chamber positioned at 6 km depth [49, 109, 110], where the expected
external pressure is 106 MPa and temperature is 900–1070°C (see before). The average
oxide percentage was considered (Table 3) in calculations. The H2O and CO2 mole
fractions in the fluid phase were varied to compute the H2O and CO2 in the coexisting
melt at 900–950°C, whereas no results were obtained at higher temperatures. Outcomes
are reported in Figure 12, showing that maximum H2O concentration is 3.96–3.98 wt%
for zero CO2 and maximum CO2 concentration is ca. 500 ppm for zero H2O.

Of course, the H2O and CO2 concentrations in the deep magma might be every-
where along these lines. Nevertheless, it must be recalled that in the Monte Amiata
edifice and surrounding area, a strong degassing of magmatic/mantellic CO2 occurs as
indicated by high CO2 fluxes from soil [111, 112], the presence of CO2 in the fluid
inclusions [113], and the composition of geothermal fluids ([114]; and references
therein).

Therefore, owing to this occurrence of magmatic/mantellic CO2, the magma in the
Monte Amiata chamber might be saturated with CO2 and consequently water con-
centration would be low or even very low, although this possibility is a hypothesis to
be proven or rejected by means of melt inclusions data. If this hypothesis is true, CO2

would be readily lost upon degassing and H2O concentration would weakly decrease,
thus explaining the lack of explosive activity at Monte Amiata.

Plg-liquid Cpx-liquid Apatite

* Eq. 23 Eq. 24a Eq. 26 Talk1 Talk2 Talk3 Talk4

Unit

Total rock (TR)

SLLF (1030–1050) (993–1015) (965–993) 980 (955–998) 965 (914–1014) (905–940)

Glass matrix (GM)

SLLF (877–888) (824–838) (832–845) — — — — (879–883)

Temperature calculated by using ([103, 104]; Eqs. 23, 24a, 26) plagioclase model for only the Plg-liquid couples which
passed equilibrium test (2.2.1.). GM and TR are the groundmass liquids and the total rock liquids, respectively. Talk1,
Talk2,Talk3, and Talk4 are the temperature intervals calculated for each Cpx-liquid equilibrium combination which
passed the equilibrium tests. Temperature values referred to as Talk1,Talk2,Talk3, and Talk4 correspond to the re-
calibration of [105] models of [106]. The apatite geothermometer, reported as apatite, is the value calculated for the
[104] geothermometer. More details can be found in [102]. A temperature interval between 900°C and 1070°C is
assumed to be ideal for the initial crystallization at depth, whereas a lower temperature interval (800°C and 900°C) is
likely characteristic of the late crystallization condition at the shallow levels, emplacement, or post-emplacement.
*Reported equations are as from [103, 104].

Table 5.
Summary of the minimum and maximum temperature values estimated by using the geothermometers proposed by
[102] for the SLLF of the BAS and MAS.
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4.6 Rheological properties

In order to quantify the effect of rheology on Monte Amiata eruptive style, in this
study we combine two empirical models. The first model (GRD) [115] allows to
calculate the residual liquid viscosity as a function of the temperature (T) and the
composition (X). The second model (CM) [116] allows to estimate the rheological
effects due to the presence of crystals in strained magmas, through the calculation of
the relative viscosity (i.e., the ratio between the viscosity of the mixture and the
viscosity of the pure liquid). The input data are constituted by the textural data
providing the crystal fraction (Section 4.4), the temperature estimation, and dissolved
fluid content (Section 4.5).

Figure 13 reports the pure liquid viscosity vs. the inverse of the temperature.
The calculations are performed on the entire temperature range, but we put in
evidence the interval 900–1070°C, representative of an early-stage-crystallization
(PES) magma and the interval 800–900°C, representative of the late-stage-crys-
tallization magma and erupted products (ES). Considering the total content of
fluids present inside this magma, which is strongly influenced by the presence of
CO2—see Section 4.5—and considering that the latter is completely separated from
the magma during the ascent and the emplacement process, a quantitative of
0.3 wt% of residual water appears acceptable as an input parameter into the
proposed models. The crystal fraction of the suspended crystals presents in each
SLLF is based on the average values proposed by [41]. These values are reported in

Figure 12.
CO2 vs. H2O coexistence in melt calculated by means of the saturation model of [108] for temperature of 900°C
(blue line and dots) and 950°C (red line and dots).
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volume percent (the number in the parenthesis followed by the symbol %). All the
calculations are carried out by assuming the lowest strain rate value (10–5 s�1),
which provides the highest viscosity value.

In Figure 13, we also report the value of the glass transition temperature (Tg) as
taken at a viscosity of 1012 Pa s [70]. Tg constitutes that barrier below which most of
processes (e.g., diffusion, crystallization, vesiculation, flow, and welding) are signifi-
cantly inhibited, if not halted. On the other hand, above the glass transition, the
above-mentioned processes are still active and potentially rapid enough to still influ-
ence somehow the magmatic and volcanic processes. Ref. [117] published a compre-
hensive review of the ways how the various magmas and volcanic bodies may cross
the glass transition temperature (e.g., conventional thermal cooling; cooling along a
retrograde solubility curve; effective raising of Tg as due to degassing) and enhance
the welding of pyroclastic materials or the flow of silicic lavas, other than affecting the
depth of the fragmentation depth.

Figure 13.
Diagram of the calculated liquid + crystal suspension viscosity values for the investigated Monte Amiata
SLLFs. Here, the suspending liquid is taken as the residual glass matrix (GM) or as the total rock (TR),
whereas the crystal content (ϕ) is taken as the value proposed by [45] of 40 volume % (ϕ=0.4). Water content
(H2O) is considered to be 0 or 0.3 wt% as potentially presence as dissolved at the basis of the most tick lava
flows. The calculations provided here do not account for the effect of suspended vesicles in the multiphase
magmatic and volcanic mixture. For that reason, we could assume that the calculated values are an upper
limit of the real volcanic mixture viscosity (vesicles in fact have an important effect in reducing magmatic and
volcanic mixture viscosity), which may be representative of the most glassy crystal rich (vesicle free) lavas as
those found at Monte Amiata. The figure also reports (at 1012Pa s, in dash and dot thick gray) the line which
marks the glass transition, that is, at first approximation, representative of the limit of viscous flow of lava
flows [70]. In all cases, the calculated volcanic mixture viscosities estimated in the temperature interval (900–
1070°C) are well below the flow limit as above defined. Both GM and TR, at any crystal and water content
conditions in the (800–900°C) temperature interval, mostly fall below Tg and, only at the very lowest T, they
overpass it.
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5. Discussion

5.1 Distinguishing silicic lavas from welded tuffs and rheomorphic ignimbrites

Several scholars have attempted to compare and define diagnostic textures and
structures to explain how silicic lava flows differ from high-temperature pyroclastic
density currents (welded and/or rheomorphic ignimbrites) (e.g., [11, 15, 71, 99]). In
this section, we discuss the geological and volcanological features (field physical
features and rock’s textures and structures) that support the interpretation of
trachydacite sheet-like silicic flows of Monte Amiata as lavas and reject the attribution
as welded ignimbrites and rheoignimbrites deriving from the emplacement of pyro-
clastic density currents emitted during a single large explosive eruption.

In Table 6, we summarize (i) the diagnostic depositional characteristics of ignim-
brite [1, 118–120] that have not found in Monte Amiata trachydacite SLLFs despite
careful search, and (ii) the discriminating internal textures and structures of the
Monte Amiata trachydacite SLLFs that help to identify them as silicic lava flows
[12, 121–123].

In conclusion, the volcanological observations, the field geological evidence, and
the petrographic analyses performed on the trachydacite SLLFs of Monte Amiata are
consistent with a genetic interpretation by effusive eruptions, which gave rise to long
and extensive silicic lava flows.

5.2 Defining a model of silicic lava flows (SLLFs) for Monte Amiata trachydacite

Observations and models on silicic lava flows have been mainly carried out on
small rhyolite obsidian domes and coulées [9, 87, 89] that have some characteristics
that were extended to other silicic lavas. The idealized structural model of rhyolite
lava flow [92] consists of three principal zone: (1) a basal pyroclastic deposit emplaced
during the initial phase of the eruption, (2) a lava dome or short flow formed by the
relatively quiet effusion of magma, and (3) an envelope of carapace breccia that grows
around the molten core of the lava body as the chilled and brittle outer crust breaks in
response to internal expansion and growth. The lava body is further subdivided in a
vertical sequence of: basal part composed of breccia of pumice and obsidian blocks,
interior part composed of either coarsely vesicular pumice, coherent even flow-
foliated glassy obsidian, and finely vesicular pumice, and surface breccia [89].

More recently, a certain number of studies have been carried out so far it concerns
the emplacement mechanisms of very large lava flow sequences in the Brazilian sector
of the early Cretaceous Paranà Etendeka Magmatic Province (PEMP) [19–21]. Appar-
ently, these huge effusive silicic sequences (> thousands of km3) were not accompa-
nied by explosive activity. The same authors have invoked mechanisms, which
explain the emplacement of the investigated lava flows as mainly due to the emission
of degassed dacitic and rhyolitic low-viscosity lavas.

The peculiarity of Monte Amiata sheet-like trachydacite lava flows appear to have
some point in common with those found in the products reported in the PEMP and,
with respect to other described silicic flows, their main features, without considering
the greater length of the SLLF, are as follows:

a. Absence of tephra or air-fall pumice deposits testifying explosive activity
associated with the lava emplacement. Commonly, sequence of explosive
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Textural discriminating characteristics Diagnostic value

Features distinguishing SLLFs from ignimbrite

Fragmentary vitroclastic textures (bubble-wall
shards, small pumice fragments, fiamme) none
observed.

Even in the very densely welded ignimbrites
occurrences of shards and pumice are generally
anyway recorded.

Evidence of welding not observed. Also in strongly welded tuffs, some remains of
welding textures are preserved due to vertical and
lateral gradation from completely non-welded to
fully welded facies.

Lithofacies do not record gradational changes in
texture and structure from near source to distal
areas of flow.

Adjacent to vent, ignimbrites show only particulate
flow facies varying from vitrophyric welded tuffs
and polygenetic lithic-rich breccia, and grade to
massive pumice-and-ash flows, and finally to mass
flows completely managed by gravity (lahars, debris
flow) [118–120].

Vertical and lateral association of facies, derived
from different eruptive and emplacement
mechanisms, but still generated by the same
explosive eruptive event, not observed.

Basal Plinian fallout, co-ignimbrite ash fallout, and
low-density pyroclastic flows can be present in the
basal, intermediate, and top parts of the ignimbrite
deposit.

Features indicative of effusive style of emplacement

Coherent texture with high content in phenocrysts
(40 vol%, [41]) in a homogenous transparent
vitrophyric or microcrystalline groundmass.

Texture indicating crystallization from a non-
particulate melt.

Very little vertical and lateral variation in mineral
paragenesis and chemical composition, within
individual trachydacite flows.

Textures indicating crystallization from a non-
particulate melt.

Fluidal texture due to well-developed crystals
lineation and elongated vesicles, preservation of
delicate-textured glomerocrysts.

Textures indicating effusion and spreading of lava;
in ignimbrites, the prominent development of
foliation is by flattening of pumice fragments during
welding.

Flow-layered structures due to banding (color,
lithofacies, and vesicularity), and parting along
flow planes.

Structures suggesting laminar flow of coherent lava;
layering is favored by shear near the base of the
flow.

Folding of flow bands, mainly at the flow front and
margins.

Suggests high viscosity of a non-particulate melt.

Small to large-scale mingling domains of obsidian
glassy, microcrystalline, and vesicular glassy
coherent lithofacies, in bands and lenses [75].

Textures indicating emplacement from a non-
particulate melt. In an explosive event, magma
mingling textures are destroyed by disruption of the
magma and exhibited only in discrete pyroclasts.

Small content (<10%) in broken crystals. The presence of low percentages of broken crystals
is therefore characteristic of silicic viscous lavas and
is interpreted as the response to shear stress during
laminar flow [121].

Lithic inclusions of mafic magmatic enclaves and
meta-sedimentary xenoliths of basement units that
were at a deep of about 6 km in the upper crust,
where the magmatic chamber formed [109, 122].

In ignimbrites, lithic fragments derived from the
disaggregation of the wall rocks by shallow
explosion [123] (near vent) or incorporation from
the ground during flowage (near base).

Basal and internal monolithologic autoclastic
breccia, composed of coarse scoria clasts or blocky
co-genetic lithic clasts in a sandy matrix with the
same composition as clasts.

Indicative of lava-like viscous flow rather than
particulate flow.
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eruptions of tephra preceding (and/or following) the extrusion of silicic lava
flows and domes is observed [89, 124]. In similar cases, the early-stage explosive
activity was considered functional to gas escape from magma and to the
subsequent effusive activity.

b. Absence of talus debris commonly mantling the steep front, margins (levées),
and surface (upper breccia) of silicic lava flows and domes and originating by
syn-eruptive rockfall of highly disrupted surficial portions of lava. This implies
that we cannot apply to Monte Amiata SLLFs the interpretation that the basal
breccia derived by the fracturing of the cooler, finely vesicular, pumiceous crust
during lava movement that fall off at the front and are overridden by the
advancing lava, forming a nearly continuous envelope around the more viscous
flow interior [89].

c. Some SLLFs show several lobe outflows (i.e., Pozzaroni; Figure 2) deriving
from the breakout of the lava front and margins, similar to basaltic lavas. This
process extended the lava field and suggests that the thick lavas are maintained,
even for a long time, substantially above the glass transition temperature,
representative of the temperature of flow halting [70], favoring their mobility
and the run-out of long distances [5, 6, 102].

d. A high porphyricity in a glassy fresh groundmass that is commonly not
devitrified and lacking of spherulitic texture, whereas most described silicic
lavas show aphyric or non-porphyritic glassy (obsidian or pumiceous) texture.

e. Absence of a quenched or highly vesicular crust.

f. No correlation is observed between area and slope values, suggesting that the
different areal distribution of SLLFs can be substantially independent from the
underlying morphology.

The recognition of large-volume, extensive silicic lava flow units at Monte
Amiata introduces questions regarding the mechanisms of emplacement. Into the
literature, the uncommon sheet-like silicic lava flows are related to the effect of
large erupted volume and the effectively lava heat retained due to a thick solidified

Textural discriminating characteristics Diagnostic value

Step flow front a few tens of meters thick with
ramp structures; and marginal flow lobes [12].

Indicative of lava-like viscous flow that suddenly
stopped; ignimbrite shows gradual thinning at edges
of unit.

Arcuate ogives on flow surface. Formed as folds while the lava was in motion;
viscosity decreases downward from the surface to
the interior of the flow.

Well-defined areal distribution of individual flows,
also in a relatively flat topography; several flows
ponded in paleo-valleys.

An ignimbrite would have inundated the flanks of
the volcano and climbed over many barriers.

Table 6.
Characteristics of Monte Amiata SLLFs supporting the interpretation as lava flows.
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crust, whereas the dome-forming eruptions of silicic lavas are related to low-
magma production rates [125].

Thanks to the direct observation of the events of silicic lava flow emplacement
occurred in historical time [2–7], we have understood that the emplacement of large
volume and great thickness silicic lava flows with high proportions of suspended
crystals should not surprise us.

In fact, it has demonstrated by [5, 6, 126] and, more recently, [19, 20], that the
large thickness of a lava flow constitutes the most efficient thermal barrier, which
reduces heat loss and allows to maintain the lavas at high temperature well above their
glass transition temperatures. This will favor, for years, or even for decades, in the
cases of the largest fluxes, the flow. To favor flow will favor other important pro-
cesses, such as the crystallization of the spherulitae and the contribution of the volatile
resorption [117, 127].

In conclusion, the unusual length and the main characteristics described above
(absence of related tephra deposits, absence of talus debris, presence of outflow lobes,
high porphyricity, glassy fresh groundmass, and absence of quenched or highly vesic-
ular crust) of the SLLFs of Monte Amiata may be referred to the high temperature,
high thicknesses, and relatively large volume of each one of these lava flows. In this
picture, morphological factors and volatile content seem to have played a minor role.

5.3 Volcano-tectonic and structural implication into the silicic volcanism
of Monte Amiata

At Monte Amiata, the association of silicic volcanism with transtensive shear zones
[45, 55] was significant in determining the volcanological character of the silicic
volcanism. In this work, we were able to define the near-vent features, buried under
younger units, and to infer the source area on the basis of thickness, physical features,
and distribution of Monte Amiata SLLF eruptive units. The vent area of SLLFs was
possibly identified with an eruptive fissure system located near the crest of the sum-
mit ridge and fed by linear dike swarms (Figure 2). A multi-vent source is recorded
by changes in location of eruption source (Figure 2).

Monte Amiata magmas were vented by faults related to regional transtension along
the Bagnore-Bagni San Filippo shear zone that has been active during the volcano
activity [45, 55], leading to dominantly effusive eruptions.

Referring to this structural framework, the SLLFs of Monte Amiata are put in place
following the ascent along a system of faults which in their upper portion define a
summit axial rift zone, rather than real volcanic conduits. The geometry of these
upwellings and the reduced quantity of gas present in the magma are probably the
main factors that inhibit the formation of a fragmentation surface [45]. While the
ability of this lava flows to maintain their viscosity, their anomalously high tempera-
ture for a long time determines the style of emplacement in long and thick lava flows.

6. Conclusions and future researches

The outstanding questions on Monte Amiata sheet-like trachydacite that we dis-
cuss in this work are mainly related to the interpretation of its eruption mechanisms
(effusive vs. explosive volcanism) that we have faced with an unprecedented physical
and volcanological characterization of the products and by comparing our results with
the updated models of ignimbrite and rheoignimbrite. The identification of several
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lava flow eruptive units (referring to different eruptive events and vents location)
having different stratigraphic position and composed of several flow units separated
by scoria or breccia beds is the first argument for this discussion. The second main
discussion point is the manner of flowing of single lava flows and the reasons for
producing the different volcanic facies and structures we observed and described. Our
results point out to a model for the formation of the Monte Amiata SLLFs which could
possibly be extended to other silicic composite volcanoes.

In major detail, our field-based study of the trachydacite SLLFs of Monte Amiata
supports these conclusions:

1.The volcanic deposits of Monte Amiata, both outcropping and present in the
subsoil of the volcano, recently crossed by deep drilling, are exclusively made up
of a set of silicic lava flows, lava domes, and associated coulées.

2.The SLLFs include different individual effusive eruptive units that are well
recognizable from each other and well traceable on the field. They have different
stratigraphic position in the volcanic succession that prevents to consider all
these lavas as coeval and/or emitted in a single episode of magmatic feeding and
eruption.

3.The arcuate ridges of trachydacite boulders present on the surface of SLLFs are to
be referred to pervasive phenomena of in situ paleo-weathering of lavas at the
expense of surficial fold structures (ogives).

4.The repeated presence of SLLFs at different levels of the stratigraphic volcanic
sequence implies that, during the geological history of the volcano, there have
been conditions for a recurrence of an eruptive mechanism emplacing long and
extensive silicic lava flows. This peculiar behavior of a silicic magma can possibly
be attributed to the ascent along eruptive fractures of batches of magma with low
gas content and anomalously high temperatures. These physicochemical
conditions enabled lavas to flow slowly but inexorably up to the distances
granted to them by the internal thermal balance. For this reason, the lavas
morphologically forced by valley incisions flow at major distances in proportion
to the others that flow unconfined (Table 1), because the greater thickness and
the smaller exchange surface with the soil and the atmosphere allow a greater
conservation of the temperature inside them. This temperature surplus could be
originally due to a higher value of the ratio between the temperature times the
volume of the melt still residing in the magma chamber and the temperature
times the volume of the more basic magma coming from the deep.

5.The tectonic control on the feeding system has meant that the magma supply was
managed by the activity of the various deep and superficial fracturing trends.
This type of control is able to create the conditions to inhibit the formation of a
fragmentation surface and generate an entire volcano through a succession of
exquisitely fissural eruptions in a regime of volcano-tectonic rift.

Looking to the future, the data still missing on Monte Amiata products are
represented by the quantification of the volatile content in magmas, and by the
definition of the silicic-magma/mafic-magma ratio characterizing the feeding of the
single events. Obtaining these further pieces of information will allow us to further
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refine the model presented here for the formation of SLLFs and, in a broader per-
spective, the model of the other lithofacies (lava domes and coulées) that have been
emplaced during the various phases of the life of the completely silicic Monte Amiata
volcano.
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Chapter 6

Catastrophic Processes in River 
Valleys of Volcanic Regions: 
Geomorphologist’s Point of View
Ekaterina V. Lebedeva

Abstract

The river valleys located in volcanic regions are prone to various catastrophic  
processes, including those catalyzed by eruptions. First, to be mentioned among 
them are volcanic mudflows known as lahars. They commonly result from melting 
of ice, snow on the mountaintop, and rainfalls immediately following the eruption. 
This sequence of catastrophic events—“eruption-volcanic mudflow”—is quite 
common and has been well studied. When viewed closely the mud and debris flow 
in the volcanic regions appears to be brought on by various causes, with many 
factors and agents involved. Quite commonly, an eruption triggers not a single 
endo- or exogenic event, but a sequence of interrelated catastrophes following one 
after another. The studied cases allow identifying and describing up to two tens of 
probable scenarios—successions of catastrophic events in river valleys of the vol-
canic regions. The specific chain in any particular case depends on volcanic activi-
ties and accompanying events, such as seismic shocks, changes in local topography, 
hydrothermal activity, and erosion. The river valleys and adjoining areas are the 
most hazardous and vulnerable areas within as much as a few kilometers from the 
eruption center as the erupted material tends to accumulate in valleys and rapidly 
transported downstream.

Keywords: lava flow, pyroclastic material, gas-hydrothermal manifestations, valley 
infilling, dammed lake, mudflow, river network restructuring

1. Introduction

Catastrophic geomorphic processes in river valleys of volcanic regions (as well 
as in nonvolcanic ones) may result from various natural events, such as floods 
due to high-intensity rains, fast snow melting, or a water breakthrough from lake 
dammed by landslide or rockfall bodies. The areas of the present-day volcanicity 
are distinct for yet another catastrophe catalyst in river valleys: endogenic factor, 
primarily volcanic eruptions. The latter are often responsible for the descent of vol-
canic mudflows—lahars—related to melting of glaciers, snow caps on the volcanic 



Updates in Volcanology - Linking Active Volcanism and the Geological Record

146

cones, or abundant rainfalls. Among them, there is a notorious lahar developed at 
the Nevado del Ruiz volcano eruption in Columbia (Figure 1) in 1985 and killing 
23,000 people [1].

As summarized by Ref. [2], more than 200 million people are living in settle-
ments within 200 km distance from active or potentially active volcanoes, that is, 
within the zones of immediate danger. Most of the towns and settlements within that 
zone are either confined to river valleys or located in close vicinity to them. As seen 
from the statistics cited by the specialist, 17% of human deaths during the eruptions 
result from lahars that occur typically in the river valleys, and another 27% from 
the pyroclastic flow, the maximum thickness of the latter being usually confined to 
topographic lows. So, the maps of endangered areas show as a rule river valleys and 
adjoining territories as the most hazardous, even in case they are at a considerable 
distance from volcanoes, see maps of volcanic regions Avachinsky [3] and Mendeleev 
[4] volcanoes (Kuril-Kamchatka region of Russia - See Figure 1), Merapi (Indonesia) 
[5], and many others (Figure 2). A good example is Chaiten town (Chile) partially 
destroyed because of the descent of the lahars along the Blanca River valley in 

Figure 1. 
Location of the volcanoes, mountains, and other objects described in this paper (yellow circles; numbering 
corresponds to the mentioned order in the text): 1 - Nevado del Ruiz volcano (vlc.), Columbia; 2 - Avachinsky 
vlc., Kamchatka, Russia; 3 - Mendeleev vlc., Kunashir Isl., Russia; 4 - Merapi vlc., Indonesia; 5 - Chaiten vlc., 
Chile; 6 - Vesuvius vlc., Italy; 7 - Spurr vlc., Alaska, USA; 8 - Bezymyanny vlc., Kamchatka, Russia; 9 - Eastern 
Sayan Mountains (Mnts.), East Siberia, Russia; 10 - Khamar-Daban Mnts., East Siberia, Russia; 11 - Pampas 
Onduladas lava flow, Mendoza, Argentina; 12 - Ksudach caldera, Kamchatka, Russia; 13 - Shiveluch vlc., 
Kamchatka, Russia; 14 - St. Helens vlc., Washington, USA; 15 - Grimsvötn vlc., Iceland; 16 - Katla vlc., 
Iceland; 17 - Akademia Nauk caldera, Kamchatka, Russia; 18 - Ruapehu vlc., New Zealand; 19 – Numazawa 
vlc., Japan; 20 - Kuril Lake caldera, Kamchatka, Russia; 21 - Mutnovsky vlc., Kamchatka, Russia; 22 - Agua 
vlc., Guatemala; 23 - Kelud vlc., Indonesia; 24 – Laachen see vlc., Germany; 25 - Uson-Geysernaya caldera, 
Kamchatka, Russia; 26 - Anyuyskiy vlc., Chukotka, Russia; 27 - Undara lava flow, Queensland, Australia; 
28 - Hawaiian islands, USA; 29 - east African rift zone (Nyiragongo vlc., Congo); 30 - Sikhote-Alin’ Mnts., 
Far East, Russia; 31 - East Manchurian Mnts., Far East, Russia; 32 - Klyuchevskoy vlc., Kamchatka, Russia; 
33 - Cotopaxi vlc., Ecuador; 34 - Fuego vlc., Guatemala; 35 - Taupo volcanic zone, New Zealand; 36 - Sarychev 
peak vlc., Matua Isl., Russia; 37 - Tolbachik vlc., Kamchatka, Russia; 38 - Parinacota vlc., Chile; 39 - Shasta vlc., 
California, USA; 40 - Casita vlc., Nicaragua.
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2008–2009 during the Chaiten volcano eruption. The areas of the town directly adja-
cent to the river suffered the most (Figure 3). Areas closer to the volcano but further 
from the river were only partially covered with ash.

Figure 2. 
Schematic map of volcanoes impact zones: 1 - river valleys originating on the volcano: Lahars, floods, and 
pyroclastic flow dominate; 2 - volcano foot: Pyroclastic flows, hot avalanches and lahars, lava flows, and toxic 
gas emissions dominate; 3 - volcano slopes: Frequent impact of pyroclastic and lava flows, rockfalls, toxic gas 
emissions, and formation of extrusive domes; 4 - settlements; 5 - agricultural land; and 6 - forests.

Figure 3. 
The Chaiten town (Chile) was demolished by lahars in 2008–2009 after Chaiten volcano eruption (see Figure 1, 
No 5). Buildings on the Blanco river banks: A - left bank, b - right bank. White arrow—Lahar deposits (2010, here 
and thereafter all photos are courtesy of the author unless stated otherwise).
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The sequence of catastrophic events—“eruption-volcanic mudflow (lahar) 
descent” is well studied and quite common [2, 6–12], etc. To take one example, A. 
Neri and his colleagues [13] considered 12 scenarios of potential eruptions of Vesuvius 
volcano different in type and the subsequent development of catastrophic processes 
on its slopes; the specialists arrived at the conclusion on the probable lahar descent in 
eight cases. There is a commonly accepted distinction made between primary (or hot) 
mudflows immediately following the eruption and secondary (cold) ones that may 
occur a few decades after it. It should be noted that mudflows could form even on the 
slopes of extinct volcanoes under favorable conditions (steep slopes, loose material 
abundance, etc.).

When viewed more closely, the catastrophic processes in river valleys of volcanic 
regions display a considerable diversity of factors accountable for mudflow forma-
tion; besides, the spectrum of hazards is notably wide. Quite frequently, an endogenic 
event—an eruption—entails not a single catastrophic (endo- or exogenic) process, 
but a series of interrelated and sequentially developing catastrophes, that is, a cascade 
of hazardous processes.

Good examples are described in Ref. [14], where lahars associated with 1953 and 
1992 eruptions of the Spurr volcanic complex descending along Crater Peak Creek 
(Chakachatna River tributary, Alaska, USA—— see Figure 1) blocked the main river 
with the formation of dammed lakes of quite impressive volumes (from 3.2 to 12 x 107 
m3). The destruction of temporary dams and the descent of lakes led to debris flows. 
The author concludes that the formation and failure of debris dams is a common 
process in this river valley and a consequence of pyroclastic eruptions of the Spurr 
volcanic complex.

This work is aimed at the analysis of the causes and subsequence of the 
hazardous phenomena in river valleys of the volcanic regions with different 
types of volcanic and post-volcanic activity. The methodology used is based on 
a thorough analysis of high and ultra-high-resolution satellite images followed 
by field geomorphological observations, including the study of the relief and 
geological structure of the territory, loose sediments, and bedrock. In key areas, 
a morphometric analysis of the longitudinal and transverse profiles of the valleys 
was carried out, and deposits of lahars and mudflows, dammed lakes, fragments 
of destroyed dams, and their genesis were studied. An important stage was 
the critical analysis of literary sources. The identification of connections and 
interdependencies of geological phenomena and chains of catastrophic geomor-
phological processes under conditions of the dominance of various types of vol-
canism—effusive, explosive, volcano-tectonic phenomena, and gas-hydrothermal 
processes—made it possible to create a classification scheme of catastrophic 
processes in volcanic regions river valleys. In the process of creating the scheme, 
the types of predominant volcanism, the nature of the volcanic material and the 
types of its movement, concomitant factors, and the sequence of catastrophes 
were identified. The cases studied by the author during her geomorphologic field 
survey in the volcanic regions of Russia and abroad as well as the literature analy-
sis made it possible to identify up to two tens probable scenarios—successions of 
catastrophic events in river valleys (Table 1). In every case, the type of endogenic 
factor and specific features of its manifestation were taken into consideration, 
along with specific environmental characteristics (geology and geomorphology, 
hydrology, climate, and glaciation). The results may be important for the purpose 
of forecasting dangerous event, and for protecting people against endogenic 
natural disasters.
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2. Chains of catastrophic events in river valleys of volcanic regions

The river valleys in volcanic regions often originate on slopes of volcanic cones. 
In their uppermost reaches, they have a look of erosional hollows (“barrancos” in 
Spanish). If a river flows in a fault zone with eruption centers of its own (moderate-
size shield volcanoes), the latter appears to be within the valley itself. Such phe-
nomena may be seen, for example, in the upper reaches of the Bolshoy and Maly 
Yenisey, in the Jom-Bolok (Zhom-Bolok) river valley in the Eastern Sayan mountains 
(Southern Baikal volcanic region, Russia) [15–17], in the Bolshoy Anyuy river valley 
in Chukotka (the Northeast of Russia—see Figure 1) [18].

In either case, an effusive eruption may result in the river valley being filled 
with lava flow, sometimes over a length of tens and even more than one hundred 
kilometers. The basalt flows of the Middle Pleistocene age—among them Undara 
(Queensland, Australia) and Pampas Onduladas (Mendoza, Argentina), both up 
to 160–170 km long are recognized as the longest-Figure 1) [19, 20]. There is a lava 
flow which is greater in size in the Maly Yenisey river valley (Eastern Sayan moun-
tains, Russia)—it is 175 km long, up to 1.5 km wide, and its volume is estimated at 
40–50 km3 [16]. The youngest basalt flow comparable to the above-named in length 
(~140 km) is Thjorsa (Þjorsa, Iceland) [21] dated to the Holocene. Another lava flow 
of young age (about 13 ka BP) is the Jom-Bolok (Eastern Sayan mountains, Russia—
see Figure 1) [22, 23]: it is 70 km long, up to 2 km wide, and as much as 150 m thick. 
The formation of flows of such a length is possible during the outpouring of liquid 
basaltic lavas and at significant flow rates. It is known that, for example, in the recent 
eruptions on the Hawaiian islands and in the east African zift Zone (Congo) the lava 
flows moved at a rate of 40 and up to 100 km per hour [2].

Under conditions of a heavily dissected topography, lava flows tend to fill river 
valleys. In case the land surface is relatively flattened, the lava flow may be inconsis-
tent with valley direction, as we can see with Undara (Queensland, Australia) and 
Thjorsa (Iceland) basalt flows [19, 21]. Lavas may flow across flat-bottomed shallow 
linear hollows, cover low watersheds, and form dams of a kind; as a result, the river 
appears completely dammed or its flow is forced aside. A phenomenon of that type 
has been described in the Colorado river valley (Mendoza province, Argentina), 
where El Corcovo lava flow blocked the river ~840 ka BP; later the stream formed a 
new incision about 1 km south of its former position [24].

As to morphologically distinct valleys, they may be completely or partially filled 
with lava, with both mainstream and its tributaries dammed. Because of the main 
river displacement and tributary valleys partly flooded, dammed lakes develop as 
we can see in the Bolshoy Anyuy river valley in Chukotka (the Northeast of Russia) 
[18]. They may be considerably deep (up to tens of meters), depending on the initial 
topographic dissection and the lava thickness. For example, dammed lakes 50–70 m 
deep existed in the lower parts of the Maly Yenisey tributaries (Eastern Sayan moun-
tains, Russia—see Figure 1). Sedimentary sequences, including lava series, studied 
in the Maly Yenisey valley, provided evidence of dammed lakes having been common 
enough in the main valley and its tributaries; the subaqueous outflow of lava resulted 
in pillow lava and hyaloclastite formation [16].

The lakes of the Jom-Bolok drainage basin (the largest of them—Khara-Nur—is 
approximately 9 km2 in area) are drained under the lava at present (Figure 4) [25, 26].  
In case such drainage is impossible, or it is less than the volume of water entering 
the lake, there may be several scenarios of further events. For example, the dammed 
lake may overflow into an adjacent valley, or even into another drainage basin [27]. 
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A similar situation periodically occurs in the upper reaches of the Jom-Bolok river, 
where the Khara-Nur Lake flows into the neighboring Bolshoy Yenisey river basin dur-
ing periods of increased moisture. Examples of such river network restructuring are 

Figure 4. 
Jom-Bolok lava flow (light gray), volcanoes (red), and dammed lakes (blue): 1 - existing lake Khara-Nur,  
2 - drained paleolake Zun-Ukhergei. White dotted line—Watershed between the Oka and the Bolshoy Yenisey 
rivers basins (Eastern Sayan mountains, Russia—See Figure 1, No 9).

Figure 5. 
Destroyed lava dams: A - the Hvita river, Iceland (2014); b - the Oka river, Eastern Sayan mountains, Russia 
(Figure 1, No 9). White arrow—The place of destroyed dam (2019, UVA photo courtesy by V. Pellinen).
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described also in Ref. [28] for the Sikhote-Alin’ and the East Manchurian mountains 
(Russia-see Figure 1).

The lava dam may be also eroded completely or partly by the stream [27, 29, 30]. 
The remains of lava dams and traces of drained reservoirs have been preserved in the  
valleys of the river Oka, Dzhida, and many others. Jom-Bolok lava flow dammed 
Oka river with Zun-Ukhergei paleo-lake formation (Figure 5). In any case, an active 
erosion (downcutting) would initiate a mud- or debris flow descent in due course in 
the valley.

Explosive eruptions are more diversified in their consequences. Practically each of 
them is accompanied by an ejection of considerable volumes of pyroclasts. The ejecta 
volume at colossal explosive eruptions (VEI-6) exceeds 10 km3 and may be more than 
1000 km3 during mega-colossal ones (VEI-8); the latter are relatively rare (about 
once in 50 thousand years). They usually result in development of ignimbrite mantles 
covering the pre-eruption surface and forming plains over an area of hundreds 
and thousands of square kilometers. More common are relatively small eruptions, 
though they also can produce practically instantaneous changes in local topography. 
During the Shtyubel cone (Ksudach caldera, Kamchatka, Russia) eruption in 1907, 
for example, the volume of ejected pyroclastics is estimated at 1.5 to 2 km3; the tephra 
thickness varied from 0.5 to 3 m (Figure 6a) both in the immediate vicinity of the 
eruption center in the Ksudach caldera and at a distance of a few tens of kilometers 
from it (in the direction the wind was blowing during the eruption) [31].

In the late 1950s, Bezymyanny volcano (Kamchatka, Russia) ejected as much as 
3 km3 of tephra; the deposits formed a cover up to 40 m thick over an area of 70 km2 
and as thick as 40 cm over almost 500 km2 [32, 33]. In explosions, blocks weighing as 
much as a few tons may be ejected as far as up to 300 m from the vent of ejection, those 
weighing a few kilograms—over a distance of 3–6 km [2], and the smaller-size ones 
may be thrown as far as 20 km [34]. The ash layer more than 30–40 cm thick would 
cause drying up or loss of vegetation [35], that is, in turn, has an effect on the erosion 
and slope processes [36, 37]. Ashfalls introduce noticeable changes into the local topog-
raphy, reducing slope steepness and changing soil characteristics. The pyroclastic layers 
deposited over river valleys and watersheds may result in essential changes in the valley 
network pattern, as the new erosional landforms would develop in accordance with the 
new relief (Figure 6b) and may disagree with former valleys.

The pyroclasts ejected during an eruption are noted for high porosity and, con-
sequently, for lightness, so that the material may be easily transported by wind and 
water and concentrates gradually in topographic lows (primarily in river valleys). 
Abundant rainfall or snow melting bring about the descent of mudflows (with solid 
ingredient proportion of more than 60%) or hyper-concentrated flows, with propor-
tion of solid ingredient between 20 and 60%, which gradually transport pyroclastic 
material downstream (Figure 6c). That is best illustrated by a concrete example of 
Bezymyanny volcano (Kamchatka, Russia) eruption on March 30, 1956: the ejected 
pyroclastic induced an active snow melt that resulted in mudflows up to 75–85 km 
long formed in the Sukhaya Khapitsa valley on slope of the Klyuchevskoy volcano 
(Kamchatka, Russia) [38].

Lahar deposits are usually accumulated at the base of the volcano slopes; the length 
of the flows may be considerable, up to 185 km (Kelud volcano, Indonesia, 1919) and 
even as great as 300 km (Cotopaxi volcano, Ecuador, 1877). Traces of lahars have been 
recorded on most of the active volcanoes of the world having typically the explosive 
type of eruptions (Figure 7a): to take a few examples, there are 22 events of that kind 
recorded on Cotopaxi slopes in sixteenth-nineteenth centuries [39]; 20 glacial-volcanic 
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mudflows are known to occur on the Klyuchevskoy slopes (Kamchatka) in 1737 
to 2008 time interval; there are 11 stages of large mudflows composed of melted 
snow and volcanic materials, which descend by the valleys on Shiveluch volcano 
(Kamchatka, Russia) southern slopes (the Kabeku, Bekesh, Baydarnaya, Kamenskaya, 

Figure 6. 
Water redeposition of pyroclastic material: A - slopes with gullies in pyroclastic cover (Ksudach caldera, 
Kamchatka, Russia, 2016—See Figure 1, No 12).); b - St. Helens volcano slopes with newly formed valleys in 
pyroclastic flow deposits (USA, 2018—See Figure 1, No 14); and c - modern lahars deposits in the Lagernyi creek 
valley (Ksudach caldera, Kamchatka, Russia, 2016).
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and other rivers) from 1854 to 2009 (Figure 7b) [11]. An eruption of the small Chaiten 
volcano (Chile) in 2008–2009 was responsible for three lahars; one of them (May 
2009) inflicted damage on the city of Chaiten (Figure 3). Observations performed 
in valleys around volcanoes [2] proved that the valley bottom may be hazardous for 
a considerable length of time (several decades) after the eruption because of a lot of 
the unconsolidated sediments within and the expected subsequent lahar events in the 
valleys.

Quite often explosions occur not only with the ejection of pyroclasts but also with 
partial demolition of the volcanic cone. Even in the case of a small-size volcano, when 
its top is blown off, large blocks are scattered, and adjoining valleys may be dammed 
with coarse material. That often results in a dammed lake formation or in rising 
of the preexisting lake level. Such a case was recorded, for example, in 1907 in the 
uppermost reaches of the Teplaya river (Ksudach caldera, Kamchatka, Russia). Later, 
when the dam is broken (Figure 8), a mudflow descent occurs inevitably, which is 
confirmed by the presence of a large fan at the river mouth. Intracaldera lake breakout 
floods have been identified in the Taupo volcanic zone (New Zealand) also [40].

One-sided destruction of the volcanic cone during eruption—the so-called 
directed blast (or more neutral term - sector collapse)—is often accompanied by a 
debris avalanche development (see Table 1). As a result, non-sorted debris is depos-
ited on the part of slope the explosion had been directed at. As noted by Ref. [34], 
the rock fragments may be thrown off over a distance of 29–30 km. A large debris 
avalanche goes as far as 85 km from the cone failure and covers an area of 100 to 
1000 km2 [2]. The resurgent material may either infill river valleys completely over a 
considerable length or build up dams there. The case of a valley infilling was recorded 
during the Bezymyanny volcano eruption (Kamchatka, Russia) in 1956 when valleys 
on the eastern slope of the mountain were filled with debris and ejecta over a length 
of a few kilometers [32]. When streams resumed their activity, a series of copious 
mudflows developed and brought the material onto the right side of the Kamchatka 
river valley [38]. Debris avalanches in the Chakachatna river valley (Alaska, USA) 
resulted in the formation of long dams and dammed lakes with depth up to 150 m 
[14]. Not-so-huge lakes were formed in valleys around St. Helens volcano after 1980 
eruption (Figure 9a). The avalanches descent during the Holocene Shiveluch volcano 
eruptions (Kamchatka, Russia) brought about a radical restructuring of the valley 
network: the Kabeku river captured a parallel water stream blocked with large blocks 
of the avalanche (Figure 9b) [41].

Figure 7. 
Lahars: A - on the Fuego volcano slope (Guatemala, 2013—See Figure 1, No 34); b - in the Kabeku river valley 
(Shiveluch volcano foot, Kamchatka, Russia, 2013—See Figure 1, No 13).
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In explosive eruptions, a heavier part of the eruptive column may form pyroclastic 
flows—a mixture of burning hot (often above 600–700°C) blocks, ash, and volcanic 
gases. They descend from the eruptive vent downslope at a rate of 100 m/s or more 
[2] mostly following valleys of streams dissecting the slopes. There are known 
occasions when pyroclastic flows rose upstream valleys passing over the mountain 
ranges enclosing caldera; such a case was reconstructed [42] to have occurred dur-
ing the latest caldera-forming eruption of Ksudach volcano (Kamchatka, Russia) 
1725 yr. BP (Figure 10a). As a result, the valleys turn out to be filled with pyroclasts; 
later the loose pyroclastic mantle was eroded, and mudflows arose. The pyroclastic 

Figure 8. 
A fragment of a destroyed debris dam (white arrow) at the source of the Teplaya river cause a rise in the level of 
Ksudach caldera’s lakes by 15 m (white dotted line) after the eruption of 1907. The black dotted line shows the top 
of the Shtyubel cone destroyed by the 1907 explosion (Kamchatka, Russia, 2016—See Figure 1, No 12).

Figure 9. 
Debris avalanches impact: A - dammed Coldwater lake in the Coldwater Creek valley with hummocky relief 
remnants (white arrow) as islands (St. Helens volcano, USA, 2018—See Figure 1, No 14); b - a debris avalanche 
deposits with soil-pyroclastic cover in Kabeku river valley (Shiveluch volcano, Kamchatka, Russia, 2013—See 
Figure 1, No 13).
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flows affect great areas, up to ten and hundreds of square kilometers. After Shiveluch 
volcano eruption (Kamchatka, Russia) in 1964, the affected area was 45.5 km2 [43]. 
In the succeeding years, the flows repeatedly descended by the stream valleys of the 
southern slope, and their length varied between 8 and 28 km [44]. Pyroclastic flows 
are known, however, to be as long as 100 km [1, 34].

On entering a valley, a pyroclastic flow covers its floor completely and, in common 
with lava flows, forms a convex transversal profile. On the Shiveluch volcano, the pyro-
clastic flow deposits (Figure 10b) vary between 2 and 5 m and 40 and 50 m [43–45]. 
The deposits may be loose or welded (as pumice and ignimbrites). Accordingly, the 
former is more easily destroyed by erosion and mudflow formation. Pumice and 
ignimbrite flow during caldera collapse often form plains over pre-existing landforms. 
However, they are seldom marked by considerable durability and their surface is often 
dissected by erosion to a stage of badland (Figure 10c).

In common with lava flows, the pyroclastic ones may block the tributaries at their 
entering the main valley and form dammed lakes (Figure 11a). The pyroclastic dams, 
however, are not very strong and may be broken by erosion and mudflows within a 
few years after the eruption. Such was the case of the southern slope of Shiveluch 
volcano (Kamchatka, Russia) [45]. As the streams are usually overloaded with loose 
pyroclasts, the deposition rate in the lakes is rather high; to take but one example, 
a series of horizontally stratified sands more than 6–7 m thick accumulated in the 
dammed lake at the Sukhoy Bekesh river per 3 years (Figure 11b). The lakes dammed 
by ignimbrites are long-lived and large, and their depth may be as great as 100 m like 
in Tadamy river-dammed lake (Japan). But this ignimbrite dam also was destroyed 
with debris (mud) flow formation along a river valley 150 km long [46]. Similar 
situations with ignimbrite dams were also reconstructed by [40] for Tarawera lake in 
Taupo volcanic zone (New Zealand).

During the observation period of the Shiveluch volcano activities (1964–2013), 
the lahar descent was always preceded by the pyroclastic flow eruption. This fact 
led I.B. Seinova and her colleagues [47] to the conclusion that the pyroclastic flows 
is a trigger mechanism in the lahar initiation. In 2009, the eruption of Sarychev 
peak volcano (Matua Isl., the Kuriles, Russia—see Figure 1, No 36) produced eight 
pyroclastic flows, which subsequently gave rise to seven mudflows (lahars) [48]. 
A regular lahar formation has been recorded after Merapi volcano (Indonesia) 
eruptions usually accompanied by pyroclastic flows. Ten out of 18 largest streams 
originated on the volcano became repeatedly the ways of lahar descent [5]. The 
studies of the pyroclastic flow deposits on St. Helens volcano showed that the pyro-
clastic flows (or pyroclastic density currents–PDC) exert a noticeable erosive effect 
on the substrate [49], particularly in case they move downward by linear hollows on 
steep volcanic slopes. Avulsions, riverbank erosion, and riverbed downcutting were 
presented as lahars geomorphic impacts at Merapi volcano river valleys after the 
2010 explosion [5, 50].

After a large eruption accompanied by pyroclastic ejection, the solid runoff of 
rivers in volcanic regions may be several orders of magnitude greater than before the 
eruption, that is distinctly seen in the graphs constructed for Kamchatka and Tolbachik 
rivers (Kamchatka, Russia) [51]. According to Ref. [2], after St. Helens eruption in 
1980, the annual solid runoff of rivers in the vicinities increased by a factor of 500, 
and even 20 years after the event the annual suspended load increased ~100 times as 
compared with the value before the eruption. The streams flowing from volcanoes 
are usually overloaded with rock debris varying in size, and great volumes of pyro-
clasts (including that redeposited by lahars) are to be transported by the rivers [52]. 
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Figure 10. 
Pyroclastic flow (PF) deposits: A - traces PFs (black dotted lines) expand upstream (upslope) passing over the 
mountain ranges enclosing Ksudach caldera (2016); b - burnt birch trunks in a pyroclastic flow in Kabeku river 
valley, Shiveluch volcano (2013); and c - dissected Holocene pyroclastic plain near Kuril lake caldera (2016); all 
photos—Kamchatka, Russia (see Figure 1, No 12, 13, 20).
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Observations in the valleys of the Kabeku and Bekesh rivers (the Shiveluch volcano 
slopes, Kamchatka, Russia) allow us to conclude that the frequent descent of lahars 
causes many changes not only in the nature of the runoff but also in the morphology of 
the valleys in the areas of their deposition.

In case the eruption occurs in a lake (within caldera or in a dammed water body in 
a valley), or in its immediate vicinity, no matter if it is underwater or above, it results 
in the water expulsion from the lake and a mudflow descent from the slopes or along 
the valley. According to Refs. [6, 7, 9, 12, 40], the generation of eruption-triggered 
lahars by the ejection of water from lakes is widespread in New Zealand and in other 
regions of the world. Since 1861 a lot of lahars have been generated from the Crater 
lake on Ruapehu volcano. The evidence of such phenomena is traceable in the Teplaya 
river valley (Ksudach caldera, Kamchatka, Russia) and in valleys of other rivers flow-
ing out of volcanic lakes [53]. A subaqueous explosive eruption was observed in 1996 
in Karymsky lake (the Akademia Nauk caldera, Kamchatka) with a series of tsunami 
to 15 m high and breakthrough floods from lake along Karymskaya river valley [54]. 
Then, at the source of the river, a dam of pyroclastic material arose, which after a few 
months was broken through with the descent of the lahar.

In the regions of the continental ice sheet, the eruption taking place under a 
thick ice cover may create giant outburst floods of meltwater known under the name 
of jökulhlaup. At present, they are known to occur in Iceland [55, 56]; during the 
Quaternary cold intervals, they seem to have happened in Kamchatka [57], as well as 
on the east Tuvinian lava upland (Eastern Sayan mountains, Russia—see Figure 1) 
[58] and in other volcanic regions of midlatitudes. When an eruption takes place under 
glacier, the meltwater forms a subglacial water body under considerable pressure; sub-
sequently, the ice may subside and an outburst flood occurs accompanied by the abrupt 
release of great volumes of water, ice fragments, and stone debris being transported 
over a large distance, particularly along river valleys. Enormous volumes of water 
involved in the process account for the great scale of the phenomenon. For example, 
the length of the flows, their rate, and the transported material volume exceed the 
characteristics of lahars by orders of the value. For example, the Katla volcano erup-
tion under Myrdalsjökull glacier in 1918 induced a jökulhlaup of 8 km3 volume and a 
flooded area of 600–800 km2. Those flows maybe 20 to 70 m deep and 8–9 km wide. 
No river channel can hold a great volume of water. Quite often, the passage of the flood 
causes changes in topography and a large-scale restructuring of river network. That 

Figure 11. 
Dammed lake between two pyroclastic flows (a - the Kabeku river valley) and destroyed dammed lake deposits 
(b - the Bekesh river valley), Shiveluch volcano slopes, Kamchatka, Russia (2013—See Figure 1, No 13).
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may be illustrated by a case of a subglacial eruption of Grimsvötn volcano in 1861 when 
the Skeidara river channel was displaced westward by 13 km [56, 59, 60].

Quite often volcanic eruptions are accompanied by volcanic-tectonic manifesta-
tions, such as appearance of fissures and deformations of the land surface (uplift or 
subsidence of the land surface by a few meters); less common are collapse calderas. 
We mentioned above that during the formation of calderas, not only the river valleys 
are filled with pyroclasts, but also the formation of flat areas around the calderas, 
where pyroclastic flows overlap the original relief (Figure 12). The abundance 
of pyroclastic material favors the descent of lahars along the newly formed river 
network (see Figure 10); however, the influence of caldera formation on valleys is 
not limited to this.

The changes in topography may lead to deformations of valleys’ long profiles, 
to displacement or restructuring of the river network. Earlier we described such 
changes observed in the Ksudach caldera complex (Kamchatka, Russia); among them 
are reconfigurations of the valleys’ lowermost reaches after the caldera collapse in 
1725 (the date is given after [61]), and the stream network restructuring induced by 
Shtyubel cone growth [29, 30]. The changes in the river network structure accom-
panying volcanic activities or resulting from them are also catastrophes of various 
scales; they are often accompanied by outbursts or spillover of dammed lakes and the 
subsequent descent of mudflows. So, the growth of the Shtyubel cone led to a change 
in the longitudinal profile of the Lagernyi creek with the formation of a lake, when 
overflowing and discharging water, a mudflow was formed.

The rapid extrusion growth can also provoke catastrophic processes in the 
valleys. So, about 1600 years ago [41] because of the giant blocks collapse of the 
actively grown extrusion Dikiy Greben’ (Kuril Lake caldera, Kamchatka, Russia), 

Figure 12. 
The fragments of the pyroclastic plain around Ksudach caldera (white arrows) with Teplaya river valley 
(Kamchatka, Russia, 2016—See Figure 1, No 12).
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the Ozernaya river valley flowing from the Kuril lake was blocked (Figure 13). Lavas 
large blocks can be traced on the left side of the valley and in the riverbed in its upper 
reaches. The wreckage is characterized by numerous cracks that arose because of their 

Figure 14. 
New dammed lake in the Vulkannaya river upper reaches after the collapse of the Mutnovsky volcano crater wall: 
Thin white arrow—Direction of rock fragments displacement, thick arrow—The new dam (Kamchatka, Russia, 
2021—See Figure 1, No 21).

Figure 13. 
Dikyi Greben’ extrusion (a - black arrow) and giant blocks (white dotted lines)—Traces of it collapse;  
b - destroyed dam (white dash line) in the Ozernaya river valley (Kuril Lake caldera, Kamchatka, Russia, 
2020—See Figure 1, No 20).
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fall at more than 2 km. According to our estimates, the dam height reached 20 m and 
its destruction was inevitably accompanied by a debris flow.

Among the factors contributing to the hazardous processes in river valleys are the 
presence of unstable rocks (fissured, loose, or altered by hydrothermal processes), 
seismic shocks (even weak), or extremely heavy rainfall. There are well-known facts 
of debris avalanches, rockfalls, and other kinds of active mass wasting not only during 
the eruptions (as in the case of Shiveluch and St. Helens), but also long after them (as 
on volcanoes Parinacota in Chile, Shasta in California, Casita in Nicaragua, and others) 
[2]. Obviously, seismic events, both accompanying volcanism and directly independent 
of it, can cause the destruction of the crater lake walls or the body of a volcanic dam 
of various origins [53, 62]. In any case, these will lead to lake outbursts and mudflow 
descent. On the other hand, if an earthquake triggers a landslide, a new dammed lake 
may appear in the valley. In August 2021, we observed the consequences of a collapse 
on the northern wall of the crater of the Mutnovsky volcano (Kamchatka), where 19.08 
another dammed lake appeared and mudflow descended (Figure 14).

Large-scale geomorphic catastrophes may occur in valleys within the zones of 
hydrothermal activities. In those zones, rocks in the valley sides are densely fissured, 
essentially altered, and often turned into clay by the chemical weathering processes 
and water encroaching. The rocks’ hydrothermal weathering and moistening pro-
cesses stimulate a wide range of slope processes—rockfalls, landslides, slumps, flow 
slides. The hydrothermal clays distribution and the presence of the steam and thermal 
water outlets on the valley slopes favor the numerous displacements, resulting in the 
formation of the local multilevel landslide and block-slide terraces. In some cases, 
several tiers of similar terraces can be observed (Figure 15).

In such areas, there is a significant widening of the valleys due to active slopes 
flattening. At the same time, in the bottoms, there is an accumulation of the slope 
material, displaced because of landslides and collapses with the periodic blocking of 
the valleys and the formation of the temporary dams and the dammed reservoirs, in 
which the river sediments accumulate. The dams’ length can reach 500–700 m along 
the valley. The further slope and alluvial material transportation and redeposition 
occur mainly due to the debris flows, which are formed either directly during the 
gravity collapse, or during the dams’ destruction and the descent of temporarily 
dammed reservoirs. This is well confirmed by the observations carried out in the 

Figure 15. 
Landslide terraces (white arrows and dashed lines): A - on the Geysernaya river valley sides (Uzon-Geysernaya 
caldera, Kamchatka, Russia—See Figure 1, No 25), periodically blocking the river with subsequent debris flows 
originating (2013), b - in Kislyi Creek, Mendeleev volcano, Kunashir Isl. (Russia, 2018 - see Figure 1, No 3).
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Geysernaya river valley (Uzon-Geysernaya caldera, Kamchatka, Russia) [63–67], 
where currently there are two similar dams—one (2007) is already cut by the river, 
and the other (2014) is in the early stages of erosion (Figure 16).

The debris flow deposits form the accumulative terraces (Figure 17); in the valleys 
of some watercourses, the debris flow embankments with a length of a few hundred 
meters remain, which sometimes undergo cementation. During mudflow material 
splashes, the recorded heights of which can reach 40 m [68], the mudflow mate-
rial covers with a thickness of 0.5–1.0 m to 3–5 m remain on the valley sides and its 

Figure 17. 
The debris flow deposits formed the accumulative terrace (white arrow) in the Geysernaya river mouth (Uzon-
Geysernaya caldera, Kamchatka, Russia, 2021—See Figure 1, No 25): 1 - Geysernaya river, 2 - Shumnaya river.

Figure 16. 
The Geyzernaya river valley (Uzon-Geysernaya caldera, Kamchatka, Russia, 2021—See Figure 1, No 25): 
A - partly destroyed dam 2007 (1) with drained lake (2), b - dam 2014 (white arrow). Black arrows—River flow 
direction, white dashed lines—Dam borders.
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terraces. Similar debris and mudflow traces are typical for other watercourses of the 
high hydrothermal activity territories in the Kuril-Kamchatka region [69, 70].

3. Conclusion

River valleys in volcanic regions become occasionally zones of rapid deposition of 
juvenile and resurgent material. The latter comes from volcanic eruptions of effusive 
or explosive type, volcanic-tectonic or hydrothermal processes (lava outflow, pyro-
clast ejection, volcanic cone breakdown, or explosion, sliding of rock mass weakened 
because of hydrothermal activity). That results in the river valleys being filled with 
volcanic material diversified in composition and properties, with the deposition 
proceeding from the upper links of the river network downstream. At the same time, 
the valleys serve as routes of active, and mostly intermittent (steplike), displacement 
of the material by various agents. Most often it takes place as a result of volcanic 
mudflow descent immediately after eruption due to ice or snow melting or resulting 
from abundant rainfalls. In some cases, however, a series of 2–3 catastrophic events 
occurring in a valley ends with a mudflow descent; the mudflows may occur repeat-
edly and are known as secondary lahars. As follows from long-term observations, the 
series of such events may continue through a few decades, or even centuries [2].

When considering geomorphic hazards controlled by volcanic activities, we 
recognized a lot of kinds of event chains of that type. An analysis of the chains 
permitted to identify the main geomorphic factors responsible for catastrophic 
events in river valleys are as follows: quick depositions of volcanic products; 
displacement of loose rock masses; slope angle changes; and accelerated erosion. 
Mudflows moving loose material downstream “in the pulse mode” occur when the 
loose deposits brought into valleys are actively eroded by the streams arising not only 
from abundant rainfall, or snow and ice melting but also resulting from an abrupt 
release of water from dammed lakes in case of the dam breakthrough. We agree with 
S. Chernomorets and I. Seinova [11] in that the mudflows are “usually the final stage 
in the chain of catastrophic events in the course of eruptions” (p. 57). There are also 
many other exogenic—fluvial, eolian, cryogenic processes taking part in the process-
ing and transportation of the volcanic deposits, but it is much rarer that they assume 
the form of catastrophes [45].

It may be concluded from the above that the rivers in volcanic areas are particu-
larly vulnerable and endangered because of several factors: large volumes of the 
material supplied and transported; high rates of endo- and exogenic processes on the 
adjoining territories; and highly energetic activity of the streams themselves, which 
induces a wide assortment of hazardous events and exerts a notable effect on the 
relief-forming processes.
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