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Introduction

A volcano is an opening or rupture

in the surface or crust of Earth that

allows hot, molten rock, ash and

gases to escape from deep below

the surface.

When magma reaches the surface,

the way it erupts depends on how

easily it flows (viscosity) and how

much gas it contains.
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Introduction
Large amounts of gas and a high 

viscosity (sticky) magma will form 

an explosive eruption

Small amounts of gas and (or) low viscosity 

(runny) magma will form an effusive eruption. 



Annalisa Cappello 

Dynamics of magma eruptions and related deposits - lava flows and dome

VOLT - VOLcanoes as Teachers

Introduction

Chemical composition
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Magma 
composition

Mafic Magma (Basaltic)

Low silica content (~45-55%), low viscosity, higher 
temperatures (~1000-1200°C) 

Produces non-explosive eruptions with fluid lava flows

Intermediate Magma (Andesitic)

Moderate silica content (~55-65%), moderate 
viscosity, intermediate temperature (~800-1000°C)

Can result in explosive eruptions

Felsic Magma (Rhyolitic)

High silica content (~65-75%), high viscosity, lower 
temperatures (~650-800°C)

Tends to produce highly explosive eruptions
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Rheology
Rheology is the study of how materials flow, and includes two

main properties:

Viscosity

Yield strength

• How fast 
something flows

• If something flows 
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Viscosity

Viscosity is the resistance to flow. It is a property of a substance that

relates a known amount of deformation to the rate that the substance

deforms (flows).
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Viscosity
Viscosity is commonly illustrated using a graph of the deforming pressure

that you apply to a fluid plotted against the rate that the fluid deforms.
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Yield strength

Yield strength is another important aspect of rheology, and it indicates how

hard you have to push on a fluid to make it flow.

For many fluids, gentle pushes do not produce any movement. For these,

there is a certain amount of force you must exert on the fluid before it will flow

(i.e. the yield strength.). Once the fluid starts moving, the rate at which it

moves is a function of its viscosity.

Yield strength is not a property of all fluids. 

Fluids that have no yield strength (water, chloroform, ethyl 

alcohol,…) are called Newtonian.
!
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Yield strength
Applied pressure vs. strain rate for two hypothetical non-Newtonian fluids.

For non-Newtonian fluids (Bingham), the lines don’t go through the origin.

The y-intercepts define 

the yield strengths. 

The slopes represent 

the viscosities.
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Products of effusive eruptions

Magma = molten rock 

below the Earth’s surface

Lava = molten rock on the 

Earth’s surface



Annalisa Cappello 

Dynamics of magma eruptions and related deposits - lava flows and dome

VOLT - VOLcanoes as Teachers

Products of effusive eruptions

A lava flow can be characterized by extremely variable shapes

and dimensions, depending on some fundamental parameters:

Depending on whether a lava flow is erupted in a subaerial or

underwater environment and on its chemical composition, its

morphological appearance will have different characteristics.

effusion rate
physical 

properties of 
the magma 

topography



Lava flow 
types or 
morphologies

Pahoehoe

A’a

Blocky

Pillow

Sheet flow 

Lobate
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Products of effusive eruptions
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Pahoehoe

• from the Hawaiian verb hoe, "to 

row" 

• Characterized by smooth, wavy 

or roped surfaces

• Develops in superficial crusts 

and thick plates with a corded 

and/or gently undulating surface

LOW VISCOSITY, HOTTER, FAST MOVING

Depending on appearance, there are various varieties. These include

shelly, scaly, entrail, reticulate scoria, slabby, elephant hide, and

sharkskin (spiny or toothpaste)

Ropy textured pahoehoe lava
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Pahoehoe
• Forms from calm, effusive eruptions of hot, highly fluid basaltic and

carbonatite lavas, usually with < 55 wt.% silica

• Speed rate generally between 10 and 100 m/h

• Forms successive and sometimes overlapping globs of lava called lobes.

Geldingadalur Eruption, Fagradalsfjall Volcano, Iceland, 2021

• As more molten lava is

injected into the lobe

constrained by a congealing

skin, it inflates. With time,

the skin cools, becomes

rigid, and cannot stretch

further. Any more injected

molten lava will break the

skin at the margin, creating

the next lobe.
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A’a
• ʻAʻā in Hawaiian means 

burning, fiery

• Characterized by irregular, 

fragmented and scoriaceous

fragments called clinkers

• The upper surface cools and 

becomes rock; it is continually 

ripped apart by the moving 

molten lava inside the flow

HIGH VISCOSITY, COOLER, SLOW MOVING

• Pieces of the rocky surface are broken, rolled and tumbled along as the 

lava flow moves

• After cooling, becomes a jagged block, difficult to walk over without 

stumbling and getting cut

Incandescent aa lava flowing past a pahoehoe in Kilauea Volcano
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A’a

• Forms from 

mostly basaltic to 

andesitic lavas

• Speed rate 

usually don’t 

exceed 1km/h

• a’a lava flows 

mainly in 

channels 
Etna, 31/12/2022

• An increase in viscosity due to crystallization or cooling and increased 

flow rates may cause a transition to blocky lava.
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Blocky

• Forms in more viscous lava 

flow, with > 55 wt.% silica

• Block lava flows have surfaces 

with large clusters of loose, 

angular or slightly smooth or 

curved blocks.

• Blocky lavas are the thickest 

and slowest (speed < 1km/day)

• Their cross-section have a rubbly top, a massive core, and some buried

rubble that fell on the leading edge at the bottom.

Blocky lava morphology at Lassen Volcanic National Park
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Pillow

• Composed of mainly basaltic 

lava

• Pillow lavas are nearly 

spherical, tubular, or pillow-

shaped mounds or structures 

associated with effusive 

submarine eruptions with low 

discharge rates. 

• These pillows are often 0.1–1 m and

form irregular mounds, interwoven,

stacked, or interconnected rock masses.

• Their surface is smooth, wavy, or

striated. Some may have finger-like

protrusions.

Pillow lava on the ocean floor in Hawaii
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Sheet flows

• Sheet flows are mostly 

submarine with some subaerial 

lava flows that spread as 

extensive thin or thick sheets

• Have a thin glassy crust whose 

surface may be smooth, stringy, 

ridged, grooved, folded, spiral-

shaped, or messy. 

• They resemble pahoehoe, but 

are sheet-fed, not tube-fed.
Lava flowing underwater in Hawaii
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Lobate

• Has elongated, almost flat 

lobes with smooth, glassy 

rinds. 

• The surfaces have a local 

depression where 

individual lobes, cold but 

firm, met and fused as the 

underlying fluid lava 

advanced.

• The shape and structure of 

lobate lava resemble pillow 

lava but are often hollow 

and flattened.
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Simple and compound lava flows

The most important factor on the form of a lava flow is probably the

effusion or discharge rate (in m3/s).

Lavas with higher effusion rates produce flows generally 
composed of a single cooling unit and are called simple flows.

Lavas extruded at relatively low effusion rates produce small flow 
units spaced closely together in time so that they overlap each 
other. Upon cooling, these flow units produce compound flows. 
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Lava lakes and lava falls

Lava can accumulate in volcanic 

craters, filling them to a high 

level to create lava lakes. If the 

rate of effusion is constant and 

high, lava can rise above the 

crater rim, creating overflows.

As lava descends down an 

irregular topographic surface it 

will occasionally flow over an 

abrupt escarpment to 

produce lava cascades or lava 

falls.

Lava lake within Halema'uma'u (Kīlauea, Hawaii) 1969-71 eruption of Mauna Ulu 
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Lava tubes

The chilling and crystallization of

basaltic lava around the sides, bottom

and top of lava channels can produce a

rock-encased conduit called lava tubes.

Lava tube growth is favored by a large

contrast between the fluidity of the

internal lava and its outer margins.

Consequently, tubes are especially

common in a’a flows.

Their lateral extents and length are highly variable. High temperatures (~ 1150°) are

maintained throughout the tube system, allowing the lava to remain very fluid.

Efficient mechanism for basaltic lava flows to travel great distances away from their

source without significant heat loss.
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Tumuli
Tumuli are formed on flat or gentle slopes, in slow-moving lava fields.

When lava flows, the surface often cools to form a thin crust, but

underneath the lava is still viscous and molten.

If the advancing lava underneath becomes restricted it may push up on the

hardened crust, causing soft spots in the crust to rise up like a bubble.

These structures grade into elongate forms called pressure ridges or

create smaller, steep-sided volcanic structures.

Tumulus near Byaduk, in Victoria, Australia
Tumulus of pahoehoe lava in Hawaii
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Principal Types of Volcanoes

Cinder cones

Composite volcanoes

Shield volcanoes

Lava domes
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Cinder cones
Cinder (or scoria) cones are the smallest, simplest and most common 

type of volcano in the world.

Parícutin volcano, Mexico Edziza volcano, Canada

They are deposit around a volcanic vent formed by irregularly-shaped, 

highly vesicular fragments of lava that accumulate and gradually build a 

conical hill with a bowl-shaped crater at the top.
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Composite volcanoes
Are large volcanoes (many thousands of meters tall):

• Very viscous, slow lava 

• Steep sides as the lava doesn't flow very far before it solidifies

• Alternate layers of ash and lava (also known as stratovolcanoes)

• Active over long periods, erupting periodically

• Violent eruptions

Mount Rainier (4392 m), USA

Volcán de Fuego (3765 m), Guatemala. 
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Shield volcanoes
Large volcanoes with gentler slopes:

• Low viscous, fast lava 

• Gentle sides as the lava flows for long distances before it solidifies

• No layers, as the volcano is built almost exclusively of lava

• Shorter periods between eruptions

• Less violent eruptions

Mauna Loa, Hawaii

Kilauea, Hawaii
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Lava domes
Highly viscous lavas, which accumulate at the emission center without 

flowing laterally, tend to form volcanic edifices, generally with a circular or 

elliptical base. The composition is typically andesitic to rhyolitic. 

Lava dome inside Mt. St. Helens, Washington, USA

The extrusion of lava domes 

can occur above the central 

vent of a volcano, on the 

lower slopes of volcanoes 

either in isolation or in groups, 

and along fault lines or 

caldera ring faults.
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Lava domes

Classification 

based on 

morphology 

(Blake, 1999) 

Lava domes can be divided based on their shape, texture and 

eruptive style.
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Low lava domes

• Grow through internal processes, with lava filling the center of the dome 

near the vent and pushing older layers outwards, forming an internal 

onion-like structure.

Satellite view of Chillahuita, Chile• Also called “Torta" due to their 

resemblance to a cake

• Usually erupts on mostly flat 

terrain and as a result the lava is 

able to push outwards, but not far 

• Usually flat and roughly circular
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Peléean lava domes

• Named after the iconic lava 

dome formed on Mt. Pelée in 

1902 

• Typically circular asTortas, but 

rather than having a flat top, 

they show relatively smooth 

upper surfaces with tall vertical 

spines

• The vertical spines give these 

domes a steep appearance and 

they often collapse.

Large spine growing out of the 2004-2006 Mount St. Helens lava dome 
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Coulées lava domes

Chao (Andes), 14km downslope, with a flow front over 700m high• Are a hybrid between a lava 

dome and a lava flow

• Typically formed when highly 

viscous lava erupts on the steep 

flank of a volcano

• Elongated shape (generally few km) along 

the slope of the volcano, with the leading 

edge of the coulee often square and steep

• Huge pressure ridges, known as Ogives, are 

often seen on the outer surface of the flow

Distinct Ogives 

on the surface
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Upheaved Plugs

Showa-Shinzan, on the east flank of Usu stratovolcano (Japan) 

• The erupting lava has a higher yield strength (thus is stronger) than the 

lavas that form other domes, and as a result this lava is pushed up like 

a piston. It may carry some sediment country rock on its upper side 

during the extrusion process.

Since the eruption occurred during the II  World War, there was no official 

record of the dome growth. The local postmaster, Masao Mimatsu, placed 

a piece of paper on his window. On the paper he drew the profile of 

Showa-Shinzan at different times as the dome grew. 
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Etna (Italy), 1669

Fresco by Giacinto Platania

• 11 March – 15 July

• Lava was fed from a low-altitude vent (∼800 m 

a.s.l.) close to Nicolosi

• Lava reached Catania, 17 km away from the 

vent, due to the growth of a complex lava tube

• Area ∼40 × 106 m2

• Volume ∼600 Mm3

• Peak of ER 

∼640 m3/s after 3 

days

Mafic lavas from 11 to 20 March, more acid 

ones erupted later until the end of activity.

From Branca et al. (2013)
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Fagradalsfjall (Iceland), 2021

Tourists enjoying the view of the eruption

• 19 March – 18 September

• The first eruption on the Reykjanes Peninsula 

in ~ 800 years, after one year of unrest 

• Lava initially erupted from a ~ 180 m long 

fissure opened in a small valley, Geldingadalir

• Characterized by different eruptive phases, with 

vent migration

From Barsotti et al. (2023)

• Area ∼4.8 × 106 m2

• Volume ∼150 Mm3

• Peak of ER ∼13 m3/s 

after 3 months
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Kīlauea (Hawaiʻi), 2018

• 3 May – 4 September

• The second largest eruption in 500 years (after 

the Pu‘u‘ō‘ō eruption, 1983-2018), but the most 

destructive

• Predominantly tube-fed pāhoehoe lava

• Initially erupted from one (of 24) fissures several 

hundred m long; reached ocean after 20 days

723 buildings destroyed, 3000 residents evacuated, 

2 major highways and 50 km of public roads cut

• Area ∼ (32 land + 8 

offshore) × 106 m2

• Volume ∼ 1.4 Km3

• ER > 100 m3/s

From Neil et al. (2019)
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Cordón Caulle (Chile), 2011

• 4 June 2011 – 15 March 2012 (January 2013)

• Started with 15-km-high Plinian ash column, followed 

by coupled effusive-explosive activity

• Lava erupted from one vent, formed 2 branches that 

advanced to N and S, before stalling and forming ∼90 

breakouts from the lava flow front and margins

• Unique opportunity to make scientific observations of 

an active rhyolitic (∼70 wt% SiO2) lava flow

Breakouts were important

part in the emplacement

process and constituted ∼
12% of lava volume, keeping

the lava active many months

after effusion ended.

From Magnall et al. (2019)

From Tuffen et al. (2013)
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Soufrière Hills (Montserrat), 2003

• 12–13 July 2003

• Peléean lava dome complex; activity characterized by 

dome growth and collapse, with explosions and PDCs

• It has been erupting intermittently since 1995, with a

major collapse on 12–13 July 2003 (18 h).

• The collapse formed large PDCs that traveled 3 km,

reaching the sea

Hazards:

• Hydrovolcanic activity on the coast

• Tsunami

• Roof collapse

From Herd 

et al. (2005)

MODIS, 14 July, 12:00 UTC

• Volume ∼ 210 Mm3

• Average vel. ∼ 15 m/s
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