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A few words about seismic/volcanic hazard and risk

Hazard is the physical loading from natural phenomena, i.e., ground shaking, 
tsunami wave, volcanic ash fall …

Vulnerability id the degree of damage caused by various levels of loadings

Risk is expressed in terms of economic cost , loss of lives or environmental damage 

The job of geophysicists is not to assess risk but hazard

Assessment of seismic/volcanic hazard is based on:
• empirical evidence (observations)
• physical understanding of the functioning of earthquakes/volcanoes (models)

scope of today’s presentation
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Distribution of earthquakes and volcanoes 
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Earth’s interior structure and dynamics

Mantle convection
heat sources:

- decay of radioactive elements

- heat left over from Earth's formation

very slow process:

mantle flow ~ cm/year 4



plate tectonics

surface manifestation 
of mantle convection

relative plate motion results in
mechanical stresses and faulting
within the outer layer of the
Earth, the lithosphere, which is
cool enough to behave as a more
or less rigid shell
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Challenges with understanding 
global seismic and volcanic cycles 

Ideal “full” solution:
complete physical model of the whole Earth, i.e., very 
heterogeneous and non-stationary dynamic system with a 
4.5*109 years history and a ~5*108 years convection cycle

Our observations allowed to sample less than 0.004% of 
its volume during 0.00005% of it’s time history

Laboratory experiments differ from natural systems by 
several orders in space and time scales

laboratory “fault” fault roots exhumed from ~40 km depth 

We still know very approximately what is inside and 
how it has been formed and is functioning

Our “physical models” often are educated guesses 
verified with limited sets of observations

Predictive models for applications (i.e., hazard) should 
be as close as possible to empirical information 

conceptual representation 
of mantle convection

idealized representation 
of a seismic fault in many models
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More than 90% of earthquakes and volcanoes occur in subduction zones

Distribution of earthquakes and volcanoes 
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melting

conceptual representation of a subduction zone



Physical concepts of earthquakes and volcanoes 

Earthquakes
Frictional sliding and stick-slip
At first order – mechanical process

Volcanoes
Melting, magma migration and 
differentiation, degassing …
Complex mechanical and chemical processes
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Earthquakes as a “stick-slip” phenomena
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Earthquakes as a “stick-slip” phenomena
Seismic cycle

earthquakes

average recurrence time
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Observation of earthquakes
Fault scarps can be observed for a few strong and shallow earthquakes

For most of earthquakes, instrumental observations are needed

2002 Denali earthquake, Alaska
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Observation of earthquakes
Seismologicalc data: records of the motion of the Earth’s surface by seismographs

• Regular seismic records started at the end of 19-th century

• Till 1980s most of instrument had “analogous” recording system (low quality)

• In 1990s continuous digital records started to be systematically collected   
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Size of an earthquake is characterized by magnitude M

ML = log10A + 2.76 log10D - 2.48

Richter, 1935
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Earthquakes sizes and magnitudes2004 Sumatra earthquake
Magnitude M = 9.1, rupture area >105km2

Rupture length ~ 1300 km 
Rupture speed ~ 2 km/s
Earthquake duration ~ 10 min

Typical M = 5 earthquake 
ruptures area of a few km2
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2004 Sumatra earthquake
Magnitude M = 9.1, rupture area >105km2

Typical M = 5 earthquake 
ruptures area of a few km2

Earthquakes sizes and magnitudes

M = log S + const
magnitude rupture area
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Gutenberg-Richter law (1935)

Earthquakes are planar objects (occur on fault planes)

Natural geometrical characteristics of the size is:
surface of ruptured fault area S
M>9    S > 105 km2 (15% of mainland France)
M=5    S a few km2

It is simply scaled with the magnitude:
M = log S + const

Gutenberg-Richter law with b=1 implies:
N ~ 1/S

i.e., probability of an earthquake is inversely 
proportional to its rupture surface

log N  =  a  – b M
earthquakes between 1955 and present

global catalog

California catalog

For a given fault (or system of faults) the key parameters are:
• maximum magnitude Mmax
• its recurrence time Tr

data from: https://earthquake.usgs.gov/earthquakes/search/
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Magnitude and damage

Earthquakes with 1,000 or More Deaths 1900-2014

Effect of an earthquake is not simply related to its size

1960 Chile Earthquake
M = 9.5

~2000 deaths

2010 Haiti Earthquake
M = 7.0

> 300000 deaths

https://earthquake.usgs.gov/earthquakes/world/world_deaths.php
17



1960 Chile Earthquake

M = 9.5 

(largest known earthquake)

Rupture mainly below the sea

No big cities nearby in 1960-s
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2010 Haiti Earthquake

M = 7.0

Occurred on a shallow fault just 
below the main city

Poor constructions
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Level of earthquake shaking is often characterized by 
macroseismic intensity

ground acceleration : physical parameter closest to macroseismic intensity 20



Seismic hazard
In general terms, the seismic hazard defines the expected seismic ground 
motion at a site (phenomenon that may result in destructions and losses).

Two major approaches – deterministic and probabilistic – are used for 
seismic hazard assessment.

The deterministic approach takes into account a single, particular 
earthquake, the event that is expected to produce the strongest level of 
shaking at the site (macroseismic intensity, peak ground acceleration …).

In the probabilistic approach the seismic hazard is estimated in terms of 
probability of exceedance (or return period) of a ground motion level 
(macroseismic intensity, peak ground acceleration …).

Is estimated from:
• knowledge of location of seismogenic faults and their Mmax and Tr

seismological and geological observations
• Ground Motion Prediction Equations (GMPE)

empirical information (seismological data) + physics of wave propagation
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Seismic hazard
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Distribution of earthquakes and volcanoes 
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Seismic hazard

Some important questions:
• do we miss possible seismogenic faults?
• could we underestimate maximum magnitudes?
• are earthquakes predictable (should the hazard be time-variable)? 24



Earthquake seismology 
timeline

1875  First seismographs
1894  Omori’s law
1935  First Magnitude scale
1949  Gutenberg Richter law 
1960s Plate tectonics
1963  Double-couple focal mechanism 
1966  Seismic moment
1968  Extended seismic rupture inversion
1975  Earthquake scaling laws 

Main concepts of earthquake seismology were formulated 
and applied by the end of 1980-s. 

What is changing since?

• rapidly growing vulnerability (population, infrastructure)

• growing application of paraseismic building codes 

• more data (exponential growth of N of instruments)

• improved data quality (modern instruments, digital)

• new types of observations

• Marine Geology

• Space Geodesy

• …

• data available in real time 
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earthquakes between 1955 and present

global catalog

Major earthquakes (M>9)
Kamchatka 1952 ~2000 causalities
Chile 1960 ~6000 causalities
Alaska 1964 <1000 causalities
Sumatra 2004 ~230,000 causalities
Japan 2011 ~20,000 causalities

21-th century M>9 earthquakes were global 
catastrophes in terms of human life and 
economic losses 26
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Major earthquakes (M>9)
Kamchatka 1952 ~2000 causalities
Chile 1960 ~6000 causalities
Alaska 1964 <1000 causalities
Sumatra 2004 ~230,000 causalities
Japan 2011 ~20,000 causalities

21-th century M>9 earthquakes were global 
catastrophes in terms of human life and 
economic losses 

Importance of secondary hazards such as tsunami 

The damage due to seismic motion alone 
was relatively small (<2%), in spite of the 
large magnitude of the earthquake.
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Main concepts of earthquake seismology were formulated 
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M=9 earthquake and was not expected in Japan
M~8 earthquakes were observed instrumentally

no significant difference in terms of ground shaking … dramatic underestimation of tsunami
recurrence time of a M=9 earthquake is close to 1000 years

require geological observations: paleoseismology
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non-instrumental observations: paleoseismology
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non-instrumental observations: paleoseismology
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What is the value of absolute maximum magnitude?

Is this 9+, as already observed? probably YES
Are 10+ earthquakes possible? probably NO

thickness of the brittle seismogenic part of the Earth’s 
lithosphere is limited

fault dimensions for a 10+ earthquake:
fault width exceeding ~100 km

and/or
fault length of several thousands of km

this is highly unlikely
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Main concepts of earthquake seismology were formulated 
and applied by the end of 1980-s. 

What is changing since?

• rapidly growing vulnerability (population, infrastructure)

• growing application of paraseismic building codes 

• more data (exponential growth of N of instruments)

• improved data quality (modern instruments, digital)

• new types of observations

• Marine Geology

• Space Geodesy

• …

• data available in real time 

Some important questions:
• do we miss possible seismogenic faults?
• could we underestimate maximum magnitudes?
• are earthquakes predictable (should be the hazard time-variable)? 

Can we go beyond stick-slip description?
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“Slow” earthquakes

• considered by many as a major recent advance in 
physics of seismic cycle

• new type of precursory phenomena
• different physical models suggested
• current observations/understanding are 

insufficient for applications in forecasting and 
hazard assessment

Rogers and Dragert, 2003
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Space geodesy, plate motion, and earthquake recurrence
measured motion of GPS sites plate motion model

2011 Japan earthquake

• maximum slip on the fault > 70 m
• plate convergence rate 9 cm/year
• recurrence interval > 800 years
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Some conclusive remarks about earthquakes and seismic cycle

• still no robust prediction algorithms despite many observed precursors

• conceptually well understood

• main loading (plate motion) is reasonably quantified

• hazard is well characterized 

with some caveat about secondary hazards (tsunami, landslides, …)

• well functioning system of instrumental observation and data sharing

• likely the whole spectrum of event sizes was observed

• good database for the hazard and risk assessment

• main issue: extending catalogs back in time to cover recurrence of major events

• physical understanding should be improved
37



Physical concepts of volcanoes 

All representations of the volcano interior you can found are 
“cartoons” and we still do not really know its configuration 
and functioning

information from analysis of erupted rocks
• initial magmas are generated by melting in the mantle 

(~100 km depth)
• they slowly raise to the surface because of buoyancy
• storage in shallow “magma reservoirs”
• chemical transformations, degassing …

empirical observations
• strong variability of eruption styles
• predictability in time

most of eruptions can be anticipated when volcanoes are well monitored
• no size predictability
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There are more than 1500 volcanoes that has been active during 
last 10,000 years on the surface of the Earth

39



More than 500,000,000 people leave in vicinity (< 100 km) 
of potentially active volcanoes
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Ongoing volcanic activity  
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Some well-known catastrophes caused by explosive volcanic eruptions

Vesuvius in AD79: destructed of Pompeii and Herculaneum; killed more than 10,000 people 

Mount Pelée in 1915: killed 30,000 people 
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A recent effusive eruption: La Palma 2021 
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Volcanic hazards are difficult to assess

Multiple dangerous phenomena

• lava flows
• pyroclastic flows
• lahars
• landslides
• debris avalanches
• tephra or ash falls
• releases of gas
• tsunamis
• shock waves
• climat change
• …

Probabilistic volcanic hazard map showing global volcanic ash fall hazard. 
Modified from Jenkins et al. (2015)

Volcanic hazard are mostly estimated locally for relatively 
well studied volcanoes

Global hazard models are difficult to compile and validate
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Air travel disruption after the 2010 Eyjafjallajökull eruption

• 107,000 flights cancelled during April 15-23 2010

• 48% of total air traffic and roughly 10 million passengers

• total loss for the airline industry ~ US $1.7 billion

Composite map of the volcanic ash cloud 
spanning 14–25 April 2010
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650 km diameter 
after 1 hour

2022 Hunga Tonga eruption
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Volcanoes and magmatic reservoirs are volumetric objects

This is natural to characterize eruptions with erupted volume V
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Volcanoes and magmatic reservoirs are volumetric objects

This is natural to characterize eruptions with erupted volume V

Logarithmic scale of eruption sizes
Volcanic Explosivity Index (VEI)

VEI = log V + 5 (for volume in km3)

Probability of an eruption can be expected to be inversely 
proportional to its volume

In this case we should observe a Gutenberg-Richter like eruption 
size distribution:

log N = a – bVEI

with b = 1
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Catalog of volcanic eruptions 

available online

• Huge effort of the volcanology 

community

• Extends to pre-historic times

• Provides a base for statistical 

analysis

• VEI values are highly uncertain

• Timing of eruptions is very 

approximate

• No detailed time histories 

available for catalogued 

eruptions
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Tambora
Pinatubo

b = 1
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St Helens

Pinatubo

b = 1

Hunga-Tonga
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Some critical questions

• Do we have reliable observations of the impact of major (VEI 6+) eruptions on modern infrastructure?

NO

• Are major (VEI 6+) eruptions possible in populated/developed regions?

YES

• What are maximum possible eruptions (Dragon Kings)? 
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Laacher Sea volcano VEI=6 eruption 13,000 years ago 
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1815 eruption of Mount Tambora, Indonesia
• volcano height decreased from 4300 m to 2850 m
• ejected up to 150 km3 of ashes
• ~10,000 people were killed directly by the 

eruption
• ~80,000 people died in Indonesia from deceases 

and starvation
• ~200,000 people died in Europe because of the 

famine caused by the “volcanic winter” in 1916  

150 km3 ≈ 2800 km2 covered by 
50 m of volcanic ash 
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Supervolcanic eruptions

55



Toba super-eruption 74,000 years ago 

2800 km3 ≈ 2800 km2 covered by 
1 km of volcanic ash 

• one of the Earth's largest known explosive eruptions
• ejected ~2800 km3 of erupted material
• possibly caused a global volcanic winter of six to ten years
• possibly caused a 1,000-year-long cooling episode
• possibly caused a bottleneck in human evolution
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World changing eruptions
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erupted volumes > 106 km3



Some conclusive remarks about volcanic eruptions

• time predictable but not size predictable 

• physics still not sufficiently understood

• main loading (magma production rate) is very poorly quantified

• hazards are multiple and difficult to quantify

• volcanic hazard should be considered as a global phenomena

• most of information is from geological observations that are difficult to collect  

• major events were not observed in real industrialized environment

• no empirical data for the major hazard and risk assessment

• Dragon-King events should be expected (when?)
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Thank you!

Questions?
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Many aviation flight corridors pass 
in the vicinity of active volcanoes
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Some important questions:
• do we miss possible seismogenic faults?
• could we underestimate maximum magnitudes?
• are earthquakes predictable (should be the hazard time-variable)? 

data from: https://earthquake.usgs.gov/earthquakes/search/

global M = 7+ earthquakes 

is the earthquake occurrence a random process?
or :

• is it clustered in time?
• correlated with external processes?

(Earth’s rotation, solar activity …) 
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Aftershocks and foreshocks

62



Aftershocks (release of the mainshock induced stress) Omori’s law (1894)
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Aftershocks and foreshocks

Aftershocks
• systematically observed
• well described by statistical models (Omori’s, ETAS, …)
• can be used for short-term hazard assessment?

Foreshocks
• precursory phenomena
• intermittent (are not systematically observed)
• cannot be robustly used for forecasting 
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