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Mt. St. Helens (Washington, USA) in 1973

(photo National Geographic)
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Mt. St. Helens on April 27, 1980

Look at the strong deformation!

David Johnston USGS 10 km from the crater (died on May 18, 1980)
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Mt. St. Helens eruption May 18, 1980

Landslide followed by a lateral blast
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Mt. St. Helens eruption May 18, 1980

Mount St. Helens May 18, 1980 Ash Plume Path
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The eruption of Mt. St. Helens May 18, 1980

Effect of an eruption on the volcanic structure

Before the eruption ~ After the eruption

i 4 / k a i s 3
ZUSGS I by Harry Glicken, Hay 17,1980 ] G ZUSGS ey by Harry Glicken, Sepiamber 10, 1360
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Two years later (May 19, 1982)

(By Lyn Topinka, Public Domain, https://commons.wikimedia.org/w/index.php?curid=3158771)
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Types of volcanic eruptions
Merapi, Indonesia, 2010 (ash fallout) Merapi, 20 0 (pyroclastic flows)
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The structure of a volcano (focus on Vesuvius)

G. Macedonio (INGV)

Vesuvius is an active volcano
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Vesuvius and its surroundings
More than 550,000 people live in the “Red Zone”
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Knowledge of the internal structure of a volcano

The first studies of Kircher in 1638 (Vesuvius)
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What is the internal structure of a volcano ?

Images (from google: “internal structure of volcano”)
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What is the internal structure of a volcano ?

Images (from google: “internal structure of volcano”)

Vent Ash Cloud

Parasitic

Cross-section
through a volcano| |
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The internal structure of Vesuvius
Studies based on the natural seismicity

Vesuvius earthquakes/year 1971-2012 Earthquakes locations 1999-2012
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o Typlcal magnitUde ML < 2.0 (from D’Auria et al., Annals of Geophysics, 2013)

@ Largest earthquake M, = 3.6
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The internal structure of Vesuvius

High resolution passive seismic tomography (300-500 m)

P-wave velocity structure

@ Based on simultaneous

inversion of the 3-D velocity
structure and the
earthquake location

Data from 2139 earthquakes
recorded from minimum 7,
up to 19 stations (8600
P-waves, 1900 S-wave
readings)

Magmatic bodies inside the
investigated volume were
not found
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Active seismic tomography of Vesuvius

TomoVes-94 and TomoVes-1996 experiments

1418 1424' 14.30' 1436'

@ Spatial resolution ~ 0.5 — 1 km s
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Active seismic tomography of Vesuvius

TomoVes-94 and TomoVes-1996 experiments

14 18"

@ The high-V,, body below the volcano is
interpreted as a solidified magma body

@ No clear low-V, body exists at shallow depth
(<2.5km). No fresh magma?
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(modified from Di Stefano and Chiarabba, 2002)
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Active seismic tomography of Vesuvius
The MAREVES-1997 experiment

@ 1800 shots off-shore (along line F)

@ 25 temporary seismic stations + permanent stations of the Osservatorio
Vesuviano network

41.0

40.5 T T T T T T T T
14.0 141 142 143 14.4 14.5 14.6 14.7 14.8

(from Auger et al., 2001)
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Active seismic tomography at Vesuvius
The MAREVES-1997 experiment

@ Found the top of a magmatic body at 8 km depth, at least 400 km?
@ Thickness of the magmatic body not constrained

Stack
function

15 35 55
Distance, km

(from Auger et al., 2001)
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The internal structure of Vesuvius

Gravimetric field inversion

@ About 300 m spatial resolution
@ Model misfit ~ 5%

T T

Lower density material . South
(shatterad wall r0cks ) g mon ooy SPOTeline .
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(from Cella et al., JVGR, 2007)
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The internal structure of Vesuvius

Electric resistivity

Monte Somma caldera
¢ 1631's crater 3

1906's crater
€«

@ Work still in progress

Self-potential (mV) Temperature (°C)

@ Total profile length 7 km

2 Hgonema | ! @ Spacing between electrodes
1t 40cm

@ Reach 500 m depth

CO, (ppm)

(Finizola et al., 2014)
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Observations of the upper part of Vesuvius

Vesuvius crater in 1944

The Vesuvius crater between 1906 and 1944 -
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(from Imbo, 1949)

G. Macedonio (INGV) Volcano structure and eruption LAquila, July 11-21, 2016 22/61



Observations of the upper part of Vesuvius

Vesuvis crater in 1944

The Vesuvius crater between 1906 and 1944
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Muon radiography

The MU-RAY experiment at Vesuvius
Mounting the Japanes detector, 2009-2010
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Results from the MU-RAY experiment

Vesuvio
Napoli (Ita)
Aprile 2013
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The MURAVES Project

INFN, INGV, Universities of Napoli and Florence (ltaly)

@ The prototype under test
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Volcano structure and eruption processes
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Magma chamber-conduit system
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Simple magma chamber-conduit model

L,H,  CONDUITFLOW

Tepnciuic = Minutes

Exsotutian

MAGMA
CHAMBER
DISCHARGE

Magma Chamber

‘_Tz

Topamber = hours
<

(Macedonio et al., 2005)
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Magma chamber (hydrostatic)

@
o=

Conduit (steady state, multiphase flow)

%(/"’) =0 (mass balance)

dv dpr 4f v? ( wm bal )
= S ,
L dz dz 124 ) e > momentum balance

Constitutive equations

Solub (Hz0) = kVP ;  p=p(P)
16

f= Re non fragmented

f~0 fragmented magma

Fragmentation at gas > 0.7

4
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Water solubility in magma

Experimental data (trachyte from Campi Flegrei) Water SOlUb|||ty in magma
8-
Experimental data and A o Depends on preSSUre,
74 fit curve for trachyte ’/,/ A temperature and
6 ﬁ/,/g’ - Moore mod CompOSition
= 54 &7 @ Thermodynamic models are
2 available for H,O e CO, (eg:
= Fe Papale et al., Chem. Geol.,
T 3 57 2006)
2- /
A Empirical model
0 F—rrr———————rr—————;
0 20 40 60 80 100 120 140 160 180 200 220 Solub HZO k \/’
Pressure (MPa)
modified from Di Matteo et al., JVGR, 2004) _ .
( (k~4.1x107% Pin Pa)
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Physical properties of magma

Viscosity of the liquid phase

@ Important effect of temperature
@ Important effect of dissolved H,O
@ Vogel-Fulcher-Tamman (VFT) equation (Misiti et al., 2011)

b d

w
logu = a+ + - ex ( : 7)
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Effect of crystals and bubbles on magma viscosity

Effect of crystals/bubbles

1e+06
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10
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Crystal volumetric fraction

(from the Einstein-Roscoe equation)

Einstein-Roscoe equation

_ Ho
M= 1= 6/h0)25

@ o crystals/bubbles free viscosity
@ ¢ crystals/bubbles volumetric fraction
@ ¢ “critical” volumetric fraction (= 0.7)

At high crystal contents fluid is no more Netwonian (eg: becomes Binghamian)
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Magma fragmentation

Glass transition

Empirical model

@ Magma fragments when bubble
volume reaches a critical value
(qﬁ% 7070)

-
©
o
”
o
E
=

Model based on the glass transition

@ Magma fragments at low
temperatures and/or rapid
decompression

HoT 1/Temperature coLb

(from Dingwell, 1996)
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Magma chamber-conduit system:

Pressure at the chamber top

200

@) 300

model results

Pressure distribution along z
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(modified after Macedonio et al., 2005)
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Magma chamber-conduit model
Cylindrical conduit More realistic: dyke+cylinder

VL
D

L, H,  CONDUIT FLOW

T onduit = MiNULES

Exsotution

MAGMA
CHAMBER Magma Chamber
DISCHARGE
‘_TZ
Tehamber = hOUTS
< b -
(Macedonio et al., 2005) (Costa et al., 2009)
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Plinian eruptions

Eruption column

Lascar, 1993
TR
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Eruption column
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(modified from Folch et al., 2016)
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Modeling Plinian columns
Model based on the Buoyant Plume Theory (Morton et al., 1956)

Simplified model (based on the Buoyant
Plume Theory)

~-—— Umbrellacloud —

M = My + Ma+ My (1)
am

—— = 27rpal, 2

‘(;ntr:?nment) ds m pa ¢ ( )

: Control voume e 7% (pa — p) gSiN 0 + Ua COS O (27T palle) (3)

in model plume ds - pa p 2 palle
dE 1 5
(modified from Woods, 1995) Js = 2Ipalle (C"” Ta+gz+ §u9> (4)
am,
dsw = 27Trane Wy (5)
.. etc ...
v
G. Macedonio (INGV) Volcano structure and eruption LAquila, July 11-21, 2016 37/61




Plume model results

Conditions for column collapse

@ High mass flow rate
@ Low gas content
Effect of the mass flow rate Effect of the initial water content
60 & Strong plume, without wind
Strong plume, with wind
50 50
E 40 E 10
k<3 Kiwind £
2 & With wind g 3
£ £
§ 20 § 20
10
10
0
0 1 2 3 4 5 6 7 8 0
1 2 3 4 5 6 7

Mass Flow Rate (10° kg/s)

(FPlume model, Folch et al. (2016))

Initial water content (%)

(FPlume model, Folch et al. (2016))

Wind enhances air entrainment and prevents column collapse
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Plume models

From the IAVCEI Intercomparison exercise

Num. Name Reference author Model type
1 Puffin M. Bursik 1D
2 Degruyter C. Bonadonna and W. Degruyter 1D
3 PlumeMoM M. de’Michieli Vitturi 1D
4 Devenish B. Devenish 1D
5 FPIuMe A. Folch 1D
6 PPM F. Girault 1D
7 Plumeria L. Mastin 1D
8 PlumeRise M. Woodhouse 1D
9 Cerminara 1D M. Cerminara 1D
10 ATHAM M. Herzog 3D
11 SK-3D Y.J. Suzuki 3D
12 Cerminara3D M. Cerminara 3D
13 PDAC T. Ongaro 3D

G. Macedonio (INGV)
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Ash transport and fallout

Umbrella region

U[S]
Gls]

USGS Photo by M.P.Doukas. July 22, 1980
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Volcanic ash and pumice
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Dimension and settling velocity of ash particles

Particles diameter distribution
20

79-type

15
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wt %

0
5 -4 3 -2 1 0 1 2 3 4 5
4

Settling velocity distribution
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Ash dispersal models

Advection-diffusion equation

aC; a(VsC))
+ V(UGj) — = V(KVC;
8t ( I) 82 ( I)
v
G. Macedonio (INGV) Volcano structure and eruption LAquila, July 11-21, 2016 43 /61




Ash dispersal models

Advection-diffusion equation

0C; N o(VsCy) ‘
W in V(UC/) - 0z - V(KVCI)
Time

@ C; = Ash concentration, t = time
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Ash dispersal models

Advection-diffusion equation

oC; ) 8(VSCI) _ .
i [HYWUC|- =5, = V(KVC)
Time Wind

@ C; = Ash concentration, t = time

@ U=Wind
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Ash dispersal models

Advection-diffusion equation

0Ci a(VsCj)
ot 0z
Time Wind Fallout
@ C; = Ash concentration, t = time
@ U=Wind

@ V; = Particles settling velocity

HV(UC)|-

= V(KVC))
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Ash dispersal models

Advection-diffusion equation

aa_ct,- Hv(ue)|- a(\gszc,-) =|V(KVC)
Time Wind Fallout  Diffusion

@ C; = Ash concentration, t = time

e U=Wind

@ V; = Particles settling velocity

@ K = Atmospheric diffusion coefficients (vortexes, turbulence)
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Example of ash dispersal model (FALL3D)

Example of simulation at Mt. St. Helens

Simulated deposit

Observed deposit

The secondary maximum is due to particle aggregation
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Application for hazard assessment at Vesuvius

Probability of a loading of Yellow Zone of Vesuvius (Protezione Civile,
300 kg/m? 20135)

@Benevento

oCaserta

@Avellino

@ Simulations of ash deposits based on 20 years of daily wind profiles
@ The 5% probability contour line of 300 kg/m? ash loading was selected for
delimiting the hazard zone
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Available volcanic ash dispersal models

VOL-CALPUFF

Num. Name Type
1 ASH3D Eulerian
2 ATHAM Eulerial
3 FALL3D Eulerial
4 FLEXPART Lagrangian
5 HAZMAP Eulerian/Analytical
6 HYSPLIT Hybrid
7 JMA-GATM and JMA-RATM Lagrangian
8 MLDPO Lagrangian
9 MOCAGE Eulerian
10 NAME Hybrid
11 PUFF Lagrangian
12 TEPHRAZ2 Eulerian/Analytical
13

Hybrid

G. Macedonio (INGV)
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Pyroclastic flows

/
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Pyroclastic flows

Pyroclastic flow (Montserrat 2001)
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Pyroclastic flows (multiphase systems)

Model equations
(Esposti Ongaro et al., 2007, 2008, 2011; Neri et al., 2003,2007)

Mass balance 5
Efg,og +v'(€gpgvg) =0
Gas: 5 N
Particelle: Eé‘kpk +Vi(e0v)=0 k=12,.N ¢ +X¢ =1
k=

Momentum balance

. 0 .
Gas: Eggpgvg +V (e, p,v,v,) =-£,VP, +VT, +¢,0,8 +§Dg’k(vk -v,)
Particelle:

a N

Egkpkvk +V(eov,iv)) :‘fkvpg +VI, +e0,8 - D (vi-v,) +ZDk,j(vj - v
=

k,j=12,.N
Energy balance

8 oP, y
s = Eeehe +V (o, v,) =€g(6_tg +v, ‘VP)+V (ke VT,) +§Qk(T‘ -T)

Particelle: 0
agkpkhk +V(e,ohv) =V ke, VL) - O (T, - T)k=12..N
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Pyroclastic flows (multiphase systems)

Model equations

(Esposti Ongaro et al., 2007, 2008, 2011; Neri et al., 2003,2007)

Mass balance 5
Efg,og +v'(€gpgvg) =0
Gas: 5 N
Particelle: Eé‘kpk +Vi(e0v)=0 k=12,.N ¢ +X¢ =1
k=

Momentum balance

. 0 .
Gas: Eggpgvg +V (e, p,v,v,) =-£,VP, +VT, +¢,0,8 +éDg’k(vk -v,)
Particelle:

a N

Egkpkvk +V(eov,iv)) :‘gkvpg +VI, +e0,8 - D (vi-v,) +ZDk,j(vj - v
=

k,j=12,.N
Energy balance

8 oP, y
s = Eeehe +V (o, v,) =€g(6_tg +v, ‘VP)+V (ke VT,) +§Qk(T‘ -T)

Particelle: 0
Egkpkhk +V(e,ohv) =V ke, VL) - O (T, - T)k=12..N
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Pyroclastic flows (multiphase systems)
Model equations

(Esposti Ongaro et al., 2007, 2008, 2011; Neri et al., 2003,2007)

Mass balance 0
Eggpg +V(e,0,v,) =0
Gas: ) N L
Particelle: 5 54Pe +Vi(e0v,) =0 k=12,.N ¢ +X¢ =1
k=
Momentum balance
o 0 &
Gas: Efgpgvg +V (e, p,v,v,) =-£,VP, +VT, +¢,0,8 +§Dg’k(vk -v,)
Particelle:
a N
Egkpkvk +V(eov,iv)) :‘gkvpg +VI, +e0,8 - D (vi-v,) +ZDk,j(vj - v
k=

k,j=12,.N
Energy balance
0 =, (% 3
. = Eeehe +V (o, v,) _eg(ﬁ +v, ‘VP)+V (ke VT,) +§Qk(7} -T)

Particelle: 0
Egkpkhk +V(e,ohv) =V ke, VL) - O (T, - T)k=12..N
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Pyroclastic flows (multiphase systems)
Model equations

(Esposti Ongaro et al., 2007, 2008, 2011; Neri et al., 2003,2007)

Mass balance 0
—&,p, ¥V (£,0,v,) =0

Gas: ) o N
Particelle: 5 54Pe +Vi(e0v,) =0 k=12,.N ¢ +X¢ =1
=
Momentum balance
. 3} it
Gas: EEK’ORVE +V '(ggpgvgvg) = ggVPg +Vrg T,0,8 +ZD1:J<(VK' - Vg)
k=
Particelle:
a N
Egkpkvk V(e o0v,v0) :‘fkvpg +VI, +e0,8 - D (vi-v,) +ZDk,j(vj - v
=

%) =L..N
Energy balance
0 =, (% 3
. = Eeehe +V (o, v,) _eg(ﬁ +v, ‘VP)+V (ke VT,) +§Qk(7} -T)

Particelle: 0
Egkpkhk +V(e,ohv) =V ke, VL) - O (T, - T)k=12..N
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Pyroclastic flows
Example of 3D simulation (INGV Pisa)
Evento Sub-Pliniano (5x10"7 kg/s): wi% di massa collassata

(from Esposti Ongaro et al., 2008)
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Example of pyroclastic flows simulation
Montserrat eruption, West Indies, 1997
Particles concentratior]uin the atmosphere

. A . .
t=10s i t=20s i log,, particles volumetric
g fraction
Z[km) Zkm] 4
o 5 N
10 10 A % d =50 (35%) + 500 (40%) + 5000 (25%) pm
o ||, Mass=60x10°kg
-8
t=40s t=90s
Pressure at ground level
1.21d

é@ 1116

QG
PiPa)

1010

g 5 70 80

(simulation G-2D, from Esposti Ongaro et al. (2008) oA I B T R ER A
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Lava flows

Lava flows

Gollasso del T, :
e i Homa ;" 1 NS 4 Tusso piroelastico
550 piroclastico. Flusso lavico
Bordo di caldera g Bordo di calderal
=

L 3
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Lava flows

Etna, 1985

Principal parameters
@ Topography
@ Magma rheology
@ Mass eruption rate

Characteristics of lava flows
@ Free surface
@ Capacity to surmount barriers
@ Cooling
@ Formation of channels and tunnels
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General model (deterministic)
3D, time-dependent

Continuity and Navier-Stokes equations

0
pa—l: +pu-Vu=-Vp+ V(uVu) + pg

dp .
E‘FV'(,OU)—O

where:
u = velocity
p = density
p = viscosity (temperature dependent)
p = pressure
g = gravity constant
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Depth averaged equations
2D, time-dependent

Simplifying assumptions of 2D models
@ Fluid is approximated as a thin layer
@ Vertical velocity component is neglected

@ Navier-Stokes and continuity equations are integrated in z
(become 2D equations)
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Depth averaged equations

Continuity equation
oh  a(Uh)  d(Vh)

at "t ox T oy 0 |
Momentum balance equations
8((;;h) N 8(U2h;—Xgh2/2) N 8([;}\//h) _ _ghg_/: .y
a(avth) N a(g)\(/h) Lo V2h g—ygh2/2) _ _ghaa_/; v

h = fluid thickness; H = topography; U,V = x,y components of the
velocity; « = friction coefficient (viscous effects)
NOTE: Topography and viscous effects are “source terms”
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Simulation 1D

1-D LAVA FLOW
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Simulation 2D (Etna 1991)

SWELAVA model, INGV Napoli (Costa and Macedonio, 2005)
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Etna 1991

Comparison with observations

Simulation Observation

Duration: some months

Duration: few CPU minutes
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Main lava flow models

Num. Name Model type Authors
1 SCIARA Cellular automata Crisci et al. (1982)
2 Ishihara Cellular automata Ishiara et al. (1989)
3 DANIMIX Cellular automata Miyamoto & Sasaki (1997)
4 FLOWGO Steady-state 1D Harris & Rowland (2001)
5 DOWNFLOW  Probabilistic Favalli et al. (2005)
6 LavaSIM Deterministic 3D Hidaka et al. (2005)
7 SLAG Deterministic 2D  Macedonio & Costa (2005)
8 MAGFLOW Cellular Automata Vicari et al. (2007)
9 VOLCFLOW  Deterministic 2D Kelfoun (2015)
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