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Struttura dell OUFGM

L 6 UF &Ma struttura di ricerca e di monitoraggio del | 61 |
Sezione di Catania che ha il compito (i) di coordinarel 6 o sser v
e lo studio dei campi di potenziale in aree vulcaniche attive e (ii) di
sviluppare ricerche di modellistica fisico-matematica dei processi
vulcanici per la valutazione della pericolosita.
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Sorveglianza

Reti Permanenti Stromboli

1) Rete magnetica in continuo

2) Stazione geoelettrica in continuo
3) Stazione gravimetrica in continuo

Etna

1) Rete gravimetrica discreta

2) Rete gravimetrica in continuo
3) Rete magnetica in continuo Vulcano

4) Rete geoelettrica in continuo 1) Rete geoelettrica in continuo
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Banca Dati UFGM
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Obiettivo

Portare rapidamente le osservazioni gravimetriche e magnetiche in
continuo a livelli d 6 a p p | | diguantaoparell monitoraggio dei
vulcani attivi, procedendo attraverso lo sviluppo di tre temi principali
di ricerche:

‘ Identificazione e caratterizzazione UNITA OPERATIVA
dei segnali anomali nelle serie ANALISI

[ temporali dei campi di potenziale.

c

. O Modellistica integrata di insiemi

odellistica integrata di insiemi .

3 o _ _g_ _ o UNITA OPERATIVA
completi di dati geofisici per definire le MODELLI

© sorgenti vulcaniche.

]

E

= @ Simulazione dei fenomeni eruttivi |

i I lutazi dell | UNITA OPERATIVA

b+ per_ a _ ‘va utazione ella oro SIMULAZIONI
pericolosita.
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Magnetic Monitoring
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Il campo vulcanomagnetico

Variazioni locali del campo |
< (/

magnetico sono attese nei
vulcani contenenti grandi

Demagnetizzazione / rimagnetizzazione
AEffetto Termomagnetico termica delle rocce per variazioni di

quantita di minerali
magnetici.
temperatura oltre il punto di Curie.

Variazione della magnetizzazione delle
AEffetto Piezomagnetico ‘ rocce soggette a modifiche del campo di
stress.

Campo magnetico prodotto dalla
AEffetto Elettrocinetico circolazione di fluidi ionizzati messi in

moto da modificazioni del campo di stress.
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Le variazioni nella magnetizzazione delle rocce producono u n 6 a mgamma di
segnali magnetici che possono apparire anche molto tempoprimade | | 6ert uz
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Il campo magnetico in aree vulcaniche

Il campo magnetico in un punto P ad un istante t in un & ar e
vulcanica e la somma di 4 campi:

B(P,t) =Bc(P,t)+Ba(P,t)+B:(P,t)+Bv(P,t) l

Bc(P,t) l S > Campo regolare che si origina nel nucleo

terrestre (circa 45000 nTal | 6 Et na)

statiche crostali (>1000 nT sui vulcani)

Ba(P,t) l S > Campo di anomalie locali dovuto a sorgenti

Bt(P t) S > Campo transitorio variabile nel tempo e nello
’ spazio di origine esterna (varia tra 20 e 100 nT)
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BvW(Pt) [| >

magnetizzazione delle rocce vulcaniche
prodotte dai fenomeni eruttivi (<<10 nT)

> Campo locale legato alle variazioni della

&
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Magnetismo differenziale

A Isolare il termine di origine vulcanica:

B/(P,t)

AConsente di eliminare gran parte delle
variazioni del campo magnetico legato ai

u! " .v%; ;_,. N L
. ; £ CST A
termini: \j o>l o
_ | ] = |

IE ——

: "'

; B«(Pt) l Ba(P;t) l B:(P,t) l

=

“:’ A Differenza fraivalorid e | | 6 i det Gampo iMaighetico misurati in area

.E vulcanica rispetto ai valori misurati in un punto fuorid a | | 0 eulcanfco c i ¢
Q

U]
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Expected magnetic variation in volcanic areas

_ Magnetic variations can be
M2 accounted for by four
M‘IT contributions:
_ 8 M1 i f raa enagnetic effect
resulting from movement of

M4 » "= the observation site in the
“ » M3 E ar traid field,
2 4 8 M2 redistribution of

magnetized mass,

; \ 8 M3 thermal demagnetization
IM3| >|M4| >> |[M2| >> |M1] and remagnetization effect,
§ M4 change due to the
(Sasai, 1991) piezomagnetic mechanism.

The geomagnetic distribution patterns resulting from piezomagnetism induced
by an inflated pressure source is different from the thermomagnetic effects
caused by spherical demagnetization. Amplitude, time-scale, and polarity of
the volcanomagnetic anomaly allow to distinguish among them.
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Pressure source
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Dislocation source

FALDA EFFETTO

FREATICA : ELETTROCINETICO \
CAMPO DI SEGNALE
/ STRESS TETTONOMAGNETICO
DISLOCAZIONE ROCCE > EFFETTO ~
LUIL“SGC:_&NA \A MAGNETIZZATE PIEZOMAGNETICO
CAMPO DI
: SPOSTAMENTO
Tensile ., — | Strike
. l-_1 }'# LA T i, -
s \\\V K I .
) . / The stress-induced
[ _ 4 - magnet_ization IS
- 5 3 £ proportional to tr_}e
S . . deviatoric stress @
S ER ) £, , and  the initial
s o o ., :53«2”[‘5 magnetization J
- P K
T 4 = 1
: ER 2 3
K K ) !
) 3 a AJ = ; [J(}' J
?, 4 -4 =
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Unita Funzionale Gravimetria

‘, Istituto Nazionale di Geofisica e
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Il metodo gravimetrico nel monitoraggio dei vulcani attivi
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Variazioni di gravita in ambiente vulcanico

Il valore di g in un dato punto sulla superficie terrestre non e costante.
Variazioni temporali nella distribuzione delle masse extraterrestri
causano sensibili variazioni di gravita.

Inoltre, in aree attive dal punto di vista geodinamico, il valore di g puo
subire piccole variazioni nel tempo dovute a:

ridistribuzioni di massa subsuperficiali (migrazione di
fluidi magmatici; variazioni di densita di corpi magmatici
statici, soprattutto per variazioni nel contenuto di

L
- volatili; variazioni del livello dei fluidi presenti in un
S mezz0o pPoroso; ecc.);
0
E variazioni nella distanza tra il punto di misura ed Il
: centro di  massa della Terra (es. innalzamento o
c abbassamento del suolo per effetto di fenomeni
-E vulcanici o vulcano-tettonici).
»

Tipicamente | 6 a mp idiequesta variazioni € compresa tra qualche

58 mGal e qualche centinaio di mGal.

Istituto Nazionale di Geofisica e Vulcanologia



Caratteristiche delle anomalie gravimetriche

Gli spostamenti di magma al | 6 i wlit wunr edibcio vulcanico causano
deformazionin e | | 0 a n dpaziveempavale del campo di gravita. L 6 e ndi |
tali perturbazioni dipende dalla quantita di magma iniettato, dalla deformazione
che ha subito | 6 e d ivfilaarico,odalla vescicolazione e dal grado di
compressione del magma. Le anomalie di gravita associate a | | 6 avtildanica i
possono variare significativamente:

nello spazio (lunghezze d 6 o ncdnaprese tra centinaia di metri e decine di
chilometri);

L nel tempo (periodi compresi tra minuti ed anni);

E iIn ampiezza (da pochi pGal a centinaia di pGal).

E = =

: ' }

=

]

g L 0 a mp iedadunghezza d 6 o ella | periodi caratteristici  delle

"N variazioni temporali dipende dai volumi variazioni del campo di gravita

Y4l e dalla profondita dei corpi in cui si  dipendono dalla velocita di
verifica una variazione di densita. evoluzione degli eventi vulcanici.
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Expected gravity variation in volcanic areas

P

AGl1: fdAfree airo grav
AG2: Bouguer change caused by the
excess mass corresponding to upheaved
portion of the free surface;

AG3: effect of chamber wall expansion
which implies replacement of surrounding
mass with gas or magma;

AG4: gravity change by density changes
within the medium.

G1, G2 are
proportional to the
uplift of the
observation site
assuming the
medium density to
be constant.

f 4+ Gravitational Potential
G: Gravitational Constant
D r: Density changes

Dg: Gravity changes

u: Displacement Vector
G- Free Air Gradient
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Case Studies
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Etna Lava flow in the VaIIe deI Leone on 28 September 1989
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L6 er uz fuo caeatterizzata
dal | 0 apaa tbase adel
cratere di Sud-Est di due
sistemi di fratture propagatisi
con andamenti Nord-Est e Sud-
Est.

Il sistema a nord alimento
unoer ulateraben iavece le
fratture a sud rimasero secche,
pur mostrando indizi  di
unoi nt magsatican e

Per chiarire se le fratture
meridionali fossero collegate
ad un dicco superficiale,
nel | 6ot 198% r evenne
materializzato, a quota 1650 m,
un profilo magnetico lungo
2230 m.
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Mi sure dell i ntensit?’ t ot al

Octaber 23, 1929: stand. dewv. = 6 nT

Il profilo e costituito da 447 punti
misura distanziati 5 metri.

Dal | 0 0l980 a $etteenbre 1991,
SoNo state esequite 7 prospezioni.

Per valutare la ripetibilita delle
misure lungo il profilo e stata
calcolata la standard deviation sulle
due serie di misure prese durante
ciascuna prospezione. L6 er nnor e
genere rimane compreso tra 6 e 12

nT. W W R IV TR ST BV T : .

e Ead|
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Differenze tra le due serie di misure 0 280 S0 TED 4000 1250 1800 47ED 2000 2250

acquisite durante ciascuna prospezione. 1 Distance (i
Fracture

&
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Variazioni magnetiche: 23 ottobre 1989 - 23 settembre 1991

October 23,1989 - March 23, 1930 October 23,1989 - March 23, 1990
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Modello termomagnetico

25% Magnetizzazione media

50% Magnetizzazione media

J T T(months)
0% 500 AC 2.4
25% 340/AC 7.2
50% 270/C 15.2
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Etna: 2002-2003 Eruption



Eruptive Activity

On October 26, 2002
at 22:25 a seismic
swarm took place at
Mt Etna and several
hours later lava
fountains and ash
columns occurred on
the south flank, along
a N-S fracture field.

rale’ < - & Piano Provenzana | =
e - _..l-'. ;- — i
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3 About 5 hours later, R ==

3 on October 27, At O | Prodaisones

—Jll another eruptive ITALY Q  2002LavaFiows

" fracture system Eaie s

ault
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Daily Magnetic Field Variations

(&)

Mwm 4

Eruption

WOV DEC 2002

PDN filtered \V
. i ata
4 InT o
WW—WPN ® et

Eruption

JAN FEB MaR APR BAAY JUN JUL auc SEP oCcT NOV  DEC 2002

L'Agquila local K index

After having removed external fluctuations using adaptive filtering, no
noticeable precursory long-term signal is detected before the eruption,
whereas remarkable short-time changes anticipated and accompained the
openings of the eruptive fissures.
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Timing the 2002 Etna Eruption Onset

PDN

e 25hours. | s

Seismic event
Md=4.2 - 03:50 a.m.

0.00 6.00 12.00 18.00  0.00 6.00 12.00 18.00  0.00 6.00 12.00 18.00 0.00

and propagation of the vents along the NE Rift (Del Negro et al., 2004).
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Two stages are
recognized in the
magnetic field
changes:

Aa faster negative
variations at PDN
and DGL stations
Aa slower positive
variations at both
stations.

A delay of about
70 minutes is
observed between
the minimum of
the two signals.

The local magnetic fields at PDN and DGL stations allowed also timing the onset of the
eruption. The most significant change in the magnetic field is associated with the opening

The rate of growth of the magnetic anomalies demonstrates that the magmatic intrusion
. travelled northward from base of the NE crater to the NE rift at approximately 14 m/min.
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Engptive fissure
§  Scismicevont
© Magnetic station

Sedmmic slabon
] 1 2 km :l

.I'I L P
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£ == -
120 urac | 500 505 E [km]

#
PDN Radial J/ 4

------

PDN Tangential |

_/ | | '_ Geophysical data interpretations point
T . out that the changing stress field

; ~ve™™induced by  the  dike  intrusion
LT ' proportionally controls the seismicity
A | A | rate during earthquake swarms. The
i BT seismicity related to the magma
Pl intrusion along the North-East Rift
_ v indicated an abrupt stress change that
N ! Byl ! could have triggered the earthquakes
“\L,M M| P _ and driven the magnetic changes

(Currenti et al., JGR 2008).
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Etna: South-East Crater on 13 May 2008
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Etna Magnetic Network

A CSR = ___ f TN _‘ Magnetic Station
B!/ | - . ® 2008 Lava Flows
|

Q‘_\ "\ Eruptive fissure
“y 4 \ Fracture field

2 km
e

WEB Site: http://www.ct.ingv.it

The lava flows (red) and north
fracture fields (gray) during the
2008 Etna eruption.

The magnetic network consists of 5
scalar magnetometers and 2
magnetic gradiometers.

All stations are equipped with a
GSM-90 Overhauser effect
magnetometer (0.01 nT sensitivity).

Sampling rate = 5 seconds
A GPS receiver controls the

synchronization of readings
between stations.
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Daily mean differences of total intensity ' "f;f-:’ ~ 200 o

A mobile daily
averaging with an
overlapping window of
2 hours is performed
on magnetic data
recorded in May to
remove diurnal
components.

No significant
variations are
observed before May
13th, while step-like
variations at almost all
stations are observed
in time
correspondence with
the northward seismic
swarm propagation.
The total magnetic field
undergoes an
irreversible change.
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LCSR

10-minute means of total intensity

]
The magnetic data show a fast change from 09:00 to  /
10:00 GMT. In this time interval most of the earthquakes
(about 150 of 230) were recorded. --'—jj
PDG North-CSR | j"

PDG South-CSR

PN

PDN-CSR

v 4 nT
PTL-CSR 1
BCN-CSR

W

BVD-CSR ;
e —— o el
W

0:00  2:00 4:00 6:00  8:00 10:00  12:00 1400 16:00 18:00 20:00 22:00 00:00

13 May 2008
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A decrease in the rate
of magnetic variations
was observed from
10:00 to 14:00 GMT
during which a fall in
the earthquake rate
was observed. After
the seismic swarm
ended, no further
magnetic  variations
were detected at all
stations.
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Magnetic modeling

Ay i R Y N [km]
d .« 4186

A Magnetic Station

/ Modeled Dyke

Dike parameters of the
piezomagnetic model.

Magneto-elastic properties
of the medium:

Magnetization: 2 A/m,
Inclination: 53.0°,
Declination: 2°,
Sensitivity: 0.0001 bar?,
Rigidity: 30 GPa.

492 496 500 504 E [km]

X center Y center Depth Length Width : : Opening
Strike Di
(km) (km) (m) (km) — (km) i (m)
4179 500.6 250 2.5 2 -20° 80° 2
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Seismomagnetic signals: 1-minute mean differences

A Magnetic Station e v N [km] PON-PT
7 - IN-FTL
® Seismic event e . i - it 4186 el i
ST |
/ Modeled Dyke =

-i;_:.:" 4182 POG South-PTL
PDG Morth-FTL
3 Tyem o -~ PDG South-PDN
4178 ¥ =
PDG Norh-PDN
c e :
E = _ 3
© . ﬂ e
"E E [km]
w 09:00 09.30 10:00 1030 11:00 11:30 12:00 1230 LR
c
9 Rapid coseismic magnetic changes clearly identified on the northern flank in
N . ) . .
g correspondence of 4 most energetic seismic events (M, O 3.7). Step-like

magnetic variations with amplitudes from 0.5 nT to 1 nT have been detected
.. inthe 1-minute mean differences of the magnetic signals.
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Seismomagnetic signals at gradiometric stations

A Magnetic Station . | N [km]
A - - i
® Seismic event B e - i 4186 il _ |
S |
/ Modeled Dyke ~fe CST-North-CST[South

- 4182 B A

PDG|North-PDG South

4178 4

[#4]

1

|}
p——

|

492 496 500 5'04 E [km] 39:.06 09:30 - iO:DO 10:30 11:00 .11:30 .12:00. 12:30 13:00
Significant rapid changes are clearly seen at PDG station, where the
gradiometer configuration allows to discriminate sub-nanotesla variations
thanks to the 50 m horizontal distance between the two sensors. The gradient
at PDG shows magnetic offsets of about 0.3 nT in coincidence of the seismic
events. No magnetic changes were, instead observed in the gradient field at
g+ CST located on the south flank.
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Attivita esplosiva parossistica 1989-2002

11998: b - 1999
' North -East Crater : South - East Crate
5 March : lava fountain January - Februa

8 lava fountains

ragine Crater : 4 September
uly - subPlinian event > |lava fountain

uyst: lava fountain

"'th L. - ; 1995 -"96 “+4N
uth -East Lrater. South - East Cratess North -East Crater

ETAGE [ e T0C! May-July . 10 lava fountains
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S
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South - East Crater g 4 ,.p‘ -
January -June: 64 lava fountains 5595 1989 "‘u

g Quntains Flank eruption
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_ . amber.
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Etna microgravity network

Location of the 19 gravity
stations (yellow circles) of
the Easti West  profile
running from Zafferana
(ZAF) to Adrano (ADR)
villages across the Rifugio
Sapienza (RS).

The main lava flows
outpoured are mapped:
blue light = 1999 lava flow
from BN Crater; orange =
2000 lava flow from SE
Crater; violet light = 2001
flank eruption; violet = 2001
lava flow from SE Crater;
red = 2002-2003 flank
eruption; green = 2004 -

2005 flank eruption.
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East-West profile: 1994 7 2008 period

Space/time variations of gravity field collected by 19 benchmarks along the East
- West profile between August 1994 and November 2008. During this period, 106
surveys were carried out using the Scintrex CG-3M gravimeter.
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Recurrences in both space and time of significant long period gravity
increase/decrease cycles, reaching a maximum amplitude of approximately
100 ¢ G apleak-to-peak, centered on the southeastern sector of the volcano

~ with maximum on late-1996, mid-2001 and September 2007 were recorded.

Istituto Nazionale di Geofisica e Vulcanologia



Maps of the 2-D recovered density model
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More or less continuous intracrater Strombolian activity D Maore or less continuous emissions of (mostly lithic) ash
Sporadic Strombolian activity and ash emissions I Flank eruptions
I Lava fountaining I Lava overflows
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The 1994 1 2007 timeline

The computed positive
mass variations of about
1.05 x 10% kg were
interpreted as magma
accumulation, while
negative mass changes of
about -1.20 x 10! kg were
associated  with  either
magma drainage or
opening of new voids by
tectonic stresses within a
source volume, where
tensional earthquakes
occurred.

(a) Different eruptive styles.

(b) Cumulative eruptive
volume.

(c) Density change per unity
length computed beneath
the profile.
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Etna: 2006 South-East Crater




Hybrid microgravity method at Etna

We employ the combined use of absolute and relative gravimeters as hybrid
method to extend the potential of gravity measurements for surveying the
Etna volcanic area. Each relative station is connected at least three times
with the absolute one.
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Location of absolute gravity stations at Catania and Mt Etna
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Data 310, NOAA, U 5. Navy, NGA. GEBCO

Google
image & 2008 DigitalGlobe

Date di acquisizione delle immagini: 5 Ot 200514 Mar 2007 33 5 503018.47 m E 4178526 27 m N 23 .60 kim Alt
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Results of absolute gravity measurements at Etna and Catania

Station

Catania INGV
Serra La Nave
Montagnola

_ Pizzi Deneri
Caserma Donnavita
Catania INGV

Acronym

INGV-CT
SLN
MNT
PDN
DNV

INGV-CT

2007
g Ug
uGal nGal
980031500.8 124
979641610.2 6.2
979468483.7 155
979379856.3 20.1

mm
499 9
4922
487 .1
4804

g
pGal

980031537 4
979641609.3
979468458.5
979379797.8
979741042.9
980031537.8

2008

Ug
uGal
10.6

74
204
292
10.2
16.1

h
mm
517 7
514.2
515.6
515.3
514 2
518 9

i
pGal/m

361.6
275.2
293.5
315.6
305.7

2008 - 2007
Ag UAg
nGal pGal
7.1 10
-17.4 26
-48.3 35
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Combined gravity changes during the 2007-2008 period

Relative gravity stations

The absolute gravity
variations observed
and the gravity data
from the entire Etna

N
Absolute gravity stations A

network (relative
measurements) were
combined and

contoured over July
2007 1 July 2008
time interval.

Sezione di Catania

A mass deficiency of about - 42 3 10° kg was computed by means of
Gauss' Theorem in the upper north-eastern sector of the volcano.
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Combined gravity changes during the 2008-2009 period

A mass increase of about 55 2 10° kg was computed

The absolute gravity
variations observed
and the gravity data
from the entire Etna
network (relative
measurements)
were combined and
contoured over July
2008 1 July 2009
time interval.

by means of Gauss' Theorem in the central part of the volcano edifice.
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Gravity model of the 2008-2009 changes
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This

is known as the

"missing mass problem"”.

We modeled the gravity

change assuming a
prismatic source and
considering the real

topography of Mt Etna.

Parameters Gravity source
Latitude (rm) 455850
Longitude (m) 4178250
Azimuth 157 E
Depth of the top (km) az.l 1
Length (k) &
Whdth (lem) 3
Dip B0
Cipening (m) 22
Mp, density (kg ™) 400
AN (keg) 1.5x 10
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