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SEISMIC MONITORING I N  ITALIAN GEOTHERMAL AREAS 
I. SEISMIC ACTIVITY I N  THE LARDERELLO TRAVALE REGION 

F. Batini ,*  C. Bufe,? G. M. Camel'i,* 

R. Console? and A. F i o r d e l h i * .  

1. INTRODUCTION 

Natural seismic a c t i v i t y ,  c h a r a c t e r i s t i c  of g 

be modified when changes i n  the  fluid-thermodynam 

, i n  the  subso i l ,  brough out  by production and re 

f l u i d s .  I n  f a c t ,  it h een seen t h a t  f a u l t s  may 

of seismic a c t i v i t y  i f  the  pressure of f l u i d s  is 
i c a l l y  a c t i v e  areas 'and t h a t  shallow earthquakes 

a subsequent reduct ion of the  "e f f ec t ive  normal stress" (Healy e t  a l .  
1968; Teng e t  a l .  1973; Raleigh e t  a l .  1972). I n  order to meaeure t h e  

e f f e c t s  of v a r i a t i o n s  i n  the  pore pressure on na tu ra l  seismic 

a c t i v i t y ,  a seismic network was i n s t a l l e d  about four  years  ago i n  t h e  

Lardere l lo  Travale geothermal region and i n  t h i s  repor't we w i l l  

d i scuss  the  r e s u l t s  obtained during the  period extending from March 

1977 t o  June 1980. 

2. GEOLOGICAL-STRUCTURAL DESCRIPTION OF THE LARDERELLO-TRAVALE 

REGION 

A geologica l - s t ruc tura l  desc r ip t ion  of the  Boraciferous Region has 

been given i n  d e t a i l  by var ious  authors  (Laza ro t t i ,  1967; Mazzanti, 

1966; Cataldi et a l .  1963; Giannini et  a l . ,  1970; Bat in i  et a l .  1978). 

The outcropping t e r r a i n s  may be grouped under the  following complexes, 

i n  order  of succession from top t o  bottom: 

* ENEL, Unit; Nazionale Geotermica, P i s a ,  I t a l y  

U.S. Geological Survey, Menlo Park, Ca l i fo rn ia ,  USA. 

* I n s t i t u t o  Nazaionale Geofis ica ,  Roma, I t a l y .  
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1) Neoautocton: cons i s t ing  of l a c u s t r i n e  and marine and lagoon 

depos i t s  of t he  Upper Miocene and Pl iocenid marine sediments which 

a r e  predominantly clayey. 

u n i t s  be  low. 

It t ransgresses  i n t o  almost a l l  of the  

2)  Nappes of  "Liguridi" (a.s.1.): to  these belong formations i n  

f ly sch  "facies" and of i o l i t e s  of Cretaceous t o  ne age. This 

ies on the  t ec ton ic  u n i t s  described below. 

3 )  Tuscan Nappes f t h i s  i s  the  well-known Triassic-Oligocenic sequence 

t h  'predominantly carbonate mesozoi 

d terr igenous formations from Cret 

formations i n  the  basal  pa r t  

eous t o  Oligocene i n  the  

. .  

upper p a r t . ^  T h i s * t e c t o n i c  un i t  i s  f requent ly  present  with an 

e sequence o r  with only the  anhydri te  format ion 

The la t te r ,  conne t o  dolomite and te  brecc ias ,  forms 

the  base of the  un i t .  

t o t a l l y  absent.  

Nappes and the  reg iona l  basement mainly i n  correspondence of 

Cas telnuovo-Laraerello and Serrazzano area .. 

I n  some a reas ,  t he  "Tuscan Nappes" are 

Tectonic wedges a r e  present  between the  Tuscan 

se formations sen t  i n  the upper p a r t  of l 

and , p h y l l i t e s  . a t t r i  o t he  pre-carboniferous. I n  

* the  lower p a r t  (over 3000 meters  deep) 

gneiss  formations. A l l  these  t ec ton ic  u n i t s  l i e  i n  conformity on 

f ind  mica-schists and 

- 

a sur face  of d i scon t inu i ty  which, a t  

been detected by means of seismic r e f l e c t i o n  

The , tec tonic  i s  charac te r ized  by two s t y l e s .  

ing . 
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- t he  f i r s t  being p l i c a t i v e ,  has determined a series of fo lds  

general ly  or iented i n  an appennine d i r e c t i o n  with an a x i a l  

dipping toward NW; 

- t he  second being r i g i d ,  has led t o  the  formation of a series 

of f a u l t s  which c u t  the  folded s t r u c t u r e s  which have 

previously formed i n  d i f f e r e n t  d i r ec t ions .  The prevai l ing 

d i r ec t ions  are appennine (NW-SEI and anti-appennine (NE-SW) 

(Fig. 1). 

The s t r u c t u r a l  s i t u a t i o n  created a t  t he  end of t he  t ec ton ic  movements 

described is represented by "horst" and "graben" s t r u c t u r e s ;  t he  

l a t t e r  have f o r  t he  most p a r t  given r ise  t o  sedimentation basins,  

during the  marine invasion of t h e  Miocene and t h e  Pliocene. 

3 .  SEISMOGRAPHIC COVERAGE 

Seismographic monitoring i n  the  Larderello-Travale geothermal 

region w a s  begun i n  June 1976 with the  i n s t a l l a t i o n  of t h ree  permanent 

seismographic s t a t i o n s  (CLSE; N I N I  and SDAL). Subsequently, seismo- 

graphic coverage has been increased (Fig.  21,  but new s t a t i o n s  w i l l  

have t o  be set  up i n  order t o  b e t t e r  con t ro l  seismic a c t i v i t y  i n  the  

Larderello-Travale geothermal region which i s  c u r r e n t l y  being explored 

and exploited.  Each s t a t i o n  c o n s i s t s  of a seismometer type Willmore 

MXIII A/S of 1 sec period and with the  gene ra to r ' s  constant average 

> 450 V/m/sec. 

The seismic s i g n a l ,  amplified and frequency modulated, is  

t ransmit ted v i a  r ad io  t o  multi-channel analogic magnetic tape recorder  

which records s igna l s  with a maximum frequency of 16 Hz. 

4. Data Analvsis 

The determination of the  foca l  co-ordinates of the  seismic events 

recorded by the  network i s  done by means of t he  Hypoellipse program 

(Lahr, 1979) based on a model of layered ea r th  which d i f f e r s  from one 

I 
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SEISMIC UONlTORlNG IN ITALIAN GEOTkERMAi AREAS ( ld  Part) 

-Ice 

. D "  

Travertine 

mccastrada volcanic group(Rhyo1itic ignimbrites,lavas,etc. + + +  

Pliocene 
UsMiocene 
EOCenii E, Shales,marls,lbaestones,ophiolites.etc ("Argille scag1iose"- 
u. Jurassic 
oliaocene 

a Clays, sands, conglomerates,dtc. (Group 1) 

flysch-lades formations) (Group 2 )  
~=--=-r ukosic sandstones (mcigno) and varicolored shales _--_ 

.cretaceous -- (Scaglia) (G:Oup 3) 
u. Jurassic 
u.Triassic _.- ljmestones and magnesian limestones with anhydrifie layers(group 4) 

-ldiolarites,marls,cherty limestones,&s;i;e limestones, Stratified 

U-Triassic Kqm.1 Schistose-quartzitic formations (Basement) (Group 5) 
carboniferous 

Fig. 1. Location and schematic geological map of the Larderello-Travale region. 
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s t a t i o n  t o  another and is  reconstructed on the  bas i s  of geologic 
L d  

( s t r a t ig raphy  of the  we 

and r e f l e c t i o n ,  sonic- logs)  knowledge (Table 1). 
1 as well  as geo c a l  (seismic r e f r a c t i o n  

The mean square 

e r r o r - o f  the  r e s idua l  t r a v e l  time is  l e s s  than 0.1 sec.  f o r  over 80% I 
o f  the  events  while the determination of the  focal  co-ordinates is 

done with a n - e r r o r  2 1 km on the  ho r i zon ta l  plane and Z 2 km a t  depth. 

I I n  order  t o  render the  focal  loca t ion  more accura te ,  an attempt has 

been made t o  use a more advanced computing program, based on a three-  

-dimensional c r u s t a l  model (Alessandrini  - Levato, 1980). The def in i -  

t i o n  of  t h i s  model €or the  Larderello-Travale geothermal region is 

s t i l l . b e i n g  worked on. 

The magnitude of l oca l  seismic events is  determined using an 

empir ical  equation which t ies it t o  the  t o t a l  dura t ion  of the  event ,  ., 
t b  the  d i s t ance  from t h e - e p i c e n t e r ,  and t o  the  focal  depth (Lee et  a l .  

1972; Lahr et al .  1973). For events  of grea te  gni tude,  a compari- 

son has been made between values  determined w i  he  method described 
I 

I above and values  given by t h e  National Seismic Network, and 

s a t i s f a c t o r y  agreement has been found. 

5 .  SEISMIC ACTIVITY 
- 

as been s tudied  taking i n t o  

cons idera t ion  the data contained i n  t h e  National S e i s m i c  Catalogue, 

by ENEL, for  the 'per iod 1000 - 1975. 

border of an area with an 

extends towards the  cente  f the I t a l i a n  peninsula i n  a 

Larderello-Travale geothermal region is  located on the  western 
- -  

most uniform seismic a c t i v i t y  which 

ig .  3 ) .  The e n t i r  s t r i p )  b e l t  between the  Tirrenean Sea and 

ennines which runs ong the  l i n e - o f  L i  rno, mssa Marit t ima, 

up -to Monte Amiata, i s  an almost aseismic a rea  or one ,with very 

moderate seismic a c t i v i t y .  

thermal area shown ' in  the  small  square,  even though earthquakes of 

high i n t e n s i t y  I X o  - Xo ( p r i o r  t o  1800) on the  Mercal l i  s ca l e  have 

I n  the  iaunediate v i c i n i t y  of the  geo- 

occurred, seismic a c t i v i t y  has  remained moderate and i n  the  last  few 

years  seems t o  have decreased. 
: w  
r .  I 
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Table 1 - Crustal  Model 

STATIONS : M I N I  - CLSE 

. . I  " _  * .  _. " .. 
Velocity Depth. Veloc i ty  Depth. 

km/sec km km/sec km 

3.800 0. 3.000 0. 
5.100 0.150 5.100 0.440 
6 . 2 0 0 .  3.900 6.200 

STATIONS : QUER STATIONS : CRBE 

Velocity Depth. Velocity Depth. 
km/ sec km km/sec km 

2.800 0 .  
3.800 0.040 
5.100 , 0.240 
6.200 , 3.500 

3.800 
5.500 
5.100 
6.200 

0. 
0.100 
0.800 
3.500 

STATIONS : V C / 1  STATIONS : MDSV 

Vel0 c i t y  
km/ sec 

Depth. 
km 

Veloc it  y 
km/sec 

Depth . 
km 

3.800 0. 4.200 0. 
4.200 0.200 5 500 0.010 
5.500 0.800 5.100 0.800 
5.100 1.100 6.200 3.000 
6.200 3.500 
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Table 1. Crustal Mode (Continued) 

STATIONS : CORN - TRIF STATIONS : LAG0 

Veloc i ty Depth. Veloc i ty Depth. 
km km/sec km km/ sec 

0. 3.200 0. 5.100 

6.200 4.200 6.200 3.500 
5.500 0.010 5.100 0 300 

STATIONS : SELV STATIONS : ACQP 

Velocity Depth. Velocity Depth. 
. km/ sec km km/sec km 

0. 4.200 0. 
0.100 5.100 0.010 

~ 3.800 
4.300 
5.100 0.700 6.200 3.100 

: 6.200 3.400 
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Fig. 3. Epicenters map. 

I 
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The only noteworthy event v e r i f i e d  i n  recent  t i m e s  i s  the  ear th-  

quake a t  Monterotondo on- August 19, 1970 wi th  an i n t e n s i t y  of VIIo 

on the  Mercal l i  s ca l e .  Since the catalogue appears t o  be complete 

from 1880 t o  1975 even f o r  earthquakes of low magnitude (M > 3 1 ,  an 

area which includes the  Larderello-Travale geothermal region has been 

chosen (Fig. 4 )  i n  which t o  attempt t o  make a s t a t i s t i c a l  t ab l e  of 

magnitudes; using , t h e - e m p i r i c a l  equation of Ishimoto-Iida, we have 

obtained a value of "b" equal t o  about 1.5. 

L 

2 

5.2 Present  Seismic Ac t iv i ty  

From March 1977 t o  Ju ly  1980 about 500 events  have been loca ted ,  

almost 400 of which f a l l  within the  geothermal region. 

a c t i v i t y  mknifests i t s e l f  Py sporadic a c t i v i t y  and sequences of events  

which appear i n  c lus . ters  vary i n  magnitude and number. 

t ake  on the  form of 

of earthquakes whic 

from a few seconds t o  severa l  hours,  with an ep icenter  which i s  

r e s t r i c t e d  to 'a small area.  

Seismic 

These r a r e l y  

pica1 mainshock af tershock sequences and cons i s t  

e another i n  a time range which v a r i e s  

i tude  observed during the  above mentioned period 

was 3 . 8 .  From i s t r i b u t i o n  of ep icen te r s  (Fig,  5 )  it may be con- 

a c t i v i t y  i s  present  throughout the  e n t i r e  . 
Larderello-Travale geothermal region,  but i n  c e r t a i n  areas the re  i s  a 

g r e a t e r  concentrat ion.  

These areas a r e  located a t  the  borders of the  geothermal region 

and coincide with areas whose exp lo i t a t ion  has begun i n  recent  times. 

A t  any r a t e ,  it is noteworthy t h a t  only i n  t h e ' l a g o  area (SW of 

Lardere l lo)  does the  release of tension come about i n  a r egu la r ,  con- 

r. During the  period of observat ion here  considered, i t  

to  s i n g l e  out i so l a t ed  spo t s  of se i smic i ty  even i n  a reas  

not  se i smica l ly  a c t i v e  ( i . e . ,  the  immediate v i c i n i t y  of well  

"Sasso 22" d r i l l e d  during the  period 1978-1979 t o  a depth of more than 

4/km). The pro jec t ion  of t h e , f o c i  on v e r t i c a l  planes running N-S and 

~ E-W (Figs.  6-7) demonstrates t h a t  earthquakes take place almost 

t o t a l l y  wi th in  8 km and predominantly a t  3-4 km. 
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Fig. 7. Frequency magnitude relation Larderello-Travaie areas. 
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It is  i n t e r e s t i n g  t o  note the  abrupt i n t e r rup t ion  i n  se i smic i ty  
, -  - - .  

u 
i n  spond t o  l i m i t s  of the  Lardere l lo  geothermal f i e l d  

(Figs.  6-6a) and a pr 

zone corresponding t o  the  

ng of the  f o c i  i n  the  eas t e rn  

i e l d  of Travale. 

The scarce  se i smic i ty  observed i n  the  c e n t r a l  p a r t  of the  region 

may coincide with a l e s s  f rac tured  zone which may c o n s t i t u t e  an 

eventual b a r r i e r  between the  two geothermal f i e l d s .  

.5.3 Magnitude - Frequency Relat ionship 

The magnitude-frequency histogram has been'drawn up f o r  t he  events 

, l o c a l i z e d  i n  the  a rea  indicated i n  the  square i n  Fig. 3 over a three-  

year  period extending from J u l y  1977 t o  J u l y  1980. 

(Fig. 7 )  p resents  t h ree  d i s t i n c t  elopes: 

be a t t r i b u t e d  a t  least p a r t l y  t o  qtrumental de t ec t ion  f a c t o r s ;  t he re  

The histogram 

the  f i r s t  f o r  M >  1.8 may 

1 i s  then a s t re  ch goes from 6 8  > M > 3.3 which may be approxi- 
mated by the  s t r a i g h t  l i n e  whose equation is: 

Log N 3.42 - 0.76 M 

F ina l ly ,  f o r  M > 3 . 3  w e  see an abrupt increase i n  the  s lope  which 

*corresponds t o  a "b-value" of about 1.66. Similar  lack of l i n e a r i t y  

has been found i n  s tud ie s  done on microseismicity (6 Sca lera ,  1980, 

Analysis of t he  "b" pa ameter; Seeberg, personal communication). 

same t y p e  of histogram (Fig.  8 )  has beeq constructed from the  events 

which took place during the  same period Qf observat ion i n  a more 

r e s t r i c t e d  a rea  indicated i n  Fig. 3,  Lago (SW of Lardere l lo) .  

I n  t h i s  case  the s t r e t c h  which r u n s ' f  1-8- 3.3 may be 

The 

approximated by the  s t r a i g h t  l i n e  with t h  allowing equation: 

3.97 - 1-19 M 

The value of b (1.19) which we f i nd  i n  t h i s  l a s t  case is  notably 
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This may be connected,to a geological  s i t u a t i o n  which i s  

: p a r t i c u l a r l y  favorable  t o  the  r e l e a s e  of energy with mechanisms 

character ized by low tension. 

of o ther  geothermal a reas  (Marks e t  a l .  19.781, i s  genera l ly  associated 

with a high grade of f r ac tu r ing  of rocks and i n  some cases  with 

induced seismic a c t i v i t y  (Gupta - Rastogi,  1976). 

t o  about 1.5, drawn from da ta  i n  the  National Catalogue of earthquakes 

which took place from 1880 t o  the  present  i n  the  a r e a  shown i n  Fig. 3, 

i s  comparable t o  t h a t  ca lcu la ted  on the  bas i s  ;&Of events with M > 3.3 

This value of "b", c h a r a c t e r i s t i c  a l s o  

A "b" value equal 

'which took place during the  observat ion period (1977 - 1980) i n  the  

area shown i n  the  l a r g e r  square;  t h  

abnormal behaviour with respec t  t o  

na t iona l  t e r r i t o r y  (b Y 0.9) (Jaccar ino,  1968). 

verage 'va lue  found i n  the  

1 ,  ~ 

L. . 
6. FOCAL MECHANISMS 

The foca l  mechanism has been determined employing the  class ' ical  

method based on an ana lys i s  of the  f i r s t  motion recorded. 

program has been u t i l i z e d  (Wickens, Hodgson, 19671, adapted t o  the  

present  problem, which determines t h  

with r e l a t i o n  to  the  input  da ta ;  

A computing 

t o r i e n t a t i o n  of nodal planes 

Given the  low energy re leased  by the  s i n g l e  seismic events  

: v e r i f i e d  i n  the  a rea  s tudied during the  pas t  th ree  years ,  it has been 

impossible t o  u t i l i z e ,  i n  order to determine foca l  mechanisms, data 

' from s t a t i o n s  which do not belong t o  the  loca l  network a t  Larderel lo .  

The scarce  number of $ava i l ab le  s t a t i o n s  and t h e i r  loca t ion  

respec t  t o  t he  events  has l imited the  r e l i a b i l i t y  of the re 

n ana lys i s  of the  f i r s t  mo ns of every s i n g l e  

t ab le  so lu t ions  of f a u l t  planes,  the  

omposit) plane so lu t ions  method has been used, 

applying it ' t o  earthquakes o r i g i n a t  
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The r e s u l t s  shown i n  Fig. 9 are the  most representa t ive  f o r  t he  

whole region according t o  the  present  seismographic coverage. 

p a r t i c u l a r  the  following fea tures  are evidenced: 

I n  

0 frequent mechanisms of normal f a u l t s  with appennine d i r e c t i o n  

(NW-SEI and antiappennine (NE-SW). 

0 s t r ike - s l ip s  f a u l t  mechanisms with the  a x i s  of maximum 

compression t rending approximately NW-SE. 

7. SEISMICITY - EXPLOITATION OF GEOTHERMAL FIELDS 

A comparison between se ismic i ty  and a c t i v i t y  connected t o  

exp lo i t a t ion  of a geothermal f i e l d  ( ex t r ac t ion  and i n j e c t i o n  'of f l u i d s  

a t  depth, d r i l l i n g  of deep w e l l s  i n  t o t a l  l o s s  of c i r c u l a t i o n ,  

s t imula t ion  of s te r i le  wells,  e t c . )  has  been attempted i n  order  t o  

e s t a b l i s h  i f  and how these a c t i v i t i e s  modify the  stress release 

mechanisms of the  Larderello-Travale region. 

quant i ty  of  f l u i d s  extracted and in jec ted  i n  the  subsoi l  has been 

compared with the  seismic energy which is  re leased  every month. 

The da ta  concerning the  

From the  histograms reconstructed f o r  t he  Larderello-Travale 

geothermal region (Fig. 10) the  seismic energy was re leased  as a 

l i n e a r  funct ion of t i m e  u n t i l  May 1979, when a sharp increase of 

se i smic i ty  occurred. This increase can not be co r re l a t ed  t o  e i t h e r  

t h e  quant i ty  of f l u i d s  in jec ted  o r  t o  production of  f l u i d  o r  t o  the 

average monthly r a i n f a l l .  

Observing the  va r i a t ions  of the  same parameter f o r  the  Lago area 

(Fig. 111, we can see t h a t  the same pa t t e rn  i n  the  energy histogram 

p e r s i s t s  throughout the period from May 1979 - June 1980. I n  t h i s  

case there  are no sure  co r re l a t ions  between ex t r ac t ion  of i n j e c t i o n  

a c t i v i t i e s  and se i smic i ty .  A t  any r a t e  it i s  noteworthy that ' ,  dur ing 

the  period of March 1978 - January 1980, a deep w e l l  was d r i l l e d  

(Sasso 22) i n  the  Lago area; t he  d r i l l i n g  was performed l a rge ly  i n  

t o t a l  loss of c i r c u l a t i o n  in j ec t ing  la rge  q u a n t i t i e s  of water i n t o  t h e  

w e l l .  The number of seismic events with a magnitude superior  t o  1.5 
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Fig. 9. Representative fault plane 
trends in Larderello-Travale region. 
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SEISMIC MONITORING IN ITALIAN GEOTHERMAL AREAS (la prt) 

. 10. Temporal distribution of seismic energy released, water 
injected, rainfall, steam production. 

C 
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Fig. 11. Temporal distribution of seismic energy released, water 
injected, rainfall. 
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increases  gradual ly  as  the depth of the  well reaches about 3000 m 

(Fig. 12) u n t i l  the  end of d r i l l i n g  when the  se i smic i ty  goes back t o  

the  previous leve ls .  

A c e r t a i n  r e l a t ionsh ip  between se ismic i ty  and quant i ty  of f l u i d  

i n j e c t i o n  may be found i n  a reas  outs ide  the  Lago-Sasso 22 a rea  also.  

However, it is  not possible  with our present  knowledge t o  genera l ize  

a cause-effect  r e l a t i o n s h i p  between i n j e c t i o n  of water and induced 

earthquakes i n  those area.  

I n  f a c t ,  from Figs.  13, 14, and 15 one can d i s t ingu i sh  three  

d i f f e r e n t  cases:  

i n  the  Travale area (Fig. 13) a f t e r  

of se i smic i ty  was detected.  

i n  the  Gabbro-Bulera a rea  (northern 

(Fig. 14) a se i smic i ty  increase  did 

water i n j ec t ion .  

water i n j e c t i o n  an increase  

pa r t  of the  region)  

not always occur a f t e r  

i n  the  Larderello-Castelnuovo area ( c e n t r a l  p a r t  of the  region,  

Fig. 151, there  is no c o r r e l a t i o n  between water i n j e c t i o n  and 

seismic energy re lease .  

8. CONCLUSIONS 

Based on the  da t a  obtained from monitoring of seismic a c t i v i t y ,  

it can be confirmed t h a t  t h i s  a c t i v i t y  has concentrat ions of 

ep icen te r s  i n  p a r t i c u l a r  areas  such as Lago, Travale ,  Bulera. 

The s p a t i a l  d i s t r i b u t i o n  of the f o c i  suggests a c o r r e l a t i o n  

between seismic a c t i v i t y  and geological s t r u c t u r e  individual ized by 

means of sur face  inves t iga t ions  or by geophysical prospect ing (g rav i ty  

and seismic r e f l e c t i o n ) .  

4- 5 km, confirms a la rge  amount of f r a c t u r i n g  connected t o  the  

ex is tence  of a c t i v e  f a u l t s  almost c e r t a i n l y  connected t o  the  

geothermal phenomenon. 

The presence of earthquakes a t  a depth of 

bd 
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SEISMIC MONITORING IN ITALIAN GEOTHERMAL AREAS 
(1st part) 

. *. 

DEPTH 

- - - -  CUMULATIVE NUMBER 

OF EVENTS ( t l>  1 . 5 )  

:l, 
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Fig. 12. Sasso 22 deep-well, Depth vs seismicity. . 
' I  
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SEISMIC MONITORING IN ITALIAN GEOTHERMAL AREAS (le put) 

- .*OF CUMULATIVE WATER INJECTED 

*.- -- 4 *OF CUMULATIVE RAINFALL 

-.--d r O F  CUMULATIVE SEISMIC ENERGY 

Fig.,13. Temporal distribution of seismic energy released, water 
injected, rainfall. 
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+= . SElSMlC MONITORING IN ITALIAN GEOTHERMAL AREAS (la put) 

%OF CUMULATIVE WATER INJECTED 

e----* %OF CUMULATIVE RAINFALL . 

-.-.-o uOF CUMULATIVE SEISMIC ENERGY 

-'Fig. 14. Temporal distribution o smic energy released, water w 
injected, rainfall. 
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SEISMIC MONITORING IN ITALIAN GEOTHERMAL AREAS (1" part1 

%OF CUMULATIVE WATER INJECTED 

%OF CUMULATIVE RAINFALL 

UOF CUMULATIVE SEISMIC ENERGY 
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Fig. 15. Temporal distribution of seismic energy released, water 
injected, rainfall. 
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The study of focal  mechanisms gives  us some information on ' 

L, poss ib l e  d i r ec t ions  and 

the  geologica l - s t ruc tura  ta. It has been possible  t o  recognize 

normal f a u l t  mechanisms. with sub-vert ical  i n c l i n a t i o n s ,  and, t o  a 

lesser degree,  s t r i k e - s l i p  f a u l t  mechanisms from which we can see t h a t  

the  d i r e c t i o n  of maximum compression is  the  anti-appennine one 

(SE-NW) . 

i na t ions  of the  f a u l t s  which agree with 

~ 

Given the  l imited amount of t i m e  during which the  seismic 

monitoring has been ca r r i ed  out ,  it i s  not ye t  poss ib le  t o  f ind  a 

c e r t a i n  r e l a t i o n s h i p  of cause and e f f e c  

fluid-thermodynamic parameters. i 

between Seismic a c t i v i t y  and 

As a matter of f a c t ,  even f some phenomena loca l i zed ,  i n  space and 

time (Sasso 22, Bulera,  Travale)  allow us t o  see  an inf luence of the  

i n j e c t i o n  of f l u i d s  i n  the  subsoi l  on the  se i smic i ty ,  there  i s  a l s o  

evidence of no c o r r e l a t i o n  i n  o ther  p a r t s  of the  region (Larderello- 

Travale).  These f a c t s  lead us t o  make some hypotheses. 

I n  the  Larderello-Castelnuovo a rea  the  water,  i n j ec t ed  i n  a steam 

dominated r e se rvo i r  r ap id ly  passing i n t o  a gas phase, does not cause 

appreciable  v a r i a t i o n s  i n  the hydrodynamic e q u i l i b r i a .  

On t h e  contrary i n  water dominated r e se rvo i r s ,  a s  i n  Bulera- 

Gabbro, Travale ,  Sasso 22 areas, even small amount 

can cause not icea  pore pressure ' ions.  I n  p a r t i c u l a r  t ec ton ic  

condi t ions ,  such 

stress, modify the  stress 

, 

, 
f water i n j ec t ed  

ar ia  t ions diminishing the  e f f ec  t ive  normal 

e l ease  condi t ions.  
I 

a t u r a l l y  the  resul ts  and cons idera t ions  presen 

o t  d e f i n i t i v e ;  more conclusive results ma 

in t h i s  r e p o r t  I 
1 e obtained when we 

reach a g r e a t e r  accuracy i n  the  d 

accura te  de mechanisms w e poss ib le  employing 

ions when more information is  

a v a i l a b l e  from s p e c t r a l  ana lys i s .  

a period of observat ion long enough t o  get  a b e t t e r  knowledge of 

temporal c o r r e l a t i o n  between seismic a c t i v i t y  and p 

t o  the  a c t i v i t y  of the  f i e l d .  

Las t ly  it w i l l  be necessary t o  have 

connected 
I .  
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