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SEISMIC MONITORING I N  ITALIAN GEOTHERMAL AREAS 

11. SEISMIC ACTIVITY I N  THE GEOTHERMAL FIELDS 

DURING EXPLORATION . 

F. B a t h i , *  G.M. C a m e T i , *  E. Carabe l l i J t  

and A. F io rde l i s i "  

1. INTRODUCTION 

The I t a l i a n  a reas  of geothermal i n t e r e s t  a r e  

densely populated zones and very o f t en  near cent; 

a r t i s t i c  renown. 

by explora t ion  and exp lo i t a t ion  of ' these geothermal resources becomes 

of  p a r t i c u l a r  importance, demanding a considerable  e f f o r t  on ENEL's 

p a r t  (Index Map). 

f h i s t o r i c a l  and 

Consequently, monitoring of seismic a c t i v i t y  induced 

Work began a few years  ago on s e t t i n g  up a microseismic cont ro l  

network i n  each of the  l o c a l i t i e s  involved i n  deep explora t ion  f o r  , 

geothermal purposes. Wherever possible  the  network w a s  i n s t a l l e d  

before  d r i l l i n g  began i n  order  t o  obta in  a preliminary p i c t u r e  oft the  

na tu ra l  background noise.  

A s  the  control  system had t o  be p u t  i n t o  operat ion 'as quickly as 

poss ib le  and c rea t e  a minimum of opera t iona l  problems, i t  was decided 

t o  begin with an analogic instrumentat ion,  which i s  economic, 

autonomous, and easy t o  i n s t a l l .  The instrumentat ion,  described i n  

the  f i r s t  p a r t  of our repor t  , provided a continuous , comprehensive 

monitoring of a l l  the loca l  and regional  seismic a c t i v i t y .  

This r epor t  w i l l  present  and discuss  the  da t a  recorded from t h e '  

beginning of the  survey t o  June 1980. 

seismic a c t i v i t y  as  well  as  t o  events recorded during production and 

i n j e c t i o n  tests i n  some wells.  

The da ta  r e f e r  t o  na tu ra l  

* .  
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2.  GEOLOGICAL BACKGROUND AND PAST SEISMIC ACTIVITY 

The three  geothermal a reas  covered by the  passive seismic surveys,  

Toree Alf ina ,  Latera  and Cesano, a r e  located within the  pre-Apenninic 

Tyrrhenian b e l t  of c e n t r a l  I t a l y .  

The zone i s  character ized by an in tense  recent  volcanic a c t i v i t y ,  

the latest phases of which da te  back t o  a few tens  of thousands of 

years  ago. 

the  study a reas  and comprise mainly py roc la s t i t e s  and -lava. 

volcanic  formations are layers  of Neogenic sediments and a th ick  

f lysch  f a c i e s  allochthonous complex t h a t  forms the  cover of the  

po ten t i a l  geothermal r e se rvo i r ;  the  l a t t e r  i s  made up of u n i t s  of 

Mesozoic carbonate "basement . 'I 

The products of t h i s  a c t i v i t y  extend throughout almost a l l  

Below the  

The compressional t ec ton ic s  a f f e c t i n g  the  whole zone u n t i l  the  Mid 

Miocene led t o  the  emplacement of the  allochthonous cover t e r r a i n s  ; 

the  subsequent tensional  phases created two main displacement d i rec-  

t i ons ,  of  Apenninic (NW-SE) and anti-Apenninic (SW-NE) t rend.  The 

tensional  phase reached i t s  peak a t  the  end of the  Pliocene but is  

s t i l l  p a r t l y  ac t ive ;  the  youngest volcanotectonic  events  of the  

Quaternary a r e  connected t o  t h i s  phase. 

The seismic h i s t o r y  of the  study zone f o r  the  period 1900-1975 i s  

out l ined i n  P l a t e s  1, 2 ,  and 3, which a r e  maps of the  ep icen t r e s ,  

foca l  depths and magnitude va lues ,  respec t ive ly .  Whereas the  Torre  

Alf ina and Latera  f i e l d s  show a c e r t a i n  degree of se i smic i ty  of mainly 

c r u s t a l  o r i g i n  (hypocentres down t o  25 km), with a maximum magnitude 

of 4.7, it is  worth not ing t h a t  no seismic a c t i v i t y  w a s  recorded i n  

the  sa id  period on the  in s ide  of the  geothermal f i e l d  a t  Cesano. 

Note a l s o  the  many seismic c l u s t e r s  i n  the  M t .  Amiata region and 

the  C o l l i  Albani a r ea ,  south-east of Rome; the  la t ter  a rea  w i l l  be the  

subjec t  of fu tu re  explorat ion.  

One can a l s o  note a d i f fe rence  i n  the  degree of s e i smic i ty  of the 

b e l t  neares t  the coas t ,  which has an extensive volcanic  cover and 

seismic c l u s t e r s  concentrated i n  c e r t a i n  well-defined areas, and t h a t  

of the  Apennine r idge ,  whose seismic cent res  have a g r e a t e r  dens i ty  

and are more widely spread. Li 
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3 .  SEISMICITY IN THE TORRE ALFINA AND LATERA AREAS L 
The network a t  Torre Alf ina and Latera  a r e  so c l o s e  t h a t  they w i l l  

be considered as one, a t  least as regards na tu ra l  events. The two 

networks a r e  a l s o  r e l a t e d  by the  same time re ference  s tandard and by 

a seismometric s t a t i o n  recorded on both the  da t a  acqu i s i t i on  centres .  

The seismic events  are c l a s s i f i e d  as "local" o r  "near" according t o  

the  d i f f e rence  between he a r r i v a l  times of the  S and P waves. 

l oca l  events 
ts-tP = 0-3 

near  events  ts-tp = 3-5 sec  

Figure 1 shows the layout of the  two networks; although i n s t a l l e d  

i n  s tages  they have provided an extensive,  de t a i l ed  coverage of 

seismic a c t i v i t y  s ince  1977. The Torre  Alf ina network, f o r  example, 

c o n s i s t s  of 6 geophone s t a t i o n s ,  one of which i s  three-d i rec t iona l .  

There are 10 s t a t i o n s  on the  Latera  network, one three-d i rec t iona l  and 

one hydrophone in se r t ed  170 m deep i n  a borehole. 

Figures 2 and 3 show the  monthly frequency histograms of the  

recorded seismic events. There appears t o  have been no increase  i n  

seismic a c t i v i t y  i n  the  Torre Alf ina a rea  during the  production and 

i n j e c t i o n  tests a t  A 

c o r r e l a t i o n  between increased a c t i v i t y  and s p e c i f i c  tests i n  w e l l  L-2 
i n  the  Latera  area.  

d e t a i l .  

and A4 w e l l s ,  but one can note a c l e a r  14 

This aspect  w i l l  be dealt  with l a t e r  i n  g rea t e r  

Not a l l  the  recorded events could be processed t o  determine the  

foca l  coordinates  as there  were some doubts with regard t o  the  f i r s t  

arr i v a l  s . 
Tables 1 and 2 give  the  da t a  on the  events  recorded f o r  the  two 

areas, while P l a t e  4 presents  the  d i s t r i b u t i o n  of the  ep icen t r e s ,  

showing magnitude and focal  depths projected on a N-S cross-sect ion.  

The hypocentres were determined by means of the  HYPO 71 computer 

program, whereas the  loca l  magnitude values  were ca lcu la ted  with t h e  

Cancani-Sieberg equat ion,  v a l i d  f o r  I t a l y :  

L 
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A Torre A U ~ M  

Acguapmdente S 
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TORRE ALFNA NETWORK . -no 
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Scale I : 100.000 

Fig. 1. Torre Alfina and Latera permanent networks. 
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Table 1. Torre Alfina Earthquakes - Permanent Network. 
N O  

11 
45 
55 
69 
81 
24 
28 
30 
97 

.le8 
230 
270 
287 
288 
306 
333 
356 
374 
378 
379 
416 
417 
423 
453 
458 
467 

26 
30 
46 
48 
59 
62 

125 
158 
169 
198 
200 
202 
222 
239 
240 
241, 
242 
243 
244 
464 
467 
505 

5 
26 
27 
45 

110 
119 
127 
128 
145 
146 
152 
154 
155 
16 7 

Date 

77. 0 6  25 
77.08.29 
77. 09.21 
77.10.21 
77.12.06 
78. 02. 18 
78. 02.18 
78. 02.18 
78. 03. 10 
78.04.23 
78. 08.05 
78. 08. 22 
78. 08. 24 
78. 08.24 
78. 09.04 
78.09.16 
78.10.03 
78.10. 12 
78.10.15 
78.10. 15 
78.11.10 
78.11.10 
78.11.14 
78.12.18 
78.12. 21 
78.12.27 
79.02. 0 1  
79.02. 09 
79.02.28 
79. 03. 01 
79. 03. 12 
79. 03.14 
79.04.27 
79. OS; 28 
79.06,Ol 
79. 06.24 
79.06.24 
79.06.25 
79.08.02 
79.09.30 
79.09.20 
79.09.20 
79. 09. 20 
79. 09.23 
79.09. 24 
79. 12.16 
79.12.17 
79.12.25 
80.01.04 
80.01.20 
80. 01.20 
80. 01. 28 
80. 03.15 
80. 03.16 
80. 03.23 
80. 03. 23 
00.04.07 
80.04.07 
80.04.19 
80. 04.28 
80.04.30 
80. 06. 02 

Origin. 

02.16 20.00 
06.30 30.14 
13.36 45,30 
18.44 39,87 
02.44 40,15 
01.25 02.82 
01.28 03.47 
01.29 06,65 
2 2 ~ 4 1  33.42 
15.07 50.31 
17.57 47.46 
21.22 33.29 
13.24 22.32 
13.24 57,91 
20.31 07.84 
07.23 47.74 
02.26 02.79 
00.21 17,44 
16.07 36.97 
17.47 23,40 
09202 26.37 
09.02 42.90 
02.06 i i . 0 8  
21.19 52.30 
21.02 01.98 
11.58 04.90 
11.22 08.27 
02.29 57.15 
18.42 29,97 
12.02 21,73 
12.13 57.55 
13.41 37.56 
07.30 02.60 
12.21 37.56 
05.47 38.46 
02.14 36.06 
19.29 42.59 
08.44 38.55 
06.45 35.97 
18.03 47.14 
18.04 22.73 
18.09 15,75 
22.09 57.46 
08.09 19.33 
15.07 35.39 
22.26 52.30 
06.30 33.70 
22.19 13.65 
02.56 28.35 
11.24 03.66 
14.04 13.40 
11.24 03.66 
09.25 42;54 
01.52 46.23 
07.35 49.49 
10.21 59.98 
19.18 10,30 
19.32 32.77 
23.43 25.11 
20.16 51.12 
00.53 07.99 
15.46 U9,Ol 

Lot. fN) 
42: 50.00 
420 48,49 
42, 57,OO 
42 43,67 
42: 42.38 
42, 42.23 
42 42.09 
12; 41.81 
42, 48.15 
42, 41,59 
42, 48.43 

42, 44.26 
42 44.38 
42: 41.92 
42, 41.02 
42 40.95 
42' 40.58 
42; 46.73 
42 ,46,69 
42: 40.91 
42, 40.26 
42, 39.38 
42 43.72 
42: 45.63 
42, 55.15 
42, 43.94 
42, 55,71 
42, 54.33 
42, 43.94 
42, 43.88 
42, 50.26 
42, 53.60 
42, 51.73 
42, 44.27 
42, 47.41 
42 48.90 
42: 56,77 
42, 42.41 
42 41.61 
42: 41.63 
42, 41.62 
42 43.62 
42' 41.76 
42: 41.74 
420 41,50 
42, 56.39 
42 41.88 
42: 41.25 
42, 52.45 
42, 51.86 
42, 52.16 
42, 52.16 
42, 52,18 
42 50.88 
42: 50.4'1 
42, 41,97 
42, 41.98 
42, 52.12 
42, 46.13 
42, 50,93 
42 51,13 

4 . 2 , ~  

*.indicates fixed focal depth solution 

Long. (E) 

11: 39.14 

11, 52.62 
11 45,14 

11: 50.66 

11, 58.49 

11, 51.65 

11, 51,&7 
llo 42.54 

11, 54.32 

11, 50.33 
11 50,85 

11: 49.10 

116 57.63 

llo 55.89 

11, 49,14 
11 50,43 

llo 57.92 

11, 57.62 
11, 48.59 

11, 59.24 

11, 42.16 

11, 58.23 
11, 59.42 

11, 43.04 

llo 41.70 

11, 43.10 

llo 52.54 

llo 58,71 

llo 50,40 
11, 58.23 
11, 56.35 
llo 56.27 
llo 56,31 
11 56.29 
11; 55,89 
11, 56.08 
11, 55.69 
11, 45.25 
12 12.80 
11: 46.96 
11, 40,92 
11, 40.71 
11, 48.63 
11 36.02 
11: 35.67 
11, 37.10 
11, 37,06 
11, 58.31 
11, 58.64 
llo 40.81 
11, 50.18 
11, 40.34 
11 41.24 

llo 51,59 

11, 57.35 

11, 47.21 

llo 55.72 

11: 57,44 

11, 55,91 

11, 50.39 

11, 40.55 

11, 53.55 

ERH 2 ERZ - 5 .0*  - 
1 , 2  2.5 0 , l  - 5,0* - 
2,8 3.6 
1 . 0  4,5 - 5.0 - 5,o - 5.0 - 4.5 
3.0 4.0 
0.9 2.9 - 5.2 
1 .9  2,4 
1.5 2.7 
1.4 3.0 
0 ,3  6,4 
0.6 5 .0  
0.7 
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Table 2. Latera Earthquakes - Permanent Network. a, 

51 
148 
155 
171 

1 
40 
42 
43 
44 
87 
88 
89 

I 

I 
~ 

I 

* ,  n o :  

130 
131 
132 
133 
135 
144 
146 

- 148 
149 

5 

I 

? 

' U  
I 

Date Origin. Lat. (N) Long. (E) ERH 2 ERZ M 
78.12.12 06.33 29.81 428 2 8 , l l  11: 34.76 5.0 12,4 1.5 
78.124 12 06.39 39,96 42, 24.13 - 11, 35.38 5.0 14.6 1.5 
79.02. 28 18.42 11.78 42 53.80 11, 46.10 5.0 33.5 1.3 
79.03. 02 01.17 59.40 42: 37.99 120 01.04 2.5 5.3 10,O 0.6 

79. 05.26 11.20 54.2.7 42, 31,85 11, 47.26 3.2 5.0 50.5 0.6 
79.05. 28 12.21 55.49 42, 51.23 11, 44.94 1.8 8.0 13.7 0.9 

80.01. 04 02.'56 28.35 42: 41.25 11, 46.96 0.3 5.2 0.5 0.9 
80. 02. 20 09.03 37.83 42, 31.99 11, 42.22 1 ,4  5.0 2.4 1,2 
80.02.22 23. 03 21.12 42 31.85 11 42.65 1.3 5 .0  2,s 1.7 
80.02. 23 03.00 49.60 42: 32.03 11:. 42.42 2,3 5.0 2.8 0.9 
80. 02. 23 05.33 53.22 42, 31.97 11, 42.60 2.6 5.0 3,2 0.9 

80.03.15 12.15 26.14 42, 36.75 . 11, 49.07 0.3 0.8 0.2 1.8 

79.03.18 12.24 50.46 42, 40.09 llo 58.50 2 ,4  5.0 6.3 1.3 

79.12.10 23.52 15.76 42 39/90 11, 44.89 1 .0  2.0 4.0 1 , s  

80. 03. 15 11.24 04.27 42, 36.66 llo 49,09 * 0.9 - 1.5 

80. 03. 15 13.59 41.14 42, 36,82 11, 49.09 - 1 . 2  - 1.7 
80.03. 30 08.00 49.67 42, 36.73 11, 49.08 - 1.2 - 1.7 
80.04. 04 20.23 20.68 42, 36.66 11, 49.07 , - 1,Q - 1.6 
80.04.07 09.38 44,08 420 37.37 11, 49.49 0.4 2.3 0.7 1.6 
80.04.07 09.39 31.12 42, 37.41 11, 49.52 . 0.3 2.2 0.5 1,7 
80.04.07 09.39 52.22 420 37.35 11, 49.44 l,l' 1 .7  1.8 1 . 7  

09.40 35.53 42, 37.56 11, 49,58 0 ,4  3.6 0.7 1,7 80. 04.07 
80.04.07 09.41 16.18 42, 37.30 11, 49.84 - 3.0 * 1.7 
80.04. 09 00.39 11.87 42, 37.32 11 49.82 * 2.7 - 1.3 

80.04.15 21.27 05.77 42, 36,72 11, 49.03 - 1 . 0  - ' 1 . 9  

80; 04.12 17.02 31.45 42 36.80 1 11: 49.34 - 1.0  - 1.8 
80.04. 14 20.44 55.74 421 48.15 11, 39.53 1.7 5.0 0.8 1.4 

80,04.15 21.37 35.07 42, 38.84 11, 48,82 
80.04.16 03.32 31.66 42, 38,73 11, 49.05 
80.05.04 05.16 20,03 42, 32i86 11, 45.30 
80.05.05 01.36 04.56 42, 32.13 11, 43.50 0.4 5,0 0'9 1,2 
80. 05. 08 23.07 32.09 48, 32.85 11, 45.32 0.4 6.0 0.4 1,7 
80.05.09 04.54 24.71 42, 32.94 11, 44.71 0.7 5.9 0 , s  1.8 

22.41 05.20 42 41.45 11 55.65 0.4 3.8 O;? 0,6 
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M = 0.481 I + 1.4 IT degree 

, ,, :..where I,?. 7 , ( log  a + 1) with a = acce lera t ion .  

- I  * , l  7 ,  : . ,  - * . _  

The thickness and .ve loc i ty  of t h e  geoseismic model used i n  the  

;.hypocentre ca l cu la t ions  were obtained from ava i l ab le  .geological and 

geophysical data .  The delay times *at ,the s t a t i o n s  were obtained 

experimental ly ,  using some events  occur r ing . r e l a t ive ly  near  t h e  

networks and having known epicent res .  

The models used were: -. 
i .  

er 

h i a  d i  Castro 

smaller s c a l e ,  no 

rage  

of 1.5. The cross-sect ion revea ls  t h a t ,  as f a r  as foca l  depth i s  
concerned, thes  , ranging between 

0 and about 6 km. 
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3.1 Torre Alfina - Induced Seismici ty? 

Before the  permanent network was i n s t a l l e d  the  seismic a c t i v i t y  

was monitored between 2 1 s t  January and 19th March 1977 on a temporary 

network, during a series of  r e i n j e c t i o n  tests i n  w e l l  RA-1. 
Figure 4 shows the  d a i l y  d i s t r i b u t i o n  of  events  throughout the  

period i n  which t h i s  network was i n  operation. 

a c t i v i t y  i s  c l e a r l y  cor re la ted  t o  the  two periods of r e i n j e c t i o n  

tests. 

of these  events during these two periods versus  the  maxima recorded 

values  f o r  ground movements (V/sec>, co r re l a t ed  with the  pressure 

An increase i n  seismic 

Figures  5 and 6 give a de t a i l ed  p i c tu re  of  hourly d i s t r i b u t i o n  

v a r i a t i o n  curve recorded a t  well-head and the  flow-rate values  of the  

in j ec t ed  water. In  both cases  the  major dens i ty  of  seismic events  

. occurs i n  correspondence t o  the  h ighes t  pressure values ,  and a f f e c t i n g  
i the  pressure curve,  f l a t t e n i n g  it s l i g h t l y  during both the  pumping and 

the  pressure re-establishment. 

A t o t a l  of 177 events  were recorded, a l l  being i d e n t i f i e d  a s  

seismic s igna l s ;  the  hypocentral  coordinates  were a t t a i n a b l e  f o r  15 
of  these ,  as reported i n  Table 3. Figure 7 shows the ep icen t r a l  

pos i t i on  f o r  the  lat ter,  along with 

c e n t r a l  d i s t r i b u t i o n  projected on a N-S p r o f i l e ,  and the  provis ional  

network configurat ion.  Note t h a t  the  network had only 4 s t a t i o n s ,  3 

of which were three-direct ional  and very c lose  t o  one another.  They 

were a l s o  r a t h e r  off-centre  with respec t  t o  the  well  and the  

ca lcu la ted  epicentres .  

e magnitude va s, the  hypo- 

Nevertheless,  i t- was possible  t o  def ine  the  ep icen t r a l  coordinates  

with a c e r t a i n  accuracy and, with a l i t t l e  less pre  ion, the  depth 

values;  the  da t a  were processed with no sur face  cor  t i o n s ,  using the  

s i n g l e  Torre Alf ina - Latera model and t h e  S phase. 

most cases  sa tura ted  a l l  the  s t a t i o n s ,  the  maxima of the  magnitude 

values  are not always defined. 

A s  the  events  i n  

One can note the  following: 

a )  t he  d i s t r i b u t i o n  of the  ep icent res  around the  w e l l ;  
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Table 3. Torre Alfina Earthquakes during Reinjection Test at RA1 Well. 

NO Date 

39/p 7'7.01.27 

43/p 77.01.27 

44/p 77.01.27 

48/p 77.01.27 

59/p 77.01.27 

8O/P 77.01.27 

83/P 7'7.01:27 

119/P 77.02.08 

X27/P 77.02.08 

1WP 77.02. oa 
157/p 77.02.08 

138/P 77.02. oa 

- 
DEr1n IN m. 

-1 \ 

Origin. Lat. (N) 

09.47 58.98 42' 45.32 

11.35 58.98 42' 45.62 

11.31 11.00 42' 45.57 

11.68 46.83 42' 45.59 

14.58 46.97 42' 45.42 

20.01 45.96 42' 45.25 

21.43 46.95 42' 45.39 

03.23 59.02 42' 45.27 

03.55 47.03 42' 45.32 

04.23 59,06 42' 45,61 

04.10 46.94 42' 45.23 

04.43 11.09 42' 45.05 

Long. (E) ERH 

11' ss .19 1.8 

11' 54.69 1.2 

11' 54.70 0.9 

11' 54.51 0.3 

11' 54.68 0,9 

11' 54.35 1.1 

11' 54.25 

11' 55.04 

11' 54.97 

11' 55.56 

11' 54,72 

11' 54.83 

Q ionni mrim 

Z E-- M 

a,3  1.7 1.1 

1.1 9.0 ~ 2 . 6  

2.1 1,8 S2 .6  

3.8 0.4 1.4 

2.6 1.4 2.C 

2.2 2.3 +3,C 

1.5 6.0 +3,C 

3.1 0.2 *2,6 

2.8 0.6 2,4 

2,§ 0.4 2 , l  
3.3 0.3 2.5 

1.4 ' 4.3 a 2 . 6  

0 .  0.6 1.0 1.s 11111 
I--, 

Fig. 7 .  Epicenters map and hypocenters distribution in Torre Alfina 
area (RA-1 well). bj 
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i 

, 

b) the  order  of magnitude of the  focal  depths near the  in-hole 

f r a c t u r e s  ( 2000 m b.s . l . ) ;  

c )  t he  maximum magnitude values above even 3. 

3.2 Latera  - Induced Seismici ty? 

A s  mentioned e a r l i e r ,  i n  reference t o  Fig. 3, the  maximum seismic 

a c t i v i t y  i n  the  Latera area was recorded i n  well  L-2 i n  March and 

Apri l  1980, during a s e r i e s  of pumping operat ions t o  recover l o s t  

equipment . 
Figure 8 -shows the  d a i l y  frequency of these seismic events i n  

r e l a t i o n  t o  .the cumulative q u a n t i t i e s  of water i n j ec t ed  i n t o  the  bore. 

It was impossible t o  monitor the  well-head pressure t rend during 

pumping, except f o r  the  i n i t i a l  phase and immediately a f t e r  opera t ions  

ended. 

gered i n  these  two per iods,  c o r r e l a t i n g  the  maximum movement values  

(u /sec)  w i t h  t he  curve of pressure var iq t ion .  

Figures 9 and 10 g ive  a de t a i l ed  p i c tu re  of the  events t r i g -  

I 
These three  f igu res  show t h a t  an increase  i n  the  major seismic 

a c t i v i t y  i s  connected with the  inc res  

I n  Figs. 9 and 10 i n  p a r t i c u l a r  the  o 

i s  c l e a r l y  accompanied by a f l a t t e n i n g  of the  pressure curve. 

Throughout the  monitoring period 24 events  were recorded, f o r  15 

i n  in jec ted  volumes of water. 

r rence of the  seismic events  

of which it was possible  t o  determine the  focal  coordinates  ( see  

Table 4). Figure 11 represents the epicentral distribution, with the 

magnitude values  and the  hypocen t rd  d i s t r i b u t i o n  projected onto a 

N-S cross-sect ion.  This f i g u r e  ind ica t e s  t ha t :  

a )  a l l  the  events  l i e  along a NE-SW a l i g  n t  passing through well  

L-2 ; 

b) the  magnitude values range between 1.5 and 2; 

c )  the  events  can be grouped i n t o  two well-defined a reas  of d i f -  

pth;  the  f i r s t  i s  r i g h t  next t o  the  wel l ,  with 

than 1 km and the  second f u r t h e r  away with a 

maximum depth of 2 km, 
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Table 4. Latera Earthquakes during Pumping Test at L2 Well. 

NO 
87 
88 

89 
110 
112 
116 
117 

118 
119 
120 
'1 25 
130 
132 
133 
135 

0 

0 
O0 

0 

8, 
% 
0 

- 
DEPTH in  rn. 

Date 

80.03.15 
80. 03.15 
80.03.15 
80.03. 30 
80.04.04 
80.04.07 
80; 04.07 
80.04.07 
80.04.07 
80.04.07 
80.04.09 
80.04.12 
80.04.15 
80.04.15 
80.04.16 

Origin 

11.24 04.27 
12.15 26.14 

13.59 41.14 
08.00 49.67 
20.23 20.68 
09.38 44,08 
09.39 31.12 
09.39 52.22 
09.40 35.53 
09.41 16,i8 
00.39 11.87 
17.02 31.45 
21.27 05 ,71  

21.37 35.07 
03.32 31.66 

Lat. (N) 
42' 36.66 
42' 36.75 
42' 36.82 

42' 36.13 
42' 36.66 
42' 37.31 
42' 37.41 
42' 37,35 
42' 37,56 
42 31.30 

42O 37.32 
42' 36.80 
42' 36.72 
42' 3 8 , M  

42' 36.73 

0 

Long. (E) 
11' 49.09 

11' 49.07 
11' 49.09 
11'. 49,08 
11' 49.07 
11° 49.49 

11° 49.44 
11' 49.52 

13.' 49.58 
11' 49.84 
11' 49.82 
11° 49.34 
11' 49.03 
11' 48.82 
11 49.05 0 

ERH Z 

- 0.9 

0.3 0.8 
- 1.2 
- 1,2 

- 1,o 

0.4 2.3 
0.3 2.2 

1,l 1.7 
0.4 3.6 - 3.0 
- 2.-7 

- 1.0 

- 1.0 

0.3 0.9 
0,3 0.9 

L n r m  n m  

EVEWlS RECOKOEO 

OURlYO ?UtlPlWO 

mi nr L-z YELL 

EPICENTRES IRP 

RWO HY?OCEWTRES 0lSTRlI)UlIOW 

0.  0.t 0.4 #.a IR) 
- - - I  

Fig. 11. Latera area - events recorded during pumping test at L-2 well. 
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4. SEISMIC ACTIVITY AT CESANO 

The seismic a c t i v i t y  i n  Cesano area was monitored i n  two separa te  

nd on two d i f f  n t  networks. - 
During t h e . f i r s t  phase, between 5 th  May and 6th June 1978, a pro- 

v i s i o n a l  network was used, with 5 seismometric s t a t i o n s  connected by 

cable  t o  the  da t a  acqu i s i t i on  cent re .  This network was i n s t a l l e d  very 

near  wel l  RC-1 durin series of r e i n j e c t i o n  tests. 

Since 9 th  March 9 ,  a permanent telemetered network has been i n  
opera t ion  cons i s t ing  of 7 seismometric s t a t i o n s  including one three- 

component. 

4.1 Cesano - Induced Seismicity? 

Figure 12  shows the  d a i l y  frequency of events during operat ion of 

t he  provis iona l  network. 

during three  periods of i n j e c t i o n  t e s t s .  

events  during these  three  periods is  shown i n  Figs.  13 and 14, with 

t h e  maximum ground movement values  ( p / s e c ) + c o r r e l a t e d  with the  curve 

of pressure  v a r i a t i o n  a t  well-head. 

The seismic a c t i v i t y  c l e a r l y  i n t e n s i f i e s  

The t r igge r ing  of these 

I n  the f i r s t  case (period from 9 t o  10 May 1978) the  seismic 

events  can be co r re l a t ed  with a c e r t a i n  pressure threshold ,  while i n  

t h e  second phase the  g r e a t e s t  concentrat ion of seismic events occurs 

during a gradual increase  i n  pressure,  about 24 hours a f t e r  i n j e c t i o n  

began. 

Throughout the  period a t o t a l - o f  36 seismic events were recorded; 

ep icen t r e s  were determined f o r  11 of these ,  as shown i n  Table 5. 
being a densely populated a rea  with a s t rong  background noise  of 

i f i c i a l  o r i g i n  during the  daytime per iod,  it was somewhat d i f f i c u l t  

t o  ob ta in  an accurate  es t imate  of t he  f i r s t  a r r i v a l s  of the  P wave, 

i n ’ a t  l e a s t  4 s t a t i o n s .  The e p i c e n t r a l  coordinates  were therefore  

y a s e r i e s  of ca l cu la t ions ,  assuming a s  a f ixed hypocentral  

absorpt ion depth i n  the  well  of the  in j ec t ed  water. 

The geoseiqmic model used, r e l a t i v e  t o  a depth of 200 m b.s.l., 

is  as follows: 
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Table 5. Cesano Earthquakes during Reinjection Test at RC1 Well. 

NO Date Origin. tat. (N) Long. (E) ERH 2 ERZ 

3 78-05-10 14.22 01.18 42' 06.57 12' 22.76 l,? 1,5* 1.9 
5 78.05.10 14.58 59.98 42' 06.63 12' 23.57 - 1,5* - 
14 78.05.16 18. 03 09, 42' 06.57 12' 22.96 - 1,5* - 
17 78.05.16 20.27 00.55 42' 06,61 12' 22.59 - 1.5* - 
21 78.05.16 2224 00.11 42' 06.70 12' 22.53 - 1.5* - 

15 78.05.16 18.22 00.44 42' 06.67 12' 22.57 1.f 1,5* 2.2 

0 18 78.05.16 21.05 00.33 42' 06,64 12 22.76 0,3 1.5* 0.3 

22 78.05.17 22.28 00,55 42' 06.59 12' 22.54 0.0 1.5s 0.0 
23 78.05.17 01.40 00.38 42' 06.69 12' 22.64 
24 78.05.17 12' 22.60 
25 78.05.17 02.09 00.54 42' 06.62 12' 22.61 - l,S* - 
* indicates fixed focal depth solution 

Table 6 .  Cesano Earthquakes - Permanent Network. 
No Pate e*. Lat. (N) RH ERZ 
121 79.05.21 16.54 01,82 42' *05,87 12' 27.12 ~ 1.5 9.8 1.1 

154 79.06.19 .41 20.92 42' 03.53 12' 25.52 3.2 13,2 1.9 

200 79.07.07 18.29 07.52 42' 11,97 12' 27,38 , 1.7 8.1 
310 79.09.15 05.19 26.21 42' 04.33 5.6 10.5 3,l 
315 79.09.30 19.56 02.61 41' 59.83 6 2.0 
495 79.11.05 22.11 11.61 42' 1 12' 30.24 3.9 16.8 3.3 
583 79.11.24 05.27 45,79 42' 0 12' 30.28 1.2 10.6 0.9 
584 79.11.24 11.47 05.26 42' 03.15 12' 26.21 2,9 11.6 
614 79i12..07 05.18 05.12 42' 02.15 12' 26,50 0.8 8.7 0.8 
616 79.12.08 00.50 19.87 42' 04.26 12' 27.24 2.3 14.1 1.0 

282 80.05.25 17.51 16.11 42' 07.81 12' 25.92 0.4 6.4 0.4 

122 l9.05.21 17.29 52.82 42' 06.32 12' 28.07 1.3 12.4 0.7 

M 
* 1.9 
> 1.6 
0.66 
51.4 
1.0 
0.5 
1.2 
1.2 
1.5 

0.9 - 0.1 
1.6 
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Layer Velocity (km/s) Thickness (km)  

lo 3.2 1.5 

2O 5.5 

Considering how near  the  s t a t i o n s  are t o  wel l  RC-1, the  model w a s  

based on well s t r a t ig raphy  and the  sonic logs.  The ep icent res  vary 

s l i g h t l y  with a v a r i a t i o n  i n  the hypocentral  depth from 1.5 t o  1.7 km. 

Figure 15 shows the  network configurat ion,  together  with the  

ep icen t r a l  d i s t r i b u t i o n  f o r  both so lu t ions  and the  magnitude values .  

Note tha t :  

a )  i n  the  f i r s t  case,  with a focal  depth of 1.5 km, the  ep icent res  

are concentrated i n  a small a r e a  immediately south-west of 

well  RC-1; 

b )  i n  the  second case ,  with a depth of 1 .7 ,  they tend t o  l i e  

along a NW-SE b e l t  passing through the  displacement with the  

same t rend ,  individual ized by some sur face  geophysical and 

geological  surveys; 

c )  a l l  the events have magnitude values  between 1 and 2. 

4.2 Cesano - Natural  Seismici ty  

The monthly frequency of the  events recorded on the  permanent 

network is  shown i n  the  histogram of Fig. 16. The l a t t e r  shows t h a t  

i n  the  period i n  quest ion there  was l i t t l e  a c t i v i t y  i n  the  a rea  and 

no p a r t i c u l a r  increase  i n  seismic a c t i v i t y  during a production and 

i n j e c t i o n  test i n  well  C-5. 

As with Torre Alf ina and Latera  a reas ,  the  recorded seismic events  

were c l a s s i f i e d  a s  "local" o r  "near" according t o  the  d i f f e rence  

between the  a r r i v a l  times of the  S and P waves. 

The geoseismic model used f o r  the  permanent network is as follows: 
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Layer Velocity (km/s) Thickness (km) 

lo 2.5 0.4 

2O 3.0 0.95 

3 O  4.7 0.5 

4O 5 . 5  

r e l a t i v e  t o  +300 m.; again it was  based on ' the geophysical and 

geological  da t a  ava i lab le .  

The map of the  ep icent res ,  shown i n  P l a t e  5 with the  magnitude 

values  and network conf igura t ion ,  v a l i d a t e s  the  da ta  of p a s t  seismic 

a c t i v i t y ,  revea l ing  a low degree of se i smic i ty  i n  the  Cesano geo- 

thermal area and a c l u s t e r  of events along a roughly N-S b e l t  east of  

the  area.  
I 

The magnitudes, again ca lcu la ted  from the  Cancani-Sieberg 

equation, reach values  of more than 1.95. 

A s  a l l  the  events  were some d i s t ance  away from the  network, the  

The f i g u r e  shows only those whose coordinates  could be determined. 

N-S cross-sect ion of hypocentres shown i n  the  same f igu re  revea ls  t h a t  

the  seismic a c t i v i t y  i n  t h i s  zone i s  charac te r ized  by foca l  depths 

usua l ly  between 8 and 17 km. 

5. CONCLUSIONS 

A l l  of the  da t a  discussed up t o  now allow us t o  make some 

conclusive evaluat ions.  

Concerning seismic a c t i v i t y  of undoubtedly na tu ra l  causes,  a l l  the  

da ta  of the  t i m e  period considered has been confirmed f o r  a l l  t h ree  

areas. I n  p a r t i c u l a r ,  we note t h a t  while the  a reas  of Torre Alf ina 

and Latera show a s i g n i f i c a n t  degree of se ismic i ty ,  (higher  f o r  Torre  

Al f ina ) ,  i n s ide  and i n  the  immediate v i c i n i t y  of the  geothermic camps, 

the  a rea  of Cesano shows se ismic i ty  in s ide  the  camp. 

Seismic centers  have been noticed only a t  the  eas t e rn  margin of 

the  area, along a N-S s t r i p .  Although the  quakes f o r  a l l  th ree  areas 

have an undoubtedly s u p e r f i c i a l  o r i g i n ,  i n  Cesano the  foca l  depths are 

g rea t e r .  
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Concerning se i smic i ty  of a very l i k e l y  induced o r i g i n  there  have 

In  f a c t ,  it has  been seen t h a t  i n  connec- been cont rad ic tory  cases .  

t i o n  with tests of r e i n j e c t i o n  and pumping i n  s h a f t s  RA-I, L-2, and 

RC-1, numerous seismic events have r i s e n  i n  the  v i c i n i t y  of the  

sha f t s .  

During t e s t s  of production and r e i n j e c t i o n  a t  s h a f t s  A-14, A-4, 
and C-5, t he re  w a s  no evidence of any i n t e n s i f i c a t i o n  of seismic 

a c t i v i t y .  

f a c t o r s  which may or may not be independent of each other.  

This t r i p l e  response may be j u s t i f i e d  by a .mu l t ip l i c i ty  of 

The f i r s t  f a c t o r ,  and the  most condi t ioning one, has t o  do with 

the  d iverse  thermo-fluid-dynamic condi t ions of the  var ious s h a f t s  and 

the  second with d i f fe rences  i n  the  manner i n  which the  'tests were 

executed. It is  i n  f a c t  noteworthy t h a t ,  while i n  the  th ree  cases  of 

seismic induct ion,  the  in j ec t ions  were performed with c l e a r  water and 

pressure,  i n  s h a f t  A-4 the  f l u i d  ex t rac ted  from A-14 was in j ec t ed  i n  

a free-flowing manner; the  test performed a t  C-5 consis ted f i r s t  i n  

the  emptying of the  s h a f t ,  followed by i n j e c t i o n  of the  same f l u i d  

which had been ex t rac ted .  

Another f a c t o r  may be the  presence, i n  the  v i c i n i t y  of the  s h a f t s ,  

of more or less s t a b l e  s t r u c t u r a l  d i scon t inu i ty  which may r equ i r e  

varying degrees of s o l i c i t i n g  i n  order  t o  achieve a lack of 

equilibrium. F ina l ly ,  another f a c t o r  may be the  time needed t o  

perform the  tests; i n  f a c t ,  i n  the  cases  where there  w a s  a seismic 

e f f e c t  the  var ious  operat ions were c a r r i e d  out f o r  about a month. I n  

the  o ther  cases  the  t e s t s  covered only a few days. 

A t  t h i s  s t age ,  therefore ,  we can not genera l ize  on the  ex 

of a cause-effect  r e l a t i o n s h i p  between operat ions ca r r i ed  out  

s h a f t s  and induced se i smic i ty .  It should a l s o  be pointed out 

a l l  a reas  both types of se i smic i ty ,  induced and n a t u r a l ,  have 

s Cence 

i n  

t h a t  i n  

shown 

low values  of magnitude, genera l ly  not over a ;  as an example i n  

P l a t e  6 t he re  is a reproduction of seismograms of a few events  i n  a l l  

th ree  areas. 
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The da ta  gathered up t o  now, even though l imi ted ,  a r e  of g r e a t  

importance s ince  it r e f e r s  t o  a s i t u a t i o n  preceding the  e x p l o i t a t i o n  

of a geothermic camp. 

I n  fu tu re  expansion of t h i s  research and of operat ions i n  c e r t a i n  

camps, seismic cont ro l  requi res  f u r t h e r  development i n  order  t o  

achieve more e f f i c i ency  i n  da ta -co l lec t ing  as  well  as  i n  methods of 

e laborat ion.  Instruments with g rea t e r  dynamic range a r e  needed, such 

a s  a d i g i t a l  system which would allow the  determination of the 

g r e a t e s t  number of events ,  reducing the  l imi t a t ions  of amplitude and 

frequency, and allow f o r  rapid ca l cu la t ing  operat ions.  

a b i l i t y  of d i g i t a l  da t a  i s  necessary f o r  e labora t ion  which w i l l  not  

be l imited t o  a s imple  determination of focal  co-ordinates,  but  which 

w i l l  a l s o  allow the  d e f i n i t i o n  of c e r t a i n  parameters such as s i g n a l  

range,  focal  mechanisms , and seismic m o m e n t .  

The ava i l -  
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