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INTRODUCTION 

The large number of nonproductive wells lying along the northern and western margins of the Larderello 
field have indicated some boundaries of the productive area but have also prevented us, so far, from fully 
understanding the pheiomena controlling the behavior o f  the geothermal system in these areas. 

In 1980 ENEL re-opened some wells that had been shut-in immediately after drilling, thus offering us the 
possibility to complete the geochemical picture by means of numerous samplings of steam, gas and water in both 
productive and nonproductive wells. Some recent physical parameters measured in nonproductive and abandoned 
dells also helped in further defining the hydrogeological and thermal situation. 

GEOCHEYICAL STUDY OF THE GEOTHERMAL FLUIDS IN THE SERRAZZANO AREA 

This study covered the Serrazzano area and most of the southwestern sector of the Larderello field, as 
shown in Figure 1. The fluids from the wells in this zone have an extremely varied geochemical composition. 
The study was directed at individuating the recharge mechanism prevailing in the area (local infiltration, 
regional water circulation, steam from high pressure zones, condensate re-evaporation, etc.) and at comparing 
spatial variation in composition with the results o f  the Raleigh condensation model. 

Wherever possible we used the average values of the period 1971 through 1978 for the wells joined to the 
distrihution network. The wells joined to the distribution network in the inteqsely drilled zone, all of 
which are pre-1950 bores, were considered to give a gaslsteam ratio of the order of 20 Nllgk. This value is 
the maximum for the last 15 years and also the norm in the 1950's. During the last ten years the gaslsteam 
ratios i p  the zone have, in fact, been seen to decrease slightly. The gaslsteam value for the Cieccaie well 
is that ,2f the 1950 period (25 Nl/kg). 

Geographic trends in steam composition 

The distribution of s t e m  cornpoiition in the Larderello field i s  usually clearly defined (Celati et al., 
1973; Panichi et al., 1974; D'Amore et al., 1977; D'Amore and Truesdell, 1979). With the exception of the 
zones next t o  the recharge areas, the concentrations of the noncondensable aases generally increase from the 
center 3f the field outwards; the concentrations o f  the species more soluble in the liauid phase (150, 
H3BO3, HCl), on the other hand, decrease in the same direction. These distributio? trends of the chemical 
species suggest a lateral flow of steaq from zones in which steam of deep origin forms and rises, towards the 
margins, with a partial condensation and depletion of the species that are more soluble in the liauid phase. 
Figures 2, 3 ,  4 ,  and 5 show the spatial distribidtions i n  the study area of H3803, HC1, 
gaslsteain ratio (90-98 per cent of which is CO2). 
although the lowst recorded values (150 ppm) were found in the central zone o f  the study area (Val de Cornia) 
and around VC/lO well. 

180, and the 
Ammonia presented no clear qeographic distribution, 

These four parameters (C02, HjBO3, C1, and 180) have clearly defined spatial distributions, 
especially in the northern part of the study area. 
physical model based on a Rsleigh's condensation process. The model vas successfully applied in the "classic 
zone" of the Larderello field (D'Ainore and Truesdell, 1979). 
the fluid coming from one or more main sources. 
condensatim of part of the steam; while the condensate is drained downwards, the residual steam continues to 
flow towards the margins of the reservoir. 
hydrologic gradient to the center and is revaporized. 

Figure 6 is based on analysis of the trends of these four parameters aloqg the flow line (wells V C / I O ,  
Grottitania, densely drilled area, Cioccaie. Pozzaie 2, no. 8, no. lC, no. 14) represented by the A-8 line of 
Figures 2-5. 
1979). 
progressive condensation, reducing the less volatile elements of the residual fluid and increasing the more 
volatile or lighter componeqts. 
U p D W  margin of the reservoir, dissipating heat through the cover, which gradually becomes thinner the further 
the steam flows on. 

The distributions were interpreted by means of a simple 

This model traces an appropriate flow-path for 
The heat loss in the upper part of the reservoir leads to 

In the unexploited state the condensate flows slovtly down a 

The trends are in excellent agreement with the theoretical trends (Figure 6 ,  D'Amore, Truesdell, 
They suggest that the steam coming from one major feeding source in the southeast undergoes 

In other words, the fluid moves from a deeper, high pressure zone along the 
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However, condensation does n o t  appear t o  keep t h e  temperature of t h e  r e s i d u a l  steam a t  constant  values i n  
t h i s  areal cons ide r ing  t h e  temperatures c a l c c l a t e d  a t  well-bottom. The i n i t i a l  values of about 26O'C become 
about 200 C i n  t h e  densely d r i l l e d  zone. 
However, t h e  v a r i a t i o n s  i n  these constants ,  between 260 and 200 c, are o f  no g rea t  s i g n i f i c a n c e  compared t o  
the  u n c e r t a i n t i e s  o f  t he  da ta  used. 

The A-8 f l o w  l i n e  ( f r o m  w e l l  V C / l O  t o  no. 14) was chosen on t h e  bas i s  of t he  p e r m e a b i l i t y  v a r i a t i o n s ,  t h e  
From 

F i g u r e  7 was t rawn  f ro? the  d i s t r i b u t i o n  cons tan ts  a t  230'C. 

h ighes t  p e r m e a b i l i t y  be ing i n  t h e  area w i t h  t h e  s t r u c t u r a l  h i g h  of t h e  r e s e r v o i r  ( C e l a t i  e t  al. .  1975). 
t h e  d i s t r i b u t i o n  o f  t h e  low p e r m e a b i l i t y  w e l l s  (F igu re  1) we o b t a i n  a c o r r i d o r  which was then  chosen as the  
probable main f low-path o f  t h e  steam. 

The mathematical b a s i s  o f  R a l e i g h ' s  condensation process i s  a u i t e  s imple (D'Amore and Truesdel l ,  1979). 
The condensate i n  t h i s  process i s  c o n t i n u a l l y  removed as f a s t  as i t  ap?ears, so t h a t  t h e  r e s i d u a l  steam 
becomes r i c h e r  or poore r  i n  c e r t a i n  chemical and i s o t o p i c  species as t h e  i n i t i a l  mass o f  steam g r a d u a l l y  
decreases. The t h e o r e t i c a l  eaua t ion  t h a t  can be used f o r  each species i s :  

m/mo represents  the  f r a c t i o n  o f  r e s i d u a l  steam, eaual t o  zero f o r  100 p e r  cen t  condensation. C / C o  i s  t h e  
increase or decrease i n  t h e  r e s i d u a l  steam c o n c e n t r a t i o n  of one species w i t h  respec t  t o  t h e  i n i t i a l  va lue 
Co. 
used for 6180: 

K i s  t h e  d i s t r i b u t i o n  cons tan t  between steam and l i a u i d  f o r  each species. The f o l l o w i n g  equat ion was 

where a i s  t h e  f r a c t i o n a t i o n  f a c t o r  between steam and l i a u i d .  

The o v e r a l l  agreement between t h e  observed and c a l c u l a t e d  t rends  show t h a t  Ra le igh  condensation along t h e  
se lec ted  steam f l o w  p a t h  can p robab ly  e x p l a i n  the  t r e n d  o f  C02, H3603, C1 and a180. 
i s  not  shown i n  Figure 7 as i t  i s  n e a r l y  f l a t .  However, i t  should be noted a t  t h i s  p o i n t  t h a t  t h e  "3 
con ten t  o f  t h e  steam i s  s t r o n g l y  dependent on t h e  DH va lue  of t h e  condensate l i a u i d .  W i th  a pH hetween 5.8 
and 5.2, and a temperature between 200' and 250'C about h a l f  o f  t h e  ammonia i s  i n  i o n i c  form (NH4+) and 
remains t rapped i n  t h e  l i q u i d .  The pH of t h e  l i q u i d  fo rm ing  d u r i n g  r e a l  condensation i s  a c t u a l l y  an unknown. 
Ye can o n l y  hypothes ize t h a t ,  i n  a r a p i d  condensation simultaneous w i t h  an i nc rease  i n  CO2 pressure, t h e  pH 
values i n  t h e  condensate hecome so low as t o  camouflage any s i g n i f i c a n t  increase i n  the  !I83 con ten t  o f  t h e  
steam i n  t h e  area n o r t h  o f  Serrazzano. 

The NH3 t r e n d  

Th is  phenomenon w i l l  be s tud ied  l a t e r  i n  g r e a t e r  d e t a i l .  

F i g u r e  8 shows t h e  6180 t r e n d  versus 60 i n  some w e l l s  of t h e  s tudy  area. Ana lys i s  o f  F i g g r e  8 leads us 
t o  d i s t i n g u i s h  between t h e  va r ious  we l l s ;  Group A;including VC/10, i s  c h a r a c t e r i z e d  by p r imary  steam a t  
250-26O'C. 
condensation (non- isothermal) .  
o f  l ess  than 220'C. 

Groups 8 and C, on t h e  o t h e r  hand, probably  c o n t a i n  0- and laO-dopleted f l u i d s  caused by  
The s lope of t h e  l i n e  i n d i c a t e s  t h a t  condensation took p l a c e  a t  temperatures 

we 1 
t h e  

The ext remely p o s i t i v e  6180 values (+IO t o  +12) o f  t h e  r e s e r v o i r  waters taken f rom t h e  nonproduct ive 

p roduc t i ve  w e l l s  of Serrazzano. 
1s i n  t h e  no r the rn  marg in o f  t h e  f i e l d  ( w e l l s  Serra, no. 1 2 )  exclude t h e  p o s s i b i l i t y  o f  t h i s  f l u i d  feed ing  

These waters p robab ly  c o n s i s t  o f  t h e  r e s i d u a l  f l u i d  o f  a 
I f  these waters d i d  c o n t r i b u t e  t o  t h e  steam produced, then 6130 values 

ir! t h e  Serrazzano f i e l d  would be f a r  more p o s i t i v e .  
long b o i l i n g  process w i t h i n  t h e  bore, w i t h  l i t t l e  recharge f rom t h e  r e s e r v o i r  water  because o f  the very low 
l o c a l  P e r m e a b i l i t y  o f  t h e  format ions.  

The f l u i d  f rom Serrazzano Sper imenta le w e l l ,  which l i e s  w i t h i n  t h e  densely  d r i l l e d  area and i s  much deeper 
than t h e  surrounding wel ls ,  has a h ighe r  gaslsteam r a t i o  (24 N l / kg ) ,  more than  800 ppm o f  H3603 and about 
10 ppm o f  HC1. T h i s  con f i rms  t h a t  condensat ion takes p l a c e  a t  t h e  t o p  of t h e  r e s e r v o i r  where t h e  species i n  
aues t i on  reach new e a u i l i b r i a .  

VC/10 (D'Amore, 1975). 
t oge the r  w i t h  t h e  presence of water  i n  t h e  l i a u i d  phase (D'Amore e t  al., 1976). 
formed f rom t h e  same condensat ion phenomenon, fol lowed, a t  d i f f e r e n t  t imes and perhaps even i n  d i f f e r m t  
places, by re-evaporation. 

Temperature e v a l u a t i o n  o f  t h e  area based on gas composi t ion 

concen t ra t i ons  i n  t h e  d r y  gas and on t h e  C02/H20 r a t i o  i n  t h e  f l u i d .  
t h e o r e t i c a l  and e m p i r i c a l  b a s i s  o f  t h i s  geotherqometer w i l l  be g i ven  i n  a separate r e p o r t .  
p r i n c i p l e s  a re  as f o l l o w s :  

The gas i n  t h e  s tudy area i s  u s u a l l y  f a r  more r a d i o a c t i v e  (about  5 t imes d s  much) than i n  t h e  zone o f  w e l l  
H ighe r  r a d i o a c t i v i t y  cou ld  s imp ly  be due t o  s t ronqer  emanating power o f  t h e  rock, 

The l a t t e r  c o u l d  a l s o  have 

A semi-empir ical geothermometer was a p p l i e d  i n  t h e  s tudy  area, based on t h e  H2. H2S and CO2 
A more d e t a i l e d  d e s c r i p t i o n  of t h e  

However, t h e  main 

Concentrat ions o f  H p  and H2S have heen noted t o  va ry  w i t h  respec t  t o  t h e  gas/steam r a t i o  as a 
h y p e r b o l i c  f u n c t i o n  i n  t h e  case o f  w e l l s  w i t h  s i m i l a r  temperature (between 240 and 260'C) and d i f f e r e n t  
t o t a l  gas concen t ra t i ons  i n  t h e  f l u i d .  
va lue when t h e r e  i s  an increase i n  t h e  gaslsteam r a t i o  and corresponding decrease i n  t h e  
(Hz+HzS)/C02 r a t i o .  

The geothermometer keeps t h e  c a l c u l a t e d  temperature a t  a constant  
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If the gaslsteam ratio and the H2 and H2S concentrations decrease simultaneously, the reservoir is in 
the cooling phase (usually because OF dilution with steam from recent meteoric waters). 
geothermometer used is: 

The 

The spatial distribution of the calculated temperatures was used to construct Figure 9, which shows the 
calculated temperature trends. The calculated temperatures in the northern margins of the study area are 
about 30 degrees higher than the values calculated at well-bottom. 
to prevent any rapid re-eouilibration of the reactive species H2 and H2S. 

This suggests that cooling is fast enough 

Further results of the hydrogeological and thermal surveys 

The new te-nperature and water-level data from wells on the northern margin of Serrazzano have led t o  a 
reconstruction of the piezometric surface on this margin and of the temperature trend along a NW-SE 
cross-section of the field. Previous piezometric surfaces have referred only to small areas northwest of 
Serrszzano and Larderello (Celati et al., 1975). Using a few data on the northern part of Serrazzano, an 
attempt made to correlate the various zones produced the trends shown in Figures 10 and 11. Assuming the 
level data as reliable, we note that the piezoaetric surface is characterized by an isolated relative high, 
corresponding with the northern margin of the Sorrazzano productive area. The reservoir in this zone has a 
very low Permeability and temperatures are relatively low. 
the area of the high, we can only presume that the low permeability formations acted as cold harriers and, 
conseauently, as condensation zones for all the nearhy hot areas. These formations are, in Fact, little 
affected by fluid circulation and have remained colder during the formation of the field. 

These hot areas could be represented by the VC/10 zone, in the western part of Larderello, and the 
Lustignano-Canneto zone, west of Lustignano and Serrazzano. This second zone was included as past data and 
recent drilling results have identified it as containing a vapor-dominated system. This hypothesis is backed 
by the decrease in water levels across the zone. 

reservoir, but clearly decrease on the northwestern and southeastern margins. This phenomenon is much 
stronger in the southeastern zone, and the cooling could he attributed to the vicinity of wide absorption 
zones of meteoric waters. On the northwestern margin, on the other hand, where the phenomenon is less marked, 
the cooling could partly be ascribed to a limitid infiltration through the oohiolites and underlying limestone 
flysch; hut the main cause is the low permeability of the reservoir formations which, immediately north of the 
Serrazzano structure, are made up predominantly of phyllites. 

CONCLUSIONS 

There being no evidence of surface infiltration in 

The isotherm in the central part of the section have more o r  less the same treqd as the top of the 

The geochemical study of the northern margin of Serrazzano leads to the following conclusions, 

(1) The qeochemical characteristics, the temperature and present-day pressure distributions, as well as 
the distribution of permeability as inferred from the geographic position of tne nonproductive wells (Figure 
1). all suggest that the main steam source for the northern sector of Serrazzano is an area around VC/lO well 
in which the deep fluids are able to rise (point A in Figure 1). 

(2) The condensation mechanism seems to control the distribution of the geochemical parameters. 

(3) During field exploitation a part of the steam could derive from re-evaporation of condensate that 
accumulated in periods of higher pressure; to a lesser degree, it could even derive from a deep regional water 
circuit o r  from a steam source in layers well below those exploited at present. 
contribution of recect meteoric waters, such as those infiltrating the ophiolitic complex. 

conseauenily, by the lack of efficient fluid circulation. Slight infiltration through a cover complex that is 
not totally impermeahle may have contributed to some extent in cooling the area. In the contact areas betweerl 
these cold zones and the vapor-dominated system there once was, and in some places still is, a continuous 
process of steam condensation. The accumulated condensate still exists even in zones drained by the field, if 
permeability is very low. The piezometric gradients show where drainage is taking place. The gradient on the 
western margin is particularly interesting, as further evidence of the existence of an important area between 
Lustignano and Canneto. A careful study of the in-hole water-levels would be useful whenever the borehole 
encounters relatively cold marginal aquifers in poorly permeable zones. 
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F i g u r e  1. Geographic  o u t l i n e  o f  t h e  s t u d y  a r e a .  The 
upper  p a r t  of t h e  r e c t a n g l e  r e p r e s e n t s  t h e  marg ina l  
a r e a  o f  Se r razzano  f i e l d ,  which i s  d e a l t  w i t h  i n  some 
d e t a i l  i n  t h i s  r e p o r t .  The l i n e  from X t o  3 is t h e  
d i r e c t i o n  t a k e n  by t h e  f l u i d  f low.  

(1) p r o d u c t i v e  w e l l s ;  
( 2 )  

( 3 )  
( 4 )  d e n s e l y  d r i l l e d  a r e a s .  

n o n - p r o d u c t i v e  w e l l s  i n  a r e a s  o f  r e l a t i v e l y  
low t e m p e r a t u r e ;  
n o n - p r o d u c t i v e  w e l l s  due t o  low p e r m e a b i l i t y ;  

F i g u r e  4 .  S p a t i a l  d i s t r i b u t i o n  of t h e  , z I 8 O  c o n t e n t  i n  
t h e  s t eam i n  t h e  marg ina l  zone o f  t h e  a r e a .  

F igure  2 .  S p a t i a l  d i s t r i b u t i o n  of t h e  H3B03 c o n c e n t r a t i o n  
i n  t h e  s t eam (ppm) 

F i g u r e  3 .  S p a t i a l  d i s t r i b u t i o n  o f  t h e  H C 1  c o n t e n t  i n  
t h e  s t e a m  (ppm) 
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F i g u r e  5. S p a t i a l  d i s t r i b u t i o n  o f  t h e  g a s l s t e a m  r a t i o  
e x p r e s s e d  as l i t e r s  of gas  in normal  c o n d i t i o n s  (STP) 
p e r  kg o f  s t e a m ,  i n  t h e  m a r g i n a l  zone  of  t h e  a r e a .  
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F i g u r e  . Trends  of  t h e  g a s / s t e a m  r a t i o  of  H3B03 ,  HCI 
and '$0 a l o n g  t h e  p r o f i l e  A-B ( f rom t h e  s p a t i a l  
d i s t r i b u t i o n s  of  F i r u r e s  2 ,  3 ,  4 ,  and 5 ) .  
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F i g u r e  S o l u t i o n  t o  R a l e i g h  c o n d e n s a t i o n  (1) a t  23OoC 
f o r  "i, CO N H 3 ,  H 3 B 0 3 ,  and H C 1  ( f r o m  D'Amore and 
T r u e s d e l l ,  1 6 7 9 ) .  
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F i g u r e  8 .  Trend o f  l80 v e r s u s  D i n  t h e  steam from some 
w e l l s  i n  t h e  s t u d y  a r e a .  The b l a c k  d o t s  a r e  w e l l  VC/10 
and some o t h e r s  s o u t h  of  S e r r a z z a n o  m a r g i n a l  zone ,  w i t h  
t e m p e r a t u r e s  of  t h e  o r d e r  of 25Oo-26O0C. 



F i g u r e  9 .  S p a t i a l  d i s t r i b u t i o n  o f  t h e  r e s e r v o i r  
t e m p e r a t u r e s ,  c a l c u l a t e d  by t h e  e q u a t i o n  d e s c r i b e d  i n  
t h e  t e x t ,  u s i n g  t h e  r a t i o s  H / C 0 2 ,  H 2 S / C 0 2  and CO /H 0. 
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Figure  10. P i e z o m e t r i c  s u r f a c e  i n  t h e  boundary a r e a s  of 
t h e  L a r d e r e l l o  f i e l d .  E l e v a t i o n  i n  m above s e a  l e v e l .  

(1) p r o d u c t i v e  wel l s  
( 2 )  wel ls  where w a t e r  l e v e l s  have been measured 
( 3 )  d r y  o r  low p r o d u c t i v i t y  w e l l s  
( 4 )  denqe ly  d r i l l e d  a r e a s  
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F i g u r e  11. A g e o l o g i c  and the rma l  CKOSS s e c t i o n  of 
t h e  L a r d e r e l l o  geo the rma l  f i e l d .  




