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ABSTRACT 

The Pauzhetka geothermal system is located 
in a volcano-tectonic depression near the active 
volcano Kambalny, 

Temperatures at depths of 300-800 m are 
180°-210°C. The exploitation of productive hori- 
zons with a withdrawal of 130-160 kg/s 
commenced in 1966. 

A noticeable lowering of the enthalpy in the 
wells was observed during the exploitation 
period. Analysis of temperature and pressure 
variations in the reservoir using heat-mass 
transfer equations gives an estimation of the 
heat and water resources supplied from the 
interior of the system to the area under exploi- 
tation. The value of the water resources 
supplied from the depth is 85 kg/s on the aver- 
age, the rest of the water being supplied from 
the peripheral colder parts of the reservoir. 

These estimates lead to the conclusion 
that the utilization of hydrothermal systems 
associated with active volcanoes is accompa- 
nied by recoverability of cold water from the 
surrounding rocks that may influence substan- 
tially their heat regime. 

INTRODUCTION 

The  Pauzhetka  geo the rmal  sys tem is 
located in a volcano-tectonic depress ion  in 
southern Kamcha tka  (Fig. 1). T h e  first 
explorat ion wells were dr i l led  in 1957 and 
the Pauzhetka  geo thermal  power  s tat ion 
began to opera te  with the  capaci ty  of 5 
M W  a t  the  end of 1966. Fi f teen years  of 
industr ial  exploi tat ion of the  Pauzhetka  
geothermal  a rea  have produced  r a the r  
substant ia l  changes in the  h e a t  regime of 
the area  (Fig. 2). The  condit ions under  
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which the sys t em is exploi ted  were 
ana lysed  in order  to assess  the  water  and  
hea t  flows into the  sys t em within the  t ime 
interval  1966-1980 and  to forecast  the  
hea t  regime in the  subsequen t  per iod of 
exploitat ion.  

RESERVOIR DATA AND MODELLING 
ASSUMFFIONS 

T h e  hydrogeological  and  geo thermal  
condit ions of the  exploi ta t ion a rea  can be 
schemat ized  as  follows: 

i )  All  the  product ion wells  in the  calcu- 
lat ion scheme of hea t  t ransfe r  in the  
product ive layer  are considered as one 
~ la rge  well>> opera t ing  with a water  
discharge equal to the  to ta l  discharge of 
the  product ion wells. This  ~ large well>> is 
loca ted  in the  centre of the  water  extrac- 
t ion a rea  (Fig. 3). 

ii) Geofi l t rat ional  p a r a m e t e r s  of the  
product ive layer  are averaged  from sectors 
radia t ing from the centre  of the ~ large 
well>> by assuming t ha t  the  velocity of 
f i l t rat ion within each sector  d e p e n d s  only 
upon the dis tance to the  centre  of the  
((large well>>. Four sectors have been  
dis t inguished:  nor thern,  western,  south- 
wes te rn  and  southeas tern .  

iii) T h e  upper  product ive layer  is 
composed  of psephi t ic  and  psammi t i c  tufts 
of the  Pauzhe tka  suite (SUGROBOV, 1965). 
Sugrobov 's  da t a  indicate tha t  the  
th ickness  of the product ive layer,  M, 
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Fto. 1 -- Location map of the Pauzhetka geothermal field in a volcano-tectonic depression of 
southern Kamchatka. 1 - Relatively impermeable basemen t  (Cretaceous, K); 2 - more permeable 
sandstones of Eocene-Miocene age (P-N1); 3 - permeable  tufts of the Pauzhetka suite (Pliocene- 
Quaternary, N2-Q); 4 - relatively impermeable  tavas (Quaternary, 02-(~); 5 - direction of flow of 
cold waters; 6 - direction of flow of thermal  waters; 7 - Pauzhetka thermal  springs: the exploited 
area (see also Pig. 3); 8 - fumaroles; 9 - hypothetical magma chamber• 
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FIG. 2 - Heat  regime of the exploited area in the period 1962-79. 1, Dots: change in the average 
yearly enthalpy of production wells during 1966-80; 2, Open circles: average yearly temperatures 
of monitor wells; 3, Triangles: withdrawal rates. 
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within  the  p roduc t ion  sec tors  can  be  
ave raged  to 90 m in the  n o r t h e r n  and  
wes t e rn  sectors,  and  to 80 m in t he  
s o u t h e a s t e r n  sector.  

T h e  coeff ic ient  of v o l u m e  h e a t  capaci ty  
of the  p roduc t ive  layer,  C, was  a s s u m e d  to 
be  0.6 ca l / cm s °C (CATALDI and  MUFFLER, 
1977). 

iv) T h e  th i ckness  of t he  u p p e r  relat i -  
ve ly  i m p e r m e a b l e  layer ,  m - c o m p o s e d  of  
the  a leurope l i t i c  tufts  of  t h e  P a u z h e t k a  

sui te  - r anges  f r o m  120 to 200 m 
(SUGROBOV, 1965; Fig. 4). T h e  ave rage  
va lue  of m =  160 m has  b e e n  u s e d  in t he  
calcula t ions .  

T h e  coeff ic ient  of  t h e r m a l  conduct ivi ty ,  
)~, accord ing  to SUGROBOV and  KHATKE- 
riCH (pers.  comm. ,  1980), is 3.8 x 10 s cal/ 
c m ' s  °C. 

T h e  coeff ic ient  of  h e a t  capaci ty  is t h e  
s a m e  as  t h a t  of  t he  p roduc t ive  layer ,  i.e. 
0.6 cal/cmS°C. 
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F~G. 3 Hydrologic conditions of the exploited area (in plan). 1 - production wells; 2 - monitor 
wells; 3 - temperature in the upper productive layer in 1968-72 (upper number) and in 1978-80 
(lower number); 4 - isotherms in the upper productive layer in 1968-72; 5 - isotherms in the upper 
productive layer in 1978-80; 6 - centre of the ~< large well >>; 7 - velocity of the isotherm shift, m/yr; 
8 - area of water leakage from the alluvial deposits to the productive layer. 
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v) T h e  th ickness  of the  lower re la t ive ly  
i m p e r m e a b l e  layer  within the  product ion 
a rea  is 200 ÷ 300 m. This  l ayer  sepa ra t e s  
the  first  f rom the  second product ive layer  
which are  connected  with one ano the r  by  
fracture s. 

vi) T h e  t e m p e r a t u r e  of the  water,  T, in 
the  product ive layer  is t aken  as the  aver- 
age value for the  overall  th ickness  of the  
product ive layer,  or as the  t e m p e r a t u r e  
corresponding to the  en tha lpy ,  i, of the 
product ion well if this  well is cased down 
to the  bo t t om of the  i m p e r m e a b l e  layer.  
Under  this  condition, << t e m p e r a t u r e  in the  
layer>> and  << en tha lpy  of the  product ion 
w e l l ,  are a s sumed  to be identical .  

vii) T h e  conductive h e a t  flow through 
the b o t t o m  of the  reservoir  as compared  

to the  hea t  flow through the roof can be 
neglec ted  by taking into account tha t  the 
t e m p e r a t u r e  gradient  in the  deposi t  
decreases  strongly with depth.  The  
conductive hea t  flow within the upper  
i m p e r m e a b l e  layer  is considered to be 
quasi -s ta t ionary  - except  for the central  
si tes where  seepage of groundwaters  may  
OCCur ,  

viii) The  vert ical  convective hea t  flows 
into the  externa l  par t s  of the upper  
productive layer  have been  neglected 
because  these  flows are supposed to be 
p r e s e n t  only in the  central  par t  of the  
a rea  where  the  pressure  deple t ion  induced 
by  exploi ta t ion is more  significant, and 
because  seepage of ground and deep 
waters  may  locally occur through tectonic 
f ractures  (Fig. 4). 
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FIG. 4 Hydrogeology of the exploited area (in section). Horizontal and vertical scales are equal. 
1 - alluvial deposits; 2 - upper relatively impermeable layer; 3 - upper productive layer; 4 - lower 
relatively impermeable layer; 5 - lower productive layer; 6 - water resources from the alluvial 
deposits; 7 - water resources supplied owing to elastic storage in the upper productive layer; 8 - 
water resources supplied from the depth; 9 - zone of local tectonic fracturing. 
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WATER FLOW CONDITIONS 
IN THE EXPLOITATION AREA 

In order to make a quantitative analysis 
of the water flow conditions, the resources 
(Q) are assumed to include: i) resources 

supplied from the depth through zones of 
tectonic fracturing (Qd); ii) resources 
supplied owing to reworking of elastic stor- 
age in the upper productive layer (Q~t); 
and iii ) resources supplied from the allu- 
vial deposits (Q~t) (Fig. 4). 

Assessment of Resources Supplied Owing 
of the Productive Layer ( Q j  

The equation of heat transfer to the 
external parts of the productive layer - 

M C - -  
5T Qel + 
Ot 2~r 

to Reworking of Elastic Storage 

with initial temperahlre distribution 

T[t=o = To(r) (2) 

In (1) Co is the heat capacity of waters; 
po is the water density; r is the distance 
from the centre of the ~< large well >> The 
first term of eq. (1) expresses the change 
in enthalpy in an elementary volume of 

taking into account the local hydrogeologi- 
cal and hydrogeothermal conditions - is: 

T OT 
C o p o - - + k - -  - 0 (1) 

r Om 

productive layer because of convective 
heat transfers (second term) and heat 
losses through the roof (third term). The 
initial temperature distribution To(r) is 
assumed to be stationary because of a re- 
establishment of the natural geotempera- 
ture regime which was disturbed by exper- 
iments in 1962-63 and reset in 1966. 

The nondimensional expression of eq. 
(1) and (2) is: 

T + - -  
OT OT 

- -  + y  - -  - 0 ( 3 )  
r Or Or 

T(0, r )  = To(r)  (4) 

where 

m QelCopo 
- (5)  

2~kM 2 

CMm 
~ -  ~to (6) 

-t = t/to r =  r/M (7) 

The solution of (3) and (4) is: 

2[3 
T= To ( I/ r e+ -t ) . e - - t / y  

¥ ¥ 
(8) 



76 A , V .  K I R Y U K H I N  

Inasmuch  as the average 7 value in the exploited area is 0.7 × 103, e-t /y can be 
neglected 

2~ 
T = To ( I [ r  2 ÷ t)  (9) 

! Y 

where 

Co po to 

y c 2nM ~ 
'Qel (10) 

From eq. (9) and (10) it can be seen that  during exploitation the shift in the isotherms 
(change in the temperature  distribution) relative to the centre of the ((large well>> 
occurs at  the velocity 

[3 Co po to 
V . . . . .  Qel (11) 

y r  c 2nM 3 

And vice versa, if the shift velocity is known the resources supplied by elastic reserves, 
Q~l can be est imated by: 

C 2nM 3 r 
Qel . . . . . . . . . . . . . .  V (12) 

Co Po to 

If  Q~ is est imated for a single sector, 
then the radius of the sector mus t  be used 
instead of 2n. 

If the value of V given in Fig. 3 is used, 
eq. (12) gives the following, values of Q~l: 

Southwestern sector: 13.4 kg/s 
Western sector : 20.0 kg/s 
Nor thern  sector : 6.4 kg/s 

such waters feasible. The  cooling of the 
upper  impermeable layer as shown by the 
thermograms of monitor wells (7, 8 and E- 
l) testifies that  this process occurs (Fig. 5). 
Where monitor  wells R-1 and 11 are locat- 
ed (Fig. 3) the infiltration of groundwaters 
through the impermeable layer does not 
occur as shown by the thermograms 

The  total amount  of peripheral waters 
f rom these sectors is 39.8 kg/s. '  

Assessment of Resources Supplied from 
the Alluvial Deposits (Qal) 

In the valleys of the rivers Pauzhetka 
and Bystry  (Fig. 3) cold groundwaters flow 
into the impermeable  layer because levels 
in the productive layer have been  lowered 
so much as to make the infiltration of 
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FIG. 5 - Temperatures measured in monitor 
well 8 between 1969 and 1972. 
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character. Thus, the area where this infil- 
tration occurs is limited and of the order 
of 110,000 m 2. 

t 1 m 

i q~o,a(t )dt -- Val A tCoPo(T1 -- To) = i 
"0 

to 

The velocity of leakage can be estimated 
by using the equation of heat balance in the 
impermeable layer for the time t~--to: 

C[T(t~, Z) -- T(to, Z)]dZ 

tl 

! qeo.d(t)dt is the inflow of conductive 
to 

heat to the impermeable layer from a 
reservoir where the temperature is kept 
constant because of hot water infiltrations. 
If the temperature in the impermeable 
layer is decreased (instantaneously) by a 
factor A T, the k)tal supply of conductive 
heat from the reservoir at time << t >~ will 
be (KARLSLOW and EGER, 1974): 

~ tC (14) 2~h T n)~ 

(13) 

The second term in eq. (13) is the 
amount of heat spent for heating the 
overflowing water and the right-hand side 
of the equation shows the change in 
enthatpy for the whole impermeable 
layer. 

In equations (13) and (14) giving the 
velocity of leakage, T 1 is the temperature 
in the reservoir, To is the ambient temper- 
ature of groundwaters (10°C), h T is half 
of the change in temperature of the upper 
impermeable layer for the time consid- 
ered in the calculations (Fig. 5). 

Calculations have shown that the leak- 
age velocity Val is equal to 3.2 × 10 8m/s. 
Hence, if the leakage area is known, the 
average withdrawal of the groundwaters 
supply from the alluvial deposits is: 

Q~I = 110,000 m e × 3.2 × 10 -s m/s x 103 kg/m 3 = 3.5 kg/s (15) 

Assessment of the Water 
Supply from the Depth 

In our scheme of water feeding, with 
the term of ~< deep water >~ we mean the 
water supply from the southeastern 
sector encompassing the most heated 
near-surface sites of the Pauzhetka 
geothermal system, as well as the water 
supply from lower horizons saturated with 
hot waters through zones of tectonic 
disturbance. In predicting the heat regime 
these waters have been considered toge- 
ther and the name of ~ deep waters >> was 
given to them because their enthalpy will 
hardly change at the << reasonable ~ time 
of exploitation, as it will be said hereafter. 

The average productivity of water in 
1972-1979 was 130 kg/s; taking into 
account the values of Qet and Qal 
previously obtained and the relation: 

Q = Qel -}- Qd + q~l 

we get Qd=85  kg/s. 

THE HEAT REGIME OF THE AREA 
UNDER EXPLOITATION 

The heat regime can be assessed on the 
basis of changes in time of the average 
enthalpy for all the production wells. It is 
evident that: 

Q~I Qd Qal 
i = Q i~1 + - - - ~  ia + - - - ~  ial (17) 

Using the Qel, Qd and Qal values 
obtained and assuming that Q~ : Qd : Qal 
is constant, we obtain 

i = 0.31 i~1 + 0.65 id + 0.03 ial 

It is assumed that id = Const ~i/t=~, 
that  is that the enthalpy of the hot waters 
supplied from the interior of the hydro- 
thermal system to the production wells 
remains invariable in the whole course of 
exploitation, and that it may be defined as 
the average enthalpy at the beginning of 
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exploitation. For the considered wells id is 
equal to 182.5 kcal/kg. The constant value 
of the temperature of hot waters in the 
system may be explained by the long 
existence of the Pauzhetka geothermal 
field. 

Routine observations of monitor wells 7 
and 8 (Fig. 5) have shown that the temper- 
ature of infiltration water is 160 °. 170°C 
which results from the mutual compensa- 
tion of the cooling effect of seepage and 
the increasing conductive heat flow from 
below. If we consider the small contribu- 
tion of i~l to i (eq. 18), we obtain an error 
not greater than 0.15% for i~ = 165 kcal/ 
kg. 

id is the average of ikl of sectors, where 
k is the sector index: 

iel = ~ - -  /ekl 
k= l  Q 

(19) 

where i~1 is determined from eq. (8) when 
r = 1.5 (which is the mean distance of the 
productive wells from the centre of the 
<< large well ,). Results of calculations from 
eq. (18) and (19) are shown in Fig. 6 which 
gives a prediction of heat regime for all 
the production wells if the pattern of the 
water resources exploitation remains the 
same as that in 1979. 
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FIG. 6 Heat regime of the wells of the Pauz- 
hetka geothermal area. Open circles, 1: 
changes in the average enthalpy of production 
wells during exploitation; Solid line, 2: theoreti- 
cal enthalpy changes. 

CONCLUSIONS 

1. The study of the water feeding condi- 
tions of the exploited area of the Pauz- 
hetka geothermal system has shown that 
66% of the water has a << deep ,  origin, 31% 
is supplied from the peripheral sites of 
the first productive layer (due to the 
reworking of elastic reserves), and 3% is 
given by the infiltration of groundwaters 
into the upper impermeable layer. 

2. A model of heat regime in the area 
was derived from the schematization of 
the hydrogeological conditions and of 
water flow into the exploited area. This 
model allows the prediction of changes in 
the average enthalpy of wells that for 50 
years of exploitation the decline will be of 
9 kcal/kg if the water discharge pattern 
does not vary. 

3. The obtained assessment of heat 
regime indicates that high-temperature 
geothermal fields similar to Pauzhetka are 
reliable sources for geothermoelectrical 
energy production. 
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