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ABSTRbCT 
The Pauzhetka hydrpthermal system is 
located in a volcko-tectonic depres- 
sion ne- active volcanic centers.Tem 
peratures at deptha of 300-800 m are 
180-210°C. The natural discharge of 
the hydrothermal system includes the 
discharge of the Pauzhetka springs and 
a concealed discharge in the bed of 
the Pauzhetka River (95 &/a) and the 
eteam discharge in the Kambalny Ridge 
(15 kg/s).  Only the upper part of geo- 
thermal reservoir was penetrated by 
drillholes (up to 1200 m), therefore 
we have used a mathematical modelling 
to assess the conditions of water and 
heat feeding of the hydrothermal sys- 
tem. The hydrothermal system belongs 
to alinear fracturing zone of NW 
trend, therefore the two-dimensional 
model w a s  used in our calculations, It 
has been defined that 1) 5 e  source of 
heating is a magma chamber located at 
a shallow depth, 2) The heat and mass 
transfer in the geothermal reservoir 
is defined by free and forced hydraulic 
convection, 3) 5 9  conductivity coef- 
ficient of a linear fracturing zone is 
400-600 m2/day, ita width is 2 km and 
length is 10 Inn, 4) The water feeding 
is defined by infiltration in the re- 
charge area. 

Calculations of temperature and velo- 
city fields agree with real data ob= 
tained in the Pauzhetka geothermal 

area, therefore they may be a base f o r  
assessment of water and heat fee- 
of the hydrothermal system. In accor- 
dance with these assessments1 the main 
part of water resources is derived 
from infiltration. Heat feeding may be 
maintained by cooling of the megma 
chamber with a volume of 18 Inn3 that 
is in accordance with the 'volume of 
Holocene igneourr rocka. 

BRIEF IIWOFUdATION ON THE PAUZHETKA 
HYDROTFERWAL SYSTEM 

The Pauzhetka hydrothermal system 
(Fig.1) involves the Psuzhletka springs 
(35 &/SI and the Kambalny steam gro- 
unds (15 kg/s).  The area covering the 
Pauzhetka hydrothermal system has a 
form elongated in the 1Ow dllrection 
10 Irm long end 2 km wide. Gtructurally 
the hydrothermal system is confined to 
the fracturing zone of the W trend 
located within the volcanoetectonic 
depreeeion. Bumeroue rhyolitic and da- 
citic extrueions and pumicg deposits 
of Holocene age in this region (inclu- 
ding the Dikiy Greben volcWo-extrusi- 
on with a volume of 30 km3) attest un- 
animously to the existence at a shal- 
low depth of a magma body which may be 
considered a8 a source of heating of 
the hydrothermal system. 

The recharge area of the Pauzhetka 
hydrothermal Bystem includes a zone of 
the Kambalny Ridge (except for the 
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area of steam ground discharge) 
through which the zone of tectonic 
fracturing is traced and the area ad- 
jacent from the east with a few lakes 
lying at +lo0 - +200 m level. The in- 
tensity of water infiltration in the 
volcanic regions of Xamchatka is 10- 
20 kg/s km2. 

Since 1966 the 71 MW Power Plant has 
operated on the base of the Pauzhetka 
geothe- system; the withdrawal for 
its opehion averages 150 kg/s. In 
1962-1963, as well as in 1975-1976 
well tests were conducted with a dis- 
charge of 128 kg/s and 200 kg/s, res- 
pectively. Analyses of pressure decli- 
ne in the reservoir were made by Drs. 
Sugrobov (1965, 19761, Voronkov (1983) 
and Kiryukhin (1984); the direct esti- 
mation of surface thermal capacity of 
the hydrothermal system and thermal 
conductivity of rocks composing this 
system were made by Sugrobov (1976). 
As a result, it has been determined 
that (1) The natural discharge of the 
hydrothermal system averages 130-150 
kg/s. The minimum assessment is based 
on the discharge of the Pauzhetka 
Bprings including a concealed dischar- 
ge in the bed of the Pauzhetka River 
(95 kg/s) and the steam discharge in 
the Kambalny Ridge (15 kg/s) in total 
constituting 110 kg/s. Iphis assessment 
was also proved by a stationary hydro- 
dgnamic regime during well tests in 
1962-1963 with a discharge of 128 @/a 
The meximum assessment is proved by 
nonstationary hydrodymmic and heat 
regime during well tests in 1975-1976 
with a discharge of 200 kg/s and du- 
ring exploitation with a discharge ex- 
ceeding 150 &/a. 
(2) The pressure decline during ex- 
ploitation and well tests is in accor- 
dance with the filtration scheme "lay- 

er of unconfined thicknessnreflecting 
lack Of extensive impemeable lay- 
ers within the limits of the hydrotheb 
m a l  system and its confinement to the 
permeable deep fracturing zone. On the 
whole the coefficient of hydraulic can- 
ductivity of this zone is 400-600 m2/ 

(3) In the area 2x3 lon adjacent t o  the 
Pauzhetka springs the hydrothermal sy- 
stem was penetrated by 60 wells up to 
depths of 1200 m. AB a result, the 
form of the thermal anomaly in the Pa- 
uzhetka geothermal reservoir became 
partly known. Temperatures at depths 
reach 225OC, averaging 18oC21O0C, the 
thermal anomaly has a form 2 lon wide 
elongated in the EIW direction (paral- 
lel to homonymous tectonic fracturhgl 
(4)  The coefficient of thermal conduc- 
tivity of rocks composing the hydro- 
thermal system for the upper part of 
reservoir is 2-5*10°3 cal/em s OC. 

aas. 

THERldAL HYDRODYNAMIC MODEL 

In order to assess the conditions of 
the formation of water and heat fee- I 

ding of the Pauzhetka hydrothermal sy- 
stem the numerical thermal hydrodyna- 
mic model was used. Its chwacteristiap 
is given below (Fig.2): 
(1) The model is two-dimenqional, ta- 
king into consideration thet the hyd- 
rothermal system is confined to a li- 
near zone of tectonic fracturing of 
the 1ow trend. 
(2) The water and rocks are supposed 
to be in the state of thermal equilib- 
rium. 
(3) Fluid filtration is supposed to be 
one-phasal, because the hydrostatic 
pressure at deptha of 3-5 lan (where 
the most considerable temperature flu- 
ctuationa are possible) exoeeds the 
critical steam pressure, 225 bar. 

-58- 



(4 )  The f i l t r a t i o n  is  taken t o  be sta- 
tionary at  each time step. 
( 5 )  Coeff icients  of heat conductivity, 
heat capacity,  f i l t r a t i o n  and thermal 
expansion of w a t e r  a r e  taken t o  be 
constant,  independent on temperature 
and pressure. 
( 6 )  Temperature T and stream function 
-f a r e  used as the parameters of the  
state of the  system. 
(7) The area of modelling represents  
a rectangle the v e r t i c a l  and lower si- 
deamo$gi.a..eme taken as hydraulical- 1F $he water exchange with surface 
w a t e r s  i s  s e t  t o  occur on i ts  upper 
s ide ;  the temperature conditions a t  
all boundaries a r e  taken t o  be cons- 
tant taking i n t o  account t h e i r  remote 
dis tance f r o m  the  a rea  of the most ‘ 
considerable temperature f luc tua t ions  . 
(8) The cooling magma chamber i s  taken 
t o  be a source of heat  feeding of the  
hydrothermal system. The heat e f f e c t  
of this magma chamber is defined by 
using the corresponding initial con- 
d i t ions  ( the  model of instantaneously 
or iginat ing in t rus ion)  s ince this mag- 
m a  chamber i s  supposed t o  have emerged 
fairly rapidly 6000 years ago. Its si- 
ze may be estimated baaed on the  volu- 
me of Mkiy Greben volcano (30 km3). 
After Fedotov (1980) the  s i z e  of a 
magma chamber i s  connected with the  
volume of the  corresponding volcano by 
r e l a t i o n  expressing the  heat balance 
between the  energy spent for melting 
of ambient rocks and the amount of 
heat in megmas feeding the  chamber. In 
order t o  average the  parameter values 
t h i e  connection mas be -Dressed as 

Kirsanova- i d  Melekestsev (1984) con- 
s ide r ,  based on paleovolcanic recon- 
s t ruc t ions ,  that the  proport ional i ty  
coef f ic ien t  between the  volume of 

shallow chambers and corre~ponding 
volcanoes f o r  long-existing volcanic 
centers  is  higher. 

For t he  two-dimensional model formulas 
(1-2) a r e  transformed ( in this case 
the magma chamber o r  the  heat  feeding 
source is  schematized as a rectangle) :  

Mathematically, the thermohydrodynarnio 
model may be represented a~ a system 
of d i f f e ren t i a t ed  equations expressing 
the energy, mass and moment conserva- 
t i o n  l a w s  

( 5 )  

The boundary conditiona uq be defined 
as 

where funct ion g ( X )  r e f l e c t s  the  
above-described conditions of water 
feeding of the  h y d r o t h e d  system, 
max g(z) is the  t o t a l  m l u e  of in- 
f i l t r a t i o n  feeding; 2 maxK&j is  i t s  
average value in the  rechatrge zone. 
The boundary temperature conditions 
a r e  expressed as 

i 

The i n i t i a l  temperature conditions 
a r e  expressed as 7 = G * z  Y = T  (9)  

9’9 VTLr,J+J&,W t = q  %3 ~ c r r , q c z r , j C z f  
From equation ( 5 )  i t  folloaps that the 
init ial  conditions f o r  stream funct i-  
on a r e  unanimously defined by i n i t i a l  
temperature dis t r ibut ion.  The system 
of equations (4-9) w a s  solved by the 
f ini te- difference method on d i g i t a l  
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computer EC 1033. The algorithm of  di- 
g i t a l  so lu t ion  cons is t s  i n  the f o l l o-  
wing: (a) W;fX,Z)was derived f r o m  
equation (5)  with zero right-hand s i d e  
and boundary conditions (7) by the  
i t e r a t i o n  method on the b a s i s  of the 
f ini te- difference scheme of longitudi- 
nal- transverse direct ions.  The stream 
function obtained at  this s tep  charac- 
t e r i z e s ,  apparently, the i n f i l t r a t i o n  
regime which w a s  i n  the system before 
the emergence of heat source ( t 4  0, 
forced convection). 
( b) $ (x,Z) w a s  derived f r o m  equation 
(5) with zero boundary conditions w i t h  
regard f o r  the  heat source existence. 
The obvious f a c t  consis t ing i n  that 
the  so lu t ion  of e l l i p t i c  equation w i t h  
the  right-hand s ide  is  a superposition 
o f  logarithmic type po ten t i a l s  w a s  
used. The obtained %&2) characte- 
r i z e s  the f r e e  convection regime. 

r ized ,  i n  order t o  obtain the in i t i a l  
stream function d i s t r i bu t ion  (when 
t = O )  f o r  combined convections. This 
superposition is  derived from the li- 
near type of d i f f e r e n t i a l  operator in 
the  left-hand s i d e  of equation (5). 
(dl The ve loc i ty  f i e l d  is  calculated 
f r o m  equation (6). 
(e )  The temperature f i e l d  f o r  the  i b t  
time s t e p  is  calculated using the  ve- 
l o c i t y  f i e l d  from equation (4) by the  
f ini te- difference method with the  help 
of a scheme of longitudinal- transverse 
direct ions.  
( f )  The operation of the  second step(8) 
i s  repeated, i.e. stream function i s  
derived from the  temperature f i e l d y e i s  

The numerical algorithm was t e s t ed  by 
comparison w i t h  data obtained by other  
authors (Garg and K~EEOY, 1981). The 
numerical parameter values used i n  one 
var ian t  of modelling in  dimensions ha- 

i i r ; ~ , t r )  and Qx,r)  =e E-- 

C0=0.3 cal/g O C  

.h=6*10-3cal/cms~ 
K1'400 m2/day 

=10-3 OC-1 - 

2=6 km 
$=9 he 

FeO.09  
T2- 1 OOO°C 

?,,=I g/cm' 
C m0.6 cal/cm30C 
Ram2000 
L =  1okm 

x2=6.5 km 
3 7 3 . 5  km 

z,=3 km 1 
RESULTS OF CALCULATI0NS;DIISCUSSION 

The r e s u l t s  of ca lcu la t ions  may be ex- 
pressed as a succession of temperature 
and hydrodgnamic f i e l d s  re fer red  t o  
d i f f e r en t  periods of time phich have 
passed from the moment of the or ig in  
of magma body (Fig.3). l?owlwe shall  
consider this succession. Before the ~ 

emergence of magma body ( t ic01  the I 
temperature increased l i neg r ly  with , 
depth i n  accordance with gradient  G 
(Fig.3.1). The groundwater flow condi- 
t ions  i n  the considered permeable zone 
a r e  defined by recharge i n  the right 
s ide  (which imi ta tes  the eastern s lope 
of the Kambalny Ridge and Bdjacent 
regions from the east) and by dischar- 
ge  i n  the  l e f t  s ide  (which imi ta tes  
the  va l ley  of the Pauzhetka River) 
(Fig.3.2) . Then the  "instantaneous" 
emergence of magma body occurs (Fig. 
3.3). This is  r e f l ec t ed  i n  e new stru-  
c tu re  of groundwater flows owing t o  
f r e e  convection (Fig.3.4). Two thou- 
sand years a f t e r  the emergence of the  
heat  source the amplitude of f r e e  con- 
vection at tenuates  because of magma 
body cooling; the r o l e  of forced con- 
vect ion increases  (Fig.3.6); the  tem- 

1 
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perature anomaly a r i s e s  slowly (pig. 
3.5). The m o s t  recent of the  thermo- 
hydrodynamic f i e l d s  (Fig03.7,8),which 
r e f e r s  t o  time t=6000 yeare corres  - 
ponds in time t o  those thermohydrody- 
namic conditions which now exist in 
the  Pauzhetka hydrothermal system and 
therefore this f i e l d  may be used f o r  
ca l ibra t ion  of our model. T h i s  calib-  
r a t i o n  w a s  made by comparison of cal-  
culated and ac tua l  temperature f i e l d s  
(Fig.3.9). The initid s i z e  of magma 
chamber (heat source), S, w a s  used as 
a ca l ib ra t ion  parameter. The best  ag- 
reement between the calculated and ac- 
t u a l  temperature f i e l d s  ( the  coinci- 
dence of 2WoC isotherm) w a s  obtained 

2 by varying this parameter when S=Skm . 
However, the  calculated temperature 
gradient  has proved t o  be higher than 
the ac tua l  one. T h i s  is apparently re- 
l a t e d  t o  the f a c t  t h a t  i n  t h i s  model 
we do not take i n t o  account the  depen- 
dence of spec i f i c  heat of water, Co, 
upon the  temperature ( t he  average Co 
value w a s  used f o r  the  whole range of 
temperature f luctuat ions) .  With decre- 
asing temperature, Co increases  up t o  
1 cal/g and this must r e s u l t  i n  decre- 
asiw a 9% 
which the  convective heat flow occurs. 

in a stream tube along 

!he calculated discharge of groundwa- 
t e r  flow i n  the  hydrothermal system 
i s  75 kg/s per  1 km of the  width of 
this flow and by the moment t = 6 W  
years the  forcedconvection is domina- 
ted. 

If the  width of  hydrothermal flow is 
taken t o  be 2 km, then i t s  discharge 
equal t o  150 kg/s w i l l  provide the na- 
tural discharge of the  hydrothermal 
system. This gives one more argument 
f o r  the  v a l i d i t y  of this model. Thus, 
th i s  model provides a thermohydrodyna- 
mic p i c tu re  (Fig.3.8,9) of  heat end 

water feeding conditions of the Pau- 
zhetka hydrothermal system. 

CONCLUSIODS 

( 7 )  In order t o  understand the heat 
and water feeding conditions of the 
Pauzhetka hydrothermal system a two- 
dimensional numerical v e r t i c a l  thermo- 
hydrodynamic model w a s  used. T h i s  mo- 
de l  w a s  ca l ibra ted  by comparison of 
calculated and ac tua l  thermohydrodyna- 
mic f i e l d s  at the explored s i t e  of the  
hydrothermal system. ! b e  s i z e  of heat 
source imitating the  magma chamber 
which emerged 6000 years ago at a 
depth of 3-6 km w a s  taken as a calib-  
r a t i o n  parameter. The heat source with 
a volume of  18 km3 provides a satis- 
fac tory  agreement between the calcula- 
ted  and ac tua l  thennohydrodynamic f i-  
elds. The s i z e  of the  heat source ag- 
r ee s  well with the volume of volcanic 
rocks erupted in Holocene. The water 
feeding of the  hydrothe& system a t  
present is caused by forced convection 
due t o  i n f i l t r a t i o n  recharge. 

(2) The thermohydrodyndc model may 
be improved upon by considering the  
heterogeneous conditions caused by t h e  
existence of a magma body end by rela-  
xat ion  of permeability with depth; the 
dependence of spec i f i c  heat of  water 
upon the  temperature; and steam ef- 
f e c t s  i n  the upper p a r t  o f  reservoir .  
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Nomenclature 

z , ~  space co-ordinates 
z.r ,x, ,2,, jE, co-ordinates defining the 
loca t ion  of heat feeding source o r  ma- 
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ma bods 
L size of modelling area 
T temperature 
W stream function 
t time 
C volumetrical heat capacity of satu- 

Co specific heat capacity of water 
rated rocks 

coefficient of heat conductivity of 
saturated rocks 

tY 
I& 1T; 
G initial geothermic gradient 
T1 temperature of magmas feeding the 

magma chamber 
T2 initial temperature of the heat 

feeding source (magma body) 
9 density of water 
+,, specific heat of magma crystalli- 

Cm specific heat capacity of magmas 
tl time of emergence of magma body 
K filtration coefficient 
d coefficient of thermal expansion 

of water 
$&(XI stream function which defines 

the water exchange at the upper 
boundary of the modelling region 

S area of vertical section of the 
heat feeding source 

Re= ULd T,Q I iz Wleigh number 
Fo= t , X / C L L  Fourier number 

Fedotov number 

components of mass flow veloci- 

zation 

V volume of magma chamber a volume of erupted volcanic rocks 
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