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ABSTRACT 

The c i t y  of T i a n j i n  and i t s  s u r r o u n d i n g s  is under-  
l a i n  by two T e r t i a r y  and two basement a q u i f e r s .  A t  
p r e s e n t ,  on ly  t h e  T e r t i a r y  a q u i f e r s  a r e  being ex- 
p l o i t e d  (20 Mt /y r )  r e s u l t i n g  i n  a p r e s s u r e  drop of 
7 t o  9 b a r s  benea th  t h e  c i t y ;  t h e  u s e a b l e  ene rgy  
produced is abou t  lOOMW t h .  

The two T e r t i a r y  a q u i f e r s  can  be approx ima ted  by 
s i m p l e  computer  models whose p e r m e a b i l i t y  and com- 
p r e s s i b i l i t y  were o b t a i n e d  by o p t i m i z a t i o n  and 
matching of observed p r e s s u r e  drawdown h i s t o r i e s .  
F u t u r e  behav iour  of both a q u i f e r s  has  been a s s e s-  
s e d  u s i n g  v a r i o u s  a b s t r a c t i o n  and  r e - i n j e c t i o n  
s c e n a r i o s .  

I n t r o d u c t i o n  

The a r e a  around T i a n j i n ,  t h e  t h i r d  l a r g e s t  c i t y  i n  
China P.R. ( a b o u t  7.7 M i l l ) ,  i s  u n d e r l a i n  by a seq-  
uence of low t e m p e r a t u r e  a q u i f e r s .  These a q u i f e r s  
c o n t a i n  the rma l  w a t e r  w i t h  t e m p e r a t u r e s  i n  t h e  
r ange  of 40 t o  90'C ( d e p t h  range of w e l l s  abou t  
600 t o  2000m). The anomalous t e m p e r a t u r e s  a r e  
caused by a s l i g h t l y  h i g h e r  t h a n  normal terres- 
t r i a l  h e a t  f l u x  o v e r  t h e  u p l i f t e d  f l a n k s  of a 
deep ,  NNE t r e n d i n g  basement d e p r e s s i o n  (BAI-TANG- 
KOU d e p r e s s i o n ) .  Of p a r t i c u l a r  impor tance  f o r  
T i a n j i n  i s  a h e a t f l o w  anomaly a s s o c i a t e d  w i t h  t h e  
W f l a n k  (Wanglan anomaly)  c o v e r i n g  some 600km2 and 
which e x t e n d s  benea th  t h e  S p a r t  of t h e  c i t y  ( s e e  
F ig .1 ) .  

O v e r a l l ,  t h e  s e t t i n g  of t h e  T i a n j i n  geo the rmal  re-  
s o u r c e  is s i m i l a r  t o  t h a t  of t h e  B e i j i n g  geo- 
the rmal  p r o s p e c t  ( a b o u t  120 km NW of T i a n j i n )  
which has  been  summarized by H o c h s t e i n  e t  a l . ,  
(1984) .  I n  T i a n j i n ,  t h e r e  a r e  two basement 
a q u i f e r s ;  one in O r d i v i c i a n  l i m e s t o n e  and a n o t h e r  
one i n  d o l o m i t i c  l i m e s t o n e s .  I n  a d d i t i o n ,  t h e r e  
a r e  two a q u i f e r s  in t h e  o v e r l y i n g  T e r t i a r y  sec-  
t i o n ,  an  upper  T e r t i a r y  a q u i f e r  (UTA) and  a lower  
T e r t i a r y  a q u i f e r  (LTA) which a r e  reached i n  t h e  
s o u t h e r n  p a r t  of t h e  c i t y  a t  d e p t h s  between 600 t o  
lOOOm and which produce f l u i d s  w i t h  we l lhead  temp- 
e r a t u r e s  of t y p i c a l l y  35 t o  55OC. The basement 
a q u i f e r s  a r e  reached a t  d e p t h s  of 1200 t o  2000m 
and produce f l u i d s  w i t h  wel lhead t e m p e r a t u r e s  of 
50 t o  90°C. 

The two T e r t i a r y  a q u i f e r  have been e x p l o i t e d  on a 
l a r g e  s c a l e  s i n c e  a b o u t  1970; i n  1981 abou t  650 
k g / s  of f l u i d s  were produced from t h e  UTA (abou t  
75MW) and abou t  150 k g / s  f rom t h e  LTA ( a b o u t  2OMW). 
The w a t e r  has  been ma in ly  used by i n d u s t r y  (Sun 
Kai Yao and Su J i a l i n ,  1985) .  The LTA is a l s o  
used  f o r  p i l o t  scheme s p a c e  h e a t i n g  (0.7MW w i t h i n  
t h e  c i t y ) .  P r e s e n t  p r o d u c t i o n  from t h e  basement 
a q u i f e r s  is i n s i g n i f i c a n t .  

The the rma l  f l u i d s  f rom t h e  UTA and LTA have been 
produced s i n c e  abou t  1970 w i t h o u t  r e- i n j e c t i o n ;  
p r e s s u r e s  w i t h i n  t h e  a q u i f e r  have d ropped  by up t o  
7 t o  9 b a r  in 1982, t h e  p r e s s u r e  d r o p  c a n  s t i l l  be 
n o t i c e d  i n  wells f a r  away from t h e  a b s t r a c t i o n  
c e n t r e .  The -50m p i e z o m e t r i c  l e v e l  c o n t o u r  of bo th  
a q u i f e r s a s  observed in 1982 is shown i n  F i g .  1. 

I 

F i g . 1  Basement s t r u c t u r e  of T i a n j i n  geo the rmal  
f i e l d  and e x t e n t  of p r e s s u r e  d rop  in 
T e r t i a r y  a q u i f e r s  i n  1982. 

A i m  of s t u d y ,  i n p u t  d a t a ,  method, a s sumpt ions :  

The aim of t h e  s t u d y  was t o  s i m u l a t e  t h e  h y d r a u l i c  
c h a r a c t e r i s t i c s  of b o t h  T e r t i a r y  a q u i f e r s ,  t h e i r  
p a s t  behav iour ,  and t o  p r e d i c t  f u t u r e  behav iour  
f o r  a few p r o d u c t i o n  and ( p a r t i a l )  r e- i n j e c t i o n  
s c e n a r i o s .  In t h e  f o l l o w i n g ,  t h e  UTA w i l l  a l s o  b e  
r e f e r r e d  t o  as Group I a q u i f e r ,  t h e  LTA as Group 
I1 a q u i f e r .  The basement a q u i f e r s  were n o t  i n v e s t-  
i g a t e d .  
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A v a i l a b l e  f o r  t h e  s t u d y  was a map of p i e z o m e t r i c  
l e v e l s  ( u p  t o  1982)  f o r  t h e  whole a r e a  f o r  bo th  
T e r t i a r y  a q u i f e r s  which had been compiled by t h e  
G e o l o g i c a l  Bureau of . T i a n j i n  ( f o r  e a r l i e r  d a t a  see 
Chen J i a f a  and Gu Da Tong, 1981). Average hydr- 
a u l i c  pa ramete r s  had been o b t a i n e d  from pumping 
tests; f o r  a s e l e c t e d  number of w e l l s  
l i t h o s t r a t i g r a p h i c  s e c t i o n s  and p r e s s u r e  d e c l i n e  
h i s t o r y  were a l s o  a v a i l a b l e  which had been 
compiled by a UNDP p r o j e c t  (CPR/81/011). The 
behav iour  of bo th  a q u i f e r s  was model led u s i n g  a 
computer program which is widely used t o  s t u d y  
F lu id  movements and e n e r g y  t r a n s f e r  i n  geo the rmal  
sys t ems  ( P r u e s s ,  1983; O ' S u l l i v a n  et a l . ,  1983). 

F o r  t h e  model of t h e  Group I a q u i f e r ,  which o c c u r s  
a t  a d e p t h  of abou t  550 t o  700m benea th  t h e  c i t y ,  
r a d i a l  symmetry was assumed a s  i n d i c a t e d  by t h e  
p a t t e r n  of p i e z o m e t r i c  l e v e l s  f o r  t h i s  a q u i f e r  i n  
1982 ( s e e  F ig .  1 ) .  Ten r i n g s  were used up t o  r= 
20km, t h e  wid th  of t h e  r i n g s  was i n c r e a s e d  f o r  r> 
20km. Of t h e  146 wells which produced i n  1982 
from t h e  Group I a q u i f e r ,  abou t  60% a r e  l o c a t e d  i n  
t h e  i n n e r  zone d e f i n e d  by r=20km. The c e n t r e  of 
t h e  i n n e r  zone a lmos t  c o i n c i d e s  w i t h  t h e  c i t y  
c e n t  re. 

ave rage  s t o r a g e  c o e f f i c i e n t  of S = 0.001. It was 
a l s o  assumed tha t :-  

1. The f l o w  i n  each  a q u i f e r  is two d imens iona l  
and governed by D'Arcy 's  Law (each  a q u i f e r  
r e p r e s e n t s  a geo the rmal  r e s e r v o i r ) .  

2 .  Each r e s e r v o i r  is i n f i n i t e ,  i s o t r o p i c  and 
homogeneous, and boundar i e s  (beyond r = 250 
km) do no t  a f f e c t  t h e  p r e s s u r e  g r a d i e n t  d u r i n g  
t h e  d u r a t i o n  of any a b s t r a c t i o n .  

3 .  The f low is h o r i z o n t a l  and un i fo rm wi th  d e p t h  
i n  e a c h  r e s e r v o i r .  

4. I s o t h e r m a l  i n i t i a l  s t a t e .  i.e. t h e  t e m p e r a t u r e  
of the w a t e r  was c o n s t a n t  i n i t i a l l y  th roughou t  
e a c h  r e s e r v o i r .  

5. The s t o r a g e  c o e f f i c i e n t  f o r  each  r e s e r v o i r  is  
c o n s t a n t  and t h e  geo the rmal  w a t e r  is  r e l e a s e d  
i n s t a n t a n e o u s l y .  

6. The t h i c k n e s s  of each  r e s e r v o i r  was assumed t o  
be c o n s t a n t  and each r e s e r v o i r  h a s  t h e  
f o l l o w i n g  p h y s i c a l  p r o p e r t i e s :-  

p o r o s i t y  = 0.1; d e n s i t y  = 2.5 x 103kg/m3; 
s p e c i f i c  h e a t  = 950 J / k g  K; 
t he rma l  c o n d u c t i v i t y  = 1.4-1.5 W/mK; 
c o m p r e s s i b i l i t y  l i es  between 20E-9 and 
20E-10; p e r m e a b i l i t y  and c o m p r e s s i b i l i t y  
were r e t a i n e d  a s  pa ramete r  

R e s u l t s  (Group I a q u i f e r ) :  

An ave rage  i n i t i a l  t e m p e r a t u r e  of 41°C and a n  
a v e r a g e  t h i c k n e s s  of 50m was assumed f o r  t h i s  
a q u i f e r .  The Group I a q u i f e r  model was s u b j e c t e d  
t o  t h e  h i s t o r i c a l  t ime- var i ab le  a b s t r a c t i o n  r a t e s  
which o c c u r r e d  between 1970 and 1982, a l l o w i n g  
a l s o  f o r  t h e  geometry of a b s t r a c t i o n  ( a b s t r a c t i o n  
r a t e s  i n c r e a s e d  from abou t  3.5 Mt/yr  i n  1970 t o  
a b o u t  20.7 Mt/yr  i n  1981). The computed p r e s s u r e  
change a s  f u n c t i o n  OF d i s t a n c e  was t h e n  compared 
w i t h  t h e  observed p r e s s u r e  changes  and perme- 
a b i l i t y  and c o m p r e s s i b i l i t y  of t h e  model were  
op t imized  u n t i l  t h e  obse rved  p r e s s u r e  changes  i n  
1982 (and  between 1970 and 1982)  ag reed  c l o s e l y  
w i t h  t h e  observed changes  ( s e e  F i g .  3 ) .  

LEGEND: P Production Zone S C A L E :  
1 Injection Zone I- 5Km 

Fig .  2 R e s e r v o i r  model f o r  i n n e r  zone of  lower  
T e r t i a r y  a q u i f e r  b e n e a t h  T i a n j i n  (P de- 
n o t e s  e x i s t i n g  p r o d u c t i o n  w e l l ;  I d e n o t e s  
assumed r e- i n j e c t i o n  w e l l ;  e n c i r c l e d  
b l o c k s  a r e  r e f e r r e d  t o  i n  t h e  t e x t ) .  

Fo r  t h e  Group I1 a q u i f e r  ( d e p t h  range:  750-1200m), 
which is p r e s e n t l y  t apped  by 12 w e l l s ,  a n  i n n e r  
e l l i p t i c a l  g r i d  ( s e e  F i g  2 )  was used which was 
i n c r e a s e d  by e l l i p t i c a l  r i n g s  t o  cove r  a n  o u t e r  
zone ( u p  t o  abou t  250km); t h e  p i e z o m e t r i c  l e v e l  of 
w e l l s  i n  t h e  i n n e r  zone a l s o  showed a n  e l l i p t i c a l  
p a t t e r n  i n  1982 ( s e e  Fig.  1 ) .  The c e n t r e  of t h e  
i n n e r  zone c o i n c i d e s  w i t h  t h e  l o n g  a x i s  of t h e  
-50m c o n t o u r  i n  F i g .  1. 

Pumping t e s t s  have shown t h a t  benea th  t h e  c i t y  
b o t h  a q u i f e r s  a r e  s e p a r a t e d  by a n  impermeable l ay-  
e r ;  t h i s  l a y e r  is  less p e r f e c t  benea th  t h e  o u t e r  
zone,  b u t  any r e g i o n a l  h y d r a u l i c  c o n n e c t i o n  be t-  
ween t h e  two a q u i f e r s  was n e g l e c t e d .  A l so  n e g l e c t-  
e d  were small changes  i n  l e v e l  and t h i c k n e s s  of 
each  a q u i F e r  as w e l l  a s  t h e  f i n e  s t r u c t u r e  w i t h i n  
bo th  a q u i f e r s  which might c o n s i s t  of numerous 
s m a l l e r  l e n s o i d a l  bu t  w e l l  connec ted  sub- aqu i fe r s .  

The pumping t e s t s  had shown t h a t  t h e  t r ansmis-  
s i v i t y  of both c o n f i n e d  T e r t i a r y  a q u i f e r s  l i e s  
w i t h i n  t h e  range of 0.0009 and 0.002m2/s wi th  a n  

F ig .3  Observed and computed p r e s s u r e s  f o r  d i f -  
f e r e n t  p e r m e a b i l i t i e s  i n  upper  T e r t i a r y  
a q u i f e r  f o r  1982 (12 y r  p r o d u c t i o n  h i s-  
t o r y )  as a f u n c t i o n  OF r a d i a l  d i s t a n c e  
f rom c e n t r e  of model. 

For  t h e  op t imized  model of t h e  Group I a q u i f e r  i t  
was found t h a t :  

p e r m e a b i l i t y  k = 3.0 E-12(m2), and 
c o m p r e s s i b i l i t y  c = 20E-09 

t r a n s m i s s i v i t y  T = 2.24E-3(m2/s) and 
s t o r a g e  c o e f f i c i e n t  S = 9.7E-3; 

gave t h e  b e s t  f i t s .  The v a l u e s  co r respond  to :  

bo th  v a l u e s  l i e  a t  t h e  upper  range of t h e  v a l u e s  
i n f e r r e d  f rom pumping tests. The r e sponse  of t h i s  
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model was then  t e s t e d  u s i n g  a wors t  ( n o  r e - in j ec -  
t i o n )  and a n  a v e r a g e  ( p a r t i a l  r e i n j e c t i o n )  scen-  
a r i o .  For  t h e  wors t  s c e n a r i o  ( a b s t r a c t i o n  of 20.7 
Mt/yr  remaining c o n s t a n t  u n t i l  2000)  i t  was found 
t h a t  t h e  p i e z o m e t r i c  l e v e l  w i l l  c o n t i n u e  t o  d rop  
a t  a r a t e  of 1.3-1.5 m/yr f o r  t h e  whole i n n e r  zone 
(r=20km). For  p a r t i a l  r e - i n j e c t i o n  ( 5  Mt /y r  a t  T 
= 1 7 ” ) ,  t h e  p r e s s u r e  drop c o u l d  be reduced t o  0.7 
t o  1 m/yr f o r  t h e  i n n e r  zone. I n  t h e  wors t  c a s e  
t h e  p i e z o m e t r i c  l e v e l  w i l l  d rop  t o  a b o u t  80 t o  94m 
f o r  t h e  inne rmos t  zone ( r  = 10km) f o r  p a r t i a l  
r e - i n j e c t i o n  i t  might  d rop  t o  abou t  63 t o  73m 
( w i t h i n  r = 10km). S i n c e  w i t h  t h e  p r e s e n t l y  in-  
s t a l l e d  s h a f t  pumps i n  wells,  where t h e  l e v e l  i s  
lower  than  70m, p r o d u c t i o n  is a l r e a d y  a problem, 
t h e s e  f i g u r e s  i n d i c a t e  t h a t  p r o d u c t i o n  of f l u i d s  
from t h e  Group I a q u i f e r  might  r e q u i r e  new pro-  
d u c t i o n  t echn iques .  Changes i n  e n t h a l p y  of f l u i d s  
were a l s o  a n a l y s e d  for t h e  Group I a q u i f e r ;  f o r  
both s c e n a r i o s  t h e s e  changes  a r c  s m a l l  ( l e s s  t h a n  
ZW/kp, up t o  t h e  y e a r  2000 f o r  a n  a v e r a g e  e n t h a l p y  
of 171.5 W / k g  in 1982) .  

R e s u l t s  (Group I1 a q u i f e r ) :  

For  t h e  Group I1 a q u i f e r  a n  ave rage  t empera tu re  of 
45“ was used which l i es  w i t h i n  t h e  r ange  of 35 t o  
56°C obse rved  i n  w e l l s  which pene t ra t e ‘  t h i s  aqu i-  
f e r ;  i t s  t h i c k n e s s  was reduced t o  30m. Matching 
of t h e  obse rved  p r e s s u r e  d rops  showed t h a t  t h e  
p e r m e a b i l i t y  of t h i s  a q u i f e r  v a r i e s  l a t e r a l l y ;  a 
b e s t  f i t  v a l u e  of k = 7.5 E-13(m2) i s  i n d i c a t e d  
f o r  t h e  i n n e r  zone benea th  T i a n j i n  C i t y  whereas 
e l sewhere  k = 3E-l2(m2). The p r e d i c t e d  and obser-  
ved p r e s s u r e  change was t h e n  computed f o r  5 w e l l s  
i n  t h e  i n n e r  zone ( s e e  p a r t  of F ig .4  up t o  1982) .  
For  t e s t i n g  of t h e  model i t  was assumed t h a t  pro- 
d u c t i o n  remains c o n s t a n t  u n t i l  1990 ( a n n u a l  r a t e  
5 . 8  M t / y r )  and t h a t  from 1990 onwards p r o d u c t i o n  
inc reas . e s  t o  11.3 Mt /y r  of which 5 Mt /y r  a r e  re- 
i n j e c t e d  (T = 17°C) i n  “ d o u b l e t  schemes”;  f o r  
Loca t ion  of r e- i n j e c t i o n  w e l l s  s e e  F i g .  2 .  The 
r e s u l t i n g  p r e s s u r e  behav iour  i s  shown i n  Fig.4 
( p a r t  of c u r v e  between y e a r s  1982 and 2000). 
S i n c e  i n  t h e  inne rmos t  zone of t h e  r e s e r v o i r ,  a s  
shown i n  F ig .  2 ,  p r o d u c t i o n  and r e i n j e c t i o n  w e l l s  

a r e  o n l y  abou t  lkm a p a r t ,  some minor  c o o l i n g  of 
t h e  r e s e r v o i r  c a n  be n o t i c e d  a t  t h e  p r o d u c t i o n  
w e l l s  ( a b o u t  l 0 C  between 1990 and 2000)  whereas 
t h e  t empera tu re  i n  t h e  i n j e c t i o n  w e l l  d rops  
s i g n i f i c a n t l y  by abou t  10°C ( s e e  F i g .  5) .  

I m p l i c a t i o n  of model s t u d i e s  

The model s t u d i e s  (Ouyang JuQin  1985)  h a v e  shown 
t h a t  t he  two T e r t i a r y  a q u i f e r s  benea th  T i a n j i n  
C i t y ,  which a r e  p r e s e n t l y  e x p l o i t e d ,  can  be approx-  
imated by r a t h e r  s imple  models; t h e  p e r m e a b i l i t y  
s t r u c t u r e  of t h e  two a q u i f e r s  c a n  be o b t a i n e d  by 
o p t i m i z a t i o n  of p e r m e a b i l i t y  and c o m p r e s s i b i l i t y ,  
i . e .  ma tch ing  of observed p r e s s u r e  drawdown d a t a .  
The p e r m e a b i l i t y  of t h e  Upper T e r t i a r y  a q u i f e r  
(Group I a q u i f e r )  is  approx ima te ly  c o n s t a n t ,  w h i l e  
t h a t  of t h e  Lower T e r t i a r y  a q u i f e r  (Group I1 
a q u i f e r )  v a r i e s  l a t e r a l l y .  

The the rma l  w a t e r  i n  both a q u i f e r s  has  a s i g n i -  
f i c a n t  economic v a l u e ,  i t  is a s o f t  w a t e r  w i t h  low 
m i n e r a l i z a t i o n  ( t o t a l  s o l i d s  l e s s  t h a n  l g / k g ;  
h a r d n e s s  l e s s  t h a n  1 G.D.). Data i n  Chen J i a f a  
and Gu Da Tong (1981)  i n d i c a t e  t h a t  t h e  r ep lace-  
ment v a l u e  of a n  a r t i f i c i a l l y  produced e q u i v a l e n t  
s o f t  w a t e r , w i t h  t h e  same e n t h a l p y  i s  a t  l e a s t  1.5 
Ch inese  yuan p e r  tonne,  which e x p l a i n s  why t h e  
upper  a q u i f e r  is h e a v i l y  e x p l o i t e d  a t  p r e s e n t .  

However, w i t h o u t  s t a b i l i z a t i o n  of t h e  p r e s s u r e  in 
t h e  a q u i f e r  by p a r t i a l  r e- i n j e c t i o n ,  p r o d u c t i o n  of 
f l u i d s  w i l l  become more and more d i f f i c u l t  i n  t h e  
f u t u r e .  S i n c e  t h e  was te  f l u i d s  from i n d u s t r i a l  
p r o c e s s i n g  (ma in ly  t e x t i l e  i n d u s t r y )  are h e a v i l y  
p o l l u t e d ,  t h e s e  was te s  canno t  be  r e i n j e c t e d  with-  
o u t  c o s t l y  t r e a t m e n t  - r e- i n j e c t i o n  of s u r f a c e  
waters might  be a n  a l t e r n a t i v e .  

F l u i d s  from t h e  lower T e r t i a r y  a q u i f e r  a r e  w e l l  
s u i t e d  f o r  s p a c e  h e a t i n g  s i n c e  t h e y  a r e  a lmos t  
c o r r o s i o n  f r e e ;  t h e i r  ene rgy  c o n t e n t  is, however, 
r a t h e r  low and b o o s t i n g  of t empera tu re  by b o i l e r  
p l a n t s  i s  r e q u i r e d  t o  o b t a i n  s u i t a b l e  i n l e t  temper- 
a t u r e s  ( i . e .  g r e a t e r  t h a n  60°C f o r  d i s t r i c t  hea t-  
i n g  schemes.) However, e x p l o i t a t i o n  of t h i s  re-  
s o u r c e  by u s i n g  d o u b l e t  schemes is f e a s i b l e .  

F ig .4  Observed and computed p r e s s u r e  i n  i n n e r  F i g . 5  Tempera tu re  of lower  T e r t i a r y  a q u i f e r  
zone ( b l o c k  P 6 )  of lower  T e r t i a r y  a q u i f e r  n e a r  r e- i n j e c t i o n  and p r o d u c t i o n  w e l l  i n  
( f o r  l o c a t i o n  of P6 see F i g .  2 ) .  Product-  i n n e r  zone ( p r o d u c t i o n  r a t e  a t  P8 = 25kg / s ,  
i o n  r a t e  = 15.8 kg /s ;  r e i n j e c t i o n  i n t o  r e i n j e c t i o n  rate a t  I 7  = 15kg / s ;  p roduc t-  

i o n  and r e i n j e c t i o n  s t a r t i n g  i n  1990) .  I 6  from 1990 a t  1 5  kg/s) .  
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