
A FIELDWIDE RESERVOIR ENGINEERING ANALYSIS 
OF THE PILGRIM SPRINGS, ACASEA, GEOTHERMAL RESERVOIR 

1 
Michael J. Economides', Christine A. Ehlig Economides 

Jay F. Kunze2. Ben Lofgred 

b 2 'University of Alaska, Energy Services Inc. ,3Woodward-Clyde Consultants 

I N T R O D U C T I O N  

In a n  a t t e m p t  t o  i d e n t i f y  t h e  
g e o t h e r m a l  p o t e n t i a l  of t h e  P i l g r i m  
S p r i n g s  aiea i n  t h e  Saward P e n i n s u l a ,  
A laska ,  e x p l o r a t o r y  d r i l l i n g  was 
u n d e r t a k e n  i n  t h e  Summer of 1982. A 
t o t a l  of f o u r  w e l l s  were d r i l l e d  
t h r o u g h  a S t a t e  a p p r o p r i a t i o n .  The 
D i v i s i o n  of Energy and Power 
Development a c t e d  as  t h e  P r o j e c t  
Manager w h i l e  Woodward-Clyde 
C o n s u l t a n t s  were s e l e c t e d  as  t h e  
p r i n c i p a l  c o n t r a c t o r .  Two o t h e r  
s h a l l o w  w e l l s  were d r i l l e d  in 1979. 
The s i x  wells were comple t ed  a t  
va r i ous  d e p t h s  r a n g i  ng from 
a p p r o x i m a t e l y  70 f t  t o  1000 f t .  

The d r i l l i n g  a c t i v i t y  f o l l o w e d  a n  
e x t e n s i v e  g e o l o g i c a l  and g e o p h y s i c a l  
a s s e s s m e n t  done by Forbes  e t  a l .  
(1979) ,  T u r n e r  and F o r b e s  (1980)  and 
Wescot t  and T u r n e r  (1981).  T h e i r  work 
i n d i c a t e d  t h e  e x i s t e n c e  of a n  
e x t e n s i v e ,  l i q u i d  domina ted ,  s h a l l o w  
g e o t h e r m a l  r e s e r v o i r  in t h e  area.  The 
s h a l l o w  r e s e r v o i r  , conf i rmed by t h e  
1979 d r i l l i n g ,  s d e l i n e a t e d  w i t h i n  a 
1 t o  1.5 km' a rea ,  bounded by 
p e r m a f r o s t  a t  l e a s t  350 f t  t h i c k .  

The r e s u l t s  of t h e  1979 d r i l l i n g  
were p r e s e n t e d  by K l i n e  (1981) .  T a b l e  
1 i s  a summary of t h e  w e l l  comple t ion  
d a t a .  F i g u r e  1 shows t h e  w e l l  
l o c a t i o n s .  Wells PSl and PS2 were 
d r i l l e d  t o  150 f t .  A i r - l i f  t e d  
f l o w r a t e  was e s t i m a t e d  a t  200 GPM and;  
350 GPH, r e s p e c t i v e l y ,  w i t h  a f l o w i n g  
w e l l h e a d  t e m p e r a t u r e  of 91OC. The 
w e l l s  were t h e n  f i l l e d  w i t h  mud and 
cemented u n t i l  1982 when t h e y  were 
reopened.  The mud s e t t l e d  a t  105 f t  
i n  b o t h  w e l l s ,  making them 
i n a c c e s s i b l e  below t h a t  dep th .  They 
were p e r f o r a t e d  u s i n g  shape  c h a r g e s  a t  
t h e  i n t e r v a l  70-100 f t  (PSI)  and 60-90 
f t  (PS2). The u n a i d e d  f l o w r a t e  n e v e r  
exceeded  30 GPM in PSI and 65 GPM in 
PS2. 

The f i r s t  w e l l ,  d r i l l e d  in 1982 was 
PS3 a t  a t o t a l  d e p t h  of 260 f t .  A 3- 

i n c h  s l o t t e d  l i n e r  was i n s t a l l e d  
between 155 and 255 f t .  The comple t ed  
i n t e r v a l  produced 60 GPM a t  o v e r  65OC. 

Wells PS4 and PS5 were a t t e m p t s  
towards  a n  i n t e r m e d i a t e  dep th .  They 
were d r i l l e d  t o  881 f t  and 1001 f t  
r e s p e c t i v e l y .  Well PS4 is an  open 
h o l e  c o m p l e t i o n  from 186 f t  and 
below. A f l o w r a t e  of 100 GPH and a 
w e l l h e a d  t e m p e r a t u r e  o f  46OC were 
r e c o r d e d .  Well PS5 w a s  completed 
below 540 f t  w i t h  a 3" s l o t t e d  
l i n e r .  T h i s  i n t e r v a l  p r e s e n t e d  
s i  g i n i f i c a n t  problems d u r i n g  
d r i l l i n g .  The f o r m a t i o n s  e n c o u n t e r e d  
were o f t e n  v e r y  h a r d  mater ia ls .  The 
t o t a l  f l o w r a t e  in Well PS5 was only 10 
GPH, w i t h  a t e m p e r a t u r e  of 35OC. 

A s i x t h  w e l l ,  M I 1 ,  w a s  d r i l l e d  in 
l a n d  owned by Mary's I g l o o .  It w a s  
comple t ed  between 227 and 307 f t  u s i n g  
3" s l o t t e d  l i n e r .  The f l o w r a t e  was 
120 GPM a t  25OC. 

The s u c c e s s i v e l y  lower  f l o w i n g  
t e m p e r a t u r e s  o b s e r v e d  in t h e  d e e p e r  
c o m p l e t i o n s  were l a t e r  e x p l a i n e d  by 
t h e  d a t a  from t e m p e r a t u r e  v e r s u s  d e p t h  
s u r v e y s .  I n t e r p r e t a t i o n  of t h e  
t e m p e r a t u r e  s u r v e y s  w i l l  be d i s c u s s e d  
in d e t a i l  in t h i s  a r t i c l e .  
REGIONAL GEOLOGY 

The t h e r m a l  a c t i v i t y  a t  P i l g r i m  
S p r i n g s  is l o c a t e d  i n  t h e  P i l g r i m  
R i v e r  V a l l e y ,  a t e c t o n i c  d e p r e s s i o n  
( g r a b e n )  bounded by P recambr ian  
a m p h i b o l i t e s  and Mesozoic p l u t o n s .  In 
some areas  it is o v e r l a i n  and 
ove r t h r u s  t by P a l e o z o i c  ca rbona t e  s . 
Potassium-Argon d a t i n g  done by T u r n e r  
and Swanson (1981) i n d i c a t e d  a c o o l i n g  
age  of 84 m.y. s u g g e s t i n g  i g n e o u s  
i n t r u s i v e  a c t i v i t y  in mid-Cretaceous 
t ime.  

G r a v i t y  s u r v e y s  conduc ted  in t h e  
r e g i o n  by K i e n l e  and L o c k h a r t  (1980)  
s u g g e e t  t h a t  P i l g r i m  S p r i n g s  is n e a r  
t h e  i n t e r s e c t i o n  of two p o s s i b l e  f a u l t  
zones which form t h e  c o r n e r  of a 

-25- s 



Figure 1. D r i l l  S i t e s  i n  the Pilgrim Springs Geothermal Reservoir 

O the r  downdropped basement b lock .  
f a u l t s  i n  t h e  area have been v e r i f i e d  
by seismic d a t a  and g e o l o g i c  mapping, 
and one o r  more of t h e s e  f a u l t s  c o u l d  
p r o v i d e  a deep c o n d u i t  f o r  t h e  
g e o t h e r m a l  anomaly. 

The p o s s i b l e  e x i s t a n c e  of a major  
r i f t  sys t em is of s i g n i f i c a n c e  f o r  t h e  
r e g i o n a l  g e o t h e r m a l  p o t e n t i a l .  A 
he l ium s u r v e y  w a s  conduc ted  t o  test  
t h i s  r i f t  model,  and n i n e  o u t  of 
e l e v e n  he l ium a n o m a l i e s  occur  n e a r  t h e  
proposed r i f t  segments  and s u g g e s t  
abnorma l ly  h i g h  h e a t  f l o w  in t h e s e  

areas.  F u r t h e r m o r e ,  e x t e n s i v e  
b a s a l t i c  f i e l d s  n o r t h  of P i l g r i m  
S p r i n g s  area have been i n t e r p r e t e d  as 
r e s u l t i n g  from e r u p t i o n  i n  a zone of 
c r u s t a l  weakness produced by t h e  
g e n e r a l  n o r t h - s o u t h  e x t e n s i o n  ( T u r n e r  
and Swanson, 1981). 

The amount of s e p a r a t i o n  a l o n g  t h i s  
proposed r i f t  is less  t h a n  t h e  w i d t h s  
of t h e  Q u a t e r n a r y  d e p r e s s i o n s  which 
have p r o b a b l y  been e n l a r g e d  by normal  
f a u l t i n g  and m a r g i n a l  s u b s i d e n c e ,  
a l o n g  w i t h  r i f t i n g .  Potassium-argon 
d a t i n g  i n d i c a t e s  t h a t  vo lcan i sm which 
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T a b l e  1 

WELL-COMPLETION SUMMARY, PILGRIM SPRINGS, ALASKA 

Well D r i l l i n g  D r i l l e d  Remarks 

PS-1 Fa11'79 150 Cemented from 1979-1982. P e r f o r a t e d  i n  
1982 1982 between 60-90 f t .  

PS-2 Fa11'79 150 Cemented from 1979-1982. P e r f o r a t e d  i n  

PS-3 Sum.'82 260 S t a t i c  head 12 f t .  above l a n d  s u r f a c e .  

PS-4 Sum.'82 881  76 f e e t  of d r i l l  stem s t u c k  i n  bottom. 

Date Depth 

1982 between 70-100 f t .  

A r t e s i a n  flow- 60 GPM 

S t a t i c  Bead -12 f t .  L a t e s t  a r t e s i a n  f low- 
250 GPM a t  114OP. 

PS-5 Sum.'82 1001 La te s t  a r t e s i a n  flow-10 GPM a t  98oP 

M I - 1  Sum.'82 307 S t a t i c  head - 11 f t .  above l a n d  s u r f a c e .  
La te s t  a r t e s i a n  flow--100 GPM a t  78'F 
v e r y  s o f t ,  qweet 

Figure 2. Temperature Versus Depth Profi les  of the Pllgrim Springs Wclls 
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was a 8 s o c ~ d ~ t e d  w i t h  . r i f t i n g  began i n  
t h e  Upper Mioc&ne ( T u r n e r  and Swanson, 
1981).  

F i n a l l y ,  a pe rmaf r  s t  boundary, 
e n c l o s i n g  a 1 t o  1.5 km' area h a s  been 
i d e n t i f i e d .  The t h i c k n e s s  of t h e  
p e r m a f r o s t  is o v e r  350 f t .  

TEMPERATURE DATA INTERPRETATION 

P r e v i o u s  t e m p e r a t u r e  d a t a  were 
l i m i t e d  t o  s h a l l o w  d e p t h ,  (4.5 meters) 
by Wescot t  and T u r n e r  (1981) ,  soil 
Helium s u r v e y s  by T u r n e r  and  F o r b e s  
(19801, and geothermometry by Motyka 
e t  a l .  (1980)  Motyka's estimate f o r  
t h e  s o u r c e  water t e m p e r a t u r e  u s i n g  N a -  
IC-Ca as t h e  t e m p e r a t u r e  i n d i c a t o r  was 
15OoC f 10°C. The d a t a  of Wescot t  and 
Turne r  i n d i c a t e d  a r e g i o n a l  g e o t h e r m a l  
anomaly and s u g g e s t e d  t h a t  t h e  w e l l  
s i t e s  chosen f o r  PS3, PS4 and PS5 were 
l i k e l y  l o c a t i o n s  f o r  t h e  s o u r c e  f l u i d .  

The t e m p e r a t u r e  d a t a  f o r  t h i s  s t u d y  
were t a k e n  from t e m p e r a t u r e  v e r s u s  
d e p t h  d a t a  r e c o r d e d  i n  t h e  w e l l s  
d r i l l e d  i n  t h e  P i l g r i m s  S p r i n g s  
r e g i o n .  

Two months a f t e r  c o m p l e t i o n  of t h e  
l a s t  w e l l ,  t e m p e r a t u r e  s u r v e y s  were 
run  i n  a l l  s i x  wel ls .  The t e m p e r a t u r e  
v e r s u s  d e p t h  p r o f i l e s  f o r  a l l  w e l l s  
were i d e n t i c a l  in s h a p e ,  as shown i n  
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TEMPERATURE 
Figure 3. Conceptual Representation of the 

Shallow and Deep Reservoirs a t  
Pilgrim Springs. 

Pig. 2. A l l  showed a t r e n d  toward a 
maximum t e m p e r a t u r e  a t  d e p t h s  from 40 
t o  100 f e e t ,  f o l l o w e d  by a s h a r p  
d e c r e a s e  in t e m p e r a t u r e  w i t h  d e p t h  
from 100 t o  250 f t ,  f o l l o w e d  by a 
c o n s t a n t  g e o t h e r m a l  g r a d i e n t  r a n g i n g  
from 1 . 8 O C  t o  2.10C p e r  100 f t  t h a t  
was r e c o r d e d  down t o  900 f t  i n  t h e  
d e e p e s t  w e l l .  The two w e l l s ,  d r i l l e d  
deep enough t o  d e t e r m i n e  t h e  
g e o t h e r m a l  g r a d i e n t  a t  d e p t h  (PS4 and 
PS5) show t e m p e r a t u r e  t r e n d s  t h a t  
would i n t e r s e c t  a t  a b o u t  155OC a t  a 
d e p t h  of 4875 f t .  Hence, t h e  
geo thermome t e r  tempe r a t u r e  es t ima te  of 
150°C is c o r r o b o r a t e d  by t h e  l a t e s t  
f i n d i n g s .  I n  a d d i t i o n , .  and more 
i m p o r t a n t l y ,  t h e  d a t a  s u g g e s t  t h a t  a l l  
of t h e  we l l s  o v e r l a y  t h e  s o u r c e  
r e s e r v o i r  a t  t h e  4875 f t  dep th .  

F i g u r e  3 is a schema t i c  
r e p r e s e n t a t i o n  of t h e  t e m p e r a t u r e  
v e r s u s  d e p t h  p r o f i l e  t h a t  would be 
e x p e c t e d  a t  a w e l l  ( A )  n e a r  t h e  s o u r c e  
from d e p t h  of t h e  h o t  water f lowing  i n  
t h e  s h a l l o w  zone. Well B, f u r t h e r  
away from t h e  s o u r c e ,  shows a lower 
maximum t e m p e r a t u r e  i n  t h e  s h a l l o w  
zone which g r a d e s  t o  a lower  
t e m p e r a t u r e  a t  t h e  base  of t h e  s h a l l o w  
t e m p e r a t u r e  anomaly and r e s u l t s  in a 
h i g h e r  g e o t h e r m a l  g r a d i e n t  t o  r e a c h  
t h e  s o u r c e  t e m p e r a t u r e  a t  dep th .  

The s h a l l o w  t e m p e r a t u r e  anomaly . 
o b s e r v e d  in a l l  t h e .  w e l l s  s u g g e s t s  
t h a t  somewhere i n  t h e  immediate  
r e g i o n ,  water  from t h e  h o t  s o u r c e  a t  
d e p t h  is f l o w i n g  upwards th rough  a 
f i s s u r e  or f a u l t  which e x t e n d s  
v e r t i c a l l y  from a d e p t h  of a b o u t  50 
f e e t  t o  t h e  4875 f o o t  d e p t h  i d e n t i f i e d  
as t h e  s o u r c e  d e p t h .  Aerial 
v a r i a t i o n s  in t h e  maximum r e c o r d e d  
t e m p e r a t u r e  €or t h e  s i x  w e l l s  are 
c o n t o u r e d  i n  F i g u r e  4. These d a t a  
s u g g e s t  t h a t  t h e  h o t  s o u r c e  f l u i d  
e n t e r s  t h e  s h a l l o w  f o r m a t i o n  a t  some 
p o i n t  t o  t h e  n o r t h  of t h e  s i x  w e l l  
s i t e s .  The f l u i d  t h e n  f l o w s  r a d i a l l y  
and l a t e r a l l y  away from t h e  f i s s u r e  
s o u r c e  towards s p r i n g s  s u c h  as t h e  
P i l g r i m  S p r i n g s  o r  p e r h a p s  i n  t h e  
s u r r o u n d i n g  stream beds ,  t h u s  c r e a t i n g  
a s t e a d y  s t a t e  f l o w  p a t t e r n  f o r  t h e  
s h a l l o w  h o t  water zone. L o c a t i n g  t h e  
h o t  water  s o u r c e  f o r  t h e  s h a l l o w  zone 
is r e l a t i v e l y  u n i m p o r t a n t ,  s i n c e  t h e  
f l u i d  a t  d e p t h  p r o v i d e s  a h i g h  
t e m p e r a t u r e  s o u r c e  f o r m a t i o n  e x t e n d i n g  
a e r i a l l y  a t  l e a s t  as f a r  as t h e  t o t a l  
area d r i l l e d .  The t e m p e r a t u r e  d a t a  
p r o v i d e  a most c o m p e l l i n g  

u. 
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j u s t i f i c a t i o n  f o r  d e e p e r  
d r i l l i n g  i n  t h e  area.  

SHALLOW FORMATION PROPERTIES 

Core samples  were t a k e n  from 
t h e  87 t o  95 f o o t  d e p t h  
i n t e r v a l  i n  Well PS4. Three 
p l u g s  were t a k e n  and a n a l y z e d  
f o r  p o r o s i t y  and 
p e r m e a b i l i t y .  The uppermost  
sample w a s  a l a r g e - g r a i n e d ,  
p o o r l y  prima r i 1 y 
q u a r t z  s a n d s t o n e  w i t h  a 
p o r o s i t y  of 40% and a i r  
p e r m e a b i l i t y  i n  e x c e s s  of 4 
Darcys.  T h i s  sample i s  
b e l i e v e d  t o  be r e p r e s e n t a t i v e  
of t h e  s h a l l o w  h o t  water  
zone. The middle  sample w a s  a 
f i n e  g r a i n e d ,  w e l l  cemented,  
q u a r t z  s a n d s t o n e  w i t h  a 
p o r o s i t y  of 28% and 

p e r m e a b i l i t y  . The d e e p e s t  
sample was a l o o s e  
cong lomera te  w i t h  a p o r o s i t y  
of 24%. The p e r m e a b i l i t y  of 
t h i s  sample c o u l d  no t  be 
de t e rmined .  The middle  sample 
c o u l d  r e p r e s e n t  t h e  
impermeable b a s e  f o r  t h e  
s h a l l o w  h o t  water zone. 

Data from a n  i n t e r f e r e n c e  
w e l l  t e s t  are  shown i n  Tab le  
2. Shu t - in  p r e s s u r e s  were 

ceme n t e  d , 

e x c e p t i o n a l l y  low 

N io0 200m I ?  
I 1982 WELLS 
I 8 1979 WELLS 

I f  

I CHURCH 
iN 

; 
I 

- /  
/ x )  

Figure 4. Temperature Contours i n  the Shallow Reservoir. 
r e c o r d e d  i n  PS2 w h i l e  PS1 was 
f l o w i n g  a t  a ra te  of 30-35 
GPM. A l og - log  g r a p h  of t h e  
drawdown p r e s s u r e s  i n  Well PS2 
v e r s u s  t i m e  was a n a l y z e d  by type  c u r v e  
ma tch ing  w i t h  t h e  l i n e  s o u r c e  
s o l u t i o n .  as shown i n  Fig. 5.  From 
t h e  pres-sure  match, t h e  p e r m e a b i l i t y  
is e s t i m a t e d  a t  4 . 5  Darcys.  The t i m e  
match g i v e s  a porosi ty-gompre s i b i l i t y  
p r o d u c t  of 5.4 X 10 psi-', whicg 
r e s u l t s  i n  a n  es t imate  of 14 X 10- 
p s i -  f o r  t h e  c o m p r e s s i b i l i t y ,  i f  t h e  
p o r o s i t y  is assumed t o  be 40%. The 
r e s u l t s  of t h e  i n t e r f e r e n c e  t e s t  a g r e e  
w i t h  t h e  c o r e  a n a l y s i s  d a t a  from Well 
PS4 and s u g g e s t  t h a t  t h e  s h a l l o w  h o t  
w a t e r  zone ha8 s i m i l a r  p r o p e r t i e s  
t h r o u g h o u t  t h e  r e g i o n  of t h e  six 
wel ls .  

CONCLUSIONS 

The w e l l s  d r i l l e d  i n  t h e  r e g i o n  of 
t h e  g e o t h e r m a l  anomaly n e a r  P i l g r i m  
S p r i n g s  p r o v i d e  c o n s i d e r a b l e  i n s i g h t  
i n t o  t h e  g e n e r a l  c h a r a c t e r i s t i c s  o f  
t h e  geo the rml  system. P r e v i o u s  work, 

Tab le  2 

P r e s s u r e  I n t e r f e r e n c e  Data Between 
Wells P S 1  and PS2 

PSI ( f l o w i n g ) ,  q = 30-35 GPM 

PS2 (we l lhead  p r e s s u r e s  r e c o r d e d )  

Time(min) p x p s i g )  Time(min) p ( p s i g )  

0 3.5 20 1.6 
8 2.9 22 1.5 

1 2  2.4 24 1.3 
14 2.3 27 1.1 
16 2.1 29 1 .o 
17 2.0 30 0.9 
18 1.9 31 0.8 

D i s t a n c e  between we l l s  - 269 f t  
i n c l u d i n g  r e s i s t i v i t y  s t u d i e s  and Water v i s c o s i t y  = 1 cp 
geothermometry are c o r r o b o r a t e d  by t h e  R e s e r v o i r  p o r o s i t y  = 40% 
t e m p e r a t u r e  p r o f i l e s  obse rved  i n  t h e  R e s e r v o i r  t h i c k n e s s  - 60 f t  
six wel ls .  The e x i s t e n c e  of a h o t  
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Figure 5. Type-Curve Matching of the Pressure In te r fe rence  Data Between Wells PS1 and PS2. 

.water zone  o f  a b o u t  150°C and  a t  a 
d e p t h  o f  a r o u n d  5000  f t  is now 
v i r  t u a  1 l y  ce r t a  i n .  
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