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ABSTRACT 

Geophysical we l l  logs can now be c a l i b r a t e d  
f o r  the  measurement o f  phys ica l  p roper t ies  o f  
some igneous and metamorphic l i t h o l o g i e s  and f o r  
t h e  determination o f  f r a c t u r e  poros i ty .  These 
geologic condi t ions are r o u t i n e l y  encountered i n  
geothermal reservo i rs  and geothermal f i e l d s .  

Three large c a l i b r a t i o n  models o r  t e s t  p i t s  
were completed on May 1, 1981, a t  t h e  Uni ted 
States Geological Survey (USGS) Denver Feder a1 
Center Cal i b r a t i  on Faci 1 i t y  . Each ca l  i b r  a t i o n  
model was constructed o f  la rge  stone blocks t h a t  
have a cored borehole and wire-sawn simulated 
f rac tu res .  Deta i l s  o f  the t e s t  p i t  sizes, simu- 
l a t e d  f r a c t u r e  locat ions,  rock type o f  each t e s t  
p i t ,  and loca t ion  and access o f  these p i t s  are 
discussed herein. 

Geophysical we l l  logs were obtained from 
these t e s t  p i t s  and these data are shown and 
discussed. 

INTRODUCTION 

Geothermal w e l l  logging and l o g  in te rpre ta-  
t i o n  are c u r r e n t l y  be ing developed. The proper 
i n t e r p r e t a t i o n  o f  geophysical logs can increase 
(o r  promote) user confidence i n  estimates o f  
geothermal reservo i r  s i z e  and q u a l i t y .  

Cruc ia l  t o  r e s e r v o i r  eva lua t ion  i s  the 
development o f  techniques f o r  the  i n t e r p r e t a t i o n  
o f  geophysical logs run  i n  both e x p l o r a t i o n  and 
product ion wells. Cer ta in  parameters are essen- 
t i a l  f o r  evaluat ion o f  a p a r t i c u l a r  geothermal 
resource, and t h e  p r i o r i t y  o f  a parameter deter- 
minat ion var ies  w i t h  resource type. A l i s t  o f  
parameters f o r  needed development o f  l o g  measure- 
ments and i n t e r p r e t a t i o n  techniques was developed 
f o r  geothermal exp lo ra t ion  under the  categor ies 
o f  formation evaluat ion and product ion management 
(Mathews, 1980). The parameters o f  1 i thology, 
permeab i l i t y  ( in te rgranu lar  and f r a c t u r e ) ,  por- 
o s i t y  ( in te rgranu lar  and f r a c t u r e ) ,  and f r a c t u r e  
systims were l i s t e d  under IIFormation eva1uation.I' 
C a l i b r a t i o n  o f  logging equipment f o r  igneous and 
metamorphic l i t h o l o g y  and f o r  f r a c t u r e  l o c a t i o n  

'U.S. Geological Survey 
Box 25046, Denver Federal Center 

Denver, Colorado 80225 

and p o r o s i t y  could n o t  be done a t  t h a t  time. 
Because o f  the importance o f  these parameters, 
c a l i b r a t i o n  models or t e s t  p i t s  const ructed o r  
la rge  stone b locks w i t h  simulated f r a c t u r e s  were 
constructed for  c a l i b r a t i n g  geophysical borehole 
logg ing  equipment. 

BOREHOLE MODEL REQUIREMENTS AND CONSTRUCTION 

Three models o r  t e s t  p i t s  were b u i l t  as p r i -  
mary standards and are located a t  t h e  USGS Denver 
Federal Center C a l i b r a t i o n  Test Area i n  Denver, 
Colorado, as shown i n  F igure  1. These t e s t  p i t s  
are ava i lab le  f o r  p u b l i c  use a t  no charge and 
reservat ions can be made w i t h  t h e  USGS Water 
Resources D i v i s i o n  (303/234-2617) f o r  schedul i n g  
t h e  use of these t e s t  p i t s .  The dimensions o f  
each t e s t  p i t  are shown i n  F igure  2 and t h e  rock 
block geometries and f r a c t u r e  o r i e n t a t i o n  d i rec-  
t i o n s  f o r  each t e s t  p i t  are given i n  F igure  3. 

Construct ion began i n  the summer o f  1980 
w i t h  the  d r i l l i n g  o f  th ree  holes, each w i t h  a 
diameter s l i g h t l y  greater than 10 ft and a depth 
greater  than 25 ft. A F iberg las c y l i n d e r  10 ft 
i n  diameter was inser ted  i n  each hole. Each p i t  
has a concrete base t h a t  was poured i n t o  and 
under the  F iberg las  cy l inder ,  and t h i s  base i s  
s t rong enough t o  support the  weight o f  t h e  rock 
i n  each p i t .  There i s  no r e i n f o r c i n g  metal i n  
the  concrete base o f  any o f  the t e s t  p i t s ,  and 
each p i t  has a p l a s t i c  p ipe 9 in .  i n  diameter 
t h a t  extends 30 ft below the concrete base and 
acts  as a runpipe o r  r a t  hole. Each F iberg las  
cy l inder ,  cement base, and p l a s t i c  r u n  p i p e  form 
a container t h a t  holds the  rock and water o f  each 
t e s t  p i t .  The conta iner  i s  b u i l t  so t h a t  i t  i s  
water t igh t .  Covers made of F iberg las are placed 
over the conta iner  and bo1 t e d  w i t h  F iberg las  
b o l t s  and nuts  t o  t h e  top, completing these t e s t  
p i t  containers as shown i n  F igure  4. 

Each t e s t  p i t  contains a d i f f e r e n t  type o f  
rock as l i s t e d  i n  F igure  1. Test p i t  B-1 has 
S i e r r a  whi te  grani te ,  a f ine-gra ined g r a n i t e  
quar r ied  near Raymond, C a l i f o r n i a .  Test p i t  B-2 
has R o c k v i l l e  grani te ,  a coarse-grained g r a n i t e  
quar r ied  near Rockv i l le ,  Minnesota. Test p i t  8-3 
has Cold Spring green blocks, a mediuwgrained, 
low-grade metamorphic g ranod ior i te  q u a r r i e d  near 
Au Sable Forks, New York. 
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Figure 1. 

A c 

Location o f  c a l i b r a t i o n  t e s t  area a t  the  Denver Federal Center. 

TOP VIEWS A 

*FOUR FRACTURES SlMUUTEO BY SAW CUrS 
B ONE FRACTURE SIMULATED BY JOINING OF BLOCKS - 

Figure 2. Test p i t  design. 
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TOP VIEW 

W i  
A 

W C  

S S 

SECTION A-A SIDE VIEW SECTION A-A 

COW SPRING GREEN (LOW GRADE METAMORPHIC GRANODlORKEl GEOMETRY SIERRA WHITE AND ROCKVlLLE GRANITE GEOMETRY 

Figure  3. Rock b lock geometries f o r  t e s t  p i t s .  

The f i n i s h e d  rock was del ivered, checked f o r  
dimensions, and placed i n  the  t e s t  p i t s  as shown 
i n  F igure 5. The cored borehole and t h e  e i g h t  
sides o f  each block were a l igned t o  g ive  the 
b lock geometry shown i n  F igure  3. Each borehole 
was a lso a l igned w i th  the  r u n  p ipe  i n  each model 
so a continuous borehole o f  50 ft was achieved. 
An 8-in. p l a s t i c  p ipe was inser ted  6 in .  i n t o  t h e  
hole a t  t h e  top  o f  the  rock i n  each model and 
acts  as a guide between the  F iberg las  l i d  and t h e  
rock. The depths from t h e  f langes o f  t h e  F iber-  
g las covers ( w i t h  l i d s  removed) t o  the  tops o f  
t h e  rock blocks are: 41.9 in .  (3.49 f t )  f o r  t h e  
B-1 t e s t  p i t ,  42.8 in .  (3.56 f t )  f o r  the  6-2 t e s t  
p i t ,  and 27.8 in .  (2.31 f t )  f o r  t h e  6-3 t e s t  p i t .  

The cores from the cored boreholes were 
analyzed b y  G. R. Olhoeft and o thers  o f  t h e  USGS 
Laborator ies f o r  t h e i r  pet rophys ica l  proper t ies,  
and the  average values are given i n  Table 1. A 
more d e t a i l e d  analysis of these core r e s u l t s  i s  
underway. 

TABLE 1. AVERAGE PETROPHYSICAL PROPERTY VALUES 

Natura l  State 

- P i t  Rock U n i t  

These c a l i b r a t i o n  p i t s  are s a k r a t e d  w i t h  
f resh  water a t  shallow ambient ground tempera- 
tures. The l o g  environment obtained from these 
p i t s  matches the  cond i t ions  t h a t  are r o u t i n e l y  
found i n  logg ing  most sect ions o f  geothermal 
wells. High temperatures and h o t  water are 
anomalous cond i t ions  t h a t  can be regu la ted  and 
adjusted through c a l i b r a t i o n / t e s t  wel ls ,  core 
analysis, and cross p lo ts .  D i f f e r e n t  water 
s a l i n i t i e s  can a lso  be analyzed i n  t h i s  manner. 
The f i x e d  pr imary standard c a l i b r a t i o n  p i t  
provides a base l i n e  or  s t a r t i n g  p o i n t  i n  l o g  
response, and other  geologic condi t ions can be 
analyzed w i t h  re ference t o  t h i s  s t a r t i n g  po in t .  

LOGGING RESULTS 

The top  o f  t h e  f lange o f  each t e s t  p i t  w i t h  
t h e  l i d  removed i s  t h e  zero reference p o i n t  on 
a l l  l o g  depths discussed i n  t h i s  sect ion.  The 
logs acquired from these t e s t  p l o t s  are: n a t u r a l  
gamma, neutron-thermal neutron, d e n s i t y  ( long- 
and short-spaced de tec tor )  , c a l i p e r  , induced 
po la r iza t ion ,  s e l f  p o t e n t i a l  , magnetic suscep- 
t i b i l i t y ,  sonic (At, v e l o c i t y ,  ampli tude), and 
Wenner r e s i s t i v i t y  (8- and 16-in. a r ray) .  

The r e s u l t s  o f  t h e  neutron-thermal neutron, 
density-short spaced detector. sonic-At, and 

6-1 S i e r r a  whi te  g r a n i t e  2.64 0.24 18,700 na tura i  gamma logs from these t e s t  p i t s  a r e  shown 
6-2 R o c k v i l l e  g ran i te  2.69 0.22 20,600 i n  Figures 6-9. The neutron-thermal neutron l o  
8-3 Cold Spring green 2.77 0.71 22,500 (F igure  6)  and the  na tura l  gamma l o g  (F igure  7Q 

r e s u l t s  show d i f f e r e n t  'rock o r  m a t r i x  p r o p e r t i e s  
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F igure  4. Test p i t s  w i t h  F iberg las  covers. 

F igure  5. Carefu l  a t t e n t i o n  was pa id  t o  or ienta-  
t i o n  o f  b locks as they were placed i n  
the p i t s .  

of these models. The r e s u l t s  are summarized i n  
Table 2. The neutron-thermal neutron response i s  
reduced t o  approximately 200 API  u n i t s  a t  the  
bottom o f  the t e s t  p i t s  by t h e  h igh-poros i ty  rock 
below the  p i t s  and by t h e  s imulated v e r t i c a l  
f rac tu re .  

The dens i ty  l o g  r e s u l t s  from these t e s t  p i t s  
for  the shor t  (8.15 in . )  source t o  de tec tor  spac- 
i n g  y i e l d s  approximate dens i t ies  of 2.5 g / c d  
for  B-1, 2.5 glcm3 f o r  8-2, and 2.6 g/cm3 fo r  
8-3, as shown i n  F igure  8. Densi ty  decreases 
seen on these l o g  r e s u l t s  c o r r e l a t e  w i t h  the 
l o c a t i o n  o f  t h e  h o r i z o n t a l  o r  45' f r a c t u r e s  t h a t  
i n t e r s e c t  the  borehole. T h i s  i s  seen a t  A (de- 
crease t o  2.2 g/cm3) on B-l,  a t  A (decrease t o  
2.2 g/cm3) and H (decrease t o  2.0) on B-2, and 
a t  H (decrease t o  2.5 g/cm3) on B-3. A 
s l i g h t  enlargement of t h e  borehole o r  misal ign- 
ment o f  the two adjacent rock b locks a t  these 
loca t ions  could a lso  p a r t i a l l y  account f o r  some 
o f  the decrease seen i n  t h e  dens i ty  logs from 
these t e s t  p i t s .  

The sonic l o g  r e s u l t s  f o r  t h e  P-wave t r a n s i t  
t ime from these t e s t  p i t s  i s  shown i n  F igure 9. 
Th is  sonic l o g  has a t ransmi t te r  and two rece ivers  
w i t h  a 3 - f t  spacing between the t r a n s m i t t e r  and 
one receiver ,  a 4 - f t  spacing between t h e  trans- 
m i t t e r  and the  other  rece iver ,  and a 1-ft spacing 
between the  two receivers.  The a r r i v a l  times o f  
the  P-wave are subtracted from the  two receivers 
and t h i s  r e s u l t  i s  d iv ided b y  t h e i r  separation o f  
1 ft. The general r e s u l t s  are summarized i n  
Table 3. 

T r a n s i t  t ime increases are seen on the l o g  
r e s u l t s  a t  a l l  loca t ions  where f rac tu res  i n t e r -  
sect t h e  borehole (A and H on 8-1 and 8-2 t e s t  
p i t s  and H i ,  He, and H3 on B-3 t e s t  p i t .  
A dramatic increase i n  t r a n s i t  t ime i s  seen a t  
t h e  l o c a t i o n  o f  t h e  v e r t i c a l  f r a c t u r e  t h a t  i n t e r -  
sects the B-2 t e s t  p i t  borehole, b u t  the other  
two t e s t  p i t s  (B-1 and B-3) do n o t  e x h i b i t  t h i s  
feature. This  phenomenon probably i s  caused by 

TABLE 2. MATRIX PROPERTIES OF NEUTRON-THERMAL NEUTRON AND NATURAL GAMMA LOG RESULTS 

B-1 8-2 8-3 - 
Neu tr on-Th ermal 

Neutron 

__ 

Approximately 1500 A P I  u n i t s  
average f o r  upper ha1 f 
(upper rock  block, 10 f t ) ;  
approximately 2100 A P I  u n i t s  
average f o r  lower h a l f  
( lower rock block, 10 f t ) ;  
s l i g h t  decrease i n  API u n i t s  
a t  A, which c o r r e l a t e s  t o  
45' f rac tu re .  

~~~ ~ 

Approximately 2000 A P I  u n i t s  Approximately 2200 A P I  u n i t s  
average f o r  e n t i r e  model, a avera e f o r  upper block 
v e r y  s l i g h t  decrease i n  A P I  (5  fty; approximately 2400 
u n i t s  a t  A and H, which may A P I  u n i t s  average f o r  two 
be i n d i c a t i o n s  o f  these middle blocks (10 ft); 
f r a c t u r e s  . approximately 2100 A P I  

u n i t s  average f o r  1 ower 
b lock ( 5  ft). 

Natural Gamma Approximately 55 A P I  u n i t s  Approximately 180 A P I  u n i t s  Approximately 20 API u n i t s  
average f o r  e n t i r e  t e s t  p i t  
w i t h  s l i g h t  v a r i a t i o n s  f o r  
each i n d i v i d u a l  rock  block. 

average fo r  e n t i r e  t e s t  p i t .  average f o r  e n t i r e  t e s t  p i t .  
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NEUTRON-THERMAL 

8- 1 
API uni ts  

0 1500 3000 
0 

mp 

5 

E 
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20 

g l r m M  

25 

8-2 
API uni ts  

0 1500 3000 
I ' -  

0-3 
API u n i t s  

0 1500 3000 
I . .  

Figure  6. Neutron-thermal neutron. A P I  u n i t s  
are defined b y  t h e  American Petroleum 
I ns t i  t u  t e  , 1974. 

NATURAL 6AMMA ( tota l  COUnt] 

8- 1 B-2 8-3 
API uni ts  API units API uni ts  

0 50 100 0 250 0 50 100 

OENSITY (8.15-lnch source-detector spaclngl 

B-1 8-2 
Q/CIB' m/cm a 

1 2 3 1  2 9 
0 

20 

8 0 7 m M  

25 

I '  
1 

1 1 -  

8-3 

1 2 3 
m/cm a 

I .  

Figure  8. Densi ty  (8.15-in. source-detector 
spacing). 

SONIC INTERVAL TRANSIT TXME ( I - f  oot receiver Spacing) 

8-1 8-2 micro 8-3 sec/ft  
micro sec/tt micro sec/ft  

100 70 40 100 70 40 100 70 40 
I . .  

c---' v 

Figure  7. Natural gamma ( t o t a l  count). A P I  u n i t s  F igure  9. Sonic i n t e r v a l  t r a n s i t  t ime. 
are defined by the American Petroleum 
I n s t i t u t e ,  1974. 

Legend f o r  Figures 6-9: 

Top and bottom o f  rock blocks. 

Angle o f  f r a c t u r e  t h a t  i n t e r s e c t s  borehole: A - 45"; H - Hor izonta l ;  V-V - V e r t i c a l .  

Angle o f  f r a c t u r e  t h a t  does no t  i n t e r s e c t  
borehole and d is tance from borehole: B - 45" and 1.0 ft; C - 60' and 0.5 ft. 
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TABLE 3. SONIC LOG RESULTS FOR P-WAVE TRANSIT 

B-1 8-2 B-3 

Son i c Approximately 59 p s / f t  Approximately 54 p s / f t  Approximately 47 p s / f t  
(16,950 f t l s )  average f o r  
e n t i r e  t e s t  p i t .  e n t i r e  t e s t  p i t .  e n t i r e  t e s t  p i t .  

(18,520 f t l s )  average f o r  (21,275 f t / s )  average f o r  

e i t h e r  a malfunct ion o f  t h i s  sonic t o o l  or  a 
rough borehole f o r  t h i s  i n te rva l .  S l i g h t  f l u c t u -  
a t ions i n  the recorded t r a n s i t  t ime ( t h i s  could 
be noise)  are a lso observed f o r  l oca t i ons  i n  
these t e s t  p i t s  where the  f rac tu res  do no t  i n t e r -  
sect  t he  borehole ( l oca t i ons  B and C). More data 
f rom d i f f e r e n t  sonic logging t o o l s  and c a l i p e r  
t o o l s  are needed t o  v e r i f y  t h i s  associat ion.  

CONCLUSIONS 

The average petrophysical  proper t ies obtained 
from the  core, a long w i t h  the known loca t i on  and 
f i x e d  geometry o f  t he  simulated f rac tu res  o f  these 
c a l i b r a t i o n  t e s t  p i t s ,  provide pr imary standards 
f o r  c a l i b r a t i n g  logging equipment i n  igneous and 
metamorphic l i t h o l o g y  w i t h  f r a c t u r e  poros i ty .  The 
logging r e s u l t s  presented i n  t h i s  paper show the 
d i f f e r e n t  l o g  responses t o  the d i s s i m i l a r  ma t r i x  
p roper t i es  and simulated f rac tu res  o f  these t e s t  
p i t s .  This c a l i b r a t i o n  c a p a b i l i t y  increases the 
i n t e r p r e t a t i o n  r e 1  i a b i l i t y  o f  geophysical logs 
obtained from igneous and metamorphic environ- 
ments. It h o p e f u l l y  w i l l  a lso s t imu la te  the 
development o f  t h e  economic p o t e n t i a l  of geother- 
mal prospects. These c a l i b r a t i o n  t e s t  p i t s  and 
t h e i r  s tandard izat ion c a p a b i l i t y  are designed t o  
improve geophysical logging and l o g  i n te rp re ta -  
t i o n  i n  f rac tu red  competent rock environments. 
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