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SUMMARY - .  

A t  t he  reques t  of the  U.S. Department of Energy/Division of 
Geothermal Energy, the  Geothermal Reservoir  Well S t imula t ion  Program 
(GRWSP) performed two f i e l d  experiments a t  the  Raft  River KGRA i n  1979. 
Wells RRGP-4 and RRGP-5 were s e l e c t e d  f o r  the  hydraul ic  f r a c t u r e  
s t i m u l a t i o n  t rea tments .  The w e l l  s e l e c t i o n  process ,  f r a c t u r e  t reatment  
des ign ,  f i e l d  execut ion,  s t imu la t ion  r e s u l t s ,  and pre- and post-job 
eva lua t ions  are presented here in .  

The GRWSP is a DOE-funded program t o  develop s t imu la t ion  
techniques f o r  geothermal producing wells. Republic Geothermal is  the  
program manager; t he  a c t i v e  subcont rac tors  are Vetter Research, Maurer 
Engineering, and Petroleum Tra in ing  and Technical  Serv ices .  The 
two-year program inc ludes  a review of the  e x i s t i n g  technology, 
l abora to ry  s t u d i e s ,  and s i x  f i e l d  experiments.  The Raft  River 
s t i m u l a t i o n  t rea tments  were the  f i r s t  two f i e l d  experiments i n  the  
program. 

The Raft River KGRA is a low temperature hydrothermal resource of 
Wells RRGE-1 and RRGE-2 are the  best producing w e l l s  i n  around 290'F. 

t h e  f i e l d .  These wells appear  t o  i n t e r s e c t  a n a t u r a l  f r a c t u r e  zone 
wi th  high t r a n s m i s s i b i l i t y ,  having a permeabi l i ty- thickness  (kh) of 
g r e a t e r  than 50 Darcy-feet. Wells RRGE-3, RRGP-4, and RRGP-5 are less 
product ive  and were a l l  considered f o r  s t imu la t ion .  Wells RRGP-4 and 
RRGP-5 were chosen as 'the best two candidates .  VGE-3 w a s  e l iminated 
from f u r t h e r  cons ide ra t ion  because it is f a r t h e r  from the  b e s t  
producing wells and i ts  mechanical conf igura t ion  is very, complex. 

There are two major f a u l t s  running through the  f i e l d  (Figure 1). 
The Narrows Fau l t  lies along a l i n e  connecting Wells RRY-1 and RRGE-2, 
and t r e n d s  roughly east-west. 
sou th  of RRGE-1 and the  Narrows Fau l t .  The Bridge Faul t  is on the  w e s t  
s i d e  of the  f i e l d  and t r ends  northeast-southwest.  W e l l  RRGP-5 l ies  
between t h e  t w o  f a u l t s ,  near  t h e i r  i n t e r s e c t i o n .  

Well RRGP-4 is approximately 1/2 m i l e  

Before s t imu la t ion ,  RRGP-4 was e s s e n t i a l l y  non-productive. 
RRGP-5, however, w a s  capable of flowing a t  a s t a b i l i z e d  fate of 140 gpm 
and produced more than 600 gpm with a pump. This  is adequate 
p roduc t iv i ty ,  but the  production came from the  upper po r t ion  of the  
completion i n t e r v a l ,  and the  produced f l u i d  temperature of 255'F w a s  
undes i rab ly  low. 

Based on t h e  performance of t h e  b e t t e r  w e l l s  i n  t h e  1 f i e l d  and the  
proximity of Wells RRGP-4 and RRGP-5 t o  tha  Bridge and Narrows F a u l t s ,  
i t  w a s  considered l i k e l y  t h a t  h ighly  product ive f r a c t u r e s  e x i s t e d  near 
t h e  w e l l s .  Hydraulic f r a c t u r e  t rea tments  i n  the  deeper i n t e r v a l s  were 
chosen as the  bes t  means t o  connect the  wells with majorjproduct ive 
f r a c t u r e s  and t o  achieve the  des i r ed  produced f l u i d  temperature of 
270°F o r  g r e a t e r .  
convent ional  oil f i e l d  f r a c t u r i n g  technology, no s p e c i a l  1 techniques o r  
materials were thought t o  be necessary f o r  Raft  River. 

Although on the  upper temperature margins of 



. .  
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Before RRGP-4 could be s t imula ted  e f f e c t i v e l y ,  a workover 
ope ra t ion  was required.  
producing w e l l  with 9-518" cas ing  t o  3,408 f e e t .  
d i r e c t i o n a l l y  d r i l l e d  t o  the  north and found t o  be e s s e n t i a l l y  
non-productive. Leg B was then d i r e c t i o n a l l y  d r i l l e d  toward the  w e s t  
t o  a depth of 5,115 f e e t  and was a l s o  non-productive. I n  prepara t ion  
f o r  t he  f r a c t u r e  t rea tment ,  a 7"  l i n e r  was cemented i n  l e g  B l eav ing  a 
195-foot open-hole i n t e r v a l  near t he  bottom of the  w e l l .  

The w e l l  was o r i g i n a l l y  completed as a 
Leg A w a s  

Following the  recompletion, t h i s  i n t e r v a l  was s t imula ted  with a 
7,900 bbl  hydraul ic  f r a c t u r e  t reatment .  
four-s tage d e n d r i t i c  f r a c t u r e  t reatment .  
genera te  a branched o r  d e n d r i t i c  f r a c t u r e  p a t t e r n .  
because, i f  d e n d r i t i c  f r a c t u r i n g  w a s  achieved, i t  of fered  the  bes t  
chance of i n t e r s e c t i n g  major n a t u r a l  f r a c t u r e s .  
t h a t  a s i n g l e ,  p lanar  f r a c t u r e  might only p a r a l l e l  and not i n t e r s e c t  
t h e  p r i n c i p a l  n a t u r a l  f r a c t u r e s .  The t reatment  was pumped a t  a high 
rate (50 bbl/min) and u t i l i z e d  a polymer g e l  f r a c  f l u i d  ca r ry ing  a 
r e l a t i v e l y  low concent ra t ion  of proppant. The t reatment  included 
50,400 l b s  of 100-mesh sand added f o r  leak-off c o n t r o l  and 58,000 lbs 
of 20-40 mesh sand proppant.  

The technique employed was a 
This  technique is intended t o  

It was chosen 

The main concern w a s  

Following the  t rea tment ,  the  U . S .  Geological Survey ran t h e i r  high 
temperature a c o u s t i c  borehole te leviewer and observed t h a t  t he  c rea t ed  
f r a c t u r e  extended t h e  f u l l  195-foot height  of t h e  open i n t e r v a l  and w a s  
o r i e n t e d  approximately east-west, para l le l  t o  the  Narrows F a u l t .  I n  
t h e  post-s t imulat ion f low t e s t ,  the  well produced a t  a s t a b i l i z e d  rate 
of  60 gpm with a downhole f l u i d  temperature of 270°F. 
represented  a t  least a f ive-fold increase  over the  pre-s t imulat ion 
r a t e ,  but  was s t i l l  sub-commercial. 
s i g n i f i c a n t l y  higher  than p a s t  measurements, i .e. ,  about 254°F before 
s t imu la t ion .  This  f a c t  sugges ts  t h a t  the  new a r t i f i c i a l  f r a c t u r e  is 
producing f l u i d  from a deep r e se rvo i r  zone not open i n  the  o r i g i n a l  
hole .  The chemical d a t a  f u r t h e r  support  t h i s  i n t e r p r e t a t i o n .  The 
ex ten t  of polymer degrada t ion  determined chemically is c o n s i s t e n t  with 
f l u i d  production from a h igher  temperature zone. 

This  rate 

The produced f l u i d  temperature was 

The pressure  bui ldup da ta  p l o t t e d  as pressure vs  the  square root  
of t i m e  i n d i c a t e  t h a t  f r a c t u r e  flow e f f e c t s  l a s t e d  about s ix  hours.  
The bottom-hole pressure  reached i n i t i a l  r e se rvo i r  pressure  a f t e r  about 
15 hours .  Conventional f r a c t u r e  type curve ana lys i s  (log-log p l o t )  
y i e l d s  a f r a c t u r e  l eng th  of approximately 335 f e e t  and a kh of 800 
mi l l idarcy- fee t .  
two s t r a i g h t  l i n e  segments, one during early t i m e  ( l e s s  than 15 hours)  
and one during la ter  t i m e  ( g r e a t e r  than 15 hours) .  These two segments 
g ive  kh values  of 1,070 mi l l idarcy- fee t  and 85,000 mi l l idarcy- fee t ,  and 
suggest  t he  presence of more than one permeabi l i ty  zone i n  the  v i c i n i t y  
of the  wellbore.  Also,  a nega t ive  s k i n  f a c t o r  (minus 6.0) i nd ica t e s  a 
s t imula ted  zone c l o s e  t o  the  wel lbore.  

The Horner p l o t  of t he  same pressure buildup data has 

Well RRGP-5 was o r i g i n a l l y  d r i l l e d  t o  4,911 f e e t  and was plugged 
back with cement t o  3,735 f e e t .  
9-5/8" cas ing  t o  3,408 f e e t  and a second hole ( l e g  B) was d r i l l e d  t o  
4,925 f e e t .  

The w e l l  w a s  then completed w i t h  

Leg B remained wi th in  a few f e e t  of the  o r i g i n a l  hole 

2 



( l e g  A). 
completion i n t e r v a l .  The goa l  of t he  t reatment  f o r  t h i s  w e l l  was a 
similar o r  h igher  p roduc t iv i ty ,  but from a deeper ,  h o t t e r  i n t e r v a l .  
The w e l l  was recompleted similar t o  RRGP-4 in prepara t ion  f o r  t h i s  
s t imu la t ion  t rea tment .  The recompletion cons is ted  of  cementing 7" 
cas ing  i n  l e g  B which excluded the  e x i s t i n g  producing i n t e r v a l  and l e f t  
a 216-foot open-hole i n t e r v a l  near  t he  bottom of the  w e l l .  

The w e l l  had good p roduc t iv i ty  from t h e  upper po r t ion  of t he  

A more convent iona l ,  l a r g e  f r a c t u r e  t reatment  designed t o  create a 
s i n g l e  propped f r a c t u r e  was se l ec t ed  f o r  RRGP-5. The t reatment  
cons i s t ed  of  7,620 bbl  of  a r e l a t i v e l y  low v i s c o s i t y  polymer g e l  with 
84,000 l b s  of 100-mesh sand f o r  leak-off c o n t r o l  and 347,000 l b s  of 
20-40 mesh sand proppant.  Near the  end of t he  t rea tment ,  t he  pumping 
rate was g radua l ly  reduced i n  an e f f o r t  t o  sand the  w e l l  ou t  and leave  
t h e  f r a c t u r e  well-propped near  t he  wellbore.  A s  t he  rate approached 
ze ro ,  t he  wellhead pressure  dropped t o  zero p s i  i n d i c a t i n g  t h a t  
communication wi th  t h e  r e s e r v o i r  had been achieved. Also, a 
s i g n i f i c a n t  p re s su re  response w a s  noted in RRGE-1. Following the  
t rea tment  t h e  USGS borehole te lev iewer  showed t h a t  t h e  c rea t ed  f r a c t u r e  
spanned t h e  upper 140 f e e t  of t he  open i n t e r v a l .  The f r a c t u r e  w a s  
o r i e n t e d  northeast-southwest ,  p a r a l l e l  t o  t he  Bridge Fau l t .  

I n  t h e  post-s t imulat ion production tes t ,  t h e  w e l l  s t a b i l i z e d  very  
r a p i d l y  a t  a 200 gpm rate with a 30 p s i a  wellhead pressure .  
produced f l u i d  temperature w a s  unchanged from the  pre-s t imulat ion flow. 
Following t h e  n a t u r a l  f low tes t ,  a pump w a s  i n s t a l l e d  i n  t h e  w e l l  and 
i t  produced more than  600 gpm. Chemical a n a l y s i s  of t he  produced f l u i d  
ind ica t ed  a r e l a t i v e l y  low rate of polymer degradat ion,  confirming t h a t  
t h e  f r a c  f l u i d  t r a v e l e d  upward i n t o  a coo le r  po r t ion  of t h e  r e s e r v o i r .  

The 

Pressure  bui ldup and temperature da t a  a l s o  suggest  s t r o n g l y  t h a t  
t h e  f r a c t u r e  t rea tment  went upward, perhaps through l e g  A t o  the  
o r i g i n a l  producing i n t e r v a l .  
square roo t  of t i m e  i n d i c a t e s  the  f r a c t u r e  f low e f f e c t  near  t h e  
wel lbore p e r s i s t s  f o r  on ly  38 seconds. This  s h o r t  l i n e a r  f low period 
and t h e  c a l c u l a t e d  f r a c t u r e  length  are so s m a l l  t h a t  e s s e n t i a l l y  no 
s i n g l e  f r a c t u r e  f low exis ts .  The Horner P lo t  of t he  pressure  buildup 
d a t a  shows only  a s h o r t  t r a n s i t i o n  phase between t h e  f r a c t u r e  dominated 
per iod  and t h e  l a te  t i m e  cons tan t  pressure  per iod.  E s t i m a t e s  of t h e  
la te  time formation kh were l a r g e g r e a t e r  than 100 Darcy-feet. The 
Horner a n a l y s i s  i n d i c a t e s  a very l a r g e  p o s i t i v e  s k i n  f a c t o r .  This  s k i n  
f a c t o r  i s  not  due t o  formation damage but r a t h e r  t o  t h e l l i m i t e d  e n t r y  
n a t u r e  of t he  completion. I 

A p l o t  of the  pressure  buildup v s  the  

iI 

Both Wells RRGP-4 and RRGP-5 show a marked s i m i l a r i t y  i n  
post-s t imulat ion p res su re  response. It was poss ib l e  t o  
p re s su re  t r a n s i e n t  d a t a  f o r  both wells with e s s e n t i a l l y  
numerical s imula t ion  model. The model d i f f e r e d  on ly  i n  
a lower near-wellbore t r ansmiss iv i ty .  The s i n g l e  l a y e r  
of a v e r t i c a l  f r a c t u r e ,  r e l a t i v e l y  low t r a n s m i s s i v i t y  n 
wel lbore ,  and a cons t an t  pressure  boundary ( r e p r e s e n t a t i v e  of 
comunica t ion  wi th  h igh  t r a n s m i s s i v i t y  f r a c t u r e s ) .  
not a unique s o l u t i o n ,  i t  provides confirmation of the  convent ional  
p re s su re  a n a l y s i s  r e s u l t s  

Altfough t h i s  is  
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In summary, RRGP-4 and RRGP-5 were successfully recompleted and 
fracture treated, although the desired stimulation results were not 
achieved. Well RRGP-4 was stimulated from a P I  of essentially 0 to 0.6 
gpm per psi. 
and no significant increase in productivity or temperature was 
achieved. The artificially created fracture probably intersected 
existing natural fractures near the wellbore and/or intersected leg A. 

Well RRGP-5 has a post-stimulation P I  of 2.0 gpm per psi 
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INTRODUCTION 

The Geothermal Reservoir  Well S t imula t ion  Program (GRWSP) w a s  
i n i t i a t e d  i n  February 1979 t o  promote indus t ry  i n t e r e s t  i n  geothermal 
w e l l  s t imu la t ion  work and t o  pursue t echn ica l  a r e a s  d i r e c t l y  r e l a t e d  t o  
geothermal w e l l  s t i m u l a t i o n  a c t i v i t i e s .  Republic Geothermal, Inc.  
( R G I )  and i t s  p r i n c i p a l  subcont rac tors  (Ve t t e r  Research   and Maurer 
Engineering Inc . )  formulated a development p lan  which would lead  t o  the  
completion of s i x  f u l l - s c a l e  w e l l  s t imu la t ion  experiments by March 
1981. l  I n  mid-1979 t h e  proposed sequence of f i e l f d  tests w a s  
a l t e r e d  a t  t h e  reques t  of the  U.S. Department of Energy,' Divis ion of 
Geothermal Energy (DOE/DGE) t o  include two f i e l d  experiments a t  the  
R a f t  River KGRA. The Raft  River r e s e r v o i r  was not considered t o  be the  
b e s t  candida te  f o r  t h e  f i r s t  f i e l d  experiments f o r  s e v e r a l  t e c h n i c a l  
reasons  ou t l ined  i n  t h e  GRWSP r e p o r t  "Proposal f o r  Producing Well 
Hydraul ic  F rac tu re  S t imula t ion  - R a f t  River F ie ld"  of June 1979 and 
repea ted  here in .  However, t he  Raft River p r o j e c t  w a s  of g r e a t  
importance t o  DOE/DGE and the  geothermal indus t ry .  Therefore ,  w e l l  
s i tes  RRGP-4 and RRGP-5 were s e l e c t e d  f o r  t h e  f i r s t  two s t i m u l a t i o n  
experiments .  The primary f a c t o r s  r e l a t e d  t o  t h e  s e l e c t i o n  of t hese  two 
wells and t h e i r  t rea tments  are discussed below. 

The GRWSP i n v e s t i g a t i o n ,  which included the  .study o'f t h e  r e s e r v o i r  
d a t a ,  t h e  mechanical cond i t ion  of the  w e l l s ,  and the product ion needs 
of t h e  p r o j e c t ,  i nd ica t ed  t h a t  s t imu la t ion  of t he  Raft  River w e l l s  
would have h igh  t e c h n i c a l  and mechanical r i s k s .  The r e s e r v o i r  produced 
p r i m a r i l y  through a complex f r ac tu red  po ros i ty  -system which was not  
t o t a l l y  def ined  nor  understood. The degree of success  f o r  hydraul ic  
f r a c t u r e  s t i m u l a t i o n  of t h i s  type of r e s e r v o i r  is very d i f f i c u l t  t o  
p r e d i c t  because t h e  shape, s i ze ,  and o r i e n t a t i o n  of the  a r t i f i c i a l  
f r a c t u r e  cannot be con t ro l l ed  as w e l l  as i n  sedimentary ' formations.  

The wells a t  Raft  River were a l l  open-hole completions with 
s e v e r a l  having " legs"  o r  " s ide t r acks  " through the  producing 
i n t e r v a l ( s ) .  The l e g s  o r  mul t ip l e  hole  completioiis were a l l  open t o  
flow. This  s i t u a t i o n ,  along with a c h a r a c t e r i s t i c a l l y  high degree of 
wel lbore roughness,  increased the  mechanical r i s k  because of t he  
d i f f i c u l t y  i n  achieving zonal  i s o l a t i o n  i n  t h e  producing i n t e r v a l  
dur ing  the  hydrau l i c  f r a c t u r i n g  opera t ion .  Under these kondi t ions ,  i t  
is poss ib l e  t o  "damage" a well, e i t h e r  by reducing i ts  temperature o r  
i t s  product ion rate,  by any s t imu la t ion  method. 

The minimum product ion needs f o r  the  Raft  River p r jbec t  could 

ll 

I 
I 

b a r e l y  be m e t  wi th  the  present  wells. 
c u r r e n t  producing w e l l  would jeopard ize  t h e  p r o j e c t  e lectr ic  and/or 
non-e lec t r ic  ac t iv i t i e s .  Thus, t h e r e  was s t rong  motivatldon t o  select  a 
low volume producing w e l l  f o r  t h e  i n i t i a l  test .  

s t i m u l a t i o n  of t h i s  low temperature r e s e r v o i r  (<300°F) wbuld not make a 
s i g n i f i c a n t  con t r ibu t ion  t o  improvement of t he  t echn icad  c a p a b i l i t y  f o r  
s t i m u l a t i o n  of a wide range of geothermal w e l l s .  
w i th  higher  bottom-hole temperatures  have been successfugly  
h y d r a u l i c a l l y  f r a c t u r e d ;  however, even a t  Raft  River temperatures ,  

The l o s s  02 production from a I 
II 

A disadvantage t o  the  s e l e c t i o n  of a Raft  River 

Ij O i l  and gas wells 
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considerable work had to be done to arrive at fluid compositions which 
could do the job both technically and economically. Of particular 
interest were fluid evaluation and tracer test methods to be utilized 
for an over-all evaluation of the fracture stimulation job. 

On the other hand, there were some distinct advantages to the 
geothermal well stimulation program in doing the first job at Raft 
River. First, there were no contractual problems with the operator 
concerning well liability. This was because both the Raft River 
project and GRWSP are under the jurisdiction of the U . S .  Department of 
Energy. Second, a naturally fractured, hard rock reservoir such as 
Raft River is commonly encountered in geothermal development but has 
seldom been dealt with in petroleum operations. Thus, demonstration of 
successful stimulation technology in a fractured reservoir at Raft 
River was important to the geothermal industry. 

The last major advantage of starting at Raft River was the 
existence of a deep well which was essentially non-productive but 
located within the postulated resource boundaries. This meant that 
production capability for this well did exist if the productive 
reservoir zones could be connected to the wellbore. Also, if there 
were problems, mechanical or technical, due t o  the stimulation effort, 
the Raft River project would not be jeopardized. Successful stimula- 
tion of this well would lower the risk of stimulating a currently 
adequate, producing well to enhance its production capability. 

RESOURCE REVIEW 

Considerable regional geology work has been done in the Raft River 
area by the USGS and others. It is pertinent that a brief review of 
the geology be included here to provide background for the discussion 
of the hydraulic fracture stimulation treatments. Also, the available 
reservoir data has been briefly reviewed below. Details may be found 
in the many reports from the Raft River field operator (EG&G) and the 
USGS 

Geology 

The Raft River KGRA is located on a north trending valley which is 
bounded on the west by the Jim Sage and Cotterel Mountains, on the 
south by the Raft River Mountain range, and on the east by Black Pine 
and Sublett Mountain ranges. The valley, a graben, formed by down- 
faulting in late Tertiary times, has been filled with Tertiary and 
Pleistocene sediments to depths of about 5,900 feet.2 The Jim Sage 
and Cotterel Mountains on the west are composed of Tertiary volcanic 
rocks and sediments, while the Black Pine and Sublett ranges on the 
east are mainly composed of Paleozoic sediments. To the south, the 
Raft River Mountains expose Precambrian adamellite (quartz monzonite) 
capped by Paleozoic sediments .2 
RRGE-2, terminate in the adamellites, indicating that the Precambrian 
rocks of the Raft River Mountains form the floor of the Raft River 
bas in. 

Two geothermal wells, RRGE-1 and 
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The bulk of the sediments filling the basin belong to the Salt 
Lake formation of Mio-Pliocene age.2 
comprises tuffaceous sandstone, siltstone, and conglomerate. At the 
bottom, the Salt Lake formation is separated from the adamellite 
basement by Paleozoic metamorphic rocks comprising quartzites and 
schists. The Salt Lake formation is overlain by Pleistocene sand, 
gravel, silt, and clay (Raft River formation). The Raft River 
formation is in turn overlain by alluvial and pluvial sediments. 

The Salt Lake formation 

The most important structural element in the vicinity of Wells 
RRGE-1 and RRGE-2 is the )Bridge Fault, which appears to outcrop west of 
RRGE-1 and trends north-south and dips steeply east. RRGE-1 apparently 
intercepted the Bridge Fault at about 4,200 feet. Well RRGE-2 failed 
to indicate the presence of any pronounced fault zone. A generalized 
correlation section showing the relative structural relationships 
between all the wellbores is shown in Figure 2. 

The Raft River KGRA is apparently an example of a geothermal 
reservoir created by near-surface geological conditions which focused 
fluid flow to a localized hot spot. The reservoir model for the Raft 
River system is, thus, a sediment-filled basin with a boundary fault 
and associated fractures retaining and conducting the hot fluid.3 
The fluid productivity of the reservoir is thought to be the result of 
fracture porosity in fault zones, such as the intersection of the 
Narrows and Bridge Fault zones, or from porous and permeable formations 
intersected by the fault zone. The interstitial rock matrix porosity 
and the fracture flow paths are thought to show alterations resulting 
from the circulation of thermal fluids .4  

Reservoir Data 

Tables 1 and 2 summarize the reservoir data obtained at Raft River 
from the seven deep exploration wells (RRGE-1, RRGE-2, RRGE-3, RRGP-4, 
RRGP-5, RRGI-6, and RRGI-7) completed since 1975. Petrophysical logs 
and pressure and temperature surveys are available for these wells. In 
addition, the USGS obtained acoustic televiewer and production logs of 
the wells considered for stimulation experiments. These surveys, 
discussed in Appendix A ,  provide an indication of the fluid entry zones 
and presence of fractures at the wellbore. It should be remembered 
that all the Raft River wells are open-hole completions. Cores have 
been taken in all seven wells at varying depth intervals; however, a 
complete petrophysical and physical property correlatidn is not 

! 

available. \I 
jl II All seven exploration wells have been flow tested [under various 

conditions to determine their production or injection potential .7 
These tests have included artesian flow and pumped flo: tests. 
However, many of these production tests were t o o  short \in duration to 
quantify accurately the bulk reservoir parameters. Transient pressure 
testing of a reservoir which is dominated by heterogeneous fracture 
flow requires relatively long production tests to reac 
state flow condition in the reservoir. The permeabili 

j 
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values  which have been determined from production tests range from over 
100 Darcy-feet t o  6.7 Darcy-feet i n  Wells RRGE-1 and RRGE-3, 
r e spec t ive ly .  7 

A gene ra l  eva lua t ion  of t he  Raft  River w e l l s  i n d i c a t e s  t h a t  t he  
l o c a t i o n  of t he  f l u i d  product ion i n t e r v a l s  and the  product ion capac i ty  
are dependent on t h e  i n t e r s e c t i o n  of n a t u r a l  f r a c t u r e s  i n  the  wel lbore.  
Seve ra l  w e l l s  had been completed with mul t ip le  l e g s  i n  an e f f o r t  t o  
i n c r e a s e  production. 
r e s e r v o i r  t o  be heterogeneous with poss ib l e  no-flow b a r r i e r s  loca ted  
nea r  t h e  wells RRGE-1 and RRGE-2.6 
d a t e  have not  e s t ab l i shed  communication between a l l  of t he  e x i s t i n g  
w e l l s .  I n  a d d i t i o n ,  t h e r e  appear t o  be s e v e r a l  d i f f e r e n t  a q u i f e r  zones 
wi th in  t h e  hydrothermal system as ind ica t ed  by the  d i f f e r e n c e s  i n  the  
d isso lved  s o l i d s  found i n  the  waters. The upper a q u i f e r  has a higher  
t o t a l  d i sso lved  s o l i d s  conten t  than the  a q u i f e r  i n  which the  production 
wells are completed. A t  t h i s  t i m e  a v i a b l e  geo log ic / r e se rvo i r  model 
f o r  t h i s  complex hydrothermal system has not been developed. 

I n t e r f e r e n c e  pressure  tests have shown the  

Other flow tests performed t o  

WELL SELECTION 

S e l e c t i o n  cr i ter ia  f o r  t h e  w e l l ( s )  s t imula ted  included both the  
r e s e r v o i r  (product ion)  cons ide ra t ions  and t h e  mechanical cond i t ion  of 
t h e  wells. Both cr i ter ia  f o r  Raf t  River are discussed below. 

Reservoi r  Cons idera t ions  

There are c u r r e n t l y  f i v e  deep production wells a t  Raf t  River: 
RRGE-1, RRGE-2, RRGE-3, RRGP-4, and RRGP-5. (The DOE/DGE geothermal 
w e l l  s t i m u l a t i o n  program s p e c i f i c a l l y  excludes the  s t imu la t ion  of 
i n j e c t i o n  w e l l s . )  
s t i m u l a t i o n  candida tes ;  however, u t i l i z i n g  normal hydraul ic  f r a c t u r e  
c r i t e r i a ,  the  Raft River geothermal w e l l s  d id  not o f f e r  a high 
p r o b a b i l i t y  f o r  a success fu l  s t imu la t ion  experiment. F rac tu r ing  a hard 
rock  mat r ix  i s  more d i f f i c u l t  because of t he  high pressures  requi red  t o  
overcome t h e  i n - s i t u  stresses and the  high f r a c t u r i n g  f l u i d  l o s s  as the  
induced f r a c t u r e s  i n t e r s e c t  t he  n a t u r a l  f r a c t u r e s .  The product ion 
problems a s soc ia t ed  with a w e l l  such as RRGP-4 appear  t o  r e s u l t  from 
t h e  l a c k  of n a t u r a l  r e s e r v o i r  f r a c t u r e s  connected t o  the  wel lbore.  I f  
t h e  h y d r a u l i c a l l y  c rea t ed  f r a c t u r e  paral le ls  the  e x i s t i n g  n a t u r a l  
f r a c t u r e  p lane ,  t he  w e l l  may not produce any a d d i t i o n a l  f l u i d .  The 
f i v e  product ion wells a t  Raft  River are spread over an area of about 
s i x  square miles; t h e r e f o r e ,  the  proven production wel ls  are not i n  
c l o s e  proximity.  

A l l  of t he  above w e l l s  were considered as poss ib l e  

I n  genera l ,  the  Raft  River r e s e r v o i r  has not been r e g i o n a l l y  
def ined .  The r e s e r v o i r  boundaries are not known al though flow t e s t s  i n  
RRGE-1 and RRGE-2 suggest  t h a t  a flow b a r r i e r  may e x i s t  near  t hese  
w e l l s .  Well p roduc t iv i ty  is apparent ly  dominated by heterogenous flow 
i n  t h e  n a t u r a l  rock f r a c t u r e s  and the  short-term flow tests performed 
t o  d a t e  have not e s t a b l i s h e d  communication between a l l  of the e x i s t i n g  
product ion w e l l s .  The geochemistry of the produced b r ine  ind ica t ed  the  
p o s s i b i l i t y  of more than one a q u i f e r  present  wi th in  the  r e s e r v o i r  area. 

8 

. . .  



It was, the re fo re ,  extremely d i f f i c u l t  t o  p red ic t  the  outcome of a 
s t i m u l a t i o n  t reatment  based. on the  e x i s t i n g  r e s e r v o i r  da t a .  

f l u i d  temperature could be increased .  

Mechanical Considerat ions 

I* 
RRGE-1 and RRGE-2 are the  p r i n c i p a l  production w e l l s  i n  the  Raft  

River KGRA. 
f l u i d  f o r  t he  power p lan t  and non-electr ic  experiments]. They appear t o  
i n t e r s e c t  a n a t u r a l  f r a c t u r e  zone with high t r a n s m i s s i b i l i t y  ( a  kh 
g r e a t e r  than 50 Darcy-feet) and have shown good communlication with each 
o t h e r .  Under these  condi t ions ,  a success fu l  s t imu la t ion  job would not 
be expected t o  s u b s t a n t i a l l y  inc rease  the  production capac i ty  of these  
wells. 

It is planned t h a t  these  wells w i l l  provide most of the  

I 
RRGE-1 and RRGE-2 a r e  b e t t e r  production wells than RRGE-3 ( see  

Table  1). 
i n t e r v a l  t o  i n t e r s e c t  more n a t u r a l  f r a c t u r e s  and thus ) increase  w e l l  
p roduc t iv i ty .  
s t i m u l a t i o n  t reatment  as a hydraul ic  f r a c t u r e  could e a s i l y  propagate 
i n t o  any one of the  e x i s t i n g  l e g s  of the  w e l l  arid not extend i n t o  the  
formation. 

RRGE-3 was completed with three  l e g s  throug,h the  production 

These t h r e e  l e g s  reduced the  p r o b a b i l i t b  of a success fu l  . 

I 
I 

I 
I 

Well RRGP-4 was a non-commercial w e l l ,  i.e.., the  flow t e s t s  
i n d i c a t e d  t h a t  t he  w e l l  could not s u s t a i n  production. 1 This  w e l l  had 
two l e g s  completed i n  the  production i n t e r v a l ,  but leg1 A w a s  f i l l e d  
wi th  c u t t i n g s  and/or w a s  bridged. F rac tu res  have been' i d e n t i f i e d  i n  
t h e  wel lbore,  but they do not appear t o  be connected with major n a t u r a l  
f r a c t u r e s  i n  t h e  r e s e r v o i r .  This  w e l l  d id  not o f f e r  any b e t t e r  chance 
f o r  a success fu l  s t imu la t ion  t reatment  than the  previous w e l l s  i n  terms 
of rock p r o p e r t i e s ;  however, t he  f a c t  t h a t  t h i s  w e l l  was non-commercial 
allowed the  use of s e v e r a l  techniques which would improve the  chances 
of  s t imu la t ion  success  a t  a s l i g h t  i nc rease  i n  r i s k  to1 the  w e l l .  

1 
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poor. 
logs j u s t  a f t e r  completion of d r i l l i n g .  
gauge i n  the  hard s c h i s t  and qua r t z  monzonite s e c t i o n s .  
of t he  major product ive zones above these  s e c t i o n s  are t o  gauge. 
o r i g i n a l  caliper logs  have been v e r i f i e d  with the  borehole acous t i c  
te lev iewer  logs  which f u r t h e r  i n d i c a t e  l a rge ,  i r r e g u l a r  boreholes with 
many f r a c t u r e s .  Because of t he  l a r g e  and apparent ly  i r r e g u l a r ,  
f r a c t u r e d  borehole,  the  p r o b a b i l i t y  of ob ta in ing  a seal with an 
open-hole packer was h ighly  unl ike ly .  

This was evident  from the  caliper logs  run with the  electric 
The w e l l s  appear t o  be t o  

However, none 
The 

Analysis  of t he  borehole te leviewer logs  gene ra l ly  ind ica ted  a 
l a r g e  number of f r a c t u r e s  i n  the  wells. 
RRGP-4 ind ica t ed  a much lower degree of f r a c t u r i n g  than the  o the r  w e l l s  
and many of t he  f r a c t u r e s  had been sea led  by secondary cementation. 
Appendix B con ta ins  a review of the  borehole condi t ions  i n  RRGP-4 and 
RRGP-5. 

However, t he  logs  from Well 

S e l e c t  i o n  

Wells RRGP-4 and RRGP-5 were s e l e c t e d  f o r  s t imu la t ion .  The bottom 
open-hole s e c t i o n s  of t hese  wells are shown i n  Figures  3 and 4 ,  
r e spec t ive ly .  A s  can be seen i n  these  f i g u r e s ,  both w e l l s  had mul t ip le  
l e g s .  
d r i l l i n g  problems and l e g  B was inadve r t en t ly  d r i l l e d .  The volume of 
cement used should have adequately plugged l e g  A f o r  s e v e r a l  hundred 
feet o r  more. ( D e t a i l s  of t he  d r i l l i n g  opera t ions  on W e l l  RRGP-5 are  
contained i n  EG&G  report^.)^ 
d r i l l e d  because of t h e  low p roduc t iv i ty  of l eg  A; however, l e g  B a l s o  
had extremely low p roduc t iv i ty .  A b r i e f  a t tempt  w a s  made t o  re-enter  
l e g  A j u s t  p r i o r  t o  moving the  d r i l l i n g  r i g  off  t he  w e l l ,  but i t  could 
no t  be re-entered. It w a s  concluded t h a t  l e g  A was f i l l e d  with 
c u t t i n g s  from d r i l l i n g  opera t ions  on l e g  B. 
view, t h e  GRWSP team considered Well RRGP-5 t o  be p re fe rab le  t o  Wells 
RRGP-4 o r  RRGE-3, wi th  the  mechanical r i s k  t o  RRGP-4 considered t o  be 
much lower than the  p o t e n t i a l  r i s k  t o  RRGE-3. 

The f i r s t  l e g  i n  Well RRGP-5 appa ren t ly  was cemented because of 

Leg B of RRGP-4 was i n t e n t i o n a l l y  

From a mechanical point  of 

There were suggest ions t h a t  RRGE-3 be s t imula ted  s ince  i t  did have 
a higher  bottom-hole temperature,  and increased production would bene- 
f i t  t h e  Raft  River p r o j e c t .  However, t h i s  w e l l  had th ree  l e g s  and the  
mechanical r i s k  of preparing the  w e l l  f o r  s t imu la t ion  w a s  considered t o  
be high. Also, i f  two of the  l e g s  could not be plugged and i s o l a t i o n  
obtained i n  the  t h i r d  l e g ,  the  p o s s i b i l i t y  of success fu l ly  producing a 
long  hydraul ic  f r a c t u r e  would be g r e a t l y  reduced because the  f r a c t u r e  
might i n t e r s e c t  one of the  o the r  l e g s  and a very shallow f r a c t u r e  woula 
be c rea ted .  I n  a d d i t i o n ,  such a s i t u a t i o n  could lead t o  co l lapsed  
cas ing  above the  downhole pack-off. 

STIMULATION TREATMENT 

RRGP-4 Well PreDaration 

I n  prepara t ion  f o r  t h e  f r a c t u r e  t reatment  i n  RRGP-4, two workover 
ope ra t ions  were performed i n  the  w e l l .  An at tempt  was made t3  re-enter  
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and plug l e g  A wi th  cement, and a 7 "  l i n e r  was i n s t a l l e d  through t h e  
upper p a r t  of t h e  l e g  B.  > It was decided t o  p l u g - l e g  A I  t o  preclude t h e  
p o s s i b i l i t y  t h a t  a f r a c t u r e  from the  deeper po r t ion  o f ' l e g  B would 
i n t e r s e c t  l e g  A. I f  t h i s  occurred, i t  was considered poss ib l e  t h a t  l e g  
B would sand out  prematurely o r  t he  f r a c t u r e  would rise v e r t i c a l l y  i n  
l e g  A t o  a c o o l e r ,  more shallow i n t e r v a l .  

A f r a c t u r e  from l e g  B p a r a l l e l i n g  e i t h e r  t h e  Bridge Fau l t  o r  t h e  
Narrows F a u l t  would not  i n t e r s e c t  l e g  A. However, t h e ~ r i s k  t o  t h e  
success  of t h e  f r a c t u r e  treatment was considered s u f f i c i e n t  t o  warrant 
a t  l eas t  one a t tempt  t o  plug l e g  A. D i r e c t i o n a l  d r i l l i n g  t o o l s  were 
used t o  a t tempt  t h e  re-entry,  but t h e  attempt w a s  unsuccessfu l .  

The 7" l i n e r  was then i n s t a l l e d  i n  l e g  B and cemented i n  t h e  
i n t e r v a l  3,307'-4,705' as o r i g i n a l l y  planned. The i n t e r v a l  from 
4,705'-4,900' was l e f t  open f o r  t h e  f r a c t u r e  treatment! Th i s  195-foot 
i n t e r v a l  had been s e l e c t e d  because i t  w a s  a l eng th  t h a t  could be 
e f f e c t i v e l y  t r e a t e d ,  and the  depth w a s  s u f f i c i e n t  t o  provide t h e  
d e s i r e d  produced f l u i d  temperature.  A f t e r  t he  7" l i n e r  w a s  i n  place, 
i t  was cemented with 350 cu f t  around t h e  bottom, and an a d d i t i o n a l  300 
c u  f t  was squeezed through t h e  l i n e r  hanger t o  plug a t  l eas t  the  upper 
p o r t i o n  of l e g  A wi th  cement. The h i s t o r y  of t h i s  ope ra t ion  is  given 
i n  Appendix D.  

Treatment S e l e c t i o n  and Design 

Petroleum i n d u s t r y  experience has shown t h a t  r e s u l t s  of f r a c t u r e  
s t i m u l a t i o n  t rea tments  i n  n a t u r a l l y  f r a c t u r e d  r e s e r v o i r s  are h igh ly  
unpred ic t ab le .  This  is  because t h e  success  of a treatment is e n t i r e l y  
dependent on t h e  i n t e r s e c t i o n  of t he  c rea t ed  f r a c t u r e  wi th  a product ive 
n a t u r a l  f r a c t u r e .  I n  any given f i e l d ,  e a r t h  stresses normally d i c t a t e  
a p r i n c i p a l  f r a c t u r e  o r i e n t a t i o n  which is  common t o  both the  n a t u r a l  
and c r e a t e d  f r a c t u r e s .  Thus t h e r e  is a tendency f o r  t h e  c rea t ed  
f r a c t u r e  t o  p a r a l l e l ,  r a t h e r  than  intersect,  t h e  p r i n c i p a l  n a t u r a l  
f r a c t u r e s .  I n  t h e  case of RRGP-4, t he  ex i s t ence  of t he  nearby Narrows 
F a u l t  i nd ica t ed  a s t r o n g  preference  f o r  an east-west f r a c t u r e  
o r i e n t a t i o n .  

Maurer Engineering (MEI) and RGI evaluated two baslic fracturing 
processes  f o r  use i n  RRGP-4. 
designed t o  create a s i n g l e  p lanar  f r a c t u r e ,  w a s  considered but w a s  
r e j e c t e d  ou t  of concern t h a t  t h e  c rea t ed  f r a c t u r e  would a r a l l e l  r a t h e r  

f r a c t u r i n g  process was s e l e c t e d  p r imar i ly  because i t  apbeared t o  o f f e r  
t h e  b e s t  opportuni ty  of i n t e r s e c t i n g  t h e  major n a t u r a l  k r a c t u r e s  i n  t h e  
area. 
1,975 bbl  per  s t a g e .  Each s t a g e  included two pumping pe r iods ,  each of 
which was followed by a b r i e f  flow-back per iod .  The pumping and 
flow-back sequence f o r  a t y p i c a l  s t a g e  is shown i.n Table 3 .  The 
a l t e r n a t i n g  pump-in and flow-back pe r iods  are designed t o  stress and 
restress t h e  rock, rear ranging  the  stresses t o  achieve  a change i n  
f r a c t u r e  d i r e c t i o n .  
a d e n d r i t i c  f r a c t u r i n g  program, i t  can be expected that1 branched 

The convent ional  f r a c t u r e !  t rea tment ,  

I 

than  i n t e r s e c t  major n a t u r a l  f r a c t u r e s .  I n s t e a d ,  t he  d e n d r i t i c  11 \ 

The d e n d r i t i c  f r a c  treatment w a s  designed f o r  f i b e  s t a g e s  with I 
I' 
11 

1' 

Therefore ,  on t h e  second and succeeding s t a g e s  of 
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o r  d e n d r i t i c  f r a c t u r i n g  w i l l  occur.  Figure 5 is  an i d e a l i z e d  diagram 
of  a d e n d r i t i c  f r a c t u r i n g  p a t t e r n .  Each s t a g e ,  as shown i n  Table 3 ,  
included t h r e e  s l u g s  of 100-mesh sand f o r  f l u i d  loss c o n t r o l  followed 
by fou r  s l u g s  of 20-40 mesh proppant sand. 
ach ieve  a f r a c t u r e  200 f e e t  high by about 1,500 f e e t  long assuming a 
f l u i d  e f f i c i e n c y  of 30%. 
con ta in ing  10 l b  of hydroxypropyl guar p lus  2 l b  of XC polymer per 
thousand ga l lons  of water. 
t rea tment  was terminated a f t e r  fou r  s t a g e s .  
f r a c  f l u i d  was i n j e c t e d  with 108,400 l b  of sand a t  an average ra te  of 
5 0  bbl/min. 

Each s t a g e  w a s  designed t o  

The f r a c  f l u i d  was a low v i s c o s i t y  g e l  

As discussed i n  the  fol lowing s e c t i o n ,  t he  
A t o t a l  of 7,900 bb l  of 

Treatment H i s to ry  

F igure  6 is  a pressure- ra te  h i s t o r y  of t he  t rea tment .  There are 
t h r e e  major i t e m s  of i n t e r e s t  t o  n o t i c e  i n  t h e  f i g u r e .  
behavior  i n  t h e  f i r s t  two s t a g e s  is a r e s u l t  of some unscheduled 
shutdowns caused by minor equipment problems and l eaks .  One advantage 
of  t h e  d e n d r i t i c  process  is t h a t  such shutdowns do not  normally have an 
adverse  e f f e c t  on t h e  t reatment  r e s u l t s ,  whereas such a shutdown i n  an 
advanced s t a g e  of a convent ional  f r a c t u r i n g  t reatment  would l i k e l y  
r e s u l t  i n  a sand-out and f a i l u r e  of the  job. S tages  3 and 4 proceeded 
w i t h  no d i f f i c u l t y .  A s  shown i n  Figure 6 ,  t h e r e  is l i t t l e  cha rac t e r  t o  
t h e  pressure  curve i n  t h e  last two s t a g e s  except f o r  a minor dec l ine  i n  
p re s su re  i n  t h e  f i n a l  s t age .  It is a l s o  important t o  n o t i c e  t h e  t r end  
of  ins tan taneous  shut- in  pressures  (ISIP's) fol lowing each pumping . 
per iod .  
I S I P ,  and t h a t  is an i n d i c a t i o n  t h a t  a r t i f i c i a l  d e n d r i t i c  f r a c t u r i n g  
was not  a c t u a l l y  occurr ing  but only n a t u r a l  f r a c t u r e s  were being 
opened. I n  a normal d e n d r i t i c  f r a c t u r i n g  job,  changes i n  t h e  rock 
stresses which r e s u l t  i n  d e n d r i t i c  f r a c t u r i n g  would a l s o  be evidenced 
by a change i n  t h e  I S I P  from s t a g e  t o  s t age .  
no new f r a c t u r e s  were being generated by t h e  t rea tment ,  i t  w a s  
terminated a f te r  f o u r  s t a g e s .  An at tempt  w a s  made t o  i n j e c t  a 
r a d i o a c t i v e  tracer wi th  the  f r a c  f l u i d ;  however, equipment f a i l u r e  i n  
t h e  i n j e c t i o n  system prevented t h e  in t roduc t ion  of the  tracer. Nat ive  
chemical tracers were used i n  t h e  chemical a n a l y s i s  of t h e  r e t u r n  
f l u i d s .  

The errat ic  

A f t e r  t h e  f i r s t  s t a g e ,  t h e r e  is very  l i t t l e  change i n  t h e  

Because i t  appeared t h a t  

Mechanical Arrangement 

The frac job  w a s  pumped through a 4-1 /2"  f r a c  s t r i n g  with a packer 
set  i n  t h e  7 "  l i n e r .  The f r a c  s t r i n g  was used because of pressure  
l i m i t a t i o n s  on t h e  cas ing  and l i n e r  l a p s  above the  7"  l i n e r .  
i s  a schematic diagram of the  su r face  f r a c t u r i n g  equipment layout .  B-J 
Hughes provided a l l  su r f ace  f r a c t u r i n g  equipment and t reatment  
materials. The s e l e c t i o n  of B-J Hughes was based on competi t ive b ids  
and equipment a v a i l a b i l i t y .  
t r ea tmen t ,  t h e  frac f l u i d  w a s  mixed and pumped i n  a continuous process .  
A new 24,000 bbl ,  l i n e d  pond was f i l l e d  with geothermal f l u i d  from 
RRGP-5 p r i o r  t o  t h e  job. 
from t h e  pond, added t h e  two polymers and a small amount of hydro- 
c h l o r i c  a c i d  t o  lower the  pH of  the  water s l i g h t l y  and enhance t h e  
g e l l i n g  of t h e  polymers. This  f l u i d  then w a s  pumped i n t o  the  four  

Figure 7 

Because of the  l a r g e  volume of t he  

A Model 607 45-bbl/min blender pumped water 
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500-bbl f r a c  tanks which provided surge  capac i ty  and z?esidence time f o r  
g e l a t i o n  t o  occur.  A Model 611 120-bbl/min blender pumped f r a c  f l u i d  
from the  t anks ,  added proppant sand, and fed t h e  f r a c /  u n i t s .  
d e l i v e r e d  t o  t h e  blender by dump t rucks .  The f rac  u n i t s  pumped through 
two 3"  f r a c  l i n e s  t o  the  w e l l .  A branch l i n e  from one of these  f r a c  
l i n e s  t o  the  p i t  provided a means of backflowing t h e  w e l l  between 
pumping s t ages .  

Sand w a s  

The f r a c  s t r i n g  w a s  r a t e d  f o r  a maximum b u r s t  p ressure  of 4,540 
ps ig .  
t r u c k  was used t o  p r e s s u r i z e  t h e  c a s i n g / f r a c  s t r i n g  annulus. Pressure  
on t h e  annulus provides  a "backup" e f f e c t i v e l y  reducing the  pressure  
contained by the  f r a c  s t r i n g  and packer. However, f r a c t u r i n g  p res su res  
were lower than a n t i c i p a t e d ,  and t h i s  t ruck  w a s  not a c t u a l l y  needed. 

I n  a n t i c i p a t i o n  of f r a c t u r i n g  p res su res  h ighe r l than  t h i s ,  a pump 

There were fou r  Model 133 semi-trailer f r a c  u n i t s  and fou r  Model 
139 truck-mounted f r a c  u n i t s  on l o c a t i o n  f o r  a t o t a l  of 8,000 hydrau l i c  
horsepower. Because the  f r a c t u r i n g  p res su res  were lower than  a n t i c i -  
pa t ed ,  on ly  4,000 hp was a c t u a l l y  used. B-J Hughes a l s o  provided a 
mobile l a b o r a t o r y  f o r  f i n a l  checks of water chemistry and g e l a t i o n .  
Although t h e  polymers had been p r e t e s t e d  i n  R a f t  River water, a f i n a l  
check on t h e  l o c a t i o n  was performed. Appropriate sets of samples from 
a l l  f r a c  materials were c o l l e c t e d  f o r  subsequent d e t a i l e d  chemical 
ana lyses .  

RRGP-5 Well P repa ra t ion  

Because RRGP-5 i s  near t he  i n t e r s e c t i o n  of two major f a u l t s ,  i .e . ,  
t h e  Narrows and Bridge F a u l t s ,  it appeared l i k e l y  t h a t  a s i n g l e  p l ana r  
f r a c t u r e  i n  t h e  deeper p o r t i o n  of t h e  w e l l  would i n t e r c e p t  major 
n a t u r a l  f r a c t u r e s .  The o b j e c t i v e  of the  t rea tment  was t o  achieve  a 
producing rate a t  l eas t  comparable t o  t h e  e x i s t i n g  r a t e ,  but from a 
deepe r ,  h o t t e r  i n t e r v a l .  The recompletion cons i s t ed  of cementing 7" 
c a s i n g  i n  l e g  B t o  i s o l a t e  a 216-foot zone near  the  bottom of t h e  w e l l  
(Appendix D ) .  

Treatment S e l e c t i o n  and Design 

Maurer Engineering designed a convent ional  planar ,  f r a c t u r e  treat- 
wi th  a 14% 

The treatment was designed f o r  a tdtal of 7,250 bbl  
ment t o  achieve  a 200-foot high by 1,000-foot long f r a c t u r e  11 

f l u i d  e f f i c i e n c y .  
a s  shown i n  t h e  pumping schedule (Table 4) .  
f r a c  f l u i d  was a c t u a l l y  pumped because t h e  job was r e s t a r t e d  a f t e r  some 
e a r l y  unscheduled shutdowns. The f r a c  f l u i d  w a s  a r e l a t i v e l y  low 
v i s c o s i t y  g e l  conta in ing  30 l b  of hydroxypropyl guar p e r  thousand 
g a l l o n s  of water. Eighty-four thousand pounds of 100-mesh sand were 

A t o t a l  {f 7,620 bbl  of 

/I 
I' 

used f o r  f l u i d  l o s s  c o n t r o l  and 347,000 l b  of 
i n j e c t e d  as proppant. This  347,000 l b  of 
of  20-40 mesh resin-coated sand which was 
job.  It was intended t h a t  t he  resin-coated sand 
t h e  f r a c t u r e  near t he  wellbore and prevent t he  
being produced i n t o  the  wellbore a f t e r  t he  f r a c  job. The r e l a t i v e l y  
low v i s c o s i t y  f r a c  f l u i d  was designed spec i f i ca l - ly  t o  a l low s e t t l i n g  of 
t h e  sand wi th in  the  f r a c t u r e  a t  a c o n t r o l l e d  rat:e. A s  the  sand 
s e t t l e s ,  i t  i s  be l ieved  t o  s e t t l e  i n  banks, as shown i n  F igure  8 ,  which 
props  the  lower po r t ion  of the  f r a c t u r e  a t  nea r ly  the f u l l  dynamic 
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width,  l eav ing  t h e  upper por t ion  of t he  f r a c t u r e  open. 
c a p a c i t y  of t h i s  open por t ion  of the  f r a c t u r e  i s  many times t h a t  of a 
sand-f i l led  f r a c t u r e .  

The flow 

Treatment H i s  t o r y  

Figure 9 i s  a pressure- ra te  h i s t o r y  of t he  t rea tment .  During the  
f i r s t  700 bbl  o f  t h e  t rea tment ,  t he re  were s e v e r a l  unscheduled shut- 
downs f o r  l e a k s ,  and i t  w a s  observed t h a t  t he  ISIP a t  t h a t  time w a s  500 
ps ig .  As t he  job progressed,  t he re  were s u b s t a n t i a l  p ressure  breaks 
between t h e  800 and 1,500 bbl  p o i n t s ,  and a t  t h e  t i m e  about 2,800 bbl  
were pumped. 
p re s su re  began t o  inc rease  s t e a d i l y .  This  is probably a r e s u l t  of 
leak-off i n t o  ad jo in ing  f r a c t u r e s  and a narrowing of the  f r a c t u r e  which 
r e s u l t e d  i n  a h igher  f r i c t i o n  loss. A t  t he  end of t he  job ,  t h e  rate 
was g radua l ly  reduced i n  an a t t e m p t  t o  sand-out t h e  w e l l  and leave a 
f u l l y  propped f r a c t u r e  a t  t h e  wellbore.  As the  rate w a s  reduced and 
f i n a l l y  pumping was stopped, it was noted t h a t  t h e  ISIP was near  zero.  
This  change i n  ISIP from 500 p s i g  near  t h e  beginning of t h e  job t o  near  
ze ro  a t  the  end ind ica t ed  t h a t  communication wi th  major f r a c t u r e s  had 
been achieved. 

A s  t he  job progressed pas t  t h e  5,000 bbl  p o i n t ,  the  

Ammonium n i t r a t e  was s e l e c t e d  as a tracer t o  monitor f l u i d  mixing 
wi th in  t h e  r e s e r v o i r  and t o  a l low i n t e r p r e t a t i o n  of t he  f l u i d  chemistry 
dur ing  and a f t e r  t he  f r a c  job. The tracer w a s  added a t  a blending rate 
p ropor t iona l  t o  t h e  polymer add i t ion .  Numerous samples of the  i n j e c t e d  
and t h e  subsequent ly  produced f l u i d s  were c o l l e c t e d  f o r  d e t a i l e d  
chemical ana lyses .  
ammonium and n i t r a t e  i ons .  I n  a d d i t i o n ,  t h e  s o l u t i o n s  were analyzed 
f o r  t h e i r  content  of polymer and polymer degradat ion products  as 
descr ibed  la ter .  

These ana lyses  included monitoring s e p a r a t e l y  f o r  

Mechanical Arrangement 

F igure  10 i s  a diagram of the  w e l l  wi th  the  f r a c  s t r i n g  i n  p lace .  
As i n  t he  case  of RRGP-4, a 7 "  l i n e r  w a s  i n s t a l l e d  t o  exclude a l l  but 
t h e  lower po r t ion  of t he  o r i g i n a l  completion i n t e r v a l .  
below the  l i n e r ,  from 4,587 f e e t  t o  4 , 8 0 3  f e e t ,  was open a t  t h e  t i m e  of 
t h e  f r a c t u r e  t rea tment .  A 4 - 1 / 2 "  f r a c  s t r i n g  with a packer i n  t h e  7" 
l i n e r  was a l s o  used f o r  t h i s  job.  The su r face  equipment layout  f o r  
t h i s  job w a s  very  similar t o  t h a t  f o r  RRGP-4. 
s u r f a c e  f r a c t u r i n g  equipment and a l l  t reatment  m a t e r i a l s  except f o r  t he  
resin-coated proppant sand. 
compet i t ive  b id .  
f r a c  f l u i d  was mixed and pumped i n  a continuous process .  
120-bbl/min blender loca ted  a t  the  p i t  added polymer, a small q u a n t i t y  
of a c i d ,  and ammonium n i t r a t e  as a chemical t r a c e r .  The f l u i d  was then 
pumped through a 10" steel  l i n e  t o  four  500 bbl  f r a c  tanks which 
provided g e l a t i o n  t i m e  f o r  t h e  polymers. 
blender  fed by a Sand King drew f r a c  f l u i d  from t h e  tanks and pumped t o  
t h e  f r a c  u n i t s .  The Sand King i s  a four-compartment f i e l d  s to rage  u n i t  
which s t o r e s  up t o  475,000 l b  of proppant sand. 
conveyor b e l t  d e l i v e r y  system t o  the  blender .  These u n i t s  are 
e s p e c i a l l y  use fu l  where l a r g e  volumes of sand and h igh  de l ive ry  rates 
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The i n t e r v a l  

B-J Hughes provided a l l  

The s e l e c t i o n  of B-J Hughes was based on 

A Model 608 
Because of the  l a r g e  volume of t he  treatment, t he  

A Model 611 120-bbl/min 

It incorpora tes  a 
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are requi red .  
c o n s i s t i n g  of  seven Model,139 truck-mounted f r a c , u n i t s , a n d  one Model 
133 semi-trailer f r a c  u n i t .  
t o  t he  w e l l .  

A t o t a l  of  6,000 hydraul ic  horsepower w a s  on l o c a t i o n ,  

Frac f l u i d  was pumped through two 3" l i n e s  

Following t h e  f r a c  job,  t he  w e l l  produced s u b s t a n t i a l  q u a n t i t i e s  
of proppant sand, a common occurrence following a massive f r a c  job. 
Approximately t e n  days of flowing and c i r c u l a t i n g  were 'necessary before  
sand product ion diminished t o  a s u f f i c i e n t l y  low concent ra t ion  t Q  
r e i n s t a l l  t h e  electric submersible pump. 
Appendix C and E .  A h i s t o r y  of the  workover and f r a c t u r e  s t imu la t ion  
I s  given In Appendix D. 

Production d a t a  are given in 

c o s t s  

The t o t a l  c o s t  of r i g  work and f r a c t u r i n g  i n  RRGP-4 w a s  $304,000. 
Of t h i s  amount, $64,000 was f o r  f r a c t u r i n g  s e r v i c e  and materials. The 
remainder w a s  spent  f o r  recompletion of t he  w e l l  as descr ibed above. 
The t o t a l  c o s t  of r i g  work and f r a c t u r i n g  of RRGP-5 w a s  $410,000. 
t h i s  t o t a l ,  $129,000 w a s  f o r  f r a c t u r i n g  s e r v i c e  and materials. The 
remainder w a s  spent  on p u l l i n g  and re-running the! pump and permanent 
packer ,  and recompleting the  w e l l  wi th  7" l i n e r .  Cost d e t a i l s  f o r  t he  
two jobs  a r e  given I n  Tables F-1 and F-2 of Appendix F. 
by EG&G Idaho, Inc .  f o r  t e s t i n g  the  w e l l  and providing support  t o  t h e  
r i g  ope ra t ion  a r e  not  included in t he  above c o s t  f i g u r e s .  

Of 

Costs incur red  

PRE-STIMULATION WELL CONDITIONS - 
The Raft  River production w e l l s  w e r e  completed wi th in  a n a t u r a l l y  

f r a c t u r e d  zone from about 3,400 f e e t  t o  6,543 feet .  The formation 
producing i n t e r v a l s  are comprised p r imar i ly  of s i l t s t o n e ,  sandstone,  
metamorphosed qua r t z ,  quar tz  s c h i s t ,  e l b a  q u a r t z i t e ,  and qua r t z  
monzonite. Pre-s t imulat ion borehole te lev iewer  surveys (discussed in 
Appendix A, "Applicat ion of Acoustic Televiewer t o  t h e  Charac te r iza t ion  
of Hydraulic Frac tures  in Geothermal Wells") i nd ica t ed  t h a t  both Wells 
RRGP-4 and RRGP-5 had n a t u r a l  f r a c t u r e s  i n t e r s e c t i n g  t h e i r  wel lbores;  
however, RRGP-4 showed less f r a c t u r i n g  i n  t h e  e n t i r e  w e l l  (open-hole 
i n t e r v a l  3,526 feet-5,115 f e e t )  r e l a t i v e  t o  o t h e r  Raft  River wells,  and 
many of  the  f r a c t u r e s  had been sealed by secondary cementation. Well 
RRGP-5 had numerous ho r i zon ta l  and v e r t i c a l  f r a c t u r e s  th'roughout the  
open-hole s e c t i o n  from 3,408 feet t o  4,925 f e e t .  

i A f t e r  l e g  B of Well RRGP-4 w a s  deepened t o  5,115 f e e t ,  an a t t empt  
was made by EG&G t o  flow test t h e  w e l l .  
non-commercial and would not s u s t a i n  an a r t e s i a n  f low rate g r e a t e r  than 
approximately 10 gpm. The maximum bottom-hole temperature was measured 
by geophysical  l o g s  a t  254'F. 

The w e l l  was found t o  be 
{ 

Well RRGP-5 ( l e g  B) produc t iv i ty  w a s  t e s t e d  by EG&Gi s e v e r a l  t i m e s  
a f t e r  completion. The w e l l  w a s  a r t e s i a n  flow t e s t e d  for1 72 hours a t  a 

mately 1 hour) p r i o r  t o  t h i s  test obtained rates in excess  of 280 gpm; 
however, the  wellhead pressure  was dec l in ing  very r a p i d l y  and the  well 
could not  s u s t a i n  t h i s  rate. No downhole t r a n s i e n t  pressure  da t a  were 
obtained during these  t e s t s  with which t o  calculate a p roduc t iv i ty  

1 5  

rate of 140 gpm in November 1978. Short-term f low pe r ioas  1 (approxi- 



index. 
w e l l .  
by cement during t h e  workover of l eg  A. 
had been i n j e c t e d  i n t o  l eg  A t o  f i l l  t h e  wellbore and t h e  near-well 
n a t u r a l  f r a c t u r e s .  Some confusion remains a s  t o  the  a c t u a l  product ive 
p o t e n t i a l  of RRGP-5 a f t e r  i t  was completed. Flow test  r e s u l t s  vary 
from over  1,000 gpm t o  140 gpm, Severa l  short-term production t e s t s  
were attempted during t h e  d r i l l i n g  opera t ions  and s h o r t l y  t h e r e a f t e r  
which were not  f u l l y  documented and l i t t l e  downhole t r a n s i e n t  pressure  
d a t a  were obtained.  For a number of reasons,  t h e  w e l l  might achieve 
and/or  i n d i c a t e  these  f low rates f o r  s h o r t  per iods  of t i m e .  However, 
p ressure  d a t a  obtained during later tests ind ica t ed  t h a t  t he  bottom- 
h o l e  pressure  must have been decreasing r a p i d l y  during these  e a r l y  flow 
tests and t h a t  t h e  w e l l  would not  have continued t o  s u s t a i n  anywhere 
near  the  high f low rates o r i g i n a l l y  ascr ibed  t o  t h i s  w e l l .  None of the  
c u r r e n t  Raft  River w e l l s  are capable of very  high a r t e s i a n  f low rates. 
The most l i k e l y  sus t a inab le  maximum f low rate of Well RRGP-5 p r i o r  t o  
t h e  s t imu la t ion  t reatment  was between 140 and 200 gpm. 

A maximum b o t t o m h o l e  temperature of 274'F w a s  measured i n  t h e  
Leg B i s  bel ieved t o  have penet ra ted  a zone ex tens ive ly  damaged 

S u f f i c i e n t  volume of cement 

As descr ibed above, t hese  wells o r i g i n a l l y  had long open-hole 
i n t e r v a l s .  
200-foot open-hole interval  was i s o l a t e d  f o r  s t imu la t ion  t reatment .  
With the  l i n e r  i n  p l ace ,  both wells were e s s e n t i a l l y  non-productive as 
t h e  formation n a t u r a l  f r a c t u r e s  feeding the  wel lbore were cased-off.  
Therefore ,  no product ion tests were performed under these  condi t ions  
p r i o r  t o  t h e  f r a c t u r e  experiments.  

A 7" cas ing  l i n e r  was cemented i n  t h e  open-hole such t h a t  a 

POST-STIMULATION PRODUCTION TEST INSTRUMENTATION 

Wells RRGP-4 and RRGP-5 were production t e s t e d  s e v e r a l  times 
fol lowing t h e  f r a c t u r e  s t imu la t ion  t rea tments .  
tes t  program and provided the  su r face  equipment required t o  monitor t he  
f low cond i t ions .  
from t h e  wellhead t o  the  nearby holding pond. 
instrumented t o  measure rate,  wellhead p res su re ,  and temperature;  and 
p o r t s  were provided f o r  f l u i d  sampling c a p a b i l i t y .  The deep geothermal 
wel ls  and the  shal low water wells i n  the  Raft  River area were monitored 
cont inuous ly  by EG&G f o r  poss ib l e  i n t e r f e r e n c e  pressure  da t a .  

EG&G a s s i s t e d  i n  the  

The genera l  procedure was t o  cons t ruc t  a flow l i n e  
The f low l i n e  was 

Downhole pressure  (and temperature) Instrumentat ion were u t i l i z e d  
dur ing  t h e  f low tests t o  o b t a i n  t h e  t r a n s i e n t  pressure  drawdown and 
bui ldup response.  
was a qua r t z  c r y s t a l  p ressure  gauge provided by e i t h e r  EG&G o r  Lawrence 
Berkeley Laboratory (LBL). However, mechanical r e l i a b i l i t y  was low and 
s e v e r a l  instrument  f a i l u r e s  occurred during these  tests. I n  t h e  case 
of t h e  September 1978 flow t e s t  of Well RRGP-4, a convent ional  Amerada 
type  downhole pressure  gauge was used t o  o b t a i n  the  pressure  buildup 
d a t a .  Downhole temperature measurements were obtained t o  a i d  i n  t h e  
a n a l y s i s  of the  pressure  d a t a ,  which could be s i g n i f i c a n t l y  a f f e c t e d  by 
a change i n  t h e  f l u i d  temperature,  and t o  document the  flowing 
temperature of  the  w e l l .  

I n  most i n s t ances  the  downhole pressure  equipment 

F lu id  samples were taken p e r i o d i c a l l y  during a l l  post-s t imulat ion 
f low t e s t s .  These samples were analyzed f o r  f r a c t u r e  f l u i d  and tracer 
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material r e t u r n s  by Vetter Reseatch. Also,  t he  ZlSGS r an  borehole 
te lev iewer  surveys in each of the  wells t o  determine the  ex ten t  of the  
newly c rea t ed  v e r t i c a l  f r a c t u r e  a t  t h e  wel lbore.  

TEST RESULTS AND ANALYSIS 

I 
1 

I 
I( 

The production t e s t i n g  of the  Wells RRGP-4 and RR+-5 under t h e  
GRWSP w i l l  be discussed i n  chronological  order .  
analyzed using convent ional  pressure  a n a l y s i s  techniques,  type curve 
( log-log) matching techniques , and numerical s imula t ion  !methods. 

RRGP-4 

The pressure  d a t a  were 
1 

I 

I 
Well RRGP-4 w a s  s t imula ted  with a d e n d r i t i c  hydraul ic  f r a c t u r e  

t reatment  i n  August 1979. 
1979. 
however, a t  t h a t  po in t  two-phase f low began t o  occur a t  / t h e  o r i f i c e  
meter used t o  measure t h e  flow rate. 
were made t o  re-test the  w e l l  wi th  improved f low con t ro l  equipment i n  
September. A borehole te lev iewer  survey confirmed t h e  ex i s t ence  of a 
190-foot v e r t i c a l  propped f r a c t u r e  (Appendix A) .  
o r i e n t e d  i n  an east-west d i r e c t i o n  which p a r a l l e l s  t h e  Narrows Fau l t .  

A 20-hour flow test was run i n  August 25-26, 

The tes t  was termjpated and plans 

The f low rate decl ined from an i n i t i a l  250 gpm t o  about 60 gpm; 

The f r a c t u r e  was 

Although the  August test  was of s h o r t  du ra t ion ,  the, t r a n s i e n t  
I 
11 

pres su re  d a t a  agree  c l o s e l y  with the  d a t a  obtained i n  th,e September 
t es t .  Figure 11 summarizes the  production da ta  where tde two-phase 
f low rate ac ross  the  o r i f i c e  p l a t e  is es t imated .  Figurdl 12 shows the  
downhole t r a n s i e n t  pressure  response versus  square root  /of time p l o t .  
F rac tu re  f low ( l i n e a r  flow) is c l e a r l y  ev ident  i n  Figures  12 and 13 f o r  
about 6 hours.  The production t e s t  and recorded pressure  buildup times 
were too s h o r t  f o r  t he  late-time pressure  response t o  reach a s e m i -  
s t eady  condi t ion .  
convent ional  and f r a c t u r e  type curve a n a l y s i s  i n d i c a t e s  a p lana r  
f r a c t u r e  l eng th  of about 400 f e e t ;  and a near  wellbore formation 
permeabi l i ty- thickness  (kh) of 728 md-ft . The ear ly- t ime Homer 
a n a l y s i s  (F igure  14) i n d i c a t e s  a kh of  610 md-ft. 
temperature  survey obtained i n  November 1979 (shown i n  Figure 15) 
recorded a maximum bottom-hole s t a t i c  temperature of 265yF. 
m a x i m u m  flowing bottonrhole temperature in August was 251°F at  the 
3,200 f o o t  depth.  

f i r s t  t e s t )  f low rates r e s u l t i n g  i n  rap id  downhole presskre response. 
F igure  16 g ives  the  production d a t a  and Figures  17 t h r o d h  20 show the  
p re s su re  da t a  p l o t s .  
i n t o  t h e  drawdown phase. The test continued u n t i l  September 12,  1979, 
a t  which poin t  Amerada type downhole pressure  and temperature in s t ru -  
ments were u t i l i z e d  t o  ob ta in  the  r e s e r v o i r  buildup data! 
flowed a t  a rate of about 60 gpm f o r  150 hours before  shAt-in. 
f r a c t u r e  flow e f f e c t s  are ind ica t ed  t o  l as t  about 6 hours by the  
ear ly- t ime pressure  versus  square root  of time p l o t  i n  Figure 18. The 
bottom-hole pressure  apparent ly  reached the  i n i t i a l  r e s e r v o i r  pressure  
a f t e r  approximately 15 hours of buildup time. 

Table 5 summarizes the  p re s su re  da t a  I' a n a l y s i s .  The 
I 
I 

A weltbore 

The 

I 
Well RRGP-4 w a s  r e t e s t e d  i n  September 1979 wi th  similar ( t o  the  

The downhole ins t rumenta t ion  f a i l e d  about 8 hours 

The w e l l  was 
The 

I/ 

The da ta  show a very  
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f l a t  p r e s s u r e  curve from 15  hours. t o  47 hours .  The s i g n i f i c a n c e  of 
t h i s  is  discussed l a t e r .  The f r a c t u r e  type curve a n a l y s i s  (log-log 
p l o t )  y i e l d s  a f r a c t u r e  length  of approximately 335 f e e t  and a 
permeabi l i ty- thickness  (kh) of 800 md-ft. The Horner p l o t  ind ica ted  
t h e  presence of two s t r a i g h t  l i n e  segments; one ear ly- t ime (less than 
15  hours) segment and one late-time ( g r e a t e r  than 15 hours) segment. 
These two da ta  segments g ive  kh values  of 1 , 0 7 0  md-ft and 85,000 md-ft, 
r e s p e c t i v e l y ,  and suggest  the  p o s s i b i l i t y  of more than one permeable 
zone near  t he  wel lbore.  Also a negat ive  sk in  f a c t o r  (-6.0) i n d i c a t e s  a 
s t imula ted  zone c l o s e  t o  t h e  wellbore.  This  is  f u r t h e r  confirmed by 
t h e  f a c t  t h a t  t he  buildup curve approaches the  Horner s t r a i g h t  l i n e  
from above. Table 6 summarizes the  c a l c u l a t i o n s  of r e s e r v o i r  
p r o p e r t i e s  der ived from t h i s  t e s t .  
small during t h e  r e s e r v o i r  buildup per iod and d id  not  s i g n i f i c a n t l y  
a f f e c t  t he  pressure  da t a .  

Wellbore temperature changes were 

The m a x i m u m  bottom-hole temperature recorded during t h e  September 
1979 flow t e s t  was 270'F. This temperature was s i g n i f i c a n t l y  h igher  
than  pas t  measurements, i .e.,  about 254'F before  s t imu la t ion .  
f a c t  sugges ts  t h a t  t he  new a r t i f i c i a l  f r a c t u r e  is  producing f l u i d  from 
a deep r e s e r v o i r  zone not  open i n  t h e  o r i g i n a l  ho le .  The chemical da t a  
f u r t h e r  support  t h i s  i n t e r p r e t a t i o n .  The ex ten t  of polymer degradat ion 
determined chemical ly  i s  cons i s t en t  with f l u i d  product ion from a h igher  
temperature  zone. 
d e t a i l e d  data from t h e  production test are given i n  Appendix C. 

This  

This  work is d e t a i l e d  i n  a l a t e r  section. The 

RRGP- 5 

Well RRGP-5 w a s  s t imula ted  on November 12,  1979. The post- 
s t i m u l a t i o n  product ion tes t  w a s  performed November 25-26, 1979,  a f t e r  
t h e  w e l l  had been flowed twice t o  c lean  out  sand. Figure 21  
i l l u s t r a t e s  t he  product ion da ta  obtained during t h e  6-hour f low period.  
The wellhead and downhole pressure  and temperature condi t ions  
s t a b i l i z e d  ve ry  r a p i d l y  (about  2 minutes).  
200 gpm w a s  maintained with a wellhead pressure  of about 30 p s i a .  
p re s su re  drawdown of 100 p s i  was extremely r ap id  ( l e s s  than 1 minute) 
and no ear ly- t ime d a t a  were obtained.  A p l o t  of t h e  pressure  bui ldup 
d a t a  versus  square root  of t i m e ,  shown i n  Figure 22, i n d i c a t e s  the  
f r a c t u r e  flow e f f e c t  near  t he  wellbore persists f o r  on ly  about 38 
seconds.  This  s h o r t  l i n e a r  flow period and t h e  r e s u l t i n g  ca l cu la t ed  
f r a c t u r e  l eng th  value are so s m a l l  t h a t  no l a r g e  s i n g l e  f r a c t u r e  
appears  t o  e x i s t  near t h e  wellbore.  
p l o t  of t he  pressure  d a t a ,  i n  Figures 23 and 24 ,  show only  a s h o r t  
t r a n s i t i o n  phase between t h e  f r a c t u r e  dominated per iod and the  
late-time cons tan t  pressure  per iod.  The r e s u l t s  i n d i c a t e  a h igher  
t r a n s m i s s i v i t y  than was found i n  RRGP-4. 
formation kh were l a r g e ,  i .e.,  g r e a t e r  than 100,000 md-ft. 

An average rate of about 
The 

The Horner p l o t  and type curve 

Estimates of t he  late-time 

The hydraul ic  f r a c t u r e  s t imu la t ion  t reatment  may have reopened 
e x i s t i n g  n a t u r a l  f r a c t u r e s  near the  wellbore and/or i n t e r s e c t e d  l e g  A 
which d i s s i p a t e d  the  i n j e c t e d  f r a c  f l u i d  and energy. 
cond i t ion  would have l imi t ed  the  lateral  propagation of  t he  f r a c t u r e ,  

The l a t t e r  
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and coo le r  f l u i d  en te r ing  from a higher  zone would exp la in  t h e  
r e l a t i v e l y  low produced f l u i d  temperature of 264°F. 
f l u i d  sample chemical ana lyses ,  performed by Vetter Research, i n d i c a t e  
a l s o  t h a t  coo le r  f l u i d  from an upper zone had en tered  the  wellbore 
a f t e r  t h e  s t i m u l a t i o n  job. 
la ter .  The borehole acous t i c  te lev iewer  survey d id  ind ' ica te  a newly 
c rea t ed  v e r t i c a l  f r a c t u r e  a t  the  wellbore of about 1404 f e e t  i n  length  
and o r i en ted  i n  a northeast-southwest d i r e c t i o n  which is paral le l  t o  
t h e  Bridge Fau l t  (Appendix A ) .  These reopened n a t u r a l  ' f r a c t u r e s  d id  
not  s i g n i f i c a n t l y  a f f e c t  t he  a l r eady  high permeabi l i ty  lof t h i s  
f r a c t u r e d  zone. The Homer a n a l y s i s  ind ica ted  a very  l a r g e  p o s i t i v e  
s k i n  f a c t o r ;  however, t h i s  sk in  f a c t o r  w a s  probably not due t o  
formation damage but  r a t h e r  t o  the  l imi t ed  e n t r y  naturel  of the  
completion. A l i m i t e d  en t ry ,  t h e o r e t i c a l  skin e f f e c t  c a l c u l a t i o n ,  
y i e l d s  a s k i n  f a c t o r  of t he  same order  of magnitude as lfound by the  
Horner a n a l y s i s  technique. This  r e s u l t  aga in  sugges ts   the f r a c t u r e  
i n t e r s e c t e d  l e g  A. 

The r e s u l t s  of the  

The d e t a i l s  of t h i s  chemical work are given 

The test da t a  a r e  given in Appendix C. 

cause any p res su re  changes a t  the  observa t ion  w e l l s .  

Reservoi r  Model 

The maximum flowing bot tonrhole  temperature w a s  measured a t  264°F 
a t  t h e  shoe of t h e  7" l i n e r .  
temperature  surveys made i n  Well RRGP-5. I f  t he  hydraul ic  f r a c t u r e  
i n t e r s e c t e d  l e g  A, then r e l a t i v e l y  cool  f l u i d  could be en te r ing  the  
w e l l  from a sha l low zone. 

Figure 25 i l l u s t r a t e s  t h ree  separate 

I 

I 
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t o  s a t i s f y  the  observed pressure  r e s u l t s  of both wells with a t  least 
t w o  types of r e s e r v o i r  models: 

1. A r e s e r v o i r  with low t r a n s m i s s i v i t y  near  t he  wellbore and a 
cons t an t  pressure  boundary ( o r  very high t r a n s m i s s i v i t y  some 
r e l a t i v e l y  s h o r t  d i s t ance  from the  wel lbore) ;  o r  
A r e s e r v o i r  with high e f f e c t i v e  t r a n s m i s s i v i t y  but with a 
l a r g e  skin a t  the  wel lbore.  

2. 

The second model does not  conform t o  t h e  known r e s e r v o i r  physical  
c h a r a c t e r i s t i c s  and the re fo re  was not  considered a v a l i d  model. 
Numerical s imula t ions  were performed using t h e  f i r s t  r e s e r v o i r  model t o  
confirm t h e  hypothes is .  
t r a n s i e n t  d a t a  f o r  both RRGP-4 and RRGP-5 wi th  e s s e n t i a l l y  the  same 
model (RRGP-4 w a s  given a lower near-wellbore t r ansmiss iv i ty ) .  The 
s i n g l e  l a y e r  model cons i s t ed  of a v e r t i c a l  f r a c t u r e  through t h e  
wel lbore ,  a r e l a t i v e l y  low t r ansmiss iv i ty  near  t h e  wel lbore,  and a 
cons tan t  pressure  boundary loca ted  along one s h o r t  s i d e  of a two-to-one 
r ec t angu la r  dra inage  area. 
Obviously, t he  numerical  s imulat ion approach does not  y i e l d  a unique 
s o l u t i o n  t o  t h e  t r a n s i e n t  r e s e r v o i r  pressure  response,  but  i t  does 
provide a confirmation of the  convent ional  and type curve pressure  
a n a l y s i s  r e s u l t s .  
s t i m u l a t i o n  w e l l  c h a r a c t e r i s t i c s .  

It was poss ib l e  t o  reproduce the  pressure  

Figure 26 i l l u s t r a t e s  t he  model geometry. 

Tables  8 and 9 summarize the  pre- and post- 

It is i n t e r e s t i n g  t o  note  tha t  t h e  l o c a t i o n  of known or  suspected 
f a u l t s  i n  t h e  Raf t  River area ( r e l a t i v e  t o  t h e  s t imula ted  wells) are 
close t o  the  d i s t a n c e s  ind ica ted  i n  t h e  r e s e r v o i r  model c a l c u l a t i o n s  
f o r  t h e  cons tan t  p re s su re  boundary. 
suggest  t h a t  t h e  n a t u r a l l y  f r ac tu red  rock fo’mation, a t  some d i s t a n c e  
from a f a u l t ,  is  not  s u f f i c i e n t l y  permeable t o  support  a h igh  produc- 
t i v i t y  w e l l .  The USGS estimates t h a t  t h e  hydraul ic  f r a c t u r e s  are 
s u b p a r a l l e l  t o  major f a u l t s  i n  the  area. RRGP-5 is c l o s e r  t o  t h e  
Bridge F a u l t  which t r e n d s  s l i g h t l y  e a s t  of no r th ,  and RRGP-4 is c l o s e r  
t o  t h e  Narrows s t r u c t u r e  which t r ends  eas t -nor theas t .  

The r e s u l t s  discussed he re in  

CHEMICAL ANALYSES 

Ul t imate ly ,  t h e  success  of a s t imu la t ion  job is determined by 
f i e l d  da t a  obtained during both i n j e c t i o n  and post-s t imulat ion produc- 
t i o n .  These d a t a  t y p i c a l l y  inc lude  pressure  and temperature responses 
as w e l l  as i n t e r m i t t e n t  and sus ta ined  flow rate da ta .  While t h i s  
information g ives  a n  i n d i c a t i o n  of how successfu l  (o r  unsuccessful)  
t h e  s t imu la t ion  was, it provides only a l imi t ed  p i c t u r e  of what went 
r i g h t  ( o r  wrong). In many cases, gaps i n  f i e l d  d a t a  can be f i l l e d  by 
t ak ing  i n t o  account complementary da t a  obtained by chemically analyzing 
t h e  geothermal f l u i d s  before ,  dur ing ,  and a f t e r  t he  s t imu la t ion  work. 
These da t a  a r e  used t o  monitor t he  chemical behavior of both the  
s t imu la t ion  and produced f l u i d s .  For example, i n  the  Raft  River f i e l d  
experiments which used f r a c  polymers, chemical c h a r a c t e r i z a t i o n  can be 
used t o  answer the  fol lowing quest ions:  

1) What are t h e  r e l a t i v e  amounts of makeup and formation waters 
a t  any g iven  time i n  t h e  f l u i d s  being produced during 
po s t - s t imula t ion flow? 
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organ ic  carbon, and f r a c  polymer ( i . e . ,  carbohydrate) .  
summarized i n  Table 10. 

2) 

3) 

How much of  the  f r a c  polymer i n j e c t e d  is produced back and how 
much is r e t a i n e d  i n  the  formation? 
How much of t he  frac polymer i n j e c t e d  decomposes and a t  what 
rate t o  g i v e  water so luble  degradat ion products which are 
produced back? I 

d 

;The d a t a  are 
I 

I n  order  t o  answer these  ques t ions  and o t h e r s ,  numerous samples 
were c o l l e c t e d  be fo re ,  during,  and a f t e r  t h e  f r ac tu r ing . expe r imen t s  a t  
both RRGP-4 and -5 and analyzed chemical ly  by Vetter ReLearch. 

The work repor ted  he re in  inc ludes  the  co-in j e c t i o n '  and monitoring 
of a chemical tracer (ammonium n i t r a t e )  i n  the  RRGP-5 ekperiment as 
w e l l  as monitoring of t he  polymer behavior i n  both the  P G P - 4  and 
RRGP-5 f i e l d  experiments.  I n  a d d i t i o n ,  comprehensive supplemental 
chemical da t a  were gathered on the  i n i t i a l  p i t  waters used t o  make up 
t h e  s t imu la t ion  f l u i d s  as w e l l  as the  geothermal f luids1 being produced 
dur ing  t h e  l a t te r  phases of the  flow t e s t i n g .  
chemical i n v e s t i g a t i o n  and t h e i r  s ign i f i cance  are t r e a t e d  s e p a r a t e l y  
f o r  each of t he  two f i e l d  experiments i n  t h e  fol lowing s e c t i o n s .  

1 

The r e s u l t s  of t he  

Chemical Aspects of F i e l d  Experiment a t  RRGP-4 

General Descr ip t ion  
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Native Chemical Tracers 

As mentioned above, equipment f a i l u r e  precluded the  in t roduc t ion  
of r a d i o a c t i v e  tracers during the  f r a c  f l u i d  i n j e c t i o n .  I n  order  t o  
i d e n t i f y  a n a t u r a l l y  occurr ing chemical tracer t h a t  could be used t o  
trace e i t h e r  t he  make-up water o r  formation water i n  t h e  produced 
f l u i d s ,  t hese  two waters were charac te r ized  completely (Tables 11, 1 2 ) .  
While major d i f f e r e n c e s  do e x i s t  i n  t h e  sodium, potassium, and ch lo r ide  
conten t  of t hese  two waters, they are unfor tuna te ly  a r t i f a c t s  caused by 
t h e  in t roduc t ion  of k i l l  f l u i d  a t  t he  end of the  f i r s t  clean-up flow 
period.  
remove t h e  sa l t  ( k i l l  f l u i d ) ,  f l u i d  mixing i n  both the  wellbore and the  
formation nea r  t h e  wel lbore r e su l t ed  i n  r e s i d u a l  production of t he  k i l l  
f l u i d  throughout t h e  dura t ion  of t he  flow t e s t s  (F igure  2 7 ) .  
d i f f e r e n c e s  i n  concent ra t ions  of o t h e r  i ons  were not l a r g e  enough t o  
warrant t h e i r  cons ide ra t ion  as poss ib l e  n a t i v e  tracers; and as a 
r e s u l t ,  no f u r t h e r  work was done i n  t h i s  area. 

Even though the re  was s u f f i c i e n t  production t o  t h e o r e t i c a l l y  

The 

Polymer Charac t e r i za t ion  of Produced F lu id  

The two polymers used i n  the  f r a c t u r i n g  experiment ( i . e . ,  XC and 
HP Guar) are both der ived from n a t u r a l l y  occurr ing polymeric carbo- 
hydra tes .  
wi th  t h e  remainder being hydrogen and oxygen. 
s o l u t i o n  of  t h e  polymers, the  r a t i o  of the  t o t a l  analyzed organic  
carbon (TOC) concent ra t ion  t o  the  t o t a l  a n a l y t i c a l  carbohydrate (TAC) 
concent ra t ion  w i l l  be 0.4. Since the  TOC and t o t a l  carbohydrate a r e  
determined by two d i s t i n c t  and independent methods, t h i s  r a t i o  can a l s o  
be used t o  check t h e  i n t e r n a l  cons is tency  and v a l i d i t y  of the  
a n a l y t i c a l  da t a .  

The carbon content  of these  m a t e r i a l s  is on the  order  of 40% 
Thus, in an aqueous 

As t h e  polymer degrades,  the  t o t a l  carbohydrate  concent ra t ion  of 
t h e  s o l u t i o n  decreases .  I f  the  decomposition product is a water 
s o l u b l e  non-carbohydrate containing organic  m a t e r i a l ,  t he  TOC concen- 
t r a t i o n  of  t h e  s o l u t i o n  w i l l  remain cons tan t  as the  carbohydrate 
concent ra t ion  decreases .  This  r e s u l t s  i n  an inc rease  i n  t h e  t o t a l  
o rgan ic  c a r b o d t o t a l  carbohydrate r a t i o .  
used t o  monitor f r a c  polymer conversion t o  so lub le  decomposition 
products  being produced back i n  the  r e t u r n  f l u i d s .  
i n s o l u b l e  materials r e t a ined  i n  t h e  formation can be i n f e r r e d  by 
comparison of the  t o t a l  material input  with t h a t  accounted f o r  i n  the  
r e t u r n  f l u i d s  ( i . e . ,  material balance) .  
developed and t e s t e d  under simulated r e s e r v o i r  cond i t ions .  

This  r a t i o  can the re fo re  be 

Degradation t o  

These p r i n c i p l e s  have been 

The r e s u l t s  of the  analyses  descr ibed above a r e  shown i n  Figure 28 
f o r  t h e  produced f l u i d s  sampled during the  th ree  flow per iods  a t  
RRGP-4. The lef t -hand o rd ina te  g ives  the  t o t a l  o rganic  carbon ( s o l i d  
l i n e )  and t h e  right-hand o rd ina te ,  t he  t o t a l  carbohydrate (dashed 
l i n e ) .  The cumulative production i s  shown on the  absc i s sa .  The th ree  
pe r iods  during which the  w e l l  was produced are indica ted  by the  dashed 
v e r t i c a l  l i n e s .  
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By p rope r ly  analyzing the  d a t a  of F igure  28, i t  can be concluded 
t h a t  no apprec iab le  polyder degradat ion occurred i n  t h e  samples col- 
l e c t e d  during t h e  f i r s t  flow. The product ion during t h i s  per iod was 
approximately 3,300 bbl  o r  42% of the  t o t a l  i n j e c t e d  volume. 
upon an  i n t e g r a t i o n  of t he  d a t a  i n  Figure 28, i t  can be shown t h a t  22% 
of  t h e  polymer i n j e c t e d  i s  produced back during t h e  f i r s t  flow. 
Unfor tuna te ly ,  t h e  absence of a tracer i n  t h e  f r a c t u r i n g  f l u i d  makes i t  
impossible  t o  s t a t e  anything more d e f i n i t i v e  regarding j d i l u t i o n  i n  o r  
nea r  t h e  wel lbore during t h i s  per iod.  The l a c k  of  p o l h e r  degradat ion 
does ,  however, suggest  t h a t  t h e r e  has  been l i t t l e  hea t ing  of  t h e  
f r a c t u r i n g  f l u i d  by the  formation during t h i s  twenty-four per iod 
immediately fol lowing i n j e c t i o n .  

Based 

By c o n t r a s t ,  t h e  f l u i d  produced during t h e  second and t h i r d  
pe r iods  con ta ins  apprec iab le  amounts of  degraded polymer as the  
i n j e c t e d  f l u i d  becomes exposed t o  t h e  h igh  temperatures  of  t h e  
formation f o r  longer  per iods  of  time. This  decomposition i s  i nd ica t ed  
by t h e  d a t a  i n  Figure 28 which shows a mote rap id  d rop ;  i n  carbohydrate  
r e l a t i v e  t o  t h e  carbon content  of  t he  waters produced during t h e  second 
and t h i r d  t es t .  As discussed previous ly ,  t he  r a t i o  o f 8 t o t a l  o rganic  
carbon t o  t o t a l  carbohydrate  i s  an i n d i c a t o r  of polymer degrada t ion  t o  
s o l u b l e  decomposition products  being produced back i n  t h e  r e t u r n  f l u i d s  
wi th  a va lue  of  0.4 being observed f o r  non-degraded f l u i d s  similar t o  
those  c o l l e c t e d  during t h e  f i r s t  f low tes t .  
p l a c e ,  t h i s  r a t i o  inc reases  due t o  conversion of t he  polymer t o  
non-carbohydrate materials. 
w e l l  w a s  t e s t e d  a second t i m e  fou r  days l a te r ,  t h e  average r a t i o  had 
increased  t o  0.58 f o r  samples c o l l e c t e d  during t h i s  test .  Two weeks 
l a te r ,  t h e  r a t i o  had increased  markedly t o  2.07 as t h e  polymer 
remaining i n  t h e  formation continued t o  degrade. 

As decompgsition t akes  

I n  t h e  RRGP-4 experiment , lby t h e  t i m e  t h e  

F rac  Polymer Material Balance 

More d e t a i l e d  information can be obta ined  by quanj i f  ying material 

This  has been done us ing  t h e  
r e t u r n  during each of t h e  t h r e e  per iods  of  i n t e r e s t  and comparing t o t a l  
material inpu t  t o  t o t a l  material ou tpu t .  
d a t a  shown i n  Figure 28. The r e s u l t s  are summarized i n  Table 13. 

I 

O f  t he  t o t a l  f r a c  polymer i n j e c t e d  ( i . e . ,  4,032 l$), 1,206 l b  of 
polymer were produced back with l i t t l e  degradat ion.  
l b  of  t h e  polymer were converted t o  s o l u b l e  organic  materials which 
were produced i n  t h e  r e t u r n  f l u i d s  p r imar i ly  dur ing  th4  second and 
t h i r d  f low test .  Approximately 55% o r  2,213 l b  of t h e  f r a c  polymer are 
n o t  accounted f o r .  The f a t e  of t h i s  material i s  not  known. While i t  
i s  poss ib l e  t h a t  t h i s  much polymer could have been i r r e v e r s i b l y  
r e t a i n e d  i n  t h e  formation as a r e s u l t  of adsorp t ion  orliconversion t o  an 
i n s o l u b l e  r e s i d u e ,  i t  i s  not l i k e l y  s i n c e  i t  can be shown (Figure 28) 
t h a t  s o l u b l e  organic  materials were s t i l l  being producdd when t h e  f low 

A? a d d i t i o n a l  613 

tes ts  were terminated.  I 
\ Conclusions - Chemical Aspects of t he  RRGP-4 St imula t ion  
I 

Severa l  a n a l y t i c a l  methods have been developed and appl ied  t o  t h e  
c h a r a c t e r i z a t i o n  of the  produced f l u i d s  from post-s t imulat ion f low 
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tests a t  RRGP-4. S t a b l e  f r a c  f l u i d  p r o p e r t i e s  (and near  wellbore 
cool ing)  are ind ica t ed  by the  l a c k  of  polymer degradat ion i n  samples 
c o l l e c t e d  during t h e  f i r s t  f low conducted soon a f t e r  t he  i n j e c t i o n  had 
been completed. S i g n i f i c a n t  polymer degradat ion w a s  observed during 
l a t e r  f low tes ts ;  but t he  products  of degradat ion appear t o  be water 
s o l u b l e  and are observed i n  t h e  produced f l u i d .  Of t h e  f r a c  polymer 
i n j e c t e d ,  on ly  45% can be accounted f o r .  
as water s o l u b l e  degrada t ion  products  were s t i l l  being produced back 
when t h e  flow tests were terminated.  

Some of t he  material as w e l l  

Chemical Aspects of F i e l d  Experiment a t  RRGP-5 

General Desc r ip t ion  

A t o t a l  of 9 , 4 5 0  l b  of polymer i n  8 , 0 4 0  bb l  of f l u i d  was i n j e c t e d  
i n t o  RRGP-5. During t h e  f r a c t u r e  t reatment  on November 1 2 ,  1 9 7 9 ,  7 , 6 2 0  
b b l  were i n j e c t e d  and an a d d i t i o n a l  4 2 0  bb l  were pumped i n t o  t h e  w e l l  
on November 13 t o  d i s p l a c e  kill f l u i d  from t h e  wel lbore.  During t h e  
polymer i n j e c t i o n ,  1,150 l b  of ammonium n i t r a t e  were co-injected f o r  
u s e  as a chemical tracer i n  o rde r  t o  monitor d i l u t i o n  of t he  f r a c t u r i n g  
f l u i d  i n  t h e  r e s e r v o i r .  During t h e  i n j e c t i o n ,  pressure  and temperature 
were monitored i n  t h e  f r a c  l i n e  as w e l l  as t h e  r e t u r n  l i n e  t o  t h e  pond -- t h e  l a t te r  i n  t h e  event t h a t  t he  w e l l  could be produced spontane- 
o u s l y  w i t h i n  a reasonable  t i m e  a f t e r  shut-in.  
shut- in  p re s su re ,  t h e  w e l l  d i d  not  flow spontaneously and t h e  pressure  
t r ansduce r  and thermocouple were removed. The w e l l  was la te r  flowed on 
four s e p a r a t e  occasions:  November 17, November 2 1 ,  November 2 5 - 2 7 ,  and 
December 17-19, 1979. The cumulative product ion was 20,900 bbl  o r  
approximately 2 . 5  times t h e  i n j e c t e d  volume. 

Because of t h e  low 

Sample C o l l e c t i o n  

Sampling was done i n ' a  manner i d e n t i c a l  t o  t h a t  of  RRGP-4. I n  
a d d i t i o n ,  samples of  t he  f r a c  f l u i d  were c o l l e c t e d  every  30 minutes 
dur ing  t h e  i n j e c t i o n  t e s t  i n  o rde r  t o  have a complete set of d a t a  t h a t  
would be r e p r e s e n t a t i v e  of  t he  mixture e n t e r i n g  t h e  formation.  These 
d a t a  are shown i n  Table 1 4 .  

The c o l l e c t e d  samples were analyzed f o r  chemical c h a r a c t e r i z a t i o n .  
These included ana lyses  f o r  t o t a l  o rganic  carbon, f r a c  polymer, 
ammonium, and n i t r a t e  -- t h e  1 a t t e r ; t w o  being components of  t he  
chemical tracer used t o  monitor d i l u t i o n  of  t h e  f r a c  f l u i d .  These da t a  
are summarized i n  Table 1 5 .  

I n  a d d i t i o n ,  p i t  samples c o l l e c t e d  p r i o r  t o  f low of produced f l u i d  
i n t o  t h e  pond and t h e  l as t  s e v e r a l  samples obtained during t h e  f o u r t h  
f low test  were cha rac t e r i zed  completely f o r  t h e i r  chemical cons t i -  . I  

t u e n t s .  The average composition of each of t hese  two groups of samples 
c o n s t i t u t e d  t h e  a v a i l a b l e  "base l ine  end poin ts"  of  make-up water ( i . e . ,  
p i t  water) and formation water. These d a t a  are summarized i n  Tables 16 
and 17. 
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Chemical Charac t e r i za t ion  of S t imula t ion  F lu id  - * I 

f i rma t ion  of t h i s  w a s  impossible.  

Chemical Charac t e r i za t ion  of Produced F lu id  

The ammonium and n i t r a t e  concent ra t ions  of  t he  f r a c  l i n e  samples 
and a l l  r e t u r n  f l u i d s  were analyzed by two sepa ra t e  and independent 
a n a l y t i c a l  methods. These d a t a ,  along with two o t h e r  independent 
ana lyses  f o r  t o t a l  o rganic  carbon and carbohydrate ,  provided fou r  
independent checks on t h e  i n t e r n a l  cons is tency  of the  a n a l y t i c a l  da ta .  

/ 
I 
1 

I 

As discussed above, a t o t a l  of 9 ,450  l b  of HP Guar was t o  have 
been i n j e c t e d  during t h e  f i e l d  experiment. This  amount of polymer 
would correspond t o  an average f r a c  l i n e  composition of  3,356 ppm 
carbohydrate  ( i . e . ,  polymer). The s e v e r a l  f r a c  l i n e  samples c o l l e c t e d  
dur ing  t h e  job,  however, only had an average composition of 1,721 ppm 
(Table 1 4 ) .  S i g n i f i c a n t l y ,  t h i s  is 50% of the  expected l e v e l .  While 
i t  may be argued t h a t  t h e r e  could be an e r r o r  in t he  carbohydrate 
ana lyses ,  independent ana lyses  f o r  TOC s u b s t a n t i a t e  t h i s  conclusion. 
As previous ly  d iscussed ,  carbohydrates ,  t he  bas i c  s t r u c t u r a l  u n i t  of HP 
Guar, t y p i c a l l y  conta in  on t h e  o rde r  of 40% carbon. As a r e s u l t ,  t he  
ra t io  of  t o t a l  o rganic  carbon t o  carbohydrate should be approximate ly .  
0.4 i f  both sets of d a t a  are i n t e r n a l l y  c o n s i s t e n t .  The analyzed TOC 
va lues  and t h e  r a t i o s  TOC/carbohydrate, summarized i n  Table 1 4 ,  are 
approximately the  a n t i c i p a t e d  value of 0 . 4 .  

The v a l i d i t y  of the  carbohydrate and TOC d a t a  is f u r t h e r  confirmed 
by t h e  c h a r a c t e r i z a t i o n  of t he  f r a c  l i n e  samples f o r  ammonium and 
n i t r a t e  ions by s e v e r a l  independent methods. A t o t a l  of 1,150 l b  of 
ammonium n i t r a t e  w a s  added i n t o  8,040 bb l  of  t h e  f r a c  f l u i d .  The 
average  concent ra t ion  of ammonium and n i t r a t e  ions  in t h e  s t imu la t ion  
f l u i d  should have been 92 ppm and 317 ppm, r e spec t ive ly .  These values  
are i n  agreement with the  average analyzed values  of 85 ppm and 300 ppm 
f o r  t h e  ammonium and n i t r a t e  ions  (Table  1 4 ) .  Based upon t h i s  
i n t e r p r e t a t i o n  of  t he  chemical d a t a ,  i t  is concluded t h a t  4,844 l b  of 
HP Guar were i n j e c t e d .  This  is  s u b s t a n t i a l l y  less than t h e  9 ,450  l b  
which were t o  have been in j ec t ed .  

I n  t h e  course of normal q u a l i t y  c o n t r o l  procedures on l o c a t i o n ,  
t h e r e  w a s  a count of t h e  number of sacks of polymer added a t  the  
b lender ,  and a sample of f r a c  f l u i d  was taken by ME1 f o r  a v i s c o s i t y  
check. 
t h e  v i s c o s i t y  of MEI's sample was as h igh  o r  h igher  than t h e  design 
v i s c o s i t y .  

The sack  count confirmed t h a t  9 ,450  l b  of p o l 4 e r  were used and 

I 
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a d d i t i o n ,  a l l  samples c o l l e c t e d  were a l s o  analyzed f o r  ammonium and 
n i t r a t e  ions.  Table 15 con ta ins  t h e  numerical d a t a .  The r e s u l t s  f o r  
t h e  TOC and carbohydrate  ana lyses  are shown g r a p h i c a l l y  i n  Figure 29 .  
Ammonium and n i t r a t e  d a t a  are shown i n  Figure 30.  

Although t h e  polymer remained i n  t h e  formation f o r  f i v e  days p r i o r  
t o  t h e  f i r s t  flow, l i t t l e  degrada t ion  w a s  observed i n  samples c o l l e c t e d  
dur ing  t h i s  f low tes t .  
i n i t i a l  s t i m u l a t i o n  f l u i d  w a s  0.39  (Table 1 4 )  whereas t h e  average r a t i o  
inc reased  on ly  s l i g h t l y  t o  0 .43  i n  samples c o l l e c t e d  during t h e  f i r s t  
flow. The s i g n i f i c a n c e  of t h i s  r a t i o  as i t  relates t o  polymer degrada- 
t i o n  has been d iscussed .  One would expect t h i s  r a t i o  t o  inc rease  as 
t h e  s t i m u l a t i o n  f l u i d  thermal ly  e q u i l i b r a t e d  with t h e  temperature of 
t h e  formation. S i g n i f i c a n t l y ,  t h i s  w a s  not t h e  case i n  RRGP-5. The 
r a t i o  increased  only  s l i g h t l y  t o  0.49  i n  samples c o l l e c t e d  fou r  days 
l a te r  during t h e  second f low period. There was no apprec iab le  change 
i n  t h e  ratio dur ing  t h e  t h i r d  and f o u r t h  f low pe r iods  ( i . e . ,  0 .50  and 
0 . 4 7 ,  r e s p e c t i v e l y ) .  
c o n s t a n t ,  even a month a f t e r  t h e  i n j e c t i o n ,  s t r o n g l y  i n d i c a t e s  t h a t  t h e  
s t i m u l a t i o n  f l u i d  has  en tered  a cool  po r t ion  of t h e  r e s e r v o i r  where i t  
has  not experienced t h e  h igh  temperature environment of t h e  producing 
i n t e r v a l .  This is  f u r t h e r  confirmed when t h e  chemical tracer d a t a  are 
used t o  monitor t h e  r e l a t i v e  amounts of formation water and f r a c  f l u i d  
i n  t h e  produced f l u i d s .  

The average r a t i o  of TOC/carbohydrate i n  t h e  

The f a c t  t h a t  t h i s  r a t i o  remains r e l a t i v e l y  

F rac  Polymer and Chemical Tracer Material Balance 

The f r a c  polymer and i t s  degrada t ion  products  are produced i n  t h e  
same r a t i o  wi th  r e s p e c t  t o  t h e  chemical tracer as they  en te red  t h e  
formation.  
was no evidence of t h e  following: 

Everything o r i g i n a l l y  d isso lved  was produced back and t h e r e  

1 )  
2 )  

I r r e v e r s i b l e  r e t e n t i o n  of t h e  polymer i n  t h e  formation, o r  
Degradation of t h e  polymer t o  i n s o l u b l e  products  r e t a i n e d  
i n  t h e  formation. 

Evidence f o r  t h i s  conclusion i s  based on comparisons of ammonium 
i o n ,  n i t r a t e  i o n ,  and TOC conten t  of t h e  f l u i d s  produced during each of 
t h e  f o u r  f low per iods .  These are shown i n  Table 18 where t h e  in t e -  
g r a t e d  t o t a l  r e t u n  f o r  each c o n s t i t u e n t  i s  shown as a percent  of t h e  
amount o r i g i n a l l y  i n j e c t e d .  
s t r a i g h t  a r i t h m e t i c  average of t h e  ammonium and n i t r a t e  d a t a  ( 4 5 . 1 % ) .  
The d i f f e r e n c e  between t h e  t o t a l  percent  TOC r e t u r n  ( 4 6 . 1 % )  and 
carbohydrate  r e t u r n  ( 3 9 . 6 % )  is  a measure o f3  t h e  amount of polymer t h a t  
was converted v i a  degrada t ion  t o  water so lub le  organic  products.  

The value f o r  t h e  average tracer is a 

S u b s t a n t i a l  amounts ( 5 4 % )  of t h e  material i n i t i a l l y  i n j e c t e d  a r e  
r e t a i n e d  i n  t h e  formation a f t e r  t h e  f o u r t h  flow per iod;  As previous ly  
d i scussed ,  t h e  chemical evidence is  c o n s i s t e n t  with 4,844 l b  of HP Guar 
being i n j e c t e d .  Of t h i s  amount, 1 ,918  l b  o r  40% are produced back wi th  
l i t t l e  degrada t ion .  An a d d i t i o n a l  315 l b  (6% of t h a t  i n j e c t e d )  a r e  
converted t o  water s o l u b l e  materials t h a t  are a l s o  produced i n  t h e  
r e t u r n  f l u i d s .  This leaves  a t o t a l  of 2,919 l b  o r  54% t h a t  remains i n  
t h e  r e s e r v o i r  a t  t h e  end of t he  f o u r t h  flow t e s t .  Thus, a t o t a l  of 
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2,233 l b  of  HP Guar can be accounted f o r  i n  t h e  r e t u r n  f l u i d s  as e i t h e r  
undegraded o r  degraded polymer. This  is 46% of the  f r a c  f l u i d  
o r i g i n a l l y  i n j e c t e d  (Table 19 and Figure 29). 

The conclusions regarding ammonium n i t r a t e  re turn ,  c l o s e l y  p a r a l l e l  
those  of  t he  organic  material r e t u r n .  About 1,150 l b  'of tracer were 
i n j e c t e d  and 510 l b  o r  45% were accounted f o r  i n  t h e  produced f l u i d s  
c o l l e c t e d  and analyzed during t h e  fou r  flow per iods  (Table 18 and 
Figure 30). 

Formation Water Content of Produced F lu ids  

The a n a l y t i c a l  d a t a  on t he  chemical tracer have been used t o  
monitor t h e  loss of f r a c  polymer t o  the  formation. It was concluded 
t h a t  none had occurred,  a l though the  r e s u l t s  were not q u a n t i t a t i v e .  
Addi t iona l  evidence f o r  t h i s  was obtained by using the  chemical tracer 
t o  monitor t he  r e l a t i v e  amounts of formation water and s t imu la t ion  
f l u i d  i n  t h e  produced f l u i d .  

F igure  31 is  a p l o t  of t he  f r a c t i o n  of formation water i n  t h e  
produced f l u i d  as a func t ion  of cumulative production.,  I d e a l l y ,  t h i s  
f r a c t i o n  would remain l o w  u n t i l  t he  i n j e c t e d  volume (7,600 bbl  i n  t h i s  
case) had been produced back along with the  polymer o r  i ts  degradat ion 
products .  I n s t e a d ,  as e a r l y  as the  beginning o f  t he  second f low 
pe r iod ,  s u b s t a n t i a l  amounts of formation water appear in t h e  produced 
f l u i d s .  A t  t h i s  po in t  i n  t h e  product ion,  on ly  25% of t h e  f r a c  f l u i d  
had been produced back (Table 18 and Figure 29). The f r a c t i o n  of 
formation f l u i d  continued t o  inc rease  u n t i l  a t  t h e  endjof t he  f o u r t h  
f low period when t h e  produced f l u i d  contained approximately 95% 
formation water (Figure 31). A t  t h i s  t i m e ,  on ly  45% of the  o r i g i n a l  
s t i m u l a t i o n  f l u i d  had been produced. 

Conclusions - Chemical Aspects of the  RRGP-5 St imula t ion  

Severa l  a n a l y t i c a l  methods have been developed and appl ied  t o  t h e  
c h a r a c t e r i z a t i o n  of  t he  f l u i d s  produced from post-s t imulat ion flow a t  
RRGP-5. These inc luded ,  as f o r  RRGP-4, ana lyses  f o r  TOC and carbo- 
hydra te .  
co- injected and analyzed f o r  during the  f low tests. Based upon the 
chemical work done, i t  can be est imated t h a t  approximately 50% less 
polymer [ i.e , HP Guar] w a s  i n j e c t e d  i n t o  RRGP-5 than  o r i g i n a l l y  
thought.  P a r t  of t h i s  polymer may have been r e t a ined  i n  t h e  su r face  
equipment. A major po r t ion  of t h e  f r a c  f l u i d  en tered  a cold  zone of 
l i m i t e d  p roduc t iv i ty .  This  conclusion is based on t-1: f a c t s :  (1) 
t h e r e  i s  l i t t l e  thermal degradat ion of t he  polymer a f t e r  a one-month 
per iod i n  t h e  r e s e r v o i r ;  and (2) less than 50% of e i t h e r  t he  polymer o r  
tracer i s  produced back even a f t e r  a cumulative volumeilof 2.5 times the  
i n j e c t e d  volume had been produced from t h e  w e l l .  
duc t ion  tests,  s i g n i f i c a n t  volumes of  formation water were obtained.  

I n  a d d i t i o n ,  a chemical t r a c e r ,  ammonium n i t r a t e ,  was 

During these  pro- 

1 
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CONCLUSIONS 

Well RRGP-4 was success fu l ly  s t imula ted  using t h e  d e n d r i t i c  
f r a c t u r e  t reatment  method. The P I  was increased from e s s e n t i a l l y  zero  
t o  0.6 gpm/psi, and the  produced f l u i d  temperature increased  
approximately 15°F. 

Well RRGP-5 was success fu l ly  s t imula ted  using a convent ional  l a r g e  
hydrau l i c  f r a c t u r e  t reatment  technique; however, the  a r t i f i c i a l l y  
c rea t ed  f r a c t u r e  probably re-opened e x i s t i n g  n a t u r a l  f r a c t u r e s  near  t h e  
wel lbore and/or i n t e r s e c t e d  l e g  A. 
l imi t ed  t h e  l a te ra l  propagation of t h e  f r a c t u r e  and may exp la in  the  low 
f l u i d  temperature.  
achieved. 

The l a t t e r  condi t ion  would have 

No s i g n i f i c a n t  i nc rease  in produc t iv i ty  w a s  
The post-s t imulat ion P I  was 2.0 gpm/psi. 

Borehole te lev iewer  surveys i n d i c a t e  t h a t  t h e  a r t i f i c i a l l y  c rea t ed  
The 190-foot f r a c t u r e s  i n  t h e  wells p a r a l l e l e d  t h e  nearby f a u l t  l i n e s .  

v e r t i c a l  f r a c t u r e  in RRGP-4 was o r i en ted  i n  an east-west d i r e c t i o n  
which p a r a l l e l s  t h e  Narrows F a u l t ,  and the  140-foot v e r t i c a l  f r a c t u r e  
in RRGP-5 was o r i en ted  i n  a northeast-southwest d i r e c t i o n  which i s  
p a r a l l e l  t o  t h e  Bridge Fau l t .  I 

The r e s u l t s  suggest  t h a t  t h e  n a t u r a l l y  f r a c t u r e d  rock formation, 
a t  some d i s t a n c e  from a f a u l t ,  may not be s u f f i c i e n t l y  permeable t o  
support  a h igh  p r o d u c t i v i t y  w e l l .  
d r i l l e d  t o  i n t e r s e c t  t he  f a u l t  zones. 

Future  wells should probably be 

Mechanically,  t he  s t imu la t ion  zones were s u c c e s s f u l l y  i s o l a t e d  by 
cementing blank l i n e r s  i n t o  t h e  open-hole s e c t i o n s .  

With the  except ion of low material r e t u r n  i n  both f i e l d  experi-  
ments, t he re  are no s t r i k i n g  similarities between the  chemical behavior 
of t he  post-s t imulat ion f l u i d s  produced a t  RRGP-4 and RRGP-5. The f r a c  
f l u i d  i n j e c t e d  a t  RRGP-4 en tered  a much h o t t e r  zone than t h a t  a t  
RRGP-5. While t h e  temperature a t  t h e  t o p  of t h e  producing i n t e r v a l  a t  
RRGP-4 i s  s l i g h t l y  warmer than t h a t  a t  RRGP-5 (i.e., 270°F v s  264"F, 
r e s p e c t i v e l y ) ,  t h i s  temperature d i f f e rence  is not  l a r g e  enough t o  
account f o r  t h e  ex tens ive  d i f f e r e n c e s  in polymer degradat ion t h a t  were 
observed. With f u r t h e r  work under con t ro l l ed  l abora to ry  cond i t ions ,  
t h e  ex ten t  of polymer degradat ion ( a s  i nd ica t ed  by the  measured r a t i o  
of TOC/carbohydrate) may become u s e f u l  in f u t u r e  f i e l d  experiments as a 
temperature i n d i c a t o r  of f r a c t u r e  environment. 

The Raft  River experiments provided the  f i r s t  f i e l d  experience f o r  

The unique environment of geothermal wells causes  problems 
t h e  GRWSP group and se rv ice  companies i n  geothermal w e l l  f r a c t u r i n g  
t rea tments .  
no t  present  in normal petroleum i n d u s t r y  f i e l d  work. 
w i l l  be va luable  in later h igh  temperature r e s e r v o i r  experiments.  

This  experience 
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TABLF 1, 

RAFT RIVER WELL DATA 

RRGE-1 RRGE-2 WELL NAME 

4989' 6543 ' Total Depth 

Prod. Interval Open Hole Open Hole 
3623'-4989' 4227 '-6543 ' 
20" 0-901 ' 
13 318'' 0-3623' 

20" 0-904 ' 
13 318'' 0-4227' 

Casing Configuration 

296' F 294' F Max. Temperature 

Pressure, psig 

Tests 

150 wellhead 150 wellhead 

Flow, P, T, 
Logs, Cores 

800 gpm 

1560 ppm 
(Cl-Na-SI031 

540 8pm F l o w  Rate 

1267 ppm 
(Cl-Na-SI031 

Water TDS 
((Principle Consultants) 

820'-4595' Salt Lake FM. 

Metamorphosed Zone 

Elba Quartz 
4928'-TD Quartz 
Monzonite 

4595'-4708' 

4708'-4928' 

1050'-4664' Salt 
Lake 4664'-4752' 
Metamorphosed Zone 

Elba Quartz 
4988 '-TD Quartz 
Mon z on i t e 

4752 '-4988 ' 

Geological Data 

.30 .17 Average Porosoity 

49 D - ft. 
k=25 md 

A-irg . Permeability 
-thickness 

>lo0 D - ft. 
k=25 - 165 md 

@=. 155 
k=.04 md @ 4227' 
k=.0022 md @ 
4372 ' (Shale) 

@= .162 
k=5 md @ 4506' 
Tuffaceous Siltstone 

Core Data 
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WELL NAME 

Tota Depth 

Prod. I n t e r v a l  

Casing Conf igura t ion  

Max. Temperature 

P res su re ,  p s i g  

Tests 

Flow Rate 

Water TDS 
( P r i n c i p l e  Consul tan ts )  

Geological .  Data 

Avg. P o r o s i t y  

Avg. Pe rmeab i l i t y  
- th i ckness  

Core Data 

P e c u l i a r  i t  ies 

'TABLE 1 (cont inued)  

I 
RRGE -3 
1 

5900 Approx. 

Open ;Hole 
( 3  l e g s )  

20" Io-120 ' 
13 348 " 0-1386' 
9 5/8" 1188'-4241' 
3 l e g s  a l l  open h o l e  
t o  5900' approx. 

298' IF 

112 6 wellhead 

Logs,, P ,  T, Flow 

1 
1 
I 

I 
540 ga l lmin  

4130 ppm 
1 

(Cl-Na) 

S l i g h t  v a r i a t i o n s  on 
l e g s  2 & 3 
1270'-5300' 
Metamorphosed Zone 
5300'y5780' 
Elba Quar t z i t e ,  
5780'-5842 ' 
Quar t z  Monzonite 

6.7 D- f t .  

$=. 228 
kt .04 md @ 3366' Tuff 
k= - '100 md @ 3365' Tuf f [  

I, 

I li 

11 j 

Three l e g s  open t o  
product i on  

11 

1 

3; 

RRGP-4 - .  

5099 ' 

Open Hole 
3526'-5115' ( l e g  B) 

20'' 0-400 ' 
13 318" 0-1901 ' 
9 518'' 1512'-3526' 

240' F 
@ 2900' approx. 

120 @ wellhead 

Cores, Logs, 
P ,  T ,  Flow 

Non-comerc i a l  

< 2,000 ppm 
( C1-Na ) 

4600'-5099' 
Quar t z  , S c h i s t  , 
Elba Q u a r t z i t e ,  
Quar t z  Monzonite, 
w/Frac tures  

26 D - f t .  

(RRGI-4) 
@ 2840 f t .  

t 
@=.245 
k=60 md @ 1900' 

(water  ) 

Leg A f i l l e d  wi th  
c u t t i n g s  o r  
br idged.  



WELL NAME 

T o t a l  Depth 

Prod. I n t e r v a l  

Casing Conf igura t ion  

Max. Temperature 

P res su re ,  p s i g  

Tests 

Flow Rate 

Water TDS 
( P r i n c i p l e  Consul tan ts )  

Geologica l  Data 

Avg. P o r o s i t y  

Avg . Permeab i l i t y  

P e c u l i a r i t i e s  

TABLE 1 (cont inued)  

RRGP-SB 

4925' 

Open Hole 
3408'-4925' 

20" 0-1500' 
13-3/8" 0-1510' 
9-5/8" 1284 - 3408' 
f i rs t  l e g  cemented 
second l e g  open ho le  
to 4925' 

274' F 

Logs,Cores, 
P ,  T ,  Flow 

(1095 gpm l e g  A) 
700 gpm l e g  B 
(damaged) 

1618 ppm 
(cl-S1o3) 

S i l t s t o n e ,  Q u a r t z i t e  
S c h i s t ,  Elba Q u a r t z i t e ,  
Quar t z  Monozoni t e 

.17-. 30 

25-165 md 

Leg A cemented, l e g  B 
nea r  wel lbore  may b e  
cemented i n  f r a c t u r e s  

RRGI-6 

3858 ' 
I n j e c t i o n  Well 
Open Hole 
1698 ' 
20" 0-120' 
13-3/8" 0-1698' 

209' F I 

Cores, l o g s ,  
P,  T ,  Flow 

1500 gpm 
i n  j ec t ion  

6286 ppm 
(Cl-Na) 

Skin damage 
suspec ted  
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WELL NAME 

Total Depth 

Prod. Interval 

Casing Configuration 

Max. Temperature 

Pressure, psig 

Tests 

Flow Rate 

Water TDS 
(Principle Consultants) 

Geological Data 

Avg. Porosity 

Avg. Permeability 

Core Data 

TABLE 1 (continued) 

RRGI-7 

3888 ' 
In j ec t ion Well 
Open Hole 
2044'-3888' 

20" 0-150' 
. 13 3/8" 0-2044' 

65 @ wellhead 

Logs, Core' 
P, T, Flow 

840 gpm injection 

< 2,000 ppm 
(Cl-Na-Ca) 

Fractured Metamorphics 
above Elba Quartzite 

.17-.30 

25-165 md 

- 



I 

CL) c 

Ca 

K 

Li 

Mg 

Na 

si 

Sr 

c1 

F 

HCO3 

NO3 

S= 

SO=,, 

PH 

Conductivity 
( umho s / cm) 

TDS 

TABLE 2 

Available Chemical Analyses of Raft River Geothermal Water 
( i n  mg/l unless otherwise noted) 

RRGE- 1 

53.5 

31.3 

1.5 

2.4 

44 5 

57 

1.6 

776 

6.3 

64 

(0.2 

-- 

60 

8.4 

3370 

1560 

RRGE-2 

35.3 

33.4 

1.2 

0.6 

416 

61 

1.0 

7 oa 

8.3 

41 

(0.2 

0.3 

54 

7.6 

2740 

1270 

RRGE-3 

193 

97.2 

3.1 

0.6 

1185 

74 

6.7 

2170 

4.6 

44 

. qo.2 

-- 
53 

7.3 

9530 

4130 

RRGP -4 

150 

28 

3.1 

0 . 2  

1525 

51 

6.5 

2575 

4.5 

24 

. -- 

-- 

61 

7.4 

7280 

4470 

2150 

-- 

RRGI-7 

315 

-- 

-- 

1.6 

2,100 

39 

-- 
4,085 

5.0 

26 
-- 
-- 

64 

-- 

12,000 

-- 

a 



TABLE 3 

Pumping Schedule for One Stage 
of Frac, RRGP-4 

Event Fluid Volume (bbl) Sand 
NO Incr . CUm. lb/gal Size 

1 200 200 

8 

9 

, 10 

.; 1 1 

12 

13 

1 4  

15 

25 

200 

25 

200 

25 

200 

25 

200 

25 

200 

25 

200 

25 

200 

0 

225 

425 

450 

650 

67 5 

875 

900 

1,100 

1,125 

1 , 325 

1 ,350 

1 , 550 

1,575 

1,775 

16 I Shut down and flow back 

17 

18 

200 1,975 

Shut down and flow back; 
ready for next stage. 

80/100 

80/100 

80/100 

20 /40  

20 / 4  0 

20 /40  

20 /40  

1 

I 
I 
I 

I 

I 
I 
I 

~ 

35 

Fluid 

10 l b  H.P. G(lar 
+ 2 l b  XC polymer 
per 1,000 gal  

. 
* 

.. 
I. 

1. 

11 

I. 

I. 

" 

. 



TABLE 4 

RRGP-5 Fracture Treatment 
Pumping Schedule 

T i m e  Fluid  Volume (bbl )  Sand 
( m i d  Incr Cum. l b l g a l  S i z e  Comments 

0-10 500 500 Pad 
S t a b i l i z e  rate and 
measure ISIP during 
pad 

2,000 2,500 10-50 

50-80 

80-140 

140-14 5 

1 100 

1 20 I 4  0 

2 20 /40  

1,500 4,000 

3,000 7 ,000 

250 7 ,250 4 20 /40  
Supersand Slow rate i f  p o s s i b l e  

a t  t h e  end. Displace  
Supersand to below 
l i n e r  and s top .  
Measure ISIP. 
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TABLE 5 

RAFT RIVER RRGP-4 TES,T SUMMARY 

TEST 1 - AUGUST 25-26, 1979 
Flow Rate = 60 gpm 

Production Time = 20 hrs 

Maximum Bottom-hole Temperature ,= 251°F 

BUILDUP DATA") 

i . ,  
.. 

Fracture,Type 

Lf = 400 ft 
KH = 728 md-ft 

Curve Analysis 

B. Horner Plot Analysis 

KH = 610 md-ft (Early Time) 

1 
I, 

11 

ji I! 

(1) No Late Time Data, T > 15.4 hrs 
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TABLE 6 

RAFT RIVER RRGP-4 TEST SUMMARY 

TEST 2 - SEPTEMBER 6-14, 1979 
Flow Rate = 60 gpm 

Production Time = 150 hrs 

Maximum Bottom-hole Temperature = 274OF 

BUILDUP DATA 

A. Fracture Type Curve Analysis 

Lf = 335 ft 

KH = 800 md-ft 

B. Horner Plot Analysis 

KH = 1,070 md-ft (Early Time) 
KH = 85,000 md-ft (Late Time) (1) 

S = -6.0 

(1) Constant Pressure Boundary Effect 
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TABLE 7 

RAFT RIVER RRGP-5 TEST SUMMARY 

TEST 1 - NOVEMBER 2 5 - 2 6 ,  1 9 7 9  

Flow Rate = 2 0 0  gpm 

Production Time = 6 hrs 

Maximum Bottom-hole Temperature = 264OF 

BUILDUP DATA 

A. Horner Plot Analysis 
(1 KH > 100,000 md-ft (Late Time) 

TEST 2 - EG&G: USING DOWNHOLE REDA PUMP (MARCH 1980) 

Flow Rate = 6 5 0  gpm 

Production Time = 61.3 hrs 

Productivity Index = 2 . 0 5  gpm/psi 

Maximum Temperature = 257OF (Wellhead) 

(1) Constant pressure boundary effect 

39 



TABLE 8 

RAFT RIVER RRGP-4 WELL DATA SUMMARY 

PRE-STIMULATION WELL CONDITION: 

Open-hole Interval 3526'-5115' 

Maximum Bottom-hole Temperature = 254OF (Geophysical Log) 

Flow Rate = Well Would Not Sustain Flow 

Natural Fractures in Wellbore 

POST-STIMULATION WELL CONDITION: 

Open-hole Interval 4705'-490,O' 

Vertical Fracture in Wellbore (190+ ft height) 

Flow Rate = 60 gpm (artesian) 

Maximum Bottom-hole Temperature = 270°F (at 3,200') 

Fracture Effects Show Lf = 335' 

Near Wellbore Effective KH = 800-1,QOO md-ft 

Constant Pressure Boundary 
with High Effective KH lQ0,OOO md-ft 

Communicates with natural fractures or matrix 
permeability in area. Did not communicate 
effectively with major source of reservoir 
fluids. 
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TABLE 9 
I 
I I 

RAFT R I W R  RRGP-5 WELL DATA SUMMARY 

PRE-STIMULATION WELL CONDITION: 

Open-hole Interval 3408'-4925' 1 ,  

I Max,imum Bottom-hole Temperature- = 27'4 OF 

Flow Rate = 14O.gpm (artesian) 

Near Wellbore Cement Damage 

Natural Fractures in Wellbore 

POST-STIMULATION WELL CONDITION: , 

Open-hole Interval 4587'-4803' 

Maximum Bottom-hole Temperature = 264OF @ 4,600' 

Flow Rate = '200 gpm' (artesian) I 

Near Wellbore Effective KH > 100~,0008md-ft 
with Limited Entry 

Constant Pressure Boundary with 

Vertical Fracture in Wellbore (140+ ,ft height) 

Communicates with natural fractures or matrix 
permeability in area. Did not coxyunicate 
effectively with major source of reservoir 
fluids 

Appears to have limited pressure com!nunication 
with RRGE-1 

High Effective KH > 100,000 md-ft 
I 

. 

I 
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8/20/19 
8/20/19 
8/29/79 
8/20/19 

8/20/19 
8/20/19 
8/20/)9 
8/20/19 
V20/19 
8/20/79 
8/2l/19 
8/2l/19 

w o / i 9  

v 2 v 7 9  

8/21/19 
8/21/79 
8/21/79 
8/21/19 
8/21/19 
8/21/19 
8/21/19 
8/21/19 

8/21/19 
8/26/19 
8/26/19 
8/26/79 
8/26/19 
8/26/79 
8/26/79 
U26/19 
8/26/79 

8/26/79 
8/26/79 

8/21/79 

9/2/19 
9/6/19 
9/6/19 
9/6/79 
9/6/79 

9/6/79 
9/6/79 
9/6/19 
9/6/19 
9/6/79 
9/6/79 
9/6/19 
9/6/79 
9/6/79 
9/6/79 
9/7/19 
9/7/19 
9/1/19 
9/8/79 
9/8/19 
9/8/19 
9/9/79 
9/9/79 
9/9/19 
9/9/79 
9/10/19 
9 /10 /19  
9/10/19 
9/11/19 
9/10/19 
9/11/79 
9/12/79 
9/12/79 

ZflQ 

1440 
1100 
1600 
1118 
1911 
-924 
2010 
2021 
2104 

2110 
0010 
0111 
0210 

a220 

initl.1 
1420 

1920 
1126 
1800 
2020 
2120 
2220 
2120 
0120 
0220 
0320 
0420 
0120 
0120 
0620 
0820 
0920 
10 26 

1120 

1800 
0811 
0914 
1012 
1200 
1110 
1100 
1600 
1100 
1900 
2000 
2100 
2200 

2400 
0600 
1200 
1800 
0600 
1800 
2400 
0600 
1800 
2400 
2400 
0600 
0600 
1811 
1900 
2400 
2400 

2100 

- 
1300 

a. R*S 

‘m 

f’O 
110 
620 
140 
460 
420 
100 
480 
490 
440 
410 
180 
480 
480 

980 
4000 
4000 
1100 
2900 
2410 
a800 
2800 
2110 
2100 
2600 
2100 
1400 
2100 
2200 
2700 
2100 
2600 
2600 
2600 

1110 
1110 
2000 
2100 

810 
1210 
1110 
1100 
1110 
1010 
1140 

840 
1140 
1100 
1040 
1100 
1110 
1110 
1100 
1410 

1300 
713 

1200 
1200 
1111 
1010 

910 
910 
880 
930 
906 
860 

1250 

u1ts .rp1 

TABLE 10 
CQIPOSITION Of RIGS-4 PR0N)DYCLD IWIW 

WRING ?MI TESTS * 

11 
56 
88 
56 
48 
48 
48 
so 
14 
12 
13 

14 
16 

sa 

64 
92 
96 

89 
9 1  
78.6 
94.1 
91.1 
91.1 
92.2 
92.4 
93.4 
92  
96 
94 
89 
91 

86 

?2 

90 

61 
14 
9 1  
81 
17 
69 
12 
11 
60 
68 

71 
14 
11 
63 
11 
19 
1 8  
11 
11 
1 3  
48 
72  
11 
71 
67 
66 
66 
61 
64 
64 
6 1  
40.1 

S? 

remaad sa mq/l 

w.cxu~( l ~~ncsrw cnwnm SULFATE 

firat flow Tast (Auquat 20-21, 1979) 

81 3.19 911 63 
10 4.11 1200 111 

120 1.12 1260 114 
66 1.98 1080 82 
11 2.39 821 12 
48 2.36 802 59 
18 2.15 811 4 1  
11 2.41 174 41 
61 2.11 821 64 
46 1.99 812 44 
16 1.81 882 51 
88 1.11 811 69 
7 1  1.61 811 11 
12 1.64 812 10 

flow Test (Auqumt 21-26, 1919) 

101 1.08 1110 79 
110 1.11 4170 11 
131 0.18 4160 16 
128 1.08 1910 71 
121 1.28 3410 11 
121 1.36 3110 80 
116 0.91 4290 10 
119 1.01 4290 6 1  
140 1.01 4810 82 
140 0.91 4310 14 
134 0.92 4100 82 
144 0.91 4200 88 
124 0.91 4660 68 

115 0.91 4380 48 
111 0.91 4110 68 

.142 0.90 4600 11 
114 1:04 4130 67 
111 0.91 4500 59 
1 4 1  0.94 SO90 52 
156 0.89 4730 65 

F i r d  flow Teat (S).ptmLyr 2-12, 19191 

89 0 .72  1500 58 
100 4.94 2210 11 
121 0.61 1420 69 
108 0.14 3420 so 
101 0.11 1460 64 
102 0 .84  19&0 61 
101 0.84 2010 4 1  
94 0.81 2010 62  
84 0 .61  1100 44 
89 0.11 18SO 62 
66 0.18 1110 4 1  
88 0 .69  2000 62 
97 0.12 2080 64 
90 0.12 1910 64 
82 0.61 1820 10 

104 0.68 2310 83 
122 0.61 2560 11 
114 0.89 as30 76 
116 0.11 2280 77 
103 0.13 2440 61  
107 0.28 1310 59 
60 0.19 z o a  59 
91 0.19 2010 60 
91 0.48 a i i o  s9  
92 0.19 1710 60 
82 0 .40  1770 44 
71 0. I1 1100 30 

10 0.31 1700 63 
74 0.29 1570 59 
1 3  0.10 1480 62.1 
92.1 0511 1525 25.4 

101 0.18 2?40 59 

1 4  0.87 1100 48 

.b.TOC I Total Orpanic Carbon 
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E?cb 

351.4 
384.4 
407.4 
184.9 

319. I 
401.0 

31S.Q 
124.0 
267.0 
129.0 
211.6 
281.6 

- 
191.1 

111.0 
149.0 
141.0 
139.0 
146.0 
166.0 
201.7 
101.3 
102.1 
179.3 
168.8 
111.4 
187.0 

171.0 
109.3 
170.4 
162.1 

121.0 
118.6 

74.0 
87.0 

116.0 
111.0 
110.0 
94.0 
19.0 
81.0 
61.0 
13.0 
s1;o 
69.0 
11.0 
1 8 . 0  
68.0 
81.0 
66.0 
71.0 
11.1 
61.1 
81.2 
91.1 
66 .1  
62 .2  
61.2 
14.9 
10.4 
11.1 
so.1 
50.6 
45.6 
19.2 
41.1 

CARBOWYDMTC 

1260 
1100 
1180 
1100 
920 
934 
608 
491 

1040 
901 
172 
926 
788 
4 88 

176 
I14 
360 
I18 
IS0 
311 
281 

281 
212 
21 1 
21 I 
162 

281 

101 
298 
211 
281 
311 
259 

216 

81 
235 
261 

171 
139 
11 
71 
11 
1 2  
74 
11 
74 
12 
71 
11 
61  
17 
11 
41 
19 
50 
22 
32 
31  
42 
34 
21 
24 
18 
28 

12 
14 

1.4 

e4 

1 .21  
2.78 
1.50 
2.81 
6.22 
6.41 
6.60 
6.11 
6.58 
6.01 
6.20 
6.41 
6.46 
6.61 

6.90 
1.11 
1.06 
1.11 
6.91 
1.11 
1.11 
1.11 
7.15 
1 . 2 1  
7.12 
1.26 
7.23 
1.21 
1.21 
1 .oo 
7.10 
7.01 
6.88 
7 .01  

7.00 
1.01 
1.10 
7.21 
1.22 
1 . 3 8  
1.12 
1.24 
6 .88  

1.00 
7.12 
1 .28  
7.10 
6.92 
1.20 
7.26 
6.84 
6 .88  
6.63 
6.58 
6.24 
1 .28  
6 . 9 1  
6.98 
6.91 
6.83 
6.48 
6.84 
6.82 
6: 96 
1.11 
7 . 2  

1.28 



I TABLE 11 

AVERAGE COnlPOSITION OF R,PG?-4 

P I T  WATER (AUGUST 29 ,  1979) 

COMPONENT 

Sod ium 

P o t  a s  s i  um. 

L i t h i u m  

C a l c i u m  

Nagnesium 

B a r i u m  

S. t ron t i um 

Manganese 

B o r o n  

S i l i ca  

C a r b o n a t e  

B i c a r b o n a t z  

C h l o r i d e  

F l u o r i d e  

Bromide 

S u l f a t e  

mg/l 

502.00  

26 .00  

3 . 5 3  

66 .00  

1 . 9 8  

c 0 . 0 3  

1 . 3 0  

< 0 . 0 9 1  

0 . 3 6  

1 4 3 . 0 0  

3 1 . 4 0  

2 9 . 5 0  

7 7 1  . O O  

T o t a l  Organic C a r b o n  

C a r b o h y d r a t e  

PH 

E l e m e n t s  n o t  l i s ted  were below t h e  fo l lowing  
Ag 0.003,  A1 0 . 0 3 ,  As 0 .1 ,  A u  0 . 0 0 9 ,  B e  0 . 0 0 1  
Co 0 . 0 0 9 ,  C r  0 . 0 1 ,  Cu 0 . 0 0 2 ,  F e  0 . 0 0 3 ,  G a  0 . 0  
La  0 .003 ,  M o  0 . 0 8 ,  N i  0 . 0 4 ,  P b  0 . 0 5 ,  PO4 0 . 1 ,  
S n  0 .1 ,  T i  0 . 0 0 2 ,  V 0 . 0 0 3 ,  Zn 0 .007 ,  Z r  0 . 0 0 5  

4 3  

8 . 4 0  

0 .52  

6 5  - 0 0  

2 . 0 0  

1 . 1 0  

9 . 0 0  

e t e c t i o n  l i m i t s :  

, G e  0 . 0 8 ,  H g  0 . 0 3 ,  
Sb 0 . 0 4 ,  S e  0 . 1 ,  

C d  0 . 0 0 7 ,  C e  0 . 0 0 1 ,  



TABLE 12 

AVERAGE COYPOSITION O F  RRGP-4 
PRODUCED FLUIDS (SEPTEMBER 10-12, 1 9 7 9 )  

COMPONENT m g / l  

Sodium 913.00 

Potassium 63.00 

L i t h i u m  3.18 

C a l c i u m  73.00 

Magnesium 0.35 

B a r i u m  0.08 

s t r o n  t ium’ 1.94 

Y a n g a n e s e  0 .038  

B o r o n  0.25 

Si l ica  122.00 

C a r b o n a t e  0 .oo 
B i c a r b o n a t e  25.40 

C h l o r i d e  1 6 1 3  .OO 

Fluor ide  6.40 

B r o m i d e  0 .07  

S u l f a t e  4 8  . O O  

Total  O r g a n i c  C a r b o n  47.4 0 

C a r b o h y d r a t e  1 8 . 0 0  

PH 6.90 

E l e m e n t s  not l i s ted  were below t h e  following de tec t ion  l i m i t s :  
A g  0.003, A 1  0 .03 ,  AS 0 . 1 ,  Au 0.009, B e  0.001, C d  0.’007, C e  0 .001 ,  
C o  0.009, C r  0 .01 ,  C u  0.002, Fe 0.003,  Ga 0.07, Ge 0 . 0 8 ,  Hg 0.03, 
L a  0 .003,  !40 0 . 0 8 ,  N i  0 . 0 4 ,  Pb 0.05,  PO4 0 .1 ,  Sb 0 . 0 4 ,  Se 0 . 1 ,  
Sn 0.1,  T i  0 .002,  V 0.003, Zn 0.007, Z r  0.005 
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TABLE 13 

MATERIAL BALANCE FOR RRGP-4 
FRAC POLYNER STIMULATION 

POLYPlER 

Total  weight of polymer in j ec t ed :  i2044  l b s .  

Total  weight of polymer returned:  

F i r s t  flow: 899 l b s .  
Second flow: 1 8 4  l b s .  
Third flow: 123 l b s .  

Cumulative weight ( % I :  1206 lb s .  (59%) 

Tota l  weight of polymer 
converted t o  so lub le  
products  ( % )  : 613 l b s .  (30%) 

Therefore,  t o t a l  weight polymer 
not  accounted f o r  ( %  1 : 225 lb s .  (11%) 

1 

ORGANIC CARBON r 

Total  weight organic  carbon in j ec t ed :  818 lb s .  

Total  weight o rgan ic  carbon re turned:  
1, 

F i r s t  flow: 368 lbs. 11 
I Second flow: 106 l b s .  

Third flow: 254 l b s .  

Cumulative weight  ( 8 ) :  728 l b s .  (89%) 
I 

1/ 1: 
1 

.' 
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TABLE 1 4  

F M C  F L U I D  SAYPLES FRO?I RRGP-5 
DURING I N J E C T I O N  (XOVEIIIBER 12, 1979) 

 COMPONENT^ 
T I M E  pH AMMONIUM N I T R A T E  TOCb CARBOHYDRATE TOC/CARBOHYDRZ. 

i n i t i a l  6.4 66.0 236 697 1700 
make-up 

.41 

11: 40 6.4 101.0 347 740 1940 .33 

12 : 00 6.5 102.0 346 778 2040 .38 

12 : 32 6.5 102.0 349 758 1970 

13 : 02 6.6 80.5 278 641 1560 

13:2/ 6.6 82.1 299 

14:Ol 6.8 77.4 290 

14 : 22 6.4 69.8 252 ' 

625 1560 

626 1590 

632 1610 

AVER4GE COMPOSITIOX OF FRAC F L U I D :  

A m m o n i u m  : 85.1 mg/l 

N i t r a t e  : 300 m g / l  

TOC : 695 mg/l 

C a r b o h y d r a t e :  1721 m g / l  

A v e r a g e  % C :  39% 

a. R e s u l t s  expressed as m g / l .  

b. TOC = Tota l  O r g a n i c  C a r b o n  
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.41 
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TABLE 15 
CO??PGSITION OF RRGP-5 PRODUCED 

I 

a.  
FLUIDS i X R I ? J G  FLOW TESTS 

- DATE - T I?4E ~ L Y O X I U ~ I  NITRATE TOCb 

F i r s t  Flow T e s t  (November 17, 1979) -- 
11/17/79 12 : 15 33.6 135 315 
11/17/79 13: 15 27.5 106 '248 
11/17/79 14: 15 36.3 117 '270 
11/17/79 15 : 15 37.4 118 272 
11/17/79 16 : 15 38.7 114 257 
11/17/79 17:15 ' 

11/17/79 13:15 
32.2 111 247 
31.9 l l l f i  3 7 5  

11/17/79 19: 15 30.5 101 225 
11/17/79 20:15 28.0 93 205 
11/17/79 21: 15 28.3 93 200 

Second Flow T e s t  (November 20-21, 1979) 

11/20/79 10: 30 9.1 42.5 94. 
11/21/79 6: 45 0.9 6.1 9.4 
11/21/79 9:05 7.6 40.1 , 67 
11/21/79 10 : 00 14.9 52.3 10 5 
11/21/79 10 :05 15.6 54.6 10 5 
11/21/79 11:05 11.3 40.7 81 
11/21/79 12:05 12.3 b6.3 78 
11/21/79 13 : 05 17.0 57.7 10 5 
11/21/79 14 :05 13.3 50.5 95 

11/25/79 
11/25/79 
11/25/79 

11/25/79 
11/25/79 
11/25/79 
11/25/79 
11/27/79 
11/27/79 
11/27/79 
11/27/79 

. . ,e- ,-a 
A&/ La/ I Y  

Third  Flow T e s t  (Bovember 25-27, 1979) 

15: 00 
19:00 
19:30 
2 6 ; O O  
21:oo 
22:OO 
23:OO 
24:OO 
9:30 

13:40 
14:30 
15:OO 

7.1 
7.6 
7.7 
2.3 

10.5 
11.7 
8.0 
8.0 
4.5 
4.4 
6.6 . 
4.1 

a. R e s u l t s  expressed  as mg/l. 

b. TOC = Total  Organic Carbon. 
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27.4 
26.4 
25.5 
13.2 
30.3 
29.0 
30.0 
29.3 
16.7 
14.8 
13.0 
14.0 

50 
41 
40 
45 
57 

I 55 
62 
62 

' 37 
25 

I24 
23 

I 

I 

C A RB 0 H Y D .%IT E 

664 
587 
593 
606 
590 
560 
54Q 
579 
492 
458 

246 
46 

214 
327 
313 
252 
269 
302 
275 

141 
128 
12 4 

e i  
145 
137 
143 
144 
84 
71) 
68 ' 
73 



TABLE 15 (continued) 

COMPOSITION OF RRGP-5 PRODUCED 

FLUIDS DURING FLOW TESTS~* 

TIME AIIYONIUEII NITRATE TOCb' - CARBOHYDRATE -- 7 
DATE - 

12/17/79 
12/17/79 
12/17/79 
12/17/79 
12/17/79 

12/17/79 
12/17/79 
12/17/79 
12/18/79 
12/18/79 

0 

ii/i8/79 
12/18/79 
12/18/79 
12/18/70 
12/18/79 

16:45 
18:OO 
19:oo 
20:oo 
21:oo 

Fourth Flow Test (December 17-19', 1979) 

22:oo " 

23:OO 
24:OO 
01:15 
02:oo 

03:OO 
04:OO 
05:OO 
06:OO 
07: 00 

2/18/79 08: 00 
2/18/79 39:OO 
2/13/79 10: 00 
2/18/79 11: 30 
2/18/79 17:OO 

12/19/79 03:OO 

4.1 
1.9 
2.0 
1.8 
2.6 

2.8 

4.6 
5.8 
3.8 

2.8 
2.8 
3.7 
2.8 
3.8 

6.7 
7.6 
8.1 
6.8 
9.1 

9.6 
7.6 
9.6 
9.0 
8.6 

9.7 
9.7 
8.6 
9.6 
9.6 

91 
21 
12 
8 

15 

22 
24 
15 
12 
23 

13 
11 
24 
11 
17 

3.7 8.7 10 
2.9 7.9 22 
2.3 8.8 14 
3.1 10.4 15 
4.2 13.7 22 

3.3 8.7 20 

16 
32 
38 
29 
40 

55 
36 
39 
36 
35 

34 
37 
32 
34 
52 

36 
32 
37 
40 
49 

37 

a. Results expressed as mg/l. 

b. TOC = Total Organic Carbon. 
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TABLE 1 6  

AVE-UGE CO!IPOSITION OF RRGP-5 , 

P I T  WATER (NOVEXBER 11,12, 1 9 7 9 )  

COYPONENT 

Sodium 

Po t ass  i ai 

Lithium 

C a l c i u m  

Magnesium 

St ront ium 

' I r o n  

Manganese 

Z i n c  

Boron 

S i l i c a  

Carbonate 

Bicarbonate  

S u l f a t e  

Ch lo r ide  

F l u o r i d e  

Bromide 

Ammonium 

Ni t r a t e  

Total Organic  Carbon 

Carbohydrate  

PH 

855.00 

59.1 

5.52 

86.30 

0.74 , 

1.90 

0 . 1 0  

. , .  0.07 . 

0.017 

0.25 

134.00 , 

0.00 . 

98.70 

101.00 

1399 .OO 

1.10 

10.8 I 0 

11.30 
' I  

<IO. 1 0 
I 
1 2'5.9 0 

1i7 . 6 4 
I! 

Elements n o t  l i s t e d  were below t h e  fo l lowing  de , t ec t ion  1) l i m i t s :  
Ag 0.003, A 1  0.03, As 0.1, Au 0.009, B e  0.001, Cd 0 .007 ,  C e  0 . 0 0 1 ,  
C o  0.009, C r  0 .01 ,  Cu 0.002, Fe 0.003, G a  0 .07 ,  G e  0.08, Hg 0 . 0 3 ,  
La  0.003, Mo 0.08, N i  0.04 ,  Pb 0.05, PO4 0.1, Sb 0 . 0 4 ,  Se 0 . 1 ,  
Sn 0 .1 ,  T i  0 .002 ,  V 0.003,  Zn 0 .007 ,  Z r  0.005 
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TABLE 17 

AVERAGE COMPOSITION OF RRGP-5 
PRODUCED FLUIDS (DECEMBER 18-19, 1979) 

COMPONENT mg/l 

Sodium 

Po t as si um 

Lithium 

Calcium 

Magnesium 

Barium 

Strontium 

Manganese 

Zinc 

Boron 

Silica 

Biwrbonate 

Chloride 

Fluoride 

Bromide 

1450.00 

57.00 

1.72 

88.00 

0.25 

0.58 

2.16 

0.024 

0.13 

0.041 

113.00 

68.90 

2360.00 
I 

i . 5 0  

0.10 
Sulfate 72.00 

Total Organic Carbon 17.20 

Carbohydrate 

PH 

39.00 

7.46 

Elements not listed were below the following detection limits: 

Ag 0.003, A1 0.03, As 0.1, Au 0.009, Be 0.001, Cd 0.007, Ce 0.001, 
Co 0.009, Cr 0.01, Cu 0.002, Fe 0.003, Ga 0.07, Ge 0.08, Hg 0.03, 
La 0.003, Mo 0.08, Ni 0.04, PO4 0.1, Sb 0.04, Se 0.1, Sn 0.1, 
Ti 0.002, V 0.003, Zr 0.005, Pb 0.05 
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TABLE 18 

PERCENT RETURN OF INJECTED MATERIAL AT RRGP-5 

PERCENT OF TOTAL INJECTED 

COMPONENT FLOW 1 FLOW 2 FLOW 3 FLOW 4 TOTAL RETURN 

AM!!ONIUM ION 

NITRATE ION 

26.1 4 ..8 9.0 4.4 

26.4 6.9 9.5 2.8 

44.3 

45.6 

AWlONIUM NITRATE 26.3 5.9 9.3 3.6 45.1 
(AVERAGE) 

TOTAL ORGANIC CARBON 25.9 6.2 11.0 3.0 46.1 

CARBOHYL RATE 23.7 '  4.9 8.5 2.5 39.6 



TABLE 19 

.MATERI,U BALANCE FOR RRGP-5 
FRAC POLYMER STIMULATION 

POLYMER 

To ta l  weight of polymer in j ec t ed :  4844 

Tota l  weight of polymer re turned:  

F i r s t  flow: 's 

Second flow: 
Third .flow: 
Fourth flow: 

1148 l b s .  
237 l b s .  
412 l b s .  
1 2 1  l b s .  

Cumulative weight ( % I :  1918 lbs. (40%) 

T o t a l  weight of polymer 
converted t o  so lub le  ' 
products ( % )  : 315 l b s .  ( 6 % )  

Therefore,  t o t a l  weight polymer 
n o t  accounted f o r  ( $ 1  : 2919 l b s .  (54%) 

ORGANIC CARBON 

To ta l  weight organic  carbon in j ec t ed :  1889 

Tota l  weight organic  carbon re turned:  

F i r s t  flow: 489 l b s .  
Second flow: 117 l b s .  
Third flow: 208 m. 
Fourth flow: 57 l b s .  

Cumulative weight ( % )  : 871 l b s .  (46%) 
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FIGURE 2 

RAFT RIVER WELL SYSTEM 
JANUARY 1979 
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FIGURE 3 

SCHEMATIC OF RAFT R I V E R  RRGP-4 
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FIGURE 4 

SCHEMATIC OF RAFT RIVER WELL RRGP-5 

I 

PERFORATED AT 1350 I C-B 

I 

r 172' 
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FIGURE 5 

SCHEMATIC OF A DENDRITIC FRACTURE 

WELLBORE 

i 

REI SI46 

57 
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FIGURE 6 

RRGP-4 FRAC JOB 
PRESSURE-RATE HISTORY 

I I I I I I I I I I I I I I I 1 I I 1 I I I 
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FIGURE 8 

SHOWING SAND SETTLING IN LAYERS 
SCHEMATlC SIDEVIEW OF PLANNER FRACTURE 

I .  ....I - - - - - . . . . - . -  - _ ._ -  - 

FRACTURE LENGTH 

EQUILIBRIUM SAND BANK IS FORMED WHEN PROPPANT SETTLES THRU FLUID 
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FIGURE 10 

20" CAS1 

PERFORATED 

SCHEMATIC OF RAFT RIVER WELL RRGP-5 
WITH LINER AND FRAC STRING IN PLACE 

A T  
4-1500' 

CAS1 NG 

RETRIEVABLE PACKER 

4587' 
4803' 
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FIGURE 12 

RRGP-4 BUILDUP DATA 
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FIGURE 14 

RRGP-4 BUILDUP DATA 
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FIGURE 16 

RRGP -4 PRODUCTION DATA 
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FIGURE 25 
TEMPERATURE SURVEYS 

RAFT RIVER, IDAHO 
RRGP-5 
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FIGURE 26 
RESERVOIR SIMULATION MODEL 

VERTICAL 
FRACTURE 
IN WELLBORE 

WE LLBORE 
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FIGURE 27 
SODIUM AND CHLORIDE CONCENTRATIONS 

OF RRGP-4 PRODUCED FLUIDS 
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FIGURE 30 
AMMONIUM AND NITRATE TRACER 

CONCENTRATION IN RRGP-5 PRODUCED FLUID 
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FIGURE 31 
FORMATION WATER CONTENT OF 

RRGP-5 PRODUCED FLUIDS 
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APPENDIX A 

THE APPLICATION OF THE ACOUSTIC TELEVIEWER TO THE 

CXARACTERIZATION OF HYDRAULIC FRACTURES IN GEOTHERMAL WELLS 

W. Scott Keys 

U.S.  Geological Survey 

3 A- i 



The Application of the Acoustic Televiewer to  the  
Character izat ion of Hydraulic Fractures  i n  Geothermal Wells 

W. Scot t  Keys 

Abstract  

Two w e l l s  i n  t he  Raft River, Idaho, geothermal r e se rvo i r  were 
hydrau l i ca l ly  f rac tured  i n  an attempt to  increase product ivi ty .  
U.S. Geological Survey made geophysical logs of these w e l l s  both before 
and after f rac tur ing .  
te leviewer was  the  most u se fu l  t o o l  f o r  obtaining data on t he  loca t ion ,  
o r i en ta t ion ,  and charac te r  of the f r a c t u r e s  produced. 

The 

A high temperature vers ion of the  acous t ic  

I n  RR-4 (Raft River Well 4 ) ,  a hydraulic f r a c t u r e  w a s  logged with 
t h e  televiewer from a depth of 4 ,682 .5  t o  4,873.9 f e e t ,  a t o t a l  of 
191.4 f e e t .  This f r a c t u r e  was l a rge ly  due t o  the propping and possible  
extending of a previously logged f r a c t u r e  which is thought t o  have been 
acc iden ta l ly  induced during d r i l l i n g  or  t e s t ing .  
e s s e n t i a l l y  v e r t i c a l ,  s t r i k e s  an average of N7Z0E, and has an average 
apparent maximum width of 0 . 4  inch. 
branching, o r  en echelon, and i n  one place curves to p a r a l l e l  a na tu ra l  
f r a c t u r e .  

The f r a c t u r e  is 

The f r a c t u r e  is complex, 

In RR-5 (Raft  River Well S ) ,  a n e w  hydraul ic  f r a c t u r e  was logged 
from a depth of 4,562 f e e t  t o  approximately 4,705 f e e t ,  a v e r t i c a l  
ex ten t  of approximately 143 f e e t .  
f r a c t u r e  follows a pre-existing break except f o r  i n t e v a l s  where the  
o r i e n t a t i o n  is af fec ted  by na tu ra l  f r ac tu res .  The hydraul ic  f r a c t u r e  
is near ly  vertical ,  s t r i k e s  an average of N2g0E, and has an average 
apparent m a x i m u m  width of 0 . 6  inch. 
apparent ly  a f fec ted  by a change i n  l i thology.  

There is no evidence t h a t , t h i s  

The charac te r  of t h i s  f r a c t u r e  is 

The inf luence of na tu ra l  f r a c t u r e s  and l i tho logy  ion these two 
hydrau l i ca l ly  induced f r a c t u r e s  suggests t h a t  propagation away from a 
w e l l  may be s i g n i f i c a n t l y  a f fec ted  by these two parameters 
Consideration should be given t o  such effects i n  fu tu re  f r ac tu r ing .  
Recommendations are presented to  improve the logging program f o r  fu tu re  
hydraul ic  w e l l  s t imulat ion e f f o r t s .  I 

Introduct ion ~ 

The U.S. Geological Survey has a research program on borehole 
geophysics a s  applied t o  geohydrology. 
program f o r  the pas t  9 years has been the developmentlof logging 
equipment and log i n t e r p r e t a t i o n  techniques f o r  geothermal wells. 
Survey has been involved i n  s tud ie s  of the hydrology, geology, and 
geophysics of the  Raft River geothermal reservoi r  since the  f i r s t  
shallow test holes were d r i l l e d  i n  1974. 
logging has been car r ied  out by the Survey i n  many of the tes t  holes 

One of the main t h r u s t s  of t h i s  

The 
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and wells (Keys, 1979), and the logging described i n  t h i s  report  is a 
cont inuat ion of t ha t  e f f o r t .  It is a l so  a l o g i c a l  extension of 
s ta te-of-s t ress  s tud ie s  where hydraulic f r ac tu r ing  w a s  car r ied  out by 
the  Survey (Wolff and o thers ,  1974; and Keys and o thers ,  1979). 
l ogs  used in t h i s  study were made by high-temperature logging equipment 
developed as pa r t  of the research program on borehole geophysics. Four 
of these probes have been tes ted  and operated i n  wells a t  temperatures 
of 250' t o  260°C, and o thers  a t  temperatures of 200°C. 

The 
4 

The hydraulic f r ac tu r ing  of RR-4 and RR-5 (Raft River Wells 4 and 
5) w a s  ca r r i ed  out by Republic Geothermal, Inc. ,  under cont rac t  t o  the  
Department of Energy (DOE). 
because of t h e i r  inadequate yield.  Development of the  Raft River geo- 
thermal f i e l d  is implemented by EGbG, Idaho, Inc., under the  super- 
vision of the Idaho National Engineering Laboratory of DOE (Fig.  1). 

The wells were se lec ted  f o r  s t imulat ion 

The purpose of t h i s  repor t  is t o  descr ibe the use of geophysical 
l ogs  t o  obta in  pre- and post-hydraulic f r ac tu re  da ta  i n  geothermal 
wells. The acous t ic  televiewer is the  most usefu l  device f o r  obtaining 
these  da t a ,  and improvements were made t o  both equipment and in t e r -  
p r e t i v e  techniques i n  order t o  better charac te r ize  the  f r ac tu res .  

Two papers presented at  the Geothermal Reservoir Stimulation 
Symposium provide background information e s s e n t i a l  t o  t h i s  repor t .  
R. V. Ver i ty  of Republic Geothermal described the planning and 
execution of hydraulic s t imulat ion i n  RR-4 and RR-5 (1980). 
C. W. Morris of Republic Geothermal provided an evaluat ion of the  
r e s u l t s  of treatment (1980). 

Fracture  Character izat ion Using Acoustic Televiewer Logs 

The acous t ic  televiewer was invented and patented by Mobil Oil Co. 
(Zemanek and o thers ,  1969). 
t h r e e  revolut ions per second. 
gered on magnetic north,  and the amplitude of the s igna l  r e f l ec t ed  from 
t h e  w a l l  of the  borehole is used t o  modulate the i n t e n s i t y  of the 
trace. 
r e f l e c t i v i t y ,  whose o r i en ta t ion  can be calculated.  
Survey and Simplec Manufacturing, Inc. have cooperated t o  develop the 
f i r s t  high temperature vers ion of t h i s  usefu l  probe. 
a t  borehole temperatures of 261'C. 
viewer s igna l  on magnetic tape w a s  put i n t o  use f o r  t he  f i r s t  time on 
RR-5. Playback of these da ta  provided the opportunity to  improve the 
q u a l i t y  of the televiewer logs (Fig.  2) .  

A 1.3 megahertz transducer is ro ta ted  a t  
The sweep on an osci l loscope is trig- 

The r e su l t i ng  log shows f r ac tu res  as dark traces of low 
The U.S. Geological 

It has been used 
A system f o r  recording the tele- 

It would appear t h a t  the  width of a hydraulic f r a c t u r e  may'be 
measured d i r e c t l y  from an acous t ic  televiewer log, but r e l a t i v e  width 
may only be in fe r r ed  with s ign i f i can t  qua l i f i ca t ions .  Therefore, t h e  
maxdum apparent widths l i s t e d  i n  Tables 1 and 2 should be used with 
caut ion.  The televiewer log only de t ec t s  changes i n  acous t ic  reflecti- 
v i t y  a t  the  face of the  borehole. I f  the edge or  angle of i n t e r sec t ion  
of f r a c t u r e  and borehole wall is broken out ,  t h i s  surface w i l l  not 
reflect high frequency energy back to  the transducer,  and the apparent 
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width of t he  f r a c t u r e  w i l l  increase.  The most accurate  measurement of 
f r a c t u r e  width can therefore  be made where the angleiof  i n t e r sec t ion  
with the  borehole is approximately 90 ' .  
v e r t i c a l  f r a c t u r e  passes through the center  of the borehole. As the  
f r a c t u r e  approaches a tangent ia l  r e l a t ionsh ip  with the  borehole, t h e  
angles  of i n t e r sec t ion  become more obtuse and acute , land the l ikel ihood 
of t he  acute  edge breaking off is increased (Fig. 3) .  Furthermore, 
t h e r e  is an apparent geometric widening and the obtuse angle does not 
provide a sharp contact  on the  log. 
from 4 , 6 3 5  t o  4 , 6 4 0  feet t h a t  c l e a r l y  demonstrates t h i s  problem. The 
drawings i n  Figure 3 show how t h i s  port ion of the  f r a c t u r e  might look 
i n  v e r t i c a l  view. Therefore, f o r  the  reasons described above, the 
f r a c t u r e s  are l i k e l y  to  be narrower than measurements made from 
acous t i c  televiewer logs. The width measurements l i s t e d  i n  Tables 1 
and 2 were made with an o p t i c a l  micrometer and corrected f o r  scale. 

This occurs  only where a 

Figure 3 shows an i n t e r v a l  of RR-5 

The output from an acous t ic  televiewer probe can a l s o  be used to  
The t r a n s i t  t i m e  of the acous t ic  pulse 

This approach 
record acous t ic  c a l i p e r  logs.  
is recorded r a t h e r  than amplitude of r e f l ec t ed  s igna l .  
should provide an extremely high r e so lu t ion  log of hole diameter. 
Furthermore, t he  s igna l  can be sampled i n  four d i r ec t ions ,  NESW, t o  
produce four  or iented c a l i p e r  logs.  Recording the  probe output on 
magnetic tape permits acous t ic  c a l i p e r  logs t o  be p lo t t ed  a f t e r  
re turn ing  t o  the  o f f i ce .  Examples of these logs are shown i n  the  
s e c t i o n  on RR-5. 

All or i en ta t ions  are with respec t  t o  magnetic north,  and all 
depths are measured along the  inc l ined  borehole fromiground l eve l .  
Correct ions of s t r i k e  and d ip  f o r  t rue  north,  hole inc l ina t ion ,  and 
magnetic dec l ina t ion  remain t o  be done i n  the  computer f o r  the  hundreds 
of na tu ra l  f r a c t u r e s  logged with the  televiewer at  Raft  River. These 
co r rec t ions  w i l l  then y i e ld  the t rue  v e r t i c a l  and hor izonta l  pos i t ions  
and o r i en ta t ions  so t h a t  a three-dimensional f r a c t u r e  model of the 
r e se rvo i r  can be constructed.  

Se lec t ion  of I n t e r v a l s  t o  be Fractured 

Data from U.S. Geological Survey logs w e r e  made~available to  DOE 
and EG&G f o r  the  se l ec t ion  of i n t e r v a l s  t o  be f r ac tu red  in RR-4 and 
RR-5. 
of t h e  depth i n t e r v a l s  t o  be i so l a t ed  f o r  pressur iza t ion .  
neutron, and r e s i s t i v i t y  logs d i s t ingu i sh  Precambrian s c h i s t  and 
q u a r t z i t e  from overlying T e r t i a r y  sediments and underlying Precambrian 
qua r t z  monzonite (Keys, 1979).  
were se lec ted  i n  the  metamorphic rock sequence above the quartz  
monzonite f o r  severa l  reasons. 
s i g n i f i c a n t  q u a n t i t i e s  of hot water occur within t h i s  i n t e r v a l  i n  other  
w e l l s .  Acoustic televiewer logs i nd ica t e  t h a t  fewerlopen f r ac tu res  are 
present  i n  the  quartz  monzonite. 
temperature w a s  desired,  which suggested deep r a the r :  than shallow 
f r ac tu r ing .  
i n t e r v a l s  selected;  however, the  low s p e c i f i c  y i e lds  suggested t h a t  
t hese  f r a c t u r e s  were e i t h e r  not interconnected or  they had somehow been 

Geophysical w e l l  logs were u t i l i z e d  to  a degree i n  the  se l ec t ion  
Gamma, 

The depth i n t e r v a l s  to  be f rac tured  

Steep na tu ra l  f r ac tu res  t h a t  produce 

Production water of highest  possible  

Logs indicated the presence of open f r ac tu res  within the  
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plugged. It w a s  d e f i n i t e l y  important, however, t o  set the l i n e r  below 
the  l a rge  open f r a c t u r e  recognized on the televiewer log a t  a depth of 
4,540 t o  4,550 f e e t  i n  RR-5. 
t h e  presence of both q u a r t z i t e  and s c h i s t  i n  the i n t e r v a l s  t o  be 
f rac tured .  
hydraulic f r ac tu res  in both rock types. 

Nuclear and r e s i s t i v i t y  logs indicated 

This provided the opportunity to  study the behavior of 

With t h e  advent of the acoust ic  televiewer i t  became possible t o  
de t ec t  hydraulic f r ac tu res  acc identa l ly  induced by overpressure during 
d r i l l i n g  (Zemanek and o thers ,  1969). 
f r ac tu r ing  is possible  a t  wellbore-face pressures considerably less 
than the  overburden pressure which can be assumed t o  be 1.0 l b / i n 2 / f t  
of depth (Wolff and o thers ,  1975). Some measurements of least 
p r inc ipa l  stress were approximately one-half the assumed overburden 
pressure.  A column of water w i l l  produce approximately 0.5 l b / i n 2 / f t  
of depth so a column of heavy d r i l l i n g  mud, cement, or  pumping o r  
i n j e c t i o n  pressures may be s u f f i c i e n t  t o  break the  rock. 
broken, the  f r a c t u r e  w i l l  continue t o  propagate a t  somewhat lower 
pressures.  Televiewer logs ind ica te  tha t  acc identa l ly  induced 
hydraul ic  f r ac tu res  may be more common i n  o i l  w e l l s  than previously 
supposed (Zemanek and o thers ,  .1970). Dr i l l i ng  induced hydraulic 
f r a c t u r e s  have the same character  on televiewer logs as those produced 
by in t en t iona l  overpressure. The most diagnost ic  c h a r a c t e r i s t i c s  of 
hydraul ic  f r ac tu res  are: v e r t i c a l  or  follow wellbore f o r  many f e e t ,  
irregular o r  branching trace, and var iab le  width. 

It has also been shown t h a t  

Once it is 

Information from acous t ic  televiewer logs suggested t h a t  an 
acc identa l ly  induced hydraulic f r ac tu re  might a l ready be present i n  the 
i n t e r v a l  se lec ted  i n  RR-4. 
more consideration i n  the  se l ec t ion  of an interval to  be f ractured.  A 
newly induced hydraulic f r ac tu re  i n  a d i f f e r e n t  i n t e r v a l  would probably 
have had the  same or i en ta t ion ,  however. 
examine records of operations i n  RR-4 t o  determine how t h i s  f r ac tu re  
might have been produced. 

Possibly these da ta  should have received 

It would be i n t e r e s t i n g  t o  

Raft  River Well 4 

I n  wr i t t en  communication t o  the Department of Energy dated June 1, 
1979, the  author noted t h e  presence of complex v e r t i c a l  f r ac tu res  tha t  
appeared t o  be hydraul ical ly  induced i n  RR-4. 
on the  U.S. Geological Survey televiewer log made i n  March 1979. It is 
not  known a t  what s tage  during d r i l l i n g ,  reaming, and t e s t i n g  tha t  
overpressure may have occurred, but similar f r ac tu res  t h a t  appear t o  be 
hydraul ical ly  induced have been seen on televiewer logs of other  geo- 
thermal w e l l s  a t  Raft River, Idaho, and Roosevelt Hot Springs, Utah 
(Keys, 1979). The acoust ic  c a l i p e r  log ind ica tes  t ha t  the RR-4 w e l l -  
bore is  not round i n  much of the i n t e r v a l  i so l a t ed  fo r  hydraulic 
f rac tur ing .  Combined with the deviated hole,  t h i s  accounts f o r  the 
poor qua l i t y  of the televiewer log because t h e  probe must be centered 
f o r  best  r e s u l t s .  This problem is pa r t i cu la r ly  severe from the bottom 
of the l i n e r  t o  a depth of 4,743.5 f e e t ,  and accounts fo r  some of the 
d i f f i c u l t y  i n  locat ing the f r ac tu re  on both s ides  of t h e  hole. 

These f r ac tu res  appear 

Acoustic televiewer,  acoust ic  caliper, and mechanical caLiper logs 
of RR-4 made p r io r  t o  hydraulic f rac tur ing  subs tan t ia te  t h s  presence of 
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the  v e r t i c a l  f r ac tu res  t o  the  w e s t  (Fig.  4 ) ,  and ind ica t e  t h a t  these 
f r a c t u r e s  have a depth of severa l  inches.  Although it is possible  t h a t  
these  pre-existing f r ac tu res  are na tu ra l  i n  o r ig in ,  the  i r r e g u l a r i t y  of 
branching and r e l a t i v e l y  cons is ten t  s t r i k e  over such a g rea t  depth 
i n t e r v a l  suggest they are hydraul ica l ly  induced. 

The pre-existing hydraul ic  f r a c t u r e  system can be t raced from the  
bottom of the  l i n e r  a t  4 , 6 8 2 . 5  t o  4 , 8 7 3 . 9  f e e t .  The earlier f r a c t u r e  
i s  only v i s i b l e  on the  March televiewer logs i n  the w e s t  quadrant of 
t h e  hole ,  but t h i s  may be due t o  better acous t ic  r e f l e c t i o n  i n  t h a t  
d i r ec t ion .  The post-fracturing logs made i n  August i nd ica t e  widening 
or propping of the  f r a c t u r e  t o  the west, and a de tec tab le  f r a c t u r e  i n  
most i n t e r v a l s  t o  the  east. Frac tures  are propped open by the  injek- 
t i o n  of l a r g e  q u a n t i t i e s  of sand after the rock is broken hydrauli- 
c a l l y .  The propped f r a c t u r e  follows branches o r  en echelon traces of 
t h e  previous f r a c t u r e ,  p a r t i c u l a r l y  w e l l  demonstrated in t he  i n t e r v a l  
4 , 7 6 9  t o  4 , 7 8 0  f e e t  (Fig.  5 ) .  The hydraul ica l ly  widened and propped 
f r a c t u r e  is  de tec tab le  on the  August 1979 acous t ic  televiewer log from 
t h e  bottom of the l i n e r  a t  4 , 6 8 2 . 5  f e e t  t o  the top of sand f i l l  up i n  
t h e  hole  a t  4 , 8 7 3 . 9  f e e t .  
depth of approximately 4 , 9 8 0  f e e t  on the  March televiewer log suggests 
t h a t  t he  widened f r a c t u r e  may extend to  a t  least the sand l e v e l  t h a t  
ex i s t ed  p r i o r  to  pressur iza t ion .  Thus, the f r a c t u r e  t h a t  was expanded 
and probably extended during i n t e n t i o n a l  hydraul ic  f r ac tu r ing  is 
semi-continuous f o r  a t  least 191.4 feet along the axis of the  w e l l .  
The w e l l  deviates  10.5" from the v e r t i c a l  i n  the  d i r e c t i o n  
N80"E (Miller and Prestwich, 1 9 7 9 ) .  The hydraul ic  f r a c t u r e  logged i n  
March appears t o  extend above the  bottom of the l i n e r  t o  a depth of 
approximately 4 , 6 6 4  f e e t .  This is j u s t  below a major open f r a c t u r e  i n  
t h e  s c h i s t  which has a low angle dip to  the  southeast .  Thus, it 
appears t h a t  t he  most s i g n i f i c a n t  p a r t  of the hydraulically-induced 
f r a c t u r e  may have been l imited i n  upward ex ten t  by a n a t u r a l  f r a c t u r e .  
Table 1 is  a compilation of da ta  and descr ip t ions  of the propped 
hydraul ic  f r a c t u r e  i n  RR-4. 

The presence of v e r t i c a l  f r a c t u r e s  t o  a 

The average s t r i k e  of the near ly  v e r t i c a l  hydraulic f r a c t u r e  is 
N72'E which has been corrected to  t rue  north and is shown as a l i n e  
through RR-4 i n  Figure 1. Most of t h e  na tu ra l  fractures i n  W e l l  RR-4 
d i p  from 12' t o  50" t o  the  southwest and s t r i k e  averages N45'W. A t  
least one f r a c t u r e  i n  the pressurized zone is thought to  be na tura l ;  a t  
4 , 8 2 0  t o  4 , 8 2 2  f e e t  a f r a c t u r e  dips  75" t o  the  north and s t r i k e s  N60°E 
(Fig.  6 ) .  It is possible  t h a t  some of the  o ther  pre-existing v e r t i c a l  
f r a c t u r e s  i n  the  pressurized i n t e r v a l  are na tu ra l ,  but t h a t  seems 
un l ike ly  because they follow the  w e l l  f o r  such a grea t  dis tance,  have 
t h e  i r r e g u l a r  character  of hydraul ic  f r a c t u r e s ,  and are subpa ra l l e l  and 
similar t o  the  i n t e n t i o n a l l y  produced hydraul ic  f r ac tu re  i n  Well RR-5. 
Furthermore, there  are v e r t i c a l  f r ac tu res  i n  Well RR-2 below 5,000 f e e t  
t h a t  s t r i k e  nor theas t ,  and have an appearance s i m i l a r l t o  unpropped 
hydrofractures .  

In areas  and a t  depths where the least p r i n c i p a l l s t r e s s  is  less 
than overburden stress, hydraul ica l ly  induced f r ac tu res  can be expected 
t o  be v e r t i c a l .  I n  areas of low topographic r e l i e f  and a t  s u f f i c i e n t  
depth,  the  maximum compressive stress is v e r t i c a l ,  and the least and 
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intermediate stresses are i n  the hor izonta l  plane. 
of the w e l l s  i n t en t iona l ly  f rac tured  at  Raft River are 10.5" and 5 "  
from v e r t i c a l  and t h i s  f a c t ,  along with in t e r rup t ion  of f r ac tu re  
propagation by na tu ra l  f r ac tu res  and l i tho logy  changes, may encourage 
t h e  production of complex r a the r  than simple planar f r ac tu res .  

The depth i n t e r v a l s  

Most hydraul ic  f r ac tu res  logged by the  U.S. Geological Survey tend 
t o  branch, curve, and s p l i t  r a the r  than propagate as simple planqr 
f ea tu res  geologis t s  are used to  seeing i n  outcrop or i n  core. 
Actual ly ,  these complex c h a r a c t e r i s t i c s  are typ ica l  of some hydraulic 
f r a c t u r e s  (produced by pressurizing d r i l l  holes) t h a t  have been exposed 
by mining a t  the  Nevada Test S i t e  (Northrup and o the r s ,  1978) .  
unique opportunity t o  examine these f r ac tu res  has proven he lpfu l  in the  
i n t e r p r e t a t i o n  of televiewer logs. Figure 7 is  a photograph of a neat- 
cement-filled hydraulic f r ac tu re  exhib i t ing  some of the  curving and 
branching c h a r a c t e r i s t i c s  of the f r ac tu res  induced at  Raft River. The 
width of t h i s  v e r t i c a l  f r a c t u r e  averages 0.1 inch  in the  sample of 
t u f f  i l l u s t r a t e d ,  the  same order of magnitude of the hydraul ic  frac- 
t u r e s  i n  RR-4 and RR-5. 

The 

Raft River Well 5 

A new f r a c t u r e  w a s  i n t en t iona l ly  produced by pressur iza t ion  and 
propping with sand in R,R-5. 
i s o l a t e d  by a packer set i n  a cemented l i n e r  and sand-fil led hole.  
f r a c t u r e  is c l e a r l y  defined on televiewer logs from the bottom of the  
l i n e r  a t  4,562 f e e t  t o  a major na tu ra l  f r a c t u r e  system a t  a depth of 
approximately 4,690 f e e t  (Fig. 8 ) .  A r e l a t i v e l y  t i g h t  extension of the 
hydraul ic  f r a c t u r e  is poorly defined below the  na tu ra l  f r ac tu res  t o  a 
depth of approximately 4,705 f e e t ,  which gives a v e r t i c a l  length of 143 
f e e t .  
RR-5 which is deviated 5"  t o  5-1/4" from v e r t i c a l  i n  a d i r ec t ion  N56' 
t o  59"W (Miller and Prestwich, 1979) .  Therefore, it is nearly 
v e r t i c a l .  The average s t r i k e  is N29"E, but the f r a c t u r e  curves 
considerably. 
taped televiewer log, played back a t  a compressed scale. 
r a t i o  tends to  exaggerate curvature,  but i t  does show the  complexity of 
t he  hydraul ic  f r ac tu re .  
acous t ic  televiewer log averaged 0.6 inch. 
width is not so meaningful as the r e l a t i v e  widths as a funct ion of 
depth (Table 2 ) .  
is  wider than the  f r a c t u r e  i n  RR-4. If  the l i tho logy  is similar, which 
appears l i k e l y ,  then the d i f fe rence  in width may be re la ted  to  frac- 
tu r ing  or propping procedures. 
times as much sand w a s  used in propping procedures. 
that more than four times as much sand was used i n  propping RR-5 than 
was used i n  RR-4, which apparent ly  produced a wider f r ac tu re .  Further- 
more, pumping tests are not complete, but i t  appears t h a t  production 
may be g rea t e r  from RR-5. 

A 200-foot s t imula t ion  i n t e r v a l  was 
The 

The hydraul ic  f r a c t u r e  is approximately p a r a l l e l  t o  l eg  B of 

Figure 9 is a t rac ing  of the f r a c t u r e s  described from a 
The scale 

The apparent m a x i m u m  f r a c t u r e  width from the  
The absolute  value of the  

Furthermore, it is l i k e l y  t h a t  the  f r a c t u r e  i n  RR-5 

T e s t  data show t h a t  more than four 
Test da ta  show 

Figure 10 shows an acous t ic  c a l i p e r  log of the depth i n t e r v a l  of 
RR-5 from 4,585 t o  4,590 feet  compared with an acous t ic  televiewer log. 
The c a l i p e r  was ca l ib ra t ed  as shown with a 2-inch change i n  w e l l  
diameter equal t o  a l-inch change on the  radius  from the transducer.  
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Note t h e  correspondence between the or iented caliper1 traces and the 
televiewer log a t  the same azimuth. 
f r a c t u r e  depths g rea t e r  than one inch; however, t h i s ;  may be misleading 
because of the unknown acoust ic  r e f l e c t i v i t y  of t h e  epoxy sand used f o r  
propping. 
t i o n  f o r  the depth i n t e r v a l  4,665 t o  4 ,670  f e e t .  
represents  a single-transducer sweep around the hole,  but the Y qxis 
represents  changes in hole diameter o r  t r a n s i t  t i m e . 1  The eccen t r i c i ty  
of the probe o r  w e l l  can be seen along with t h e  two f r a c t u r e  t r aces .  
This ca l ipe r  presentat ion suggests t ha t  f r a c t u r e  widths measured from 
t h e  televiewer log may be too grea t .  , 

The ca l ipe r  traces would suggest 

Figure 11 shows another type of acoust ic  V l i p e r  presenta- 
The X axis  s t i l l  

The hydraulic f r a c t u r e  i n  RR-5 does not always pass  through the 
cen te r  of the wellbore. Further ,  i t  has a very i r r egu la r  trace which 
ind ica t e s  a varying s t r i k e .  From a depth of 4,563 t o  4 , 5 7 0  f e e t ,  the  
hydraul ic  f r a c t u r e  is nearly parallel t o  a pre-existing v e r t i c a l  
f r a c t u r e  which is probably natural .  There is no st rong evidence of a 
pre-existing hydraulic f r a c t u r e  i n  RR-5 as w a s  found; i n  RR-4. 

4 

There is a s i g n i f i c a n t  change in the  apparent charac te r  of the 
f r a c t u r e  and d i r ec t ion  of s t r i k e  a t  a depth of 4 ,652!6  f e e t  (Fig. 12). 
This may be pr imari ly  due t o  a change i n  l i thology.  'Although the 
i n t e r v a l  f rac tured  has been described on the  basis o f  cu t t ings  a8 a l l  
q u a r t z i t e  with minor amounts of fe ldspar  and muscovite, geophysical 
l ogs  suggest more s ign i f i can t  changes i n  l i thology.  The na tu ra l  gamma 
log  ind ica t e s  t h a t  the  q u a r t z i t e  may contain layers  of s c h i s t ,  possible  
b i o t i t e .  A change i n  l i t ho logy  is indicated by severa l  logs  a t  approx- 
imately 4 ,650  f e e t ,  which is c lose  t o  the depth where hole diameter and 
charac te r  of the post-fracturing televiewer log changes 
in r ad ioac t iv i ty  below t h i s  depth suggests an increase i n  the per- 
centage of qua r t z i t e .  I f  t h i s  i n t e r p r e t a t i o n  is co r rec t ,  then the 
hydraul ic  f r a c t u r e  as seen i n  Figure 12 is better developed i n  

I 

A decrease 

I q u a r t z i t e  than i n  s c h i s t .  I 

I f  measurements of hole deviat ion are co r rec t ,  then a northeast-  
s t r i k i n g ,  v e r t i c a l ,  hydraulic f r a c t u r e  should $ve in te rsec ted  leg  A of 
RR-5 i n  t he  v i c i n i t y  of a production zone which w a s  reported t o  have e 
yielded 1,000 gal/min (Miller and Prestwich, 1979). ! Unfortunately, 
t h i s  f r a c t u r e  was apparently cemented up so the  hydraulic f r a c t u r e  may 
have in te rsec ted  cement rather than a producing-zone! Cement may have 
a l s o  l imi ted  the la teral  propagation of the f rac ture1  The hydraulic 
f r a c t u r e  w a s  a l s o  probably l imited i n  v e r t i c a l  propagation between 
n a t u r a l  f r ac tu res  a t  4,535 t o  4,540 f e e t  and 4 , 6 9 0  feet.. These major 
n a t u r a l  f r ac tu res  are e s s e n t i a l l y  parallel with a d ip  of 80" with 
respec t  t o  the  hole and a s t r i k e  of N20"W t o  N40"E. iThe shallower of 
these  two f r ac tu res  appeared on gamma-gamma, acoust ic  ve loc i ty ,  neu- 
t ron ,  c a l i p e r ,  and acous t ic  televiewer 108s as a major open f r a c t u r e  
zone which should have produced s igni f  i can t  amounts of water. 
Production was minimal, and may have been d r a s t i c a l l y  reduced cement 
invasion. I 

I 
1) The average s t r i k e  of the hydraulic f r a c t u r e  in-RR-5 corrected to  

t r u e  north i s  shown by a l i n e  through the w e l l  on Figure 1. The 
average s t r i k e  of N29"E appears to  be s Q n i f i c a n t l y  d i f f e r e n t  from the  
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N72'E average s t r i k e  in RR-4. 
plex surface may produce an e r ro r ;  however, i t  is important t o  note 
t h a t  t h e  hydraulic f r ac tu res  are subpara l le l  t o  major f a u l t s  postulated 
in the  a rea  (Williams and others ,  1976). RR-5 is c lose r  t o  the Bridge 
Faul t  which t rends s l i g h t l y  east of north,  and RR-4 is c lose r  t o  the 
Narrows s t ruc tu re  which t rends east-northeast .  I n  many areas, 
hydraulic f r ac tu res  have been found t o  parallel major s t ruc ture9  (Wolff 
and o thers ,  1974). I f  t h i s  is the  case a t  Raft River, then hydraulic 
f r a c t u r e s  may parallel r a the r  than i n t e r s e c t  major s t ruc tu res  tha t  are 
probably conduits f o r  the  movement of hot water. 

The averaging technique f o r  such a coat- 

(I 

Recommendations 

As a r e s u l t  of t h i s  study, a number of suggestions can be made to  

Well logging can be more benef ic ia l  to  
improve t h e  cos t  benef i t  r a t i o  f o r  u t i l i z i n g  borehole geophysics in 
hydraulic f r ac tu r ing  ,programs. 
planning a hydrofracture and understanding the r e su l t s .  

Better r e s u l t s  from logging and f r ac tu r ing  in general  might be 
obtained i f  the i n t e r v a l  of the w e l l  se lec ted  was near v e r t i c a l  r a the r  
than deviated. The televiewer can be better centered in a v e r t i c a l  
hole;  but even more important, the hole is more l i k e l y  t o  be perpen- 
d i cu la r  t o  t h e  d i r ec t ion  of least pr inc ipa l  stress. This may tend t o  
produce a f r a c t u r e  with a more uniform trace t h a t  does not change 
d i r ec t ion  away f r o m  the  w e l l .  Under these conditions measurements of 
f r a c t u r e  o r i en ta t ion  in the  w e l l  are more l i k e l y  t o  be r e l a t ed  t o  
average or ien ta t ion .  
c a r e f u l l y  from the standpoint of ex is t ing  f r ac tu res  o r  l i t h o l o g i c  
contacts  t h a t  may a f f e c t  the extent  and d i r ec t ion  of propagation of a 
hydraul ic  f r ac tu re .  Further,  favored d i r ec t ions  of na tu ra l  f r ac tu res  
may be followed by induced f rac tures ;  t h a t  is, the  stress f i e l d  may 
have the  same o r i en ta t ion  a t  the t i m e  of hydraulic f rac tur ing  as it did 
when na tu ra l  f r ac tu res  were produced. 
inf luence f r a c t u r e  propagation p a r a l l e l  t o  a producing s t ruc tu re  r a the r  
than towards it. 

The pre-fracture logs should be considered 

These fac to r s  may tend t o  

After  the depth i n t e r v a l  t o  be f rac tured  has been selected but 
before pressurizing,  a complete s u i t e  of porosi ty  sensing logs should 
be run on a high reso lu t ion  scale. These can then be compared to  the 
same kind of post-fracture logs in an attempt to  de tec t  changes in 
porosi ty .  Res i s t iv i ty  devices,  such as micro-guard and dipmeter, might 
be p a r t i c u l a r l y  useful.  
improve the understanding of the response of these logs t o  v e r t i c a l  
f r a c t u r e s .  A pre-fracture rerun w i t h  the televiewer should be made 
with maximum a t t en t ion  t o  log resolut ion.  

Before and a f t e r  acoust ic  waveform logs would 

Post-fracture logging would be g rea t ly  enhanced by assuring t h a t  
t h e  w e l l  is clean and f r e e  of sand t o  the bottom. Successive depth 
measurements may be necessary t o  determine t h a t  no propping agent o r  
o the r  mater ia l  is enter ing to  f i l l  the w e l l .  Under these conditions,  
i t  should be possible  t o  determine the lower l i m i t  of crack propa- 
gation. 
ava i l ab le  f o r  temperature and flowmeter logs during post-fracture 
t e s t ing .  It is very important t o  determine which par t  of a f r ac tu re  is 

It would be extremely usefu l  i f  the w e l l  could be made 
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producing and possibly why. 
t h e  apparent f r ac tu re  width on a televiewer log is r e l a t ed  t o  pro- 
d u c t i v i t y  as our preliminary data  suggest. 

An attempt should be made to  determine if 

A-9 

It has been reported t h a t  RR-5 is  continuing to  produce propping 
If the  pwnp is pulled t o  clean out the hole then a t h i r d  tele- sand. 

viewer log should be run i n  order t o  determine i f  i n t e r v a l s  of sand 
loss can be detected and what e f f e c t  t h i s  has on apparent f r ac tu re  
width 
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APBWDIX 8 

MEMOhNDUM FROM EG&G ON "RECOMMENDED ZONES FOR 
STIMULATION OF WELLS RRGP-4, RRGP-5 AND 

RRGI-7-DG-26-79" 
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INTEROFFICE CORRESPONDENCE @ 

f rac tures .  Data very weak. 

4 I t O  

to 

It om 

Hajor open f r ac tu re  a t  4670 f t ;  20-30" d i p  t o  ea s t  
aper ture  of approximately I / 2  f t .  

June 6 ,  1979 

M .  R. Golenc 

0. Goldman 

(same as schistosity); 

9 4 r c t  RECOH!!ENOEO ZONES FOR STIMULATION OF WELLS RRGP-4, 2RGP-5, 
and R R G I - 7  - 06-26-79 I 

On Thursday, May 30, 1979, a meeting was he ld  i n  Denver a t  Scott  Key's 
of f i ce .  
t i on  of wells RRGP-4, R R G P - 5 ,  and RRGI-7 .  The  meeting cttendees were a s  
follows: Scot t  Keys, Hans Ackermann, Harry C o v i n g i o n ,  Fred Pe l ie ,  
Steve Allr ich,  and Dennis Goldman. The r e su l t s  are'summarized by well 
as  follows: 

The purpose o f  the meeting was t o  recommend zones f o r  stim'la- 

RRGP-4 
I 

4 , 000-4,630 f t 
(sediments 1 
4,630-4,800 f t  

horizontal (0-20') bedding a n b  s ch i s tos i ty  planes 
vis ible;  s t r ike i s  north-south; d i p  i s  e a s t  

30-40' f r ac tu re  d i p  v i s ib l e ;  ! tr ike i s  nor th-  
( s c h i s t )  south; d i p  i s  eas t  1 

4,800-TO 

adami 1 i t e )  

All commercial geophysical logs were o f f  on footage by 13 i t  ( the logs 
a r e  13 f t  deeper than Key's logs) .  

60-90' f r ac tu re  d i p  v i s ib l e ;  s t r i k e  i s  east-west 
i (quar t r i  t e  and 1 

I 
i 

well i s  s i l i c l f i e d  from 3000 f t  t o  TO. 
B - 1  



:~l. R. 901 enc 
June 6 ,  1979 

Peqe 2 
CC-26- 7 9 

Recornend : 

1 s t  choice - a 300-ft zone a t  4570-4870 it. 
2nd choice - a 200-ft zone a t  4570-4770 Ft.  
3rd choice - two 100-ft zones a t  4590-4690 f t  and  4770-4870 f t .  

Note: There i s  an extreme lack o f  fracturing in the en t i re  we1 
compared to  other Raft River wells. There i s  no zone i n  
one cou ld  set  open hole packers due  t o  hole rugosity. 

Vel1 has numerous fractures,  b u t  most a re  t i g h t .  Unlike well 
there are horizontal and vertical fractures t h r o u g h o u t  the en 
open-hole section. 

as 
which 

14, 
i r e  

A t  4430 f t ,  there is 

approximately 1-5 f t  
1 ft. A t  $550-4560 

a 20-30° fracture with an aperture of approximately 
f t ,  therg is a 20-30" fracture with an aperture o f  

Below 4600 f t ,  a l l  fractures are very. t i g h t .  
4 

. .  Recommend : 

1st  choice - a'200-ft zone a t  4400-4600 f t .  

RRG 1-7 \ 

Open-hole portion of well i s  mostly sand. 
f t  and 3500 f t .  
a1 t e r a t ion .  
o r  what da te  needed in order t o  g i v e  any recomendations. 

Siliceous zones are  o t  2050 
Behind casing there i s  gravel. There i s  almost no 

Information i s  insufficient concerning type o f  s t i m u l a t i o n  
' 

CC:  C. A. Allen 
0. Id. Allnan 
R. E. McAtee 
K. P. HcCarthy 
L. 8. Nelson 
W. L. Niemi 
Central File 
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RRGE 84 FLOW TEST RECOVERY DATA 
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RRGP * 4: 

1 
2 

3 

4 

5 

6 

7 

a 
9 

10 

11 
K 
u 
14 

ts 

0 

17 

27 
43 

55 

62 

78 

84 

90 

94 

96 

96 

96 

96 

u3s 
USZ 

1362 

137a 

u90 

us 
1405 

14u 

14s 

142s 
1429 

1431 

1431 

1431 

14n 

b t  hrs  

0 .  

0.5 

1.0 

2 

3 

4 

5 
6 

a 
10 

K 
20 

30 

40 

4f 

h d  ( t + A t )  hn 

0 

. 707 

1.0 

1. 414 

I. nu 
2. om 
2.236 

2,449 

2,828 

3.162 

3.464 

4.472 

5.477 

6-32 

6.855 

16a 

16a.s 

164 

170 

1R. 
172 

173 

174 

17s 

178 

iao 
188 

I98 

208 

215 

S e p t d e r  1979 
Pressure Data 

6-14 

t+ht /ht  

Q 

337 

169 

8s 

57 

43 

34.6 

29 

21.87 

17.8 

Is 
9.4 

6.6 

f.2 

4 . 9  



RRGP-5 FIELD RECORDED DATA 

DATE - 
11-25-79 1821 

1830 
1845 
1900 
1915 
1930 
1945 
2000 
2015 
2030 
2045 
2100 
2115 

I 2130 
2145 
2200 
2215 
2230 
2245 

DATA SHEET 
RRGP-5 

418 
217 
196 
196 
196 
196 
196 
196 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
196 

WHP 
( p s i a )  

23.3 

28.0 

28.6 

28.9 

29.0 

29.2 

2300 203 2916 
2315 196 
2330 196 
2345 196 
2400 196 30.5 
0021 196 

1; 
I' 
t 

WHT 
(LINE "C) 

107 

115 

116 

11 6 

116 

116 

117 

118 
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Buildup Data - RRGP-5 
November 25-26, 1979 

TIME 

I 

18.14:OO 
18.14: 20 
18.14:30 
18.14:45 
18.15:OO 
18.15: 15 
18.15: 30 
18.15:45 
18.16: 00 
18.16: 20 
18.16:30 
18.16:45 

18.17:OO 
18.17:40 
18.18: 00 
18.18: 10 
18.18: 50 
18.19:20 
18.21: 00 

t 
valve open --..- 

18.22:44 
18.23: 00 
18.23: 10 
18.23: 20 
18.23: 30 
18.23: 40 
18.23: 50 
18.24: 00 
18.24: 10 
18.24:20 
18.24: 30 
18.24: 40 
18.24 : 50 

PRESSURE 

18.22: 32 

C-16 

1976.04 
1981.11 
1981.31 
1981.87 
1987.03 
1988.46 
1988.77 
1988.89 
1988 . 98 
1989.03 
1989 . 09 
1989 . 13 
1989.20 
1989.15 
-----..I- 

1989.20 % 

1989.20 
1989.20 

P 

1880.41 
1884.95 
1880.45 
1880.44 
1879.90 
1879.53 

1877. a7 
1878.92 

1877.42 
1877.06 
1877.04 
1877.24 
1877.36 

262.00 



18.25:oo 
18.2s:zo ' 

i8.25:30 
1 8 . 2 ~ 0  
18.2s:so 
18.26:OO 
18.26: 10 
18 . 26: 20 
18.26: 30 
18.26 : 40 
18 26: SO 
18 . 27: 00 
18.27: 10 
18 27: 20 
18.27:30 
18.27:40 
18.27: 50 
18.28:60 
18.29: 00 
18.29: 10 

18.29:40 
18.29: 50 

18.30: 10 

18 . 30: 30 

18-29: 20 

18.30: 00 

18.30: 20 

18.30: 40 
18.30: so 
18.31 : 00 
18.31: 10 
18.31:20 
18.31 : 30 
18. 3 1 : 40 
18.31 : 50 
18. 32: 00 
18.32: 10 

C-17 

1877.75 
ia7a.20 
1a7a.50 
1878. a4 
1879.11 p s i a  
1879.36 
1879 63 
18791 a7 
1880. io 
1880. 26 
1880 so 
1880 10 
ia8o.ao 
isso. 98 
1881.22 
1881 142 
1881~ 62 
1882~52 (? )  

I 

1882 165 
1882.75 

1883 1 03 
1883.24 
1883.15 

1883.50 
1883'. 6s 

1883!40 

1883: 52 



18.32: 20 
is. 3230 

18. 32: 50 
i8.33:oo 

18.32: 40 

18-33: io 
18.33: 20 
18 .33: 30 

ia.33:so 
18. 34: 00 
18.34: io 

18.33: 40 

18.34: 20 
18.34: 30 
18.34: 40 
18. 34 : so 

18.35: 30 

18. 36: 30 
18.37: 00 

18. 39: io 
i8.4o:oo 
18.41: io 
18 . 42 : 00 
i8.44:oo 

ia . 46 : 00 
18.47: 00 
18.48: 30 

18. so: oo 
ia.51:30 

18.53: 00 

18.35: 00 

18.36: 00 

13.38:OO 

18.45:OO 

18.49: 00 

18.52: 00 

18.55: 00 
18.5530 
18.56: 00 C-18 

1884.18 
1884.1 s 

1884.18 
1884. 18 
1883.98 
1884. is 
1884 . is 

1883.97 
1884 . 17 

1884.06 

1884.21 

262.2'F 

1884.27 
1884.23 
1884.06 
1884 . 15 

1884.03 

1884 . 07 
1884.09 
1883.68 

1884.10 

1884.16 

1883.51 
1883.59 
1883.62 

1883.47 
1883 37 

1883.54 

1883 14 
1883.61 reduced 

1884.56 

F1 ow being 

1884.46 

1884.74 

1884.99 
1884.97 

1884.98 

1884.93 
1884.90 
1885 17 

262.30 

. 



18.58: 00 
19.00 : 00 
19.03 : 00 
19.05:30 
19.07:30 
19.09:oo 
19.10: 00 
19.29:OO 
19.57:lO 
2o.oo:oo 
20.05: 00 
20 . 10: 00 
20.20: 00 
20 . 30: 00 
20 . 39: 00 
20.52: 30 

21.01: 30 
21.05: 30 
21.09: 10 
21.20: 00 
21.26: 20 
21.38:OO 
21.46: 30 
21 50: 00 
22.00: 20 
22.09:OO 
22.10: 00 
22 . 20: 00 
22 . 37 : 00 
22.40: 00 
22.50: 00 
22.56 change 
22.58: 10 
23.20: 00 
Flashing stopped flob 

(Bled o f f  lubr ic  

1885.30 
1885.30 
1885.30 
1885.77 
1885.24 
1885.09 
1885 . 21 
1885.26 

1885.24 
1885.40 

1885.39 

1885 40 
1885 . 24 
1885 23 
1884 . 99 
1083 70 

1884.79 
1884.86 
1884.94 

,tor and press drop) 

1884.95 
1884 90 
1884.97 
1884.47 
1884.81 
1884.85 
1884.84 
1884.78 
1884.65 
1884.37 
1884 -34 
1884.42 

flow r a t e  t o  s top  f l a s h i n g  
1885.41 
1885.47 

meter - back t o  f a i r l y  c lean .tine 

c-19 

flow 
181 gpm 

262.50F 

262.7OF 
262.8OF 
262 9oF 

2630f 
2630f 
2630f 
263.1OF 

263 I0F 

263. 2OF 

263. 2OF 
263.2OF 

263.4OF 

263. 5OF 

263.5 



we7 7 head 117OC 
30.15 psia 

temperature f s measured downstream o f  ori f i ce 

23 25: 30 
23 . 26 : 00 
23.30: 00 
23.35: 00 
23.40: 00 
23.5O:OO 
23.55:OO 
oo.oo:oo 
00.10: 00 
00.20: 30 
00.21: 00 

1885.54 
1885 44 
1885.54 
1885 . 74 
1885.5 
1885.58 
1885.62 
1885.39 
1885.63 
1885.60 
1885.60 
1885 60 
iaa5.59 
1885.59 
1885.56 
1885.57 
1885.62 
1885.66 

263. S°F 

263 . 5OF 
263.6OF 
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00.22:20 
00.22: 30 
80.22: 40 

00 . 22: 60 
00.23 :20 
00.23: 50 
00.24:OO 
00.24: 10 
00.24: 20 
00.24: 30 
00.24: 34 
00.24: 44 

00; 22: 50 

00.25: 40 
00.26: 10 
00.26:20 
00.26:30 
00.26:40 
00.26:SO 
00.26 : 50 

1885.64 
1885.57 
1885.53 
1885.57 
1885.58 
188s. 61 

laas. 67 
1885.64 

1885.63 
1885.4 
1885.48 
1885.55 
1885.47 
1885.50 
1885 . 47 
1885.52 

laas. 44 
1885.42 

1885.45 
1085.47 

1885.44' 

1885.521 
1 

1885.521 
1885 . 43 ~ 

1885.411 

1 

---.e.- 

1885.46 
1885.3411 
ia85.431, shut in 

1886.051 well buildup 
1890 ( ? )  
1910.26 

1 
1 
1 
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00.35: 00 
00.36: 00 
00.37: 00 
00.37: 40 

00.30:40 

00.39:OO 
00.39: 20 

00.40:4o 
00.41 : 00 
00 . 42: 00 
00.43: 00 
00.44:20 
00.46:oo 

00.3a:zo 

00.38: so 

--.---.- 

00.47:oo 
00.48:oo 
00 . 49 : 00 
oo.so:oo 
00.52: 30 
00.53: 00 
00 . 54: 00 
00.55: 00 
00.56:OO 
00.57 : 00 

01.01:oo 
01.02: 00 
01 . os: 00 
01.10: 00 
01.15: 00 
01.20: 00 
02.05: 40 
03 46: 00 
04.00:OO 

We1 1 head 

- 

001 ing o f f  

C-23 

1988.14 

1988.26 
1988.19 

1988.29 
1988.35 
1988.37 
1988.37 
1980.39 
1988.42 
1988.47 
1988.51 

198a. 61 
1988.64 
m a .  64 
ma. sa 

1900.55 

1988.51 
1900.43 
1988.33 
1980.26 
1988.07 

1988.02 
1907.97 
1987 93 
1987.90 

19a7.85 
m 7 . a ~  
1907.87 
1988.00 
1988.11 
1988.19 
1988.53 
1988.87 
1988.97 

i 
I 

! 

i 
I 
I 
I 

I 
I 

! 

i 
! 
! 
i 
! 
I 

i 
i 

! 

I 
I 

I 
I 
i 
I 

! 
i 
i 
; 

262.400 

263.7O 

263.6' 

263.4 
263.3O 



05.00 : 00 
06 30: 00 
06.40:OO 

07.19 

1989.09 
1989.25 
1989.22 
1989.31 

262 20° 
262 OOo 

262.0° . 
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APPENDIX D 

HISTORIES OF WORKOVER AND 
FRACTURE STIMULATION OPERATIONS 

RRGP-4 and RRGP-5 

a D- i 



HISTORY O F  WORKOVER AND FRACTURE STINULATION 
RRGP-4 

August 9-22, 1979 

8/9-8/11 - 
Rigging up Colorado W e l l  Service Rig N o .  75,  i n s t a l l i n g  
BOP and d r i l l i n g  rathole and mousehole. 
r a tho le  open long enough t o  g e t  boot i n  place. 
14 f t .  AGL.) 

Had t rouble  keeping 
(Rig KB is  

I 
8/12 - 

Finished r igg ing  up. 
Attempted t o  c i r c u l a t e  rathole i n  w i t h  ke l ly .  
Le f t  r a t h o l e  boot s t i c k i n g  above r i g  floorl. I n s t a l l e d  12" 
Rydri l  and Grant r o t a t i n g  head on top of Shaffer  double 
rams. Made up bottom hole  assembly (BHA) with Bowen-Lebus 
knuckle j o i n t  and monel d r i l l  collar,  and started RIH on 
3-1/2" D.P. (The purpose o f  t he  d i r e c t i o n a l  BHA i s  t o  a t tempt  
t o  r een te r  leg A and i f  successful ,  p lug leg  A w i t h  cement.) 

N o t  successful .  

8/13 - 
R I H  7 stands.  W e l l  started flowing up d r i l l  pipe. D o w e l l  
pumped i n  cool water t o  con t ro l  w e l l .  
p i p e . f l o a t  valve and BHA. 
valve and o r i e n t i n g  sub. Replaced f l o a t ,  cleaned o u t  metal 
and RIB w i t h  BHA t o  3490'. Pumped cool inglwater  down D.P. 
and annulus. RIEI t o  3615' and surveyed. No p ic tu re ;  f i l m  
got too hot. 

POH( t o  check d r i l l  
Found metal sha;vings i n  f l o a t  

1 

8/14 - 
D o w e l l  w a s  pumping cool ing w a t e r  down D.P.I a t  1.5 BPM, 7QQ 
psi (through r e s t r i c t i o n  plug i n  knuckle j 0 i n t . L  when 
pressure b u i l t  up suddenly to 270Q p s i  then f e l l  off .  
Apparently r e s t r i c t i o n  plug i n  knuckle j o i n t  plugged up and 
Beker c i r c u l a t i n g  sub sheared open. Pumped down D.P.  a t  

1 0  BPM, 1500 p s i  t o  determine i f  s u f f i c i e n t  backpressure 
can be developed on knuckle j o i n t  w i t h  c i r cu la t ion  p o r t s  
open. Determined knuckle j o i n t  w i l l  ac tua te  ok. Surveyed 
again and o r i en ted  too l .  RIH attempting t o  e n t e r  l e g  A,  
surveyed. Survey ind ica ted  n o t  i n  l eg  A, , P O H ,  Found 
c i r c u l a t i n g  sub par ted,  bottom 2 7 '  of BHA l e f t  i n  hole. 
F i sh  c o n s i s t s  o f :  

3-1/2" IF  D r i l l  p ipe s t i n g e r  
301 /2~  IF Baker f l o a t  sub 

Bowen-Lebus knuckle j o i n t ,  4-1/2" IF 
3-1/2" IF X 4-1/2" IF PX B X I 0  

4-1/2" IF X 3-1/2" IF P X B X / O '  
3-1/2" IF x 2-7/8" EUE P x B X/O 
Baker C i rcu la t ing  sub 

15.70 f t  
1.85 
1.75 
3 . 9 ~  
1.80 
1.11 
.71 mf t 



Made up 8-3/4" b i t  and D.C.'s RIH.  Tagged  f i s h  a t  5007. '  
Began sanding well back .  

8/15 - 
Finished sanding well b a c k ,  tagged sand a t  4 6 9 6 . '  Circula ted  
out excess sand down t o  4710. '  POH. Rigged up cas ing  crew, 
made up 7"  liner and RIH on D.P. 
shoe a t  4705 '  and top of l i n e r  hanger a t  3307.! 
place a t  6 r 3 0  p.m. W.O. cement transport .  L i n e r  t a l l y  from 
bottom up as follows: 

S e t  l i n e r  hanger w i t h  
L i n e r  i n  

Baker f loat  shoe 
7" 23 ppf N-80 LThC casing 

B.O.T. landing col lar  
7' 23  ppf N-80 LT&C casing 

'N n N 

' I t .  ' 
n n N 

' N n 
n n N 

A N N 

n N N 

n N n 

w N n 
' N n 

n n N 

N n N 

N N N 

N N N 

n N N 

N n N 

N N n 

n n N 

N n ' 
A N N 

N N N 

N (I N 

n n N 

0 n n 

N n N 

n w I 

N N N 

n N n 

N N N 

N N n 
n N N 

Q N 18 

B.O.T. Bo11 Weevil L i n e r  Hanger 

TOTAL 

1.70 f t .  
39.65 
41.97 

e 95 
41.46 
41 .02  
39 .52  
41.93 
35.65 
41.19 
42 . 36  
41.30 
41.88 

37 .30  
41.33 
41.0q 
42.32 
42 . 8 2  
42 .61  
35.10 
41.02 
43.04 
39 .45  
40.92 
40.23 
41.96 
38 .03  
40.18 
41.78 
40.80 
41.07 
42.02 
42 . 5 5  
39.82 
42.99 

7 .38  

4 2 . 0 ~  

1398 .30  f t .  
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8/16 - 
Cement t r anspor t  a r r ived  7 : 3 0  a.m. Rigged up Dowel1 and 
cemented l i n e r  w i t h  350 cu f t .  of Thermal Sys t em IS cement. 
POH, L.D. l i n e r  running too l s ,  RIH w i t h  9-578"  Baker 
Retrievamatic packer  t o  squeeze cement l i n e r  lap. 'Couldn't  
s e t  packer, chained out, packer l o s t  i n  hole.  R I H ,  screwed 
on t o  packer, chained o u t  w i t h  packer. 
packer and R I H  . Repaired and made up 

8/17 -- 
R I H  w i t h  packer  and set a t  3266'. Squeezed l a p  w i t h  300 
six class G n e a t  cement w i t h  3% D-99 retarder. Pulled up 
and c i r c u l a t e d  hole 5:30 a .m.  - 6:30 a . m .  POH, L.D. packer. 
Made up 8-3/4" b i t ,  R I H ,  cleaned out t o  L.T., POH. 

8/18 - 
Made up 6-1/8" b i t  and RIEI. 
t o  4710' and cleaned o u t  sand from 4710' t o  4900.' POEI. 
Rig on standby 24-hrs. 
and began r igg ing  up. 

Drilled o u t  cement from 4624' 

B-J Hughes moved i n  f r a c  equipment 

8/20 - 
W.O. casing c r e w  3:OO.a.m. - 6 a.m. Rigged up cas ing  c r e w .  
Picked up 7" Baker Retrievamatic packer and tubing t e s t i n g  
sub and R I H  on 4-1/2" 11.6 ppf ST&C f r a c  s t r i n g  t o  3444'. 
Dropped b a l l  and pressure tested f r a c  s t r i n g .  
f o r  %2 min then b a l l  b l e w  out .  S e t  packer, tested ok. 
Dropped another  b a l l  t o  t e s t  f r a c  s t r i n g .  
3000 ps i .  Frac s t r i n g  and packer ok. Working on blender  
suc t ion  11:30 a.m. - 1:30 p.m. F i l l e d  f r a c  tanks w i t h  
ge l led  water. Added hoses t o  blender suct ion.  Started 
s t age  1 of frac job a t  2:53 p.m. S.D.  a t  3:02 p.m. to 
rearrange B-J  l i n e s  a t  t r e a t i n g  head. 
when head lowered t o  maintain weight on packer., 
at 3 : 3 8  p . m .  S . D .  at %3:Sf p . m .  because R/A tracer i n j e c t i o n  
f i t t i n g  a t  t r e a t i n g  head w a s  leaking. 
a t  5 : O O  p.m. Ended f i r s t  s t age  a t  %S:SO~'p.m. S t a r t e d  
second stage a t  %S:59 p.m. S.D. a t  6:22lp.m. w i t h  1454 b b l s  
of second stage pumped. 
S.D. f o r  tank gage) Restarted a t  7:OO p.m. Finished 4-stage 
frac job a t  %9:10 p.m.  
t o  l i ned  p i t .  
from p i t  l e v e l  measurements. 

Held SQQO psi 

B a l l  blew ou t  at 

( s ines  binding up 

Repaired and r e s t a r t e d  

Restar ted 

(Polymer blender l o s t  prime when 

Flowed w e l l  through 3" frac line 
Liquid volumes given below a r e  ca lcu la ted  
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RRGP-4 FLOW TO PIT THROUGH FRAC STRING 

BARRELS PATE 
PIT SINCE SINCE LAST 

LEVEL* LAST GAUGE - DATE - TI.% (INCHES) GAUGE (B/D 1 
a/20/79 2136 9 I' 0 

2148 io-i/4" 183 21,940 
2200 12 255 30,660 
2215 13-3/4" 255 24 , 480 
2230 15-1/4" 225 21,600 
2245 17 262 25 , 200 
2306 19 300 20,570 
2330 21 306 18,360 

8/21/79 0015 24-1/2" 535 17,140 
004s 26-r/4~ 268 12,852 
0115 27-L/2" 195 9,360 
0145 28-314" 195 9,360 
0230 30 195 6,240 
0235 20 (est) 
0237 

CUM. 
BBLS - 

Opened W e l l  
183 
438 

918 

1786 

2589 
2784 

693 

1180 
1480 

2321 

2979 
3174 FWHP = 20 p s i g  
3-194 SI 

SIWHP = 90 ps ig  

*Arbi t rary reference 

8/21 - 
Mixed and pumped i n  500 bbls  of 9.2 ppg salt water t o  k i l l  
well. Pulled and L.D. 4-1/2" frac s t r i n g .  TIX and began 
L.D.D.P. 

8/22 - 
Continued L.D.D.P. Well began t o  flow. mixed and pumped 
i n  500 bbls  of 9.2 ppg sa l t  w a t e r  t o  k i l l  w e l l .  Finished 
L.D.D.P. and D . C . ' s .  W e l l  began flowing. Pumped i n  f r e s h  
water t o  d isp lace  s a l t  water i n t o  7 "  l i n e r  t o  k i l l  w e l l .  
Nippled down BOPE and i n s t a l l e d  wellhead. Displaced s a l t  
water out  of wellbore i n t o  forhat ion.  Released r ig .  

D-4 
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HISTORY OF WORKOVER AND FRACTURE STIMULATION 
RRGP-5 I 

October 30 - December 3 ,  1979 

(Depths given i n  t he  following reports a r e  measured from o r i g i n a l  
d r i l l i n g  r i g  K.B., 1 6  feet: above ground l e v e l . )  

10/30 
I 

Colorado W e l l  Service r i g  30 arrived and t rucks  were off-loaded 

10/31 

Began r igg ing  up. 
o u t  of packer. 

Mixed saltwater k i l l  f l u i d  and pu l l ed  s t i n g e r  

11/01 

Continued r igg ing  up, Killed w e l l  w i t h  193 bb l  of 9.5 ppg 
saltwater. 
spo t t ed  proper ly  due t o  p ip ing  and o t h e r  o b s t r u c t i o n s  near  
w e l l .  

Had d i f f i c u l t y  g e t t i n g  sub-base set and r i g  

11/02 

Finished r igg ing  up and displaced saltwater downhole w i t h  
160 bbl of produced water. 
cas ing  crew t o  pull REDA pump. 

Waiting on backup tongs and 

11/03 

Unlanded pump and s tz ipped  on annular  BOP.. Tested BOP. Began 
l ay ing  down 8-5/8" casing. 
j o in t  and pump. When pump and motor w e r e  l a i d  down, t h e  f l u i d  
l e v e l  had r i s e n  t o  the surface. Closed w e t 1  i n  and pumped i n  
70 bbl of 9.5 ppg saltwater. 
i n s t a l l i n g  r o t a t i n g  head and mixing saltwater a t  midnight. 

L a i d  down 24 j o i n t s  p l u s  1 pup 

Pul led s t i n g e r  o u t  o f  hole ,  

11/04 
I 

Finished mixing saltwater and i n s t a l l i n g  r o t a t i n g  head. 
Shut down a t  0130 hours because relief crew d i d  n o t  show up. 
Resumed ope ra t ions  a t  noon. 
a t  1,200 feet. 
t o  work. 
wai t ing  on new power swivel. 

Preparing t o  Fll o u t  packer 
Rigged up power swivel butI>could n o t  g e t  it 

Off-loaded f i s h i n g  t o o l s  t o  r i g  f l o o r  and s h u t  down, 
I 
I 

11/05 I 
I 

Pumped i n  50 bbl of 9 . 4  ppg saltwater t o  k i l l  w e l l ,  
up f i s h i n g  tools and ran i n  hole (RIHI-to packer. 
sitting on liner top a t  1 ,284  feet. Milled over and freed 
packer; s h u t  down a t  2030 hours,  ready t o  p u l l  o u t  of hole 
(POH) with packer. Wafting on re l ie f  crew due at midnight. 

Made 
Found packer 

0-5 



11/06 

Resumed opera t ions  a t  midnight. S t a r t e d  p u l l i n g  o u t  of t h e  hole  
with packer: packer w a s  dragging f o r  the  f i r s t  four  s tands.  
Mixed and pumped i n  165 bbl  9.5 ppg saltwater t o  k i l l  w e l l .  
Finished p u l l i n g  o u t  of t h e  hole and l a i d  down f i s h i n g  tools 
and packer. Had d i f f i c u l t y  g e t t i n g  packer through wellhead. 
Picked UP 8-1/2" b i t  wd R I H  t o  4,800 f e e t ;  found t i g h t s p o t  i n  
open hole  from 4,780 f e e t  t o  4,800 f e e t .  

11/07 

Spotted sand through d r i l l  p ipe  t o  sand w e l l  back t o  4,620 
feet. POH with b i t :  waited on casing c r e w  5 hours. Made up 7" 
23 ppf, liner and RIH.  Liner d e t a i l s  as follows: 

Baker float shoe 

B.O.T. landing col lar  

7 A ,  23 ppf, N-80, LThC 
7" ,  23 ppf, N-80, LThC 

7" ,  23 ppf, N-80, LTLC 
I( n 
n A 

a A 

n A 

w 
a 
n 
I 

A A 

I I 

I 

I 

I 

n 

a 
m 

I A 

I I 

I 

I 

I 

0 

I 

I 

I I 

I 

n 

A 

A 

I n 

I 

I 

? 

n 
n 
0 

n n 

n I( 

n 

n 

n 

n 

casing 
cas ing  

casing 
n 

I 

A 

n 
A 

A 

n 
I 

A 

A 

A 

0 

n 
I8 

n 
I 

I 

A 

I 

I 

I 

A 

I 

n 

I 

0 

a 
n 

I 

n 

n 

n 
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1.60 4t 
37.38 
33 . 4Q 

0.93 
37.72 
34 . 00 
33 . 74 
34 . 19 
41.08 
41.83 
41.46 

37.94 
40 . 74 
35.78 
43.60 
38 . 10 
36 . 68 
38 . 4 1  
38 . 22 
41.80 
39.8.3 
38 . 98 
36 . 72 
3,6 . 32 
ho . a2 
39 . 79 
40.  a7 
36.68 

38. ao  
38 . 34 

3a . 02 

39 . 45 

37 . 26 
34 . 03 
39.50 

37.92 

33.93 

37.98 

42. a3 



11/07  (continued) 

B.O.T., 7 " ,  2 3 0 ,  8rd x 9-5/8",  36# 
Hyflo hanger packer w i t h  5 f o o t  ( 3  f o o t  
longer  than s tandard)  tieback s l eeve  

( C e n t r a l i z e r s  a t  shoe and f i r s t  t w o  c o l l a r s  

11/08 

12.00 
1428.67 

S e t  l i n e r  hanger w i t h  shoe a t  4 , 5 8 7  f e e t  and l i n e r  t op  a t  
3 , 1 5 8  feet. 
w i t h  1:l Perli te,  40% s i l ica  f l o u r ,  3% ge l ,  0.5% CFR-2, and 
0 . 3 %  HR-7 ( 6 0 0  cubic f e e t )  . Reversed o u t  labout 100 cubic  fee t  
of cement, set l i n e r  hanger pack-off.  POH and la id  down l i n e r  
running too l .  Picked up 6-1/8" b i t  and R I H  t o  4 , 4 8 0  feet. 
Pressure tested cas ing  a t . t h a t  time and found the hole  took 
2 bpm a t  450 p s i  su r face  pressure .  A leak i n  the  l i n e r  l ap  
from 1 , 2 8 4  feet  t o  1 , 5 0 0  feet is suspected. 
shoe a t  4 , 5 8 7  feet and cleaned o u t  sand t o  4 , 8 0 3  feet. 

Cemented l i n e r  w i t h  280 sacks of  class G cement, 

Dril led cement t o  

11/09 I 

Pumped 50 bbl  of 9.4 ppg saltwater down d r i l l  p ipe  t o  avoid 
p u l l i n g  w e t .  POH and r igged  down power swivel.  
on standby a t  0800 hours; wai t ing  on BJ-Hughes t o  r i g  up frac 
equipme- prdr.r * * ----'. inspec ted  threads 

R i g  w a s  p u t  

11/10 

BJ-Hughes trucks arrived on l o c a t i o n  and began r igg ing  up. 

11/11 

BJ-Hughes f i n i s h e d  r igg ing  up f r a c  equipment. C r e w  mixed 
1 4 0  bbl  of 9.6 ppg saltwater and pumped 70 bbl  i n  w e l l  t o  
k i l l  it. Rig went off standby a t ' 2 2 0 0 .  hours. Picked up 7" 
Baker Retrievamatic packer and began R I X  on 4 - l f 2 "  frac s t r i n g .  

11/12 I 

I 
Finished and set packer a t  3 , 2 7 4  feet! Pressure  tested 
su r face  l i n e s  t o  5 , 0 0 0  psi and fwjr3 s t r i n g  4,8QO p s i .  
frac job a t  1 1 0 2  hc 
(1,658 bbll  t o  fix surface l i n e  leaks. Pumped remainder of 
job w i t h  no problems, f i n i s h e d  f r a c  job a t  1417 hours. 
rate approximately 5 1  bprn, pres su re .va r i ed  between 1 , 4 1 0  and 
1 , 8 8 0  p s i  a t  f u l l  rate. 
Surface pressure  dropped t o  1 0  p s i  immediately a f t e r  s topping 
pumping, flowed back approximately 5 b b l  (weak f l o w ) _ ,  A t t e m p -  
ted t o  unseat  packer and found it s tuck .  lWorked f r a c  s t r i n g  
but  could n o t  p u l l  loose.  Pul led 40 ,000  l b  ove rpu l l  and pres-  
sured  up f r a c  s t r i n g  t o  4 , 0 0 0  p s i .  Hole would no t  t ake  f l u i d .  
Apparently a sand bridge had formed i n  the casing below t h e  

Began - 6 times i n  f i r s t  hour 

Average 

Total  f r a c  f l u i d   volume w a s  7 , 6 2 0  bbl .  
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11/12 (continued) 

packer. 
hole  4-5 feet. POH laying down f r ac  s t r i n g  and packer. Made 
up 6-1/8" b i t ,  d r i l l  c o l l a r s ,  and two d r i l l  pipe f l o a t  valves .  
Started running i n  hole. 

Pump pressure dislodged packer and blew it up the  

11/13 

Tagged sand a t  4 , 5 6 6  feet, rigged up power swivel, cleaned ou t  
sand bridge, and ran  t o  4 , 8 0 6  feet. Circulated on bottom f o r  
1 hour, rigged down power swivel and began POH. Rig shut  down 
f o r  6-1/2 hours due t o  turbo-charger f a i l u r e  on r i g  engine. 
Finished POH and stood back d r i l l  c o l l a r s .  Removed r o t a t i n g  
head and i n s t a l l e d  spool and valve f o r  LBL's l ub r i ca to r  i n  prep- 
a r a t i o n  f o r  flow test .  Pumped 420 bb l  of frac f l u i d  i n  w e l l  
t o  d i sp l ace  k i l l  . f luid i n t o  the formation. 

LBL R I H  t o  4 , 5 5 0  feet with pressure and teniperature instruments.  
Opened w e l l  f o r  flow tes t  a t  1500 hours. 

11/15 

LBL POH w i t h  instruments. Shut i n  w e l l  a t  1420 hours. USGS 
rigged up and RIH w i t h  borehole televiewer.  
a t  4,600 feet. POH. 

Hit sand fill 

11/16 

RIH w i t h  b i t ,  d r i l l  c o l l a r s ,  and f l o a t  valves. Tagged sand 
fill a t  4 , 6 0 0  feet. Circulated ou t  sand t o  4 , 8 0 4  f ee t .  W e l l  
w a s  a l t e r n a t e l y  flowing and taking f l u i d  while  c i r cu la t ing .  
Pulled up i n t o  9-5/8" casing and l e t  w e l l  flow for 1-1/2 hours. 

11/17 

Tripped i n  hole t o  check f o r  sand f i l l ,  tagged f i l l  a t  4 , 6 5 Q  
feet. POH, preparing t o  loca t e  and squeeze cement suspected 
cas ing  leak. Allowed w e l l  t o  flow u n t i l  2100 hours, then shu t  
w e l l  i n .  Made up 9-5/8" bridge plug and attempted t o  RIH w i t h  
w e l l  flowing. Assembly w a s  too long t o  g e t  i n  hole  with w e l l  
flowing. Mixed 1 4 0  bbl  of 9.6 ppg saltwater and attempted t o  
pump i n t o  w e l l  t o  k i l l  it. Well still flowing s t rongly  bu t  
could no t  d i sp lace  saltwater fn to  w e l l  w i th  750  ps i .  
sand fill near the shoe of t h e  7" l i n e r  w a s  allowing flow up 
the hole  but  formed a plug when pumping i n  kill fluid. 

Apparently 

11/18 

While t ry ing  t o  pump i n t o  w e l l  wi th  1 stand of pipe i n  BOP, 
blew stand of pipe ou t  of BOP. Attempted again t o  run 9.=5/8" 

0-8 
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11/18 (continued) 

bridge plug with well flowing and could not get in hole. 
packing element in 12" spherical BOP badly damaged and obstruct- 
ing entry into the well. Nippled down damaged BOP and installed 
Shaffer double hydraulic BOP. 
surface but could not pump in. Well flowed back strongly. 
Stripped into hole through rotating head to 3,1300 feet and cir- 
culated saltwater around and killed well. R I H  with 9-5/8" 
bridge plug and set at 1,561 feet. 

Found 

Tried again to !kill well from 

11/19 

Dumped 20 feet of sand on bridge plug. 
Baker full-bore cementer. 
tested as follows: 

R I B  hole with 13-3/8" 
Set at 1,185 feet and pressure 

Pressured up to 1,000 psi - slow bleed of about 250 psi in 2 min. 
Pressured up to 1,250 psi - still bled off slowly 
Repressure up to 1,250 psi - bled off to-l,0,00 psi in 2-1/2 min. 
Pressured up to 1,500 psi - bled off to l,QOO psi in 8 min. 
Pressured up to 1,500 psi - slowly bled off to 250 psi 

Leak appears to be small tubing or packer leak'. 
up 623 feet and pressured to 1,000 psi. 
for 5 min. POH with 13-3/8" Baker full-bore packer, closed 
master.valve and tested to 500 psi. POH, laid down full-bore 
packer and R I H  to recover bridge plug. Circulated sand off 
of bridge plug. 

Pulled 
Well held 1,000 psi 

11/20 

POH and laid down brldge plug; picked up bit, prill col lars ,  and 
drill pipe float valves. 
feet to 4,900 feet. Preparing to flow test well. Well would 
not flow, circulated water from RRGP-1 to dispilace k i l l  fluid 
out of well. Pulled up 30 stands and waited on well to flow, 

R I H  and circulated sand from 4,568 

11/21 

Well started flowing at 0500 Rours. Finished 'pulling out of 
hole and shut down rig at 2000 hours for holiday. 
left flowing at a reduced rate of about 10 bbl per minute. 

' 

Well was 

I 
11/25 I 

I 

Resumed operations at 0800 hours with 3-man crew. Rigged up 
LBL for pressure and temperature logging. 
feet w i t h  pressure and temperature instruments. Instruments 
on bottom at 1800 hours. Opened well to flow at 1821 hours, 
Rate stabilized at about 200 gpm. I 

LBLl R I H  to 4 , 5 5 0  
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11/26 

Shut i n  w e l l  a t  0026 hours. Instruments l e f t  i n  hole f o r  pres-  
su re  buildup u n t i l  0900 hours, then POH running temperature and 
pressure  survey whi le  p u l l i n g  o u t  of hole.  Rigged down LBL and 
rigged up windbreak preparing t o  make c l ean  o u t  t r i p .  
b i t ,  d r i l l  c o l l a r s ,  and f l o a t  valves ,  and started i n  hole. Rig 
s h u t  down 6 hours r epa i r ing  tongs. 

a 
Made up 

11/27 

Tagged f i l l  a t  4,696 feet. 
sand w i t h  w e l l  flowing. 
lated 2 hours on bottom, then pul led  up 30 s tands  and allowed 
w e l l  t o  flow 2-1/2 hours a t  210 gpm. W e l l  w a s  producing only 
traces of sand. 
fill a t  4,892. 

Began c i r c u l a t i n g  and c leaning  o u t  
Cleaned o u t  sand t o  4,900 feet  c i r cu -  

Shut i n  w e l l  a t  1500 hours, RIH and tagged 
Began pu l l ing  o u t  of hole lay ing  down d r i l l  pipe.  

11/28 

Finished l ay ing  down d r i l l  p ipe  and removed r o t a t i n g  head. 
USGS r igged up and ran borehole te leviewer-survey.  
placed t o r n  element i n  s p h e r i c a l  BOP i n  prepara t ion  f o r  running 

C r e w  re= 

REDA p-0 

11/29 

Rigged down USGS logging t ruck.  
i n s t a l l e d  s p h e r i c a l  BOP in prepara t ion  for  running REDA pump. 
Rigged up Schlumberger w i r e l i n e  t ruck  and r an  gauge r i n g  i n  
13-3/8" casing.  
i n  13-3/8" cas ing  a t  1,250 feet. 
mixed 150 bb l  of 9.S ppg saltwater and pumped i n  hole t o  k i l l  
w e l l .  Displaced saltwater down hole w i t h  1 0 0  bb l  of produced 
water. 

'Removed Shaffer BOP and 

Schlwrberger ran and set Baker Model KB packer 
Rigged down loggers  and 

Waiting on cas ing  crew and REDA pump service man. 

11/30 

REDA service man checked o u t  motors, checked o u t  okay, Tested 
main power cable, tested bad. Cut o u t  bad spo t ,  retested, 
tested bad again. Spooled cable onto another  spool and v isu-  
a l l y  checked armor. Found s e v e r a l  damaged s p o t s  and cut o u t  
one bad area. Both p ieces  tested bad. Ordered new cable 
from RED€!- yard i n  Thermopolis, WY. 
cable 1 0  a .m.  12/1/79. Loaded ou t  most r e n t a l  equipment and 
re turned  t o  suppl ie rs .  Moved 8-5/8" tubing and pump assembly 
t o  work area i n  prepara t ion  f o r  running. 

Expected a r r i v a l  of new 

12/1 

R i g  on standby. 
i n  t o  k i l l  w e l l .  Displaced downhole w i t h  l Q 0  bb l  of produced 
water. Ran s t i n g e r  i n  hole  and hung above packer ( s t i n g e r  
suppl ied  by EG!CG). Cleaned threads on cas ing  and waited on 
REDA cable. 

Mixed 15Q b b l  9 .5  ppg s a l t w a t e r  and pumped 

Made up REDA pump and motors and rigged up cas ing  



12/1 ( c o n t i n u e d )  

crew. Cable arrived, ready to run pump. R I H  with pump on 
8-5/8" casing. 

12/2 

S t r i p p e d  off BOP and landed pump. Bottom hole assembly and 
casing t a l l y  as follows: 

Two 1 6 0  hp REDA motors 4 9 . 4 8  f t  
S e a l  S e c t i o n  6 . 5 4  
REDA Pump 7 . 6 8  

26 Joints of 8-5/8" Casing as Tubing 1 0 7 9 . 4 9  

K. B e  1 6 . 0 0  

Pup J o i n t  and Check Valve -13 .26  

TOTAL LENGTR h 5 6 . 4 5  ft 

Depth to B o t t o m  of Pump h Motor Assembly 1 7 2 . 4 5  ft 
7 

12/3 

Rigging down 
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TABLE F-l 

ACTUAL DIRECT COSTS FOR 
WORXOVER AND STIMULATION* 

RRGP-4 

Rig ~ b i l i z a t i o n / d ~ b i l i z a t f o n  

Rig daywork and standby 

Casing, related equipment, and semices 

Cementing 

F r a c t u r i n g  materials and service 

Tool and equipmant ren ta l s  

Miscellanaous services 

Expendables 

Transportation 

Consultants f o r  wellsite superpisfon 

TOTAL 

* Excludes  RGI and subcontractor labor 

$ 56,000 

52,650 

21,001 

42,346 

64,026 

24,180 

8,6Q3 

1s , 42s  

9,766 

10,058 

$3Q4,055 



ACTUAL DIRECT COSTS FOR 

WORXOVER AND STIMULATION* 
RRGP-5 

Rig mobilization/demobilization 

Rig daywork and standby 

Casing, related equipment, and services 

Cementing 

Fracturing materials and service 

Tool and equfpment rentals 

Miscellaneous services 

Expendables 

Transportation 

Consultant for wellsite superrision 

TOTAL 

* Exlcudes R G I  and subcontractor labor 

F-2 

$ 24,401 

92 , 426 

31.263 

11, a21 

128.998 

34 I399  

35.586 

18 . 172 

17,198 

15 , 648 

$409 . 918 
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