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ABSTRACT 

The proposed ground w a t e r  monitor- 
i n g  methodology f o r  geothermal develop- 
ment s p e c i f i e s  a seven-step monitoring 
system development and e v a l u a t i o n  pro- 
cedure c o n s i s t i n g  of (1) d e f i n i t i o n  of 
b a s e l i n e  cond i t ions  and p r o j e c t e d  
development; (2 )  f o r e c a s t  of a q u i f e r  
c o n d i t i o n s ;  (3) d e f i n i t i o n  of necessary 
d e t e c t i o n  limits; ( 4 )  e v a l u a t i o n  of 
a l t e r n a t i v e  ground water and d i s p o s a l  
f a c i l i t y  monitoring techniques;  ( 5 )  pro- 
p o s a l  of monitoring system and a l t e r n a -  
t ives ;  ( 6 )  implementation of monitoring 
system; and (7)  con t inua t ion  of 
monitor ing program and mod i f i ca t ion  as  
necessary . 

INTRODUCTION 

T h i s  study, sponsored by t h e  U.S. 
E.P.A., erpphasizes a philosophy of 
l lprevent ive monitoring" as a n  i n t e g r a l  
and e s s e n t i a l  component of a " d e t e c t i v e  
monitoring" methodology s i n c e  ground 
water degradat ion is o f t e n  an  essen- 
t i a l l y  i r r e v e r s i b l e  process and case 
h i s t o r i e s  of ground w a t e r  contamination 
due t o  i n j e c t i o n  of w a s t e  show t h a t  many 
of them could have been prevented by 
a p p r o p r i a t e  study and planning before- 
hand. By u t i l i z i n g  t h i s  proposed 
methodology and by en fo rc ing  r i g i d  
s p e c i f i c a t i o n s  f o r  i n j e c t i o n  w e l l  con- 
s t r u c t i o n  p r i o r  t o  i n j e c t i o n  ground 
water degradat ion can  be avoided. I f  
t h e  p reven t ive  monitoring s tudy  shows 
t h a t  t h e  i n j e c t e d  f l u i d  w i l l  i n t e r f e r  
w i t h  any u s e f u l  a q u i f e r ,  t hen  t h e  
i n i t i a l  design,  l o c a t i o n  and production 
schedules  of t h e  offending w e l l s  must 
be  modified before  production and 
i n j e c t i o n  begin. 

I n j e c t i o n  of geothermal e f f l u e n t  
i n t o  t h e  ground is a somewhat s p e c i a l  
case of deep w e l l  i n j e c t i o n .  Some of 
the d i s t i n c t i v e  c h a r a c t e r i s t i c s  i nc lude  
e f f l u e n t  chemistry,  q u a n t i t y  and 
temperature ,  and i n j e c t i o n  depth.  F lu id  
composition may vary from a few hundred 

C a l i f o r n i a  94902 

ppm t o  w e l l  over 250,000 ppm TDS. Within 
each geothermal r e s e r v o i r  t h e  chemistry 
of t h e  i n j e c t e d  f l u i d  may also vary con- 
s ide rab ly .  For example, a t  East M e s a ,  
C a l i f o r n i a  t h e  t o t a l  d i s so lved  s o l i d s  
(TDS) from d i f f e r e n t  w e l l s  range from 
less t han  2,000 p a r t s  per  m i l l i o n  (ppm) 
i n  Mesa 5-1 t o  about  30,000 ppm i n  M e s a  
6-1 (USBR, 1974).  For m o s t  geothermal 
ope ra t ions  t h e  q u a n t i t y  o f  f l u i d  
processed and i n j e c t e d  w i l l  be  enormous. 
For example, i n  t h e  Otake, Japan f i e l d s  
1,350 t o n s  of f l u i d  per  hour are i n j e c t e d  
i n t o  t h r e e  w e l l s  (Kubota and Aosaki, 
1976) . This  is 1 0  t o  1 0 0  t i m e s  t h e  
q u a n t i t y  g e n e r a l l y  i n  j ec t e d  f o r  o i l  
production. I n j e c t i o n  w i l l  g e n e r a l l y  
take p l a c e  i n  t h e  deeper geothermal 
a q u i f e r  system u s u a l l y  m o r e  t han  1,000 
meters deep. The i n j e c t e d  f l u i d  w i l l  be  
s i g n i f i c a n t l y  h o t t e r  than ambient a i r  and 
may be h o t t e r  or c o o l e r  t han  t h e  r ece iv ing  
a q u i f e r  . 

Severa l  p o t e n t i a l  p o l l u t i o n  
mechanisms must be considered i n  deep 
w e l l  i n j e c t i o n  of any waste f l u i d ,  and 
t h e  proposed methodology must be a b l e  t o  
monitor p o t e n t i a l  l e a k s  from these 
mechanisms, which inc lude  : (a) surface-  
a c c i d e n t a l  s p i l l s ;  (b) cement f a i l u r e ;  
(e) cas ing  co r ros ion ;  (d) hydrof r a c t u r i n g  
of conf in ing  formations due t o  high pres-  
s u r e  i n j e c t i o n ;  (e) p e r c o l a t i o n  from 
evaporat ion ponds (enhanced by h ighe r  
temperatures) ;  (f) d i f f e r e n t i a l  pore 
pres su re  r e s u l t i n g  i n  i n t r u s i o n  of waste 
or simple d i s r u p t i o n  of near-surface 
hydrau l i c  g r a d i e n t s  ; (9) p e r c o l a t i o n  from 
discharge of mineral ized f l u i d  to l and  
s u r f a c e s  or d r a i n s ;  (h)  escape of 
i n j e c t e d  f l u i d  through unknown s t r u c t u r a l  
or s t r a t i g r a p h i c  pathways; (i) escape o f  
water from sheared w e l l  c a s ings ,  f o r  
example, s lope  f a i l u r e  at The Geysers, 
C a l i f o r n i a .  

An a d d i t i o n a l  o b j e c t i v e  of t h i s  
s tudy is t o  develop p o s s i b l e  uses  of 
borehole geophysics i n  ground water  
monitoring for p o t e n t i a l  geothermal 
development t h a t  may be coordinated with 
o t h e r  more t r a d i t i o n a l  monitoring 
approaches. Geophysical w e l l  logging may 
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la) DEFINE 
BASELINE 

CONDnlONS 
b 

be applied i n  t w o  a s p e c t s  of the monitor- 
i n g  system. F i r s t ,  p r i o r  t o  i n j e c t i o n  it 
may be used f o r  d e t a i l e d  d e f i n i t i o n  of 
geologic  and hydrologic  p r o p e r t i e s  of 
t h e  s t r a t a ,  such as permeab i l i t y ,  
p o r o s i t y ,  t h i ckness  o f  i n d i v i d u a l  l a y e r s ,  
c l a y  con ten t  and o t h e r  impor tan t  s t r u c -  
t u r a l  and s t r a t i g r a p h i c  c h a r a c t e r i s t i c s .  
Secondly,  it may be used to monitor 
ground water  characteristics dur ing  and 
p r i o r  to i n j e c t i o n .  

GENE= METHODOLOGY 

2) FORECAST 1 b) DEFINE 
L L. AQUIFER 4 - PROJECTED 

CONDITION DEVELOPMENT 

Figure  1 is a flow c h a r t  i l l u s t r a t i n g  
the proposed methodology. E a c h  of t h e  1 

s t e p s  shown i n  t h e  f i g u r e  is  desc r ibed  
below. 

~~ ~ 

6) IMPLEMENT MONiTORING SYSTEM 
& 

PRELIMINARY FLOW CHART 

L- 

c 
3) DEFINE NECESSARY I LIMITS OF DETECTION 1 

I 4) EVALUATE DISPOSAL 
FACILITY MONITORING 

TECHNIQUES 

4a) EVALUATE GROUND WATER 
MONITORING TECHNIQUES 

I 1- 
5)  PROPOSE MONITORING I SYSTEM AND ALTERNATIVES I 

7 )  INCORPORATE EPA REVIEW AND M0DlFICATIONS 
AND REPEAT MONITORING AS NECESSARY I 

Fig. 1 Proposed Ground Water Monitoring 
Methodology f o r  Geothermal 
Development 

Define Base l ine  Condi t ions  

B a s e l i n e  cond i t ions  are those t h a t  
exist p r i o r  t o  i n j e c t i o n .  To determine 
hydro logic  changes tha t  may occur  dur ing  
i n j e c t i o n ,  b a s e l i n e  c o n d i t i o n s  must be 
established, inc luding  : 

a. chemical characteristics of non- 
geothermal ground water and 
s u r f a c e  waters; 

geothermal ground water; 
b. chemical characteristics of 

c. geology and hydrology of t h e  
a r e a ;  

d. l o c a t i o n  and w e l l  complet ion 
data f o r  a l l  w e l l s  around 
the geothermal si te;  

e. l a n d  use and s e n s i t i v i t y ;  
f. mechanics and c h a r a c t e r i s t i c s  

of t h e  geothermal system. 

Determining t h e  chemical character- 
istics of nongeothermal ground water a n d -  
surface water  w i l l  i nc lude ,  i n  a d d i t i o n  
t o  s t anda rd  chemical ana lyses ,  a v a i l a b l e  
h i s t o r i c  data which w i l l  be s y n t h e s i z e d  
t o  i d e n t i f y  changes wi th  time, l o c a t i o n  
o r  depth.  A characterist ic "chemical 
s i g n a t u r e "  f o r  each water  t y p e  from each 
recharge  source  w i l l  be sought .  

I n  determining t h e  chemical  charac- 
teristics o f  the geothermal w a t e r ,  w e  
must sample geothermal w e l l s ,  as w e l l  as 
s p r i n g s ,  and i n s u r e  t h a t  w e  have a 
r e p r e s e n t a t i v e  sample of the  r e s e r v o i r .  
Data ana lyses  should cover  t he  p o s s i b i l -  
i t y  of mixing wi th  nongeothermal waters .  

Geologic d e s c r i p t i o n s  should  i n c l u d e  
p o t e n t i a l  s t r u c t u r a l  and s t r a t i g r a p h i c  
p o l l u t a n t  pathways and boundar ies ,  
a q u i f e r  l o c a t i o n s ,  depths ,  and areal 
ex ten t s .  W e l l  pumping tests and geo log ic  
d a t a  can provide  informat ion  on the 
t r a n s m i s s i v i t y  and pe rmeab i l i t y  of t h e  
a q u i f e r s .  Contour maps of ground w a t e r  
depths and e l e v a t i o n s  for  each a q u i f e r  
can  be prepared  from water l e v e l  and 
topographic  data. P r e c i p i t a t i o n ,  
evapo t ransp i r a t ion ,  s o i l s ,  l and  use  and 
water l e v e l  d a t a  can be combined t o  
describe n a t u r a l  ground w a t e r  recharge .  
I r r i g a t i o n  and recharge d a t a  can be used 
to describe a r t i f i c i a l  ground wa te r  
recharge.  Stream flow and w a t e r  l e v e l  
data can be used to d e f i n e  n a t u r a l  
ground w a t e r  d i scharge .  Water l e v e l  and 
t r a n s m i s s i v i t y  data can be used t o  
determine d i r e c t i o n s  and v e l o c i t i e s  of 
ground water flow. A hydrologic  budget  
can  be prepared  t o  get a n  overview of t h e  
magnitude of water movement i n  t h e  area. 

A water w e l l  canvass w i l l  e s t a b l i s h  
l o c a t i o n s ,  owners, p e r f o r a t e d  i n t e r v a l s ,  
w e l l  c o n s t r u c t i o n ,  water and w e l l  use, 
the amount of pumping and any o t h e r  
r e l e v a n t  w e l l  d a t a  f o r  a l l  w e l l s  around 
t h e  site. Each w e l l ' s  s u i t a b i l i t y  f o r  
use  as a monitor ing w e l l ,  o r  as a 
p o t e n t i a l  condu i t  for cross a q u i f e r  
p o l l u t i o n  due t o  poor w e l l  c o n s t r u c t i o n  
w i l l  be eva lua ted .  Land u s e  and 
p a r t i c u l a r  land  s e n s i t i v i t i e s  will be 
obsexved, e.g. eco loqic ,  a g r i c u l t u r a l ,  
subsidence,  o r  s l o p e  s t a b i l i t y  f a c t o r s  
as they may r e l a t e  to t h e  ground water 
program. 

710 



Weiss 

The hydraul ics ,  temperature gradient ,  
r e se rvo i r  c h a r a c t e r i s t i c s  of the  
geothermal system w i l l  be  defined and t h e  
system w i l l  be modeled. Of p a r t i c u l a r  
importance i s  t h e  determination of how 
the  geothermal ground water system is 
r e l a t e d  t o  t h e  nongeothermal ground water 
system. 

To f i n a l i z e  t h e  base l ine  d a t a  acqui- 
s i t i o n  phase w e  would eva lua te  each d a t a  
category for  completeness. For example, 
a r e  t h e  hydrologic c h a r a c t e r i s t i c s  
adequately defined? is t h e  geographic 
and depth d i s t r i b u t i o n  of w e l l s  
s u f f i c i e n t  f o r  adequate monitoring? i s  
the  temporal d i s t r i b u t i o n  of h i s t o r i c  
chemical da t a  s u f f i c i e n t  t o  e s t a b l i s h  
p a t t e r n s  of temporal v a r i a t i o n  i n  water 
qua l i ty?  Determination of data  complete- 
ness w i l l  include considerat ion of cur ren t  
EPA or o t h e r  regula t ions  as w e l l  as 
considerat ions of cu r ren t  and p o t e n t i a l  
ground water use i n  the area.  If nec- 
essary,  f u r t h e r  da ta  acqu i s i t i on  t o  insure  
an adequate base l ine  would be recommended. 
The l i m i t a t i o n s  of t h e  da t a  t h a t  e x i s t s  
would be e x p l i c i t l y  defined. 

Define Projected Development 

The type and magnitude of p o t e n t i a l  
development w i l l  be def ined,  including 
descr ip t ions  of the hea t  ex t rac t ion  and 
waste d isposa l  processes.  C h e m i c a l  
e f f e c t s  of these  processes such as 
s i l i c i f i c a t i o n  o r  carbonate deposi t ion on 
p o t e n t i a l  po l lu t an t  pathways must be 
considered along with p o t e n t i a l  ground 
water po l lu t ion .  The proport ions of 
po ten t i a l  geothermal water production and 
i n j e c t i o n  t o  n a t u r a l  ground water system 
flow should be determined. The chemical 
c h a r a c t e r i s t i c s  of t h e  post-process 
geothermal f l u i d s  must be compared with 
those of n a t u r a l  geothermal f l u i d  and 
nongeothermal ground water. Local 
geologic and hydrologic f a c t o r s  a t  t h e  
s i te  must also be defined. For example, 
l ands l id ing  has been a major considera- 
t i o n  i n  planning geothermal f a c i l i t i e s  
a t  The Geysers. 

Forecast  Aquifer Condition 

Forecast ing the i n t e r a c t i o n  between 
geothermal and nongeothermal aqui fe rs  
before  production and i n j e c t i o n  begin 
may enable  us t o  avoid p o t e n t i a l  pro- 
blems. By incorporat ing possible  
pol lu tan t  mechanisms and pathways i n  our 
ground water and geothermal model, w e  
would a i m  t o  pred ic t  the water q u a l i t y  
and quan t i ty  changes i n  the geothermal 
r e se rvo i r  and i n  the ground water system 
due t o  t h e  production and i n j e c t i o n  of 
varying q u a n t i t i e s  and q u a l i t i e s  of 

f l u i d .  Hopefully, many of t h e  geologic 
and hydrologic parameters necessary f o r  
this model would be supplied by de ta i l ed  
geophysical borehole logging. 

L i m i t s  of  Detection 

The monitoring s y s t e m  w i l l  be  
designed to  d e t e c t  chemical changes i n  
t h e  ground water. These changes w i l l  
occur i n  a s p a t i a l  and temporal matrix. 
The necessary s e n s i t i v i t y  of de tec t ion  
i n  chemistry,  time and space must be 
spec i f i ed  for each area  and is a 
func t ion  of :  

a. 

b. 

C. 

d. 
e. 

f. 

h. 
i. 

Chemical con t r a s t  of geothermal 
and nongeothermal f l u i d s  

Environmental s e n s i t i v i t y  t o  
p a r t i c u l a r  cons t i t uen t s  

Natural  va r i a t ions  i n  water 
c h a r a c t e r i s t i c s  

Hydrologic f a c t o r s  
The r e l a t i v e  s i z e  of t h e  devel- 

opment 
Charac t e r i s t i c s  of p o t e n t i a l  

po l lu t an t  pathways 
Water use and w e l l  d i s t r ibu -  

t i o n  densi ty  i n  t h e  area 
Available a n a l y t i c  techniques 
EPA and o ther  regulatory 

c o n s t r a i n t s  

Analysis of these parameters w i l l  
a i d  i n  determining sampling frequency, 
d i s t r i b u t i o n  and dens i ty  of sample 
poin ts ,  s i g n i f i c a n t  chemical and 
physical  parameters, and sampling and 
ana lys i s  methods t o  be u t i l i z e d .  Where 
ground water is used extensively,  w e  
would be more concerned about rap id ly  
de t ec t ing  minute changes i n  q u a l i t y ,  
whereas where ground water qua l i t y  i s  
poor and it is  not  used w e  may accept  
l a r g e r  va r i a t ions  and less frequent  
sampling. 

Ground Water and Disposal F a c i l i t y  
Monitoring Techniques 

Once the monitoring parameters have 
been def ined t h e  most appropriate  
monitoring techniques must be se lec ted ,  
e.g. s tandard water sampling and 
analyses ,  geophysical w e l l  logging, 
electromagnetic probes, sur face  
geophysics, etc. The appl ica t ions ,  
s e n s i t i v i t i e s ,  accuracy and c o s t  of these  
techniques,  taken ind iv idua l ly  or i n  
combination w i l l  be considered. 

For t h e  water sampling w e  want to 
spec i fy  f i e l d  determination of  v o l a t i l e  
cons t i t uen t s  and evaluate  s tandard l a b  
chemical ana lys i s  techniques; e.g. w e t  
chemical, atomic absorption, mass 
spectrography, pH, s p e c i f i c  conductance. 
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The techniques and parameters which most 
c losely r e f l e c t  our needs and our budget 
w i l l  be determined. 

Geophysical w e l l  logs can be in te r -  
preted t o  determine t h e  l i tho logy ,  
geometry, r e s i s t i v i t y ,  formation f a c t o r ,  
bulk density, porosi ty ,  permeabili ty,  
moisture content and s p e c i f i c  y i e l d  of 
water bearing rocks and t o  def ine  the  
source, movement and chemical and physi- 
cal  c h a r a c t e r i s t i c s  of ground water. 
However, log in t e rp re t a t ion  techniques 
used for  geothermal w e l l s  o f t en  provide 
inaccurate answers s ince  log in te rpre ta -  
t i o n  technology has been developed f o r  
petroleum r e s e r v o i r s  which general ly  
have d i f f e r e n t  physical  c h a r a c t e r i s t i c s  
than geothermal reservoi rs  . One aspect 
of t h i s  p a r t i c u l a r  study is  t o  def ine how 
geophysical w e l l  logs can accurately and 
economically be used i n  ground water 
Fonitoring f o r  geothermal systems devel- 
opment. 
b r i e f l y  noted below, 

A few sample appl icat ions are 

One important c a p a b i l i t y  of geo- 
physical  w e l l  logging is  continuous 
v e r t i c a l  p ro f i l i ng  of water q u a l i t y  with 
depth, With t h i s  v e r t i c a l  p r o f i l e  
temporal changes i n  water qua l i t y  and 
rates of dispers ion i n  individual  layers  
could be detected.  S a l i n i t y  of t h e  
formation water can be determined from - 
e l e c t r i c a l  r e s i s t i v i t y  and SP logs i n  
uncased holes or it can be ca lcu la ted  
from pulsed neutron logs i n  cased holes. 
Disposal of geothermal waste water may be 
monitored using temperature logs which 
de tec t  the movement of a f l u i d  which is 
e i t h e r  h o t t e r  or  cooler  than t h e  aquifer.  
Gamma ray logs may be used t o  d e t e c t  
movement of contaminated water behind w e l l  
casings . 

Most monitoring of deep w e l l  dis-  
posal has been done through monitoring of 
t h e  disposal f a c i l i t y  i t s e l f  as opposed 
t o  monitoring t h e  a rea  around t h e  dis-  
posal f a c i l i t y .  This type of monitoring 
has included measuring t h e  volume of 
disposed f l u i d ,  chemical and physical 
properties of t h e  f l u i d ,  and f l u i d  
pressures a t  the wellhead and annulus, as 
w e l l  a s  per iodic  inspect ion of surface 
and subsurf ace f a c i l i t i e s ,  determination 
of permeable boundaries and per iodic  
geophysical w e l l  logging. 

Propose Monitorinq System 
and Alternatives . 

ing system. Designing a si te s p e c i f i c  
monitoring system may be done using a 
matrix evaluat ion technique specifying an 
algorithm or  r e l a t i v e  weighting for  each 
f a c t o r  and parameter t o  a r r i v e  at an 
optimum balance of c o s t  versus 
confidence, 

Generally, sample points  w i l l  be 
more concentrated around and down- 
gradient  from p o t e n t i a l  po l lu tan t  
sources, i.e., d i sposa l  w e l l s .  Sample 
frequency should be grea te r  near and 
down-gradient from t h e  source than 
f u r t h e r  away. I n i t i a l l y ,  some 
comprehensive chemical ana lys i s  (e .g. 
multispectrographic analysis)  of 
sample water should be done t o  determine 
which t r a c e  minerals need t o  be specif ied 
f o r  de t a i l ed  w e t  chemical o r  atomic 
absorption analysis ,  

Recommendations to achieve t h e  pro- 
posed monitoring system may include 
i n s t a l l i n g  addi t iona l  observation holes , 
spec i f ica t ions  f o r  t h e  sampling frequency 
and pa t te rn ,  spec i f ica t ions  for sampling 
and ana lys i s  techniques t o  be used and 
chemical cons t i t uen t s  t o  analyze for .  
W e  may f i n d  t h a t  adequate de tec t ion  
l i m i t s  can be achieved economically by 
c a r e f u l l y  s e l e c t i n g  frequency, dens i ty  
and types of sampling and ana lys i s .  

Implement Monitoring System 

Implementing the  monitoring system 
w i l l  involve da ta  co l l ec t ion  a t  spec i f ied  
frequency and loca t ions ,  and d a t a  
synthesis ,  i n t e r p r e t a t i o n  and display.  
Past data  w i l l  be reviewed and cor re la ted  
with t h e  new data .  Modifications w i l l  be 
recommended for the system a s  necessary. 
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Detecting temporal and s p a t i a l  
changes i n  ground water c h a r a c t e r i s t i c s  
within the es tab l i shed  l i m i t s  of detec- 
t i o n  is  the goal  of t h e  proposed monitor- 

712 


