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ABSTRACT - 

F l u i d  pressure o s c i l l a t i o n s  r e s u l t i n g  from 
t i d a l  s t r a i n  r e f l e c t  hydro log ic  and e l a s t i c  
p roper t ies  o f  a reservo i r .  
ment and i n t e r p r e t a t i o n  o f  these pressure 
f luc tua t ions  has t h e  p o t e n t i a l  o f  being a 
usefu l  . q u a n t i t a t i v e  r e s e r v o i r  engineering 
too l .  I n t e r p r e t a t i o n s  o f  r e s e r v o i r  response 
t o  t i d e s  have been t o  date o f  a q u a l i t a t i v e  
nature. Th is  i s  p r i m a r i l y  due t o  t h e  lack o f  
r e s o l v i n g  power o f  the  spec t ra l  analys is  
techniques appl ied i n  t h e  data i n t e r p r e t a t i o n .  
We have developed a procedure, based on the  
s t a t i s t i c a l  nature o f  t h e  noise i n  t h e  signal, 
t h a t  overcomes most o f  these problems. The 
method q u a n t i f i e s  t h e  spec t ra l  r e s o l u t i o n  i n  
terms o f  an absolute confidence l e v e l  i n  both 
amplitude and phase o f  t h e  spect ra l  estimate. 
Analysis o f  one week o f  data from a we l l  i n  
the  Sal ton Sea KGRA i s  presented. 

Prec ise measure- 

INTRODUCTION 

The r e l a t i v e l y  recent  development o f  
extremely s e n s i t i v e  pressure sensing devices, 
combined w i t h  simple and proven mod i f i ca t ions  
t o  these devices t o  a l low f o r  extended down- 
ho le t ime i n  cor ros ive  and hot  brines, has 
opened t h e  p o s s i b i l i t y  o f  us ing t i d a l l y  dr iven 
f l u i d  pressure o s c i l l a t i o n s  as pressure 
t r a n s i e n t  sources i n  geothermal r e s e r v o i r  
engineering. The procedure invo lved t o  
e x t r a c t  in format ion on r e s e r v o i r  p roper t ies  i s  
s i m i l a r  t o  t h a t  o f  conventional w e l l  pumping 
tests :  (1)  a we l l - reservo i r  mathematical model 
i s  constructed based on assumed e l a s t i c  and 
hydro log ic  c o n s t i t u t i v e  r e l a t i o n s  i n  order t o  
ob ta in  t h e  t h e o r e t i c a l  pressure response o f  
the  r e s e r v o i r  t o  the  t i d a l  s t r a i n  and (2), a 
comparison o f  the  observed w i t h  t h e  t h e o r e t i c a l  
response t o  ob ta in  t h e  r e s e r v o i r  parameters. 
Several simp1 e we1 1 - reservo i r  model s have been 
presented i n  t h e  l i t e r a t u r e  (Bredehoeft, 1967; 
Bodvarrson, 1970; A r d i t t y ,  1978). To date, . 
conclusions drawn from f i e l d  app l i ca t ion  based 
on e x i s t i n g  models are f o r  t h e  most p a r t  
q u a l i t a t i v e  (Bredehoeft, 1967; A r d i t t y ,  1978). 
Th is  derives, t o  a s i g n i f i c a n t  degree, from 
the  r a t h e r  complicated nature o f  t h e  d r i v i n g  
s ignal ,  t h e  f a c t  t h a t  t h e  t i d a l  pressure 
response can e a s i l y  be o f  the  same magnitude 

as n a t u r a l l y  occurr ing o r  c u l t u r a l l y  induced 
noise, and t h e  instrument resolut ion.  D i g i t a l  
spec t ra l  analys is  techniques t h a t  have u s u a l l y  
been, app l ied  t o  t h e  analys is  o f  t i d a l l y  e x c i t e d  
s igna ls  do no t  e x t r a c t  a l l  o f  the ava i lab le  
in fo rmat ion  from t h e  data, f a i l  t o  place on 
t h e  spec t ra l  estimates a confidence i n t e r v a l  
t h a t  r e f l e c t s  t h e  t r u e  noise spectrum, o r  both 
o f  these. 
Transform (FFT) ( A r d i t t y ,  1978), i n  a d d i t i o n  
t o  t h e  above problems, can indeed d i s t o r t  t h e  
spec t ra l  est imates unless a long t ime record 
o f  t h e  s igna l  i s  processed. Munk and 
Hasselman (1964) addressed t h e  problem o f  
resolv ing,  i n  an a r b i t r a r i l y  long data sample, 
two c l o s e l y  spaced spect ra l  l i n e s  i n  noise. 
Although t h i s  work lays  bare some o f  the  
problems associated w i t h  analysis o f  the t i d a l  
spectrum, i t  does no t  genera l ize t o  the  degree 
necessary f o r  p r a c t i c a l  appl icat ion.  The 
f o l l o w i n g  o u t l i n e s  a general method o f  
analys is  we have developed and gives as an 
example an a p p l i c a t i o n  t o  f i e l d  data taken i n  
the  Sal ton Sea KGRA. 

App l ica t ion  o f  the  Fast Four ie r  

ANALYSIS OF SIGNALS WITH TIDAL ORIGIN  

The t i d a l  spectrum consis ts  o f  an i n f i n i t e  
bu t  countable se t  o f  d isc re te  frequencies 
r e l a t e d  t o  t h e  o r b i t a l  periods o f  t h e  ear th  
about t h e  sun, t h e  moon about t h e  earth, and 
t h e  e a r t h ' s  ro ta t ion .  Fortunately, 95% o f  t h e  
t i d a l  g r a v i t a t i o n a l  p o t e n t i a l  i s  represented 
by a se t  o f  f i v e  spect ra l  l i nes :  two d iu rna l  
l i n e s  (01 and K1) and th ree  semidiurnal 
l i n e s  (N2, M2, and S2) (Melchior, 1964). 
The per iods of these l i n e s  are given i n  Table 
1. 
diurnal ,  and t e r d i u r n a l )  are spaced on the  
order o f  0.04 hr -1  from one another and 
i n d i v i d u a l  l i n e s  w i t h i n  these groups are 
spaced on t h e  order o f  0.002 hV-1 o r  less  
from one another. 
comprehensive descr ip t ion  o f  t h e  t i d a l  
spectrum . 

The m u l t i p l e t  groups (eg. d iurnal ,  semi- 

Melchior (1978) gives a 

A spec t ra l  est imate o f  t h e  l i n e  o=u!  i s  
made according t o  

f eiokt g ( t ) h ( t ) d t  
- 0 0  
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where g ( t ) h ( t )  i s  the  measured s igna l  
cons is t ing  o f  t h e  t r u e  t i d a l  s igna l  r ( t ) h ( t )  
superimposed on random noise n( t ) h (  t). 
given data length  L, h ( t )  i s  u n i t y  on t h e  

~~~~~!~~ 11) can be recast, us ing t h e  
convolut ion theorem f o r  Four ie r  in tegra ls ,  as 

For a 

-L/2, L/ZJ and i s  zero elsewhere. 

where G(o) = R(o) + N(o) i s  t h e  spectrum o f  
the  s igna l  p lus  noise and H ( o )  i s  a s inc  
f u n c t i o n  kernel .  I n  t h i s  form, i t  i s  ev ident  
t h a t  the  ca lcu la ted  spect ra l  est imate F ( q )  
cons is ts  of a weighted sum over G(w). Only 
f o r  very  long data lengths such t h a t  boL>>l 
w i l l  t h e  kernel  approach a d e l t a - l i k e  f u n c t i o n  
and F(ok)  be a good estimate o f  G(ok). A o  i s  
on the  order o f  t h e  l i n e  spacing i n  the  above 
cons t ra in t  suggesting t h a t  L must be on t h e  
order o f  months. For shor t  data lengths, a 
month o r  less, t h e  above i n t e g r a l  equation 
must be so l  ved (deconvol ved) f o r  G(ok). Since 
the  t i d a l  spectrum i s  d isc re te  (o = a k ,  k = 1, 
2, . . ¶M), equation (2 )  can be recast  1 nto  a 
set  o f  2M coupled equations w i t h  2M unknowns 
(M est imates o f  Re G and M estimates o f  Zm G). 
Th is  w i l l  y i e l d  the  values o f  G(ok) which best  
represent R(ok) i n  the  l e a s t  squares sense. 
If, i n  a d d i t i o n  t o  being random, t h e  noise i s  
assumed t o  be a s ta t ionary  ergodic t ime series, 
an expression f o r  the  variance-covariance 
m a t r i x  f o r  each spect ra l  l i n e  estimate G(ok) 
i n  terms o f  the  noise power spectrum can be 
der ived us ing t h e  method o f  ensemble aver- 
aging. The diagonal elements o f  t h i s  m a t r i x  
(var iance)  r e f l e c t  the uncer ta in ty  i n  t h e  r e a l  
and imaginary p a r t s  o f  t h e  spect ra l  est imates 
and the  o f f  diagonal elements (covariance) 
r e f l e c t  the  c o r r e l a t i o n  between the  r e a l  and 
imaginary p a r t s  o f  the  spec t ra l  estimates. 
The covariance term i s  zero f o r  whi te  noise. 
The variance-covariance m a t r i x  i s  used t o  
de l ineate  regions i n  the  amplitude-phase plane 
w i t h i n  which, t o  some given p r o b a b i l i t y ,  t h e  
t r u e  spec t ra l  est imate w i l l  be constrained. 
I t  may be poss ib le  t o  propagate t h i s  i n f o r -  
mation through a we l l - reservo i r  model t o  
o b t a i n  confidence bounds on t h e  computed 
r e s e r v o i r  parameters. 

TABLE 1 

OR GIN S Y ~ O L  MULTIPLET PERIOD (HRS) (L = LUNAR, s = SOUR) -- 
01 DIURNAL 25.819341 L PRINCIPLE LUNAR WAVE 

n 23,934469 L 8 S DECLINATIONAL WAVE 
K 1  

f12 
$2 

N2 SEMIDIURNAL 12,658348 L MJOR ELLIPTIC WAVE OF fl2 
H 12,420601 L PRINCIPLE WAVE 
H 12.000000 S PRINCIPLE WAVE 

M3 TERDIURNAL 8.280401 L PRINCIPLE WAVE 

The analys is  procedure out1 ined above has 
been ex tens ive ly  tes ted  us ing simulated data 
w i t h  vary i  ng 1 evel s o f  superimposed noi se and 
vary ing lengths o f  data. 

APPLICATION OF METHOD TO FIELD DATA 

The method has been appl ied t o  approxi- 
mate ly  one week o f  raw ( u n f i l t e r e d )  data taken 
between 0730, 5/23/78 and 1000, 5/30/78 a t  
Elmore 3, a w e l l  located i n  the  Sal ton Sea 
KGRA. The w e l l  l i n e r  i s  s l o t t e d  i n  the  i n t e r -  
v a l  2007'-2505' and cores taken from t h i s  
i n t e r v a l  vary  from s i l t y  shales t o  loose and 
very coarse sand. 
up and d r i l l s t e m  t e s t s  i n  Magmamax 1, a we l l  
w i t h i n  2 m i l e s  o f  Elmore 3,  y i e l d  a value of 
approximately 150 md f o r  t h e  permeable sands 
a t  t h i s  depth (Morse, 1979). The we l l  had 
been shut i n  f o r  some months and t h e  nearest 
w e l l  undergoing f l o w  was more than one m i l e  
away. A P a r o s c i e n t i f i c  Quar tz  pressure gauge, 
mod i f ied  f o r  extended downhole use i n  a hot  
and cor ros ive  environment (Morse and Owen, 
1978) was suspended a t  a depth o f  150'. It i s  
noted here t h a t  t h i s  instrument has funct ioned 
wi thout  i n t e r r u p t i o n  f o r  downhole periods i n  
excess o f  several months a t  the SSKGRA. 
F igure  1 shows t h e  raw data a f t e r  having been 
corrected f o r  an assumed quadrat ic  instrument 
d r i f t .  
Shown a lso  i n  F igure  1 i s  the  t h e o r e t i c a l  
g r a v i t y  t i d a l  per tu rba t ion  (Longman, 1959). 
The p o l a r i t y  o f  t h e  g r a v i t y  has been reversed 
here f o r  eas ie r  v isua l  comparison w i t h  t h e  
pressure data. 
allowed f o r  t h e  f i v e  t i d a l  l i n e s  r e f e r r e d  t o  
e a r l i e r  p l u s  t h e  t e r d i u r n a l  l i n e  M3 (see 
Table 1) and assumed t h a t  the noise present i n  
t h e  s igna l  was whi te  f o r  computational ease. 
The best est imates o f  t h e  s i x  l i n e s  i n  the  
t i d a l  pressure response, w i t h  associated 50% 
confidence i n t e r v a l s ,  are shown i n  F igure  2. 
Except f o r  t h e  N2 l i n e ,  bounds on both 
amplitude and phase are obtained a t  t h e  50% 
conf i dence 1 evel  f o r  a1 1 spect ra l  estimates. 
An upper bound on t h e  amplitude o f  t h e  N 
t i d e  a t  t h i s  confidence l e v e l  i s  o b t a i n e i  
although t h e  phase o f  t h i s  l i n e  i s  no t  
resolved. Furthermore, a t  t h i s  confidence 
leve l ,  K 1  and 0 1  i n  t h e  d iu rna l  m u l t i p l e t  
and Me and S2 i n  t h e  semidiurnal m u l t i p l e t  
are resolved as separate and d i s t i n c t  l ines .  
An FFT ana lys is  (see F igure  3) o f  the  same data 
del ineated t h e  th ree  m u l t i p l e t  groups bu t  
f a i l e d  t o  reso lve  amplitude and phase o f  
i n d i v i d u a l  l i n e s  w i t h i n  each group. 

Conventional pressure b u i l d -  

The data was sampled s i x  times an hour. 

The analys is  o f  t h i s  data 

An i d e n t i c a l  analys is  was done on t h e  
t h e o r e t i c a l  g r a v i t y  over t h e  same t ime per iod  
t o  determine if, w i t h i n  a given confidence, a 
frequency dependent amp1 i tude o r  phase response 
o f  t h e  r e s e r v o i r  t o  t h e  t i d a l  s t r a i n  could be 
detected. E x i s t i n g  we l l - reservo i r  models 
(Bodvarsson, 1970; Ard i  tty, 1978) i n d i c a t e  t h e  
p o s s i b i l i t y  f o r  t h i s  r e s e r v o i r  behavior. The 
w e l l  pressure data no t  o n l y  r e f l e c t s  a response 
t o  t i d a l  s t r a i n  b u t  a lso t o  barometric and 

292 



Hanson 

thermal f l u c t u a t i o n s  t h a t  can have s i g n i f i c a n t  
energy i n  the  spect ra l  window corresponding t o  
the  s o l a r  day- To el iminate,  o r  a t  l e a s t  
minimize, these e f f e c t s  i n  our comparison of 
t he  g r a v i t y  w i t h  the pressure data, we normal- 
i z e d  t h e  spect ra l  estimates t o  the  pu re l y  lunar  
t i d e  0 1  w i t h  respect t o  both amplitude and 
phase, F igu re  4 shows t h e  comparison o f  the 
normalized r e s u l t s  w i t h  50% confidence l e v e l s  
on t h e  pressure estimates and 90% confidence 
l e v e l s  on the grav i ty .  I f the t i d a l  response 
o f  t h e  r e s e r v o i r  had been independent o f  
frequency, t he  magnitude o f  t he  vectors would 
have been zero. From these resul ts ,  t he re  i s  
a d e f i n i t e  i n d i c a t i o n  ( a t  b e t t e r  than a 50% 
conf i dence) t h a t  t he  response i s  i ndeed 
frequency dependent. The pressure response o f  
the r e s e r v o i r  t o  the semidiurnal t i d e s  M 
and S2 lags the  semidiurnal g r a v i t a t i o n a f  
pe r tu rba t i on  i n  phase. Furthermore, t he re  i s  
a weak i n d i c a t i o n  o f  a frequency dependent 
amplitude response although the confidence i n  
t h i s  conclusion, based on one week o f  u n f i l -  
t e red  data, i s  s i g n i f i c a t n l y  less than 50%. 
F i n a l l y ,  i t  i s  noted t h a t  the l u n i s o l a r  t i d e  
K 1  e x h i b i t s  a l a rge  excursion r e l a t i v e  t o  
the  l una r  t i d e  01, As suggested e a r l i e r ,  
t h i s  i s  most l i k e l y  due t o  thermal and baro- 
m e t r i c  e f fec ts  and ind icates the necess i ty  o f  
i s o l a t i n g  temperature s e n s i t i v e  equipment, 
t ak ing  pressure measurements a t  a s u f f i c i e n t  
depth t o  avoid contamination by  surface 
temperature var ia t ions,  and co r rec t i ng  the  
data f o r  barometr ic e f f e c t s  p r i o r  t o  analysis. 

CONCLUSION 

The r e s u l t s  o f  our analysis o f  a sho r t  t ime 
record o f  pressure response a t  Elmore 3 sug- 
gests t h a t  t h e  method of t i d a l  spect ra l  analy- 
s i s  presented here w i l l  have the  p o t e n t i a l  f o r  
p rov id ing  cons t ra in t s  on amp1 i tude and phase 
response o f  a r e s e r v o i r  necessary t o  estimate, 
t o  a usefu l  degree o f  ce r ta in t y ,  rese rvo i r  
hydro1 ogl  c p roper t i es  , These const ra i  n t s  w i ' l  1 
a lso be necessary t o  v e r i f y  the a p p l i c a b i l i t y  
o f  e x i s t i n g  we l l - rese rvo i r  models o r  t o  i n d i -  
cate changes t o  e x i s t i n g  models requi red t o  
account f o r  observed rese rvo i r  response. The 
method i s  appl icable t o  t h e  analysis o f  anv 
s ignal  o f  t i d a l  o r i g i n  and w i l l  be usefu l  i n  
the  i n t e r p r e t a t i o n  o f  t i 1 t-meter and d i r e c t  
s t r a i n  data i n  add i t i on  t o  t i d a l  pressure 
f l uc tua t i ons .  Evaluat ion o f  t h e  t i d a l  approach 
t o  r e s e r v o i r  engineering i s  c u r r e n t l y  underway 
a t  Lawrence Livermore Laboratory. A c r i t i c a l  
comparison o f  t h i s  method w i t h  t h e  more 
conventi onal we1 1 pumping approach w i  1 1 be 
made on data taken a t  t he  SSKGRA and a t  Ra f t  
River,  Idaho. 
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Figure 1. Measured t i d a l  pressure response 
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I 

Figure 2. Spectral estimates of six lines 

El 1 i pses indicate 50% 
Rms nois level given 

of the tidal spectrum i n  the reservoir 
pressure response. 
confidence levels. 
by arrow. 
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Figure 3. FFT analysis o f  one week of data  

from Elmore 3. 
lines are given for reference. 

Locations of the six spectral 
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Figure 4. Normalized spectral estimates o f  
k l ,  M , and S e  relative t o  the lunar tide 
01. tectors indicate pressure response of 
reservoir to  tidal strain. 
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