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CHAPTER I
INTROOUCTION

The deveiopment of high-temperature, liquid-dominated geothermal resour-
;-ces will require the production and ultimate disposal of large volumes of
?ﬂuids. Subsurface injection of the wastewater is the only environmentally
acceptable scheme for disposal of most geothermal waters primarily because of

moderate to high concentrations of dissolved salts. Relatively high waste

‘ water rejection temperatures and large discharge volumes also require subsur-

{ face disposal. The feasibility for long-term, large volume reinjection of

spent geothermal fluid in the United States has yet to be established.

One critical area of concern is the movement and effects of the fluids as
they enter the subsurface formation. In order to insure that the objectives
of an injection program are realized without undue risk of environmental
deterioration, a method to predict and monitor the movement of the injected
fluid is necessary. Numerous case studies have demonstrated that the major
_uncertainty associated with attempts to predict the movement of injected fluid
is the presence and orientation of fractures. High pemeabﬂity fracture
Zones can Serve as conduits for injected fluid and can channelize fluid move-
ment in a localized and unpredictable fashion. Oevelopment of monitoring
épproaches which allow major fluid carrying fractures ta be mapped and charac~
terized would help to guarantee successful long-term reinjection progranms.

Careful measurement and interpretation of pore pressure response to solid
earth tides has the possibility of fdentifying the nature and orfentation of
the primary fluid conduits away from the injection well. This information
would be useful in developing flow models that accurately predict behavior of

Spent fluids in the injection zone. The appeal of this approach is that no

- . '»;..r



geieTEWGCE SENSTng technique 1s capable of mapping fracture orientaticnm at s

depths below a few thousand feet. The target parameters for tidal reservoir in

testing are the same as conventional testing. However, because the driviing sot

forces are directional (tidal strains are tensors), the spatial orientation _kie

the preferred flow conduits will be manifested in the well pressure record.

Preliminary work done by The University of California Lawrence Livermore
National Laboratory (LLNL) on data taken at the Raft River Geothermal Area
indicates that the nature of connected (i.e., pors or fracture) poro§ity and
fracture orientation can be estimated from the analysis of pore pressure
response to solid earth tidal strain.

Subsequent work by Terra Tek Research (Salt Lake City, Utah), has ex-
tended the theory to allow for the more complex situation in which drainage to
and from the fracture to the formation takes place. Terra Tek Research has
successfully field tested this approach in a hydraulically stimulated oil well
in an active western Canadian oil field located adjacent to the £astern Rocky
Mountain thrust belt (Hanson, 1982). 1In addition to work done at LLNL anr
Tarra Tek Research, an effort is currently underway by the Department of
Energy, Mines, and Resources, Canada, to investigate the feasibility of char-

acterization of isolated natural fractures in deep crystalline rock massas

using the solid earth tidal strain approach (Bower, 1382). This investigation

is directed toward the subsurface containment of radiocactive wastes.

It is clear from the above that fracture orientation avaluation using
fluid pressure response to solid earth tidal strain has applications in a
diverse sat of field situations. The rapid development of the method over the
past few years derives primarily from the development of the extremely high
precision quartz pressure gauge and improvements in numerical data analysis

methods for extraction of the small pressure signals in background noise. The
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intation at’esults of the work carried out by LLNL at the Raft River Geothermal Reservoir

reservowr 11 Idaho and subsequent work by Terra Tek ﬁesearch in field-testing the method
Ne dr1vingifor fracture orientation analysis in a stimulated oil well has been suffi-
Atation of}c1ent1y encouraging to permit Terra Tek Research to offer this fracture diag-
‘¢ record. jnostic method as a commercial service.

Livermore ! The purpose of this report is to describe in detail the current state of
Osity and fand surface load deformation due to the influence of gravitational forces and

pressure } barcmetric pressure loading. Chapter III investigates in detail the pore

rmal Area Qthis technology. Chapter II discusses the nature of solid earth tidal strain
 pressure response to these types of deformation, including the cases of a

has ex- " canfined aquifer intersected by a well and a discrete fracture intersected by

inage to 4 3 well. For the case in which the fracture intersects a permeable formation,
irch has § the solution for the fracture orientation is under-determined. That is,

il well unless the formation hydraulic parameters are known a priori, there is insuf-
ficient information to calculate the fracture orientation based on simply the

1

-NL and § measurement of fluid pressure to tidal strain. Chapter IV discusses the

‘ent of integration of the tidal response method with conventional pump tests in order
‘ char- to independently calculate the hydraulic parameters of the fracture-formation
masses system. With this information available, the sd]ution for fracture orienta-
gation tion is again over-determined. Chapter V shows how advanced spectral analysis
methods, coupled with correlation analysis can be used to extract the tidal

using response signals from the pressure record. Uncertainties in the signals are
in a estimated using various information-theoretic methods in order to place a

r the Confidence level at which we can safely assume that the measured signal is

high indeed of tidal origin. Chapter VI presents a detailed case study of the

ysis method carried out at the Raft River Seothermal Reservoir in Idaho. This study
Cetails the background geology and geophysics of the area and summarizes the

e — - g . P "
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current understanding of the geathermal system. All of the analyzed iidz
data is presented and the results of the computed fracture orientatfon usjj’ A
the solid earth tidal strain approach are compared with the extens{ve fie}
work carried out at Raft River by the Dapartment of Geothermal Energy (Ufs—’/
DOE) over the past decade. Chapter VII discusses the direction that futyr sur'
work in the continuing development of this technology should take, including e

cen'
1) the present need for an expanded data base for the confirmation of presen

10Ci
tidal strain response models, and 2) improvement in response models.
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CHAPTER I1I
'yzed tidc
\*1f NATURE OF SOLID EARTH TIDAL STRAIN AND SURFACE LOAD OEFORMATION
ation us1n

msive fiel
1 Solid earth tidal strain is a global phenomenon. Every point on the

‘nergy (U.S]
}surface and within the earth is subject to two forces: the force of gravity
that futurd
{ due to Newtonian attraction of the mass of the Earth, Moon, and Sun, and the
includin
4 centrifugal force due to the rotation of the earth. Because the relative
of presen ' ’
location of the Moon and Sun with respect to a fixed point within the earth

varies with time, the forces at that point will also vary with time and with

~the orbital paths of these bodies. The tidal gravitational potential, and

-

cinsequently the tidal force, can be evaluated if the various orbital param-
eters are known. Taking advantage of the work performed by astronomers of the
last century, it has been possible to determine with extraordinary precision
these orbital parameters. A description of the method by which these param-
eters are translated into an expression for the tidal gravitational potential
is beyond the scope of this report. However, a detailed description of this
Cevelopment is given by Melchior (1966, 1978), Longman (1959), and Harrison
(1971). The tidal spectrum is not a simple distribution. Because of the
several gravitational periodicites involved, corresponding to rotational and
revolutional periodicities, the major tidal energy bands (i.e. diurnal, semi-
diurnal, etc.) are broken down into a complex, but well understood, “fine
Structure". Figure 2.1 shows the main spectral lines of the tidal potential.
Melchior (1966) points out that, although the total number of lines in the
tidal spectrum is quite large, only five of the lines have real importance
Seophysically. These five are the two diurnal tides (0,, K,) and the three
semi-diurnal tides (N;, Mp, and Sj).

If the Earth was an ideally rigid body, then these applied gravitational

3 forces ‘dio;uld._:__ingg:'ce g_q__sdefoma.tiim- ___,Hoy:‘%\ier, the Earth is not r'i;gid. but
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Figure 2.1. The main lines of the spectrum of the tidal potential (from P
Godin, 1972).




ibe'naves as an elastic-viscoplastic body with complex rheological behavior.
NG ‘For our present purpose, the Earth can be consideréd to behave in a purely
linear-elastic (Hookean) manner to good first approximation. Because of the
non-rigid nature of the Earth, gravitational forces will cause strain deforma-
tion == both cubic expansion and shear. In order to quantify the magnitude of
these deformations, a knowledge of the distribution of density p and elastic
Lamé parameters A and p frdm the center of the Earth to the surface is re-
qQuired. This information can be estimated from tabulated seismic velocity
data for P and S waves. Sources of this data are given by the Jeffreys-Bullen
and Gutenberg-Bullen models J(Bul]en, 1975). Takeuchi (1950) was the first to

: integrate this data to obtain the theoretical deformation characterzistics of

Hookezn Earth. The results can be easily expressed in terms of three param=-

eters: the Love numbers h and k and the Shida number 2. These three param-

ks

DAY eters allow a very practical representation of all deformation phenomena

Produced by a gravitational potential. The various theoretical tidal strain

gthe garth under applied gravitational forces. His calculations assumed a
‘tensor components are simply linear combinations of the tidal gravitational
from Potential and its spatial derivatives. The coefficients of the linear combin-
tions are the Love and Shida numbers. Further details can be found in Mel-
Chior (1966, 1978). The desired result obtained by combining the elastic
Parameters of the Earth (i.e. the Love and Shida numbers) and the tidal gravi-
tational potential is the tidal strain tensor e(t) which is a function of

time. £(t) is represented as:

err(t) 0 0
e(t) = o eAA(t) %exe(t) (I1.1)

e




where e.., &,,, and &, are tidal strains in the radial, E-W, and N-$ dir

tions, respectively. 0 is the shear strain in a plane tangent to the earty:
: surface. It should also be pointed out that the strain tensor componr

depend on location (latitude and Yongitude) at the Earth's surface.

’The depth range of interest, namely a few to tens of kilometars, is muc{
less than the wavelengths of the tidal strain. Therefore, to very good aDDPOxJ v
imation, measurements to these depths can be considered measurements at a freq ¥
surface (Melchoir, 1978). Therefore, &y T g = 0, as reflected in the fon} M

of the tidal strain tensor. The cubic dilatation A, which will be useful if 2

the discussion of pore pressure response in isotropic homogeneous porous rock,

is given by the trace of the strain tensor, namely: ;
A(t) = err(t) + ehx(t) + eee(t) (11.2)

Since the tidal strain can be representaed as a finite sum of constituents{
each of which exists at a specific frequency, it is appropriate to recast the

|

strain tensor into its Fourier components. Each tidal constituent (e.g. & ___/ ¢

Ky, Na, Mp, or Sy) is represented by a strain tensor cast in the frequency {

domain, %
. pérr(mk) 0 ° j !
g&m) = [o 8,,(w, ) 48, (w) ' [
Kk ) sy glwy (11.3) ¥
! (o] !iém (mk) éee (wk) |

k=1,2, ..., N

where the index k corrasponds to a particular frequency (i.a. tidal constitu-
ent).

The following numerical exercise is presented in order to get a feeling

for the magnitude of the volumetric tidal strain at the Earth's surface. As




L3

\
N=5 direc® peicaior (1978) points out, A can be cast as a functfon of the Love and Shida

~e earth’ numpers h and 2 and Poisson's ratio v as:

component

= 12V - Wo
S, is mucH

Where a is the radius of the Earth, W, is the tidal potential, and g is the
:d approx

B acceleration of gravity (not tidal) due to the Earth's mass. Taking Takeuchi's

at a fre

) the f "values of h, and £, and noting that the tidal gravity perturbation Ag is given
(] .

'

by (Melchior, 1978):

useful in
‘qus
rock, , ag =~ Z%z
£ . -
I then =8 (@n-6) 4 (11.5)
(11.2) ’
S =0.49 %g

ituents,

\_ /st the

- g. 01’

where Poisson's ratio has been taken to be V' = 0.25 and h, £ are 0.606 and
0.082, respectively. Figure 2.2 shows the variation of Ag for the major tidal

‘equency SSnstituents as a function of latitude. It is noted that

1 pgal = 1x10-¢ cm/sec?
g = 980 cm/sec?
1.3) Therefore, using the above expression for tidal cubic expansion, the Mp-tide
has 2 maximum volumetric strain of:
. . (0.49)(80x10-8
stitu- Anz =
= 2x10-8
teling
It is clear from the above exercise that tidal strains are exceedingly small.
. , As -
\(‘

- —— PSR ST el 2 eyt o - I e e wmam-
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Because strain is a tensor quantity, tidal deformation will depend upon

PR spatial direction. The best way to see this is to evaluate the strain quadric.
B This is accomplished by evaluating the strain amplitude én along a given

E direction in space defined by the unit vector A, where

fi = (Cosay, Cosay, Cosa,)T

d Cosa;, Cosap, Cosaz are the direction cosines between n and the (vertical,

§ =h ¢ @ (11.6)

B0, upon multiplication:

8, = Cos2a, e * Cos2a, g * Cos2a; e, * Cosaz Cosas eg,

Figure 2.3 shows horizontal and vertical slices through the quadratic

surface for the 0; and M, strain tensors evaluated at a latitude of 45°. The

" Quadric surfaces have been normalized so that Wp/(ag) = 1. It is clear that

from this figure that the 0, tide has a distinctly different deformation

Sistribution than the M, tide. The maximum deformation for the M, tide is in ;

'~ “the N-S direction whereas the maximum for the 0, tide is in the E-W direction.

 As will be seen in a later chapter, this will play a major role .in determining

the spatial orientation of a fluid-filled fracture.

Deviations of the measured tidal strain from the theoretical strain
determined from radially stratified earth models mentioned above come about
through a variety of reasons. The most important of those are: 1) the effect
of loading due to ocean tides, 2) local geologic inhomogeneities and/or dis-
Continuities in the elastic parameters near the reQion of strain measurement,
and 3) topographic effects. The observed deviations, and various attempts to

Mocel them, have been documented by many authors, including Beaumont and
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$ Berger (1975), Berger and Beaumont (1976), Alsop and Kuo (1964), Harrison

-

B (1976), Prothero and Goodkind (1972), Harrison, et al. (1963), Lambert (1970),

¥ Berger and Wyatt (1973), Farrell (1972, 1979), King and Bilham (1973), and

B Kuo, et al. (1970). The results of these investigations can be summarized as

~— F follows.

g 1. The effect of loading due to ocean tides can be significant == up to
44 percent of the total tidal strain tide for the M, constituent and

- ,' 13 percent of the total tidal strain for the 0; constituent (Beau-
' mont and Eerggg, 1975). These extreme variations are found near

coastlines where the loading effect is most significant, and in most

cases, diminish to a second-order effect a few hundred kilometers
iniand. [If cotidal and cophase charts are available for the oceans
adjacent to the nearest coastline, the loading effect can be approx-

imated and therefore removed from the observed strain tide.

—/ 2. Geologic effects are theoretically important near interfaces between
rock types that have radically differing elastic properties. As

Berger and Beaumont (1976) point out, "it is difficult to make

g;7§;. 3 general statemehts on the effects of lateral variations in the

crust's élastic%gropertiés due to geology on the local stra'in field.
This results n&t'."so much from a lack of mathematical tools to solve
the problem as from the uncertainty in the three-dimensional struc-
ture. Were thése local variations better known, finite element
models could ré:adily be constructed to estimate their effects."
Topographic and’ geclogic effects at some strain meter sites have
been found to be as large as 25 percent of strain calculated from
the radially-stratified whoie earth model. Typically topographic

effects are considerably smaller than geologic effects. In the case



of geologic effects, however, the sdatial variations in the elasti; —”:'a

. parameters will be a necessary input to a model for tidal strain, <=

, Berger and Beamont (1976) have carried out such an analysis at -
several sites using relatively simple representations of local “L
variations in elastic parametars obtained from regional geology ang setf
seismic surveys. This kind of information is ofen times typicany‘i nd
available for geothermal and petroleum reservoirs. Berger amf2 t
Beaumont's modeling results were consistent with the measured tidaﬂ acct
strains. If this kind of site-specific information is not a.vaﬂableji i2s
an estimate of the uncertainty in elastic parameter anisotrqﬁy musti
be made before the effect of geology on the uncertainty in derived! nar
fracture orientation can be evaluated. Clearly more work ﬁéeds to: par

be done regarding the effect of local geology on the eva1uation of{ coe

fracture geometry using solid earth tidal strain. £1u

-2 eSt
It is noteworthy that none of the above investigations of ancmalous tidal

T ‘ n
strain have included the effects cf lcadirg due to barometric pressure. There‘\/
; di

ot

is considerable evidence in the literature to indicate that variatidhs in.
barometric pressure can induce measureable ground deformation (Tanaka, 1958 a, !
b; Trubytsyn and Makalkin, 1976; Khorosheva, 1958; Urmantsev, 1370, 197;; and
IZschau, 1976). Tanaka (1968 a) Ufound that the ground strain response at Qura. i
Japan due to atmospheric loading was roughly 1x10-3/mb in the N-S direction
and 2.5x10-%/mb in the E-W direction for loading periods between 5 minutas and -
60. minutes. Chapman and westg;o'ld (1856) report barometric loads at tidal
frequencies ranging from 2.8 to“-Sl pb for the M, tide and 208 to 1482 ub for

the S, tide. We have measured barometric loads at tidal frequencies gomputed

over a two month period at the Imperial Valley in Southern California, of 18.3

pb, 1358.4 wb, 14.5 pb, 82.3 pb, and 829.7 ub corresponding tc the 0,, K,, Nj,
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CHAPTER II1
PORE PRESSURE REsp'd»ise TO TIDAL STRAIN AND SURFACE LOADS

i A

Many examples of poreﬁpressure response to solid earth tidal strain and
barometric pressure loading have been documented in the literature (Robinson,
1939; Richardson, 1956; Robinson and Bell, 1971; Bredehoeft, 1967; Steang
and Smets, 1971; Marine, 1975 George and Romberg, 1851; Arditty and Ramey,
1978; Bower and Heaton, 1957”3‘ Witherspoon, et al., 1978; Rhoads, 1976; Kane-
hiro, 1980; Hanson, 1979 Hanson and Owen, 1982; and Bower, 1982). Models
used to interpret the fluid pressure data are typically based on the theoreti-
c2l response of a homogeneous isotropic fluid-filled porous elastic rock
(Arditty, 1978; Bodvarsson?ﬁlsm- Moreland, 1978; Bodvarsson and Hanson, 1978;
Bredehoeft, 1967; Van der Kamp and Gale, 1983). Most of the models do not
fnclude: a) borehole storage and well-completion effects, and/or b) the
Presence of discrete f‘luid-carrymg fractures. In the following, we present
two models for pressure response to solid earth tidal strain. The first
Bodel, based on Biot's theory of consolidation, is similar to previously
Published models for aquifer response to tidal strain. it is presented here
Primarily for completeness and will be used later for interpretation of data
from the Raft River Geothermal Reservoir. The second-nodel addresses the

Question of fluid pressure response in a single discrete fracture. Both

Bodels include the effects of borehole storage and wellhead completion.

A Homogeneous Isotropic Aquifer Response to Solid Earth Tidal Strain

and Barometric Loads

Consider a confined single-phase fluid-filled aquifer of thickness L,

= Permeability k, and porosity ¢, subject to an applied volumetric tida¥ strain



e elastic M,, and S, constituents. Thus, barometric pressure induced strain, based on

1 strain, 8 Chapman and Westfold's barometric load amplitudes and Tanaka's response S
tlysis at :'1 sy be as high as 3.71x10-% for the S, tide and 0.23x10-3 for thae M, tide.

of localf Using our barometric loads measurad at the Imperial Valley, we obtain baro-

~

dlogy andf wetric pressure induced strains of 4.6x10-10, 3.4x10-8, 3.6x10-19, 2.05x10-9,

sypically 8 and 2.07x10-8 corresponding to the 0y, K;, N, M,, and S, tides, respective]y.<

"ger andEMEIt is evident from the above that the effect of barometric loads must be |

‘ed tidal accounted for in addressing the question of deviations in tidal strain frony

vailable 4 fts thearaetical value.
py must - For the purposes of this report, we have accounted for the effect of
7 <arometric loading on strain by finding the correlation coefficiet;t between
Sarometric pressurs and pore fluid pressure. Having obtained the correlation
ccefficient, the effect of barometric loads can easil_y be removed .from the
B ‘luid pressure data. This approach circumvents t.heA intermediate str of
tstimating barometric pressure-induced strain, since for this repori we\{-e
M0t particularly interested in this parameter. The correlation method will be

discussed elsawhere in this report (see Chapter V).
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T=- (e k) (111.5)

Hyhere p is the viscosity of the fluid and kr is the formation permeability.
léserting equations (III.5) and (III.2) into equation (I11.4) and rearranging

ums. we obtain:
; .
L g2p - [% . %f:] 3,p = Fll 2,0 (111.6)

n terms of an applied stress o, or:

k.
E‘ v2p - [lli %— - -:-z] 3,p = {-‘i 2,4 (111.7)

" fn terms of an applied strai.n. Equation (I1I1.7) is the classical Biot storage
“equation. The ratio K/H can be identified as the effective stress constant a
i~ (Nur and Byerlee, 1971) which is the ratio of the volume of fluid squeezed out
EOE - of the rock to the total volume change of the rock in the drained condition.
( ‘ci_ B A cased vel fully penetrates the aquifer and is open to flow over the total
thickness L. Flow is assumed to be radial from the well axis and in the
horizontal plane only. Conservation of mass at the well-aquifer interface

fequires that:

(3,p + A3_p) =0 (111.8)
r=r
3) )
where Ty is the well radius and A is a constant to be defined later. Using
id. the results of Rice and Cleary (1976), one can show that the expression in
res brackets in equation (II1.7), is identified as:
| %"i":? ‘?*ﬁ‘ (111.9)
1) MR § f
. B This equality is valid only under the condition that all void space of any
—/ ¢lemental volume of rock is continuous and allows free fluid filtration. I

&
[
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A=e . *eget e, (Illfl)
A Y

where er + 0 + 2

r CL) AA
(1941) linearized theory of consolidation, the volumetric strain & and chan

is the trace of the tidal strain tensor. Using Bfot's

in pore volume fraction 8 can be written as:

aa.p) =g *+ k

(111.2)
8. =g + B ~
with the inverse relationship:
a(a,8) = E% - g] /0 i,
(rir.2) @
p(a,8) = [% - %] /D

where D = (KR)™L - W72

and where p is the change in pore pressure, o is the change in hydrostatic
stress, X is the drained wet rock bulk modulus, and H, R are elastic ﬁddﬁli
defined by Biot (1941). Assuming that the fluid is only slightly compresiib\\'
so that the mass of fluid per unit pore volume is a linear function of o and

p, the change of fluid mass per unit volume can be expressed as:

m=p, [a . %%] | (111.3)

where Per Kf are the density and bulk modulus, respectively, of the fluid.
Conservation of fluid mass within an elemental volume of the aquifer requires

that:
atm +vq=0 (111.4)

where 'q is the mass flux through the surface of the volume, given by Darcy's

law:




€<

?3{=than Kg sugh that a > 0.9, and to good approXimation ¢ = 1 {s sufficient for

. the current work. With the“help of equation (II11.11), we can rewrite equatien

(111.7) as:

'11.10) B8
T kr ot Ss ,

brack?i?} N '
cient.i}- Assuming an oscillating vol&metric strain field of the form &4 = 4y exp (fwt),
?11; equation (III.7') along with the boundary condition given by equation (III.8)
1;7} ¢an be solved in cylindrical coordinates to obtain:

W8 1 :
-orage B vhere T is a function given by:

Ar,, K,(Arw)

T=.iA (111.14)
‘1.11) wr Ko(Arw)
and where
4 fupS
g 0. 2 =5
A prak. (I11.15)
rage,
1.11) The constant A, which is determined by the well completion, is easily shown to
be: ¢ L .
. 200¢ - N
[.12) - - T rL' open well with free 1iquid surface
! w .
A= ot
ZKf shut-in well with positive

) ur'[‘ er' wellhead pressure

¥here L* {5 the depth of fhe well. The function T/(1+T) has been evaluated
» Mumerically for its amp]i{ude and phase characteristics. Figure 3.1 shows
. 7“7 these results in terms of three-dimensional surfaces for dimensionless pres-
 1‘§Tjs"'° dmplitude and phase in terms of the dimensionless parameters A/(ur)

P
SR phy .

;d;éiﬁnd Ar, . It is noted that A 1 can be interpreted as_a hydraulic skin



is useful to compare equation (III.9) with the definition (Deweist,'lgss) ob
Y - K

-

specific storége Ss of a homogeneous isotropic aquifer:

s (19), 4 (1111
f

where g is the acceleration of gravity. We see that the expression in brack-

ats in equation (III.7) closely resembles the specific storage coefficient.

Indeed, setting a = 1 obtains:

1+L-K =S_s- . ‘
R ke Rz Ped ;gg

24
We suggest here that a more realistic expression for the specific storage

coefficient is given by:

S
s o (am9) , 0
53 X + R; (111.11)

G - o7 B
This is based on taking the limit of equations (III1.10) and (III.11) as ¢ » ~
Equation (II11.10) implies that a rock with zero porosity has a finite stdrage,'
which is clearly a non-physical result. On the other hand, equation (III.ll);

has a limiting specific storage of

¥

as ¢ » 0. Noting that (Nur and Byerlee, 1971) a =1 - K/Kg, where Kg,js’the

grain modulus of the rock, as ¢ - 0, K » K_ and hence a » 0. Thugirthe

g
specific storage given by equation (III.11l) goes to zero as ¢ » O, wh!th is
the desired physical result. We will therefore use equation (III1.11) as the
definition of specific storage coefficient in the remainder of this report.

We point out here that for many, if not most, rocks, K is sufficiently less

20

a | g '
2. g « (111.12)

LY




U= _ o ‘

X X J

o R .

Ly

(X ry

LXK I I

&+ oo ool wi sebdut v e

o BB ONBEINA hl - b & &
R ' ‘,""‘. )

SSSRAg o0 19, b

PR y—

depth, or in terms -of conventional well testing, 2 "radius of influence." It

is clear from Figure 3. 1 t.hat for A/(wr ) > 100, the fluid pressure oscil-

lates in phase with the app]ied volumetric strain, with pressure amplftude

given as:

\

.SI. (111.16)

\ \\ ‘\

For A/(wr ) < 100, the pressure response falls off with decreasing A and also
exhibits a phase lag (\gjiii respect to 4,) that can be as large as 90°. To
geod approximation, equat.ion (I11.16) holds if the permeability-thickness
product of the aquifer is: c

{ 2.4x10* md-ft,  open well

k. L2

10. 4x10-3L* md-ft, closed well, positive well-
- head pressure (L* in feet)

where we have assumed rw= 0.1m, p=1cp, Ke = 2.3x10° Pa, and Pg = 103
kg/m3,

The weight of the atﬁbsphere pressing on & confined aqu!‘fer will cause a
Pore deformation and con;equenﬂy a pore pressure change. The ratio of the
Pore pressure change to f,he atmospheric pressure change is referred to as the
"barometric efficiency” ;f?the reservoir. Jacob (1940) was the first to show
the relationship between \t;'oe barometric efficiency and the specific storage
for porous aquifer. Hg ican obtain his result from the simple exercise that
follows. Consider a reser\;oir under non-flowing conditions, then from equa-

tion (II1.6), we can write:

. 1
op H
RY K



o

<

Figure 3.1. Amplitude (top) and phase (bottom) response of a confined homo-
geneous isotropic aquifer penetrated by a well. The |Ar | axis
is linear whereas the aA/(wr ) axis is logarithmic. Parafeters

are defined in text. Phase™lag is relative to the applied volu-
metric strain. 1
22 " K




as situation 1s 2 fluid-filled planar fracture of infinite (or very large)

c\\ ;

rneabrhty mthin an impermeable host rock.” The definition of “very large"
eraeability in this case is that the hydraulic skin depth of the fracture is
-larger than any dimension of the fracture. The orientation of the fracture is

fined by the unit vector # which is normal to the fracture plane. The unit

i = (Cos a4, Cos oy, Cos a3) (111.18)

thin the North, East and vertical coordinate system. Maximum volume change
f the fracture is caused by applied strain normal to the fracture plane.

fs strain is given, in t.ems of the tidal strain tensor, as:

l -

6(t)-={ﬁ e(L)h | (111.19)

ere the explicit time dependence of the strain tensor is shown. The fluid

Pressure response measured at a well which intersects the fracture will be

Proportional to the applied normal strain, or:

p(t):=-Kh e(t)h (I11.20)

_ture size, elastic parameters of the host rock, fluid compressibility, well-

“~v
i

n Yb°"e storage effects, etc. If strain is taken to be positive under compres-
l ": $ton, K wild be a positive constant. For a fracture with hydraulic skin depth

i
Yo

. is| less than the fracture dimensions, equation (III.20) becomes a convelution
i“tegral in time reflecting the pressure memory of the fracture. The memory
: T;. _,.i‘ manifested as a time dépendence of K, which depends on fracture permeabil-

Ay, Equation (111.20) may be transformed to the frequency domain using

.‘me'er methods to obtain:
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static stress. Thus, the product of 3p/dg with specific storage is:

1
3 _ _ H 1 _K
S5 56 = PeSIT o [K'%; %
R°%

we assume incompressible grains so that @ =1 - l(/l(g = 1. Also, we make us, &

of the identity (Rice and Cleary, 1976)

1_1_.
R A %‘
g
where Kg is the grain modulus. Thus, we can write:
1.0
P 3o ‘Y K
p._._f R I
% -Siie oull I wr - Rl
Flarx 9
f
now % S % - i:— = % - }_ - %— where K is the "drained” bulk modulus. ,.j]_si_ng .

g g9
typical values for loosely bound rocks, we have that

Kg > Kf » K
Hence, % ~ % >> %— > %— and the term in brackets is approximately units.
f g
Thus L i |
’ s 30 Ke P

we see that the product of specific storage with barometric efficiency fis

directly proportional to the formation porosity 9.

B.. Discrete Fracture Response to Solid Earth Tidal Strain

In the following discussion, the pressure response of a liquid=filled

fracture to solid earth tidal strain will be derived. The simplest model for

A




Table 3.1

Frequencies of Major Tidal Constituents

w,
£
Nage (cycles/k) k
PRI 2Q, 0.0357063506
CD e 3 n
- Q 0.0372185025 3
e 0, 0.0387306544 S
K, ‘7 0.0417807462 12
. Jy 0.0632928982 16
2N, ,  0.0774870968 19
N2 0.0789992487 21
Mz *° . 0.0805114006 24
S, *  0.0833333333 29 z
K2 T 0.0835614924 k) ’
My _  0.1207671010 36
77
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5(wk) = KAe& (mk)ﬁ -,

)

whare the finite set of frequencies ('”k' k =1,2, ...,N) are those shown {y

Table 3.1.

The tidal strain tensor near the surface of the earth takes the forn,

] e..(t) 0 0 )
gt)= |o e, (1) ligy,(t)
 © Moy0(t) - eaqa(t) |

Therefore, equation (III.21) can be rewritten as:
i®

k
Blw) = - K Ig;,[lﬁee(wk)!*len(wk)l]e
'i¢k
K ne . g

* 1-p [Ben(wk)_l,* vleee(mk)l] a  Cos?a,

id
K [ 5 L
- [Ieee(mk)l* UIEM(mk)I] e  Cos®a,

+

i

)

where the following relationships have been used to simplify the expression:

v
e = " 1w (eg9 * &)

Cos? a, + Cos? az + Cos? a3 =1

Lt ee

arg [Eee(mk)] = arg [En(wk)] = ¢k

(see Major, et al., 1964)

and ¢, - arg [;Ae(wk)] =+ n/2

(see Major, et al., 1964)

¥

g;gx.éﬁ,

._. k e i
iX lé)\e(wk)le Cos ap Cos az, Xk =1,2,...,N

(nnzy B

(111.23)

ey

PIoac 0 MR Y
=, kS
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.(111.24)
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It is useful to note, that equation (I11.23) reduces, for a vertical

= fracture (o; = 90°) to:

-i¢
Plw, e L Ieee(wk)lc_qszc; + IeM(wk)ICoszaz + i lim(mk)ICosaz

Cosag , k = 1,2,...N , (111.26)

and consequently, a vertfcal fracture with a _hES strike (a3 = 90°. gy = 0°)

has the response:

3L

-i¢k,, :
5(mk)e = K 'eu\('”k)' , k=1,2,...,N ‘(111.27)
~and with an E':w strike (as = 0°. az = 90°), has the response:
_ -
-ie, 7"
ﬁ(wk)e :::z-K Ieea(mk)l, k=1,2,...,N (I11.28)

Beasured fluid pressure responds in-phase with the tidal potential. Further-
®ore, based on equation (II1.25), a fracture strike in the northwest quadrant

(Eg_SggCosa3>0) and a fracture strike in the northeast quadrant (CosayCosay<0)

exhibit equal phase shiftS ‘with respect to the tidal potential, but of oppo-

- $ite sign for a given tfde. Similarly, for the same strike quadrant, the

- @lurnal and semidiurnal tides also exhibit phase shifts with respect to the

: tdal potential of oppositd”sign.

¢

The fracture responséﬁxode] given above does not take into account fluid

8 %3kage into the formatidn or the effect of a finite fracture permeability.

13 x.l" the following discussion, we develop a model of a discrete vertical bi-wing

-O" penny-shaped fracture @ a permeable formation (see Figure 3.2). These

‘Cture geometries approximate the actual geometries of a stimulated (hydrau-

- Thus, for a vertical fraéfd're with either a N-W strike or an E-W strike, thg

i
‘7

\
\



The (-/+) in equation (II1.23) and the (+/-) in eQquUation (Iil.<3) reTef LS
3

(diurnal/ semidiurnal) tiges. If the measured pressure response at frequanc,

Wy is now referenced to the tidal potential, and if a value of Poisson’s raty
is assumed, then:
“1oy 2 2 2
ﬁ(wk)e =K j‘(wk) +_ az(ulk) Cos ap + a:;(mk) Cos Uy * ia,(wk)
CosazCosay , k = 1,2,... N (111.25)§

AN

where the coefficients aj(mk) and the phase of the tidal potential ¢k any
known. _ -

The possibility of computing a,, a, and a3 (and hence fracture dip "énu
strike) based on a single-well measurement of the pressure response at variow 3
tidal frequencies is evident in equation (II1.25). The solution of the set
coupled equations given by equation (111.25) can be carried out with either :
two fundamentally different approaches. One approach is simply to solve
set of N equations as a nonlinear least-squares problem to obtain not?.éonh

fracture orientation, but also the proportionality constant K. The latter iv

nl .
G ome Ak e mt

yield useful information regarding fracture size and/or effective fracturn]

storage given an appropriate elastic model for the fracture. The other

X ¥

approach, the one used in the analysis of the Raft River data (see Chapier
VI), is to recognize that although equation (II1.25) includes both real and
i'maginary parts, K is real. Therefore, the phase of the measured pressure
signal, when referenced to the tidal potential, will be independent of K
Amplitude of the measured pressure response, however, depends strongly on K.
The dependence can be eliminated from the problem by evaluating equ'ation
(111.25) for different frequencies Wy« Since the fracture is assumed to have
large permeability, K will be independent of frequency and therefore will

cancel when ratios of equation (III.25) are computed for different fraquencies|

28
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. Yically fractured) well. The motivation for choosing these geometries fis
primarily for comparison with conventional pump test models that are currently
being used by the oil and gas industry for characterizing stimulated wells

i (Cinco-Ley and Samaniego-V, 1981; Rosato, et al., 1982).

We begin by observing an element V of volume bounded by the surface

-

vithin a fracture. The fracture opening has porosity ¢ and the fluid filling
~ the open spaces of the fracture has density P The continuity equation can

F . be written (Duguid and Lee, 1977) as:

'd&f P¢ pdv=0= ,/'%E (pf¢) dav *fﬁ‘pf¢(vf)ds (111.29)
S .

v v

: vhere A is the normal to the surface S and <V‘:> is the space-averaged velocity

IR - field of the fluid. The fluid velocity can be represented as the sum of the
"-ulocity of the solid<vs>plus the velocity of the fluid with respect to the

', _“‘id. <Vf O or:
L:.A - .‘;- -— ansp -—

; (Vf = <vs> + <vfs> (II1.30)

" Now including fluid velocity components along the fracture and normal to the

~ fracture (due to drainage to the formation), we may write, in accordance with
¥ " Oarcy's qay:

5
v

k

2--L 23 (111.31)

NVgg> = = § 3z

el

= - Yhere 2 and § are the coordinates along the fracture and normal to the frac-
e .:t‘""eo respectively. kg:and k_ are the permeabilities of the fracture and the

-fomation, respectively. Assuming a slightly compressible fluid so that

_ Pr=pg (1+ =)

Rl R L R et Ao =

(111.32)
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where the fluid pressure p, with the exception of the integral term, is taken
\_ to be an average value across the fracture. The integral in the last term in

equation (II1.36) can be written as

b
/2 ;o2
] - )
‘/ﬂaz dz=2 SR

- (111.37)
bs/o az

Z=bey

where we have assumed a symmetric fluid pressure distribution about the mid-
plane of the fracture.

Assuming an oscillating normal stress of the form:

o, exp(jwt) (I11.38)

o.(t) =
It is easy to show that:
ap R A
"\ 3% = E; p (111.39)
2= beso
where Cr is the hydraulic diffusivity of the formation which is given by
krp g
- f
C, = E'?;- . (111.40)
: Combining equations (II1.36) through (I1I1.39), we obtain:
: b.C 2k |
® juu f r fw i
: Vadp e ez (1 + =) p =7 i p == =g (111.41)
bekeC K¢ kfbf ¢, kfbfc n

4
«

The above diffusion equation can be simplified considerably by redefining the

Parameters fnto a dimensionless form:

kb
Ofn = E£EI (dimensionless fracture conductivity)
r




we can combine equations (III.29) through (IIl.32) to obtain, setting o"-‘- 1

and using the divergence theorem for the surface integral in (I1I1I.29),

1 9,1 v . 1 4. v
K, 3t * K Ngg> - T + o R CPIQ D N
) - (111.33)
- _f 2q - __l_‘ 320 - )
m Va2%p u a—zz =0

where V,2 is the two-dimensional Laplacian operator in the plane of the frac-

ture. We now make the observation that:

2 V. S 2p
Kf << 1 and ( st) Up << 3t

Thus, we arrive at the diffusion equation:

k. 52

2 =M _ 30, U o v -.rd
V2" P keKe at*pokfv(pfols)) ;31 (I11.34)

If we assume that the fracture width b‘r is constant and is propped oper
either by asperities or injected proppant, with material with an incompressx../
bility C (see Snow, 1368), then

(V>=- E:'c‘ gf (.- ) 2 (111.35)

where o, is the normal applied stress change on tha fracture. In our particu-
lar case, o, will be the normal component of the tidal stress. Inserting
equation (1II.35) into equation (III.34), and averaging the fluid pressure

across the fracture width, we obtain:

N

Ao, ) ke Ct/2

K, 3t kb C at kfb

0 (I1I.36)
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and equation (15) reduces to:

jwd

vzzp -
U

+ g = ot |p=- o (111.43")

The two dimensional Laplacian takes the form

22 .13
r

2 =
V2 szt rav

for a penny-shaped fracture in which flow is purely radial, and

= 82
v2? = 5

for linear flow. The conservation of mass boundary condition at the well-

fracture interface takes the form:

- A3 (111.45)
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Furthermore, we require a no-flow boundary condition at the crack tip, or:

(I1I.46)
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For the case of a vertical bi-wing fracture with hefght = H,

2a0p,.b
E;—;-i f , open-well with free 1iquid surface
beKf shut-in well with positive

~ nr 2pH* ka ' wellhead pressure

" For the case of a penny-shaped fracture,

s ikf:?=*=<"#!ll“:=!i!;~=iéﬂ- e i S A o=
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kf ¢C

I s L ‘
ey = R (5527; (dimensionless fracture diffgsivity) (111.482)
oC,ul? .
d=—% (characteristic time)
r
K . o eq s
= _r (porosity - total compressibility
where oC, = C product for formation) —
-1 .1 (porosity - total compressibility
and (oCy)¢ = EE; * K¢  product for fracture)

We have adopted the porosity-total compressibility notation as opposed to the
specific storage notation to be consistent with the common well testing liter-
ature. L can be taken to be a characteristic fracturs length, which is equal
to the half-length of a bi-wing fracture or radius for a penney-shaped frac-
ture.

With these definitions, equation (III.41) cah be rewritten as:

-3 o4 = wd wy :
V,2p - [ wd , 2 . jwd ] p=- i[ - o (111.43)
2 Lngp  Liog Lngp KK ] 0

The expression given by equation (II11.43) can be simplified even further '

noting that ~
1
1.4 ] = X (111.44)
["f‘f] ' ['-"‘fo [1 N -f—]
e,

Snow (1968) quotes a typical value for asperity incompressibility C of 4.33 x
10®2 Pa/m. Thus, assuming the fluid is water, the ratio Kf/(be) yields a
value of 5.6x102 for b, as large as 1 cm. This ratio increases for smaller

fracture apertures. Therefore, we can to good approximation set the ratio

3 s d ] << 1
["f"f] ' [LGfD
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\_ where P, is the pore pressure response to tidal strain far from the fracture,

given by equation (III.16),

_ ap¢g
s i

From equation (III1.47'), we see that:

_ for a, = 0
’ . WLz(Qct)f
corresponding to —— —° 0
f
that Plier =TT Po (111.48)
w
and
for a3 = 0
\ (g€, k ) L2
corresponding to 0 =
ff
That Plrer = ToT %% (111.49)
w

In the first case (a, = 0), the fracture has no storage and the pressure
perturbation at the well is driven totally by formation bore deformation. In
the second case (az = 0), the formation has either no storage or no permeabil-
ity so that the pressure perturbation at the well is driven totally by frac-
ture deformation. Clearly, a realistic case will fall somewhere between these

two extreme cases, determined by the ratio

an Copk Ik
.:.:21 . i t "] (111.50)
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ke » open-well with free liquid surface

A= .
_ 2Ky shut-in well with positive
per! f ' wellhead pressure

The solution of equation (II1I1.43') subject to the boundary condition given 5}—//
equations (III1.45) and (II1.46) is:

=1 3
P rar, - I+T 3 %n
where a; = ag + ag
=2, 8y s 5 i (111.47)
fD f0
and T= _51:1 tanh [J-}(l- LRV (bi-wing fracture)

N xl(ﬁ)ll(n— x,(f‘ (&)

or T=
LK, (fa7 ¢ )+l (JaT T GaE)

(penny-shaped fracture)

It is important to point out that equation (II1.47) has been derivéﬁ"/
under the assumption that the pore structure in the formation is not deforming
under the influence of tidal stress. That is, far from the fracture, the pore
pressure is constant. This is clearly not the case, as we showed in the
earlier discussion of pore pressure response in an isotropic homogeneous
aquifer. Therefore, both the deformation of the fracture (i.e. deformation of
asperities or proppant) as well as the deformation of the pore structure of
the formation will influence the measured pore prassure response to tidal

stress. It is easy to show that, under the condition that the formation pore

structure is allowed to deform, equation (III.47) becomes:




where Ach is the normal component of the strain tensor. Therefore, equation

(111.47') can be rewritten as: e

T

= L] 22 (aured) « 2 2
Pleer, = TY| 2 (@ieh) + 32 00) + 2 (111.51)

The first term in the brackets is the response due to shear deformation of the
fracture. The second term is the response due to a volumetric (isotropic)
strain of the fracture. The last term in the brackets is the response due to
pore deformation in the formation. The multiplier T/(1+T) can be considered a
tidal "transfer function" between the fluid pressure in the fracture and the
measured fluid pressure in the well.

For a vertical bi-wing fracture whose spatial orientation depends only on
strike, it is clear from equations (I1I11.47') and'(III.SI) that in the most
general case, the measured pressure response depends on four hydraulic param-
eters and one orientation parameter. The hydraulic parameters ére: 2z, as,
Ss/a, and A/L. For the case of a penny-shaped fracture in which dip is not
constrained, the total number of free parameters is six. We have assumed that
A and p are known and that the strain tensor can be estimated (see Chapter
I1). The number of free parameters is reduced for the case in which the
formation permeability k. = 6. In this case, ag = 0 and at.= az. For a
vertical fracture, there are three free parameters and for an unconstrained
orientation case, there are four free parameters. Since under most practical
situations we usually have amplitude and phase information at the two tidal
frequencies corresponding to the 0; and M, tides, we have a total of four
equations. Therefore, the solution will be unique only under the situation in
which there is little or no drainage to the formation. If there {s drainage,

the solution will be under-determined. Recovery from the latter situation can
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mation. If R>>1, the pore pressure response will be due primarily to dra;nagg
effects caused by pore structure deformation in the formation. In order to
get a feeling for the dependence of R on the host rock permeability, we N |
evaluated equation (III.50) under the assumption that the pore fluid is wafEFT/
¢Ct = 1.5x10-19 Pa and that the asperity incompressibility is 4.33x10% pa/m.

With these assumptions,
R = 0.9 .lkr(md)

Hence, we see that if the formation permeability is on the order of 1 md, the
pore pressure response to tidal stress is divided roughly equally between
fracture deformation and formation pore structure deformation. With the
exception of the case in which the formation has a permeability in the micro-
darcy range (e.g. crystalline granite), it is clear frdm the above exercise
that equation (111.47') must be used as the appropriate general tidal response
model. |

Hooke's law for isotropic elastic bodies, written in tensor form, i\~,/
Oijp = A8y * 2ueyy

where A and y are Lame's parameters, defined in terms of Young's modulus E and

Poisson's ratio v, as

- E
A= TYA-2v)
Ul [6T5))

Thus, the normal stress % in equation (111.47') can be written as:

o, = AA + 2u dAgd




CHAPTER 1V
INTEGRATION OF TIDAL RESPONSE WITH CONVENTIONAL
PUMP TESTS FOR FRACTURE CHARACTERIZATION

The previous chapter indicates that, under some conditions, additional
information will be required to calculate a unique fracture orientation solu-
tion. A conventional well pump test will, in principal, yield the needed
information. Indeed, with proper test design, it will be possible to obtain
the tidal pressure response information simultaneously with a conventional
well pump test.

Another possible method for determining system hydraulic paraméters from
a pressure transient test is that of multi-frequency flow testing (Hanson,
1983). This method is a variation of conventional testing methods that may
allow for better parameter resolution and can also be carried out simultane-
ously with tidal response monitoring.

As an example of the integration of tidal response with a conventional
pump test, we consider a build-up test on a stimulated well with a vertical
»fracture (Cinco-Ley and Samaniego-V, 1981). A well is flowed for a time t; at
a constant volume flow rate q and is then shut-in. The diffusion equation

appropriate to this situation is (see Equation IIIl.36):

, " Ke L0, Kr P21 52
Va?p - kaf (I*Ff'ﬁ)?f,’kfbf [a—zgdz=0 (Iv.1)

77

Rather than assuming an oscillating solution, as we did in equation I1I.38, we

Laplace transform equation (IV.1l) to obtain

b.C P, 2k Ploo
2, - SY__ . =0y r s - =0
V2p BekeC 1+ K, ) (p — ) k.5 E: (» < ) =0 ;glv.z)
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be accomplished if some of the hydraulic parameters are known a priori or if
information at other tidal frequencies is available. The next chapter shows

how this information can be obtained using a conventional pump test if pres-

sure response data at other tidal frequencies is not available. \_
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a8 = ag + a5 \
ds 2Jd

a2=ﬁ— aazaﬁ
fD f0

H is the height of the fracture at the wellface.

The pressure history from the beginning of flow at t=0 to time of shut-in
t=t, and later can be obtained by calculating the inverse Laplace transform of
equation (IV.6). An analytic expression for the inverse is likely to be
difficult to obtain. Therefore, a numerical approach (Stehfest, 1869) is the
most expedient. Since there is a discontinuity in 3p/3t at t=t,;, a direct
numerical inverse will not obtain a reasonable precision near t=t,. We there-
fore modify the numerical {inverse procedure to take advantage of the time

translation operator associated with the term exp(-t;s). Calling

1
Ja; tanh{{2,(1 - r /1))

6(s) = &

it is easy to show that

- p(t=0) = f [(1-e"t15)6(s)]

p(t)
r=r

- - (1Iv.7)
= K (6(s)], - I [G($)]p. U(E-ty)

where U is the Heaviside step function defined by

0, tst,
U(t'tl) = ;
1, ©t,
and the subscripts t and t-t; indicate the time at which the Laplace inverse
is to be evaluated. By this procedure, the function G(s) which is to be

inverted numerically, is well-behaved.
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where plyzg is the reservoir pressure prior to the test. Equation (Iv.2) is

the Laplace transform equivalent to equation (III.4¥), with the exception that

in the present case, the applied extarnal normal stress o, = 0. Fcllowing a

parallel development with that presented in Chapter III, we recast equat
N4

(IV.2) in terms of dimensionless parameters.

o[ sa L zm |[ el
Vi - |t e | P T |2 O (v.3)

where d, N¢p» Sfpe and L are defined in Chapter III. The conservation of mass

boundary condition at the wellface is given by

A, Ostst,
a1

(1V.8)

\"'-'rw 0, Dtl

where A will be defined later. The no-flow condition at the crack tip takes

the form

wlw
olo

=0 (Iv.5__

2=0

The solution to equations (IV.3) - (IV.S5), under the condition of linear flow

within the fracture, is

Pl . ol 0 = AL (1-e %) (IV.6)
Thwo %S & tanh (3 /L)]
where
A= 3B _
2D ¢k

and
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We have used the time derivative of pressure to determine the constraints in

order to eliminate the requirement of knowing the initial static reservoir
pressure. If this information 1s known, the above conditions of constraint
are easily modified.

Equations (IV.8a,b) represent the situation in which linear formation
flow regime has been achieved (see Cinco-Ley and Samaniego-V, 1981). This
condition is exhibited under the condition of high fracture cohductivity,
ofoz300. The pressure within the fracture equilibrates i‘apid!y aﬁd subsequent
pressure changes are due to drainage from the formation. Equation (IV.8¢c)
represents the bilinear flow regime in which a linear flow OCCL;I.‘S simultane-
ously in both the formation and the fracture. A det.aﬂed'descr;ipt‘ion of the
conditions under which bilinear flow can be expected is given by Cinco-Ley and
Samaniego-V (1981).

As an example, we consider a vertical fracture of half-length L = 100 m,
width by bf = 1 mm, and height H = 50 m. The asperity incompressibility C =
4x108 pa/m and the formation fluid is water. The formation has a permeability
kr = 10 md and a porosity-total compressibility product ¢ct = 7.3x10-11 pa-1,
The well is flowed for 24 hours at a volume rate of 10 m¥/hr and is then
shut-in. Under these copditions. Oep = 83.3, Neg = 241.5, d = 20.1 hr, and AL
= 4.8 psi. Thus, the three model parameters are:

i

10 = 9.29 hr'¥
2d

n
-%9 = 12.02 hr=!

AL = -4.8 psi

Figure 4.1a shows the pressure history and Figure 4.1b shows the time deriv-

ative of the pressure history based on the numerical Laplace transform inver-
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A least-squares fit to equation (IV.7) to obtain the three system param-
eters AL, nfD/d' and ¢JfD/(ZJd) will require a consfiderable computationhI
effort unless some a priori information is known about the reservoif. Ho;ever.
under certain conditions, the number of free parameters in the model ca _ 2
reduced from three to two. Under these conditions, it is a straightforward
procedure to calculate the mean squared error, §r chi-square, as a function of
the remaining two parameters for a reasonable range of parameter values. An
approximate value of the two unknown parameters can be obtained from the
minimum of the chi-square function. These estimates can serve as an initlal,
or starting, value for a more refined inversion scheme sugh‘gs:a Marquardt-
type scheme or a grid search. The constraints that decrease the number of

model parametars from three to two are generated using the fol1owing~re1atfon-

ships
-1
I lim [s F(s)] = lim f(t)
s+ t+0
-1
1im [s F(s)] = lim f(t),
Zf s*g to N4

it is easy to show from equation (IV.6) that

't‘S)

. o ‘
or li: { fn_do/dt 5 = (L) L2 (1V.8a)
1/“ h 1/ t'tl Dtl ZJE B

. g
mimg e 2 (1V..8b)

(2) vim do _ P M_{o_ﬂ){’ e
dt J" 2,/3

or h‘m{
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* the asymptotic value of (AL)(ofD/Jd) = 1.41 has not been reached after 300

hours into the test. Because of the Iarge_frqcture length, there is probably

still a component of the bilinear flow regime contaminating this information.
Bilinear flow is clearly indicated by Figure 4.4b which is a plot of the

constraint given by equation (IV.8c). The discrepancy between the theoretical

asymptotic value
G ] -
(ALX( 10 ) = -8.23 psi-hr %
2Jd

and that shown in the figure, namely -7.1 psi-hr-k, is likely due to the
approximation inherent in a numerical Laplace transform inversion.

The fact that the bilinear flow dominates prior to shut-in is substanti-
ated by Figure 4.4c which shows a plot of the constraint given by equation

(Iv.8b). The theoretical asymptotic value, which is not reached prior to

shut-in, is

T¢0

(AL( —
2d

) = -1.41 psi/Jhr

The examples presented above are primarily for illustrating the fact that
the flow parameters for a fractured reservoir can in principle be obtained
given some realistic model for the reservoir. We have chosen a vertical
bi-wing fracture model to be consistent with the tidal strain response model
given in Chapter III. It is not surprising, therefore, that the model pre-
Sented here shares the same hydraulic parameters as the tidal response model.
Given an evaluation of these parameters by a conventional pump test, the

Ron~uniqueness of the fracture orientation model given by equation (I11I1.47)

Can be overcome.



sion of equation (IV.6). Figure 4.2a shows the evaluation of the constraint
given by equation (IV.8a) for the limit of linear formation flow. From this
figure, it is clear that the plotted function is approaching asymptbticai}y a
value roughly -44.5 psi/Jhr. The actual value is given by: Y,
(AL)( ;5% ) = (-4.8psi)(9.29hr'%) = -44.6 psi/ihr

Figure 4.2b is a plot of the constraint given by equation (IV.8¢c). From this
figure, we conclude that, at least prior to shut-in, the bi-linear flow regime
is not obtained. This observation is substantiated by Figure 4.2¢c, which is a
plot of the constraint given by equation (IV.8b). It is clear that, prior to
shut-in, the fracture conductivity is large enough for the flow regime to
approach a linear formation flow. This figure shows that the constraint given
by equation (IV.8b) asymptotically approaches -44.1 psi/Jhr where again the
actual value is -44.6 psi/Jhr. -

A saecond example is presented which is idenf%cil to the ekample given
above with the exception that the fracture half-length L is increased fron\~/)
m to 1000 m. With this modification, O = 8.33, Ngp = 241.5, d = 2.01x10¢

hrs, and AL = -48 psi. Thus, the three model parametars are

a -
10 - 5 938x10-2 nrt

2Jyd

n.
—;9 = 1.2x10-2 hr-?

AL = -48 psi

Figure 4.3a shows the pressure history and Figure 4.3b the time derivative of
the pressure history under thesa conditions. Again, we have plotted the
equations of constraint given by equations (IV.8a,b,c). Figure 4.4a shows the

linear formation flow constrain given by equation (IV.8a). It is clear that
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Figure 4.1b. Time derivative of data shown in Figure 4.1a.
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Figure 4.1a. Pressure history during a drawdown-buildup pressure transient
test. Well is shut-in at t = 24 hours and L = 100 m.
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Figure 4.2b. Bilinear flow constraint after shut-in
given by equation (1v.8¢).
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Figure 4.2a. Linear formation flow constraint given in equation (IV.8a).
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Figure 4.3a. Pressure history during a drawdown-buildup pressure transient
test.. Well is shut-in at t = 24 hours and L = 1000 m.
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Figure 4.2c. Bilinear flow constraint before shut-in
given by equation (IV.8b).
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Figure 4.4a. Linear -formation flow constraint given in equation (IV.8a).
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Figure 4.3b. Time derivative of data shown in Figure 4.3a.
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Figure 4.4c. Bilinear flow constraint before shut-in
given by equation (IV.8b).
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CHAPTER V
\__/ SPECTRAL ANALYSIS, CORRELATION, AND ERROR ESTIMATION

Extraction of information from signals of tidal origin requires the use

of Fourier spectral analysis methods. However, due to the fact that the tidal

spectrum is a line spectrum with all energy contained within a finite Dirac
delta distribution (ignoring the small non-linearity introduced by the ocean
tide loading effects), certain modifications of conventional spectral analysis
methods are required. These modifications make use of the fact that the tidal
frequencies are known with great precision which consequently reduces the
number of degrees of freedom of the problem and therefore improves the tidal
amplitude and phase estimates. This improvement of tidal signal resolution
was first discussed by Munk and Hasselman (1964) for the simple case of two
neighboring spectral lines. An extension of this approach to the full tidal
spectrum is discussed in some detail by Godin (1972). One can show that thiS\
approach can improve signal resolution over the classical Rayleigh resolution!
criterion. The latter states that, for a signal record length L, two spectralf
lines separated in frequency by Af can be resolved if LAfR1/2.

In the following, we will present a discussion of line spectrgl analysis,
beginning with the {idealized case of a continuous signal of finite duration
followed by the case of a discretely sampled signal of finite duration.
Assuming that, in the practical case, some amount of noise will be present in

the signal, a formulation of the variance-covariance matrix and the subsequent

BRLY . RN

translation to uncertainty in the amplitude and phase for each tidal constitu-
ent will be presented.

We will first begin with the ideal case of a noiseless continuous tidal
signal f(t) on the time interval -L/2 § t € L/2 consisting of N discrete fre-

ey S~ ~ R "‘-"‘t".h:"n'—_} -’-’-_--_-aﬁ"“q‘*i: BN £ 5 R —— e
]




. quencies {w;, wp, ..., wy} with amplitude and phase distribution {a,,d;;

az,dz2; ---; aN"’N}' The signal can be represented by the sum:

N |
f(t) = I aCos (wt+o) =f

n=1

The finite Fourier transform of f(t) evaluated at frequency wy is given by:

- v
Flo ) = 2 /J e Wt £(e) dt (v.2)
-72

which, upon insertion of equation (V.1), obtains the following expression:
N

Flw

.. Sin((w, +w.) L/2] Sinf(w, - w_ ) L/2]
i k n -i9 3 n
e'’n CNEET +e ’n Toy = 5 | w.3)

~iIN

5
) =T n=1 2n

If we now define:

- i
Zn =ae’'n (v.4)

-T: {Zl' Zz, ceey ZN}T (\/
F= (Flwy), Flug), ..., Fla}' (v.6)
Sin{(w, £ w ) L/2]
: _ k n
Mo = Tap tu) 72 (v.7)

Equation (V.3) can be recast as a set of N equations and N unknowns, given by
the matrix equation:

ANT+A x=F (V.8)

where the elements of A" and A~ are given by equation (V.7) and i;‘ is the com-
plex conjugate of 7.

The unknowns, namely amplitude and phase the tidal
constituents, are contained in the complex vector Z.




Separating thé real and imaginary parts of equation (Vv.8),

ReF=(A" + A )R T

- . - - (v.9)
ImF=(A -A)Im2Z
The complex vector Z = Re Z + ilm  can be written as:
T=H ReF+iH InF (v.10)
where H = (a* + a)L
- - - (v.11)
H = (At - A7)

Equation (V.10) gives the vector of N unknown complex tida] constituents
in terms N complex finite Fourier transforms and two real symmetric‘matrices
H* and H  that serve to couple F with Z. The finite Fourier transforms can
easily be estimated using numerical integration methods. It is important to
point out that the coupling coefficients depend on the duration L of the
signal and the location of the frequencies in the tidal spectrum, as indicated
by equation (V.7). It is also noted that, as the duration of the signal L

gets large, that

and thus
H »1 and H =+ -1

where 6kn is the Kronecker delta and I is the unity matrix. In this limit,
7+ Fr (v.12)

and the complex tidal constituents become uncoupled from each other. It is
clear from the above that, if a conventional Fourier analysis of a finite

length of data is carried out for the purpose of extracting the tidal constit-

N4
b
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uents (see equation (V.2)), an error in the estimates will be found due simply

to the finite length of data independent of any noise that may also existgga
the record. This is discussed in some detail by Blair (1979). Therefore,
equatfon (V.10) should be used over equation (V.12) for the purpose of
tracting tidal information from a record. ~
If the tidal signal is a discretaly sampled function and not a continuous
function, the form of equation (V.10) is maintained although the expression
for the matrix elements Aikn given by equation (V.7) is modified to take into
account the discrete sampling. The derivation of this expression is similar

to that presented for the continuous case although the algebra {s somewhat

more involved. Therefore, the results will simply be stated:

M
;kmk) 7\ 1 inAbnk v.2')

* T n=-M f(nAt)e

- 3 At S'h‘\[(lmk 3 mi) /2]

A =T Slte, T ay) 8E72]) (v.7)

where L=(2M-1)At and the solution vector 2 is obtained by equations (V.10)
(v.11). It is evident from equation (V.7') that as At+0, the expression for
A:kn approaches that for the continuous case, namely equation (V.7).

The variance-covariance matrix, which contains the necessary information
to estimate the uncertainties in the computed amplitude and phase of the tidal
constitueﬁts, can be formulated relatively easily. The formulation presented
here assumes that the noise, n(t), is "white" -« that is, the amplitude of its
ensemble average is uniformly distributed with respect to frequency. If the
noise is random, it is automatically "white" noise (Goldman, 1968). We assunme

that the noise-contaminated signal is given by:

g(t) = f(t) + n(t) (v.13)
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where f(t) is given by equation (V.1). Assuming again for the purpose of
illustration a continuous signal, as opposed to a discretely sampled signal,
we may define:

L

T=A"T+a T+

[e“”k‘ a(t) at]co, (v.14)
-2

where we have simply replaced f(t) with g(t) in equation (V.2). The last term
in brackets is a column vector whose elements range from k =1 to k = N. 7 is
again the true spectrum (no noise) of the tidal record. If T is defined as

the measured value of the spectral constituents, then we can also write:
T=A"T+A T (v.15)

Defining an error vector between the true values and the estimated values of

the spectral constituents as:

]

dr=T-1

we can use equations (V.14) and (V.15) to derive the following expressions:

L/2
Re &r = % (At + Ay d J [Cos (w,t) n(t) dt]-m
-2 |
(v.16)
L/2
mir=2 (A - Ayl [Sin (w,t) A(t) dt]cc.l
-172

where the terms in brackets are column vectors whose elements range from k=1

to k=N. The ensemble averages of the following expressions are now obtained:

(2) <(Re'8r) (Re &7)y>
(b) <(Im 3?)j (Im &7), 5 (v.17)
(c) K(Re &r)y (Im 1), >

€3




with the assumptions that the noise is a stationary time series and is alsg

"white", then the ensemble average of n(t)n(L') is given dy:

{n(t) n(t' 0= 2t S (w) 6(t-t*)
N
where So(w) is the noise power spectrum. If we assume that the signals are

band-limited such that no energy exists besyond the Nyquist band, then
S (w) = YRAt (V.18)
o An :

where v2 is the mean-squared error of the signal and At is the sampling rate.
With the same algebra, it can be shown that the ensemble averages of equations

(V.17) are given by:

+

((Re &7)5 (Re &F), > = = vrat y Hy' o duk= 1N

(Im Gr) (Im &), = !téi HJk , j.k=1,N (v.19)

{(Re 6r)j (Im 6r)k) =0 y Jok = 1,N
| N4
where H® is given by equation (V.1l). For a discretely sampled signal, the
definition for A® given by equation (V.7') is used. v2 can be estimated by:

L2
ve=i fa(t) = f(t)]2 dt o (v.20)
-172

where f(t) is the least-squares approximation of f(t) using the computed tidal
constituents T. It is easily shown that ¥ is the best estimate of 7 in the
Jeast-squares sense.

Expressions given by equation (V.19) represent the variance-covariance in
the real and imaginary components of the N spectral estimates. It is impor-

tant to point out that, based on these equations, the uncertainty of the
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spectral estimates can be reduced either byﬁincreasing the sampling rate (i.e.

decreasing At) or increasing the duration L of the record length. Therefore,
at least in principle, signals of tidal origin, or any stationary repetitive
signal for that matter, can be resolved regardless of the background noise if
the sampling rate is sufficiently fast or the record length is made suffi-
ciently long.

Probabilities can be assigned to the uncertainties in the spectral esti-
mates if a form for the probability density function is assumed. We have
assumed a two-dimensional normal distribution where the two random variables,
namely (Re SF)j and (Im SF)j, are uncorrelated. The latter is reflected in
equation (V.19) where the ensemble average of the product of these two vari-
ables is found to be zero.

The probability of finding a point (X,Y) in the ellipse defined by the

X - 2 Y - p2
[ - ""] + [—-—!] = k2 (v.21)
X °y

k2

equation:

is equal to l-e For the case under consideration, (ux. py) are the expec-
tations of the real and imaginary parts of a given tidal constituent and (oxz,
oyz) are the variances of these estimates, respectively. -Therefore, at a
confidence level ¢, ranging from O to 1, the axes of the error ellipse in the

complex plane have half-lengths of:

a=J-2 ln(l-g)'ox

b=J-2 ln(l'g)ioy

- Mv2at RE
O = [!E- Hjj ]



J - Jd

for the jth tidal constituent. Figure 5.1 serves to illustrate this. Uncer-

th tidal constituent at the.confidence

tainties in amplitude and phase of the j
level ¢ can easily be obtained by numerically mapping the above error e1n\_/;
from the complex domain (real, imaginmary axes) to the amplitude-phase domain.
In the practical case, the measured pressure record will include effects
due to barometric loading and well pumping. These effects must be removed
from the measured pressure record prior to carrying oﬁt the spectral analysis
procedure discussed above. A somewhat involved, but straightforward procedure,
is used to accomplish this. Figure 5.2 shows a data amalysis flow chart from
data measurement through data interpretation. We begin by assuming that the

measured fluid pressure data can be represented by:

p(t) = f(t) + f (t) + fp(t) + n(t) (v.22)

where f, fb' fp. and n are the tidal, barometric, pumping, and random n?ise
constituents, respectively. In general, fb and fp will have fluctuations w**h
longer periods and larger amplitudes than f. We therefore fit a trend fume’
tion, using either spline and/or least-squares polynomial fitting, to p(t) to
obtain a first approximation to the sum fb(t) + fp(t). fhis trend function is
then subtracted from p(t) to obtain a first estimate of f(t) + n(t). USing
this first estimate of the tidal component, we carry out a tidal line speefral
analysis as discussed previously to obtain a first estimate of the amplitudes
and phases of the tidal constituents. This signal in turn is subtracted from
the measured fluid pressure data to obtain a second estimate q(t) of the sum

of the pumping and barometric effects. The barometric loading effect at the

tidal frequencies will of course be minimized in this signal. In a similar
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Figure 5.2. Flow chart showing the various stages of tidal data processing
and analysis.
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‘fashion, we also remove from the measured barometric pressure pb(t) signals at

the tidal frequencies. The resulting signal r(t) will be used, in conjuncticn
with q(t) to obt._,ai;__\é estimates of the pumping and barometric effects. This is
carried out by minimizing the following integral:

t i
I= f [a(t) - BE-r(t) - sy (0)1% dt (V.23)
- ty -

"—;‘ .
with respect to the barometric efficiency, BE. SN is an N-knot spline. The
minimization is carried out by choosing a value of BE, evaluating q(t) -
BE-r(t), fitting an N-knot spline to this function, and evaluating the mean
squared error between q(t) - BE-r(t) and SN over the recording period ([t,,
t,]. The process is repeated for various values of BE until I is a minimum.
The result yields: 1) an estimate of the barometric efficiency BE, and 2) an
estimate SN of the pumping component. [t is emphasized that we have assumed
that the permeability of the reservoir is sufficiently high so that there will
be no time lag between the applied barometric load and the fluid pressure
response. Criteria for this assumption are given in Chapter III. An uncer-

tainty in the barometric efficiency BE can be estimated by fitting a straight

line to the parametric equation

y(t) = q(t) - S, (t)
x(t) = r(t)

and calculating an uncertainty in the slope BE.

Finally, the pressure signal constituent associated with the tidal re-

sponse is obtained according to:

f(t) + n(t) = p(t) - BE-py(t) - Sy(t)
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CHAPTER VI
CASE STUDY - RAFT RIVER GEOTHERMAL AREA

The Raft River geothermal field is a low temperature, single-phase
(1iquid) system located in southern Idaho near the boundary between the Snake
River plain and the Basin and Range province (Figure 6.1). It {is situated
within a north-trending upper Cenozoic structural basin filled with nearly
1,600 m of tephra and sediments derived from the surrounding mountains.

North of the Raft River basin is the Great Rift system exhibiting open
fractures in young basalt flows that extend northward 50 km to Craters of the
Moon National Monument. The basin is flanked to the west and south by the
Albion and Raft River mountains which expose gneiss-dome complexes of Precam~
brian adamellite mantled by Précambrian and lower Palezoic metasedimentary
rocks (Felix, 1956; Armstrong, 1968; Compton, 1972). Drill hole data have
\_/ demonstrated that a Precambrian and lower Paleczoic metasedimentary complex

directly underlies the Cenozoic fill of the Raft River basin (Dolenc, et al.,

1981). The two principal faults exposed within the valley are two north-
trending normal fault zones along the west side of the valley called the
Bridge and Horsewell fault zones. There is also some geologic and geophysical
evidence (Mabey, et al., 1978) suggesting a possible basement shear, called
the Narrows Structure, that trends northeast across the valley. It has been
noted (Covington, 1980) that the abundance of faults and fractures increases
with depth. In the upper part of the basin fill the faults dip steeply (60°-
80°) and with increasing depth, fault dip decreases until they become nearly
parallel with the contact between the fill and the Precambrian basement.
Movement along these normal faults produce abundant, and near-vertical, open

fractures near the base of the basin fill (Covington, 1980; Guth, et al.,




1981). A structure cross-section along line of section B-B' in Figure 6.1 %
shown in Figure 6.2. )

In 1971, the United States Geological Survey declared the R;ft Rfve'
valley a Known Geothermal Resource Area (KGRA). Since 1974, seven deep wer
ranging from 1176 m to 1994 m, have been drilled (Figure 6.3). Four produc-
tion wells, RRGE-1,2,4, and 5 were drilled near the intersection of the Bridge
Fault and the Narrows Structure. Another production well, RRGE-3, was drilled
away from the major fault zones to see if the resource extended into the
valley. All of the production wells were drilled into the Precambrian base-
ment. Two intermediate-depth wells, RRGI-6 and 7, were drilled further east
for the purpose of reinjecting spent geothermal fluid. These wells are com-
pleted in the Salt Lake formation, a tuffaceous sandstone, siitstone, conglom=
erate sequence. Figure 6.4 shows the distribution of depths and the forﬁa°
tions penetrated by the wells. No significant wellbore skin damage has been
observed at the Raft River wells. From 1974 to 1982, extensive geological,
geophysical and hydrological testing and analyses were carried out at Ra*’
River under the auspices of the U.S. Department of Energy (Dolenc, et al>7//
1981). The Raft River reservoir was an ideal location to test the solid earth
tide response methods because of the vast amount of conventional reservoir
evalution work carried out during the past decade.

Conventional well pumping test data taken between 1975 and 1979 were used
for the tidal response analysis. Pump test duration ranged from 6 to 37 days
with pressure measurement sampling rates of every half hour or every hour.
Wellhead data were obtained during the tests with Paroscientific pressure
transducers. The raw data are shown in Figures 6.5-6.11. Oownhole data were
taken with a Hewlett-Packard temperature-compensated quartz pressure probe.

The tidal fluctuations are clearly evident on these data. The pressure record
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Figure 6.5. Raw downhole pressure data at RRGE-1.
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Figure 6.7. Raw wellhead pressure data at RRGE-3.




139.0
RRGE-4
? X
e
m -
T 133.0
7]
n
w
T
Q
o
<
w
3 N
= 137.0
s
r
180l ..V . . . .1 . ..
50 100 150
TIME (HRS)
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represents the sum of pumping, barometric loading, and tidal strain effects.
In order to isolate the tidal response for further analysis, pquing and
barometric effects were removed. This was accomplished by first removing fro=
the measured pressure all signals at tidal frequencies using a combination .__/
least-squares methods and detrending techniques (see Chapter V). Figure 6.12
shows the barometric efficiencies computed in this manner for the wells at
Raft River for which data were available. What is remarkable about these
results is the large variation in barcmetric efficiency within the reservoir.
These variations are due primarily to the nature of the fluid conduits -~ i.e.,
fracture or pore. Figures 6.13-6.19 show the barometric pressure r(t) re-
corded at Pocatello, ldaho, over the same time periods that fluid pressure was
recorded at the wells. Also shown (crosses) is the value of [q(t) - Sﬁ(t)]/BE.
Having obtained the barometric efficiency and a best estimate for the pumping
effects, the barometric and pumping effects can be removed from the measured
pressure record to obtain the isolated response to solid earth tidal strain.
Figure 6.20 shows the solid earth tide pressure response at RRGE-2 removr
from the interference test shown in Figure 6.6 using the above methodoIogj?’/
Tidal gravity is also shown in the figure. The resulting pressure signal,
along with the theoretical tidal strain tensor components, are Fourier trans-
formed to obtain amplitude and phase information for the various tidal com
stituents (see Chapter V). Figufes 6.21-6.27 show the Fourier amplitude
spectra, as determined from equation (V.2), for the tidal pressure response
for the wells. The tidal constituents are clearly seen in these spectra.
Line spectral analysis was applied to the tidal pressure data and the theoret-
ical gravity and strain data. Tidal admittance and phase shifts relating the
theoretical volumetric strain and the pore pressure response were computed.

Figures 6.28-6.39 show this information with 90% confidence levels indicated.
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Figure 6.13.
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Barometric pressure recorded at Pocatello, ldaho (solid line)
and measured pressure response to barometric loading divided by
barometric efficiency (crosses). Both signals have tidal con-
stituents removed.
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BAROMETRIC PRESSURE (in. of Hg)

Figure 5.15.
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Barometric pressure recorded at Pocatallo, Idaho (solid line)
and measured pressure response to barcmetric loading divided by
barometric efficiency (crosses). Both signals have tidal con-
stituents removed.
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Barometric pressure recorded at Pocatello, Idaho (solid line)
and measured pressure response to barometric loading divided by
barometrfc efficiency (crosses). Both signals have tidal con-
stituents removed.
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Barometric pressure recorded at Pocatello, Idaho (solid line)
and measured pressure response to barometric loading divided by
barometric efficiency (crosses). Both signals have tidal con-
stituents removed.
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Figure 6.18. Barometric pressure recorded at Pocatello, ldaho (solid line)
and measured pressure response to barometric loading divided by
barometric efficiency (crosses). Both signals have tidal con-
stituents removed.
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Figure 6.26. Fourier amplitude spectrum based on Finite Fourier transform.
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Figure 6.31. Computed phase shift showing 90X confidence intervals.
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Figure 6.33. Computed phase shift showing 90X confidence intervals.
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admittance showing 90% confidence intervals.
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Wellhead temperature contaminated pressure‘ﬁt’ihe Ky and S; frequencies (solar
tides) is clear in several of the wells ana1yzgd. particularly RRGI-7B.

A confined aquifer model (see Chapief I1I) was applied to a1l of the
wells for which data was available for the purpose of computing the specific
storage coefficient and porosity. This was motivated primarily by an interest
“in determining the sensitivity of such a simple model for differentiating
fracture pofosity from pore porosity in a réservoir that exhibits both. Table
6.1 summarizes the results of this ana]ysis.‘ The effective stress constant a
was taken to be 1 in the evaluation of ¢ and Ss. Only the lunar 0; and M\
tidal Components were used in this and later analyses since the K; and S, '
components are of so1:r origin and may contain wellhead heating effects which{
will contaminate the measurement. The lunar N, tide is typically of such’
small amplitude as to yield a large statistical uncertainty, and therefore was
not used in the analysis. The small calculated porosity and large total
compressibility determined for RRGE-1,2 and 3 are consistent with the hypothe-
sis that the primary production for these wells criginates in fracture-domin-
_ated production zones. Flowmeter logs and temperature logs (Stoker, et al.,
1977) as well as extensive core analyses (Dolenc, et al., 1981) for these
wells confirm this hypothesis On the other hand, RRGI-6 and RRGI-7, which are
completed in the sedimentary Salt Lake formation, have calculated porosities
of 14% and 16%. These are well within the range of porosities measured by
more conventional methods for the Salt Lake formation. Using values of perme-
ability obtained from conventional well testing to estimate the hydraulic skin
depth, it was found that the above porosity estimates are averages over dis-

tances between 2.5 and 5 km from the well. Calculated porosity for RRGE-4 was

indicative of norma\_primary porosity even though RRGE-4 is of similar depth
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Table 6.1 ‘\_//

Summary of Computed Specific Storage and Porosity
Valuas for the Raft River Geothermal Field

i

Well 9C, (psi-?) 5, (fe-1) BE ¢ ¢, (psi-1)

RRGE-1 3.3 x 10-7 (0;) l.4x10-7 0.08 0.01 31.8 x 10-8
RRGE-2 5.1 x 10-7 (4) 2.2x10-7 0.18 0.04  14.2 x 10-°
RRGE-3 5.3 x 10-7 (M) 2.3 x 10-7 0.26  0.05 10.6 x 10-8

RRGE-4 8.2 x 10-7 (M) 3.5x10-7 0.75 0.24 3.4 x 10-8
RRGI-6 5.3 x 10=7 (0,) 2.3 x10-7 0.69 0.14 3.3 x 10-8
RRGI-7 1.3 x 10-% (M;) 5.6 x 10-7 0.30 0.16 8.1 x 10-8
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as RRGE-3 and also penetrates through the base of the Salt Lake formatfon into
the metamorphic basement complex. In 1978, RRGE-4 was deepened by 137.2 m to
a total depth of 1554.5 m. However, following recompletion neither fractures
nor improved production were observed suggesting that primary production of
RRGE-4 remained pore dominated. Core analysis (Communication from D. 0.
Enniss, Terra Tek to R. C. Stoker, EG&G Idaho, May 19, 1977) at the 640 m
depth at RRGE-4 indicates an effective‘pdrosity of 24.5%, very close to the
“calculated results using the tidal response method.

A conventional injection test (Ahmed, et al., 1981) carried out in 1978
at RRGI-7 yielded a value for St of 1.2x 10-3 using an assumed formation
thickness L of 548.6 m. The tidal analysis method, using the same formation
thickness, yields a value of 1.0x10-3 for the same-weil. Formation thickness
for RRGE-1 and RRGE-2 is {1l-defined due to the fractured and heterageneous
nature of the production zones 1n4these wells., However, using the open-hole
length as an effective formation thickness, the tidal response method yields a
SsL of 1.8x10-4 and 4.8x10-¢ for RRGE-1 and RRGE-2, respectively. A conven-
tional long-term fnterference test (Narasimhan and Witherspoon, 1977) between
these wells yie]ded'a value of 9.4x10-¢. Differences between the tidal re-
sponse methed and the conventional pump test for these wells may be attributed
" to differences {in the nature of the applied load and/or limitations of a
confined aquifer models for 1nterpreting fractured formatfons. No comparable
conventional well test.interpfetations were available for RRGE-3, RRGE-4 or
RRGI-6. |

The differences in barometric efficiency and total compressibility be-
tween RRGI-6 and RRGI-7 are difficult to account for since both wells are
completed in the same formation and both have similar depth. During an injec=

tion test at RRGI-7 {p 1978, a pressure response was cbserved in RRGE-3 but no'




pressure response was observed in RRGI-6 (Allman, 1978). The report Conéld&;; ;
that the most likely explanation was reservoir heterogeneity in the ”icinigy»7
of RRGI-6 and 7 allowing for a hydraulic connection between RRGI-7 and Rpgr -
This observation may axplain the differance in barometric efficiency ang gbt‘(-"
compressibility observed between RRGI-6 and RRGI-7 and the similarity of these i
parameters between RRGI-7 and RRGE-3.

The fracture orientation model was applied to tidal response data taken
at RRGE-1, RRGE-2 and RRGE-3. Dip and strike were adjusted as discusseq in
Chapter III until the theoretical amplitude ratios and phase shifts of the
lunar 0; and M, tidal pressure responses matched the measured amplitude ratiogs
and phase shifts. Uncertainties in the dip and strike estimates were computeg
by propagating the arror in computed spectral estimates of the measured fluig
pressure response as discussed in Chapter V. Figure 5.40 shows' the range of
computed strike for fractures intersecting RRGE-1, RRGE-2 and RRGE-3 at the
90X confidence level. RRGE-1 and RRGE-2 have similar computed strikes which

are close to the strike of the Bridge fault. RRGE-3, however, has a compy

strike consistent with the strike of the Narrows Structure. These resﬁthl
also suggest that, at a high confidence level, primary productibn at RRGE-1
and RRGE-2 comes from a set of fractures of distinctiy.different orientation
than the production for RRGE-3. Thesa conclusions based on the tidal response
method are supported by watér chemistry studies (Allen, et al., 1979)‘which
indicate that the waters at RRGE-1 and RRGE-2 originate in the Bridge’fault
and are distinct from the waters at RRGE-3, which intersects the Narrows
Structure. Conventional well testing at Raft River indicates that the reser-
voir is anisotropic in the vicinity of the production wells with the major

axis of hydraulic conductivity lying roughly in the north-south direction
(Dolenc, et al., 1981).
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\_,4 Figure 6.41 shows a histogram of fracture dip angles measured in core
taken within 200 .m.of the sediment-crystalline basement decollement at RRGE-1
3 and RRGE-S (Guth, et al., 1981). As indicated by the figure, the distribution
] is distinctly bimodal with the majority of the fractures having a dip between
3¢ 40° and 80°. The tidal strain response analysis for dip, which is also shown
on the figure, indjcates that production is from the steeply dipping set of
Tn fractures. |
" Commercial borehole geophysical logging indicates that the Salt Lake
e formation sediments, in general, are not very permeable (Dolenc, et al.,
* 1981). Also, ‘near‘ the baserf‘ the Salt Lake formation, considerablé thermal
,d alteration iﬁ the form of silica and calcite deposition has occurred (Coving-
;d ton, 1980). Therefore, the permeability contrast between the fractured pro-
of duction zones in RRGE-1,2 and 3 and the surrounding rock can be considered
k_/_: | quite high. This suggests that the simple fracf.ure model consisting of a high
permeability fracture or set of fractures within an impermeable host rock is a
: reasonable first-order model for the fractured production zones at Raft River.
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Figure 6.40. Computed fracture zone strike for RRGE-1, 2, and 3 showing 90X
confidence strika sectors. Estimated strike based on surface
geology and Landsat imagery is shown by labeled lines.
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CHAPTER VII
SUMMARY AND CONCLUSIONS

Considerable work has been carried out over the last two decades on

characterizing pore pressure response to solid earth tidal strain and baromet-

ric pressure for the case of a homogeneous and {sotropic porous rock. In some

cases, these mcdels have been used to interpret measured downhole or wellhead
pressure in terms of porosity and storage. It has only been recently that the
usefulness of solid earth tidal strain for characterizing discrete fractures
in-situ has been recognized. This report presents an indirect confirmation of
the method made through comparison with other information consisting of re-
gional geology, geophysics, reservoir fluid chemistry and hydrology. 1In a
more direct confirmation of the method, Bower (1982) carried out tidal strain
fracture orientation analysis on shallow wells penetrating crystalline rock.
This work was directed toward evaluating the nethod aé a technique for charac-
terizing discrete natural fractures in crystalline rock for the purpose of
subsurface containment of radioactive wasté. The tidal strain results were
confirmed directly by lowering a borehole televiewer to the packed of f section.
fable 7.1 shows i‘comparison of the orientation using solid earth tidal strain
and borehole TV. It should be emphasized that the borehole TV does not dif-
ferentiate between producing and non-producing fractures and therefore some
care must be taken in comparing these results. Furthermore, we emphasize that
the borehole televiewer yields information about fractured orientation at the
well face only. In the case of a borehole penetrating a pre-existing fracture,
the televiewer results probably reflect the fracture orientation away from the
wellbore. A stimulated fracture, however, will likely exhibft orientation at

the wellface different from the orientation of the fracture away from the well
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Table 7.1
Radfoactive Waste Containment Tests -

Chalk River Nuclear Laboratories, Ontario
Canada, 1982 - Boreholae CR8*

(Dip, Strike)

Packed Off Intarval (m) Tidal Analysis Borehole TV
180.8-196.7 (32°,278°) (20°,280%), (53°,2456°)
197.6-240.9 (37°,312°) (36°,313%), (54°,316°)
275.3-281.1 (37°,228°) (31°,248°)

*(1) Boreholes cased and perforated intervals packed off
. (2) Complietion in crystalline rock - no drainage effects.

From: Internal Report
Chalk River Nuclear Laboratories

June, 1982 /
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face, causing a televfewer estimation to be incorrect. The tidal method, on
the other hand, tqn see far from the well face. It fs most encouraging that,
at every packed?o%f interval, there f{s gdod:correlation between fractures
detected by the borehole TV and the orientatfon evaluated on the basis of
solid earth tidal strain. These results,.aIOng with the work carried out at
the Raft River system, indicate that the analysis of pore pressufe response to
éolidAearth tidal strain can be an exceediﬁgly powerful tool for determining
fracture orientation. |

The advantages of the solid earth tidal itrain approach for fracture
orientationvanalysis4are many. Unlike potentiai field methods (e.g. resistiv-
ity, IP, magnetic proppants, etc ) and most seismic methods, the tidal strain
method has no depth Timitations. As 1n a1l methods based on fluid'pressure
transient anaiysis, the signal propagation speed s almost instantaneous when
compared with the actual fluid velocity. Therefore, the ability to predict
the migration of injected fluid in a reservoir far exceeds conventional tracer
'hethbds which track the f1h1d'direct1y.- By the tihe tracer methods indicate a
pfobléﬁ associated with waste water reinjection, it is likely to be too late
ég take corrective action to reduce the problem to an acceptable level.
Another advantage of fhe tidal strain ﬁethod is the'modeét'equipment necessary
to Carfy out the procedure. Wellhead ér‘downhole fluid pressuré measurement
and simﬁiianeous}babometricvpres$ure measurement over a period of a few weeks
is required. " Sufficient pfessuré measurement resolution is obtafned with
"off-the-shelf" quartz pressure gauges. |

What is clearly indicated at present is the need for an expanded data

base to test more thoroughly the tidal étrain response models. The method has
been applied to date only to fractures exhibiting minimal drainage to the
formation. In the work by Bower (1982), the formation permeability was in the



microdarcy range characteristic of granites. For the case of the Raft River
system, considerable thermal alteration in the form of silica and cgléft;
deposition in tha pores had occurred in the basement Palezoic metasedimentary\\_//
complex. As a result, the formation permeability was greatly reduced. One
cannot typically expect to find this optimum situation. Horizons for geother-
mal waste water reinjection are usually chosen for the opposite reason --
namely a moderately high permeability for the purpose of minimizing pumping
costs associated with reinjection. Often times, however, a large part of the
observed permeability in injection horzons can be attributed to fractures or
other high permeability channels. A good example of this is given by Einars-
son, et al. (1975), for the case of geothermal waste water injection at the
Ahuachapdn geothermal field in E1 Salvador. A rapid response at one of. the
wells due to the injection of a tritium tracer slug at a nearby well clearly
indicated channelling, although the total quantity of tritiu@ recovergd‘indi-
cated that most of the injected tritium was lost by migration into the forma-
tion. Another example of flow channelling in injection horizons has been \/
given in this report. The difference in barometric efficiency found between
the injection wells RRGI-6 and RRGI-7 at Raft River and the similarity between
the barometric efficiency between RRGI-7 and the production well RRGE-3 sug-
gests very strongly that the horizon chosen for reinjection at Raft River is
not isotropic. This was confirmed by a conventional pump test that indicated
a hydraulic connection between RRGE-3 and RRGI-7. The nature of this connec-
tion is not totally clear although the tidal analysis indicates that it is not
a simple non-draining fracture. The calculated connected porosity is much
more consistent with a porous injection horizon (the Salt Lake Formation) than

with a fracture.
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Further testing and use of the tidaf strain method in the field is clear-
1y warranted based on the results obtained at the Raft River Geothermal Field
in ldaho and at the Chalk River Nuclear Laboratories in Canada. Several
1ikely candidates for future field testing of the tidal strain method are: 1)
continued work at Raft River, 2) the Fenton Hill “"Hot Dry Rock" system in New
Mexico, 3) geothermal systems in the Salton Trough in Southern California, and
4) other systems in the Basin and Range province. - This 1ist contains most of
the expected geologic and hydrologic environments likely to be éncountered in
future geothermal development. Potential sites, however, should not be limited
to these alone. The Raft River system is a most appropriate candidate in that
a considerable amount of knowledge has accumulated o;er the past decade re-
garding the regional and local structure and extent of the hydrothermal system.
The reserveir exhibits both fracture and pore porosity as well as a demon-
strated large scale hydraulic connection between the shallower pore-dominated
and deeper fracture-dominated regimes. The conclusions drawn in this report
regarding the Raft River systém are based on tidal response data obtainéd from
conventional well tests. A field experiment tailored specifically for tidal
strain response analysis at this reservoir would no doubt improve the resclu-
tion of the data and therefore refine the conclusions reache& in this report[

The Fenton Hi11 "Hot Dry Rock" system in Mew Mexico, conceived and estab-
lished by Los Alamos Scientific Laboratory (LASL), is a_vvnan-l‘nade fracture
syﬁtem in deep, hot crystalline rock. Cold water is injected into the frac-
ture system via an intersecting borehole, is subsequently heated by the rock,
and the hot water is then removed from the system through a second intersect-
ing borehole. A1though the long-term economic viability of this type of
system for electrical power production has yet to be verified, there is con-

siderable interest, both in the U.S. and abroad, in its space heating applica-



tions. Responsa of the Fenton Hill system to solid earth tidal straip has.

been obsarved and is roughly 0.02-0.04 psi (personal communfcation, J. Al-

bright, LASL). The application of tidal strain analysis to this kind of “_/

system include: 1) fracture orientation analysis, necessary for successfully
intersecting the hydraulic fracture with the second borehole, 2) evaluation of
effective fracture size, and 3) long-term fracture dilatancy due to thermo-
elastic effects.

The Salton Trough is a northward extension of the Gulf of California
spreading center. It is an extensive region of crustal thinning, faulting,
and dike injection which has resulted in many near surface thermal anomalfes
of large magnitude. Considerable thermal alteration in the form of stlica
deposition within many of the thermal reservoirs has resulted in the estab-
lishment of fracture-dominated systems. Local on-going tectonic activity
associfated with- the Pacific-North American plate interaction keeps these
fracture systems open. Environmental requirements necessitate that the pro-
duced fluid, which is extremely saline (up to 300,000 ppm total dissolved
solids), be reinjected. Reinjection is also a most important consideration in
the Imperial Valley, where ground subsidence has the poten£1a1 of modifying
the gravity-driven irrigation in this heavily agricultural area. Pore pres-
sure response to solid earth tides has been observed at the Salton Sea Geo-
thermal Field (Hanson, 1979) and at the East Mesa Geothermal Field (Kanehiro,
1980).

Finally, a typical "Basin and Range" type reservoir should be considered
for the reasons that: 1) these are structurally dominated system usually
controlled by steeply dipping normal faults, and 2) these types of systems
dominate all others in number of occurrences and total thermal energy in the
U.S. and will probably represent the future "type" system for geothermal

energy exploitation.

-/
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The {mmediate applitaﬁfdhs‘bf earth tide analysis to geothermal reser-
voirs are three-fold: 1) as a complementary method to be used with conven-
tional pressure trapsient testing for characterizing the nature of the fluid
conduits (pore o;)¥§§cture) within the prod;;¥fon and injection zones, 2) as a
method for determining the structural nature (i.e. spatial orientation) of the
fluid conduits, and 3) as a method for monitoring long-term structural modifi-
cation of the reservoir due to extensive production or injection which results
in significant changes in effective stress. An example of the latter is given
in Figufe 7.1. This figure shows the measured wellhead pressure history of a
shut-in 0il well in a Western Canadian oil field (Hanson, 1982). This partic-
ular well, which had beén hydraulically fractured, produces from a formation
that i{s also slightly fractured. The well was shut-in shortly aftgr nearby
wells had undergone a perjod of injection. It is clear from this figure that
above a certain reservoir pressure, roughly 1330 psi, the‘behavior of the
reservoir is as one would expect based on the results of Chapters Il and III.
At a 90% confidence level, the pore pressure response to tidal strain was less
than 0.1 psi while the static pressure stayed gbove & critical pressure of
1300 psi. However, an 1n£eresting phenomena occurred as the reservoir pres-
sure dropped below this critical pressure. Duripg this phase, the response to
tidal . strain emerged and 1ndeéd was amplified ovef the expected response.
Figure 7.2 shows a maximum entropy amplitude spectrum of a 50 hour segment of
the data between t = 410 hours and t = 460 hours. There are two poésible
explanations for the amplification. The first is that the fractures were
deforming "globally" rather than "locally". Formulation presented in Chapter
I11 uses a local fracture deformation expression (equatfon 111.35) which does
not take into account the effect of fracture size on fracture dilatance. If

this were done, the observed amplicatien can be easily explained (Hanson,
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Figure 7.1. Measured wellhead pressure at a stimulated well in a Western

Canadfian oil field.
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Figure 7.2, Maximum entropy amplituce spectrum of a portion of the data shown
in Figure 7.1. Analysis is on 50 hours of data, from t = 410 hrs
to.t = 460 hrs. Amplfitude is in arbitrary units.
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1982). The other possibility is some sort of resonance effect betweei the *
fracture elasticity and borehole storage (see for example Bodvarsson ang
8jornsson, 1976). In any event, it is clear that the response to tidal strain
was very dependent on effective stress. An understanding of this dependency
will be extremely useful for evaluating the dynamics of fracture systems
fncluding in-situ fracture aperture-effective stress interrelationships.
The tidal amplification question is but one of several questions that
need to be answered. Others include: 1) effects of formation permeability
anisotropy and formation compressibility anisotropy on the determination of
fracture orientation, 2) connection of the primary subsurface fluid conduit
with other conduits with different hydraulic characteristics or spatial orien-
tation, 3) the effect of non-ideal fracture geometry on tidal response, 4)
optfmization of data acquisition methods for improved resolution, and 5) the

practical feasibility of accounting for ocean loading effects in the models.

N
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