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In the problem of decoding, the most
important information we can possess
is the knowledge that the message we
are reading is not gibberish,.

Norbert Wiener

INTRODUCTION

In many wells, the water level fluctuatesr in respomse to
variations to atmospheric loading and earth tides. The fluctuations
are an indicator of the response of pore pressure to rock deformation.
When rock is compressed, porosity is reduced and in the absence of any
fluid drainage, pore pressure rises. When rock fig placed in tension,
porosity 1s increased and in the absence of any fluid sources, pore
pressure drops. The strains produced by atmospheric loading and earth
tides in rock are small (usuallj 10°7 dilatation or less) and pore
pressure response 1is also small (usually less than 10 millibars
pressure). These small variations in rock deformation, while they
make measurement of deformation and pore pressure somewhat difficulte,
are a blessing in disguise. They allow us to examine the response of
fluid saturated rock to deformation under conditions where the
response is nearly entirely linear and elastic.

If the well {is in communication with a rock formaticn of high
horizontal permeability that 1s completely isolated from the water
table, the response of the well {s & direct indication of the
undrained response of pore pressure to deformation. In this study,

well response' under these conditions is termed the static-confined
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response., Jacob (1940) was the first to tecogn!.ze that the static-
confined response of a well to atmospheric loading was strongly
dependent on the porosity and drained compressibility of the rock.
Bredehoeft (1967) found that the static-confined responses of a well
to atmospheric loading and earth tides could be used to estimate rock
porosity and matrix compressibility. Van der Kamp and Gale (1983)
refined the analyses of Jacob (1940) and Bredechoeft (1967) to allow
the rock grains, as well as the rock matrix, to be compressible. In
Chapter 1, I modify the analysis of Van der Kamp and Gale (1983) by
including the influence of horizontal deformation on the response of
the water lgvel in a well to atmospheric loading. I also apply ﬁhe :
theory developed in the chapter to determine rock compressibility and
porosity from the response of five wells to atmospheric loading and
earth tides.

The response of water wells to earth tides suggests that water
wells can be used to monitor small tectonic strains in the earth vhich
occur over periods of hours to months. Johnson et al, (1973; 1974)
vere the first to- exploit the potential of a water well as an
indicator of tectonically induced deformatfon. The principal problems-
with using water wells & strain meters are: 1) the water table is
largely 1insensitive to rock deformation end any hydraulic
communication between the rock formation tapped by the well and the
water table serves to dampen well sensitivity; 2) long and short term
variations in precipitation also influence the water level in a well
and this influence degrades the quality of the strain signal in the
well. In Chapter 2, I examine the quality of a water well as a strain

meter for strains produced by atmospheric loading and earth tides
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which occur over a period of hours to weeks. I develop a theory which
describes the response of a well to deformation under conditions where
the water tablé influences well response. I then apply this theory to
examine the sensitivities and noise levels of two water wells which
vere used as strain meters in areas of active deformation and compare
their overall quality as strain meters with other conventicnal
indicators of small crustal deformation.

Although water table drainage adversely effects the quality of &
water well as a strain meter, this phenomenon when analyzed in detail
can be exploited as a hydrologic tool. The insensitivity of the water
table to deformation induces vertical fluid flow between the zone of
rock tapped by the well and the water table; in the case of
atmospheric loading water table insensitivity also induces vertical
air flow 1in the unsaturated zone. The fluid flow in the unsaturated
and saturated materials causes the response of a water well to
atmospheric loading to be dependent on the frequency of the
atmospheric load signal. Fluid flow between the well &nd the
saturated rock can, if the rock has low permeability, also cause the
‘sensitivity of & well to atmospheric loading to be a function of the
frequency of the atmospheric locad. 1In Chapter 3, I develop
theoretical frequency response curves which describe the influence of
air flow and groundwater flow on the sgensitivity of a well to
atmospheric loading under conditions where the rock tapped by the well
is separated from the water table by a partial conflninéﬂlayet.
These frequency response curves are dependent on the air diffusivity
of the unsaturated zone, the vertical hydraulic diffusivicy of the

partial confining layer and the permeability of the rock tapped by the
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well. I then examine the frequency response of three wells to
atmospheric 1loading and fit the theoretical curves to the observed
response. The fit to the data provides an estimate of the saturated
and unsaturated £luid flow properties of the rock in hydraulic
communication with the well,

In Chapter 4, theoretical frequency response curves are developed
vhich describe the influence of air flow and vertical groundwater flow
on the response of wells which tap unconfined‘aquifers to stmospheric
loading. These theoretical curves are compared with the theoretical
response under paritislly confined conditions and help explain why
wells which tap unconfined aquifers can sometimes exhibit a high
sensitivity to rock deformation. They can alsc be used to provide an
estimate of the vertical air diffusivity of the unsaturated zone and
the vertical petmeability of the aquifer.

The overall purpose of all the chapters in this dissertation is
to show that the response of a water well to atmospheric loading and
earth tides 1is systematic and has a sound physical basis. When we
examine the response of a water wells to these imposed deformations
the message we read is not gibberish. The message that the water
vells give in response to rock deformation is dependent on the
material properties of the rock directly and indirectly tapped by the
well. The message can be decoded to determine the hydraulic and
mechanical properties of rock. The message can also be decoded to

identify small strein events in the earth f these strains occur over

periods of hours to weeks.
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Teach us to sit still

T. S. Eliot
CHAPTER 1

THE STATIC RESFONSE OF THE WATER LEVEL 1IN AN OPEN WELL TO

AREALLY EXTENSIVE DEFORMATION UNDER CONFINED CONDITIONS
ABSTRACT

The static response of the water level in an open well to
deformation under confined conditions is dependent on the matrix and
solids compressibility, porosity and Poisson’s ratic of the formation
that the well taps as well as the compressibility of the pore fluid.
High sensitivity to earth tides 1is favored in formations of low
porosity and matrix compressibility. High sensitivity to atmospheric
loading 1is favored in formations of high porosity end low matrix
compressibility. The material properties which govern:the static-
confined response of the well alsc strongly influence vertical fluid
flow induced by areally extensive defﬁrmation. These material
properties can be combined to define two types of épeciflc storage,
one which applies under con&itions of atmospheric Ioading and one
which applies under conditions of earth-tide induced subsurface fluid
flow. Given éﬁgal fbimation materfial properties, the hydraulic
diffusivity which governs fluid flow in response to atmospheric
loading will be slightly smaller than the hydraulic diffusivity which

governs fluid flow in response to earth tides. If the static-confined
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response of water wells to atmospheric loading eand earth tides can be
observed or 1inferred, it can be used to obtain approximate in-situ
estimates of matrix compressibility and poreosity. These estimates can
in turn be used to determine the one-dimensional specific storage of
the formation. Analysis of the static-confined response of five wells
to atmospheric loading and earth-tides indicates that the approach

yields reasonable estimates of formation materfal properties.
INTRODUCTION

Fluctuations in water level due to atmospheric loading, earth
tides and seismic events have long been noted in many wells. These
fluctuations are principally of interest to geophysicists and
hydrologists for two reasons: they indicate that water wells can
serve as sensitive indicators of crustal strain; they contain some
essential information about the material properties of the rock and/or
sédiment that they tap. VWhen the response of the water level in a
well to areally extensive deformation occurg under conditions where
neither well bore storage or water table drainage are of influence,
vater level changes are a direct reflection of the undrained response
of the formation. Follbwing hydrologic convention, we define water
level changes under these conditions as the gtatic-confined response.
The static-confined response cannot always be expected to be observed
"m a well., The response to high fﬁequency defomtibn may be
influenced by well bore storage; the response to low frequency

deformation may be influenced by water table drainage (see Chapters 2,
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3 and 4). However, if it can be observed or inferred, the static-
confined response is & useful geophysical and hydrologic paranmeter.
In terms of the spplication of water wells to geodesy and seismology,
the static-confined response répresents (iﬁ the absence of significant
resonance) the maximum sensitivity we can expect to areally extensive
strain. It &also 1is an indicator of some material properties of the
formation which govern its elastic response and its ability to diffuse
fluid pressure. Appliéatlons of theoretical models which describe the
response of water wells to areally extensive deformation can yield
some information on the performance of water wells as strain meters
and provide estimates of formation fluid flow and elastic properties.

Many workers have theoretically examined the static-confined
response of wells to a:mospheric loading and earth tides. Jacodb
(1940) recognized that the undrained response of rock and sediment to
atmospheric loading was dependent on the formation’s elastic
properties and porosity. Bredehoeft (1967) noted that the undrained
response of rock and sediment to earth tides was proportional to the
formation’s response to atmospheric loading. The enalyses of both
Jacob (1940) and Bredehoeft (1967) were done in terms of a deforming
coordinate system. Relations between areally extensive deformation
and formation response in terms of a fixed coordinate system were
developed by Robinson and Bell (1971) and Rhoads and Robinson (1979).
Van der Kamp and Gale (1983) extended the results of Jacob (1940) and
Bredehoeft (1967) to allow for grain compressibility.

The potential of water wells as‘s:tain meters has been discussed
in detail (Bredehoeft, 1967; Bodvarsson, 1970; see Chapter 2), and

some attempts have been made to use the response of the water level in
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e well to known areally extensive strains as a strain calibration
toocl. Johnson et __al, (1973; 1974) used the response of & well near
the San Andreas fault to atmospheric loading to calibrate its response
to creep events. Savage and Gu (1985) noted that long term changes
(on the corder of several years) in water level in wells near Palmdale,
California could be correlated with a geodetically inferred strain
event. Sterling end Smets (1971) quantified the response of a well in
Belgium to atmospheric loading and earth tides and described its
behavior as & strain seismograph. Bower and Heaton (1978) calibrated
a well near Ottawa, Canada to the local earth tide and noted that its
co-seismic response to the great Alaskan earthquake of 1964 could not

readily be explained on the basis of the static strain field produced

by the earthquake.

\
In comparison to the zpplication of water wells as strain meters,

considerably more work has been focused on analyzing the static-
confined response of wells to atmospheric loading and earth tides in
an effort to determine formation material properties. Bredehoeft
(1967) showed that it was possible to es;tmate fbrma;ion
compressibility and porosity on the basis of the undrained response of
a formation to atmospheric loading and earth tides. Although the
general approach of Bredehoeft (1967) has been serfiously questioned
(Narasimhan et al,, 1984), 1uvestigat16ns by Van der Kamp and Gale
(1983) and Hsieh et _al, (1988) reaffirm its correctness. Analyses of
the observed fesponse of water wells to atmospheric loading and earth
tides similar to that of Bredehoeft (1967) have been made by others
(Robinson and Bell, 1971; Marine, 1975; Rhodes snd Robinson, 1979;
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Hanson, 1980) in an effort to determine formation elastic properties
and/or porosity.

Several assumptions are commonly made i{n the analysis of wells
response to atmospheric loading &nd earth tides which are often
inappropriate. One assumption is that the observed response is
independent of frequency and reflects the static-confined response of
the formation. If fluid flow influences response, this assumption can
lead to a severe underestimation of the undrained sensitivity of the

formation to strain (see Chapters 2, 3 and 4). Another assumption is

that ﬂthe matrix compressibility is much greater than the solids

compressibility; while this assumption is appropriate for the response
of unconsolidated materials it i{s likely to be inappropriate for most
rock (Van der Kamp and Gale, 1983), Finally, a third common
assumpt;on is that atmospheric loading induces strictly vertical
deformation; this assumption is not always valid and determination of
formation material properties based on this assumption can lead to
considerable error.

In this paper we remove the above assumptions and analyze the
static-confined response of water wells to atmospheric loading and
earth tides in theory and in practice. We examine the sensitivity of
wells to earth tides and tectonic strain using the results of Van der
Kamp and Gale (1983) which incorporate grain compressibility. We then

examine the theoretical response of wells to atmospheric loading

through the formalism of Rice and CIeaty'(1976) which describes (in & ~

distilled form) the poro-elastic theory of Biot (1961); this response
differs from that given by Van der Kamp and Gale (1983) because of the

incorporation of the effects of horizontal deformation. As a result

Lerals
ar?u7oJ--



N

11
of this modification we find that the elastic parameter which governs
vertical fluid flow in response to &really extemsive strain (the
specific stor#ge) differs for atmospheric-loading and earth-tide
induced straims. We then apply the theoretical results to the
response of five wells tc strain and correct for the influence of
fluid flow {in order to obﬁain in-situ estimates of rock

compressibility, porosity and the specific storage of the formation.
STATIC-CONFINED RESPONSE OF WELLS TO CUBIC STRAIN

Before we examine the response of wells to earth tides and
atmospheric loading, it iz useful to examine the response of wells to
cubic strain. 1If we take extension to be positive, the relation
between cubic strain, € and water level under static-confined

conditions can be obtained from the effective stress relation of Rur

and Byerlee (1971):
<& = B (o + aP) ' : (1)

wvhere £ 1is the drained matrix compressibility, ¢ is the mean stress
(1/3 the sum of the principal stresses), « i{s the fraction of rock
strain taken up by the pore space under drained conditions (Biot and
willis, 1957) and P ({1s .the pore pressure. Nur and Byerlee (1971)
relate « to the drained compressibility of the matti*. B ., and the

solid grains, £, through the following relation:

a=1- ﬂu/ﬂ (2)
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The relation between the mean stress and the pore pressure is

(Skempton, 1954; Bishop, 1966):

P = -Bo )
vhere B is : i < S
(e . b ‘ oo
B=(8-5) B @
(B - B, + 6(Bg- B) pre

and ﬁf is the fluid compressibﬁ.lity. Ve employ the notation of Green
and Wang (1986) in the above and subsequent derivations. As noted by
Green and Wang (1986), the above definition of B assumes that the
rock matrix 1is homogeneous and all the pofe space 1s interconnected.
Substituting equation 2 into 1 and dividing by pg yields the following

relation between water level and cubic strain:

Ve -ae (5)
PEl$(Be-B,)+8 2]

The dependence of the static-confined response of water wells to an
imposed cubic strainm, €.» on material properties is shown in Figure 1l-
1. VWater well sensitivity is given in terms of a static-confined
dilatational efficlency, DE’, which represents the amount of water
level drop in centimeters per cubic naﬂ;strain extension:

Y (6

DE’ = -W/e_
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As shown in the figure, water well sensitivity is largely fndependent
of matrix compressibility unless matrix compressibility is very low.
High dilatational efficiency is favored for low porosity formations.
Ve can generally expect wells which tep formations with porosity less
than 0.25 to have a static-confined dilatational efficiency of at
least 0.05 cm/ne. Since water level monitoring equipment which can
resolve water level changes on the order of 0.1 cm is readily
available, 1t 1is possible in the absence of fluid flow influences to
detect changes in dilatation on the order of 1 nanostrain in most
wells. As noted by others (Bredehoeft, 1967; Bodvarsson, 1970), such
a high level of sensitivity makes water wells attractive as strain
meters. However, as will be shown below, it is not always possible
for earth tides and tectonic strain to genetate significant cubic

strains near the earth’s surface under confined conditions.
STATIC-CONFINED RESPONSE TO EARTH TIDES

Vater well response to earth tides are of value because the areal
straiﬁs produced by earth tides can be spproximately determined from
theoretical calculations (Besumont and Berger, 1975; Berger and
Beaumont, 1976). Because the areal strain is spproximately known, the
response of water welis to earth tides serves as a strain calibration
tool. It is commonly assumed that at typical well depths the vertical
stresses induced by earth tides are so small that they can be {gnored
(Bredehoeft, 1967), and we make the same assumption. This assumption
essentially states that earth tide deformation occurs under conditions

of plane stress. Under conditions of plane stress, the relation
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between water level and a known areal strain, €5 e CaN be obtained

from the results of Van der Kamp and Gale (1983):
W= -3¢, (1-20)7°/Cpg8 (1)) -~ ., &)

where ' 1is the negative of the ratio of pore pressure to vertical

stress under conditions of undrained, one-dimensional, wvertical

strain:
R
v = B(l+w) { -
3(1-v)-2aB(1-2v) AP (8)

and v is the drained Poisson’s ratio of the formation.

The static-confined response of a water well to an areal
dilatation, € is shown in Figure 1-2. The response is expressed in
terms of the static-confined greal dilatational efficiency, DE; , of
the well which represents the water level drop in centimeters per

areal nanostrain extension (the areai nanostrain is the sum of the

principal horizonﬁal stralns)l: . “l)’ o,
- et
‘e 70
DE' = -W/¢ . (9)
a 2r ﬁ“"l”

Like the response of a water well to cubic strain, high sensitivity is
: favox;d by low porosity; unlike the response of water well to cubic
dilatation, the sensitivity 4is & strong function of matrix
compressibility. - High matrix compressibilities are indicative of low

well sensitivity. The reason for this inverse relation between

5,,0 {,,‘1"

4
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compressibility and well sensitivity {s due to the substantial
vertical deformation induced by the presence of the pore fluid vhen
horizontal strain is imposed under undrained, plane stress conditions.
For high compressibility materials, the undrained Poisson’s rafio
approaches 0.5 and the volumetric change produced by the imposed
horizontal strain approaches 0.

Since it might be expected that deep wells would tap relatively
stiff, low porous rock, the results shown In Figure 1-2 are in
accordance with the observation of Roeloffs (1987) that earth tide
sensitivity tends to increase with well depth. If we use earth tide
gensitivity as an indicator of sensitivity to tectonic strain, the
implication of Figure 1-2 for the use of watet‘ wvells as strain meters
is clear: independent of any fluid flow considerations, installation
of water wells for strain monitoring purposes should be done in stiff,
low porous formations. Wells which tap tﬁghly compressible rock
and/or sediment can expected to be relatively insensitive to tidal and
tectonic strains. It is useful to examine the response of a typical
formation to earth tides {n order to infer what may be expected in
terms of strain sensitivity. Given & matrix compressibility of 1 x
10711 cm2?/dyne and a porosity of 0.10, a vell will have a static-
confined areal dilatational efficiency of 0.06 cm/ne. This
sensitivity is greater than the static-confined areal dilatational
efficiency of the wells examined later in this study; the formations

these wells tap possess higher compressibility and/or porosity than

the values given above,

STATIC-CONFINED RESPONSE TO ATMOSPHERIC LOADING

e
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The strains induced by atmospheric pressure are quite different
from those induced by earth tides eand tectonic evints: they are
produced under conditions where both vertical stresses and horizontal
stresses are signifiéanc (Farrell, 1972; Rabbel and Zschau, 1985). 1In
an open well, atmospheric pressure exerts a stress directly on the
vater in the well; it also exerts a stress directly on the water table
at low frequencies (Yusa, 1969; Weeks, 1979). The quantity most
easily estimated concerning atmospheric pressure effects on the near

surface is the imposed vertical load. The response of & water well to

changes in atmospheric pressufé is:

V = B/pg + o /8 (10)
wvhere P is the pore pressure and % is the atmospheric load (extension
is positive). Equation 10 assumes that the well is in quasi-static
equilibrium with the pore pressure and ig open to the atmosphere; as a
result, any changes in pore pressure which gre different than changes

in atmospheric pressure must result in a change in water level in the

well.

For s:&tic-confined conditions, the pore pressure response to
atmospheric loading can be derived from the formalism of Rice and

Cleary (1976). The relations for stress and strain can be written as:

a4 | -
€9 "[ 3(2-2)°1) " 1-20 %13 73 P‘u] an

Under conditions where the near surface is composed of rock or stiff

sediment, areally extensive surface loading near the surface of the
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earth induces horizontal strains, ¢,, and ¢,,, vhich are 1/2 the

vertical strain (Farrell, 1972):

€33 = €32 = 1/2¢44 (12)

The change in vertical stress is equal to the atmospheric load:

(13)

(-4 - o
38 a

Insertion of equations 12 and 13 into 11 yields the following relation

between the pore pressure vithin the formation and the atmospheric

load: L. -
P= -y, (14)
wvhere v is: . e
v =284 - : - (15)
3 - (1-2v)a -~ . -

. ememamm—

v oed
-

It should be noted that gy has been termed the loading efficiency by
Van der Kamp and Gale (1983). Their definition of this surface
loading efficiency differs from that given by equation 15 because they
assume that areally extensive surface stresses induce one-dimensional
vertical strain. This assumption is appropriate only under conditions
wvhere the formation of interest is highly compressible relative to the

underlying formations (Kuo, 1969). For the wells examined in a
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subsequent section of this chapter, the assumption of one-dimensional
strain 1is {inappropriate. Imsertion of equatfon 14 fntc equation 10
yields the relgtion between water level changes and atmospheric

loading under static-confined conditions:

V= (l-vo /g (16)

In order to examine how water well response to atmospheric

loading changes &as & function of material properties under static-

confined conditions we examine the static-confined barometric

efficiency of a well, BE’, which i1s defined as (Jacocb, 1940):

e
BE’ = Wpg/o, o (17)

Figure 1-3 shows the static-confined barometric efficiency of a well
as a function of compressibility and porosity. The response to
changes in atmospheric loading, like the response to areal dilatation,
is. a strong function of compressibility with low compressibility
favoring high sensitivity; unlike the response to dilatation, water
level response to atmospheric loading is favored by high porosity.
For formations with matrix compressibility exceeding about 3 x 10 ~1°
cm?/dyne, the static-confined barometric efficiency is so low that
that the response to atmospheric loading may be difffcult to detect in
a well; earth tide sensitivities are also low for high compressibility
formations. As & rvesult of this lack of sensitivity, it may be
difficult t§ determine the elastic properﬁles of the formation based

on well response to areally extensive deformatfon 1f matrix

v -
ot 7L
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compressibility is high. This problem is addressed in further detail

elsevhere (Hsieh et al,, 1988).
Figure 1-4 shows the difference between the theoretical

Earometric efficiency given here and that determined from the loading
efficiency, ¥', of Van der Kamp and Gale (1983). Including the
effects of  Thorizontal deformation causes the static-confined
barometric efficiency of & well which taps a formation of a given
matrix compressibility and porosity te be considerably smaller.
Differences between the two theoretical responses are greatest when

matrix compressibility is on the order of 107! cm?/dyne.

MATERIAL PROPERTIES GOVERNING VERTICAL FLUID FLOW IN RESPONSE
TO AREALLY EXTENSIVE DEFORMATION

The preceding sections indicate that the static-confined response
of the water level in a well to deformation is often dependent on the
matrix and solids compressibility, the Poisson’s ratioc and the
porosity of the formation. It 1s worthwvhile to examine how these
material properties écvern fluid fl&w. As noted aebove, the static-
confined response of the well is a refléction of the undrained
response of the formation. We can, however, fully expect that fluid
flow will influence water well response., If we aséume that formations
are of large extent laterally and the frequency of the deformation is
low enough that well bore storage effects are negligible, then the
influence of the horizontal component of fluid flow can be neglected.
Vertical fluid flov may occur due to water table drainage (see

Chapters 3 and 4) or vertical variations in formation elastic

14 :“"!L '

P

. ewy
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properties (Bower and Heaton, 1978; Gieske and de Vries, 1985). The
response of pore pressure to changes in mean rock stress can be
derived from the results of Biot (1941) and Nur and Byerlee (1971) and

can be written in the form (Van der Kamp end Gale, 1983):

kv2P = 59 _(P-Bo) (18)
at

vhere k 1is the hydraulic conductivity and $’ is a measure of the

elastic response of the fluid saturated rock or ‘three dimensional

specific storage’:

S' = pgl(B -By) + $(Bg-B)] (19)

Under conditions of one-dimensional vertical fluid flow, equation

19 can be rewritten by noting that the mean stress, o, is solely a

function of the cubic strain, e and the local pore pressure.

t'
Utilizing equation 7, f£fluid flow in response to areally extensive

deformation induced wunder conditions of plane stress (such as that

caused by earth tides) can be written as:

.

‘u

~ 4 .
-

i |
pr TP L0 o oy 8o L (20)
dz? @at ‘ at

vhere D' is a hydraulic.ﬁlffusivity for imposed horizontal strains

under conditions of plane stress:
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o = ufog lep 1 - 22Dy 4 4ep.- g ) (21)

and g is the shear modulus.

Utilizing equation 14, fluid flow induced by areally extensive

atmospheric loading is govermed by:

X
8 P _aoP éc (22)

—_— T2
8:3 ét at

vhere D is a hydraulic diffusivity under conditions of areally

extensive imposed surface stress:

p = e leg1 - 22 4 4cp- 801} (23)

Equations 20 and 22 indicate thaé‘;he hydraulic diffusivity which
governs fluid flow under conditions of earth-tide induced strain
differs from the hydraulic diffusivity which governs atmospheric-
loading induced fluid flow. The difference is that fluid pressure
influences horizontal deformation under conditions of etmospheric
loading but does not influence horizontal deformation under conditions
~of earth-tide 1induced strain. The hydraulic diffusivity, D’, is
identical to the term k/Ssdeveloped by Van der Kamp and Gale (1983)

vhere S¢ is their one dimensional specific storage coefficient:

. -~
te o

s = g [af (1. %ﬁ%ﬂ)w(pﬁ 81 B ¢ 73}

- i - I,
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As noted by Van der Kamp and Gale (1983), the one-dimensional specific
storage coefficient 1s the elastic property of the formation assumed
by hydrologists te govern fluid flow.

The hydraulic diffusivity which goverms fluid flow induced by
atmospheric loading, D, differs from that given by Van der Kamp and
CGale (1983) because, as noted earlier, they assumed that atmospheric
loading induces vertical deformation only. Following hydrologic
convention, we define D as the ratio k/sa vhere sa is the specific

storage under conditions of surface loading:

Sq = p8 [aB (1 - ﬂg‘z‘d) + (Bg- B)) (25)

Because Sa is by definition larger than Ss. pressure diffusion driven
by atmospheric loading will (all material properties being equal) Be
dampened relative to pressure diffusion driven by earth tides.

The s&bove relations indicate that the same material properties

vhich govern the static-confined sensitivity of a well to atmospheric

loading and earth tides also influence fluid flow. If these material.

propertes can be identified from the response of a well to known

areally extensive deformation, the specific storages S’and S .

(parameters of interest to hydrologists) can also be determined.

DETERMINATION OF IN-SITU FORMATION MATERIAL PROPERTIES FROM THE
STATIC-CONFINED RESPONSE
OF A WELL TO ATMOSPHERIC LOADING AND EARTH TIDES

‘.)
we !

aq'-’(

e
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As has been noted by others (Bredehoeft, 1967; Hsieh et gl,,

1988), 1t 1s possible in theory toc estimate formation elastic

- v ———

properties and porosity if the static-confined response of a well to
atmospheric loading and earth tides can be determined or inferred. In
the analysis of Bredehoeft (1967), solids compressibility was assumed
to be zero and atmospheric loading was assumed to induce one-
dimensional strain only. Under these conditions, the matrix
compressibility and porosity of the formation can be directly
determined from the static-confined response £f the Poisson’s ratio of
the formation can be estimated. Because we have included the effects
of solids compressibility and three dimensional deformation induced by
atmospheric loading, determination. of matrix compressibility and
porosity, while similar in approach, becomes more coﬁplex.

The relation of matrix compressibility to the static-confined

barometric efficiency, BE’, and areal dilatational efficiency, DE;, of ~”r:’

the well can be obtained from equations 7 and 14: . - -
P Lt
2 = (2 . )
35—71— - ’ . P
B = 3(1-20)(1-BE°Y(3-(1-2v : ' (26)
2pgDE_ (14v) {3(1-+)-2aB(1-21)] o
- . ';_,__...____Q Jia- .&'plg-v £ a-vo
Dt - C 23 W& = sc a1 : :'__—;/J""'

Equation 26 {indicates ;hac di:Z;mination of matrix compressibility
requires g _priori estimates of solids and fluid compressibility,
Poisson’s ratio and the 1loading coefficient B of the formation.
Rearrangement of equation 4 also indicates that estimation of
formation porosity requires ga__priori estimates of solids and fluid

compressibility and loading coefficient B as well as estimates of

matrix compressibility:
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The relation of the loading coefficient, B, to the static-confined

-

barometric efficiency, BE’, can be obtained from equation 15: -

-
i ,;,:"',,D

2 .
B = 3(]-BE’) " e (28)
2(14v) + a(1-BE')(1-2v)

Equations 26 and 28 can be wused {iteratively to determine matrix
compressibility 1f- the static-confined barometric efficiency, areal
dilatational efficiency, Polsson’'s ratio and solids compressibility
are known. An initial guess of matrix compressibility is used to
derive an initial estimate of ¢ and B. These values are then used to
determine & new value of matrix compressibility. New estimates of e
and B are then' determined for refinsertion into equation 26; this

fterative procedure continues until closure is achieved. Once closure

is achieved, it is possible to determine porosity from equation 27.

Equations 26-28 were used to make estimate of the formation
matrix compressibility and porosity tapped by five wells. These wells
are described in Table 1-1. All five have been monitored for purposes
of detecting tectonic strain. Three of the wells - TF, GD, and JC -
are located near Parkfield, California. Two of the wells - SC2 and
IKT - are located near Hamoth Lakeg, California. The observed
dilaetational efficiencies in response to the 0, and M, tide and the
inferred static-confined barometric and aresl dilataticnal

efficiencies for these wells are shown in Table 1-2.
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The observed areal dilatational efficiencies were determined by
cross-spectral estimation of the water level, atmospheric load and
theoretical earth tide time series (see Appendix). The tidal areal
strain time series at each site wvas determined from the theoretical
tidal potentisl with no correction made for ocean loading, topographic
or geologic effects. The static-confined responses of these wells
wvere inferred by a procedure outlined in the Appendix which adjusted
for any influence of water table drainage on water well response.

Figure 1-5 shows the barometric efficlencies of the five wells as
aﬁ function of frequency. As 1is discussed in detail elsevhere (sece
Chapters 2, 3 and 4), these barometric efficiencies which were

determined by cross-spectral estimation can be a strong function of

frequency. The frequency dependence {s prominent at three wells - GD,

TF and JC - &and can be readily explained by the influence of water
table drainage. Water table drainage also influences the areal
dilatational efficiency and may at least partially explain the
difference betwween the M, and 0; observed areal dilatational
efficiencies at these wells. The 0, efficiency may be slightly less
sensitive because water table drainage influences will generally cause
relatively more attenuation at this frequency. Ignoring water table
influences at the three Parkfield wells would lead to considerable
difficulty in determining formation material properties. fltst. it
would be difficult to determine the static-confined barometric
efficiencies for the wells since the static-confined response is mever
ocbserved in the frequency range asnalyzed. Second, use of the observed

areal dilatational efficiencies would lead to en error in the

estimatfon of static-confined strain sensitivity, At two of the

- ——— i . S —————
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Parkfield wells - TF and JC - the difference bQCVeen the observed and
inferred sensitivity is slight; regardless of whether the inferred or
obgerved response 1is used in equation 26, the material properties
determined from the analysis will be sbout the same. At well GD,:
however, the difference between the inferred and observed response is:,
considerable. Use of the observed areal dilatational efficiency at GD: G‘”;
in equation 26 will yield estimates of matrix compressibility and
porosity which will likely be too high.

Table 1-3 shows the material properties .of the formations
estimated from the analysis. In order to make estimates of matrix
compressibility and porosity one needs to know the solids
compressibility and Poisson’s ratio of the formation and the
compressibility of the pore fluid. The matrix comp:essiﬁilities and
porosities given in Table 1-3 were determined by assuming & solids and I'“'g'%“
fluid compressibility of 2 x 10712 cm?/dyne and 4.4 x 10 !?! cm3/dyme, ” “ "rv
respectively, and a Poisson’s ratio of 0.25 for ell formations. The
inferred M, static-confined areal dilatational efficiency was used in
all calculations. Although independent confirmation of matrix
compressibility s lacking, the estimates made from the well responses
are reasonable compared vith laboratory measurements of |
compressibility of rock (Haas, 1981). The estimates for formation
porosity are also within the realm of expected values (Wolff, 1981).
Also included in Table 1-3 are estimates of the specific storages, Ss
and Sa. determined from the estimated matrix céﬁptessibiilties end
porosities through the use of equations 24 and 25. The one-
dimensional specific storages, Ss. are generally about 1.3 times

greater than the loading storages, sa. indicating that horizontal
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deformation has & slight effect on fluid flow induced by atmospheric
loading for the formations examined.

Although the estimates of matrix compressibility and porosity for
these wells are teasonaﬁle. it is worth briefly examining'the possible
errors involved in making these estimates. The largest sources of
potential error are the assumptions that the theoretical tidal
potential can be used to adequately describe the areal strain at each
location and that the Poisson’s ratio of each formation 1; 0.25. The
results of Beaumont and Berger (1975) and Berger and Beaumont (1976)
suggest that earth tide strain estimates based on the theoretical
tidal potential can sometimes be in error by as much as 1£50% due to
the influence of ocean loading, topographic and geologic effeéts.
Equations 26-28 indicate that estimates of matrix compressibility and
porosity are roughly inversely proportion#l to the static-confined
areal dilatational efficiency. If the theoretical tidal strain is 1/2
the actual tidal strain, estimates of matrix compressibility and

porosity will be roughly be too small by a factor of 2; conversely if

_ the theoretical tidal strain is twice the actual tidal strain, the

estimates will be too large by a factoer of sbout 1/2. Clearly, if
tidal siralns can be measured or if estimates of tidal strain can be
made incorporating the effects of ocean loading #nd geologic and
topographic effects the error involved in estimating formation
material properties can be significantly reduced.

Variations in Poisson’s ratio can also lead to significant
variations in estimates of formation material properties. Imspection
of equations 26-28 1indicates that the principal influence of the

Poisson's ratio on the estimates of matrix compressibility and
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porosity 1is contained in the term (1-2v)/(14v). If the actual
Poisson’s ratio of the formation is 0.35, estimates of matrix
compressibility and porosity based on a Poisson’s ratioc of 0.25 will
be roughly to large by a factor of two. If the actual Poisson’s ratio
is 0.15, estimates will be roughly too small by factor of 1/3. These
rough error estimates indicate that the material properties estimated

for the wells in Table 1-3, while reasonable, are approximate values

only.

CONCLUSIONS

The static-confined response of the water level in a well to
areally extensive deformation provides both a first order measure of
well strain sensitivity and a means to measure in-situ formation
material properties. In the absence of fluid flow influences,
formations can be expected to be sensitive to induced horizontal
deformation such as that produced by earth tides and tectonic strain
if they are relatively stiff and are of low porosity. Open wells can
be expected to be sensitive to atmospheric loading if they tap
formations which are relatively stiff and are of high porosity.

Although knowledge of the static-confined response of wells is
useful, 1£ is not always observable. In three of the wells examined
in this paper (GD, TF and JC) the inferred static-confined response to
strain 1is different than the observed response. If fluid flow
influences water well response, it is possible to underestimate the

static-confined sensitivity of a well to deformation. Estimates of
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formation material properties directly based on the observed response
of a well to deformation can be in error.

Even if the static-confined response of a well can be observed or
inferred, use of water well response to atmospheric loading and earth-
tides can be expected to provide only approximate values of matrix
compressibility, porosity and specific storage. The values determined
from well response may be in error as much as $50%. While estimates
of porosity which have such & potential for' error are likely of
limited utility, rough estimates of matrix compressibility and

specific storage are often of use to geophysicists and hydtologis%s.

APPENDIX:  DETERMINATION OF THE STATIC-CONFINED RESPONSE OF THE WELLS

TO ATHMOSPHERIC LOADING AND EARTH TIDES

The static-confined response of the wells to atmospheric loading
and earth tides was inferred by fitting the observed response of these
wells to theoretical models which describe the influence of water

table drainage on well sensitivity. The observed response was

determined from cross spectral estimation of the - water  level,

atmospheric load end earth tide time series (Bendat and Piersol,
198€). The power spectra and cross spectra for the water well record,
the local atmospheric load and the earth tide strain were determined
using the Blackman-Tukey algorithm. The transfer functions between
vater ievel. atmospheric load and earth tides were determined by

solving the following system of equations at each frequency:



30
BB BT| |[HB| _ |BW (Al)
18 TT| |HT ™ _

vhere BB and TT denote the power spectra of the atmospheric pressure
and earth tides respectively, BT and TB denote the cross spectrum and
complex conjugate of the cross spectrum between atmospheric loading
and earth tides, BW and TW denote the cross spectra between
atmospheric loading &nd water level and earth tides and water 1e§el
respectively, and HB &nd HT denote the transfer functions between
vater level and atmospheric loading and water level and earth tides
respectively.

For the wells examined, solution of equation Al provided high
coherence (coherence greater than 0.85) estimates of the transfer
function between water level and atmospheric load in the frequency
band of 0.08 to 2 cycles/day; 1t also provided transfer function
-estimates between water level and earth tides at the peak tidal
frequencies (M, and 0,;). The transfer function between water level
and atmospheric load.was then fit to a theoretical solution which is
governed by equ&tion 22 and describes the influence of water table .
drainage on whtet well response (see Chapters 2, 3 and 4). The -
barometric efficiency at which the theoretical solution indicated
fluid flow influences were negligible was inferred to be the static-
confined barometric efficiency. The transfer functions of the wells

examined in this paper and the details on fitting the transfer

functions to the theoretical solutions are given elsewhere (see

Chapters 2, 3 and &),
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The inferred static-confined dilatational efficiencies were
deternined by an iterative process. First the fit of the atmospheric
load transfer function was used to determine the vertical hydraulic
diffusivity governing fluid flow due to atmospherfic loading, D
(equation 23). Estimates were then made of the loading storage, Sa.
based on the iInferred static-confined barometric efficiency and the
observed H2 dilatational efficiency to determine the hydraulic
conductivity, k, in equation 23. This hydraulic conductivity was then
inserted into equation 21 elong with an initial estimate of, Ss, to
provide an estimate of the one.dimensional hydraulic diffusivity, D’.
The estimated value of D’ was inserted into & theoretical solution to
equation 20 which describes the influence of water table drainage on
wvell response to earth tides (see Chapters 2 and 4). The degree of
attenuation or amplification of response indicated by the theoretical
solution was used to obtain new estimates of the inferred static-
confined areal dilatational efficiencies. A new estimate of the
loading storage, S,, was made based on the new M, dilatationsal
efficiency and the process was repeated until closure was achieved.

Further details on inferring strain response can be found in Chapter

20
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Table 3-1: Deseription of wells.
Well Id. Location Open Interval
‘noggn!
Pazkgield, CA 16-88
Parkfield, CA 152-177
Pazkield, CA 147-153

Mammoth Lakes, CA  €6-70

B § & #

Maxmoth Lakes, CA 152-286

Rock type

Granodiczite

Marine sedinemts

Distomaceous sandstone
snd siltstons

Fractured basalt

Largsly thyolits
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Table 1-2: Atzmospheric and tidal responsss of ths wells

Well Id. Inferred BE’ Cbserved tidal
sensitivities
{en/ne)
"z ol
=] c.10 0.030 0.02%
w 0.37 0.034 0.029
x 0.67 0.028 0.022
sc2 0.74 0.013 ©0.007
T 0.48 0.034¢ 0.021

Inferzed D!;

({en/ne)

¥
2 °l

0.038 0.034

0.033 0.030

0.027 0.021

0.013 ¢.007

0.03¢ o.021
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Table 1-3: Matertial propertiss and specific storages estimated from
analysis.

Well 3d. Matrix compress. Porosity Specific storage
-11 -1 -8
(em2/dyne x 20 ) (a x10 )
[ | 8 4
i S
2.7 c.04 1.6 2.3

1.8 0.18 1.5 1.0

o4

E - 1.1 .14 1.1 13
sc2 1.8 v 0.27 2.1 2.4
1xT

1.5 - 0.13 1.3 1.8
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How can we know the dancer from the dance?

V. B. Yeats
CHAPTER 2

INTERMEDIATE PERIOD RESPONSE OF WATER WELLS TO CRUSTAL STRAIN:

SENSITIVITY AND NOISE LEVEL
ABSTRACT

The response of water wells to earth tides indicates that they can be
sensitive to small crustai strains. Groundwater flow induced by the
presence of the water table can significantly attenuate this
sensitivity. The attenuation of strain sensitivity as a function of
frequency can be inferred from the response of water wells to
atmospheric  loading. For the wells examined in this study,
significant attenuation due to water table effects can occur when
strains accumulate gradually over periods of days to weeks. Even if
this attenuation is present, however, wells can still be used as
accurate strain meters over this range in perfod. At & frequency of
2.5 cycles/day, the noise level of the water level records examined is
slightly above -130 db relative to 1 strain?/Hz. In the frequency
band of 0.025 to 2.5 cycles/day, the noise level of the raw water
level records examined increases 25 db per decade decrease in
Much of this noise is due to the influence of atmospheric

frequency.

pressure. When the effects of atmospheric pressure are removed from

the record, the noise level 1is reduced to 20 db per decade for
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frequencies above 0.08 cycles/day, a rate typical of high quality
strain wmeters. Below a frequency of 0.08 cycles/day, the water level
records show & rate of noise increase of roughly 35 db per decade, a
change which may reflect the influence of precipitation. For periocds
slightly 1less than & month, the two wells examined possess a higher

accuracy than can be obtained from the best geodetic distance

measurements.

INTRODUCTION

Although it is well known that water wells respond systematically
to small streins iInduced by earth tides and atmospheric pressure
fluctuations (Jacob, 1940; Bredehoeft, 1967; Van der Kamp and Gale,
1983), the use of water wells for the purpose of monitoring
tectonically induced strain has been largely qualitative. There have
been very few successful attempts to calibrate water level
fluctuations in response to known tectonic events in terms of strain
and/or compare & water well’s response to other strain measurements .
Sterling end Smets (1971) include a power spectrum from a water
well’s response to a sefismic event which 1indicates that in the
frequency band of 10°¢ to 10°2 Hz a well can be highly sensitive to
dilatation. Johnson et al, (1973, 1974) monitored water levels from
1971 to 1973 in a well located near the Almaden Winery within 10 m of
the surface trace of the San Andreas fault; they found that water
level fluctuations of several centimeters which lasted froa hours to
several days were associated with cz"eep events. Ba;ed upon the

response of their well to atmospheric loading, Johnson et sl, were
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glso able to infer the mean stress at the well induced by the
asgociated creep events. Wesson (198l) and Roeloffs and Rudnicki .
(1984) have analyzed one of the water level - creep events observed by
Johnson et s8], and have found that the water level fluctuation is
qualitatively consistent with the magnitude of the creep event. The
same well observed by Johnson gt al, showed correlations with two
creep events during 1975-1976 (Mortensen et al,, 1977); water level
fluctuations of 3 centimeters were associated with creep induced
strains of approximately 10°7.

The response of the water well near the Almaden Winery suggests
that water wells can measure tectonic strain. There are, however,
some inherent problems with using water wells as strain meters. These
problems can be separated into two broad classes: those that are
strictly related to the bulk material properties of the rock or
sediment in direct communication with the well; those that are due
primarily to groundwater flow.

The principal problem related to bulk material properties is that
‘the sensitivity- of a well to strain is highly dependent on the
porosity and elastic properties of the rock or sediment with which it
is in hydraulic communication. A well in communication with rock or
sediment which is highly compressible and porous cannot be expected to
be highly sensitive to tectonic strain. This point is discussed in
Chapter 1.

HMany other problems with using water wells as strain meters are
due primarily to the influence of groundwater flow. The principal
proﬁlem related to groundvater flow is that the water level in a well

responds to hydrology &as well as streain. A year of above average
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rainfall will 1likely cause & 1low frequency rise in water level;
conversely, & year of below average rainfall will likely cause a low
frequency drop in wvater level. The hydrologic influences of rainfall
can be viewed as noise placed upon any strain signal which might be
present in the water well record and interpretation of changes in
wvater level as being solely the result of strain will have some
inherent error.

Groundwater flow can cause another significant problem inherent
in the use of water wells as strain meters; it may reduce strain
sensitivity, and restrict the usefulness of water wells to a narrow
frequency band. Figure 2-1 shows an idealized cross section of a well
in communication with saturated rock undergoing strain and indicates
three potential ways for groundwater flow to reduce strain
sensitivity. The first source is the limited hydraulic communication
between the well and the saturated rock; i{f the well is to be a gage
of pore pressure, changes in pore pressure must be accompanied by flow
intc or out of the borehole. For strains above some limiting
‘frequency (which depends on the borehole geometry and the material -
properties of the saturated rock), groundwater flow will be toco slow
to allow the full pore pressure signal to be seen in the well.
Fortunately, this can usually be mitigated by placing & packer beneath
the water surface so that only small volumes of fluid rust move in and
out of the borehole to change fluid pressure within the well.

The second source of sensitivity ;eduction due to groundwater
flow is flow from (in the case of strain being compressional) or to
(in the case of strain being extensional) the strain induced pore

pressure disturbance to a region which is either undergoing slight or
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no strain or to a region which is undergoing strain which is opposite
in sense. For strains of tectonic origin, the wavelengths of the
pressure disturbance are likely on the order of kilometers so that
this problem is 1likely to take place only at very low frequencies.
The third source of sensit:ﬁit:y deterioration is verticai flow from
or to che' wvater table. Since the water table bis particularly
fnsensitive to crustal strain (Bredehoeft, 1967), any hydraulic

communication between the water table and the rone of saturated rock

‘monitored can cause significant attenuation of the strain signal.

Water wells are typically in communication with rocks which are less
than 200 m below the water table, and we might expect that this source
would begin to operate at frequencies higher than those of the second
source. Because the second and third sources of sensitivity
attenuation described above are directly due to large scale
dissipation of pore pressure within rock, their effects cannot be
mitigated.

The problem of noise in the water level signal has not been
quantitatively examined, but the problens of strain sensitivicy
related to groundwater flow have been studied previously in some
detail. Sensitivity attenuation because of fluid flow intc &nd out of
the well has been extensively examined (Cooper et sl,, 1965;
Bodvarrson, 1970; Johnson, 1973; Gleske, 1986); it will only be
peripherally discussed here and is discussed in detail in Chapter 3.
The influence of the waier table on attenuation has been examined by
Johnson (1973) and Johnson and Nur (unpublished manuscript, 1978);

these studies theoretically examined this influence assuming that the
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unsaturated zone above the water teble did not significantly influence

vater table response.

This study examines: the influence of groundwater flow to the

vater table on the sensitivity of water vells as strain meters; the

" noise levels of water wells in comparison with other strain meters.

The influence of groundwater flow on attenuation of sensitivity is
examined by: extending the theoretical work of Johnson (1973) and
Johnson and Nur (unpublished manuscript, 1978) to 1include the
influence of the unsaturated zone above the water table on atmospheric
pressure induced strains; applying these theoretical results to*the
response of two wells to atmospheric loading in order to examine how
groundwater flow influences strain sensitivity as a function of
frequency. The comparative performance of water wells as strain
meters 1is assessed by calibrating two wells to known strains and

examining how noise levels, in terms of strain, increase with

decreasing frequency.
OVERVIEW OF WELLS TO BE EXAMINED

Figure 2-2 shows the water level record for the two wells which
are examined here. These wells were chosen because: they are located
in areas vhich have been the focus of many crustal deformation studies
over the past decade; and they exhibit the largest amplitude response
to the ;;rain induced by earth tides of any of the wells monitored in
these areas over the time shown. The hydrograph labeled LKT is the
wvater level record from a well in the long Valley caldera mear Mammoth

Lakes, California; the hydrograph labeled TF is the record from a well
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near the San Andreas fault near Parkfield, California. Both areas are
being monitored (with water wells and more conventional strain
instruments) in the hope of detecting strains precursory to a tectonic
event. Within Long Valley, the possible tectonic event is a major
earthquake or a volcanic eruption (Cockerham and Pitt, 1984; Savage
and Clark, 1932; Miller, 1985). Near Parkfield, the historic record
points toc the strong possibility that a magnitude 6 earthquake will
take place near Parkfield by 1993 (Bakun and McEvilly, 1984).

If any tectonic event within'Long Valley or Parkfield is to be
successfully predicted using strain meters it must be preceded by
strains which are 1large enough toc be detected with strain
instrumentation and have a character which is noticeably different
from eny background strain that may be present within the region. The
wvater level records at LKT and TF over the second half of 1985 both
show & long term decline in water level; this low frequency decline is
at least partially due to the relative 1lack of precipitation in
central California over the winter of 1984-1985, but even if this
decline was solely due to tectonic strain it would be diffficult to
utilize such low frequency behavior as a precursor to & major tectonic
event, Superimposed upon the trend are deviations on the order of
centimeters and vhich appear nearly at the same time in both wells.
These fluctuations of period of several days to several weeks are (as
we shall see later) in the frequency range in which we can expect to
use these water wells as sensitive and relatively noise free strain
meters and they are largely due to strains induced by atmospheric

loading. Finally, there are high frequency fluctuatiens (on the order
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of a cycle/day) which are 1largely due to atmospheric pressure and
earth tide induced strains and are about a centimeter {n amplitude.

The above qualitativé digscussion of the water we;l records can be
brought into scmewhat sharper focus by examining the power spectra of
the water 1level records shown in Figure 2-3. Both wells have
considerable power in the semi-diurnal and diurnal £requepcy band due
to earth tides and atmospheric loading. Power levels continue to
increase at lower frequencies. This increase in power with decreasing
frequency 1s typical of any continuously monitored strain instrument
(Agnew, 1986) although the rate of power increase with decreasing
frequency 1is a function of the instrumentation end background strain
rate. |

Figure 2-3 also shows the power spectra of atmospheric pressure
at TF and LKT over the second half of 1985. Comparison of the
atmospheric pressure power spectra with the water level power spectra
at TF and LKT indicates many similarities. There is substantial power
in the semi-diurnal and diurnal band and a strong increase in power
with decreasing frequency. At LKT the power spectra of atmospheric
pressure and water level have a character which in the frequency band
of 0.1 to 0.8 gycles/day is nearly identical. The power spectra of
atmospheric pressure and water level at TF are relatively less
similar.

In a later section, 1 quantitatively examine the influence of
atmospheric loadidg on the response of these wells. The response of
these water wells to earth tide induced strains while not the primary

focus of this study is used to quantitatively calibrate water level

fluctuations in terms of strain.
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INFLUENCE OF THE WATER TABLE ON THE SENSITIVITY
OF WATER WELLS TO AREALLY EXTENSIVE STRAINS

As has been previously noted, we cannot expect the response of a
vater well to strain toc be independent of frequency. At low
frequencies, the response of a well will be dominated by the influence
of the water ‘table and, as a result, will be negligible. At higher
frequencies, the influence of the water table will be wesker and.we
can expect that (until frequencies are so high that flow'into the
borehole becoﬁes a difficulty) sensitivity will 1increase with
frequency. 1 assume, for the purposes of this study, that borehole
flow (either due to high permeability or to the instzllation of a
packer) does not significantly attenuate strain sensitivity in the
frequency range of interest. When the frequency of the imposed strain
is high enough to effectively isolate pore pressure from water table
influences, I follow hydrologic convention and call the response of
the water well the gtatic-confined response, In this section 1
examine the response - of water wells to periodic crustal strains and
stresses &as & function of frequency; in the following section I will
apply these theoretical results to the observed frequency response of
LKT and TF.

In order to examine the influence of the water table on vater

well response, we need to determine how pore pressure changes in

response to periodic deformation. In Chapter 1, it is shown that

time-dependent, pore pressure response to laterally extensive and

uniform deformation depends upon whether the deformation is an imposed
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areal strain or an imposed surfece load. Under conditions of one-
dimensional vertical fluid flow, the response of pore pressure, P, at
typical well depths to areal strain (sum of the principal horizontal

strains), €op imposed by earth tides and broad-scale tectonic

deformation is governed by:

4
pr L% ¢l (L
az? at ot

- where D’ 1is a hydraulic diffusivity for imposed horfizontel strains

under conditions of plane stress (Van der Kamp and Gale, 1983):

o - kfpe (a1 - 222 o 4ep,- g1}t @

C 1is a measure of the sensitivity of pore pressure to imposed areal

dilatation (Van der Kamp and Gale, 1983):

C = M‘l*‘l’) - ) (3)
3(1-v) - 2aB(l-2v)

B 1is & coefficient wvhich relates mean stress to pore pressure under
undrained conditions (Skempton, 1954: Rice and CIeary; 1976):

B~ (-5 %)
(B - B + $(B- B

and a is the fraction of rock strain taken up by the pore space under

drained conditions (Biot and Willis, 1957; Nur and Byerlee, 1971):



56

a=1-p/p (5)

It should be noted that p is the fluid density, g is gravity, k is the
hydraulic conductivity, § 1s the rock matrix compressibility, v 1is
Poisson's ratic, ¢ is the porosity, ﬂf is the fluid compressibility,
ﬂu is the rock grain compressibility and g is the shear modulus.

Under conditions of one-dimensional vertical fluid flow in
response to eareally extensive surface loading (such as that produced

by atmospheric loading), pore pressure response at typical well depths

is described by:

2
p2F -2 442 6)
az? ét at '

where D 1is a hydraulic diffusivity under conditions of areally

extensive imposed surface stress (see Chapter 1):

p = os lep(1 - 22 + 4(p- g1} )

4 1is the near-surface response of pore pressure to surface loading
under undrained conditions (see Chapter 1):

2BO4yY (8)
3 - (1-2v)aB

and e, is the surface load.

Equations 1 and 6 indicate that pore pressure response to imposed

areal strain and surface loading are both described by diffusion
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equations which contain a source term. As i{s noted in Chapter 1, the
essential difference is that the source term in the case of imposed
areal strain has (due to the hydraulic diffusivity, D’, being slightly
larger than the hydraulic diffusivity, D, for equal bulk material
properties) a weaker Iinfluence on time dependent changes in pore
pressure. The diffusion equaﬁions given above are an asaccurate
description of pore pressure response as long &8s we can assume that,
in the frequency range of interest, there is no lateral pore pressure
dissipation; under this condition, the deformation and state of stress
at a point are independent of far-field pore pressure (Biot, 1941;
Rice and Cleary, 1976). Ve also assume that material properties are
uniform throughout the vertical column of interest. It should be
noted that the hydraulic diffusivities D’ and D are a strong function
of hydraulic conductivity, k, and are also a strong inverse function
of rock matrix compressibility.

Figure 2-4 shows two problems of interest with regard to the
influence of the water table., In the first problem, the rock is
squect to a periodic areal strain Acos(wt), the water table is at
zero pressure and the well 1s.an accurate gage of pore pressure; this
is an 1dea1ized description of the response of pore pressure to broad-
scale tectonic and earth tide induced strains. The second problem is
an 1idealized description of the water well response to atmospheric
loading: the rock {is subjéct to a periodic vertical stress Acos(wt)
and areal strain, €500 is ;ne half the cubic strain € (Farrell,
1972); the water table is subject to a pressure -AGcos(wt-f) where G
and ¢ account for the attenuation and phase shift of the atmospheric

pressure due to diffusion of air through the unsaturated zone above
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the water table; the water in the well {s subject to a periocdic

pressure -Acoswt and the relation between water level and pore

pressure is (see Chapter 3):
W = (Acoswt+P)/pg (9)

Since fluid flow is one-dimensional, both problems ocutlined above are

readily solved analytically.

Frequency response of a well to imposed horizontal strain

The response of a water well to imposed periodic areal strain is

given by (Appendix A):
W = {ACexp(-Q’)cos(wt-{Q') - ACcos(wt))/rg (10)

vhere A is the amplitude of the dilatation and Q' is a dimensionless

frequency:

Q' = z3w/2D’ (11)

This result is qualitatively similar to the frequency dependent
response of water wells to strain given by Johnson (1973) and Johnson
and Nur (unpubﬁshed manuscript, 1978). The major differences between
their analogous solution and that given here &re due to their
approximation of the water table as a spherically shaped boundary.

Equatfon 11 indicates that the most important parameter governing
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sensitivity as a function of frequency is, z, the depth from the water
table. Hydraulic diffusivity 1is elso an important factor with low
diffusivity favoring low attenuation at & given frequency. As was
previously noted, hydraulic diffusivity ig a strong inverse function
of rock compressibility and as & result, low attenuation at low
frequency is favored for highly comfressible rock. Conversely,
sensitivity due to horizontal loading under static-confined conditions
is strongly favored by low compressibility (Van der Kamp and Gale,
1983; see Chapter 1). Thus, high sensitivity under static-confined
conditions to strains produced by horizontal lo;dlng will be

accompanied by a relatively rapid attenuation with decreasing

frequency.

The gain and phase of the sensitivity to dilatation are plotted
as a function of the dimensionless frequency, Q', in Figure 2-5 under
the assumption that the static-confined sensitivity of the well to
rock strain (static-confined areal dilatational efficiency) is 0.05 cm
water level drop per areal nanostrain (ppb).  The figure indicates
that attenuation and phase shift with decreasing frequency is a
gradual process. Attenuation and phase shift begin to significantly
deviate from the static-confined response when the dimensionless
ftéquency decreases to a value of 10. Between & dimensionless
frequency of 1 and 10, the strain signal is slightly emplified
relative to static-confined conditions; near complete attenuation of
the strain signal takes place for strains with dimensionless frequency
0.001 or less.

Ve can gain some understanding of how an average well will

respond to crustal strain by assuming some values for diffusivity and
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depth from the water teble. Given a well tapping rock with a vertical
permeability of 10 millidarcies (the average permeability of non-
argillaceous materials inferred for the crust (Brace 1980; Brace,
1984)), a compressibility of 10 !! cm2/dyne, a porosity of 0.10, and a
wvell depth (relative to the water table) of 100 m, the dimensionless
frequency will have a value greater than 10 for strains with frequency
greater than 20 cycles/day. This result indicates that, for
reasonable material properties and geometries, the water table can

have a strong influence on strain sensitivity in the frequency range

of practical interest.
Frequency response of a well to atmospheric loading

‘The response of a well to atmospheric loading is considerably
different than that given above. These differences are due to the
stress placed upon the earth’s surface and the diffusion of the load
through the air phase of the unsaturated zone (Weeks, 1979) Water

level response to periodic fluctuations 1in atmospheric locading is

given by (Appendix B):

W =[ (-M+7)Aexp(-JQ)cos(wt-{Q) - (y-1)Acos(wt) -
NAexp(-JQ)sin(wt-{Q) 1/pg ' (12)

where M and N are:

M = 2cosh(|R)cos(JR)
cosh(2{R)+cos(2]R)
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(13)

cosh(2|R)+cos(2{R)

N =

Q and R are dimensionless frequencies referenced to fluid diffusivity,

D, and eir diffusivicy, Da, respectively.:
Q = z2w/2D
Re= L’w/zl)a (14)

eand L is the depth from the earth’s surface to the water table. The
gain (barometric efficiency, BE) and phase of the response of a water
well to atmospheric pressure fluctuations is shown in Figure 2-6 for a
well with a surface loading efficiency, y, of 0.5.

The response 1is plotted as & function of two dimensionless
parameters: dimensionless frequency, Q, and the ratio of dimensionless
frequencies R and Q. The dimensionless ratio, R/AQ, is a measure of
the time taken for atmospheric presisure changes to reach the water
table versus the time taken for water table effects to significantly
influence water well response.

For values of R/Q less than 0.0001, the water table is fully
influenced by atmospheric pressure changes at dimensionless frequency,
Q, and the response of the water well to atmospheric loading is
functionally identfcal (except for a phase shift of 180°) to the
response to strains which are applied directly to the solid phase

alone. Under these conditions, the attenuation of semsitivity to
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tectonic or earth tide induced strains can be inferred from the air
pressure response once an allowance is made for the slightly different
hydraulic diffusivity which governs fluid flow. For values of R/Q
greater than 0.1, there is significant attenuation and phase shift of
the atmospheric pressure signal at the water table; under these
conditions we can expect that, over & frequency band whose width and
location 1is & strong function of R/Q, the water well response will be
significantly amplified relative to the static-confihed response.
When R/Q {is greater than 10, we can expect a water well to respond
sigriificantly to atmospheric loading in a frequency band where
response to tectonic or earth tide induced strains are strongly
atteﬁuated. Hence, the response of a water well to atmospheric
loading, vhen R/Q is significantly greater than 0, is not indicative
of how the sensitivity to tidal or tectonic strains attenuates with
frequency.

Although it 1s not possible, based upon the response to air
pressure, to directly infer how the sensitivity of water wells will
attenuate in response to imposed strain when R/Q is 0.1 or greater,
the air pressure response gives us an indirect means to determine how
vells respond to tectonic strain. The material and fluid flow
properties of the rock and/or sediment which control well response can
be determined by fitting the atmospheric pressure response of the well
to the theoretical response (equation 12 or B12). These elastic and
fluid flov properties can then be used in conjunction with the-
theoretical vresponse to imposed areal strain (equation 10 or A7) to
infer how sensitivity to tectonic strein attenuates with frequency.

In the following section, I examine the atmospheric pressure response
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of LKT and IF to see if any air diffusion effects are present and use

the etmospheric pressure response to infer how these wells respond to

tectonic strain.
BEHAVIOR OF WATER WELLS AS STRAIN METERS IN PRACTICE

The previous section focused on the theoretical behavior of water
wvells in response to strain. In theory, water wells may suffer from
relatively rapid attenuation of sensitivity in a frequency range which
is of practical interest for purposes of deformation monitoring. Im
this section 1 examine the behavior of two wells, LKT and TF, to earth
tide and atmospheric pressure induced strains to determine whether the
previous theoretical results have any merit in practice. We also try
to examine the overall noise levels of these wells as a function of
frequency. The wells, as previously noted, exhibited the highest
sensitivity to earth tides of all the wells monitored for tectonic
strain in the Long Valley caldera and near Parkfield, California in
the second-half of 1985 and it might be expected that the sensitivity
and noise levels of these wells are close to the best response we can
expect from wells which are no more than 300 m deep.

The depth and near-hole lateral permeabilities of these two wells
are shown in Table 2-1. Both wells are f{solated from the near surface
toc a depth 1in excess of 100 m. The depth to water is about 20 m at
both IXT and TF; 1f near-hydrostatic conditions.brevail at these
wells, thgn this depth indicates the depth to the water table at beth
sites. The 1lateral permeabilities of the rock in direct hydraulic

communicaticn with these wells were inferred from a slug test (Kipp,
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1985) and pumpage data from 1KT and TF, respectively. These
permeabilities are high 1in relation to the range of permesbilities
vhich have been measured or inferred €for the crust (Brace, 1980)
indicating that hydraulic communication between the well and rock is
relatively good. The borehole diameter {s roughly 15 em at both
wells.

At each site, atmospheric pressure and water level were measured
with silicon strain bridge transducers & times per hour. The water
level and atmospheric pressure records over the time fnterval shown in
Figure 2-2 contain 2% and 5% gaps at LKT &and TF respectively; these
gaps range from 1/2 hour to a few days in length. The method by which
these gaps in the time series wvere filled is described in Appendix C.
The tidal areal strain time series at each site was determined from
the theoretical tidal potential with no corrections made for ocean
loading, topographic or geologic effects. The results of Beaumont and
Berger (1975) and Berger and Beaumont (1976) suggest that the
amplitude of actual tidal dilatation agrees with those determined from
the homogeneous earth tide with an error of about 150%.

The relation of water 1level to crustal strains induced by
atmospheric pressure and earth tides was determined by cross-spectral
estimation (Appendix D). Table 2-2 indfcates the response of these
wells to the M, and O0; earth tides in terms of their areal
dilatational efficiency (water level drop in centimeters per areal
nanostrain) and phase. Thelir reiponse to the M, tide in terms of
areal dilat:ational_ efficiency 4is 1identical; for both sites the
dilatational efficiency with regard to the M, component of the tidal

potential 1is about 0.034 cm water level drop per areal nanostrain.
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The dilatational efficlency of the 0, tide 1is slightly Ilower,
particulaerly at TF. At TF, this slightly greater difference in
amplitude may be partly due to water table influences which (as is
shown below) significantly attenuate strain sensitivity in the
frequency band of Interest (0.025 to 2.5 cycles/day). Fhase
differences at LKT and TF between the 0, and M, tidal constituents are
slight. The constituents at LKT are both roughly -10° out of phase
with the response that would be expected if the phase of the tidal
dilatation could be precisely determined from the theoretical tidal
potential; at TF, the phase of the 01 and nz tidal constituents are
both roughly +10° out of phase with the theoretical response. The
phase shift of both constituents as well as the small difference in
dilatational efficiency between the Hz and 01 constituents at LKT are
likely due to local inhomogeneities and/or ccean loading effects. At
TF, the phase shift of both constituents 1is 1likely due to a
combination of local inhomogeneities, ocean loading effects and water
table influences.

" The response of IKT to atmospheric loading is shown in Figure 2-
7. The phase is generaily flat and near 0° out to a frequency of 0.02
cycles/day. The admittance or barometric efficiency begins to sghow
some  attenuation below a frequency of 0.05 cycles/day. This
attenuation may not reflect any water teble influence; rather it may
be the result of some error in the estimate of barometric efficiency
at low frequencies. Bendat and Piersol (1986) give error estimates
for the admittance and phase determined from cross-spectral

estimation. For this study the 95% confidence i{nterval for admittance

or barometric efficiency, BE, for LKT is given by:
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BE o = BEZ 1.2 (1-I'?)BE (15)

vhere T is the coherence. Figure 2-8 shows the coherence squared, as
a function of frequency for LKT. At frequencies less than 0.05
cycles/day, the coherence squared is substantially less than 1 and the
error bounds on barometric efficiency are greater than £.27. A flat
barometric efficiency of .48 (the mean value of the barometric
efficiency for frequencies greater than 0.05 cycles/day) over the
entire frequency range examined is thus not inconsistent with the
admittance values and {s consistent with the general frequency
insensitivity of the phase. Alternatively, the attenuation which
begins to occur at frequencies less than 0.05 cycles/day is a real
physicﬁl phenomenon, presumably due to the influence of the water
table.

The f£fit to the data, based on the assumption that there is some
wvater table influence in the observed frequency band is also shown in
Figure 2-7. The best fit .to the data is achieved with a static-
confined ©barometric efficiency of .45 (y=.55), a value fﬁt ,
dimensionless frequency Q of 30.0w, and a value for diménsionless
frequency R of 5.9 vhere frequency w is in units of cycles/day. The
value for Q indicates that the observed H, and 0, tidal responses are
not iInfluenced by water table drainage. The value for the static-

confined barometric efficiency given by this fit combined with the

dilatational efficiency estimate for the M, tide shown in Table 2-2

allow us to calculate (see Chapter 1) a compressibility for the rock

in communication with the well. Assuming a Poisson’s ratio of .25,
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the drained rock matrix compressibility is 1.5 x 10 1! cm?/dyne.
Given this compressibility and assuming that the depth to water is
indicative of the depth to the water table, it is also possible to
estimate the verticeal permeability of the zone between the water fable
and the uppermost depth that the well is in hydraulic communication
with saturated rock. This permeability is 0.6 millidarcies which is
considerably below the lateral permeability given in Table 2-1; the
difference indicates that either moderately low permeability layers
exist above the monitored zone or that there 1is considerable
anisotropy in the permeability of the rock and sediment above the zone
monitored. It should be noted that this inferred permeability is a
maximum permeability based upon the assumﬁtion that the attenuation
indicated at low frequencies is a real phenomenon. If significant
attenuation 1is not present in the entire frequency band analyzed,
vertical permeability would be lower.

The elastic &and fluid flow pfoperties determined from the
response of IXT to atmospheric loading are used to infer how this well
responds to crustal strains (Figure 2-9; note that we assume that the
attenuated response to atmospheric loading reflects a real physical
phenomenon). In terms of attenuation of sensitivity, it is not
considerably different from the atmospheric pressure response. This
correspondence indicates that the water table is largely in phase with
the pressure disturbance. The inferred sensitivity remains high when
frequencies are less than 0.001 cycles/day. Unfortunately, it will be
shown below that while sensitivity remains high for low frequency

response, the noise level at very low frequencies is also high.




.~

68

The response of TF to atmospheric loading f{s shown in Figure 2-
10. This response has a signature which indicates that water table
influences are present throughout the observed frequency band. The
relative lack of ambiguity in this signal is evident in the coherence
squared for the transfer function (Figure 2-8) which is near 1 for
frequencies in excess of 0.06 cycles/day. The response to atmospheric
pressure has & maximum at about 0.5 cycles/day. It might be suspected _
that decreasing sensitivity with increasing frequency above the
frequency of 0.5 cycles/day would be at least partially due to limited
groundwater flow into and out of the borehole; this source of
attenuation is unlikely because {t is inconsistent with the near flat
dilatational sensitivity for the semi-diurnal and diurnal tidal
constituents shown in Table 2-2 and is also inconsistent with the
phase of the atmospheric pressure response. Rather, this decreasing
sensitivity at higher frequencies is 1likely due to air diffusion
effects which amplify the atmospheric pressure response in the
frequency band of 0.2 to 2 cycles/day. As Figure 2-6 indicates, such
a response would be theoretically possible 1if the dimensionless
numbers, R and Q, were of the same magnitude.

The best fit to the data 1is given with a static-confined
barometric efficiency of 0.37 (y=.63) and a value for both Q and R of
2.2w where frequency 1s in terms of cycles/day. The fit to the
atmospheric loading response indicates that water table drainage slso
influences tidal strain response at frequencies less than about 5
cycles/day. The value for Q' which is consistent with the atﬁospbetic
loading response iz 1.7w. Fitting the strain response to the cobserved

M, dilatational efficiency given in Table 2-2 yields a static-confined
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areai dilatation efficiency of 0.033 cm/ne. These values of static-
confined barometric efficiency and areal dilatational efficiency
indicate that the drained rock matrix compressibility for the rock in
direct communication with the well bore is 1.9 x 10 1! cm?/dyne (see
Chapter 1l). Given this compressibility, the vertical permeability
above the well {s estimated to be 10 millidarcies, & value which is
only slightly less than the lateral permeability inferred from pumping
data, indicating that the material above and within the zone monitored
is largely homogeneous and isotropic with respect to permeability.

The inferred response to tectonic strain is shown in Figure 2-9.
In terms of attenuation of sensitivity, it is considerably different
from the atmospheric pressure response. The inferred response to
strain approaches static-confined conditions at & frequency of 2.5
cycles/day but the static-confined response is mnever fully observed in
the frequency band analyzed. Below & frequency of 0.001 cycles/day,
vhere strain sensitivity 1is about 1/10 the inferred static-confined
response, strein sensitivity asymptotically approaches zero.

The raw and filtered (atmospheric loading effects removed) strein
spectra fﬁr IKT and TF are shown in Figure 2-11. These strain spectra
vere derived by: 1) obtaining power spectral densities for the water
level recoréds in terms of cm? per cycle/day; 2) converting these
spectra into units of strain?/Hz through the use of the estimated
static confined areal dilatational efficiencies for the wells (0.034
cm/ne for LKIA and 0.033 cm/ne for TF); 3) adjusting the strain
spectra, when necessary, to account for any unambiguous frequency
dependent changes in dilatational efficiency inferred from the

response to acﬁosphéric loading; 4) normalizing the spectra relative
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to 1 strain?/Hz and converting to a decibel scale. The spectral
estimates TF were adjusted wupwards to account for the observed
decreasing sensitivity with period by essentially adding 8 db per

decade decrease in frequency to the slopes of the strain spectra for

frequencies less than 1 cycle/day; since the observed attenuation at

IKT {is slight and ambiguous in the frequency band examined here, no
adjustments in the strain spectra were made. The raw strain spectra
at LKT and TF ere very similar and increase at a rate of roughly 25
db per decade decrease in frequency, & rate that is slightly high
) compared to the best dilatometers (Johnston et al,, 1986) but is
comparable to the behavior of some laser strain meters (Beavan and
Goulty, 1977). The M, tide at both wells is roughly 20 db sbove the
background noise level.

Considerable reduction in noise level can be achieved by
bfiltering or femoving the effects of barometric pressure on water
level response. These effects were removed in two ways. In the first
method the fit of the observed frequency response shown in Figures 2-7
and 2-10 was assumed to be the transfer fﬁnction between water level
and  atmospheric pressure. This transfer function was then multiplied
with the Fourier transform of the atmospheric pressure record and the
resultant frequency response was then inverted into the time domain
and subtracted from the water level time series. In the second method
a singlel coefficient between the water level record and the
atmospheric pressure record was found by linear regression of the two
time series (the coefficient was .48 for LKT and .35 for TIF); the

atmospheric pressure record was then simply multiplied by this
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coefficient and the resultant time series was then subtracted from the
water level record.

At IKT, there is little difference between the strain spectra for
the time series obtained with regression and the frequency dependent
transfer function in the frequency range of interest. The lack of
difference between the two strain spectra is due to the relatively
flat response to aii pressure in the frequency range of interest; as a
result, it 1is operationally similar to the filter which assumes a
simple 1linear relationship between water 1level and atwmospheric
pressure.

At TF, there is substantial difference between the strain spectra
determined with the regression coefficient and the frequency dependent
transfer function because there is considerable attenuation and phase
shift of the atmospheric pressure signal.

Both filtered records at LIKT and the record filtered with &
frequency dependent transfer function at TF yleld strain spectra wvhose
slope increase'a: a rate of roughly 20 db per decade in frequency in
the frequency band of 0,08 to 2.5 cycles per day. This is comparable
to the rate of increase seen in the raw strain spectra of high quality
strain instruments (Agnew, 1986; Beavan and Goulty, 1977; Johnston et
al., 1986). Presumably, one could also remove the effects of
atmospheric pressure from other strain instruments as well to decrease
the rate et vhich noise levels increase. For instruments which
measure horizontal strain only, however, the reduction in noise rate
achieved by removing acmosphetic loading effects would be slightly
less than that for watef weils since the sum of the principal

horizontal strains induced near the earth’s surface by atmospheric
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loading 1s approximately 1/2 the cubic strain (Farrell, 1572). The
similarity in rate of noise Increase between water wells and other
strain instruments suggests that glther the effects of precipitation
on the water level record are slight in this frequency band or are not
significantly greater than other strain meters (Takemoto, 1983).
Below 0.08 cycles/day, the slope of the corrected strain spectra
increase significantly at both sites to sbout 35 db per decade. This
slope 1increase may be due to the influence of precipitation, but the
limited amount of data present for frequencies 1less than 0.1
cycles/day in these strain spectra make eany analysis of low frequency
behavior ambiguous,

Following the approach of Agnew (1987), we compare the strain
response shown in Figure 2-11 with standard electronic distance
measurement response by transforming standard error estimates for
distance measurements into strain spectra. When the strain spectrum
of the water well exceeds the strain spectrum of the distance
measurement, the water well 1s less accurate; when the strain spectrum
of the well is s less . then the strain spectrum of the distance
measurement, the water well is more accurate. The most accurate
electronic distance measurement currently available is obtained with a
two color laser device (Linker et al,, 1986). The standard error for
a two color distance measurement taken over a baseline of 10 km is 1.2
x 10°7. If 10 km length distance measurements were made to determine
areal dilatation with & two color geodimeter once & day, the resultant
strain spectrum would be (in the absence of a tectonic signal) a flat
-83 db, relative to 1 strain?/Hz. The raw and corrected strain

spectra for both wells are well below this noise 1level until
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frequencies are less than 0.04 cycles/day indfcating that these wells
are quite capable of outperforming existing distance measurement

capability over the time span of days to weeks.
CONCLUSIONS

The results pgiven here suggest that theoretical models which
describe the response of water wells to air pressure and tectonic
strain can be used, In conjunction with cross-spectral estimation, to
yleld some valuable information on the influence the water table has
on strain sensitivity. When the water table is weakly isolated from
air pressure changes, the attenuation of the air pressure response of
wvater wells 1s qualitatively similar to the attenuation of the earth
tide and tectonic strain response. Well sensitivity in both cases
gradually attenuates with decreésing frequency due to the presence of
the water table and the frequency at which significant attenuation
begins to take place is & strong function of well geometry and rock
material properties. For wells open to rock in excesg of 100 m belbw
the water table, attenuation of sensitivity will be slight at periods
of days to weeks if the rock above the open interval has a vertical
permeability of 0.1 md or 1less and a compressibility of 1 x 10 31
cm?/dyme.,

The wells examined here are most useful as strain meters over &
limited frequency band. Both exceed the accuracy of standard
distance measurement techniques for strains with periods of days to
veeks; at longer periods, electronic distance measurements can have

superior performance. At TF, increasing noise with increasing period



74

appears to be the result of decreasing strain sensitivity in the
presence of a 15 to 20 db per decade increase in the water level power
spectrum. At LKT, the increasing noise appears to be largely due
simply to a 20 to 25 db per decade increase fn the water level
spectrum.

The noise levels of these wells, in the frequency band of 0.08 to
2.5 cycles/day are not substantially different from the noise levels
of other continuous strain meters; this correspondence indicates that
if precipitation influences these wells in this frequency band, it
does so at a level which 1is not significantly different than its
influence on other strain instruments. If tectonic events are
preceded by strains on fhe order of 10°% which take place over periods

of less than a month, they can be detectable in water wells which are

sensitive to strain.

APPENDIX A: SOLUTION TO THE RESPONSE OF A WVWELL TO A PERIODIC

DILATATION WHICH DOES NOT DIRECTLY PRESSURIZE THE WELL OR WATER TABLE

The solution to the response of a well to periodic dilatagion is
obtained by solving for ‘the pore pressure response to periodic
dflatation. We assume that the well £s an accurate gage of the
average pore pressure of the saturated rock with which it is in
communication and assume that the open interval of the well is very
small relative to the change in pore pressure with depth. Pore

pressure response to a pericdic dilatation, Acoswt, is governed by the

equation:
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2
pr P L8 | causinwt (A1)
dz2 It ,

Equation Al was obtained from equation 1 by substituting Acoswt for

€ This equation must be solved subject to the boundary conditions:
P(0,t)= 0O

P(w,t)= -ACcoswt (A2)

wvhere 2z=0 is taken to be the water table. No initial condition is
imposed because we seek the periodic steady-state solution. This

problem is easily solved by employing complex notation. Taking P to

be complex:
P(z,t)= F(z)exp{iwt) : (A3)

and substituting in equation Al we obtain:

F* = juF + fwCA
fuf + Lt - (A%)
F(0) -0
F(e) = -AC .
vhere, ", implies double differentiation and all exponential terums
have been divided out. Equation A4 is a second order inhomogeneous

ordinary differential equation. Its particular solution, Fp, is:



Its homogeneous solution, Fﬁ. is:

F, = ACexp(-(1+1){Q") (A6)

h

where Q' 1s defined in equation 11l. Summing equations AS and A6, the

solution in terms of gain and phase is:

Gain = |P/AC| = J(J%+K2) (A7)

Phase = Tan }(K/J)

where J and K are:

J=exp(-JQ’)cos(IQ’) - 1
(A8)

K=exp(-{Q’)sin(]Q")

Since the well is assumed to‘be an accurate éauge of pore ptessﬁte in
the frequency band of interest, wate; level chaﬁges are related to
V pore pressure changes by W=P/pg and the solution in terms of water
level change per change in strain can be obtained from equation A7 by

multiplying the gain by C/pg. The solution in the real domain is given

in equation 10,

APPENDIX B: SOLUTION TO THE RESPONSE OF A VWELL TO PERIODIC

FLUCTUATIONS IR ATMOSPHERIC PRESSURE
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The solution for the response of a well to perfodic fluctuations in
atmospheric pressure is obtained, as in Appendix A, by solving for the
pore pressure respomnse. .In Appendix A, it was assumed that the water
table (z=0) was always at zero pressure; this is not the case for
periodic fluctuations in a:mospheric pressure and before pressure at
depth cen be known, the water table pressuré must be determined. The
water table response to periodic fluctuations in atmospheric pressure
is determined through the use of a diffusion equation for flow of air

through unsaturated porous materials (Buckingham, 1904; Weeks, 1979):

2
D, f.fi- ffa (Bl1)
dz2 &t

subject to the following boundary conditions:

Pa(-T.t) = Acoswt
(B2)

Pa(T.t) = Acoswt

vhere P_ .1§ the air pressure. The boundary -T is taken to be the
earth’s surface; the zone from depth 0 to depth T is simply an
artifice to assure that at the water table; z=0, there £ no air flux.
As in Appendix A, we seek the periodic steady state solution:

Pa(z.t) = F(z)exp(iwt) (B3)
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Substitution of B3 intc equations Bl and B2 yields the following

second order homogeneous differential equation with transformed

boundary conditions:

F* = fuF |
D_ - (B4)

P‘a(-T.t_) - Pn('l'.t) - A

The solution for the air pressure at the water table is obtained by

sdlving equation B4 at z=0:
Pa = MAcos(wt) + NAsin(wt) (BS)

wvhere M and N are given in equation 13. The pore pressure at the

water table is -F,.
With the pressure at the water table known, the solution to pore

pressure response to a periocdic atmospheric pressure fluctuation,

Acoswt, is obtained from the following modified version of equation 6:

-

2
D i_P - G_P - qAwsinwt (B6)
8z @8t

Vg

The appropriate boundary conditions are:

P(0,t)~ -MAcos(wt) - NAsin(wt)

P(»,t)= -Aycoswt (BZ)
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We again teke P to be complex:
P(z,t)= F(z)exp(iwt) (B8)
and substituting into equation Bé we obtain:

F* = juF +
for + s
F(0) = (-M+iN)
F(w) = -Ay
vhere, *, 1implies double differentiation and all exponentisal terms
have been divided out. Equation B9 ik a second order inhomogeneous

ordinary differential equation. Its particular solution, Fp, is:

F = -A 10
P ¥ (B10)

Its homogeneous sclution, Fh..is:

F, - (-H+iN+y)Aexp(- (141)]Q) (B11)

The sum of equations B10 and Bll multiplied by exp(iwt) yield the
solution to pore pressure response to periodic changes in atmospheric
pressure. The response in terms of water level within the well can be

obtained (as in equation 9) by adding Acoswt to the real part of the
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solution and dividing by pg. The solution for water well pressure, Pw'

in terms of gain and phase is given by:

Gain = [P /A| = [(U%+V?) (B12)

Phase = Tan-1!(V/U)

wvhere U and V are:

U=(-M+7)exp(-{Qcos({Q) + Nexp(-JQsin(lQ) - (y-1) 1)
B

V=(-M+7)exp(-{Qsin(1Q) - Nexp(-{Qcos({Q)

The solution in the real domain in terms of water level is given in

equation 12,

APPENDIX C: METHOD BY WHICH GAPS WERE FILLED IN THE WATER LEVEL AND

ATMOSPHERIC PRESSURE RECORD

Gaps in the water level and atmospheric pressure record over the
time period examined were filled by an iterative process. The gaps
wvere originally filled by 1linear interpolation. A finite Mpﬁlse
response high pass filter (Otnes and Enochson, 1978) with a cutoff
frequency of 10 ® Mz was then applifed to the water level and
atmospheric pressure data to remove any long term trends. The
autocovarisnce with & maximum length of 40 &ys was then calculated
for each time series. Gaps were then filled with a symmetric linear
filter of length 120 with weights determined from the structure of the

autocovariance and the distance between the interpolated point and the
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nearest data point. The spacing between each value used in the filter
vas eight data points (two hours) and weights were calculated by

solving the following system of linear equations:

o2 crtz . cttee 17| [Tw,T TciteT

c2ttl o2 .. c2160 1 || w, c2t’
L) LN ] . e L) 1 . e e

csorr . a2 1 || weol| = | coot (c1)
1 1 1 1 o}l _ _1 _

where ¢? 1s the varience, g is the mean, Citj is the autocovariance
between the ith data value and the jth data value used in the
interpolation, v, is the weight of the ith data point in the filter
and Cit’ denotes the autocovariance for the length between the
interpolated point and the ith nearest data value. This linear system
of edﬁacions provides an estimate of the interpolated value for which
the estimation variance is at a wminimum (Journel and Huijbregts,

1978). The estimation variance is a: is defined as:
a: -02 4+ p - 2w1Q1f‘ (c2)

Once the gaps were interbolated using the system of equations'given in
equation Cl, the residual time series (the original time series with
linearly interpolated gaps mninus the high pass filtered time series

with linearly {interpolated gaps) was added to the new time series to

preserve the long term trend.

APPENDIX D: METHOD BY WHICH THE TRANSFER FUNCTIONS OF WATER LEVEL TO

EARTH TIDES AND ATMOSPHERIC PRESSURE WERE DETERMINED
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The relation of water level to earth tides and atmospheric
pressure at the wells in the frequency domain was obtained by solving

the following complex system of equations for every frequency (Bendat

and Plersol, 1986):

EXlHEH 1)
wvhere: BB &nd TT denote the power spectra of the atmospheric pressure
and earth tides respectively; BT denotes the cross spectrum between
atmospheric pressure and earth tides; TB denotes the complex conjugate
of the cross spectrum between atmospheric pressure and earth tides; BW
and IV denote the cross spectra between atmospheric pressure and water
level and earth tides and water level, respectively; and HB and HT
dencte the transfer function between water level and atmospheric
pressure &and water level &nd earth tides respectively. The power
spectra and cross spectra were obtained for the time series of
interest by using the Blackman-Tukey procedure (Bendat and Piersol,
1986) affer removing the mean and long term ﬁrend from the time
series. This procedure 1is computationally inefficient because it
requires that the autocorrelation or cross-correlation function be
calculated 1in the real domain in order to bbtain spectral quantities;
it was used because the frequencies of interesc are low relative to
the length of the data set. The spectral estimates obtained from the

Blackman-Tukey procedure are smoothed ﬁsing‘a Hanning window (Otnes

and Enochson, 1978).
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At . TF, the long term trend was removed with a high pass finite
impulse response filter (Otnes and Enochson, 1978) with a cutoff
frequency of 10 ¢ Hz. Spectral estimates vere thén obtained using &
maximm correlation length of 20 days. At IXT, the time series for
wvater level, atmospheric pressure and earth tides were lengthened to
include the first half of 1986 end the data were decimated to 2
samples per hour; the time series was lengthened to see whether any
attenuation of sensitivity could be unambiguously identified at low
frequencies. The long term trend was removed with a high pass finite
impulse response filter with a cutoff frequency of 5 x 10°% Hz.
Spectral estimates were obtained using & maximum correlation length of
40 days. |

The barometric and dilatational efficiency as a function of
frequency are simply the gains of the transfer functions HB and HT
respectively. The phase relations given for LXT and TF are the phase
of the transfer functions. The multiple coherence squared, I'?, of the
transfer functions as a function of frequency is obtained from the
following spectral estimates (Otnes and Enochson, 1978):

v+ -B- (02)

(IT x BB - TB x BT)WW

where WB and VWT denote the complex conjugates of BW and IW
respectively and WW {s the water level power spectrum. This
coherence squared is a measure of the ability of a linear relationship

of water level to atmospheric pressure and earth tides to account for

the water level power.
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Time dependent

Free surface water level change

4
Unsaturated zone

{ Water table

Attenuation due to
water table effects
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2 flow into region
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<
Attenuation due to
bore hole flow effects

Rock undergoing extension

1

Figure 2-1: Cross-section of well response to deformation and

principal sources of attenuation of well response.
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Figure 2-2: Water level record at LKT and TF during the second half
of 1985.
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Figure 2-3: Power spectral densities for water 1level (a) and
atmospheric pressure (b) at LKT: pover spectral densities for
vater level (c) and atmospheric pressure (d) at TF. The

abbreviation ‘CPD’ fn the figures denotes cycles per day.
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Free surface

Water table P=0

€9, = A cos{wt)

P==A cos (wt) b
Free surtace
Water table P=-AG cos (wt-f)
a, = A cos (wt)
tzrﬂ g G'

Figure 2-4: a) Idealized model of response of well to areally

nsive periodic strain; b) Idealized model of response of well

exte
”

to areally extensive periodic atmospheric pressure changes.
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Figure 2-5: Response of well to areally extensive perfodic strains
fn terms of areal dilatational efficiency (cm water level drop
per areal nanostrain) (a) end phase (b). Static-confined areal

dilatational efficiency is 0.05 cm/ne.
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Figure 2-7: Response of IKT to atmospheric pressure in terms of
barometric efficiency (a) and phase (b). Fit to data is solid
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Such waltzing was not easy

Theodore Roethke
CHAPTER 3

DETERMINATION OF FLUID FLOW PROPERTIES FROM THE RESPONSE OF
THE WATER LEVEL IN AN OPEN WELL
TO ATMOSPHERIC LOADING: PARTIALLY CONFINED CONDITIONS

ABSTRACT

The water level in a well that taps a partially confined aquifer is
often sensitive to atmospheric loading. The magnitude and character
of this response is partly governed by: the well radius; the lateral
hydraulic diffusivity of the aquifer; the thickness and vertical
pneunatic diffusivity of the unsaturated zone; and the thickness and
vertical hydraulic diffusivity of the saturated zone overlying the
aquifer. These key elements can be combined into five dimensionless
parameters which partly govern the phase and attenuation of the
response. In many cases, the response of a well to atmospheric
loading can be broken up into a high, intermediate and low frequency
response. The high frequency response is governmed largely by the well
radius and lateral diffusivity of the aquifer. The intermediate
frequency response is governed by theﬁ surface loading efficiency of
the aquifer. The low frequency response is governed by the vertical
pneumatic diffusivity and thickness of the unsaturated zone and the

vertical hydraulic diffusivity and thickness of the saturated material
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sbove the aquifer. Cross-spectral estimation 1s used to fit the
response to atmospheric loading of three water wells to the
theoretical curves in order to yield estimates of three of the key
dimensionless parameters. These estimates then are used to make
estimates or place bounds on the vertical pneumatic diffusivity of the
unsaturated zone, the lateral permeability of the aquifer, and the

composite vertical hydraulic diffusivity of the overlying saturated

materials.

INTRODUCTION

The water level in a well 1is often sensitive to atmospheric
loading. Figure 3-1.compares a hydrograph of one of the wells to be
examined in detail to local barometric pressure and tidal strain. The
well responds inversely to barometric pressure changes, & phenomenon
first rigorously examined by Jacob (1940). The well also responds to
tidal strains (compression is positive). If the aquifer is perfectly
confined and has high lateral transmissivity, the response of a water
well to atmospheric‘ loading and earth tides will be a direct
indication of the undrained response of the aquifer to imposed
deformation. Under these éonditions. changes in atmospheric pressure
are related to changes in the water level of the well by a simple
linear coefficient called the barometric efficiency (Jacob, 1940) or
static-confined barometric efficiency (see Chapter 1); changes in
earth-tide induced strain are related to changes in water level by a
simple 1linear coefficient sometimes called the static-confined

dilatational efficiency (see Chapter 1), If these coefficients are



111
known or can be inferred, it is theoretically possible to determine
the elastic properties and porosity of the aquifer (Bredehoeft, 1967;
Van der Kamp and Gale, 1983; see Chapter 1).

Aquifers, however, are never perfectly confined and their
transmissivity can range in value over many orders of magnitude.
Hence, the response of & water well to atmospheric loading and earth
tides maj not always be & direct indication of the undrained, or
static-confined, response of the aquifer. In Chapter 2, I discusg the
response of aquifers to earth tides and tectonic strain undef
conditions of partial drainage or partial confinement. The focus of
this paper is on the response of water wells to atmospheric loading.

Figure 3-28 conceptually shows that air flow and groundwater
flow can influence the response of a well to atmospheric loading.
When atmospheric pressure changes slowly, air flow through the
unsaturated zone and groundwater flow between the aquifer and the
water table cause the aquifer response to be partially drained. When
atmospheric pressure changes take place rapidly, aquifer response may
'-be nearly undrained, but radial groundwater flow into and out of the
well can strongly attenuate water well response if lateral aquifer
transmissivity is low. These deviations from the undrained, or
confined, water well re@ponse cause the barometric efficiency of a
well to be a function of the length of time or frequency over which
the atmospheric pressure change takes place.

It is instructive to examine the fdealized response of the well-
aquifet system shown in Figure 3-2a to a step change in atmospheric
load APF. Initially, the aquifer and partial confining layer are

pressurized {instantanecusly via grain to grain contact due to the
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change 1in surface load. The pressure is changed by an amount ¥"AP {n
the confining layer and AP in the aquifer, where 4" and y are the
surface loading efficiencies of the partial confining layer and the
aquifer respectively (see Chapter 1). In contrast to the aquifer and
the partial confining layer, the pressure change at the water surface
of the open well is AP. The pressure change at the water table, due
to 1its high storage is negligible. There are thus four imbalances in
pressure potentieal due to the step change in atmospheric load which
induce fluid flow: 1) vertical air f£flow induced by the pressure
imbalance AP between the earth’s surface and the water tablg; 2)
vertical groundwater flow induced by the pressure potential imbalance
7"AP between the water table and the confining layer; 3) vertical
groundwater flow induced by the pressure potential imbalance (y"-v)AP
between the confining layer and the aquifer; 4) lateral groundwater
flow induced by the pressure potential imbalance (1-v)AP between the
open water well and the aquifer.

All of these four imbalances induced by the step load will be
established instantaneously. If the surface loading efficiencies ¥
and y" are nearly equal, then groundwater flow induced by the pressure
imbalance (y"-7)AP will be negligible and we are left with three
significant pressure potential imbalances. In this paper, I assume
that " equals vy, This essentially restricts -t:he analysis to
conditions where the confining layer and aquifer possess similar
elastic properties andm porosities or the aquifer is very thin and

possesses a high vertical permeability relative to its lateral

permeability.
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The remaining three pressure imbalances caused by the step change
in atmospherfc load can (under certain conditions which will be
examined below) cause water well response to occur in four distinct
phases. The qualitative water éell response to the step load is shown
in Figure 3-2b. The qualitative pressure change in the unsaturated
zone, partial confining layer and aquifer during each of the four
phases {s shown in Figure 3-2c. Initially (phase 1), water flows out
of the well into the aquifer driven by the pressure potential
irbalance between the well and the aquifer. Thé water level in the

well eventually drops by an amount (l1-y)AP/pg at which point the well

" is in equilibrium with the undrained response of the aquifer (phase

2). The water wvell response temporarily forms & plateau whose width
is governed by the length of time it takes for groundwater flow to the
wvater table to influence the pressure of the aquifer.

If the unsaturated zone 1is thick or possesses little air
permeability, the pressure potential at the water table does not
change for a substantial pericd of time. The confining layer and
eventually the aquifer, however, gradually depressurize due ¢to
groundwater flow to the water table and the water level in the well
drops in response to this change in aquifer pressure potential (phase
3). The aquifer continues to depressurize and the water level in the
well drops an additional yAP/pg so that the total water level change
is AP/pg. Once air pressure begins to increase at the water table,
howeverm. a nev pressure imbalance between the water table and the
aquifer 1is created. Water moves back into the aquifer and partial
confining layer. The water level in the well increases in response

to this increase in aquifer pressure (phase 4) and eventually returns
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to 1its original static position once air pressure at the water table,
the atmospheric 1load and the aquifer pressure are in static
equilibrium,

Although examination of the teaponsé of a water well to step
changes in deformation is useful for illustrative purposes, it is more
quantitatively tra;table to examine the response to periodic changes.
Numerous studies have examined the response of wells to areally
extensive deformation as & function of frequency. Cooper gt al,
(1965) and Bodvarsson (1970) theoretically examined the high frequency
response of water wells to deformation under the assumption that the
aquifer was hydraulically isclated from the water table in the
frequency range of interest. Johnson (1973). and Johnson and Nur
(unpublished manuseript, 1978) examined the theoretical response of
vater wells tc deformation as a function of frequency under the
assumptions that: the unsaturatéd zone did not influence the response;
inertial effects within the well were negligible; the water table
could be idealized as a spherically shaped boundary. Yusa (1969) and
Veeks (1979) examined the response of water table wells to atmospheric
loading due to the 4influence of the umsaturated zone under the
assumption that the fluid pressure change at the water table was the
average pressure change of the aquifer and tha; lateral transmissivity
was high enough to allow for unattenuated groundwater flow between the
aquifer end the borehole. Morland and Donaldson (1984), Gleske (1986)
eand Hsieh et al, (1987) have examined the response of water wells to
deformation induced by earth tides and/or atmospheric locading under

the assumption that.water table influences and i{nertial effects were

negligible.
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This study extends the results noted above by unifying many
aspects of the different theoretical models., 1 theoretically examine
the response of water wells to atmospheric loading by fncluding the
influenceg of: groundwater flow between the borehole and the aquifer;
groundwater flow between the aquifer and the water table; and air flow
between the land surface and the water table through the unsaturated
zone, 1 examine the theoretical response of water wells to
atmospheric loading as & function of frequency under conditions vhere
the well taps a partially confined aquifer. This theoretical model is
applied to the response of three water wells to atmospheric loading
inferred from cross-spectral estimation (Bendat and Plersol, 1986) to
yield an estimate or place bounds on the following fluid flow
parameters: pneumatic diffusivity of the unsaturated zone; vertical
hydraulic diffusivity of the partial confining layer; and lateral
permeability of the aquifer. It should be noted that the results

shown here have many similaerities to the response of wells tapping

vater table aquifers (see Chapter &).

THEORETICAL RESPONSE OF WELLS IN PARTIALLY CONFIRED AQUIFERS
TO PERIODIC ATMOSFHERIC LOADING

The response of & water well to atmospheric loading can be
conveniently broken up inte five processes: 1) mechanical loading of
the aquifer due to the surface locad; 2) pressurization at the water
surface of the open well due to the air load; 3) flow of air between
the earth’s surface and the water table; 4) flow of groundwater

between the water table and the aquifer; 5) flow of groundwater
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between the aquifer and the borehole. 1In order toc make the analysis
analytically tractable I make some simplifying assumptions about these
processes. 1 assume that the undrained response of the aquifer and
the partial confining layer to surface loading are the same; this
essentially assumes that the compressibility, porosity end Poisson’s
ratio are vertically and latereally unlfo;m. I make the assumption
that air flow between the earth’s surface and the water table and
groundwater flow in the partial confining layer, owing to the lateral
extent of the atmospheric 1load, 1is wvertical. I also make the
assumption, co;mon to the analysis of partially confined aquifers
(Hantush, 1955, 1960; Neuman and Witherspoon, 1969a), that groundwater
flow between the aquifer and the borehole {is horizontal. These
assumptions allow me to uncouple the three dimensional nature of the
problem into three flow problems, two of which have a strictly
vertical component of flow and one of vhich has a strictly readial
component of flow in the aquifer and vertical component of flow wichin'
the partial confining layer: 1) vertical air flow between the earth's
surface and the water table; 2)Vverc1cal groundvater flow between the
water table and the aquifer; 3) horizontal groundwater flow between

the aquifer and the borehole with concomitant ‘leakance’ (Jacob, 1946)

from the overlying partial confining layer.
Vertical flow between the earth’s surface and the water table

Periodic vertical flow of sir between the earth’s surface and the

water table 1is governed by a simple diffusion equation (Buckingham,

1904; Weeks, 1979):
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2
0% - %4 ¥
8z 8t

subject to the following boundary conditions:

Pa(-'l‘.t) = Acos(wt) ' (2a)
l’a(T.:) = Acos(wt) (2b)

where Pa is the air pressure, Da is the air diffusivity, and A and

are the amplitude and frequency respectively of the pressure wave.
The boundary -T is taken to be the earth’s surface; the water table is
at a depth of 0 and the zone from depth O to depth T is an atttfice' to
assure that at the water table there is no air flux. The solution for

alr pressure at the water table (2=0) 1s given by (see Chapter 2):

_ Pa = (H-iN)Aexp (~1wt) (3)

where M and N are:

M = 2cosh(JR)cos (JR) (4a)
cosh(2JR)+cos(2JR)

N = 2sinh(R)sin(JR) (4b)
cosh(2]R)+cos(2{R) '
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and R is a dimensionless frequency referenced to air diffusivity, Da.

end the depth, L, from the earth’s surface to the water table:
R = 1.%/21)a (5)

Carslaw and Jaeger (p. 105, 1959) give the solution of equation 1
subject to the boundary conditions of equation 2 strictly in terms of
phase and gain.

It should be noted that the 1inverse of the dimensionless
frequency, R, is anglogous to the dimensiconless time L/u well known in
well hydraulics. The difference 1is that time has been replaced by
frequency, the diffusivity of the aquifer has been replaced by thg air
diffusivity of the unsaturated zone &nd the radial distance from.the

well has been replaced by the thickness of the unsaturated zone.
Vertical flow between the water table and the aquifer

Groundwater flow between the water table and the aquifer under
partially confined conditions is assumed to be strictly vertical and
occurs strictly within the partial confining layer overlying the
aquifer. The governing equation for pore pressure response due to
periodic  atmospheric 1loading can be obtained from Chapter 1

(compression is taken to be positive):

ngg- - gE + wyAsinwt (6)
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vhere D is the vertical hydraulic diffusivity of the partial confining
layer under conditions where the principal components of horizontal
strain are 1/2 the vertical strain, P is the pore pressure change in
excess of hydrostatic and v is the surface loading efficliency. The
surface loading efficiency is the ratio of change in pore pressure to
change in surface load under undrained conditions. The surface
loading efficiency, v, {is qualitatively the same as the loading
efficiency given by Van der Kamp and Gale (1983) and the tidal
efficiency given by Jacob (1940). The difference is the ¥ given here
incorporates the influence of horizontal deformation. The source tem
in equation 6 is due to the essentially instantanecous transmission of
the surface load via grain to grein contact to the subsurface.

If I take compressive stresses to be positive, the appropriate

bougdary conditions are:
P(0,t) = MAcos(wt) + NAsin(wt) (7a)
"P(w,t) = Aycos(wt) ) (7b)

vhere 1 again take z=0 to be the water table. The water table
boundary condition is the solution of,equation‘S. The solution of

equation 6 subject to boundary conditions given in equation 7 is (see

Chapter 2):

P = (M#iN-y)Aexp(-(i+1)]0.5q5")exp(iut) +Avexp(iwt) (8)
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vhere S’ 1is the storage of the confining layer under conditions of
surface loading and q is a dimensicnless frequency referenced to the
vertical hydraulic conductivity of the partial confining layer, K’,

and the distance, b’, between the water table and the top of the

aquifer (le. the thickness of the partial confining layer):

q = bluw/K’ (9)

It should be noted that the term 0.5qS’ is the dimensionless frequency

Q used in & later gection and defined as:
Q =~¢qS'/2 = b'%w/2D (10)

wvhere D is the vertical hydraulic diffusivity of the partial confining

layer under conditions of surface loading.
Flow between the borehole and the aquifer

Groundwater flow between the borehole and the aquifer s driven
by the difference between the water level in the well and the aquifer
pressure in terms of head. Flow within the aquifer. as previously
noted, 1is assumed to be strictly horizontal and the influence of the
partial confining layer 1s described by & leakance term. Under these

conditions, the governing eq(iacion is (Jacob, 1946):

8%8 + 188 - K's =~ § 8g (11)

dr? rér Kbb' K 8t
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subject to the following boundary conditions (Cooper et al,, 196S5):

s(o,t) = 0 (12a)
:i.g rii = wr Ix,sinut (12b)
dr 2Kb

vhere s 4is the drawdown within the aquifer caused by & periodic
volumetric discharge within the well, K is the hydraulic conductivity

of the aquifer, b 1s the thickness of the aquifer, ss is the specific

storage of the aquifer under conditions of no horizontal deformation,

r, is the radius of the well and %, is the amplitude of the water

level fluctuation within the well casing produced by the volumetric
discharge. This periodic steady state problem 1is solved in the

Appendix. The solution for the drawdown at the well just outside the

well screen, S, is:
s, - 10.5?:,1(,{[9’(8’4-1/(;3)l""exp[iO,S(tm"(qS)]}exp(iwt)

(13)

vhere K, 1is the modified Bessel function of the second kind of order
zero (Olver, 1972; Tranter, 1968), § is simply, S‘b. the storage of

the aquifer and W is:
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(14)

It should be noted that W is a dimensionless frequency (analogous to
the 1§verse of dimensionless time used i{im well hydraulics) and 1/q is
the conventional leakance of well hydraulics divided by frequency.

The solution given by equation 13 assumes that: 1) the water
table does not change in response to periodic discharge from the well;
2) the partial confining layer has negligible storage; 3) pore
pressure changes induced by the fluctuating vater level induce only
vertical deformation; 4) the well is a 1line source. In essence
equation 13 is the same solution given by Hantush and Jacob (1955) for
- aquifer response to pumpage under conditions of leaskance; the
difference 1is that the well discharges at a periodic rate rather than
at a constant rate. Neuman and Witherspoon (1969b) have examined the
error 1involved in vassumptions 1 and 2. Their results indicate that

confining layer storage and changes in water table height can be

fgnored when the dimensionless parameter J|W/q and a dimensionless

patametet B are less than 0.01 vhere f is defined as:
rer
g~ f_;zjf_ﬁ (15)

In equation 15, S; is the specific storage of the confining layer

under conditions of no horizontal deformation. Since confining layer

permeabilities will be less than aquifer permeabilities and the well
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radius will be significantly less than the thickness of the confining

layer and the aquifer, the dimensionless terms J;;; and g vill almost
always be less than 0.01. These results indicate that changes in
vater table height do not significantly influence aquifer response and
that the specific storage of the partial confining layer, although it
does iInfluence vertical flow (see equation 8), does not significantly
influence horizontal flow in the aquifer. |

The assumption that pore pressure changes induced by well
discharge do not induce horizontal deformation is & standard
assumption in groundwater hydtauliés. Gambolati (1974) examined the
error in this assumption &nd found that (iﬁ the sbsence of leakance)
drawdown accompanying well discharge is not significantly influenced
by horizontal deformation when the well taps an aquifer whose

thickness 1s less than 1/2 its average depth.
Regponse of & well to atmosphétic loading--general case

The response of a well to atmospheric loading can be obtained, in
the absence of ineitial effects; by combining the solutions given in
equations 8 and 13. Since we are concerned only with slowly varying
water level fluctuations, inertial effects In the borehole can be
ignoredA and the relation between the amplitude of the water level
fluctuation in the well, x,, and the amplitude of the atmospheric

load, A, is:

Xo=~ = A/rg + Po/rg - S, (16)
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vhere P, is the far field pore pressure of the aquifer (pore pressure

at a radial distance vhere the influence of the well is negligible),

P, divided by exp(iwt) and s, 1is the drawdown at the well, s o

divided by exp(iwvt):
Py = Pexp(-1iwt) (178)
g = swexp(-iwt) (17b)

Equation 16 describes the response of the well in the frequency domain
and states that the change 1in water level in the well plus the
atmospheric load (in terms of equivalent change in water level) equals
the far field pore pressure (in terms of equivalent water level) minus
the drawdown at the well.

It is useful to write equation 16 in terms of the gain or

barometric efficiency, BE, and the phase, §, of the response:

BE(w) = xopg} - :o' A-sopg , (182)
A
8(w) = arg(xopg/h) | (18b)

where the brackets in equation 18a denote the modulus of the complex
function; and ‘arg’ in equation 18b denotes the inverse tangent of the

ratio of the imaginary component to the real compoment of the complex
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function. Equation 18a describes the ratic of the amplitude of the
vater level fluctuation to the amplitude of the atmospheric load (in
terms of equivalent water level). Equation 18b describes the phase
shift between the atmospheric load wave and the water level
fluctuation. Under conditions where the confining iayer has gero

perueability and the aquifer transmissivity is high, P, would be equal

to the surface loiding efficiency and the barometric efficiédcy. BE,
Qould simply be one minus the surface loading efficiency, 7. The phase
shift would be a flat -180° for sll observable frequencies of the
atmospheric wave. However, under conditions where the confining layer
has a finite permeability and the aquifer transmissivity 1s'lcw, both
the barometric efficiency and the phase will be & strong function of
frequency. |

In this study, barometric efficiency depends on frequency. As
defined in Chapter 1, the wvalue for efficiency that reflects the
undr#inedv response of the aquifer is termed the sgtatic-confined
barometric efficiency. Equations 8, 13 and 18 indicate that the
barometri& efficiency, ﬁf. and phase, O.V of the tespoﬁse are a
function of 6 dimensionless parameters: 1) R, the dimensionless
unsaturated zone frequency; 2) q, the dimensionless confining layer
frequency; 3) §', the storage of the confining layer; 4) S, the
storage of the aquifer; 5) ¥, the surface loading efficiency of the
partial confining layer and aquifer; and 6) W, the dimensionless
aquifer frequency.

The barometric efficiency and phase of the response of the water

well are shown in Figure 3-3 as a function of dimensionless aquifer
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frequency, W, and the ratio of dimensionless confining layer
frequency, qS'/2 or Q, to W. In Figure 3-3, R is assumed to be much
less than Q (R/Q=0.0001), § and §’ are 0.0001, and the static-confined
barometric efficiency of the aquifer is 0.5. These constraints allow
us to examine water well response under conditions where the aquifer
has typical elastic properties and unsaturated zone effects, due
either to a shallow water table or e high air diffusivity, are
negligible. The assumption of negligible unsaturated zone effects
will be relaxed in a subsequent section. The dimensionless ratio QW
is a measure of the frequency above which there is significant
attenuation and phase shift due to limited groundwater flow between
the borehole and the aquifer relative to the frequency below which the
water table significently influences aquifer pressure. When QAW is
large, a frequency band exists over which there fs little attenuation
and phase shift in water well response. When Q/W is small, we can
expect that the water well response will show significant attenuation
and phase shift (relative to -180°) for all frequencies. Because
unsaturated zone effects have been neglected, the response shown is
qualitatively similar to the theoretical response given by Johnson
(1973) and Johnson and Nur (ﬁnpublished manuscript, 1978); the major
difference between this set of theoretical curves and their results is
due to their approximation that the water table is a spherically
shaped bouhdaty which encloses a spherically shaped aquifer.

For values of Q/NN much 1less than 1000, ;he static-confined
barometric efficiency 1s never observed. Barometric response 1is
.attenuated with concomitant phase shift throughout the entire

frequency range. Physically, values of Q/W less than 100 indicate
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conditions where the wvater table has a strong influence on water well
response over a wide frequency band; the aquifer becomes isolated from
vater table influences only when frequencies are so high, relative to
aquifer transmissivity, that 1limited groundwater f£flow between the
aquifer and the borehole cause significant attenuation of response.

For values of Q/W greater than 1000, three distinct stages of
response can be observed: an intermediate ffequency response, & low
frequency response, and a high frequency response. At intermediate
frequencies, air pressure tespoﬁse forms a plateau in both pha#e and
barometric efficiency that increases in width with increasing values
of Q/W. This response is analogous to the plateau shown during stage
2 in Figure 3-2. In this frequency band, the static-confined
barometric efficiency is observed and there is little phase shift
between the atmospheric pressure wave and the water well response (the
phase shift of -180° is due to the inverse relation between water
level and atmospheric pressure). Physically, water table influences
are negligible 1in this frequency band and the aquifer transmissivity
is high enough to allow for well response to be unattenuated. It
should be noted that overlapping the low and i{ntermediate frequency
band, barometric response slightly exceeds the static-confined
barometric efficiency. There is no analog to this slight
- amplification in the response ofi a water well to step changes in
atmospheric 1locad. The amplification of response is due to resonance:
the influence of the water table is slight, but it has a phase shift
that wveakly reinforces the nearly confined water ﬁell response.

In the low frequency band, thé response is distinguished by

increasing attenuation and phase advance with decreasing frequency.
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This response is analogous to stage 4 in Figure 3-2: as frequency
decreases, water table influences become more significant and the
barometric efficiency asymptotically approaches 0. It should be noted
that stage 3 noted in Figure 3-2 (batomettic efficiency achieving a
value of 1 due to early water table influences) does not appear in
Figure 3-3. This is because unsaturated zone effects are assumed to
be negligible. |

In the high frequency band, the response is characterized by
increasing attenuation and phase lag with increasing frequency. This
response is analogous to stage 1 in Figure 3-2. At these frequencies,
aquifer transmissivity i{s low enough to limit groundwater flow between
the aquifer and the borehole and as frequency increases the response
asymptotically approaches 0.

Figure 3-4 shows the influence that the storage of the confining
layer &and aquifer have on the response. In Figures 3-4a and 3-4b

storage for both the confining layer and the aquifer are 0.01; in

Figures 3-4c and 3-4d, they are 1 x 10°¢. Both sets of response
curves are qualitatively similar to the response curves in Figure 3-3.
As 1in Figure 3-3, the response can be compatt:nencauzed into three
frequency bands for wvalues of Q/W greater than 1000. At low
frequencies, the sensitivity toc storage 1is negligible for a fixed
value of Q/W. This lack of sensitivity is due te the minor amount of
vell drawdown at low frequencies. At high frequencies, decreasing
storage causes greater attenuation and phase shift, a phenomenon which

will be considered in detail in the following section.
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It is useful to determine, given typical aquifer and confining
layer properties and geometries, whether the parareter Q/W can

realistically have & value of greater than 1000. Given an aquifer
thickness of 30 m and hydraulic conductivity of 2 x 10 % cm/sec, a
confining layer hydraulic conductivity of 107 cm/sec and specific

storage 3 x 10°¢ cm 3, and a well radius of 10 cm, the dimensionless
parameter Q/W has a value of approximately 1xb’2? vhere b’ is in
meters. For Q/W to exceed 1000 under these conditions, confining
layer thickness must be in excess of 30 m. This result indicates that
in many instances the parameter Q/W will be greater than 1000 and
water well response can be broken up into three distinct frequency
bands. 'In the following sections I examine the high frequency band

and low frequency band in detail.
High frequency response

In the high frequency band, the vell is isolated from water table

and unsaturated zone influences. As & result, aquifer pressure, P,.
is a constant and the dimensionless frequency q is effectively
infinite. The barometric efficfency and phase of the response are

described by:

T-A-5org (19a)

A

BE(w) =




130

¢(w) = tan 3 [Im[y-A-84pg)/Re([y-A-84pg) (19b)

vhere Im and Re denote the imaginary and real parts of the argument
respectively. Since aquifer pressure fs related to the amplitude of
the pressure wave by a constant, 7, water well attenuation and phase
shift depend on 6nly tvo out of the six dimensionless parameters: W
and S§. Of these two parameters, only the dimensionless aquifer
frequency, W, strongly influences response. Figure 3-5 shows the
barometric efficiency and phase of the water well response as a
function of W and S. Because water table {nfluences are negligible,
the solution given here is nearly identical to the solution given by
Cooper et al, (1965) for the steady state response of a well which
taps a cénfined aquifer to periodic deformation at frequencies where
inertial effects are insignificant. The only differences are that the
phase has been shifted by f180’ due to the inverse relation between
air pressure and water level and the amplitude of the response has
been multiplied by the static-confined barometric efficiency (1-7).
As mnoted by Hsieh et sl, (1987), the solution given by Cooper g;_glb
indicates that the phase is only weakly dependent on aquifer storage,
with less phase lag and attenuation slightly favored by high values of
aquifer storage. '

For all values of aquifer storage, S, large attenuation and phase
shift occur only after dimensfonless frequency, W, exceeds a value of
0.1. Thus the absence of any observable attenuation and phase shift
with increasing frequency in a well’s response places a lower bound on

aquifer transmissivity 1f the radfius of the well is known and the
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influence of the water table iz slight in the frequency band of

interest.
Low frequency response

In the 1low frequency band, the well is in equilibrium with

aquifer pressure and the well drawdown, s,, can be assumed to be zero.

The barometric efficiency and phase are described by:

BE(w) = Ip.,/A-ll (20a)

#(w) = tan ! (In(Po/A-1)/Re(Py/A-1)) (20b)

Since barometric efficiency and phase are strictly a function of

aquifer pressure, P,, water vwell response is dependent on only three

of the dimensionless parameters: v (one minus the static-confined
barometric efficiency), Q and R. . )

Figure 3-6 shows the response of a water well in the low
frequency band as & function of dimensionless confining layer
frequency Q &and dimensionless unsaturated zone freciuency R. The
static-confined barometric efficiency 1s 0.5. The solution shown in
the figure is nearly identical to a solution discussed elsewhere (sece
Chapter 2); the only differences are that, following hydrologic

convention, phase shift is negative with phase lag and compression is
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defined as positive. This is a special case of the complete solution

given in equation 18.

In summary, water well response in the low frequency band is a

strong function of both R and Q. When the ratic R/Q is less than 10°¢
the unsaturated zone has 1little influence on response and the
barometric efficiency, which exhibits glight resonance at the high end
of the frequency band, generally a:tenuat:esv with decreasing frequency;
the phase shows a nearly monotonic phase advance with decreasing
frequem__:y. For large values of R/Q, however, barometric efficiency
exceeds the confined response over much of the frequency band
analyzed. The {increasing barometric efficiency with decreasing
frequency is analogous to stage 3 in Figure 3-2. As previously noted,
the response is caused by water table influence under conditions where
the water table is strongly isolated from air pressure changes at the
surface. For large values of R/Q, the phase lags slightly behind the
air pressure over much of this frequency band.

Figure 3-7 shows the influence of the surface loading efficiency,
v, on well response. For aquifers with a loading efficfency of 0.20
(static-confined barometric efficiency of 0.80), the amplitude of the
response 1ls considerably higher than that shown in Figure 3-6 (static- |
confined barometric efficiency and v equal 0.50), at dimensionless
frequencies less. than .1. The phase, in comparison to Figure 3-6,
shows 1little in the way of a phase lag. For aquifers with a loading
efficiency of 0.80 (static-confined barometric efficiency of 0.20),
the amplitude of the response is considerably lower at dimensionless




133

frequencies greater than 1. The phase, when R/Q {s small, has a wide

frequency band of significant phase lag.
APPLICATION OF THEORETICAL RESPONSE

In Chapter 1 it was noted that water well response to atmospheric
loading is strongly dependent on the surface loading efficlency of the
aquifer. The above results also indicate that water well response to
atmospheric loading will be strongly dependent on the three
dimensionless fluid flow parameters: R, Q and W. If the response of a
well can be fit to the theoretical solutions, it is possible to make
estimates or place bounds on these 3 key parameterg. Once these
dimensionless parameters are estimated, it is then possible to make
estimates of or place bounds on the fluid flow parameters that govern
water well response: air diffusivity of the unsaturated =zone,
confining 1layer hydraulic diffusivity and aquifer permeability. The
process of fitting well response as a function of frequency to
" dimensionless theoretical curves is analogous to thé standard p;accice
of fitting water level declines as a function of time in response to
pumpage to “"type curve® plots. The essential difference is that,
becau#e the solutions given hete.are a function of frequency, there
are two "type curves" that are fit simultaneously: one for barometric
efficiency and one for phase.

In order to compare a water well’s response to the theoretical
solutions, we need to determine its transfer function or barometric
efficiency and phase as & function of frequency. The transfer

function which relates atmospheric locading to water level can be found
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using cross-spectral estimation (Bendat and Piersol, 1986). For the
water well records examined here, the transfer functions were obtained
by: 1) determining the power spectra and cross-spectra for the water
vell record, the local atmospheric pressure record and the theoretical

areal strain produced by the earth tides; 2) solving the following

system of complex linear equations for every frequency:

LR

wvhere BB and TT denote the power spectra of the stmospheric pressure
and earth tides respectively, BT' and TB denote the cross spectrum and
complex conjugate of the cross spectrum, respectively, between
atmospheric loading and earth tides, BVAI and TV denote the cross
spectra betwveen atmospheric 1loading and water level and ea;'ch tides
and water level respectively, and HB and HT denote the transfer
function between water level and atmospheric loading aﬁd vater level
and earth tides, respectively. The earth tides were included in the
analysis bec&use. they have a str-ong influence on the response of the
wells examined at diurnal and semi-diurnal frequencies. Fﬁrther
details on how the transfer functions were determined are given in
Chapter 2.

A description of the wells examined in this paper is given in
Table 3-1. Two of these wells, TF and JC, are located near Parkfield,
California and the other well is located near MHammoth Lakes,
California. The aquifer permesbilities given in Table 3-1 were

determined from specific capacity data (TF) or slug tests (JC, SC2).
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The aquifer permeabilities inferred from the slug tests as well as the
thicknesses of the partial confining layers (depth from the water
table toc the top of the squifer) at these wells indicate that the
dimensionless ratio Q/W may be quite large; as a result, well response
may take place in the three distinct bands noted above.

It is 1likely, however, that only a part of the complete
theoretical response will be observed in any one well. The limited
length of the data sets (about 150 days) and the lack of any large air
pressure signal at frequencies greater than 2 cycles/day limit the
band width over which we can estimate well response. For the wells
examined here, ‘we can obtain useful estimates of water well response
in the frequency band of roughly 0.02 to 2 cycles/day. This band is
only 2/5 of the frequency band detailed in Figure 3-3 and as a result,
it is unlikely that the low frequency, intermediate frequency end high
frequency response can all be observed. 1In the well responses
examined below, only the low and intermediate frequency responses are
ocbserved. The lack of a high frequency regponse does serve, however,

to place & lower bound on the aquifer permeabilities for these wells.
Well TF

The transfer function for the response of well TF to atmospheric
loading 1s shown in Figure 3-8. Barometric efficiency peaks at 0.6 at
a frequency of about .A.O.S cycles/day. The phase which lags the
atmospheric pressure at & frequency of 1 cycle/day, begins to cross
over and shov phase advance with decreasing frequency at about 0.6

cycles/day.  The figure also shows the model fit to the observed
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transfer function. The theoretical model indicates that the response
in the frequency band of 0.02 to 2 cycles/day is dominated by water
tﬁble influences. The confined response indicated by the model is
only approached at the high end of the ocbserved frequency band. The
key parameters indicated by the model are a static-confined barometric
efficiency of 0.37 'und a value for both dimensionless frequencies R
and Q of 2.2¢v where frequency is in terms of cycles per day. The
hydraulic and air diffusivities estimated from these values of R and Q
are shown in Table 3-2. The specific storage for the aquifer under
conditions of atmospheric 1loading is considered in Chapter 1 Aﬁd is
‘determined from the inferred static-confined barometric efficiency and
dilatational efficiency for the well. Assuming that the specific
storage of the confining layer is close to that of the aquifer, I can
obtain an estimate of the vertical permeabflity of the confining
layer. This permeability 1s 10 md, a value slightly less than the
permeability of the aquifer of 20 md indicated by the specific
capacity data. The lack of any observable response that can be
attributed to 1limited groundwater flow between the borehcle and the
aquifer places & lower bound on aquifer permeabilicy. Assuming that
the dimensionless frequency W 1s less than 0.1, the permeability of

the aquifer is greater than 1 md, a value consistent with the specific

capacity data.

Well JC

Figure 3-9 shows the transfer function for the well response at

JC. Barometric efficiency shows a nearly monotonic change with
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decreasing frequency over the entire observed frequency band. The
phase 1is nearly flat over the observed frequency band and indicates
that the water level in the well lags slightly behind the atmospheric
load. The f£it to the theoretical model indfcates that water well
response 1is strongly governed by limited air flow between the earth’s
surface and the water tablé. Like the response at TF, the static-
confined response 1is approached at a frequency of 2 cycles/day. The
inferred static-confined barometric efficiency determined from the
model is 0.67. The dimensicnless parameters R and Q are 640w and
6.4w, respectively. The air and hydraulic diffusivities estimated
from these parameters are shown in Table 3-2. The estimated hydraulic
diffusivity of the partial confining layer is-on the same order as
that estimated at TF; the estimated pneumatic diffusivity is over two
orders of magnitude less than that st TF. It should be noted that it
is difficult to explain this difference on the basis of differences in
site 1lithology. 1If the specific storage of the confining layer is
close to that of the aquifer, the wvertical permeability of the
confining layer is about 3 md, a value vhich is one order of'magnitude
less than the permeability of the aquifer of 50 md estimated from a
slug test.

Although phase lag increases slightly between between one and two
cycles/day, nothing else suggests that any attenuation occurs due to
limited groundwater flow between the aquifer and the borehole.
Assuming that dimensionless frequency, W, is less than 0.1, the lower
bound on petmeabllity'fbt the aquifer is 5 md, a value consistent with

the slug test data of 50 md.
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Well SC2

The response of SC2 to air pressure shown in Figure 3-10
indicates that both the barcmetric efficiency and pha#e are relatively
flat over the observed frequency band. Because the response lacks any
strong trend, it 1is somewhat ambiguous. The figure shows two
interpretations of the response. In the first interpretation (Model
1), the static-confined response is observed over the entire frequency
band. The barometric efficiency 1s a flat 0.78, Q {5 greater than
260w and R i{s not indentifiable. Alternatively, water table effects
begin to slightly influence water well response at the low end of the
observable freguency (Model 2); In this interpretation, the static-
confined barometric efficiency is 0.74 and the values for Q and R are
65w and less than 6.50 respectively.

Table 3-2 shows the air and hydraulic diffusivities inferred ftém
Model 2. The lower bound on air diffusivity is nearly the same as the
air diffusivity estimated at TF; the hydraulic diffusivity of the
partial conflning layer is considerably lower. If I assume that the
specific storage of the confining layer and the aquifer are the same,
the vertical permeability of the confining layer s estimated to be

2x10"? md, {indicating that the confining layer 1is composed of
considerably different material than the aquifer. This inference is
consistent with the lithology at the site: the well taps a fractured
basalt overlain by glacial till (Farrar et al,, 1985).

Once again, there is no observable attenuation of response due to

limited hydrauvlic communication between the aquifer and the borehole.
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The lack of observable attenuation indicates that aquifer permeability
is greater than 7 md; the slug test data suggest that aquifer
permeability is 2 x 10T wd, a value much larger than this lower bound.

CONCLUSIONS

The response of water 1levels in wells which tap partially
confined aquifers to atmospheric loading is dependenﬁ on the elastic
and fluid flow properties of tﬁe aquifer as well as the material
overlying the ‘aquifer. Owing to the hydraulic properties of the
aquifer and confining layer and the pneumatic properties of the
unsaturated zoné, wéter vell response cannot be expected to be
independent of frequency. Attenuation and amplification of the
static-confined response to atmospheric loading can occur in theory
and {s observed in the wells examined here. FPhase lags and advances
observed in response to atmospheric loading alsc have a theoretical
basis. |

In many instances, the response of a well can be divided into
three frequency bands. The response at low frequencies is 1ndepéndenc
of aquifer permeability and depends on the confining layer and
unsaturated zone diffusivities. Attenuation and amplification as well
as phase lags and phase advances are possible in this frequency band.
The response at intermediste frequencieg {s dependent on the elastic
properties of the aquifer and is independent of fluid flow properties;
it s characterized by a flat barometric efficiency and phase. The
response #t high frequencies is independent of confining laYér and

unsaturated zone diffusivity and 1is strongly dependent on aquifer
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pemeabliity. It {s characterized by increasing attenuation and phase
lag with increasing frequency. The width of separation between the
high ffequency and low frequency response (fe. the width of the
intermediate frequency band) is dependent on the well radius, the
aquifer transmissivity, end the confining layer thickness and
hydraulic diffusivtcf.

The theoretical response can be used fn conjunction with the
observed response of water wells as a function of frequency to yield
estimates or place bounds on the fluid flow parameters within the
aquifer, confining layer and unsaturated gzone. For the wells
_ examined, water well response to atmospheric loading does not yleld

puch information on aquifer permeability; it is possible only to
obtain a 1lower bound for this flow parameter. In low permeability
environments, however, the response of water wells to atmospheric
loading may prove useful in estimating aquifer permeability.

Water well response, for the wells examined here, does serve to
yield useful estimates of confining layer hydraulic diffusivity and
the air diffusivity of the unsaturated zone. If the site litholegy
indicates that the speciﬂc storage of the confining layer is close to
the value of specific storage of the aquifer, it is also possible to
make an estimate of the vertical permeability. Estimates of these
parameters ‘are usually difficult té obtain using conventional
techniques and are valuable for purposes of water resource assessment

and studies of contaminant migration in the near surface.

APPERDIX: SOLUTION TO THE DRAWDOWN IN A WELL WITH PERIODIC DISCHARGE
TAPPING A PARTIALLY CONFINED AQUIFER



141

The dJrawdown within an aquifer wvhich iz partislly confined in

response to periodic discharge from & well is assumed to be governed

by the following equation and boundary conditions:

2g + - K's =8
8%g + 13s 8 as

dr? rér Kbb' Lk 8t

s(e,t) = 0

1im rds = wrix sinwt
0 — X2
ér 2Kb

(Ala)

(Alb)

(Alc)

No 1initial condition is imposed because I seek the periodic steady-

state solution. This problem 1is readily solved employing complex

notation. Taking s to be complex:
s(r,t) = F(r)exp(iwt)

and substituting in equation Al I obtain:

F*! +'£- ] {2; .S 1€}F -0
T ’ K

F(o) = 0

1lim réF = -fwrix,
-0 — —,
. ér 2Kb

(A2)

(Ala)

(A3b)

(A3c)
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vhere, ', implies differentiation and all exponential terms have been
divided out. Equation A3 is an ordinary differential equation with

radial symmetry. Its general solution is given by (Tranter, 1968):
F=CyIo(r) + czko(r) (AG)

where C, and C, are constants determined by the boundary conditions

and I, and K, are modified Bessel functions of the first and second

kind respectively of order zerc. The boundary condition A3b requires

that C, equals zero. The solution for drawdown at the radius, T is:

F, - 10.SWx,x,{[w=(s=+1/q=)1°°=5exp[1o.5(:an‘l(q3))1} (AS)

The complete solution is given in equation 13.
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Table 3-1: Descripiion of wells,
Well Id. Pesmeablility Cpen Intexval

{nillldagcles) .{meters) .

1

kg 2x 10 152-177
1

3¢ Sx10 147-133
?

8C3 ax 10 66-70

Bepth to
water table
~lmetarsd

1

14

dianeter

.10

.10

.10

Aquiter
lithalogy

Paztial contining
Layez u_t-bolou

Diatozaceous
sandstone

Fzeactured basalt

Marine sediments

Lacgely fioe to
asdium gralned sandstons

Basalt and glacial till
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Table 3-2: Estimate of fluid flow properties of wslls., Estimates for BC2
sre from 'Modsl 2’ ia Figure 3-10.

Well Id. Aquifer
permeability

o C sr

¥ >

x >5

5C2 »?

Confining laysr
bhydraulie
diffusivity

Unssturated gons
air €iffusivity
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Figure 3-1: Hydrograph of TF during the second week of Augu;t. 1985,
with corresponding barograph and theoretical tidal strain.
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Figure 3-2: Cross-section of well responding to atmospheric loading
and principal sources of attenuation and amplification of well
response (a); idealized response of a well to a step change in
atmospheric load (b); profile of pressure response due to step

change in atmospheric load at four time periods (c). P
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Figure 3-3: Barometric efficiency (a) and phase (b) of response of &
well to atmospheric loading as a function of Q/W when § and S’

equal 0.0001. Static-confined barometric efficiency is 0.5.

N\




153

.‘GOd\

—moq

=200+

PHASE IN DEGREES
?

-2204

Q/W = Kbb?/(2Dr 2)

-240-
—2s° T ¥ C1T3018) LR BRI R ER]]} IR ‘l.l LR LLL] L 1 3R ARLL] >l R ERAEL
0.0001 0.001 0.01 0.1 1 LY
2
W=er 2/Kb



154

0.8

Q/W = Kbb?/(20r. )

BAROMETRIC EFFICIENCY
(=]
1S

0-0 LR BB RERE]] LA R IR R R EL]] LR B AL LRI EALL]] IS B R RRL!

0.0001 Q.001 0.01 0.1 1 10

W=wr /Kb

Figure 3-4: Barometric efficiency (a) and phase (b) of response of a
well to atmospheric loading as a function of Q/W when § and S‘

equal 0.01. Barometric efficiency (c) and phase (d) vhen S and

S' equal 1 x 10°¢, Static-confined barometric efficiency is 0.5.
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Figure 3-5: High frequency response in terms of barometric
efficiency (a) and phase (b) as a function of §S. Static-

confined barometric efficiency is 0.S5.
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barometric efficiency (a) and phase (b). Fit to data is solid

line denoted as 'MODEL'.
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It moved and moved, and took at last
A certain shape...

Samuel Taylor Coleridge

CHAPTER &

THE INFLUENCE OF VERTICAL FLUID FLOW ON
THE RESPONSE OF THE WATER LEVEL IN A WELL TO ATMOSPHERIC LOADING

UNDER UNCONFINED CONDITIONS
ABSTRACT

The response of the water level in a well to atmospheric loading
under unconfined conditions can be explained if the response is
controlled by the aquifer response averaged over the saturated depth
of the well. Because vertical averaging tends to diminish the
influence of the water table, the response is qualitatively similar to
the response of a well under partially confined conditions. At
frequencies when the influence of well bore storage can be ignored,
the response is strongly governed by two dimensionless vertical fluid
flow parameters: a dimensionless unsaturated zone frequency, R, and a
dimensionless aquifer frequency Qu' Vhen Qu is large, the response of

the well approaches the static response of the aquifer under confined

conditions. When R is large relative to Qu the response is strongly

influenced by attenuation and phase shift of the air pressure signal
in the unsaturated zone. At small values of Qu' the well response is
strongly influenced by the presence of the water table. The

theoretical response of a phreatic well can be f£fit to the well
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response inferred from cross-spectral estimation to yield estimates of
the eair diffusivity of the unsaturated zone and (i1f the gpecific
storage of the aquifer is known) the vertical permeability of the

aquifer.

INTRODUCTION

In some wells which tap unconfined aquifers, the water level in
the well sensibly responds to rock deformation induced by both
atmospheric loading and earth tides (e.g. Bower and Heaton, 1973;
1978). For these wells, the water level change cannot be a direct
reflection of the water table response. While water table response to
atmospheric loading may be influenced by unsaturated zone effects
(Yusa, 1969; Weeks, 1979), the water table cen be expected to be
largely insensitive to earth-tide induced deformation (Bredehoeft,
1967).

Water level fluctuations in phreatic wells produced by changes in
both earth tides and atmospheric ioading can be explained if we assume
that the water level in the well reflects the respohse of the aquifer
averaged over the saturated depth of the well. While the water table
i1s largely 1insensitive toc rock deformation, the aquifer at depth can
be largely isolated from water table influences 1f the vertical
hydraulic diffusivity of the aquifer is low. For thick unconfined
aquifers, <the average response will at least be partially influenced
by the response of the aquifer under conditions where the water table
has 1little influence; the response will be qualitatively similar to

the response of wells under partially confined conditions (see Chapter
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2). As in the partially confined case, the barometric and tidal
response will be a function of the length of time or frequency over
which the deformation takes place. Water well response due to raﬁid
changes in deformation will be weakly influenced by the water table
response; the response will approach that which would occur if the
aquifer were confined (Jacob, 1940; Bredehoeft, 1967; Van der Kamp and
Gale, 1983; see Chapter 1). Water level response to slow changes in
deformation will be strongly influenced by the water table response.
Since atmospheric 1loading operates cover & much wgder frequéncy band
than tidal forcing, this paper focuses on the barometric response of
phreatic water wells.

Figure 4-la shows an idealized cross section of a phreatic well
and Figure 4-1b shows qualitatively the response of & phreatic well to
a step change in atmospheric load. As suggested in the figure, fluid
flow is an intrinsic part of water well response. A step change in
atmospheric load will introduce three pressure potential imbalances in
the well-aquifer system which induce f£fluid flow, The aquifer is
pressurized inscancanebusly by an amount 7AP due to the surface load
via grain to grain contact, wvhere y is the surface loading efficiency
of the aquifer (see Chapter 1). The pressure change at the water
surface of the open well is AP and the pressure change at the water
table (due to its high storage) is, at least initially, negligible.

The pressure imbalance AP for the air between the earth’s surface
and the water table induces vertical flow of the air phase of the
unsaturated zone. The pressure potential imbalance yAP between the
initial response of the water table and the instantaneous response of

the aquifer induces vertical groundwater flow. Lateral and vertical
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groundwater flow in the aquifer are induced by the pressure potential
imbalance (1l-v)AP betveen the instantaneous response of the open well
and the aquifer. If the well radius is small and the horizontal
transmissivity of the aquifer is high, the well and the aquifer will
quickly be in quasi-static equilibrium. The radial component of
groundwater flow, &lthough substantial near the well bore, will not
significantly influence the aquifer head eand the depth-averaged
aquifer head will be influenced by vertical fluid flow elone. In this

paper, 1 assume that the well is in quasi-static equilibrium with the

aquifer.

The response of a well under conditions of quasi-static
equilibrium to e step change in a:mﬁspherie load will (under certain
conditions which will be examined below) take place in three stages
(Figure 4-1b): During stage 1, well response strongly reflects the
instantaneous compression of the aquifer due to the surface load.
Fluid flow to the water table has only just begun to depressurize the
aquifer. The water level 1in the well initially drops by en amount
wvhich is slightly greatef than the static-confined response (i.e. the
response that would‘occur if the aquifer were gompletely isolated from
the water table) and only gradually continues to drop. Following
stage 1, the average response of the aquifét- is 1increasingly
influenced by fluid flow to the water table; over this time interval
(stage 2), the water table height is essentially static and insulated
from air flow through the unsaturated zone. The water level in the
wvell continues to drop and the well response eventually asymptotically

approaches the negative of the atmospheric load (ie. the barometric

efficiency approaches unity). Finally (stage 3), air flow causes the
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water table to pressurize and, since (during this stage) the depth-
averaged aquifer pressure change is the same as the water table
pressure change, the barometric efficiency of the well approaches 0.

The response of phreatic vells té atmospheric loading has been
examined by other workers. Bower and Heaton (1973) examined the
response under the assumption that the well was open only at the
bottom of the hole and that unsaturated zone and well bore storage
effect; were negligible. Johnson (1973) examined the theoretical
response Iin a spherically shaped aquifer under the assumptions that
unsaturated zone effects were negligible and that the watér table was
8 fixed boundary. Yusa (1969) and Weeks (1979) examined the influence
of the unsaturated-zone on well response and assumed that: well bore
storage effects were negligible; the water table was a fixed boundary;
and the water table pressure change due to the atmospheriec load
represented the pressure change throughout the monitored depth of the
aquifer.

This study extends the work of Yusa (1969) and Weeks (1979) by
examining the theoretical response of vater wvells to atmqsphetic :
loading under conditions vhere: (1) the water table is a moving
boundary; (2) the water well responds to the vertically averaged
aquifef pressure change over the saturated depth of the well. As in
the analysis of Yusa (1969) and Weeks (1979), I assume that well bore
storage effects are negligible. Coﬁparison is made with the
theoretical results given in Chapter 3 for water well response under
partially confined conditions. The theoretical model is then applied

to the response of a phreatic well to atmospheric loading to yield
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estimates of the air diffusivity of the unsaturated zone and the

vertical hydraulic diffusivity of the unconfined aquifer.

SOLUTION TO THE RESPONSE OF A WELL IN AN UNCONFINED AQUIFER
TO PERIODIC ATMOSPHERIC LOADING

The response of a phreatic water well to atmospheric loading can
be broken up into five processes: 1) mechanical loading of the aquifer
due ﬁo the surface load; 2) pressurization at the water surface of the
~op;n well due to the air load; 3) diffusion of air pressure between
the earth’s surface &and the water table; 4) vertical diffusion of
groundwater pressure through the aquifer; 5) diffusion of groundwater
pressure between the aquifer and the borehole. As noted in Chapter 3,
these processes also influence the response of well-aquifer systems
under partially confined conditions. I can readily obtain a closed
form solution to the response of a phreatic well to atmospheric
loading if 1 assume that: (1) the well bore is in quasi-static
equilibrium with the vertically-averaged aquifer pressure ({.e. well
bore storage effects are negligible); (2) the aquifer has uniform
material ptopercies; and (3) that afr flow between the earth’s surface
end the water table is predominantly vertical. The solution can be
obtained‘ by combining the solutions to two separate fluid flow
problems: 1) vertical air flow between the earth’s surfsce and the
water table; and 2) vertical diffusion of the atmospherié pressuf;
signal through the unconfined aquifer with concomitant loading. As is

noted in detail below, the response given by this solution is
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analogous to the ‘low frequency’ response for wells under partially

confined conditions given in Chapter 3.

Vertical air flow between the earth’s surface and the water table

As 1in the response under partially confined conditions, I assume
that periodic vertical flow of air between the earth’s surface and the
vater table is governed by a simple diffusion equation given elsewhere

(Veeks, 1979). If I assume that the fluctuation of the water table is

. small relative to the thickness of the unsaturated zone (an assumption

examined below) then, the solution for air pressure at the mean height

of the water table (z=0), Pa’ is (see Chapter 2):
Pa = (M-iN)Aexp(iwt) 1)

vhere M and N are:

M = 2cosh(JR)cos(IR) __ ‘ (22)
cosh(2JR)+cos(2R)

K = 2sinh(JR)sin([R) _ | (2b)
cosh(2R)+cos(2JR)

and R is a dimensionless frequency referenced to air diffusivity, D,

and the depth, L, from the earth’'s surface to the water table:

R = L%w/2D_ | M)
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Vertical diffusion of the atmospheric pressure signal through the

| aquifer: first order approximation

In the absence of well bore drainage effects, the response of the

unconfined aquifer to periodic atmospheriec loading is governed by (see

Chapter 1):

8:3 - ‘gi + YAwsinwt | (%)
vhere D 1s the vertical hydraulic diffusivity of the unconfined
aquifer under conditions where the principal components of horizontal
strain are 1/2 the vertical strain, P is pore pressure and vy is the
surface loading efficiency. The source term in equation &4 accounts
for the deformation of the aquifer due tc the imposed surface load.
It should be noted that I take compression to be positive.

The appropriate boundary conditions should take into account the
possible effect of any periodic fluctuations in water table height.
If the water table boundary condition is imposed at the mean height of
the water table (z=0), I obtain the following first-order, linearized

approximation of the boundary conditions:

aP(0,t)/8z= -(S yﬂ(z)aP(O.t)lal: + (Sy/l(z) [ MAsin(wt) - NAcos(wt))
(Sa)

P(o,t) = Aycos(wt) ' ' (5b)
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vhere l(z and sy are the vertical hydraulic conductivity and specific
yield of the aquifer respectively. The first term on the right hand
side of the water table boundary condition i{s identical to the first

order approximation used by Neuman (1972) in his analysis of the

| response of phreatic wells to constant pumpage. The second term on

the right hand side of the water table boundary condition i{s obtained
from the solution given by equation 1 and accounts for {he influence
of air diffusion on the well response. Equation 5b states that at
infinite depth, the aquifer pressure change due to atmospheric locading
is 1isolated from water tsable influences. This boundary condition
essumes that the aquifer is very thick and its appropriateness is
discussed below. The solution of equation 4 subject to boundary

conditions given in equation 5 is given in Appendix A:

P= 0 .:Q'Aexp(-(iﬂ)JQ)exp(iwt) +Ayexp(iwt) (6)

vhere 0 is a dimensionless parameter wvhich vhich governs the movement
of the water table:

-
E P

-

Q- {1 . (1-1)"%::&} C N

and Ov is a dimensionless frequency referenced to the saturated
thickness at the depth of interest, z (the depth from the mean height

of the water table to the observation point), the specific storage of
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the aquifer wunder conditions of surface loading (see Chapter 1), ss.

and the vertical hydraulic conductivity of the aquifer, E:

2 2
Q, = B8 -2 )
ZK.z 2D

It should be noted that equation 6 i{s nearly the same as the solutfion
given 1in Chapter 3 for diffusion of the air pressure signal through a
partial confining layer. The difference here is that I have allowed
the water table to periodically fluctuate. The significance of water
table fluctuations i{s discussed in detail in the following section.
Since water well response is driven by the depth averaged
pressure change 1in the aquifer, P, I vertically average the solution

in equation 6 over the saturated well depth to obtain:

P =[ éﬂ_uil ~vlAexp(iwt) (9)

u

where U and U are:

U = (-H 47)exp-JQ [-coslQY + sinlQ )/2Q, +

Rexp-JQ[-coslQ,- sinlQ /21T, + (-Mers)/20],
(102)

U= 4 -ydexp-{Q[-coslq, - s1al8,1/20, +

Rexp-Q,[-cos|Q, + sinlQ J/21q, + (M-y+8)/2],
(10b)



182
and Q, end 0 are a dimensionless aquifer frequency and dimensionless

water teable parameter respectively, both of which are referenced to

the saturated thickness of the well, b:

2 2
wSgb” o b (11a)
2!(.z 2D

o - {1 . (1-1)‘?1_353} (11b)
2Qusy

Qu-

‘The solutions given in equations 6 and 9 assume that the aquifer
is of {infinite vertical extent. They are appropriate at frequencies
wheré the depth of significant pressure diffusion is less than the
thickness of the aquifer. By analogy to heat flow (Carslew and

Jaeger, p. 66, 1959), this diffusive depth, 4, can be estimated from

the vertical hydraulic diffusivity of the material, Kz/S‘.

d = JARK (12)

st

" For rock with a hydraulic conductivity typical for the crust of 1 x
10°% cm/sec (Brace, 1980; 1984) and a specific storage of 1 x 10°% ca
3, an atmospheric cycle with a period of 1 day would cause significant
pressure diffusfon down to depths of about 350 meters. Use of the
solution given in equation 9 would be eppropriate for analysis of this

atmospheric cycle with this moderate hydraulic conductivity and

specific storage if the aquifer vere thick.
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Response of a phreatic well to atmospheric locading

The response of a well to atmospheric loading can be obtained, in
the absence of well bore storage effects, through the use of equation
9. Because I assume that in the frequency range of interest well bore
storage effects are negligible, the relation between the amplitude of
the water level change in the well, x,, and the amplitude of the

atmospheric load wave, A, is:

xo = -A/pg + P /rg (13)

wvhere '13,, is the far-field depth-averaged pore pressure within the

aquifer, P, divided by exp(iwt):

Po = Pexp(-iuwt) (14)
Equation 13 describes the response of the well in the frequency domain
and states that the change in water level in the well plus the
atmospheric load (in terms of equivalent change of water level) equals
the far-field, depth-averaged pore pressure change (in terms of
equivalent water level).

The barometric efficiency, BE, and phase, §, of the response

are:

BE(w) = ll‘:ﬂ%l - [Pora -1 (152)
A
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f(w) = arg(xqpg/A) (15b)

vhere the vertical bars in equation 15a denote the modulus of the
complex function; and ‘arg’ in equation 15b denotes the inverse
tangent of the ratio of the imaginary component to the real component
of the complex function. Equations 9 and 15 indicate that the
| barometric efficiency, BE, and phase, #, of the response are a
function of 5 dimensionless parameters: 1) R, the dimensionless
unsa}:urated frequency; 2) Qu’ the dimensionless frequency of the
aquifer; 3) Ssb. the specific storage of the aquifer under conditions
of surface loading multiplied by the saturated well depth; 4)'Sy. the
specific yield of the aquifer; and S) <+, the surface loading
efficiency of the aquifer.

Figure 4-2 shows the response of a water well as a function of
dimensionless aquifer frequency Q, and dimensionless unsaturated zone
frequency R. The static-confined barometric efficiency of the well is
0.5 (v~0.5). The water table is assumed to be fixed (ie. the ratio of
s_toSb is assumed to be infinite and the dimensionless parameter o,
is unity), an assumption which will be relaxed below. The response is
qualitatively similar to the ‘low frequency’ response of a partially
confined well given in Chapter 3. Water well response is a strong
function of both R and Q,. When the ratio RAQ, is 10°¢ or less,
attenuation of air flow has 1little influence on response and t:he_~
barometric efficiency gradually attenuates (relative to the static-
conﬁne_:d response) with &cteasing frequency; the phase shows &
monotonic advance with decreasing frequency. The increasing phase

advance and attenuation with decreasing frequency shown for the case
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vhen R/Q, 1is 10°¢ {5 analogous to the long period response to the step
load (stage 3) shown in Figure &4-1b. The water table, which is fully
pressurized by the atmospheric 1load, {ncreasingly influences the
depth-averaged aquifer response and causes the barometric efficiency
to asymptotically epproach 0. For larger values of R/Qu’ however, the
vater table response to periodic atmospheric loading is attenuated by
unsaturated zone influences. As a result, the barometric efficiency
curves exceed the confined response over much of the frequency band
analyzed and the phase curves show a glight lag. The increasing
barometric efficiency with decreasing frequency when R/Qu ig large is
qualitatively analogous tc stage 2 in Figure 4-1b. When R/Qu is
large, the water table can be effectively isolated from the
atmospheric load at the soil surface end the barometric efficiency can
approach unity. It should be noted that when R/Q, is greater than 10.-
the barometric efficiency at the resonance frequency of the system
actually exceeds unity.

For comparison with the unconfined response, I show the solution
to the ’low frequency’, partially confined response given im Chapter3
as a function of R/Q in Figure 4-3. The parameter Q represents a
dimensionless frequency referenced to the vertical hydraulic

diffusivity, D’, and thickness, b’, of the partial confining layer:

wb'? ' (16)
Q= 2D .

The results shown in Figure 4-3 represent the response at the base of

the partial confining layer. Under conditions where Qu equals Q and
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the geometry and air flow parameters of the unsaturated gone for both
unconfined and partially confined conditfons are identical, the
difference between Figures &4-2 and 4-3 strictly reflects the
difference between the vertically averaged unconfined aquifer response
and the response of a thin partially confined aquifer. Comparison of
Figure 4-2 with Figure 4-3 1indicates that when R/Qu and R/Q are
greater than 100, there is little difference in the responses; for
both cases, unsaturated zone influences strongly control the response
throughout the frequency band examined. When R/Q.‘l and R/Q are less
than 100, however, there is a substantial difference between the
responses; attenuation and phase shift due to water table drainage
occur significantly more rapfdly under unconfined conditiens,

The effect of allowing the water table to fluctuate is shown in
Figure 4-4 by allowing Sy to be less than infinite. The response when
the ratio S ’/Ssb equals 10% (Figures &4-4a and 4-4b) indicates that in
comparison to the response which ignores water table fluctuations,
there &re relatively rapid changes in phase at low values of
dimensionless frequency Q'.l and high ratios of R/Qu: the response of
the barometric efficlency, however, is iIndistinguishable from the
curves shown in Figure 4-2, Decreasing the ratio § y/ssb to 10
(Figures &-4c and &4-4d), causes distinguishable changes in response in
both the barometric efficiency and phase curves. The barometric
efficiency curves show a rise with decreasing frequency at low values
of Qu (less than 0.01). This fncrease has no analog in Figure 4-1b
and is due to significant water table fluctuations at low frequencies.
Fhase relations, when the ratio § y/ssb is 10, show increasingly less

phase shift with decreasing frequency at low values of Q.-
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It is worth examining whether the influence of a fluctuating
vater table can be expected to be identifiable in a well’s response to
atmospheric loading. Noting that significant water table fluctuation
occurs vhen Q is less than 0.01 and § y/Ssb is 10 or less, the highest

frequency at which water table fluctuations might be observable is

given by:

S K an

Water table fluctuations at a given frequency are thus enhanced when
rock 1is highly compressible and has high hydraulic conductivity and
low specific yield. 1If we limit our analysis to atmospheric cycles
with period leks than 50 days, an aquifer with a compressibility
typical of rock of 10°!! cm2/dyne (Haas, 1981) and a specific yield of
0.1 will show significant water table fluctuations only {if the
vertical hydrauilc conductivity of the aquifer exceeds 1 cm/sec. Such
a value for hydraulic conductivity is very h'igh compared to typical
crustal values (Brace, 1980). Furthermore, the depth of diffusive
penetration for an atmospheric cycle with period of 50 days would (by
equation 11) have to be nearly 800 km under such hydraulic conditions.
This depth is well beyond the thickness of the crust of the earth.

Thus significant water table fluctuations due to atmospheric loading

cannot be expected to occur.

APPLICATION OF THEORETICAL RESPFONSE
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The theoretical results given above indicate that water well
response to atmospheric loading will be strongly dependent on two
dimensionless paremeters: R and Q . If the response of a well can be
fit to the theoretical solutions, it is possible toc make estimates of
or place bounds on these these dimensionless parameters. The
parameters R and Q can then be used to estimate the air diffusivity
of the unsaturated zome and the vertical aquifer diffusivity
respectively. As 1is noted in Chapter 3, the process of fitting well
response &s a function of frequency to dimensionless theoretical
curves is analogous to the standard practice of fitting water level
declines as a function of time in response to pumpage to 'type curve'
plots. The essential difference is that because the solutions given
here are a function of frequency, there are two ’type curves’ which
are fit simultaneously: one for barometric efficiency and one for
phase.

A description of the well (GD) examined in this paper is given in
Table 4-1. Well GD taps an unconfined granodiorite aquifer of unknown
but presumably considerable vertical extent. The lateral aquifer
permeability at GCD was determined from 1t§ response to an earthquake
(Evelyn Roeloffs, personal communication). If it is assumed that the
influence of well bore storage on the response of unconfined wells can
be approximated by the theoretical response of confined or partially
confined aquifers to periodic loading (Hsieh et al., 1987; see Chapter
3), the 1lateral permeability of ﬁhis vell indicates that well bore
storage effects will be small or negligible at frequenciés less than 2
cycles/day. Under these conditions, the response given by equation 9

will be valid {f the aquifer is relatively thick.
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In order to compare a water well’s response to the theoretical
solutions, we need to determine its transfer function: the estimated
barometric efficiency and phase as a function of ftequen;y. The
transfer function for the well was determined from cross-spectral
estimation (Bendat and Pfersol, 1986) and details are discussed {n
Appendix B. Application of the theoretical results over a wide
frequency band is limited by the 1length of the data sets and the
magnitude of the atmospheric pressure signal. For GD, the length of
the water level record examined 1is roughly S months. As shown in
Chapter 2, atmospheric 1loading has a small signal at frequencies
greater than 2 cycles/day and we limit ocur eanalysis to frequencies no
higher than this bound., The low end of.the frequency band analyzed
for each well was determined from the coherence squared, I'?, of the
relationship between water 1level and atmospheric loading where the

coherence squared is defined as (Bendat and Piersol, 1986):

r2(w) = |[BWw)|? ' (16)
BB (w)WW (w)

It should be noted that BW is the cross spectrum between air pressure
and water level and BB and WW are the power spectra of the atmospheric
- load and the water level respectively. The coherence squared is
analogous to r? in linear regression and represents the ability of a
linear relationship between atmospheric load and water level to
account for the water level signal at a given frequency. For the well
response analyzed here, I excluded frequencies at which the ccherence

squared was less than 0.7; this limited analysis to frequencies
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greater than 0.09 cycles/day. I elso excluded frequencies at which
the value of the water level power spectrun was less than 0.1
cm?days/cycle because transfer function estimates at frequencies where
the value of the water level spectrum was below thizs limit were
implausible: the barometric efficiency and phase appeared to be a
random function of frequency and sometimes had values which had no
theoretical basis.

| The transfer function for the response of well GD to atmospheric
loading 1s shown in Figure 4-5. Barometric efficiency is & strong
function of frequency and ranges from 0.3 to 0.6 in the freﬁu.ency band
examined. The phase indicates that the water level lags the
atmospheric load over wmuch of the frequency band analyzed, but this
phase lag diminishes with decreasing frequency. The figure also shows
the model fit to the observed transfer function. The theoretical
model indicates that the response in the observed frequency band {s
dominated by water table influences. The depth-averaged response of
the aquifer never approaches the static-confined response. The key
parameters indicated by the .model are & static-confined barometric
efflclenéy of 0.10 and a value for both dimensionless frequencies R
and Qu of 4,50 where frequency is in terms of cycles per day. The air
and hydraulic diffusivities estimated from these values of R and Q
are shown 1in Table 4-2. The specific storage for the aquifer under
conditions of surface loading 1is estimated in Chapter 1 and is
determined from the inferred static-confined barometric efficiency and
dilatational efficiency for the well. The specific storage is used in
conjunction with the hydraulic diffusivity to estimate the aquifer’s

vertical permeability. The vertical permeability is a factor of 30
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less than the inferred lateral permeability of the aquifer, suggesting
that the rock tapped by the well possesses wmoderate hydraulic

anisotropy.

CONCLUSIONS

The water level response of wells which tap water table‘aquifers
to atmospheric loading is qualitatively simflar to the partially
confined response detailed in Chapter 3; it 1s dependent on the
elastic and fluid flow properties of the aquifer as well as the air

flow properties of the material overlying the aquifer. Water well

‘response can be dependent on the frequency of the excitation and

reflects the response of the unconfined aquifer averaged over the
saturated depth of the well. As in the partially confined response,
attenuation and amplification relative to the static-confined response
of the aquifer can occur in theory end is observed in the wells
examined; phase lags and advances observed in response to atmospheric
loading also have a theoretical basis.

Comparison of the theoretical response given here with the
theoretical solution given elsevhere for the response of wells under
partially confined conditions indicates that the responses are
virtually identical when the dimensionless ratio R/Q, 1is large. When
R/Qu is small (less than 100), however, we can expect the water table
to have a significantly greater influence on water well response under
unconfined conditions. The influence of water table fluctuations on
well response can be expected to be negligible, regardless of the

frequency band observed and the hydraulic properties of the aquifer.
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The theoretical response can be used {n conjunction with the
‘observed response of water wells as a function of frequency to yield
estimates of or place bounds on the vertical fluid flow properties of
the aquifer and the air diffusivity of the unsaturated zone. The
response of the well examined here to atmospheric loading indicates
that the vertical permeability of the aquifer is less than the lateral
permeability. Partial isolation from the water table in the aquifer
at the observed frequencies 1is achieved because its vertical
permeability is relatively low.

For the well examined, the barometric response 1s a strong
function of frequency and estimates of the contfolling parameters can
be readily made. It should be noted that the parameters which control
response may not always be identiffable. When the depth to the water
table is shallow, it may be possible to place only an lower bound on
the air diffusivity. Under conditions where the vertical hydraulic
conductivity of the aquifer is relatively high and the saturated depth
of the well 1is relatively thin, the depth averaged response of the
aquifef may only be weakly influenced by the static-confined response
of the aquifer in the frequency band analyzed; for these situations it
may only be possible to place & lower bound on the vertical hydraulic
diffusivity of the aquifer. Under conditions where the vertical
conductivity of the aquifer is very low &nd the saturated well depth
is very thick, the barometric response may Se largely 1ydependent of
water table influences throughout the frequency band of interest; for
these situations it may be possible to place only an upper bound on
the vertical hydraulic diffusivity. Although cross-spectral

estimation of the response of wells to atmospheric loading may not
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have universal application, the results given here fndicate that it
can yield some useful information about the material properties of

unconfined aquifers and the unsaturated zone.

APPENDIX A: SOLUTION TO THE RESPONSE OF AN UNCONFINED AQUIFER TO -
PERIODIC ATHMOSPHERIC LOADING

The response of an unconfined aquifer to periodic atmospheric
loading is governed by (Chapter 1):
2 :
D'g-;l;' - gf + yAwsinot (Al)
vhere compression is taken tc be positive. The solution to the
aquifer response can be obtained by combining the solutions to two
separate boundary value problems. The sum of the boundary conditions

in the tvo problems is equivalent to the boundary conditions given in

equation 5. In the first problem, the boundary conditions are:
P(0,t) = (H-iN)Aexp(iwt) (A22)
P(o,t) = (M-iN)Aexp(iwt) (A2b)
the taking of the real parts bei.ngv understood. The solution of
equation Al subject to the boundary — conditions of equation A2 is

trivially satisfied by:

P(z,t) = (M-iN)Aexp(iwt) (A3)
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In the second problem, the boundary conditions are:

8P(0,t)/8z= -(Sy/Kz)aP(O,t)/at (Aba)

P(eo,t) = (y-M+iN)Aexp(iwt) (A&b)
Taking P to be complex:

P(z,t) = F(z)exp(iwt)

and substituting in equations Al and A4 I obtain:

F'* - joF = fwly (ASa)
D D
Fr(0) = ~10S,F(0) (ASDb)
Kz
F(=) = A(y-M+1N) (ASc)

Equation AS5a 1is an ordinary differential equation and its particular

solution subject to the boundary conditions is:
Fp(z) = A(y-M+iN) (A6)

Its homogeneous solution is:
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Fu(@) = S enp - (141D 1)

Sumning A6 and A7 and multiplying by exp(iwt) ylelds:

P(z,0) = igdﬂ-'-"-’nexp(-(nl).liu')exp(wc) +A(y-M+iN)exp(lut) (AB)

The solution to the response of an unconfined aquifer to periodic

atmospheric loading can be obtained by summing equations A3 and A8 and

is given in equation 6.

APPENDIX B: METHOD BY WHICH THE TRANSFER FUNCTION OF WATER LEVEL TO

ATMOSPHERIC LOAD WAS DETERMINED

The transfer function between water level and atmospheric locading
wvas found using cross-spectral estimation (Bendat and Piersol, 1986).
For the water well records examined here, the transfer functions were
obtained by: 1) removing the mean and the long term trend from the
‘water level and atmospheric loading time series; 2) determining the .
pover spectra and cross-spectra for the water well record, the local
atmospheric pressure record and the theoretical areal strain produced
by the earth tides; 3) solving the following system of complex linear
equations for every frequency:

- 12
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vhere BB and TT denote the power spectra of the atmospheric pressure
and earth tides respectively, BT and TB denote the cross spectrum and
complex conjugate of the cross spectrum respectively between
atmospheric loading and earth tides, BW and 1TV denote the cross
spectra between atmospheric loading' and water level and earth tides
and water level respectively, and HB and HT denote the transfer
function between water level and atmospheric loading and water level
and earth tides respectively. The earth tides were included in the
analysis because they have a strong influence on the response of the
vells examined at diurnal and semi-diurnal freqnenr;i.es. Further

details on how the transfer functions were determined can be found in

Chapter 2.
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Table 4-1: Descripticn of well GO.

Location Rock type Borigontal Open Interval Papth to
permeability water tadls
(1) [ 11 Dete ‘20&.“!

Parkfield, CA Granodicrits 3 x 10° 18-82 18

Table 4-2: Estimats of fluld flow properties of well GD.

Vertical aquifer Unsaturated gone Epecific storage Vertical

kydrsulic air diffusivity under surface aquifer

diffusivity loading permeability

fenlise)  gomfeec) ezt fe111dareten)
6 x 10! : ax 10 2z 1x1°
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Figure &4-1: Cross-section of a phreatic well and fnfluences of fluid
flowv on well response to atmospheric loading (a); idealized
response of & well to a step change in atmospheric load ignoring

the influence of well bore storage (b). .
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R/Q=DLt/D bt

)
0.0m €.01 0.1 1 ) 0o

Figure &4-2: Barometric efficiency (a) and phase (b) of response of
& phreatic well to atmospheric loading as a function of R/Q,

vhen sy/s sb fs infinite. Static-confined barometric 'effi.ciency

of the well {5 0.5,
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Figure &4-3: Barometric efficiency (a) and phase (b) of respomse of a
partially confined well to atmospheric loading as a function of
R/Q ignoring the influence of well bore storage. Static-confined

barometric efficiency of the well is 0.5,
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Figure &4-4: Barometric efficifency (a) and pliase (b) of response of a
phreatic well to atmospheric loading as a function of R/Q, vhen

sy/ssb is 10%; whén Sy/ssb is 10 (c and d). Static-confined

barometric efficiency of the well is 0.5.
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