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ABSTRACT

An aqui fer test conducted in a sand and gravel, glacial outwash
deposit on Cape Cod, Massachusetts was anal yzed by neans of a nodel for
flowto a partially penetrating well in a honbgeneous, anisotropic
unconfined aquifer. The nodel is designed to account for al
significant nechani sns expected to influence drawdown i n observation
pi ezoneters and in the punped well. 1In addition to the usual fluid-flow
and storage processes, additional processes include effects of storage
in the punped well, storage in observation piezoneters, effects of skin
at the punped-well screen, and effects of drainage fromthe zone above
the water table. The aquifer was punped at a rate of 320 gall ons per
m nute for 72-hours and drawdown neasurenents were made in the punped
well and in 20 piezometers | ocated at various distances fromthe punped
wel I and depths below the | and surface. To facilitate the analysis, an
autonatic paraneter estimation algorithmwas used to obtain rel evant
unconfined aquifer paraneters, including the saturated thickness and a
set of enpirical paraneters that relate to gradual drainage fromthe
unsat urated zone

Drai nage fromthe unsaturated zone is treated in this paper as a
finite series of exponential terns, each of which contains one enpirica
paranmeter that is to be determned. It was necessary to account for
ef fects of gradual drainage fromthe unsaturated zone to obtain
satisfactory agreement between nmeasured and sinul ated drawdown,
particularly in piezonmeters |ocated near the water table. The conmonly
used assunption of instantaneous drainage fromthe unsaturated zone
gives rise to large discrepanci es between nmeasured and predicted
drawdown in the internediate-tinme range and can result in inaccurate
estimates of aquifer paraneters when automatic paraneter estination
procedures are used.

The val ues of the estinated hydraulic paraneters are consistent

with estimates fromprior studies and fromwhat is known about the



aquifer at the site. Effects of heterogeneity at the site were snall as
nmeasured drawdowns in all piezoneters and wells were very close to the
simul ated val ues for a honbgeneous porous medium The estimated val ues
are: specific yield, 0.26; saturated thickness, 170 feet; horizonta

hydraul i c conductivity, 0.23 feet per minute; vertical hydraulic

conductivity, 0.14 feet per nminute; and specific storage, 1.3x10_5 per

f oot .

It was found that drawdown in only a few piezonmeters strategically
| ocated at depth near the punped well vyielded paranmeter estinates close
to the estimtes obtained for the entire data set anal yzed
simul taneously. If the influence of gradual drainage fromthe
unsaturated zone is not taken into account, specific yield is
significantly underestimated even in these deep-seated piezoneters.

This helps to explain the | ow val ues of specific yield often reported
for granular aquifers in the literature. If either the entire data set
or only the drawdown in sel ected deep-seated piezoneters was used, it
was found unnecessary to conduct the test for the full 72-hours to
obtain accurate estinates of the hydraulic paraneters. For sone

pi ezoneter groups, practically identical results would be obtained for
an aqui fer test conducted for only 8-hours. Drawdowns neasured in the
punped wel |l and piezonmeters at distant |ocations were diagnostic only of

aqui fer transm ssivity.



INTRODUCTION

Proper managenent of ground-water resources requires an accurate
eval uation of the paraneters (hydraulic properties) that control the
novenment and storage of water. Aquifer tests, performed by punping a
wel |l at a constant rate and observing the resulting changes in hydraulic
head in the aquifer, are the nost commonly used nmethod for determination
of aquifer hydraulic properties. Unconfined aquifers, also known as
wat er-tabl e aquifers, are of particular interest to hydrogeol ogi sts and
to the general public not only because of their accessibility as a water
supply but also because of their vulnerability to contamination from
activities at the land surface. Unconfined aquifers have speci al
features that set themapart from other aquifer types and nmake anal yses
of tests conducted in themnore difficult. The prinary added
conplication has to do with the existence of the free surface (or water

tabl e) and the overlying unsaturated zone.

Background

Hydraul ic parameters that control an unconfined aquifer’s capacity
to transmt and store water are generally obtained by aquifer-test
anal ysi s using one of several classical analytical nbdels, the nost
popul ar of which are those of Boulton (1954, 1963), Dagan (1967), and
Neuman (1972, 1974). The nodel of Boulton (1954) was the first to
provi de a pl ausi bl e explanation for changes in hydraulic head observed
in unconfined aquifers in response to punping froma well. The nodel
takes into account gradual drainage of water fromthe zone above the
water table, a feature that is now, belatedly, beconing recognized as
being i nportant for unconfined aquifers. The Boulton nodel has the
drawback, however, that it does not account for vertical conponents of
flow in the aquifer and, consequently, cannot be used to eval uate
vertical hydraulic conductivity: the nodel is strictly valid only at

| arge di stances fromthe punped well where the flow night be assuned to



be horizontal. Also, because of the horizontal flow assunption, the
nodel cannot account for effects of partial penetration by the punped
well. (This limtation was subsequently elimnated in a paper by
Boulton and Streltsova, 1975.)

The Dagan (1967) and Neunan (1972, 1974) nodel s both account for
vertical conponents of flow in the aquifer and, hence, for effects of
partial penetration by the punped well, but neither consider effects of
gradual drainage fromthe zone above the water table to be an inportant
consi deration. Both nodels assume drainage fromthe unsaturated zone to
occur instantaneously in response to |lowering of the water table. The
Dagan nodel, in contrast with both the Boulton and Neuman nodel s, has
the additional linmtation that it does not account for conpressive
characteristics of the aquifer and therefore cannot be used to eval uate
aqui fer specific storage. The Neuman (1972, 1974) nodel has cone to be
accepted by nmany hydrogeol ogi sts as the preferred nodel ostensibly
because it appears to make the fewest sinplifying assunptions and
because of the perception that neglecting the effects of gradual
drai nage fromthe zone above the water table is reasonable for purposes
of aqui fer paraneter estination.

Whil e both the Boulton and Neuman nodel s account for aquifer
conpressive characteristics, they make the nmat hematical sinplifying
assunption that the punped well is a line-sink (that is, the punped well
is assuned to be infinitesimal in diameter). Thus, it is inmpossible to
account for effects of wellbore storage. This linits the useful ness of
the nodels for accurate evaluation of specific storage. The |ine-sink
assunption in these nodels requires that observation piezoneters be
| ocated at |arge distances fromthe punped well to reduce the influence
of wellbore storage. Unfortunately, this last requirenent nakes it
difficult to make accurate early-tine neasurenments because of small
drawdowns at | arge distances.

Use of the Boulton and Neunan nodels for analysis of early-tine

data from pi ezoneters | ocated near the punped well may result in val ues



of specific storage that are overestimated by as nuch as one or two
orders of magnitude (Mench, 1997), dependi ng on aquifer
conpressibility. Mench (1997) extended the range of validity of the
Neunan (1974) nodel by accounting for the finite dianeter of the punped
well. This greatly inproves upon the accuracy of specific storage
estimates made by using drawdown data from pi ezoneters | ocated near the
punped well. It also makes it theoretically possible to eval uate other
unconfi ned-aqui fer paraneters from punped-well data. Unfortunately,
however, effects of well-bore skin, turbul ence, and other non-ideal flow
conditi ons make the use of punped well data difficult and frequently

i mpossi bl e for paraneter estimation.

As nentioned above, the Boulton (1963) nodel differs fromthe
Neunan (1974) nodel in that the latter assunes instantaneous drai nhage of
water fromthe unsaturated zone and the former assumes the drai nage
occurs gradually in response to a lowering of the water table. Boulton
(1954, 1963) approxi mates drai nage fromthe zone above the water table
by using an exponential relation containing an enpirical paraneter or
"delay index'. Neuman (1975) found that the delay index as used by
Boulton (1963) is not a characteristic property of the aquifer. (He
found it to be a function of radial distance fromthe punped well.)

Al so, based on nunerical nodeling, Neuman (1972) found that effects of
gradual drainage fromthe unsaturated zone could be neglected in aquifer
tests. It has since been found, however, that there may exist a
significant difference between nmeasured field data and theoretica
drawdowns i n observation piezoneters, particularly those | ocated near
the water table (see Mbench, 1995). These differences exist

i ndependent |y of whether the Boulton nodel, which does not account for
vertical conponents of flow in the saturated zone, or the Neunan nodel
whi ch does not account for gradual drainage, is used.

In order to reduce the magnitude of this discrepancy and stil
account for vertical flowin the aquifer's saturated zone, Mench (1995)

substituted Boulton’s (1963) convolution integral for Neuman's (1972,



1974) boundary condition for the free surface and solved the revised
boundary-val ue problem By so doing, the redefined delay i ndex becones,
for the particular test, a property of the honbgeneous aquifer and
associ at ed honbgeneous unsaturated zone, albeit not a very accurate one.
No physical basis was assigned to the revised delay i ndex other than
that it could be considered the inverse of a "characteristic drai nage
time" for the particular medium Neverthel ess, the discrepancy between
nmeasured and theoretical drawdowns was di m nished (over a linited tine
range) as seen in piezoneters |located near the water table (Mench
1995). One reason that the discrepancy is not conpletely elimnated is
likely due to Boulton’s convolution integral not accurately describing
t he drai nage process (see, Narasimhan and Zhu, 1993). Boulton's
approach is based on the incorrect but plausible assunption that
drai nage fromthe unsaturated zone foll ows an exponential decline in
response to a step decline in the elevation of the water table. Boulton
and Pontin (1971) recognized deficiencies in Boulton's (1954, 1963)
original theory; that is, the exponential relation did not accurately
reflect physical reality and that it was necessary to account for
vertical conponents of flowin the aquifer. To inprove upon the single-
par amet er exponential relation, they used two exponential terms
contai ni ng four adjustable paraneters (two delay indices and two del ayed
yield paraneters that when sumed and added to a third parameter called
"instantaneous' yield, formthe total specific yield). To account for
vertical conponents of flow they adapted the nodel of Dagan (1967) to
nmeet their needs. Unfortunately, their nodel (like Dagan's) does not
account for aquifer conpressibility. Also, the treatment of specific
yield (as the sumof three conponents rather than as a characteristic
constant) is rather cunbersone for purposes of analysis.

In 1990, the U S. Ceol ogical Survey (USGS) conducted an aquifer
test at its Cape Cod Toxic Substances Research Site in Falnouth, MA in
order to evaluate the hydraulic paranmeters of the unconfined aquifer

Moench and others (1996) provide a prelininary analysis of this test



usi ng hand- neasured drawdown data, the Neuman (1974) nodel, and
traditional type-curve matching nethods. The traditional approach to
eval uation of the hydraulic parameters is by visual trial-and-error

mat ching of field data with dinmensionless type curves (for reconmended
procedures see, for exanple, Prickett, 1965; Kruseman and de Ri dder

1990; Moench, 1994; and Batu, 1998). A single match point was found
that yielded excellent late-time matches between theoretical and
nmeasured drawdowns in the 16 piezoneters used for the analysis. Thus, a
single set of hydraulic parameters (vertical hydraulic conductivity,

hori zontal hydraulic conductivity, and specific yield) was obtained.

The agreenent suggested a remarkabl e degree of honpgeneity in hydraulic
conductivity to ground water flow at the scale of the test. Early-tine
drawdowns, however, recorded with the help of transducers located in
seven of the piezometers and in the punped well, and internediate-tine
drawdowns recorded in all piezonmeters, but especially those |ocated near
the water table, could not be interpreted satisfactorily with the Neunan

nodel .

Purpose and Scope

It is the purpose of this report to provide a thorough
interpretation of the aquifer test that was conducted in the sunmer of
1990 at the USGS Cape Cod Toxic Substances Research Site in Fal nouth,
Mass. It is intended to expand upon the prelimnary analysis of Mench
and others (1996) by using a nodification of a nodel devel oped by Mdench
(1997) and a nethod of automatic paraneter estimation. The nodel
nodi fication is designed to pernit an accurate representation of the
process of gradual drainage fromthe zone above the water table.

The Moench (1997) nodel in its unnodified formallowed for
eval uation of specific storage, and the other unconfined aquifer
parameters, but did not fully account for discrepancies observed between
nmeasured and theoretical drawdowns cal cul ated by the Neuman (1974) nodel

in the internediate-tinme range. Discrepancies that exist between



t heoretical and neasured drawdowns in the internediate-time range are
found to be a consequence of neglecting gradual drainage fromthe
unsaturated zone. These discrepancies are only partially elinmninated
with a nodel that assunes exponentially declining drai nage of water from
the unsaturated zone in response to a step decline in the el evation of
the water table (Mench, 1995, 1997). This is corroborated indirectly
by the results of laboratory (Vachaud, 1968), field (Nwankwor and
others, 1992), and nunerical experinments (Narasi mhan and Zhu, 1993). In
this report, a necessary additional nodification is made in the water-
tabl e boundary condition by including a series of exponential terms to
represent drainage fromthe unsaturated zone caused by a decline in the

el evation of the water table. The drainage in this instance is

controlled by a finite nunmber of enpirical paraneters a,, It is not

intended in this report that the enpirical parameters o, be ascribed a

physi cal basis. However, it is possible to set up and solve a sinple
boundary-val ue probl em denmonstrating that the paranmeters can be used in
conbination to approximte the rate of flow across the water table in
response to a step change in its elevation (R L. Cooley, USGS, witten
conmun. , 2000).

In addition to the inproved interpretation of the aquifer test,
resulting fromthe nodel used, apparent honogeneity of the aquifer, and
extent and quality of the data set, a nunber of secondary anal yses are
perfornmed so that sone general recomendations about unconfined aquifer
tests can be made concerning: 1. the number of piezonmeters needed, 2.

t he pl acenent of piezoneters, 3. the timng and frequency of data
sanpling, and 4. the mininumtest duration required to obtain
satisfactory results. Conputer simulations are also conducted to
exam ne the consequences of specific nodel assunptions.

The scope of this report is linited to anal yses of the aquifer
test by means of an anal ytical nodel assisted by autonmated paraneter
estimation using nonlinear |east squares. Because of the apparent

honogeneity of the aquifer, the lack of interference fromrecharge or



evapotranspiration, and the apparent validity of the nodel assunptions,
this aquifer test mght be deened a benchmark test and a good candi date

for illustration of a broad range of unconfined aquifer phenonena.

Response of an Idealized Unconfined Aquifer to Pumping

Figure l1a is a schematic diagram showi ng a typical well/aquifer
configuration and depicting the response of an idealized granul ar

honbgeneous and ani sotropi ¢ unconfined aquifer to punping. The vertica

(K,) and horizontal (K) hydraulic conductivity vectors, the relative

magni t ude of which is indicated by the Iength of the arrows in the
i nset, indicate the anisotropic character of the aquifer. Flowto the
finite-dianeter punped well is axisymetric and three-di nensi onal

Drawdowns (changes in hydraulic head due to punping) in the punped
wel | may be greater than that in the aquifer adjacent to the wel
because of resistance to flow (wellbore skin) at the well screen
Vertical conponents of flow in the aquifer near the punped well are
enhanced if the length of the punped-well screen is |less than the ful
saturated thickness of the aquifer (that is, the punped well partially
penetrates the aquifer). Because of vertical conponents of flow,
drawdowns observed in piezonmeters |ocated near the punped well cannot be
assuned to accurately indicate the position of the falling water table.
In addition, the response of finite-dianeter piezoneters to rapid
changes in hydraulic head in the aquifer nmay be del ayed due to well bore
storage in the piezoneter.

Wth regard to the unsaturated zone in the idealized unconfined
aquifer: 1. Water held by adsorption and surface tension in the
unsaturated zone is in direct hydraulic connection with the falling
water table. 2. The equilibriumnoisture distribution in the

unsat urated zone decreases nonotonically with an increase in el evation
(z,) as depicted in fFigure la, where 6(z) is the nmoisture content and 6

is the noisture content at saturation. 3. The zone of near saturation
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i medi ately above the water table is referred to as the capillary fringe
and will vary in thickness depending on the soil texture.

Figure 1b depicts a typical plot of drawdowns versus tine (using
doubl e-l ogarithm c coordi nates) and defines what is described in this
report as 'early tinme', 'intermediate tinme', and 'late tine'. The tine
ranges are approxi mate and woul d vary dependi ng upon the aquifer

paranet ers.

Hydrogeology of the Aquifer-Test Site

The aquifer at the study site is conposed of unconsolidated
gl aci al outwash sedi nents that were deposited during the recession
14,000 to 15,000 years before present, of the |late Wsconsi nan
continental ice sheet that had previously covered New England. Al though
t he unconsol i dated sedinents in the test area overlie crystalline
bedrock at a depth of approximately 300 ft, detailed lithol ogic studies
indicate that there exists a transition fromclean, mediumto coarse-
grai ned, high-perneability glacial outwash deposits to fine-grained,
relatively lowperneability material at a depth of about 160 ft bel ow
the water table (LeBlanc, 1984; LeBlanc, and others, 1986; Masterson
and others, 1997). The horizontal hydraulic conductivity of the upper
material in western Cape Cod generally, ranges from 150 to 350 ft/d with
aratio of horizontal to vertical hydraulic conductivity of 3:1 to 10: 1.
The horizontal hydraulic conductivity of the naterial bel ow the
transition ranges from10 to 70 ft/d with a ratio of horizontal to
vertical hydraulic conductivity of 30:1 to 100:1. The estinmate of the
saturated thickness is corroborated hydraulically by the prelimnary

anal ysis of the aquifer test (Mench and others, 1996).

Acknowledgments

The USGS Toxi c Substances Hydrol ogy Program provided funding for

the aquifer test. The logistical and field support fromthe



11

Massachusetts District office is gratefully acknow edged. In
particul ar, thanks are given to Kathryn M Hess and Richard D. Quadri

for their assistance during the field experinment. It is because of the
careful work of all participants that the test successfully yielded the
high quality data needed for the analysis. The analysis could not have
been acconplished otherwi se. The detailed and insightful reviews of the
manuscri pt by Paul M Barlow and Richard L. Cooley greatly enhanced the

content and presentation of the report.

MATHEMATICAL MODEL

In this section the mathematical nodel of Mench (1997) is
presented in a slightly nodified form The nodification is to allow for
i mproved representation of drainage fromthe zone above the water table.
The bulk of the material in this section derives from Moench (1997). It
is presented here for the conveni ence of the reader and to incorporate

t he necessary nodifications.

Assumptions

As with all mathematical nodels, several sinplifying assunptions
are required. Most of the assunptions are identical to those of Neuman
(1974). Those that are identical are as follows. 1. The aquifer is
honbgeneous, infinite in lateral extent, horizontal, and of uniform
thi ckness. 2. The aquifer can be ani sotropic provided that the
principal directions of the hydraulic conductivity tensor are parallel
to the coordinate axes. 3. Vertical flow across the | ower boundary of
the aquifer is negligible. 4. A well discharges at a constant rate from
a specified zone below an initially horizontal water table. 5. The
change in saturated thickness of the aquifer due to punping is snall
conpared with the initial saturated thickness. 6. The porous nedi um and

fluid are slightly conpressible and have physical properties that do not
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vary in space or tine. 7. The initial hydraulic head is the sane
ever ywher e.

The Neuman (1972, 1974) nodel assumes that water in the
unsaturated zone is rel eased instantaneously as the water table
declines. It is pointed out in the introduction that, under this
assunption, there may exist a significant difference between neasured
and theoretical drawdowns in piezoneters |ocated near the water table.
The introduction of Boulton's (1963) convol ution integral by Mench
(1995) into the boundary condition for the free surface reduces this
di screpancy. Mench (1995) assumed, as did Boulton (1954, 1963), that
the vertical flux of water into the aquifer occurs in a manner that
varies exponentially with time in response to a step decline in the

el evation of the water table. The rate of exponential decline is

controlled by an enpirical constant o, (see Mench, 1995). (The

subscript on a is included to avoid confusion with Boulton's reciproca
of 'delay index' (Boulton, 1963), which has a neaning that is slightly

different fromthe o, used by Mench (1995). The difference in meaning

is due to the fact that Boulton worked with vertically averaged heads

(no vertical conponents of flow) in the aquifer and included the term
containing a in the governing partial differential equation rather than

as a boundary condition for the water-table.)

It is known, however, that the assunption of an exponenti al
decline provides only a crude approximation of the actual drainage
process (see, Vachaud, 1968; Narasi mhan and Zhu, 1993). In this
report, the representation of the actual drainage process can be nade as
preci se as desired by extending the single, enpirical-paraneter
approximation to nultiple enpirical parameters. It should be pointed
out that the sane set of paraneters should not be assuned to accurately
represent the reverse process (i.e., absorption of water during
recovery) due to effects of hysteresis or entrapped air. Nor should it

be assuned to represent the drai nage process at a different tine or
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| ocation. This is because conditions in the unsaturated zone may differ
fromtime to time and place to place. Although, in this report, the
enpirical paraneters are given little physical neaning individually, as
a group they can be used to quantify drainage fromthe unsaturated zone
in response to a driving force such as the lowering of the water table.

The assunptions pertaining to the finite-diameter punped well are
identical to those of Dougherty and Babu (1984) and are |listed here as
follows. 1. The head within the well does not vary vertically. 2. The
radial flux fromthe aquifer to the well does not vary along the |ength
of the screened section. 3. Vertical flux fromthe aquifer through the
base of the well is negligible. 4. A thin skin of honbgeneous porous
mat eri al having no significant storage capacity may be present at the
interface between the well screen and the aquifer. The hydraulic
conductivity of this material nmay be less than or greater than that of
the aquifer, and is assuned to be constant during the course of the
aquifer test. (Low hydraulic conductivity skin may be present for a
nunber of reasons as, for exanple, flow constrictions due to the well
screen itself, bridging by sand particles across screen openi ngs, or
damage to the aquifer caused by drilling. Hi gh hydraulic conductivity
skin may be due to well developnment or to the presence of a gravel pack
installed to increase well productivity.)

The influence of a delayed response of the observation piezoneters
is often overlooked in the analysis of aquifer tests. The effect is
treated approximately in this report (follow ng Black and Kipp, 1977) by
assum ng the hydraulic head in an observation piezoneter changes with a
rate that is proportional to the head difference between the piezoneter
and the adjacent aquifer nmaterial. Delayed piezoneter response is npst
i mportant at early tinme when the head changes are nost rapid, and if not
taken into account, the estimate of specific storage nay be exaggerated.

Figure 2 is a diagrammtic cross-section through a part of an
i deal i zed unconfined aquifer with a finite-dianeter partially

penetrating punped well, an observation piezonmeter, and an observation
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wel I (or |ong-screened piezonmeter). The figure illustrates the
parameters used to define the well radii, the location of the screens,
the I ocation of the observation piezoneter, and the saturated thickness
of the aquifer. Also shown is the |location of the origin of the

coordi nate system Synbols used in the mat hemati cal devel opnent are

defined in the Notation section

Boundary-Value Problem

The governing equation in the domain r <r<e and O<z<b for

axi symmetric flowto a punped well in a slightly conpressible,

ani sotropi c, unconfined aquifer may be witten as

0°’h 10h K, 0°h _S oh
St —+—I_— =S (1)
o ror K, o0z© K, ot

The initial condition in the domain of equation 1 is

h-h(r,z0) =0 (2)

where h, is the initial hydraulic head. The outer boundary condition at

r=o is

h —h(e,2,t) =0 (3)

The inner boundary condition at r=r requires a wellbore bal ance

equation for a partially penetrating well. Follow ng Dougherty and Babu

(1984), this condition is

2nrw(f—d)Kr%r:rw=Q+c% b-t<z<b-d  (4a)

ot

where (—dis the length of the screen, Qis the punping rate, Cis the

wel | bore storage (assumed constant), and h is the average head in the
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wel | bore. Raney and Agarwal (1972) point out that effects of wellbore
storage can occur as a result of changing liquid level in the well or
for confined and | eaky aquifers, by virtue of wellbore-fluid

conpressibility in a pressurized test. Effects of wellbore storage are

great est when due to changing water level. 1In this case, Cis the

cross-sectional area of the free surface in the well. |In this report,
. 2 . . . .

for convenience, C=rr, where r  is the effective radius of the well in

the interval where water |l evels are changing. The term*“effective
radi us” is used here to allow for the presence of a colum pipe or other
tubi ng that mght reduce the cross-sectional area of the punped well in
the vicinity of changing water |evels.

The radial flow through the screen fromthe aquifer to the well,
expressed by the | eft-hand-side of equation 4a, is assunmed to be
i ndependent of z and to vary only with tine. Ruud and Kabal a (1997)
found that flow variations along the well screen can be significant,
especially for wells with short screen lengths in thick aquifers;
however, the effect upon drawdowns in the wellbore was found to be
i nsignificant.

The vertical average of the head in the wellbore, h, is related

w

to the average head in the aquifer adjacent to the punped-well screen

*

h, by

KS(h _h\N):Kr@
d or

(4b)

r=r,

S

where K  is the hydraulic conductivity of the wellbore skin, d, is the

skin thickness, and h* is defined by

. 1 Jo-d
:m B h(rW,Z,t)dZ (4c)
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Equation 4b derives fromthe heat-flow literature (Carslaw and Jaeger,
1959, p. 20). For sinplicity, the storage capacity of the skinis
assuned negligible. One additional equation is required for conpletion
of the boundary condition at the interface between the punped well and

the aquifer. Nanely,

oh z<b-(
| =0 (4d)
or I z>b-d

This condition inplies that a well casing of constant external radius r,

extends fromthe top of the screened section to the water table, and
that no radial flow occurs across an imagi nary cylinder that extends
fromthe bottom of the screened section of the well to the base of the

aqui fer.
The condition along the base of the aquifer (z=0) for r2r is that

of a no-flow boundary and is witten as

oh
E(r,o,t):O (5)

The condition used by Moench (1997) at the water table (z=b) for

r=r whi ch approxi mates the rate of drainage per unit area fromthe

w

unsaturated zone, is witten as

|g%ﬁup¢)
z ah (6)
=-a,S, J; S (nbD eq-ay(t -t d

Moench (1995) provides details pertaining to the theoretical

justification for the use of equation 6, which derives fromthe work of
Boulton (1954). As a;-«, equation 6 approaches the boundary condition
used by Neunman (1972, 1974). Also, it can be seen by inspection that if

a,=0, a no-flow condition is obtained for equation 6 and the boundary-
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val ue problemreduces to that solved by Dougherty and Babu (1984) for a
confined, single-porosity aquifer.

It was stated at the beginning of this section that a single-
par amet er exponential relation doesn't represent drainage fromthe
unsaturated zone very well. In this report, drainage fromthe
unsaturated zone is represented by a nodification to equation 6 such
that, instead of the single exponential relation suggested by Boulton

(1954, 1963), a finite series of Mexponential ternms is used, each with

a different enpirical paraneter a

KZ%(r,b,t)
oh M a (7)
=-5, [ ==(r.,b,)> =™ exp[-a,,(t —t)] dt’

S [ 40X epla, ¢ -] d

The sunmation termin equation 7, in systens terninology, is an input
response function or kernel of the convolution integral. It represents
an average of a series of exponential terns. If M1, equation 7 reverts
to equation 6.

The paraneters used in equation 7 mght be found to differ from
one aquifer test to the next, even at the sane | ocation, but are assuned

to be unique for a given test. Due to the assunption of honpgeneity,

the sane set of o, parameters should apply irrespective of the |ocation

of the individual piezoneters. This set of enpirical paranmeters will be
subj ect to change, however, as antecedent conditions in the unsaturated
zone change. This arrangenent allows the hydrogeol ogi st to obtain not
only better agreenent between neasured and predicted drawdowns over the
entire internediate tine range of a tine-drawdown curve but also all ows
for inmproved paraneter estination, as will be shown. The representation

of the drai nage process suggested by Boulton and Pontin (1971) makes use
of two enpirical o paranmeters and a conbi nati on of instantaneous,

short-term and long-term "del ayed-yi el d" paraneters summed together to

represent specific yield. |In this report, a single value of specific
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yield is used in order to be consistent with the hypothesis that
specific yield is a characteristic property of the aquifer and does not

vary with tinme.
Dimensionless Boundary-Value Problem
By substituting the dinensionless paraneters listed in table 1

into the above equations, one obtains the follow ng di nensionl ess

boundary-val ue probl em

2 2
6h2D+i6hD+ﬁW6h2:6hD 8)
or,” 1y 0rp 0z, ot
hy (5, 2,,0) =0 (9)
hp (0, 25,15) = 0 (10)
1-(,<2,<1-d
_oh, _ 2 W, oh,o b <25 b (11a)
o, ((p—dp) ot, rp=1
2, <1-(,;z, >1-d
ahD =0 D D' 4D D (11b)
ory =1
s oh,
hp =hp =8, 1-0, <25 <1-d, (11c)
orp
1
hy =—F—— Zh z,,t,)dz 11d
D (ﬁD _ dD) 5 D(lr D D) D ( )
oh,
—=(r5,0,t;) =0 12
aZD ( D D) ( )
ohy, ts ohy, Moy
%(rD,LtD) == ?(rD,LtD)mZ: m exp-y 0B (ty = 1ldz (13)
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Laplace Transform Solution

Use of Laplace transforns and Fourier cosine series leads to a

Lapl ace transform solution to the above di nensi onl ess boundary-val ue

problem The derivation is provided in Appendix |I. The Lapl ace
transform sol ution for dinensionless drawdown in the punped well is

_ 2(A+S)

h,o(P) = — (14)

p(fD - dD)[1+WD P(A + S(N)]

And the solution for the dinensionless drawdown in the aquifer is

ho(T'o: 25, P) = 2E (15)
P p(ﬁD_dD)[l"'WDp(A"'SN)]
wher e
= Ko(Gh){sinl, (1-do)] ~sine, 0~ (o)} (16
(ﬂ dD) pry £,0,K,(a,)[€, +0.5sin(2¢,)]
e o KolGhto) ote, 2, lainte, (1 dy ) -sinfe, @~ ()1 .
n=0 qn Kl(qn)[‘gn + O'SSn(ZEn)]
g, = (&2B8., +P)"* (18)
ry = (ea8+ pry)Y? (19)
and ¢, where n=0,1,2,., are the roots of
p M
£, tan(e,) = — (20)
M z 1 (08, + IO/ Vi)

K, and K, are the nodified Bessel functions of the second kind and of

zero and first order, respectively.
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For | ong screened piezoneters (observation wells) it is assuned

that the neasured drawdown is the average drawdown over the screened

interval z_-z_,, as deternined by

D2 ~D1

1

o (Nos 2oy, 252, P) =
D2 ~ Zm

LZDZ ﬁD (5,2, P) dz, (21)

D1

The Lapl ace transform solution for dinensionless drawdown in a | ong-
screened piezoneter in the aquifer then becones
2E'

h.(r., 2z, 2, P) = 22
ofor 2o 2oz P) = T+ W p(A+ ) (22)

wher e

© Ko (g1 ){sinle, @-dp)] —sin[e,(L-¢,)]}

E'=2 ,
n=0 Enqn Kl(qn)[gn + OSSI n(2€n )]

(23)
sin(E, z,,) —Sin(€, z,,)]
(ZD2 - ZDl)

Equati ons 15 and 22 are solutions for head changes in the aquifer.
bservation wells or piezoneters used to neasure hydraulic head
variations in an aquifer are often open holes containing a significant
quantity of stored water. Wth the start of punping, rapid changes in
head in the aquifer may not be accurately reflected by neasurenents in
the piezoneter because of the finite time it takes to dissipate stored
water and conme into equilibriumwth the hydraulic head in the aquifer.
Thi s del ayed piezoneter response is inportant for accurate eval uation of
specific storage and is treated analytically in the manner described in
detail by Moench (1997). By choosing an appropriate shape factor
F'=F/ 2, where F is defined by Hvorslev (1951) for various geonetrical

configurations, and, assuning good hydraulic connection between the

pi ezoneter and the aquifer so that screen clogging is not a factor, it
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is possible to account for del ayed piezoneter response by use of the

foll owi ng equati on:

_ hD

h =D 24
mD 1+WDp ( )

wher e hmD is the Laplace transformsolution for the piezoneter response
and W, is the dinensionless piezometer storage parameter defined in

table 1.| In the event that screen clogging is a factor, it is possible
to estimate F for use in (24) by slug testing the piezoneter and
followi ng the procedure indicated by Black and Kipp (1977).

Di mensi onl ess or di nensi onal drawdowns are obtained by nunerical
i nversion of equations 14, 15, or 22. The Stehfest (1970) algorithmis
particularly useful in this regard because of its conputationa
efficiency. The FORTRAN code WA (Mdench, 1997) was nodified to
enhance speed of computation and to include the summation in equation
20. The nodified conputer code WIAQB used in this report can be sent to
i nterested readers upon request fromthe first author. Available for
downl oading fromthe Wrld Wde Wb is a fully docunented comput er
program WIAQ, descri bed by Barl ow and Moench (1999), that includes al
t he physical processes available in WIAQ3. It can be used for both
type-curve anal ysis and automated paraneter estinmation for both confined

and unconfined aquifers.
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AQUIFER-TEST DESIGN AND OPERATION

As part of an effort to quantify the hydraulic properties of the
unconfi ned, sand and gravel, gl acial-outwash aquifer at the Cape Cod
Toxi c- Subst ances Hydrol ogy Research site near Fal nouth, Massachusetts, a
three-day aquifer test was carried out from August 28-31, 1990. The
test was conducted by punping a well at a constant rate and by observing
the resulting changes in hydraulic head at locations that differ in
di stance and azimuth fromthe punped well and in depth bel ow the water
tabl e.

Figure 3 shows the location of the study area and the locations in
pl an view, w thin an abandoned gravel pit, of the punped well and points
of observation. The reference piezoneter (F343-036) is included in
figure 3 as its position is the location of the origin of coordinates of
a magnetic north-oriented grid that was overlaid on the site and used to
| ocate the positions of points of observation for this study and others
(LeBl anc, and others, 1991). Figure 4 illustrates the positions of the
observation well screens in vertical section and is drawn roughly to
scale. The punped well was drilled in July 1990 by cabl e tool nethods
to a depth of 80 ft below |l and surface. An 8-inch, inside-dianeter
(i.d.) polyvinyl chloride (PVC) casing was installed with an 8-inch i.d.
PVC screen along the bottom 47 ft of the well. Backfill consisted of
natural collapse material and cuttings fromthe hole. The top and
bottom of the screen were located 13.2 and 60 ft, respectively, bel ow
the initial water table, which was approximtely 19 ft bel ow | and
surface. Imediately prior to the test, the elevation of the water
table at the punped well was 46.80 ft above nmean sea level. The
regi onal tenporal trend of the water table was determ ned by neasuring
the elevation of the water table, in areas unaffected by punping,

before, during, and after the aquifer test. The water table was found

to have declined at a rate of 9.26x10_6 ft/mn over this tine period,
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requiring a slight correction (dimnution) in the late-tine drawdown
data. Observation piezometers and wells were constructed by auguring to
prescribed depths and installing 2-inch i.d., PVC casings with 2-ft-, 9-
ft-, or 39-ft-long PVC screens. Details with regard to the exact radial
and vertical positions and |l engths of the well screens are given in
table 2.| Henceforth, for convenience, the various observation

pi ezoneters and wells will be referred to as piezoneters regardl ess of
the I ength of the screen.

Wl |l F507-080 was punped at a rate of approxinmately 320 gal/mn

(42.8 ftslnin) for 72 hours. Discharge water was diverted through a

fire hose to a Massachusetts Mlitary Reservation sewage-infiltration
bed | ocated about 500 to 600 ft up gradient (north) of the test area.
The rate of well discharge was nonitored (1) by a manoneter and orifice
at the discharge point in the infiltration bed and (2) by noting the
time required to fill a 55-gal drumat the end of the fire hose

Adj ustments to the well head val ve were nade as necessary to naintain a
constant flow rate.

Water levels in all piezoneters were neasured manual ly using a
steel tape. |In addition, drawdown data were collected in the punped
well and in seven piezometers with pressure transducers connected to
data | oggers. An electric tape was used for manual collection of
drawdown data in the punped well. Recovery neasurenents al so were made
in selected piezometers and in the punped well.

Appendi x 11| (fig. A-K) shows plots of the drawdown data used for
anal ysi s, which have been corrected for the regional decline of the
wat er table, nentioned above. \Were transducer data are avail able, the
pl ot s show hand-neasured values at late tinme (solid circles) continuing
beyond the transducer values (dots). This is because, after about 300
m n of punping, the transducer val ues of drawdown are discarded since,
wi th one exception (F377-037), they appear to drift apart fromthe hand-
nmeasured values. The latter are considered nore accurate than the

transducer values in the late-tine range. Values of drawdown (open
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di anonds, squares, and circles) selected for use in the automatic
parameter estimation algorithmare also shown. Nunerical values for
parameter estimation are listed in Appendix Il table A| Recovery data
are not analyzed in this report, but were nmeasured in three piezoneters
wi th transducers (F505-032, F504-032, and F377-037). Al neasured data
(both drawdowns and recovery) are available fromthe USGS in electronic

form
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ANALYSES

Preliminary Analysis

The prelinmnary anal ysis of Mench and ot hers (1996) invol ved

traditional type-curve matching procedures using Neuman's (1974) nodel

and | ate-tine drawdown data to obtain the aquifer parameters K, K, and

Sf Type curves were generated with WTAQL (Mbench, 1993) for the

particul ar well screen/aquifer configuration, taking partial penetration
of the punped well into consideration and assuning the saturated
t hi ckness to be a known quantity. This prelinmnary analysis involved

use of the hand-neasured data only, because the rapidly changing early-

time data, required for evaluation of S, was not needed. The

prelimnary analysis involved the use of conposite plots of drawdowns
versus tine divided by the square of the distance between the

observation point and the punped well (double logarithnmic plots of h vs.

2 . . .
t/r). The procedure is essential for accurate evaluation of the

aqui fer hydraulic properties by analytical nethods (see Mbench, 1994) as
it allows the hydrogeol ogist to obtain a single match point and, hence,
a single set of hydraulic paraneters for data obtained froma nunber of
observation points simultaneously.

Initially, based on limted local well-log information, a
saturated thickness of 80 ft was assuned (see Hess and others, 1992).
This resulted in three problens: (1) conplete inability to match
theoretical type curves with conposite plots of drawdown data from
pi ezoneters | ocated near the punped well, (2) significant differences

bet ween the estimated paraneters and estinates based on prior studies

(for exanple, the value of K obtained by the Jacob nmethod was twice the

expected value), and (3) having to account for head variations in a
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pi ezoneter |ocated 28 ft bel ow the assuned base of the aquifer. A
second anal ysis was then performed after doubling the saturated
thickness to 160 ft. The justification for this change was not just
based on the three problens |isted but also on regi onal geol ogica
studi es (see LeBlanc, 1984, fig. 5) that indicate the presence of a
sharp transition fromvery coarse to very fine-grained sedinments with

i ncreased depth at about 150 ft. Upon changing the saturated thickness

to 160 ft, an estimate of K was obtained that was consistent with prior

studies at the site, and excellent matches were obtai ned for conposite
plots of all late-tine drawdowns |eading to a single match point (see
Moench and others, 1996). The val ues of vertical and horizontal
hydraul i ¢ conductivity and specific yield calculated fromthe natch
point are given in table 3./ Also shown in table 3 is the val ue of
saturated thickness b that was derived, in part, fromthe prelimnary
anal ysis. The fact that a doubling of the saturated thickness could
make such a difference in the theoretical responses was an indication
that an aquifer test conducted in a honbgeneous aquifer night be used to
obtain an estimte of saturated thickness (in addition to the primary
unconfined aquifer paraneters). The agreenment between the hand- nmeasured
drawdowns and the theoretical late-time responses, obtained with a
single set of hydraulic paraneters, provide support for the primary
assunptions in the Neuman nodel that control late-time piezoneter
responses. The prelimnary analysis al so shows that the use of an
incorrect estimate of the saturated thickness could | ead one to concl ude
that the [ ack of agreenent between neasured and theoretical responses is

due to aquifer heterogeneity.

Analysis by Nonlinear Least Squares

In this report, various analyses are performed by automatic
nonl i near paraneter estimation using the nodel WIA@ (Mench, 1997). In

this approach, differences between sinul ated drawdowns based on
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estimated hydraulic paranmeters and neasured (observed) drawdowns are

m ni mzed using a wei ghted sum of squared errors objective function
The paraneter-estimation code used in this report, PES%D(Doherty, 1994)

and t he upgraded versi on PEST2000, runs WITAQ3 repeatedly while
automatically varying the hydraulic paraneters in a systemati c manner
fromone run to the next until the objective function is mnimzed.
Statistics are provided showi ng the precision of the estimated
paraneters (for exanple, the 95 percent confidence lints, and
correlation coefficients). The literature on automatic paraneter
estimation is extensive and is not reviewed in this report. Papers by
Poeter and Hill (1997) and Hi Il (1998) provide excellent discussions of
t he nmet hodol ogy. The manual and code docunentation that comes with PEST
software provides additional hel pful information regardi ng paraneter
estinmation met hodol ogy.

Proper use of PEST, or any paraneter estimation algorithm often
requires a certain anount of fine-tuning acconplished only by trial and
error. Such adjustnments involve, for exanple, the proper selection of
initial parameter estimates, whether or not to use logarithmc paraneter
transformati ons, or other adjustnents necessary to optim ze PEST s
performance. Probably because of the relatively high quality of the
test data and the scale of the aquifer test relative to the correlation
| ength of the heterogeneity (discussed at greater length later in the
report), the necessary trial and error adjustnments were mininal for the
anal ysis of the Cape Cod data reported here.

In this report, a systematic (5 step) approach to data
interpretation was taken in order to gradually gain confidence in the

validity of the paraneters obtained by the paraneter estimator.

1. The paraneters S&, K., and K, were estimted using very |ate-

time data and the instantaneous drainage assunption. This allowed for

* The use of this product does not inply endorsenment by the U. S

Gover nment
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conparison with estinates reported in the prelinmnary analysis (Mench

and others, 1996).

2. The paraneters Sw b, K, and K, were estimted using very

late-tine data and the instantaneous drai nage assunption. This again
al l owed for conparison with parameter estimates reported in the
prelimnary anal ysis.

3. Based on the previously estimted aquifer paraneters, the |ate-

time punped-well data were used alone to obtain the well bore skin factor
(S, -
4. The paraneter S, was estimated with the exclusive use of very

early-time transducer data, the previously obtained aquifer paraneters,
the wel Il bore skin factor, and by accounting for del ayed pi ezoneter
response.

5. Finally, under the gradual drainage assunption, the conplete

data set with 461 drawdown values in 20 piezometers was anal yzed with

PEST to obtain all relevant aquifer parameters sinmultaneously (S, Sw

b, K, K, and three enpirical o parameters). [Table 2 provides the

nunbers used by the parameter estimator to identify the measured

observati ons.

Eval uati on of S, K. K Using Late-Tine Data (Step 1)

An anal ysis was performed on drawdowns neasured in all piezoneters
at tinmes greater than one day (about three values for each piezoneter at
approxi mately 2,000, 3,000, and 4,300 m nutes; see Appendix II| figures
B-K). The anal ysis assunes instantaneous drainage fromthe unsaturated
zone. Wth the chosen saturated thickness of 160 ft, used in the
prelim nary anal ysis by Moench and others (1996), the paraneter-
estimation code produced the paraneter values listed in table 4.| Table
4 al so shows the upper and | ower val ues of the 95 percent confidence

limts and initial values used in the sinmulation. The 60 observation
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val ues used in the sinulation were given equal weights. The paraneter

values in table 4 agree reasonably well with the values shown in table

3, al though Syi n table 4 is about 25 percent greater than the value in

table 3.| This difference is apparently a consequence of the reduced

time span of the selected data and the unbi ased treatnent performnmed by
paranmeter-estinmati on code as conpared with visual type-curve natching.
An experinment conducted by using a reduction in the initial time span

(2,000-4,300 nin), to 3,000-4,300 nn, gave rise to an increase in the

val ue of Sy fromO0.287 to 0.304, which is consistent with what one m ght

expect as a consequence of gradual drainage fromthe 