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Abstract

Field observation and numerical simulations were car-
ried out to evaluate the hydraulic relationship between
the shallow and deep aquifer of a High Plains Aquifer
system, in which shallow and deep aquifers are sepa-
rated by an aquitard. Pumping from the lower aquifer
resulted in a small drawdown in the upper aquifer and
a larger drawdown in the aquitard; pumping from the
shallow aquifer caused a small drawdown in the aqui-
tard and the deep aquifer. Analysis of pumping test data
gives the values of the hydraulic conductivity of the
aquitard and the deep aquifer. Long-term observation
of groundwater levels in the shallow and deep aquifers
showed that a strong downward hydraulic gradient was
maintained during an irrigation season. Numerical sim-
ulations were used to calculate the induced leakage of
water from the shallow to the deep aquifer. Water bud-
get analyses suggested that after pumping continues for
a couple of days, the leakage from the overlying layers
begins to supply the majority of the withdrawal from the
deep aquifer. However, the induced leakage from the
upper shallow aquifer can travel only a few meters into
the aquitard, and it can not reach the lower aquifer dur-
ing a 90 day pumping period. The major portion of the
induced leakage occurred during the pumping period,
but a small leakage can continue as a residual effect after
the pumping period. The vertical hydraulic conductiv-
ity of the aquitard plays a major role in partitioning the
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ratio of the induced leakage for the pumping and after-
pumping periods.
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Introduction

The High Plains Aquifer (HPA), extending from South
Dakota to western Texas, is the largest aquifer in the
United States, and has an area of 450,600 km? (U.S. Geo-
logical Survey 2002). Each year, a significant volume of
water is extracted from the aquifer for agricultural irriga-
tion and other uses. Annual groundwater pumpage from
this aquifer for irrigation was around 23,427 million m?
in 1974-1995 (McGuire et al. 2003). As a result, water
level decline in some areas has caused significant ad-
verse impacts on the surface water systems, for example,
depleting stream-flow. Application of chemicals for agri-
cultural development resulted in another environmental
problem by elevating the levels of non-point source con-
taminants, particularly in the shallow parts of the aqui-
fer. Engburg and Spalding (1978) reported that the con-
centration of nitrate in Nebraska’s groundwater can be
as high as 200 mg/L.

In the Platte River Valley of south-central Nebraska,
the HPA system consists of three parts: the shallow al-
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luvial aquifer, the deep Ogallala Group, and an aquitard
that separates the two aquifers. A significant number of
irrigation wells and center pivot irrigation systems have
been constructed in this area for agricultural develop-
ment. In some counties, the density of irrigation wells is
over 3.4/km? (Flowerday and others 1998). Most irriga-
tion wells are constructed in the shallow alluvial aqui-
fer, but some are in the deep aquifer including domestic
wells which are constructed for drinking water supplies.
According to a report by the Nebraska Management Sys-
tems Evaluation area (MSEA) project, the groundwater
in the shallow aquifer has a high concentration of nitrate-
nitrogen. The study of Ayers et al. (1998) showed that
the concentration of nitrate-nitrogen in the alluvial aqui-
fer was as high as 43 mg/1. Induced leakage of low-qual-
ity water from the shallow aquifer into the deep aquifer
threatens the quality of the drinking water source.

For water quality issues, an aquitard is often consid-
ered a geological barrier that may impede the movement
of contaminants. The vertical hydraulic conductivity of
the aquitard may be a key parameter in the analysis of
hydraulic connectivity between the shallow and deep
aquifer. However, the hydraulic properties of the aqui-
tard have not been determined in this area; as well as its
role as a hydraulic barrier to allow leakage is poorly un-
derstood.

Among the methods for determination of aquiferaqui-
tard hydraulic properties and relationship, pumping
tests are considered one of the best methods in the char-
acterization of hydrogeologic systems. While results of
the hydraulic properties for the shallow aquifer have
been reported by Ayers et al. (1998), Zlotnik and Zur-
buchen (1998), McGuire and Kilpatrick (1998), and Chen
et al. (2003), data are particularly scarce for the aquitard
and deep part of the HPA, i.e., the Ogallala Group, which
is the major unit of the HPA.

Butler and Tsou (2003) presented an analytical method
to calculate leakage induced by a pumping well. Their
solution was based on the leaky aquifer model of Han-
tush and Jacob (1955), which includes the following as-
sumptions: a fully penetrating pumping well, zero stor-
age in the aquitard (confining layer), and constant head
in the aquifer above the confining layer. Their simulation
results suggest that 100% of extraction from the confined
aquifer will eventually come from the shallow aquifer.
However, they did not attempt to analyze the travel time
of the induced leakage from the shallow aquifer to deep
aquifer.

The first purpose of this study was to determine the hy-
draulic relationship between the shallow and the deep
aquifer system. An observation well network was con-
structed in the shallow and deep aquifer, and in the aqui-
tard, to monitor the response of hydraulic head to pump-
ing in the shallow and deep aquifers. Observation was
made in short-term pumping tests and in irrigation and
after-irrigation seasons. The second purpose was to de-

termine the leakage of shallow groundwater induced by
pumping in the deep wells. The authors evaluated the
role of a number of hydrologic parameters which con-
trols the magnitude of induced leakage.

Methods

Figure 1 shows the schematic HPA system at the test
site of the Nebraska Management Systems Evaluation
Area in south-central Nebraska. The thickness of the
shallow alluvial deposits (for both saturated and unsat-
urated parts) is about 18.3 m, and the deeper Ogallala
Group is about 25.3 m. The aquitard is about 9.1 m. The
alluvium consists of Quaternary alluvial sand and gravel
deposits. The Ogallala Group consists of Tertiary green-
ish-tinted sands and gravels as well as sandstone and
siltstone. The aquitard is composed of silts and clays.
The Late Cretaceous Pierre Shale regionally underlies
the Ogallala Group. It is considered to be the imperme-
able base of the deep confined aquifer.

Twelve observation wells were installed in July 1999 at
the study site for groundwater-level monitoring. Eight
wells (prs01, prs02, prs05, prs06, prs07, prs08, prs11, and
prs12; Platte River study (PRS)) were constructed in the
shallow alluvial aquifer; two wells (prs03 and prs09)
were constructed in the deep aquifer; and another two
wells (prs04 and prs10) were constructed in the aquitard
(Figure 1).

These observation wells consist of 5 cm diameter PVC
casing and screen. A length of 0.9 m screen with 0.025
cm slot size was used at the bottom of each observation
well. Immediately above the screen, a bentonite plug was
used to seal the screen from the rest of the borehole. Sed-
iment samples were collected from drilling cuttings for
each 1.5 m interval of borehole, or when lithologic dif-
ferences were encountered. Resistivity logs prepared for
wells prs03 and prs09 (Figure 2) show the three-layered
aquifer-aquitard system.

After the completion of the observation wells, pressure
transducers were installed in shallow and deep observa-
tion wells (prs08 and prs09) to monitor hourly ground-
water levels. Hydraulic head in the deep aquifer was
several cm higher than the head in the shallow alluvial
aquifer. Two existing irrigation wells, one in the allu-
vium, and the other in the Ogallala, were available at the
study site as pumping wells (Figure 1). Both wells are
partially screened and only 6 m apart.

Irrigation in this area typically occurs from June to Au-
gust. Before the beginning of a pumping test, care was
taken to be sure that the water level was stable and that
the recharge to the aquifer (or return flow) from irriga-
tion was negligible. Water levels at wells prs08 and prs09
indicated that the groundwater system had stabilized in
late October 1999. The pumping test in the deep aquifer
continued for 48 hours between 12:30 p.m. on November
8, 1999 and 12:30 p.m. November 10, 1999, with an av-



Fig. 1 Sketch map of the High
Plains Aquifer near Shelton,
Buffalo County. central
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Fig. 2 Resistivity logs for wells prs03 and prs09. A distinct change
occurs at a depth about 12.2 m below the ground surface

erage pumping rate of 113.5 m3/h. Groundwater levels
were recorded from the 12 wells. The pumping well has
a 17 m screen in the lower part of the Ogallala aquifer.
During the test, the extracted groundwater was deliv-
ered through irrigation pipe to a ditch about 300 m from
the pumping well. After pumping stopped, the data log-
ger remained at these wells for 5 days monitoring the re-
covery process in the aquifer-aquitard system.

A 26-hour pumping test was conducted in the shallow
aquifer. The pumping rate was 170.3 m3/h. The shallow
aquifer was in an unconfined condition and the pump

Q 30 meters
1 1 | 1 l 1

[I] Irrigation well

ing from this aquifer resulted in a small drawdown.
Drawdown was also observed in the aquitard and deep
aquifer. Figure 3 shows drawdown curves for three
wells (prs08, prs09, and prs10), installed respectively in
the shallow and deep aquifer, as well as in the aquitard.
The maximum drawdown was 0.88 m at well prs08 (in
the shallow alluvial aquifer), 6.9 cm in the aquitard (well
prs09), and 0.55 cm in the deep aquifer (well prs10).

Results and discussions

Hydraulic relationship between the alluvial aquifer and
Ogallala aquifer

Figure 4 shows the time-drawdown curves of six ob-
servation wells for the pumping test in the deep Ogal-
lala aquifer. The groundwater level in the deep aquifer
declined very fast after pumping began. After 240 min-
utes of pumping, the drawdown at well prs09 was 5.55
m. The drawdown at well prs03 was 8.03 m at the end
of pumping. Drawdown in this confined aquifer is much
greater than that in the alluvial aquifer and represents
a decline of potentiometric surface. A large drawdown
at well prs10 (in the aquitard) was also observed and it
reached as much as 7.16 m by the end of pumping (Figure
4). The pressure transducer at well prs10 malfunctioned
in the first day of test and drawdown was recorded only
between 1,340 minutes to the end of the test since pump-
ing began. The time-drawdown curve of well prs10 for
the recovery period is also presented in Figure 4.
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Fig. 3 Time-drawdown curves for three observation wells (wells
prs08, prs09, and prsl0) by pumping water from the shallow
alluvial aquifer

Pumping in the Ogallala aquifer resulted in a small
change in water levels in the shallow aquifer. The draw-
down observed in the shallow aquifer was negative (rise
of the water table) at the early stage of the pumping. This
reverse drawdown (Andreason and Brookhart 1963;
Hsieh 1996) occurred immediately after pumping be-
gan and disappeared between 145 minutes and 200 min-
utes in wells prs01, prs02, prs06, prs07, prs08, and prs12
(time-drawdown curves for prs02, prs06, and prs08 are
not presented in Figure 4). The rise in water level dur-
ing this early period was in inverse proportion to the dis-
tance between observation and pumping wells. The larg-
est increase was 2.1 cm and occurred at well prs01. The
time-drawdown curves for wells prs07 and prsl12 also
showed the reverse drawdown. After the period of re-
verse drawdown, water levels declined slightly at each
of the observation wells (compared to the initial water
table prior to the pumping). The drawdown ranged from
6.5 cm to 8 cm at the end of the pumping test. Decline

of the water table in the alluvium indicated that water
from the shallow aquifer moved downward. Wells prs07
and prs12 were at the two ends of the west-east transect
and about 40 m apart (see Figure 1), but the magnitude
of drawdown was almost the same (see Figure 4). The
maximum drawdown was 7.6 cm for prs07 and 7.5 for
prsl2.

The reverse drawdown observed in the shallow aqui-
fer is an example of the Noordbergum effect, which has
been documented by Andreason and Brookhart (1963)
and Rodrigues (1983). According to Kim and Parizek
(1997), the Noordbergum effect is caused by two mech-
anisms: a faster mechanical propogation (deformation)
of the pumping stress than its hydraulic propogation
(drawdown) from the pumped aquifer into the adjacent
aquitard and unpumped aquifer due to relatively lower
hydraulic conductivity of the aquitard, and a mechani-
cal amplification in the lower part of the relatively soft
aquitard.

At the end of the 5 day recovery period, the groundwa-
ter level remained slightly lower in the shallow and deep
aquifers. The water level at well prs03 (in confined aqui-
fer) was 2.5 cm lower than that prior to pumping; it was
2.3 cm and 2.0 cm lower at wells prs07 and prs12, both in
the shallow aquifer.

Long-term observation has continued at wells prs08,
prs09, and prs10 since 22 November 1999. Water levels
were recorded for every two hs in these wells. The obser-
vation data indicated that the two nearby irrigation wells
were pumped intensively during each irrigation season.
Figure 5 shows the difference of the hydraulic head be-
tween wells prs08 (in the shallow alluvial aquifer) and
prs09 (in the Ogallala aquifer). For the periods between
the two irrigation seasons, the hydraulic head in the
deep aquifer is slightly higher. However, during each of
the four irrigation seasons, the drawdown in the Ogal-
lala aquifer was much larger. As a result, a downward
flow was generated and maintained in each irrigation
season; this leads to a leakage of groundwater crossing
the layer boundaries: water migrating from the alluvium
to the aquitard and from aquitard to the confined Ogal-
lala aquifer. The curve in Figure 5 indicates that pump-
ing during irrigation was intermittent with much more
intensive pumping during the 2002 and 2003 irrigation
seasons due to a severe drought in the region. Figure 5
shows several positive head-differences during the irri-
gation season, which occurred when water was pumped
only in the shallow well.

Hydraulic properties of the aquitard and the Ogallala
aquifer

The analytical solution of Hantush (1964) was appro-
priate for simulation of drawdown in a leaky confined
aquifer with a partially screened pumping well. This so-
lution assumes the shallow aquifer as a constant-head
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Fig. 5 The difference of hydraulic head in the alluvial and Ogallala
aquifer during irrigation and non-irrigation periods since 22
November 1999. A negative value indicates a downward hydraulic
gradient

boundary. In this pumping test, a small drawdown was
observed in the shallow alluvium. To determine the ef-
fect of the shallow aquifer on parameter estimation of the
aquitard and the deep aquifer, the authors used MOD-
FLOW-2000 (Harbaugh et al. 2000; Hill et al. 2000) for in-
verse calculation of hydraulic parameters of the aquifer
and aquitard. MODFLOW-2000 provides flexibility for

1966). Later, the applications became more common for
2-D problems of groundwater flow, leading to the gener-
ation of a review paper of the inverse method (Yeh 1986).
When the inverse method is coupled with a numerical
model, a hydraulic head must be calculated at each node
(or cell) of the model domain, although only the gener-

ated heads for the observation wells are used in
the parameter estimation.

The hydrogeologic system at the study site can be char-
acterized by two highly transmissive horizontal aqui-
fers (shallow alluvial aquifer and deep Ogallala Group)
that are separated in the vertical direction by a confin-
ing layer of much lower transmissivity. Because pump-
ing from the Ogallala Group led to a large drawdown, a
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large model domain was used to minimize the effects of
boundaries. In this simulation, the model domain was
7,824 x 7,824 m in the horizontal direction and 48.5 m in
the vertical direction. The domain was divided into 112
rows and 112 columns. The grid size varied from 9.1 m to
182.9 m. The model included three layers, plus a confin-
ing layer. The top layer represented the shallow alluvial
aquifer; the other two layers were used to represent the
Ogallala Group. The thickness of the top layer (the satu-
rated part of the unconfined aquifer) was 14 m; the con-
fining unit (aquitard) was 9.1 m; and the two layers for
the Ogallala Group were 12.65 and 12.65 m, respectively.
The pumping well was in the center of the domain and
screened from 0 m to 17.1 m above the base of the Ogal-
lala aquifer. Domain boundaries were set as constant
heads and had no effects on the pumping area.

In the parameter estimation for the aquitard and the
Ogallala Group, the overlying alluvium was treated as a
constant head boundary in one model and as an uncon-
fined aquifer in the other model. Drawdown data from
the two observation wells in the deep aquifer (prs03
and prs09) were used for inverse calculation. Four in-
verse analyses named DMO to DM3 were conducted
for parameter estimations: DM0 and DM1 using ob-
served data from well prs03; DM2 and DM3 using ob-

Ka

served data from both well prs03 and well prs09 (Table
1). DMO0 and DM2 treated the shallow aquifer as a con-
stant head; DM1 and DM3 treated the shallow aquifer
as a regular aquifer (Table 1). Four unknown parameters
were considered: the horizontal hydraulic conductivity
(K,), aquifer anisotropy (K,), and specific storage (S,) for
the Ogallala Group, as well as the vertical hydraulic con-
ductivity of the aquitard (k,). Table 1 is a presentation of
these analyses and the identified hydraulic parameters.
The strong anisotropy (Table 1) suggests that the vertical
hydraulic conductivity (= K,/K )of the Ogallala is from
0.03 m/d to 0.06 m/d. The vertical hydraulic conductiv-
ity for the aquitard is even smaller (0.002-0.003 m/d).
The low hydraulic conductivity in the aquitard indicates
that a downward movement of contaminants from the
alluvium to the deeper unit may be very slow. The cal-
culated groundwater levels for wells prs03 and prs09 ob-
tained by DM1 are shown in Figure 4 (see the dots).

The 95% linear individual confidence intervals and the
estimated values for deep aquifer analyses were calcu-
lated (Figure 6). The authors noticed that among the four
parameters, the aquifer anisotropy (Ka) has a relatively
wide confidence interval. The confidence intervals for
other three parameters are narrow.

A model was also developed to consider the aquitard
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Table 1 Deep aquifer hydraulic properties obtained by MODFLOW-2000

Analysis no. Wells Top aquifer Estimated value
Aquitard k, (m/d) Ogallala Group
K, (m/d) K, Ss (1/m)
DMO Prs03 Constant head 0.0030 160.49 3.453x107°
DM Prs03 Unconfined aquifer 0.0030 161.00 3.454%107°
DM2 Prs03&prs09. Constant head 0.0020 . 101.38 3.116x107°
DM3 Prs03&prs09 Unconfined aquifer 0.0020 5.82 101.68 3.116x107°

as a regular layer, with horizontal hydraulic conductiv-
ity and specific storage treated as unknown parameters
in the model. MODFLOW-2000 was also employed in
the inverse calculation, but no convergent solution was
achieved.

The hydrogeologic system in this study area is a good
example of a leaky aquifer (Hantush and Jacob 1955; Han-
tush 1964): a confined aquifer separated from a shallow
aquifer by a confining layer. The Hantush solution (1964)
was developed on a series of assumptions for a leaky
aquifer, assuming the water table in the unconfined aqui-
fer does not change during pumping. In numerical sim-
ulation, if this assumption holds, a constant head bound-
ary can be used to represent the shallow aquifer (the top
layer). Analysis DM0 and DM1, DM2 and DM3 are iden-
tical pairs except that one treats the shallow aquifer as a
constant head and the other treats it as a regular aquifer,
where the water table varies with time. Results show that
the identified parameters are very close between analy-
ses in a pair. The largest difference of identified parame-
ters is 0.3%, which occurred on deep aquifer anisotropy
between analyses DM2 and DM3. This indicates that the
assumption of constant head is valid in this study case.

Neuman and Witherspoon (1969) suggested that the
assumption of constant head is valid if the transmissiv-
ity of the unconfined aquifer is significantly larger than
the transmissivity of the confined aquifer, i.e., T;, > >
Tc. In this study case, T, = 115.82 x 14 = 1,621.5 m?/
day and T, = 5.2 x 25.3 = 131.6 m?/ day; thus T;;, =12.3
Tea-

Induced groundwater leakage

As discussed in the introduction section, the intensive
use of agricultural chemicals impairs the quality of shal-
low groundwater with nitrate-nitrogen in some areas of
the Platte River watershed (Druliner et al. 1996). Accord-
ing to Spalding et al. (2001), the concentration of nitrate-
nitrogen in the shallow aguifer at the study can be >30
mg/1. One concern is what amount of water will migrate
from the shallow aquifer to the aquitard and from the
aquitard to the deep confined aquifer, induced by deep

well pumping. A numerical model was designed to an-
alyze the induced leakage that occurred in an irrigation
season.

The model domain was a square of 19 x 19 km?. It was
divided into 106 rows and 106 columns. In the vertical di-
rection, it was divided into four layers. The upper layer
was unconfined, the next layer was an aquitard, and the
confined aquifer had two layers. An aquitard of 9.1 m
thick underlies a shallow alluvial aquifer of 14 m thick;
a deep confined aquifer was 25.3 m thick. Hydraulic pa-
rameters were: for the shallow aquifer, K. = 116 m/d,
Ka =90, 5¢= 6.0x1041/m, Sy = 0.22; for the aquitard, k,
= 0.0003 and 0.003 m/d for separate simulations, s, = 1
x 107 1/m; for the deep confined aquifer, K_ = 6 and 12
m/d in separate simulations, K, =1 m/d, and S_= 2.4 x
10 1/m. Note that aquitard storage was considered in
the model. Initial hydraulic head was assumed to be the
same for the shallow aquifer, the aquitard and the deep
aquifer. Pumping rate was 113.5 m3/h. The pumping du-
ration was 90 days, which was close to the length of an
irrigation season. The pumping schedule consisted of (1)
continuous pumping for 90 days, (2) a 5-day pumping
followed by a 5-day non-pumping period in sequence
for the 90 day period, and (3) a series of a 7-day pumping
followed by a 3-day non-pumping period for the 90 day
period. Simulation time was 365 days; after the pumping
period, a 275-day non-pumping period was also simu-
lated. MODFLOW 2000 (Harbaugh et al. 2000) was used
to simulate the aquifer-aquitard systems; ZONEBUD-
GET (Harbaugh 1990) was used to calculate the ground-
water flow rate and flow volume from shallow aquifer to
aquitard and from aquitard to the Ogallala aquifer.

The effects of a number of hydrologic parameters on
the level of induced leakage were analyzed. These pa-
rameters included the magnitude of vertical hydrau-
lic conductivity of the aquitard, the horizontal hydrau-
lic conductivity of the aquifer, the placement position
of the well screen, and the pumping schedule (contin-
uous pumping vs. intermittent pumping). Two indica-
tors were used to reflect the magnitude of the hydraulic
connectivity between shallow and deep aquifers: leakage
rate and leakage volume. The leakage rate was the vol-



938

ume of water crossing the layer boundary per unit time
divided by the pumping rate. The leakage volume was
the ratio of the total amount of water crossing the layer
boundary to the total pumpage for the whole pumping
period.

Figure 7 shows that the leakage rate varies during a 90
day pumping period. For the vertical hydraulic conduc-
tivity k =0.003 m/d (Figure 7a), the leakage rate reaches
a nearly constant rate (92.8%) only 5 days after pump-
ing begins. At the end of the pumping period, the leak-
age rate is 99.7%. The leakage rate from the shallow aqui-
fer to the aquitard is nearly the same as the leakage from
aquitard to the deep aquifer. The residual leakage that
occurs after pumping stops is very small; it is only 1.7%
30 days after pumping stops.

When the k  value of the aquitard was reduced to 0.0003
m/d (Figure 7b), the leakage rate was 24.2% 5 days af-
ter pumping had begun; it reached 95.4% for pumping
time = 90 days. For this case, the leakage rate from shal-
low aquifer to aquitard was also nearly the same as the
leakage rate from aquitard to deep aquifer. After pump-
ing was stopped for 30 days, the residual leakage rate
was 15.6%. The product of leakage rate and a time inter-
val yields the leakage volume for a given time. Summa-
tion of the leakage volume for the entire pumping period
gives the total leakage volume.

The storage of the deep aquifer and the aquitard’s ver-
tical hydraulic conductivity are two important param-
eters affecting water supply for the pumpage. Figure 8
shows the curves of normalized sensitivity coefficients of
(6s/0S,)S, and (6s/0B)B; where s is the drawdown in the

(a) 100 rgpeeeeoo—o—o
= 80 _' + leakage from shallow aquifer
= | to aquitard
% 60 leakage from aquitard to deep
/4 aquifer
o 404 |
£
g 20+
- L
O I i S e s e e o e e
0O 30 60 90 120 150 180 210 240 270 300 330 360
Time Since Pumping Began (day)
(b) 100
S 80+ « leakage from shallow aquifer to
% aquitard
5 60 + —_leakage from aquitard to deep
e a0l aquifer
£
3 20-
-
O I e L S
0 30 60 90 120 150 180 210 240 270 300 330 360

Time Since Pumping Began (day)

Fig. 7 The induced leakage occurred in pumping period and in the
after-pumping period. a The vertical hydraulic conductivity of
the aquitard=0.003 m/d. b the vertical hydraulic conductivity of
the aquitard =0.0003 m/d

deep aquifer, S_ is the storativity of the aquifer, and B is
the square root of the leakage factor B? that is the func-
tion of the transmissivity (1) of the deep aquifer and the
thickness (b) and the vertical hydraulic conductivity (k,)
of the aquitard (B*>=bT/kv). Figure 8a shows the normal-
ized sensitivity curves for S, and B in which k =0.003
m/d. This figure suggests that the storage of the deep
aquifer (S,) played a major role only in the first few days
of pumping (the value of (6s/6S)S, approaches zero). Af-
ter this initial time, the leakage factor (k, affects the leak-
age) played a dominant role in supplying water for the
pumpage. When k  was reduced to 0.0003 m/d (Figure
8b), the role of storage release from the deep aquifer con-
tinued to be important 4 days after pumping began, al-
though at this same time, the k, had also played an im-
portant role in supplying water for the pumpage. The
continued role of aquifer storage was because the hy-
draulic connectivity between shallow and deep aquifer
is poor for this case. The results in Figure 8b are in an
agreement with the results shown in Figure 7b where the
maximum leakage rate was 95.4% at pumping time=90
days; the rest of the leakage rate must come from aqui-
fer storage.
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Fig. 8 The sensitivity of drawdown in the deep aquifer to aquifer
storage (solid line) and to the vertical hydraulic conductivity of the
aquitard (dash line). a The vertical h¥draulic conductivity of the
aquitard = 0.003 m/d and 5,=2.4x107" 1/m. b the vertical hydrau-
lic conductivity of the aquitard=0.0003 m/d and S,=2.4x107°
1/m.



Table 2 summarizes the leakage volume for a number
of simulations. Among these, two k, values for the aqui-
tard (k,=0.0003 m/d and 0.003 m/d) were used. Two
K, values were used for the confined aquifer; and three
pumping schemes were used: continuous pumping for
90 days; 7-day pumping followed by 3-day non-pump-
ing; and 5-day pumping followed by 5-day non-pump-
ing. The results in Table 2 and Figure 7 suggest the fol-
lowing;:

1. The hydraulic conductivity in aquitard (k) plays an
important role in affecting the level of induced leakage
during the 90 day pumping period. A larger k , provid-
ing a better hydraulic connectivity to the deep confined
aquifer, results in a larger leakage. This is the same for
continuous and intermittent pumping schemes.

2. The magnitude of horizontal hydraulic conductiv-
ity (K,) of the deep confined aquifer has minor effects
on leakage volume when k =0.003 m/d. However, for
k,=0.0003 m/d, effects of the deep confined aquifer hy-
draulic conductivity on leakage become more appar-
ent. As shown in Table 2, the leakage volume is larger
for a smaller K,. This is because a smaller K, creates a
smaller radius for the cone of depression with a larger
drawdown. Their combined effect gives a lower level of
storage release from the aquifer. As a result, more water
comes from the overlying layers.

3. For a given hydrologic system, a continuous or in-
termittent pumping scheme affects only slightly the vol-
ume of induced volume.

Three simulations were conducted based on three
depths of pumping well in the Ogallala aquifer: pump-
ing well screen placed at the upper part, middle part,
and lower part of the aquifer. Results indicated that the
placement of well screens at different depths did not af-
fect the induced leakage.

The authors also simulated the effects of initial hydrau-
lic head on the leakage. In the above-discussed simula-
tions, the hydraulic head in the shallow and deep aqui-
fer was the same. In another simulation, the hydraulic
head in the deep aquifer was 5 cm higher. The hydraulic
head for the aquitard in each simulation was the same as
that in the deep aquifer. The leakage rate was 4.4% larger
for the former than that for the latter for k =0.003 m/d at
the end of the first pumping day.This difference became
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smaller and smaller as pumping continues; (2) in con-
trast, if k,=0.0003 m/d, there was no major difference be-
tween the simulation results at the early pumping time.

The observation well prs10 showed a large drawdown
in the aquitard. However, a detailed hydraulic head dis-
tribution within the aquitard was not measured during
the pumping tests. The observation data were used at
well prs10 for an estimation of travel time. At the end
of this pumping test, the drawdown at this well was
7.16 m. The well was about 3 m below the top of aqui-
tard. Thus, the downward hydraulic gradient for this
part of the aquitard can be estimated. Assuming effec-
tive porosity=0.1 and given the estimated k,=0.003 m/d,
groundwater velocity was calculated, based on Darcy’s
Law, to be 0.071 m/d. For a 90 day continuous pump-
ing, the front of the induced leakage from the shallow
aquifer would travel 6.4 m assuming no dispersion. If
the effective porosity is doubled, the traveled distance
in the aquitard will be only 3.2 m. These distances are
shorter than the thickness of the aquitard (9.1 m). The
water that had moved into the aquitard can move up-
ward or downward during the post-irrigation periods,
depending on the direction of the hydraulic gradient. If
the leaked water remained in the aquitard, it could be in-
duced into the deep aquifer after one or more irrigation
seasons. After the leaked water has arrived at the deep
aquifer, it will again take a relatively long time to arrive
at the well which is screened only in the lower part of the
aquifer given the low vertical hydraulic conductivity of
the Ogallala aquifer. Detailed particle tracking analysis
to determine travel times and pathlines from the shallow
aquifer to the well screen of the deep pumping well can
be carried out using a particle tracking method such as
MODPATH (Pollock 1989).

Summary and conclusions

Pumping test results indicated that the shallow allu-
vial aquifer and the deep Ogallala aquifer, separated by
an aquitard, are hydraulically connected. During non-
pumping periods, migration of water from the shallow
aquifer to the deep aquifer is very unlikely because a
downward flow was not observed and there exists an
aquitard layer of a relatively low hydraulic conductivity.

Table 2 Total leakage volume (%) from aquitard to deep aquifer under various pumping schedules and hydraulic parameters

Vertical hydraulic conductivity of aquitard ky=0.003 m/d k,=0.0003 m/d

Horizontal hydraulic conductivity of deep aquifer K. =6 m/d K.=12m/d K.=6 m/d K.=12 m/d
Continuous pumping for 90 days (%) 97.8 96.7 75.6 66.2
Intermittent pumping: 5 day pumping followed by 98.8 97.3 73.7 62.2

5 day non-pumping in 90 days (%)

Intermittent pumping: 7 day pumping followed by 99 4 98.1 74.8 64.6

3 day non-pumping in 90 days (%)




940

Long-term observation indicated that during the irri-
gation season, a very strong downward hydraulic gradi-
ent between the shallow and deep aquifers is caused by
seasonal pumping. The reduction in head in the Ogallala
aquifer induces a downward movement of water from
the shallow aquifer to the aquitard and from the aquitard
to the deep aquifer.

Sensitivity analysis and numerical simulations indi-
cated that the induced leakage is the major source sup-
plying pumpage from the deep aquifer during an irriga-
tion season. A major part of the leakage occurred during
the pumping period; a small portion occurred as residual
leakage after pumping stopped. The magnitude of the
vertical hydraulic conductivity of the aquitard is an im-
portant parameter controlling the leakage; it also affects
the amount of residual leakage.

Although the shallow aquifer is the major source of
water for the extraction from the deep aquifer, it is very
unlikely that the leaked shallow water can arrive at the
pumping well screened in the lower part of the deep
aquifer within one irrigation season. This is because the
movement of water in the aquitard will be very slow.
During an irrigation season, the leaked water from the
shallow aquifer could migrate only a few meters into the
aquitard. However, repeated pumping during each irri-
gation season in the deep aquifer can eventually induce
shallow groundwater to the deep aquifer.
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