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Abstract

The withdrawal method for protecting the uncontaminated part from the spread of

contaminants was suggested by a simultaneous equation. The formulation of them is based

upon the build up of the ridge part between the contaminated and uncontaminated parts that

resulted from the efficient use of barrier wells. The quality in the withdrawn groundwater

depends upon the heads at wells no. 5 and 6. The determination of pumping rates and qualities

with changing the heads at wells no. 5 and 6 should be given by considering the demand for

water use and the capacity and cost for removing the contained contaminants.

The results of this study should be used in taking a plan for supplying water use as well as

preventing the spread of contaminants from some known contaminated sources.

Key words : withdrawal, uncontaminated part, contaminated part, ridge part, simultaneous

equation, and barrier well

I. Introduction

In the cases that use groundwater as the main
source for water use as in Miyake Island, its
water quality is a most important interest. In ‘the
evaluation of groundwater pumping capacity at a
catchment area with interrelated wells in volcanic
islands: (I) without consideration of water quali-
ty” (this will be referred to as ‘the previous
paper’ hereinafter), we described the efficiency of
simultaneous withdrawal in preventing the intru-
sion of a highly contaminated groundwater from
Tairo Pond into the inner part of study area. It
was brought about by the occurrence of the ridge
part of equipotential lines between the align-
ments of wells no. 1 to 4 and wells no. 5 and 6.
In the cases of individual withdrawals, irrespec-
tive of pumping times and location, the ground-
water adjacent to Tairo Pond intruded into the
inner part of study area at high rates.

The problems related with the spread of conta-

minated groundwater have been mainly

described by the convection-dispersion model
that contains convection and diffusion-dispersion
or hydrodynamic dispersion terms (Bear, 1972;
Bresler, et al.,1982; and Jury, et al., 1991). The
application of this model requires that the flow
rate in convection term is a known value or is
independently predicted from well-controlled
experiments or observations. Also, the hydrody-
namic dispersion coefficient in hydrodynamic
dispersion term is originated from diffusion phe-
nomena and the scatter of microscopic flow rates
due to the difference in the magnitudes of pores,
but in this model it is obtained as the value for
fitting some differences between time distribu-
tions of the solutes acquired from experiment
and transported by averaged flow rate (Dai, ef al.,
2002). Therefore, not only the amounts of solutes
in the withdrawn groundwater for a long dura-
tion is nearly equal to that in the convection-dis-
persion model, but also the spatial distribution of
solutes should have not any serious differences

from that of groundwater resulted by averaged
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flow rates.

The qualities of withdrawn groundwater from
wells distributed in this study area show consid-
erable differences regardless of the short distances
between the wells (Figure 2). The causes should
be in the complicated hydro-geological formations
formed by frequent volcanic eruptions and the
behavior of groundwater on the artificial and nat-
ural impacts such as withdrawals, precipitation,
evapotranspiration, etc. Under these conditions,
the acquirement of the groundwater with the
desirable quality and the prevention of contami-
nants spread due to withdrawal are very difficult.

The purposes of this paper are to evaluate the
groundwater pumping capacity with considera-
tion of water quality and suggest the withdrawal
method for protecting the spread of contaminants
due to withdrawal at a catchment area contain-
ing interrelated wells in Miyake Island, a young
volcanic island, with very complicated hydro-
geological formations. The parameters needed for
accomplishing them were obtained from numeri-
cal simulations. Also, the derivation of a simulta-
neous equation from the parameters was carried

out by statistical procedure.

II. Study Area

The placement of wells and Tairo Pond was
shown in Figure 1. While the distances between
wells in the alignment of wells no. 1 to 4 and
that of wells no. 5 and 6 are very short, the dis-
tance between the two alignments are relatively
long. Figure 2 shows the changes of electric con-
ductivities at wells no. 1 - 6 and Tairo Pond from
November 29, 1995 to November 30, 2002. After

the volcanic eruption in 2000, the electric conduc-
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Figure 1. Placement of wells and Tairo Pond. The division of
contaminated, ridge, and uncontaminated parts was
given by considering the hydraulic and electric
conductivities and at wells (Table 1) and the
distributions of equipotential lines obtained from
simultaneous withdrawals in the previous paper.

150
- -a—wellno.1 - wellno.2
E ——wellno.3 e wellno.4
2} —+-wellno.5 - wellno.6
£ —++ Taire Pond
£ 100 ERUPTION
2 —
E S
E °
o 50 [
& =t
2 -7
=
=
17}
2
w o

19965/10/28 1997/3/11 1998i7/24 1999/12/6 2001/4/19 200219/1
year/ month/day

Figure 2. Changes of electric conductivities at well no 1 to 6
and Tairo Pond during November 29, 1995 to
November 30, 2002. The latest volcanic eruption
was at June 2000.

tivities of well no. 5 and 6 and Tairo Pond were
largely increased. The electric conductivities mea-
sured on November 30, 2002 were very higher at
wells no. 5 and 6 and Tairo Pond than at wells
no. 1 to 4 (Table 1). It is confirmed that the area
around wells no. 5 and 6 is seriously contaminat-
ed. As a reference, the electric conductivity of tap
water in Tokyo, Japan is about 40 mS/m (Tokyo
Metropolitan Government, 2002). The hydraulic

conductivities measured by pumping tests from
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Table 1. The Groundwater and pumping limited heads and the hydraulic and electric conductivities at wells.

Groundwaterhead Pumping limited head  Hydraulic conductivity Hectric conduchvity
{unit: m) {unit: m) {unit: misec) {unit: mSfm)
wellno. 1 3.002 -0.869 1.663 x 107 40
well no. 2 3.081 -1.334 7.490 x 10" 50
wellno. 3 3.070 -1.185 1.662 x 107 57
well no. 4 3.070 -0.790 5.696 x 10™ 46
well no. 5 2.997 0.583 2.320 x 107 113
wellno. 6 3.002 .2.908 1.035 x 107 119
Tairo Pond 130

The refere nces of groundwate rand pumping limited headsare at sea level.
Pumping limited head means the minimum level in withdrawal, which ks de te mine d by the structure of installed pump equipment.
Hydmulic ¢ onductivitie s were measured by pumping tests during April to October2002,

Bectric conductiviieswere measured at Nove mber30, 2002.

April to October 2002, also, were much larger at
wells no. 5 and 6 than at wells no. 1 to 4. This
condition is desirable for protecting the intrusion
of contaminants from wells no. 5 and 6 into
wells no. 1 to 4. On the other hand, remediation
should be more difficult at wells no. 1 to 4 than
at wells no. 5 and 6. Considering the distribu-
tions of equipotential lines obtained from simul-
taneous withdrawals in the previous paper with
the above facts, we divided study area into the
three parts of contaminated, ridge, and unconta-
minated parts as shown in Figure 1. The details
about the locations of study area can be acquired

from the previous paper.

1. Methods

It was described in the previous paper that the
spread of contaminants from the contaminated
into the uncontaminated through the ridge parts
could be accomplished by simultaneous with-
drawals. The build up of the ridge part that has
higher head than the contaminated and unconta-
minated parts, particularly the former, was the
cause. From the distribution of equipotential lines

obtained by simultaneous withdrawals with the

simultaneous duration maximum pumping rates
at all wells, P,; = SMP, it was clearly shown that
the most contaminated water of Tairo Pond
intrudes to ridge part at high rate [Figure 4(a)].
The situation is undesirable because of resulting
in some increases of the electric conductivities at
wells no. 5 and 6. Setting the heads of wells no. 5
and 6 at the same could be a solution for this
problem. For using as the source of water use,
furthermore, it is required to acquire the ground-
water with a high quality by withdrawals. This
can be worked out by increasing the ratios of the
pumping rates at wells no. 1 to 4 or decreasing
them at wells no. 5 and 6 to the sum of pumping
rates at all wells. Thus, the requirements for pre-
venting the spread of contaminants and acquiring
the groundwater with a high quality for water
use due to withdrawals are summarized as the
followings: (a) simultaneous withdrawal at all
wells; (b) the higher heads at ridge part than at
contaminated part; (c) setting the heads of wells
no. 5 and 6 at the same; and (d) increasing the
ratios of the pumping rates at wells no. 1 to 4 or
decreasing them at wells no. 5 and 6 to the sum
of pumping rates at all wells.

In order to set up the expressions that satisfy
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these requirements, we obtained various parame-
ters through simultaneous withdrawals condi-
tions using numerical simulations under several
different. The details about numerical simulation
were described in the previous paper. The condi-
tions added to simultaneous withdrawals were
given by changing the pumping rates at wells
no. 5 and 6 from zero to SMP and the pumping
rates at wells no. 1 to 4 according to them at
wells no 5 and 6 always were SMP, in which
SMP means the pumping rate that is required for
the initial head at each well to simultaneously
reach at its pumping limited head during con-
stant pumping time by simultaneous with-
drawals. The pumping time used in this study
was 288 hours. The parameters obtained from
simultaneous withdrawals are Ahs, Ahg, Py, P,
P,, P3, P4, Ps, and Py, in which Ah, is the
absolute value of the different between initial
head, h;, and the changed head, i, due to with-
drawal at well no. n, Ih; - hl, P, is the pumping
rate at well no. n, and P,,,, is the sum of the
pumping rates at all well.

From the relations between these parameters,
eight approximate expressions for controlling the
pumping rates and heads at wells were derived
by the multiple regressions (Guttman, 1965) with
three variables. Using these approximate equa-
tions, the SMP’s at wells no. 1 to 4 and the
pumping rates at wells no. 5 and 6 under several
heads or pumping rates at wells no. 5 and 6 can
be obtained. In order to verify the reliability of
approximate equations, they were applied into
numerical simulation again and the heads at all
wells calculated as the results were compared
with the known heads at wells no. 5 and 6 and
the pumping limited heads at wells no. 1 to 4

through examining the variations between them.
Also, the conditions to form the ridge part were
estimated from the changes of heads with pump-
ing times at wells no. 1 to 6 and the distributions
of equipotential lines obtained from simultaneous
withdrawal under various conditions. Finally,
using the pumping rates at all wells under vari-
ous conditions and the electric conductivities in
Table 1, the expected electric conductivities in

withdrawn groundwater were obtained.

IV. Results and Discussion

1. Derivation of the approximate
equation for controlling the pumping
rates and heads at wells

The expressions to satisfy the four require-
ments were derived from the parameters
obtained by simultaneous withdrawals using the
numerical simulation under several different con-
ditions. Table 2 shows the parameters and the
correlations between them in matrix form. By
considering the correlations and four require-
ments, approximate equations were given as the
followings using the multiple regressions with

three variables.

Pyun=T75924Nhs + 35.122\hg + 6 497

(SSD=133x107) M

Table 2. Matrix of correlation coefficients between the parameters
used for obtaining approximate expressions.

P, P Py P, P, Pe AR, ks Pam
— P, 1 00966 09823 0.964 -0.7322 -0.6341 -0.9497 -0.7079 -0.9548
P, 1 08943 09636 -0.6739 -0.6853 -0.9209 -0.7633 -0.9760
Py 1 09865 -0.5915 -0.7678 -0.8742 -0.8277 -0.9936
P, 1 -0.4518 -0.8622 -0.7831 -0.9083 -0.9987
P, 1 -0.0625 09086 00372 0.4967
Py 1 03601 09950 08352
Ahy 1 04512 08139
Ahg 1 08858

m 1
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P, =-0024P5 - 0.013P + 17.958

2
(SSD=1.12x10%) @

P, =-0010Ps - 0.007P¢ + 8931 )
(SSD=1.87x10%)

P3=-0022P5 - 0.018P; + 16732 @
(SSD=373x10%)

P, =-0010P5 - 0.011Pg + 6022 )
(SSD =3.84x 10

Ps=1270P,,, - 59483k - 42312 ©
(SSD=1.17x107)

Pg=-0983P5 + 1052P,,,, - 52.209 @

(SSD=252x10%)

where SSD is the sum of the variances between
the original values that were used to derive Egs.
(1) to (7) and the estimated values due to the
equations. The very small values of SSD in Egs.
(1) to (7) were enough to confirm their accuracy.
They must be solved as a simultaneous equation

in applying for practical uses.
2. Verification of approximate equation

By substituting several values of h5 and /g into
egs. (1) to (7), the sets of pumping rates, P, (n =
1 to 6), according to the values of hs and hg were
obtained. The simultaneous withdrawals with
these sets of P, resulted in the changes of heads
with pumping times at well no. 1 to 6 as shown
in Figure 3. In order to verify the reliability of
approximate equations for practical uses, the I
and hg that were substituted into egs. (1) to (7)
and the pumping limited heads at wells no. 1 to
4 in Table 1 were compared with the estimated
heads at all wells due to simultaneous with-
drawals. The variances between them were less
than 107.

The limits of heads at well no. 5 and 6 used

for obtaining egs. (1) to (7) were:

0.583 m < hs < 2.590 m ®)
2908 m < hg<2.654m )

While the lower limits in egs. (8) and (9), 0.583
m and -2.908 m, mean the pumping limited
heads at wells no. 5 and 6, the upper limits, 2.590
m and 2.654 m, indicate the heads at wells no. 5
and 6 obtained by the simultaneous withdrawals
with P; to 4 = SMP and Ps and 6 = 0 [Figure
30)

Therefore, the use of egs. (1) to (7) should
admit the exact estimation of P; to 6 correspond-

ing to various hi5 and hg within the ranges of egs.
(8) and (9).

3. Examination for the build up of ridge
parts

The distributions of equipotential lines were
obtained from the simultaneous withdrawals
under various conditions (Figure 4). We exam-
ined whether the ridge parts are formed between
contaminated and uncontaminated parts and
how their positions did change with conditions.
The conditions added to simultaneous with-
drawals were: (a) Py = SMP; (b) P1p34 = SMP
under /15 = 0.583 m; (c) Pyp34 = SMP under /5,
= 0.7 m; (d) Pyp34 = SMP under h55 = 1.0 m; (e)
P1534 = SMP under h5¢ = 1.3 m; (f) P1g34 =
SMP under hsg = 1.6 m; (g) Py534 = SMP under
hse =19 m; (h) Py534 = SMP under hgg = 2.2 m;
(i) P1p34 = SMP under h56 =2.5 m; and () P1p34
= SMP under P5g =0.

All cases without Figure 4(j) indicated the
occurrence of the ridge parts that have higher

heads than the contaminated and uncontaminat-
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ed parts between them. In the case of Figure 4()),
the changes of heads showed a monotonous
decrease from Tairo Pond to the alignment of
wells no. 1 to 4. This means that the simultane-
ous withdrawal with condition (j), P1534 = SMP
under Ps¢ =0, transports the highly contaminated
water of Tairo Pond and wells no. 5 and 6 into
the alignment of wells no. 1 to 4. On the other
hand, the case of Figure 4(i) produced the broad
ridge part between the contaminated and uncont-
aminated parts, even though the pumping rates
at wells no. 5 and 6 were slightly higher than
zero. Therefore, to adopt the h5 < 2.590 m and
< 2.654 m in egs. (8) and (9) as the upper limits
of egs. (1) to (7) is considered to be adequate.
The case of Figure 4(a) clearly indicated the
build up of the ridge part between the contami-
nated and uncontaminated parts, but the intru-
sion at high rate of the highly concentrated water
from Tairo Pond into the ridge part, also, was
occurred by the large pumping rate at well no. 6,
Py = SMP. This was resulted from much lower
pumping limited head at well no. 6 than that at
well no. 5. Thus, the requirement (c), setting the
heads of wells no. 5 and 6 at the same, should
play the efficient role for preventing the intrusion
at high rate of the highly concentrated water
from Tairo Pond. In the case of the simultaneous
withdrawal with condition (b), P;,34 = SMP
under hs, = 0.583 m [Figure 4(b)], the intrusion
rate from Tairo Pond to the ridge part was large-
ly decreased. In order to satisfy the requirement
(c), the amendment of the lower and upper limits
in eq. (9) is required and the eqs. (8) and (9) are

rewritten as:

0583 m < his = hg <2.590 m (10)

Therefore, the use of the egs. (1) to (7) with eq.
(10) will be expected to be able to serve the exact
pumping rates at all wells enough to satisfy the
requirements (a) to (c), namely, not only largely
decrease the intrusion at high rate of the highly
concentrated water of Tairo Pond and wells no. 5
and 6 into the ridge part but also interrupt com-
pletely the spread of them into the inner part of
study area.

4. Method for acquirement of the water
use with high quality

By the use of the egs. (1) to (7) with eq. (10),
the changes of the pumping rates at well no. 1 to
6 and of their sums with various heads wells no.
5 and 6 were obtained as shown in Figure 5. The
first (left) and second (right) ordinates indicate
the pumping rates at wells no. 1 to 4, P; , 4 and
them at wells no. 5 and 6, P54, and their sums,
Py, respectively.

In all cases, the pumping rates, P, (n = 1 to 6)
and P, have the linear changes with the heads
at wells no. 5 and 6, /5. In details, while Py , 4
were increased with hsg, Ps¢ and Py, were
decreased. This means that the withdrawn areas
at well no. 1 to 4 were expanded with increasing
h56 but them at wells no. 5 and 6 were reduced.
Thus, it is inferred that the ridge part was gradu-
ally moved into the contaminated part with
increasing /15 6.

The ratios of Py y, ¢ to Py, are given in the
second ordinate (right) of Figure 6. The rations of
Py o 4 and P54 were arithmetically increased and
decreased with increasing s, respectively. The
electric conductivities of Py, [the first ordinate

(left) of Figure 6] were estimated as the sums of
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Figure 5. Changes of the pumping rates at well no. 1 to 6 and
of their sums with various heads well no. 5 and 6. The
first and second ordinates indicate the pumping rates
atwell no. 110 4, P, 1,4, and the pumping rates at well
no. 5and 6, Ps g, and their sums, Psum, respectively.
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Figure 6. Changes of the electric conductivity of the sum of
pumping rates at all wells, Pg,,, (first ordinate) and
the ratios of the pumping rates at wells, P; to Pgp,
(second ordinate) with various heads of well no. 5
and 6. Here the subscript of P, iis well number.

the products of the ratios of P; , ¢ to Py, and

the electric conductivities at wells in Table 1.

They were arithmetically decreased with the
increasing /15 as in the case of the ratios of Psg
to P,,,- Thus, it is clarified that the trend of
arithmetical decrease in the electric conductivities
of Py, with the increases of h5, was mainly
resulted from the decrease of Ps , ¢ rather than
the increase of Py 4

In order to acquire the withdrawn groundwa-
ter, water use, with high quality, namely, to satis-
fy the requirement (d), therefore, it is required to
set the heads at wells no. 5 and 6 as close to the
upper limit of eq. (10), 2.590 m, as possible.
Because this also means the large decrease of
P, the determination of pumping rates and
qualities with changing the heads at well no. 5
and 6 should be given by considering the
demand for water use and the capacity and cost

for removing the contained contaminants.

V. Conclusion

We evaluated the groundwater pumping
capacity with consideration of water quality and
suggested the withdrawal method for preventing
the spread of contaminants due to withdrawal at
a catchment area containing interrelated wells in
Miyake Island, a young volcanic island, with
very complicated hydro-geological formations.
The four requirements for solving the problems
were given as: (a) simultaneous withdrawal at all
wells; (b) the higher heads at the ridge part than
at the contaminated part; (c) setting the heads of
well no. 5 and 6 at the same; and (d) increasing
the ratios of the pumping rates at well no. 1 to 4
or decreasing them at well no. 5 and 6 to the
sum of pumping rates at all wells.

The withdrawal method for protecting the
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uncontaminated part from the spread of contami-
nants was suggested by the egs. (1) to (7) with
eq.(10) that satisfies the requirements (a) to (c).
The formulation of them is based upon the build
up of the ridge part between the contaminated
and uncontaminated parts that resulted from the
efficient use of barrier wells.

In order to acquire the withdrawn groundwa-
ter with a high quality, namely, satisfy the
requirement (d), it is required to set the heads at
well no. 5 and 6 as close to the upper limit of eq.
(10), 2.590 m, as possible. The determination of
pumping rates and qualities with changing the
heads at well no. 5 and 6 should be given by
considering the demand for water use and the
capacity and cost for removing the contained
contaminants.

The results of this study can be used in taking
a plan for supplying water use as well as pre-
venting the spread of contaminants from some

known contaminated sources.
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