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Abstract

The purpose of this study is to analyze numerically the regeional ground-
water pollution by TCE(Trichloroethylene) and PCE(Tetrachloroethylene) in
J city, Japan and particularly to predict the amount of mass transport
into the river from the groundwater in this region.
Firstly, we examine the field data measured since 1986 and display the

distribution of groundwater level and concentration of TCE and PCE by a
computer. Based on these data, we could roughly guess the interrelation
between the water balance of groundwater and the diffusion of pollutant in
this region.
Secondly, by applying the computer code UNISSF, we conduct the inverse

estimation with the sensitivity analysis considering the water balance in
this region. Through these analyses, we could improve the accuracy of
three parameters such as hydraulic conductivity, groundwater pumping rate
and rate of groundwater discharging into the river and could get the good
estimation model for groundwater flow considering the effect of river.
Finally, we analyze the groundwater pollution and predict the amount of

mass transport into the river from the groundwater in this region,
applying the LOD-CFEM(Locally One Dimensional-Collocation Finite Element
Method), developed by us. We numerically estimated the time variation rate
of mass released into the river from the groundwater, and concluded that
the most part of pollutant would be remained in the groundwater within the
period of our study.

1. Introduction

In order to investigate the causes and establish a suitable remedy action
program, it is important to study regional groundwater pollution rational-
ly and objectively. In recent studies on groundwater pollution in Japan,
numerical methods using the covective-dispersion equation have been
reported for the prediction of contaminant migration in aquifersfe.g.,
Furuichi, 1987].

In this paper, we chose groundwater pollution by PCE(Tetrachloroethylene)
and TCE(Trichloroethylene) in J city in L prefecture, Japan, as a case
study area. Previous field work in this area has been carried out mainly
by the Environmental Agency of Japan and the result of field measurement
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and its statistical analysis were summarized [Environmental Agency of
Japan, 1988]. In addition to those data, the field data of TCE, PCE and
groundwater level measured since 1986 were obtained for this study.
For the computer simulation of groundwater flow, we made numerical mode.
by applying the computer code UNISSF-2(CRC Ltd., 2-dirensional lateral
finite element model). Through the sensitivity analysis and the inverse
estimation considering the water balance in this area, the accuracy of
three parameters such as the hydraulic conductivity, the groundwater
pumping rate and the rate of groundwater discharging into the river were
improved. The result of this improvement will be discussed. Through
these analyses, an acceptable mathematical model for groundwater flow
considering the effect of river was constructed. Then we analyzed ground-
water pollution using LOD-CFEM(Locally One Dimensional-Collocation Finite
Element Method)developed by us. LOD-CFEM is the hybrid model of both LOD
and CFEM. Considering the magnitude of dispersivity and the combination of
contaminant sources, 6 cases of simulation were conducted. The contaminant
mitigation pathway and the time variation rate of contaminant released
into the river from groundwater will be discussed within thp period of
this study.

2. Background

The investigated area is shown in Figure 1. This area is located in the
upstream site of Z-river drainage and surrounded by H-mountains. The
primary site, named Z basin, covers approximately 3.0 km . Important
natural features consist of 4 rivers running through this area(Z, T, B and
J). Z-river has two confluences: one is with T and B-river and the other
is with J-river. Suburban residential, commercial and industrial land now
mainly covers this area. Groundwater pumping for industry and commerce was
counted at 8 points in this area by J-municipal office(Figure 2): total
amount of pumping was 811 m /day in 1989.
The West part of this area from Z-river consists of a flat flood plain,
a diluvial terrace and an alluvial one The land surface in the East part
slopes gently from North-East to South-West, On the East part, there is an
alluvial fan built by Z, T and B-rivers and the trace of the raised bed
river is recognized at an upstream site from this fan. The land surface in
the West part slopes gently from North-West to South-East. Its rolling
landscape has a relief of approximately 30 m.
The depth to groundwater is within the range of 5.0 - 10.0 m. Topograph-
ically, there are two groundwater flows in this area: one flows from
North-West to South-East, and the other flows from North-East to South-
West. The confluence of them flows to the South.
By considering the stratigraphy based on columnar sections by boring,
geologic structure in this area is an alternation of strata of sand-gravel,
silty sand and a clay-layer. Groundwater pollution occurs mainly in the
superficial alluvium(unconfined aquifer) and a high concentration of TCE,
PCE is detected at some points in this area.
The sampling data of hydraulic heads and pollutant concentrations are
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summarized and listed in Table 1, Some of these data are expressed as
contours(Figure 3 - Figure 8), using a computer code NCARG.
The shapes of hydraulic heads distributions in Figure 3 and Figure 4 are
a little different, though each sampling was conducted in the same month
for comparison. The amount of rainfall in each sampling period is
different(1988.02 - 35 mm/month, 1989.02 - 435 mm/month) and the superfi-
cial aquifer is unconfined, so we considered the shift of hydraulic head
contours in each case is due to the difference of the amount of recharging
into this area by rainfall. Therefore, we concluded this shift was
temporary and the annual variation of hydraulic heads did not be taken
into consideration in this study.
The hydrological relation between rivers and groundwater is summarized in

Table 2. By considering the record of river reconstruction in this area
and the comparison between the height of the river bed and the groundwater
level in the vicinity of rivers, groundwater recharge occurs on the
upstream site and discharge into Z-river occurs on the downstream site in
this area. The areal distributions of pollutant concentration are shown in
Figure 5 to Figure 8. As shown in these figures, the plume of contaminated
groundwater extends to South-West. The shapes of concentration distribu-
tions in Figure 5 to Figure 8 are different, because the location and
number of sampling were not the same. In addition to this, Figure 5 and
Figure 6 are mapped from the data of water-sampling and the Figure 7 and
Figure 8 from the data of FP(acronym for Finger Printing) Method. In
Figure 5 of PCE and Figure 6 of TCE concentration, there is a peak at
point A in their contours. In Figure 7 of PCE and Figure 8 of TCE
concentration, there are three peaks like point A, B and C. The relation
between the result of FP measurement and the value of concentration of
pollutants in groundwater is not clear at present in general. FP detects
the amount of gas-phased mass transport in the soil, so this method can be
used to know whether any pollutant exists in the soil or not. Thus, the
possibility of some pollutants' source in the soil can be considered from
the result of FP. Therefore, We consider that at least three definite
sources of pollutants exist in this area. In many cases, the TCE and PCE
are used for degreasing and washing of metal product The field investi-
gation, based on these guesses, was conducted to find out whether the
corresponding facilities(regarded as pollutant sources) are located in the
vicinity of those three peaks or not. Through this investigation, the
existence of corresponding factories was checked at point A and B, but not
recognized at point C.

3. Mathematical Model-.ng

3.1 Assumptions of Modeling

The problem is to analyze mass transfport by groundwater. The following
assumptions are introduced for the numerical studies.
1) PCE exists as solution in groundwater and is not adsorbed.

Organic solvents such as PCE have much higher density than that of
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Table 1. Sampling of Pollutant Concentration
and Hydraulic Head

Concentration

Hydraulic
Heads

Date

1986. 12
1987. 11
-1988. 01

1988. 02
1989. 02

Number of
Sampling Points

57

11

18
13

Corresponding
Figure

Figure-7, 8

Figure-5, 6

Figure-2
Figure-3

Table 2. Hydrological Relation Between River
and Groundwater

The Height of Groundwater Hydrological
River Bed(EL-m) Level(EL-m) Relation

Up Stream Site
of Z-River

T-River
B-River

Down Stream Site
of Z-River

42.7 >
41.4 >
35.7 >

45.0 >
45.4 >

29.7 <
27.0 <

33.8
34.0
31.5

34.7
34.7

30.0 '
29.0

Recharging
from River

Discharging
into River
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O Observation Well

• Pumping Site

No.

l
2
3
4
S
6
7
8

in3/day

23
95
58
8

300
132
110
85

Fig.2 Location of Groundwater Pumping
and Wells of surveying. Totgl
amount of pumpimg was 811 ra /day
in 1989.

Fig.3 Groundwater Level Contour Map for Fig.4 Groundwater Level Contour Map
Analysis surveyed in Feb. 1988. surveyed in Feb. 1989.
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Fig.5 Contour Map for PCE Concentration Fig.7 Contour Map for PCE Concentration
(surveyed). (surveyed, using FP).

v fi fVntour Map for TCE Concentration Fig.8 Contour Map for TCE Concentration
(surveyed). (surveyed, using FP).
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water and conversely have very low viscosity and solubilitv. The
solution containing PCE should be treated as density curren... It is
considered that the inflow of an undiluted solution of PCE falls down
like a finger, reaches the unpermeable layer and then moves along the
slope. But the influence of density current is not counted in this
study because the condition of inflow is not clear in this area.
Adsorption in the soil depends on the amount of organic material.
Since there are many problems to be solved yet, adsorption is also
neglected.

2) The aquifer is considered a single unconfined aquifer and the flow is
given by Darcy's law and remains in steady-state. The two dimensional
lateral mode] can be used for the analysis of groundwater.
Groundwater contamination occurs in the superficial aquifor(unconfined
groundwater) in this area and groundwater excahnge in vertical
direction is negligible: thus a two dimesional approximation seems
valid.

3) The groundwater recharge occurs along Z, T-Rivers and the upstream site
of Z-river and the discharge occurs along the downstream site of Z-river.

The amount of recharge of each river is calculated by equation (1),
considering the river situation.

q = k (B+2H) (1)

where q is the amount of recharge, k is hydraulic conductivity, B is
the width of the river bed, H is the water depth. It is assumed that
the order of the amount of recharge and that of discharge are almost
the same in this area.

4) Infiltration by rain and evapotranspiration are counted in respect of
the land use

The amount of Infiltration by rain is 9.0 mm/day and that of evapo-
transpiration is 2.0 mm/day, and the difference between them, 7 0
mm/day, is counted.

5) Groundwater pumping is counted and the vertical groundwater flow near
pumping sites are negligible.
According to the record, of official count, the total amount of pumping
in this area was 811 m /day in 1989. Pumping wells have longer depth(
it is in the range of 40 m 146 m) than the thickness of the surfi-
cial aquifer (approximately 30 m), so the amount of pumping from each
aquifer is directly proportional to each thickness.

6) This study area is divided into two zones having a hydraulic conductiv-
ity value of 6.3 m/day and 2.4 m/day, respectively.
The hydraulic conductivity was determined by J-municipal office from a
single-well response tests. Zoning was determined from geological
composition.
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3.2 Mathematical Model

The mathematical model is built based on assumptions mentioned above.For
the flow analysis of groundwater, the governing equation is described as
follows.

_£(KiV-I(K^)- Q
 (2)

5xv ax' gyK ay
;

where h is the hydraulic head, K is the hydraulic conductivity, Q is
sink/source term, x, y are the space variables. The velocity is computed
by Darcy's law.

q=-k grad h (3)

where q is the Darcy velocity vector, k is the hydraulic conductivity
tensor. The hydraulic heads are computed by the computer code UNISSF-2.
The velocities are computed by the equation (2) and (3).
In two dimension, solute transport by groundwater is normally described,

using the following convective-dispersion equation.

where C is the concentration of the pollutant,0 is the medium porosity, Kd
is the distribution coefficient, f is the bulk density of the medium, qx,
qy are the components of the Darcy velocity vector. Dxx, Dxy, Dyx and Dyy
are the components of hydrodynamic dispersion tensor and may be defined
[Bear, 1972] as

Dxx=(clLqx
2+flyiy2)/q+Dd (5a)

Dyy=(dLqy
2+«Tqx

2)/q+Dd (5b)

Dxy=Dyx=(<<L-KT)qx qy/q (5c)

2 2where q=(qx +qy ), (X * and(X_ are the longitudinal and transverse disper-
sivities, respectively, Dd is the coefficient of molecular diffusion.
The solute transport model was built by LOD-CFEM(Locally One Dimensional-
Collocation Finite Element Method). LOD-CFEM is the hybrid model of both
LOD and CFEM[Inoue et al., 1984], This method is suitable for efficient
and quick numerical analysis of multi-dimensional unsteady state partial
differential equation. Firstly, Using LOD method, two-dimensional
convective-dispersion equation is decomposed into two one-dimensional
equations:
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x-direction:

(6a)

y-direction:

(6b)

where the terms of _?(ffDxy|5> and >i(0Dyx.-£-) are treated as the

external terms.

Secondly, the numerical discretization of these equations can be done by
CFEM. To stabilize the computation, the term of the time derivative is
treated by the averaging procedure. Detailed descriptions of the numerical
method are abbreviated in this paper. The finite element meshes consist of
275 rectangular elements with 311 nodes. Its length and width are 2000 m,
1500 m, respectively. As the boundary condition in the flow field, the
constant hydraulic heads are imposed, based on the measured data. The
pumping, rainfall, evapotranspiration, recharge and discharge are treated
as sinks/sources terms. All boundary conditions in concentration
calculations are imposed no flux, because the influence of the boundary is
neg ^6x*>\e within this study period. Numerical conditions for the
simulation of concentration are shown in Table 3.

Table 3. Numerical Conditions in Concentration
Simulation

Case Number of
Sources

Dispersivity Time Increment Dimensionless
(m) (day) Number

1
2
3

4
5
6

1
1
2

1
1
2

ocr=ioo, =20

0<r=50, (X =10
« =50, Of'=10
01.J/-50, 04=10

60
60
60

60
60
60

Pe=1.0
F =0.06
G =0.06

Pe=2.0
F =0.06
G =0.03

easel
to 3

case4
to 6

Pe=U-JL/D, F = D 4 / J . /
where JL=100 m,vdt=60 day, U=0. 1 m/day
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4. Discussion

The results of computer simulations are separately discussed for flow
calculations and concentration ones.

4.1 Sensitivity Analysis and Inverse Estimation for flow

The results of the calculation of hydraulic heads, prior to sensitivity
analysis and inverse estimation, are shown in Figure 9. As shown in this
figure, the simulated features of hydraulic head distribution are
comparable to the measured ones(see Fig. 3).
Sensitivity analysis and inverse estimation were conducted, considering

three parameters such as hydraulic conductivities(Kl=6.3 m/day, K2=2.4
m/day), groundwater pumping rates and rates of groundwater discharged into
the Z-river(Rl=800 m /day, R2=100 mjday). Refer to the pumping, two
parameters P5(300 m /day) and P6(132 m /day) were chosen, since those well
depth and the amount of pumping were much larger than those of others.
Firstly, in sensitivity analysis, many simulations for flow were
conducted, while changing the combination number of parameter. In each
case, the sum of residue square(RSQ) between 8 measured values at 8
observation wells in this area and computed ones, were calculated.
Considering the variation of RSQ and comparisons between hydraulic head
distributions computed in each case, we can recognize that the model is
the most sensitive for the changes in discharging rates whereas the
changes in hydraulic conductivities and groundwater pumping had less
marked effect.

Nextly, inverse estimation for these three parameters was conducted by
the computer code UNISSF-1(Indirect method based on nonlinear least square
method, CRC Inc., 1989). RSQ, mentioned above, was used as a model
identification criterion. The variation of RSQ calculated throughout the
estimation is shown in Figure 10. As shown in this figure, RSQ is
decreased as the number of unknown parameters is increased. Figure 11
shows the variation of the residue of water balance(RWB). Note that great
improvement in the behavior of RWB was not recognized, though RSQ was
reduced while the estimation was proceeding within this study. One of
reasons is due to the algorithm of inverse estimation used in this study
without constraints for water balance. Therefore, we think the inverse
estimation should be conducted with constraints not only for hydraulic
heads but also for water balance. In this study, we adopted the parameters
minimizing the value of RWB, tentatively.

Throughout those analyses, the acceptable model that reflected the water
balance situation in this area were obtained within this study. Figure 12
shows the refinement of hydraulic head distribution, throghout the yiverse
estimation. The RSQ was reduced from 8.7E+01 m to 4.9E+01 m . The
thickness of aquifer is approximately 30 m, so the error (about 1 m,
((RSQ) /8/Ho)) is within 3 % of it.
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- • / - * * / • • <̂ - • ys.

Fig.9 Contour Map for Groundwater Level(computed).
Note that the result of calculation, prior to
sensitivity analysis and inverse estimation.
is shown.
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1 2 3 4 5 6 7

The Number of unknown Parameters

Fig.10 Relation between the RSQ and the Number of
unknown Parameters. Note that RSO is decreased
as the number of unknown parameter is
increased.
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RYVB <m3 /s )
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o
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(R. P)
o

of RWB, prior to
estimation

<R. P. K)

:The Residue of
Water Balance

R:Discharging
P:Pumping
K:Hydraulic

Conduct ivity

4 5 6 7
The Number of unknown Parameters

Fig.11 Relation between the RWB and the Number of
unknown Parameters. Note that great improvement
in the behavior of RWB is not recognized,
though RSQ is reduced as the number of unknown
parameter is increased.
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Prior to
~* the Inverse Estimation
With the Inverse Estimation
for R

With the Inverse Estimation
for R and P, simultaneously

Fig.12 The Refinement of Hydraulic Head Distribution
throughout the inverse estimation. Three
different 32-ELm hydraulic head contour lines
are shown. Note that the shape of each 32-ELm
line is improved throuhout the estimation.
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4.2 Concentration

Figure 13 to Figure 15 show the results of simulation of case 1, case 2,
case 3, respectively. From thses figures, the essential features of
concentration distribution measured are approximately reproduced by the
case 3 and it is derived that the number of source is plural, not singular.

Since we used continuous standardized unit sources, the results of
simulation are not quantitatively compared with the measured data, shown
in Figur 5 to Figure 8. However, patterns of diffusion can be discussed
qualitatively, from the view points of the number of pollutant sources,
the dispersivity and others.
As shown in the results of case 3, the plume tends to diffuse along the
direction of groundwater flow. Then the decrease of concentration, caused
by discharges of groundwater into river, is recognized in the vicinity of
points where the discharge into the river occurs. This tendency is
recognized in all cases. Figure 16 shows the sensitivity of dispersivity
in simulation of case 6. Though the diffusion occurs more quickly than
that of case 3, the pattern of diffusion of case 6 is recognized to be
similar to that of case 3.
Figure 17 shows the time variation rate of the pollutant, released into
the river from groundwater, caused by discharges. The rate is calculated
by the equation (7).

RR(%)=100.0 Haout / Hain (7)

where RR is the percentage of Haout to Hain, Haout is the amount of the
pollutant released into the river, Hain is the total amount of the
pollutant injected from the sources. As shown in this figure, RR is
increased with the increase of the dispersivity. From the comparison
between case 1 and case 2, the value of RR in case 2 is larger than that
of RR in case 1, so the value of RR depends on spatial distance along the
groundwater flow direction between the location of each source and the
discharging point. In case 3 and case 6, the values of RR(T = 15 years)in
each case are 3.4 %, 2.8 %, respectively, so the most parts of pollutants
are remained in the aquifer within this study period.
If both the injection of pollutant and the groundwater discharge into the

river occur under the stable condition, it is expected that the rate of
pollutant released into the river will reach to the steady state and RR
will be constant after the long time. However, RR is increased with the
increase of time and such tendency is hardly recognized within this study
period. We think it is due to the scale of the investigated area and it
will take longer time than the study period until the steady state.

5. Conclusion

This paper leads to the following major conclusions.
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(a)

(b)

Fig.13 Results of Simulation Case 1.
(a)T=3year.(b)T=15year.

Fig.14 Results of Simulation Case 2.
(a)T=3year.(b)T=15year.
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(a) (c)

Fig.15 Results of Simulation Case 3.
(a)T=3year.(b)T=9year.(c)T=15year.
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Fig.16 Results of Simulation Case 6.
(a)T=3year.(b)T=15year.
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Fig. 17 The Time Variation Rate of mass released into
the River from Groundwater.
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1. Prior to the simulation of concentration, it is necessary to construct
the rational model for groundwater flow. The improvement of model for
groundwater flow considering the effect of river was carried out by
the sensitivity analysis and by the inverse estimation. Through these
analyses, the model for groundwater flow is the most sensitive for the
changes in discharging rates whereas the changes in hydraulic conduc-
tivities and groundwater pumping had less marked effect.

2. We recognized the usefulness of the inverse estimation with the
sensitivity analysis in modeling for regional groundwater flow. It was
proposed that the inverse estimation should be conducted with
constraints not only for hydraulic heads but also for water balance of
the investigated area.

3. We analysed the groundwater pollution problem by applying LOD-CFEM and
reconized its applicability to thif, problem. Through the simulations
of concentration, we estimated the pollutant movements considering the
effect of river. After discussing about the time variation rate of
mass released into the river, we concluded that the most part of the
pollutant would be remained in the aquifer within the period of this
study.
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