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PORE-SCALE VARIATION IN RETARDATION FACTOR AS A SOURCE OF
NON-IDEAL REACTIVE BREAKTHROUGH CURVES

F. SUGITA
National Institute for Earth Sciences and Disaster Prevention
Tsukuba, Ibaraki 305 Japan
R.W. GILLHAM
Waterloo Centre for Groundwater Research
University of Waterloo
Waterloo, Ontario, CANADA N2L 3G1

ABSTRACT. Non-reactive solute transport in a homogeneous medium can be described
successfully by the classical advection-dispersion equation (ADE). However, the results of field
and column experiments almost always give breakthrough curves (BTCs) for reactive solutes that
seriously deviate from the local equilibrium assumption based ADE. Although this non-ideality of
reactive BTCs is often attributed to physical or chemical kinetics, some evidence indicates that
kinetic mechanisms are not sufficient. This paper presents a mechanism which accounts for non-
ideality only for reactive solutes in a homogeneous medium under equilibrium sorption conditions.
The proposed mechanism is based on pore-scale variation in the. retardation factor (R). The effect
of the mechanism on BTCs was assessed by mathematical experimentation using a stochastically
derived macro-dispersivity equation which accounts for retardation factor variation in the medium.
In the examples presented, the stochastic dispersivities calculated for reactive solutes, which
account for pore-scale variation in R, are significantly larger than those for non-reactive solutes.
The BTCs predicted with the stochastic dispersivities showed better agreement with the
experimental reactive BTCs by showing typical non-ideality, than the ones predicted with
conventional dispersivities. Although this model is based on a highly hypothetical porous medium,
it is concluded that pore-size variation in R contributes to non-ideality observed in reactive BTCs
even in a homogeneously packed column under conditions of equilibrium sorption.

INTRODUCTION

Most cxisting models that represent solute transport in a porous medium are based on the
advection-dispersion equation (ADE). Non-reactive breakthrough curves obtained in homogeneous
media are known to be well described by the ADE. When instantaneous equilibrium with a
singular and linear isotherm can be assumed for the adsorption reaction, the reactive solute*
transport should be described by the local equilibrium assumption (LEA) based ADE. However,
the results of field and column experiments almost always give BTCs for reactive solutes that
seriously deviate from the LEA based ADE prediction by showing greater spreading accompanied
with earlier appearance and longer tailing (e.g. Davidson et al., 1968, Reynolds et al., 1982).
Curves which deviate from the LEA based ADE are often called non=ideal BTCs.

Non-ideality of reactive BTCs is often attributed to violation of the LEA (i.c. presence of kinetic
mechanism), and a number of models which account for a kinetic mechanism or mechanisms have
been proposed. However, some inconsistencies have been reported in the application of the kinetic
models. Persistent deviation of reactive curves from ideal curves implies that the mechanism which



causes non- ideality observed in reactive BTCs exists in most porous media. This paper presents a
mechanism which would contribute large spreading of reactive BTCs even in a homogeneous
medium under equilibrium conditions. The effect of the mechanism on BTCs was assessed by
mathematical experimentation using a stochastically-derived macro-dispersivity equation.

THEORY
Anideal BTC for a reactive solute is described by the.LEA based ADE
ac_n&c _.,0c
A5t Pox oK W
where .
rRe1+P2p (2)
n

R is the retardation factor, C is the concentration, ¢ is time, D is the dispersion coefficient, X is

the distance, V is the-average linear velocity, pPp is the bulk density of the medium, n is the
porosity and K is the distribution coefficient. On the scale of an REV, the retardation factor, with
its value averaged over several pores, is uniform everywhere in a homogeneous medium. At the
pore-scale, however, the R value would vary depending on pore size, even though the distribution
coefficient is uniform everywhere. A large pore has a smaller R value because it has a smaller
adsorbing surface area per unit volume of solution, provided that the reaction is a surface process
(Helfferich, 1962). Similarly, a small pore has a large R value because it provides a large
adsorbing surface area per unit volume of solution. Thus, at the pore-scale, the retardation factor
varies from pore to pore depending on the ratio of solution volume to surface area contacted by the
solution.

Micro-scale (pore-scale) variation in solute velocity and molecular diffusion are known to cause
spreading (hydrodynamic dispersion) in the BTCs. Reactive solute velocity is expressed as non-
reactive solute (water) velocity divided by retardation factor, R. If R values are applied at the pore-
scale, the pore-scale velocity variation of a reactive solute could be considerably different from that
of a non-reactive solute and the degree of variation may be larger. This may lead to large spreading
commonly observed in reactive BTCs. The effect of the proposed mechanism was assessed by
mathematical experimentation using a stochastically derived macro-dispersivity equation.

MACRO-DISi’ERSIVITY CALCULATION
Macro-dispersivity equation
It is generally accepted that the dispersion coefficient (D) canbe expressed as
D=AV+D,T ‘ | (3) -

where A is the dispersivity and Dy is the molecular diffusion coefficient in free solution and T is the
tortuosity. The dispersivity, D, has been considered to depend only on properties of the porous
medium. Using stochastic theory, however, recent works that consider the field scale have shown
that a reactive solute could have a dispersivity value that differs from that of a non-reactive solute,
even in the same porous medium, when heterogeneity of distribution coefficient in the aquifer is
accounted for. Several macro-scale theoretical studies (e.g. van der Zee and van Riemsdijk, 1987,



Cvetkovic and Shapiro, 1990) reported that a negative correlation between pore-water velocity and
retardation factor enhances reactive solute dispersion.

Garabedian (1987) derived an equation for reactive solute dispersivity accounting for retardation

factor variation at the field scale. The final equation he obtained as the asymptotic longitudinal

macroscopic dispersivity for a reactive solute with linear adsorption in a statistically isotropic 3D

medium, is

(05hg*0%A,) . o/A, 11-Y (b, +b,)
R, Y2 R,

A= 12 (4)

where
y=

o (5)

Ajj is the longitudinal macrodispersivity for a reactive solute; R, is the mean of retardation factor
times porosity; Ce, Of and Oy are standard deviations of pKg , log transformed hydraulic
conductivity (f), and n, respectively; Ae, At and Ag are correlation lengths of pKa , f, and n,

respectively; b; and b; are constants; Y is the flow factor; g is the volumetric flux; K7 is the
hydraulic conductivity in the x-direction;J; is the mean hydraulic gradient in the x-direction.

The main underlying assumptions are:1) f, n and K can be described as the sum of stationary
means and perturbations 2) The expected value of each perturbation is zero 3) Linear relation
betweenn andf, and between pK, and f, with a random variation around the linear relationships
existing such that n=a,+b, f+g (8)

pKy=a,+b,f+e (7)
where a; a2 by b2 are constants and g and e are perturbation part of n and pKy respectively.

In order to redefine all the parameters in equation (4) at the pore-scale, additional assumptions
were made: 4) Porosity is uniform because it has no meaning at the pore scale 5) Correlation length
of hydraulic conductivity and distribution coefficient is the same because both parameters are only
functions of pore radius at the pore-scale 6) Perfect pipe flow is occurring in the pores 7) Every
pore has the same distribution coefficient value. Then, equation (4) at the pore scale can be
expressed as 2 2 b
A2 911 X2y
A,).[R2 2 (1) (8)

n

where A, is the longitudinal dispersivity for reactive solute and A is the correlation length of
hydraulic conductivity and distribution coefficient.

Evaluation of the parameters

All parameters on the right-hand-side of equation (8) were evaluated for three different glass bead
media and a sand medium to obtain macro-dispersivities which account for pore-scale variation in
R. Since Ry is a mean value, it was measured in the laboratory. Pore-size (2r) distribution of the
porous media were also measured in the laboratory by the mercury intrusion. The remaining five
parameters on the right-hand-side of equation (8) were evaluated based on the pore-size distribution
as follows.



As pcrfed pipe flow was assumed, f which is the log-transformed hydraulic conductivity is
expressed as

=1 [ PrIE?
f=In[ She ] (9)

where pw is the density of water, Wy is the viscosity of water, r is the pore radius and g is the
gravitational acceleration. Since all the term on the right-hand-side of equation (9) except r are
constants, f is the only function of 7. Thus, the distribution of f could be evaluated based on the

distribution of 7, then standard deviation of f (Or) was obtained.

The flow factor ¥ in 3D is defined by Gelhar and Axness (1983) as
2
Y =] +:6£ ( 1 0 )

Thus it was obtained by substituting the value of O .
Dispersivity for non-reactive solute (45) can be expressed as
2
=212z
A=A [T{'z'] _ (11)

Ap can be obtained by fitting an ADE solution to the experimental BTC. Thus A was calculated by
substituting the obtained values of Of, ¥ and 4, into equation (11).

pKa on'the REV scale is equivalentto 2 K4/ at the pore scale. Thus it is also only a function of 7.
The standard deviation of pK4 was obtained based on the distribution of .

The mean part of equation (7) is
PEg=a,+b,f (12)

where overline denotes mean values. The mean value of PK 4 was plotted against the mean value of
f, and b2 was evaluated from the slopes of the fitted lines.

All six parameters in the dispersivity equation (4) were evaluated for four porous media and
stochastic dispersivities which account for pore-scale variationin R were calculated.

APPLICATION OF THE MACRO-DISPERSIVITIES

The stochastic dispersivity values obtained are listed in Table 1 together with non-reactive
dispersivities and pore-size distributions obtained experimentally. Although non-reactive and
reactive dispersivities should be the same in the same porous medium according to the conventional
ADE theory, the reactive dispersivitics arc found to be approximately four to nine times larger than
the non-reactive ones when pore-scale variation in R is accounted for.

Figure 1 shows BTCs predicted using stochastic and conventional dispersivities, and experimental
BTCs. The difference between the experimental curve and the predicted curve with the
conventional dispersivity indicates non-ideality. It is found that the pore-size variation in R
contributes to approximately half of the non-ideality observed in these cases. Figure 2 shows



Table 1: Non-reactive (4,) and stochastic reactive (4,) dispersivities and pore-size distributions
for the four porous media.

Small Medium Large Medium
Glass Bead Glass Bead Glass Bead  Sand

Pore Size Distribution

‘Mean Diameter (um) 30.90 48.19 60.20 33.49
Standard Deviation 6.16 14.12 . 14.88 12.17
A, (cm) 0.012 0.011 0.008 0.035
A, (cm) 0.047 0.080 0.057 0.312
1.00 f' 1':
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Figure 1: Observed and predicted BTCs using non-reactive and stochastic dispersivities for small
and large glass bead media.
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Figure 2: Observed and predicted BTCs using non-reactive and stochastic dispersivities for the
sand material.

BTCs for a homogeneous medium sand material. The tracer which was strontium was injected as
pulses rather than as a continuous source. In this case, the pore- scale variation in R accounts for
almost all non-ideality observed.

Although the calculation conducted in this paper is based on a number of assumptions and is valid
only for some ideal media, it is shown that pore-scale variationin R significantly contributes to the
non-ideality of reactive BTCs. It is obvious that pore-scale variation in R due to pore-size variation
does exist in real porous media, though its degree of importance may vary. Therefor, it is
concluded that pore-scale variation in R is at least partially responsible for the non-ideality
observed in reactive BTCs.
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SORPTION OF ORGANIC POLLUTANTS ONTO NATURAL SOLIDS:
IONIZABLE ORGANICS IN A SATURATED SYSTEM AND
VOLATILE ORGANICS IN AN UNSATURATED SYSTEM

Y.SHIMIZU, N.TAKEI, S.YAMAZAKI & Y.TERASHIMA
Department of Environmental & Sanitary Engineering
Kyoto University, Kyoto 606, Japan

ABSTRACT. The sorption of pentachlorophenol (PCP, pKa = 4.75) and trichloroethylene
(TCE) onto natural solids, respectively in a saturated and an unsaturated systems, were
evaluated by batch sorption experiments. Experimental results of PCP in a saturated system
indicated that the sorption decreased with increasing pH of the aqueous phase. The sorption of
PCP is dependent upon the degree of dissociation. The ionized species has smaller sorption
coefficients than the non-ionized species. The dependence of the natural solid characteristics
on pH is also considered to have an influence on the sorption of PCP. The sorption
coefficients of TCE from vapor-phase (Kd') were about one to four orders of magnitude greater
than those from the aqueous phase. The Kd values correlate well with the cation exchange
capacity (CEC) and swelling clay content of natural solids. The Kd values decreased with
increasing the moisture content of natural solids. The water on natural solid surface interferes
with the vapor-phase sorption of TCE. Neither the sorption of ionizable PCP nor TCE vapor
were controlled by hydrophobic sorption.

INTRODUCTION

The pollution of subsurface environments including groundwater by organic compounds has
been of growing concern due to their widespread utilization by industrial, agricultural, and
domestic users. Evaluating the transport, potential biological effects, and ultimate fate of
organic pollutants requires knowledge of the sorption behavior of the organic compounds, i.e.
of their distribution between the natural solids (e.g. aquifer materials, soils, and sediments) and
aqueous- or vapor-phases.

Much effort has been put toward understanding the sorption of a variety of hydrophobic
organic compounds onto natural solids from the aqueous phase, The vast majority of the
organic compounds investigated were non-ionizable hydrophobic organic compounds of
limited water solubility (< 103 M) (Karickhoff [1981 & 1984]). For those non-ionizable
organic compounds, the sorption to natural solids from aqueous phase is dominated by
"hydrophobic sorption". Sorption isotherms are linear if the equilibrium aqueous phase
organic compound concentration is below 105 M or below one half of the aqueous phase
solubility (whichever is lower) (Karickhoff [1981 & 1984], McCarty et al. [1981]). For
natural solids, the organic matter constituent dominates the sorption of non-ionizable organic
compounds. Sorption coefficients normalized to organic carbon content of natural solids
(Koc), are relatively independent of other natural solid and aqueous phase characteristics. The
sorption onto the organic matter can be a priori estimated from the hydrophobicity of organic
compounds based on the Linear Free Energy Relationships (Chiou et al. [1981, 1982 & 1983],



Karickhoff [1981 & 1984], Leo et al. [1971), Miller et al. [1985), Schwarzenbach & Westall
{1981)), as indicated by the 1-octanol/water partition coefficient (Kow) (Figure 1).
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Figure 1: Correlation Between observed sorption coefficients (Koc)
and 1-octanol/water partition coefficients (Kow).

The mechanisms of sorption of organic compounds—including neutral (non-ionic and non-
polar) ionic, and polar species—onto natural solids from the aqueous phase have been

by several investigators (Fuerstenau [1971], Hamaker & Thompson [1972],
Haner [1977], Khan [1972], Mortland [1970 & 1985], Stevenson [1972], Voice & Weber
[1983]). An organic compound may be sorbed by the various sorptive mechanisms:

(a) Interactions between an organic ion and the electrical double layer
) Ion exchange
c) Coordination by surface metal cations
(d) lon-dipole interaction
¢) Hydrogen bonding
f) Vander Waals-London forces
(g) Hydrophobic interaction

Due to the heterogeneous nature of natural solids, it is difficult to evaluate the relative
importance of the various sorption mechanisms. Actual sorption processes probably involve



varying degrees of several types of interactions, but often one type predominates (Hamaker &
Thompson [1972], Voice & Weber [1983]).

. The sorption mechanisms (a) and (b) are not important for the non-ionic organic compounds.
Coordination by exchanged metal cations is important when the organic compound is an
electron donor (Lewis base) relative to water, such as amines (Moitland [1970 & 1985],
Stevenson [1972]). The ion-dipole interaction between charged surface and the uncharged
non-ionic organic compound is also expected to be negligible in aqueous solution. Finally,
hydrogen bonding is considered to be an insignificant contribution to the sorption (Mortland
(1970 & 1985])).

These arguments lead to the conclusion that the sorption of non-ionic organic compounds
results primarily from van der Waals-London forces reinforced by the hydrophobic interaction.
The combined effect of these two mechanisms is often referred to as "hydrophobic sorption”
(Hamaker & Thompson [1972], Voice & Weber [1983]). The thermodynamic driving force
for the hydrophobic sorption is the increase in entropy which occurs upon dehydration of the
organic molecules. In the aqueous phase, the non-ionic organic molecule is surrounded by an
envelope of structured water molecules. As the organic molecule is transferred from the
aqueous phase to the non-aqueous solid phase, the structural envelope of water molecules
breaks down and the entropy of the system increases (Chiou et al. [1979], Hamaker &
Thompson [1972], Horvath ez al. [1977 & 1978], Schwarzenbach & Westall [1981], Voice &
Weber [1983]).

The organic carbon referenced hydrophobic sorption is, however, applicable only to a limited
degree to organic compounds which are fully or partially ionized at natural pH values, such as
amines, carboxylic acids, and chlorinated phenols (Means et al. [1982], Schellenberg et al.
[1984]). The pH of the aqueous phase may affect the sorption of ionizable organic
compounds, since the pH affects not only the speciation of ionizable organic compounds but
also the surface characteristics of natural solids (e.g. surface charge and potential).

Many hydrophobic chlorinated organic compounds, such as TCE, tetrachloroethylene (PCE),
and trichloroethane (TCET), volatilize when they are released to the environment due to their
low boiling points. For these volatile organic compounds, the sorption in an unsaturated
system must be considered. The investigations on the vapor-phase sorption onto natural solids
are, however, generally lacking. Under oven-dried conditions, vapor-phase sorption
coefficients have been shown to be highly correlated with specific surface area (Ong & Lion
[1991]). The sorption is greatly affected by the amount of moisture present in the system (Ong
& Lion [1991]).

Given these limited data, the effect of pH on the sorption of ionizable organic compounds in a
saturated system and the relative importance of natural solid characteristics and moisture
content on the sorption of volatile organic compounds in an unsaturated system are not clear.
Additional information would enhance the present ability to predict the fate of such organic
compounds in subsurface environments.

EXPERIMENTAL METHODOLOGY

This research consists of two major subjects in the sorption of organic compounds onto natural
solids: the pH effect on ionizable organic compounds in a saturated system and the influence
of natural solid characteristics and moisture content in an unsaturated system. For batch
sorption experiments, different experimental methodologies were applied to these two subjects.
Each procedure is described in this section separately. )



Measurement of the pH effect

Materials: The PCP was chosen as an ionizable organic compound. The pKa value of PCP in
the aqueous phase is 4.75 (Schellenberg et al. [1984]), which is the smallest among chlorinated
phenols. Therefore, at typical ambient pH values, PCP is present in the water predominantly
as jonized phenolate anion. As internal standard for the quantitative determination of PCP in
the aqueous phase by High Performance Liquid Chromatography (HPLC), 2.4,5-
trichlorophenol (TCP) was used. These chlorinated phenols were purchased from Nacalai
Tesque (> 99%), and used without further purification. High purity distilled deionized water
from a Milli-Q system was used throughout the research. The methanol and acetic acid for
HPLC mobile phases were of special quality. All other chemicals (e.g. acids, bases, and salts)
were of the highest available purity.

Natural solids consist of a heterogeneous mixture of various solid components (e.g. organic
matter, clay minerals, and metal oxides), all of which have the possibility of involving the
sorption of ionizable organic compounds. In this research, six natural solids collected by
US.EPA (i.e. EPA-6, -9, -14, -15, -22, and -23) were selected. They provide a wide range of
characteristics that have been shown to affect the degree of sorption of organic compounds
(Table 1). Two of the most important characteristics for the selection were organic carbon and
swelling clay contents, which range from 0.11 to 2.38wt% and 10.1 to 60.8wt%, respectively.

Table 1: Characteristics of the US.EPA natural solids.

Solid pH CEC iccarbon Swellingclay Specific gravity
(1:1) (meq/100g) (Wt%) (Wt%)
EPA-6 7.83 33.01 0.72 60.8 2.6992
EPA-9 8.34 12.40 0.11 16.3 2.7217
EPA-14 4.54 18.86 0.48 13.8 2.7536
EPA-15  7.79 11.30 0.95 10.1 2.6927
EPA-22 17.55 8.53 1.67 14.8 2.6995
EPA-23 6.70 31.15 2.38 576 - 2.6520

Batch sorption experiments: The experimental aqueous phase was prepared for set values of
pH and ionic strength. The pH (2 to 12) was adjusted by addition of 12 N HCl or 10 N
NaOH. Ionic strength was adjusted to 0.01 M by CaClz. Concentrated stock solutions of
PCP were made up in methanol. The experimental aqueous phase was spiked with the stock
PCP solutions. The concentrations of PCP in the spiked test solutions were less than 1 mg L1
(3.8 x 10" M). The resulting spiked test solutions contained 500 mg L! of methanol, which
does not affect the aqueous activities of PCP enough to cause observable effects on the
sorption of PCP by natural solids (Backhus and Gschwend [1990]).

The batch sorption experiments were carried out in 50 mL (nominal volume) borosilicate glass
centrifuge tubes with Teflon-lined septum screw caps. The natural solids were weighed into
the tubes, and the spiked test solutions were introduced. The mass of natural solids used was
lessthan 1 g. The tubes were closed immediately with the cap, leaving a minimum head space
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to avoid loss of PCP to the gaseous phase. The amount of spiked test solutions were
determined by weight. The samples were equilibrated in the dark at 20°C for 24 hours, A
rotating tumbler (30 rpm.) was used for the mixing, because it has better reproducibility than
other mixing systems (Clunie & Giles [1957], Diamondstone et al. [1982], Roy et al. [1985]).

Sorption is generally regarded as a rapid process (times to reach equilibrium of minutes to a
few hours) and equilibration times of 24 hours are frequently used because of its convenience.
Karickhoff (1980 & 1984), however, reported that true sorption equilibrium may require
weeks (to months) to achieve. In this research, no attempt was made to measure the sorption
kinetics. The PCP may disappear from the system due to adsorption on the glass walls of the
tubes, escape to the gaseous phase, or chemical and biological degradations. In order to
minimize these losses of PCP, the equilibration time of 24 hours was adopted. Therefore, the
sorption coefficient obtained in this research is a conditional sorption (or distribution)
coefficient after 24 hour equilibration.

After equilibration, the aqueous phase was separated from the solids by centrifugation (700 g
for 30 min), and the pH was measured immediately. Then, the internal standard (TCP) was
added to the aqueous phase. After adjusting the pH to 2.0 by 12 N HCI, the aqueous phase
was passed through cellulose nitrate filter (pore-size 0.45 gm) and the PCP concentration in the
filtrate was analyzed by HPLC.

A Yanako HPLC system (L-5000 pump and M-315 UV/vis detector) was used together with
C-18 reversed phase columns, a pre-column (30 x 4.6 mm, YANAPAK ODS-A, 7 um particle
size) and a main column (250 x 4.6 mm, YANAPAK ODS-A, 7 um particle size). A 100 uL
sampling loop was used. The mobile phase was methanol/water/acetic acid, 800/200/1 (by
volume), and its flow rate was adjusted to 1.5 mL min'l. The detector wavelength was set at
210 nm.

Measurement of the vapor-phase sorption

Materials: TCE was selected as the subject for the investigation because it is one of the most
common volatile organic pollutants. The TCE was purchased from Nacalai Tesque (99.5%),
and used without further purification. The six US.EPA natural solids were also used.

Batch sorption experiments: The headspace technique developed by Peterson et al. (1988)
was employed to measure the TCE vapor phase sorption coefficients. The batch sorption
experiments were carried out in 50 mL (nominal volume) borosilicate glass bottles. The natural
solids were weighed into the bottles, and the bottles were immediately sealed with Teflon-lined
rubber septa and aluminum crimp caps. A 0.05 mL of TCE vapor taken from the headspace
over pure liquid TCE at 20°C was injected to each bottle with a 0.5 mL gas-tight syringe. The
initial relative vapor pressure of TCE was 0.073%. The natural solids and vapor were
equilibrated in the dark at 20°C for 24 hours by the rotating tumbler (30 rpm.).

The equilibration time in batch sorption experiments should be the time interval in which the
system reaches chemical equilibrium and the concentrations of the products and reactants cease
to change with respect to time. In this subject, an operational definition of equilibrium
suggested by US.EPA (1982) was adopted, that is, the equilibrium time should be the
minimum amount of time needed to establish a rate of change equal to or less than 5% per 24
hour interval. The kinetic investigation indicated that this operational definition was satisfied
within 24 hours.

After the equilibration, 0.5 mL of the gaseous headspace was withdrawn with a 1 mL gas-tight
syringe and analyzed by a mass fragmentgram method with a gas chromatography/mass
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spectroscopy (GCMS) (Shimadzu QP-1000) equipped with a column of Shimadzu CBP20-
$50-050 (0.50 um film, 50 m x 0.33 mm ID). The column temperature was held at 50°C for
the first 1 min, then increased to 100°C at 20 °C min!. The flow rate of He carrier gas was set
at 30 mL min’l, :

Four different moisture content values, which ranged from 0 to 11.1wt%, were used. First,
the natural solids were dried at 105°C for 24 hours. Then, water was added and mixed for 24
hours with the rotating tumbler (30 rpm.).

Sorption coefficients (Kd') are determined by the slope of the following relationship:

Cei-vVG1 _ ., M
Car-Var - Kd'sz +1 1)

Equation (1) can be obtained by equating the mass balance relationships for bottles with natural
solids to control bottles without natural solids (Peterson et al. [1988]). In Equation (1), M is
the oven-dried mass of the natural solids (masses used ranged from 0.05 to 4 g depending on
the moisture content of natural solids), CG1 and Cgz are the headspace concentrations or
equivalently the GCMS signals for a control bottle and a sample bottle, respectively, and VG;
and VG are the volumes (mL) of the control bottle (measured as 68.55 mL) and the available
gas volume (i. e. total volume less volume of natural solids) of a sample bottle, respectively.

RESULTS AND DISCUSSION
Effect of pH on the sorption of PCP
Figure 2 shows the effect of pH on PCP sorption for the natural solid EPA-6.
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Figure 2: Effect of pH on the sorption of PCP onto EPA-6.
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In this experiment, the initial PCP concentration in the spiked test solution and natural solids
added to the centrifuge tubes were set at 1 mg L'! and 1 g, respectively. The same tendency,
decrease in sorption with increasing pH over the entire pH range tested (2 to 12), was observed
for the other three natural solids (EPA-15, -22, and -23). For EPA-9, no appreciable amount
of sorption was obtained with the experimental condition used in this research. This may
resulted from the fact that the organic carbon and swelling clay contents of this natural solid
were simultaneously low (0.11 and 16.3wt%, respectively). For EPA-14, the pH adjustment
greater than 5 could not be achieved, since the original pH of this natural solid was low (4.54,
which was measured on a solid/water, 1/1 suspension).

Schellenberg et al. (1984) investigated the sorption of several chlorinated phenols onto natural
solids. They considered the sorption of non-ionized phenols, but the sorption of phenolate
anions was not included in their analysis. For highly chlorinated phenols (i.e. tetra- and penta-
chlorophenols), it was suggested that the phenolate sorption could not be neglected, since these
compounds are present predominantly in the ionized form at ambient pH range.

In this research, a simple mathematical model was developed including the sorption of
phenolate anion. The ionization of PCP is expressed by the acidity constant (Ka').

In Equation (2), A" and AH are onized and non-ionized PCP species, respectively. The
brackets, [ ] and { }, represent the concentration and activity in the aqueous phase,
respectively. If the ionized and non-ionized PCP species have different sorption coefficients

(K4 and K, respectively), the overall sorption coefficients (Kd) can be given by

_ KAAH] + KA1
Ka=""1aH] + [A] @

Combining Equations (2) and (3) yields

Ka(1 + {‘}‘{1’}) =Kd + K¢ {‘l‘;ﬁ} @

In the pH range between 6 to 8, the plot of Equation (4) for the natural solid EPA-6 is
presented in Figure 3. From the linear relationship (correlation coefficient, R = 1.00) in Figure
3, K& = 55.5 mL g! and K& = 2061.6 mL g! are obtained as the slope and intercept,
respectively.

For the other three natural solids (EPA-15, -22, and -23), Kd and K& were also obtained by
the linear relationship (Table 2). The values of K4 are more than one order of magnitude
smaller than those of K. The contributions of the non-ionized and ionized PCP to the
sorption are estimated based on the sorption coefficients in Table 2. The estimation for the
natural solid EPA-6 is presented in Figure 4. The sorption not only of the non-ionized PCP
but also of its ionized PCP can occur. When the pH was greater than 7, more than 90% of the
sorption resulted from the sorption of ionized PCP. The agreement between measured and
estimated values for the sorption also indicates that the pH has only negligible effect on the
characteristics of the natural solids in this pH range (6 to 8). However, when the data analysis
was expanded to the pH ranges below 6 or above 8, the simple mathematical model could not
describe the pH effect on the sorption of PCP. In order to develop the mathematical model
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which can be applicable to the data of broader pH range, the pH effect on natural solid
characteristics must be included. Similar results were obtained for the other three natural

solids.

100000

Kq(1+Ka/{H"})

Kd(1 + K&/{H*}) = 2061.6 + 55.5K4/{H*},
R=1.00

Oy 300 1000 1500 2000
Ka/{H*}

Figure 3: Estimation of Kd for non-ionized and ionized species of
PCP for EPA-6.

Table 2: Estimated sorption coefficients of PCP
for the US.EPA natural solids.

Solid Sorption coefficient (mL g-1)
Non-ionized PCP Ionized PCP
EPA-6 2,061.6 55.5
EPA-15 1,192.8 20.0
EPA-22 901.3 16.3
EPA-23 1,765.0 572

Correlation coefficients of the natural solid characteristics to the sorption coefficients of non-
ionized and ionized species were calculated (Table 3). The organic carbon content of the
natural solids had a poor correlation. On the other hand, CEC and swelling clay content were
highly correlated. These results indicate that mechanisms other than hydrophobic sorption to
the organic matter of natural solids must be considered when ing with the sorption of
hydrophobic organic compounds containing ionizable functional group(s) which may strongly
interact with the various organic and inorganic constituents of natural solids.
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Figure 4: Sorption of PCP onto EPA-6. Symbols represent
experimental data and lines are estimated.

Table 3: Correlation matrix (R) for sorption coefficients
of non-ionized (Kd°) and ionized (Kd) PCP

at6 < pH <8.
Correlation coefficient
Solid characteristics Kd K¢
pH (1:1) 0.18 0.46
CEC (meq/100g) 0.97 1.00
Organic carbon (Wt%) 0.12 0.19
Swelling clay (wt%) 0.94 0.99

Influence of natural solid characteristics and moisture content on the sorption
of TCE vapor

Table 4 summarizes the vapor phase sorption coefficients of TCE (Kd') under various moisture
contents. The sorption coefficients under saturated conditions (Kd), which are estimated from
the Equation shown in Figure 1 with Kow of TCE (logKow = 2.29), are also given in Table 4.
The values of Kd are about one to four orders of magnitude greater than those of Kd for all six
natural solids under the moisture contents tested in this research. The organic carbon content
of natural solids cannot be used as a predictor of Kd .
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Table 4: TCE vapor phase sorption coefficients under different moisture content
(Kd) and estimated aqueous phase sorption coefficients (Kd).

Solid Sorption coefficient

Kd (mLg1) . Kd(mLgl)
EPA-6  2,196.9(0) 989.0(1.0) 25.3(5.9) 7.2(10.6) 0.69
EPA-9 4102(0) 249.0(0.6) 6.3(1.7) 1.0(5.0) 0.11
EPA-14  888.7(0) 328.2(1.1) 123(3.8) 23(8.2) 0.46
EPA-15 450.0 (0) 248.5(0.5) 36.0(1.6) 14.3(4.7) 0.92
EPA-22  200.7(0) 51.3(0.5) 23.7(1.3) 82(4.7) 1.61

EPA-23 1,713.3(0) 1,877.6 (1.5) 44.2(5.2) 10.9(11.1) 2.30

Values in the parenthesis represent moisture content (%) of natural solids.

Table 5 provides the correlation coefficients of K4 at oven-dried conditions to the natural solid
characteristics. The CEC and swelling clay content were highly correlated. Ong & Lion
(1990) observed the highest correlation between the sorption of TCE vapor and specific surface
area of nal solids under oven-dried conditions. Specific surface area measurements were
not available during the course of this research. The specific surface area, in general, has high
correlation t C and swelling clay content in natural solids. Therefore, the mineral surfaces
of natural solids play an important role in the sorption of TCE.

Table 5: Correlation matrix (R) for TCE vapor phase
sorption coefficients under oven-dried
conditions.

Solid characteristics ~ Correlation coefficient

pH (1:1) ' 0.11
CEC (meq/100 g) 0.99
Organic carbon (wt%) 0.22
Swelling clay (wt%) 0.94

The influence of moisture content for the six natural solids is shown in Figure 5. On Figure 5,
the ordinate is the K4 values at various moisture contents normalized with respect to Kd at
oven-dried condition of each natural solid. The sorption is decreased with increasing moisture
content for all six natural solids. A possible reason is that sorption of water onto natural solids
results in a decrease in sorption sites available for TCE vapor. It is, however, interesting to
note that the decrease in the sorption is not necessarily consistent for all natural solids. For
EPA-9 and -23, which respectively have the lowest and highest organic carbon contents among
the six natural solids, show rapid and slow decreases, respectively. Although water is sorbed
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both by organic and mineral constituents of natural solids, the water sorbed by the organic
matter may give less interference in the sorption of TCE vapor than that by the minerals.
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Figure 5: Effect of moisture content on TCE vapor phase sorption.

CONCLUSIONS

The predominance of organic carbon in "controlling" the sorption of non-ionic hydrophobic
organic compounds from the aqueous phase to natural solids of very different origins has been
extensively documented. The generalized experimental observations have suggested that the
sorption of those organic compounds results primarily from "hydrophobic sorption," and those
compounds are sorbed predominantly by the organic matter of natural solids. The sorption
coefficient for a natural solid consisting of multiple components can be reduced to a form
containing only sorption to organic matter as the controlling phase.

This research indicates that the sorption of ionizable hydrophobic organic compound (i.e. PCP)
depends upon the pH of the aqueous phase, because the non-ionized and ionized species have
different sorption coefficients, and the natural solid characteristics are dependent upon the pH.
The sorption cannot be predicted by the hydrophobic sorption. Moreover, the use of saturated
sorption coefficients for TCE onto natural solids as an approximation for vapor phase sorption
is not valid. The water sorbed by natural solids reduces the sorption of TCE vapor. The
sorption of ionizable PCP and TCE vapor are controlled primarily by mineral constituents of
natural solids, which is indicated by the high correlations of the sorption coefficients of these
organic compounds to CEC and swelling clay content.

Overall, this research provides additional insights on the sorption of organic compounds onto
natural solids. The practice of assuming the hydrophobic sorption for ionizable organic
compounds and organic vapor should be avoided to obtain accurate predictions. Various
natural solid characteristics (organic carbon content, particle size distribution, clay mineral
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composition [amount and type], pH, CEC, and specific surface area) are considered to affect
the sorption of these organic compounds. Among them, CEC and swelling ¢lay content may
be the most important characteristics to the prediction. Further investigation is, however,
required to make a final conclusion, since the combination of only two organic compounds and
six natural solids was used in this research.
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THE DISTRIBUTION OF CONTAMINANTS CONTRIBUTED FROM MULTIPLE
POLLUTANT SOURCES IN GROUNDWATER FLOW SYSTEM

D. SANGER & Y.SAKURA
Department of Earth Sciences, Chiba University
Chiba City 263, Japan

ABSTRACT. This research was to study about the pollution plumes spreading process in
groundwater flow system caused by the organic chemical waste product from muitiple pollutant
sources as consequence of industrial activities at the study site, which locates in the Shimosa
Upland covered by Kanto loam. First, we gathered all the important data, these were the
hydrogeological and industrial data of the study site and the field observation result of
contamination in boreholes and wells. Then we applied the U.S. Geological Survey modular 3-
dimensional finite difference groundwater flow model and a modular 3-dimensional transport
model to simulate the groundwater flow and the pollution plumes spreading process and estimate
the extent of the plumes. The mass transport here involved the processes of advection, dispersion,
linear sorption, and sinks and sources, and the investigated contaminants mass was halogenated
organic compounds. On the basis of the results of pollution measurement at the observed aquifer
and the simulation of mass transport process, we could trace the pollution plumes and confirm the
location of their sources. We could also estimate the extent of the plumes at present, characterize
their size, shape, and movement, and predict their moving plume in groundwater flow system in
the future.

INTRODUCTION

The intensive exploitation of natural resources and the large production of wastes in modern
lifestyle often threaten to be worse groundwater quality and already have resulted in many incidents
of groundwater contamination(Fusillo et al.,1985; Guerrera, 1981; Reinhard & Goodman, 1984;
Seraglitz & Miller, 1978). The vast subsurface reservoir of fresh water, which was relatively
unblemished by man's activities a few decades ago, is gradually becoming degraded. Extensive
evidence from laboratories across many countries in the last few years indicates that misuses,
mishandling, or improper disposal of a group of chlorinated organics has caused widespread
groundwater contamination(Petura, 1981). Since the maximum allowable concentration of these
substances in drinking water is often on the order of a few parts per billion, it is obvious that even
very slight leakage from industrial wastewater can lead to serious incidents of groundwater
contamination. Organic compounds reach the unsaturated and saturated zones as the result of
natural processes or are added by man in his effort to control the ecosystem or to dispose of his
wastes. The sources of this kind of groundwater contamination are many and the contaminants
numerous, and its appearance looms over industrialized, suburban, and rural areas. It has created a
dilemma that requires the attention of public health officials and professional specialist in chemistry,
hydrogeology, and environmental sciences and engineering(Dunlap, 1981; Fetter, 1988).

The objectives of this study were (a) to study about pollution plumes spreading process in
groundwater flow system caused by the organic chemical waste product from multiple pollutant
sources as consequence of industrial activities at the study site; (b) to carry out a number of
experiments by using a model in order (i) to estimate the extent of the plumes; (ii) to confirm the
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source of contaminant as suggested by a soil organic vapor survey and wells observation in the
study site; and (iii) to make prediction about future distribution of the plumes. This study focused
on four particular chlorinated organic compounds as contaminants detected at study site, these were
trichloroethylene, tetrachloroethylene, trichloroethane, and carbon tetrachloride. They are volatile,
weakly hydrophobic, slightly degradable, and toxic(Petura, 1981; Fetter, 1988; Domenico &
Schwartz, 1990). These compounds do not naturally exist in groundwater resources. If spill onto
the ground and allowed to contact water, they will have only lighted solubility, and sink to the
bottom of the water phase(Schwille, 1984).

STUDY SITE
Location of the study site

The study site is located on the Shimosa Upland in the north of the Boso Peninsula as shown in
Fig. 1. Administratively, it is a part of Chiba City in Chiba Prefecture, Japan. The length and width
of this study site is 2 km and 1.5 km, respectively. Fig. 2 shows the topographic map of study site
with 2 m contour interval, the location of factories, and a number of factory's pumping wells
which have a screen layer depth between 13 and 70 m below the ground surface. Municipal's
pumping wells were not drawn here because it is assumed that the water quantity pumped from
these wells is less enough to be neglected compare to the drawn pumping wells. The actual areas of
each factory is wider than the factory mark on this figure. Beside the drawn factories in Fig. 2,
there are some industrial activity locations that have a possibility to be a chlorinated organic
pollutant source, but they were not observed and recorded by the survey team.

Geological structure

Geologically, the study site and area surrounding study site is composed of the quarternary system
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Fig. 1 Location of the study site.
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Fig. 2 Topography of the study site and location of factories and
pumping wells. '

with the Shimosa Group and the Kanto Loam formation in the upland regions and the alluvium
sediment distributed along the rivers. The Shimosa Group is composed of shallow marine sands
and fresh or brackish water mud(Omori et al., 1986). The mud beds interbedded by the sandy beds
are mainly composed of silt and/or clay, and are locally accompanied by gravel beds of fresh water
sediment forming channels. The geological structure of the study site at three boreholes is shown in
Fig. 3. Its subsurface consists of interbedded gravels, sands, silts, and clays with some hardpan
layers. Subsurface is dominantly composed of sand, and it has three aquifers separated by silt-
clay layers. The first aquifer is separated by a thin discontinuous silt-clay sediment layer to be the
upper and lower aquifers. The thickness of each aquifer and each silt-clay layer is varied in space.
This figure also shows the hydraulic head for each borehole for three different depths.

RESULTS OF FIELD SURVEY
Agquifer system

The subsurface of study site could be illustrated as Fig. 4. Three main producing aquifers,
separated by significant thicknesses of silt-clayey sediments that form semi-confined aquifer at first
aquifer and confined aquifers at second and third aquifers, have been identified beneath the study
site area. In this report, these aquifers are referred as first, second, and third aquifers, respectively.
First aquifer is separated by a thin silt-clay to be the first-upper and first-lower aquifers. The
hydraulic heads of the first upper aquifer and the first lower aquifer are not so different at the same
observation point of study site as shown in Fig. 3. The hydraulic head difference between the
first-lower aquifer and second aquifer is quite large compare to the hydraulic head difference
between the first-upper and first-lower aquifers. Fig. 5 shows the distribution of the hydraulic
head of the first upper, first lower, and second aquifers reported in March 1991 by the field survey
team.
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Fig. 5 Distribution of hydraulic heads at (a) first upper, (b) first lower, and (c) second
aquifers.

The average porosity of aquifer sampled from the boreholes was 0.25, and hydraulic conductivity
of the first-upper, first-lower, and second aquifers surveyed by the pumping test were 3.53x10-4,
3.46x10-4, and 1.33x104 m s-1, respectively. The precipitation on the surface of study site is
about 1300 mm year-!. About 600 mm year! from this amount recharges into the subsurface and
the remain is removed by the evapotranspiration and surface flow processes.

Contaminated wells

The observation result of contaminated wells at study site is shown in Fig. 6. The wells observed
by the survey team were only the shallow wells, Most of the observed wells have a screen layer
less than 60 m deep below the ground surface. At some areas, we have got only a few data of
observed wells, for example at the upper left hand side of Fig. 6. At some other sub-areas we have
got enough data of observed wells, for example at the sub area surrounding the center-left hand
side(west side) of Fig. 6. The east-south side of this area was not interested because it belongs to
the other watershed and there was no enough data to be studied. A black dot(-) mark represents an
uncontaminated well. In the following sub sections, sub area is defined as a part of study site area
which locates near or surrounding the factory as shown in Fig. 2.
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Fig. 6 Observed result of contamination in the wells at study site.



Trichloroethylene: Trichloroethylene(TCE = C;HCl3) contaminants were found in many and wide
sub areas and one of the most frequently detected in the observed wells. At least we could
recognized that there were five contaminated sub aquifers. In Fig. 6, each red circle represents the
location of well where TCE pollutant was detected. A small, medium, and big circle(®) marks
show the pollutant concentration(C) < 0.001, 0.001 < C <0.01, and C > 0.01 ppm, respectively.

Tetrachloroethylene: In Fig. 6, each circle(®) shows the contaminated well by tetrachloroethylene
(PCE = perchloroethylene = C,Cly) pollutant. A small, medium, and big circle marks show the
pollutant concentration £0.01, 0.01 < C <£0.1, and C > 0.1 ppm, respectively. Wells near location
of factory Fs(in Fig. 2) seem to be the most polluted wells by PCE. This is because of cleaning
service industry at factory Fo. The contamination of groundwater near the PCE pollutant source is
higher than that of the farther one. At location near P3, some wells have been detected contaminated
by PCE, but their distributions had no specific pattern plume, so that it is difficult to recognize
their pollutant sources.

Trichloroethane: 1In Fig. 6 each trichloroethane(TCA = C2H3Cl3) contaminated well is represented
by a triangle(a) mark. A big, medium, and small marks represent the pollutant concentration <
0.01,0.01 < C<0.1, and C > 0.1 ppm, respectively. These contaminated wells were found near
area along the road at the northeast area of Fig. 6. There is possibility that the TCA pollutants were
first transported by the surface flow of waste water at the drain parallel to the road. Then the
wastewater infiltrated downward and spread to the sub aquifer under its drain. The data of TCA
consumption for each factory near the TCA contaminated wells were not known, and as a
consequence their pollutant sources cannot be identified.

Carbon tetrachloride: Like TCE contaminant, this pollutant was also frequently detected at the
observation wells in study site, and its distributions cover many sub areas. Each contaminated well
by carbon tetrachloride(CTET = CCl4) is shown by a green rectangular(w) mark in Fig. 6. A small,
medium, and big circle mark shows the pollutant concentration < 0.001, 0.001 < C<0.01, and C
> 0.01 ppm, respectively. At the center part of Fig. 6 there are some CTET contaminated wells but
they are surrounded by the uncontaminated wells. This condition was probably caused by a pulse
pollutant source type or local sources of CTET.

METHOD
Basic principles

Based on the observation result of hydrogeology, distribution of contaminated wells, and industrial
activities in this study site, the possible sources of pollutants and the distribution of pollutants were
studied and analyzed. The data of factories that recorded the beginning year of use and kinds of
chlorinated organic compound for each factory identified to be a pollutant source were used as
information to estimate the beginning year of aquifer contamination. This step was followed by an
aquifer modeling and the simulations of groundwater flow and contaminant transport processes
using MODFLOW(McDonald & Harbaugh, 1988) and MT3D(Zheng, 1991) models, respectively.
The estimated simulation time of contaminant transport process is counted since the first time
contaminants reached the saturated zone, i.e. the top of aquifer. A time approximating contaminants
transport through the unsaturated zone to the saturated zone was not kind of this study concern.
Adding or subtracting 0.5 year to the estimated simulation time sometimes would give a better
matching between the observation result and simulation result of pollution plumes, but in this study
only the integer number of years of the estimated simulation time was chosen. From the
comparison of the simulated distribution of pollution and actual one, we can find the appropriate
simulated distribution of pollution for the future prediction of moving plumes.
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The simulation was carried out with assumptions:

(a) A geology characteristic of aquifer is homogeneous and isotropic; (b) Hydraulic head at any
point in aquifer system is constant along the year, i.e. steady state condition; (c) The mass pollutant
transport process does not influence the movement and velocity of water flow; (d) Pollutants
entered aquifer system have a low concentration, so that they are dissolved in water and the mass
transport equation is valid for this condition; (e) Pollutant sources are continuous pollutant types;
and (f) No biological process of degradation and no mass chemical transport process except linear-
sorption process.

Aquifer modeling

In order to simulate the groundwater flow and mass transport processes in the study site, the first
and second aquifers were modeled as grid modeling of aquifer shown in Fig. 7. It has 2 km long,
1.6 km wide, and 56.25 m high. The aquifer is divided to be six layers and the thickness of each
layer is shown in Fig. 7. Each layer consists of 40 X 32 cells, and each cell has 50m X 50m size.
The first layer is above sea level and the other layers are below sea level. This modeled aquifer
covers the first and second aquifers of the study site. In this modeled aquifer, layer 1,2,3 and 4
represent the semi-confined first aquifer, layer 6 represent the confined second aquifer, and layer 5
which is sliced by layer 4 and 6 locates between the semi-confined first aquifer and the confined
second aquifer separated by a silt-clay sediment layer. This model will be used for water flow and
mass transport processes simulation three-dimensionally, regarding calculation of each process
from one cell to the other cells for both horizontal and vertical components.

12 (m)
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Fig. 7 Grid modeling of aquifer.

Parameters of simulation

From the observation results and previous studies, the parameters of simulation were selected as
followings,

porosity(0) = 0.25; bulk density(py) = 1.5 g cm-3; hydraulic conductivity(K) first-upper aquifer =
3.53x10 m s-1; K first-lower aquifer = 3.46x104 m s1; K second aquifer = 1.33x104m s-1; K
silt-clay between 10-7 to 10-8 m s°1; ratio of horizontal to vertical hydraulic conductivity = 100;
longitudinal dispersivity = 20 m; ratio of horizontal transverse to longitudinal dispersivity = 0.3;
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ratio of vertical transverse to longitudinal dispersivity = 0.1; precipitation = 1300 mm year-!;
recharge = 600 mm year!,

The values of K parameter were observed and determined by the field survey team using pumping
test method. Kinzelbach(1986) and Domenico and Schwartz(1990) reviewed the reported studies
on longitudinal dispersivity values in numerous locations at various scale of observation. On the
basis of their reports of scale of observation versus longitudinal dispersivity, we estimated the
longitudinal dispersivity as shown value above. For a linear isotherm adsorption process, the

retardation factor(R) can be calculated by an equation R = 1 + K4(p/0) (Freeze & Cherry, 1976;
Javandel et al., 1984). Avon and Bredehoeft(1989) made a safe assumption for f,c(fraction of
organic carbon) between 0.01 and 1.0 %, and used foc = 0.1 % as an intermediate value in their
model. Based on this approach, the same foc parameter value of 0.1 % was applied in this study.
Table 1 shows the organic compounds, distribution coefficient(Kg) from the previous studies of the
sorption process in the field or laboratory(Curtis et al.,1986; Fetter, 1988; Goltz & Roberts, 1986;
Mackay et al., 1986) in their observed site, and calculated result of R for linear sorption process.

Table 1: K4 and R of the simulated organic compounds.

Organic compounds Ka(cm3/g) R

trichloroethylene(TCE) 0.20 2.28
tetrachloroethylene(PCE) 0.46 3.94
carbon tetrachloride(CTET) 0.17 2.09

RESULTS AND DISCUSSION
Groundwater flow

The distribution of the groundwater hydraulic heads simulated for the layer 1, 3 and 5 are shown
in Fig. 8a, d, and e. The hydraulic heads observed from field survey are also shown for layer 1
and 5. This shows that the simulation results resemble to the hydraulic heads observed by the field
survey. From this result, it can be seen clearly that activity of pumping wells does not significantly
influence the hydraulic heads of the groundwater. The vertical hydraulic head profile of the cross
section of aquifer system along AA' and BB' lines are shown in Fig. 8b and c, respectively. At the
depth between 30 and 40 m below the top of the modeled aquifer the isopotential curve bends
drastically. Vector of groundwater flow is perpendicular to the isopotential plane of hydraulic head.
Based on the Fig. 8b and Fig. 8c, we can say in general that the groundwater flows 3-
dimensionally downward and south-west ward of the aquifer system. The hydraulic head of
groundwater flow system is not constant throughout the year. Because the lack of the detail data of
this problem in this study the hydraulic head was assumed constant through the years of
simulation(steady state condition).

Distribution of TCE
The simulation result of TCE is shown in Fig. 9 for layer 1, 3, and 5. The data of the depth of
contaminated wells were not available. In consequence of this limitation, we plotted on the layer 1,

3, and 5, the same data of the contaminated wells observation results, represented by the marks that
show wells being contaminated by a particular pollutant and their concentration levels. Pollutants
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entered to groundwater flow system in the saturated aquifer tend to form plumes of polluted water
and extend to downstream from the pollutant source until they are attenuiated to a minimum quality
level. The extent of pollution in groundwater from a point source decreases as pollutants move

Equipotential lines unit
is meter above sea (al;:vel

Fig. 8 Distribution of groundwater hydraulic heads ( ---- observed; — simulated).

.
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Fig. 9 Distribution of TCE pollution plumes.

away from the source until its concentration exceeds the limit of detection. Here, for each plume
caused by any pollutant source, the plume of TCE pollution is represented by a region separated by
isoconcentration lines of 0.001, 0.01, and 0.1 ppm. In simulation, we just concerned about aquifer
pollution with concentration level > 0.001 ppm. Each plume pattern looks like an unsymmetry and
oval shape, especially at the upper layers.

The pollutants are dominantly transported by advection process(Domenico & Schwartz, 1990), and
they are spread by dispersion process in the direction of groundwater movement. From Fig. 9 it is
clear that the pollutants were transported and dispersed in the aquifer system along the direction of
groundwater flow line. This spreading of pollutants is attenuated by linear-adsorption process
which tends to localize groundwater pollution near their sources. The simulation result of pollution
plumes from each pollutant source will be discussed as followings. The F;, Fy, etc. indexes are the
same as shown in Fig. 2.

Pollutant source F;: A number of the observed contaminated wells in sub area near or surrounding
F1 was just a few so that it causes a difficulty to confirm simulation result accurately. Unavailability
of enough data made it impossible to estimate where the front of the actual pollution plume was.
From this simulation result, we can only predict the tendency of pollution plume movement in the
aquifer. This pollution plume was simulated for 3 years since the aquifer contamination started.

Pollutant source F,: The simulation result gave a good representation of the actual aquifer
. contamination. The contaminated wells near the source have the observed concentration higher than
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the far one. At the north part of pollution plume there were no data of the observed contaminated
wells. Based on this simulation result, we can estimate the size and shape of pollution plume
caused by the pollutant source F; and its spreading movement. Simulation time was 3 years.

Pollutant source F4: The simulation result covers the dot marks of TCE contaminated wells. The

- contaminated wells near the pollutants source has a higher concentration than the outer one. The
pollutant concentration decreases along the movement path of pollutants transport as shown by the
simulation result. It agrees with the observation result of contaminated wells. The front zone of
pollution plume reached the deeper layers, but the back zone did not reach it. Simulation time was 5
years, but a little more simulation time(less than 0.5 year) is required to get a better result.

Pollutant source F7: - In comparison with the other contaminated sub aquifers, the sub aquifer near
this factory is the most and widest contaminated. The contaminated wells were distributed at the left
hand side and south-west side of this factory. Most of these contaminated wells had the TCE
pollutant concentration > 0.01 ppm. Unavailability of the data of source position inside or near the
factory made it difficult to determine the best fitting point source of pollutants in simulation. Except
for the north-west area, the simulation result of pollution plume covers almost all the contaminated
wells in the sub aquifer of study side near location F;. Simulation time was 4 years. The
contaminated wells at the north-west area may be due to the following reasons, (a) The actual
local hydraulic heads around this area did not agree with the simulation result of groundwater
flow around this sub aquifer. It was caused by the lack of the detail data of hydraulic head used for
the flow transport simulation; (b) The waste water which solute the pollutants flowed to the north-
west sub area through the drain and infiltrated from this drain to the unsaturated zone. The
concentration of simulated pollution plume has one order lower than the pollutant concentration
measured in the field observation. The possible reasons of this difference are as follows, (a) the
actual pollutant source had a concentration higher than that of the simulated point source; (b) there
were more than one point pollutant source inside or near the factory.

Pollutant source Fg: In this sub area, the observation result of contaminated wells just gave 3 data
of contaminated wells. Simulation time was 2 years. The simulation result of pollution plume
covers the TCE contaminated wells, but a number of the observed wells covered by this plume
were not contaminated. It is possibly because this pollution plume caused by a TCE pollutant
source that could not be classified to be a continuous pollutant source type and it had caused no
detection of pollutant at some wells. .

Distribution of PCE

The simulated distribution of PCE, 2 years after the beginning of contamination is shown in Fig.
10. The same observation result data of the contaminated wells were also plotted for each layer,
because we cannot classify the layer or the depth of each well. The contaminated wells are marked
by a circle mark which has a big, medium, and small size for pollutant concentration <0.01, 0.01
< C <0.1, and C > 0.1 ppm, respectively. Even though the concentration 0.001 ppm of
observation result of contaminated wells was not detected, here the simulated isoconcentration line
of 0.001 ppm is shown in Fig. 10. The observation result showed two wells contaminated by PCE
near factory Fy, some wells near Fy4, and almost all wells near Fy. The contaminated wells near Fy
had no specific distribution pattern. Consequently, it is difficult to determine their pollutants
source. These contaminated wells may be due to the unsteady concentration of PCE pollutant
released by their pollutant sources.

The simulated distribution of pollution plume caused by source Fg agreed with the observational
result of contamination. In the upper layers, the contaminated wells with pollutant concentration >
0.1 ppm is surrounded by the simulated isoconcentration line of 0.1 ppm, and the contaminated
wells with concentration between 0.01 and 0.1 ppm lay down between the simulated
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Fig. 10 Distribution of PCE pollution plumes.

isoconcentration lines of 0.01 and 0.1 ppm. The actual size and shape of pollution plume caused by
pollutant source at F9 is represented by the simulation result.

Distribution of CTET

The simulation result of CTET pollution plumes is shown in Fig. 11. For each layer in Fig. 11 the
same observation result data of the contaminated wells were also plotted and marked by a big,
medium, and small size of circle mark that represents pollutant concentration < 0.001, 0.001 <C <
0.01, and C > 0.01 ppm, respectively. Observational result showed that most of the CTET
contaminated wells have the pollutant concentration < 0.001 ppm. Only the contamination wells
caused by the pollutant source Fig had a high concentration at wells near the source and its
concentration decreased as the function of distance. At the center of Fig. 11 there are some
contaminated wells surrounded by the CTET uncontaminated wells. Some possibilities that caused
the contamination around this area were as followings, (a) local sources of CTET pollutant in this
area; ((b) CTET pollutants were released by a non-continuous source contaminated for a certain
short time. Because it is difficult to confirm their pollutant sources, the pollution plume in this area

was not simulated.

Pollutant source F;: As mentioned before, the number of the observed wells data in this sub area
were too few. Therefore, it is difficult to compare the observational result with the simulated one
of the aquifer and to estimate the front zone of the simulated pollution plume. Here, the simulated
result could give only the information about the flow direction of pollution plume and its shape.
Simulation time was 4 years.
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Pollutant source F;: In this sub area only four wells were detected contaminated by CTET
pollutants and had a concentration < 0.001 ppm. The other wells did not show any CTET
contamination, and their number was more than the number of contaminated wells. It means the
pollutant source was not a continuous type. Here, the simulated result can give only the
information about the movement tendency of CTET pollutant. Simulation time was 5 years.

Pollutant source Fy: All the CTET contaminated wells are covered by the simulated pollution
plumes as shown in Fig. 11, except for one well located at the most northern part of the simulated
pollution plume. An exceptional well was possibly contaminated by a local pollution source. The
contaminated wells all had the pollutant concentration < 0.001 ppm, and this value agreed with the
simulated one. At the front zone of pollution plume, pollutants reached the lower layers. Simulation
time was 6 years, and CTET compound was not consumed anymore since 1990.

Pollutant source Fg: The data of CTET contaminated wells caused by this pollutant source were
only three wells and all had the pollutant concentration < 0.001 ppm. Simulation time was 3 years.
Simulated result suggested that the layer 5 has not been contaminated.

Pollutant source Fjo: The contaminated wells in this sub area seem to have the expected
concentration. The wells near the pollutant source had a higher concentration comparing to the far
ones. The simulated result shows the possible size and shape, and possible flow direction of
pollutants. Simulation time was 4 years. In 1989 this CTET compound was not consumed
anymore in this factory.
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Fig. 11 Distribution of CTET pollution plumes.
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The differences in concentration between the observed and simulated resuits may be due to the
following reasons, (a) geologic heterogeneities, which affect flow dynamics; (b) multiple point
sources at one location with different intensities; (c) temporal releases of contaminants at source
locations; (d) contaminants released by pollutant source, which is an instantaneous source; (e)
spatial variability in either the physical process sampling problems which are not representative of
local groundwater conditions; (g) incorrect preserve of samples or laboratory analysis; and (h)
difference between the actual pollutants quantity entered the studied aquifer and the simulated
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Fig. 12 Cross section distribution of CTET pollution: (a) location of observation, (b) cross
section of CTET pollution plumes, (c) field observation and simulation results.
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pollutants quantity. And time difference of elapsed time between the actual contamination and the
simulation of aquifer. Avon and Bredehoeft(1989) in their study also have reported a number of
reasons of differences in concentration that are same as some reasons mentioned above.

Vertical distribution of pollutants

The simulation results of pollution plume discussed above can be represented by a cross-sectional
distribution of pollution plume caused by each of their pollutant sources. For example, one of them
is presented as shown in Fig. 12. The upper-left hand side of Fig. 12 is the simulated result of the
CTET pollution plume at layer 1. We only considered about the pollution plume caused by the
pollutant source F4 and it was drawn once again at the upper right hand side of Fig. 1a. A CC'is
the line at the top of the cross section of the simulated aquifer and a DD' is a projection line for each
observed contaminated well. The vertical distribution of pollution plume caused by a pollutant
source F4 is shown in Fig. 12b. Here, we can see the size and shape of the simulated pollution
plume in the cross section. In Fig. 12c, the observed distribution of contaminated wells is shown.
We can see the contaminated wells were covered by the simulated pollution plume. From Fig. 12c,
it seem to us that this pollution plume reached the deeper aquifer which locates at the bottom of the
modeled aquifer. This is because we only simulated the modeled aquifer of 56.25 thick, so that a
simulated pollution plume of 0.001 ppm at the deeper aquifer is not presented here. This cross
section of simulated result showed the possible size, shape, and movement direction of pollution
plume as a representative model of the actual vertical contamination in this aquifer.
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Fig. 13 Simulated result of CTET pollution plumes in the future (1996).
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Distribution of pollutants in the future

The distribution of pollution plumes in the future will be shown only for CTET contaminant,
because the other pollution plumes have the same characteristics of transport process as CTET in
this study site. The future condition of the simulated pollution plume after 6 years of time
elapses(condition in 1996) is shown in Fig. 13. By comparing this result to the simulated result in
1990(Fig. 8), we can trace the movement direction and the distribution tendency of pollutants in
this observed aquifer. In first layer, each continuous pollutant source has a constant concentration
plume near each point source, but the outer isoconcentration line is spreading with time. The
pollutants caused by the past consumption of CTET released by pollutant source F4 and Fyg still
remain and spread in this aquifer. In each layer, its size and shape become wider and wider. This is
because except by the pumping well activities there is no other mechanism to pull out the pollutants
that have entered to this studied aquifer, and pollutants amount extracted by these pumping well
activities is only a really small proportion of the pollutants in the aquifer. The front zone of
pollution plume caused by the past pollutant source reached a longer distance at the lower layers
compare to the distance at the upper layers. This phenomenon could be explained by a cross section
pattern of pollution plume as discussed before. This result gave the information about the pollution
plume size, shape, and movement direction in this aquifer system.

CONCLUSION

From this study we concluded as following,

(a) Management and control of organic chemical waste products from industrial activities in study
area need to be evaluated and improved, because it threatens aquifer system and groundwater
quality;

(b) Contaminants entered the aquifer system remain for a long time as contaminants dissolved and
transported in groundwater and contaminants adsorbed on solid; There is no mechanism to pull out
it except for a negligible proportion which is withdrawn by pumping well activities;

(c) Because the lack of data about points number and location of observation wells, hydraulic heads
in detail, the actual quantity and time function of pollutants entered the aquifer, and the beginning
time of aquifer contamination, this study emphasized the research to understand the movement
direction, movement mechanism, size and shape, and future tendency of pollution plumes rather
than to understand the quantity of contamination;

(d) The remediation of aquifer system in this area is a difficult task to be carried out and it takes a
long time, because the groundwater moves slowly to transport contaminants downward,
furthermore the pollution plumes were distributed in many and wide sub aquifers of sub areas;

(¢) On the basis of the appropriate simulation of groundwater flow and mass transport processes, it
is possible (i) to estimate the extent of the plumes covcrmg the contaminated wells that surrounded
by the uncontaminated wells; (ii) to characterize the size and shape of the plume; (iii) to confirm the
likely source of contaminants as suggested by a soil organic vapor survey and wells observation;
and (iv) to estimate or make prediction about future distribution of the plumes.
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SURFACE SOIL GAS SURVEY FOR IDENTIFYING POLLUTANT SOURCE AND
EXISTING FORM OF ORGANOCHLORINES IN SUBSURFACE ENVIRONMENT

T. HIRATA & O. NAKASUGI
National Institute for Environmental Studies
16-2 Onogawa, Tsukuba, Ibaraki 305, Japan

ABSTRACT. 2 through 5 percent of the groundwater samples taken across the nation every year
have overshot the drinkable limits of trichloroethylene and tetrachloroethylene of Japan. Such
pollutants should be removed to match the pollution level with regional groundwater usages,
however, the remedial operation is basically so costly. The success of the remediation totally
depends on picking up the suitable technique to repair the subsurface pollution, corresponding
to contaminant existing form in subsurface environment. In this context, soil-gas survey as an
option of remote geochemical reconnaissances to identify the contaminant source and to determine
the sites for making boreholes was employed, reducing the cost of site investigation. Then, four
boreholes were installed for soil vapor extraction and groundwater extraction, and a pilot-scale
subsurface remediation has been undertaken to evaluate the effectiveness of both remediation
techniques. The paper describes the results of remediation to find a way for optimizing the
remediation scheme.

INTRODUCTION

The groundwater pollution due to volatile organochlorine like trichloroethylene and
tetrachloroethylene has been becoming a great environmental issue in Japan as well in US and
many developed nations. The nation-wide groundwater pollution survey as to organochlorines
started in 1982(Hirata et al., 1992), and so far 2 through 5 percent of groundwater samples every
year cannot meet the standards for drinking water of trichloroethylene and tetrachloroethylene.
Consequently, several legislations were compelled to be changed and modified to prevent and
conserve the subsurface environment from being polluted, and at present any water containing
trichloroethylene, tetrachloroethylene and carbontetrachloride is not allowed to be injected and
recharged into subsurface environment.

The organochlorines have several insidious features to be little soluble in water (Hunt & Sitar,
1988) and to be strongly resistant to biodegradation in subsurface environment (Vogel &
McCarty, 1985). Such physico-chemical properties prolong the groundwater pollution once the
undiluted liquids intrude into soil and groundwater zones. In addition, the groundwater pollution
incidents involve difficulties to be solved, for example, not easy to identify the contaminant source
and existing form in subsurface environment because of various usages in many industries,
insufficient number of wells in existence to delineate the contaminant plume boundary in regional
groundwater, etc. Distributing many observation wells over the contaminated region is the most
reliable method to monitor the pollution state in groundwater, however, making boreholes is so
costly. In this context, soil gas survey, which includes activated carbon fixation, n-Hexane
extraction, gas-detector tube and combination of these methods, etc., is much useful as a
preliminary reconnaissance to determine the sites for making boreholes. This is because from
cost-beneficial and hydrogeological point of view, the remediation will be the more effective, the
closer the remediation wells to contaminant source are constructed. The surface soil-gas techniques
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were applied to several pollution sites, and areal distributions of volatile organochlorine
concentrations in surface soil-gas were obtained. Then, borings were carried out to elucidate the
pollution extent and existing form of organochlorines in soil and groundwater aquifer, considering
the areal distribution of gaseous organochlorines in surface soil. The boreholes for soil vapor
extraction and groundwater extraction were also installed in one of study sites to evaluate the
effectiveness of both remediation techniques and to optimize the remediation scheme for
subsurface contamination. The paper describes the role of the surface soil-gas survey playing in
site investigation from identifying the contaminant source to determining the suitable remediation
techniques. In addition to this, a pilot-scale subsurface remediation using soil vapor extraction
and groundwater extraction is introduced as one of case studies.

SURFACE SOIL-GAS EXPLORATION
Existing form of organochlorines

Many years passed from the time when contaminants had touched the ground to the discovery of
groundwater pollution to reach the domestic or public water supply wells, therefore, in general
the exact solution of pollution mechanisms remains indefinite. In case that fortunately the
pollution mechanisms were unveiled, almost all of pollution incidents were caused by solvent spill
and accidental leakage from cracks on the storage tank and faults of supply pipe joints, and
unacceptable disposal and casual treatment during cleansing processes. Thereby the undiluted
solvents like trichloroethylene and tetrachloroethylene are presumed to infiltrate into the subsurface
zone. The organochlorines are basically little soluble in water, so that the large scale pollution
incidents which exhibit wide-range spreading of contaminants and continuance of pollution plume
in aquifers are undoubtedly thought to still keep the contaminants of being undiluted original
forms 1n soil/aquifer.

The undiluted liquids of organochlorines possess the specific physico-chemical properties to be
less in viscosity and surface tension and much higher in density than water. Such far different
properties compared to water allow the undiluted solution to readily migrate in the unsaturated
porous media rather than water. In addition the column tests packing the glass beads
characterized the migration behavior of undiluted organochlorines that in case of the test using
fine particles, the whole liquid of trichloroethylene coming down smoothly from the unsaturated
zone tended to stagnate on the table of the aqueous layer saturated with water, while in case of
coarse particles it moved easily into the saturated zone without stagnating on the water table
(Hirata & Muraoka, 1988). In particular the test liquid reached to the bottom of the column,
being left in the pore space of the aqueous layer in the test of the coarse particles.

Nearly the same migration behavior of organochlorines as the column test results mentioned above
is confirmed to take place in the pollution incidents in the real field. Table 1 listed the maximum
concentrations of soil and groundwater, obtained from the undisturbed boring cores taken in the
various pollution sites in Japan. The depth at which the soil concentration takes the maximum
differs among the pollution sites, however, the contaminants tend to raise their soil concentrations
at lofgations between gravel and clay layers, which correspond to the bottom of the groundwater
aquifer. :

Surface soil-gas survey as remote geochemical monitoring

In order to reduce the cost for remediation, it is inevitable for remediation to be carried out with
the minimum of extracted soil-gas and pumped groundwater volumes. In this context, highly
contaminated parts as arranged in Table 1 should be discovered around the contaminant source.
The all-core borings and subsequent chemical analyses are the most reliable procedure, however,
covering the whole area is much costly. The volatile organochlorines staying in the vadose and
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Table 1: The maximum concentrations of organochlorines in soil and groundwater
in pollution incidents of Japan with their soil features.

Locations Solvent Depth  Soil feature Soil conc. Groundwater conc.

(m) (mg kg™') (mg 1)
TK-A TCE 7 Clay 64 11
cis-DCE 7 39 19.2
TK-B TCE 11.5 - Silt 0.2 1.9
cis-DCE 6.3 3.43 5.5
T1 TCE 2 - 6,600 42
TCE 37 Silty sand 54 103
KT-U TCE 25-27 Silt 40 360,000
KT-K TCE 0.7  Surface soil 10 >10
KM-K PCE 5.5 Silt 360 80
KM-T TCE 46 Silty sand 138 294
SZ-A PCE 2.1 Coarse sand 8,100 8.6
SZ-B PCE 0.8 - Clay 25,000 22
IT-S TCE 3 Coarse sand 232 1,390
IT-M TCE 7-8 Silty sand 210,000 40

Solvents are: TCE - trichloroethylene, PCE - tetrachloroethylene, and
cis-DCE - cis-1,2-dichloroethylene.

groundwater zones tend to become vapored into the pore space in soil and to migrate upward to-
the groundsurface. The surface soil-gas monitoring is expected as quick and less-expensive
technology to delineate the pollution boundary in aquifer and to determine the sites for making
boreholes, utilizing the areal distribution of organochlorine vapor.

The organochlorine in the vadose zone is basically well partitioned among air(soil-gas), liquid and
solid phases. In order to apply the soil-gas monitoring to pollution sites under the various
conditions, the interrelations among them should be examined in advance. The site investigation
for soil-gas monitoring was designed in several study sites. First, Fig. 1 displays the relationship
between tetrachloroethylene concentrations in soil and soil-gas. The geological profile of the
study site is described as the site is covered by the gravel of Sm deep, overlying the bedrock, and
the groundwater table appears at 4m depth. The contaminated soil for chemical analysis was
taken from the bottom of a small hole of 2cm in diameter and 2m in depth, and the soil-gas was
collected from the same hole through a diaphragm pump to keep in a bag. The organochlorines
in the soil were extracted using n-Hexane, and the chemical determination for soil and soil-gas
concentrations was made with a gaschromatography-ECD. On the basis of the nineteen samples,
it results in a nearly linear correlation between them on a full-log scale. A similar correlation
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between the concentrations of soil-gas and groundwater was also obtained by Yoshioka et al.
(1992), indicating slight scattering compared to Fig. 1. In addition to this, the areal distribution
of the tetrachloroethylene vapor in soil-gas was drawn as Fig. 2. There can be recognized a
distinct extension pattern of the vapor like concentric circles around a suspicious contaminant
source to be a laundry firm.

Another result for the surface soil-gas monitoring is illustrated in Fig. 3. The site investigation
confirmed that the sandy soil extends until 3m depth with groundwater table being at 1.5m depth,
overlying the clay layer. The tetrachloroethylene concentration in the surface soil-gas was
determined with the gaschromatography-ECD, fixing the volatile constituents of soil-gas into the
n-Hexane liquid. The significant high values of tetrachloroethylene concentrations in this site
ensure the existence of the devastating soil and groundwater pollution. The maximum vapor
concentration of tetrachloroethylene in air calculated from the vapor pressure takes approximately
18400ppmv, hence, the vapor concentrations overshooting 10‘ppmv nearby the dry-cleaning
machines are enough high to imagine the undiluted tetrachloroethylene residue in soil and
groundwater. In fact the undiluted liquid of up to eight liters was recovered from the soil around
the sludge wastes sites illustrated in Fig. 3. As a result, the soil-gas monitoring is confirmed to
be an effective technique as a remote geochemical exploration for delineating the pollution plume
and identifying the contaminant source in subsurface environment.

3

10
~
-
2

| o ©

o
“ o)
©
o 10}
-— o
= (o}
8 o
£ 41 °
1) o o
5 ° ‘
o o L °
O oo
a. o
o)
10}
w—S 2 Y 2 1
10™ 10° 1072 10! 1 10

PCE conc. in soil  (#8'9")

Fig. 1. Relationship between tetrachloroethylene (PCE) concentrations in soil and soil-gas’
collected in a shallow groundwater region.
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Fig. 2: A plume of tetrachloroethylene vapor in surface soil-gas in a shallow groundwater
region. The closed circles denote the locations for soil and soil-gas collections and a

triangle does for a laundry firm.

distance from left hand side in meter
1 3 5 7 ¢ 1" 1 25 27 29 31 33 35 37
o S5m
PCE conc.
6100 120 72 180 140 200 1200 in ppmv
G o o o] o [e]
1800 680 308 160 1.03 604 150
810 46 94 50 22 1700 3300
Cm & 3500“30'330“8003?0 [¢) o) [o) o o) o [$)
[]  existing well /_)

Aloj o oo oymppno # . ooooﬁ\o o
uuomoosaoo’moomooe'soo'uoo 2600 2100 | 42 7700 7900 420 1600
crack drain outlets [

sludge waste sites
dry-cleaning machines

Fig. 3: Tetrachloroethylene concentration in surface soil-gas. The soil-gas was collected
after the building and floor concrete had been evacuated.
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REMEDIATION USING SOIL VENTING AND GROUNDWATER EXTRACTION
Site investigation and pollution extent

The study site is covered by volcano ash over 60m, overlying the impermeable clay layer. The
groundwater pollution due to trichloroethylene was discovered from the domestic water supply
wells. At the first stage, the surface soil-gas survey using the gas tube method and the Finger
Print method developed by NERI-Petrex was provided to identify the contaminant source. Taking
account of the areal distribution of vaporized trichloroethylene obtained in a firm, which had
utilized trichloroethylene as solvent for many years, fourteen borings of B-1 through B-14 were
achieved as shown in Fig. 4 to investigate the existing form and pollution extent of
trichloroethylene (Hirata & Nakasugi, 1993). The borings revealed the trichloroethylene
concentration in soil as displayed in Fig. 5, which is in the cross-section along the boring s:tes
through B-7, B-5, B-6, B-1 to B-9. The maximum concentration in soil reaches l38mgkg at
46.1m depth at B-6 site, and that in groundwater is raised to 131mgl? at the same site. It is
clearly recognized that with respect to the soil concentratxon the heavily contaminated part, the
concentration of which takes around/more than 100mgkg™, remains within approximately 20m,
even when the contaminant infiltrates over 50m. Such mlgration behavior indicates that the
organochlorine in vadose zone flows down in the form of a narrow band with little spreading
in the lateral direction, being consistent with the result of the column test.
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Fig. 4: Locations of borings and boreholes for remediation. The lines in the figure denote
the altitude of the groundwater table from sea level. The closed circles are the locations
for borings, and the triangles for the dual extraction wells.

Pilot scale remediation

The highly residual part of trichloroethylene is standing over both sides of the groundwater table,
and hence the soil vapor extraction method was employed for the vadose zone remediation with
pumping the groundwater up. In order to evaluate the effectiveness of both techniques four dual
extraction wells K-1 through K-4, which means to remove soil-gas and groundwater at the same
time, were configurated at the locations in Fig. 4. The dimensions of the wells are; the diameter
is 10cm in K-1 well and 20cm in other wells, and the depth is 60m in all wells. The screen to



%3 KA x—4
AS.L. | w2l
so\™ 8-7 B-5 B—J B-11  B-13 B-9
8-

Groundsurface l ‘ l | 1

o O, A
Fig. 5: Soil concentration and existing form of trichloroethylene in case of relatively deep
soil/groundwater pollution incident.

take the soil-gas and groundwater was installed between GL-30m and GL-60m in each well.
Since the groundwater table appears at GL-42m, the soil-gas from the vadose zone is collected
from the vertical span of 12m.

The soil-gas extracted by a vacuum unit inflows first into a gas-liquid separator, and then the
contaminant in the soil-gas s adsorbed to the activated carbon in two canisters. The groundwater
abstracted is treated with an air stripping system, and also in this case the contaminant in the air
is recovered with the carbon canister prior to the emission into atmosphere. After that the treated
groundwater is discharged into the surface water or sewage system, because at present in Japan,
any water containing trichloroethylene, even below the drinkable limit, is not allowed to be
reinfiltrated into the subsurface environment.

In order for the soil venting to sufficiently work, the vadose pollution should be within the
withdrawal reach of soil-gas migration. Then the radius of influence due to the soil vapor
extraction was checked using the K-2 well and surrounding investigation wells. Fig. 6 illustrates
the time-dependent changes of the depressions of the soil-gas pressure at the K-3 and B-14
wells, when the soil vapor extraction was set into motion at the K-2 well at the extraction
pressure of 0.6atm. The calculation using the extraction and soil-gas depression pressures at
two wells with their distances provided the radius of influence to be 10.1m between the K-2 and
K-3 wells and 10.9m between the K-2 and B-14 wells, following the method presented by
Johnson et al. (1990). In addition the soil-gas flowrate extracted from the well is already
confirmed by Hirata & Nakasugi (1993) to rise exponentially with increasing the extraction
pressure.
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Fig. 6: Time-varied changes of the soil-gas pressure at the K-3 and B-14 wells due to the
soil-gas extraction at the K-2 well. The pressure depression in the vertical coordinate is
expressed as positive. The distances between the wells of K-2 and B-14 and between K-2
and K-3 are 2.82m and 6.8m respectively. The soil vapor extraction began at the time of
0855 on 17th September, setting the extraction pressure at 0.6atm.

Fig. 7 shows the time-dependent changes of the trichloroethylene concentration in the soil-gas
extracted. Since the K-2 well was constructed nearly at the central part of the subsurface
pollution, its vapor concentration takes the highest value among the extraction wells. All of
the trichloroethylene vapor concentrations are clearly recognized to be linearly reduced with
the passage of the operation time on a full-log scale. With respect to the removal rates of
trichloroethylene estimated by multiplying the flowrate by the vapor concentration, they are
expected to exhibit the results similar to the vapor concentrations, as illustrated in Fig. 8. This
is because the soil-gas flowrate at each extraction well tends to be unchangeable through the
remediation except a couple of days just after the extraction pressure is exerted. During the
beginning of the remediation, the extraction pressure is propagating into the surrounding vadose
zone with reducing the soil-gas flowrate, and reaches a quasi-steady state in a couple of days.
In this remediation, the soil-gas flowrate at the quasi-steady state is 90 at K-1, 160 at K-2, 55 at
K-3 and 330 at K-4 in the unit of liter per minute per well.

The groundwater was also pumped up to recover the contaminant from the aquifer and to offset
the rise of the groundwater table due to the depression of the soil-gas pressure. The time-
dependent change of the removal rate by the groundwater extraction is arranged in Fig. 9 with the
total removal rate of the soil vapor extraction. The groundwater volume yumped up is subject to
the capacity of the stripping treatment system, and the total volume of 2m°hr” was extracted from
the K-1 well at 0.5m>hr"and the K-4 well at 1.5m>hr. At the beginning of the remediation, the
removal rate of the soil vapor extraction amounts to 1.0kghr”, which is approximately ten times
as high as the groundwater extraction. The time passage for the remediation is reducing the
removal rates exponentially in both techniques. In particular, the reduction of the removal rate
of the soil vapor extraction nearly doubles the groundwater extraction, comparing the exponents
on the full-log scale. The removal rate behavior of the groundwater extraction totally depends on
the physico-chemical property of trichloroethylene to be little soluble in water (Hunt & Sitar,
1988). Such remediation characteristic results in meeting both removal rates in 15400 hours after
the onset of the remediation. After that time, the groundwater extraction will be more effective
technique in removing the contaminant than the soil vapor extraction.
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CONCLUDING REMARKS

The subsurface remediation including the site investigation is much costly, hence, the final goal
is to optimize the remediation scheme and to establish the comprehensive remediation system in
order to repair the subsurface environment in many sites contaminated with organochlorines. In
this context the surface soil-gas survey was applied as a quick and less-expensive technology, and
was substantiated to be an option of remote geochemical explorations to identify the contaminant
source.

In addition, a pilot scale remediation utilizing soil vapor extraction and groundwater extraction
has been undertaken in one of the study sites to evaluate the effectiveness of the technologies
applied. The result indicates that at the beginning of the remediation, the soil vapor extraction
1s much prominent in the removal rate of contaminant at one order as high as the groundwater
extraction, however, the time passage in the remediation is going to reverse the removal rates of
the soil vapor extraction and the groundwater extraction. This is because the existing form and
concentration of contaminant have changed in the subsurface environment with progressing the
remediation. Moreover, the application of a single technique to the contaminated site is limited
to reach the final goal, in which the subsurface contamination is repaired to meet the regional
groundwater usages. From the cost-beneficial point of view, it is of great significance to pick the
suitable techniques up or combination of techniques, and in particular to keep the flexible
operation in changing remediation techniques, corresponding to the existing form of contamtnant
in the subsurface environment.
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ABSTRACT. Kakamigahara Heights located in the central Japan is composed of low hills
of 20-60m a.s.l. Under the surface soil there are virtually no clay layers in evidence, so
typical unconfined aquifers are spread throughout the Heights. A nitrate increase in the
groundwater was observed in the east area at the beginning of the 1970's. In 1984, from
the investigation of an area in the Heights, it was elucidated that pollution was due to
fertilizer scattered over vegetable fields. Six years later, in 1990 and 1991, we investigated
the same area in the Heights again. A total of 282 samples of groundwater was collected
from 141 locations, and their concentration of NO,;~ and other main components were
measured. The results were as follows.  The high concentration area of NO,” above
100mgl™* still persists, and the components derived from fertilizer have spread farther toward
the central area during the past 6 years. The influence of this spread on the wells for water
supply in the west area has become a serious problem, and so countermeasures against
pollution have started, in particular, by decreasing the amount of fertilizer used.

INTRODUCTION

High nitrate concentration in groundwater has been encountered at many locations around the
world. Moody(1990) and Bel er al. (1989) summarized respectively the pollution cases by
nitrate in the United States and in Western Europe. Kato & Ogura (1992) reported the
gradual increase in nitrate in neighboring districts in Tokyo. There have been many articles
on nitrate increase. Its causes are from various sources, but mainly from agricultural
activities such as seepage of stock raising drainage and scattering of fertilizer.

In the east arca of Kakamigahara Heights, central Japan, nitrate increase in the groundwater
was observed at the beginning of the 1970's. At that time, it was thought that the pollution,
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which occurred in a small limited area, would not spread further. But, in 1984, the major
components of groundwater were investigated throughout the entire area in the Heights, and
it was found that not only nitrate but also sulfate, calcium and magnesium ions were high,
especially at several sampling locations with nitrate at above 100mgl™. From the distribution
of the fertilized area, chemical composition and pesticide detection of the groundwater, Terao
et al. (1985) clarified that the pollution was caused by nitrogen fertilizer used on the
vegetable fields in the east area.

Kakamigahara Heights has a population of over 130,000 and all the drinking water in these
areas depends upon the groundwater. Therefore, the elucidation for distribution, future
forecast, and pollution reduction is very important and has been investigated by researchers
in different disciplines.

Water samples were collected twice in 1990 and 1991 in the Heights and nitrate and the
other major components were analyzed to elucidate the present circumstances by nitrate
pollution. By comparing the concentration contour maps for nitrate and the other components
of July, 1990 with those of July, 1984, the variations in concentration over the 6 year period
were clearly shown. These results should be very important for forecast and countermeasures
against pollution in this area, and should provide various information for other cases of
groundwater pollution all over the world.

METHOD
Study site

Kakamigahara Heights, located along the north border of the Nobi Plains, is composed of low
hills of 20-60 m a.s.l. as shown in Figures 1 and 2. Along the south edge of the Heights,
the Kiso River, a representative large river in Japan, flows from east to west and runs toward
the plains. Mountainous regions, forming basement rocks under the Heights, extend in the
northward and eastward directions. Under the surface soil of the Heights, stratified, thick
gravel and sand layers, having a thickness of 20-80m, lie on basement rocks, with very few
clay layers in evidence. Geologically, therefore, typical unconfined aquifers are spread
throughout the Heights (Yokoyama & Makinouchi, 1991).

Sample collection and Measurement

Groundwater samples were collected from 141 locations in the Heights, ranging from 12km
in the east-west and 6km in the north-south directions. Sampling was carried out in July,
1990 (upper water level) and January, 1991 (lower water level). Samples were collected
from the wells pumped daily, whose depths ranged from 10-80m, mainly 20-40m. Collected
samples were measured for major components, namely Na*, K*, Ca**, Mg?* ions as cations,
NO;, CI', SO,*, HCO;™ ions as anions, silica (Si0,), and electric conductivity (EC). As
mentioned above, the Heights is formed by thick gravel and sand layers under the surface
soil, and with hardly any clay layers intercepting downward flow. Also the wide screen of
the well is equipped because of thick aquifers. For these reasons, it is thought that the
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difference of components in depth is not so large, and that the depth of collected wells was
not a necessary consideration to discuss the results.

Concentration contour maps for NO,~ and other major components were drawn by computer
aid, based on the data of July, 1984 and July, 1991 samplings, and the changes in pollution
circumstances during the 6 year period were discussed.

RESULTS AND DISCUSSION
Concentrations of major component

Table 1 shows the analytical results of major components, expressed by mean values and
- ranges, for samples collected from 141 locations. Compared with mean values, the difference
between those in summer and those in winter were relatively small. Na*, K*, Mg?*, NO,” and
HCOj;™ ions and EC, indicating the sum of ionic components, were a little higher in winter;
Ca®, Cl” and SO, ions were lower; and nonionic component, SiO,, had the same values.
Concerning EC and NO;", the ratios of the values in winter to those in summer against the
individual location were calculated.

Table 1: Analytical results of the major components in groundwater samples
collected from 141 locations.

July, 1990 Jan., 1991
Mean Range Mean Range

Na* (mgl1~1) 11. 8 1.5 - 24.1 13.1 1.5 - 21. 4
K* (mgi=1) 3.1 1.0 - 10.4 4.0 0.8 - 11.2
Ca?* (mg1~1) 18.8 0.3 - 13.5 18.1 0.4 - 176.17
Mg2+ (mgl—1) 4.1 0.4 - 15.4 4.4 0.9 - 15.0
(" (mgt~1) 12. 4 2.1 - 36.0 12.3 2.1 - 35.6
NOs~ (mgi~1) 28. 9 0.7 - 132.0 29. 4 0.0 - 139.8
$0.2- (mgi=?) 24.1 1.3 - 151.2 22. 4 0.4 - 135.5
HCO0a~ (mgl™?) 34. 8 2.4 - 85.6 36.0 2.1 - 821
$i0. (mgl—1) 33. 4 1.7 - 10,0 33. 4 4.4 - 58.4
EC {(gScm~1) . 196.6 24 - 554 203.1 24 - 582

As a result, locations which showed the ratios ranging from 0.9-1.1 amounted to 86.5% for
EC and 55.3% for NO,. Consequently, it is thought that seasonal variations in major
components were not so large. In the Heights, the routine observation for groundwater level
and NO,™ concentration at several locations has been done by the municipal office, but little
seasonal variation in concentration was observed except for shallow wells less than 10m in
depth. The cause of the low percentage in NO,™ than EC was owing to the wide variations
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of low concentration wells such as those below 10mgl™.
Key diagram

Figure 3 shows the key diagram for representing characteristics of the major components.
The key diagram was drawn based on the results of groundwater samples collected from 141
locations in July, 1990. Many of the locations belonged to the section in which both
Ca®*+Mg* as cation and NO,+CI"+SO,> as anion were above 50%. This result indicates
that the polluted groundwater, differing from the common composition represented by Na-
HCO, or Ca-HCO, type, had spread over the Heights, and that the influence of fertilizer
extended far beyond the east area.

Figure 3: Key Diagram of the major components drawn from 141 samples in
July, 1990.

Correlationship
Table 2 is the correlation matrix table of major components was prepared from the results
of the July, 1990 sampling. The components that correlated highly with NO,™ were Ca®* and

Mg* ions, and their correlation coefficient were 0.76 in both cases. This would suggest that
magnesia-lime fertilizer for soil improvement was scattered together with nitrogen fertilizer
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in the same area.

There was lower correlation between NO,” and SO,* (0.58), though the main component in
nitrogen fertilizer is ammonium sulfate, (NH,),SO, as chemical form. NH," transforms into
NO,” in the surface soil easily, and transfers from soil to aquifer together with SO. The
ratio of S/N in ammonium sulfate is 1.14, but that in the groundwater of vegetable fields
ranged widely from 0.5-2.6 because of the differences in nitrogen absorption by plants
depending on the location.

Correlation coefficients of Ca**, and Mg® with SO,> were 0.88 and 0.83, respectively. On
the other hand, those with HCO,” were 0.23 and 0.10, respectively. These results suggest
that Ca®* and Mg? in the groundwater is not dissolved out from soil or rock by CO,, but
were the effects of scattered fertilizer. ‘

Table 2: Correlation matrix table of the major components calculated from 141
samples obtained in July, 1990.

Na* H

K+ 0.35 '

Ca** 0.50 | 0.22 ¥

Mg2* 0.42 | 0.22 | 0.87 %

cI- 0.78 0. 48 0. 58 0. 56 %

N0~ 0.40 | 0.37 | 0.76 | 0.76 | 0.62 %

$0.%~ | 0.6 | 0.16 | 0.88 | 0.83 | 0.46 | 0.58 *

HCOs~ | 0.24 | -0.15 | 0.23 0.10 |-0.05 }-0.30 0.08 ]

Si02 0.16 | 0.13 | 0.16 | 0.16 | 0.08 | 0.12 |-0.08 | 0.42 %

EC 0.65 | 0.34 | 0.97 | 0.90 | 0.72 | 0.83 | 0.86 | 0.14 | 0.16 L]

Na* K* Ca%* | Mg** Cl= | NOs~ |S04%~ | HCOs~ | Si0. EC

Comparison of concentration contour maps

Nitrate: During the 6 year period, the mean NO,” concentration increased from 25.4 to
28.9mgl™, and the pollution showed a tendency to expand over the Heights. Compared
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individually with 106 locations sampled twice, the concentration decreased in only 22
locations. The 12 locations above 50mgl™ in 1984 exceeded that level again after 6 years,
and 5 more locations were newly above 50mgl™.

Concentration contour maps of NO,™ are shown in Figure 4. In the east area where fertilizer
was scattered repeatedly, the area above 80mgl™ did not change distinctly. On the contrary,
in the central and west areas, the total arca above 20mgl™ expanded. This result suggests
that the groundwater having a long-residence time in the east area, the one with highest

July, 1984

Y

July, 1990
N

Sakai R.

Sakai R, /____,./ i L km

Figure 4: Comparison of NO,™ concentration contour maps. (unit: mgl™)
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concentration, flows downward toward the direction of the west—northwest and west-
southwest. This finding also is consistent with the investigation of the underground structure,
groundwater level and recharge source.

The field area for carrot cultivation in the Heights has hardly changed for 10 years, and it
was elucidated that the groundwater had not been recharged from the Kiso River by means
of stable isotopic compositions. From these reasons, it was concluded that the pollution has
continued for a long term and has had a stronger effect toward the central and west areas.

e

July, 1984
N

Figure 5: Comparison of SO,”" concentration contour maps. (unit: mgl™)
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Sulfate: Concentration contour maps of SO,% are shown in Figure 5. SO, had as high a
concentration as NO;~ in the east area because it is one of the major components in fertilizer,
and areas above 100mgl™ were observed in both 1984 and 1990. In 1990, the 20mgl™ line
extended toward the central area, and the area above 20mgl™ expanded during the 6 year
period. This result was similar to that of NO,".

July, 1984
N

f

Figure 6: Comparison of Cl™ concentration contour maps. (unit: mgl™)

\

Ca®™ and Mg* are also the main components in fertilizer, so that maps of these ions were
closely similar to those of SO,>~ and NO,".
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Chloride: Concentration contour maps of Cl” are shown in Figure 6. Different from NO,
and SO,>, the concentration elevation of Cl” in the east area was barely observed, and only
10 ‘locations were above 20mgl™ in July, 1990. These results agree with the fact that Cl-
is hardly scattered as fertilizer.. Also it is suggested that domestic waste water hardly affects
the groundwater over the Heights.

July, 1984
N
( :40 Ny <4 f
40 N ;
60 20\/
" Co

Figure 7: Comparison of SiO, concentration contour maps. (unit: mgl™)

Na* showed closely similar patterns to CI°, with only 3 locations being above 20mgl™ over
the Heights in July, 1990.
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Silica: 'With regard to SiO,, as shown in Figure 7, there was hardly any change during the
6 year period except for the locations near the north mountainous region. SiO, in
groundwater should be supplied by the interaction between water and soil, and not generally
affected by human activities. This result suggests that during period examined the
groundwater quality was essentially unchanged except for pollutants.

It is characteristic that the concentrations of SiO, as well as ClI” show different patterns from
results of pollution—derived components such as NO;™ and SO,*". This confirms that almost
all of NO,™ and SO,> were derived from fertilizer.

Countermeasures and forecast

In- Kakamigahara Heights, investigations on agriculture discipline such as gradual decrease of
fertilizer have been done by agricultural scientists together with chemists and geologists.

By means of investigations using experimental vegetable fields, it should be possible to
decrease considerably the amount of fertilizer scattered without decrease in carrot yield or
deterioration of quality. The amount of fertilizer for carrot cultivation in this area was above
300kgha'year as nitrogen before 1978, and a deterioration by its excess use was observed.
Later, recommended amounts decreased to about 220kgha~'year™ from 1979, and further to
170kgha'year™ in 1990.

Removal of pollutants which have permeated and are diffused in the aquifer will be
accomplished only with difficulty and over an extremely long period of time. So the
decrease of the quantity of fertilizer scattered would be unavoidable to reduce groundwater
pollution. The effect of fertilizer decrease had not yet appeared as of 1991 in Kakamigahara
Heights, but any reduction of pollution would show gradual improvement if observed over
a long period of time. As mentioned above, all of the drinking water in Kakamigahara
Heights depends on groundwater. Before the wells for water supply in the west area are
affected, further acceleration of pollution should be prevented.
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SULFUR ISOTOPES IN A ROOF COVERED FORESTED CATCHMENT
AT LAKE GARDSJON, WESTERN SWEDEN

C-M. MORTH & P. TORSSANDER
Dept. of Geology and Geochemistry, Stockholm University,
S-106 91 Stockholm, Sweden

ABSTRACT. The reversibility in acidification is investigated in a whole catchment manipu-
lation experiment at Lake Gérdsjon on the Swedish west coast. A roof has been built over a
forested catchment and water of pristine composition is sprinkled under the roof. Sulfur isotope
ratios have been determined in bulk deposition, throughfall, runoff, groundwater and lysimeter
water during one year before and one year during the roof experiment. The 3*S values of the
deposition are almost identical for bulk deposition (+7.4%c) and throughfall (+8.0%o0) and higher
than 8*S in runoff (+5.4%c). Two sources of sulfur in the atmospheric deposition are identified:
anthropogenic sulfur and sea water spray. Sea water sulfur is added in the sprinkler water and the
sprinkler water has a S value of +19.5%c. Measured S values in the area the year before the
sprinkling started suggest that the old sulfur sulfate pool has a S value of +5.4%c. The change
the first year of sprinkling in the 8*S values in the runoff is a small increase, only 0.4%o.
Simultaneously the sulfate concentration has gone down by 15%. Mass balance calculations
suggest that the sulfate in runoff consist of a mix of about 25% sprinkler water and 75% old sulfur
coming from within the area. This is contradicted by the sulfur isotope composition in sulfates
that suggest that all sulfur that is coming out from the area is old sulfur. Retention times for sulfur
in this soil is therefore suggested to be longer than mass balance calculations suggest.

INTRODUCTION

Large areas in Europe and North America are affected by acid atmospheric deposition. Sulfate
is the predominant anion associated with acid rain. Emissions of sulfur have decreased by 20 -
30% in Europe and 65% in Sweden during the last ten-year period. No change in sulfate
concentration and deposition over Sweden is recorded during the same period. AtLake Gardsjon
in western Sweden (Fig. 1) has a whole scale catchment manipulation experiment been
undertaken to investigate the effects of the decrease in atmospheric deposition of sulfur, nitrogen
and mercury. This is made by building a roof that covers the catchment. A major question has been
if the decrease in acid deposition will result in recovery of the ecosystems and reversibility
concerning water chemistry in acidification. If so, how long will it take before recovery is seen
in the runoff water, i.e., normal pH values and a balance in input and output for sulfate and other
ions. To compensate for anions that have an anthropogenic origin in runoff, excess base cations
are released and the recovery is therefore dependent on a reduction in sulfate release down to a
level were weathering alone can contribute the base cations.

The Lake Gérdsjon became chronically acidified in the late 60°s, lake monitoring started in 1970,
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The Roof Catchment (G1)

G well #1, well #8
140 mas.l 138

The Lake Girds]dn Area
and subcatchments
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Runoff

Figure 1: Maps showing the location of Lake Gardsjon, the Lake Gérdsjon area and the .
roof catchment, G1.

catchment investigations started in 1979 and whole catchment manipulation experiments in 1984
(Andersson & Olsson, 1985; Hultberg & Grennfelt, 1992). One catchment, F1, has been used as
a reference catchment since 1979 for more than 10 sub catchments, which are and have been
dealing with different investigations and experiments (Hultberg & Grennfelt, 1992). Several of
these experiments have dealt with sulfur flux dynamics. The results from these experiments have
suggested that the retention time for sulfur in Lake Gardsjon soils is short. Sodium sulfate was
spread in one area in 1985 and after three years almost all sulfur added (95%) could be accounted
for in runoff by mass balance calculations. Other evidence for short retention times is clearfelling
of a catchment that immediately gave a response in sulfate in runoff corresponding to open field
collector deposition.

Many sulfur isotope investigations of natural and anthropogenic sulfur in the environment have
been published (Krouse & Grinenko, 1991). Most of these studies have applied sulfur isotope
ratios to fingerprint natural and anthropogenic derived sulfur or to trace geochemical processes
in the atmosphere, hydrosphere and biosphere (Caron et al., 1986; Castleman et al., 1973; Krouse
and Van Everdingen, 1984; Mitzutani & Rafter, 1969; Nriagu & Coker, 1983; Saltzman et al.,
1983; Trembaczowski, 1991; Winner et al., 1978). Relatively few sulfur isotope studies have
been made concerning sulfur dynamics in soils (Fuller et al., 1986; Krouse & Case, 1981; Krouse
& Tabatabai, 1986; Van Stempoort et al., 1990; 1992). No attempt has so far been made to apply
stable sulfur isotope ratios in a whole catchment manipulation experiment using sulfur with a
known isotopic composition as a tracer apart from this work. The aim of this study is to determine
the source of sulfur in the deposition and to investigate the sulfur flux and retention time within
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the catchment. This paper reports the results obtained from the first year of the experiment as well
as a one pre experimental year cycle of bulk deposition, throughfall, runoff, groundwater and
lysimeter water in the catchment.

SITE DESCRIPTION

The roof catchment, G1, covers a well-defined drainage area that is situated around 110 - 170m
above sealevel (Hultbergetal., in press). Highest coast line has been determined to be 130m above
recent sea level. Granite and gneiss are the bedrock found in the area (Olsson et al., 1985). Soil
depth in G1 is on average 40cm and consists of till of local origin. Peat areas can be found in the
lower regions of the Lake Gérdsjon area but is lacking in G1. Due to the closeness to the coast
a maritime climate prevails and small variations in monthly mean temperatures are measured.
Snow never covers the area for longer periods. Maximum precipitation is seen in late autumn and
winter. Annual precipitation is 1 198mm, annual throughfall 730mm, annual evapotranspiration
596mm and annual runoff 602mm. These are mean values for the period 1979 - 1990. In the Lake
Gérdsjon area mature Norway spruce is the dominating tree.

The roof has an area of 6300m?, about 2 - 4m above the ground. Holes have been made in the roof
to fit approximately 370 tree trunks. Small v-shaped dams have been placed around the holes so
that runoff water from the roof is not included in stemflow. Small amounts of stemflow still reach
the ground but mass balance measurements have shown that this is at very low levels for all
elements (F. Moldan, pers. comm.). Throughfall water that reaches the roof is collected and
analyzed. Needles that fall on the roof are collected and dried and are spread over the area by hand.

A small amount of sea water and KCl is added to deionized lake water from Lake Gérdsjon. This
water is spread under the roof with the aid of a sprinkler system (275 sprinklers) that has a capacity
of three mm/h. Chemically the water that is now added to G1 is very different from the present
throughfall water. No N-compounds are found in the sprinkler water and of course it has much
lower concentrations of sulfur. The reduction in sulfur deposition under the roof is about 50%.

METHODS
Sampling

The sampling in the Lake Gardsjon area started 14 months (February 1990) before the sprinkling
started under the roof in April 1991. Two catchments are sampled in the area: the roof catchment
G1 and for comparison the reference catchment F1. Samples have been taken from runoff,
groundwater, lysimeter waters, throughfall and bulk deposition (open field collectors). Sampling
has been performed very intensively, sometimes on a weekly basis, during a two and a half year
period. Runoff water has been collected in two ways; At first a specific volume collected at some
predetermined intervals; Nowadays there is an automatic sampling during a certain period (for
the moment two weeks) that is proportional to the runoff. Lysimeter water.is collected on a
monthly basis at different depths, 20cm, 40cm and 70cm, by under pressure lysimeters. All the
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waters are sampled and stored in 2L. polyethylene bottles and filtered with 0.45 um membrane
filters before processing.

Analytical techniques

Chemical analyses Analyses have been made for sodium, chloride and sulfate concentrations.
Sodium analyses have been performed with ICP-AES and cation chromatography. Chloride and
sulfate have been analyzed with anion chromatography.

Isotopic analyses  Sulfate in water is converted to BaSO, for the isotopic analyses. An ion
exchange system modified from Nearing et al. (1977) and Hesslein et al.(1988) have been used
to pre concentrate sulfate and to ensure purely precipitates of BaSO,. The setup is described in
Andersson et al. (1992). Sulfate in water is ion exchanged with a strong basic anion exchange
resin (Dowex 1-X8), 20 - 50 mesh, and is eluated with 200ml 0.5M NaCl. HCl is then added to
adjust the pH to about two. Samples are boiled for one minute and after that BaCl, is added to
precipitate the sulfate as BaSO,. Precipitates are heated on a water bath, approximately 90°C, for
2h. The BaSO, is collected on a 0.4um membrane filter and washed with distilled water. This is
followed with drying of the filter at 75°C for 24h. Filters with the precipitated BaSO, are then
weighted and scraped to collect the BaSO,. If less than 20mg of BaSO, is weighted, the filter is
burned at 600°C to collect all the BaSO,. Ten mg of BaSO, is mixed with 200 mg of V,0, and SiO,

Corr.:0.97
500 F Slope:0.88
Intercept:-0.6
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Figure 2: Sodium concentration versus chloride concentration
in bulk deposition and throughfall.
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Figure 3: The sulfur isotope composition of sulfate in bulk deposition in
catchments G1 and F1 through time. Ex=Excess and refers to the
antrophogenic sulfur isotope composition.
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Figure 4: Sulfate concentration, chloride concentration and the sulfur
isotope composition in sulfate in runoff through time.
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Figure 5: Sulfate concentration, chloride concentration and the sulfur
isotope composition in sulfate in groundwater well #1 through time.

and burned at 950°C in a vacuum line (Yanagisawa & Sakai, 1983). The formed SO, is collected
in small glass ampoules and later analyzed for its sulfur isotope composition with a modernized
and rebuilt Micromass 602 mass spectrometer at the Laboratory of Isotope Geology of the
Naturhistoriska riksmuseet in Stockholm.

The sulfur isotope composition is defined as a deviation in %o of the ratio #S/*S between a sample
and a standard, expressed in the conventional §*S notation relative to Cafion Diablo Troilite

(CDT). The accuracy in the measurements is for all samples better than + 0.2%o but generally
“around =+ 0.1%o.

RESULTS

Deposition

The sodium and chloride concentration in bulk deposition and throughfall varies from 80 - S00uM
and from 80-600uM respectively. Fig 2 shows how well the Na and Cl concentrations correlate
(r=0.97), with a slope of 0.89 very close to the Na/Cl ratio in sea water of 0.86 (based on Berner,
1971, Cl=550mM and Na=475mM).

Sulfur isotope composition of bulk deposition and throughfall is plotted in Fig 3, where some co-
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Table 1: Mean values for 8*S of sulfate and the sulfate concentration in G1.
(pre=before roof, post=after roof). Concentrations in pM.

Type of Pre Post |% change|Pre Post |% change
sample & [9S Conc. |Conc.
Runoff 5.4 5.8 +7 195 165 -15
Groundwater:

well #1 54 5.6 +4 176 167 -5
well #6 5.9 5.9 0 218 171 -22
Lysimeter:

20 cm 6.1 5.9 -3 169 182 +8
40 cm 6.0 - 5.9 -2 206 195 -5
70 cm 5.7 5.9 +3 218 200 1-8
Throughfall 8.0 60

Bulk deposition 7.4 26

Sprinkler water 19.5 29

variation can be seen. If weighted mean values are calculated for the period the §*S values are
very similar between bulk deposition and throughfall, +7.4%o and +8.0%o respectively.

Calculated anthropogenic S values by calculating excess sulfur using Na as a conservative
element and then assign the marine sulfur a §“S of +20.3%o (from measurement of Kattegatte
water, which is preferentially used instead of Rees et al.’s (1978) global average 8*S = +20.99%o)
is very similar for bulk deposition and throughfall: The weighted mean average 88 is +4.9%0and
+4.7%orespectively. A close resemblance can be seen between throughfall data in the G1 and the
F1 area (Fig 3). It can be concluded that the F1 area is good reference catchment area when it comes
to 8*S values in throughfall. Seasonal variation in the 84S values in bulk deposition has been
reported from other investigations (Andersson et al., 1992; Caron et al. 1986; Nriagu & Coker,
1978) but cannot be seen at lake Gardsjén, whether the marine input is subtracted from 8*S by
excess sulfate calculation. ’

Runoff and groundwater

Sulfate concentration and sulfur isotope composition in runoff (Fig. 4) and groundwater well #1
(Fig. 5) show close resemblance both before (pre roof) and after the roof was built (post roof). The
pre roof weighted mean average 8*S of 5.4%. in runoff is also identical to the pre roof mean S
of well #1 (Table 1). The results from the first post roof year are of course influenced by the
composition of the sprinkler water. It has a sulfate concentration of 20uM and a 8*S value of
+19.5%o0 (a small amount of Kattegatte sea water with §4S =+20.3%o is mixed with deionized lake
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water). For the first year of sprinkling only a minor change in the &S values (increase +0.4%o)
has been seen in runoff but the sulfate concentration has decreased by 15%. This value is a
weighted mean for the first year of sprinkling. Single runoff events at the end of the first year show
30% decreases, corresponding to small increases in the 5S values (Fig. 4). In the groundwater
the same trend is seen, small changes in the §*S values and a decrease in the sulfaté concentration.
Groundwater well #6 has slightly higher 6*S values than groundwater well #1 and the runoff
(Table 1). Lysimeter &S values are also higher and upon comparison with the other waters they
show some conflicting results, but the measurements are relatively few.

14
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Figure 6: Plot between the sulfur isotope composition in sulfate
and the sodium/sulfate ratio in throughfall and bulk deposition. -

DISCUSSION

Deposition

The correlation between sodium and chloride concentration suggests the origin of Na and Cl are
from sea spray. In fact, Na and Cl are the dominant ions in the runoff from the catchments in the

area due to the location close to the sea (Hultberg & Grennfelt, 1992). It is implicated that Na and
Cl will give very similar excess sulfur values.
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Sulfur deposition to the Lake Gardsjon area is best described as a mixing between a sea water
source and anthropogenic sources. This is clearly seen in Fig. 6, S vs. the Na/SO, ratio. The
regression line gives a &S value of +20.6%o for the sea water Na/SO, ratio (16.57). The
anthropogenic end member is at the intercept with a S value around +4.2%o in relatively good
agreement with the mean excess 8*S values (Table 1).

If it is assumed that the 6*S values in wet and dry deposition is different; Then the very similar
&S values in bulk deposition and throughfall could suggest that the proportion between dry
deposition and wet deposition is almost the same in bulk deposition and throughfall. The mass
of sulfur deposited differs. These results also suggest that the internal circulation of sulfur in trees
is small, previously suggested in the Lake Mjosjon study in Sweden (Andersson et al., 1992) and
shown with sulfur-35 studies in throughfall. Less than 10% of the sulfur in these sulfur-35 studies
was internally circulated sulfur (Lindberg & Garten, 1988). The field results at Lake Gardsjon also
imply that internally circulated sulfur is a quick process, a short time between uptake and
exudation. This was also shown with the sulfur-35 study by Lindberg & Garten, 1988, which was
made during three months period. A close resemblance can be seen between throughfall data in
the G1 catchment and the F1 catchment (Fig 2). It can be concluded that the F1 area is good
reference catchment area when it comes to &S values in throughfall.

It has been suggested that the seasonal variation is a result of different reaction pathways in the
atmosphere during winter and summer. The homogeneous gas phase reaction will dominate
during summer giving a kinetic isotope effect (Saltzman et al., 1983) and lower 8*S values. The
heterogeneous reaction will dominate during winter and give a temperature dependent equilib-
rium fractionation (Eriksen, 1972), a=1.0109 at 25°C, when dissolving SO, in water and a small
kinetic isotope effect (Saltzman et al. 1983), 0.=0.996, when oxidizing sulfite to sulfate in water
and higher S values. An explanation to the lack of a seasonal variation at Lake Gardsjon is that
areservoir effect is seen, a large proportion of the sulfur is oxidized before it is deposited. If the
fraction between homogeneous and heterogeneous oxidation is the same over the year a small
variation in temperature will give a small variation in the fractionation factor. The observed then
are a small variation in the &S values in the formed sulfate. In the Lake Mjosjon study the local
temperature showed a correlation with the &S values in the bulk deposition (Andersson et al.,
1992). However, in the Lake Mjosjon area in central Sweden wet deposition dominates (dry
deposition could account for some 10-20% of the total deposition) while estimates for dry
deposition in Lake Gérdsjon is around 50%.

Runoff and groundwater

Hultberg & Grennfelt (1992) has shown that Na, Cl and S have been in balance at reference
catchment F1 at Lake Gardsj6n for the past ten years. Therefore, we need first to examine if sulfur
isotope fractionation in the soil could explain the difference in 3*S of deposition, input of heavy
sulfur to the catchment, and runoff, output of lighter sulfur from the catchment. Several
investigations have suggested that there is no sulfur isotope fractionation when adsorbing/
desorbing sulfate (Fuller et al., 1986; Van Stempvoort et al. 1990), although the lysimeter 5*S
values are higher than the runoff 8#S. Lysimeter water sampling in the study in the Hubbard
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Brook by Fuller et al., 1986, showed a similar trend, higher *S values in the lysimeter samples
than in the adsorbed sulfate in the soil. This could be an effect of the sampling of water through
capillaries as in this study, but the lysimeter waters were in the Hubbard Brook study sampled with
tension free lysimeters. The change in 6*S of the pre and post periods at 20cm depths suggests
that mineralization of organic sulfur to sulfate occurs but could be an artifact as only a few samples
have been measured.

Stable isotope research in forest soils in Ontario have led to the conclusion that the only processes
that fractionate isotopes in sulfate at Earth-surface conditions are microbial processes (Van
Stempvoort et al., 1990). Peat areas fractionate the sulfurisotope composition highly by bacterial
sulfate reduction. We have seen this in F1 from groundwater well #5. This reduction leads to
higher 8*S values of sulfate and low concentrations in sulfate. Bacterial sulfate reduction is
commonly observed under stagnant periods, i.e., low discharge or dry periods as in the Lake
Mjosjon study (Andersson et al., 1992). In G1 none of this has been seen and as the §*S of runoff
is lower than the §*S of the deposition this difference cannot be explained by bacterial sulfate
reduction. We can thus point out that F1 is not a good reference catchment to G1. Further more,
it is suggested that fractionation of the sulfur isotope composition within G1 is not significant.

Cl concentrations show first signs of the sprinkler water input in September, after five months and
the whole water reservoir have been exchanged after one year (L. Nyberg, oral comm.). The sulfur
decrease occurred after nine months (Fig 4, 5) suggesting that sulfate is not as conservative as
chloride although many whole catchment experiments have suggested otherwise.

During the first year about 721mm water has been sprinkled under the roof and about 450mm of
water has been measured in runoff. 110 moles of sea water sulfur have been added to the area but
468 moles of sulfur have left the roof catchment in the runoff. This means, according to mass
balance calculations that about 25% of the runoff can be accounted to the sulfur inputs from the
sprinkler water. A composition of 25% sprinkler water and 75% old sulfur, found from mass
balance calculations, in runoff corresponds to a S value of +8.9%o, measured value is +5.8%o.
Thus, if the runoff can be seen as a total mix between sprinkler water and old sulfur within the
area, similar to the assumption in mass balance calculations, almost all sulfur in runoff is old sulfur
according to the isotope data.

All this data implies that the retention time for sulfur is long and that the sulfate in runoff is a
mixing between deposited sulfur during several years. Thus, the observed S values in runoff
are average values for the retention time period. A quick equilibration between sulfate in solution
and adsorbed sulfate has been shown with small amounts of sulfate-35 added to soil equilibrated
with water (Karltun, pers. comm.). This was shown on many different soils with an equilibration
time of only two hours. In this way the deposited sulfate will be mixed with the adsorbed sulfate
soil pool and as the sulfate content in the soil is much larger than the sulfate content of the input
and output, the change in §*S values in runoff from year to year will then be small. The slightly
higher &S values found at groundwater well #6 is also in accord with this process because of
hydrological reasons. Groundwater exists only at certain times at well #6 and the surroundmg area
is mostly an inflow area for the groundwater in the catchment.
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Table 2: Antrophogenic sulfur in runoff. The amount of antrophogenic sulfur is calcu-
lated by comparing total sulfur in throughfall and excess sulfur in runoff the same year.
Excess sulfur is calculated by using the excess sulfur definition. *S in runoff is calcu-
lated by using the formula; % antrophogenic sulfur/100 x 4.2 + % sea water sulfur/100
x 20.3 (8*S value in sea water in Kattegatt). Data from Hultberg & Grennfelt (1992).

Year % antrop. sulfur | % sea water Calculated $*s
80/81 100 0 4.2
81/82 100 0 ' 42
82/83 100 0 42
83/84 61 39 10.5
84/85 90 10 5.8
85/86 100 ] 4.2
86/87 100 0 4.2
87/88 80 ; 20 7.4
88/89 46 54 12.9
89/90 85 15 6.6
mean 88 12 6.1
+- 12 12 2

The mixing between anthropogenic sulfur and sea water sulfur according to the model presented
for the throughfall during the first year of sampling is 76% and 24% respectively. The mixing
model can be used also backwards in time; 17% decrease in sea water derived sulfur is needed
to explain the +5.4%0 measured in runoff. Mixing would then be 93% anthropogenic sulfur and
7% sea water sulfur. An average for the mixing for sulfur in runoff during the period 1980 - 1990,
table 2, according to the excess sulfate calculation is 88% anthropogenic sulfur and 12% sea water
sulfur (Hultberg & Grennfelt, 1992), which gives a calculated S value during the period of
+6.1%o, using a 8*S of anthropogenic S of +4.2%.. According to Table 2 the variation from year
to year has been large and the calculated &S value in runoff has varied. It can be concluded, also
from table 2, that the error in measurements for the mass balance approach to calculate the S
value average in runoff for the period 1980 - 1990 is well within what is measured in runoff today.
A historical record of lake sediments in Ontario showed different anthropogenic &S values in
North America with respect to time (Nriagu & Coker, 1983). It is likely that the sulfur isotope
composition of anthropogenic sulfur has changed during the 20th century in Europe due to
different emissions of sulfur in that period.
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CONCLUSIONS

The origin of sodium and chloride is through sea spray. Addition of chloride into the area from
pollution is negligible if any. The atmospheric deposition of sulfur in the Lake Gérdsj6n area is
from two sources. It is dominated by anthropogenic sources (in the year of investigation it
amounts to about 75%), the remaining part is sulfur of marine origin by sea water spray.

The lack of a proportional change in the sulfur isotope composition in the sulfate in runoff to the
decreased sulfate deposition suggests that added sulfate to the catchment is quickly equilibrated
with the adsorbed pool of sulfate. Since the pool of inorganic sulfur in the roof catchment and also
in soils in general is much larger than the deposition a dilution effect is seen which then explain
the small change in 8*S values in this study. This implies that an acidification reversal concerning
water chemistry will take much longer time than mass balance calculations suggest. Retention
time for the sulfur in the Lake Gérdsjon soils has in this investigation been shown to be much
longer than previously suggested from mass balance calculations.
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ABSTRACT. Apparent sulphur accumulation rates in selected freshwater Sphagnum-
derived peat deposits in the United States and the Czech Republic are used for an estimate
of sulphur loss during early peat diagenesis. At .two relatively unpolluted sites, Marcell
Bog, Minnesota, and Jezerni slat', South Bohemia depth x is identified below which 219Pb-
dated 2 cm thick peat layers start to show a steady decrease in apparent sulphur accumula-
tion rates. The estimate is based on a comparison between apparent sulphur accumulation
rates in peat layers deeper than x and that for depth x, assuming that at various points of
time in the past each deeper peat layer exhibited apparent sulphur accumulation rate equal
to the present value at depth x.

INTRODUCTION

Freshwater Sphagnum-dominated wetlands have consistently been identified as net sinks for
atmospheric sulphur rather than net sources (Brown 1985, Bayley et al. 1986, Urban et al.
1989, Giblin & Wieder 1989). Fluxes of gaseous sulphur compounds, predominantly H,S,
dimethylsulphide, carbonylsulphide, carbon disulphide, methane thiol and dimethyl-
disulphide from peat surface into the atmosphere are difficult to measure directly and their
estimates vary considerably (Bremner & Steele 1978, Adams et al. 1981, Aneja et al.
1982, Freney et al. 1983, Steudler & Peterson 1984, Wieder & Cichowski 1988). Bulk
sulphur emissions from wetlands are generally believed to be at least two orders of
magnitude lower compared to anthropogenic sources (Castro & Dierberg 1987). Nriagu er
al. (1987) were the first to suggest that up to 30 percent of sulphur annually deposited in
peatland areas in Canada may be revolatilized and redeposited on the earth as acid precipi-
tation. Few attempts have been made to evaluate the degree of openness of peat deposits
toward buried sulphur based on the geochemical record in peat.
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Most sulphur in freshwater peats is typically present as organic rather than inorganic S,
with carbon bonded S much more abundant than ester bonded S (Casagrande et al. 1977,
Casagrande er al. 1980, Behr 1985, Lowe 1986, Spratt er al. 1987). While the concentra-
tion of free sulphate is progresively depleted with depth, the rates of bacterially mediated
sulphate reduction often exhibit a subsurface maximum (Howarth & Teal 1979, Brown &
MacQueen 1985, Wieder et al. 1980). Radiolabelling experiments using 35S have docu-
mented dynamic interconversions between individual sulphur species, including iron mono-
sulphide S and pyrite S (Brown 1985, Skyring 1987, Wieder & Lang 1988). In our
previous paper (Novdk & Wieder 1992) we reported systematic presence of subsurface
maxima in the concentration of total S, carbon bonded S and pyrite S in seven peat bogs
with contrasting sulphur inputs. Here we propose a simple method of estimating the amount
of sulphur released during diagenesis from peat layers located deeper than these concentra-
tion maxima. We combine S concentration data with radiogenic ages of 2 cm peat layers
determined using 2!9Pb chronology (Novik 1992).

SAMPLES AND TECHNIQUES

Two study sites are situated in relatively pristine continental settings, one in the United
States, and one in the Czech Republic, with no local sources of atmospheric pollution. The
third study site is located in a heavily polluted part of West Virginia in the eastern United
States.

The first unpolluted site, Marcell Bog, is located in the Marcell Experimental Watershed S-
2 (Verry & Timmons 1982) in north-central Minnesota, U.S.A. (47°32' N, 93°28' W;
elevation 420 m a.s.1.). The 3.2-ha Sphagnum-derived peat deposit, surrounded by 6.5 ha
of mineral soil upland, fills a kettle hole 4-8 m deep. Fine-grained lacustrine sediments seal
the basin and allow the existence of perched water table within the bog. The bog is forested
with black spruce and an understory of ericaceous shrubs. The surface water pH fluctuates
around 3.6, water sulphate concentration averages 4.6 mg . 1-'1. Mean annual precipitation
reaches 550 mm, the average annual temperature is +4°C. The atmospheric pollution level
is negligible, with bulk atmospheric sulphur deposition rates of approximately 12.4 kg S .
ha'l. year! (cf. Novdk & Wieder 1992, Lindberg & Lovett 1992).

The second relatively unpolluted site, Jezerni slat', is located in the Sumava Mts. Natural
Preserve in South Bohemia, the Czech Republic (49°03' N, 13°36' E; elevation 1070 m
a.s.l.). The sparsely forested wetland (Pinus mugo) covers an area of 156 ha with a total
depth of the peat deposit 7.5 m (Dohnal et al. 1965). The bedrock is biotite-muscovite
granite of the Moldanubian Pluton. Surface water pH is 3.4 and sulphate concentrations in
surface bog water do not exceed 5.0 mg . I'1. Annual precipitation averages 760 mm and
the average annual temperature is +4.9°C. The bulk atmospheric deposition of sulphur,
calculated as twice the value of wet S deposition at a nearby catchment, is approximately
26 kg S . ha'l. year! (cf. Hlavaty 1992, Fottovd 1992, Cerny 1993).

The heavily polluted Big Run Bog is an open 15-ha Sphagnum-derived wetland surrounded

by 276 ha of forested catchment in the Appalachian Mts. of West Virginia, U.S.A. (39°07'
N, 79°35'W; elevation 980 m a.s.l.). The catchment is underlain by sandstones of the
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Pottsville Group. Peat depth averages 0.4 m and reaches a maximum of 2.30 m (Wieder &
Lang 1984). The pH of bog stream water is roughly 4.0, while sulphate concentrations in
the water fluctuate about 10 mg . 1'1. Annual precipitation is as high as 1560 mm, mean
annual temperature is +7.9°C, and the bulk atmospheric deposition of sulphur slightly
exceeds 91 kg S . ha'l yearl. All three study sites are physiographically minerotrophic, re-
ceiving water inputs by precipitation and by runoff from the upland portions of their
catchments. Based on vegetation and water chemistry, however, these sites are similar to
ombrotrophic bogs. Water table fluctuates between 2 and 10 cm below bog surface at all
three sites.

One peat core was collected from each site using a 10 cm diameter, 50 cm long PVC pipe
with a sharpened bottom edge. Cores were sliced into 2 cm thick sections, freeze dried and
homogenized. Total S was determined on a subsample from each depth using a LECO SC-
132 Sulphur Analyzer. The analytical error was lower than 1 % of S concentration.
Organic sulphur was calculated by subtracting free sulphate S, acid volatile S and Cr2+
reducible S from total S. Detailed description of analytical procedures used for the sequen-
tial extraction of the individual sulphur species from peat is given in Novdk & Wieder
(1992). Sulphur for stable isotope determinations was extracted by combustion with
Eschka's mixture (Chakrabarti 1978) and converted to sulphur dioxide according to
Yanagisawa & Sakai (1983). Isotopic composition of total sulfur was determined on a
Finnigan MAT 251 mass spectrometer with reproducibility within 0.3 per mil on the CDT
scale. Peat profiles were dated by means of 210Pb activity measurements using the digestion
procedure of Tobin & Schell (1988) and the constant rate of supply model of Appleby &
Oldfield (1978). A 3 g subsample was spiked with 15 dpm 208Po as a chemical yield tracer
and a slurry was made in 25 ml of distilled deionized water. Five ml of concentrated HCI1
and 5 ml of concentrated HNO; were added and the mixture was heated overnight. Then 1
ml of 30 % H,0, was added and the samples were heated to dryness. Five ml of concentra-
ted HC1 with 50 ml of distilled deionized water were added, the samples were boiled for 5
minutes, filtered, and the filtrate evaporated to dryness. Three times 2 ml of concentrated
HCI were added and the samples repeatedly evaporated to dryness. Then 150 ml of 0.3 M
HCI were added along with 0.5 g of ascorbic acid to complex iron. The solution was
stirred at 60°C for 1 hour. One silver disc (4 cm?), covered on one side with an insulating
varnish, was suspended in each beaker and both 219Po and 208Po were left to plate out on
the unprotected side at 60°C overnight. The activity measurements were carried out on an
Alpha spectrometer ORTEC 576.

RESULTS AND DISCUSSION

All three sites show similar changes in sulphur concentration with increasing depth (Fig. 1
a). At Marcell Bog, the subsurface maximum was found at a depth of 13 cm, at Jezerni
slat’ at a depth of 7 cm, and at Big Run Bog at a depth of 17 cm. Throughout the profiles,
organic, mostly carbon bonded S is the dominant S species, making up 80 - 95 percent of
total S. Isotopic composition of total sulphur (Fig. 1 b) exhibits two subsequent shifts along
the vertical profile. In a paper reporting 54S values of total sulphur at a variety of peat
bogs in the United States and the Czech Republic (Novdk & Wieder in review) we interpret
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Figure 1 : Concentration and isotopic composition of sulphur in peat. Full circles - total S,
open circles - organic S.

the near surface negative isotopic shift as resulting from dissimilatory sulphate reduction,
and the deeper positive isotopic shift as resulting from diagenetic processes. Higher 634S
values in deeper sections of the positive S isotopic shift may reflect preferential
revolatilization of the lighter isotope 32S during peat maturation. Both vertical isotopic
signals demonstrate mobility of originally fixed sulphur along the profile: in a closed
system no changes in §4S values of total sulphur can be expected, even though
instantaneous fractionation between individual S species may still occur (Jorgensen 1979,
Krouse 1986). The apparent vertical mobility of sulphur makes it difficult, if not im-
possible, to reconstruct historical records of actual S accumulation in peat deposits by
combining peat dating techniques with S concentration data. In the following paragraphs,
however, we attempt to combine a peat dating technique with S concentration data for a
"reversed” purpose: to estimate sulphur losses from deeper peat layers based on apparent S
accumulation rates which resulted from diagenetic processes.
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Fig. 2 (a) gives the time spans for deposition of the individual 2 cm peat increments at -
Marcell Bog, Jezerni slat', and Big Run Bog. As of 1989, the history of peat accumulation
could be followed for the past 143 years at Marcell Bog, 277 years at Jezerni slat', and 201
years at Big Run Bog. The number of years per section increases in a rather smooth, non-
linear fashion at Marcell Bog and Big Run Bog, a similar compaction tendency is less
clear-cut at Jezerni slat'. The error bars in Fig. 2 (a) represent 1 standard deviation propa-
gated from the uncertainty of activity counting. These error bars become notably large for
dates older than 100 - 120 years (i.e., 5 219Pb half-lives).

Vertical changes in bulk sedimentation rates in Fig. 2 (b) are a result of two superimposed
phenomena: changes in the net primary production, and removal of decomposition
endproducts, especially CO,, CH,, and dissoved organic molecules. At Marcell Bog bulk
sedimentation rates decrease with increasing depth, possibly reflecting a cummulative
effect: with increasing age more mobile macroelements are removed. The uppermost 2 cm
at Jezerni slat' show a rather low bulk sedimentation rate (5 mg . cm?2 . year!) which is in
agreement with field observation: no living Sphagnum was found at the sampling site, peat
accumulation at Jezerni slat' has been discontinued. Big Run Bog is characterized by rela-
tively fast peat accumulation with the deepest datable layer (38 - 40 cm below current bog
surface) found nearly twice deeper than the deepest datable layer at the remaining two sites.

Our estimate of the amount of sulphur released from buried peat horizons is based on
apparent sulphur accumulation rates in Fig 2 (¢). Apparent sulphur accumulation rates were
calculated as the product of bulk deposition rates and sulphur concentration at a particular
depth:

A(ugS.cm?. year!) =B.[c], (0Y)

where A denotes apparent sulphur accumulation rate, B is bulk sedimentation rate,-and [c]
sulphur concentration. If apparent sulphur accumulation rates (Fig. 2 c) are compared with
sulphur concentrations (Fig. 1 a), two points bear mention. First, at the relatively un-
polluted sites, Marcell Bog and Jezerni slat', vertical trends in both variables remain
similar: a subsurface maximum in sulphur concentration is reflected in a subsurface
maximum in apparent sulphur accumulation rates. Second, the depth (and age) of these
maxima is not identical at either of the two sites. At Marcell Bog sulphur concentration
peaks at the depth of 13 cm (37.4 years BP), while the apparent sulphur accumulation rate
reaches a maximum 17 cm below current bog surface (53.4 years BP). At Jezerni slat',
sulphur concentration increases to the depth of 7 cm (91.3 years BP), while the apparent
sulphur accumulation rate peaks as shallow as 3 cm below surface (38.4 years BP).

For the development of the estimate of sulphur removal rate several assumptions are made:

(a) The presence of a sulphur concentration maximum in vertical freshwater peat profiles is
a wide-spread phenomenon related to the proximity of bog surface, the level of
fluctuating water table and, hence, the level of anaerobic environment, the intensity of
near surface bacterial sulphate reduction, assimilatory uptake of sulphur, and the
overall low degree of necromass maturation. (Novdk & Wieder 1992). The presence of
a near-surface maximum in S concentration is not a result of changing local pollution
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Figure 2: Bog characteristics based on 219Pb chronology. Error bars in (a) represent one
standard deviation. Similar errors in (b) and (c) not shown.
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levels; intensity of pollution effects only its magnitude It is important to note that at
neither site in Figs. 1 and 2 near surface maxima in S concentration and apparent S
accumulation rates correspond to maximum levels of local pollution: regional
atmospheric sulphur burden on the northern hemisphere had been steadily increasing at
least until 1970 - 1985 while these maxima are found in older layers.

(b) Due to vertical redistribution of sulphur deposited on bog surface and its transport
toward the concentration maximum, only relatively unpolluted sites are suitable for the
proposed evaluation. Elsewhere enhanced S inputs overprint the burial history of
"background” sulphur.

(c) At a certain depth in relatively unpolluted peat bogs, apparent S accumulation rates
begin to decrease steadily with increasing depth (as at Marcell Bog and Jezem1 slat' in
Fig. 2 ¢).

(d) In an unpolluted bog each newly grown moss layer, after a certain time, assumes the
position of the older layer currently showing the maximum value of apparent sulphur
accumulation rate.

(e) Secular changes in net primary production are assumed to be minor.

() Removal of sulphur by advection from peat layers deeper than 10-20 cm can be
neglected.

Tab. 1 illustrates three steps of the calculation of a vertical upward flux of sulphur for
Marcell Bog and Jezerni slat’.

1. Depth x (cm) with maximum apparent S accumulation rate is identified (first line in Tab.
1). Two centimeter thick layers situated deeper than x are denoted x-i, where i is the
number of centimeters below level x (i = 2, 4, 6, 8, etc.).

2. At the time when any one-year peat increment was located at depth x its apparent
sulphur accumulation rate was equal to present apparent sulphur accumulation rate at
depth x (fourth column in Tab. 1). Time which passed since individual sulphur atoms
now found in layer x - i were found at depth x is given in the fifth column of Tab. 1.
Since then apparent sulphur accumulation rate decreased. Because both the initial
apparent sulphur accumulation rate (A,) and present apparent sulphur accumulation rate
(A,;) are expressed on annual basis, their difference quantifies annual flux of sulphur
being removed from depth x - i (column 7 in Tab. 1). Note that each peat layer is
treated as an isolated system. The prevailing mechanism of sulphur removal is assumed
to be ebullition of sulphur containing gasses. Below depth x, sulphur removed from a
deeper layer is not fixed in shallower layers but penetrates further upward.

3. The total amount of sulphur released annually from the 210Pb-datable segment of peat
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deeper than x is
U(ugS.cm?2. )’eaf’) =L (A - Ay, 2)

where U is the upward flux of sulphur at depth x, A, is apparent sulphur accumulation
rate at depth x, and A, ; is apparent sulphur accumulation rate at depth x - i.

As seen in Tab. 1, sulphur flux from peat layers deposited between 16 and 26 cm below
current surface at Marcell Bog is approximately 147.9 ug . cm?2 . year!, or 14.8 kg . ha
1 yearl, and that from peat layers deposited between 2 and 20 c¢m below the surface at
Jezerni slat' is roughly 241.7 pg . cm?2 . year!, or 24.2 kg . ha'! . year!.

An obvious limitation to our approach is the lack of knowledge of apparent sulphur
accumulation rates in peat layers positioned below the deepest 219Pb-datable layer. There-
fore the calculated values are a minimum estimate of the sulphur flux. There are indices,
however, that around 30 - 50 cm below current surface sulphur concentrations flatten out
and deeper may increase as pyrite accumulates first at the expense of labile organic S
fractions and later at the expense of the relatively recalcitrant S fractions (cf. Altschuler et
al. 1983, Novdk 1992). For discussion of the fate of sulphur during later peat diagenesis
and coalification see Price & Casagrande (1991).

Importantly, we do not suggest that the above calculated upward fluxes of sulphur actually
reach bog surface and sulphur is thus revolatilized into the atmosphere. Rather, reduced
sulphur forms which passed though depth x become partly oxidized and recycled, i.e.,
fixed, in the aerobic zone, or flushed horizontally downstream. The calculated intra-bog
upward S fluxes for Marcell Bog and Jezerni slat' agree in the order of magnitude with
local atmospheric S inputs. At Jezerni slat' the upward sulphur flux at depth x
(24.2 kg . ha'l . yearl) is by 1.8 kg . ha'l . year! lower than the estimated atmospheric
deposition of sulphur (26 kg . ha'! . year!). At Marcell Bog the calculated upward sulphur
flux (14.8 kg . ha'l . yearl) exceeds the estimated atmospheric deposition of sulphur by
2.4 kg . ha'l . yearl. Since both studied sites are runoff water fed, i.e., no sulphate S is
being supplied from below by groundwater, the upward sulphur flux U principally cannot
be greater compared to atmospheric sulphur inputs. Urban er al. (1989) estimated sulphur
inputs into Marcell Bog even lower than 12.4 kg . ha'l . year!, on the other hand, Baker et
al. (1992) give for remote northern Wisconsin bordering on Minnesota atmospheric deposi-
tion of 15 kg . ha'l . yearl. If the latter value is used for the comparison, we arrive at an
upward sulphur flux U lower by 0.2 kg . ha'! . year! than the atmospheric S input.

Due to vertical redistribution of sulphur in near-surface horizons in heavily polluted Big
Run Bog, flux U for this site is difficult to estimate. Selection of the depth x (the right
graph in Fig. 2 c¢) is hampered also by relatively low compaction, characteristic for Big
Run Bog where substantial loss of labile organic S may not have been triggered off in the
studied segment of peat column.

Note: In this paper, in the calculation of S deposition rates average 210Pb dates for the

whole 2-cm section were used. An alternative calculation approach would be to use dates
corresponding to the top and the bottom of the section.
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CONCLUSIONS

We propose a rough estimate of annual sulphur loss from subsurface layers of freshwater
Sphagnum-derived peats. The method is based on empirical identification of depth x within
the vertical peat profile, defined by (i) maximum apparent sulphur accumulation rate, and
(i) by a sequence of steadily decreasing apparent sulphur accumulation rates below this
depth. Existence of a subsurface maximum in total S concentration not corresponding to
maximum local pollution levels at a number of peat bogs (Novdk & Wieder 1992) indicates
partial transport of newly deposited S downward and/or carbon mineralization faster
compared to sulphur mineralization at depths above x. At unpolluted bogs we postulate that
each one-year peat increment at a certain time assumes the position of peat layer currently
found at depth x. At this point each peat increment exhibits the same (maximum) value of
apparent S accumulation rate. By ongoing diagenesis apparent S accumulation rates become
smaller and the total loss is greater or equal to the sum of differences (A, - A, ;), where A,
is apparent sulphur accumulation rate at depth x, and A, is apparent S accumulation rate
in 2 cm thick peat layers below x datable by 210Pb. The procedure can be applied only to
relatively unpolluted bogs. For Marcell Bog, Minnesota (USA) annual sulphur flux through
depth x was estimated as 14.8 kg . ha'l . year, that for Jezerni slat" in south Bohemia (the
Czech Republic) as 24.2 kg . ha'l . year!. Actual sulphur flux from bog surface into the
atmosphere is controlled by the residence time of S-containing gases in peat above depth x
and by internal cycling in the top peat layers and is believed to be lower than the estimated
upward sulphur flux at depth x.
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THE INFLUENCE OF OKCHON BLACK SHALES ON THE CONCENTRATIONS
OF Cd, Mo AND Se IN SOILS AND CROP PLANTS IN KOREA

K.W.KIM & I. THORNTON
Environmental Geochemistry Research Group
Centre for Environmental Technology
Imperial College
London SW7 2BP
England, UK.

ABSTRACT. High contents of potentially toxic elements of concem to animal and human
health are present in some natural geological materials. The Okchon uraniferous black shale
in Korea provides an important example of this. Cadmium, molybdenum, selenium and
uranium are enriched in the uraniferous black shale in the Deog-Pyoung area. Soils
developed on these materials tend to reflect their extreme geochemical composition. The
trace element concentrations in these soils have been shown to be higher than the worldwide
average concentrations in non-polluted soils. The Cd concentrations in soils in early summer
are higher than those in autumn ; Se concentrations in residual soils are positively related to
soil organic matter content.

High Cd and Mo concentrations in some crop plants are related to those in soils. The total
Mo and Se concentrations in soils are major factors affecting concentrations in plants. The
availability of these elements for plant uptake has been shown to be relatively low in these
mainly acid soils and increases with increasing soil pH. Cadmium uptake by plants is not
simply linearly related to any one soil factor but is influenced by the total concentrations of
Cd in soil, pH, organic matter content and clay content. The speciation of elements and other
interacting elements in soils have been considered. Molybdenum and Se concentrations in
paddy rice decline with maturity, and decrease in order young shoot > stalk > grain. Uilike
Mo and Se, Cd concentrations are higher in rice grain than in rice shoot.

INTRODUCTION

The contents of trace elements in crop plants consumed everyday are related to plant and soil
factors (Gissel-Nielsen ef al., 1984 ; Friberg et al., 1974 ; Gupta & Lipsett, 1981) and those
of soils are influenced by the parent material and the processes of soil formation (FitzPatrick,
1971). Where trace element concentrations are high in the parent rocks, this is likely to
influence the composition of the corresponding soils and plants (Thomton, 1983). This paper
investigates soil forming factors determining trace element concentrations in soils developed
from black shales, and examines soil and plant factors which influence trace element uptake

89



from these soils into plants. The principal pathways and factors of transfer of trace elements
in the rock-soil-plant-human system are shown in Figure 1. ~

SOIL FORMING FACTORS
PARENT MATERIAL. CLIMATE, TIME
TOPOGRAPHY AND VEGE TATION
. SOIL FACTORS
LANT FACTORS I ELEMENT CONCENTRATIONS, pH, CEC
SPECIES AND AGE ‘ OTHER INTERACTING ELEMENTS,
ORGANIC MATTER AND DRAINAGE
HUMAN FACTORS | ~ PLANT FACTORS |
DIE:__/ ‘ Ws, AGE AND PART OF PLANT
_—
Figure 1: The principal pathways and factors of transfer of trace elements in the rock-

soil-plant-human system.

MATERIALS AND METHODS

Sampling of rocks, soils and plants in the Deog-Pyoung area was carried out on transect lines
crossing the alluvium lying along tributary drainage valleys (Kim, 1993). Rock samples
comprising uraniferous black shales and black slates/grey chlorite schists ( > 1 kg) were taken
at random from available outcrops. Surface (0 - 15 cm depth) and subsurface (15 - 30 cm
depth) soils, and plants were sampled along transect lines. Each surface soil sample
comprised a composite of nine subsamples taken from a 2 X 2 metre square. Subsurface soils
were composed of at least three subsamples. Rice, tobacco, red pepper and lettuce were
sampled where possible on each transect line or from selected gardens in the village of the
Deog-Pyoung area. Sample preparation, analytical techniques including acid digestion
methods and determination of other parameters are described in detail by Kim (1993).
Analytical data were assessed for accuracy and precision using a quality control system
integral to the analytical procedure (Ramsey ez al., 1987).
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SOIL FORMING FACTORS INFLUENCING TRACE ELEMENT
CONCENTRATIONS IN SOILS

Parent material

Parent material is defined as the initial state of the soil system (Jenny, 1941). A significant
correlation exists between the nature of rocks and their related soils, but the same type of rock
can give rise to very different soils depending upon the nature of other soil forming factors,
particularly climate (FitzPatrick, 1986).

Comparison of trace element concentrations in rocks and soils: Some beds of black shale
are known to contain trace elements in concentrations more than a hundred times their
average crustal abundances (Krauskopf, 1956). Soils tend to reflect the extreme geochemical
composition of some bedrock types, and trace element concentrations in the soils derived from
the black shales are expected to be high (Kim, 1993).

The trace element contents of parent rocks dominate those of soils derived from these (West,
1981). Cadmium, Mo and Se concentrations in uraniferous black shales in Korea (average
6.3 pg Cd g', 136 pg Mo g"' and 8.6 pg Se g') are higher than those in nearby black
slates/grey chlorite schists (0.8 pg Cd g, 2.1 pg Mo g™ and 1.1 pg Se g"') (Kim & Thornton,
1993). This is directly reflected in the trace element concentrations in surface soils (Figure
2), and the trace element concentrations in alluvial soils from the uraniferous black shale area
(average 1.2 pg Cd g, 63 pg Mo g'' and 1.6 pg Se g'') are higher than the worldwide average
concentrations in non-polluted soils (0.4 pg Cd g, 1.5 pg Mo g and 0.4 pg Se g') (Berrow
& Reaves, 1984).

Cadmium

3¢

: MEDIAN
uraniferous black (hﬂ
n shale area

Frequency (%)

n black slate/grey (m)
chlorite schist area

Molybdenum Selenium
— 301
& Iy
4 g
: : 104
oo 79 - STy
Figure 2: Frequency distribution histogram of Cd, Mo and Se concentrations in surface

soils (0 - 15 cm depth) in the Deog-Pyoung area.
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Analysis of Variance (ANOVA): The one way analysis of variance (ANOVA) is appropriate
to test the hypothesis that the trace element concentrations in alluvial soils derived from
different bedrock areas are similar (Davies, 1973). Analysis of variance includes a wide
variety of potent statistical procedures dependent on the fact that the total variability in a data
set can be divided into parts that arise from different sources. Individual sources of
variability can then be assessed relatively to each other (Howarth, 1983). Therefore,
variability of trace element concentrations between different bedrock areas can be compared
to those within an area.

The hypothesis tested is that trace element concentrations in alluvial soils developed from
uraniferous black shales are similar to those from black slates/grey chlorite schists. If the F
probability is bigger than 0.05, then the hypothesis is accepted with a 95 % of confidence
level, otherwise it is rejected with the same confidence level. From Table 1, the F
probabilities for Cd, Mo and Se concentrations are smaller than 0.05, and this suggests that
the Cd, Mo and Se concentrations in alluvial soils derived from uraniferous black shales are
significantly different to those derived from black slates/grey chlorite schists. The SD ratio
is the ratio of the standard deviation for trace element concentrations within one bedrock area
to that between two different bedrock areas. The values for Cd and Mo are smaller than that
of Se, and this suggests that the influence of different bedrock on the variability of Se
concentrations is smaller than that for Cd and Mo concentrations.

Table 1: Analysis of variance (ANOVA) on trace element in surface alluvial soils.
DF ss MS F sp SD
(Fpres) ratio
Between different bedrock areas 1 1.2 1.2 19.1 0.77 0.33
Cd Within one bedrock areas 141 9.2 0 07 (0.007) 0.26
Total 142 10.4 0.37 »
Between different bedrock areas 1 6.2 6.2 19.6 1.71 0.33
Mo Within one bedrock areas 106 33.4 0.32 (0.00°) 0.56
Total 107 39.6 0.37
Between different bedrock areas 1 3.1 3.1 9.8 1.18 0.47
Se Within one bedrock areas 119 27.8 0.32 (0.00°) 0.56
Total 120 40.9 0.34

* Significant at P = 0.05

Other soil forming factors

Climate: Climate is the principal factor governing the type and rate of soil formation, as
well as being the main agent determining the distribution of vegetation. The climate of an
area is a description of the prevailing atmospheric conditions, and for simplicity it is defined
in terms of the averages of its components, the two most important being temperature and
precipitation (FitzPatrick, 1986).

Climate affects the dispersion of trace elements mainly through its control of the moisture
regime. Humid temperature climates provide optimum conditions for chemical dispersion
(Rose et al., 1979). In the study areas, trace element concentrations in soils in the summer
are highly correlated to those in autumn. In order to avoid sampling and analytical
inaccuracies, analytical precision and bias are fully determined using real test materials and
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four types of quality control materials over the completed arllalytical period (Kim, 1993). The
Cd and, to a lesser degree, Mo concentrations in soils in early summer are higher than those
in autumn (Figure 3). These trends are also found in other black shale areas (Kim, 1993), and
concordant with the results that there is a large reduction in Cd contents of topsoils after the
monsoon rain in Korea (Moon, 1991). It is hypothesized that during the heavy rainfall in
summer, Mo remains relatively mobile as potentially soluble molybdate whilst Cd solubility
increases with a low soil pH. Where rainfall exceeds evaporation, readily soluble saits are
dissolved by downward percolating water, and over a long period of time, sparingly soluble
materials are removed from soils in humid regions. Thus a major effect of leaching is
gradually to make the soil more acid leading to the development of a weathered B horizon
(Bridges, 1988). In dry season, water movement is upward, so that soluble salts, colloids and
small mineral particles tend to be transported into the surface layers (Greensmith, 1988).
However, Se concentrations in soils do not change before and after the rainy season because
the lowest solubility occurs when the soil is slightly acid (Adriano, 1986).
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Figure 3: Seasonal variation of average Cd, Mo and Se concentrations in paddy fields.
(Korea Meterological Office, 1991)
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Topography: The topography of the region includes the dramatic mountain ranges and the
flat featureless plains, both of which gives the impression of considerable stability and scem
to be timeless. Topography influences the soil in many ways. For example, the thickness of
the soil is often determined by the nature of the relief (FitzPatrick, 1986). It is apparent that
relatively high trace element concentrations in rocks are found in the mountainous areas
where uraniferous black shale outcrops. However, the trace element concentrations in soils
tend to be higher on flat or gently sloping receiving sites as a result of removal of finer
grained materials down slope. - Lower trace element concentrations are found in strongly
sloping ground (Kim, 1993).

Generally, the B horizon gives the best contrast of trace element concentrations (Levinson,
1974). When the trace element concentrations in soils from the uraniferous black shale area
are compared with those from the black slate/grey chlorite schist area, the contrasting ratio
for both Mo and Se is bigger in subsurface soils than in surface soils (Figure 4). However,
this difference is not found for Cd perhaps because of the highly mobile nature of this
element in these soils.
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Figure 4: Ratio of trace element concentration in soils from the uraniferous black shale

area to those from the black slate/grey chlorite schist area.

Vegetation: Nearly every organism living on the surface of the earth or in the soil affects
the development of soils in one way or another (FitzPatrick, 1986). In addition, organic
matter content is associated with the distribution and availability of trace elements in soils
(Hodgson, 1963). It is evident that organic matter is associated with Se concentrations in
residual soils developed from uraniferous black shales. The Se concentrations in soils
increase as organic matter contents increase (Figure 5). Selenium is associated with the
organic matter in soils via the cycling of the eclement through decay of plant material
(Levesque, 1974). Elevated concentrations of Se in black shales may be attributed to
deposition under reducing conditions, induced by the presence of organic matter at the time
of formation (Krauskopf, 1979).
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Time: Time can not be considered in this study because soil formation is a very long and
slow process requiring thousands and even millions of years (FitzPatrick, 1986). Generally
the accumulation of parent material by weathering of bedrock takes longer than its
differentiation into soil horizons (Rose et al., 1979). In the Deog-Pyoung area, most soils
have a clearly defined A horizon due to the weathering of the underlying parent material. In
some cases there is no distinct B horizon as the soils are relatively young.

THE INFLUENCE OF SOIL AND PLANT FACTORS ON TRACE ELEMENT
UPTAKE INTO PLANTS

The role of soil factors in determining trace element concentrations in plants

Factors reported to influence the availability and plant uptake of trace elements in the soil
include the trace element concentration, soil pH, organic matter content, cation exchange
capacity, speciation of the element, soil redox potential, soil texture and other interacting
elements (Street et al., 1978 ; Adriano, 1986 ; Alloway, 1990 ; Lakin, 1972).

Trace element concentrations in soils: Although various soil factors can affect availability,
the total amount of the element present in the soil is one of the major factors affecting the
trace element contents in plants (Alloway, 1990). Trace element concentrations in plants are
generally high where those in soils are high. Selenium concentrations in rice (and tobacco)
increase as those in soil increase (Figure 6), whilst Cd and Mo concentrations do not show
a significant relationship. When the log transformed data are compared concentrations of Mo
in rice are seen to be significantly related to those in soils (Figure 6). There is however no
significant correlation between Cd concentrations in plants and soils.

The extractable trace element content in soils is generally a better indicator of trace element
phytoavailability than the total content. For example, Browne et al. (1984) demonstrated that
Cd accumulations in plants grown under greenhouse and aerobic conditions could generally
be described by the linear equation of log transformed data. In this present study, the EDTA
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extraction method is used to estimate plant available Cd. The Cd concentration extracted by
the EDTA shows a positive relationship with the total Cd concentration in soils. However,
no significant relationships are found between Cd concentrations in plants and total or EDTA
extractable Cd concentrations in soils possibly because of the limited number of samples
examined. The water soluble Cd in soils is also measured for selected soil samples, but most
of the measured values are lower than the detection limit of 0.1 pg Cd g'. Plants were not

growing in these soils in which the water soluble Cd contents are higher than the detection
limit.

Soil pH: Soil pH appears to be the most important single soil property that determines trace
element availability to plants in this study. Soils range from acidic (pH 2.8) to neutral (pH
7.1) with the majority < pH 6.0. Under these conditions the availability of Mo and Se is
relatively low. Unlike most other micronutrients, the availability of these two elements in
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soils is greatest under alkaline conditions and less under acidic conditions (Adriano, 1986).
Although these acidic soils contain high Mo concentrations, the levels of Mo in plants
growing in them are not markedly different from those of plants in soils with normal levels
of Mo.

Cary & Allaway (1969) measured the Se uptake in alfalfa grown on soils ranging from a pH
of 54 to 7.8 and found the highest Se concentrations in plants from the high pH soils.
Similar results were found for cereals by Linberg and Bingefors (1970). Although it is shown
that the rice plant does not reflect an increase in trace elements in the soil to a great extent,
the ratio of Se concentrations in rice grain to those in soils increases as soil pH increases.
Uptake of trace elements by red pepper is more sensitive to concentration in the soil than rice,
and a significant relationship is also found between both Mo and Se concentrations in red
pepper and soil pH (Figure 7).
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In general, Cd uptake by plants is usually higher in acidic than in alkaline soils (Mahler et
al., 1978). However, in this study with few exceptions no relationship is found between Cd
concentrations in plants and those in soils. This suggests that the availability of trace
elements is also related to other soil factors, and multiple linear regression using soil factors
is needed to predict trace element uptake by plants.

Soil type: A higher sorption capacity or bonding energy is associated with fine textured soils
or soils with a high organic matter.or clay content (John, 1972 ; Andersson, 1977). Soil
organic matter is known to adsorb considerable amounts of inorganic cations, including toxic
metal ions, by an ion exchange mechanism (Adriano, 1986 ; Alloway, 1990).

The study soils give rise to low Mo contents in plants, because they are generally dry, well
drained, acidic and low in organic matter. As the organic matter content of soils increases,
Mo concentrations in rice shoots increase (Figure 8). High organic matter apparently
increases the soluble Mo content due to its effect on the redox potential and the more rapid
reduction of Fe rather than through formation of soluble organic forms of Mo (Adriano,
1986).
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Figure 8: Relationship between Mo concentrations in young rice shoot and loss on

ignition in soils .

Selenium uptake by plants is closely related to soil texture (Gissel-Nielsen et al., 1984). In
this present study, Se concentrations in tobacco increase where loss on ignition values in soils
increase. From the soil textural analysis, most soils in the study areas are sandy loams (Kim,
1993). These are classified as well drained soils (Korea Soil Survey, 1971), and it is possible
that some of the Se may be leached from soils under oxidising conditions if it is present as
selenate (Adriano, 1986).

98



Speciation: As indicated above, most of the soils studied are acidic with pH ranging from
4 to 6. Under these conditions in systems exposed to the atmosphere, redox potential may
be calculated as to being between 0.3 and 0.53 (V) (Garrels & Christ, 1965).

Cadmium is always divalent and the free ion Cd** predominates (Brookins, 1988). The free
ion Cd* is more likely to be adsorbed on the surface of the soil solids than other species,
such as the neutral or anionic species (Alloway, 1990). Ca®, Zn** and H* are present in the
soil or can significantly desorb Cd from the soil (Christensen, 1984), resulting in Cd being
more mobile in soils and therefore more available to plants than many other heavy metals,
including Pb and Cu (Alloway, 1990).

The species of Mo comprising soluble Mo in soils are anionic, with MoO,> as the
predominant ion (Lindsay, 1972), and MoO,>, HMoO,  and H,MoO, predominating in soils
over a pH range of 3 - 7 (Lindsay, 1979), covering the range of soils in the study areas.
Molybdate is sorbed strongly by Fe and Al oxides and Mo sorption increases with a
decreasing pH of 7.75 to 4.45 (Reisenauer et al., 1962). This sorption mechanism reduces the
availability of Mo to plants.

Selenium in these soils would be expected to exist either as selenite (SeO,>) or biselenite
(HSeO,") depending on the pH, with HSeO, predominant in the soil at pH values of 2.8 - 7.1
(Brookins, 1988). Selenite is fixed in soil to a much greater extent than selenate, therefore,
the uptake rate of selenite by plants in the field is much lower than that of selenate (Ganje
& Whitehead, 1958). The low solubility of Se in acid soils can be attributed to its presence
as selenite in combination with ferric iron or as basic ferric selenite (Adriano, 1986).

Interactions with other elements: In the present study, Cu in soil is found to reduce the
uptake of Cd by rice grain and stalk (Kim, 1993). Soil Zn has been found to have an
antagonistic effect on the Cd uptake by rice grain between the biological absorption
coefficient (Brooks, 1983) of 0 and 2, but no effect in tobacco or red pepper. Lead is shown
to have a synergistic effect on Cd uptake by rice grains or stalks (Figure 9) probably due to
it being preferentially adsorbed, thus leaving more Cd in solution (Adriano, 1986). Iron in
soils inhibits rice grains or stalks taking up Cd from soils.

Bingham & Garber (1960) found a synergistic effect of P fertilization on Mo uptake by
orange seedlings in acid soils. In this study, Mo uptake by rice shoot is enhanced with
increasing P concentrations in soils (Figure 9). However, Zn in the soil is found to depress
Mo uptake by plants ; this may be explained by the influence of Zn ion on the translocation
of Mo in plants (Singh and Steenberg, 1975).

The interaction between Se and P in plants has been inconsistent (Carter et al., 1972 ;
Levesque, 1974), although in this study the effect of P in soils has a negative effect on the
uptake of Se by red pepper.

The role of plant factors in determining the trace element concentrations in plants

Plant species: The concentrations of trace elements in plants vary with the plant species.
Many researchers have found lettuce to be one of the greatest accumulators of Cd among food
crops (Adriano, 1986). Plant samples may be divided into several groups. Lettuce and
tobacco are classified as leafy plants, and paddy rice as grain and cereal products.

Generally leafy plants contain higher levels of trace elements than grain and cereal products
(Bosque et al., 1990). Pettersson (1977) found that Cd concentrations are lowest in the grain
or cereal products. However, absolute trace element concentrations in plants are not enough
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to explain the trace element uptake by plant species. In order to consider the influence of
trace element levels in soils on uptake by plants, the biological absorption coefficient (BAC)
is used. The BAC is the ratio of trace element contents in plants to those in soils (Brooks,
1983 ; Kabata-Pendias & Pendias, 1984). The relative trace element ratios are found for
various plants to be in the order tobacco > rice stalk > lettuce > red pepper > rice grain (Kim,
1993). This indicates that leafy plants such as tobacco and lettuce accumulate trace elements
from soil to a greater degree than red peppers and rice grain. Rice shoots show different
trends in the BAC compared to other plant species. For example, the average BAC of Mo
in rice shoots is exceptionally high, being up to 3.5. Molybdenum is freely taken up by
plants and apparently normal plants may exhibit a considerable range of contents. In general,
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the greatest concentration of Mo is found in actively growing plant parts (Barshad, 1948) ;
the rice shoot is one example (1.4 - 48 pg g! D.M.). This high concentration in plants may
be explained by two possibilities. One is that the requirement for Mo by plants is related to
the N supply, because the most important function of Mo in plants is NO,; reduction
(Hagstrom, 1977). High levels may also occur following the application of fertilizers
containing Mo or the addition of lime to high Mo acid soils. Soils naturally high in available
Mo, or contaminated by appropriate, organic residues may also produce forage with
unacceptably high Mo content (Gupta & Lipsett, 1981).

Some plant ‘species including rice shoots aré known to accumulate high levels of Mo.
Symptoms of toxicity in plants under field conditions are very rare (Allaway, 1977 ; Gupta
et al., 1978), whereas toxicities in ruminant animals feeding on forage high in this element
are well known (Miltimore & Mason, 1971).

Plant parts: Because of genetic variation among cultivars within a plant species, differences
in Cd uptake and accumulation in various plant parts have been observed for rice and lettuce
(Kitagishi & Yamane, 1981 ; John & VanLaerhoven, 1976) '
The Mo content of leaves is found to decrease with maturity, and the Mo concentrations in
paddy rice shown to decrease in the order shoot > stalk > grain (Figure 10). Selenium
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Figure 10: Variation of Cd, Mo and Se concentrations in rice parts (No. of rice: 17),
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concentrations in plant tissues usually decline with maturity (Rosenfeld & Beath, 1964), and
the Se concentration in paddy rice indicates that Se levels are highest in young rice shoots
(Figure 10). «

Cadmium concentrations are lower in seeds relative to the concentrations in other plant parts
such as leafy tissues (Adriano, 1986). Unlike Mo and Se concentrations in paddy rice, Cd
concentrations increase with plant maturity. As a major component of the Korean diet, rice
grain is of paramount importance in determining the Cd accumulation in the human body
(Kim, 1993).

CONCLUSIONS

(a)

(b)

©

(@

(e)

®

Cadmium, Mo and Se concentrations in the Okchon uraniferous black shales are
significantly higher than in other rocks studied ; soils derived from these parent
materials in general reflect their extreme geochemical composition. Cadmium and Mo
concentrations in soils in summer are higher than those in autumn. Selenium
concentrations in residual soils are positively related to soil organic matter content.
Although various soil factors affect the availability of the trace element in these areas,
it has been shown that the total Mo and Se concentrations in soil are the major factors
affecting concentrations in plants. However, no significant correlation is found
between total Cd concentrations in soils and plants. Cadmium extracted by EDTA
shows a positive relationship to total Cd concentrations in soil, whilst most of the
water soluble Cd concentrations are below the detection limit of 0.1 pg g

Levels of Mo and Se in plants growing in these soils are not different from those of
normal plants because the availability of Mo and Se is relatively low in the mainly
acid soils over the pH range of 2.8 to 7.1. The uptake of these elements in plants
increases with increasing soil pH. However, Cd uptake by plants is higher in acidic
conditions and also relates to other soil factors.

When values for loss on ignition in soil increase, Mo and Se concentrations in some
plants also increase indicating a positive effect of soil organic matter on the
availability of these two elements. Cadmium uptake by plants is not simply related
to the organic matter content.

Soil Cu, Zn and Fe inhibit uptake of Cd into rice stalk and grain, though Zn has no
effect on the Cd content of tobacco and red pepper. Lead has a synergistic effect on
the Cd uptake by rice grain and stalk. Molybdenum uptake by young rice shoot is
enhanced with increasing P concentrations in soil but the effect of P in soil has a
negative effect on the uptake of Se by red pepper.

Trace element concentrations in plants also vary depending on plant species or parts.
Leafy plants such as tobacco and lettuce accumulate Cd, Mo and Se. The greatest
concentrations of Mo are found in actively growing plants such as the young rice
shoot. Molybdenum and Se concentrations in paddy rice decline with maturity, and
decrease in the order young shoot > stalk > grain. Unlike Mo and Se, Cd
concentrations are higher in rice grain than in rice shoot.
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GROUND WATER ABSTRACTION FROM SHALLOW UNCONFINED DECCAN
BASALTIC AQUIFERS OF MAHARASHTRA, INDIA
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Department of Geology, University of Poona,
Pune - 411 007, India

ABSTRACT. Shallow unconfined Deccan basaltic aquifers tapped through large diameter dug
wells, constitute an important source of water supply in Maharashtra State, India. Lithological
variation, coupled with varied weathering and jointing patterns attribute a high degree of
inhomogeneity to the Deccan basalts. This inhomogeneous character causes yields of wells tapping
the Deccan basaltic aquifer(s) to vary over a contiguous area. Well yields influence ground water
abstraction and hence control the agricultural support of different wells (area irrigated and the type
of crops sustained). Well hydrographs, supported by lithology, can help to understand the
relationship between the yields of different wells and their agricultural support. The regulation of
ground water abstraction in light of the hydrogeological factors controls the agricultural sustenance
of a well, particularly under drought conditions. This regulation of crops grown on a well.

INTRODUCTION

The Deccan basalts of west-central India cover an area of over 500,000 km?2. These basalts from an
important source of water supply as shallow unconfined aquifers. The erratic rainfall pattern, along
with the low ground water recharge - from 7 to 12 % (Lerner et al., 1990; Athavale et al., 1992) -
subjects the Deccan basaltic region to frequent droughts.

In addition to the vagaries of the monsoon, the Deccan basalts exhibit a complex geometry,
especially in context to ground water occurrence. This uneven and complex geometry of Deccan
basalt units contributes to hindrances in ground water exploration in this region (Kale et al., 1992).
A variation in their weathering and jointing properties causes a high degree of inhomogeneity in the
hydrogeological characteristics of different Deccan basaltic units. However, in spite of such highly
inhomogeneous conditions, the shallow Deccan basaltic aquifers constitute the only source of water
in many areas, both, for agricultural and domestic purposes.

The agricultural patterns in many contiguous tracts from the Deccan basaltic province are
completely influenced by ground water potentials (yields) of wells tapping the shallow Deccan
basaltic aquifers. The present paper attempts to highlight how the variation in hydrogeological
factors influences the ground water abstraction for agriculture, from a shallow unconfined Deccan
basaltic aquifer. The aquifer forms a part of a typical lithological setup with a recurrence pattern
over the Deccan basaltic terrain of Maharashtra State, India.

TYPICAL LITHOLOGICAL PATTERN

The Deccan basalts, on the basis of their physical character, can be broadly classified into :-
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i) the vesicular-amygdaloidal type
ii) the finer grained dense-compact type

The vesicular-amygdaloidal basalts are typically characterized by the presence of vesicles and/or
amygdales. Generally, the top and (very often) the bottom portions of these basalt units are
vesicular. A vesicular-amygdaloidal basalt unit is strewn with a single basalt unit vary in size and
number (both laterally and vertically ). Another noteworthy feature of the vesicular-amygdaloidal
basalts is the presence of varying amounts of tuffaceous material within these units. The vesicular-
amygdaloidal basalts are capped by red tuffaccous material within these units. The vesicular-
amygdaloidal basalts are capped by red tuffaceous layers which act as reliable marker horizons. The
vesicular-amygdaloidal basalts are prone to sub-horizontal sheet jointing. These sheet joints are
apparent as isolated joints as well as a network of interconnected joints.

The fine grained dense-compact basalts are very low in amygdale content, except at the base which
is marked by pipe shaped amygdales. Their top portions are jointed, the joints being essentially
subvertical in disposition. These top jointed portions grade downward into a fairly unjointed dense
basalt. :

An fine sequence of vesicular-amygdaloidal basalts (capped by red tuffaccous layers) and dense-
compact basalts is widely observed over the Deccan basaltic province, especially around Pune,
Ahmednagar and Solapur (Kulkarni, 1987). The degree of development of sheet jointing,
subvertical jointing and the complex jointing pattern at the contacts between different basalt units
governs the accumulation and movement of ground water in the Deccan basalts.

A typical lithological setup is constituted within the above sequence when a vesicular-amygdaloidal
basalt (capped by a red tuffaccous layer) is underlain by a dense-compact basalt. Such a lithological
setup was studied to ascertain how hydrogeological factors influence ground water abstraction and
agricultural support.

HYDROGEOLOGY OF STUDY AREA

The study area lies about 50 km NNE of Pune city ( Figure 1). The main occupation of the people
from Pabal and the nearby inhabitations is farming. The area receives an average annual rainfall of
550 mm. Pabal village lies in the Vel river, a tributary of the Bhima.

The Vel river basin shows an alternating sequence of vesicular-amygdaloidal and dense-compact
basalt types, the former being capped by red tuffaceous horizons (Figure 1). In the study area
(Pabal area), this alternating sequence is represented by five mappable basaltic units (Figure 2). The
vesicular-amygdaloidal basalts (unit 1,3 and S) are comparatively more inhomogeneous and coarser
grained than the dense-compact basalts (units 2 and 4).

The amygdaloidal basaltic unit 3 (referred to henceforth as the "amygdaloidal basalt unit" ) and the
jointed upper portion of the underlying compact basaltic unit 2 ( referred to henceforth as "jointed
basalt unit" ) constitute the shallow unconfined aquifer in the Pabal area. This aquifer is tapped
through over 200 dug wells (Figure 2). Many of these dug wells tap only the amygdaloidal basalt
unit as the unconfined aquifer as they are not deep enough to have penetrated the underlying jointed
basalt unit, e.g. wells numbered 72, 73, 99 and 112. In portions of lower elevations ( lower than
670 m above msl ) - where the jointed basalt is exposed at the surface - wells tap only the jointed
basalt unit as the unconfined aquifer, e.g. wells numbered 125, 126 and 127. Only a few wells in
the area penetrate and therefore, tap both the amygdaloidal and jointed basalt units together as the
unconfined aquifer, e.g. well numbered 29, 85 and 146.
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The accumulation and movement of ground water in this shallow basaltic aquifer is subject to the
degree of development of the following openings:

a) the sub-horizontal sheet joints of the amygdaloidal basalt unit;
b) the sub-vertical sheet joints of the amygdaloidal basalt unit;
c) the contact zone between the amygdaloidal and jointed basalt units.

These three types of openings represent the "inflow zones" in different wells (Kulkarni and
Deolankar, 1990). Inflow zones.openings through which water enters a well. The degree of
development of these inflow zones in wells depends upon the lithological conditions prevailing in
different parts of the area and hence the degree of development of inflow zones in dug wells from
the Pabal area is variable. For instance, wherever the thickness of the amygdaloidal basalt unit is
substantial (and shows an increased amount of associated tuffaceous material), sheet joints are
prolifically developed along the well face (wells numbered 99, 112, 113 and 195). In areas where
the thickness of the amygdaloidal basalt unit is reduced due to its undulating contact with the
underlying jointed basalt unit, there is a restricted sheet joint development in wells (wells numbered
11, 72 and 73). Further, sheet joints get accentuated due to the interaction between the rock matrix
and circulating ground water. the accentuation may result in the widening of the sheet joints along
the well face (Kulkarni, 1987 and Kulkarni and Deolankar, 1990).

WELL YIELDS

Inhomogeneity in the hydrogeological properties of the Deccan basalts (such as the varied inflow
zone development in wells) causes a variation in well yields in an area. Well yields depend upon the
number of inflow zones tapped by the well, their aperture and the quantum of inflow through them.
Further, this variation is bound to affect the agricultural output in the area (each well will have an
agricultural output that is dependent upon its capacity to yield water).

In order to quantify well yields to obtain an index for correlation, a parameter called "Infiltration
index" was adopted. Infiltration index denotes the Specific capacity of a dug well per unit aquifer
surface area tapped (Deolankar, 1979). this parameter takes care of large diameter of well and the
saturated thickness tapped saturated thickness tapped by the well.

Infiltration index values were calculated for 65 dug wells from the area using well-test data. A few
values for representative dug wells have been listed in Table 1. The table also gives a summary of
the draught for these wells, representing the ground water abstraction.

AGRICULTURAL SUPPORT

Variable agricultural support over the Deccan basaltic terrain can be correlated to the varied well
potentials (Deolankar and Kulkarni, 1985). The agricultural support of a well is the area irrigated
(in hectares) along with the number and type of crops (cropping pattern) that it can sustain during
the course of a single year. Three crops are usually cultivated over a period of one year ( beginning
at the onset of the monsoon). The monsoon crop (June-September/October), called the "Kharif", is
only marginally supported by ground water. The winter crop (November-February), called the
"Rabi" and the summer crop (March-May) are fully supported by ground water obtained from
pumping different wells.
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Singhal et al.(1987) have studied the effects of draught and ground water draught on a ground
water regime from a hard rock terrain of south India. Their study indicates that the Kharif crop
requirement (for about 1 hectare) of ground water in this area is 51 pumping hours per week
whereas the Rabi crop requirement (for about 1 hectare) is 81 pumping hours per week at a
pumping rate of 4.5 m>/hour.

The relationship between well yields (as a response to the hydrogeological properties), ground
water abstraction and the agricultural support can be well illustrated over a two year cycle. Pabal
receives an (average) normal annual rainfall of 550 mm. In Pabal, the first year (1984), which
showed a more than average annual rainfall (717 mm) was followed by a low annual rainfall year
(1985), showing average annual rainfall of 308 mm. The well hydrografhs for a few representative
wells, over this two year period are illustrated in Figure 3 (a,b,c,d,e and f). The plots also illustrate
the lithology of each well, with the disposition of inflow zones along the vertical section of the
well.

The plots (Figure 3) show the response of wells to ground water recharge and ground water
abstraction. Each plot shows how ground water recharge from more than average rainfall (during
1984) raised water levels in most wells to within 2 m of the ground level (just after the rainy
season). Subsequently, during the winter period of 1984 and the following summer period of
1985, ground water abstraction from the wells, for agricultural support, resulted in the water levels
falling in these wells. The plots further show that the average rainfall during 1985 was less than
normal and therefore, the ground water recharge was limited. Each well, as a consequence,
recorded a water level rise of only a couple of meters (decipherable after the rainy season). Ground
water abstraction (under the limited ground water recharge), during the following winter (1985),
and summer (1986) caused water levels in wells to fall further, even drying up many wells during
the course of the year.

Table 1 and Table 2 give details regarding Infiltration index, weekly ground water abstraction and
agricultural support (both winter and summer) for representative dug wells from the study area.
The degree of saturation and the operativeness of inflow zones that a well maintains at the end of
summer (end May) each year can form a measure of its ground water abstraction and well yield.
Well from the Pabal area exhibit a fair amount of variation (Table 1) insofar as ground water
abstraction is concerned (130-2500 m3/weck). This variation is particularly significant in light of
the cropping pattern during the two year period of study. Abstraction of ground water for
agriculture causes a depletion of saturation in wells during summer, thereby rendering some or all
inflow zones in many wells inoperative (¢.g. well numbered 129 and 85). On the other hand, there
" are wells (e.g. wells numbered 147 and 113) which, even in summer, maintain some saturation
with at least some inflow zones remaining operative.

The variable cultivation patterns in the study area a direct consequence of the hydrogeological
variations in different wells (the inflow zone configuration being the most important). In order to
study the ground water abstraction in response to these hydrogeological conditions, three
comparisons are presented below.

a)  Wellsnumbered 112 and 113

Located very near each other (Figure 2), both these wells tap the amygdaloidal basalt unit
dominantly as the aquifer [refer lithological section in Figure 3(a) and 3(b)]. Table 1
indicates a high ground water draught for both these wells (more than 2000 m>/week).
Both wells, on the  whole, support high water requirement crops like corn, potatoes and
sugarcane (Table 2).
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b)

Well numbered 112 shows a hi%her Infiltration index value (12.10 LPM/m/m?2) than well
numbered 113 (3.26 LPM/m/m#) and also irrigated larger areas during the winter and
summer of 1984-85 and the winter of 1985-86 (Table 2). This is due to large inflows
observed through widened sheet joints of the amygdaloidal basalt unit in well numbered
112. However, as is evident from Table 2 and Figure 3 (a and b), well numbered 112 had
run dry during the summer of 1985-86 (drought period), whereas well numbered 113
maintained some saturation at the end of this period. It is interesting to note from Figure 3
(a and b) that all the inflow zones (sheet joints of the amygdaloidal basalt unit) where even
at the end of the summer of the drought year (1986), showed that the lowermost sheet joint
and the contact zone the amygdaloidal and jointed basalt units were still yielding water and
supporting 0.8 hectares of crops (Table 2).

In spite of both wells having the same number of inflow zones (4), well numbered 112 ran
dry during the drought period (summer of 1986) with all its inflow zones becoming
inoperative. This is due to the fact that well numbered 112 only partially penetrates the
aquifer thickness (the contact zone between the two basalt units is not encountered in the
well), as against which well numbered 113 penetrates into the jointed basalt unit shows
some inflow through the contact zone between the amygdaloidal and jointed basalt unit.

Wells numbered 125 and 129

Wells numbered 125 and 129 are situated in low lying portions of the area (Figure 2) and
therefore, tap only the jointed basalt unit as the confined aquifer [Figure 3(c) and 3(d);.
Table 1 shows that these two wells show a low ground water draught ( less than 200 m>/
week) and their agricultural support during all the seasons is low (Table 2).

The wells show comparable Infiltration index values (0.71 LPM/m/m? for well numbered
129 and 0.78 LPM/m/m?2 for well numbered 125). Figure 3 (c and d) indicates that well
numbered 125 ran day during the drought summer period of 1986, whereas well numbered
129 still held some water (which was essentially used for drinking). Although the joint(s) of
the jointed basalt unit, that acted as inflow zone(s) in the period proceeding the drought
summer (of 1986) had dried up in both these wells, the slightly lesser pumping by well
numbered 129 (e.g. 132 m3/week) during the summer of 1985 has helped it to retain some
water during the drought summer. Well numbered 125 has dried up due to a slightly greater
ground water draught (e.g. 198 m3/week during the summer of 1985).

Well numbered 85 and 147

Wells numbered 85 and 147 tap, both, the amygdaloidal and jointed basalt units together,
as the unconfined aquifer [Figures 3(e) and 3(f)]. The figure shows that inflow into both
these wells occurs through the sheet jointed of the amygdaloidal basalt unit, the joints of the
jointed basalt unit and the contact zone between the two units. Well numbered 85 shows a
higher Infiltration index (3.00 LPM/m/m?) than well numbered 147 (1.00 LPM/m/m?), due
to a greater inflow through the sheet joints. The ground water draught for well numbered 85
is also higher as compared to that for well numbered 147 (Table 1). Well numbered 85
irrigated (during the first three seasons) twice the irrigated by well numbered 147 (Table 2).
The cropping pattern for wells is markedly different, with well numbered 85 always
supporting a comn crop (requiring a large quantity of water). Well numbered 147, on the
other hand, imrigated two or three crops, in such a way, so as to regulate its water
requirement (combining groundnut with onion and corn, or combining fodder grass with
vegetables, chilly or fruit), as evident from Table 2.
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The cropping pattern, inducing a variation in ground water abstraction, caused differential
responses of these two wells to the drought of 1986. The relentless ground water draught
from well numbered 85 (for the corn crops) during the drought winter (1985) gradually
rendered all three inflow zones inoperative leaving the well totally dry by summer of 1986
[Figure 3(e)]. As against this, in spite of its lower potential, well numbered 147 could
retain a fair amount of water at the end of the drought summer of 1986 [Figure 3(f)], with
all its three inflow zones remaining operative. Most importantly, a controlled abstraction of
ground water by well numbered 147 (Table 2) has permitted it to sustain at least 0.5
hectares of vegetables and fodder grass during the peak period of the drought year (i.c.

summer of 1986).

The three cases described above bring out the relationship between hydrogeological
conditions, well yields and ground water abstraction from a typical shallow Deccan basaltic
aquifer, clcarly indicating how these condmons are reflected in the agricultural support of
different dug wells.

SUMMARY AND CONCLUSIONS

Sallow unconfined Deccan basaltic aquifers almost entirely support agriculture (except during the
monsoon period) in many rural parts of the state of Maharashtra in India. These aquifers exhibit a
high degree of variation in hydrogeological factors over a contiguous area. It is, therefore, essential
to correctly decipher their aquifer geometry and delineate their hydrogeological controls over the
well performance or yields. This is especially important since well yields eventually determine the
amount and nature of agriculture that a well can sustain during any cropping season. With this
background the present study for a typical shallow unconfined Deccan basaltic aquifer (from Pabal
area) yielded the following results.

Variable hydrogeological conditions (particularly the non-homogeneity in the development of
inflow zones) in different well causes well yields over the areato vary considerably (as indicated by
the Infiltration index values). Higher well yields (Infiltration index values) influence farmers to
cultivate larger areas of high water requirement crops like comn on their wells. Sufficient ground
water recharge under normal rainfall can help these wells to sustain such agriculture throughout the
year. This means that the abstraction from the high yielding wells of a higher magnitude, resulting
in water levels in these wells dropping during the course of the year following the rainy season.

Whenever the rainfall is deficient, the operativeness of inflow zones during any season (winter and
summer) influences the agriculture that is sustained by a well. This sustenance is also related to the
regulated ground water draught from such wells. This regulation can actually be controlled by
rotating the crops grown during different seasons of the year. The combination of crops grown
during a particular season also forms an important aspect of such a regulation. Hence, wells that
may be potentially high yielding may run dry under stress (low rainfall drought periods) due to an
excessive ground water draught. On the other hand, some low yielding wells retain some water
during stress periods only because of a regulated and controlled ground water draught (w1th a
systematically supported cropping pattern).
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STATISTICAL ANALYSIS OF GEOHYDROLOGICAL DATA IN FIVE
CRYSTALLINE ROCK SITES IN SOUTHERN AND EASTERN FINLAND
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SF-02150 Espoo, Finland

ABSTRACT. The treatment of in-situ measured hydraulic conductivity data as
samples of a random variable that can be represented through their statistical
properties and modeled stochastically is a relatively new concept in the case of
fractured media. It was first proposed by Neuman (1987) and was inspired by
conceptual problems in fracture network modeling and in upscaling and downscaling
the highly discontinuous and connectivity dependent hydraulic conductivity data into
model parameters. When determining the geostatistical properties of hydraulic
conductivity data from realistic site scale investigations, a major problem is the
scarcity of data bases. This article presents statistical analyses of geohydrological
single borehole data from five crystalline rock sites investigated for final disposal for
high level nuclear waste in Finland. The data are analyzed for statistical moments and
distributional assumptions as well as confidence bounds of the distribution
parameters, for spatial trends and autocorrelation structures, with.special
consideration given to the proportion of data close to the detection limit of the
measuring equipment. Data from various sites are compared by means of statistical
testing and the effect of combining data from statistically similar sites is considered.
Furthermore, topics investigated include distinction between stochastic and
deterministic data at the scale of interest and role of 'fracture zones’ in stochastic
analysis. Application of these kinds of data to actual site scale modelmg with the
Monte Carlo technique is also briefly discussed.

INTRODUCTION
During 1987-1992 the Industrial Power Company of Finland (TVO) has carried out
site investigations for the final disposal of high level nuclear waste at five crystalline

rock sites, namely Romuvaara (Kuhmo district), Veitsivaara (Hyrynsalmi district),
Kivetty (Konginkangas district), Olkiluoto (Eurajoki district) and Syyry (Sievi
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district). The objective of the investigations has been the preliminary characterization
of the five sites, as well as the selection of three of them for:further, more detailed
investigations. The field investigations program included systematic hydraulic testing
with a fixed-interval two-packer system. Results from these studies have been used
together with geophysical and geological data for structural characterization of the
sites as well as for deterministic finite element type of modeling of the five sites.

The objective of the present work is to examine the hydraulic conductivity data
through their geostatistical properties. Areas of interest include the
representativeness of various data, statistical similarities and differences between
various data sets and spatial variability i.e. autocorrelation structures and trends
observed within various data sets.

In the case of fractured media it is a relatively new concept to consider the in-situ
hydraulic packer test data as samples of a random variable that can be described
through its statistical properties and modeled stochastically. This stochastic
continuum approach was first proposed by Neuman (1987) and has been inspired by
the fact that upscaling and downscaling hydraulic data for deterministic flow models
is presently an unresolved question due to the highly discontinuous and connectivity
dependent nature of hydraulic conductivity in fractured rock.

Furthermore, application of fracture network modeling (for example Long et al. 1982,
Herbert & Gale 1990, Cacas et al. 1990) in determining the support scale of stochastic
analysis also has conceptual problems in incorporating the important parameters of
conductive fracture connectivity and conductivity. Even if these conceptual difficulties
are resolved, the amount of data required in order to obtain statistically
representative continuum permeabilities for site scale models using fracture network
approach would become prohibitively large.

Our interest in studying the geostatistical properties of the data is two-fold: 1) to look
at the statistical properties themselves as indicators of the field conditions for site
characterization purposes and 2) to provide a basis for stochastic modeling. Detailed
statistical analyses of the geohydrological data from the five sites have already been
presented in progress reports (Niemi and Kontio 1991, 1992 and 1993). Here the
pertinent findings of these studies are summarized and some representative example
results discussed. Application of this type of data to an actual stochastic Monte Carlo
simulation of groundwater flow has been undertaken by Niemi (1993), and this work
will be briefly discussed as well.
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DATA BASE

In each investigation area, systematic testing has been carried out in five subvertical
boreholes, one of which is about 1000 m deep and the others approximately 500 m
deep. Horizontal distances between the boreholes are of the order of 500 m.
Measurements have been carried out systematically with a 31 m test interval starting
from a depth of 70-100 m. The constant pressure method of testing has been used,
with a one hour injection period followed by a one hour recovery period. Three
different methods have been used for interpreting the data: the Moye method (Moye
1967) based on the steady state behaviour of the injection phase, the Jacob-Lohman
method (Jacob & Lohman 1952) based on the transient behaviour of the
injection-phase and the Horner method (Uraiet & Raghavan 1980) based on the
transient behaviour of the fall-off phase (see for example Pingoud et al. 1988,
Kuusela-Lahtinen & Front 1990).

Most of the geostatistical analyses were carried out using the data interpreted with

- Moye formulae as this data base contains the largest number of observations. For the
sake of comparison some sensitivity studies were carried out using the other two data
bases as well.

All three methods assume continuum behavior of the flow from the test interval. This
is the underlying assumption in the stochastic continuum approach as suggested by
Neuman (1987) as well. The scale of the measurement should be large enough in
comparison to the scale of individual fractures to allow the continuum presentation,
but small in comparison to the problem itself to justify a stochastic analysis.

A review of recent studies shows that continuum scales applied have varied from 3 m
to 10 m. Herbert & Gale (1990) used the fracture network simulation to determine a
8 m continuum scale for their stochastic model representing the Stripa mine in
Sweden. Cacas et al. (1990) used S m and 10 m continuum scales when modeling the
Fanay-Augeres mine in France. Neuman (1987) discussed data obtained at a 3.8 m
scale and Follin (1992) applied the stochastic continuum approach to data obtained
with a 3 m test interval. With increasing dimension the continuum behavior is better
satisfied and therefore the 31 m scale should satisfy the continuum condition even
better. On the other hand, the referred studies took place in the upper hundreds of
meters of the rock. In deeper portions, which are of primary interest in the present
study, the fracture networks are likely to be less connected. Then the continuum
scale probably also should be larger than in the previous studies and the 31 interval
appears to be a justified choice. Also the dimension of the sites investigated here is
larger than in the previous studies. Therefore the criterion concerning the stochastic
nature of the data in the scale of the problem of interest should be met as well.
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In order to make the data sets from all boreholes comparable only measurements
above approximately 500 m borehole depths were considered. In accordance with
standard geohydrological practice all the analyses were carried out with the base ten’
logarithms of the hydraulic conductivity values, even though in geostatistical
literature the natural logarithm is more commonly used.

SAMPLE STATISTICS

Summary sample statistics of the 31 m hydraulic conductivity data from all five
investigation areas are shown in Table 1a. Inspection of Table 1a shows that the
statistics for Romuvaara, Veitsivaara, Kivetty and Olkiluoto are very similar, but for
Syyry the mean, median and standard deviation are higher.

Table 1: Summary statistics of the 31 m hydraulic conductivity measurements
(log m/s) in the five investigation sites: a) original data and b) data
from which fracture zones have been excluded.

Site n Mean - Median Standard
deviation
Romuvaara 66 -8.9 -9.2 1.3
Veitsivaara 71 -8.7 -9.0 13
Kivetty 66 -8.7 -9.0 1.3
Olkiluoto 67 -8.7 -9.0 14
Syyry 67 -8.2 -8.5 1.9
Site n Mean Median Standard
deviation
Romuvaara 47 -9.2 -9.8 1.0
Veitsivaara 46 9.2 -9.5 0.9
Kivetty 58 -8.9 9.1 1.2
Olkiluoto 46 -9.2 -9.7 1.0
Syyry 39 -9.1 -10.0 1.4
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Flgure 1: Means, medians and standard deviations for site data for all five
boreholes and with the removal of one borehole at a time, 1) original
data (square symbols), 2) data with no fracture zones (circular symbols)
and 3) data for borehole depths > 200 m, with no fracture zones
(triangular symbols).

The data sets available are relatively scarce. Therefore it is of interest to estimate
how statistically representative they are. The robustness of these statistics was
evaluated by removing one borehole at a time from the data and by computing the
statistics for the remaining four boreholes. The objective was to assess whether the
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statistics observed are caused by individual boreholes or indicative of more general
behavior of the site data. The results for both the original data and for the
four-borehole subsets of the data are show in Figure 1 with square symbols. They
indicate that the variations within each site are of the same order as the differences
between various sites. Mean values are usually from -9. to -8.5 log m/s and median
values from -9.5 to -8.5 log m/s. Again the data from Syyry differ from the others in
having a higher mean and a median that is more sensitive to the borehole
combination used than the other sites.

EFFECT OF FRACTURE ZONES

The above data sets contain measurements that might not be fully comparable.
According to the investigators carrying out the exploratory program (Teollisuuden
Voima 1992) some of the boreholes have been aimed at locating so-called fracture
zones i.e. zones, that based on prior geophysical or geological information were
believed to be significant hydrological features. In different sites the number of
measurements related to such zones may vary, thus making the comparison of data
sets in previous tables difficult. In terms of modeling, the distinction between
"fracture zones’ and average rock’ could be seen as the difference between stochastic
and deterministic conductors at the scale of the problem of interest (Niemi 1993). If a
fracture zone is prominent enough to appear in several boreholes or as a dominant
reflector in geophysical profiles, it is best modeled as a deterministic feature.

With this concept in mind we can look at the data in terms of which hydraulic
conductivity measurements can be seen to be related to deterministic zones at the
scale of the present problem and at the present scale of measurement. Such fracture
zones have been sought to facilitate modeling of the five sites using the traditional
deterministic finite element approach (for example Taivassalo & Meszaros 1992).
Methods from surface and borehole geophysics have been combined with geological
information as well as information from the hydraulic packer tests themselves. Expert
opinion has been used to combine all this information and to identify such significant
zones. The structures and the methodology used as well as the uncertainties
associated with identifying them are presented in Saksa et al. (1991, 1992a, b, ¢ and
d). The distinction between fracture zones and sound rock is, however, not clear and
there is always some subjective bias in this type of data selection. These
interpretations nevertheless provide the best available estimate of what could be
considered ’deterministic features’.

The hydraulic conductivity measurements associated with these zones were excluded

‘from the original data and the basic statistics were computed for the remaining data.
The statistics are shown in Table 1 b and the results are shown graphically in

126



Figure 1 with circular symbols, computed for both the entire site data and for subsets
of data from which one borehole at a time is again removed.

Comparison with the corresponding results for the original data in Figure 1 shows
that all parameter values are smaller. The mean values are about half a log-cycle
smaller than for the original data and the median values vary from -10. to -9. log m/s.
Inspection of the results in Figure 1 also shows that the median value, which is a good
measure of statistical behavior, is as dependent on the borehole combination used as
in the case of the original data. Thus this type of removal of measurements related to
’deterministic fracture zones’ was not sufficient to make the rest of the data entirely
stochastic and statistically representative. A possible explanation for this is the
nonstationary character of the hydraulic conductivity with depth.

DEPTH TREND

Evidence from earlier investigations elsewhere supports the assumption that
hydraulic conductivity in crystalline rock decreases with increasing depth. This is due
to increasing lithostatic pressure which tends to close fractures, thus increasing
resistance to flow. A good supply of field data allowing examination of depth vs.
hydraulic conductivity in fractured rock has been obtained in the Swedish KSB 3
program, for example, and these data do in fact show vertically decreasing trends
(Carlsson & Winberg 1983).

According to Freeze et al. (1987), the three basic approaches available for modeling
data with trends are a) zonation, b) trend analysis, and ¢) non-stationary geostatistics.
De Marsily (1986) gives a good description of the third of these. Delfiner (1973) and
Kitanidis (1983) give examples of trend removal through the use of Intrinsic Random
Functions (Silliman 1986). An approximate iterative solution for the simultaneous
determination of drift and variogram is given by Matheron (1969). Neuman (1984)
also employs iterative techniques to determine spatial trends (de Marsily 1986).

The data sets analyzed here are relatively scarce. In addition, a large portion of the
data is below the detection limit of the measuring equipment. The actual values of
these data must therefore be estimated or otherwise biased trend models are
obtained. Some kind of iterative approach could be used in which the values below
the detection limit are estimated during each iteration, based on the current best
estimate for the depth trend model. As the iteration proceeds the number of values
predicted by the model as being below the device detection limit approaches the
number actually observed. However, where there are a large number of data to be
estimated, the effect of model assumptions becomes significant and the result less
reliable, regardiess of the elegance of the model.
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For this reason the depth dependency was evaluated simply by classifying the data
into two groups according to the depth interval. The division was done by assigning a
measurement to the upper depth interval, if the center of the test interval was above
200 meters depth in borehole depths. The approximate vertical depths from ground
level thus included in the upper section varied from 173 m to 201 m depending on the
borehole. This division resulted in the upper data sets being distinctly smaller than
the lower ones, and was used in order to keep the number of data in lower sets
reasonable large, for the purpose of further studies.

Comparison of the median values gave the best estimate of the depth trend as it was
not affected by the measuring device detection limit. The median values in the upper
depth interval were usually above -8.0 log m/s whereas in the lower intervals they
were usually below -9.0 log m/s (Niemi & Kontio 1992).

To study the effect of depth trend on the type statistics shown in Figure 1, one more
set of statistics was computed for the data from which both the fracture zones and the
data of the upper section of the rock - as specified above - are filtered out. These
results are shown in Figure 1 with triangular symbols. Inspection of these results
shows that variations within each site are at least in some cases smaller than the
differences between sites. Based on the mean values the data from Kivetty appear
most conductive and the data from Romuvaara least conductive. On the basis of
median values Kivetty and Veitsivaara are more conductive than the other three
sites.

PARAMETERS OF GAUSSIAN DISTRIBUTION

Recognition of the underlying mathematical distribution provides tools for modeling
the data and for estimating the confidence limits of parameters describing the data.
Assumption of a normal distribution of the log K or In K is commonly used in
stochastic geohydrology. For example according to Dagan (1989), application of the
normal distribution is, however, more often based on the convenience of the
mathematical formulation than on thorough analysis of the data.

Example histograms of the original data, data without fracture zones and data for
lower part without fracture zones are shown in Figures 2 a,b and c for the Veitsivaara
site. The appearance of the histogram is rather typical among those observed for the
five sites. Only the histogram based on the data from Syyry showed a distinctly
different, more homogeneous appearance, with more high conductivity zones than at
the other four sites and also showing different statistical properties in Table 1. The
large number of data points at the device detection limit can be seen in Figure 2. The
amount of data at the device detection limit varied from 30% to nearly 40%
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depending on the site in question. The true values of these data is smaller than that
shown in the histograms.
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Figure 2: Example histograms and fitted Gaussian models for Veitsivaara data a)
original data, b) data from which the fracture zones are excluded and
¢) data from which fracture zones and data above 200 m borehole

depth are excluded

With a large number of measurements at the detection limit of the measuring device,
the mean and variance of normal distribution do not coincide with sample mean and
variance even if the data are normally distributed. Therefore, the model parameters
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were determined using two approaches specially suited for truncated normally
distributed data. One method employs iteration by always using the current best
estimate of the Gaussian model parameters for estimating the values of data at
device detection limit. First the sample mean and standard deviation are determined
from the n observations. Next, using a random number generator, n normally
distributed values are generated with these sample parameters. The small values of
this generated sample (log K< -10. log m/s) are used to replace an equal number of
values at the detection limit (log K= -10. log m/s) of the original sample. Next the
mean and standard deviation of the new sample are determined and the previous
steps repeated with the new parameter values. Iteration is continued until the
parameter values do not change. Then, in the case where the original data did have
an adequately Gaussian appearance, the model mean is approximately equal to the
sample median and the number of values predicted with the model to be less than the
detection limit is approximately equal to the number of corresponding data
measurements.

In the second approach the parameters were determined by simple regression to the
normal probability plot. Using these two approaches the parameter values were
predicted for the five sites, both for the original data sets and for data from which the
fracture zones were excluded. In most cases the predictions with the two models were
within one decimal unit (in log m/s), which is a good agreement considering the
reporting accuracy of the data. The Gaussian fit obtained with the iterative model
is shown in Figures 2a and b together with the data histograms. Comparison of the
parameters in Figures 2 and sample statistics in Table 1 shows the magnitude of error
that would be introduced if the Gaussian parameters were determined directly from
sample statistics. A typical standard deviation of 1.7 log m/s would be interpreted as
1.3 log m/s.

TESTING FOR DISTRIBUTIONAL ASSUMPTIONS

Niemi (1993) tested the hypotheses of two different distributional assumptions with a
chi-squared test. The hypotheses of normal and, for the sake of comparison, of
homogeneous distribution were used. Using the 10% risk as a limit, for both the
original data, and the data from which the fracture zones had been excluded, the
assumption of a normal distribution could not be rejected in the case of Romuvaara,
Veitsivaara, Kivetty and Syyry. For Olkiluoto it had to be rejected for all the cell
spacing used. The reason for this rejection was the discontinuity in data just above the
device detection limit. Otherwise, based on the general appearance of the histogram
the Olkiluoto data did not appear less Gaussian than the other four data sets. The
standard deviation for the Syyry data was high.
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For the original unfiltered data the assumption of a homogeneous distribution could
be rejected for all other data sets except the Syyry data. For data from which fracture
zones were excluded the homogeneous assumption could be rejected for all data sets
with less than 10% risk. For Syyry the P-value was however between 10 and 5%.
Visual inspection of the histograms supported these test results.

For the data sets with both fracture zone data and data from the upper part excluded
no chi-squared test was carried out as the small number of observations would make
the test unreliable. Visual inspection of for example the histogram in Figure 2 c still
shows some Gaussian appearance.

STATISTICAL TESTING FOR DATA SET COMPARISON

Inspection of the statistical properties like those shown in Table 1 as well as data
histograms and cumulative density functions allows a preliminary comparison of
various data sets. Whether the differences and similarities observed are significant
given the amount of observations they are based on, can be estimated by means of
statistical testing.

Three different statistical tests were used for comparing the data from the five sites:

1) Kolmogorov-Smirnov test based on the comparison of the cumulative density
functions of two data sets. The maximum difference between the two curves is
computed and the probability determined based on this difference and the degrees of
freedom, the latter being a function of sample size.

2) Wilcoxon rank sum test. In this test the data from the two samples are combined
and ranked in ascending order of magnitude. Each observation is assigned a rank
based on its position in the ordered sample and the ranks of observations of both
original samples are summed up. The test is based on comparison of the two rank
sums.

3) The Kruskal-Wallis test. This test is similar to the Wilcoxon test, but is used for
comparing several samples simultaneously.

These tests are described in more detail in most statistical texts such as Freund
(1992). The statistical comparison with the aforementioned tests was carried out for
the site data divided into two depth classes as described earlier. The analysis was
carried out for both the original data and the data from which the fracture zones had
been excluded. An example test result is shown in Figure 3, for data sets from which
the fracture zones have been excluded and data interpreted with Moye formulae. The
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values shown are P-values in permils (0/00). Number 50 (5%) indicates that the
assumption of the samples coming from the same distribution can be rejected with
5% risk. A 10 % risk level has been used as a criterion and P-values below that have
been shaded. The shaded test results indicate that the assumption of same underlying
distribution between the two samples can be rejected with less than 10 % risk.
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Figure 3: P-values (in per mil) of a two-sided a) Kolmogorov-Smirnov test and b)
Wilcoxon-test, when data from various sites classified in depth intervals
are compared; data sets from which the fracture zone data are

excluded.
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A clear trend could be observed in the results, both in the original data and in the
data from which the fracture zones have been excluded. In general, data from the
lower part of the bedrock at any given site differ from the data from the upper part of
any site, but does not differ from the data from the lower part of any of the other
sites. Neither do the data from the upper parts differ from each other. Some
exceptions to this general rule were nevertheless observed also. In the case of the
results for ’average rock’ in Figure 3, the Kolmogorov-Smirnov test classifies the
lower data from Kivetty and Romuvaara as different, while according to the Wilcoxon
test the lower data from Kivetty and Olkiluoto and Romuvaara and Veitsivaara are
different as well. Inspection of the cuamulative density functions in Figure 4 shows that
the function for Romuvaara is located towards lower and Kivetty towards higher
conductivity values in comparison to the other sites. The data from Olkiluoto and
Veitsivaara do not show such clear differences, but the former appear to be toward
the lower end of the hydraulic conductivity region and the latter towards the higher
values.
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Figure 4: Cumulative density functions of hydraulic conductivity data from which
fracture zone data and data in the upper section (borehole depths <
200 m) are excluded.
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According to the Kruskal-Wallis test, the P-values for original data in the lower depth
interval was P=0.48, while in the upper depth interval P=0.73. For data from which
the fracture zone data had been filtered out, the corresponding values were P=0.13
and P=0.87. Thus, according to this test the assumption of the same underlying
distribution for all sites cannot be rejected with less than 10% risk. For the data in the
lower part with no fracture zones the probability i 1s, however, very low and close to
the 10% risk level.

For statistical comparison tests also data bases interpreted with the transient
Jacob-Lohman and Horner formulae were used, the purpose being to confirm the
results obtained with the Moye formula, or else to conclude that the observations,
especially regarding the differences between the sites, were not significant if they
could not be observed with all data bases.

Detailed results for all these tests are given in Niemi and Kontio (1992, 1993). In
general the test results using data obtained with the two transient formulae agreed
with those obtained with the Moye formulae. The differences observed were caused
more by the difference in the size of the data bases - less data was included into
transient data sets - than differences in the actual values.

CONFIDENCE BOUNDS OF MODEL PARAMETERS

In order to estimate the total uncertainty related to a modeling process, we need to
know the uncertainties related to the statistical properties of our input data. The 100
x (1-a) % confidence bounds of the mean and variance of a normal distribution can
be estimated exactly (Freund, 1992) with:

m=iituﬂm_l% (6]

where m = mean
X = sample mean
s = sample standard deviation -
n = sample size

toy2,n-1 value of t-distribution with n-1 degrees of freedom

(n- l)s - 1)s? ¥3)]

Xalz,n-l X(l-u/z).n-l

where o2 = variance
2 2 . C e
Xapa-r Xi-amn-t are values of chi-squared distribution
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Using these equations the confidence bounds for mean and standard deviations were
determined for various site data (Niemi and Kontio 1992). Example results are shown
in Figure S for data divided into two depth intervals, with and without fracture zones.
The Gaussian parameters in this case were determined with regression to normal
probability plot for the data from the lower section of the rock and from sample
statistics for the upper sections. The data in the latter group are not affected by the
device detection limit enough to justify an other type of determination of the
Gaussian parameters.
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Figure 5: 90% confidence bounds for estimated means of normal distribution
with data divided into depth classes 1) borehole depth <200 m and 2)
borehole depth >200 m: a) for the original data and b) data from
which fracture zones have been removed (Niemi 1993).

Due to the small sample size the confidence intervals in the upper section are wide,

as can be expected. A clear difference can still be observed between the upper and
lower data, with the 90% confidence intervals in the upper section usually ranging
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from -9. to -7. log m/s and in the lower section from -10.5 to -9. log m/s. A difference
can also be observed between original data and data without fracture zones, the
latter being systematically smaller.

For the sake of comparison the corresponding confidence bounds were also
determined for data sets in which measurements from various sites were combined.
This was done in order to gain an insight into how much the confidence bounds are
influenced by increasing or decreasing the data base. The results are also shown in
Figure §.

The data were combined in two ways by 1) combining data that, on the basis of which
based on the statistical comparison on a site-to-site basis, were not statistically
different and 2) by combining data from all five sites together, based on the results of
the Kruskal-Wallis test. The abbreviation SIM refers to data sets into which all
statistically similar data are included - based on the type of testing discussed above
while the abbreviation ALL refers to the data set which contains data from all five
sites.

VARIOGRAPHY

Stochastic variability in space was studied with variography, which characterizes the
correlation between two points as a function of the distance between them.

A variogram is determined by

p(h)

where

1/2E((Z(x+h)-Z(x))?) €))

y(h) = variogram
E

= expected value
Z(x) = value of the variable at point x
h = distance between the two points to be compared (lag)

The data analyzed were relatively scarce so that it was of interest to see whether they
are numerous enough to allow site specific spatial properties to be observed.
Variograms based on too few data typically lack obvious structures and appear
scattered.

The variograms were determined as "omnidirectional’ variograms combining data of

all orientations along the borehole depth and by combining all five boreholes within
each site into one data set. The horizontal distances between the boreholes were too
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large to allow variography in horizontal directions or anisotropic properties to be
studied. Omnidirectional variograms do yield the smoothest variograms and are good
first estimates of the spatial variability within a site (Englund and Sparks, 1988).

Sensitivity studies were carried out by determining the variograms for subsets of the
site data by removing one borehole at a time and determining the variograms for the
remaining four boreholes. This was to assess whether the structures observed are
caused by individual boreholes or indicative of a more general behavior of the data.

Most of the variograms showed an increase with distance, usually indicative of a
decreasing trend in permeability with depth. The possible depth trend effect was
studied with a simple zonation concept, so that the data were divided into two depth
intervals as described earlier. After this division, two methods were used for filtering
out the possible depth trend effect: 1) The two data sets were made ’compatible’ by
subtracting the difference in median values of log K from the log K-values of the
upper data sets. After this transformation the variograms were determined normally.
2) The two data sets were studied separately and the values in the upper class were
not compared to those in the lower. The two approaches are conceptually close to
one another and the resultant variograms also showed similar behavior for all
practical interpretation purposes; the latter is perhaps more correct however, as no
assumptions are made in this approach.

'Example variograms for the original data and data with the latter trend correction are

shown in Figures 6 for one site. The figure also shows a variogram with four
boreholes that for this particular site was most different from the original
five-borehole variogram. As we can see the difference in this particular case is
negligible.

In summary, some conclusions could be made based on these variograms. Very
distinctive features in individual boreholes could dominate the entire site variogram,
and examples of this were seen in case of two sites. In other cases the variograms
were not very sensitive to the borehole combination used and the variograms in
Figures 6 represent this type behavior. After the distinctive boreholes were removed,
most of the site variograms showed similar behavior. Transitional type correlation
structures in the variograms were not prominent, but they could be identified.
Autocorrelation distances observed were of the order of 100 to 200 m i.e. similar to
those observed by Winberg (1989) with similar data in Sweden. Trend removal with
simple classification by depth appeared to be a worthwhile procedure in order to gain
insights into the system behavior.
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Figure 6: Omnidirectional variograms in direction of borehole depth
(subvertical) for Veitsivaara: a) original data, b) data from which
borehole KRS excluded, c) original data after trend removal and d)
data with borehole KRS excluded after trend removal.

DISCUSSION AND APPLICATIONS FOR MONTE CARLO SIMULATIONS

When combined with a stochastic Monte Carlo simulation in the support scale of
hydrological measurements, the type of data analysis discussed here can be used for
estimating the total uncertainty in the modeling prediction, given the amount,
location and measurement scale of the data available. The confidence limits of the
data parameters like those shown in Figure S can be related to simulated flow
distributions. Niemi (1992 and 1993) has carried out such analyses. In the simulations
the dependency of permeability with depth was taken into account with zonation by
assigning different statistical properties to different depth classes.
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The fracture zones were usually treated as deterministic boundary conditions to the
stochastic ’average rock’, the statistical properties of the latter being based on data
from which fracture zone data had been excluded. Gaussian type permeability
distribution was used for the average rock. While with the chi-squared test the
assumption of a Gaussian distribution could often not be rejected with the original
data either, the appearance is less Gaussian and the possible inaccuracies in model
prediction more critical if the high conductivity values are not reproduced with the
theoretical model (compare Figures 2a and 2b). Secondly, at higher conductivity
values, to which the fracture zones usually are related, the radius of influence of the
test becomes large in comparison to the length of the test interval and the underlying
assumptions of hydraulic conductivity values as local samples may no longer hold.

Most of the previous analyses were carried out with data interpreted with the Moye
method as this data contained by far the largest number of observations in .
comparison to the data bases interpreted with the Horner and Jacob-Lohman
methods. The biggest reason for the difference was that with the other two methods
no numerical value was assigned to measurements at the equipment detection limit.
According to both Andersson & Persson (1985) with this type of data in Sweden and
Niemi (1993) with the present data, the steady state Moye solution yields somewhat
higher conductivity values than the other two transient solutions. Also the transient
solutions were different from one another. On the other hand, also the effective
hydraulic conductivity describing a larger section of a porous medium has been
determined to be a function of the flow condition being less for transient than steady
flow situations (Gomez-Hernandez & Gorelick 1989). To go into the details of steady
state versus transient well test analysis and subsequent modeling is outside the scope
of the present work.

The Moye solution assumes a radial flow geometry up to a distance L/2, where L is
the measurement interval and spherical flow beyond this distance. The other two
methods assume radial flow during the entire test period. The actual flow dimension
between radial and spherical is difficult to determine uniquely from this type of a well
test data (Dr. T.Doe, oral communication). This could also be observed when
analyzing the flow dimensions of the present data (Kuusela-Lahtinen 1992). Both
geometries were observed. Conceptually a radial flow geometry would be more
attractive for this type of analysis where values are averaged and partial spherical
geometry migh mean overlapping at higher conductivities. Again going into details of
well test analysis, radius of influence of the test and flow geometries is beyond the
scope of the present work.

Niemi (1993) compared the statistical properties of the three data bases and found
that, for example, combining all data above the equipment detection limit from all
five sites, the following mean values are obtained: for the Moye equation -8.2 log
m/s, for the Jacob-Lohman equation -8.4 log m/s and for the Horner equation -8.65
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log m/s. These values, even though not directly comparable to the statistics in the
present work give an impression of the order of magnitude of the difference. The
deviation did remain similar throughout the conductivity region of interest.
Therefore, using the Moye data base is likely to yield conservative statistics in
comparison to those that would be obtained with transient data, but should not
otherwise affect the results. This could also be observed in the statistical comparison
tests which were carried out with all three data bases.
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GROUNDWATER BALANCE IN A PRECAMBRIAN FRACTURED AREA:
PALMOTTU, SW FINLAND
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Laboratory of Engineering Geology and Geophysics
Helsinki University of Technology
TKK-V, FIN-02150, Espoo, Finland
A. KUIVAMAKI & R. BLOMQVIST
Geological Survey of Finland, FIN-02150, Espoo, Finland

ABSTRACT. Observations, measurements, and calculations aimed at determining the ground-
water flow regime at deeper levels were carried out in the Lake Palmottu drainage basin. These
water movements affect the migration of radionuclides from the Palmottu U-Th deposit. The
deep water flow is essentially restricted to bedrock fractures. Determination of the detailed
water flow variations was based on fracture-tectonic modelling of the 12 most significant
underground water-flow pathways that cross the surficial water divide of the Palmottu area.
According to the direction of the hydraulic gradient, the deep water flow is mostly outwards
from the Palmottu catchment but in the westernmost section it is partly towards the centre.
Estimation of the water flow through the U-Th deposit by the water-balance method is still only
approximate and needs continued observation series and improved field measurements.

INTRODUCTION

The deep groundwater-flow studies of the Palmottu project aim at determining the water flow
that affects the migration of radionuclides from the Palmottu U-Th deposit. Specific problems
include determining (1) the quantity of water flowing through the deposit proper, (2) variations
in the distribution of flow with depth, and (3) the sources and pathways of this flow.

We report our findings in the three sections below, namely (1) description of the relevant
features of the Palmottu U-Th deposit study area and its surroundings, (2) estimation of
water-balance components, and (3) interpretation of the underground flow pathway analysis.
THE STUDY AREA

The Palmottu deposit

The study area comprises the surficial drainage basin of Lake Palmottu and its immediate
vicinity including the area of the Palmottu U-Th deposit (Figure 1). The deposit is an irregular
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body, about 300 m long and 1—15 m thick (Figure 2). It is associated with granitic veins in
migmatitic mica-gneiss host rocks. The deposit contains 1 Mt of rock with an average grade of
0.1 % uranium.
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Figure 1: The Palmottu study area. The surficial drainage basin is shown with a
continuous line; the areas shown with a broken line are areas of special
interest. A circle close to the U-Th deposit shows the location of the
measuring weir. The probable groundwater flow pathways formed by the
prominent fracture zones are marked with broad black lines and numbered
(1—12). Arrows indicate underground flow directions. Straight narrow lines
represent seismic soundings.
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Figure 2: Lithological map of the Palmottu U-Th deposit. The local drill-hole grid has
been determined by the general strike of the deposit.

The petrological as well as fracture-tectonic features of the study have been summarized
recently (Suksi et al. 1992, pp. 10—12) and presented in detail earlier (Vuorela er al. 1991, pp.
17—20; Kuivamiki et al. 1991, pp. 21—45; Ruskeeniemi & Vesterinen 1991). These studies
also describe in detail — based on 30 drill-holes — how the variable fracture and fault zones

irregularly dissect the rocks.

The drainage area

The Palmottu drainage basin as deduced from surface contours is about 0.85 km? in area. A
small swamp east of Lake Palmottu is included; it discharges into the outlet stream of Lake
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Palmottu just above the measuring weir and almost on the same level as the lake (see Figure

1).

On the basis of geological observations about the thickness of the Quarternary deposits and the
abundance of deep fracture zones (explained later) it seems likely that the surficial drainage
basin essentially differs from the groundwater drainage area in the western section of the water
divide. This area is particularly interesting from the point of view of underground water flow.
When this western area is included in the Palmottu drainage area, the total area rises to 1.25
km? (see Figure 1).

The deposit, or the drillhole area, southeast of Lake Palmottu, lies partly in the Palmottu
drainage basin, and partly outside the basin, around the outlet of Lake Palmottu. Topo-
graphically, the study area is undulating with altitudes varying between 100 and 145 m above
sea level; these topographical features, including the general inclination towards SE, are well
seen from the computer-based relief model of the area (Figure 3).

EEIRAX)
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\‘?"" X A

Figure 3: The relief of the study area showing the drainage basin of Lake Palmottu. The
rectangular area of Figure 4 is indicated. Computer processing by Maija
Kurimo, Geological Survey of Finland, from digitized data of the Finnish
National Board of Survey.
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Surficial geology

The Quaternary deposits overlying bedrock (Figure 4), consist of a thin till horizon throughout
much of the area. The abundance of outcrops indicates that the till layers, except in certain
valleys, are relatively thin (few metres at the most). The larger valleys are covered by peat
whose thickness may be up to 5 metres. ‘

The hydrogeologically interesting area west of Lake Palmottu consists of glaciofluvial deposits
and peat. The area represents the foreland to a large delta formation (Salpausselki IIT)
consisting of washed till and glasiofluvial sand, with a maximum thickness of about 25 m.

Figure 4: The Quaternary layers of the Palmottu area generalized from the 1:20,000 scale
Quaternary deposits Map, sheet 2023 09, Johannislund. Dotted areas represent
glasiofluvial deposits and horizontally ruled areas peat. White areas
comprise outcropped terrain partly covered by a thin layer of till. Water
courses are shown by bold lines and the areas considered by broken lines. Lake
level indicated in metres above sea level.
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WATER-BALANCE ESTIMATION
Principles

To determine the groundwater movements affecting the migration of uranium and thorium in
the drillhole area, it was deemed important to locate and estimate all potential water-flow
pathways to and from the drainage basin. Excluding precipitation and evapotranspiration, there
are three basic options for water to escape or enter the basin (Figure 5).

U-Th deposit

Figure 5: Schematic representation of water balance components. Key: Qx is the
groundwater flow through bedrock, P precipitation, E evapotranspiration, Qr
surface runoff from the basin, Qq the groundwater flow through the Quaternary
layer, and AS the seasonal change in water storage.

(a) Southeastwards runoff via the Palmotunoja outlet brook; to measure this by normal
hydrological discharge measurements, a Thompson weir was installed in the outlet.

(b) Groundwater flow in Quaternary layers, especially in the thick, permeable sandy sediments
west of Lake Palmottu. Geophysical measurements carried out in this delta area showed that the
thickness of the sand layers is more than 15 m and the groundwater table is about 3—4 m
below the ground surface.

(c) Groundwater flow along bedrock fracture zones in all directions; this presumably very slow
movement cannot be directly measured but may be assessed from hydraulic gradients and
transmissivities of the fracture zones, if evapotranspiration, surface discharge, and the flow
through the loose Quaternary layers are first subtracted. The underground flow through bedrock
is most probably outflow, but in principle inflow is also possible.
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The connection between the mentioned factors in the Palmottu drainage basin can be described
by the water balance equation:

P-E-Qr+Qq+Qx+a§=0 0

where P is precipitation, E evapotranspiration, Qr surface runoff from the basin, Qq the
underground flow through the Quaternary layer, Qx the underground flow through the bedrock,
and aS the seasonal change in water storage.

An estimation of the water-balance components (Table 1) was obtained by using the annual
precipitation value and the mean annual evapotranspiration of the region (Lemmeli 1976), by
measuring the outflow from the outlet stream, and neglecting the seasonal storage changes,
since a bottom dam at the outlet of Lake Palmottu prevents considerable changes of the water
table. The most uncertain component Qq was obtained by observing the soils and measuring the
hydraulic gradient at the 12 passes (fracture zones) cutting the water divide. A numeric model
was used in which the aquifer-property values (cross section and hydraulic conductivity) of the
soils were taken from similar nearby areas using physiographic analogies (Niini 1989). This
procedure implies that (a) the hydraulic conductivity of the soils varied being 10—1000 times
that of the bedrock fracture zones beneath them, (b) the total cross-sectional area of the soil
pathways leading water through the surficial water divide was of the same order as that of the
bedrock ‘aquifers, and (c) the hydraulic gradient in the Quaternary layers was directed clearly
outwards from the area in only five fracture zone profiles: pathways numbers 1, 3, 7, 8 and 9
(see Figures 1 and 6).

Table 1: A summary calculation of the water balance at Palmottu.

Component P E Qr Qq AS Qx

in mm/year 750 —430 —130 +35 +0 =225

in 100 m*/year 550 315 —95 +25 +0 =165

assessed inaccuracy % +15 +20 +20 +500 +5 +30
Subterranean flow pathways

The results of 12 seismic-sounding and ground-penetrating-radar profiles were projected on 12
longitudinal fracture-zone profiles, of which four examples are shown in Figure 6. The
variations in water flow are dependent on two basic factor groups: the hydraulic gradient and
the hydrological properties of the fracture zones, both of which generally show considerable
areal and depth variability. The hydrological properties of each fracture zone were not
measured but assumed to be "known" in the sense that the analogical numerical values were
obtained from the Palmottu drill-hole data (Ahonen & Paananen 1991, Ruskeeniemi &
Vesterinen 1991) and from correlations established by studies of other similar areas in southern
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Finland (Niini 1968, Ehlers 1970, Niini & Ekholm 1976; Brusila 1983). These analogies imply
assumed similarities in the three-dimensional occurrence of the fracture zones and their
materials, representing the crucial hydraulic conductivities and pathway dimensions. The
hydraulic gradient was measured from the heights and inclinations of the water table along the
fracture-zone profiles.
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Figure 6: Longitudinal fracture-zone profiles as measured from the 1:10,000 topographic
maps and interpreted geologically on the basis of observations, seismic and
radar measurements, and earlier analogues from corresponding areas. Sharp
broken line indicates water table, and arrows indicate the direction of
groundwater flow.

Without going into the details of this 3-stage calculation procedure we present a summary
grouping of the water flow pathways according to the direction of the flow through the water
divide (Table 2).
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Table 2: Undergfound flow (positive Qx outwards) along the fracture zones-through the
surficial water divide of the drainage area of Lake Palmottu, grouped according
to flow direction. '

- Fracture-zone group Qx(1000 m*/year)
a. Pathway number 1 through the U-Th deposit 15
b. Other pathways with outwards flow (numbers 2, 3, 4, and 9) 240
c. Pathways with inwards flow (numbers 5, 6, 10, 11, and 12) —430
d. Outflow in upper part, inflow parts (numbers 7 and 8) 340
Total drainge area 165
Conclusions

The main purpose of this case study was to assess the underground water movement controlling
the migration of radionuclides from one specific U-Th deposit (see Table 2; 15,000 m*/year).
In addition, the study also yields three more general considerations:

(a) The use of the water-balance method implies that the sizeable inaccuracies originating from
the directly measured or "known" terms (precipitation, evapotranspiration, surface runoff,
storage change and groundwater flow in the soils) culminate in the rest term, the target, i.e.,
flow in bedrock. Naturally, follow-up work requires a more accurate determination of both the
common water-balance components and the hydraulic properties of the individual pathways.
This method may then give quite realistic limits. However, to reach a reasonable accuracy use
of other methods are inevitable, eg., hydraulic testing of drill-holes (Andersson et. al. 1991),
temperature measurements in drill-holes (see Drury et al. 1984) and/or tracer methods (see
Freeze and Cherry 1979).

(b) The deep groundwater flow is essentially concentrated in the large bedrock fractures that in
many places transect the water divides. Because such fractures form a structural feature typical
of the Fennoscandian shield area, it seems important to emphasize, more than hitherto, the
deviation between the surface drainage area and the deep groundwater drainage area.

(c) The horizontal extension, depth, and timely variations of the waterflow in the bedrock are
essentially dependent on the material properties, hydraulic conductivity of particular, in the
fracture zones. These have been developed in, and are still affected by, complicated geological
processes (see Munier 1993). Therefore, we think that the study and the calculation procedure
presented clearly emphasizes the importance of the accurate three demensional observations of
the geological variations.
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ABSTRACT. We have performed a field tracer test in a Neogene sedimentary rock and have
also performed laboratory tests using core samples of the sedimentary rock. We have estimated
effective porosity and longitudinal dispersivity which are essential to evaluate mass transport in
groundwater. The results of these tests indicate that test scale should be considered to evaluate
effective porosity and longitudinal dispersivity. As test scale increases, effective porosity
decreases and longitudinal dispersivity increases. The following empirical relationship has
been found for the sedimentary rock: longitudinal dispersivity equals one tenth of test scale.
This is in agreement with the relationship presented in the paper by Leonhart et al. (1985). The
decrease of effective porosity is probably due to loss of connectivity of continuous pores.

INTRODUCTION

Porosity is defined as the total pore proportion and includes closed pores, branches and
continuous pores. Effective porosity is defined as the proportion of pores through which water
flows and consists of continuous pores. Therefore, in most cases, porosity is lager than
effective porosity (li & Sugiyama, 1991). Effective porosity should be determined in order to
calculate actual velocity of groundwater, but porosity is sometimes used as effective porosity
because of some difficulties in the measurement of effective porosity. As actual velocity of
groundwater is an essential parameter for the estimation of mass transport in groundwater,
accurate estimation of effective porosity is particularly important.
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Dispersion is also an essential phenomenon for estimating mass transport in groundwater. In
this study, longitudinal dispersivity is used as the parameter which represents dispersion.
Longitudinal dispersivity is defined as dispersion coefficient per actual velocity. ~ ’

We discuss effective porosity and longitudinal dispersivity estimated by laboratory tests and a
field test. In this paper, a field tracer test was performed in a Neogene sedimentary rock and
laboratory tests were performed using core samples of the rock. We can compare values of
effective porosity and longitudinal dispersivity from laboratory tests with those from field
tracer test and study the effect of test scale on these two parameters.

The field test site is located in the south part of Gifu prefecture, central Japan. In this area,
several kinds of sedimentary rocks unconformably cover granite basement. There is a
permeable zone which is composed of Neogene coarse sandstone and weathered granite above
and below the unconformity (Ishikawa & Sugihara, 1991).

TRACER

Conservative tracers are suitable for the tracer test which is carried out to estimate effective
porosity and longitudinal dispersivity as it is not necessary to consider adsorption of tracers to

rocks. We selected Br™ and C1" as tracers, and performed batch experiments to confirm that Br~

and C1™ would not be adsorbed by rock samples. Distribution coefficients (Kd) of the tracers
can be calculated, according to the following formula in batch experiments:

Kd(ml g.l) = q(g g-l)
Cqgml™) ¢))

The quantity q, representing mass of tracer on the rock sample per unit mass of the rock
sample, is calculated by comparing the initial concentration (Co) of Br™ or CI” in the solution

with the equilibrium concentration (Cq) of Br™ or Cl” in the solution with the addition of rock
sample after several days. q can be calculated as follows:

q= (Co-Cg)x Vs
Wp 2

Vs:Volume of tracer solution =~ Wb:Weight of rock sample

The initial concentration of solution was 13 ppm for C1™ and 21 ppm for Br™. The weight ratio
of sample to solution ranges from 3.1 to 4.4 per 100. In this experiment at all cases, q was

calculated to be about 0. The results suggested that Br™ and CI" could be regarded as
conservative tracers in the tracer tests.
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Method

Figure 1 shows a schematic figure of the field tracer test. There were two bore holes, each
about 90m in depth and 7m apart. There were permeable layers of mainly weathered granite
and coarse sandstone, which was formed in the Neogene period, from 80 to 90m in depth.
These layers were sandwiched between impermeable layers of siltstone and fresh granite. The
bore holes were fully lined from O to 80 m in depth and perforated in the zone of permeable
coarse sandstone. Before the tracer was injected, groundwater was pumped out at the recovery
bore hole and injected at the injection bore hole.

Groundwater was kept circulating until a steady state groundwater regime was obtained. When

steady state was obtained and the circulation flow rate was maintained at 7800 cm3min™', Br~
tracer solution was injected at the injection bore hole. The original volume of tracer solution

which contained 2 kg NaBr was 180000 cm?. Br™ was selected because of its low background
concentration in the groundwater. During the test, groundwater was sampled regularly at the

recovery bore hole to measure the concentration of Br™ by ion exchange chromatography.
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Figure 1:Schematic figure of field tracer test.
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Analysis

From the breakthrough curve for Br~ in the field tracer test, the actual velocity and longitudinal
dispersivity were calculated based on the following analytical solution of the two dimensional
diffusion equation for a two-well (pumping-injection) flow system (L.W.Gelhar, 1982):

Cw = 9f QemplaTich) &

ehL2(4neb)2

=

=< "
ghL? =L

a(g) = n(sing-¢cosd)/singp  :p=mnQP
b(x¢) = u2[(y!-¢)/2+(siny:osy)/2+(sin¢:os¢)/2-2cos¢(sinyv-sin¢)+(yt—¢)cos2¢]/2sin5¢ 3)

where

Cw : concentration at recovery bore hole, t . time,

e : effective porosity Q : flow rate, h . thickness of layer,
M : mass of tracer, y . position of the tracer pulse

@ : stream function 9=2"®Q | : distance between bore holes,

a . longitudinal dispersivity

Table 1 shows the conditions which were used for analysis of the field tracer test.

Table 1:Conditions of two dimensional analysis for field tracer test.

Distance (m) 7
Flow rate (cm3 min"') 7800
Thickness of 10
permeable layer (m)

Mass of tracer (g) 3000 (NaBr)
Effective porosity (%) - 2~30
Longitudinal N
dispersivity (m) 0.014 ~7
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Results

Figure 2 shows the relationships, which were obtained by the two dimensional analysis and in

the field test (Ii et al., 1993); between the concentration of Br™ at the recovery bore hole and
elapsed time after the start of tracer injection. Effective porosity and longitudinal dispersivity
were analyzed to be 4.5% and 3.5m respectively.

(ppm)
a=3.5m ¢=4.5
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Figure 2:Relationship between concentration of Br™ and elapsed time.

LABORATORY TRACER TEST

Method

Porosities of core samples of the permeable layer were measured from weights of the samples
in both water saturated and dry conditions. The porosity values ranged from 6~47% and were
mainly concentrated in the range of 25~30% (li et al., 1993). Three samples of different
porosities were used in laboratory tracer tests. Figure 3 shows the apparatus for the laboratory

tests. To determine effective porosity, solutions containing Br' or CI” as tracers with
concentrations of 100 to 300 ppm were pumped into the column under constant flow rates
maintained through manual adjustments of the nitrogen cylinder valve. Volume of effluent

solution was measured to determine the flow rate. The Br™ or CI” concentration of the effluent
solution was analyzed with ion exchange chromatography.
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Figure 3:Apparatus for laboratory tracer test.

Analysis

From the breakihrough curves of Br™ or CI” under severai constant-head conditions at the
laboratory tests, the actual velocity and dispersion coefficient were calculated based on the

following analytical solution of the one dimensional diffusion equation:

C.-1 L-Vt L+Vt VL. ,
Co =2 {erfc( 21,H)+erfc( X )xexp( D )} @

where .
C:concentration, Co:initial concentration, L:length of sample
D:dispersion coefficient, t:time, V:actual velocity

The initial and boundary conditions are:

Co=constant, V=constant
C=0, X=00, at all times
C=0, X>0, at t=0.

From the actual velocity (V) and the monitored constant flow rate (Q), the cross-sectional area
of void which the pore water passes through (A) was calculated, based on the equation A=Q

V', The effective porosity ( ¢ ) was then calculated, based on the equation ¢ =A A'™' on the
assumption of Depuit-Forchheimer. A' represents the total area of the cross section of a
sample.
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Results

Figure 4 shows an example of a breakthrough curve obtained in the laboratory tests. The line
represents the regression curve using the analytical solution. Based on equation (4), the actual

velocity and the dispersion coefficient for the Br™ or C1” were calculated according to the
relationship between elapsed time and the Br™ or Cl™ concentration normalized by initial
concentration. Table 2 gives the conditions and results of the laboratory tests. When the length

of sample was 1.0 cm, effective porosity equaled porosity. As the length of samples increased
from 1.0 cm to 6.0 cm, effective porosity decreased. .
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Figure 4:Example of breakthrough curve in laboratory test.

DISCUSSION

Figure 5 shows the relationship between effective porosity per porosity and test scale. Test
scale is a length of sample in a laboratory test and a distance between bore holes in a field test.
The ratio of effective porosity to porosity indicates the proportion of volume of the pores
where solution flows actually to volume of all kinds of pores. Porosities of 3 samples used in
the laboratory test were 27, 29 and 31%. The porosity value of the field can be estimated to be
about 30%. As the test scale increased from 1.0 cm to 7 m, effective porosity decreased from
30% to 4.5%. The decrease of effective porosity is probably due to loss of connectivity of
continuous pores. ‘

The results of field permeability test between the two bore holes used for the field tracer test (li
et al., 1993) shows the hydraulic conductivity of the permeable layer was 2 X 10~ cmsec™.
This value is much larger than those estimated in the laboratory tests, which were 2 X 10%~3

X107 cm sec”". Ishikawa & Sugihara (1991) indicates no remarkable permeable zone which
consists of faults or fracture zones. But if cracks or fissures which are smaller than faults or
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fracture zones exist, the hydraulic conductivity can become lager. For example, if there is a
fracture with a width of 0.1 ~0.2mm, the mean hydraulic conductivity of a 10m zone can be 2

. X107 cmsec™ based on Hele-Shaw model. The fracture will not change effective porosity of
the zone so much. Therefore, we consider that permeable cracks or fissures possibly exist at
this field scale. :

Table 2:Conditions and results of laboratory tests. ‘

Porosity|Hydraulic |Length |Effective | Flow Dispersion

Rock Type conductivity|of sample {porosity | rate coefficient
(%) | (cmsec) | (cm) (%) | (cm? sec) | (cm? sec!)

24 1.9 x10°] 92 x10°

2.6 x107 | 1.10 27 5.5 x10% | 3.5 x10°

27 28 12 x10%] 85 x10%

22 32 x10%| 2.5 x10*

42 x107| 201 24 | 46 x10*| 38 x10°

25 7.4 x10° | 94 x10*
25 1.1 x10%] 45 x10®
26 2.6 x10*| 88 x10°®

24 x10%) 199 27 7.1 x10* | 23 x10°
Sandstone 27 15 x10%} 38 x10°
31 27 28 x10*| 82 x10%

21 2.7 x10* | 14 x10°
21 1.5 x10*] 7.6 x10®
3.1 x10%| 501 22 73 x10* | 35 x10%
23 6.8 x10%| 2.7 x10%
24 6.1 x10* | 2.5 x10°%

47 x10*| 6.05 22 14 x10°] 69 x10°
24 | 81 x10*| 35 x10°
20 | 83 x10%| 237 21 1.7 x103 | 2.3 x10*
42 x10%| 6.4 19 9.8 x10* | 7.5 x103
100
a
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Figure 5:Relationship between effective porosity per porosity and test scale.
O © in laboratory X . in field
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Figure 6 shows the relationship estimated in laboratory tests between dispersion coefficient and
actual velocity. As the actual velocity increases, the dispersion coefficient increases. Figure 7
shows the relationship between the test scale and longitudinal dispersivity in sedimentary
rocks. Longitudinal dispersivity is the dispersion coefficient per actual velocity. Originally
Leonhart et al. (1985) showed that as the scale of field tests increased, longitudinal
dispersivity increased. Our results and the Leonhart et al. (1985) results indicate that as the test
scale increased from several centimeters to several thousand meters, longitudinal dispersivity
increased proportionally. The following empirical relationship has been found from these
results: longitudinal dispersivity equals one tenth of test scale. '

At the sample scale, the increase of longitudinal dispersivity has not been detected. According
to the effective porosity discussion, selective flow paths such as cracks and fissures may exist.
The existence of selective flow paths possibly affects the increase of longitudinal dispersivity,
but quantitative estimation of the influence has been impossible because of lack of information
on geometry and character of the selective flow path.
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Figure .6:Relationship estimated in laboratory tests between dispersion coefficient and actual
velocity.

CONCLUSION

We have performed both laboratory and field tracer tests using the conservative tracers in order
to estimate effective porosity and longitudinal dispersivity of a sedimentary rock. Both the
laboratory and field tracer test results indicate that as the test scale increases from 1.0 cm to 7
m, the effective porosity decreases and longitudinal dispersivity increases. The following
empirical relationship has been found for the sedimentary rock: longitudinal dispersivity equals
one tenth of scale.
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The decrease of effective porosity may be attributed to the loss of connectivity of continuous
pores. The existence of selective flow path such as cracks and fissures has been suggested
based on the results of field permeability test, but the effect of selective flow path on the
increase of longitudinal dispersivity has not been quantified because of the lack of information
on geometry and character of the selective flow path.
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Figure 7:Relationship between longitudinal dispersivity and test scale.
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ABSTRACT. Volcanic oceanic islands fall into two major provinces, the andesitic and the
basaltic or oceanic. Islands of the andesitic province are associated with island arc volcanism and
lie on the continental side of deep ocean trenches within the zone of lithospheric plate
subduction. As such, they have typically continental affinities, thus, the term andesitic province.
Examples of Pacific Ocean island groups within the andesitic province are the Northern
Marianas, Guam, Palau, the Solomons, Vanuatu, Tonga, Fiji, and parts of the Cook Islands.
Volcanic rocks in the andesitic province occur as lava flows and pyroclastics, and range in
composition from basaltic to trachytic; however, submarine pyroclastics predominate. The
permeability and water-bearing properties of volcanic rocks in the andesitic province are
generally poor, and little usable groundwater can be developed from them. Instead, most
groundwater is developed from limestone and raised coral reefs that are often associated with
these islands. Islands of the oceanic province are typically basaltic, although composition may
range to andesitic, and lava flows rather than pyroclastics predominate. The islands occur on the
ocean side of trench/subduction systems and are associated with intraplate volcanism, thus, the
name basaltic or oceanic province. Islands in this province are generally comprised of large,
gently-dipping shield volcanoes. The lavas, if young and basaltic, such as those found typically
in the Hawaiian Islands, French Polynesia, and parts of Samoa, are extremely permeable and
make up the principal aquifers. Conversely, on islands where the lavas are older and contain
more pyroclastic material, such as on Yap, Truk, and Pohnpei in Pacific Micronesia, the
volcanics are poorly permeable and the most productive aquifers are sedimentary alluvial deposits
and weathered lavas. Hence, depending on which volcanic province an island occurs within, the
strategy for groundwater exploration and development may differ considerably.

INTRODUCTION

Freshwater development on small oceanic islands is one of the most challenging problems facing
hydrogeologists today. The task is made especially difficult by adverse geologic conditions and
the ever-present threat of salt water intrusion. To better understand the problems of occurrence
and development of fresh water in this environment, knowledge of the geology of small oceanic
islands is a necessity.
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Figure 1: Location map of Pacific Ocean Basin with oceanic trench/subduction zones
shown by heavy lines.

Islands are often conveniently separated into two broad groups: "low" islands and "high"
islands. The high islands are primarily comprised of volcanic rocks, but also often contain
substantial quantities of sedimentary materials, including raised coralline limestone and reef
debris. The high islands are older and much larger than the low islands, and generally contain
developable quantities of surface water and groundwater. The low islands, which are mainly
comprised of coralline atolls and reef material, are very small and usually stand only a few
meters above sea level. They have little if any surface water, thus users must rely on direct
rainfall catchment and a thin, often brackish, groundwater lens. This paper will describe the
geology and water-bearing characteristics of the high volcanic islands.

Volcanic oceanic islands fall into two major provinces, the andesitic or arc and the basaltic or
oceanic. As described by Mink (in United Nations, 1983, p. 260) islands of the andesitic
province are associated with island arc volcanism and lie on the continental side of deep ocean
trenches within the zone of lithospheric plate subduction (Fig. 1). As such, they have typically
continental affinities, thus, the term andesitic or arc province. Typical examples of Pacific Ocean
island groups within the andesitic province are the Northern Marianas, Guam, Palau, the
Solomons, Vanuatu, Tonga, Fiji, and parts of the Cook Islands. Volcanic rocks in the andesitic
province occur as lava flows and pyroclastics, and range in composition from basaltic to
trachytic; however, submarine pyroclastics predominate. The permeability and water-bearing
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properties of volcanic rocks in the andesitic province are generally poor, and little usable
groundwater can be developed from them. Instead, most groundwater is developed from
limestone and raised coral reefs that are often associated with these islands.

Islands in the oceanic province are typically basaltic, although composition may range to
andesitic, and lava flows rather than pyroclastics predominate. The islands occur on the ocean
side of trench/subduction systems (Fig. 1) and are associated with intraplate volcanism, thus, the
name basaltic or oceanic province. Islands in this province are generally comprised of large,
gently-dipping shield volcanoes. The lavas, if young and basaltic, such as those found typically
in the Hawaiian Islands, French Polynesia, and Samoa, are extremely permeable and make up
the principal aquifers. Conversely, on islands where the lavas are older and contain more
pyroclastic material, such as on Yap, Truk, and Pohnpei in Pacific Micronesia, the volcanics are
poorly permeable and the most productive aquifers are sedimentary alluvial deposits and
weathered lavas.

Thus, the hydrogeology of a volcanic island depends on which volcanic province the island
occurs within, and is also profoundly affected by whether the island is emergent or submergent.
After volcanic activity has ceased, generally arc islands rise and oceanic islands sink. Coral reef
limestones are deposited on arc islands whose surface lay below sea level, as well as along the
coasts of oceanic islands and arc islands whose surfaces lay above sea level. As arc islands rise,
the coral reef limestones become exposed and new reefs grow along the expanded margin of the
islands. Some arc islands are entirely covered with several hundred meters of limestone, while
others exhibit both raised limestone and exposed volcanics. Conversely, the coral reefs around
the margin of the oceanic islands subside with the sinking volcanic mass. Fossil reefs generated
during high sea stands may fringe oceanic islands, but do not form dominant subaerial limestone
deposits often found on arc islands.

The hydrogeology of three different volcanic island provinces are described for: (1) the
Hawaiian Islands, an example of young, highly permeable oceanic volcanic islands; (2) Pohnpei,
an example of an older, poorly permeable oceanic volcanic island; and (3) Guam, an example
of a poorly permeable andesitic arc island containing extensive raised reef limestone deposits.

HAWAIIAN ISLANDS

The Hawaiian Islands consist of six major populated islands and numerous other smaller island
(Fig. 1). They were formed by extrusion of basaltic lavas as the Pacific plate moved
northwestward over the Hawaiian hotspot. Although the islands vary considerably in size, all but
Hawaii Island are less than 1,000 km?® in area. Annual precipitation over the Hawaiian islands
averages about 200 cm, and because the surface materials are so permeable nearly one-third of
this recharges the groundwater. Flow in most streams tends to be flashy and undependable for
domestic and municipal use, thus groundwater is the principal source of potable water supplies.

All the major Hawaiian islands consist of one or more shield volcanoes which are primarily

composed of thin basaltic lava flows. These basalts are especially permeable due to their very
young age and the thinness of individual lava flows, which averages only 2-3 meters. The lavas
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which stand above sea level range in age from about five million years to only a few years. The
high permeability results from primary flow structures such as clinker layers, lava tubes,
irregular openings associated with the surface between flows, vertical contraction joints formed
by the cooling of lavas, and gas vesicles (Peterson, 1972). The horizontal component of
permeability certainly exceeds the vertical, however, permeability in both directions is so great
and so subject to local deviations that any difference between them is difficult to assess.

The lava flows were erupted from central calderas and from fissures in linear rift zones along
the volcano flanks. As a result, the summit calderas and rift zones contain many nearly vertical
dikes which cut through the gently sloping lava flows. In the calderas and central portions of the
rift zones the dikes are closely spaced and almost completely replace the lava flows. Toward the
outer edges of the calderas and rifts the dikes are more widely spaced and form large
compartments which enclose permeable lavas. Because the dikes are relatively impermeable,
groundwater may be impounded within these compartments.

On most of the older islands, the margins of the volcanic mountains are overlapped by coastal
plain sediments of alluvial and marine origin which were deposited during periods of volcanic
quiescence. Although the permeability of the sediments varies widely, the overall effect is one
of low permeability compared to the basalts, and the sediments act as a caprock retarding the
seaward movement of fresh groundwater from the more permeable underlying basaltic aquifers.

Two principal types of groundwater bodies occur (Peterson, 1972): (1) basal water bodies
floating on and displacing salt water, and (2) high-level bodies impounded within compartments
formed by impermeable dikes that have intruded the lava flows, and to a lesser extent, high-level
bodies perched on impermeable layers of ash, soil, or dense flows. The occurrence and
development of these groundwater bodies are illustrated in Figure 2.

Owing to their relatively small volumes, development of high-level groundwater sources in
Hawaii is limited. Dike-confined groundwater bodies are often identified by natural spring
discharges. The compartments formed by dikes may be saturated with fresh groundwater to levels
a few hundred meters above sea level. Dike water has been primarily developed by horizontal
or inclined tunnels which penetrate one or more dike compartments and, to a lesser extent, by
vertical wells drilled into individual dike compartments. Although the volume of water stored
in dike-confined aquifers is small compared to fresh basal groundwater, it is large compared to
other sources of high-level water. Natural storage in perched aquifers is generally small and the
flow of perched water springs tends to be relatively unstable. As a result, perched water is
important primarily because of its high elevation and is only a very small part of all high-level
groundwater developed.

The principal source of fresh groundwater in the Hawaiian Islands, as it is for most young
basaltic islands, is the roughly lens-shaped basal water body floating on and displacing

denser sea water. Recharge of the basal water body results directly from percolating rainwater
or by underground leakage from perched-water bodies and bodies impounded by dikes. Where
the permeable lava flows containing basal water extend to the coast without a cover of sediments,
the head above sea level is generally small. Where the basaltic aquifers are directly overlain by
the less permeable sedimentary caprock along some of the coastal margins, artesian heads of a
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Figure 2: Cross section of typical Hawaiian volcanic dome showing occurrence
and recovery of groundwater (modified after Peterson, 1972).

few meters to over 10 meters above sea level may occur. The depth to the bottom of fresh water
is normally a few tens of meters to several hundred meters. In some of the drier coastal areas
where heads may be less than one meter above sea level, tidal fluctuations very rapidly mix all
the fresh rainwater with the underlying sea water so that only brackish groundwater occurs.

In Hawaii basal groundwater has been developed by drilled wells in artesian and unconfined
aquifers and by skimming tunnels in unconfined aquifers (Fig. 2). The skimming tunnels consist
usually of a vertical or inclined shaft constructed from the ground surface down to just below
the water table, and one or more horizontal tunnels constructed laterally just below the water
level to collect water. The fundamental advantage of skimming tunnels is their capability to
collect large quantities of fresh water from lenses so thin that vertical wells would recover only
brackish water. However, in the highly permeable basaltic lavas even vertical wells routinely
produce 4,000-5,000 m*/day or more. The sustainable yield of the island of Oahu, on which most
of the population resides, is estimated at nearly 7 x 10* m*/year.

To summarize, the basic strategy for developing groundwater from the highly permeable
Hawaiian basaltic lavas is to locate poorly permeable confining and retarding layers which keep
the fresh groundwater from rapidly escaping into the surrounding ocean.

POHNPEI
The Pohnpei Group, located in the Eastern Caroline Islands (Fig. 1), consists of the main
volcanic island of Pohnpei and several small satellite atolls capping submerged volcanoes. In this

paper only the large island of Pohnpei (land area of approximately 340 km?) will be discussed.
Like the Hawaiian Islands, the Pohnpei Group, together with Truk to the west and Kosrae to the
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east, is thought to have formed by extrusion of basaltic lavas as the Pacific plate moved
northwestward over a hotspot.

In contrast to the Hawaiian Islands, however, the volcanic rocks which comprise Pohnpei are
older (up to about 8.5 Ma; Keating et al., 1984; Dixon et al., 1984) and much less permeable.
They consist of moderate to poorly permeable shield-building basaltic lavas which are covered
by a thick cap of low permeability post-shield-building lavas (Spengler et al., 1992). Due to
extensive regional suybsidence and sea-level rise Pohnpei lacks coastal plains of sedimentary
materials and raised coral reefs around its perimeter, and instead is covered by volcanic rock and
fringing mangrove swamps along its coastline around much of the island.

Rainfall is abundant year-round and ranges from about 400 cm/year along the coastline to nearly
900 cm/year in the island’s interior. Owing to the low-permeability capping volcanic rocks about
two-thirds of the total precipitation is returned as surface runoff, with the remainder divided
between evapotranspiration and infiltration (Spengler ez al., 1992).

Because of the general availability of abundant surface water supplies, groundwater development
on Pohnpei has been quite minimal, and hence quantitative information on its occurrence and
development is very limited. Nonetheless, during prolonged periods of drought surface water
supplies decline substantially and in recent years some groundwater development has been
undertaken. Unlike in the Hawaiian Islands, however, where voluminous groundwater supplies
can readily be developed from the shield-building lavas, on Pohnpei groundwater development
from this source is much more difficult, and only moderate amounts of groundwater can be
developed from the upper relatively unweathered shield-building lavas and the weathered zone
that overlies them. A second source of developable groundwater on Pohnpei is the sediments
within local unconformities between flow units of the post-shield-building volcanics and the
unconformity between these volcanics and the underlying shield-building lavas (Spengler ez al.,
1992). Groundwater production rates from wells on Pohnpei typically range from about 100-500
m*/day per well, only a fraction of typical pumping rates from wells in the Hawaiian Islands.

GUAM

Guam, with an area of approximately 550 km? is the largest and southernmost of the Mariana
Islands (Fig. 1). It is a typical example of an andesitic arc province volcanic island capped by
raised limestone deposits.

The entire island was initially formed by island arc andesitic volcanism during
Eocene-Miocene time (probably about 20-60 Ma). Subsequently, a thick sequence of marine
limestone was deposited on the volcanic rocks, and uplift of the entire island mass has resulted
in raised limestone deposits covering large portions of the original volcano. Guam is divided into
two distinct geologic and hydrologic provinces. The northern half of the island is composed of
an extremely permeable raised limestone platform overlying deeper volcanic rocks, and the
southern half of the island is composed predominantly of poorly permeable andesitic volcanic
rocks (Fig. 3).
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Figure 3: Hydrogeologic map of Guam (modified after Mink, 1976)

Rainfall on Guam is similar to Hawaii, and averages about 250 cm/year. Surface runoff is
virtually non-existent from the extremely permeable limestones in the north where much of the
rainfall recharges the groundwater body. Conversely, the poorly permeable volcanic surface of
the south is drained by more than 40 streams, and surface runoff accounts for well over half of
the annual rainfall.

Virtually all the exploitable groundwater occurs in the permeable limestone aquifers of the north,
which provide more than 95% of the total island groundwater supply (United Nations, 1983).
The fresh groundwater occurs there as basal lenses floating on and displacing salt water, and less
commonly, as parabasal water which is continuous with the basal lens but is not underlain by sea
water because it rests directly on the impermeable volcanic basement (Mink, 1976). Figures 4
and 5 show hydrogeologic sections through AA’ and BB’, respectively. Groundwater production
rates for wells in the limestone aquifers typically range from 500 to as high as 10,000 m*/day
per well. Pumping rates from the few wells developed in the southern volcanic rocks generally
are less than 250 m*/day per well (United Nations, 1983). Groundwater sustainable yield from
the island as a whole is estimated to be just under 7 x 10’ m*/year, about one-tenth that of Oahu,
Hawaii which is about twice the size of Guam.
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CONCLUSIONS

The geology, including volcanic province, age, and sea-level history, of volcanic oceanic islands
exerts critical control on groundwater recharge, occurrence, and aquifer properties, and hence
greatly influences strategies for groundwater exploration and development. For example, in
young basaltic province islands such as Hawaii, groundwater development strategy generally
concentrates on the highly permeable unweathered shield volcanics and gives only secondary
consideration to sedimentary aquifers. Conversely, in andesitic arc province islands such as
Guam, raised limestone deposits usually are the primary target for groundwater development, as
the low-permeability volcanic rocks generally make poor aquifers. In older, less permeable
oceanic province islands such as Pohnpei, prospects for development of significant groundwater
supplies are less favorable, and weathered basalts and sediments within unconformities between
volcanic flows are often the best groundwater development targets.
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SURVEY OF GROUNDWATER FLOW IN A VOLCANIC AQUIFER BY THE
’H+’He DATING METHOD

Y. MAHARA & T. IGARASHI
Abiko Laboratory, Central Research
Institute of Electric Power Industry,
1646 Abiko, Abiko City, Chiba, 270-11, Japan

ABSTRACT. This study investigates a tritium and helium-3 (3H+3He) dating method to
survey the groundwater flow in a large groundwater basin. The dating method is based on
calculating the residence time m a radioactive decay formula by substituting the tritum
concentration and the tritiogenic *He measur%d in the groundwater sample. Since it is very
dlfficult to detect trace amounts of trmogemc He in a 15 ml groundwater sample, tritiogenic
*He is determined from the ratio of *He to ‘He and the dissolved total He measured by a
high resolution mass spectrometer.

We applied this dating method to aconfined aquifer formed by the deposition of the Aso
pyroclastic flow in the Kumamoto plains on the west side of Mt. Aso volcano. The measured
ages of groundwater under the Kumamoto plains range from 7 to 74 years old and are
aligned from young to old along the major path of groundwater flow in the Togawa lava
area. Analytical data on dissolved noble gases (Ne and He) in groundwater samples are
available to determine the geohydrologic formation of the volcanic aquifer.

INTRODUCTION

In Japan, volcanic areas are known to hold rich reservoirs of groundwater which collect due
to lava flows or pyroclastic flow deposit layers. Recently, many high technology industries
are rapidly setting up manufacturing plants near sources of abundant groundwater. Conse-
quently, the groundwater is being polluted by the organic solvents used to clean high
technology products, and local residents are concerned that drinking this groundwater may
damage their health. It is important to understand the origin of groundwater and the residence
time of groundwater in water circulation in order to prevent the pollution from spreading and
to decontaminate the groundwater. There are many methods for investigating the flow of
groundwater. We have been developing techniques for determing the origin of groundwater
and dating groundwater in the macrocirculation of groundwater in a large geohydrologic
catchment area.

In this study, we have focused on demonstrating the viability of a *He'He dating method
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(Mahara. et al. 1991) to measure the residence time of groundwater,’ toxdentlfy the origin of
groundwater and to separate the regions of groundwater flow. Since the *H+ *He dating
method measures the natural tritium and the natural dissolved helium isotopes, this method
has the great advantage of tracing the groundwater flow without further contamination.

STUDY AREA

The Kumamoto plains‘ are located on the west side of Mt. Aso volcano, outside the caldera.
The profile of a longitudinal geological formation of the Kumamoto plains is shown in Fig.1.

CA) Allwvium
3R] Ariake Clay
Loam
Shimabara Marine Layer
EIEd Upper Terrace Deposit
F¥a2 Middle Terrace Deposit A
CEJ Aso Pyraclastic Flow Deposit (Aso—{} .
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Umluwllcd Diluvivm

Aso Pyroclastic Flow Deposit (Aso—3)
m Aso Pyroclastic Flow Deposit (Aso-2)
€T Togawa Lava Takaono
a7 Aso Pyroclastic Flow Depusit (Aso-1
A3 Pre-Aso Vokcanics ”
ZH2 Mifunc Layers Wi Kl

Figure 1 : The profile of a longitudinal geological formation of
the Kumamoto Plains.

The basic rocks, which are nonpermeable, consist of Mifune layers which are metamorphic
rocks, Pre-Aso volcanic rock and unclassified Diluvium. Four pyroclastic flow deposits,
called Aso-1, Aso-2, Aso-3 and Aso-4 in chronological order from the bottom to ground
level, and a cracked lava layer, which is called Togawa lava, cover the basic rocks. The
pyroclastic flow deposit and cracked lava layers form a major groundwater reservoir, because
the rocks are very permeable. The four pyroclastic ﬂovx layers and the Togawa lava were
produced by eruptions of Mt. Aso volcano from 8X10 to 3.6 X10° years ago.

The Shira river flows a cross the Kumamoto plains from east to. west, and is one of the
sources of groundwater under the plains. There are many springs, ponds and lakes. All the
water of Ezuko lake is supplied from groundwater, which is about 4X10°to 9X10°m%day.
There are groundwater flow paths under the Kumamoto plains ; the main path is along the
old Kase river valley, which is buried with the Aso pyroclastic flow deposits, as shown by
the groundwater reservoir to the north of the Shira river. The groundwater flows north-east
to south-west along the old Kase river valley, therefore the ages of groundwater determined
by the *H+3He dating method are likely to range from young to old along the direction of
groundwater flow. We collected 13 samples from wells and 9 samples from springs and
spouting ponds, the location of sampling sites are shown in Fig.2.
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8| Togawa (Spout) 17 | Hakamano

Figure 2 : Location of the sampling sites of groundwater in
the Kumamoto Plains.

MATERIALS AND METHODS
Method of sampling groundwater

Groundwater samples for dating by the *H+3He method were collected from 13 wells and
9 springs. To measure the tritium concentration and the dissolved cations and anions, a 2000-
ml sample was taken at each sampling site. The sample for measuring dissolved >He must
be collected in such a way to prevent direct contact with the atmosphere, and to prevent
gassing and degassing. To ensure this, a new groundwater sampler was designed and built
(Fig.3). This sampler has two special mechanisms : (a) The water stoppers are closed by oil
pressure under remote control when the sampler reaches a predetermined depth in the well.
(b) The water contained in the annealed copper tube was exchanged easily by heating for 20
minutes by a small heater above the top water stopper. Water inside the annealed copper tube
is endosed by the top and bottom water stoppers and is sealed completely by two steel
clamps. All the sealed water samples were protected against leakage of dissolved gases or
intrusion of atmospheric air for long-term storage (10000 years) (Weiss, 1968). As 10 g
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Figure 3 : The whole view of sampler and the mechanism of
sampler probe.

water is required to measure the dissolved He-3, 15 to 17 g of water were collected using
this sampler.

Analytical methods

Tritium : The concentration of tritium in the groundwater was measured by beta-ray
counting after enrichment. 100 ml of groundwater was reduced to about 40 ml by electrolysis
using Ni/Fe electrodes. Forty milliliters of distillate and 60 ml of scintillation cocktail
Aquasol-2 (New England Nuclear Ltd.) were mixed in a 100 ml teflon vial and the mixture
was measured for 1000 minutes by a low-background liquid-scintillation counter.

Helium isotopes ( *He and *He) and ratio of ®Ne to *He : The dissolved gases were
separated from the water in a stainless-steel extraction line at ultra-high vacuum (1X107
Torr) using an oil-diffusion pump and an ion pump. Ultrasonic vibration for 15 minutes was
used to extract dissolved gases from the water sample. Water vapor and condensable gases
were removed by a liquid-nitrogen cold trap. Active gases. were trapped by a titanium-
zirconium getter. The heavy noble gases Ar, Kr and Xe were removed by an activated-
charcoal trap cooled in liquid nitrogen. The residual He and Ne left in the extraction line
were introduced to a VG-5400 mass spectrometer (VG Isotope Ltd.). The concentration of
3He was determined by measuring the *He concentration, and the ratio of *He to *He
(*He/ *He) was compared with that of standard air 1.4X10°. The ratio of ®Ne to *He was
measured by a quadruple polar mass using the purified residual helium and neon sample in
the extraction line.
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Hydrogen and oxygen isotope ratios : The ratio of deuterium to hydrogen (D/H) was
measured with a mass spectrometer after reducing the water sample of 1 or 2 ml to the
hydro%en gas using metal uranium heating at 600°C. The ratio of oxygen-18 to oxygen-16
('80/'®0) was measured with a mass spectrometer after establishing the isotopic exchange
equilibrium between the water sample of 1 or 2 ml and gaseous CO2. Both ratios of (D/
H) and ('80/'60) were expressed as a deviation from SMOW. The measurement errors are
+1% for (D/H) and +0.1% for ('%0/'°0).

RESULTS AND DISCUSSION
Concentration of cations and anions

The concentration of cations (Na*, K*, Ca?*, Mg? ) and anions (Cl°, SO% , HCO') of
groundwater samples collected in the Kumamoto plains were analyzed by the conventional
technique using ion chromatography. The results are shown on the Key-diagram in Fig.4.
Most groundwater samples are distributed in the region of the groundwater type Ca(HCO3)2
which is characteristic of shallow groundwater, but some samples (Kengun and Tamukae)
show the geochemical properties of the deep groundwater type NaHCOs, and other samples
(Togawa, Ukishima and Akai) show the geochemical properties of volcanic groundwater
CaSO4. We cannot determine anything from only the concentrations of cations and anions,

100%

100%

Figure 4 : Key-diagram of groundwater in the Kumamoto
Plains.
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but we could probably guess that groundwater of Togawa (No.8), Ukishima (No.15) and
Akai (No.16) have the same origin of groundwater, judging from previous investigations
(Kimura, 1986).

Distribution of hydrogen and oxygen Isotope ratios

Hydrogen and oxygen isotope ratios of groundwater samples are distributed in the region
between the global meteoric water line 6 D=8 - 8'80+10 and the line of d D=8 - & '80+4 in
Fig.5. Furthermore,'®0 and D of most samples are concentrated in the narrow ranges of -6.5
to -7.3 %o and of -41 and -51 % respectively. On the other hand, only four samples (Nos.7,
17, 18 and 19) have obvious differences from the others in Fig.5. However, No.17 to No.19
were collected from high altitude areas inside the Aso caldera and from the slope of the
outer rim of the volcanic crater of Mt. Aso, at a height of about 1000 m above sea level.
' 0(%)
-10 -9 -8 -7 -6 -5

’ @ : Deep Well
A : Spring

Figure 5 : The relationship between the global meteoric water
line (GMWL) and the correlated plots of ¢ '*0O and
0 D of groundwater in the Kumamoto Plains.

Consequently, their greater shift the negative direction of '0 and D indicates the effect of
altitude on the separation of deuterium (D) and heavy oxygen ('®0) in the process of
evaporation and condensation of water. However, the groundwater of Numayamatsu (No.7)
occupies a strange position in F1g5 The deviations of deuterium and heavy oxygen from
SMOW are plotted independently in Fig.5 compared to the other 22 samples. This discrep-
ancy suggests that the Numayamatsu groundwater possibly consists of very old groundwater
caused by rainwater infiltrating during the glacial period when the average climatic tempera-
ture was about 4 or 5 degrees lower than at present.

Tritium concentration
The tritium concentrations of groundwater, except for the two samples Shinnabe (No.4) and

Tsuboi (No.13), lie in the range of 6.6 T.U. to 18.2 T.U., which is similar to recent
observations of shallow groundwater at only 100 meters depth in Japan. Most of the tritium
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in groundwater is distributed in the range of 6 T.U. to 10 T.U., and there are few
groundwater samples in which tritium concentrations are more than 10 T.U.. In contrast, the
Shinnabe and Tuboi samples have very low concentrations around the limit of detection using
the scintillation counting method after electrolysis enrichment.

In-past surveys conducted by Kimura (1986) from 1977 to 1978, groundwater with lower
tritium concentrations than the limit of detection was confirmed near Tsuboi. Furthermore, he
reported that the tritium concentrations at Suizenji, Kengun and Numayamatsu were on
average 24, 20 and 23 T.U. in 1977, respectively. We measured the tritium concentrations
at Suizenji, Kengun and Numayamatsu to be 18.2, 9.2 and 8.8 T.U. respectively in 1990, at
13 years after Kimura's measurements. Tritium concentrations at Kengun and Numayamatsu
decreased by half during the 13 years, which is approximately equivalent to one half life of
tritium. If the tirtium concentration in groundwater from Kengun and Numaymatsu decreased
by half during one half life of tritium (12.3 years), then the tritium concentration must have
been more than 50 T.U. in the early 1960's, when precipitation with a tritium content of
more than 1000 T.U. was observed throughout the world and the tritium level of shallow
groundwater rose sharply. Yet the tritium concentration of groundwater at Suizenji decreased
by only one fourth in 13 years, suggesting that there may be a lot of groundwater with high
tritium content resident under the Suizenji area.

Dissolved noble gases

The results of analyzmg the dissolved helium content and helium isotope ratio of *He to *He
of groundwater in the Kumamoto plains is shown in Fig.6. Most samples except Rendaiji
(No.2) and Tsuboigawa (No.23) contained 5.0X 107 to 1.1X 10°® ccSTP/g of total dissolved
helium, with helium isotope ratios in the range of 1.38-3. 6X10. This suggests that the
helium generated by the alpha decay of alpha radionuclides into uranium and thorium in rock
accumulates in groundwater. This accumulated helium in groundwater, the excess helium, is
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Figure 6 : A correlation plot between ( *He/ “He) and “He of
groundwater in the Kumamoto Plains.
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referred to as the component of crustal 1
helium which has the characteristically low
ratio of neon to helium and a low ratio of

®~~ mantle He

*He to “He. The increase of crustal he- o
lium component in the dissolved helium
decreases with the ratio of neon to helium. or
However, the correlation between the de-
creasing ratio of neon to helium and the st
decreasing ratio of *He to *He are not
evident in Fig.7. On the contrary, the ratio L

of *He to *He increases with the increasing

content of the excess helium. This implies

that the excess helium contains a not insig- CHe/ e
nificant amount of mantle helium, which x 108
has a characteristically low ratio of neon sr
to helium 103 and a high ratio of 3He to 0.
“He 1.1X10° . On the other hand, the o
Rendaiji and Tsuboigawa samples have 7 70 o

to 9 times more helium than dissolved st 1 ol9
helium (4.5X10® ccSTP/g) in water at 2 o,
equilibrium with helium in the atmosphere
at 15C. The huge excess of helium
samples in No.2 and No.23 shows a high
helium isotope ratio compared to air 1.4X
10%. Moreover, the ratio of neon to helium
is extremely low compared to that in dis-
solved atmospheric air (4.3, at 15°C). This
result suggests the Rendaiji and Tsuboi-
gawa samples contain large amounts of a
mixture of crustal helium and mantle he- Figure 7 : A correlation plot between
lium, because the measured ratios of >He (*He/ “He) and (®Ne/ *He)
to “He are very low compared to that of of groundwater in the

only mantle helium at 1.1X10% Kumamoto Plains.

(®Ne/*He)

A contour map of the ratio of *He to *He is shown in Fig.8. This figure shows that the high
ratio area (>2X10°) and the low ratio area (<2 X 10®) are probably divided with the Shira
river. The high ratios are concentrated in the Togawa lava area. There seems to be
correlation between the Togawa lava area and the high ratio area of *He to *He. The area
with the highest ratio of *He to “He (>3 X 10°®) coincides with the area with the thickest lava
layer. Judging from the measured ratio of *He to “He, the Togawa lava is distributed in the
direction from southeast to northwest corresponding to the direction of decreasing thickness
of lava layer. Furthermore, the Togawa lava is not likely to be distributed beyond the
northern side of the Shira river judging from the low ratio of *He to “He measured at
Shinnabe and Tsuboi. The hot spots with the high ratio of *He to “He, however, are also
found in the area with the low ratio of *He to *He. This suggests that some spots actively
release the helium mixture of the mantle component and the crustal component through
faults.
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A correlation plot between the ratio of *He to
“He and the tritium concentration of ground- 61
water samples collected in the Togawa lava
area is shown in Fig.9. Tritium concentration
decreases with increasing ratio of *He to “He.
In other words, there is an inverse correlation
between the tritium concentration and the ratio !
of >He to “He. The tritiogenic *He, which is g ®
produced by the beta decay of tritum in /M N
oundwater, helps to increase the ratio of 9
He to “He. The old groundwater has a lower . o!
tritium content as well as a higher ratio of
He to “He than the younger groundwater.
Based on the evidence of an inverse correla- 1 T
tion between the tritium concentration and the
ratio of *He to 4He, we tried to estimate the 0 , A , )
ages of the groundwater using the *H+ *He 0 5 10 15 %
dating method. The results are tabulated in HTO (TU)
Table 1.

. Figure 9 : A correlation plot between
The ages of groundwater in the Kumamoto (3He/ “He) and HTO of

plains, except Rendaiji and Tsuboigawa, range groundwater in the Togawa
from 7.3 to 47.7 years old. The groundwater lava area.
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Table 1 : Analytical resulis of *He, (*He/ *He), (*°Ne/ *He) and
tritium in groundwater and dating results.

: %108 3o/
Shirakawa 6.87 1.70 4.76 7.2 2.7
suigen
Oustu 6.95 2.41 2.72 8.1 32.3
Kubota 5.64 1.93 3.46 8.3 12.8
Kikuyo 8.20 2.00 2.63 7.2 330
Fukasako 10.95 2.39 1.93 12.9 34.6
Akistu 8.06 2.93 2.31 8.9 386
Kengun 8.90 2.85 2.34 9.2 393
Togawa 6.24 3.39 313 6.6 40.5
Numayamazu 10.30 3.59 2.17 8.8 47.7
Kamiezuko 8.64 3.00 2.44 84 41.2
Tamukae 6.05 2.20 3.23 135 © 199
Tsuboi 5.83 1.42 3.70 0.5 47.0
Rendaiji* 30.22 4.50 0.71 8.0 74.1
Suizenji 8.18 227 2.53 18.2 23.0
Shinnabe 5.03 137 4.35 04 184
Akai 7.63 2.90 2.40 8.3 38.3
Maki Yusui 6.94 1.52 2.78 11.0 15.8
Kusubaru Yusui 5.02 1.73 4.22 16.8 73
Kikouji Yusui 5.26 1.69 3.67 7.5 15.4
Tsuboi Kawa* 38.6 2.50 0.50 7.9 68.0

* The dissolved He in this sample is suspected to be a mixture of mantle He component.

in the Togawa lava basin is generally more than 30 years old. The ages of groundwater
along the old Kase river buried by the Aso pyroclastic flow deposit do go from young to
old in the direction of groundwater flow : in the upstreamn area of the old Kase river,
groundwater is 12.3 to 33 years old, and in the downstream area, 38.6 to 47.7 years old. The
ages of groundwater of fountains on the fringes of the mountains range from 7.3 to 15.8
years old, which is relatively young. At Shinnabe and Tsuboi where tritium concentrations
were down to the limit of detection, groundwater was 18.4 and 47 years old, respectively.
Groundwater in the Tsuboi area was expected to be very old from past surveys and, our
results were consistent with past results. The groundwater from Rendaiji and Tsuboigawa was
over 68 years old, because groundwater samples contained excess helium with a mixture of
mantle and crustal helium, therefore the ages were overestimated.

The *H+ 3He dating model should be applied to groundwater containing excess helium after
separating the mantle helium component and the crustal component from the total dissolved
helium. We used the following model to separate the mantle helium component and the
crustal component from the total dissolved helium,

[RHels = [RHela - A+H{RHe]m - M+[RHe]r - R (1)
[RNe]s = [RNela - A+[RNeJm - M+[RNejr - R )
A+M4R =1 3)

where [RHe] is the ratio of 3He to “He, [RNe] is the ratio of neon to helium, s means
samples, a is the atomospheric component, m is the mantle component, r is the radiogenic
(crustal) component, A is the ratio of the atmospheric component to the total, M is the ratio
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of the mantle component to the total, and R is the ratio of the crustal component to the total.
We used 1.1 X107 for [RHelm, 1X107 for [RHe]r, 4.24 for [RNela, 107 for [RNe]m and
[RNe]r in the estimation. Rendaiji groundwater was estimated to consist of a mixture of 25%
young groundwater (32 years old) and 75% old groundwater (20000 years old). The detailed
results have been reported elsewhere (Mahara, 1992).

Finally, we conlude that the major groundwater flow is along the old underground Kase river
from the groundwater reservoir on the northern side of the Shira river. This was confirmed
to exist in the Togawa lava basin in the Kumamoto plains by the *H+ 3He dating method.
We also reconfirmed that old groundwater is resident in the area surrounding Tsuboi and
Rendaiji.

CONCLUSION

The *H+ *He dating method was used in combination with other survey techniques for a
groundwater survey in the Kumamoto plain basin, which is a representative volcanic aquifer
in Japan. The dating results suggest that there was a major groundwater flow along the valley
of the old Kase river formed by the Aso pyroclastic flow during the Aso volcanic explosion
40000 - 100000 years ago. Old groundwater still exists in the Kumamoto groundwater basin.
The results of analyzing noble gases dissolved in the groundwater revealed that there are hot
spots which release large quantities of helium with a high ratio of *H+ “He along the fault,
and that the groundwater flow region is probably divided by the Shira river. The data on the
ratio of *H to “He indicates the range of the Togawa lava. Thus, the 3H+ 3He dating results
can be used to reveal the groundwater flow regions, the groundwater flow paths and the
geohydraulic formation of groundwater basins.
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ABSTRACT. An isotopic study of groundwater flow systems in volcanic media has been
carried out at Mt. Yatsugatake, a dormant volcano in central Japan. Water samples from more
than 60 low-temperature, ephemeral and perennial springs were analyzed for hydrogen isotopic
compositions to determine when groundwater recharge occurs in Mt Yatsugatake. Springs on the
western slope of the mountain were found to be isotopically more depleted than those of the same
elevations on the eastern slope. Taking account of the dominant wind directions in the study area,
it is concluded that groundwater recharge takes place primarily from summer precipitation from
June to September when the western slope is on the leeward side with respect to the winds,
whereas the eastern slope is on the windward side. Winter precipitation, which generally occurs
as snow, is assumed to be a less important component of groundwater recharge in Mt.
Yatsugatake.

INTRODUCTION

Mt. Yatsugatake, a 2900-m high dormant volcano, is about 130 km northwest of Tokyo, Japan
(Fig. 1). Although groundwater is now in great demand for agricultural, industrial, and domestic
use, little is known about the nature of the groundwater resources in the region. Characterization
of the groundwater resources has been impeded by the lack of reliable hydrogeologic information,
especially for the high areas of the mountain.

Isotope hydrology using environmental isotopes as tracers permits an accurate and inexpensive
determination of where, when and how recharge occurs in vast, mountainous areas where there is
otherwise a scarcity of hydrogeologic information (e.g. Basmaci & Al-Kabir, 1988; Sklash &
Mwangi, 1991). Therefore, we have investigated the nature of groundwater recharge and flow
processes in the southern portion of Mt. Yatsugatake through the application of environmental
isotope techniques to spring waters. As a part of the study, the recharge elevations of the springs
have already been determined by using deuterium as a tracer (Yasuhara et al., 1993). The purpose
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Figure 1: Location map of springs, showing also the three physiographic areas of the
southern portion of Mt. Yatsugatake.

of this paper is to identify the season most responsible for the groundwater recharge in Mt.

Yatsugatake.

THE STUDY AREA

Mt. Yatsugatake is characterized by many volcanic cones and domes, and consists of lava flows,
volcanic ash, lake sediments, and volcanic-fan deposits of Pleistocene age. In general, the Upper
Minamisaku Formation, composed of Middle Pleistocene lake sediments up to about 100 m thick,
forms major aquifers in the southern portion of Mt. Yatsugatake. These aquifers have hydraulic
conductivities that are relatively high, with values typically in the range 10-5 to 10-6 m sec! (Kanno
& Groundwater Research Group for Yatsugatake, 1988).

The study area experiences humid climatic conditions and is influenced by summer and winter
precipitation periods. Summer precipitation consists primarily of ‘long rains' due to the so-called
Baiu in June and July, and rains accompanying typhoons in August and September (Fig. 2).
Rainfall amounts from June to September, mainly brought by large rainfall events, account for
nearly half of the annual precipitation. Winter precipitation generally occurs as snow. The high
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Figure 2: Monthly mean precipitation at Hara and Oizumi from 1984 to 1988 (Japan
Meteorological Agency, 1985, 1986, 1987, 1988, 1989).
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areas of Mt. Yatsugatake are covered with snow of about 1-2 m thickness from late November to
mid-April. Average annual precipitation between 1984 and 1988 was 1125, 1031 and 1320 mm at
Hara, Oizumi and Minamimaki (Nobeyama), respectively (Japan Meteorological Agency, 1985,
1986, 1987, 1988, 1989).

Mt. Yatsugatake has a radial surface drainage network of low density (Fig. 1). River Tachiba and
River Sudama, originating in the high areas of the mountain, are two important perennial rivers with
large flows. Highest flows generally occur from June to September due to rains associated with
the Baiu and typhoons. April and May are also high-flow months due to snowmelt. Lowest flows
occur in January and February.

Three physiographic areas are defined on Mt. Yatsugatake (Fig. 1). A chain of summits above an
elevation of 2000 m is referred to as the summit area. The western and eastern slopes are divided
by a low ridge running from north to south. More than 60 low-temperature, ephemeral and
perennial springs are in the study area. Six perennial springs are at the summit area. Other
springs are distributed almost evenly on the western and eastern slopes. The total range in
elevation of the springs is 1800 m.

SPRING DISCHARGE RATES AND RECHARGE ELEVATIONS

Figure 3 shows the distribution of daily spring discharge rates in August 1988 (Marui ez al.,
1993). Springs above the 1500 m elevation have low discharge rates except for springs nos. 47
and 60. Springs with high discharge rates are found at elevations of approximately 1000 m. The
maximum discharge rate was measured to be 15 000 m3 day ! for spring no. 22. Springs in the
summit area and at elevations below 700-800 m have low discharge rates.
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Figure 3: Distribution of spring discharge rates for measurements taken in August 1988.
Reproduced from Marui et al. (1993).

Taking account of the geochemical and hydrological observations as well as the isotopic results,
the groundwater flow system is shown schematically for the summit area and eastern slope of Mt.
Yatsugatake (Fig.4). According to Yasuhara er al. (1993), the 1000-m elevation springs are fed
by a large groundwater reservoir with a long flow path within the mountain. Many of the 1000-m
elevation springs are recharged from precipitation at elevations of around 1900-2100 m. In
contrast, the groundwater flow feeding the 1500-m elevation springs is smaller in size and has a
shorter and shallower flow path than that feeding the 1000-m elevation springs. These 1500-m
elevation springs are considered to be recharged primarily from precipitation occurring at 1700-
1900 m elevations. Groundwater in the summit area involves a localized flow which is isolated
from flow systems associated with spring discharges at lower elevations.

WATER SAMPLING AND ANALYSIS

Sample collection

The field investigation was carried out in August 1988 and January 1989. These two investigation
periods were chosen because they coincide with the maximum discharge after the Baiu and the

minimum discharge in mid-winter. Water samples were collected from the springs and kept in
rigid plastic bottles. Attention was paid not to entrap air in the bottles. The bottles were sealed
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Figure 4: Schematic representation of groundwater flow system in the summit area and
eastern slope of Mt. Yatsugatake (Yasuhara ez al., 1993).

with plastic tape to prevent leakage and evaporation. For January 1989, the number of sampled
springs was restricted by the inaccessibility of many springs located in the high areas of the
mountain.

Sample analysis

Water samples were analyzed for hydrogen isotopic compositions. The hydrogen isotopic
compositions, 8D, are expressed as the per mil difference relative to standard mean ocean water
(SMOW). The sampled water was converted to hydrogen gas by an oxidation reaction with zinc.
The resulting hydrogen gas was then analyzed using a Finnigan-matt 251 mass spectrometer.
Duplicate analyses were carried out for each sample to improve the reproducibility of the 8D
values. All isotopic analyses were completed at Geological Survey of Japan and the reproducibility

of the 8D values are within +1.5%o.

RESULTS AND DISCUSSION

Hydrogen isotopic compositions

The 8D values of spring waters for August 1988 are depicted in Fig. 5. Spring waters with the

greatest depletion in 8D (lighter than -90 %o) occur at springs nos. 59 and 63 in the summit area
and at spring no. 60 on the upper flank of the western slope. These depleted values are consistent
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with the higher elevation and cooler climate of the summit area. The most enriched 8D values of
heavier than -70 %o are observed at springs nos. 39 and 40, probably reflecting their lower recharge
elevations and warmer temperatures.

In Fig.5, it should be noted that the spring waters on the western slope of Mt. Yatsugatake are
more isotopically depleted when compared with those of the same elevations on the eastern slope.
The springs on the western slope have 8D values between -90 and -80 %o, whereas those on the
eastern slope generally range between -80 and -70 %eo.

Figure 6 shows a plot of 8D vs. elevation for spring waters sampled in August 1988. There is a
marked off-set in the 8D values between the western and eastern slopes of Mt. Yatsugatake. About
10 %o difference in the mean 3D values is apparent for the springs of the same elevations. This is
also the case for spring waters sampled in January 1989 (Fig. 7). This striking contrast of the 8D
values between the western and eastern slopes throughout the year provides us with useful
information for the identification of when significant groundwater recharge takes place in Mt.
Yatsugatake.

Identification of recharge periods

It is reasonable to assume that the distribution of 8D values of spring waters should reflect the
isotopic composition of precipitation which occurs during the periods most responsible for
infiltration and groundwater recharge in the study area. Figure 8 shows the wind directions with
maximum frequency for January and August 1988. In the summer period between June and

-90 < 8D < -80
-80 <8D <-70
70 < 8D

Q Skm

Figure 5: Distribution of 3D values (%o) of spring waters for August 1988.
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Figure 8: Dominant wind directions for Januaty 1988 and August 1988 (Japan
Meteorological Agency, 1989).

‘September, as typically represented by that for August, the southeast wind is dominant and is
accompanied by large rainfall events. In contrast, during the winter period from November to
April, the northwest or west wind with a long fetch over the Japan Sea becomes dominant (as

shown for January in Fig. 8), bringing much snow to the study area . ‘

In general, precipitation air masses are drifted by the wind. As wind-drifted air masses rise up the
mountains, rain is gradually precipitated by condensation, accompanied by more efficient
condensation of water molecules with heavier isotopes. The residual moisture in the air masses
thus becomes isotopically lighter, and more depleted rain or snow is progressively formed (Mazor,
1991). As aresult, precipitation is expected to become more depleted with higher elevations, and
become more depleted on the leeward side of the wind than that on the windward side.
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The springs on the western slope of Mt. Yatsugatake have depleted 8D values throughout the year
when compared with those of the same elevations on the eastern slope (Figs. 6 & 7). Therefore,
we can conclude that groundwater recharge to Mt. Yatsugatake occurs primarily from summer
precipitation between June and September when the western slope is on the leeward side with
respect to the dominant southeast wind, whereas the eastern slope is on the windward side.
Reflecting the depleted 8D values of precipitation, the spring waters on the western slope tend to
have more depleted 8D values than those on the eastern slope.

It is plausible that winter precipitation, which generally occurs as snow, is a less important
component of groundwater recharge in Mt. Yatsugatake. One explanation for this is that a large
part of meltwater derived from snow may be promptly directed into the rivers by lateral flow in the
snowpack. Consequently, meltwater can contribute little to vertical infiltration and groundwater
recharge. The generation of lateral flow during snowmelt is considered to be attributable to a
combined effect of the presence of frozen soils below the snowpack and the steep slope of the high
areas of Mt. Yatsugatake. These processes are supported by the study of Cooper ez al. (1991),
who showed the low degree of mixing between snow (meltwater) and underlying soil water when
frozen soils are present below the snowpack.

SUMMARY

Distribution of the hydrogen isotopic compositions strongly suggests that summer precipitation
between June and September is responsible for recharging the groundwater in Mt. Yatsugatake.
Recharge is concluded to be accomplished by large rainfall events associated with the Baiu and
typhoons. It is likely that winter precipitation contribution to groundwater recharge is either rare or
masked by higher contribution of summer precipitation. These results would have important
implications for the groundwater development and long-term planning for water supplies in Mt.
Yatsugatake and its vicinity.

The authors are analyzing stable isotopic compositions of groundwaters from a number of shallow
and deep wells in the study area. In addition, groundwater samples from springs and wells are
being analyzed for tritium concentrations for estimating residence times. More detailed
clarification of the nature of the groundwater resources in Mt. Yatsugatake based on these isotopic
data is an objective for our future research.

Acknowledgments The authors gratefully acknowledge James M. Wilkinson, U.S. Geological
Survey, for his thoughtful criticism and improvement of the manuscript. Special thanks are also
due to Dr. Yukihiro Matsuhisa, Geological Survey of Japan, for his useful comments on the stable
isotope analyses.
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ON THE RELATIONSHIPS BETWEEN SUBSURFACE AND
SPRING WATER TEMPERATURES IN VOLCANIC ISLAND OF
BALI, INDONESIA
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ABSTRACT. Seasonal variation in air temperature was less than 3 °C and diurnal one was
about 15 °C from the meteorological data in Bali. Heat conduction theory suggests that diurnal
variation does not affect more than 50 cm deep and the isothermal layer where seasonal variation is
less than one tenth of the range of surface temperature, locates at 5 to 6 m below the surface.
Therefore the information of subsurface thermal regime in the tropical region is more important
than those in the other regions. The objectives of this paper are to make clear the relations
between subsurface and spring water temperature, and to estimate where the recharge area of the
spring water at the southern slope of the central part of Bali locates. As a result of investigating
many data, it was found that springs could be classified into three different types.

INTRODUCTION

There are many studies to deal with subsurface temperature in prospecting for groundwater
and in related problems (Fukutomi,1951; Kappelmeyer,1957, Cartwright,1968; Birman,1969;
Krcmar and Masin,1970; Birman et al.,1971). Some studies have been using the distribution of
groundwater temperatures as an environmental tracer to estimate the groundwater flow
(Mink,1964; Shneider,1964; Arai and Sakura,1980; Taniguchi,1987). Mathematical analyses
have been made of the relationship of temperature and groundwater flow by
Suzuki(1960), Stallman(1963,1965), Bredehoeft and Papadopulos(1965), Parsons(1970),
Domenico and Palciauskas(1973) and Andrews and = Anderson(1979). Furthermore,
Sakura(1984) and Taniguchi et al.(1991) have reviewed the research method by using thermal
data for determining the groundwater flow. Although Yamamoto(1960) and Shimano(1988)
have reported qualitatively on the relation between spring water temperature and its altitude, in
the volcanic mountain area, Japan, there have been few studies dealing with the subsurface and
groundwater thermal regime in the tropical and volcanic mountain slope except of the study on
the island of Oahu, Hawaii by Mink(1964).

THERMAL CONDITIONS IN BALI
Annual and daily variations of air temperature

There are three meteorological stations in Bali, which locate in Candikuning at 1247 m
altitude, Besakih at 900 m and Ngura Rai at 3 m, respectively. These locations are shown in
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Figure 1. We could not recognize that such air temperatures for a year of 1987 showed the
seasonal variation clearly. Figure 2 shows the changes of monthly maximum, average and
minimum temperatures based on the daily mean temperature. Then, we removed high frequency
components less than one month from the changes of air temperature by - using Fourier
transformation technique following to Nogami and Sugiura(1985). After the processing of the
inverse Fourier transformation, we can see the seasonal variations as in Figure 3. From Figure 3,
it was found that the difference of the seasonal variations depends on the topographical
conditions and an annual amplitude based on the monthly mean air temperature is less than 3
°C.

Altitude effect of the thermal regime

we calculated the linear regression relations between spring water and subsurface temperatures,
and those altitude by the method of least square approximation. Figure 4a shows the relation
between spring water temperature and altitude. The relations between altitude and subsurface
temperature at the depth of 1 m and 2 m are shown in Figure 4b and 4c, respectively.

The decreasing ratios of subsurface temperature at the depthof 1 and2 m to altitude were almost
the same of about 5.9 ‘C/1000 m, but less than that of spring water temperature which is about
6.7 °C/1000 m. At the same altitudes, spring water temperature was lower than subsurface one
by 0.7 °C at 0 m altitude, and by 1.5 "C at 1000 m altitude. These differences indicate generally
that an altitude of recharge area locatesat 100 m to 250 m higher than that of spring. The standard
deviationof 2 m deep isless than that of 1 m, because the scattering range of subsurface
temperature decreases with the depth mentioned above. The standard deviation of spring water
was intermediate between those of 1 m and 2 m.

As for the altitude effect on the temperatures of spring water and air, Shimano(1988) suggested
that spring water temperature is generally 2 °C higher than the annual mean air temperature,
around Mt. Aso, Japan, however, spring water temperature was not so different to the annual
mean air temperature in this study area. It may be not sure because there are only three
meteorological stations in Bali.

DISTRIBUTION OF TEMPERATURES
Subsurface temperature

The distribution of subsurface temperature at 1 m deep is shown in Figure 5. All of measuring
points are 100 at 1 m deepand 82 at 2 m deep. Reliable and uncertain isothermal lines show the
solid and dotted ones, respectively. This is due to the lack of the observation density.

The zone where temperature is less than 20 °C locates in the mountain region over 1000 m
altitude. It is clear that the relative cool zone extends from the west part of Batur caldera rim
along the River Petanu and Pekerisan, while the relative warm zone extends southeastward
from Penelokan atthe calderarim along the Rivers Melangi and Unda. An isothermal line of 27
°C extends narrowly from Bangli to the northeast part of Denpasar. At the coastal area,
subsurface temperatureat 1 m deep reaches 28 °C and higher.

Spring water temperature

We could find 51 springs in this study area. From the measurement of three times from 1988 to
1990, it is found that spring water temperature does not change very much daily and seasonally.
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The distribution of spring water temperature is shown in Figure 6 and indicates that the zone with
relative lower temperature extends southward from the middle point between Penelokan and
Bangli, along River Petanu and Pekerisan. On the contrary, the relative warm zones exist both in
the east and west side of the cool zone mentioned above. This waving phenomena of isothermal
lines maintain in the lower area. It was found that the warm zones of spring water locate between
River Ayung and Wos at the altitude of more than 500 m, between River Wos and Petanu at that of
less than 500 m and between River Sangsang and Melangi.

Relation between subsurface and spring water temperature

Both distributions of subsurface temperature at the depth of 1 m and spring water temperature
show the same tendency. That is, the cool zone extends from the mountain region to the south
downward along the River Petanu and Pekerisan up to the altitude of about S00 m. This
tendency also is recognized along the River Sungi. This is due to the existence of the groundwater
which have high fluidity and low temperature compared to groundwater in the surrounding area.
This temperature difference of 2 °C indicates that the springs in this area are recharged in the
mountain region at altitude of about 300 m higher than that of spring.

As for the distribution of subsurface temperature at 1 m deep, the cool zone within an isothermal
line of 27 °C extends narrowly from Gianyar to the north part of Denpasar and the isothermal
line of 28 °C also extends in the same direction. This tendency was not recognized from the
spring water temperature, because there are few springs in the relative low land within an
altitude of 200 m. The disturbance of subsurface temperaturein this area is probably influenced
by the heavy pumping at the North Denpasar well field for the municipal water supply (Min. of
Public Work, 1986).

DISCUSSION AND CONCLUSION

This study area is constructed geologically by Quaternary volcanic material dipping southward
from the volcanic ranges in the north and classified roughly into three zones (Nielsen and
Widjaya, 1989). First is the zone of Volcanic Cones and Calderas, which located in the
mountain ranges over 1000 m altitude. Second is the zone of Buyan-Bratan and Batur Volcanics
situating under about 300 m altitude. Third is the zone of Lava Flows located intermediate
between the first and second zones.

Nielsen and Widjaya(1989) suggested that many of the south flowing rivers have their origin
in major springs. Those springs which locate over 1000 m altitude are classified into Type 1 and
locate in the zone of Volcanic Cones and Calderas, however it is not so easy to reach such
springs which are generally discharging from the valley wall as waterfalls. In the zones of
Lava Flow, and Buyan-Bratan and Batur Volcanics, almost all springs are classified into Type
2. Those are discharging from the valley side walls as waterfalls, but some of them are flowing
from the valley floor. Furthermore, at the altitude of about 500 m and between the River of Petanu
and Pekerisan, we can find only two unique springs and classify them into Type 3. These
springs are discharging from the bottom of spring pond and the discharging water spouts
sand in the pond just like mud volcano. We could classified discharging processes of spring
water into three types illustrated as Figure 7 schematically.

To estimate the recharge area and the flow path of the spring water, we compared the types of
spring discharge with the distributions of temperature and electric conductivity of the spring
water. From Figure 4, it became clear that spring water temperatureis  generally lower than the
subsurface temperature.
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Figure 7: Schematic discharging process of spring water in the island of Bali .

Table 1: Relations between discharging type, temperature and electric conductivity of springs.

Discharging type Temperature * Electric conductivity * *
1 Fracture flow low low

system (<20C) ( = 1504S/cm )
2 Local flow equivalent medium

system
3 Intermediate or| equivalent or high

regional flow high (24’ -25°C) ( 500 - 6004S/cm )
system

* shows the comparison with subsurface temperature at the same altitude.
* % shows the comparison with the mean value of the spring water.
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The springs classified into Type 1 exist geologically in the zone of Volcanic Cones and
Calderas over the altitude of 1000 m, and its temperature is lower than the subsurface

temperature by more than 3 °C and a value of electric conductivity shows about 150 uS/cm.
These data indicate that rainwater infiltrates in the upstream area whose altitude is about 500 m
higher than that of the spring, and flows through the relative shallow layer with fractures.

Almost all springs of Type 2 locate in the zones of Lava Fow, and Buyan-Bratan and Batur
Volcanics. As rivers dissect the week consolidated parts in the zone of Lava Flow and make
a gorge whose maximum relative height reaches 150 m, springs discharge from side walls of
valleys as waterfalls, but some of them discharge from the valley floor. The temperature of these
springs scattered around the linear regression line within the range of + 1°C (Figure 4a).
Therefore, many of springs are assumed to be recharged on the upland near the spring. In the
concept of groundwater flow systems introduced by Toth(1963), groundwater flow
discharging as Type 2 is equivalent to local flow system.

We could find two springs classified into Type 3, which locate at the altitude of about 500 m.
Those locations coincide with the geological boundary between Lava Flow and Buyan-Bratan
and Batur Volcanics. The temperatures range from 24 "C to 24.5 °C and are equal to or more than
the average temperature of springs as in Figure 7a. While, the values of electric conductivity

show from 500 to 600 puS/cm and seem to be high remarkably compared to the other type of
springs. Those springs have the ability to spout sand from the bottom of spring pond. Judging
from these evidences, it is clearthat this spring water is recharged in the mountain range and
discharging as intermediate or regional groundwater flow system defined by Toth(1963).

On the other hand, Lake Baturlocates at the altitude of 1031 m, southeast part in the Batur
calderarim and have a length of 7.5 km, amaximum width of 2.5 km and a depth of 65 to 70 m.
From Table D, we can find temperature distribution of lake water show about 23 °C except of the
surface layer of lake water. This temperature seems to be relatively high compared to the spring
water temperature at the same altitude as Lake Batur. And electric conductivity is about 2100

uS/cm, extremely high. Following to the concept of water balance on closed lake (Nakao et al,
1970), we can expect not a few leakage from the lake. This water have to discharge from the
surrounding springs outside the calderarim. If we can find such springs whose temperature and
electric conductivity are relatively high, in the valley below the altitude of Lake Batur, the
hypothesis mentioned above will be verified. Itmaybe considered that the springs classified
into Type 3 are originated partially from Lake Batur. The relations between the discharging type,
temperature and electric conductivity of the springs are summarized in Table 1.

ACKOWLEGEMENTS

The authors would like to acknowledge the encouragement of Professor Isamu Kayane, the
Institute of Tsukuba, who was our team leader of the research project " Water Cycle and Water Use
in the Volcanic Area in the Tropics", financially supported by Ministry of Education, Science and
Culture in Japan (Nos 63041023 and 01041011).

REFERENCES

Andrews,C.B. & Anderson,M.P. 1979. Thermal alternation of groundwater caused by seepage
from a cooling lake. Water Resour. Res.., 15; 595-602.

Arai,T. & Sakura,Y. 1980. Recent trend of phenomenal water temperature of Ye-Gawa,
Tokushima Prefecture, Hydrology, 10; 2-11.

202



Birman6 ,;H 1969. Geothermal exploration for groundwater. Geol. Soc. Amer. Bull.., 80,

17-630.

Birman,J.H., Esmilla,A.B. & Indreland,J.B. 1971. Thermal Monitoring of leakage through
dams. Geol. Soc. Amer. Bull.., 82;2261-2284.

Bredehoeft,J.D. & Papadopulos,I.S. 1965. Rates of vertical groundwater movement estimated
from earth's thermal profile. Water Resour. Res.., 1;325-328.

Cartwright K. 1968a. Temperature prospecting for shallow glacial and alluvial aquifers in
Illinois. Illinois State Geol. Survey Circular 433; 41.

Cartwright, K. 1968b.Thermal prospecting for ground water. Water Resour. Res.., 4;395-401.

Cartwright,K. 1971. Redistribution of geothermal heat by a shallow aquifer. Geol. Soc. Amer.
Bull., 82;3197-3200. '

Domenico,P.A. & Palciauskas,V.V. 1973. Theoretical analysis of forced convective heat transfer
in regional ground-water flow. Geol. Soc. Amer. Bull.., 84; 3803-3813.

Fukutomi,T. 1951. On the possibility of the prospecting of hot-springs by the geographical
distribution of underground temperature in 1 m depth. Geophys. Bull. Hokkaido Univ., 1;
1-14.

Kappermeyer,O. 1957. The use of near surface temperature measurements for  discovering
.anomalies due to causes at depths. Geophys. Prospecting, 5;239-258.

Kayane,l. 1991. Studies of water cycle and water use in the volcanic area in the tropics.
Gakujyutsu Geppo.

Krcmar,B. & Masin,J. 1970. Prospecting by the geothermic method. Geophys. Prospecting,
18; 255-260.

Mink,J.F. 1964. Groundwater temperature in a tropical island environment. Jour. Geophys.
Res., 69; 5225-5230.

Nakao,K., Otsuki, S., Tanoue, R. & Naruse, R. 1967. Watershed leakage from the closed lake -
Lake Kuttara-. Geophys. Bull. Hokkaido Univ., 17, 47-64.

Nielsen,G.L. & Widjaya,J.M. 1989. Modeling of ground-water recharge in Southern Bali,
Indonesia. Ground Water, 27; 473-480.

Nogami,M. & Sugiura,Y. 1985. Suuri Chirigaku Ensyuu. Kokon Syoin, Tokyo.

Parsons,M.L. 1970. Groundwater thermal regimeina glacial complex. Water Resour. Res.., 6;
1701-1720.

Sakura,Y. 1984. Methods of temperature prospecting for groundwater flow. Jour. Groundwater
Hydrology, 26; 193-197.

Schneider,R. 1964.Relation of temperature distribution to ground-water movement in carbonate
rocks of central Israel. Geol. Soc. Amer. Bull., 75; 209-216.

Shimano,Y. 1988. Characteristics of the spring distribution and the spring water temperature
in the Aso caldera and its surrounding areas. Ann. Rep., Inst. Geosci., Univ. Tsukuba,
14; 12-16.

Stallman,R.W. 1963. Computation of ground-water velocity from temperature data. U. S.
Geol. Surv. Water-Supply Pap.., 1544-H; H36-H46.

Stallman,R.W. 1965. Steady one-dimensional fluid flow in a semi-infinite porous medium
with sinusoidal surface temperature. Jour. Geophys. Res.., 70; 2821-2829.

Suzuki,S. 1960. Percolation measurements based on heat flow through soil with special
reference to paddy fields. Jour. Geophys. Res., 65;2883-288S5.

Toth,J. 1963. A theoretical analysis of groundwater flow in small drainage basins. Jour.
Geophys. Res.., 68; 4795-4812.

Yamamoto,S. 1957. Spring water temperature on the foot of volcanic mountain slope in
Japan., Research on Water Temperature, 1; 135-139.

203






Section 5 :

TECHNOLOGY AND SUBSURFACE RESERVOIRS






ARTIFICIAL RECHARGE OF GROUNDWATER IN DUNE SAND
FOR THE USE OF THERMAL ENERGY

S. ISHIDA & A. INAMOTO
Hokuriku Regional Agricultural Administration Office, MAFF
2-2-60 Hirosaka, Kanazawa, Ishikawa 920, Japan
I. KOBAYASHI
Ministry of Agriculture, Forestry and Fisheries (MAFF)
1-2-1 Kasumigaseki, Chiyodaku, Tokyo 100, Japan
K. NAKAGAWA
Consulting Engineer, 3-13-5 Nagadohei, Kanazawa, Ishikawa 920, Japan
K. FUIINAWA
Department of Environmental Science, Shinshu University
3-1-1 Asahi, Matsumoto, Nagano 390, Japan
T. YOKOYAMA
Faculty of Engineering, Yamagata University
4-3-16 Jyounan, Yonezawa, Yamagata 992, Japan

ABSTRACT. Some experiments of aquifer thermal energy storage were conducted by Ministry
of Agriculture, Forestry and Fisheries (MAFF), Japan. The system of these experiments is
characterized as follows; (a) Using natural energy source (river water), (b) Simple recharge method
(water spreading method), (c) Storage in an unconfined aquifer (figure 1). Energy recovery ratio
was 43.0% (111 days after recharge), 31.6% (161 days after recharge).

INTRODUCTION

In Japan, there is little utilization of Aquifer Thermal Energy Storage (ATES). For most
experiments of ATES, hot water was recharged into deep confined aquifer through a well
(Yokoyama et al.,1980). But the cost of ATES is too expensive to operate economically and a
simple method is required.

In order to save the cost of agricultural encrgy, such as energy to heat or cool greenhouses or to
melt snow in winter, experiments on Aquifer Thermal Energy Storage had been carried out by
MAFF at Sanrihama dune on the coast of Japan Sea, between 1978 to 1992. For these
experiments, energy source was natural river water and the reservoir was a shallow unconfined
aquifer. The results of these experiments are reported in this paper.

EXPERIMENT FIELD

The experiment field is in a dune, called "Sanrihama dune”, on the coast of Japan Sea (Figure 2).
The height from sea level in this area is about 10m and the distance between recharge ponds and
Japan Sea is about 200m. The reservoir for the thermal energy was a shallow unconfined aquifer
composed of medium dune sand. The thickness of the sand layer is 15 meters, and an impermeable
basement of muddy conglomerate is under the sand layer (Figure 3).
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Table 1: Result of cold-water recharge experiment in 1990.

Recharge period 399.2 hours (16.63 days)
Total recharge volume 27,4446 m*®
Bottom area of recharge ponds 620 m*
Velocity of recharging 0.019 m * /sec
Highest water temperature 108 °C

Lowest water temperature 44 °C
Average water temperature 717 C
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The medium diameter of the dune sand is 0.65mm at well N0.2020 GL-4.3m and that of the matrix
of muddy conglomerate is 0.092mm at GL-18.3m. According to Creager method, the permeability
of the former is 5.54 x 10-2cm/sec and that of the later is 6.25 x 10-5cm/sec. The groundwater
flows toward Japan Sea and its velocity is about 4 x 10-m/s. The mean annual temperature of the
groundwater is about 15 °C and the difference between maximum and minimum temperature is 2

C. The experiment system has 3 recharge ponds, 30 observation wells, and 2 water recovery -
wells around the recharge ponds in the dune (Figure 4).

EXPERIMENT
Recharge experiment

The recharge experiment has been done five times (in 1985, 1986, 1987, 1990, and 1991). In
these experiments, the energy source was river water. It had been pumped up and drawn from
Takasu river that flows through Sanrihama dune to the experiment field during the recharging. In
1990's cold-water recharge experiment, the water had been infiltrated in dune sand through
recharge ponds from 3 February to 21 February. The river water had not been cooled artificially
and its average temperature through recharge period was 7.17 °C. Total volume of water recharged
was 27,444.6m3. Table 1 shows the result of recharge experiment in 1990.

During the experiment, the river water often became muddy and the bottom of recharge ponds was
clogged by fine mud. When clogging occurred recharging was stopped to remove these mud films.

Observation

During and after recharging, temperature of groundwater was taken every 1 meter depth in all
observation wells every ten days. From these observations, the volume of recharged water and its
thermal energy calculated.

Figure 5 shows the distribution of recharge water during the recharge experiment. At first the water
penetrated vertically as far as the impermeable basement, then spreaded horizontally.

Movement of recharged water

After the end of recharging, the recharged water remained as an identifiable mass for 161 days.
During this time, it was found that recharged water moved slowly to the Japan Sea as a mass and
thermal energy had been decreased gradually. Figure 6 (a), (b), (c), (d), (e) show the distribution
of the groundwater temperature after recharging.

Recovery

When 161 days passed from the end of recharging, a recovery experiment began. Recharged water
was pumped for 1,440 hours (60 days) through recovery wells. In this experiment, two wells were
used as recovery wells (No.2518 and 2320). In this experiment, clogging had not occurred.
Figure 6 (f), (g) show the distribution of recharged water during recovery.

Table 2 shows the result of recovery experiment. Total volume of recovery water is 22,320.02m3
recovery water was 9.8 °C at first and had been rising gradually until 13.3 °C. The average
temperature is 12.3 °C.
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Table 2: Result of cold-water recovery experiment in 1990.

No.2518 No.2320 Total(average)
Recovery time 1,440hours (60days) | 840 hours (35 days)
Recovery volume '7,771.28 m’ 4,548.7 m?® 22,320 m*
Lowest temperature 9.8 °C 11.9 °C
Highest temperature 133 °C 145 °C
Average temperature 12.04 °C 1345 °C 123 °C

209




Japan Sea~— recharge pond Well No. EL(m)

2518 2320 121W
217 2616 2517 2319 zzgousv 1823 1121
(a)
recovery well 2518  recovery well 2320
_ — T
recovery well 2518  recovery well 2320
H—-r
recovery well 2518 recovery well 2320
__/w/_-’
(I — P E———
lower 10~14¢ 0 30m
" 10°C

Figure 6: Profile of recharged water after recharging.
(a), (b) (c), (d), (e): 11, 30, 62, 98, 157 days after the end of recharging
(), (g): 31, 61 days after bej inning of recovery (at the end of recovery)
Equal temperature lines are 1 'C (<14 °C).
No.2581 and No.2320 are recovery wells.
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Table 3: Comparison between cold water recharge and warm water recharge

Recharge material Cold water Warm water
Volume of recharge water 27,444 m°? 30,121 m*®
Recharge period 399.2hours (16.6days) | 365.4hours (15.2days)
Average recharged temperature 717 C 25.5 °C
Recharged energy (x 10'°]) 90.14 132.46

Ting hetveen heend ol echarte | 161 aos
Volume of recovery water 22,320 m ® 23,390 m *
Average recovery temperature 12.3 °C 20.2 °C
Recovery energy (x 10'°]) 25.0 50.4
Expectable energy ( X 10'°]) 28.5 57.0
Energy recovery ratio 31.6 % 43.0 %

ENERGY RECOVERY RATIO
The result of 1990's experiment

The background of groundwater temperature is 15 °C in the experiment field. In this paper, energy
of recharged water is defined as difference from energy of water which temperature is 15 °C. In
this definition, total energy that recharged in 1990 was 90.14 x 1019J.

Figure 6 shows the alteration of recharged energy. In this figure, the total energy had decreased to-
80.0% for first 30 days. After that, the energy decreased gradually and its ratio was 5.0% per 30
days. After the beginning of recovery, the energy decreased rapidly. »

The total energy of recovered water was 24.99 x 1001 which is 27.7% of recharged encrgy.

Figure 7 shows the relation between volume of water and its cnerggy during recovery experiment.

From this figure, if the same volume of recharging water (27,444m" ) had been recovered, thermal

gncrgy of 28.50 x 10'%J would have been recovered. The expectable energy recovery ratio is
1.6%.
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Comparison with other experiment

Table 3 shows comparison between cold water recharge in 1990 and warm water recharge in 1987.
In 1987's experiment, energy recovery ratio is higher than that of 1990's because the time between
recharging and recovery of 1990's was 50 days shorter than that of 1987's and 1990's recharged
energy was about two third of 1987's.

CONCLUSION

An unconfined aquifer well preserves thermal energy, and more than 30% of recharge énergy can
be recovered 161 days after recharging. At first recharged water is isolated from surrounding
groundwater, then mixed gradually. In this field, energy recovery ratio of ATES was more than
30% whether recharge material is cold water or warm water. Thermal energy storage in unconfined
aquifer has capabilities to save agricultural energy.
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ABSTRACT. The agriculture in Ryukyu Islands in the southwest of Japan is deeply dependent
upon the stochastic rainfall and quite unstable. The annual amount of rainfall in the islands is
dependent on the passage typhoons. When no typhoon passes through the islands, a severe
drought may hit the area. Though the mean annual rainfall in the Ryukyu Islands reaches to 2,000
mm, it is very stochastic year by year varying from 1,000 to 3,000 mm. The geology of the most

of the islands consists of an elevated reef-coral limestone called as Ryukyu Limestone
(Hanzawa, 1935) which is, in general, under karstism and highly pervious. The major part of
rainfall infiltrates into the ground due to high permeability of the limestone. The fluvial system in
the islands is, therefore, less developed and characterized by small catchment area and short river
length. The groundwater runs off into the sea without use through the permeable Ryukyu
Limestone and sea-water intrudes into the coastal aquifer of Ryukyu Limestone by pumping up the
groundwater excessively.

The development of water storage for agriculture has, therefore, been required for years in those
islands. In consideration with the said situation in the islands, a water storage project on the ground
has been deemed to the hardly realized.

The Ministry of Agriculture, Forestry, and Fisheries, the Government of Japan (MAFF) has
conducted since 1974 to date the subsurface dam development program in the islands to develop the
groundwater resource by subsurface dam which can dam up groundwater flow into an aquifer and
reserve groundwater which is wasted into the sea without use (MAFF, 1986). An irrigation project
with subsurface dams in a consideration size is now under implementation based on the know-how
obtained through the program. A historical background of survey, some salient features of
subsurface dam for irrigation purpose and the current technology related to the program, study and
construction of subsurface dam are presented in this paper.
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BACKGROUND

In the 1940s, Prof.Dr.K. Kachl formulated a plan for a subsurface dam in a moderate size for
irrigation at an alluvial fan area in Nasunogahara, Tochigi Prefecture (Kachi, 1943). His plan is not
realized yet, but still deemed to be attractive.

Kabashima Subsurface Dam with a storage capacity of some 20,000 m? and daily yield of 300 m?
was constructed in 1973 to be the first subsurface dam in Japan for the water supply to Nomozaki
town, Nagasaki Pref. In 1974, MAFF commenced the subsurface dam development program in
Ryukyu and Amami Islands in the southwestern Japan to initially focus the potential for subsurface
dam construction in Ryukyu Limestone.

Since then a systematic investigation and study on the subsurface water storage scheme for
irrigation have been conducted up to the date.

In 1979, MAFF, in collaboration with Okinawa General Bureau, oomplcted Minafuku Subsurface

Dam with a storage capacity of 700,000 m3 for an experimental purpose in Ryukyu Limestone on

Miyakojima Island, Okinawa Pref. ‘Minafuku Subsurface Dam was the largest subsurface dam in
" Japan in term of storage capacity at that date.

On the basis of successful results of Minafuku Subsurface Dam, MAFF initiated an irrigation
project in a national level with subsurface dams in considerable size in Miyakojima Island to cover
the beneficial area of some 8,400 hectares. The project was planned to develop the groundwater
resource by the construction of two subsurface dams, Sunagawa (9,500,000 m® capacity) and
Fukusato (10,500,000 m*® capacity) Subsurface Dam in addition to the existing Minafuku
Subsurface Dam.

Sunagawa Subsurface Dam is about completion at present. Fukusato Subsurface Dam is now ready
to commencement of construction. In 1992, MAFF started irrigation projects with subsurface
dam(s) in Ryukyu Limestone region in the southern area of Okinawi-Honto Island, Okinawa Pref.
and Kikaijima Island, Kagoshima Pref. The outline of projects is shown in Table 1.

Since 1981, MAFF has also conducted another survey program for other types of aquifer such as
alluvial sand and gravel deposits and volcanic pyroclastics. As a link of the program, an
experimental construction of cutoff wall into a valley-fill alluvial deposits has been under way since
1989 in Nakajima Island, Ehime Pref.

The technology and know-how on the subsurface dam in Japan have been steadily progressed since
MAFF initiated the subsurfacc dam development program in 1974. For instance, the curtain
grouting method was adopted for the cutoff wall construction of Minafuku Subsurface Dam. But,

at present, new methods as a slurry wall in various methods were tested and evaluated to select an
appropriate quality and method in accordance with the nature of aquifers. In addition to subsurface
dams in large size mentioned above, the dams in small size were completed to prevent sea-water
intrusion into coastal aquifer and to develop the fresh water resource for supply. Those are
Tunegami Subsurface Dam in Mikata town, Fukui Pref. (1983), Tengakuma Subsurface Dam in
Umi town, Fukuoka Pref. (1988) and Waita Subsurface Dam in Nii town, Nagasaki
Pref.(1992)(Aiba, 1983, Wada et al, 1989).

The major dimensions and location of subsurface dams in Japan are shown in Table 1 and Figure 1
_respectively.
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Table 1: List of subsurface dam in Japan.

No | Name of Dam | Locality Use | Cutoff wall Strage | Reservor Remarks
Hight | Length | Capacity | Rock
(m) (m) | %1000m>
1| Tunegami Fukui X 1185 202 73.5 | Alluvial dep. | 1983 Complete
2| Nakajima Ehine Irr. | 24.8 88 27.0 | Alluvial dep. | Under Construction
12| Vaita Nagasaki T.¥ 105 12.0 | Alluvial dep. | 1992 Complete
3| Tengakuma | Fukuoka T.X._]12.5 129 17.5 | Alluvial dep. | 1988 Complete
4| Nomozaki Nagasaki T.W._]25.0 60 20.0 | Alluvial dep. | 1974 Complete
5| Kikai Kagoshina Irr. ]136.0 2190 1681.0 | Limestone Under Planning
6 { Komesu Okinava Irr. 181.0 2489 2062. 0 { Limestone Under Planning
71 Nashiro Okinava Irr, 125.0 906 388.0 | Limestone Under Planning
8| Giiza Okinava Irr. |51.0 955 389.0 | Limestone Under Planning
9| Sunagava Okinawa Irr. [49.0 1835 |. 9500.0 | Limestone Under Construction
10 | Fukusato Okinawa Irr, [52.0 1720 10500. 0 | Limestone Under Planning
11 | Minafuku Okinava Irr, |16.5 500 “700. 0 | Limestone 1979 Complcte
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Figure 1: The location map of subsurface dam in Japan.
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OUTLINE OF IRRIGATION PROJECTS WITH SUBSURFACE DAM

Through the subsurface dam development program, MAFF sclected some 40 potential sites for
subsurface dam development in Ryukyu Islands. Taking both the technical possibility and
magnitude of demand of irrigation water into consideration, MAFF took up three irrigation projects
with subsurface dam(s) in national level. The outline of projects are summarized in Table 2 below:

Miyako Irrigation Project

Miyakojima Island consists of Shimajiri formation of mudstone and siltstone (Shimajiri Mudstone)
in Tertiary age as the bed rock and overlaid Ryukyu Limestone in Quaternary age (Hanzawa,
1935).

In the uplifting process of the island, both formation were inclined and thrusted. The
unconformable contact between the impervious Shimajiri Mudstone and Ryukyu Limestone inclines
around 10 degrees toward west and divided into several blocks by major faults dipping toward the
northeast. Thus, valley-shaped groundwater basins were formed in the island as shown in Figure
10.

The limestone of Miyakojima Island is under a moderate karstism showing high permeability and
storativity, and forms an excellent aquifer. The mean values of permeability coefficient and specific
yield of the limestone estimated through a number of aquifer tests conducted at Minafuku
Subsurface Dam are 0.35 cm S-1 and 0.1 respectively. The coefficient permeability of limestone
were concentrated within a range of 0.15 to 0.7 cm S-! exceeding 1 cm S-! in some places.

The hydrogeological setting mentioned above is not permit the development of fluvial system in
Miyakojima Island. The surface runoff is generated only when a heavy rain fall. The coefficient of
surface runoff to annual rainfall is to be 5% or less.

While, annual groundwater recharge in the island is estimated to reach some 150 million m® or
some 45% of annual rainfall. The groundwater thus recharge is once stored in the aquifer, and runs
off into the sea. A number of coastal and off-shore springs are seen around the island. The total
discharge from those springs is estimated to reach some 200,000 m? in the day. Although the
inhabitant in Miyakojima Island uses groundwater to some extent through springs and wells for
domestic and irrigation purposes, the most of groundwater is wasted into the sea without use
because groundwater runs off into the sea immediately and groundwater level is too low to easily

pumping up.

The aim of groundwater resource development by means of subsurface dam is to increase both the
storage capacity and water depth in the aquifer and to secure the groundwater resource for
irrigation.

Miyako Irrigation Project aims to improve farm economy of the island introducing the irrigation
farming and land improvement for some 8,400 hectares of beneficial area. The general plan of the
project is shown in Figure 2. It is expected the project improves the existing monoculture farming
by rainfed sugar-cane cultivation into the irrigated multiculture farming, and the farm economy to a
high income type. To achieve the aim, two subsurface dams were planned to secure the
groundwater resource for irrigation. The gross storage capacities of dams are 9,500,000 m3 in
Sunagawa Subsurface Dam and 10,500,000 m3 in Fukusato Subsurface Dam respectively.

The construction of Sunagawa Subsurface Dam was commenced in 1988, and will be completed in
carly 1994. The construction of Fukusato Subsurface Dam is expected to be started in 1994. The
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Table 2: List of Irrigation Project with subsurface dam in national level.

<~ Subsurface Dan

sz | Pumping Well

O [Regulator tank

@ irrigation area

Hukusato Dam

Figure 2: Miyako Irrigation Project.

Name of | Benefit | Name of Main Irrigation Facilities |{ Cost (million us$)
Project | Area Dam Project total
(ha) (Subsurface dam)
Miyako 8400 | Sunagawa Main pipe line 135km
Fukusato Booster pump station 8 391
Minafuku Regulator tank 7 217)
Okinawa- 1382 | Komesu Main pipe line 40km
Honto- Giiza Booster pump station 2 224
Nanbu Nashiro Regulator tank 3 (151)
Kikai 1642 | Kikai Main pipe line 40
Booster pump station 3 160
Regulator tank 2 (85)
u

Nashiro Das

Giiza Dam

Subsurface Dan
:2:; | Pumping Yell

O |[Regulator tank

@ Irrigation area

Figure 3: Okinawa-Honto-Nanbu Irrigation Project.
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major dimensions of dams are shown in Table 2. The cutoff wall of dams is to be constructed by
. the mixed-in-place slurry wall method.

Okinawa-Honto-Nanbu Irrigation Project

The southern-most area of Okinawa-Honto Island stands upon the same environment as
Miyakojima Island in the geological setting in Ryukyu Limestone overlying Shimajiri Mudstone,
the poor fluvial system and predominate drought-hit.

Rainfed sugar-cane has been mere cultivable crop in the area due with its nature in the drought
resistance and strong stem against typhoon. A lot of groundwater runs off into the sea without use
through the valley- shaped groundwater basins which were formed by faults. MAFF formulated the
same agriculture development plan to the area as in Miyakojima Island (Okinawa-Honto-Nanbu
Irrigation Project). Fortunately the area situates a hinterland of a major crop consumptive zone.

The project is to construct three subsurface dams and other facilities and to cover some 1,400
hectares of irrigable area. The major dimension and general plan are as shown in Table 2 and
Figure 3 respectively. The project was commenced in 1992. '

Figure 4 shows a contour map of top of impervious basement in Komesu Basin wherein the largest
Komesu Subsurface Dam is planned. The geological profile along the dam axis is shown in Figure
5. The length and maximum depth of Komesu Subsurface Dam are 2,500 m and 80 m respectively.

Since Komesu Basin situates at the southern coast of Okinawa-Honto Island and the aquifer in the
basin extends below the sea level, the sea-water intrudes into the inland aquifer at present as shown
in Figure 6.

It is remarkable that the mode of interface between fresh and saline waters varies in places in
accordance with the hydraulic features in aquifer. The subsurface dam makes possible to increase
storage capacity and to prevent sea-water intrusion into the reservoir basin even when the water
level in the reservoir lowered below the sea level by pumping groundwater.

The leakage analysis made so far indicated the permeability-of cutoff wall is to be 1 x 107 cm S*! or
under to prevent the sea-water intrusion through the cutoff wall.

Kikai Irrigation Project

Kikaijima Island situated at 30 km east of Amami-Oshima Island and occupies an area of some 56
km?. The pervious Ryukyu Limestone overlies impervious Shimajiri Mudstone. Only the rainfed
sugar-cane cultivation is major farming due with the poor water resource in the island.

MAFF commenced the implementation of irrigation project (Kikai Irrigation Project) in 1992 to
cover an irrigable area of some 1,700 hectares by the groundwater secured by Kikai Subsurface
Dam (refer to Figure 7).

The dam is located in a valley-shaped groundwater basin in the southwest of island. The sea-water
intrusion takes place at the dam since the lowest top of impervious basement at the dam axis is 12 m
below the sea level as shown in Figure 8.

Test construction of cutoff wall by several methods were carried out at the dam site to testify the
availability of designed permeability of cutoff wall by construction method.

Nakajima Experimental Subsurface Dam
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MAFF has been constructing an experimental subsurface dam (Nakajima subsurface dam) at the
coastal valley plain in Nakajima Island in Seto-Naikai Sea (Ehime Pref.) in order to establish a
technology to construct the cutoff wall into the soft alluvial deposits and to prevent the sea-water
intrusion.

Nakajima Subsurface Dam is located some 200 m from the sea-shore. The alluvial deposits filling
valley is 25 m thick at the maximum at the dam site overlying andesite bed rock as shown in Figure
9. A clay layer divides the deposits into an unconfined upper aquifer and a confined lower aquifer.
The permeabilities of upper and lower aquifers are ranges within 104 cm S-! and 103 ¢cm S-!
respectively. That of bed rock is in a range in 10 to 10-5 cm S The electric conductivity of

groundwater is 400 uS cm! or less in the upper aquifer and 4,000 pS cm! or more in the lower
aquifer. Chemical analysis shows the lower groundwater is contaminated sea-water. Cutoff wall
was made by slurry wall method of series mixed-in-place soil-cement pile in 550 mm diameter. The
storage capacity of the dam is most 27,000 m? (Nishijima et al, 1992).

TECHNOLOGICAL REVIEW ON SUBSURFACE DAM

The technology and know-how obtained so far through the MAFF's subsurface dam development
program are summarized as follows;

Hydrogeological conditions

The most sites for subsurface dam in a large size were selected at areas where consist of Ryukyu
Limestone in Ryukyu and Amami Islands. The limestone is composed of reef-coral and under a
moderate karstism; and forms an excellent aquifer with a high specific yield ranging 0.07 to 0.13
and a high permeability within an order of 10-! cm S-1. Shimajiri Mudstone composed of mudstone
and siltstone overlaid by the limestone may act to be the impervious basement. The uplifting, tilting
and a number of faulting have been taken place by the significant tectonic movement in Ryukyu and
Amami region. The movement formed an ideal hydrogeological structure for the construction of
subsurface dam in such narrow and long valley-shaped groundwater basins as illustrated in Figure
10 (Momikura et al, 1989).

Besides Ryukyu and Amami Islands, a number of plans on subsurface dam project are formulated
in remote islands and peninsulas where are an alluvial lowland facing with the sea-water intrusion.

Methodology of cutoff wall construction

The cutoff wall of Minafuku Subsurface Dam was made by the curtain grouting of cement and clay.
The width of cutoff wall was designed to be 5 m with grout-hole in 7 rows in 0.57 m interval. The
permeability in 60 % of cutoff wall thus constructed reached to 5 x 10-5 cm S°! or less. The
maximum depth of cutoff wall was 35 m below the ground. The groundwater hydrograph in the
reservoir basin after the cutoff wall construction is shown in Figure 14.

The cutoff wall of Sunagawa Subsurface Dam was planned to reach up to 65 m depth and to attain
the mean permeability of 5 x 10-5 cm S or less.

After the trial construction, the cutoff wall construction since 1988 (refer to Figure 11) shifted to
the mixed-in-place slurry wall method, and the improved permeability was attained to an order of 1
x106t0 107 cm S-1.
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The trials construction for cutoff wall in other methods were made in Kikai Subsurface Dam site to
obtain the best-adapted method of cutoff wall construction in order to prevent sea-water intrusion
into fresh reserved water near sea coast. A paper on results of trials will be published shortly by S.
Nagataet al. '

Analytical methods for water balance and flood

Water balance analysis : The best-adapted irrigation plan and design for imrigation system and
appurtenant facilities are to be formulated by the aid of a mathematical model which could simulate
a long-term groundwater behavior in the study basin. The model is to be that which treat both
unsaturated and saturated phases of groundwater system. The former is to deal the mechanism of
groundwater recharge taking the precipitation, evapo-transpiration, surface runoff, infiltration
(unsaturated seepage) and soil retention into account. The latter is to handle the storage and flow of

groundwater in an aquifer.

To deal with the groundwater system, various models (the synthetic storage model, the tank model,
the finite difference model, the finite element model and so forth) are used.

A model, so-called the synthetic storage model was developed to deal both phases simultaneously
(Aiba et al, 1983). The model is useful to clarify the specific mechanism of stochastic groundwater
recharge in connection with the surface hydrology, the groundwater behavior in the reservoir basin
and the stochastic reservoir yield. In the case of Minafuku Subsurface Dam, the groundwater level
calculated by the method was fine fitting to observed groundwater level. Water balances of
Okinawa-Honto-Nanbu Irrigation Project and Kikai Irrigation Project were analyzed by the
synthetic storage model.
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Flood analysis : The design criteria is firmly designated for the large surface storage dam. For
instance, the design flood for spillway of a high dam is to be return period in 200-year. While, the
destruction due to flood overtopping on a subsurface dam is hardly taken place since the cutoff wall
is hold by the ground from the both sides. The damage of cutoff wall may be made by seepage in
high velocity generated by a high water head in the reservoir area. Another negative effect generated
by groundwater flood is an inundation of surface area above the reservoir area due to the rise of
groundwater table. As per the reasons mentioned above, a flood analysis in the following manner is
required in the planning stage for the decision of crest height of cutoff wall and the design of
surface drainage system;

(a) delineation of an area within the reservoir area where is to be inundated by the groundwater rise
after the construction of cutoff wall,

(b) decision of the crest height of cutoff wall which permit a high groundwater level (critical high
groundwater level) staying below the ground in the reservoir area in consideration of environment
factor,

(c) determination of the highest groundwater level in the reservoir area in the design flood year after
the construction of cutoff wall in a crest height through the model simulation.

The simulation for flood analysis is used to apply the finite-element model or the finite-difference
model.

The surface drainage system (spillway) and/or subsurface outlet work may be considered in case
that the crest height of cutoff wall has to be set at a level which generate the high groundwater level
beyond the critical high groundwater level due with the requirement of storage capacity in irrigation
plan. '

Design of intake facility

A collector well in 3.5 m diameter with two horizontal boreholes (Diameter: 200 mm x Length: 100
m, Diameter: 400 mm x Length: 25m) and four tubewells were made as the water-intake facilities of
Minafuku Subsurface Dam (Figure 12). The water-intake test in Minafuku reservoir were made
four times through the facilities since 1979. Daily maximum discharge of 10,300 m3 and total water
of 290,600 m? was discharged within 52-days continuous pumping. The specific yield of reservoir
basin was evaluated to be 0.10 through the test. The groundwater hydrograph in Minafuku
reservoir after the completion of cutoff wall and during the intake tests is as shown in Figure 14
(Okinawa General Bureau, 1983).

The same type of collector wells were initially planned for intake facilities for Sunagawa and
Fukusato Subsurface Dam. Tubewells in 400 mm diameter were, however, finally designed to
discharge 2,000 m? day ! each. The wells have been constructed and tested at present.

Management of storage and quality of groundwater

Since the groundwater is one of limited and precious resources in Ryukyu Islands, the
municipalities in the Ryukyu Islands established regulations on development priority in public use,
ie. water-supply, irrigation, industry and so forth; the rule for quality preservation; and the
development control for private use.

The pollution on the groundwater stored in a man-made subsurface reservoir is hardly predicted

under the natural condition. However, if the contamination with any pollutant took place, it may
take a considerable time and cost to recover the groundwater quality as before since the
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replenishment of groundwater under the hydrologic cycle is very slow comparing with that of
surface system.

In consideration of above, the preventing measure for conservation of groundwater quality has to
be taken by mean of the regulation of total load of pollutant from human and industrial wastes over
the whole catchment basin of subsurface reservoir.

CONCLUSION

A number of subsurface dams in large size for irrigation purpose is realized within next few years
in Japan. And some more progress for the technology and know-how on this specific water storage
scheme would be attained through confirmation on the hydrologic balance, reservoir yield,
subsurface flood, sea-water intrusion and so forth.

Besides the Ryukyu Limestone region, other subsurface dams in small size are réquired for such in
coastal valley plains, peninsulas and remote islands where are difficult to develop surface water
resource, limited to use groundwater by sea-water intrusion, and hazardless to the existing
groundwater right in the lower reach.

New technology and experience of subsurface water storage in Japan could be applied for other
nations under various conditions in the same nature.
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ABSTRACT. Subsurface dams under construction in Ryukyu and Amami Islands, in the most
southwestern part of Japan, have main two purposes. First is to dam up and store groundwater
which quickly runs off to the sea by constructing cutoff walls, and to use it effectively for
agricultural use. Second is to prevent saltwater intrusion into fresh reserved water near sea coast
and to separate saltwater and inland groundwater by cutoff walls. In any case, cutoff walls for
subsurface dams must have high impermeability. Suitable methods for the construction of cutoff
walls, according to the topographical and hydrogeological conditions of each dam site,will be
adopted. On Miyakojima, Okinawajima (Okinawa Pref.), and Kikaijima (Kagoshima Pref.)
Islands, experimental continuous subsurface cutoff walls were constructed into the coral reef
limestone called Ryukyu Limestone. The new technologies for subsurface dams preventing
saltwater intrusion were established with several methods between 1986 and 1990. Satisfactory
coefficients of permeability between 1x10-7 and 106 cm/sec. were obtained from the Tesults of
these test constructions.

SUMMARY

This paper summarizes outline of test constructions of subsurface continuous cutoff walls for
subsurface dams executed on Kikaijima, Okinawajima, and Miyakojima Islands.

Kikaijima Island is located about 30km east of Amamioshima Island, Kagoshima Prefecture, and
has an area of 55.7km2. Okinawajima Island is located about 300km south of Amamioshima and
Miyakojima Island is located about 300km southwest of Okinawajima (Figure 1).

The Wantobaru Subsurface Dam in Kikaijima is to be constructed under the gently-sloping plateau
in the southwestern part of the island. The cutoff wall exists in the subsurface valley, which are
bordered by parallel faults running from south to north on the land. It has the dam depth of 35m,
the crest length of 2,400m and the storage capacity of 1,700,000m>. It is used as a water resource
of the National Irrigation Project which was started in 1992. This project aims to provide irrigation
water for 1,700 hectares of farmland. Most parts of Kikaijima are covered with elevated coral reef
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limestone called the Ryukyu Limestone of the Pleistocene age, and the Shimajiri Formation
composed of mudstone and siltstone of the Pliocene age which forms the foundation for the
Ryukyu Limestone. The Ryukyu Limestone acts as a excellent aquifer due to its high porosity.
Because of an aquifer which is lying below sea level, a saltwater wedge is formed in the coastal
area. If groundwater is excessively pumped up, the sea water may penetrate into the groundwater
basin (Figure 2). Construction of subsurface dams will store groundwater in those aquifers and
prevent sea water penetration. New impermeable cutoff wall construction methods for prevention
of saltwater penetration have been tested at the Wantobaru site in Kikaijima. Five construction
methods of continuous cutoff walls have been examined. Total crest length of cutoff walls was
90m with 10 ~ 20m length respectively, and the depth of each wall was about 35m.

The Komesu Subsurface Dam on Okinawajima will be constructed along the coral reef-dotted coast
line. This dam is a saltwater cutoff type subsurface dam which seals off saltwater infiltration
caused by pumping up groundwater. The scale of the test construction was the excavation length of
7m, the depth of 75m and the wall thickness of 1m.

The Sunagawa Subsurface Dam is under construction along the southern coast line of Miyakojima.
The scale of ;lam is the depth of 65m, the crest length of 1,800m and the storage capacity of about
9,500,000m>-

The Ryukyu Limestone mainly consists of clastic limestone and its thickness is 30 ~ 40m at the
Wantobaru Dam site, 40 ~ 80m at the Komesu Dam site and 40 ~ 60m at the Sunagawa Dam site
respectively. The Shimajiri Formation which is an impervious basement of the Ryukyu Limestone
consists of mudstone and siltstone.

An excellent condition for subsurface dams need to have narrow outlets of underground valleys.
These islands are divided by parallel-laying faults (Figure 3).

The facies of the Ryukyu Limestone can be classified into several geological layers which have
clastic limestone, large foraminifera limestone, calcareous algae limestone and coralline limestone at
Kikaijima (Figure 4).
The hydrogeological characteristics of the Ryukyu Limestone are as follows,

(a) The effective porosity obtained through the pumping tests and the boring core tests ranges from
7%t0 15%.

(b) The coefficients of permeability concentrated within a range from 1x102 to 10°! cm/sec. and
caves are often formed in the limestone.

(c) The average unconfined compressive strength ranged between 80 to 250 kgf/cm? (max:
approx. 580kgf/cm?).

OUTLINE OF TEST CONSTRUCTIONS
The Ryukyu Limestone has high permeability and considerably various in hardness. The tests were

conducted to study whether the various methods of continuous subsurface cutoff walls could be
applied to those properties of the Ryukyu Limestone. The construction tests executed are shown in

Table 1.

Slot Vertical Drilling Method (SDV Machine)

Outline of Slot Vertical Drilling Method : This is a drilling method where the SDV machine of
middle-scale rock drill equipped with plural bits drills vertical continuous wall in the underground
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Table 1: Construction methods of continuous subsurface cutoff walls.

Names of construction methods Location of tests

(1) Slot vertical drilling method Wantobaru, Kikaijima

(2) Large-diameter drilling method |Wantobaru,Kikaijima

(3) Chain-saw type narrow-trench
excavation method

Wantobaru, Kikaijima

(4) Steel sheet piling method Wantobaru, Kikaijima

(5) Bucket excavation method Wantobaru, Kikaijima

(6) Horizontal multi-axis rotary
excavator method

Komesu, Okinawajima

(7) In-situ churning method Sunagawa, Miyakojima
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(Figure 5). Thus, subsurface continuous piling is constructed by pouring mortar or solidifying

agent into trenches. This method has the following. .

(a) The SDV machine is equipped with a drilling mechanism which provides simultaneous impact

and rotation to the rod, allowing the slot to be operated at a high drilling s even for relatively

hard limestone, having unconfined compressive strength of 1,500 kgf/cm® or greater.

(b) This method enables construction of the subsurface cutoff walls with thicknesses as thin as 20 to

35 cm, thus construction cost can be reduced.

(c) As the water-intrusion preventive cutoff wall is constructed by the replacement method using
mortar or the like, a continuous subsurface cutoff wall which is uniform and superior in water-

intrusion resistance can be constructed.

Results of Test Construction: : (2) Drilling speed of 3-continuous holes varied from 1.9m to 2.8m
per hour. Such variation was caused by bending or twisting of holes due to hcterogcneous
limestone. In spite of that the machine exhxblted adequate drilling capacity.

(b) Insufficient discharge of slime which worsened the work efficiency was caused by insufficient
mud circulation method due to large open cracks and caves: Such trouble was eliminated by
adopting the air lift method.

(c) After completion of the work, a permeability test was carried out with bored hole on the cutoff
wall. The test result showed satisfactory coefficient of permeability in the range of S. 6x10 7~
4.3x106 cm/sec

Large-diameter Drilling Method

Outline of Large-diameter Drilling Method: This machine utilizes an all-casing rotary method which
has been developed for field drilling and piling. The cutter is provided on the whole circumference
of the casing end. Hard basement is drilled by giving rotation to the casing and the rock pieces in the
casing is excavated by the hammer grab. In this method, freshly mixed concrete or mortar is poured
into the hole to construct field pile. Thus constructed field piles are arranged side by side to form a
cutoff wall. This method has been executed based on the experience obtained through the Slot
Vertical Drilling method. Work sequence of this method is as shown in Figure 7.

Results of Test Construction : The continuous subsurface cutoff wall was constructed by drilling 20
field piles of 1.2m in diameter with overlap of 200 mm in the width. Distance with adjacent drilled
hole was 1,000mm at center and minimum wall thickness obtained was 663mm. Figure 8 shows
completlon of cutoff wall.

(a) Easy drilling of rather hard basement containing cobbles, boulders and hard rocks like limestone
was insured and no mud circulation method was required (Figure 9).

(b) Highly accurate cutout was insured by the casing, which leads the way by cutting the boulders
and rocks with its special cutting edge.

(¢) The casing leading the way economized the drilling space, thus minimizing consumption of
mortar.

(d) Construction by replacement with mortar allowed to form cutoff wall having uniform and
superior water-sealing ability.

(c) One p111ng (depth:35m) was executed in two days. Continuity was assured by the piling accuracy
0f1/710

(f) After completlon of the work, the cutoff wall was bored for a permeability test. The test indicated
satisfactory coefficient of permeability in the range of 3.8x10-8 ~ 4.1x10-7cm/sec..

Chain-saw Type Narrow-Trench Excavation Method (Using impermeable sheets)
Outline of Chain-saw Type Narrow-Trench Excavation Method : This method uses impermeable

sheets as the cutoff materials so as to create thin, but highly impermeable continuous cutoff walls.
The characteristics of the construction method are outlined below;
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Figure 5: The SDV machine equipped with 3-continuous bits.

Figure 6: Wall of holes drilled by the SDV machine.
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(a) Superior impermeability is obtained because of the use of rubberized asphalt sheets.

(b) The use of the impermeable sheets and chain-saw type narrow-trench excavator reduces the wall
thijckncss and the quantities of the soil or rock excavation and mortar placement, thus leading to cost
reduction.

(©) High adaptability to the deformation of the surrounding ground can be maintained without
lowering the impermeability of the cutoff wall by ensuring that the fill materials have approximately
the same rigidity as the surrounding ground.

As shown in Figure 10, the cutoff wall consists of columns (diameter: 81cm) at 2.3m intervals with
thin wall sections (thickness: 15cm) in between. The impermeable sheets inserted in the reservoir
side of the thin wall sections function as the cutoff materials, while the fill materials (mortar etc.)
transfer the water pressure acting on the cutoff wall to the ground and improve the durability of the -
impermeable sheets (Figure 11, 12 and 13).

Results of Test Construction : The net excavation speed ranged between 0.07 and 0.11 m/min.
(average: 0.09m/min.). The average speed including the time taken up in extending, lowering, and
fixing the main body of the excavator, was 0.07m/min.. Success was achieved in creating narrow
trenches approximately 18cm in width and with a smooth finish on the cut surface, except in some
sections of the connections with the advance holes where partial collapse was observed. There was
virtually no collapse of the trench surface as was originally anticipated.

Steel Sheet Piling Method

Outline of steel sheet piling method : This method uses vibratory pile drivers and water jets to drive
steel piles into baserock. The piles act as the rockcutting bits and water jets clear the powdered rock
from around the tip of the pile to prevent interference with its bits into the baserock. For this test
construction, piles of H-shape steel were used (Figure 14).Work sequence of this method is shown
in Figure 15, 16, 17, 18 and 19.

Bucket Excavation Method

Outline of Bucket Excavation Method : The test cutoff wall was constructed at the Wantobaru site
of Kikaijima to check whether it could be constructed using a bucket excavation in the rather hard
Ryukyu Limestone. It was found possible to construct the continuous subsurface cutoff wall. In
constructing the cutoff wall, a deep trench was excavated using a clamshell type bucket and filled
with mortar to form the cutoff wall. To facilitate bucket excavation, holes were drilled at both ends
and at the center of the portion of excavation, in advance, using an auger. Figure 20 shows the
dimensions of the holes by the auger and the trenches made by the bucket. The width (thickness) of
the cutoff wall was determined by the width of the bucket, which was 0.8m in this case. The length
of cutoff wall was equivalent to four elements of the width of the bucket opening. To insure that the
continuous subsurface cutoff wall penetrated the impermeable Shimajiri Mudstone by about 1m, its
total depth was set at 36.5m. Having excavated the full face of continuous subsurface cutoff wall,
the trench was filled with mortar to form the body of the wall. Figure 21 ~ Figure 24 show the
sequence of the construction test.

Results of Test Construction : It was confirmed that the bucket excavation of a trench in the Ryukyu
Limestone was possible. It was also verified that the excavation was more effective if advance
drilling is carried out at three locations at both sides and center of the bucket. By this method, the
excavation rate was found to be about 1m? per hour.

After completion of the work, this cutoff wall was bored for a permeability test. The test results
indicated a coefficient of permeability of 7.4x10-6cm/sec..
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(D Water jets remove powdered rock from the end of the steel
pile as it bounces upward after striking baserock.

(@ Because the water jets remove the fragments of rock from
beneath the pile, it always strikes directly on the baserock.

Figure 14: The principles of the steel sheet pilling method.
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Figure 15: Constructions sequence of cutoff wall by the steel sheet piling method.
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Figure 17:

Testing the water jets.
The water is under about
40 kg/ cm? pressure.
Jets are located at five
places on the pile.

Figure 18:

. The vibratory hammer

@ and vibratory pile driver.

The vibratory hammer is

#% suspended from crane and
cables vibrates the H-pile

i into the baserock.

L% Figure 19:

Completion of the
3. subsurface cutoff wall.

Figure 16: Overall view of the test construction.
A cranc raises a vibratory pile driver
and vibrates the 35-meters H-pile
directly into the baserock.
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Figure 20: Dimensions of the bucket excavation.

Proceeding with drilling
Above the ground water level, drilling was done with the doughnut auger.
Below the groundwater level, drilling was carried out using the screw auger.

4

I Bucket excavation is carried out. J
Il

| Construction of cutoff wall (packing of mortar) . I

Figure 21: The sequence of the construction test.

Figure 22: Tip of the bucket. Figure 23: Situation of bucket excavation.

241



R

R

Figure 24: The wall of trench is excavating by the bucket.

Figure 25: Overall view of the horizontal Figure 26: Top of the excavator.
multi-axis rotary excavator.
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Horizontal Multi-axis Rotary Excavator Method

Outline of Horizonta Multi-axis Rotary Excavator Method : A test construction by using a horizontal
multi-axis rotary excavator was executed to check on the following points.

(a) Possibility of excavation by using underground water in lieu of bentonite slurry water.

(b) The continuous cutoff wall efficiency required for salt water cutoff type subsurface dam.

(c) Prevention of contamination of coral reef and underground water due to excavated circulating
water.

The excavator (EMX-240) used is 7m in height, 1m in wall thickness, 2.4m in width, and about 30t
in weight. The base machine is a 100 ton crane (Figure 25). For each of the large and small drums
equipped with a number of tips at the apex rotate to excavate the Ryukyu Limestone (Figure 26).
Sand thus excavated are fed to the ground together with circulating water through a submarine
pump. The fed circulating water is separated into sand and circulating water and the circulating
water is supplied again to the excavation ditch. The position and inclination of the excavator were
indicated on the display by calculating the inclination of inclinometers mounted on the basic body by
a computer and controlled by an operator in the operator room.

The test construction was executed on the three elements. First of all, the U-1 element was
excavated up to GL -78m. After slime dischargment, concrete was poured. Then the U-3 element
was excavated in the same way and the U-2 element was excavated last. Excavation of the U-2
element was executed while cutting the concrete of the U-1 and the U-3 elements by 12cm each. As
aresult, the excavation accuracy was as high as -40 ~ +50mm in the crosswise direction between
the ground and GL -78m with the deviation of -50 ~ +60mm in the longitudinal directions. The
excavation speed of the Ryukyu limestone was 1 ~ 2m/hour and the wall was stable. To prevent
contamination of the underground water, the underground water (spring water) was used as the
circulating water in place of bentonite slurry water. At this time, two observation wells were sunk
to observe the PH, contamination and water level of the underground water. As a result, no
contamination caused by the circulating water was detected on the underground water.

After completion of the subsurface cutoff wall construction, boring was performed at the center of
the elements and the joints to carry out the on-site precision permeability test. The test result showed
satisfactory coefficient of permeability in the range of 3.9x10-¢ ~ 2.0x10-8cm/sec..

In-situ Churning Method(Soil Mixing Wall Method)

Outline of In-situ Churning Method : In-situ Churing Method has been executed at the Sunagawa
Dam site. The method consists of mixing soil with a cement emulsion in position to create the
subsurface cutoff wall (Figure 27, 28). Overlapped multiple augers are drilled into the soil, mixing
it with the cement milk injected from nozzles in the auger tips. The mixture hardens into a soil-
cement to create a continuous subsurface cutoff wall. At the Sunagawa Subsurface Dam, both a
single-shaft auger and a three-shaft auger were used. The single-shaft auger machine was used for
predrilling. The three-shaft auger machine, equipped with a 550mm-diameter overlapping auger,
was used for the cutoff wall construction.

The test construction of the cutoff walls using this method leads to the following conclusions:

(a) The soil churning wall proved to be a high quality reliable wall.

(b) A three-shaft auger machine was capable of drilling in many kinds of rocks, ranging from soft
rocks to rather hard limestone.

(¢) The In-situ churning method was effectively applied to highly permeable layers such as porous
limestone of up to about 65m in the depth.
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Figure 29: Configuration of constructed cutoff wall.
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(d) As shown in Figure 29 the cross section of the cutoff wall becomes slightly irregular as the
drilling depth increases. However, the continuity of the wall is maintained and the slight
irregularity in geometry does not affect the soil function of the soil churning wall as a cutoff wall.
(e) The coefficient of permeability of the cutoff wall was measured in the range of 1x10-7 ~
10-6cm/sec.

CONCLUSION

The cutoff wall of the experimental Minafuku Dam on Miyakojima has been constructed using a
cement and bentonite grouting method. In spite of this design, the coefficient value of permeability
(5x10°5 cm/s) has been obtained on only about 60%of the surface area of wall, while the water level
of the storage basin has risen as planned.

However, for the proposed Sunagawa Dam, an examination of more reliable construction methods
was requested in hopes of decreasing the 5x10-5 permeability of the experimental Minafuku Dam.
These methods are thought to be necessary to accommodate the planned 65m of maximum
construction depth which is greater than the 35m depth of the Minafuku Dam. Tests of grouting
methods, including stage and double-packer techniques, at depths of 60m at the Komesu Dam site
were conducted.

Satisfactory results could not be obtained due to problems including the influence of salt water
mixing.Therefore, the methods using subsurface continuous walls were considered. As a result,
some construction methods, which could excavate high permeability Ryukyu Limestone without the
problem of mud water circulation, were examined. After test construction, the above-mentioned In-
situ Churing Method was applied to the construction of the Sunagawa Dam. The coefficient of
permeability for the cutoff wall at the Sunagawa Dam has been measured in order of 10-7 to 108
cm/s.. These figures are satisfactory given the design value of 1x10-6 cmy/s..

Subsurface dams preventing saltwater intrusion which are located near the coast, which have great
depths to their bases, such as the Komesu and Wantobaru Dam, have needed to utilize more reliable
methods of construction.

Therefore, six construction methods were tested. These tests indicate that each method met the target
for low cutoff wall permeability established at 10°6 cm/s.. However, with some of these methods,
additional problems surfaced such as bending or twisting of holes, frequent collapse of excavated
face, leaks of cement milk, and low excavation speed.

It is important that at each site, the advantages of each method must be considered given the various
topographical and hydrogeological conditions created by various rock facies, along with the
hardness and permeability of the Ryukyu Limestone. :
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