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FOREWORD

The following selection of papers on CONTAMINANT TRANSPORT AND
ENVIRONMENTAL ENGINEERING has recently been published in the
Proceedings of the 1990 Canadianh Society for Civil Engineering
{CSCE) Annual Conference on ENGINEERING IN OUR ENVIRONMENT, held
in Hamilton, Ontario - May 1990.
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CONTAMINANT TRANSPORT: PHYSICAL AND ANALYTICAL
MODELLING REQUIREMENTS AND PROBLEMS

RAYMOND N. YONG!

EXTENDED ABSTRACT

In this THEME presentation on the problems which need to be considered in
modelling contaminant transport through clay soils, the central focus of the discus-
sion is on clay-contaminant interaction and fate, in relation to specitfication of the
transport coefficient D and accountability for adsorption and desorption reactions.
Most of the models in common practice are Fickian in nature and generally consist
of a set of equations which describe the physical/chemical process being studied.
Questions with respect to how well ~ i.e. how accurately - is the physical/chemical
problem characterized? are fundamental to the thesis which insists that the physi-
cal/chemical problem must be properly mimicked (by the apalytical model).

The general procedure for development of the sets of differential equations
describing contaminant transport in soils combines the equation of motion (fow
equation for the water) with the convective-dispersion equation for mass transport
of the contaminants. This is by and large, the mass transport model which con-
siders both quantity and quality of the groundwater flow. Whether (or not) the
various models consider the many processes that influence mass transport, and how
well these models properly reflect the relationships described by these processes,
constitute the issues at hand. Tt is recalled that the various processes that control
mass transport can be grouped into three principal categories:

lwilliam Scott Professor of Civil Engineering and Applied Mechanics, Director,
Geotechnical Research Centre, McGill University, Montreal.



* PHYSICAT
~ advection, hydrodynamic dispersion, molecular diffusion, ard densitv strat-
ification;

** PHYSICO-CHEMICAL AND CHEMICAL
- mechanisms of accumulation (physisorption, chemisorption, complexation,
desorption, speciation, precipitation, etc.}, oxidation-reduciion reactiorns, ie-
miscible phase partitioning;

- biotransformation, co-metabolism, biotransformation and microbial popu-

lation dynamics;

We can consider tracsport in (2) the unsaturated zone, (b} the unsaturazed
zone and into the saturated zone, and/or (c) the saturated zone. The development
of the relationships for transport in the saturated zone, in terms of Fickian relation-
ships or irreversible thermodynamics, has been well covered by many researchers,
e.g. Ogata, (1970}, Frind (1987), Konokow and Grove, (1977}, Rowe, (1987), Yonrg
and Samam (1987), Tavlor and Cary, (1964). A sa.mple of the various equations,
written to represent the one-dimensional case (for simplicitv}) is given as follows:

Be¢ de e

i X
5 Ve = Pom ()
de de &c  p, 08
R e )
where:
¢ = concentration of particular contaminant species being considered,

v; = average advective velocity,
py = dry deasity of soil

n = porosity of seil
S = mass of particular contaminant species adsorbed per unit mass of dry
soil

pa.tial and time variables
diffusion-dispersion” coefficient.

.D

Equation (1) is the familiar “diffusion/dispersion”-advection relatmnsmp, and
equation (2) represents the adsorption-deserption “add-on" to equation (1) = via the
last term on the RHS in equation (2). The points of interest are (a) the coefficiert
D, and {b) the adsorption relationship 5. The adsorption phenomenon can also be
handled via a retardation factor R, as for example the kind of relationship used by
Hashimoto et al {1964), Davidson and Chang (1972):

- = =R% (3)

In this case, the retardation factor K is given as:
R =1+ %Kd

2y = bulk density of the saturated soil,
# = effective porosity, {vclumetric water content),



K4 = distribution coefficient governing partitioning of particular contaminan:
species into dissolved and adsorbed phases — axia to the philesophy governing
the use of the adsorption isotherm in equation (2).

The coefficieat D is difficult to fully identify or quantity. Whilst some re-
searchers have used different terms to identify D, the concensus term:nolosy ap-
pears to center around the one used herein, i.e. “diffusion-dispersion™ coefficient.
The use the seemingly awkward terminology refects not ouly the difficulties in
proper assesment of the mechanisms controlling attenuation of the various contam-
inact component species, but also the manner in which these mechanisms should
be “modeiled”.

Modeiling of the fate of the particular contaminant species via evaluation of
adsorption or desorption mechanisms (and isotherms), or via the use of linear or
non-linear partitiomng functions is alse of considerable concern, Both D and Sor R
pay attention to a particular solute (contaminant species} at any one time. Thus, for
2 spate of contaminant consitutuents, it is necessary to perform the compul;al;mnal
exercise separately for each constituent species. However, if one recognizes that
the behaviour and fate of each constituent species depends on the concentrations
and tvpes of the other constituents (i.e. concentrations and distributions), then it
becomes clear that extrapolation of any of the coefficients or relationships for zeneral
“Seld” application must pay particular attention to how well the fleld leachate
contaminant {s mimicked - in composition variation (constituent concentration and
distribution) with time and space!

The common procedures for modelling renerally discount, ignore or perhaps
simply forget about chemico-osmotic flow. To determine whether this oversight is
particularly significant {or not), one needs to be reminded that determination of the
D coefficient 15 often performed using measurement of chemical fuxes across the
domain of interest, and application of the Fickian model for “back calculatien" of the
D coefficient. In situations where advective flow is negligible, this chemico-osmotic
How term could be a significant factor influencing measured values of transport
- viz calculations of the I} coefficient based on flux measurements could be in
serious error. It 1s apparent that in the face of these various “forces”, modelling
of the transport of any particular species of contaminant constituent becomes very
challengiog.
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LANDFILL BOTTOM SURFACE

CONCENTRATION OF POLLUTANTS

P
PRS- ST PP PRI I S SUTUIPIN S .11 S W SR WP FLE / 'D- THANSPOHT THROUGH LAYER ———
A
DEPTH ' 'D' COEFFICIENT .
LAYER L .. L’
YEAR N1 -
| YEAR N2 e —
v YEAR N3 - -

CONCENTRATION PROFILE
Fig. 3 - 'D' Coefficient variation with time
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Fig 4 - Heavy metal retention in a natural clay
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Fig. 5 - Pb retention in a natural clay sail
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Fig. 6 - Pb retention in different phases, cmol/kg soil
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ADSORPTION/DESORPTION IN MULTI-COMPONENT

CONTAMINANT TRANSPORT IN CLAY BARRIERS

R. N. Yong,! A. M. O, Mohamed,? and H. M. Samani?

ABSTRACT

This study develops a multi-component adsorption/deserption model using in-
put from laboratory measurents. Accountabiity for adsorption and desorption pro-
cesses in contammant transport is obtained from laboratory experimental leachmg
tests with different types of soils and a multi-compenent contaminant leachaie ob-
tained from a landfill site. . The measurernents made include analysis of influent.
efluent, and retained contaminant species (and concentrations with time). In the
muliti-component adsorption/desorption medel developed from the experimental re-
sults obtained, the five parameters used in the model account for the various types
of solute contaminant components and scil systems. These parameters are esti-
mated by using Powell’s method in nonhinear optimization of experimental results
obtained from laboratory leaching cell tests. The developed model is applied to
an operating field tand disposal site to predict contaminant transport performance
over a period of a few hundred years.

1William Scott Professor of Civil Engineering and Applied Mechanics, Director,
Geotechnical Research Centre, McGill University, Montreal.

?Research Associate, Geotechnical Research Centre, McGill University, Montreal.
3Chairman, Department of Civil Engineering, Ahwaz University, [ran.



INTRODUCTION

Adserption/desorption of 10us occur as a result of clay-contaminant interaction
in clay soils, and thus need to be considered in clay barrier design for buffering of
contarninant transport. Adsorption is defined as the transfer of solute ions from
the pore Huid solution to the solid phase, whereas desorption is defined as the re-
versible mterchange of ions between the colloid particle surfaces and the solution.
The impact of adsorption/desorption in the clay soil barners becomes particularly
important 11 the context of the various considerat:ons or recormendations set for-
ward by the regulatory bodies (in Canada) concerning, e.g. Reasonable {'se Policy,
land disposal of wastes. The implicit reqiurement for attenuation of contaninant
transport carries with it a higher requirement for understanding of the various is-
sues of clay-contaminant interacuion which are needed to support the attenuation
reguirement.

Changes in the composition, avalability, and amount of leachate migrating
from. waste contanument ponds acd landfills for mmdustrial and domestic wastes re-
sult directly from rainfall frequer.cy and infiltration {seepage), and reaction kinetics
established within the waste mass between the solids and influent liquid. The man-
ner iz which the generated leachate 1s contmned, buffered, and transported through
the soil barrier is a function of (1) the controlling mechanisms of transport through
the soil butler system — e.g. diffusive or dispersive mass transport; and (2) the
interactions and reactions that occur between contaminant leachate and soil system
- e.g. adsorption of contarninants onto surfaces of soil constituents; ion-exchange;
microbial interaction and activity leading to bicdegradation and generation of var-
ious products; and precipitation. Depending on the nature and composition of
the contarinant leachate, these processes may be of varying importance and sig
nificance in the control of leachate migration through clay secil barriers. In the
reaction processes resulting from contaminant-sol. interaction. it is acknow.edered
that descorption a.so occurs, thereby resulting in chacpges in the composition and
concentration of the various ion species in the leachate. In this process, some of the
leachate components will be adsorbed on clay particle surfaces while others {initial
cations or other previously adsorbed contaminarnt 1ons} will be desorbed due to on
exchange. Hence, to model the desorption of a certain component ionic species,
infoermation about the behavior and migration of other species 15 required, e the
transport of all solute components involved in the problem has to be determined
simultaneously. The need lor modeling of adsorption-desomption is thus considered
to be an important element 1n the evaluation and analysis of contaminant transport
in the soil barrer or subsirate,

In this study, 1on desorption in & ciay barrier material 15 evaiuated through
the use of leaching cell experiments, and a multi-comporent adsorption desorption
meodel. By using the actual leachate from an operating landfill site, previously
described by Yong et al. (1987), model calibration is ahiained from the leaching
experiments, and predictions can be made for migration of the various contaminant
lons in the landfiil.



Adsorption and Desorption

Since a significant portien of the accumulation process for attenuation of con-
tarmminant transport relies on adsorption mechanisms, it is useful to recall the various
factors that affect adsorption of a contaminant species onto a soil surface. These
include {Stumm and Morgan, 1970; Weber, 1973; Yong et al, 1990;):

1) s0il specific surface area;
2) concentration and nature of the adsorbate {contaminants);
3} initial scil and contaminant pH;
4} temnperature;
5} concentration;
6} nature and distribution of the competing ions present in the intruding solu-
tion (leachate solution};
+ the nature of the adsorbent (soil system).

Whilst it is expedient to categorize adsorption mechanisms in terms of:

(a! phyvsical adsorption - involving anly relatively weak intermolecular forces;

(b} chemisorption — which essentially inwolves formation of a chemical bond
between the sorbate molecule and the surface of the adsorbent,

there exist many intermediate cases which do not make it possible to categorize
unequivocally. The general features which distinguish physical adsorption from
chemisorption, presented in Table 1, demonstrate the problem.

The forces involved in physical adsorption include both van der Waals forces
and electrostatic interactions comprising pelarization, dipole, and quadrupole inter-
actions. The van der Waals contribution is always present whereas the electrostatic
contributions are significant only in the case of adsorbents which have ionic strug-
tures. However, for the sorption of small dipolar molecules such as water, electro-
static contribution may be very large, giving rise to measurable heats of adsorption.
Thus, althongh such interactions are properly regarded as physical adsorption, the
heat of adsorption may well be of a magnitude generally associated with chemisorp-
tion. Furthermore, in such systems the adsorption is quite speafic and the rate
is often controlled by an activated diffusion process, giving the appearance of a
slow activated chemisorption, even though the actual surface adserption may be
rapid. Thus such systems may appear to exhibit many of the characteristic factors
generally associated with chemisorption.

Of the several equilibrium and non-equilibrium adsorption models which exist,
the most popular are the Langmuir and Freundlich models. It should be noted that
all models are designed to poriray the adsortion relationsh:p between a particular
contaminant species {absorbate) and the soil system (absorbent). The correct mod-
eling of an absorbate undergoing both transport and adsorption through a clay so:l
system necessitates the selection of an adsorption model that best suits the given
system. The use of an improper adsorption: model will greatly affect the transport
model, and will possibly give rise to erroncous conclusions regarding the nature
and description of both parameters and processes of the system analyzed. In that
regard, it 15 particularly useful to obtain similar conditions of absorbate-absorbent
interactions for specific model application if one chooses to model adsorption for a



chosen problem. To do so, it 1s necessary to obtain matching of both absorbate and
absorbent compositions. Thus for example, the linear equilibrium isctherm adsorp-
tion relationshup which states that the rate of adsorption is constant may not be
physically valid, since the ability of clay particles te adsorb solute ions decreases as
the adsorbed amount of that solute ions increases. Similarly, if the rate of adsorp-
tion decreases rapidly as the concentration in the pore fluid increases, the simple
Freundlich type models will need to be extended to properly portray the adsorption
relationship developed.

Since very few (if any) can faithfully portay the adsorption relationship for
multi-component leachate systemns where some of the components are adsorbed
and some others are desorbed, it is necessary to perform one’s own tests with the
“real system” to obtain the adsorption model specific to the problem at hand. For
this particular study, the adsorption model used (Equation 1) has been developed
from experimental tests with field materials (soil and leachate) and calibrated - as
reported previously by Yong and Samani (1987),

537 = E; - By exp(—4,c;) (1)

where: E;, B; and A, are soil parameters for component j to be determined
from calibration experiments.

In a multi-component electrolyte solution soil system, mass conservation shows
that the net desorption rate of a component species can be expressed as follows:

aspet a5 asy
o Tt o (@

where;

ast . . : .
__55}‘_ = rate of desorption of component i due to 10n exchange, ie., due to
adsorption of other ions;

ad
%—— = rate of adsorption of the component i which takes place simultaneously

with desorpticn,

d
Desorpticn is a stoichiometric reaction {Helffrich, 1962). Hence, %5“— could be
expressed as follows:

asd I\ o5t
?=Z—a‘;—; J#1 (3)

i=1

where

§2¢ = adsorbed amount of compenent j; and
m = number of adsorbed components



Substituting Eq. 3 in Eq. 2 gives:

aSpe L85 gged
D D rakl (4)

=1
Substituting Eq. 1 into Eq. 4 yields:

35“" i aC, L~ 8C
B Ay G Vg |Bi AiCi ¥ |
g e ) - A € Yy (5]

Eq. 5 represents the general adsorption/desorption equation in a multi-
component solution system. Yong and Samani (1987) have shown that the one
dimensional sclute transpert phenomenon can be expressed by the following equa-
tion:

. . 2
oC: (K . 1) y. i, KenKie &C;

N FqN dz 2K, 822
ﬁC.- 2 a!cl 25 asn:t
— ac | Y1 ac 4 Pl .
abe (az ) + be (Bz ) - (6}

Substituting Eq. 5 by the source term in Eq. 6 yields the general solute
transport equation,

aC{ K:h a'C"I' Kchth azc:z —_ ae act 2
§+(Kh+l)v,az + 2Ky 027 = abe (a—z)

AY Ps A C @EL) . .AiC %)
+be™* (az );1: EAH&‘ (at — AiBe (a: (7)

APPLICATION

The results from the experimental study reporied previously by Yong et al
(1987) are used for application of the model. It is recalled that this study con-
cerned contaminant migration through a sanitary landfill natural elay barrier (at
Lachenaie, east of Montreal), and that the leaching column tests were performed
using the leachate obtained from the collection wells - on the clay soils obtained in
the region. The soil and leachate characteristics are summanzed in Tables 2 and 3.
The analyses concerning heavy metal adsorption have been reported by Yong et al
(1987) and will not be dealt here. Foccusing on the cations Ca*? Mg*? and Va*t
as the compenents involved in adsorption/desorption reactions, we observe that
since, Cat? and Mg*? are dn"alent cations, with a higher adsorption affinity than
the monovalent cations ¥Na™, replacement of Na* originally in the clay soil system
should oecur — e desorptmn of ¥at occurs. This is confirmed by the break-
through curve shown in Flgure 1, where it 15 noted that at the 80-day period, the
effuent concentration of Na' is more than three times the influent concentration.



Using Eq. 5 to analyze Nat desorption, one cbtains:

1‘3“5':"'! Aici% A2l aCs
ot ot ot

where the subscripts 1,2, and 3 refer to Nat, Ca™?, Mg™*? respectively. A, B,
Az, and B coefficients must be determined from calibration of the experimental

data for Ca*? and MgT%. Also, Qf—;’- and %i;‘l for all time steps can be calculated

from the indicated calibration data using the finite difference technique as a method
of sclution.

Substituting Eq. 8 in the source term of the one dimensional solute transport
equation (Eq. 6), the governing equation for Na% can be given as follows:

2
A Byeh O —(—;l (8]

- A-zB-z e + AJH; e

aCc, [k 8C, KunKa &°C?
. 4090 [ 1 ch Fne ;
[1 A1 B, e ] Y + [ 7 + 1] V. 3. + ok .7
z 2

PARAMETER DETERMINATION

From leaching cell experiments (Yong et al. 1987, the concentration at differ-
ent depths and tirnes for the samples in the cells were measured. At the same time,
concentrations at the same depth, and times are calculated for chosen parameters
using the numerical method heretofore described. If the measured concentrations
and calculated concentrations are designated as C.., (7.t} and C. 1 (z,¢) respec-
tively, then the best choice of parameters 1s that which mimimizes the following
functions:

M
0 =) ABS[Cosp(z.t) = Cearlz,1)] (10)

i=1

where M is the number of measured concentrations in experiments. To min-
imize the above function, Powell's conjugate direction method in nenlinear opti-
mization { Powell, 1964) is used.

The input data required in the computer program for parameter determination
is the concentration profiles at all time steps. Thus for example, in the case of
desorbed ion analysis, concentrations of the adscrbed ions involved in the problem

at all time steps should first be obtained, to determine %} given in Eq. 5.

For the problem concerned with the Lachenate landfill, concentrations of Ca*?
and Mg*? were determined at all time steps, using the calibration computer pro-
gram roncerned with adsorption. Following this, their derivatives with respect to



time %‘ and %Z;‘ at all time steps were calculated, using the finite difference ap-

proximation method, and subsequently utilized in the calibration computer program
concerned with sodium ion desorption.

The parameters obtained (Table 4, using the breakihrough curves shown in
Figures 1 through 3) can be used in predictions of field performance - with the aid of
the one-dimensional relationship given in Eq. 9. However, before sodium migration
analysis can be performed, analyses for migration of calcium and magnresium must
be aﬁtained, as shown in Figures 4 and 5.

From the sodium concentration profiles after 200, 400 and 600 years shown
in Figure 6, it 15 observed that the high concentration front travels propagates
downward. This is consijstent with expectations since sodium desorption in the
initial layers of clay soi] will continue to augment the sodiurn concentration in the
lower layers - as migration of the contaminant front continues. The equal balance
between effuent and influent concentrations occurs when mass exchange is satisfied
- hence the tail end of bell-shaped curve, i.e. efluent sodium concentration equals
influent concentration.

CONCLUDING REMARKS

The model developed ir this study has been designed to address contaminant
transport in saturated clays in a fashion which permits recognition of the physical
fact that adsorption/desorption mechanisms exist in such systems. The transport
coefficients are seen to be variables which depend on the initial system chermstry
and the chemistry and concentration of the influent contaminant leachate solute.

The performance predicted using the developed model, for the tests conducted
by Yong et al. ({1987}, shows that good accord is obtained between predicted
and measured values — as shown in the laboratory situation reported by Yong
and Samam &198?]. ¥Whilst it is not possibie to validate the predictions for field
performance for the 200 yvear plus peried, it is expected that the “predicted” pro-
files will contribute a better appreciation to the evaluation of transport of the ad-
sorbed/desorbed contaminant problem.
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Table 1

Features of physical adsorption and chemisorption

Physical Adsorption

Low heat of adsorption
(<2 or 3 times latent heat
of evaporation)

Non Specific

Manolayer or multilayer.

No dissociation of adsorbed
species. Only signiticant

at relatively low temperatures

Rapid, non-activated

reversible.

No electron transter

although polarization
otf sorbate may occur

hemi ion
High heat of adsorption

(2 or 3 times laten heat
of evaporation}

Highl specific

Monolayer only.

May involve dissociaiton.
Possible over a wide range
of temnperature

Activated, may be slow and
irreversible,

Electron transfer leading to
bond formation between
sorhate and surface
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Table 3
Leachate characteristics

Parameter Concentration {(mg/l)
Calcium, Ca 180
Magnesium, Mg 35
Sodium, Na 140
Potassium, K 16
Zinc, Zn 2.5
Lead, Pb 1
Copper, Cu 1.7
Total iron 5
Chloride, CI 190
HCO3 303
BOD 450
CcoD 860

TOC 190
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Fig. 1 - Sodium Calibration/Breakthrough Curve
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SELF SEALING OF AERATED STABILIZATION BASIN
FOR BLEACHED KRAFT WASTEWATER SLUDGES

RAYMOND N. YONG! AND MICHAEL C. CHEN?

Abstract

This study investigates the possibility of using the bleached kraft wastewater sludges
as a sealant for basin containment of the sludges. Of the mechanisms of sludge self-sealing
which include physical, physico-chemical, biophysical, and biophysico-chemcal types (of
seals}). Particular attention was paid to the physico-chemical types. The set of criteria
used to evaluate the capability of the liners developed include permeability, stability of the
liner created, effect of changes in pH of the contained material, and hydrostatic pressure
effects. The physico-chemical types of seals were found to be effective, and the coefficient
of permeability was reduced by four orders of magnitude - between initial sludpge forma-
tion and sludge cake development. Alum was chosen as a coagulant for forming the sludge
layer for physico-chemical sealing. Stability analyses showed that under hydrostatic pres-
sures and high pH ranges, the reduced permeability obtained in the sludge cake could be
compromused if eracking oceurs However, with the addition of sodium silicate and sodium

aluminate, the alumino-silicate alum sludges appear to be more stable.

Key Words

Bleached Kraft Mill Effluent (BKXE), self sealing, alum, coagulated BKME, physico-
chemical sealing, Bingham yield stress, sodium silicate, sodium aluminate, permeahility

reduction, alumino-silicate.

'Geotechnical Research Centre, McGill University
‘Formerlv Geotechnical Research Centre, deceased

1



Introduction

In the pulp and paper industry, the treatment of efluents to reduce BOD to acceptable
levels prior to discharge to receiving waters is generally accomplished with the aid of
holding ponds where these effluents can be treated for removal of the dissolved organics
by aeration. The choice of a proper “impermeable” basin (pond) liner system to prevent
leakage of the contained effluents and to protect the substrate groundwater environment
from contamination from the contents of the aerated stabilization basin {ASB) is critieal.
Given the choices between synthetic {plastic) liners, cement and asphalt grouting systems,
clay engineered barriers, and liners developed through self-sealing mechanisms, it is clear
that if self-sealing mechanisms can be made to work, these would result in considerable

economic benefit to the Industry.

To develop a self sealing membrane from the sediment formed from the settling sclids
inn the contained effluent, several opportune events have to occur to permit the sediment to
act as an impermeable memmbrane, These relate to (a) the composition and properties of
the suspended solids, (b) the nature of the interactions between the solids, (¢} the need
for treatment of the suspended solids {or suspension) to promote beneficial interaction, {d)
the developed rate of sedimentation of the suspended solids, {e) the developed properties
of the initial sediment, {e) the consolidation rate of the sediment, and (f) the stability of

the final sediment membrane or sludge cake.

To determine the possibility of developing a self-sealing membrane from bleach kraft

mill effluents (BKME}, the laboratory study reported herein considered the following:

1. Compositional characterization of BKME solution and the initial substrate material,
2. Capability of the untreated BKME to develop self sealing properties,

3. Determination of the optimumn coagulant dosage to induce beneficial precipitation of
the BKME, and

4. Filtration-permeability tests for evaluation of the permeability reduction of the sludge

sealing system.

3. Long term stability of the sludge blanket/cake.
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Induced Sludge-Sealing Process

The different possible processes involved in the development of membrane seals from
tailings waste disposal are shown in Figure 1 - for the types of waste discharge with
characteristics and properties amenable to membrane sealing formation. The three ba-
sic categories are identified via source material, e.g. non-coagulated BKME, coagulated
BKME, and fluid phase of BKME as initiator of swelling in the soil basin lining. In the
last category, one relies on the interaction of the fluid phase (chemistry) with the soil con-
stituents to produce swelling in the soil constituents such that void plugging occurs - hence

permeability reduction is achieved, and a proper impermeable clay lining is obtained.

In regard to the other two categories, coagulated and non-coagulated BKME, on relies
on the interaction and settlement of the suspended solids of the BKME (sludge or sludge
cake) to form a “coating” (layer) that would be impermeable. The key elements in the
system relate to the capability of the settled untreated or treated sediment to form an
impermeable membrane in the time-frame consistent with economic waste treatment and
disposal requirements. In this study, the physico-chemical approach using the coagulated
BKME {3rd. column in Figure 1) was chosen. Accordingly, the procedures for investigation

included the following considerations:

Steps leading to physico-chemical tvpe of sealing

STEP 1 - untreated coagulation/flocculation of suspended solids from wastewater.
STEP 2 - settling-filtration of the suspended solids on the pervious soil base.
STEP 3 - filter caking and consolidation of an impermeable layer of sludge.

STEP 4 — final physico-chemical type of sealing of the pervious soil base.

Process for alum coagulated solid system induced sealing

STEP 1 - alum treatment for coagulation of BKME suspended solids.

STEP 2 - settling-filtration of coagulated solids on the pervious scil base.

STEP 3 — addition of other chemicals to improve sealing efficiency and stability.
STEP 4 — void plugging and sludge caking on soil filter medium.

STEP 5 - consolidation of sludge filter cake.
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STEP 6 - final physico-chemical type of sludge sealing.

In the general design/construction requirements for an impermeable basin liner sys-
tem, one tries to use a material which would not permit passage of the fluid contained in
the basin. If a clay barrier is used, the normal procedure would be to use a compacted
clay with minimum permeability coefficient & of 1077 cms/sec. However, if a seal could
be formed from the wastewater (effluent) being contained in the pend - using the prop-
erties of settled solids {perhaps enkanced by some process introduced into the system) —
the costly preparation required to provide an impermeable base might be avoided. If self
sealing could work, one would be able to utilize the natural sub-base which might indeed
have & values considerably higher than the 10~7 values.

The procedure used in this study to evaluate the capability of self sealing to produce
the resultant liner requirements, involved the use of a pervious sand blanket overlying a
more impervious base. This situation permits gradual filling and "“blocking™ of the pore
spaces (sludge penetration} in the sand blauket during settling of the sludge solids, followed
hy a build-up of a sludge layer atop the in-filled sand blanket. The resultant in-filled sludge
formation i1s considered an “in-depth cake™. If a further sludge layer forms on top of the
in-filled sand blanket, the process leading to the development of the combined sludge layer
can be identified as an in-depth and cake filtration process. Whilst the mechanisms leading
to enhancement of cake formation are not well known or understood, it 15 considered likely
that if stabilization procedures can be developed, the permeability of the resultant cake

could meet the requirements for liner barriers.

Experimentation

To permit efficient evaluation of the capability of the treated BKME system to produce
self sealing properties, the sand blanket was used by itsell - without benefit of the underly-
ing clay subbase. The basic test for evaluation consisted of the permeability reduction test,
using the settling column system shown in Figure 2.1 conjunction with a variable speed
drive system to provide the BIKME input to the column, and a two-way valve attachment
at the bottom of the column to permit atmosphenc venting or vacuum extraction. The

testing procedures permitted with the system combines a soil-column settling test with a
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subsequent permeability test when atmospberic venting if permitted at the bottom of the
sludge cake. Whilst this does not necessarily mirror the field situation of sedimentation,
it permits a quick study of the capability of the treated BKME to develop sealing of the
sand, under conditions which are considerably more adverse that in the field. In using
the set-up shown in Figure 2 for permeability testing, the Masterflex variable speed drive,
model 754500, series 70/3 recirculation pump 1s used to provide a constant head. The

basic steps of the experimental study consisted of:

* Charaterization of the soil (sand) and the BKME (permeant).

*

Tests of the BKME for determination of optimum alum dosage.

*

Permeability reduction tests for the various treated BKME.

Stability tests of the sludge cakes.

-+

and ver materi

Preliminary tests for evaluation of the types of sand to be used involved assesment of
the permeability of the sands tested. The sands examined were silicate sand with different
gradations and maximum size: #70, #24 and #18. The Dy grain size k values obtained
from falling head permeability tests are given in Table 1, together with the characteristics
of the BKME used for the expedments®. Inasmuch as the #24 sand represented the “mid-
range”, it was decided to use this as the sand blanket material for the settling column
tests ~ and also for evaluation of capability of the sludge to penetrate into the sand and

to develop an effective “cake”.

Four different batches of BKME (15 gallons per batch) were received at various times
~ during the course of the study. Because of various circumstances, the pH vanation
between the batches was much higher than the compositional variations observed between
the batches. Values of from 7.2 to 11.5 in pH were obtained between the different batches.
Thus, for the tests conducted, most of the detailed tests were conducted on the batch
containing the higher pH value - principally because this batch was received during the

“critical” period of detail testing. The other batches, received at varicus times, were

¥The BKME used was obtained from Consolidated Bathurst Inc. Portage du Fort, Quebec,
courtesy of Mr. A. Lafleur.



evaluated for composition, and other “spot™ tests - e.g. settling tests, permeability, alum
dosage requirements. Hence, in the reporting of test results, the values shown are specific
to the BKME with an initial pH value of about 11.5. Reference to the other batches
of BKME, with different initial pH values will be made at vanous times - with specific
identification to the ipnitial pH condition.

oaguiant — Alum

Since previous experience with the use of alum in the primary treatment (reaction
clarifier) of efAuents in the pulp and paper industry {Chen, 1974) have shown considerable
success, it was decided to use alum as the coagulant for this study. In the presence of the
kind of alkalinity shown in Table 1, (200 mg/!), the chemical reactions that would cccur
when alum is added to the BKME could include:

AL(S0) +3Ca(HCO,); — 3CaS0y + 2AOH); | +6C0; 1 (1)

Al(850,)s + 6NaOH — 3Na: SO, + 2A0OH ), | (2)

Scil column and permeability tests

The dosages of alum added to the BKME ranged from 400 mg/! to 1400 mg/! -

applied in increments of 200 mg/!.

In using the test system shown in Figure 2, it was important to ensure that in filling
the the soil column such that the bottom sand hlanket was not disturbed. This was
accomplished by first saturating the soil column with distilled water, and filling the column
with distilled water to a height of about 5 to 7 cms above the surface of the sand blanket,
When the BKME was introduced into the soil column, the feed nozzle was arranged such
that it fed the material to the wall of the column, thus minirmizing the disturbance effect.
In addition, the rate of feed of the BKME was continually adjusted such that the efflux
time of the initial liquid (from the column) was approximately the same as the feeding time.
When the initial iquid (water) was total replaced by the BKME, the settling column was
filled up to a height of about 25 ¢m above the sand filter surface - to commence the settling

experiment.



For determination of the permeability of the sludge cake, five piezometers were in-
stalled along the wall of the soil column - in a vertical line, at heights of 0.95¢m, 0.16 c¢m,
above the sand flter, 0 cm {on the surface), and 0.64 cm and 8.6 cm below the surface
of the sand filter surface, - as shown in Figure 2. The coefficient of permeability of the
sludge cakes were calculated on the basis of measurements of pressure drops across the
different layers, the filtration rate, the assumned concentration profile within the cake, and

the amount of penetration of the sludge into the sand filter.

Results and Discussion

The settling column tests showed the characteristic maximum setthng rates at the
imitial stages of sedimentation of the solids - decreasing rapidly after the second hour of
sedimentation. Using light transmission through the midpoint of the supernatant (at a
450um wavelength) for comparison, one can compare the efficiencies of the vafous dosages
of alum in regard to settling rate and characteristics. Figure 3 shows the results of trans-
mission tests, conducted after a 10-minute elapsed time, (i.e. 10 minutes after start of
settling test). The pH value of the alum BKME mixture is also given, together with the
tests on a corresponding “blank” {i.e. at 0 alum dosage). Note that the light transmission
values are given in terms of the logarithmic value of the percent light transmission through
the supernatant. Thus, at 100% light transmission, the log. value should be 2. Similar
types of “curves” can be obtained with the other batches of BKME received - where initial
pH values are different.

As expected, increasing dosages of alum resulted in greater efficiency in settling of
the suspended solids. Whilst one would be tempted to increase the dosage of alum to
continue increasing the efficiency of settling, it should be noted that at an alum dosage of
1,600 mg/! (not reported in this paper), the alum-BKME coagulated mixture produced a
sludge that was so massive that zone settling was virtually denied. It should be mentioned
that the initially high pH value of the “blank” was due to the fact that the samples
received for study did not undergo neutralization after biclogical treatment (refer to 3rd
column in Figure 1). The influence of different values of initial BKME pH on alum dosage

requirements must be stressed as one of the factors that needs to be studied if one wants
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te apply alumn treaiment to the field situation. Since the effluents will always be variable
in nature, it 1s expected that the pH will vary correspondingly. Since alum reacts with the
alkalinity of the BKME to produce aluminium hydroxide complexes which are adsorbed
by the colloids as part of the agglomeration process, it would be most advantageous (in
practice) to obtain the BKME at a pH value close to 7 if one wishes to decrease the alum

dosage.

A comparison of the equilibrium sludge heights as a function of alum dosage for the
period of 2 days and 25 days of sedimentation is given in Figure 4. Maximum sludge height
is apparently obtained with the 1000 mg/{ alwn dosage. The “consolidation” of the sludge
over the 2 to 25 day period is evident from the decrease in sludge height between the 2 to
25 day period. In other tests conducted to determine the relationship between maximum
sludge height and initial pH of the BKME, it was shown that for the BKME’s with initial
pH wvalues of 7.0, 9.5, 10.5, and 11.5, the maximum sludge heights obtained were: 230
mg/l, 700 mg/l, 1000 mg/!, and 1,600 mg/!, respectively.

The rheogram analyses, performed with a rotating cylindrical viscometer, Contraves
Rheometer 5, confirmed that the sludges {treated and untreated) could be classified as
non-Newtonian. By projecting the linear portion of the rheogram onto the shear stress
axis, the Bingham yield stress +y for each sample tested was obtained. The results of the
analyses are also shown in Figure 4 - indicating that the 1000 mg/! alum dosage produced
the highest Bingharm yield stress.

The material balance for the alum coagulated BKME system shown in Figure § indi-
cates the amount of solids in the sludge and supernatant. The values shown are cumulative,
e.g. the total solids content of the actual alum-BKME mixture at 400 mg/! is 1160 mg/!.
This includes the solids concentration in the supernatant and in the sludge. Note that
the solids concentration in the supernatant (370 mg/{) includes 350 mg/{ organics. The
total solids content was obtained from oven-dried samples of both the supernatant and the
settled sludges at 110°C over a 12 hour period. The solids concentrations are expressed as
the weight of solids per total volume (mg/!) of solution. This is obtained by multiplying
the solids concentration of either the supernatant, or the sludge, by 1ts individual volume,

and dividing by the total volume. The solids in the supernatant are also considered in
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terms of the organic solids contribution te the total. In this case, determination of the
organic solids content was obtained by drying to 6560°C. It is interesting to observe that
the organics solids concentration decrease with initial addition of alum, but increases after

the concentration of alum begins to exceed about 800 mg/l.
volution of S ealing Proc

To obtain an appreciation of the sludge sealing process, it is useful to recount a
typical settling column experience. One begins by recalling that the settling column has
been previously filled with distilled up to a height of about 7 cms. above the surface
of the sand blanket. The sand blanket is 10 cms. thick and is allowed to drain at the
bottom —~ if the “vent” valve is cpened. The alum coagulated sludge prepared in a 250 ml
beaker is stirred before pouring into the settling column - following the procedure described
previously. Refernng to Figure 2 for the test set-up and corresponding piezometric pressure
development, the results shown in Figure § correspond to the time steps described as

follows:

* At time t, = 0 secs., 250 ml of 630 mg/! of solids 1s poured into the settling column.

* At time t; = 20 secs., penetration of about 0.3 c¢ms into the sand blanket (at the
bottom of the settling column) is observed. Sludge thickness above the sand blanket
surface 15 estimated to be about 0.2 ems. Above this, one chserves a “thick” solids
suspension. Because the bottomn of the sand blanket is open to atmosphere, the

initially saturated sand blanket drains and becomes unsaturated.

* At time ty = 250 secs., the piezometer beneath the sand (blanket) surface reads
zero, and if one visualizes the pierometric pressure “curve” in terms of three “Linear”
segments — as shown in Figure 6 - it is possible to assume that the cake will show at
least 3 different permeabilities (k;, &3, and k3). The sludge penetrated layer in the
sand blanket (lowest layer) is identified as the one providing the value of ky. This s

the lowest value, with %2 and & increasing in an almost linear fashion.

* At time t; = 350 secs., the build-up of the cake above the surface of the sand blanket
has not really begun. Penetration of the settling solids inte the sand voids 15 sull

active,



® At time ty = 970 secs., the piezometric pressure readings suggest that the penetration
of the settling sclids intc the sand voids is almost complete, and that the relative

dispersed nature of the solids above the sand surface is becoming more “compact”,

* At time ts = 3130 secs., the developed sludge cake above the sand surface is about
0.7 cms. The 3 layers can now be considered as being reduced to 2 layers, — or even

1 layer.

Further observations will show that some consolidation of the sludge cake occurs,
and that some deposition of aluminum hydroxide of the surface of the cake also occurs.
The caleulation of “permeabilities” from the piezometric heads and the cutflow requires
the determination of the velocities in the 3 “layers” [or two layers). One should note
that the measurement of the “layer” thicknesses during the setting process is never simple
nor precise. Very often, no clear separation between layers can bd readily distinguished.
Nevertheless, it is assumed that the information from the piezometric pressure profile can
be used to assist the visual measurement technique for determination of thickness of the

layer thicknesses.

Determination of the effective veloaity v in each layer requires the application of the

simple continuity condition:

v(sand) - ¢ sand)
élcake)

(3)

v(cake) =

where ¢ represents the porosity of the sand or cake - as the case may be. Determination
of ¢{sand) is easily done with a knowledge of the amount of sand used to fill the 10 cm
height of the setthng column. However determination of the ¢cake) requires knowledge
of the solids content in the layer in question. This is obtained by using the information
obtained from the piezometnc profile, and constructing a solids concentration profile as
shown in Figure 7. The values of T-1 through T-5 shoewn in the Figure correspond to the
t, through ts values discussed previously, The information obtained from calibration tests
with light transmission values (such as those shown in Figure 3), and determination of
solids concentration in the supernatant for correlation with light transmussion values, are

needed to ensure that the mass balance calculations used for Figure 7 are met.
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With the values of v for the different layers, simple application of the Darcy model
will provide the appropriate calculated permeability value k,, where n = 1,2, or 3. This
form of analysis for permeability can be made throughout the settling process, at various
tn times. In this manner, the permeability reduction with time will be obtained. Figure
8 shows the results of the calculations for the various & values for the 1,400 mg/! alum
addition to the BKME with the high initial pH - i.e. the test material reported in detail
herein (Table 1). Because of the considerable difficulty in calculating the effective thickness
of the second layer above the sand blanket (3rd. layer responsible for k3), only two points
are shown for the k3 values. As time progresses, as shown in Figure 6, the layers become
more compact and begin to be indistinguishable as distinct layers. Thus we note that at
t = 3150 seconds and beyond, we can consider the cake to be one layer. Using the “total”
cake system, we observe that the permeability reduction is four orders of magnitude -

beginning from the 20 second sludge deposition.

Sludge Cake Stability

Assesment of the capability of the developed sludge cake to withstand hydrostatic
pressure over a period of time required application of pressure tests to the sludge cakes
developed in and above the sand blanket. It was observed that with a hydrostatic pressure
of 45 kPa, some increase in the final sludge cake permeablity of the sludge cake was observed
- even though visual observations did not show any further penetration of the sludge into
the sand voids. Since this pressure 1s typical of the pressures in aeration ponds, it was
decided to seek improvement in the “stability” of the sludge cake. This was achieved by
performing a series of screening tests with additives used in conjunction with the alum. The
primary sets of controls were related to permeability reduction and capability to withstand
hydrostatic pressure without further penetration into the sand blanket and without any
increase in permeability. The screening tests showed that a combination of sodium silicate

and sodium aluminate could produce a beneficial effect when added to the alum.

Longterm solubility assesment required subjecting the sludge cakes to leaching assault
with varying pH solutions of BKME. The combination of mechanical stability and solubility
tests recognizes the situation that the alum-coagulated sludge cake which rests at the

bottom (and sides) of the aeration lagoon is subject to attack from various chemical forces
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- under a hydrostatic head. One needs to be concerned with the solubility of the aluminum
hydroxide in the cake. Tests conducted to determine the distributien of sclids in the typical
cake show that about 25% of the cake material consists of porous fibres, and that the
alnminum hydroxide content expressed as Al{Q H); varies between 7 to 50% depending on
the initial pH of the BKME and the amount of alum added. Between 25% and 65% of the
cake {depending on the fibres and Al{OH); content) consists of other kinds of suspended
matter, e.g. lignin complex and colloids. Determination of the solubility of the aluminmm
ion in the BKME solution is possible with the aid of the mass balance information - such
as the one shown in Figure 5. By analyzing the contents of the supernatant {aluminum
concentration), at various tirnes and deosages of alum, one can produce a solubility diagram
- thus permitting one to calculate the amount of time taken to dissclve the aluminum
hydroxide in the alum-BKME sludge cake.

The solubility results obtained in relation to aluminum ien in the BKME solution
showed that equilibnum solubility was obtained between pAl = 4.75 and pAl = 4.0 - (where
pAlis -log Alt ions). Using a pAl of 4.75 and an average permeability of 2x 107 ems/sec
and a T% A!I{OH}; content in the cake, the time estirnated to dissolve the cake was 60
years. However, should one assume the pAl to be 4.0, this time 15 reduced to 11 years. Since
the calculations have to rely on several assumptions, further insight into the stability of the
sludee cakes was sought from leaching tests which were conducted with both alum-BKME
sludge cakes and the additive treated alum-BKME - i.e. addition of alumino-silicate to the
alum-BKME. The leaching tests on the alum-BKME sludge cake samples were conducted
with BKME at pH values ranging frem 10 te 5.2, with the greater attention given to
the ones with pH values around 7 - as representative of the field condition. Aluminum
concentration was measured in both the influent and effluent during the leaching tests,
and since the variables were initial pH of the BKME leachate solution, time and number
of leaching pore volumes, it was possible to extrapolate the data to determine the time
required for complete dissclution of the aluminum hydroxide in the sludge cake. One sheuld
be cautioned to recollect that in experimental determinations, the sources of Al are never
fully identified, and thus extrapolation of such values for determination of dissoluticn
efhiciencies cannot be accepted will full confidence. Nevertheless, with recourse to the

salubility results, the experimental results showed that for initial BIKME leachate pH of

12
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about 6.5, the extrapolated time for dissolution of the cake ranged from 3 to 6 years.
However, with an initial BKME leachate pH of from 7.3 to 7.7, the extrapolated time was

shown to be between 5.5 to 20 years.

In the case of the sodium alumninate and sodium silicate addition to the alum-BKME,
it is reasoned that the reaction between the sodium aluminate and sodium silicate would
be advantageous, since both materials are highly alkaline in solution, and both remain
individually depolymerized until the formation of alumino-silicate. The tests conducted
in this study, with the alumino-silicate addition to the alum coagulated BKME can only
be considered as preliminary. The reasons are manifold — mainly tied into the fact that
proper detailing of the various reactions and result cannot be obtained. Experience shows
that when a solution of polyvalent metal salt is mixed with a solution of a soluble alkali
metal silicate, such as sodium silicate, an insoluble metal silicate is usually precipitated a
gelatinous amorphous mass (Iller, 1955, Lang and Spencer, 1968). Most solutions of soluble
silicates do not contain silicate 1ons of uniform size, but instead, a mixture of polysilicate
ions. Since the polysilicate ions are not uniform in size, they cannot arrange themselves
along with the metal ions into a regular crystal lattice. The result obtained is generally
identified as an insoluble precipitate which is somewhat amorphous.* Iller (1955) states
that the precipitation of a metal silicate from an aqueous solution at ordinary temperature
does not yield crystalline silicates, but rather, results in a colloidal mixture which may be
visualized as an adsorption of metal ions on the gelatinous silica or as a mutual coagulation
of the positively charged colloidal metal hydroxide and negatively charged colloidal silica.
In dilute solutions, since colloiodal metal silicates are precipitated at pH values slightly
below that at which the metal hydroxide would be precipitated, no definite compounds are

formed, and the hydroxides precipitated along with the silica are by mutual coagulation.

It is evident that the manner of mixing, the proportions used, and the other yet to
be detailed factors control the kinds of amorphous inhomogeneous precipitate obtained.
Focussing for the time being on the ratio of the sodium aluminate to the sodium silicate,

— with everything else being held constant - eight samples were tested. The molar ratios

4If one wishes to obtain a crystalline silicate for better quality and stability, the polysilicate
ions need to be depolymerized into small silicate ions of uniform size - to obtain a regular

lattice.
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varied from .12 to 0.84 - where the molar ratio is defined as ﬁ’_%—l—oﬁ The test results
obtained by subjecting the alumino-silicate added alum-BKME sludge cakes to hydrostatic
pressures of 56 kPa showed no deterioration in the value of permeabilities obtained. Further
beneficial gain in the & values were obtained for the sample with the molar ratic of 0.12
- where increased penetration of the cake into the sand blanket was obtained under the

hydrostatic pressure.

In the case of the leaching tests under a hydrostatic pressure of 56 kPa, the pH values
of the leachate ranged from 10.7 to 5.7. Analysis of the effluent showed that the lowest
AlT? concentration was obtained with the sample with a molar ratio of 0.24 - even though
the pH of the leachate was 9.9. Extrapolation for estimation of total time taken to dissolve
the cake was not possible since the solubility relationships for the alumino-silicate alum-
BKME mixtures were not available. These have vet to be performed. However, in view
of the very low registration of A{*3 in the effluent at the high 56 kPa pressure leachate
tests, it is expected that the total dissolution time would exceed that obtained for the
alum-BKME sludge cakes.

Conecluding Remarks

Whereas the alum-coagulated BKME test results have been reported herein to demon-
strate that physico-chemical sealing (3rd. column in Figure 1) can be developed for BKME
used, other types of sealing experiments were also conducted. For example, in the experi-
ments conducted to examine feasibility of physical sealing (1st. column in Figure 1), it was
shown that for the same BKME used, the coefficient of permeability was reduced from and
average of 6.5 x107? c¢m/sec to an average of 2.0 x10™% cm/sec in ten hours. After this
time period, the reduction in & value was minimal, For that reason, there was no reason

to continue evaluation of the feasibility of physical sealing.

Experiments conducted to study the other types of sealing identified as the second and
fourth columns in Figure 1 showed good potential for sealing - within the same range of
effectiveness as the physico-chemical type of sealing. However, because of the various dif-
ficulties in obtaining proper identification of the biological solids and their characteristics,

the results will need to be reported at a later time.
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The results from this particular study show promise in that self-sealing from the
BKME can be obtained via physico-chemical processes without considerable cost and time.
The permeability reduction obtained after 8 hours is encouraging, and needs to be tested
in pilot field experiments where mass and local conditions are to be exploited. The choice
of the particular concentration of alum to be used must be conditioned by the initial
properties of the BKME - particularly pH. In the tests reported herein, the choice of the
1,400 mg/! concentration for alum addition was confirmed not only by the equilibrium
sludge height development, but also by the peak Bingham yield stress point, and the
clarification of the supernatant. A certain degree of “mechanical” stability of sludge cake

is important.

Even though the tests indicate that the “life-span” for the sludge cake could be be-
tween 3 to 20 years (depending on the pH of the leachate), it should be noted that in the
field condition, experience shows that biological activity within the system will promote
increased stability of the sealing phenomenon. Experience shows that about 0.2 kg of
biological solids are produced per kg of BOD reduction in these kinds of lagoons (Ecken-
felder, 1967). However, if increased stability is sought, it is suggested that the addition of
alumino-silicates to the system would contribute to the chemical stability of the coagulated

I11ass.
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Table 1

Properties of BKME and Sand

#16 sand; D50 = 1.00 mm
#24 sand; D50 = 0.42 mm
#70 sand; D50 = 0.20 mm

BKME

COD

Suspended solids
Ca

Na

Mg

Total atkalinity

k20 = 0.02 cm/sec
k20 = 0,08 cm/sec
k20 = 0.03 cm/sec

BKME

192 mg/|
823 mg/l
138 mg/l
14.9 mg/I
123.8 mg/I|
3.8 mg/I
290.0 mg/I
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GROUNDWATER CONTAMINATION BY
INDUSTRIAL AND DOMESTIC WASTES: A CASE STUDY

BY

RAYMOND N. YONGI AND MOSTAFA A. WARITHZ

INTRORUCTION

Within the framework of the evaluation program of
waste disposal sites on federal land in Quebec, the Patton Landfill site
in Kahnawake, has held the attention of the Environumental Protection
Service of Canada for the purpose of carrying cut a detailed
hydrogeological and geochemical study. The main purpose of the
present investigation is to continue the work already in progress since
1984, for analyzing the underground water in the immediate vicinity of
the Patton Landfill, and to evaluate the potential impact of the
presence of priority pollutants on the environment and on public
heaith.

The Patton Landfill is located on the heart of the
Kahnawake Indian Reservation, to the south of the island of Montreal.
The site, which has been in fu]l operation from 1964 until 1986,
received 29 million cubic metres of various types of organic and
inorganic industrial and domestic wastes. This amount of waste has
been landfilled on a site covering 46 hectares. According to the

1 William Scott Professor of Civil Engineering and Applied Mechanics,
and Director of the Geotechnical Research Centre, McGill University,
Montreal, Quebec.

2 Project Coordinator, Conestoga-Rovers & Assodates, Waterloo,
Ontario.



Environmental Protection Service (EPS) recommendations, the site
now only accepts dry materials, mainly demolition waste, to be used as
a final cover for the previously landfilled waste. Figure 1 depicts the
area which land filling has been taking place, in addition to the various
monitoring wells which are available for periodical sampling.

The wastes were placed over glacial dieposits of fine silt
and heterogeneous till to an average thickness of 16 metres. Between
the Hll and limestone bedrock, a layer of one to two metres of fluvio-
glacial sands is found. This deposit forms a good aquifer that is
vielding groundwater to the domestic wells in the area. Figure 2
displays a cross-section soil profile at the landfill site.

It was shown by the previous hydrogeological studies that:

(1) the pheratic water present in the waste on top of the
glacial deposits flow radially, and discharges into the
surrounding marshes and the Little Suzan River.

(2)  the flow in the underlying aquifer is directed towards the
south-east, in the Big Suzan River basin,

(3) the flow is redirected to the north-east in the direction of
the St. Lawrence Seaway, and

(4  the advective flow pattern between the phreatic water and
the aquifer is essentially downward.

These observations highlighted the potential hazard of
the Patton Landfill Site and the need for regular monitoring to
determine the aerial extention of contaminants migrated to the
subsurface environment.



METHQDOLOGY

The sampling of the Patton Site by the Geotechnical
Research Centre of McGill University was carried out in September,
1987. Several groundwater samples were collected from the multilevel
monitoring wells, installed previously by both Amentech Inc. (1984)
and Foratek International Inc. (1986), using teflon bailer with a capadty
of 2 litres. In some of the wells, due to the distortion of these wells and
the inability of the bailer to pass through the wells, a peristaltic suction
pump with a disposal tygon tubing was used. The monitoring wells
were 50 mm in diameter with depth varying from 3.50 to 40.0 metres.
The wells are divided into four groups namely: A, B, C and D, is the
deepest (Table 1).

To avoid cross-contamination, before each sample was
taken, the bailer was washed with deicnized water. This was followed
by acetone treatment and a final rinse with deionized water. The
collected samples were contained in glass opague bottles to minimize
photodegradation and biochemical/chemical changes during the time
taken to transport and store the samples in the laboratory.

The samples were analyzed at the field for the following
parameters: pH, conductivity, redox potential, and temperature. In
additon, the water level at each well was recorded.

Laboratory chemical analyses were conducted to
determine the presence of heavy metals, major cations, major anions,
as well as the organic load measured as total organic carbon (TOC).
Furthermore, the water samples were submitted for the analyses of
specific trace organics, such as moncydlic aromatic hydrocarbons
(benzene), PAHs, PCBs, and phenoils. All the chemical analysis in this
study followed the standard procedures described by the
Environmental Protection Service, Laboratory Manual (1979).



The contours presented in this paper are obiained by
bivariate linear interpolation of an estimated concentration grid
followed by Bessel function smoothing and implemented in the Plot
Call Computer Program Package (QGRID 87 and TOPO 87). Isocontours
are generated for the purpose of establishing the direction and radial
extent of the contaminant plum.

v igs in Landfill

The groundwater quality is affected by numerous
parameters including heavy metals, phencls, monocydic aromatic
hydrocarbons (benzene), PAHs and PCBs. The results of the analyses of
the samples collected in September 1987 are presented in Tables 2,3, 4, 5
and 6.

The water samples collected from the monitoring wells
located directly in the fill zone itself (Well Nos. P-5, P-7, P-8 and P-9)
were very mineralized, very hard, slightly charged with organic matter
and contaminated with heterotrophic areobic and optonal anaerobic
bacteria, However, samples from wells at the periphery of the fill zone
(Well Nos. PZ-2, P-12 and P-13) were less mineralized and charged with
Organic matter.

1. Changes in pH values

The pH values in the majority of the wells lies in the
relatively narrow pH range of 6.5 - 8.0 (on average). These pH
results provided in Table 2 indicated that the B type monitoring
wells (located in the fine silt g]] layer) exhibited slightly higher
pH values than the A type wells {located in the waste zone
itself). The difference was on average in the order of 0.5 pH
units. The pH values in the B and C type wells were
approximately equal to pH 7.0; however, in A wells it was
slightly acidic. These changes in the pH therefore reflects that:
(1) the dissolved inorganic carbon exists almost entirely as



HCO4, and {2) the subsurface soii has buffering capability. The
alkalinity, HCOj, and CCs, results corrcborated the above-
mentioned cbservation (Tables 2 and 4).

Redox Potential

The redox conditions within the landfill were sufficiently
reducing in nature, the in-situ measured values of redox
potential were in the negative side of the redox scale with an
average value of -260 mV. Generally, the landfill becomes
predominately anaeorbic shortly after emplacement. The
conditions are relatively anaerobic in the proximity of the
surface of the refuse area and become increasingly anaerobic
towards the bottom. These conditions, in turn, may prevent the
formation of 504 and/or NO; from any sulphur or nitrogen
compounds possibly present in the waste. These reduction
reactions generate CO». Table 2 summarizZes the results of redex
potential {Eh) and the partial pressure of carbon dioxide (PCOp).
The results of PCOs are back-calculated from the chemical
measurements and the computer program WATEQ (Trusdell
and Jones, 1974). The partial pressures of COq at A level wells
are in the range of 10-3 to 10-2 bar, which is typical for these types
of environmental conditions (Freeze and Cherry, 1979). These
values of PCO» were considerably higher than the PCOs of the
earth atmosphere (1035 bar). It is pertinent to note that PCO; in
the A t;r];é_ﬁﬁs are higher than those in the B wells by almost
one order of magnitude. This is due to the microbial activity
taking place in the refuse layers.

Similarily, high values of PCO; were observed in the
samples collected at Well Nos. P-5C, P-9C and P-11C. This
indicates that the groundwater at C type wells in the Patton Site
became charged with CO; during infiltration from the fill layer
into the subsurface layers. The high CO; partial pressure
emanated from the degradation of organic matter by different
microorganisms operating in the subsurface environment.



Conductivity and Total Dissolved Solids

The conductivity values for the groundwater samples
indicate a substantially high salt content in all Well levels A, B
and C. These results are consistent with the measured total
dissolved solids (TDS). By and large, there is a perceptible
difference in TDS concentrations in the A and B wells. The TDS
concentrations in the A level are in the range of 1000 - 4000
mg/L with an average value of 2030 mg/L. On the other hand,
at the B level wells, TDS concentrations are in the range of 400 -
800 mg/L with an average value of 570 mg/L (Table 2). These
results indicate the effect of the filtration and microscreening
action provided by the soil medium underneath the landfilled
waste. Jonic strength results back-calculated from WATEQ
computer program are presented in Table 2. Figure 3 displays
the extent of TDS at level B. The TDS contours suggest that
contamination plum is migrating south east. This corresponds
to the approximate direction of groundwater flow in the Patton
Landfill Site.

The high TD5 concentration at level C is found tec be
mainly due to the dissolution of caldte (CaCQO3)and dolemite
(CaMg(CO3)2). Table 3 provides the concentration of Ca and Mg
in the different wells, the average Ca/Mg molar ratio is greater
than unity, which clearly indicates that the calcite is dissolved
more rapidly than dolomite in the aquifer level. This
observation can be atiributed to the fact that the infiltration of
rain water and snowmelt into the subsurface soil became
charged with CO; and moved into the soil zone that contains
both calcite and dolomite. This is what probably caused the
dissolution of both minerals. Table 3 also shows that calcite
dissolves much more rapidly than dolomite and that saturation
by calcite is attained before that of dolomite.



Heavy Metals

The amounts of heavy metals cadmium and lead found at
Well Nos. P-5, P-7 and P-8 were high in relation to the quality
criteria for drinking-water. However, the other heavy metals
such as zinc, copper, and iron did not occur at levels above the
drinking-water limits (MENVIQ 1983). From the consideration
of solubility and observed pH values in levels B and C, it is
expected that solid-phase solubility should severely limit the
appearance of most heavy metals and selectivity coefficient
constraints, its also expected that absorption would be a crucial
mechanism in limiting the mobility of some of these metals
(Yong et al., 1986). These observations are supported by the fact
that, a fairly important drop in copper and zinc concentrations
occurred, between December, 1984 and September 1987.

The concentration of mercury in the aquifer level (level
C) was found to be higher than the maximum permissible limits
for drinking-water (2 ug/L) (MLAE, 1983). The concentration of
mercury in the waste layer was above this limit with an average
value of 150 pg/L. The highest concentrations were found at
Well Nos. P-7A and P-8A (Table 4). The average concentration
of mercury in the B level (till layer) was in the range of 6 pg/L.

Cyanides was detected in the waste at moderate
concenitations at Well Nos. P-5A and P-7A. However, at Well
No. P-9A, the cyanides concentration was found to be exiremely
high, in the range of 1500 ug/L, which is way above the limits for
drinking-water of 200 pg /L (Table 4). The migration of cyanides
from the fill zone to the subsurface zone was evident, because
the concentration of cyanides at P-9B and P-9C was 473 and 79,
respectively.



Chioride and Other Anions

The behaviour of chloride ions was studied mainly to
separate the effect of dispersion and chemical processes operating
in the subsurface environment at the landfill. The chloride
attentuation was relatively low (Table 4). The chloride
concentrations at A level wells measured in September, 1987
were found to be higher than those values previously obtained
in 1985 and 1986. The increase in chloride concentration ranged
between 90 - 400 mg/L (e.g. Well Nos. P-5A, P-7A and P-8A). The
chloride concentration in B type wells were relatively lower in
comparison with the drinking-water standard (MENVIQ, 1983).
However, only in Well No. P-7B, the chloride concentration was
found to be relatively high. This observation may suggest a
direct contact between the landfilled waste and the groundwater
through a more permeable soil strata in this location. Chloride
levels on the aquifer are detected in relatively high
concentrations, especially in Well Nos. P-5C and P-12C. This
could indicate the presence of NaCl that leached from the
sediments.

The three other anions examined during the course of
this study were CO3, HCO3, and SO4 (Table 4). It was observed
that the concentrations of COj3 are generally very low. There are
tow phenomenon which can contribute to these findings: (1)
the redox conditions within the landfill zone, and (2) the pH
range of the groundwater was in the narrow range of 6.5 to 8,
and this usually favours the formation of HCO3 compounds
rather than CO3. HCOj is the dominating anion and SOj4 the
second most abundant anion. The average HCOj3 value at the
different sampling points is 548 mg/L. In some cases, the HCO3
content in A type wells is more than twice as much as in B type
wells.



A comparison between S04 contenc of the A and B wells
show that the 504 content at the A wells in significantly higher
than that at the B wells (e.g. Wells P-5, P-7 and P-9). In spite of
the redox potential conditions within the fill area, the S04
concentration was found to be high with an average value of 90
mg/L. Figures4 and 5 display the horizontal extent of HCO3 and
S04 in level A.

Migration of Organic Compounds

The Chemical Oxygen Demand (COD) measured in the
vicinity of the landfill area in September, 1987 was found to be
relatively low in comparison to the values measured previously
in 1986. This was particularly true in the measurements taken at
P-8A and P-9A Wells. The values of COD in those two wells
were reduced from 262 to 97 mg/L and from 7560 to 80 mg /L for
the Well Nos. P-8A and P-9A, respectively. It is pertinent to note
that the COD level was above the permissible limits of drinking-
water (MENVIQ, 1983),

Table 5 provides the results of the COD and the total
organic carbon (TOC) measured in the different monitoring
wells, These two parameters (COD and TOC) indicate the
amount of organic content present in the water samples. The
organic compounds measured consist of biologically degradable
compounds which remain in solution, principally fluvic acid, in
addition to a variety of other synthetic organic contaminants.
Such organic compounds were found to be highly mobile in a
soil-water system and could present a vertibale threat to
groundwater quality even in miniscule concentration.

The total organic halogen (TOX} as an indication of the
synthetic chemical contamination was also measured. It was
found that TOX concentrations in Well Nos. P-5A, P-7A, P-8A
and P-9A were above the maximum limits of drinking-water (10
ug/L). The average concentration of TOX in the A level (waste

q



zone) is estimated to be in the order of 18 pg/L, which expresses
the total concentration of PCBs, pesticides, and any other
chlorohydrocarbons compounds present in the landfilled waste.
As noticed in Table 5, no TOX were detected in the Band C
levels except at Well Nos. P-9C and P-10B.

There is ample evidence that organic‘ trace contaminants
interact with soil solids and microorganisms during leachate
movement into the subsurface environment, Sorption retards
solute transport, whereas both sorption and dispersion attenuate
leachate organic concentration. The long solute residence time,
owing to sorption coupled with low hydraulic velocities,
together with high specific surface area of the porous medium,
affords perfect opportunities for microbial growth and
bicdegradation.

PCBs and Other Priority Pollutants

The presence of PCBs (aroclor 1260 especially) in very high
concentrations in comparison to the criteria for drinking-water
in the vicinity of the landfill (level A, e.g. Wells P-5, P-7, P-8 and
P-9) were detected in the samples collected since December, 1984.
In Well Nos. P-5A and P-7A, the PCB concentrations were above
1 pg/L (Table 6). Figure 6 displays the spreading of PCB plume
under the Patton Site. In the preliminary study of December,
1984 and June, 1985 PCBs {(aroclor 1242, 1254) and four
organochloride pesticides were detected at the Little Suzan River
which is located at the south-east perimeter of the Patton
Landfill Site. The PCBs concentration of .2 mg/kg soil was
detected in the river sediments. QOur follow up of the river
sediment analyses will be reported in subsequent stages.

Phtalate ester compounds were detected in relatively high
concentrations in the forms of di-n-butyl phtalate di (2-
ethylhexyl) phtalate. These phtalates are present in the waste
from many different sources because of its use as a common

10



agent in plasticizrs, insecticides, ink prints and paints. The
concentration of total phtalate at P-3A exceeded 6300 pg/L,
however, at P-8A the concentration was found to be 80 ug/L (the
maximumn permissible limits is 50 pg/L) (Table 6). The phtalate
compounds were also found in level B and C wells.

Many monocyclic and the polycyclic aromatic
hydrocarbons such as: benzene, toluene, xylene, chlorobenezen,
etc. {Table 6), were detected in fairly high concentration in level
A wells. The polycyclic aromatic hydrocarbons (PAHS) were
found in the waste in both solid and liquid forms (Environment
Canada, 1986). PAHSs are relatively insoluble in water with
solubilities of about 10-10 M, however, they could be synthesized
by micoorganisms, algae and plants.

The results of the phenol or hydroxybenzene (CgHs-OH)
measurements are provided in Table 5. It can be concluded that
phenols is one of the most cudal contaminants in the Patton
Landfill Site. Phenol concentrations found in the A wells are in
the range of 16 to 40 ug/L with an average value of 25 ug/L. On
the other hand, phenols concentration were detected in B Wells,
with concentrations ranging from 12.5 to 23 ug/L with an
average value of 15.6 ug/L. These results suggest that the
phencls migrate from the fill zone to the subsurface zone, where
the phenols were detected in fewer concentrations (Figure 7). In
addition, phencls were detected in the wells on the periphery of
the fill zone (Well No. P-13) and in some leachate samples
collected from a spring 200 metres east of Well P-5.
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SUMMARY

This study made it possible to substantiate the presence of

a potentially serious impact of public health and on the environment
and the need for regular monitering. The migration and the extention
of contaminant species were found to be limited to the landfill vidnity:
however, the following suggestions were made to avoid pollution

progression:

(1)

(2)

(3}

{4)

(5}

Current landfilling of dry material should be avoided to limit
the amount of leachate production.

The landfill site should be covered with soil of low permeability
to reduce the infiltration rate of water from rain and melted
SNOW.

Ditches should be dug around the vicinity of the fill zone in
order to collect the runoff. The marshes at the west end of the
site should be drained. In addition, ditches are vital to intercept
the drainage water from the Caughnwawga Golf Club, which is
located on the nerth side of the Patton Landfll

Monitoring the groundwater and surface water quality on both
the landfill zone and the south-east downstream zone is
recommended to determine if water treatment is necessary. This
will require an effort to increase the number of monitoring wells
at different levels. This is especially true since some of the
existing monitoring wells are not functioning properly (e.g. PZ1,
PZ3, FP1, PP2 and P-10).

In-situ biodegration of the organic content should be considered

as an opton to reduce the highly toxic organic compounds
detected in the fill zone.
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TABLE 1

LOCATION OF MONITORING WELL SYSTEMS

Level (m)

Monitoring Well X(m)! Y{m) A3 B4 s Db
p-2 642 485 — —- -— 42.0
P-5 975 390 6.92 23.04 28.72 —
P-7 494 345 5.0 15.38 31.31 39.92
P-8 325 675 7.72 12.68 25.37 —
P9 300 0.0 8.0 18.70 29.43 000
P-10 200 228 3.90 2047 — —
P-11 0.00 208 - 12.67 24.76 —_
P-12 158 653 - 7.05 15.20 —_
P-13 992 176 —_ 12.38 18.61 —
PP1 767 411 —_— — —_ 2157
PZ11 57 340 — - —
PZ3? 833 528 — — - .-
PZ4? o 120 —_ — —_ —

Note: 1

X and Y coordinates are measured in reference to horizantal and vertical axes passing
through P-9 and P-11, respectively.

is non-existant (buried)

A located in the fil)

B located in the silt clay

C located in the till rock interface

[J located in the rock

oo e W K2



Monitoring
Well No.

(1)
(2)

P2
P-5A
P-5B
P-5C
P-7A
P-7B
P-8A
pP-8B
P-9A
P-9B
P-9C
P-11B
P-11C
P-12B
P-12C
P-13B
P-13C

pH

9.1
6.7
7.2
6.4
6.5
7.0
6.7
7.8
6.6
8.3
8.0
7.0
7.7
7.0
7.0
7.6
8.5

GROUNDWATER PHYSICAL CHARACTERISTICS

Conductivity

meq/L

3.58
18.67
6.54
28.60
23.20
24.90
20.90
4.90
43.80
3.80
4.10
12.20
155.00
436.00
1.95
4.50
8.50

8.72
23.90
14.40
53.90
27.80
46.40

4.30

7.77
54.20

7.73

9.94
16.20
11.00
33.60
16.00
10.40
10.60

lonic Strength Redox Potential
x10-3(1)

mV

-262

Alkalinity
CaCO3 (mg/L)

111
235
324
697
936
1192
608
330
2111
273
269
318
390
ND
450
282
648

Data back-calculated from WATEQ Computer Program (Trusdell and Jones, 1974)

ND = not detected

PCO2
(bar) (1)

8.72 x 10-3
2.39 x 10-2
1.44 x 102
5.39 x 10-2
2.78 x 10-2
4.64 x 10-2
4.30 x 10-2
7.77 x 10-3
5.42 x 10-2
7.73 x 10-3
9.94 x 103
1.62 x 10-2
1.10 x 10-2
3.36 x 10-2
1.60 x 10-2
1.04 x 102
1.06 x 10-2

TDS
mg/L

744
989

1860
2103
1712

3974
3959

707
1617
700
450
737



Monitoring

Well No.

Permissible”

P2
P-5A
P-3B
P-5C
P-7A
P78
P-BA
P-88
P9A
P-98
P-9C
P-11B
P-11C
P-12B
r-12C
P-13B
P-13C

limits for

drinking water

Ca

12.3
181.1
184.6
654.3

3.8
397.7
416

1418
71
127.8
167.3
274
137.9
201
11.7

156.7
200

Table 3

MAJOR CATION CONCENTRATIONS

Calciate
Mg Na K CaCOn
6.7 76 7.2 -
6.6 196 82.0 -
21.4 32 5.2 -
735 209 18.5 -0.843
123 256.6 0.4 -
119 7 5.2 -
152 105 11 -

21 38 8.2 -
120.6 445 288 -

5.6 33 6.3 -
134 6.5 29 (.485
134 12.2 20 -

6.2 155 59 -2.437
42.7 436 172 -
189 09 5.7 0.40

5.2 7.2 4.1 -

1.3 192 6.1 0.385

150 270 - -

(MLAE, pays Bas, 1983)

LRLEERT N

LI |

™

v, I T

Saturation Index (Si)
Dolomite
CaMg(COn)2

0.951

0.652

Mole Ratio
Ca/Mg



Monitoring
Well No.

r-2
P-5A
P-5B
P-5C
P-7A
P-7B
P-8A
P-8B
P-9A
P98
P-9C
Ir-11B
P-11C
P-12B
P-12C
P-13B
P-13C

Cl

{mg/L}

7.1
163
355
490
227
340.8
349
71
369
284
7.1
709
21.7
709
1418
7.1
284

Permissible* 250

limnits for

drinking water

SOy

{mg/L)

1.3
96
81.6

148.8
158.4
124
24.5
47.5
749
86.4
86.4
249.6
192
120
45
62.4
105.6
500

(MLAE, Pay Bas, 1983)

S 1 i TSP PP |

ANIONS AND HEAVY METAL CONCENTRATIONS

HCOy
(mg/L)

634
2257
736.4
9699
8784
6344
2074
1854.4
164.7
164.7

B35.7
286.7
2074
3904

COs

(mg/L)

0.5
2.5
0.3
1.1
41
28
0.7
7.1
7.1

Table 4

Pb
(mg/L)

0.3
0.2
0.2
11
1.0
4.3
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
0.05

Zn
(mg/L)

NDI‘I‘
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
0.01

Cd
(mg/L)

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
0.005

Cr
(mg/L)

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
0.02

CN

hg/L)  (ug/L)
ND ND
8.8 34
70 368
ND 109
374.0 25
0.8 94
314.0 9
17 298
120 1550
ND 473
ND 79
210 111
0.8 14
110 ° 4
07 825
ND a7
1.6 2

03 1.0

Cu
(mg/L)

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND



Table 5

ORGANIC CONCENTRATIONS

Monitoring oD TOC TOX Phenols
well No. (mg/L) {mg/L) (g/L) g/l
P-2 26 ND** ND 14
P-5A 20 539 18.2 21
P-5B - ND ND 125
P-5C 14 25 ND 12
P-7A 24 B6.5 23.7 25
P-7B8 12 ND ND 13
P-8A 97 76.5 23.6 40
P-8B 13 ND ND 23
P-94 80 1560 17.1 16
P-9B 18 ND ND 24
-9C n 315 6.1 15
P-11B 40 18.2 ND 19
P-11C 4 ND ND 18
I-12B ND ND ND ND
P-12C 104 44.3 ND ND
P-13B ND ND ND ND
P-13C ND ND ND 11
Permissible® 100 30 10 15
limits for

drinking water
- (MLAE, Pay Bas, 1983)

* MY = nat derected

Qil and Grease
(mg/L)

ND
3.3
0.9

ND
1.2

ND
1.0
0.90
3.6
1.3
1.B

ND

ND

ND

ND
1.2
0.9
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Table 6

PRIORITY POLLUTANT CONCENTRATIONS

Monitoring Benzene  Tolune Xylenes  Elhyl-benzen PCBs Phtalate Total PAH BTXE
Well No. ug/L) (ug/L) (pg/L) (ug/L) (ug/L) (ug/L) (wg/L)  (ug/L)
r-2 ND=* ND ND ND ND 30.4 0.65 ND
I-5A 52.4 333 715 209 1.27 7122 29.7 1009.7
I-5B 12 8 ND ND ND ND ND 20.0
P-5C 1.1 ND ND ND ND 142.8 ND 1.1
P-7A 7.58 134 90 170 1.63 218 153.6 2809
P-7B 68 20 28 ND ND ND ND 90.8
P-8A 19.3 4.65 419 201 0.11 413.3 14 734.75
r-8B 16.7 ND 83 NI ND ND ND 25
P-9A 304 1070 305 168 1.01 6361 48.2 1573.4
r-98 16 36 8 8 ND ND ND 68.0
P-9C 6.4 2.7 ND NI ND 2648 ND 9.1
P-11B 0.5 0.6 ND ND 0.03 1304 1.0 ND
P-11C ND ND ND ND ND ND 8.08 ND
I'-12B ND ND ND ND ND ND ND ND
P-12C 1.7 ND 167 ND ND ND 94.1 284
P-138 16 ND ND ND ND ND ND 16
P-13C ND ND ND ND ND ND ND ND
permissible* - - - - 0.2 50 10 450
limits for

drinking water
. (MLAE, Pay Bas, 1983)

. ND = not detected
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