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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 cla soils, the central fmus of the discus 
sion is on clayantaminant interaction and ? .  ate, in relation to spec5cation of the 
transport coefficient D and accountability for adsorption and desorption reactions. 
Most of the models in common practice are Fickian in nature and generdy consist 
of a set of equations which describe the physicdjchemical process being studied. 
Questions with respect to huw well - i. e. how accwately - i j  the  phya icd/ch emical 
problem characterized? are fundamental to the thesis which insists that the physi- 
cal/chemical problem must be properly mimicked (by the analytical model). 

The general procedure for development of the sets of differential equations 
describing contaminant transport in soils combines the equation of motion (flow 
equation for the water with the convective-dispersion equation for mass transport 

!r of the contaminants. his is by and large, the mass transport model which con- 
siders both quantity and quality of the groundwater flow. Whether (or not the 
various md& consider the many processes that iduence mass transport, an d how 
welI these models properly reflect the relatiomhips described by these processes, 
constitute the issues at hand. It is recalled that the various processes that control 
mass transport can be grouped in to three principal categories: 
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**  PHYSICAL 
- advection, hydrodynamic dispersion, nolecudar difhsion, acd dersit! strat- 
ification; 

**  PHYSICQ-CHEMICAL AYD CHEhlICXL 
- mechanisms of accumulation (physisorption, chemisorption, comp:exation, 

desorption, speciation, precipitation, etc.), oxidation-reduction reactiocs? ire- 
miscible phase partitio~ing; 

**  BIOLOGICAL, - biotransformation, co-metabolism, biotransformation a d  nicrobid popu- 
lation dynamics; 
We can consider tracsport in (a) the unsatunted zone, (b) the unsaturared 

zone nnd into the saturated zone, and/or (c) the saturated zone. The development 
of the relationships for transport in the saturated zone, in terms of Fickiiln re:ation- 
ships or irreversible thermodynamics, h a  been well covered by many researchers, 
e.g. Ogata, (1970), f i n d  (1987), Konokow and Grove, (1977), Rowe, (1987), Yocg 
and Samani (1987), Taylor and Cary, (1964). A sample of the various equatioos, 
written to represent the one-dimensional c u e  (for simplicity) is given as follows: 

where: 

c = concmtrwion of particah contaminant species being conuidered, 
v, = average advective velocity, 
p, = dy des i ty  oi soil 
n = porosity of soil 
S ==ass of putic'& c o n t e a n t  species adsorbed per unit mass of dry 
soil, 
z, t = spatid acd t h e  &ables 
D = "diE.lsion4spersion" coefficient. 

Equation (1) is the familiar Ud;E~sion/dispersion"-advection relationship, md 
equation ( 2 )  represents the adsorption-desorption "add-on" to equation (I) -via the  
l u t  term on the RHS in equation (2). The points of interest are (a) the coefficiect 
D, a d  ( b )  the adsorption relationship 5. The adsorption phenomenon c:u~ also be 
handled ea a retardztion factor R: as lor example the kicd of relatiocship used by 
Haskimoto et d (1964)- Dadsor. fwd G a n g  (1972): 

In this case, the retardation factor R is given a: 
R = l + $ K *  
pb = bulk density of the saturated soil, 
0 = effective porosity, (voIurnetric water content), 



h\ = distribution coefficient governing partitioning of particqdar contarcinsz: 
species into dissolved and adsorbed phases - dria to the philosophy goverr.&q 
the use of the adsorption isotherm in equation (2). 

The cefficient D is diEcult to f d y  identify or quimtity. Whilst sorw re- 
searchers have used different terms to identify D ,  the concensus te:mkolo.~y ap- 
pezrs to  center around the one used herein, i.e. "diffusion-dispersiori" coeficient. 
The use the seerhg ly  awkwud terminology reeects not only the difficulties in 
proper assesment of the mechanisms controlling attenuation of the various contam- 
inact compozent species, but also the manner in which these me&anisms should 
be "model!ed" . 

Modelling of the fate of the pmicular  contaminant species via e d u a t i o n  of 
adsorption or desorption mechanisms (and isotherms), or vla the use of linear o: 
noa-linear partitiocing functions is also of considerable concern. Both D <and S or R 
pay attention to a particdar solute (contaminant species) at any one time. Thus, for 
a spate of contaminant consitutuents, it is necessary to perform the computationd 
exercise separately for each constituent species. However, if one recognizes that 
the behaviour and fate of each constituent species depends on the concentrations 
and t ~ e s  of the other constituents (i.e. concentrations and distributions), then i t  
becomes c lex that extrapolation of any of the coefficients or relationships for general 
"field" application must pay puticular attention to how well the field 1e:~ciiate 
contaminant is rnimidted - in composition variation (constituent concentration and 
distribution) wi th  time and space! 

The common procedures for modelling generally discount, ignore or perhaps 
sirnply forget about chemico-osmotic Eow. To deternine whether thiv oversight is 
particularly s i g d c h n t  (or not), one needs to be reminded that determination of the 
D coefficient is often performed using measurement of chemical euxes across the 
domaindinterest, itnd application of the Fickian model for "badc calculation" of the 
D c ~ ~ c I e n t -  In situatiom where advective flow is negligible, this ctiernico-osrotic 
Row term could be a signiEcant factor influencing measured d u e s  of transport 
- viz calculations of the D coefficient based on Eux mewxcments could be in 
serious error. It is apparenr that in the face of these various "forces"! modelling 
of the tramport of any par:icuIu species of contaminant constituent becomes very 
challenging. 



BIBLIOGRAPHY 
Ogata, A . ,  (1970) Theory  of Dispersion in a Granular Medium" U.S. Geological 
S w e y  Paper, 411-1 
Frind, E. O . ,  (1987) "Modelling of Contaminant Transport in Groundwater: An 
Overview" Proc. CSCE Centennial Symposium on Management of Wute  Contam- 
ination of Groundwater, Montreal, pp. 1-30 
Konokow, L. F., and Grove, D. B., (1977) UDerivation of Equations Describing 
Solute Transport in Groundwater", U.S. GeologicaI S w e y ,  Water Resources Inves- 
tigation, No. 77-19 
Rowe, K . ,  (1987) "Pollu tmt Transport Through Barriers", Proc. Geotechnical 
Practice for Waste Disposal, ASCE, pp 159-131 

Taylor, S.  A . ,  and Cary, J. W., (1964) "Lineat Equations for the Simultaneous FIow 
of Matter and Energy in a Continuous Soil System", Soil Sci. Soc. Amer. Proc. 
28: 167-172 
Yong, R., N., and Samanj, H. M. V., "Modellin of Contaminant Transport in 
Clays Via Irreversible Thermodynamics", Proc. eotuhnical Practice for I%te 
Disposal, ASCE, pp.846-860 

8 







r LANDFILL BOTTOM SURFACE 

CONCENTRATION OF POLLUTANTS 

YEAR N, 

I ' CONCENTRATION PROFILE 

TRANSPORT THROUGH LAYER 

1 

Fig. 3 - 'D' Coeff ic ient  variation with time 



Amount retained (cmol/kg soil) 

Fig 4 - Heavy meta l  retention in a natural  c lay 



Amount retained, percent 

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 
pH 

Fig. 5 - Pb retention in a natural clay soi l  

(Pb alone in mixlure, mixture, & alone) 







ADSORPTIONJDESORPTION IN  MULTI-COMPONENT 

CONTAMINANT TRANSPORT IN CLAY BARRIERS 

R. N. Yong,' A.  M. 0. M ~ h a m e d , ~  and H. hi. Samani3 

ABSTRACT 

This study develops a multi-component adsorption/desorption model using in- 
put from laboratory measurents. AccountabiIity for adsorption and desorption prc- 
cases in contaminant transport is obtained from laboratory experimental leaching 
tests with different types of soils and a multi-component contaminant leachate o b  
tained from a landfill site. T h e  measurements made include analysis of influent, 
eHuent, and retained contaminant species (and concentrations with time). In the 
multi-component adsorption/desorption model developed from the experimental re- 
sults obtained, the 6ve parameters used in the model account for the various t y p e  
of solute contaminant components and soil systtms These pa~arneters are -ti- 
mated by using Powell's method in n o h e a r  optimization of experimental results 
obtained from laboratory leaching cell tests. The developed model is applied to 
an operating field land disposal site to predict contaminant transport performance 
over a period of n few hundred years. 

'William Scott Prolessor of Civil Engineering and Applied Mechanics, Director, 
Geotechnical Research Centre, McGill University, Montreal. 
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Arlsorption/desorption of io:iu occEr as a restilt of clay-con?aminar,t ictcraction 
in clay soils, and thus need to he considered in clay barrier design for bu3ering of 
contarnin;r-t transport. Adsorption is c l ~ h ~ d  is the transfer of solute ims fro111 
the pore Huid s o l ~ t i o n  to thc solid ?base, wheyerr5 riesorptior. is defined as the re- 
versible interchange of ions between the colloid ?article surfaces and the so:u tion. 
T h e  impact of adsorption/dcsory)tion i : ~  the clay soil barriers becomes par t ic&rly  
important in the context of the variom consideratiom or  recornrwndations set h r -  
wan1 by the regulatory bodies (in Canada) conccrning, e.g. Rcwonable  Lrjc Pul :cy ,  
land disposd of wastes. The implicit reqiurernent for a t t e n u a t i o n  of contiuninmt 
transport CL-ries witl: it a higher req~i rement  for underst<ulding of the v x i o u  is- 
sues of clay-contaminmt interaction which are neetied to n upp port thc nttcmration 
requirement. 

Ckangw i:1 the composition, availability, and m o m t  of leachate migrating 
fro~r. waste contiu:l~r~rr.t ponds ar.d landfills for industrial and domestic wx,tc.s re- 
sult directly from rainfall freqr-er-cy and id-ltration (sc.c?age), and reactior. kicetics 
established within thc was tc Iri i tss  between the solids and insuen? liqu:i ti. The  :xm 
ner ic whirh the generated leachatc is coct iur-ed, ln:ffered, and t r ansp r t e t l  t t rough 
the soil barrier is a function r ~ f  (1) the c:or.trolling mechanisms r>f t r i tn~port  through 
the soil bcffer system - e.g, diEasive or dispersive mass transport; a d  (7) the 
interactiocs anrl reactions that occur betrvwri contuGnant  leirchirte anrl soil system 
- e.g. adsorption of contarcinarlts onto s1:rfaces of soil constituents; ion-exchange; 
microbial interactior. anti activity :ruling LO liodegradation acrl geceimtion of var- 
imx  products; and precipitation. Depending on the nature and corriposition of 
the contalnina~lt le~ich:ite, these processes rcny be of varying irn;lorta~:ce m t l  sig 
cificance ir. the coctrt~l of leachate ~nigratior. through clay soil bxricrs. I a  the 

. , 
reactio~: proc:esses resulting f:or:i conturiinmt-soi: interactinc. 11 :s adinow:ed!ed 
that desorp!ion L s o  occurs, thcrehy resdt ing in char-gcs in  t h ~  conposi tior. acd  
coccentration of the various ion species in  the 1e:idlate. lo this Frocess, soll:e o l  the 
leachate corriponen?~ will be adsorbed on clay part iclu scrfaccs while others (initial 
cations or othcr previously adsorbctl cont~ulunlu.t ions) will be dcsorbetl clue to  ion 
exchange. Hencc, to mntiel the desorption of :L certain co~nponcnt  iocic species. 
iriformation x h o ~ t  the behavior and rn i~ra t ion  of othcr spccics is rrqnired, i.e, the 
t r a n s ~ o r t  of all solute components involved in the proidem 1:%5 to bc dctcrminurl 
si~nuIta~ict,us:y. The cccd for modeling of adsorption-dcsorptim is thus considered 
to ljr iin important rlerient in the e\dt:atio:l :mri analysis of cor.tarr.inxlt trans2ort 
in thc soil Inrrier or substrate. 

In this study, ion dcsorptio~i in i~ L a y  barrier material is evaluated through 
the use of leachirg cell cxpcrinlccts, :i1111 II ml::ti-compoccnt i\(isorption desorp:ion 
model. By using the actual 1cat:hrrtr from an operatin2 1;ln~KU site, p r e v i o d y  
described by Y0r.g et al. (l987), model calibration is r~l~!iii~letl fro:n the Ieachirig 
experi:nmts, and ?redictions c i l n  he made for migratior. of the v u i o c s  coctaminant 
ions in t h t  ladfill.  



Adsorption and Desorption 

Since a significant portion of the accumulation process for attenuation of con- 
taminant 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 (Stumnl anti Marg;i11! 1370; Weher, 1975; Yong et al, 1990::: 

soil specific surface area; 
concentration and nature of the adsorbate (contaminants); 
initial soil anti contarnimnt pH; 
tempmature; 
concentration; 
nature and riistril~utinn of the cclmpeting inns prewnt in the intruding solu- 

tion (leachate solution); 
7 :  the nature of the adsorbent (soil system). 

Whilst i t  is expedient to categorize adsorption mechanisms in terms oE 

(a; pt~vsical adsorption - involving only relatively weal; interrllolecular forces; 

(b;  c h r ~ h o r n t  ion - which esscntially involves lorrnat ion of a chcmical 1 ) c m l  
bctwcen the sorbate rnolcculc and the surface of the adsorlwr:t, 

there exist many intcrmcdiate c u e s  wt+h do not make it posuihIe t r )  categc)r'.ze 
u~ie~uivocally. Thc gcncrd fcatur~s which distinguish physical :~rlsorption from 
chemisorption, prescntcd in TaMe 1, demonstrate the prol)lttm. 

The forces involved in physical adsorption inclurlc 110th van tier W d s  forces 
and electrostatic interactions comprising polarization, dipole, and quadruple inter- 
actions. The van der Wads coctnhution is always present whereas the electrostatic 
contributions are sigrificant only i n  t hc case of adsorbents which have iaxic struc- 
tures. However, for the sorption of small dipolar molecules such as water, electro- 
static contribution may he very lwge, giving rise to me=urable heats of adsorption. 
Tllris, idthough such interactions are properly regarded u physical adsorption, the 
heat of adsorptinri may well he of a magnitude generally associated with chernisorp 
tion. Furthermore, ir i  such systerns the adsorption is quite specific and the ratc 
is often controllctl hy an activated diffusion process, gitqng the appearance of a 
slow activated chemisorptior., cven though the actual srlrface adsorption may be 
rapid. Thm such systems may appcar to exhibit many of the characteristic factors 
generdly associated with chemisorption. 

Of the several equi1ihri:m and non-cqdibrium adsoptior. mod& which exist, 
the most popular are the Lmigmtlir ~mrl Fremdich moclels. It should bc noted that 
all models arc dcsigced to portray the adsortion relationship bct wccn a particular 
corltarninant species (ahsorllate) a ~ d  the soil systerr~ (at>sorhent). The correct mod- 
eling of a n  ahorbate undcrgoir~g h t ! l  transport aricl ar1sc)rptior. through a clay sod 
system necessitates the selection of an adsorption modcl that t m t  suits :he given 
system. The use of an irnprcqxr adsorptim: morlel will greatly d e c t  the transpar: 
model, and will possibly give rise to erroneous conclusior~ regarding the cature 
and description of both parameters and prnccsses of the system arialyzed. In that 
regard, i t  is particularly useful to obtain simiiar conditions of at)sorl)ate-ak)snrtlerit 
interactions for specific model application if onc chooscs to modcl adsor;ltior. for a 



chosen problem. To do so, it is necessary to obtain matching of both absorbate and 
absorbent compositions. Thus for example, the linear equilibrium isotherm adsorp- 
tion relationshp which states that the rate of adsorption is constant may not be 
physically valid, since the ability of clay particles to 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 & extended to properly portray the adsorption 
relationship developed. 

Since very few (if any) can faithfully portay the adsorption relationship for 
multi-component leachate systems where some of the components are adsorbed 
and some others are desorbed, it i s  necessary to perform one's own tests with the 
"red system" to obtain the adsorption model specific to the problem at hand. For 
this particular study, the adsorption model used (E uation 1) has been developed 
from experimental tests with field materials (soil an leachate) and calibrated - ar; 
reported previously by Yong and Samani (1987). 

1 

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

In a mu1 ti-component electrolyte solution soil system, mass conservation shows 
that the net desorptjon rate of a component species can be expressed as follows: 

where: 

as! % = rate of desorption of component i due to ion exchange, i.e., due to 
adsorption of other ions; 

= rate of adsorption of the component i whi& t d e s  place sirnul~aneourly 81 
with desorption. 

asd Desorption is a stoichiometric reaction (Helffrich, 1962). Hence, + could be 
expressed as follows: 

where 

S4d = adsorbed amount of component j; and 
m = number of adsorbed components 



Substituting Eq. 3 in Eq. 2 gives: 

Substituting Eq. 1 into Eq. 4 yields: 

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

Substituting Eq. 5 by the source term in Eq. 
transport equation, 

6 yields the general solute 

APPLICATION 

The results horn the experimental study reported previously by Yong et a1 
(1987) are used for application of the model. It is recalled that this study con- 
cerned contaminant migration through a sanitary landfill natural clay barrier (at  
Lachenaie, east of Montreal), and tha t  the leaching column tests were performed 
using the leachate obtained from the collection wells - on the cla); soils obtained in 
the region. The soil and Ieachate characteristics are summarized in Tables 2 and 3.  
The analyses concerning heavy metal adsorption have been reported by Yong et a1 
(1987) and will not be dealt here. Foccusin on the cations Caf2 ,  11.1~+~, and :Vaf 
aj the components involved in adsorption 7 desorption reilctions, we observe that 
since, C U + ~  and Mg+2 are &\den t  cations, with a higher adsorption affinity than 
the monovalent cations -Va+, replacement of iVaf originally in the clay soil system 
should occur - i.e. desorption of :Va+ occurs. This is confirmed by  the break- 
through curve shown in Figure 1, where it is noted tha t  a t  the 80-day period, the 
effluent concentration of No+ is more than  three times the influent concentration. 



Using Eq. 5 to analyze Ya+  desorption, one obtains: 

where the subscripts 1,2, and 3 refer to Nu+, Ca+', Mg+' respectively. A2. B2. 
A 3 ,  md B3 coefficients must be determined from calibration of the experimental 
data for Ca+2 and .bfg+'. Also, % and for all time steps can be calculated 
from the indicated calibration data using the finite difference technique as  a method 
of solution. 

Substituting Eq. 8 in the source term of the one dimensional solute transport 
equation (Eq. 61, the governing equation for No+ can be given as follows: 

PARAMETER DETERMINATION 

From leaching cell experiments (Yong et d. 1987), the concentration at differ- 
ent depths and times for the samples in the cells were measured. At the sane  time, 
concentrations at the s m e  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,, (I, t )  and C,, l , (z ,  t )  respec- 
tively, then the best choice of parameters is that wKich minimizes the following 
functions: 

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

The input data required in the computer program for parameter determination 
is the concentration profiles at dl time steps. Thus for example, in the case of 
desorbed ion analysis, concentrations of the adsorbed 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 Lachenaie landfill, concentrations of Cn+? 
m d  Mg+' were determined at all time steps! using the calibration computer pro- 
gram concerned with adsorption. Following this, their derivatives with respect to 



time 9 and 9 s t  all time steps were calculated, using the finite diKerence ap- 
proximation method, aid subsequently utilized in the calibration computer program 
concerned with sodium ion dexrrption. 

The parameters obtained Table 4, using the breakthrough curves shown in 
Figures 1 through 3 can be us in predictions of field performance - with the aid of J e l  
the one-dimension relationshi given in Eq. 9. However, before sodium migration 
anal sis cao be performed, an y m  for migration of calcium and magnesium must i: . 

J 
be o tuned, as shown in Figures 4 and 5. 

From the sodium concentration profiles after 100, 400 and 600 years shown 
in Figure 6, i t  is observed that the high concentration front travels propagates 
downward. This is consistent with expectations since sodium desorption in the 
initial layers of clay soil will continue to augment the sodium concentration in the 
lower layers - as migration of the contaminant front continues. The equal balance 
between &uent and i d u c n t  concentrations occurs when mass exchange is satisfied 
- hence the tail end of bell-shapcd curve, i-e- &uent sodium concentration equals 
influent concentration. 

CONCLUDING REMARKS 

The model developed in this study has been designed to address contaminant 
transport in saturatd clays in a fashion which permits recognition of the physicai 
fact that adsorption/desorption mechanisms exist in such systems. The transport 
coefficients are seen to be variables whik depend on the initial system chemistry 
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.J1987), shows that good accord is obtained between predicted 
and memured ues - as shown in the laboratory situation reported by Yong 
and Sarnani 1987) Whilst it is not possible to validate the predictions for field 
performance \ or the 200 year plus period, 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 

Phvsical Adsomtion 

Low heat of  adsorption 
( ~ 2  or 3 times latent heat 
o f  evaporation) 

Non Specif ic 

Monolayer or multilayer. 
No dissociation of adsorbed 
species. Only signif icant 
at relative1 y low temperatures 

Rapid. non-activated 
reversible. 
No electron transfer 
although polarization 
of  sorbate may occur 

Ghemisor~tion 

High heat of adsorption 
( ,2  or 3 times laten heat 
of  evaporation) 

Highl specif ic 

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 
sorbate and surface 





Table 3 
Leachate characteristics 

Parameter Concentration (mall) 

Calcium, Ca  1 8 0  

Magnesium, Mg  3 5 

Sodium, Na  

Potassium, K 

Zinc, Zn 

Lead, Pb 

Copper, Cu 1.7 

Total iron 

Chloride, CI 
H C 0 3  
BOD 
COD - ~ 
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Fig. 1 - Sodium Calibration/Breakt hrough Curve 
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Fig. 3 - Magnesium Calibrafion/breakthrough Curve 









SELF SEALING OF AERATED STABILIZATION BASIN 

FOR BLEACHED KRAFT WASTEWATER SLUDGES 

Abstract 

This study investigates the possibility of using the bleached kraft wastewater sludges 

as a sealant for b a i n  containment o l  the sludges. Of the ~nechanisms of sludge self-sealing 

which include physical, physico-chemical, biophysical, and biophysic~chemicd 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 ol the 

liner created, effect of cbanges in pH of the contained material, and hydrostatic pressure 

effects. The physic~chwnical types of seals were found to be effective, and the coefficient 

of permeability was reduced by four ordvrs of magnitude - betwccn initial sludge 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. rhe reduced per~neability obtained in the sludge cake could be 

compromised if cracking occurs However, with the addition of sodium silicate and sodium 

aluminate, the alumin*silicate alum sludges appear to be more stable. 

Key Words 

Bleached Kraft MiH EftIuent (BKME): self sealing, alum, coagulated BKME, physico- 

chernicd sealing, Bingharn yield stress, scdium silicate, sodium aluminate, perrneahility 

reduction. aluminn-silicate. 
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Introduction 

In the pulp and paper industry, the treatment of effluents to reduce BOD to acceptable 

levels prior to dischuge to receiving waters is generally accomplished with the aid o[ 

holding ponds where these effluents can be treated for removal of the dissolved organics 

by =ration. 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 f ASB) is critical. 

Given the choices between syn thetjc (plastic) liners, cement m d  asphalt grouting systems, 

clay engineered barriers, and liners developed through self-sealing mechanisms, it is clear 

that  if self-sealing mechanisms c m  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 solids 

in the  contained effluent, several opportune events have to occur to permit the sediment to 

act as m impermeable membrane. These relate to (a )  the composition and properties of 

the suspended solids, ( b )  the nature of the interactions between the solids, ( c )  the need 

for treatment of the suspended solids (or suspension) to promote beneficial interaction, fd) 

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 ~nernbrane or sludge cake. 

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

mill effluents (BKME). the laboratory study reported herein considered the following: 

1. Compositional characterization of B O l E  solutio~i and the iniiial substrate material: 

2 .  CapabiIity of the untreated BKME to develop self sealing properties, 

3.  Determination of the optimumn coagulat  dosage to induce beneficial precipitation of 

the BKhIE, and 

4. Fil tration-permeability tests for evalurttion of the permeability reduction of the sludge 

sealing system. 

5 .  Long term stability of the sludge blanket/cake. 



Induced SIudge-Sealing Process 

The different possible processes involved in the development of membrane seds 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 ol 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-hame 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 ~hv$ic~-chemical t v ~ e  of sealing 

STEP 1 - untreated coagulation/flocculation of suspended solids from wastewater. 

STEP 2 - set tling-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 lor alum coaaulnted solid SY- induced sealing 

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

STEP 2 - settling-filtration ol coagulated solids on the pervious soil base. 

STEP 3 - addition of other chemicals to improve sealing efficiency and stability. 

STEP 4 - void plugging and sludge d i n g  on soil filter medium. 

STEP 5 - consolidation of sludge filter cake. 



STEP 6 - fmal pbysicwchemical type of sludge sealing 

In the general design/construction requirements for an impermeable b a i n  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 k of lo-' cms/sec. However, if a seal could 

be formed fro~n the wastewater (effluent) being contained in the pond - using the p rop  

erties of settled solids (perhaps enhanced by some prmess introduced into the system) - 

the costly preparation required to provide an impermeable base might be avoided. If self 

seali~ig could work, one would be able to utilize the natural sub-ba.w which might indeed 

have k values considerably higher than the d u e s .  

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 s m d  blanket overlying a 

more impervious base. This situation permits gradual filling and "blockir~g!' of the pore 

spaces (sludge penetration) in the sand blauket during settling uf the sludge solids! followed 

by a build-up of a sludge layer atop the in-Ned sand blanket. The resultant in-filled sludge 

formation is 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, i t  is 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 i tself - without benefit of the underIy- 

ing clay subbase. The basic test for evaluation consisted of the ptrmeabi l i t y  r~duct ion  test, 

using the settling column system shown in Figure 2.  irk conjunction with a variable speed 

drive system to provide the BI<ME input to the coIu~nn, and a twc-way valve attachment 

at the bottom of the column to permit atnospheric venting or vacuum extraction. The 

testing procedures permitted with the system co~nbincs a soil-column settling test with a 



subsequent permeability test when atmospheric venting if permitted at the bottom of the 

sludge cake. Whilst this dws not necessarily mirror the field situation of sedimentation, 

it permits a quick study of tbe 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 Mastedex variable speed drive, 

model 754900, series 7013 recirculation pump is 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. 

Sand (cover material) BKMF 

Preliminary tests for evaluation of the types of sand to be used involved assesment of 

the permeability of the sands tested. The aands examined were silicate sand with different 

gradations and maximum size: #70, #24 and #16. The D50 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 experiments3. 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 variation 

between the batches was mu& higher than the compositional variations observed between 

the batches. Values of from 7.2 to 11.5 in pH were obtained between the different b a t c h .  

Thus, for the tests conducted, most o l  the detailed tests were conducted on the batch 

containing the higher pH value - principally because this batch w w  received during the 

"critical" period of detail testing. The other batches, received at various times, were 

3The BKME used was obtained from Consolidated Bathurst Inc. Portage du Fort, Quebec, 
courtesy of Mr. A. LaAeur. 
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evaluated for corr~position, 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 d u e  of about 11.5. Reference to the other batches 

of BKME, with different initial pH values will be made at  various times - with specific 

identification to the initial pH condition. 

Since previous experience with the use of alum in the primary treat rnent (reaction 

clacifier) of effluents in the p d p  and paper industry (Chen, 1974) have shown considerabIe 

success, it was decided to use alum as the coagulant for this study. In the presence of the 

kind of alkaIjnity shown in Table 1, (290 mg/l), the chemical reactions that would occur 

when alum is added to the BKME could include: 

SoiI colume and perrneabilitv tests 

The dosages of alum added to the BKME rmged from 400 mg/l to 1,400 mg/l - 

applied in increments of 200 mg/l. 

In using the test system shown in Figure 2, i t  was important to ensure that in filling 

the the soil column such that the bottom sand blanket was not disturbed. This was 

accomplished by first saturating the soil column with distilled water, and filling the coIu~nn 

with distilled water to a height of about 5 to 7 cms above the surface of the sand blarlket. 

When the BKME was introduced into the soil coIumn, the feed nozzle was arranged such 

that i t  fed the material to the wall of the column! thus minimizing 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 Liquid (water) WE- total replaced by the BKME, the ~ett l ing colurun was 

Elled up to a height of about 25 cm 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 0.95cm, 0.  I6 cm! 

above the sand filter, 0 cm (on the surface), and 0.64 c m  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 assumed 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 settling rates at the 

initial 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 

4 5 0 p m  wavelength j for comparison, one can compare the efficiencies of the vmious dosages 

of alum in regard to settling rate nnd characteristics. Figure 3 shows the results of trans- 

mission tests, conducted after a 10-minute elapsed time, (i.e. I0 minutes after start of 

settling test). The pH d u e  of the alum BKME mixture is also given, together with the 

tests on a corresporlding "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 resuIted in greater eficiency in settling of 

the suspended solids. Whilst one would be tempted to increase the dosage of alum to 

continue increasing the efficiency of settling, i t  should be noted that at an alum dosage of 

1,600 mgj l  (not reported in this paper), the alum-BKME coagulated mixture produced a 

sludge that w a s  so massive that zone settling was virtually denied. I t  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 biological treatment (refer to 3rd 

column in Figure 1). The influence of different values of initial BRhIE pH on alum dosage 

requirements must be stressed as one of the factors that needs to be studied if one wants 



t o  apply alum treatment to  the field situation. Since the effluents will always be r,a:iable 

in nature, it is expected that the pH will vary correspondirlgly. Since alum reacts with the 

alMini ty of the BKME to  prcduce aluminium hydroxide con~plexes which are adsorbed 

by the colloids as pnrt 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. 

h co~nparison of the equilibrium sludge heights as a function of alum dosage for the 

period of 2 days and 25 days of sedimentation i s  given in Figure 4. Maximum sludge height 

is apparently obtained with the 1000 mg/l alrm 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 

35 day period. In other tests conducted to determine the relationship between r n u i m u n  

sludge height and initial pH of the BKME, it was shown that for the BKME's with initial 

pH d u e s  of 7.0, 9.5, 10.5, and 11.5, the maximum sludge heights obtnined were: 230 

~ n g l l ,  700 mgll, 1000 mg/l, and 1,600 mg/l, respectively. 

The rheogram analyses, performed with a rotating cylindrical viscorneter, Contraves 

Rheo~neter 5, confirmed that the sludges (treated and untreated) could be clusified as 

non-Wewtoniar. By projecting the linear portion of the rheogram onto the shear stress 

a ~ i s ,  the Bingham yield stress T# for each sample tested was obtained. T h e  results of the 

analyses are also shown in Figure 4 - indicating tha t  the 1000 mg/l alum dosage produced 

the highest Bingham yield stress. 

T h e  material balance for the alum coagulated BKME system shown in Figure 5 indi- 

cates the amount of solids in the sludge and supernatant. T h e  values shown are  cumulative, 

e.g. the total soIids content of the actual alum-BKME mixture a t  400 mg/l is 1160 mg/l. 

This includes the solids concentration in the supernatant and in the sludge. Sote that 

the solids concentration in  the supernatant (370 mg/l) i ~ d u d e s  350 mg/ l  organics. The  

total solids content was obtained from wen-dried samples of both the supernatant and the 

settled sludges a t  110" over a 1 2  hour period. The solids concentrations are expressed as 

the weight of soIids per total volume (mg/ l )  of solution. This is obtained by muItiplying 

the solids concentration of either the supernatant, o r  the sludge, by its individual volume, 

and dividing by the total volume. The  solids in  the supernatant are also considered in 



terms of the organic solids contribution to the total. In this case, determination of the  

organic solids content was obtained by drying to 650•‹C. It is interesting to observe that 

the organics solids concentration decreae with initial nddition of alum, but increases after 

the concentration of alum begins to exceed a b u t  800 mg/I. 

Evolution of Sludee Sealing Procea 

To obtain an nppreciation 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 crns. above the surface 

of the sand blanket. The sand blanket is 10 uns. thick and i s  allowed to drain at the 

bottom - if the "vent" valve is opened. The alum coagulated sludge prepared in a 250 ml 

beaker is stirred before pouring into the settling column - following the procedure described 

previously. Referring to Figure 2 for the test set-up and corresponding piezometric pressure 

development, the results shown in Figure 6 correspond to the time steps described as 

follows: 

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

* A t  time tl = 20 secs., penetration of about 0.3 crns into the smd blanket (at the 

bottom of the settling column) is ob-ed. Sludge thickness above the sand blanket 

surface is estimated to be about 0.2 crns. Above this, one observes a "thick solids 

suspension. Because the bottom of the sand blanket is open to atmosphere, the 

initidly saturated sand blanket drtlins and becomes unsaturated. 

* At time tz = 250 secs., the piezometer beneath the sand (blanket) surface reads 

zero, and if one visualizes the pierometric pressure "curve" in terms ol three "linear" 

segments - as shown in Figure 6 - i t  is possibIe to assume that the c&e will show at 

least 3 different permeabilities (ki , kz, and k,). The sludge penetrated layer in the 

sand blanket (loxves t layer) is identified as the  one providing the value of kl . This is 

the lowest value, with k:! and  k~ increasing in an almost linear fashion. 

* At time t 3  = 350 secs., the build-up of the cake above the surface of the sand blanket 

has not reaIIy begun. Penetration of the settling solids into the sand voids is still 

active. 



At time t 4  = 970 secs., the piezometric prssure readings suggest that the penetration 

of the settling solids into the sand voids is almost complete, and that the relative 

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

C At time ta = 3150 secs., the developed sludge cake a b e  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 calculation of "permeabilities" from the piezometric heads and the outflow requires 

the determination of the velocities in the 3 "layers" (or two layers). One should note 

that the mewurement of the "layer" thicknesses during the settlng process is never simple 

nor precise. Very often, no clear separation between layers can bd readily distinguished. 

Nevertheless, i t  is assumed that the information from the piezometric pressure profde can 

be used to assist the visual measurement technique for determination of thickness of the 

layer thicknesses. 

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

simple continuity condition: 

where r 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 f i l l  the 10 cm 

height of the settling column. However determination of the €(cake) requires knowledge 

of the solids content in the layer in q-~estion. This is obtained by using the information 

obtained from the piezometric profile, and constructing a solids concentration profile a s  

shown in Figure 7. The values of T-1 through T-5 shown in the Figure correspond to the 

t, through t5 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 transmission values, are 

needed to ensure that the mass balance calculations used for Figure 7 are met. 



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 

t, times. In this manner, the permeability reduction with time will be obtained. Figure 

8 shows the results of the calculations for the various k values for the 1,400 mgll 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 is 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 



- under a hydrostatic head. One needs to be concerned with the solubility of the aluxinun? 

hydroxide in the cake. Tests conducted to determine the distribution of solids in the typical 

cake show that about 25% of the cake material consists of porous fibres, and that the 

aluminum hydroxide content expressed as . J ~ ~ ( O H ) ~  varies between 7 to 50% depending on 

the initial pH of the BKME and the amount of alum added. Between 25% aild 65% of the 

cake (depending on the fibres and Al (OH)3  content) consists of other kinds of suspended 

matter, e.g. lignin complex and colloids. Determination of the solubility of the aluminum 

ion in the BI iME solution is possible with the aid of the mms balance information - such 

as the one shown in Figure 5. By analyzing the contents of the supernatant (aluminum 

concentration), at various times and dosages of alum, one can produce a solubility diagram 

- thus permi ttjng one to calculate the amount of time taken to dissolve the aluminum 

hydroxide in the durn-BKhIE sludge cake. 

The solubility results obtained in relation to aluminum ion i11 the BKME solution 

showed that equilibrium solubility was obtained between pX1 = 4.75 and pAI = 4.0 -(where 

pAI is -log ions). Using a pA1 of 4.75 and an average permeability of 2 x  lo-' cms/sec 

and a 7% A I ( O H ) ,  content in the cnke, the time estimated to dissolve the cake w* 60 

years. However, should one assume the pAl  to be 4.0, this time is reduced to I1 years. Since 

the calculstions have to rely on several assumptions, further insight into the stability of the 

sludge cakes ivas 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 crAe samples were conducted 

with BKME at pH values ranging from 10 to 5.2, with the greater attention given to 

the ones with pH values around 7 - as representative of the field condition. Aluminum 

concentration was rceasured in both the influent and effluent during the leachlng tests: 

and since the variables were initial pH of the BICME leachate solution, tirce and number 

of leaching pore volurles, i t  was possible to extrapolate the data to determine the time 

required for complete dissolution of the alurnirlurn hydroxide in the sludge cnke. One should 

be cautioned to recollect that in experimental determinatiom, the sources of A1 are never 

f~illy identified, and thus extrapolation of such vnl~ies for determination of dissolution 

efficiencies cannot be accepted will full confidence. Yevert heIess, with recourse to the 

solubility results! the experimental results showed that for init id BIiME leachate pH of 



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, 

i t  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 alurnino-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 ions 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 a m o r p h ~ u s . ~  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 

"f 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. 



AI 0 varied from 0.12 to 0.84 - where the molar ratio is defined as ( A t l O x ' + ~ i O , ) .  The test results 

obtained by subjecting the aluminesilicate added alum-BKME sludge cakes to hydrostatic 

pressures of 56 kPashowed no deterioration in the value of permeabilities obtained. Further 

beneficid gain in the k values were obtained for the sample with the m o l a  ratio of 0.12 

- where increased penetration of the cake into the sand blauket was obtained under the 

hydrostatic pressure. 

In the case of the leaching t e t s  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 

A[+' 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 aluminesilicate alum- 

BKME mixtures were not available. These have yet to be performed. However, in view 

of the very low registration of in the effluent at the high 56 kPa pressure leachate 

tests, i t  i s  expected that the total dissolution time would exceed that obtained for the 

alum-BKME sludge cakes. 

Conciuding 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 esperi- 

rnents conducted to examine fe-ibility of physical sealing (1st. column in Figure I) ,  it was 

shown that for the  same BkME used, the coefficient of permeability was reduced from and 

average of 6.5 x cm/sec to an average of 2.0 xloL3 cm/sec in ten hours. After this 

time period, the reduction in k value was minimal. For that reason, there was no reason 

to continue evaIuation 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 po:entiaI for sealing - within the same range o l  

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 iviH need to be reported at a later time. 



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 mgll  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 

mass. 
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Table 1 
Properties of BKME and Sand 

#24 sand; 050 = 0.42 mm k20 = 0.08 cm/sec 

#70 sand; 050 = 0.20 m m  k20 = 0.03 cm/sec 
1......11.1....1......I......... ................. 111111.1...... 
BKME BKME 
............................ ............................ 
BOD 192 mg/l 

COD 823 mg/l 

Suspended solids 138 mg/l 

Total alkalinity 290.0 mg/l 





FOSlTlON CF PIEZOMETERS 
# 1 0% cm ABOVE SAND SURFACE 
# 2 0.20 cm 
# 3 0. cm ON THE SAND SURFACE 
# 4 -0.6 cm BELOW SAND SURFACE 
# 5 -8.6 cm II 

SAND SURFACE 
SUJDGE PENETRATION AT T I  

2.5 6 75 19 125 15 175 20 22.5. 25 225 30  32.5 

PIEZOMETER PRESSJRE CM OF WATER 

Fig. 2 -- Settling Column and Piezometric Pressures 















GR3UND WATER CONTAMINATION BY 
INDUSTRIAL AND mmsnc WASTES: A CASE STUDY 

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 Environmental Protection 
Service of Canada for the p q s e  of carrying out 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 
health. 

The Patton Landfill is located on the heart of the 
Kahnawake Indian Reservation, to the south of the isIand of Montreal. 
The site, which has been in full operation from 1%4 un!iI 1986, 
received 2 9  million cubic metres of variou types of organic and 
inorganic industrial and damestic wastes. This amount of waste has 
k e n  IandfiIled 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 & Assoaates, Waterlm, 
Ontario. 



Environmental Protection Service tEPS1 recommendations, the site 
now only accepts dry materials, mainly demolition waste, to be u& as 

a final cover for the previously landfill4 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 deposits of fme silt 
and heterogeneous till to an average thickness of 16 metres. Between 
the till and limestone hdrock, a layer of one to two metres of fluvie 

gIaaal sands is found. This deposit forms a good aquifer that is 
yielding groundwater to the domestic wells in the area. Figure 2 
displays a cross-s~tion soil prof& at the landfill site. 

It was shown by the prwious hydrogeoIogical studies that: 

the pheratic water preent in the waste on top of the 
glacial depositf flow radially, and discharges into the 
surrounding marshes and the Little Suzan River. 

the flow in the underlying aquifer is directed towards the 
southeast, in the Big Swan River basin, 

the flow is redirected to the north-east in the direction of 

the St. Lawrence Seaway, and 

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 aeriaI extention of contaminants migrated to the 
subsurface environment. 



The sampling of the Patton Site by the Gmtechnical 
Research Centre of McGiIl University was carried out in September, 
1987. Several groundwater sampIes were mlleaed horn the multilevel 
monitoring wells, installed previously by both Amentech Inc. (19ffl) 
and Foratek International Inc. (1 9861, using teflon bailer with a capacity 
of 2 limes. In some of the wells, due to the distortion of these welk and 
the inabiliiy 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 ate divided into four groups namely: A, 0, C and D, is the 
deepest Uable I). 

To avoid aoss-contamination, before each sample was 

taken, the bailer was washed with deionized 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 blochemical/chernical changes during the time 
taken to trahsport 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 
addition, 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 Ioad measured as total organic carbon (TK) .  
Furthermore, the water samples were submittd for the analyses of 
s p d i c  trace organim, such as rnoncydic aromatic hydrt~arbons 

(benzene), PAHs, PCBs, and phenols. All the chemical analysis in this 

study followed the standard procedures described by the 
Environmental Protmtion Service, Laboratory Manual (1979). 



The contours presented in this paper are abiaind by 
bivariate linear interpolation of an estimated conceniration grid 
followed by BesseI fundion smoothing and implemented in the Plot 
Call Computer w a r n  Package (@RID 87 and TOP0 87). lsDcontours 
are generated for the purpose of establishing the direction and radial 
extent of the contaminant plum. 

The groundwater quality is affected by numerous 
parameters including heavy metals, phenols, monocyclic aromatic 
hydrocarbons m n e ) ,  PAHs and PCBs. The r-uh of the analyses of 
the samples c d e c t d  in September I987 are presented in Tables 2,3,4,5 
and 6. 

The water samples collected from the monitoring wells 
located directly in the fill zone i&If (Well Nos. P-5, P-7, P-8 and P-9) 
were very mine~alized, very hard, slight1 y charged with organic matter 
and contaminated with heterotrophic areobic and optional 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. 

I. Changes in pH vaIues 

The pH vaIues in the majority of the wells lies in the 
relatively narrow pH range of 6.5 - 8.0 (on average]. These pH 
rsults provided in Table 2 indicated that the B type monitoring 
wells (located in the fine silt till layer) exhibited slightly higher 
pH d u e s  than the A type wells (located in the waste zone 
itselfj. 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: 

(I) the dissolved inorganic c a r h n  exists almost entirely as 



H C q ,  and (2) the subcrface soii has buffering capability. The 
alkalinity, HC0s and C a ,  results mrrobora ted the a h v e  
mentioned observation (Tables 2 and 4). 

2. Redox Potential 

The redox conditions within ihe 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 short1 y after em placement. The 
conditions are relatively anaerobic in the proximity of the 
surface of the refuse area and k o m e  inaeasingly anaerobic 
towards the bottom. These conditions, in turn, may prevent the 
formation of W4 and/or N Q  from any sulphur or nitrogen 
compounds possibly present in the waste. These reducfion 
reactiom generate C@. Table 2 summar* the results of redox 
potential IEh) and the partial pressure of carbon dioxide (PCOi). 
The results of PC% are back-calculated from the chemical 
measurements and the computer program WATEQ (Trusdell 
and Jones, 1974). The partial pressures of COz at A level wells 
are in the range of 10.3 to 1 t 2  bar, which is typical for these t y p  
of environmental conditions (Freeze and Cherry, 1979). T h e  
values of PC@ were considerably higher than the PC@ of the 

_.. -_ . - -  - 
earth atmphere (10-35 bar). It is pertinent to note that PC@ in 

--- -- .....- 

the ~ ' ' k p  we& 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 PC02 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 C02 during infiltration from the fill layer 
into the subsurface layers. The high C@ partial pressure 
emanated from the degradation of organic matter by different 

microorganisms operating in the subsurface environment. 



3. 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 8 level w&, 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 effwt of the filtration and rniaosc~eening 
action provided by the soil medium underneath the landfilled 
waste. Ionic strength results back-calculated from WATEQ 
computer program are presentd in Table Z Figure 3 displays 
the extent of TDS at level B. TheTDS contours suggest that 
contamination plum is  migrating south east. This corresponds 
to the approximate direction ofgroundwater flow in the Patton 
Landfill Site. 

The high TDS concentration at level C is found to be 

mainly due to the dissolution of calcite (CaC@)and dolomite 

(CaMg(C03)~). Table 3 provides the concentration of Ca and Mg 
in the different wells, the average Ca/Mg molar ratio is greater 
than unity, which dearly indicates that the calcite is dissolved 
more rapidly than dolomite in the aquifer level. This 

observation can be ath-ibuted to the fact that the infiltrahon of 
rain water and snowmelt into the subsurface soil became 
charged with C& and moved into the soil zone that contains 

bath calcite and dolomite. This is what probably caused the 
dissolution of h t h  minerals. Table 3 also shows that calcite 
dissolves much more rapidly than dolomite and that saturation 
by d a t e  is attained before that of dolomite. 



The amounts of heavy metals admiurn and lead found at 
Well Nos. P-5, P-7 and P-8 were high in relation to the quality 
aiteria for drinking-water. However, the other heavy metals 
such as zinc, copper, and iron did not  cur at levels above the 
drinking-water limits (MENVIQ 1983). ~ r o k  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 coeffiaent 
constraints, is also expected that absorption would be a mad 
mechanism in limiting the mobility of some of thee 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 
Q was found to be higher than the maximum permissible limits 
for drinking-water (2 pg/L) RrPLAE, 1983). The concentration of 
mercury in the waste layer was above this limit with an average 
value of I50 pg/L. The highest concentrations were found at 
Well Nos. P-7A and P-8A (Table 4). . The average concentration 
of mercury in the 3 level {till layer) was in the range of 6 pg/L 

Cyanides was detected in the waste at moderate 
concentrations at Well Nos. P-5A and P-7A. However, at Well 
No. P-9A, the cyanides concentration was found to be extremely 
high, in the range of I500 pg/L, which is way a h v e  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, 
repectivel y. 



5. Chloride 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-78, 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 C Q ,  HCQ, and S04 (Table 4). It was observed 
that the concentrations of C03 are generally very low. There are 

tow phenomenon which can conhibute 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 HC03 compounds 
rather than CO3. HC03 is the dominating anion and SO4 the 

second most abundant anion. The average HCO3 value at the 
different sampling points is 548 mg/L. In some cases, the H C Q  
content in A type wells is more than twice as much as in B type 
wells. 



A comparison between SD4 aateni of he X and B we115 
show that the SO4 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 S Q  
concentration was found to be high with an average value of 90 
mg/L. Elgures 4 and 5 dispIay the horizontal extent of H C q  and 
SO4 in level A. 

6 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 particularIy true in the measurements taken at 
P-BA 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, respeckiveIy. It is pertinent to note 
that the COD level was above the permissible limits of drinking- 
water (mQ 1983). 

Table 5 provides the results of the COD and the total 
organic carbon (TOC) measured in !he different monitoring 
wells. These ~o 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-SA, P-7A, P-8A 

and P-9A were above the maximum limits of drinking-water (10 
pg/L). The average concentration of TOX in !he A level (waste 



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

0 

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 h t h  sorption and dispersion attenuate 
leach te organic concentration. The long solute residence time, 
owing to sorption coupled with low hydraulic veloddes, 
together with high spxific surface area of the porous medium, 
affords perfect opportunities for rniaobial growth and 
biodegradation. 

7. PCBs and Other Priority Pollutants 

The prwence of PCBs (arodor 1260 specially) in very high 
concentrations in comparison to the criteria for drinking-water 
in Lhe vidnity of ~e 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 mncentrations were above 
1 pg/L (Table 6). Figure 6 displays khe 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 S u m  River 
which is located at the south-east perimeter of the Patton 
Landfill Site. The PCBs concentration of 0.2 mg/kg sail was 

detected in the river sediments. Our follow up of h e  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 phtdate di (2- 
ethylhexyl) phtalate. These phtdates are present in the waste 
from many different sources because of its use as a common 



agent in plastiazrs, insecliades, ink prints and paints. The 
concentration of total phtalate at P-9A excded 6300 pg/L, 

however, at P-8A the concentration was found to be 80 pg/L (the 
maximum permissible h i t s  is 50 pg/L) 'Table 6). The phtalate 
compounds were also found in level B and C wells. 

Many monocydic and the polycydic aromatic 
hydrocarbons such as: benzene, toluene, xylene, chlorobenezen, 
etc. (Table 6), were detected in fairly high mncent~ation in level 
A wells. The polycyclic aromatic hydrombons (PAHs) were 

found in the waste in both solid and liquid forms (Environment 
Canada, 1986). PAHs are relatively insoluble in water with 

solubilities of about 10-10 M, however, they could be spthesized 
by miamrganisms, algae and plants. 

The results of the phenol or h ydrox y b e m n e  IC&-OH) 
measurements are providd in Table 5. I t  can be concluded that 
phenols is one of the mwt a d d  contaminants in the Pa tton 

Landfill Site. Phenol concentrations found in the A wells are in 

the range of 16 to 40 pg/L with an average value of 25 pg/L. On 
the other hand, phenols concentration were detected in B Wells, 
with concentrations ranging from 12.5 to 23 pg/L with an 
average value of 15.6 pg/L Thw results suggst that the 
phenols migrate from the fill zone to the subsurface zone, where 
the phenols were detected in fewer concentrations (Figure 7). In 
addition, phenols were detected in the wells on the periphery of 
the fill zone (Well No. P-13) and in some leachate samples 

dlected from a spring 200 metres east of Well P-5. 



SUMMARY 

This study made it  possible to substantiate the presence of 
a poteniially serious impact of public health and on the environment 
and the n d  for regular monitoring. The migration and the extention 

of contaminant species were found to be Iimited to the landfill vianity: 
however, the following suggesdons were made to avoid pllution 
progression: 

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

The landfill site should be cover4 with soil of low permeability 
to reduce the infiltraiion rate of water from rain and melted 
snow. 

Ditchs  should be dug around the vicinity of the fill zone in 
order to mlkt  the nmoff. 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 north side of the Pat!on LandfilL 

Monitoring the groundwater and surface water quality on both 
the landfill zone and the south-east downs beam 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 -peaally m e  since some of the 
existing monitoring wells are not functioning properly (e.g. PZ1, 
PZ3, PPI, PP;! and P-10). 

In-situ biodegration of the organic content should be considered 
as an opblon to reduce the highly t o i c  organic compounds 
detected in the fill mne. 
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TABLE 1 

LOCATION OF MONITORING WELL SYSTEMS 

Monitoring Well 

P-2 
P-5 
P-7 
P-8 
P9 
P-10 
P-I1 
P-12 
P-13 
PP1 

PZl2 
PZ32 
PZ42 

Note: 

Level (m) 

cs 

- 
26.72 

31.31 
25.37 
29.43 
- 
24.76 
15.20 

X and Y coordinates are measured in reference to 
through P-9 and P-11, rqectively. 
is non-existant (buried) 
A located in the fill 
I3 Lmatcd in the silt clay 
C located in thc till rock interface 
D located in the rock 

horizantal and vertical ax& passing 



Table 2 

GROUNDWATER PHYSICAL CHARACTERISTICS 

Monitoring 
Well No. 

M 
P-5A 
P-5B 

P-5C 
P-7A 

P-78 
P-8A 

P-88 

P-9A 

P-98 
P-9C 
P-11 B 
P-11c 

P-12B 

P-12c 
P-13B 

P-IX 

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 

8.90 

Ionic Strength Redox Potential 
x1~-3(1) mV 

Alkalinity 
CaCOj (mg/L) 

111 

235 

324 
697 

936 
1192 

608 

330 
2111 

273 

269 

318 

390 
ND 

450 
282 

648 

PC02 
(bar) (1) 

8.72 x 10-3 

2.39 x 10-2 

1.44 x 10-2 

5.39 x 10-2 

278 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 10-3 

1.62 x 10-2 

1.10 x 10-2 

3 .k  x 10-2 

1.60 x 10-2 

1.04 x 10-2 

1.06 x 10-2 

TDS 
mg/L 

744 

989 
586 

2360 
1860 

2103 
1712 

385 
3974 

3959 

408 

779 
707 

1617 
700 

450 

737 

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

(2) ND = not detected 



Monitoring 
Well No. 

PZ 
P-5 A 

P-50 

P-SC 
P-7A 
P-70 
P-8A 

P-8B 
P-9A 

P-98 

P - K  
P-110 

P-llC 
P-128 

P-1X 
P-13B 

P-13C 
permissible* 
limits for 
drinking water 

Table 3 

MAJOR CATION CONCENTRATIONS 

Saturation Index (Si) 
Dolomite Mole Ratio 

CaMg{COj)z Ca/Mg 

(MLAE, pays Bas, 1983) 

.I r l !  .... ;,.. ;., ..... f~ 



Monitoring CI 
Well No. (rng/L) 

Permissible* 250 
limits for 
drinking water 

Table 4 

ANIONS AND HEAVY METAL CONCENTRATIONS 

(MLAE, Pay Das, 1983) 

1 h l n  - Mr., ,I<.,,>-, ,>: I 



Monitoring COD 
Well No. (mg/ W 

P-2 

P-5A 
P-5B 
P-SC 
P-7A 

P-7U 
P-8A 

P-8D 
P-9A 
1'-QB 
1'-K 
1'-110 

P-1 1C 
1'- 120 

P-12C 
P-13D 
P-1x2 

Permissible' 
limits tor 
drinking water 

Table 5 

ORGANIC CONCENlTATlONS 

. (MLAE, Fay Bas, 1983) 

Phenols 
W W  

14 
21 

12.5 

12 

25 

13 
40 

23 
16 

24 

15 

19 

18 
ND 
ND 
ND 
11 

15 

Oil and Grease 
(mg/ L) 

ND 
3.3 
0.9 

NO 
1.2 

ND 
1.0 
0.90 
3.6 

1.3 

1.8 
ND 
ND 
ND' 
ND 

1.2 

0.9 
15 



Monitoring Benzene 
Well No. (IId u 

P-2 
P-5A 
P-58 
P-SC 
P-7A 
P-70 
P-8 A 
P-80 
P-9A 
r-90 
P-9C 
P-llB 
P-11C 
P-12B 
P-1 2c 
P-130 
P-132 

permissiblew 
limits for 
drinking water 

ND" 
52.4 
12 
1.1 
7.59 
68 
19.3 
16.7 
30.4 
16 
6.4 
0.5 
ND 
ND 
11.7 
16 
ND 
- 

Tolune 
(IIg/ W 

ND 
33.3 
8 
ND 
13.4 
20 
4.65 
ND 

1070 
36 
2.7 
0.6 

ND 
ND 
ND 
ND 
ND 
- 

Table 6 

PRIORITY POLLUTANT CONCEKIll ATIONS 

Xylenes 
(pg/L) 

ND 
71 5 
ND 
ND 
90 
28 
419 

8.3 
305 

8 
ND 
ND 
ND 
ND 

16.7 
ND 
ND 
- 

Elh yl-benzen 
Ug/U 

ND 
209 
ND 
ND 
170 
ND 
201 
ND 
168 
8 

ND 
ND 
ND 
ND 
ND 
ND 
ND - 

PCBs 
Ugl L) 

ND 
1.27 
ND 
ND 
1.63 
ND 
0.11 
ND 
1.01 
ND 
ND 
0.03 
ND 
ND 
ND 
ND 
ND 

0.2 

Phtalate 
u g m  

30.4 
n2.2 
ND 
1428 
518 
ND 
4133 
ND 
6361 
ND 
264.8 
130.4 
ND 
ND 
ND 
ND 
ND 
50 

Total PAH 
ug/ W 

0.65 
29.7 
ND 
ND 
153.6 
ND 
14 
ND 
48.2 
ND 
ND 

1.0 
am 
ND 
94.1 
ND 
ND 
f 0 

BTXE 
W W  

ND 
1009.7 
20.0 
1.1 
280.9 
90.8 
734.75 
25 
1573.4 
68.0 
9.1 
ND 
ND 
ND 

28.4 
16 
ND 

450 

(MLAE, Pay Bas, 1983) 

. . ND = not detected 



F I G .  1 G e n e r a l  layout of t h e  P a t t o n  landfill 














