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ABSTRACT 

---------------------

Fluoride concentrations in the Ml)ntrcal UI han COl11llllll11ty'S ul1l1cakd \\'asll'\\'atl'I \\'el l' 
analyzed in an attempt tl) evaluate their Icvels and "'l'a!,onal vanation.., Contllluai hlllll" 
monitoring of the raw ~e\Vagc. helwcen JUIlC 1992 and M,l)' 1l)l)3. )'Iclded ,1\'L'lage 
monthly tluoride conœntratwm, helween 0,072 mg/L and 1 9H..t. IIIg/1 . \\'Ith ,III allllll,1I 
mean ofOA5 mg/L. Dail)' varl'ltJ()n~ and "cquem:y di ... llihllIlOIl<" ~IH)\\'l'd ,1 \Vldl'I lallge 
of tluoride levels, with Ihe maXllllUI11 valul'~ pO'i~lhly rcaLlllng a.., hl~'h ".., .~ Inld tllL' IIIC"11 

and weil over 2 orders of magnitude highcr lhan thl' 1llll111lltllll \'altlL'''' l'lw, ..,lIggc"t ... that 
significanlmassive poml dlschllgc", occur III the ~ewer nclworh. Dad)' 1Il01lltlllIIIg ni the 
prœipitation showcd lhal (j,e Illean tlu()rJ(.k (';ollccnt raI HlIl III "quIt! pl ~L Ipltat 1011 )..!L'IIL'I ail y 
fjuctuatcs hetween 0 030 mg/L and 0 741 mg/L, wherca ... the :lVCI age 1 !tlllllde "'pL'LlI Il 
mass in dry precipitation r.1nge~ between o,()% k.g/k.Il}"' and 2 775 "-I-!/" III , Sl'a"'Olial 
trends have been depicted tOI tlumide lewb in hoth the raw w" ... tL'watel and the 
pœcipitatlOl1. GroumJwaler .'>amplIng yielùet! an average IluondL' wlll'L'nll.ltlllll 01 Il 1 ~ 
mg/L, and analysi:; nt' the meiting ~a\ts u ... ed hy the City revt:ab.l thal Ihl''''C dn Ililt 
contain any numide Data frolll the Clly\ water IIt:atlllel1t plallt... "lIll\ved Ihal the 
average nuorlde conccl\lratÎoll 111 thell law waler 1!'1 0 201llg/L Thl ... 1'" III WIIII" ... t III thl' 
value of 0,13 mg/L u~ed in the literatule Mas~ h,uancc an;lIy ... e ... havt: "hoWIi thal tht: 
mass of tluoride rc~ulting frolll II1flltlalioll and Iinn-lIwu idated watel..,. " ... wdl a.., that duc 
to the domestic habits ot thl' popu lallon cOII<.,litute, anlOn,!! 1 hl' Idt: lit If lL'd ... OUI LC~, the 
major input of numide ma~s into the wa~lewalel, Nevel thelc..,,,, ullldellt Illed ..,OUI le~ III 
nuoride, consistmg essentially of indu"lrial discharge~, ... tlll aCLOlIllt lOI tht: lal)!,t:"t 
portion (:::: 50% of the total) élnd contnhute, a~ an annuaJ average, 37') "!!/day 

--------- ------



SOMMAIRE 

I.L'~ analy~e" de fluorUie dal1~ le,> eaux u!lées de la Communauté Urbaine de Montréal ont 
l:té d fcctlll:e~ al in de déterminer leurs niveaux ainsi que leur variation saisonnière. Le 
Illonltorage hOl élire continu des eaux brutc~. entre juin 1992 et mai 1993, a révélé que 
le:-. COllœntl ation" Illoyennes mensuelle~ de lluorUie vanaient entre 0.072 mg/L et l. 984 
II1g/L, a velo ().45 mg/L pour moyenne annuelle. Les Val iations quotidiennes ainsi que 
le ... analy'.\.:" de In:quenccs ont démontré une plu~ importante fluctuation des IlIveaux de 
lluolUle, avec dc" valcUl~ maximales pouvant attemdre ju~qu'à 4 fois la moyenne et plus 
quc ùeux (lJ(.Ire~ de glandeur au-delà des valeurs minimales. Ceci suggère que 
d'lI11pOltanb déver~ement~ ponctuels ~e produl!lent dans le systt!me d'égouts. Le 
Illollitoragc quotidien des précipltatlon~ a montlé que la concentration moyenne de 
IIUOllllC dan.., Ic~ préclpltatiom, liqUides se situait entre 0.030 mg/L et 0.741 mg/L, alors 
que !cf. cOl1cenll atlons ma<.;slquc<.; dans les dé pots secs variaient entre 0 096 kg/km" et 
2 775 kg/km2. Dc~ Val iation~ ~(\Isonlllèles ont été mises en évidence aussi hien dans les 
e,llIX w.éc~ que dan~ Ic~ eaux de précipitation. L'échantillonage des eaux souterraine~ 
a dOllnt: une concenllation moyenne de fluorure de l'ordre de 0.13 mg/L, alors que 
l'analy~e des sels de déglaçage a démontré que CCUX-CI ne renfermaient pas de tluorure. 
Certallll!S donnée~ ohtenue~ des usines de traitement de l'eau ont révélé que la 
conccntratlon de lluOlule dans leur eau hrute à la pnse du tleuve est de 0.20 mg/L. Ceci 
est ell c(.ntl a~tc avec la valeur de O. 13 mg/L hahituellement utilisée dans la biblIographie. 
Les analyse~ de bilam l11assiquc~ ont démo.ltré que la masse de num ure provenant des 
caux d'inllltration ct des caux p()lable~ non-tluorées. ainsi que celle résultant des 
hahitudes dOll1est iLJlIcs de la population constituent, parmi le... sources Identiflées, 
l'apport majeur en fluorure. Cependant, les source~ non-identifiées de tluorure, qui 
con~istent pl incipalclllent en déver~e11lents industriels, restent celle~ qui constituent la 
plus lI11portante (:::::: 50% du total) proportion, et contribuent, en moyenne annuelle 375 
kg/jour. 
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1. INTRODUCTION 

1.1. GENERAI .. 

Sinœ f1uoriùation was first inlroduced in waler lrealment systems as a means for the 

prevention 01 dental caries, tluoride levels and exposure have become an important issue. 

This b espccially truc now that man is being increasingly subjected to tluorides. either 

hy water and heverage~, fooù, dental products and air. The World Health Organization 

(\970) wallls 01 possihle cumulative effects resulting in long term intoxication, through 

Icpeated excessive ahsorption. 

Ail, SOI \ and water I.:an ail serve as environments but also as modes of transport for 

f1l1onde entry mto vegetation, and l'rom there, into other living organisms. In addition 

to this Hatlilal food I:ham, the tluondc hurden is being increased by human activity, 

Ihrough the procc~sing of food and bcverages, the use of f1uoride-containing dental 

plOdlll.:ts, the ll~e of Iluonde-hased fcrtilizers, the artificial f1uoridation of potable water, 

and more importantly hy industrial processes (Marier, 197:?). 

l{cscarchcrs have found thal, depending on the level of exposure and mechanism 

involvcd, 1l1l0l'idc can producc heneficial or adverse effects (U.S. Public Health Service, 

199\). 
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Fluoride as a Hel/ltll Benefit 

\Vith exposure to optimal kvels nI' tlumide 111 the dnnking \Vatel' - 0.7 10 1. 2 mg/ I.. 

de'pending on chmatic conditions - (lleaith ami Wclt:uc Canada. 19X9). thclc IS a dcall)' 

demonstrated effect of il reducllOn in dental caries (WHO, 19XOol) I:hlolltk:-. ha\'c abo 

been used in the treatment of ~)sleoporosis, hUI, Ihtlugh henellcl:Il cllccls ha"c hl'CII 

reported, the exact mechanisms are not yet l'ully undcrslood (l J S Puhllc Ilcalth SCI VllC. 

1991; WHO, 1984). ln general, it is bclicved thal tluoriLlc's cltcet 011 hOllc:-, ami tccll! 

is essentially an increased stabllity of the "pallte crystal. 'l'lm would Il':-'lIl1 111 a IctllldlOIl 

in acid solubility In the teeth cnamel (Whnfonl. 19X3) and in a dcclcascd lalc 01 hOllc 

resorption (Navia and Apontc-Merccd, 1988, Punyasingh and Navla. 1 ()X 4 , PIIIlCC ami 

Navia, 1983). 

However, although tluoride compounds occur nalurally in 1110:-.1 con:-.lllucnts 01 Ihe hody, 

there is no conclusive evidence that nuoride or any 01 ils compllllilds arc cS'icnlial lOI 

human homeostasis or growth (McIvor et al., 1985) 

Fluoride as a Health Hazard 

Although nuoride has beneficial effects on honc~ ami lceth al approprialc d()..,e~, 11IghcI 

exposure levels produce correlipondingly higher nuoride le"d.., in bone alld leeth and cali 

result in chemical changes and structural delects known a.., dental and ..,kdelal IIUOlW .. .." 

the long-term health significance of which is not known (Navla ,lI1d J\p()lIle-Melœd, 

1988; Rose and Marier, 1977; Groth, 1973;). Scvclal dlflclenl, alld probahly 

interrelated mechanisms may be IIlvolvcd ln the devdopment 01 dental amI ..,kclctal 

fluorosis. The~l: may include fluoride inlcrfcrcnce with amclohla..,t activity, o..,ll!ocyle 
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m;livlly, nudcalJon, cryslalhne growlh, matnx formation, and calcium homeostasis 

(J>unyasingh and Navia, 1984; Prince and Navla, 1983; Fejerkov et al , 1977; Hodge and 

Smith, 1970) ln addition, high pla~ma level~ of tluOI'ide have been reported to complex 

hiologically active calcIUm, resulting In Iife-threatening hypocalcemla (Greco and 

Hartford, 19RH, Burke and Hoegg, 1(73). Other studie~ have also shown that tluoride 

hoth IIlhihltS and activate~ li wld,: vanely 01 enzymes and enzymatic processes, probably 

duc h) the formation of Iluoride-phosphate-metal complexes (Greco and Hartford, 1988; 

Stcrnweis alld Gilman, 1982; Bolland, 1979; Waldbott, 1962). 

Fluoride as a Pol/utant 

FluOl ide toxicity is such that, in 1947, it was considered by the American Association 

for the Advanccment of Science as the most dangerous atmospheric poIlu tant after sulfur 

dioxide and OlOne Accordingly, it was ranked third among the most urgent 

ellvironmental prohlcms to he assessed (Rose and Marier, 1(77). 

Although rc~carch IS still far from hemg thorough and complete, current knowledge 

support the tentative conclusion that fluoride has great potential for ecological harm 

(WHO, 1984, GlOth, 1975), especially when present with other atmospheric pollutants 

such as sulflll dioxide or aluminum (Driscoll et al., 1980; Marier, 1972), or in an 

cnvilOllment wtth decreased hardness (PimentaI and Bulkley, 1983). Fluoride is a non

hlodegradahh.:, rdalivc1y persistent widespread pollutant, with a high biological activity 

cnahling It to he lIanslormcd hy some organisms into far more complex organic fluor ides 

(Groth, 1(75). One of the most Ilotahle characteristics of tluoride as a pollutant remains 

ilS tendelley to aeculllulate in organisms, causing serious adverse effects possible even 

al very low levcls of exposurc, should exposvre persist over time (Groth, 1975; National 

i\cadcmy of Sciences, 1971). 
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There are many unanswered questions in regard to long-tclIll pote11llal ad\'l'I se cllccl~ 01 

tluorides and fluondation, anù SOI11C inùicatlOns of potenttal halill have not yel hel'Il 

shown to be unfounùed (U.S. Puhlic llealth SerVice, 1991. WHO. Il)~..J.. ('lOth. Jln_~. 

National Acadcmy of Science. 1971). lIence. hltle I~. still ~nO\\'11 ahllUl Ihl' III 1'1\'(1 

effects of fluoride at the low levels m:curllllg Ilaturally and the \'al WliS lacet.., 01 II~ 

general metaholism in the living organism (WHO. 197~), 1 Il conc\"~llln. Il call only he 

stated that the available information i'l still IIlSulllClcnl 111 deplh .md ~cope III allo\\' 

unequivocal statements to he made rcg:llding Ihe el1œl!o. 01 l1uol ide .1\ Ill\\' allllospheilc 

concentrations. 

Flum'ide: tlze Situation in Montréal 

Several studies, including those conducted hy MENVIQ (19X(», (iallque\1Jl (197l)). 

Ouellet and Jones (1983), Bundock el al. (1982), Goyel (19XO), and MI':NVIQ (197lJ) 

have strived to depict the situation in Quchec. lIowever, ~evelal qlle~llllll'" WL:Il! ..,1111 

unanswered as to the present tluoride wm.:entrations in the wa~tL:water ami Ihe pli lhahle 

increase in fluoride levels should Montréal procced wlth ùrtll~tn).! walel t1uoJ'IdaIIOIl 

A study by Gehr et al. (1989) attemptcd to clucldate the ploh\clll~ Idated lu Ihe 1I11L:1l11l)1\ 

of the Executive Committee of the CIty 01 Montréal 01 plOcel:dlll!! Wllh fllIOlldallo/l (lI 

the city's drinking water in the near future. They al/lled at aùdlL::-'..,lIlg thL: qlle ... llo/l'" (JI 

tluoride dilution in the sewer system duc to leakage 01 gWlIlldwatL:l, the 1)() ...... lhlc ICllloval 

of tluoride during the physico-chemical trcalmcnt at the wa..,tewalcr treallllL:/lt plalll, lite 

speciation of tluoride in the dischargc to the St-Lawrence Rivel, a:-. weil a ... the 

assessment of background concentrati()n~ and variation ... of lluoJlde kvet... III the 1 aw 

wastewater. They concluded that tluonde hclow 1 mg/L were lI/1llkc\y 10 he ((lXIC 10 the 

aquatic system of the St-Lawrence River, e:-.pccially that hlotran ... lorlJ1,:t IOIl wa~ Ilol lound 
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to he of concern hecau~e of the low likelihood of tluoride absorption by the aquatic 

microorgarmms Ilowever, ba.,ed on the wide tluctuations in tluoride concentrations, 

e~pectally dunng w1l1ter, and the reJatlvely high percentage (40%) of unidentified 

<.,OUlce<." they recommended that further mOI1ltoring be undertaken for a longer period, 

plclerahly durmg a wholc year. 'l'lm would give the actual picture of the seasonal 

variations of fluonde Ieveh in the raw wa~;tewater and confirm the f1uoride background 

conccntration of 0.34 mg/L (Oehr el al., 1989). 

1.2. OBJECTIVES OF THE STUDY 

Based on the recoJl1lllendations hy Gehr et al. (1989), the present study anns at 

evaluating the variations of the levels of tlumide concentratIons in the Montréal Urban 

COlllmumty raw wastewater Accordingly, continuous monitoring of the tluoride 

conccntratlons in the mtlucnt to the MUe wastewater treatment plant was conducted 

hel ween June l 't. 1992 and May 31 't, 1993. The variation in these tluoride levels wi Il 

be presented herein hy graphical illustrations of daily as weil as monthly data. 

Descnptlve statistics will also he used to estimate the levels of tluoride in the raw 

wastewater and confirm the scasonal variability. 

ln parallel. sampling of the precipitation was also undertaken, in order to estimate the 

Icvcls and variations ot tluoride concentrations in both the liquid precipitation as weil as 

the dry fallmal. The groundwater was also sampled in an attempt to estimate its tluoride 

content 

The nuond~ Ievds 111 the precipitation and the groundwater will be linked to those in the 

raw wastewalcr through a mass balance analysis, in order to estimate the contribution of 

the Vat ious sources of nuoride to the total nuoride input into the raw wastewater. These 
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tluoride sources are precipItation. inflIuation of glOlIlldwaler. llon-rIlIllndatcd plHahk 

water, artiflcially tluoridated potahle \Vater. domestic hahlt~ 01 thl' populallllil .\Ill! 

unidentifled sources. The latter genelally Cllnsl~t 01 the dly laIImtt absllrhed iu Ilttlllil. 

and more substanoally, the indll~lrial tlllonde dl~chatge~ 

While the general target of this study !cans Iowa! d the evaluat ion 01 Ihe Ilulllldc 

concentration 1t:vds in the Montréal II rhan COI.II11unit y wa~te\V ,ltel. Ihl' mOle ~pl't:1llL' 

objectives may be subdivided into (1) the main ohjectives thal arc aimed at lull illlug Ihl' 

general target, and (2) the secondary objectives that asslsl in c1alllylllg the J1lalll 

objectives 

Tize main objectives are: 

1. To evaIlIate the average monthly f1uoride concentration III Mlle wastl:watl'I 

2. To confirm the baseline tluoride concentration in thl' MUe wastewatl'I, ;1', ohtailled 

by Gehr et al. (1989). 

3. Ta ~.:!pict any seasonal variation of tluondl' com:entratiom. in M [Je wa ... ll:walcl 

4. To evaIuate the concentration of tluoride precipitation, in ItS COlllpOIlI:IlI .... dl y and 

Iiquid. 

5. To estimate the tluoride concentration in groundwatcr 

6. To confirm (or deny) the asslImption takl'l1 by Gchr c[ al. (l9X') n;lated tn the 

presence of fluoride in the ml-!Iting salts lIsed hy the City 01 Montréal. 

7. To assess the importance of non-idcntificd ~()un.;c~ of lluonùl: in the Ml Je wa ... lcwalel . 
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nl(! s(!('()ndary oh/(!('llve.\ are: 

1 To estllnate the contrihution of precipitation to the total nuoride input. 

2 To e..,timate the contrihution of groundwater mfIltration to the total tlumlde input. 

3 Tu e~tllnate the contrihution of tluoridated and non-tluoridated potable water to the 

total Iluomle input. 

4 TI) e~tlll1ate the eontrihution of the dome~tic habits of the population to the total 

Iluol1de Input. 

The~e ~econdary obJectIves would allow the estimation of the importance of the 

UllldelltifIed tluonde sources discharged into the MUe wastewater. 

1.3. THESIS ORGANIZATION 

C/ia/J1er 1: IlltroduCliOII 

This chapler introduce~ the problem and statl!s the ohjectives of the present study. 

('/Illf1ter 2: Ute/"lllU/'(' Re\'iew 

This chaptcr n;view~ the physical and chcmical rharacteristics of tlumide, the 

presenl.:C and incidence of tluoride in the environment ,\S weil as the sources of 

human exposure to numide l'rom the four major routes, namely water and 

hevelages, food, dental products and air. 

C/ia/Jler 3. Malawl,\' and Met/lOds 

Thl~ chapter presents the sampling procedure and the analytical techniques, and 

point~ out the ma1l1 sources of errors involved therein. 
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CllapTer 4: Resu/ts and DlsC/ls.\lOI/ 

This chapter addresses the results and di~Cll' .. ~I(l1l III flVL' difklclll ~lT1Hlll" .'11'1 fi/III 

1 presents a general evaluatiol1 of the t1uomk levels IIllllc 1\ Il 1(' 1,1\\ \\',1 "(l'\\ .Itl'I, 

along with their scasonal varIations; .\'eC[/()1/ .: presel1l~ an C~lllll,ll((lI1 (lI lhl' 

nuoride concentlatlon in hotll liqulù and dry pleclpltallon: .\'('('/1(111 3 :-.cd,:-, III 

estimate the numidc concclltlation 111 the groundwater, \\'helc.,~ S('('11011 .J. altcnl!,!" 

to confirm (or deny) the prcsclH:e of Ilumide in tlle mcItlllg ~alt~ lI"cd hy lhl' ('Il\' 

of Montréal; tmally, Sec/IOn 5 IS an OVCIVlew (lt thc clllltnhutHlIllll the \':11 10 li " 

sources of llumide to the total flllOl ide content in the wa~tc\\'alci. \\'Ilh :-,pcl'Ial 

attentIOn given to the importance of ul1H.lentitied ~()urce:-. 01 Illlolide dl' .. dJalgcd 

into the sewer network. 

C/U/pter 5: CO/lclusions al/d Recollllllendaliolls 

This chapter ùraws the gencral concillsion~ and :-.ugge ... t~ 1 CCOIIIlIH:lldalH)(\'. lOI 

further research 



2. LITERA TURE REVIEW 

2.1. PHYSICAL AND CHEMICAL PROPERTIES OF FLUORIDE 

Fluoritle. the thirtccnth most ahuntlant element, is widely distributed throughout the earth 

(Olldlet and Joncs, 1983: Finger. 1961). At standard conditions of temperature and 

pressure. fluorine is a pale. yellow gas. with an atomic number of 9 and an atomic 

wClght ot 18 9984 (WHO. 1';64). Fluqnde is classified a~ a halogen. one of the 

e1c\11el1t~ that make up Group VII of "le Periodlc Tahle of Elements. These are ail 

e1ectroncgativc and dectromotive elemt:nts that ean normally exi!o.t in the free state as 

diatolllll: l11oleculc~. or l',111 leaet with IClis electromotivc elements or chemical groups to 

fOI 111 a \Vide vanety of illOlganic and orgal11c halogenated compounds. Like ail inorganic 

halllgcn~. inol g,ank l1uOI Ides db~odate in aqlleoll~ solution to relea~e the monovalent ion 

F . a"mg \Vith il'-. a~soclatcd cation. However. despite the se common aspects. tluoride 

dlst il1glli~he~ rt~dr hy many unique chemical characteri~tics that impart special 

hrochcmical phy.,iological properties to nuoride eompounds, and thu~ affect Its 

I1Ictaholt~111 and I11cd1ani~ms of action in the hody (V.S. Puhlic Health Service. 1991). 

Bccausc ot II~ VCI)' compact atom (0.64 A) and ilS special configuration. tluoride is 

indccd the mo~' e1cctronegativc. reactive. aggressive and inacce~sible of ail elements 
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(Ouellet and Jones. 1983). Fluoride does not oœur in a flce ~tate in natllle (li S l'Uhitl 

Health Service. 1991: Ouellct and Jones. 1(83). Ir l:omhinl:s \\'lIh l'thel l'llclllll'al 

elements to form nuoride compounds Several nt the~~ tlUOl id~ wmpllllnd" (l' g . I·.(). 

CIFl and B2F,} are known 10 he vcry ~trong \l;"ldallt~ and lIIay Icplan: h~ lllogcll ,1" Ihl' 

fuel source in space "ehides. Also. water and othel l1on-CIll1lhmtlhh:~ (c g . hl Id, ,\lld 

asbestos) can be hurnt in a tluorine-rich environmcnt (Oucllet ami .Jonl:~. l')XJ) 

In addition to ils chemical propertics. the i~otopk nature III lIunnne I~ qUllc 

characteristic. in the sense that the only naturally Ol:curring i~otope is 19-F. Whldl ha" 

an extremely short half-Iife (Sharpe. 1957: Leech. 1(56). Thc IOIl!!,c'it IIved Isotope (IX 

F), with a half-Iife ot 1.87 hour~. I~ plcpilled hy nuckal leactlon (lI.S Puhllc IIc,1I111 

Service, 1991). 

2.2. SOURCES OF FLUORIDE 

Fluoride may arise from natural or man-made .,ourcc~ While lIallll al "()lIJ CC'i of flullI Idc. 

such as volcanic gases and soluhle numides in thl: l:arth'~ CIU .... t. ,Ile 1101 III he m:glcclcd. 

modern man-made sources are nt grcatcr importance and impact: Ihe"e cano illdivillually 

or in combination, inducc harmt'ul levc\s of tlumide compound" 11\ ail. w,ller, fo()d 01 

forage. 

2.2.1. Natural Sources 

Fluoride in the environment arises t'rom chcmit:al, phy<.,ical and hiologlcal dCCOlllp0.,1l10\l 
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01 ~lJrlace rocks in the geosphere (Oltl!lIet and Jones, 1983). Indeed, fluorine is a 

con ... tant com.tituent produced hy the ~Iow weathering of eruptive rocks both on the soil 

a~ weil a~ 111 ~ea and surface waters. However, the marked msolubility of most natural 

flu()ride~ limit thetr diffusion in water. Studies carried out in North Africa and Colorado 

reported that nuoride i~ hio-accumulable and can thus move up the food chain (Rose and 

MaïÎer, 1977). 

Humide has geological concentrations varying normally from 650 mg/kg to 800 mg/kg, 

dcpending on the type of rock formation (Ouellet and Jones, 1983). Semrau (1957) 

reported that Iluoride conccntmtions, in the United States, may vary hc~ween 20 and 

1640 mg/kg, with an average value of 200 mg/kg. In Canada, Lalonde (1976) found an 

average nuoride concentration of 395 mg/kg in Ahitibi, whereas Ouellet (1979) recorded 

extrellle values 01 Icss than 50 mg/kg in the anorthosites and higher than 2800 mg/kg in 

the iglleous lithologies in the Saguenay-Lac Saint-Jean region (Ouellet and Jones, 1983; 

Ouellet. 1(79). 

The pt incipal Illioride-containing mineraIs are fluorspar (CaF2) and cryoIite or sodium 

fluoallllllinale (Na1AIF(,). The world's largest deposlts of cryolite are found at Ivitgut, 

in SOllthcrn Grcenlanu (MENVIQ, 1979). Fluoride may also be present as a secondary 

constituent or as an impurity in some mineraI species, namely in the apatites having the 

genelallormula 3Ca~(P04h,CaX2 where X may symbolize F, CI or OH. Il is important 

to note that Ilumide emissions into the atmosphere which resuIt in severe intoxication 

may he twced to titIS product; when the apatite is attacked by concentrated sulfuric acid, 

calcium numide (CaF2) liherates hydrotluoric acid which yields silicotluoride (SiF4) in 

the presence of silica (SiOJ. according to Equation 2.1: 

(2.1) 

When in contact \Vith watel". either in the atl110sphere or in tower scn!bbers, silicofluoride 

11 
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(SiF4) is then transformcd imo hydrotluoric acid (HF) and hydlllllllo~ihl'il' al'H.I (SI(.'JI.) 

as secn in equations 2.2 and 2.3 respectively; il is gcncrally this acid nI' Ils ~all~ lhal arc 

found in polluted air. 

(2.2) 

(2.3) 

It is to be noted that sodium and aluminum siticotluoridcs arc soluhlc III \Vater and arc 

found in the superphosphate induslry cftlucnt (MENVIQ, 1(79) 

The recuperation of tluorides occurs through the lh:cOll1pO~lti()n 01 ~IIJCOllllOJitlc~ hy 

heated alkalis, according to equation 2.4. 

(2.4) 

Fluoride in the Water 

Fluoride, a universal mineralizing clement, is pre~cnt III hoth ~lll lace watcl alld 

groundwater. 

White surface waters may conlain, under exceptional circul11~tal1l.:e .... , up lu 1001 12 IlIg/L 

of alkaline nuorides (WHO, 1984), the nuoride concentration i~ gCI1l:rally low, lallglll).!, 

between 0.01 mg/L and 0.03 rug/L (WHO, 1984; LIVJ/1g~tollc, 1963, III Ihe IOIIllCI 

Soviet Union, ~"eragc nuoride conccntrali()n~ varicd lrom 0.01 ln 12 III)! 1 1 " wllh a 1II0 .... t 

common value of 0.5 mg/L (Gahovil..:h, 1(52) The IlIghc'>l nalulal 1I11olldc 

concentrations, which are lound in the ~urfacc water~ of hl .... t AI rica, cali rcach valuc .... 

as high as 1,627 mg/L (Kilham and lIecky, 1973) and 2,800 mg/L (Gecver cl al., 1(71). 

12 
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The~e high com.:entratl()n~ were caw,ed hy the dcgradation of nearhy volcanic rocks rich 

in Humide (Ouellct and J()ne~, 1983). 

ln addition tn the natural pre~ence of nuoride in fresh water. the contribution of water 

Iluoridalion, wl1lch I~ hccommg incrcasingly popular espccially JO North America, should 

not he neglecled. In the United States, more than 1500 municipalities are supplied with 

raw watel containing more than 1.2 mg/L tluoride concentration (Rose and Marier, 

1(77). 

ln marine waters, the nuoride concentrations range from 1 to 1.4 mg/L (Carpenter. 

19(9),50 % of which is in the form of MgF (Mahadevan et al., 1986; Rose et Marier. 

1(77) 

ln groundwater. the natu.-al concentration of nuoride depends on factors such as the 

gcologlcaI. chel11ll:al and physical characteristics of the water-supplying area (Worl et al. , 

1(73). Fluoride conccntrations varie~ within wlde limits. From less than 0.1 mg/L to 

more (han 2S mg/L (WHO, 1984). In Québec. the average tluOl'ide concentration was 

round to tluctuate hetween 9 and 2,016Ilg/L, with an average of 0.13 mg/L (Simard and 

J)esro~lers. 1(79). Thesc results arc in accordance with those obtained by Goulet and 

Frigol1 (19HO), and Lalomle (1976) for the Province of Québec, as weil as the world 

average concentration of 100 Ilg/L, as reportcd hy Carpenter (1969). 

As 101' the Ilumide concentrations in frcsh snow, they wcre found by Carpenter (1969) 

to lange helwccn 1 and 42 Ilg/L, with an average of 5 f1.g/L. Simllar results were 

ICpOltcu hy Sidhu (1982) on fresh SHOW in a Laurentian park, and by Barnard and 

Nortbtrom ( 1982h) who found precipitation concentrations between 2 and 20 f1.g/L, with 

an average of 8 1 Itg/L. 

13 
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Fluoride in tlle AIr 

Although results obtained by Carpenter (1969) suggcst that c\'cn ail wlm:h ha~ llnt hl'CIl 

contaminated by human activity cOl1tains SOI11C numide. the Hunndc Il'vcls of amhlL'llt .Iir 

are usually helow lhe deteclion levcl. defined lOughly as 1ess than 0 O~ /(!!!IIl' ;\11 

(Thompson el al. 1971), Soluhle fluonde amounts in the atmo"phl'lc may hl' I:\lgdy 

contributed hy volcanic aClivity, and, 10 a Icsser cxlI:nt. hy dll~t ~tOIIll~ and IOIL,.,t 11Ic!-o 

(Rose and Marier, 1977). Howevcr. whereas Iluondc conccntrati()n~ callscd hy thc~c 

natural phenomena can range hetwcen 0,05 and 1 2ftg/L. they call I11crcase dlamatle.llly 

by industrial activity. reaching values as high a!\ 80 ftg/L. 'l'lm. llH.1tI~tl y ll1dllCCd Iltllllldc 

air pollution may arise t'rom several sourcc~ and lIlay he etlhcr 111 tlll: ga~C(lll~ (~Ilch a~ 

hydl'Otluoric acid) or solid form (such as solid ~uh~lanccs Icduccd to Yel y Imc du"l 

particles) which may or may not he soluhle in watel' (MENVIQ, 1979. I{nl.,e and Mal il'I . 

1977). Atmosphericpollution hy indu!\tIY-lI1duccd lIu()Jldcellll"'I()Il~are Il'vlcwed JlIllle 

following section. 

2.2.2. Man-Made Sources 

Fluoride emissions data t'rom industrial ~()u l'CC'" arc mmt nI tCIl ,li n ollndcd Ily lIIdu"'ll Jal 

secrecy and by industries' ability to have cl1vllonmcntally ~()Ulld dala c1'I' ..... illcd li ... 

proprietary to the industry, in addition to govcrnmcnt' ... rclUClance to Jcka"l: IIIloJlllalJOII 

that may give rise to puhlic clamour and cm()tl()nall~m. lIowcvcr, dl:"PIIC !lm "'l:CJCcy 

that has been detrimental to Canadian efforts to dcvclop cnlcria rclallllg the cOlIl.l:nlJallOIl 

of pollutants to their effects, sorne information ha ... hccomc avallahlc ill rl'œlll yCaJ'" 
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Fluortde h'mi.\SLOIlS into tlze AtnlO.\phere 

hll' d<.:Cade~, the aluminum indu~try ha~ heen known to he at the origin of mo~t of the 

numide emis~ion~ mto the cnvironrnent The fertilizers and steel industrit'~i, as weil as 

the C()rnhll~tlon of fo~sil fuc1~ com.titute another, however Jess important, source of 

IlUOrJ(Jc pollutIon (MENVIQ, 1979; Rose and Marier, 1977). Data published by 

1 ~llvirol1ll1ent Canada (1976) on numide emissions into the atmosphere during 1972 show 

that, wlth the exceptIon of the aluminum industry, tluoride emissions are rnostly in 

ga~eou~ 101 Ill. 

The primary aluminum reduction industry is the largest single-industry source of 

atll10sphcric Huoride pollution in Canada and the third largest in the United States. 

Il is in the Bayer proccss for alum (AI20 l) electrolysis, that cryolite (NalAIF6) is used 

10 lowcr Ihe mclting lempcrature of the metal from 2,000()C to 1 ,000oC. These 

cxtlemcly hlgh temperaturcs would induce the volatilization of an appreciable amount of 

1l1loJ'Ides (tIF, SiF.
" 

NalAIF(,) and the production of hydrotluoric acid in the fonn of 

vapour Part 01 the Ilumides is directly released and henœ dispersed in the enviromnent, 

which glve~ lIse to much concern duc to their toxic effects on living organisms (Ouellet 

and Joncs, 1983; MENVIQ, 1979). 

III Canada. the aluminul11 mdustly alone contrihutes 56% of tluoride ernissions into the 

atll10sphele (Environment Canada, 1976). Between 1901 and 1972, this industry has 

rdca~cd mlo the Canadtan atmosphcrk cnvironment more than 222,500 metric tons of 

tlllol idc~. ThIS quantIly would he sutficient to tluoridate the supply waters for a 

populatIon 01 100 I11lllton inhahitants. for Il years! In Quéhec, in 1972, the vast majority 

(92 (;0 01 Ihe 7.nOn mctrÎl: tons of total nuorides emitted into the atmosphere originated 

l'rom the primary alu11lmum reduction industry in Arvida, Ile Maligne, Shawinigan, 

Be:lllharnois. and Baie-Comcau. The tluoride emissions (both in the gaseous and 
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particulate forms) from thesc plants \Vere n:speetivcly JS 19, 600, 700, .'HO amI DOn 

m..:tric tons, du ring that year (Ouellet and Joncs, 1(83). These hlgh Iluollde :ltlllosphl.'lïl: 

discharge" are mainly due to the faet that the production of one Ion nf altlllllllUIll leqlllll'" 

one ton of cryolite, 20 kg of which aIe losl by vapOlllallon 11110 the atlllo:-.phcll.' (ahout 

a third of this in the gaseous state, and two third~ in the form 01 p:\Il1culatt:s) (\{Il:-.t: and 

Marier, 1977). Recent data (Duguay, 1993) indu.:ate thal Iltlmide elllls.,ion., H::-.ultlll!! 

from the ALCAN plant at Beauharnoi~ has heen maintamed al around () 0 k!!/d (.\."' 

metric tons per annum) since 1991. These emissions \Vere allllosi t\V1C1: a~ 11Igh III 199() 

(17 kg/day or 6.2 metric tons per annum). Table 2.1 show~ numidc CllliSSlon lates 1111111 

dle aluminum industry. 

Table 2.1. Fluoride Emission Rates (kg/metric ton) from the I\lulllinulII IlIdll~try (Rose 

and Marier, 1977). 

Reported el1ll~~I()11 1 atc 
Industry (kg/metllc ton) 

Sweden, newest installations 1.0 total 1; 
V. S. new control tech no 1 ogy O. 25 g(lse()lI~ 1; 

0.64 sohd F 
OECD countries, actual emissions 6.1 total 1; 
OECD, obtainable emissions 2.3 total F 
V.S. 4.1 soluhle 1; 
V.S. best primary system 1.2 - 4 7 tolal 1 ; 

Best primary & secondary system O.H - 2.0 total F 
V.S. weighted average 5.1 total Jo' 

2 1 ga~e()u~ 1; 
V.S. new construction 1.0 total Jo' 

It is essential to note that "total" or "ga~e()u~" data l:al1not he directly related to 

environmental criteria; the solubility of particulatc malter 1<., an important factor tll takc 
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IIlto con..,idcrallon, a~ It varic!o, widely and consequently affects the toxicity of particulate 

cmis~i()ns to the fauna and tlora. "Total soluble" would generally be more indicative of 

thc cnvironmcntal impact 

The low emis!o.ioll ratcs Iloticcd in rcœnt !o.melters are indicative of the progressive efforts 

madc hy thls Illllustry in controlling atmospheric pollutant emissions. An interesting 

comparisol1 hetwccn thc emissions from U.S. primary smelters and those of Canadian 

~Illeltcr'i in 1972 has shown that effluent tluorides (prior to passage through emission 

cOlltlol ulllb) pcr umt of aluminum produet:d wcrc simllar. However, the average 

ammmi of Iluoride rcleased into the atmosphere, per ton of aluminum produced, was 

mat kedly higher l'or C'anadian smclters than for U .S. smelters (Rose and Marier, 1977). 

Whcn lIuomlc eml~SIOI1S arc inveMlgated, the sted industry has not been the focus of as 

much attention a!o. the aluminum illdustry, although it is considered to ~P the greatest 

~ourcc 01 Ilumide I.!ll1ls!o.ions 111 the United States and the third one in Canada. This is 

partly due to the lact that sleel mills cmissions contain other pollutants of greater concern 

slich as sulfur dlOxidc and partlculate matter (Rose and Marier, 1977). Nevertheless, it 

is J...nown Ihat the plOdul'tion of each kg of steel requires 5 1040 kg of tluorspar, which 

is lIsed to 1 elllOVL' the impunties during metal fusion and 10 facilitate the separation of 

the ItlJllu.I metal lrom the slag, name1y by increasing the tluidity of slags (MENVIQ, 

1(79). 

The phosphate industry is another major source of tluoride emissions. These emissions 

resull lrom the manufacture of apatitc-bascd superphosphates, in the process of which 

tricakillm lluolOphosphate IS soaked for 30 to 60 days in concentrated sulfuric acid 

(Goyer, 19HO), thus causmg an atmosphere containing up to 86 mg of HF/m3 (MENVIQ, 

1979: Rose and Maner. 1(77). Tahle 2.2 shows Huoride emissions at various steps of 

Ihe proccss. 
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Table 2.2. Fluoride Emissions t'rom Phosphate Fcrlliller Plants (Rose and l\tailci. 

1977). 

kg l'/metnc ton ot p.,O, lIlput 

Fluoride source InduMry-wlde Be~l· L'llllll \ l\ bl 
.. 

Wet process phosphoric add 0.01 ·0.30 000\ () (ll() 
Superphosphoric acid 0.06 NIA 
Diammonium phosphate o O~ - 0.25 () 012 () (}J() 

Triple superphosphate 0.10-030 0.015 () 155 
Granular Triple Superphosphate 0.10 . 0 :10 0.020 . 0 1."\5 

Other important sources of nuoride emission~ arc thc clay rlOdw.:I~ IIldll~try, Ihe 

manufactures of glass, ceramics and hril:ks, a~ weil as Ihe pCtlO\cUIlI and Ihe l:oal hllllling 

industries (Goyer, 1980; MENVIQ, 1979: Rose and MartcL \ (77) 

As reported by Environment Canada (1976), estimate~ for ro~slhlc tlum ide enll~~I()n~ hy 

the clay products industry vary t'rom 249 to 2,239 l11etric lon~ pel' annlllll On tlte otllel 

hand, tluoride emissions hy the glass manutaduring indu~try arc Ihoughl 10 hl: VCI Y low, 

in the order of 4.5 rnetric tons pel' annUI1l, due to the lact that thls 1\l(.llI~lly ha ... allllo..,t 

totally phased out by 1972 its use of fluorspar. 

As for tluoride ernissions by the pctroleum indu~try (hyulOlluorJc aCld al"ylalloll 

process), Environrnent Canada (1976) rcports a hydrolluol1c L.OII..,Ulllptioll 01 ollly 0.14 

to 0.36 kg HF/barrel of aJkylatc. Although no indicatton wa.., glVCII on Ihe CIIII..,..,\OIl 

rates, or the relation betwecn wn~umption and emi ... ~ioll, the c..,llIl1aled lolal CIllI"''''I()II.., 

of less than 0.5 kg in 1972 (Environment Canada, )976) were prohahly h"..,cd 011 a 

production of Jess than 37 barrel~ per day, a~~uming that ellll..,..,lon.., (lL.UII al lite ..,allle 

rate as in the V.S. Howt:vt:r, data puhli~hcd hy Enclgy, MlIlc<, and I~c..,()url.c", 01 

Canada, and quoted in Rose and Marier (1977), indicate that Canadian III· alkylal iOIl 
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capacity wa<, D,470 harrel., pel' day in 1972 and incTeased to 24,620 in 1975. Recent 

data IIldlcate that the average annual production for the Shell Canada petroleum industry 

ha., reachl!d 110,000 harrcb/day; tluoride enm,~ions trom this il1Justry were reported to 

he 40 kg/day in 1992 (Duguay, 1993; Paquet. 1993) 

lIydJOlluolïc aCld i~ abo u<,ed in the oil industry to eatalyze the alkylation reaction which 

re~ult~ in hlgh octane ga~olme A letinery may lose 500 to 700 metrie tons of 

hydrolluollc acid annually (MENVIQ, 1986; MENVIQ, 1979; Rose and Marier, 1977). 

Regarding Iluoride ell1i~~ions fi om the hurning of coal, Garher (1970) reported that these 

may contam 550 mg of tluolïde pel' kg, part ot whieh is volatilized with the ashes. In 

England and Walcs. Il was estimated that, during the year 1961,25,000 tons of Huoride 

wei e di~pel sed in the atm()~phere from the hurning of coal (MENVIQ, 1979). However, 

in the ahsence 01 more reœnt data. the~e emissions are assumed to have decreased, duc 

tu the c:\tell~lve u~e 01 other fuels for domestit.: heating in Canada (MENVIQ, 1986; Rose 

and Marter. 1(77), 

Il I~ essentlal to note that, mnst oUen, the usual water sprays, ekctrostatic precipitators 

and chel1l1l:al ahsorhers are not sufficient to prevent the escape of tluorides. Proper 

hel met ic ~eallllg 01 the plants to prevent nuoride from escaping through doors, windows 

and ail ~haft~ Illay he ncce~sary (Rose and Marier, 1977). Tahle 2.3 gives a general idea 

01 Iluoride emissions l'rom the ,lhove-mcntioned sources. 

F111U/'I(/C [)/sc!wrges lllfo Ille Aqlleous Ellvironment 

Although little IIllormation is availahlc on the volumes and concentrations of f1uoride 

li ischargcd into SUI face waters, some data on the volumes and fluoride contents of 

il1dll~lt laI waslewaters ('l'ah le 2.4) makc it ohvious that large quantities of fluoride are 

hein!!, rejccted mtn thc alJuatic cnvironment. ft was estimated (Rose and Marier. 1977) 
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that if ail North Amerîcan plants dîscharge tlunridc at a latc ni 14 kg/mctnc Illn. l\tell 

the total industrial discharge would cxcecd 6J.OOO IllCtl ie tnl1~. \\'hieh IS ,Ihulli ... ·Ioili lite 

amount discharged into the atmo~phclc. 

Table 2.3. Industrial Sources of Fluoride E11lisSI()I1~ illlo the ;\tllll)~phel c (RII~L' ,111l! 

Marier, 1977). 
. 

Fluoride cJ11I~~ion Jatcs in the (,'{, 01 tillai i';, ga~l'Oll" 

U.S ellll~~ 1011" IItH 1I1lk 

Indusuy III ('anad,) 

Aluminum 3.7 kg!t AI 56 () )'1 

Steel ~.45 kg/t I11l\1eral 15 5 XO X) 
Phosphates 1.4 - 1.9 kg/t 1-'20,; 171 > I)() 

Ceramics o 37 kg/t product l Glass 7.7 kg/t gla~s 
Petroleum 0.07 kg/barrel of alkylate l l4 70 7) f 
Cemcnt 0.004 kg/t cement J 
Carhon p.07 kg/t carhon 74 "I)() 

Incineration of wastes <01 > IJO 

Table 2.4. Volumes and Fluoridt.: Contcnt~ of SOl11e Indu~trtal Wa~tewalcr ... (Ro..,c and 

Marier, 1977). 

Wa~tcwatcl 1 

Industry (location) Volumc 1: co1I1C1l1 (P~ 
Aluminum (Germany) 
Phosphate fertil îzer (U. S.) 
Phosphate fertilizer (lndia) 
Stainless ~teel (U .K.) 
Steel (U .S.) 

200,000 1 )mclrrc ton AI 
90,X()() Llhr 
13,2401Jlu 

N/A 
N/A 

70 
1.') 

14 21) 

X 
o 17 "-J1!11 Il.:1 1 IL Il )1) 

(lI produCI 

------------------------------ ---. 
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The production of uranium tctra- and hexa-fluorides contributes ta the discharge of 

~1!!l1If icantLJUanlitic,> (625 to 1,134 tons per ycar in the U .S.) of hydrotluoric acid. The 

productioll of other il10rgank nuoride compounds would re~ult in the discharge of 5.7 

and 55 kg/rnetrk Ion of product tor aluminum tluoride and cryolite respectively (Rose 

and Marier, 1977). 

Effluent and ()veillow~ l'rom limcd seUl ir:g ponds aho contrihute to nuoride discharges 

into the cnvironrncnt (Chcremisinoff and Hahih, 1973). Wet-scruhhing ~ystems for 

control of atrnmpheric Iluorrde cnmsions are abo ~uspeeted to contribute sorne l1uOl"ide 

to aLJueoll~ di~charge~, aIthough recovery of fluoride t'rom these scrubhers as precipitated 

calt:iul1l fluor-ide, anu th\.: r\.:-u~c of the watcr are hecoming increasingly popular (Rose 

and Marier, 1977) 

Fllluride So/u} Wasres 

Despite the lack of information related to the disposai of tluoride solid wastes, large 

quantities arc hlllred or disposed of in landfills (Williams, 1975). Several cases of 

sllrt~\ce ami groundwatcr contamination with tluoride from solid wastes have been 

repmted (Stcpanek el al., 1972). 

With n:g:lId to the ~olJd \Vastes l'rom the aluminul11 industry, individual smelters were 

rcpmted 10 producc t'rom 15 to 30 kg of calcium tluoride sludge per metric ton of 

alUllllllUIll PIOdlll;cd (Williams. 1975). 

Allllther maJor SOlllCC of high-tluonde ~olid wastes is the reprocessing of nuclear fuels 

(hl/!:!erald el lIl .. 1969: Emma el al .. 1968). In this case, chemical treatments to reduce 

\'Illallilly fol\owed hy ~intcnllg and canning arc prercquisites for safe long-term disposaI 

(Rose and Manel. 1(77). 
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Polluted soils are also considered to he another t'Ollll 01 "llhd \\a.,(e~ and IH:IlCl: .111 (hl' 

above-mentioned air-home emissions can he regatdeJ as p(l(cntial soil pollll(;\nh. l"\l"L'P( 

for the portion that is earrieJ 10 ri\'er~ and lat-.e~ Il)' nlll-lln 1l1i~ il IllPlI nI l'allliol hl' 

neglected, cspecially as it l~ rcpOlled 10 he ahout I~.OOO lOBS pL'r ycal III NOllh :\\Ill'Ill ,1 

(Rose and Marier, 1977) Soil pnlllltion can abo ame 110111 Ihe lise 01 1Illlllldc 

containing fettilIzcrs Thi~ IS howcvcl 11Ighly \'anahk, sinœ the 1111pnde l'OlllclI1 pl 

fertilizers varie!! wide\y depending on the mcthod of plOœs~lIlg :Ind 011 Ihl' 1I111l1ldc 

content of the phosphate raw malerial (Fostel, 19(9) halllplc~ lIlL'ludl' dlC,lkllllll 

phosphate (0,14% fluoride), triple supcrph()~phatc (1 ~n(;n and c..h:tlllnHlIlllllll pho"ph,ItL' 

(2,00%) (Ammerman, 1(74). 

2.3. HUMAN FLUORIDE EXPOSURE 

Water, food, dental products and air arc the major "Illllle~" lOI IIUOlïdl' IBlakc, Ihc 

contribution of each of which varie-; on an imlividual ha~I.". dcpendllll.! Upllll "CVl:I.1I 

factors, including Iifestyle, dictary practicc~. age, gendel, and heallit "Ialu" Wcalhcl 

and climatic conditIon, arc abo (lI great imporlance The l J S Puhllc Ikililh SCI VIlC 

(1962) correlales the rccommcndcd tluolïde concentration "land,IIt!" WIll, ICllIpclallllc 

conditions, as presented in Tahle 2,5. 

In Southern Québec, although the average annUall11:1XIlllllllllcmpclalule 1:1I1)!C" hctwel'II 

7,5"C and 11. 5ne, the ahrupt variation ... \Il temperatlln.:, "hollid hc lakell 11110 :ILL< HIIII. 

for these certainly contrihute to variations 111 daily watel con"umpllon. ami lJellcc Iluolldc 

intake (MENVIQ, 1979) 
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Table 2.5. Huoride Concentration Recommended for Drinking Water (U.S. Public 

lIealth Service, 1962; Ih.:alth and Welfare Canada. 1989). 

~ride concentration (ppm) 

Â VCI age annual maximum temperature Minimum Optimum Maximum 
(OC) 

10 0 ln 12.0 0.9 1.2 1.7 
12.0 10 14.5 0.8 1.1 1.5 
14.5 10 17.5 0.8 1.0 1.3 
17.5 ln 21.5 0.7 0.9 1.2 
21.5 10 26.0 0.7 0.8 1.0 

2.3.1. Fluoride Intake from Water and Beverages 

The 4uantity of tluoride ingcsted l'rom water supplies depends on the fluoride levels in 

the watcr and on the quantity of water consumed (Goyer, 1980). Whereas the fluoride 

cOllccntlation can easlly he determined. the water consumption, being a function of the 

individual. regional and climatic conditions, is rather difficult to assess (MENVIQ. 1979; 

Rose and Maner. 1977) 

Several studics hy Groth (1973). Marier and Rose (1966). Bonham et al. (1964) and 

McClure (1943) have attempted to evaluate the amount of fluoride consumed with water. 

More rcccntly. it \Vas cstl1natt:d hy the U.S. Envlwnmental Protection Agency (U.S. 

EP Â. 1985). that ahout 195.6 million people were served hy puhlic water supplies in the 

Unitcd State~ More than 86% of these are exposed to tluoride levels of 1.0 mg/L or 

kss. while 0.4% of them are t:xposed to drinking water with natural fluoride exceeding 

1.0 mg/L. predominantly from groundwater sources. 
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Table 2.6 shows the estimated nuoride intakc l'rom drinkmg water \\'Jlh dl~IJIlctioll 

between infants. children and adults. 

Table 2.6. Estimated Fluoridc Intake l'rom Drinking Walcr (\1 S. I~Pi\, 19X5) 

Fluoride Estimated Percent Estimatcù F1uoriùc Inlake Pel 1111.11 \' Idua 1 
Concentration U .S. Populationl (mg/kl,!.Iday) 

(mg/L) Served 

Il 1 nfallls2 ChlldlCll 1 Adull" 1 

>0.1t02.0 99.6 0.24 () 042 o O.N 
>2.0 ta 4.0 0.3 0.73 0.13 () OX6 
>4.0 ta 6.0 <0.1 1 2 021 o 15 
>6.0 to 8 0 <0.001 1.7 o JO () lO 

>8.0 <0.01 2.4 042 () 1() 

1 E .. lImalcU pcrccntagc 01 11 S POpul,llIon <,crvcu hy puh"c W,ltCI <,y.,ICIIJ<, C\PII.,cd III Ihllllllk III 
urJnkmg watcr at Imhcateu col1centratloll r,lIlgc .. 
! Cakulauon h.t .. ed 011 IIllant .. wClghlllg 3 5 Io.g ,1111.1 COlJ<,UlIIlIlg Il X hile., 01 1111.1111 1 III 111111,1 Pl'I d.l\ 
1 Cakulatllll1 ha .. ed 011 a 10 yc.tr \llll chllu wClghlllg 31 Io.g ,lIIli UIII<,UJlllIIg 1 1 1111e., 01 \\'.llel pCI d.IV 
4 Cakulatlol1 ha~cd 011 a man wClghlIIg 70 kg ,Inu l..omuJlllIlg 2 () hlJ c" III 1111111 pel d.l) 

It is important, when estimating the numiùe intakc of an mfant dUI in,!! the 1 il ~t II lI1ollth" 

of Iife, to consider whether the innmt is hrcal.l-fcd or IOJlllula-kd WllIlc Ihe 

concentrations of tluoride in human hrea~t milk arc very low, rangrng Il (l/ll ') 10 25 11g/ l, 

(Krishnamachari. 1987; Spak and Han.lcll, 1983), thcy (;al1 he !'.uh"tanlially hi,!!hel illllllik 

formulas, depending on the mode of preparation. Commcn:ially availahlc IIIlant IOl'llnlla!'. 

processed from cow's milk cunlain ahout O. 1 to 0.4 mg/L when plepared wlth Ùei()lIl1eÙ 

water (McKnight-Hane~ et al., 1988, John!'.on and Bawden, 19X7, Tave", I()W\) Whcl1 

these dry or powùered formulas are ITIlxcd wlth Iluondated waler (0 7 ln 1 2 Ill,!!/I ,), Ihe 

fluoride levels reach a~ hlgh as 1.45 mg/L (McKnighl-llane~ el al , 19XX; .Iohn<,on and 

Bawden, 1987), which is within the current rccommendcd ùally intake lor maximum 

dental benefit (National Academy of Science. 1989) . 
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In the United Statc~, the avcrage intakc of formula-fed infants is estimated to range from 

() 09 to 0 13 mg/kg hody weight in fluoridatcd areas, and from 0.01 to 0.02 mg/kg in 

Ilon-Iluoridatcd arcas (Sanger and Ophaug, 1979h). These estimates arc considerably 

lower than thc EPA cstimates of 0.24 mg/kg/day reported in Table 2.6. Breast-fed 

illlant~, on the othcr hand, may reccive from 0.003 to 0.004 mg/kg of tluoride by body 

wClght, a~suming that the tluoride level in human breast milk is 25 Ilg/L (Ericsson, 

19(9) 

Wherc tca urinking is common, tea can contribute substantially to total tluoride intake. 

I~csults trom the United Kingdom Total Diet Study showed that tea was the major source 

01 uietary nuoride for adults in that country, resulting in 1.3 mg of the total 1.8 mg 

Ilumidc intake (Wallers and Sherlock, 1983). Similar findings were obtained by Groth 

(1973) who notcd that heavy tca drinkers and beer drinkers would ingest between 2 and 

3 mg/day, and 6 mg/uay rcspcctively, l'rom these sources alone. 

2.3.2. Fluoride Intake from Food 

Fluoridc, a natural constituent of ail foods, is generally found in most of them, at varying 

leveb anu concentrations. Tahle 2.7 shows the tluoride content of the most common 

foods. 

It should he notcd that natural nuoride concentrations increase in the event of using 

flumidc-colltaining pesticides and fertilizers, tluoridated water for irrigation, washing and 

cven food and hcvcnlge proceSS!!1g, as weil as the exposure of crops to air-borne 

fluondc. The ctlcct~ of these environmental factors can be c1early seen in Table 2.7. 
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Table 2.7. Fluoride Contents in Selected Fonds and Bcvcragcs cran:s. 19X1: (loyer. 

1980; Rose and Marier, 1977: Farkas, 1975a). 

1 Food ~1I1d 

ROdSI bee! 
Cow hcef 

Beef hOUIIlOII 

Pnr~ 

Chlt~cn hrc.1\1 
Cl1IC~en leg~ 

Clllc~cn hOUillon 

Goud.1 chee~e 

Bre.ul (Iow t.llI.lUm contenlr.lllon) 

Pot:l\Oc~ 

Rlce 
Sp.lghCIII 
Pea~1 

Carrol~1 

Green be.tn~ 1 
Tomatoe~1 

C,lhh.lge 
LcttUlC 
Pe.tr~' 

Peache~' 
ApnLOI~1 

Apple COmpll\l' 

Apple JUltC 1 

Or,lIlgc JUlce ' 
Gr,Ipc-frulI JUlte ' 
Colfee 

Del.tHcm.lled cotice 
Ted 
Dry ICd ledve~ 

Mllk 
B.lhy formul,1 
Beer~ 

WIl1C~ 

Sug.lr dnd adJuncl~ 

Oll~ and fdl~ 
Non cl:MlfJable loml\ 

1 t .lIlncd food 
, m.mu.llly dcboned 

1 meclld/IICdlly ddlllned 

• fluorlddled prote~~mg waler 

1 h,llll.iL" lllllllllt 

{1ll!!/"-!! lU In!!11. 01 l'pml 

() ~~ - () % 

1 10 1 ~() 

1() 4 41 7' 
1 ()~ I-IX 
1 711 120' 
XXII 11~' 
() 2'1 - () 71, 
() 16 - () 4X 
() ~5 - 1 04 
() 27 (lIIc.m) 

'IP 10 2 Ih' 
() 7~ - 1 lX 
() 12 - 0 'l, 
o 'JO - 1 h7 
1 22 - 1 li2 
o 24 - 1 ()7 

01-1- 2 02 
012 - () 72 
() 14 0 lil 
2 HO - 1 2-1' 
120- l'J l,' 
o 4X - 1 Il 

o 4'J - 1 14 
012 - 1 2X 
061 - 1 ZN 
044 - 1 1'\ 
021 - 071> 

020 0 X4 

o HO - 1 19 
o XI! - 1 II> 
1'10 27N 

140- XX 7'\ 
1 0 (IIIC.IIl) 

o 10 1 4~ 

"P 111 1 00 ' 
up 10070' 

002 07H 

002 - 0 44 

02'1 0 X7" 

5 expo~ed tu alrhnrne flunrtde poilu lion ,\IId w.l~hcd wllh l1uondJled w.ller 

" The~e IIlclude terld1l1 ~oup~ .tnd puddmg~, Jillong olller IIclm 
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The effet;t of fluoridated watcr used for food processing is apparent from the data on 

Gouda chce~c, hecr~ and wine!o., and most probahly on baby formula. Moreover, the 

eltect 01 airhornc fluoride IS obvious in the high values for leat'y vegetables; these may 

have abo n.:~u1ted Irom the use of tluoride-t;ontaining fcrtilizers. On the other hand, the 

high numide content of I11cchanically deboned meats results from the inclusion of bone 

chip~, and is hencc relatcd to the fluoride uptake of animais. 

At this stage, il is also important to consider the contribution of processed foods. When 

fluoridatlon was firsl introduced, it was accepted that this will add only liule to fluoride 

intake. lIowever, sincc the consumption of processed foods has outstripped that of fresh 

foods, and knowing that most of the North American food-processing industries are 

~uprhed wlth lluoridated water, facts were felt to have changed. 

Il wa~ shown hy Martin (1951) lhat the tluoride content of foods cooked with water 

contalllIllg 1 ppm of nuoride would increase three to t'ive times, thus demonstrating the 

multIplIer elrect of water tluoridation. In a similar context, a study conducted by Marier 

and Rose (1966) ~howed that commercial foods and beverages prepared with fluoridated 

waler conlam on aVl!ragt! three and a hal" limes more tluorides than the amount 

e~;tahll~hed hy Hodge and Smith (1965) for non-tluoridaled regions. 

Also, il i~ ~usrectcd that cooking foods in Tellon-lined cookware increases their fluoride 

concentration (Goyer, 1980; Full and Parkins, 1975). 

Such an increasc in the fluoride content of food, due to the reasons outlined above, is 

thought 10 he one of the major factors contributing to the increase in human exposure to 

Iïuoridc (Rose and Marier, 1977; Farkas and Farkas, 1974; Farkas and Parsons, 1974). 

ln conclusion. Tahles 2.8 and 2.9 summarize the daily fluoride intake by adults in 

cOlllmunities with low and high nuoride levels in drinking water respectively. 
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Table 2.8. Daily Fluoride Intakc of Adults in ('oml11l1nitle~ \\'lIh Ln\\' "'llIol1d~ 1 e\'L'b 

in Drinking Water (Jess than 0.4 mg/U 

1 
Adult tluoride intake (mg/day) 

1 

Dietary Beveragcs Total References 
sources 1 and water tluoridc 

II1take 

0.27 to 0.32 NIA NIA Armstrong & K\lowlton (ll) .... 2) 

0.30 to 0.50 NIA NIA Mc('IUlc (1943) 
0.40 to 0.80 0.00 10 0.30 0.40100.88 lIam ami Smith (1954) 
0.30 to 0.80 NIA NIA (,holak (1959) 
0.80 to 1.0OZ NIA NIA Kramcr (!l al. (1974) 
0.70 to 0.90! NIA NIA Osi~ e[ al. (1974) 
0.30 to 0.40 0.20 to 0.76 0.91 Smgcr ('l al ( 19XO) 

0.41 0.20 0.61 Beckcl and Bruce (19X 1 ) 

1 Excluding beverages and water 
2 Includes tea and coffee 

Table 2.9. Daily Fluoride Intake of Adults in Coml11unitie~ wlth FllIOI idated 1>1 i Il''' illg 

Water (approximately 1 mg/L). 

1 
Adult tluoride intake (mg/day) 

1 

Dietary Beverages Total nuoride Rclcrcllcc~ 
sources l and waler intake 

0.80 to 0.90 1.30 to 1.50 2.10 to 2.40 San Filippo ami Battl<,tollc ( 1971 ) 
1.00 to 2.10 1.00 to 3.20 2.00 10 5.30 Mancr and Ro<,c (J<)(,(}) 

1.20 to 2.70 1.60 10 3.20 280105.90 Spencer and LcwlIl (1970) 
1. 70 to 3.402 NIA NIA Kramcr el al (1974) 
1. 60 to 1. 802 NIA NIA O~i~ el al ( 1(74) 
0.30 to 0.60 0.60 to 1.10 1.00 to 1. 7() Smgcr el al (1 ()XO) 

0.40 1.60 to 1.90 2.()() to 2 30 Beckcr and Bruce (19X 1 ) 

1 Excluding beverages and water 
2 Includes tea and coffee 
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2.3.3. Fluoride Intake from Dental Products 

Several sludies (;onducted by Whitford (1989, 1987), Ophaug and Singer (1988) and 

Beltran and Szpunar (1988) have identificd tluoride-containing dental products as sources 

of sy1->lematlcally available tluoride. Such fluoride-containing dental products include 

dentifnces or toothpastes, mouthrinses, fluoride supplements or professionally applied 

toplcal numide (U.S. Public Health Service, 1991). 

Toothpa1->tes, followed by treatment gels and mouthrinses, are the most commonly used 

dental treatment products. The vast majority (more than 90%) of the toothpaste available 

ill the United State1-> contains tluoride, in concentrations ranging between tOOO to 1500 

ppm (Beltran and Szpunar, 1988), depending on the tluoride compounds used (e.g. 

sodium numide, sodIUm monofluorophosphate, or calcium pyrophosphate). Fluoride 

concelltration ranges between 230 and 900 ppm in tluoride mouthrinses and 970 to 

19,400 ppm in treatment gels (Whitford, 1989). 

Depending on the amount of toothpaste uscd, the amount of tluoride introduced into the 

l110uth with each brushing ranges from 0.1 mg to more than 2.0 mg, with an average of 

1.0 mg (Brulin and ThylstrurJ, 1988; Dowell, 1981). Similar range and average are 

reported for Ilunride Illouthrinses (Bell and Wh it fo rd , 1985; Wei and Kanellis, 1983). 

Based on these reports and on the faet that part of the dental produet mtroduced into the 

l110uth is swallowed rather than expectorated, Whitford (1989, 1987) estimated that 25 % 

of the nuoride in toothpastes and mouthrinses is swallowed and absorbed. 

As a conclusion, the U .S. Puhlic Health Service (1991) noted that the use of fluoride 

delltal produC1S and nuoride supplements in communities that do not have tluoridated 

lh illking water can result in Icvels of total tluoride equal Lo that in communities with 

optimally fluoriùated water supplies. In addition, based on a me an retention and 
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absorption estimate of 25% and on the assumption that tl'cth an: hrushed l",iœ dally. lhe 

amount of tluoride ingested through dental producis WOU Id appw\imaldy cqual lhe 

amount ingested from the diet. 

2.3.4. Fluoride Il1take frOiD Air 

In a study conducted by Martin and Jones (1971) and hased on an average COIlSlIlIlpllOIl 

of 12 to 15 m' ofair/day l'oran inactive individual and 20 m1/day fora wOIklllg pl'Ison, 

it was estimated that the quantity of numides ahsorhed hy a worker on il clear day in Ihe 

heart of London would he 0.003 mgilhly as opposed 10 O.OJ mg/day dllllllg a very loggy 

and exceptionally polluted day. ft was hcncc condudcd Ihal, l'VCII lInder mlense and 

severe pollution rates which are usually locali~ed and occasHHlal. a very hald WOI king 

person would absorb tluoride quantities rar hclow Ihe maximum ~ah: do ... c~ 

On the other hand, Goyer (1980) reported that individuab who ~pcnd ail Iheil WOI klllg 

hours in a tluoride-rich atmosphere would inhale 25 mg 01 lluOIldc III 1 () hOlIl~. 

According to Hodge and Smith (1970), such an employec may l'clam 5 10 6 mg/day 01 

fluoride, the rest being excreted or climinaled through IransplralHlIl (Ro~e ami Mariel, 

1977). 

As a conclusion, it can be argued thal, although il i~ genclally agreed Ihal ail hOllle 

tluoride would not contribute siglllficantly to the tolal human Ilumlde uptake, evcn al 

points of very high nuoride concentration causcd hy mdu~11 ial pollution (1 J S hp;\, 

1985), the situation may be djfferent for individual~ who ... pend ail their worklng hour~ 

in an atmosphere in which the nuoride concentration excced ... Ihe maXllIlUIll alJowahle 

limit of 2.5 mg/m' (Goyer, 1980). Vnder ail circum~taJ1(':c"" It i ... llecc~"';lIy II) poinl out 

th3t these air-borne nuoride sources are 10 be added to the dally human diet (MhNVIO, 
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1979; Rose and Marier, 1977). 

2.3.5. Total Fluoride Intake 

The nuoride inlakes resulting from food sources, drinking water and beverages, as weil 

as nuoride dental products (fluoride toothpaste and tluoride mouthrinse) are summarized 

in Tahlcs 10 and II, quoted t'rom the V.S. Public Health Service (1991). Il should be 

notcd thal the nuoride intakc l'rom air is not included since it is estimated to be negligible 

as (;ol11parcd to the other sources (V.S. Public Health Service, 1991; Mahadevan et al., 

19R6; WHO, 1984; Barnard and Nordstrom, 1982b; Rose and Marier, 1977) 
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Table 2.10. Summary of the Total Daily Fluoride Intake of Adults(l) (V.S. Public Health Service, 1991). 

C .... elllr.llun 01 Iluurldc Ul drmIunjJ InIllke eswnate 1 Fluorlde Ullake 
,uler (mg/l) 

Food sources Water and be,erages nuorlde Auorldc ESllmdled total 

T oothp.lSte'" Moulhnnse'1J 

<03 mg/1. mg/da) 021008 011007 0018 10 0 145 056 0881022 
mg/kg/dov 0004100016 0002100014 o 0004 10 0 003 001 00161uOO4 

071012 mglL mg/day 041027 061032 0018 100 145 056 0581066 
mg/kg/day 000810054 0012100064 o <XXl4 10 0 003 001 00310013 

>20 mg 1. mg/da) 121034 0910>35 0018100145 Not 21",>705 
mg/ig/day Oll210007 OUlM 10 >007 o 0004 10 0 003 Recoounended ù0410>ù14 

" C.kul.won basal UpOIl adull ,",CIg/un8 50 kg 
" Asswncd thal Iluorlde IO\llhpaste and mouwUlSe used 1" Ice pcr da) 

Table 2.ll. Summary of the Total Daily Fluoride Intake of Children<U (V.S. Public Health Service, 1991). 

Coo..CIlInIlOll ur IlIlllOlk 111 JruWng Inu~c c,tnn.lte 1 Fluorlde Ullale 

"aler ,mg II 

F-1JOd 5'OOI\ .. CS Water and be"r>go< f luvrlde Fluùnde 1 >lm .. led wul 

TUùlhpasle ~ppkmem ' 

,(1 3 m~ L mg .1J, o 15 hl Ù 3 U 1 lu U 3 V ~ lU 1 :! o 51J (J 'j5 10 ~ 3 

mg ~g J.n tJ \Jùi (0 \.1 ul5 U UlrS 10 " 015 UUl WOllO '-11J2~ ('IJ .. P [tj(J 115 

l) - h' 1 .:: m~ l mg da, O.;l bJ 0 tI \J 3 tu 1 ~ U2{01~ 'u< (J <; te} 3 6 

mglg.1J' li Ù: W 0 u3 v 1J15 10 u U'I Oui lu li lib Re .. ommt'fk.kJ 1) (>45 lu 1) 1 ~ 

..... .:.ll m~ L mg JJ\ 1 LI 1(' :. li Ijow>3u tI:' lù 1 :: '\cll 1 ~ lU ... tJ 2 

mg ~gJJ. .. l' lI:' Iù ù lU UU3h.1 >vl:O J "I li .. f. \.JtI RC_,oflllur;::r&i::J IJ 11; liJ IJ 31 

l1!..u1.uJ\.". h.i.."-'\i l'tl ~tUJJ ~~I!!!l-~ :L' ~ 

~\.-"",,<d IIl.il ll",,,-.J.: " .. 1Ihp.1stc u...:d 11' "-c po:r .1J\ 
, \\.-"",>61 IIl.il Jen..ll llu",,-,.j,: <urrlemcnI "".ell >illl\ 
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3. MATERIALS AND METHODS 

3.1. GENERAL 

Fluoride conœntration~ in the wastewater tlowing to the Montréal Urban Community 

(MUe) wastewater plant may he the n:sult of: 

i. The natUlal concentrations ln the waters from the MUC water treatment 

plants, I.e., Atwater, Des Baillets, Lachine, Ste-Anne de Bellevue and 

Pierrelonds 

ii. The artificial tluoridation of the water from those treatment plants 

tluoridating thelr waters, i.e., Dorval and Pomte-Claire. 

iii. The domestic hahits of the population, such as food and tluoride-containing 

dental products. 

/l'. The mfiltration of groundwater. 

These four lype~, showing slight variation with time, constitute the "base concentration" 

or h;u.:kground numide concentration. This baseline concentration will be determined 

hascd on statistical analysis of the daily data. In a previous study conducted by Gehr et 

al. (1989), it \Vas estimated to be 0.34 mg/L. 
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In addition, non-baseline contributions include: 

V. the direct industrial discharges 

vi. the Iiquid precipitation. i e . rainfall and nallilal sno\\'lllell 

vii. the solid preCIpitation. i.e., dust and dry deposils carnet! ouI hy 111111111. and 

melting salts from winter strect-deaning opel atlons. 

These last three types can be classified into two diffcrent categones. n:tme\y indl1~1t lai 

discharges and precipitation. 

3.2. MONITORING 

3.2.1. Wastewater Salnpling 

Sampling of the MUe wastewaters wa~ carried out over a 12-lllonth pCII()d. 1 rom JUIIC 

1, 1992 to May 31, 1993. 

Continuous sampling over the 24-hour period was acc()mplt~hcd hy lI!-.l1lg an aulOlllallc 

sampler placed at the inlet canal to the Mlle wa~tewater tlcatment pIanI, allcr thc gril 

removal facilities. Wastewater compo'iitc samplc~ wcre collcl':led III II, polyethylcnc 

boules. Twenty-four hottles corresponding to the 24 hourI, 01 ~ampll1lg pCI day WCIC 

brought back daily to the lahoratory for analysi~. 

It should however be noted that continu()u~ sampling and lllea~UrClllcllt werc di..,contlllucd 

for a few periods of time. In the carly stages of the sampling camp:lIgn. !-.ampl ing Will, 
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IIltcrrupted duc to <.:Iogging prohlem~ ansIng with the automatic ~ampler. At later ~tages, 

the contIllU()U~ mea..,urement 111 the lahoratory wa~ intcrrupteù for a kw days in 

Septemher and Novemher 1992, and for longer penods 111 Octoher and Oecember 1992. 

a~ weil a~ in .Ianuary 1 <)93 The mam rea~on for the~e regrettahle gaps is the difficulties 

that arme with the operatIOn of a cont1J1UOU~ automatic clectroùe that was designed to 

leplace c()lIlinuou~ manual measulement In the lab. In fact, it was first intended that the 

aulomatÎc clcctroùc woulJ operale wntinuously ùuring the 24 hours of eaeh ùay and 

lIlea~un; aUlomatH.:ally the fluonde concentratIOn in the wastewater. Only those specifie 

h()ltle.., c()rre~p()Jl(.ltng to the peaks regi~tered hy the automatic electrode would have 10 

he ll1ea~ured 111 the laboratory. However. several problems prevented adequate operation 

of the c()nlll1u()lI~ electrodc to take place. the mo~t important of these being the constant 

c!og!!lI1g 01 the rlpe~ where the l11easurel11ent oecurred and the excessive c1eaning anù 

mamtenancc 1 cLJLlIreÙ to cope wlth this. At any rate, even under good operating 

condilloll~. the alltomatlc eIcctrode Jid not prove 10 he a reliable means for continuous 

fluondc I11Ca~Ulel11ent. Imleed, a compansol1 hetween the two measurement modes. i.e. 

that III thc laholatory and that hy the automatic clcctrode. carrieù out aL limes whcn both 

weil': 111 operation, ~howcd Lhat the lesults obtamed hy the continuous electrode did not 

glvc a good ridUle nt the actual tluoride variation as measured in the lab; consequently, 

ail the Ic'mlls nhtallled by the automatic e1ectrode were completely disregarded. In 

addtllon to the~c interruptions, continuous !o.ampling and measurement were entirely 

~lIspcnded dunng Fehruary and March 1993, as weil as during the first hall' of April 

1993. 

3.2.2. Precipitation Santpling 

ln order to estimatc the quality of the precipitation, both the liquid precipitation (rainfall 

or snmvfall) and the dry precipitation (dry l'allout and du st particles) were collected daily, 
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t'rom a station on the mol' of the MUe wastc",atcr trcatmenl pianI l'hl' dl~ plel'Ipltathlll 

was collected hy nn~mg the collectOl Wilh a It\ed vlliume (100 mL. III Ihe ple~èlll L'a"'l') 

of fresh deionized watel'. One sampi ing ~talJon was fllUlld tll hl' ... ult Il: Il'l1l ba~l'd \111 t hl' 

fact that the ramfall quality il'> relalivcly 11ll1ll11gCIlCOUI'> and ... hu\\' ... 110 l'>lalll'>tlL'all~ 

significant diffcrem;c~ over the Island Thcl'>c plcclpilalion l'>:lmp\cl'> \\'l'Il' .lIlaly/l'd 1'\11 

the same parameters as 1'01 the W:I.,tc\Valcl. Il 1., 10 hc 1l11lcd lh.lt IIm l'>lal Il III \\ ,1'" 

equipped for snow collectIon in wll1lcr 

Melting salts, which were suspccled hy Gchr el al. (19X9) lu colltnhull' tll IIlCIl'a ... cd 

fluoride levels, werc abn analyzed at vaiolls cnnccntl alioll~ (50 10 WOO mg/U 

3.2.3. Groundwater Sampling 

The location of the wells to he sampleù was cho~en, in cOlllullctloll wJlh Ihe ('lly III 

Montréal (Barbeau, 1993), to he reprcscntative 01 thc gloundwalcl qualtly IIlllhc hland 

of Montréal. InformatIon regarding the wclb spccllicaliom. I~ plc ... entcd III Appcllllix I~ 

Groundwater samples were collected hy meanl'> 01 a haller, 01 " pUlllp wlH:1l plc/ometcr., 

were too small to fit a hailer. Samples were laken hctorc and allcl !HII!!I1Ig. Ihe weil ... 

Though the maximum dischargc rate should, u~ually, he ha ... ed UpOIl Ihe hydr aultL 

conductivity of the aquifer and variou'! properlie~ 01 the weil ... L1et.:1l (Mayt.:r ct al , l')'n), 

the cornmon practlce of purging the weil to threc tlllle., thc weil C:''''IIlg. volullle w" ... 

undertaken in this case, due to the unavailahihty 01 more ... pecllic 1Ill00lllaliOll 

Special attention wa~ directed towarù... the weil al Faubourg. ()uéhec III MOIIII ca l, 

essentially hecause the nearhy-slte had heen kllown, loI' il lew decaùe ... , 1011(,: a depo ... lllol\ 

site for ferrous railway equipment. Grounùwater contamrnatloll wllh Iron wa ... thu ... 
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.,u.,pcl:ted and thc addition of a decornp\cxing agent (CDT A) wa~ deelm:d neœs~ary in 

order to rclea .. e the free nuoride IOn from the complexe., that arc readlly formed in thl' 

pIC.,CIICC 01 IrOIl ('o!l<.,ctjucntly, and III ordcl to e.,trmate the IlllpOrlam.:e (lf u~ing the 

('I)TA in the La.,e of the weil at Fauhourg Qw:h<:l: a., weil a., for ail other welb. the 

numide analy.,e., of ail groundwater ~ample~ were performed \Vith and without tht; 

C/)'I'A Abo. 111 addition to tho.,e ~al1lple., taken hefore and artel' purging and measured 

wlth and without the COTA. an initidl ~al11ple of the ~tagnant \Vatel' in the weil was 

rakel1, and anothel sam pIe was drawn after a very heavy storm ~hower. Com.:erning the 

~tagnant water ~ample. the water wa" so turhld that lt wa~ allowed to settle. and the 

~upcl11atant wa., abo analYled. A~ for the sample taken after the storm shower. the 

allaly~i~ wa~ undertah:n Illainly to estahlish any direct effect of precipitation on the 

groundwah.:r tjuallly. 

3.3. ANAL YTICAL METHODS 

Wastewater and precipitation !-.amples were collected and ~tored in IL polyethylene 

hottles. These \Vere l:II:aned with a powerful detergent (Decon. 12%). followed by 

acctone and hydrochlork acid (HCI. 5%), and washed alternately with distilled and 

dcioni/ed water (nanopurc), in order to cnsure that no contamination could take place. 

Il should also he nllted that ail rcagents and high concentration ~tandards (l,000 mg/L) 

\Vcre prcparcJ lIsmg t rcsh deioniled \Vatel' and stolcd III c1ean polyethylene houles 

leadlcd wnlt Jeionilcd \Vater. Lowel concentration standards used for daily calibration 

wCle fte~hly preparcd. on a daily hasi~. and checked at various stages durmg sample 

l11eaSli rements. 

Wastcwater and prel.:lpitalion samples were analyzed daily for nuoride, chloride, pH and 
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conductivity. arcording to Standard Met/lOcis (APIIA-/\ WWA-WPCF, !9Sl)) 

Fluoride measurements. whil:h were perlonned to an~\\'~r the malll llhle(It\'~!'I III IhL' 

present study, were acwmpanieù hy chIot ide, pli and conduCl1\'ÎI)' mea"llI elllL'llI!'1 l'he''l' 

were important in conjunctlon with the operatton 01 the ~01llll111()1I" aulol1l.11IL' ~kllt "dl' 

Indeed, il was felt neccssary to diffcrentiate hetween l'cal Iluonde pea"..; legl.,tL'l~d III thl' 

intluenl waslewater and those peah cone~pondll1g to 11Igh Iluortde Cllllu':llt,altllll., 1\1 thL' 

recycle tine, Fluoride is expcctcd to he present 111 the recycle Illle h~L'ame, a., Clllldlllll'd 

by GeIn et al. (1989), no tluoride removal ()L'cur~ Ùlll in!! the phy."cu-chl'IlIlLalltl'.lllIIl'llt 

at the MUC wastewatcr treatment plant Chlonde, wlll~h 1<; al ... o louml III thL' l'IIaglllallt 

(terric chloride Fee),) that IS recycled hac" in the recycle line. "l'Ive., the J1l1IPIN' ",L'II. 

especially sincc its mca~urel11ent does Ilol warrant !>.pec Jal Jlle.IMIl es ill the \ahOl.IIIlI y 

Conductivity and pH were al~o measulcd for the sa me purpŒe. ~JIICC lhe)' ,I!,1"e ail 

indication about the activity ot ions 111 ~()Iution. 

3.3.1. Fluoride Measurement 

Fluoride was measured, according to method 41313 in Standl/rd II1ct/lOds (API lA J\ WW A 

WPCF, 1989) approvcd hy ASTM 01 1 79-72B. with a comhincd J()(J-"c\ectlve e1ecllode 

(Orion# 96-09) connected to an Acumcl 925 digital plI/IOn Illeter The 111I1n)! .,lIlutl()1I 

(Orion Cat. No. 900001) was u~cd to milllllli/e jum:tioll potentlal.., and l!tllllide 

contamination of the samplc. 

Rather than measuring the concentration of nuoride dlleelly. the fluoride elccllode 

measures the ion activity of nuoride in .,oluuon, and tramllllh il vo1tape ..,lglJal 

proportional to the fluoride concentration. lIowever. hccau"c thc Ilu()('Jdc ion actlvlty 

depends essentially on the pli, the total ioni<.: "trength 01 lhc .,oluliol1 and the Iluoridc 
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complexing "pecie~, il is necessary to provide for a butfer solution; hence. the addition 

of the Total Ionie Strcngth Adjw,tor (Low level TISAB) to provide a uniform ionie 

... trcngth, to auju~t pH, and tn emurc the complexation of interfering cations such as Al1+ 

anù Fe) 1 anu the rclca~e 0' frce Iluoriùe i()n~. 1 Il addition, the TISAB maintains a pH 

alOuml5.5 at whlch 110 hydroxidc intcrference or proton association occur, and increases 

the raie of c\ectllldc re"p()n~c duc to the increased conductivity (Barnard and Nordstrorn, 

1 ()X2a). Low-Icvcl TISAB i~ genera/ly WIed when measuring samplcs containing less 

Ihan 0.4 ppm (2x JO ~M) tluoridc anù no tluoridc complexing agents such as iron or 

alullllllum are pre~cnt (Orion catalogue). This was consldered to be the case based on 

IC!'lult~ obtained by Gehr et al. (1989). Where the samples were fell 10 contain higher 

Icvc1s of ilon, spedtically in the case of some groundwatcr samples, the low-Ievel TISAB 

wa~ comhineu with the decornplexing agent eDTA (cycloexylen-ediamine-tetraacetic 

aClu), accoruing ln Standard Methods (APHA-AWWA-WPCF, 1989). 

Also, ha~cd on Ihe results obtained hy Gehr, et al. (1989), it was assumed lhal ail the 

lIuoriuc woulù he in the soluhle ionic form F. 

Il !'Ihould he noted that an important modification was hrought to the analytical procedure 

111 ordel to ùeclea~e the error in readings for samples with very low tluoride 

concentlatiol1s. The known aùdition of a high concentration standard was especially 

importanllo ensUle that rcadings would fall in the linear portion of the calibration curve, 

~1l0Wll1g Ihat non-linearity start~ helow 0.01 mg/L (Barnard and Nordstrom, 1982a). 

Ilcm:e. 5 ml. of 5 mg/L fluoride standard were aùded to each sample (or standard), thus 

inci easing Il~ com:cntration and allowing more accu ra te readings, within the linear 

portion. Equ.ll volumes of huffer and total sample (or standard) were combined, in the 

'ollowing mannel" 1 ml of the actual sample (or standard), 5 mL of the 5 mg/L 

slandaill. and 6 ml. of the low-Ievcl TISAB. Both Samples and standards were stirred 

\\'Ith a Tdlon-coatcd stir har close to the electrode membrane. The use of Tetlon-coated 

stir hars \Vas not l'cil to contrihutc significantly or differentially to the tluoride content 
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of the sample or standard. Potcntial readings \Ven: rcwn.led \Olhe lleale~1 0 1 1\1\'. allCI 

a 5-minute stabilization period. Approprialc conversions ~ll:Lounted 1'01 11\ Ihe callhl altlln 

procedure were performed to ohtain aclual samplc C()Ill:entralllll\~ 

The calibration equation, hased on standard Iluoridc wnccntlatlons l':Ing.ing 1101\\ 0 01 

to 1.00 mg/L was determined to he: 

y = 104.51 - 5J.56Iog(x) 

where, y is the tluoride concentration (mg/L), and x is the voltage leadlllg (illY). 

It is worlhwhile noting lhat the calihration curve determ med III the IIHt ial !'.Ieps 01 1 he 

analysis was designed to accommodate for changes in the valuc III thc ~lal1dilld~. Silice 

the standards were expected to vary slightly lIom day to day. 111I~ con c~p(llldillg van:!t 1011 

was accounted for hy shifting the calihration curve upward~ 01 dowll\v:lld~. ha~cd 011 the 

intercept value given by the 1 mg/L stanJalJ, amI as~umlllg thal Ihe -,Inpe leln;'IIl~ 

essentially constant. This assumption is stlcngthcneJ hy thc lact litai Ihe calihwt ion 

curve determined hy Gehr el al. (1989) was very ~inlllar lo that oht:lll1cd III the Jlle~ellt 

study and shown previously. Most importantly, hoth have the ~amc ... Iope 

y = 108.46 - 53049 log (x) 

Sources of errors induced hy such a praclicc will he t1bcus~cd III Sectioll l 5 

3.3.2. Chloride Measurement 

Chloride was measured, bascd on the ~ame principlc a~ for l1uortdc, u~in)! a coltlhillcU 
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iOlH,dccti ve dcctrodc (Orion #96-17B), connectcd to an Aecumet 925 digital pH/ion 

mell:r. The Iilling .... olution (Orion Cat. No. 900017) is used to minimize junction 

polcnlial .... and chlorillc ion contamination of the sample. An Ionie Strength Alijustor 

OSA), 5M NaN01 , i~ also used to adjust ionic strength of sarnples and standards. 

PreparaI ion 01 Ihe ~amplc!o. (or slandarlls) was done in the following proportion: 10 mL 

of Ihe !'..amplc (or standard) and 0.2 mL of the ISA. 

Because of a linear calihration equation, the pH/rnV meter was programmed to measure 

chloride conccnllatlOns directly, hased on standard chloride concentrations of 10 mg/L 

and 1,000 mg/L. 

3.3.3. Conductivity Measurement 

('omlm:livity was mcasuJ'ed with a Ralliometer Copenhagen CDM83 Conductivity meler. 

[Il its memory, lhe CDM83 has an algorithm for the caIculation of the conductivity of 

0.05% NaCI al diffcrcnllcmperalures; hcnce, the CDM83 and the conductivity cell were 

cahhlalell aUlomalically with 0.05% NaCI. 

3.3.4. pH Measurement 

The pli of the wastcwaters was expeeted to be about neutral, whereas that of 

prœipilation \Vas expecled to he slightly acidic. Calibration of the electrode was 

IhcH:Ii.m: donc \VIth the 4.00 and 7.00 hutTer solutions. pH was measured directly with 

a IIANNA Rol17 digital pH-mcler. 
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3.4. METHODOLOGY 

Since chloride, pH and conductivlty coukl no longer he lIsed a~ II1tcnded. 111 conllllll'lllll\ 

with the wastewater meaSUfCment hy the continuou~ automalll': dectrode (.1" di~l:lIs~cd in 

Section 3.2.1), the results of their monitoring \ViII not he dbclI~scd hcrcaltcr ()nly 

fluoride concentrations will be addressed in tellns of levcls and vallatlom. as wcll :I~ 

mass balance analyses. Il should he noted howevel that the po~~ihlc COI relalion hcl\\'ccn 

chloride and fluoride will be investigated whcn analysmg Illelling ~alts and pleclpllalHlIl. 

The results will he shown in the corrcspondillg ~ccti()ns. 

3.4.1. Descriptive Statistics and Frequel1cy Distributions 

Descriptive statistics (obtained with ST ATISTICA hy Stal~()lt, 1 ()t) 1) and fi cqlH~ncy 

distributions will he used to estimate the tlumide levc1~ III the 1 aw waslcwalci a\ weil a~ 

in the liquid and dry precipitation. Also, thcy will he used to a!'..,c.,\ illly \ea'iollal 

variations. For the duratioll of the present Sludy, live sea~()n., havc c\~elll ially heclI 

identified: spring 1992 (only June 1992), summer 92 (July ami Augu~t 1 t)92), lall J<N2 

(September, October and November 1992), winter 1992-93 (Del:Cmhcl 1992 and January 

1993), and spring 1993 (April and May 1993). 

The results and discussion of thesc analy~e~ will he addrcsscd in SedHlIls 4.1 and 4 21111 

wastewater and precipitation respectivcly 
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3.4.2. Mass Balance Analysis 

Ma.,~ nalanœ cakulations will be used to estimate the tluoride input from the various 

~ourœ~ idcntiflcd a~ follow!-.: precipitation, infiltration of groundwater, non-fluoridated 

watcl, artlfkially fluoridaled watcr, and unidentified sources. Since the latter consist 

m()~lIy 01 IIldustrial lh~charges the frequency of which is practically impossible to 

predlct, the relative importance of these unidentified sources will be assessed over the 

olle-year penod. 

The results and discussion of these analyses will be addressed in Section 4.5. 

3.5. SOURCES OF ERRORS 

Errors may have bccn introduced at various stages and steps during the measurement 

proccss, and may have arisen from human as weil as mechanical sources. 

3.5.1. Human Errors 

Although hUlllan interfercnces were reduced to a minimum by the use of digital 

apparatuscs, <lUlOlllatic pipettes (0.1 mL 10 10 mL), and ready-prepared reagents (which 

indude the clectrode filling solutions and the 1,000 mg/L standards for both tluoride and 

chloridc, the Ionie Strength Adjustor for chloride measurement, as weil as the buffer 

solutions for pli calibrations), slight variability may have been introduced when standards 
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were diluted daily to he freshly uscd in the prepatation 01 the low-k\'L'I TISAB a .. weil 

as in tht: preparation of samples for measurcmcllt. Th i~ fal:tor I~ 11H11 e pwnOlIllL'cd 111 Ihl' 

case of tlumide measurcmellts, hCl:ausc (\) the 5 mg!!. :-Iand.ml \\'a .... added III l'oll'h 

sample befme analysis, hased on the prinl:lplc dlsclIssed 111 SCd\llll J J l, and (2) 

standards were measured daily to re-adjust the calthrallon CUI Vl'. At thi ...... Ia~c, Il 

becomes important to discuss the crrors that may he IIltrOlluccd, III Ihe L'.I ... e 01 Il UlIlIlk , 

while using the calibration curve to convclllhc voltagc rcad\llg~ 10" WIlL'L'ntlallllll ~l'ak 

As discussed previously in Section 3,3.1. sinœ standards WCIC c\.pecled 10 V:lly, Ihollgh 

slightly, from day to day, the l:alibration CUI ve wa~ deslgncd 10 aL'L'Ollllt lOI :hal 

variation, by shifting il upwards or downwards, hm,cd 011 thc value 01 the 1 () IIIg/l. 

standard. This is considered to he il corred pnll:ticc, only Il the slope 01 the I:allhl atioll 

curve remains constant. Repeated veritication 01 thc L:alihratioll ~hll\Vl:d IhallL''''lIll~ cOllld 

be altered by 5%. This was deemed acceptable 1'01 thc COllIse ni tht:-. le .. eall:h 

3.5.2. Mechanical Errors 

Mechanical errors, on the other hand, have proved to be mOle .. enOll~, e ... pecially III the 

case of the fluoride electrode which has cxhibiteu a "fatigue" hehavlolll Imlecd, plotllllg 

the data on a continuous sl:ale showcd that, in sOll1e ca~es, tlra~tic chall).!e ... have heell 

witnessed from one day to anothcr; more ~pccil ically, a gl adual IIIC1'ea ... e 01 Iluolldc 

concentration would happcn during a certain day, lollowed hy an ahrupt dlOp in the 

fluoride measurement at the beginning of the next uay. This phellolllelloll h IlIu .. tlalcd 

in Figures 3.1, 3.2 and 3.3 . 
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(figure 3.1. Variation in Fluoride 
Concentrations lIIustrating Electrode 
"Fatigue" (July 24 - 26, 1992). 
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Figm'c 3,2. Variation in Fluoride 
C'om:entrallons lIIustrating Electrode 
"Fatigue" (Septcmber 14 - 16, 1992). 
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Figure 3.3. Variation in Fluoride 
Concentrations lIIustrating Electrode 
"Fatigue" (September 17-21,1992). 

Il can he sccn in Figure 3.1 that the tluoride concentration increases uniformly during 

,1uly 24 and drops .~hruptly on July 25. This phenomenon is also witnessed in Figure 3.1 

for Septcmhcr 15, and in Figure 3.3 for September 19 & 20. Such abrupt changes in 

Ilumide concentrations cannot usually he expected in the case of continuous 

45 



• 

Mat~llab .\Ill! Mcthlld:-. 

measurement, and it can fairly he suspectcd thal lhcsc WCIC duc tn a plnhklll \\'lIh the 

tluoride electrode. 

However, since this phenomenon has only lKcurred for very :-.pccihc day~. ami IlO llthl'I 

means exisl for checking the rcsuIts l
, therc can hc 110 ahsolute cettainty III ~lI"pCl'tlllg and 

consequently neglecting the corrcsponding values. For inslance, III l"Igurc J J, thl'Il' l'an 

be no logical reason to question the high valucs rccOIdcd al thc end Ilt Septcmhel 1 X 

rather than the low values at thc hcginning of Septcmher 19, or thosc IlIgh valuc:-. at thc 

end of September 19. rather than the lower olles at the heglllning ut Septclllhcl ~() 

Accordingly, il can be concludcd, lhat, aIthough lhis clcr.:trode t:lllguc phl!IlIlIllCIHlIl call 

be suspectcd, it cannot he fully ascerlained. hencc, lhe cOlTe!-opondlllg rc!-oult!-o WIll 

generally not be disregarded in the analyscs. 

J F!uoriùe ~tanùarù~ v,l!n: u~ual1y dlCl:kcù at VdrJOll., rOIll!'> Ùllrlllg lIIea.,lIrelllelll." eXl.cpl lor a kw d.IY" 11111111/' 

which ~tandaru., were l:hel:kcu only at the hegllllllllg 01 the day. prlor 10 .,ample lIIea .. llrl: Ille Il 1 III .. udl l.a.,e .... 
there l:an he no way 01 dlel.kmg the n:.,ult., DUflIlg lf,n.,c day .. whcre "lalldanh werc L1lc(.ked rcpcalcdly, lltcrc 
wa~ no ~igl1Jticallt change 10 the electrode n:"p()Jl~C 
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4. RESUL TS AND DISCUSSION 

4.1. WASTEWATER ANALYSIS 

4.1.1 General 

As Illentioned in Chapter 3 (Materials and Methods), wastewater samples were collected 

daily l'rom the inlet canal of the MUC wastewater treatment plant. Twenty four 

composite hourly samples were analyzed daily for tluoride, according to Standard 

Me/holls (APIlA-AWWA-WPCF, 1989). Hourly tluoride concentrations are shown in 

Appelldix B t'rom June 1992 to May 1993, except for the two months of February and 

Man.:h durillg which nmtinuous analysis was interrupted (as explained in Section 3.2.1). 

The daily average nuoride concentrations in the MUC wastewater are plotted (prior to 

any scrcening ot' outliers) on a monthly basis, for each season. These are shown in 

Figures 4.1 through 4.5. 
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Figure 4.1. Variation of Average Daily 
Fluoride Concentrations (Spring 1992), 
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Figure 4.3. Variation of Daily Average 
Fluoride Concentrations (Fall 1992). 
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Figure 4.2. Variation or Average Daily 
Pluoridc Concentrations (SuIHmcr \9(1) 
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Figure 4.4. VariatIon 01 Daily Average 
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Figure 4.5. Variation or Average Daily 
Fluoride Concentrations (Spring 1993) . 
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Results and Discussion 

Ba~cd on the ~tatiSl1cal rcsults presented hereafter in Table 4.1, the monthly variation of 

the I1lcan, mmimum and maximum tluoride concentrations, priar to any screening, is 

IIluo.,tratcd in Figure 4.6. 
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Figure 4.6. Monthly Variation (June 1992 to May 1993) of the Minimum, Mean and 
Maximum Fluoridc Concentrations in the MUe Raw Wastewater (Prior to Data 
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4.1.2. Screening of Questionable Data 

Prior to any data manipulation. qucstionahk cxtrclllc dala will he In\'c~tÎg.llcd ,lIll! 

outliers removed. In thc ahsence of bettcr cslimatcs. thc !!cllclal plOcedllll' "li 
eliminating questionahle extremcs and hCllcc '\ncel1l1lg" thc dala ",II 1 hl' Iw,ed lIP! 111 the 

combination of descriptive statislic~. and mOlc 1ll1poltanlly Ihe .. Iand.lld dl'\'I:tllllll. Ihe 

standard error. the maximum valuc, the skcwl1c~s and the kUllO!'ll!'l Thc Cllll1hlllalHl1l \lI 

these parameters can evcntually givc an idea aholll the thStllbutlOIl 01 Ihc dala .11'01i1Id Ihe 

mean, the tendency to "slllft" lowaJd~ highcr or IO\VCI vallle~. and Ihe "lIalnc .. s \lI 

peakedness" of the thstribution, GCI1CIa Il Y , thosc vallics falllll,l! hL')'olld 1 \ ~I,lIlllald 

deviations will he considered as outhers (a~ opposed 10 ± 2 ~lalH.hlld dCVJ;IIHlIl .... gCllclally 

considered acceptahle in most resean.:h) and conscquclllly wIll bc dl .... lcgaldcd 110111 Ihe 

analysis. 

Descriptive statistical results, showing the total numher 01 av'\llahle dala (Î c illc\lIdlIIg 

those samples that yielded a tluoride conccntlation hclow the dctl'ctlOlI IlIlIit 01 (l,OI 

mg/L), the minimum, maximum and Illcan values, thc ~Ialldilld dcvlal H III a III 1 1 he 

standard error of the mean, as weil as the skewne~s and the hllllo .... I .... , .IIC pre .... elllcd 1/1 

Table 4.1, for ail monthly tllloride concentrati()n~ in Ihe 1 aw wa~lcwalel, pl 101 10 1 hc 

removal of outliers. 

Based on the criteria defined ahove for rcmoving outlicrs, c()mputatl()l1~ PCII()IIIICd wllh 

the descriptive statistics presentcd in Tahle 4 1 show that ail millllllulll vaille .... are wllhlll 

-3a from the mean. However, the maximum valuc~ III each 01 JUIlC, .lLlly, SL:pICllIhel, 

November, January, April and May lie outslde thelr le~pecllve -t)(} 1,III)!e 

Hence, setting the maximum acceptahle concentration, lOI eadl (JI tllc .... e lIIo/lth ... , ln hl' 

equal to ilS corresponding +3a, ail cxtn.:mc value ... cxcccding tl1l', IIIn1l weIl' Il'llI(Jvcd 
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T .. blc 4. J. De.,l:riptive Statbtkal Rc~ult., for Monthly Fluoride Conl:Cntration~ in Raw 

Wa<,lewater (prlor 10 sl:rccning). 

Monlh., Valid Min Max. Mean St. St. dey. Skewnes<; Kurto~is 

ca.,e., (mg/L) (mg/L) (mg/L) Error (mg/L) 

June 92 )79 0.005 0.877 0.190 0.007 0.161 1.029 0.963 

July 92 60H 0.005 2.519 0.717 0.018 0.440 1.264 1.593 

Aug 92 600 0.005 1.999 0.660 0019 0.476 0779 - 0.170 

Sep. ()2 567 0.060 4.313 0.512 0.024 0.570 1.966 6070 

Oct 92 151 0.005 0.926 0.500 0.015 0.184 0049 - 0.496 

Nov. 92 39<) 0005 1.935 0.592 0.016 0.324 1.071 1.799 

Dec 92 76 0.005 2.091 1.084 0.042 0.362 - 0.183 1. 131 

.Ian. 93 265 0.360 2.456 1.023 0.029 0.469 1.462 1.780 

Apr 93 371 0.005 1.860 0.208 0.010 0.199 2.534 13.153 

May 93 572 0.005 0.469 0.082 0004 0.090 1 476 1 724 

( 1) 1 he v.lhd L.I~e~ repre~ent ail avall.lhle d.lla. mcllldmg Iho .. c al or helnw Ihe dCICC!lOIl Imlll (0 01 

m~/L) rhe~e d.II.1 p()ml~ were L()n~ldered 10 he eqllJI to 0 OOS mg!L. 1 e . hait the delcctlOlI 1111111 

(2) Re~lIlh lor 1 ehruar) and M.m:h wcre not ohtamed duc 10 the IIlterrup!lon 01 the waqcwater ~.lI11plll1g 

Scycr.1I itclatton~ (tivc in ail) wcre rcquired to account for the decrease in standard 

dcvJat ion altcr em:h series of rcmoval of extreme values In total, 3 % of the data were 

~crecned out. The final descnptive statistics for the scrcened data are presented ln Table 

4.2 

Companng Tables 4 1 and 4.2. one can see that, as expected. !lcreening the data resulted 

III a net I..b:rca~c in the values of ail descriptive statistics. The standard error decrea~t!d 

~igl1lflcantly III most cases. The fmal skewness and kurtosis values that have also 

dcncascd ~igni ficantly indkate thal the distribution tends towards normality, aner the 
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removal of the abnormally high maximum valucs. The percent dccn:a~e III the \'alue~ 

of the mean and standard deviation is showH in Tahle 4 . .1. 

Table 4.2. Final DescriptIve Stati~tical Re!o.ults for Monthly Humidc Cnm:cl1t l'al HIll 111 

Raw Wastewater. 

Months Valid Mm. Max. Mcan SI. SI.dc\' . S\..C\\'IlC"'O; KlIIlo ....... 

cases (mg/L) (mg/L) (mg/L) ErrOl' (mg/ U 

June 92 566 0.005 0.601 0.179 000(, 0.14.1 o Cl9.:! - () 255 

July 92 595 0.005 1.848 0.686 0.016 o 3H9 () 956 () lXX 

Aug.92 600 0.005 1.999 0.660 0.019 O.47h 0779 - 0.170 

Sep. 92 534 0.005 1.580 0.412 0.017 o :NO o 747 - O·l()'i 

Oct. 92 151 0.005 0.926 0500 O.OIS o IH4 () 049 () 49h 

Nov. 92 389 0.005 1.388 0.564 0.014 0.277 0471 0.174 

Dec. 92 76 0.005 2.091 1084 0042 () 362 - () 1 X3 1 1,1 

Jan. 93 241 0.360 1.705 0.902 o OIX () 279 () 420 o 5'i7 

Apr. 93 361 0.005 0.601 0.180 0.007 0.140 () 7XX o OJ5 

May 93 554 0.005 0.291 0.072 0003 0076 1 210 o 4~n 

(1) The vahd ca .. e~ repre\enl ail .lvall.lhle d.II.I, lIH .. ludlllg Ihme .11 or helll\V Ille deleLliolI IIlIlIt (0 () 1 

mg/L). The,c dala pOIllI, were cOll\ldered III he equal III 0 OO'i lIIg/1 . 1 l' . Il.111 the dl'tl'LIIIIII IIlIlIt 

(2) RCloUIt .. lor Fehruary and MarLiI \Vere 1101 ohl.lllled duc lu Ihe IIllerru)1IHlII ul thl' W.I\tew.ltl'l ,>.lIl1pllll)' 

It can c1early he seen, from Tahle 4.3 followmg, that the ellcel 01 data ~ueelllll).! wa<., 

greatest for September, January and Apnl. Indccd, thl! abl!IJ,lJlt maXlIllum vallll! .... 

associated with these months had a grcat circet on thl! dl<.,tnhutloll, III Sl!prcmhl!1 alld 

April, the maximums, 4.31 mg/L and 1.86 mg/L rc~peetivcly, wcrc 9-tIIllC<" rhl!lr 

corresponding mean values. In January, howcvcr, thc maXIP'UIII 01 2 5 III)!/L Wél .... ollly 
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2.5-limc.., ils J11can ln Ihi~ partlcular ca!\e, the ~lgl1lficant decrease in the statistical mean 

and ~tandard dcviation i~ due ln the rernoval ot ~everal values clustered around the 

maXlIllum. 

T~lblc 4.3. Peleent Decreasc in the Values of the Mean and Standard Deviation. 

1 
Percent decrease (%) in 

1 

Date Mean Standard deviation 

.JUill: 92 5.8 11.2 
July 92 4.3 11.6 
Aug 92 - -
Sep 92 19.5 31.5 
Oct. 92 - -
Nov. 92 4.7 14.5 
Dcc. 92 - -
Fcb. 92 (1) (1) 

Mal. 92 (1) (1) 

Jan. 93 11.8 40.6 
Apr. 93 13.5 29.6 
May 93 12.2 15.6 

( 1 ) NIII IIlLIuded III Ihe pre!'lell\ ~\lIdy 

Il i~ vCly impmtant. at Ihi~ ~tagc. 10 point out the f~lct that, although the abnorrnally high 

maximum valllc~ \VCIC rCllloved trom analysis hased on the 3 standard deviations range, 

il l:al1llot he rulcd out with ahsolutc certainty that they may have represented actual peaks 

COIlCSpolldlllg 10 very Important "unauthorized" dischargc~ However, in the absence 

nI' hettcr cVldencc. thcy \Vcrc regarded as outliels and consequently disregarded from 

allaly~i~ 

The \'al1allOI1 ot numidc concentrations in wastewater samples after the removal of ail 

outlicrs IS addlcssed in the followillg sections. 
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4.1.3. Variation of Fluoride Concentrations in Wustewnte .. 

Montl1(v Variations 

Based on Table 4.2, the monthly variation of the Illean. maXlllll1lll and 1Il1l\1I1ll11ll fhlolldc 

concentration after screening, is illustralcu in Figure 4.7. 
~ ~ 
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Figure 4.7. Monthly Variation (June 1992 to May 1993) of Ihe MIIIIIIlUIll. Mean and 
Maximum Fluoride Conccntratiom in the MUe Raw Wa<.,tcwalcr (Allel Data SUCCIIIIII.!). 

The monthly statistical rcsults pre~cntcd III Tahle 4 2 ..,how that thc lI1eall fllJo"dc 
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CO/lccntration.., range hetween 0.072 mg/L and 1.084 mg/L. with an average of 0.45 

m1;!/L. In the ~tudy cOllducled l'rom Fehruary to May 1989, Oehl' et al. (1989) found that 

average fluoride conccntrati()n~ varied hetwcen 0.22 mg/L and a 58 mg/L, with a me an 

01 () 34 mg!L The increa~c in the mean value here (t'rom 0.34 mg/L to 0.45 mg/L) may 

he dm: tu the tact that thL! present ~tudy Involved a continuous hourly monitoring ovel' 

a longL!r pellod, Ill:ncc increasing the reprL!..,entatlvenL!~s of the data and the chances of 

deplctll1g lIuonde pcak~ On the other hand, thi~ im:rea~e may abo have heen due to a 

truc men:a..,e 111 the wastewater Iluonde concentratIon. Assuming that the input by 

1111 Jltl allon and hy the dOl11estic hahit~ of the population did not change substantially 

hctwl:l:n 1 !)XX and 1992-93, thi~ incl'ease in fluoride concentration may only have resulted 

l/'(lll\ an illerea~e 111 the Huoride concentratIon ln preCIpitation or an increase in the 

Iluolide cOllccnll atlOn 01 1I1du~tnal discharges. These, however, are two factors that 

can/lot he pledlcted elthL!r 111 quality or magnitude Il should be noted, at this stage, that 

Ihe IIlLrea:-.etl dcmand loI' water con~umption hctween 1988 and 1992 (Tahle 4.25) is not 

cxpcctcd tn cau:-,c an lIlcreasc in the wastL!water nuoride concentratIOn; this is because 

the po:-,:-.ihll: lIlClea~e 111 fluonde concentration that may result from the increased use of 

IluO! id"tcd watcl' (having a Iluonde concentration of approxnnately 1.0 mg/L, Le., more 

than tWICC a~ high a:-, the mean) I~ halanced hy the increa~ed use of non-tluoridated water 

(havmg a Iluonde l:oncentIation of approxllnately 0.20 mg/L. i.e. less than half the 

lIIean) Âl:tually. SIllCC the contrihutlOn of non-Iluoridated water is much higher th,lll that 

01 lluondateJ \Vatel (Tahlc 4.26), the illcrea~e in watel' supply may fmally result ln a 

dilution 01 the raw wa~tewatcr anJ hence, a uecrease, rather th,\I1 an increase, in the 

w;t~tc\Vatel Iluolllie concentration. At any rate, the comhined effeet of the increase of 

holh lluOlldatcJ and non-tluoridatcd \Vater is not expel:ted to have a notice able effect on 

the wa:-,tewatcl Iluonde conœntration. Accordingly, the illcreasc in water supply should 

1101 he vlcwed as a factor causll1g the illcreasc in the tluoride concentration of the raw 

\\'a~tc\Vatcl ThIS hold~ truc as long as water tluoridation IS undertaken in the sa me 

proportion as III the pl'e~ent tIIne Should there he a more widespread use of water 

tlUOl idatlon, thi:-, l:ondusion will not remain valid. 
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Another interesting point emergcs from Tahle 4-.2 when ~on~ idellng the .. ta nd.1I li 

deviations. It can he noticed that tlumide conœntrations arc nHHe wlddy "l.·altl'Ied 

during the summer and thc \Vintel. whcrcas thc)' ;lIe the Ica .. t ~catlelcd dUIIIl).'. thl' ~pllll).'. 

No specifie uend eould he dctermined tOI' thc l'ail 

Finally. it can he notiœd from Tahle 4.2 that the ma\.ltlllltll \'alue~ ilia)' 1 l'ach a~ IlIgh a .. 

4-fold the mcan, and weil over t\Vo orders highel than the III III Il III 1 III valllc" 'l'hi., 

suggests that non-regulated discharges of tllloride alC ta"mg place Thc"c ail' l'\pcl,tcd 

to he qllite high in magnitude or wncentrat ion. consldl'llllg that the IluOI Ide ~llIIl:Cnt 1 at HlII 

at the intet to the wastewilter trcatment plant IS alteady vely hlgh. lIe~pltl' the dtlutllllllll 

the sewers hy groundwatcr infiltratIon. 

Seasonal Variation 

A cleqr trend in seasonal variation can he disccrncd from FIgure 4 7 The Iluollde 

concentration is lowest dunng thc spring, increa~es during the ~lIl1llllel. dcclease~ III the 

fall and reaches its maximum during the wintcl ft 1" abo IllIl'lC .. tlllg tn .. cc that the 

seasonal trend is continuous and scems to repeat lI~ell: tlm 1"llIu"tl.lted hy the LOlltlllully 

of the tluoride variation hetwecn the spring 1993 (April and M.ly 1 ()l)l) ami thl' "'pllll).! 

1992 (June 1992). Howevcr, the rc~ult~ ~howlIIg low t1UOrtlk: UlllCClltl.ltl()lI~ dUIIII).'. the 

spring do not confirm the rcsults ohtained hy Gehr el al (19XC»). willeh <"hoWL:d ail 

increasing trend during sprmg, Bt!cau~c of the wntllluou .. <":lInpllll).!, ami the cOll<.,cquelltly 

greater number of samplcs involved 111 the prc~ent ~tudy. the cultellt le ... ull ... and !leml ... 

are expected to give a hettcr picturc 01 the aetual ~ltuatl()ll. 

In the spring, the low tluoridc concentration" can he duc t() (1) Inc/ca ... cd 1IIIIIt/,(ltlllll 

(Table 4.22), causing incrca!o.cd dilution ot the raw wa"tcwater wllh a LOlle"pol1tJlIIg 

dccrease in tluoride concentrations, (2) ~n()w mcltlllg, whlch al"o came ... fi dtlut/()/1 III Ihe 
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raw wastewater; thi~ i~ true because the melting salts that were suspected to contain 

nuoride (Gchr et al., 1989) and hence lead to increased fluor ide concentration m the 

dcposited snow, were found 10 include no fluoridc (as will be shown in Section 4.4), and 

(3) negl iglble input of nuoride hy precipitation; this is the case because tluoride 

com.:entratlon~ in precipItation were found to be very low during the spring (Table 4.10, 

Figure 4.7). 

ln the ~ummer, the incrcase in tluoride concentrations is mainly due to the increased 

input 01 tluoride by precipitation (higher tluoride concentrations were found in 

precipitation samples during the summer; Table 4.10) and to decreased infiltration (Table 

4.22). As discussed in the previous subsection, the increased demand for water 

consumption during the summer is not expected to cause an increase in the fluor ide 

concentration in the raw wastewater. 

ln the lall, the lower nuoride concentrations are mainly due to the combination of (1) 

lowel Iluoride concentrations in precipitation (Table 4.10 and Figure 4.7), and (2) 

slightly illcreased infiltration (Table 4.22). The slight steady increase in the mean 

lluorllJc concentration from September to November may have resulted from an extended 

dry penod and a consequently lower dilution; indeed, Table 4.20 shows that the volume 

of precipitation was lowest during fall and more specifically during October. 

))uring the Winter, tluoride concentrations are maximum. This can be explained 

primarily hy Ihe increased numide input from precipitation. Indeed, Table 4.10 shows 

Ihal Ilumide concenlrations in precipitation are very high during the winter. 

As il conclusion. il can gcnerally be noted that a c1ear seasonal trend can be discerned, 

\Vilh Ilumide concentrations being lowest during the sprmg, higher during the summer, 

lowcr in the l'ail and at their maximum during the winter. Increased fluoride 

cOIu;enlrations can result l'rom decreased infiltration and increased fluoride input from 

57 



• 

• 

Resulls and Disl:lIssioll 

precipitation. Low tluoride concentrations, on the other hand. may he duc hl IIll:l'eased 

infiltration and decreased tluoride input hy precipitation. The ilKI cas',: in wall" 

consumption is not expected to affect significantly the numide concenll alion III Ihe 

wastewater. It is however antidpated that the variations in industnal illpul~ would have 

a notable effect on the tluoride levels in the raw wastewater. The COl1ll1hul ion ot 1 he 

industrial sources of tluoride, which constitutc a non-negligihle pail 01 Ihc unidentll il:d 

sources, are seen to vary from one month to another, in Tahle 4.:14 (Section 4.5 4). 

Frequency Analysis 

The percentile distributions of hourly nuoride concentrations in the Ml Je wastewater arc 

presented in Figures 4.8 through 4.12. 
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Figures 4.8 & 4.12 show a sharp slope, indicating that high ~umlilali\'e pe!ccnlages 

correspond to low tlumide concentrations. Il can henœ he conclllded. t11.1t. dlll ill).! 

spring, there is a very high percentagc of samplc~ having \'ery Ill\\' f1ullndc 

concentrations. 

On the other hand, Figures 4.9,4.10 & 4.11 show a mildcr slope. indicallll).!. Ihal Iherc 

is a smaller percentage of samples having highcr tluoride COllccnt! allons. 

It is also interesting to see in Figures 4.8, 4.10 & 4.12 the very high pClcentagc 01 

samples having tluoride concentrations al or hc10w thc detc(;tion limit (0 01 mg/l.) 

Based on the frequency distributions shown in Figures 4.X thlOugh 4 12. Ihe peH:elllllc 

distributions of tluoride concentrations were detcrmined. The~e ;lIe ple~ellted III Tahle 

4.4. These do not include the effect of outliers that were SCICl!llcd and IClllovcd III 

Section 4.1.2. 

Table 4.4. Percentile Distrihutions of Fluoride Concentlalions. 

Percentile distrihutlon of tluonde com.:cnll al ion (mgll ,) 

Season 10% 5WYrJ ()() 1;;) 

Spring 1992 0.01 0.15 O.5X 
Summer 1992 0.17 057 1 ()O 

Fall 1992 0.02 0.46 1.44 
Winter 1992 0.57 0.93 1 76 
Spring 1993 0.01 007 0.54 

Table 4.4 demonstrates the wide range of nuoride variation~, with a c()rre~p()mlingly Iligh 

ratio of maximum to minimum. This confirms the results ohtained III the previous 
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Section, indicating that unexpectedly high f1uoride concentrations are occasionally 

encountcred in the raw wastewater. It is suspected, with reasonable Iikelihood, that these 

may have re~ultcd from unauthorized industrial discharges. This will be further 

IJlve~tigated ID the following Section by checking the mode (or most frequent value) and 

comparing it to the mean. 

Cmnparison Between the Mean and the Most Frequent Fluoride Concentrations 

The 1110st frcqucntly occurring tluoride concentrations (modes), for each month, were 

determincd hascd on the corresponding histograms. Results are shown in Table 4.5. 

'l'ôtble 4.5. Comparison Bctween the Mode and the Mean Fluoride Concentration in the 

Raw Wastewater, flOm June 1992 to May 1993. 

1 

Mean Mode Difference 
Month (mg/L) (mg/L) (mg/L) 

June 1992 0.19 0.05 0.14 
July 1992 0.72 0.50 0.22 
Aug. 1992 0.66 0.65 0.01 
Sep. 1992 0.51 0.05 0.46 
Oct. 1992 0.50 0.45 0.05 
Nov. 1992 0.59 0.60 - 0.01 
Dcc. 1992 1.08 1.00 0.08 
Jan. 1993 1.02 0.75 0.27 
Apr. 1993 0.21 0.05 0.16 
May 19lJ3 0.08 0.05 0.03 

( 1) Rl:Mlh, lor h:hlll.lry and M.m:h wcrc not Illclllded lJl the prc~ent ~tudy 

The comparison hetween the mode and the mean shows that, in most cases, the most 
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frequent value is much lower than the mean This can only he e~plal1\ed hy the la~1 thal. 

white most values are generally small. Ihe l11eans tends to he highel Iwcame 01 Ihe 

presence of extreme points Most of these extreme vallle~ can only he duc to 111;"01 

discharges in the sewer network. This is especially truc If one consldel" Ihal the Iluol ide 

concentrations measured in the raw wastewater arc slIppo~cd to Ic~ull IWIIl IMtlllal 

sources (except for the portion rcsulting trom the addition 01 tlllonde 101 the altillnal 

tluoridation of the potable water) and l'rom the domesllC habits 01 the populaliol1. and 

hence are not expected to exhibit such high values nor slH:h wide 1 al1gc~ 01 111Il:luallllll~. 

As a conclusion regarding the presence of tluoride in the 1 aw wastewatel. It l'an hl' noled 

that a general seasonal trend l'an be depicted, with lluOllde conccntratiolls hCIII)!, I()wl'~t 

during the spring, higher dunng thc suml1lcr, lower in thc lall, and at thclr max III Il III 1 

during the winter. Thesc trends can be explained by the combmatioll 01 .,l'wlal lactors. 

the most important of which are the ratc 01 infiltration amI pll'clpltatllHl Ncvcllhelcs~, 

a large portion of these variations arc aœounted 101 hy 1I1l1denlliied .,OUICC., (e<.,lllIIalcd 

in Section 4.5.4). Although a part of thcse unldentllil'd ~OllICCS 1., duc ln dly lIuolldc 

deposits dissolved into thc runoff, thc largest portion rC~lI1t~ Ilom IIH.lU'itllal dl~charge". 

The importance of these "unauthorizcd" dischargcs l'an he eVldenccd hy the wlde rallAe 

of tluctuations of tluoride concentrations, thc corrcspondingly high rallo 01 maximulIl ln 

minimum, and the differencc betwecn the mcan and the ll1os1 lIequellt lIumide 

concentrations. 

The wide tluctuations of tluoride concentrations, during \c1ected perim!'i, arc gl aphlcally 

iIIustrated in Appendix A. These graphs arc based on un~crccncd data. 
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4.2. PRECIPITATION ANALYSIS 

4.2.1. General 

Precipitation samplcs were collected daily, from a station located on the roof of the MUC 

wa~tcwateJ treatment plant. During winter, the sampling station was equipped with a 

heating devicc, making it convenient for snow collection. During dry periods, the dry 

dcp()~its wele abn collected and analyzed. 

The di~tll1di()n hctwecn the two precipitation components (liquid and dry) is important 

in several respects, mo~t esscntially hecause only the liquid component will be used to 

dctermine the mput of nuoride mass hy precipitation, when establishing the mass 

balance Il is thu~ important 10 point out that "Iiquid precipitation" corresponds to those 

days dming which aClual precipitation was rccorded. Consequently, "Iiquid 

precipitation" mcludcs. in addition to the actual precipitation, a pOItion of the dry 

precipitation that wa~ deposited during that same day, when it was not rainmg or 

snowing. "Dry precipitation", on the other hand, rciers to the dry deposits that were 

collected dlll ing dry days, whcn no actual precipitation was recorded. 

Based on Ihls distinction. scrcening of questionable data and estimation of tluoride 

concentratIons in precipitation will he performed for each component separately. 

Il is now importa nI 10 note lhat the tlumide concentrations in the precipitation samples 

cllllcl:ted al thc M lIC wastewater treatment plant are assumed to be unaffected by the 

im:meralton of the slmlge al the trealment plant. This could have been a serious concern 

especially sillcc no other samples werc taken at another location, and it should preferably 
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have been checked hy analysing t1uoridc conccntrallnn hoth ln the "llItlge and Ihl: a:-.hl::-'. 

hoping that no difference \Vould he notcu. IloWI.!\'\!I. ha~ed llll the "Iudy cllllducled III 

1988 by Gehr et al (1989), the compansoll hct\\'ccll the fluollde COIll:elltlatll11l illthc la\\ 

influent and that in tht.' treated effluent al Ihe wa~le\\'all.!l Ill.!all11l'lll pl.IIlI ,,\1o\\'l:d Ih,,! 

fluoride IS not removed in the physlcal-chcnlll:al Irealmcnl proce:-." 1I11lkllah'Il al Ihe 

treatment plant. COllsequently, tluonde is 1101 expcctl'd 10 hl' pl e:-,clII 111 1 hc :-.Iudge, and 

it can be reasonably assumed that sludgc inclIleratlOn al the Ilcallllent pIanI dllC" Ilol 

affect the tluoride concentration in the prccirllatioll ~al1lple~ 

4.2.2. Screening Questionable Data Points 

Liquid Precipitation 

The tluoride concentrations in the Iiquid prccipitalioll arc prc~clltcd III Tahle l li 

Prior to analysing and using the data prcscntcd in Tahlc 4 6, Ihc"c should hl' IIlVc"llgalct! 

for any possible outliers This I~ an important slep 10 cany OUI lOI allexpclllllelllal dala, 

and more so in this case for precipitation data, ~IIlCC only onc "ample wa\ (olleLlcd CiH.:h 

day, and no other comparison to cxi~ttng lI11otllltltion call lx! madc MI Il C( Ivcr , 

precipitation, as opposed to wa'·tewatcr I\ow, is not a cOlllinuou" plllL.C"" and dlil"IIC 

changes in atmosphenc conditions arc qUllC Iikely Accoldll1gly, Il hCL.OIllC', IIl1pm"lhk 

to determine whether extremc value~ arc "actual" pL:ak Il uortlk COIICL:1l1t al Il III" IlIiil ha VL: 

been localized in precipitation, or whether they arL: "imply duc lu el101" wllich lIIi1y IIi1VL: 

arisen during the collection of the samples or al vanou~ ~tage~ dur illg Ihelr llIea:-'UII;IIICIII. 

As discussed in Section 4.1.2 for the wa~tewater dala, the gL:/ll!lal plocedurc lOI 

eliminating questionable extremes will he hased upon the de\<..:rrpllvc \latIQlc" "howlI III 
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Tahle 4.7. Gencrally, those values falling heyond + 3 standard deviations will be 

con"idered a~ ou1liers (as oppm-cd 10 ± 2 standard deviations generally considered 

acceptahle in most rc~carch) and consequcntly disregarded from the analysis. 

Il I~ very important to strc~s the fact that, although this procedure is generally used for 

Ilormally distrihu1cd data. it will still be used herein, despite the fact that precipitation 

data (a~ cxpccted) arc not normally di~trihuted. 

Table 4.6. Fluoridc Concentrations in Liquid Precipitation between June 1912 and May 

1 t)t)3. 

hml 'II" I\UJ.! \1. pl 0"'1 NIl\ Ik", 1111 1 ch MM Arr 1\1.1\ 

1 HI~ 02" (21 tH un (2) 
, 101 Il Vi (Il (:!j Il 21 (2) , Il 111 Il 1<; Il Oh fil l2J (] ';7 (2) 

1 0111 (] 11 Il IIH (2) (1) (I.:!<) o 5S (1) (2) 
'i 1 U~ o 12 014 III (2) 020 () 48 (2) 

(, lCt2 II) (1) o Hl} () 27 037 (102 
7 IOh 1 12 011'; (2) Il 43 0511 055 
x 1 2<; 1111'1 (2) (2) o 3R 053 (2) 
'1 011 1 IX (2) (2) (2) 

10 Il 110 ORO 001> m (1) (2) (2) 048 

Il (1) 11<; m (2) (2) () 18 
12 i11 021 (2) (2) li 66 (2) Il 14 (2) 

Il 101 CIl () 17 (2) li 41 037 (2) (1) 023 

Il li h(1 (1) () 39 00(, o 12 
1<; (1) (J 02 li IR 
Ih Il 110 1 01 li lIX m (21 li 32 o 17 li lI5 () 25 Il 17 (21 
Il () hl) (1) li 42 (2) (1) () 22 (2) (124 li 20 
IX Il 2'i (2) li 111 OhO Il,1 
1'1 t..!) Il ~~ li 5'1 (!) 1116 (2) 1 14 li 14 (2) 

211 1.'1 121 II) (148 l2l (109 m li 12 (2) 
.!I (!l li 25 12) O'ill (21 1 20 (2) (21 
~.! I~, li 14 (21 11117 0210 (21 (2) 1 23 (21 
21 (21 (2l fi) 033 (.!) o 12 
21 li 1 011 OJ(l (21 1160 () 14 022 011 233 
2'i (i) 1) Il (1 17 li 18 (J 2x 01b (2) o 6R 

- ' 1 .1'\1' W 1 21 III (2) li 4R Il 23 009 () 21) 

~7 ~ Il 7!. 1111 (2) o 18 (2) 

2X ~I " 
011 041 (2) 
o 1 ~ 121 () :!X 1 30 o 17 

J \11 Il l' o ~9 IIll'l 
1 

\1 ~h o l' 0117 Il 15 051 
<~ ... .> 

dl t h1\\ \hh ,I>il 11\1\11 (tllli tn~ 1 ) l.\ll1\ldl.n,,'u .1' li 00" ml! 1 
\ " 1\l1 ... '111~ d.111 U l Ihl dl\ plll1pJl.lllnn l'uhu ,,, l ,II>" ~ SI 
~ \11 \.11111..\ .IH ,'I\lll 11\ 11\~ 1 

1 hl Im'hhl'htld tH!IIII'" .11 ~ ,u'JXdul Il' I~ t'lUlh.r\ 
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Reslllts and Dbl'llSSlllll 
-------------------------------------- -

Descriptive statistical results, showing the total nllmhcr of ilvailahlc dat.1 (i.e im:llIdl1l!! 

those samples that yielded a nuoridc cOl1œntration helo\\' the detectllln IIl111t 01 n.lH 

mg/L), the minimum, maximum and mcan valucs. thc ... tandard dc\ tatlllll and Ihc 

standard error of the mean, as weIl a~ the skcwness and the kllltoSIS, ,Ile prc~rnlrd 11\ 

Table 4,7, for ail monthly tllloride concentrattnn~ in hqllld pl rcipitat Hlll, pnol III :Illy 

removal of outliers, 

Table 4.7. Descriptive Statistical Results for Monthly Filloride Conccntrallon 111 Liqll:d 

Precipitation (prior to screening). 

Months Valid Min. Max. Mean St. St. drv. SkcWllc..,.., K\lIIII~I'" 
cases (mg/L) (mg/L) (mg/L) ElfOI (mg/\.) 

June 92 13 0.005 0.060 0.030 0006 0.021 () 127 - 1 ..th2 
July 92 20 0.005 1.320 0.363 o ORX () 393 1 170 Il \()..! 

Aug.92 19 0.005 1.350 0.417 0.091 0.395 1 1 () 1 Il ()I)() 

Sep. 92 9 0.060 1.210 0.296 o 123 o 36X 1 592 1 2X·l 
Oct. 92 3 0.005 0.110 0.072 0033 O.05X () .172 2."LB 
Nov. 92 12 0.005 0.500 0.065 () 042 () 145 2 lO() l (,XX 
Dec.92 15 0.005 0.930 0457 0.070 o.nl 0.010 o x:m 
Jan. 93 18 0.020 1.800 o 382 (UNI O.3X5 2.h74 7 100 
Feb.93 13 0005 0.660 o 251 0.060 a.zn () 670 1 102 
Mar. 93 12 0.120 1.610 0.742 O.15X 0.546 () 27X 1 X07 
Apr.93 12 0.005 0.480 0.147 0.035 o 121 1461 207:\ 

May 93 8 0.020 2.330 0.551 0.264 O.74X l ')XX 1 .Il·t(, 

It could be suspected, when examining Tahle 4 6. thal lhe fluor iùe COllccntl alIOIl:-' (III 

September 26111
, January 1" and May 24111 corre"'pond lo que<.,ll()l1ahle exll ellle..,. 

Regarding the maximum tluoride concentration III Sepll;mhef (1 21 Ill!!/I ,). Il cali he ..,een 

from Table 4.7 that it doc~ lie within the +3(] range anù II ..,llOUld Iherefolc nol he 

disregarded. 



Results and Discussion 

Ilowever, l,;om.:erning the maximum value in January. it can be scen in Table 4.7 that the 

value of 1.8 mg/L d()e~ indeed lie out~ide its +3(J range Bence. based on this criterion 

along with the comhination of qulte high ~J.ewness and kurtosis factors, the maximum 

value of 1.80 mg/L will he neglccted in furthcr analysis. 

A~ lor May, the e~pel.:Ïally high maximum value of 2.33 mg/L makes it almost obvious 

that, unle~s a highly cOl1ecntratcd point discharge had taken place, this extreme point 

wOlild he duc to an allalytical error. Indeed. the hlgh value of the standard deviation 

(0.748 mg/L) and the rclatively high value of the standard error support the idea that, 

although the maximum value rails withm the + 3a range (which is obvious if one 

cOllsu.!crs the cxtrclllely high value of the standard deviatlon), it should be disregarded 

in furthcl analy~b. 1 ndccd , ~uch a high value, unless justitied (which cannot be 

asccrtallled 111 the ple~ent siudy) could ~eriously affeci the mean. Neglecting this value 

reslilts 111 a IIIcan anJ a standard dcviation, for May, of 0.297 mg/L and 0.225 mg/L 

1 espectlvcly. ~howlIlg a 46 (X, decrease in the OIlginal value of the mf;!an and a decrease 

in the ~talldard elror down 10 0.085. fhese results are now in accordance with the 

gelleral Iiend ohserved for April and extrapolaled for June 93 (based on the assumption 

t hat 1 t wou Id Ilot (hlTer markedly from June 1992). 

At this ~tage, the high value of the maximum as~ociated with the high standard deviation 

1'01 Mardi may ~CCIl1 qucstionable, despite the fact that tht: maximum value falls within 

the + 30 range Applying the same rcasoning and disrcgarding the maximum value of 

1.61 mg/L yic\ds a mcal' and a ~tandard deviation of 0.663 mg/L and 0.496 mg/L 

rcspecllvcly. A~ llpposed 10 May, di~regarding the maximum did not significantly affect 

the stali~lIcal re~lIlts. Accordingly. the maximum value of 1.61 mg/L will not be 

neglccled 111 t'urther analyse~. Il should he pointed out that the noticeable increase in 

tluollde conccntlation~ ùl1l1ng the ~econd haIt' of Man.:h may be due either to an 

analytical CI \Or 01 to a truc 1I1crca~c in the nuoride levels in Iiquid precipitation. Though 

the latter cannot he lirmly dismisscJ. the former is suspected sinee ail the se high values 
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were measured on the same day. on samples that hall heen stolcd in thl' lahnl :lIlll')' 

awaiting analysis. 

In conclusion, it l'an he said that the critelÎa for sCleening qm:~tlOl\ah\c pll'clpllalinn dala 

were based on the combinat ion of several important paramcter~ amI di~tllhlliiollal tll'mls. 

rather than just one statistic. This is important hermc laklllg any com:lu!-.Ive siep 10 

eliminate any data. Hence, hased on this pnnciplc. Ihe maXlIlllllll valUl'''' 01 1 XO IlIg/1. 

and 2.33 mg/L for January and May respcctivcly will he ne!!leCICd III hlllhel :lll.llysis. 

The statistical results for January and May weI e COI rœted accol dlllgly 10 nclllde Ihesc 

maximum values that were out of range. As fOI Ihe minimum lIuOIldc col\l'CllIl:llillllS 

which correspond in most cascs to half the detecllOll lilllli. Ihey wCle 11l1i1ld. 1111 ail 12 

months, to lie within the houmlanes of their respccllve -30. The 11IIai dC..,CllpIIVC IcsulI~ 

for tluoride concentrations in liquid precipitation arc showll III Tahle 4.10 

Dry Precipitation 

In the case of dry precipitation, tluoride results arc cxplcs~cd 1/1 ICI Ill!'. 01 l1la~~ pCI :l1ca. 

rather than in terms of concentration. Thesc mass transformat iOIl'i WCI e ohlalllcd hascd 

on the known concentration of tlumide in thc 100 ml. volumc 01 oel()l1l/cd waler u~cd 

to rinse the deposits, and on the area of thc collectot (dlamelel '-- X III) Salllple 

calculations are shown in Appendix D. Thc rcsults ohtained arc .,hoWII 111 Tahle 4 X 

Data presented in Table 4.8 suggest thc plcscnœ 01 outllel~, c'.pccmlly dunng Seplclllhel 

and May. These will be checked and the data ~crecncù, ha.,cd Oll Ihe !'.illlle pl11lC Iple a~ 

that outlined in the preceding ~ub~ccti()n. 

Descriptive statistical results of ail monthly nuoride c()nccntrati()n~ In dry prcclpitallOll 

are presented in Table 4.9, prior to the rcmoval or outlier~. 



Results and Discussion 

Télblc 4.8. Specifie Fluoride Ma!!s in Dry Precipitation Between June 1992 and May 

1 <)93. 

1111"" l,dy AIIV \lpl (kl Nllv Del. JJI1 rch Mllf Apr MJy 

1 Il 4'11 o 10X (2J o Ofl2 () 5H6 061H 
2 (2) 0247 (2) 1 203 1264 
\ Il) (2) () X<J4 () 771 o 8Y-l 

4 Il) 1 141 o M8 
~ 0401 (2) 141X (2) 
f, ()10X (2) (2) 2344 (2) 

7 (1) (2) 0925 (2) (2) 

X (l) o 121 (2) (2) o 9~6 
') ) 111 o 1 X~ (2) 1 264 2652 1048 (2) 
III ) 1 X'i 1 233 3 ~15 01194 
Il Il) Il 2711 1 614 0')56 (2) 0062 
Il o MX o flI7 1 727 2528 
Il 2.220 (2) 1264 
1·1 ) l'il (2) 1 141 (2) 1 233 1 II() 0462 
I~ ) III Il 170 1 flO] (1) 2344 1 233 () 678 () 740 
If, ) () \1 
17 ) 0/,2 (2) (2) 
IX ) 0')1 (2) 0121 () ~1!6 (2) 0308 (1) 
I"} (1) (2) 2 12!! 
lU (2) (21 (1) 

21 W (2) o l)'i6 (21 
12 (2) (l) 5.396 
21 (2) (2) Il 740 0062 3700 o 123 
N Il ,112 () 111, ] 515 
2~ il XIII Il 412 Il Id7 5 211 
lfl ) 1'i,1 Il r,7!! 4317 
n ) IX'i (2) (2) (2) 1 203 3762 0278 
21< Il 11·11< (l) (2) (2) (2) i 110 1362 o !!O2 
1') o nI< (2) Il 247 0771 
ICI Il ,1112 III (2) 3423 (2) 1 357 
Il () 4111 2837 

1) JI. 1,,\\ """ I"hl. 10111'1 
n I\.I"'III~ ",'l,' (" Il'' 1\l'lllfeLlIHI,IIIl'1I Lllhcr. ",c r.lhlc 4 6) 

~ Ali 1,lhl" ,lit g'V'11111 ~~I~IIl' 
IIIl h'l'hhclllld IIgllrt" ,Ile 'lI'l'"ll"" III he olllller' 

Tahle 4.9 lollowing shows that. except for the maximum in September (as suspected), 

ail Ihe dala l'ail within ~heir respective ±3a. Hence, the outlier in September will be 

disrcg:mled l'rom analysis. 

Ilowc\'cl. con~ldering the high value of the skewness and kurtosis factors along with the 

lc1ativcly high value of the standard error, it can be suspected that the maximum in May 

i~ abo an oUllicl. Indccd if this value were removed, the mean and standard deviation 
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would become 0.609 kg/km2 and 0.442 kg/kl11~ Icspcl:tivcly. a rcdlKlioll ot 42 ci, and 

70%. Consequently. the maximum in May will also hc di~lcga"kd in t'urther .lI1a"'sl~. 

as it introduces large errors in the corrcsponding ~tatlsll\:al rcsults 1\ ... tOI thc high 

values registered in the dry precipitation during the sel:ond haIt' ot' MaH:h. Ihe ~alllc 

argument holds as for the liquid precipitalion. The tinal descriptive slall~IIl:~ IIlI dly 

precipitation are shown in Tahle 4.11. 

Table 4.9. Raw Monthly Results fi.1r FIumide ConcentraI ions in Dry PICClptlalillll (pl ior 

to screening). 

Months Valid Min. Max. Mean St. St dev S~ewl1ess KlIrlo~l~ 

cases (kg/km2
) (kg/km2) (kg/km2) Ellor (kg/km!) 

June 92 12 0.015 0.185 0.096 0.01') 0067 0026 1 7()() 

July 92 6 0.278 0.894 0.524 0.090 0220 o 52X - 1 J 1X 
Aug.92 6 0.308 1.603 0694 o 193 0471 1 040 o () Il 
Sep. 92 15 0.015 2.220 0.423 0.151 o 5X4 194H 3 IXX 
Oct. 92 2 0.247 0.401 0324 0077 o 109 () OO() 2.75() 
Nov. 92 3 0.062 0.123 0.103 0.020 0.036 - (l. ~X5 - .2,313 

Dec.92 9 0.956 2.344 1.453 0.135 0406 o 959 - () 1 1 1 

Jan. 93 9 0.586 3.515 1.686 0.349 1.046 04.2') - 1. 51() 

Feb. 93 7 0.894 2.344 1.300 o ISO o 47S 1 ~74 O.~5 ~ 

Mar. 93 12 0.586 5.211 2.775 0455 1.576 - 0,242 1 511 
Apr. 93 6 0.278 1.110 0668 0.130 O.~2() - O,OX 1 1 745 
May 93 11 0.015 5.396 1.044 0.453 1.503 2.124 3.442 
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4.2.3. Estimation of Fluoride Concentration in Precipitation: 

Monthly Results and Seasonal Trends 

Liquid Precipllatiun 

Final de~eriptive Matistics of monthly fluoride concentrations in liquid precipitation are 

presented in Tahle 4.10. 

Table 4.10. Final Descriptive Statistics for Fluoride Concentration in Liquid 

Precipitation 

Months Valid Min. Max. Mean St. St.dev. Skewness Kurtosis 
eases (mg/L) (mg/L) (mg/L) Error (mg/L) 

June 92 12 0.005 0.060 0.030 0.006 0.021 0.327 - 1.462 
July 92 20 0.005 1.320 0.362 0088 0.394 1.170 0.304 
Aug 92 19 0005 1.350 0.417 0.091 0.395 1.101 - 0.090 
Sep 92 9 0.060 1.210 0.296 0.123 0.368 1.592 1.284 
Oct. 92 3 0.005 0.110 0.072 0.033 0.058 - 0.372 - 2.333 
Nov. 92 12 0.005 0.500 0.065 0.042 0.145 2.200 3.688 
Dcc. 92 15 0.005 0.930 0.457 0.070 0.271 0.010 - 0.830 
.Ian.93 17 0.020 0.580 0.298 0.038 0.157 0.103 - 0.900 
Fch. 93 13 0.005 0.660 0.251 0.060 0.213 0.669 - 1.102 
Mar. 93 12 0.120 1.610 0.742 0.158 0.546 0.278 - 1.807 
Apr. 93 12 0.005 0.480 0.147 0.035 0.121 1.461 2.073 
May 93 7 0.020 0.680 0.297 0.085 0.225 0.510 - 1.326 

Whi1c thc I11can numide concentration generally fluctuates between 0.030 mg/L in June 

and 0.742 mg/L in Mareh. it can be seen from Table 4.10 that the highest concentrations 

occur during thc wintcr (December, January, Fcbruary and March) and to a lesser extent 

, . 
71 



• Rcsults and DISi:lIs~illn 

during the summer (July amI August). whcrcas thc lowc~t I:llni:Cl1lraliol1~ lakc place 

during the fall (September. Octobcr and Novcmhcr) and the ~pllllg (1\PIlI, May and 

June). The higher concentration encountcrcd during the wintcl Illay ~ll' 11I~tlllcd. 111 Ihl' 

sense that atmospheric nuoride pollutants. which l'an reach quite 11Igh wnccnllaIHHl~. 

would condense 111 snow and he gathered in the samplc collcelO!. Indecd. patlli:lIlatc~ 

are more likely ta he entrappcd in snow parucles. whelcas they would ~llI1ply he washed 

out with rainfall. 

The general trend is hetter iIlustrated in Figure 4.13 displaying the minimum. llIean and 

maximum values for each month. 
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Figure 4.13. Monthly Variation (June 1992 ln May 1(93) in Liquid Precipitatloll of the 
Minimum, Mean and Maximum Pluoridc Concentration. 
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Dry PredpitaLion 

Final de~criptive stati~tics for monthly fluoride concentrations in dry precipitation are 

pre~ented in Tahle 4.11. 

Tahle 4.11. FlI1al De~criptive Statistics for Fluoride Concentration in Dry Precipitation. 

Months Valid Min. Max. Mean St. St.dev. Skewness Kurtosis 
cases (kg/km2

) (kg/krn2
) (kg/krn2

) Error (kg/km2
) 

.June 92 12 0015 0.185 0.096 0.019 0.067 - 0.026 - 1.760 
July 92 6 0.278 0.894 0.524 0.090 0.220 0.528 - 1.338 
Aug 92 6 0.308 1.603 0.694 0.193 0.473 1.040 - 0.611 
Sep. 92 14 0.015 1.141 0.295 0.085 0.319 1.256 0.874 
Oct 92 2 0.247 0.401 0.324 0.077 0.109 0.000 - 2.750 
Nov 92 3 0.062 0.123 0.103 0020 0.036 - 0.385 - 2.333 
Dcc. 92 9 0.956 2.344 1.453 0.135 0.406 0.959 - 0.111 
Jan. 93 9 0.586 3.515 1.686 0.349 1.046 0.429 - 1.536 
Feh. 93 7 0.894 2.344 1.300 0.180 0.478 1.374 0.353 
Mar. 93 12 0.586 5.211 2.775 0.455 1.576 - 0.242 - 1.533 
Apr. 93 6 0.278 1.110 0.668 0.130 0.320 - 0.081 - 1.745 
May 93 10 0.015 1.357 0.609 0.140 0.442 0.018 - 1.400 

Wlllie the Illcan ~pecil Ïl: mass gencrally tluctuate~ hetwcen 0.096 kg/km2 in June and 

2 775 "-g/"'m2 
III Mareh. il can he dearly seen from Tahle 4.11 that the highest 

conccntrations oœul during the wlIlter (Decernher, January, February and Mareh) and 

to a lc~~er extent during the summcr (1uly and August) and the spring (April, May), 

whereas thl! lowest eom:cntrations take place during the fall (September, October and 

Novemhcl) The cspeclally low value in June docs not, however, seem to continue the 

lH:1ll1 101 lhl! Spring The gcneral trend is better ilIustrated in Figure 4.14, displaying 

the 1ll1ll1111111ll. mean and maximum values for each month. 
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Figure 4.14. Monthly Variation (June 1992 to May 19(3) of the Minimulll. Ml:illl and 
Maximum Fluoride Specifie Mass in Dry Prcdpilatioll. 

4.2.4. Parallelism Between Liquid and Dry Precipibltiol1 

While the tluoride in both the dry and liquid precipitation gelll:rally Il:~ult ... 110111 local 

anthropogenic sources, the nuoride in liquid precipltatioll may al~() he duc ln an 

enrichment at the air-sea interface. If a parallcl Vêt! iation wcrc 10 he dl"celllcu hctweclI 

the tluoride contents in dry and liquid precipitation, thi~ would ... uggc"t Ihal IluOIlde III 

precipitation originates only from anthropogenk: wurcc~. Ilowcver. Il "cvcle UlllclCIICC~ 

in trends were to be witncs~ed, this cou lu only mean that Iluoridc al"ll al i ... e ... hy cyclic 

evaporation of sea salts. 
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'l'Ill: Jllonlhly variali()n~ of Huoride Icvcls in Iiquid and dry precipitation. shown separately 

in Figures 4.13 and 4.14, are presented, on an average basis, in FIgure 4.15. 
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Figure 4.15. A CompaI ison hetwcen the Variations of Average Monthly Fluoride Levels 
in Liquid and Dry Precipitation. 

Figure 4.15 highlights the parallel trends generally witnessed in the variation of the 

avcrage l1uol ide contents hetween the liquid and dry precipitation. Indeed, both series 

start 1 rom a mi\1lmul11 during the spring, im.:rease uuring the summer, decrease in the fall 

and readl thei .. maXlIllllJl1 during the winter. Although some discrepancies exist (such as 

in Jallualy and May. and 10 a \c~ser extent 111 October), it can generally be concluded, 

hased on the parallclism III variational trends, that tluoride in precipitation results 

esscntJally t'rom 1 01.: a 1 anthropogenic sources. This is in accordance with a study 
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conducted by Barnard and Nordstrom (19Rlh), in wlm.:h it \\a~ l' ... t,lhll~hl'd that thl' 

majority of tluoride in pl ecipitation ~all1plcs \Va!'> dert\'cd ft 0111 :tllthwpl1!!l'IlIC ... 11111 Cl'~. 

sliggesting (and confirmmg hy mass halance calclllalLllll!'» tl1.ll 110 pl dl'Il'Ilt 1.11 l'l1IldllHl'1l1 

at the alr-sea interf~ICC took place. 011 the olhel haml. a "'Iully COlldUCll'd Ily ('al pCIlIl'1 

(1969) revealed that a major part ni the Iluollde 111 Itqllld pl CClpltallllll l'Ollll'~ tWill 1 hl' 

air-sea interface. This latter cOIll.:lu~ion was conflll1u:d hy Mahadl'vall ('/ II/ (1 W~h), \\ ho 

showed that, 111 India. thcre \Vas dcfinlte COllllibulllln 01 nalul:!1 tllllllldc thlOugh Ihl' 

cyding of sea salt. 

Another interesting point emerges t'rom Figuic 4 15. Bl'cau~e III thl' p:llalldl~11l III Ihe 

fluoride variation hetween the liquid and dry plecipitation. il ean hi.' "'lIspeLled Ihal 1 hl' 

high concentration of tluoride in liqu Id pl l'dpita! 1011 may 111 1 aet 1 e~lIlt 1111111 1 he 1I111lllde 

content in dry tal10ut rather than lrom a truc lIuonde l'Ollcl'lltlatlOlI III lallliall 'l'lu-.. 1 ... 

slispected to he the case because, as mentioned in SectlOIl.f .1 1. "lIqllld pICllpll.111l1I1" 

corresponds to those days during whlch actual ra III 1 ail 01 ~Ilowlall wa~ ICCOllkd, .llId 

hence includes, in addition to the actual precipitation, the dly 1"lIoul Ill.lt wa~ (knmllcd, 

on this rainy or snowy day, during periods whcll ralll or ~1l()W wllci C 1101 :lctll:llly 1:llIlIlg 

ln this context, the studlc~ conducted hy Bewel~ (1972), Barnald and NOld .... 1101ll (1'>X2h) 

and Mahadevan etai. (1986) have shown that the hackground tlullllde COIILl'lItl:lllllll'" III 

Iiquid precipitation are generally in the order 01 2-20 M!/I,. wlth a IIIC<l1I arouml 'i X 

p.g/L. lt has also heen slatcd hy Barnard and NOI"(.btlOlll (PJX2h) Ihal dly pll:CIIHliillOIl 

generally has highcr tluoride co.lccntratlon~ than wet pleclpltatloll, and thc IIlChl~I()1l (II 

the dry fallout in liquid precipitation would mn ... t prohahly le ... ltlt III :Ill IIICIC" ... C 01 thc 

nuoride concentration III the liquid component. Ba~ed Ol! the ... e ..,tutlle .... Il Illl).!ht he 

suggested that the truc tluoridc concentratIon<, 111 "quld PIl!Clpllatlllll .tlolle .rIC IOWl'1 Ihall 

those concentrations reported prevlOusly. lIowcver, in the ah ... ence 01 othel 1Il101lllaiiOll 

and more conclusive cvidencc, the numide c()nœntratl()n~ III IlqUIt! pn:clpllat 1011 Will 1101 

be altcred to account tor the probahle incrca~e re~ulting Irom the illLlu ... IOIl ot dr y taflout 
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4.2.5. Possibie Correlation Between Chloride and Fluoride in 

Precipitation 

The p()s~ihlc correlation betwecn chloride and nuoride was investigated after careful 

consideration for outliers. as presented in Section 4.2.2. The correlation coefficient (R2
), 

bascd on a llilear correlation hetween the two variables, was 0.30. This shows that no 

lincal aS~Ol:iati()n betwccn chloride and tluoride can be e~tablished. This result was 

cxpcctcd ..,mcc chloridc i~ very unlikely to be present in precipitation, whereas tluoride 

pcaks ha vc hccn recorded 

4.3. GROUNDWATER CHARACTERISTICS 

4.3.1. General 

As Illentioncd prcviously (Section 3.2.3), groumlwater samp\cs were generally collected 

hy l11eans 01 a hailcr, exccpt when the weil diameter was too small to fit the bailer, in 

which case a pump was uscd. For ail the wells, samples were dJawn before and after 

purging. In addition 10 these, two other samples were taken in the case of the weil at 

Faubourg Qllehcc. The rcsults 01 the groundwater analyses are plesented in Table 4.12. 

T .. hlc 4- 12 ilKhcatc~ that the initial sample of the stagnant water taken at Faubourg 

Québec wa~ Il:ddlSh and very turhid. This was expected, since contamination with iron 

was sllspcctcd (a~ cxplaincd 111 Section 3.2.3). As for the sample taken from that same 

wdl altcr the slorm ~hower, the watcr was dark in colour and very turbid, suggesting 
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that a quick recharge of the aquifer had taken place \Vith a cont:spllnd1l1~ hight'I 1:111111. .. '111 

of silty materials. 

Table 4.12. Fluoride Concentrations in the Groundwater 

1 
1 hHlIlll .... !..t'IlL \l'I~ '1 1 1 ( 1llt1l1lh 

~lIc ~pcelllL.III<lIl' 

Il Il 
ll111l RI 111,11 k ... 

Il ('IJ 1 \ Il II t '1l1 \ (1111' 1 \ 

F.mhuurg ~t .. lg[J.U1t \\-,ltLr Il 21 () ~ 1 111111 Ihthl,"'h '"l1p1l 
QUChll (Mmd ',lIl1pill \ Il \ 1111'11 IlId'lIl1l\ 

(2017/'Jl) 

\ \lIn\\ 1'·.11 
St .. lgtMIlL \\ .Itl.-f 012 1) IH 1>1 IX 1111'11 hllllldlll 
(Suplrn,II,11I1) 
(2017/Y1) 

I),II~ \. l,hUIi 

Alllr.1 ;(t>r11l 021 o l' 1111 HI V, p. ",)'1111111>,,1111 
(1017!l) 1) 

l'It,1I 

BLiorc purglll!!, Il 24 o 24 Il' hl' 

(11I7!Yl) 1'1,,11 

Aller Jlurglll~ 024 o 24 1111, '\ 

(l/lIN3) 

r:llm,c~ fklorc purglll~ 010 o III l 'lfl 1 ~' \, Il,,\\ l\1I 

SI .. J,llqUl' Nol 1 Il .lI 

(H6) 
Alllr rurglll~ 0tJ'l om 1101 l' I>uk ,0111111 

Nlllt Il Il 

r,dm'l' St .. A f tu purr III!! Il 02 0110 KIIIIIH) \'1110\\.1'11 

J.luIUl' ~1,1I1, 0111 l"lhhlr', 

(HM) 

Concerning weil #6A ~\t Falaises St-Jac4uc~, it is ..,u~pected to he lInn;ple~eJllatlve 01 Ille 

aquifer characteristics. becau~e (1) it is vcry shallow, eXlem.ltng only ln a tlt:pth (lI 1 Ill, 

and (2) results obtained at weil #61\. wen; qulte dit lerenl Il (Jill l!Jo\c ni weil tIf> localed 

at less than 1 m away. Tahle 4.12 ~how~ lhal ~alllpk:\ drawn Irolll wdJ 11lJ!\ weil.: 

characterized hy a ~Ignttïcant prc~cnœ 01 ail huhhlc<." and ~h()wed a ICI C) /luol Ide 

~oncentration and a very high ch loridc Loncenll al IOJ] Ba .... ed OJl Ihc~e oh-.ervat i()J]~ éI nd 

on the fact that no drastlc change of ~trata wa" cVldcnœd at Ihal locatioll, the le"ult<. 

obtained for weil #61\. would not he given tnllch importance. 
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4.3.2. Effect of the DecOInplexing Agent 

It can be seen, from Table 4.12, that in the case of clear sampks. the addition 01 Ihe 

decomplexing agent (COTA) had no effect on the tluoride aClivity III Ihe \Valel s. 

However, in the case of high turbidity ami coloured samples, Ihe ctTt:e1 01 (')lTA 

addition was clear as it lead to a hh:;her concentrai ion of tluoriùc in solution. 1 esu Il IIIQ 
~ . 

from the release of complexed fluoride ions. Flumide complexes may cssenlially have 

been formed in the presence of significant concentrations of aluminull1, iron or organic 

matter. The latter can be associated with higher turhiùity, as \Vas Ihe case 1'01 Ihc 

samples herein. 

It is interesting to note that the greatest effect was ohserved for the ~alllple taken artcl 

the heavy storm. The corresponding increase in fluoride conœntralipn aller the addilion 

of CDTA was 40%, which is highly significant. This may implicale a IlIghcl' 

concentration of silty organic material, due to the quick recharge or the aquilcr. Anolhel 

significant increase (22%) was observed for the supernatanl from the stagnant walel'. 

When comparing it to the mixed sample, where the CDT A had no cl l'cet, Ihis ~uggc~ls 

that most of the interfering ions are still present in suspension anù d id nol !'.eulc oui Il (lm 

the supernatant. 

It can therefore be concluded that, in the case of the grounùwater, the addition of eJ)TA 

was essential to ensure the r~lease of free Iluoride ions. I-Iowever, this doc!'. Iloi Ilold lor 

MUe wastewaters, since it was shawn hy Gehr et al. (1989) that the dccompJexing agcnl 

had no effect on the fluoride activity in the wastewatcrs, and lhal ail l1uofldc was prc~cnt 

in the free ionic form. Com:equently, analyses performcù on MI JC wastcwatcr~ did not 

warrant the addition of CDT A. 
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4.3.3. Erfeet of Purging 

When (;omparing fluoride concentrations in samples taken before and after purging the 

wells (Tahle 4.12), no signific;mt difference could be noted. Since this practice was 

undcrtaken to make sure that these samples were truly representative of the groundwater 

quality, without (lny stagnant water effects or external interferences, two possible 

conclusions may he drawn: (l) no external interference occurs, and the waters present 

in Ihe wells arc cffcctively representative of the groundwater, or (2) any external input 

10 the wells, whethcr by infiltration, run-off, recharge by precipitation, or simply rusted 

piplllg polluting the 8tagnant water, does not contribute to the presence of f1uoride in 

these walers. This latter conclusion is supported by the following facts: (1) infiltration 

IS assumcd not to contribute significantly, essentially because of the absence of nearby 

agricultural lands whcre irrigation would be done with fluoridated waters, (2) except for 

a few highly conccntratcd precipitation samples, the f1uoride concentration in 

precipitations was gcnerally found to be low; and (3) the piping was plastic coated, and 

no rusting would have occurred. 

4.3.4. Estitnation of Fluoride Concentrations in the Groundwater 

Tak ing into consideration the above-mentiom:d conclusions, and neglecting results 

ohtained for weil #6A as discussed earlier, it can be seen from Table 4.12 that f1uoride 

concentrations in the groundwater range between 0.07 and 0.24 mg/L. These results are 

in acconJance with those obtained by Goulet and Frigon (1980), who report an overall 

average Ilumide concentration for the Province of Québec of 0.133 mg/L, with the 

following geographieal distributions: an average fluoride concentration of 0.414 mg/L 
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for the Low-Iands, 0.187 mg/L for the Laurcntian arca, and O.O(,(, 11l!!/L l'Ill th~ 
~ L 

Appalaches region. Similar concentrations were rcpnrted by Lalonde (1976) and Simard 

and Desrosiers (1979). 

Consequently, during the course of this study, the average Iluoride valut: of 0.13 mg/I .. 

which is also the average flumide concentration in the St-Lawrenœ river, Will he adopted 

as that representativc of the groundwater quality. 

4.4. MELTING SALTS CHARACTERISTICS 

Because they were suspected to contribute to t1uoriùe concentrations in Mlle wastcwater s 

(Gehr et al., 1989), the meIting salts used by the City of Montréal were ilnalyzed. at 

various concentrations. Fluoride and chIo ride com:entralions, in addit ion to the pli, were 

analyzed in order to determine the t1uoride content of these salts, and to try tll ohlain ally 

possible correlation between the two ions. The resuIts of the analyses for 50, 100, SOO 

and 1,000 mg/L of salt are shown in Table 4.13. 

Contrary to what was suspected, results presented in Tahle 4.13 show that the fluoridc 

concentration of the melting salts used by the City of Montréal r~ /.1:1'0 On the other 

hand, the chloride concentration increases proportionally tn increasing salt concentratiolls, 

as expected. The Iinear relationship (R2 = 0.998) hclwccn chloridl! conœntrations and 

melting salts concentrations is iIlustrated in Figure 4.16. The pli, with an aVl!J age ni 

6.20, is not affected by increasing salt concentrations. 

The absence of correlation between tluoride and chloride conccntrati()n~ in thl; mclting 

saIts makes it difficult to use the trend in chloridc variations in order to e~timate Ihc input 

of fluoride due to precipitation, essentially during the winter ~cason, whcll thcsc ~alt~ arc 
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uscd. If a parallcl trend wcre observed similarly for both fluoride and chloride 

com;cntrations, it wou Id have been a detcrmining factor in distinguishing between the 

Iluoride input hy precipitation and that by industrial discharges, during the winter season. 

lIowcver, in the absence of such a correlated trend, no definite conclusions can be 

drawn, and mass balances will be used to assess the various sources of fluoride. 

Table 4.13. Results of Analyses Performed 0:1 the Melting Salts Used by the City of 

Montréal. 

Salt concentration 
(mg/L) 

50 
100 
500 
1000 

Fluoride conc. Chloride cone. 
(mg/L) (mg/L) 

0.00 38.85 
0.00 55.16 
0.00 288.50 
0.00 614.72 

700 ------------ - ---

. 
~ 200 

:2 
u lùO 

.. 
o - • - -,---. ~~--~~~ 

o 100 200 lUO ~OO 500 600 700 800 900 1000 

Figure 4.16. 
Concentrations 
Concentrations. 

~lll ",IWM,hBholl (m(/I) 

Variation of Chloride 
with Metting Salts 

pH 

6.22 
6.14 
6.16 
6.36 
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4.5. FLUORIDE MASS BALANCE: ESTIMATION OF 

FLUORIDE RESULTING FROM UNIDENTIFIE)) 

SOURCES 

4.5.1. General Description of the MUC WastC\VHtc," T .. eahllcnt 

Plant 

Since 1984, when it was first commissioned, the MUe wastewatcr trcatment plant 

services aIl the municipalities of the Montréal Urhan COll1munily. Waslewalcr IS 

channelled to the treatment plant by a series of scwcrs and inlcrccplOls. Exœpt l'or Ihe 

municipalities of the West Island and possibly certain ha3ins of Rivièle ùes Pnmies ami 

Pointe-aux-Trembles which have separate sewers, ail other municipa1ities on Ihe Island 

of Montréal have a cJmbined sewer system. In addition tn chanllelling municipal 

wastewaters and precipitation, the combined sewer network is suhjecl 10 infiltratioJl and 

stormwater inputs. Infiltration, which is defined as the groundwater that l'caches the 

sewer system through damaged conduits, fissured joints or fractured manholes, causes 

a dilution of the watel' in the sewel's. 

4.5.2. Formulation of the Fluoride Mass Balance at the Inlct 

to the MUC Wastewater Treatment Plant 

When establishing the fluoride mass balance at the inlel to the M Ut' wa~tcwater 

treatment plant, the following sources of tluoride input should he considercd: 
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>1' till': nuoride content of precipitation, 

.f' the nuoride content in infiltration, 

.f' the nalural Iluoride content of the potable water, 

1 Ihe artificial nuoride content of tluoridated waters incoming from those municipalities 

which resort ta fluoridation. 

:t the nuoride input resulting from the domestic habits of the population (e.g., food and 

Iluoride-containing dental products) 

.f' Ihe fluonde resulting t'rom unidentified sources. The latter includes the fluoride 

J'csulting l'rom "accidentaI" industrial discharges, as weIl as, though ta a lesser 

cxtenl. that resulting J'rom the dry fallout dissolved into runoff. 

These various sources are graphically illustrated in Figure 4.17. 

Comoining Ihese sources results in the following m&ss balance for fluoride at the inlet 

to the M lIC wastcwatel' tl'eatment plant: 

where the dil'rerent terlns can be identified as follows: 

Q is the average flowrate at the inlet ta the MUC wastewater treatment plant (m3/s) 

(' is the I11can tluoride concentration measul'ed at the inlet to the station (mg/L) 

QI is the tlowrate of the fluoridated watel' which is returned to the sewer network (m3/s) 

Ct is the average fluoride concentration in the fluoridated potable water which is returned 

to the sewcl' (mg/L) 

QIII is the flowl'atc of the non-fluoridated water which is returned to the sewer netwol'k 

(m lis) 

84 



Re~ult" and ])ISL'US~lllll 
-------------------------- -- -- -- -------

Fluondc mu% 

ducto 

non-! !uondalcd 

walcr 

Fluonde mass 

duc 10 

preCipita lion 

Fluonùc nla~\ 

ducto 

domcsllc habn, 

of 1 he !1('pulatlon 

r=--"::-~-=---==="';::::=-"::::'-

1 Illlllidr 11\,1" 

duc ln 

Ilu\llldmnl 

r------------

Fluoride mass in tbe 

wastewafer 

Fluonùc mas~ 

llUC10 

umùentlflcd 

~ourccs 

Figure 4.17. Graphical Illustration of the Source~ ot l'Iuoride Input inlo the Wa~tcwatcr. 



Results and Discussion 

Cil' i~ the average fluoridc concentration in the non-fluoridated potable water which is 

relurned 10 the ~cwer network (mg/L) 

QI' is the average rate of tluoride precipitation (ml/s) 

Cp is the average fluoride concentration in precipitation (mg/L) 

QI is the average flowratc of infHtration waters (m3/s) 

CI is the average tluoride concentration in infiltration (mg/L) 

Q" is the average flowrate of the domestic sewage, Le. Q, + Qnf' (m3/s) 

Cd is the increasc in tluoriue com .. cntration resulting from the domestic habits of the 

population (mg/L) 

S is the average tluoride flux resulting from unidentified sources. 

Rcarranging Equation 4.1 allows the determination of the tluoride mass resulting from 

unidcntificd sources: 

ft shoulu he notcu that Equations 4.1 and 4.2 are comparable to the mass balance 

equations estahlished by Gehr and Leduc (1992), except for the components rclated to 

the precipitation and the uomestic habits of the population. In fact, the precipitation 

contrihution was not accounted for by Gehr and Leduc (1992), since their study was 

mainly undertakcn during dry weather periods. Based on their recommendations 

however, the present study was intended to cover aIl the seasons, thus taking into account 

the contrihution of the precipitation. As for the fluoride input From the domestic habits 

of the population, it was considereù, in the study conducted by Gehr and Leduc (1992) 

as part of the unidentified sources. Considering the contribution of the domestic habits 

as il separate component. as is done in the present study, yields a better estimation of the 

truly unidcntified sources. 
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4.5.3. Evaluation of the Mass Balance COIuponcnts 

Fluoride Mass in tlle Wastewater 

(i) Determination of the nuoride concentration in the raw wastcwatcr (C) 

As mentioned in Section 3.2.1, the tlumide concentration in wastewater \Vas llleH:'llled 

daily for ail 24 composite samples corresponding to the 24 hours of sampllllg in cadI 

day. 

* Replacing missing hourly data within a day: 

Where one or more hourly samplcs were missing within tht: course nI' the uay duc to the 

clogging of the automatic sampler or a break in the eurrcnt al the tlcatment plant, the 

missing value was replaced by the average of the two adjacent salllples. Whell several 

consequent samples were missing, the same principlc was followed, and Ihe missing 

values were replaced by the moving average of the two c10scst valut:s. This procedure 

for replacing the missing data by the average of the adjacent numiùe values was 

considered to give the best picture of the tluoride variation. An alternative method III 

replacing the missing data by the mean for the ùay was investigateù, hui it wa~ 

considered to dampen the effect of fluor ide variation, thus giving an undclcstimalcd 

fluoride concentration, especially in the case of large pcaks. lIenc.:c, n.:pladng the 

missing data by the average of the two adjacent points was preferred for the purpo:-,es or 
this research and (herefore adopted herein. In total, for the ùuration of the projcCI lrom 

June 1992 to May 1993, during those days whcre sampling actually took place, only 5% 

of the hourly data were missing and were replaccd accon.ling to the melhod di~cus'icd 

above. These missing hourly data do not include those days during whil:h ~ampling wa~ 

interrupted. Such missing daily data will he addressed in the following paragraph. 
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"*' Replacing missing daily data within a month: 

ln addition Lo fcw hourly missing data, several daily data are unavailable. As discussed 

in Section 3.2.1, the continuous sampling and analysis of the 24 daily samples were 

intcrruptcd for a few days in September and November 1992, and for longer periods in 

Oetoher and December 1992, as weil as in January and April 1993. Due to these large 

gaps (cxtcnding for as many as 14 consecutive days), it becomes practically impossible 

lo prcdict the variation in daily tluoride concentration based on adjacent values. Hence, 

rcplacing missing values based on adjacent data points would involve a great many 

uneertainties and hence induce large errors. 

Aeeonlingly, the analysis will be undertaken on an werage monthly basis, based on the 

availahle number of samples. It is clear that this procedure, which is equivalent to 

rcplacing the missing data by the monthly average, will also involve several uncertainties 

however less aeute than those induced when trying to predict missing data based on 

adjacent values. 

Il should also be pointed out that, in addition to those daily interruptions, the analysis 

was di~eontinued entirely during February and March 1993. Consequently, those two 

monlhs wiII be disregarded in the yearly mass balance. 

Ali daily tluoride conce.ltrations obtained from the analysis of wastewater samples are 

showll in Appendix B. 

(ii) Determination of the wastewater flow (Q) 

ln the ahsence of hourly tlow data, which can only be available from the MUC 

wastewater trcatment plant in the year following actual recording, mean daily t10w data 
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were used (Purenne, 1993). Thcse were <'htaincd fml11lhc lIaily opcialillll re(nld~ ul 1 Ill' 

MUC wastewater treatment plant. The total tlow at the slation resulllllg rnllll holl~ Ihl' 

North and South interceptors was llsed for the fluondc mass halance caklllatl(lll~. rhc~l' 

daily values are presented in Table C. 1 (Appendix C) and Ihe monlhly avel agc -;110\\'11 

in Table 4.14. 

Table 4.14. Average Monthly Flow of Raw Wastcwater t'rom .Julie 1()l)2 to May IlNJ 

1 
Month 

1 
Raw waslcwalcr Ilow (Ill l/S) 

June 1992 13.6 
July 1992 165 
Aug. 1992 15.3 
Sep. 1992 15 7 
Oct. 1992 17 1 
Nov. 1992 19.4 
Dec. 1992 152 
Jan. 1993 IX.6 
Feb. 1993 17.I!11 

Mar. 1993 19 (yll 

Apr. 1993 29.7 
May 1993 17.() 

(1) Not used in the current study 

It can be seen, from Table 4.14, that the flow reaches a very high value tlmillg Apl JI, 

1993 (29.7 m3/s). Althollgh higher flows are indecd expcctcd dllring spring hecau~e 01 

snow melting, this value seems especially high as eompared ID Ihe avelage Ilow 

registered at the MUC wastewater treatment plant in April 1992 (IlJ.3X m l
/-.;) The 

maximum flow in that year was registered in Mareh 1992 (20.20 m1
h,) tlue ln car lier 

snow melting (Purenne, 1993). This compari~(m is intcnded to highlight the faet thal 

flow trends may vary from one year to another depcnding primarily on the almo~phcric 
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uJlldlliom, ~inœ the domc~tic and imJu~trial inputs, though increasing with population 

and Jndu~trial expan~ion, do not differ markedly. As far as the mass balance analysis 

,.., concerned, the high Ilow in April is cxpected to cause the corresponding t1uoride mass 

to IIlcreasc markedly. This effecl will be seen in the following subsection. 

(id) Determination or fluoride mass in the wastewater (QC) 

The daily Iluoride I1Jd~S was determined based on daily flow data and hourly f1uoride 

concentrations. It is hpparent that this combination will have a dampening effect, 

especially when high flows are associated with high t1uoride concentrations. However, 

in the absence of more accu rate tlow data, this practice was considered to give a 

rcasonahle estimation of the mass of tluoride leturned to the sewers. The detailed values 

01 the daily numide mass in the wastewater are shown in Table 0.1 (Appendix 0), and 

the monthly mean values resulting from the daily analysis are shown in Table 4.15. 

Il is Important 10 mention that the mass of fluonde in the wastewater was determined as 

a monthly average, hased on the available data. For examp1e, as reported in Table 4.15, 

1 c). <) Illctric tonnes of Iluoride were contained in the raw sewage during the month of 

Octohcr This value is determmed as the average of the tluoride masses actually 

ohtaincd dunng the 8 days of sampling, scaled up to an equivalent of 30 days. 

Il can he seen in Tahle 4.15 following that the tluoride mass in raw wastewater is lowest 

dllt ing May ami June and highest during December and January. Thus, in general, the 

lllass of numide in the raw wastewater is highest during winter and lowest during spring. 

This is true even if one considcrs the relatively high fluoride mass in April which is only 

duc tn the exccptionally high tlow that occurred during that month. 
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Table 4.15. Fluoride Mass in the Raw Wastc\\atcr l'rom June Il)l)~ ;0 rvla\ Il)ln 

Month Fluoride mass in ra\\' 1 Da,,!'. J 
wastewatcr (metric tOl1lle~) ~ 

Tutal ;\ \ .111"hIL' 1 

June 1992 6.6 ~O 25 
July 1992 33.7 JI 2(, 
Aug. 1992 28.9 JI 25 
Sep. 1992 20.1 JO ~4 

Oct. 1992 19.9 JI X 
Nov. 1992 27.9 JO 17 
Dec. 1992 43.9 JI .~ 

Jan. 1993 41.6 JI 15 
Feb. 1993 ()) 

2~ 

Mar. 1993 ()) 11 
Apr. 1993 13.7 JO IX 
May 1993 3.58 JI 24 

(1) Not mclllllcd 111 the curn:nt 'Iudy 

Fllloride Mass Due ta Precipitation 

(i) Determination of the tluoride concentration in prl!l:lpitatiol1 {CI'} 

As mentioned in Section 3.2.2, the tluondc conCl!ntration in plccÎpllalhlll wa" ohlillllcd 

daily from one sam pie collected at the MUe wa"tcwatcr trcatlllcllt plalli. PI cLipitallll1l 

was separated into dry (dry deposits) and liquid (snow and rain) rlecipltall{)11 i\111I()ugll 

dry deposits will be ultimately deposited on the ground and lIlay IlIld tllcil way 10 the 

sewers through runoff and infiltration, thcir contrihution will not he addle~,>cd wIIIIl1I Ihe 

scope of this research, and they will he com.idered a~ part of the nOJ1-HJclltllicd ,>()lIICC.., 

Consequently, only liquid precipitation will he c()n~idcrcd ln contl'lhute t{) the Ill/ondc 

mass that reaches the sewer system as a result of precipitation, 

1) 1 
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'" Repladng missing data points 

ln the case of precipitation data, there were only a few missing data points, for days 

during which prohlems with the collection of the sample were encountered. In addition, 

sample col1ection was interrupted during the first two weeks in October and April. In 

ail cases, the missing data were replaced by the average of the corresponding month. 

The analysb of the precipitation data were presented and discussed in Section 4.2.3. 

Bascd on Table 4.6 (aner the removal of outliers), the average monthly fluoride 

concentrations in precipitation were determined and are shown in Table 4.16. 

Table 4.16. Average Monthly Fluoride Concentration in Liquid Precipitation. 

Month Fluoride concentration in Days 
precipitation (mg/L) 

Total Available 

June 1992 0.03 16 12 
July 1992 0.36 20 20 
Aug. 1992 0.42 21 19 
Sep. 1992 0.30 11 9 
Oct. 1992 0.07 16 3 
Nov. 1992 0.06 20 12 
Dec. 1992 0.46 19 15 
Jan. 1993 0.30 20 17 
Feb. 1993 0.25(1) 19 13 
Mar. 1993 0.74(1) 19 12 
Apr. 1993 0.15 19 12 
May 1993 0.30 16 7 

(1) Not lIseu III the current !ltully. 
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Resulls and DiscussIon 

(U) Determination of the precipitation tlow rates (Qp) 

The volumes of precipitation (mm) were obtained from all the sampling station~ locatel! 

in the Montréal Urban Community, namely Dorval. St-Anne de Bellevm.:, McTavish 

(McGill), Ste Geneviève, Rivière des Prairies, and Montréal Larontainc. Thcse arc 

shown in Appendix C. 

Generally, determining the total volume and tlow of precipitation over a givcn area 

involves the separation of that area into various water~heds, \\lÎlh the precipitation 

contribution being obtained for each of these hydrologie basins hased on thcir respectivc 

areas and topography, as weil as their coefficients of infi Itratiol1 and penncahil ity. 

However, this approach, which constitutes a study by itself, was dccmed too involvec..l 

for the purpose of the current research, and another alternative was investigated. It was 

then thought that a rough approximation of the whole Island as one hydrologie hasin (the 

total area is given in Table 4.17) would give a reasonable cslimatc of the average Ilow 

of precipitation. 

Table 4.17. Total Area Drained by the MUC Sewer Network (Dao Dank, 19(3). 

North End 245.46 km2 !I 

South-West End 57.17 km2 

South-East End 192.13 km2 

Moreover, it was suggested by Dao Dank (1993) that only 60% of the volume of 

precipitation is expected to contribute to the sewer system, whcreas the rcmaining part 

will be lost to evaporation, soil infiltration and direct runoff. Il is essential lo note lhal 
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this pcrccntage of interception is an estimate for the whole Island of Montréal and was 

used in the absence of more precise information. In fact, since the permeability 

coefficient depends primarily on the soil characteristics, this percentage varies notably 

from one location to another, increasing in heavily urbanized areas such as downtown 

Montréal and decreasing in agricultural and less densely populated areas, such as the 

Northern part of the Island. 

Ilencc, assuming that precipitation is uniformly distributed over the whole area of the 

Montréal Urhan Community (Table 4.17), and considering a 60% percentage of 

interception, the estimated precipitation flows were calculated accordingly and are 

prescnted in Table 4.18. 

It is c1ear, from the highlighted figures in Table 4.18 following that the estimated 

precipitation tlows do not represent the actual situation. The presence of these extremely 

high precipitation tlows (several-fold the wastewater flow) suggests that this approach, 

hascd on the assumption that the precipitation is uniformly distributed over the whole 

area of the MUC should not be undertaken. As a matter of fact, it was observed from 

the precipitation volume data (shown in Appendix C) that several storms have taken place 

at localized areas. Consequently, it could no longer be assumed that precipitation would 

contrihute equally to the whole area and the corresponding volume of precipitation could 

Ilot he simply obtained by multiplying the average volume obtained from ail stations by 

the area of the Island that is drained by the sewer system. 

As a conclusion, it can be noted that the determination of the precipitation f10w 

intereepted by the sewer requires very involved considerations, the combination of which 

cannot be addressed and evaluated in the current study. These include wind speed and 

direction, intensity and duration of storm, topography of the area and direction of slopes, 

perccntagc of interception, importance of direct runoff, etc. 
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Table 4.18. Estimated Precipitation Flow (m'/s) (hascd 011 the asSUmpl1011 of Ihe 

uniformity of distribution and 60% interception). 

lJune July Aug. Sep. Oct. Nov. Dcc. Jan Pch M.II Apl 1\1.,\ 

1 4.0 9.3 34 4 3 1 7 89.7 
2 0.7 1.6 44.1 3 1 1 4 "X 
3 87.3 20.0 140.8 4J.0 26 52 ·1 (l 

4 23.2 86.2 1.6 10 13 8 0.7 116.1 07 \ 7 
5 58.4 14.6 3.1 142 fi27 74 10 1) 1 Il ~ 
6 14.6 4.0 1.6 3 1 4.8 07 8J.1 
~ 25.2 9.6 13 8 07 36 ·1 X X X 
8 52.1 24.1 92.6 0.7 74 4 X ~ X 

~ 23.0 35.1 109.7 1)7 5 'i 

10 5.6 4 1 22.3 237 232 1.4 117 4~.1I 

Il 1.7 1.4 7.7 172 11 X 5.5 
12 ~1.7 73.4 11.1 35.9 227 24 Xli 7 0 
13 5.5 122 10 77 37.6 140.3 70.(, 4 1 ·1 0 
14 39 19 1 (, 41 24 ~ 

15 74 .5 .5 14 (1 

16 2.8 3.1 6.2 53.0 3.4 2 X 14 .\2.9 4 1) l'JI 26 
17 89.4 1 4 41 2.5 12.6 4 1 \04 ~ () .~(,.4 

18 26.9 4.9 7.2 .5.0 7.2 
19 78.6 13.8 0.7 10.3 10.8 1 4 ~ X 1'1 X Il 1 
?O 4 1 55 5.5 128 4.5 5 'i (d .\2.1 Il.2 
21 1.2 35.8 8.0 13.1 16.4 Il) 'i 51.4 142 
22 0.7 48.0 3.1 15.0 28 39.1 172 Il '\ 71.0 
23 172 33.4 5.7 39 4 Il .~S.K 

24 9.6 0.7 20.9 97 69 277 2.2 07 M.8 
25 5.5 5.5 9.6 47 24 3.1 4.\.5 44 
26 14.4 12.7 13.4 4.1 33.3 2 1 41 4 1 24 
27 2.1 18.4 13.3 48 1 4 
28 1.4 21 3 Il 7 117 

9~9.3 27.5 7.4 17.0 il 'i 4 (, 
30 9.6 16.0 17 9.6 
31 97.6 5.5 6.7 38.3 60.4 

Renee, as a result of the large number of unknowns that arc illvolved and assumptiolls 

that need to be taken into account, as weil as the emlfS induced thcrchy, it was prcfcrrcd 

to consider the flow due to precipitation as the difference hctwccn total and dry wcathcr 

flows. The latter could only be obtained on a monthly hasis for the year ) 992 (Purcnne, 

1993). As for the period between January and May 1993, dry wcathcr flow1> wcrc 

estimated based on a comparison with the results of the prcvious ycar ohtained l'rom the 
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Mue wastewater treatment plant (Purenne, 1993) and on the rainfall and snow data for 

the current year ohtained from Environment Canada and the Ministry of the Environment 

of Quehec (Gauthier and Mercier, 1993). These dry weather flows are presented in 

Tahle 4.19. 

Têlhlc 4.19. Average Monthly Dry Weather Flow from June 1992 to May 1993. 

1 
Month Il Dry Weather Flow (m3/s) 

1 

June 1992 12.8 
July 1992 14.9 
Aug. 1992 14.1 
Sep. 1992 14.6 
Oct. 1992 16.3 
Nov. 1992 17.1 
Dec. 1992 15.2 
Jan. 1993 16.5 
Feh. 1993 17.0(1) 

Mar. 1993 19.8(1) 

Apr. 1993 23.0(2) 
May 1993 15.5(2) 

( 1) Nol lll-cd 111 Ihc currcnt sllldy. 
(2) E!.llIl1alcd hascd 011 lolal Ilow (MUe, 1992) and precipitatIOn dala (Gauthier and Mercier, 1993). 

Bccausc dry weather tlow includes snow melting (Purenne, 1993), the high estimated 

IlllW in April seems reasonable and in accordance with the fact that snow melting 

occurred during that month in 1993. Table C.1 (Appendix C) shows the high total tlows 

corrcsponding to April 1993. 

Sincc the nnalysis pertaining to precipitation f10w requires dry weather f10w data which 

can nnly he nhtained on Cl monthly basis, it will be performed as a monthly average. The 

monthly average precipitation flows are shown in Table 4.20. 
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Table 4.20. Average Monthly Flow of Liquid Precipitation l'rom .lune 1992 to May 

1993. 

Month Precipitation Flow (mIls) 

June 1992 0.8 
July 1992 1.6 
Aug. 1992 1.2 
Sep. 1992 1.1 
Oct. 1992 0.8 
Nov. 1992 1.3 
Dec. 1992 0.0 
Jan. 1993 2.1 
Feb. 1993 O. \ (1) 

Mar. 1993 0.\ (1) 

Apr. 1993 6.7m 
May 1993 2. P2) 

(1) Not useù III the currcnt .~llIlly. 

(2) Baseù on estimateù values III dry wcalher Ilnw 

As seen in Table 4.20, the flow of precipitation in Deœmhcr, as ol'llained l'rom Ihe 

difference between total and actual dry weather flows is zero. This is in accordancc with 

the precipitation data obtained from Environment Canada and Ihe Minislry of Ihe 

Environment of Quebec (Gauthier and Mercier, (993) which show tha! alll10st no 

precipitation took place during that month. As for the g,realcsl precipitation l1ow, it 

occurred du ring AprE This value, obtained from the differcllcc helween total and 

estimated dry weatber flows, is also in accorda nec with availahlc precipilatiol1 

information which shows that April 1993 is the momh, hctween June 1992 and May 

1993, during which precipitation (both in the forms of rainfall and snow) was highest. 
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(iti) DetermInation of the tluoride mass resulting from liguid precipitation (QpCp) 

The Iluoride mass tlow to the sewer resulting from liquid precipitation was determined 

hased on the fluoride concentration in liquid precipitation and the volume of precipitation 

ohtained in the two previous suhseetions. The results are presented in Table 4.21. 

Table 4.21. Mass of Fluoride Resulting from Liquid Precipitation, between June 1992 

and May 1993. 

Month Fluoride mass in 
1 

Days 
1 

precipitation (metrie 
tonnes) Total Available 

June 1992 0.06 16 12 
July 1992 1.56 20 20 
Aug. 1992 1.34 21 19 
Sep. 1992 0.84 11 9 
Oct. 1992 0.15 16 3 
Nov. 1992 0.22 20 12 
Dec. 1992 0.00 19 15 
Jan. 1993 1.68 20 17 
Feh. 1993 0.06(1) 19 13 
Mar. 1993 0.20(1) 19 12 
Apr. 1993 2.55(2) 19 12 
May 1993 1.67(2) 16 7 

( 1) Not llIc1udcd in the current Mudy. 
(2) Bao;cd 011 cstimatcd values ut dry wcather tlow. 

ft can he seen from Table 4.21 that the greatest mass of fluoride resulting from 

precipitation occurs during August 1992 and April 1993, as weil as, though to a slightly 

Icsscl' cxtent, during July 1992, January and May 1993. In August 1992, as weIl as in 

Janual'y and May 1993, the high value of the tluoride mass is due to the combination of 
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high precipitation tlowrates (Table 4.20) and rclativcly high Ilumide concentration III thc 

precipitation (Table 4.16). In April 1993 however. the increase in the Ilumide mass is 

solely dlJe to the high flowrate (Table 4.20). Indeed, the Ilumide conœntrat ion III 

precipitation was found to be low during that month (Tahle 4 16). 

Fluoride Mass Resulting from Injïltratioll 

(i) Determination of the tluoride concentration in infiltration water (CI) 

As discussed in Section 4.5.1, the combined scwer network is suhject to inlïItratioll. 

defined as the groundwater that reaehes the sewer through fraclurcd conduits. fisslII'cd 

joints and fractured manholes. Accordingly. the tluoride concelltration in infiltration 

waters is considered to be that of the groundwater. This has heen determined. in Section 

3.4, to be 0.13 mg/L. It should be pointed that this valuc is close to, howevcr not Ihe 

same as, the one used by Gehr and Leduc (1992). Due 10 thc lack of measured dala 

during their study, they estimated the concentration of tlumide in infiltrai ion waters 10 

be 0.16 mg/L, based on the 50lh percentile given in Stumm and Morgan (I9HI). 

(U) Determination of the tlow of infiltration water (Q) 

It is suggested by Gehr et al. (1989) that the contrihution of infiltration varies helwcen 

56% and 44% of the dry weather f1ow, depending re~;pcctively on whelhcr lhe South 

interceptor is in operation or not. White 44 % of the dry weathcr Ilow was choscn 10 

represent the contribution of infiltration in the study conductcd in 1989, it is 110W 

important to realize that the contribution of the South interceptor has to hl: laken iuto 

consideration, hence the use of 56% of the dry weather f10w as the infiltratioll Ilow. 

When checking the source of this information, it was pointed out hy Dao Dank (1993) 
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that thcse figures arc the result of a study conducted in 1982, when the system was in 

the carly stages of operation. Since no subsequent sampling campaign has been 

undertaken, these figures had to be used as a reference. It is however clear that they do 

not accurately represent the present situation and must he altered to account for the 

prohahle deterioration of the various installations in the sewer system, essentially the 

pipes, conduits and manholes. Consequently, taking into account that ~lrh the South and 

North interceptors are in operation, which is most often the case nowadays, it will he 

considered that, as an annual average, 60% (as oPl'osed to the original 56% considered 

in 1989) of the dry weather flow will he in the form of infiltration. Ail monthly values 

for the tlow of infiltration are presented in Table 4.22. 

Tublc 4.22. Average Monthly Flow of Infiltration between June 1992 and May 1993. 

1 
Month Il Infiltration flow (m3/s) 1 

June 1992 7.68 
July 1992 8.94 
Aug. 1992 8.46 
Sep. 1992 8.76 
Oct. 1992 9.78 
Nov. 1992 10.86 
Dec. 1992 9.12 
Jan. 1993 9.90 
Feb. 1993 10.20(1) 

Mar. 1993 11.90(1) 
Apr. 1993 13.80(2) 

May 1993 9.30(2) 

(1) Not used in the current study. 

(2) Bascd on cstil11atcd values of dry weather flow. 

As seen l'rom Table 4.22. the f10w of infiltration is rather constant, except for a slight 

dccreasc during the summer season. As for the high value in April, it is again explained 
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by the correspondingly high dry weather tlow. 

(Ui) Determination of the nuoride mass resulting from infiltration (QICI) 

The monthly average fluoride mass flow to the sewer as a rcsult of infiltration \Vas 

calculated, based on the fluoride concentration in infiltration amI the tlow of infiltration 

water obtained in the two preceding subsections. These rcsults arc shown in Tahle 4.2:'. 

Table 4.23. Average Monthly Mass of Fluoride Resulting t'rom Infiltralion, helwcen 

June 1992 and May 1993. 

Month Fluoride mass duc 10 
infiltration 

(metric tonnes) 

June 1992 2.59 
July 1992 3.11 
Aug. 1992 2.94 
Sep. 1992 2.95 
Oct. 1992 3.40 
Nov. 1992 3.66 
Dec. 1992 3.18 
Jan. 1993 3.45 
Feb. 1993 3.21 (1) 

Mar. 1993 4.14(1) 

Apr. 1993 4.65(2) 
May 1993 3.24(2) 

(1) Not used in the currcnt Sluuy 

(2) Bascd on estimated valucs 01 dry wcathcr Ilow. 

As expect~d from the relatively constant values of the infiltrat;on flow (Tahlc 4.22) and 
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the constant value of the fluoride c.:oncentration in infiltration water, the mass of fluoride 

rcsulting from infiltration is generally constant, with a slight increase in April, as 

anticipatcd t'rom the previous discussions. 

Fluoride Mass Due 10 Non-Fluoridated Waler 

(i) Determination of the fluoride concentration in non-fluoridated waters (Cnf) 

Although il is generally estimated that the average fluoride concentration m non

tluoridated water is 0.13 mg/L (Gehr et al., 1989), the exact fluoride concentrations 

mcasured at the water treatment plants are presented, on an average monthly basis, in 

Tahlc 4.24. 

Table 4.24. Average Monthly Fluoride Concentrations in Non-Fluoridated Water 

hctween June 1992 and May 1993 (Dusault, 1993). 

Month Fluoride concentration in 
non-fluoridated water 

(mg/L) 

June 1992 0.26 
July 1992 0.20 
Aug. 1992 0.25 
Sep. 1992 0.21 
Oct. 1992 0.24 
Nov. 1992 0.16 
Dec. 1992 0.18 
Jan. 1993 0.19 
Feb. 1993 0.20(\) 

Mar. 1993 0.17(1) 

Apr. 1993 0.13 
May 1993 0.19 

(1) NOl included in the current study. 

102 



Rc:-ults and Di:-w:-:-Hlll 

The values shown in Table 4.24 indicate that the average tluoride cnnccntral1nn in ll11n

fluoridated water, which is the same as that in the St-Lawrence river. can Ill) longer hc 

considered to be 0.13 mg/L, as generally used in the Iiterature (Gein and I.educ. 19(2). 

Indeed, the average f1uoride concentration. as ohtained hcrein. is 0.20 mg/L. 

(U) Determination of the flow of non-fluoridated water (Qu,) 

Table 4.25 shows the domestic water tlow rates (hoth non-Iluoridatcd and rtuondatcd 

water flows) at aU the water treatment plants operating within the Montréal (Irhan 

Community, both in 1988 and 1992. 

Table 4.25. Annual Average(1) Flow al the MUe Water Trcatlllcnt Plants. 

1 

Flow (mIls) 

1 

PCI ccnlagc 01 
L'hangc helwccil 

Water Treatment Plant 1988 1992 II)XX & J1)!)2 
( 'X,) 

Without Fluoridp.tion 
Montréal (2) 18.40 20.% 1 1 ~ () 

Lachine 0.88 O. (JI) - 21 "' 
Pierrefonds 0.72 072 ().O() 

Ste Anne de Bellevue 0.04 0.06 -1 100 

With Fluoridation 
Dorval 0.44 ().3tl - 22.7 
Pointe-Claire 0.57 o 7CJ t 3X,fl 

Total without fluoridation 20.04 22.43 I- Il () 
Total with fluoridation 1.01 1 13 -1- II. () 

Net Total 21.05 23.56 + Il () 

(1) Represents the global annual average, knowrng that thc flow IS gcncrally rctlu<.:Cu durtng Ihe 
week-ends and the dead season (Sep. and Oct.), and rncrca<;ctl t1urrng thc 'iuml1lcr 1I1()l1lh~. 
(2) Includes both treatment plants: Atwater and Charle~-J De~ Baillet. 
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Il is intcrcsting to sec, From Table 4.25, that the total flows of bath fluoridated and non

lluoridated water increased in the same proportion (11.9%), resulting in a net increase 

of Il.9 %, hetwccn 1988 and 1992. Although greater variations appear from one 

trcatmcnt plant to another, only the total tlow fnr each category is relevant ta the 

present study in as much as it gives an estimate of the distribution of the flow between 

thosc with and without tluoridation. These calculations are shawn in Table 4.26. 

Tublc 4.26. Contribution of the Various Water Treatment Plants to Total Flow. 

Watcr 'frcatment Plant Il Flow ln 1992 (m3/s) Percent of total (%) 

Wllhout Fluondation 
Montreal( 1 1 20.96 89.0 
Lachine 0.69 2.9 
Pierrefonds 0.72 3.0 
Sil: Anne de Bellevue 0.06 0.3 

Wllh Fluondatlon 
Dorval 0.34 1.4 
POInte-ClaIre 0.79 3.4 

Tolal Wllhout l1uoridatlOn 22.43 95 
Tolal wltl! l1uondatlon l.I3 5 
Total 23.56 100.0 

t Il lncludcs both watcr trealment plants: Atwater and Charles-J Des Baillet. 

As shown in Table 4.26, the flow of non-fluoridated water represents 95% of the total 

tlow from the waler treatment plants on the MUe territory. Based on the assumption 

that the wastewater tlows returned ta the sewer are proportional to the flows of water 

heing consumed, and that they are in the same proportion for aIl water treatment plants, 

it can he concluded that 95 % of the domestic flow results from non-fluoridated waters. 

Hellec. QUI amounts to 95% of the difference between the total dry weather flow and the 

Ilow of infiltration. Average monthly values for Qnf are presented in Table 4.27. 
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Table 4.27. Average Monthly Flow Resulting from Non-Flllnridateù \Vatel' bet"'L'L'n 

June 1992 and May 1993. 

MOllth Flow of non-l1uoridatcd 
\Vater (Ill Ils) 

June 1992 4.86 
July 1992 5.66 
Aug. 1992 5.36 
Sep. 1992 5.55 
Oct. 1992 6.19 
Nov. 1992 6.88 
Dec. 1992 5.78 
Jan. 1993 6.27 
Feb. 1993 6.46(11 
Mar. 1993 7.50(1) 

Apr. 1993 8.74(2) 
May 1993 5.89(2) 

(1) Not used 111 the currcnt Mudy. 

(2) Based on esillnaied values 01 dry weather Ilow 

It should be noted that this practice is used in the present study in Ihe ahsl:nt:e 01 11101 L' 

detaHed information on the actual percentage of water that ultimatcly reaches the scwcr 

system after consumption. This would eFfectivdy depend on several paramelers, nam<.:ly 

the population density, the variation in water demand within a single day, l1lol1lh, seitSOIl 

or year, and the surface area and quality of gardens and agricullural lam.\!" 

(Ui) Determination of the fluoride mass rcsulting From l1on-fluondateu watel" (QIlIC"I) 

The fluoride mass Flow to the sewer as a result of the consumption of /1on-fluonualeu 

water was calculated based on the tluoride concentration in nOIl-fluoriuated waler and the 

flow of non-fluoridated water obtained in the previous two subseclion!-., rc!-.peclivcly. 
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Thcsc rcsults, shown in Table 4.28, indicate that the mass of fluoride resulting from non

fluoridated water is relatively constant. This is true since both the tlow of tluoridated 

walcr and the fluoridc concentration in non-tluoridated water do not vary much from one 

~cason to another, as seen in the two previous subsections. 

Table 4.28. Mass of Fluoride Resulting from the Consumption of Non-F1uoridated 

Watcr, hctwcen June 1992 and May 1993. 

Month F1uoride mass due to 
non-tluoridated water 

(metric tonnes) 

June 1992 3.28 
July 1992 3.03 
Aug. 1992 3.59 
Sep. 1992 3.02 
Oct. 1992 3.98 
Nov. 1992 2.85 
Dec. 1992 2.78 
Jan. 1993 3.19 
Feb. 1993 3.12(1) 

Mar. 1993 3.41(1) 

Apr. 1993 2.94(2) 

May 1993 3.00(2) 

(1) Not u"cd in the currcnt study. 
(2) Ba~cd on c~lIInated valuc~ of dry weather tlow. 

Filloride Mas.\' Due to Fluoridated Water 

(i) Determination of the tluoride concentration in tluoridated water (Cf) 

Data ohtained l'rom the water trcatment plants that resort to tluoridation in their treatment 
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process indicate a mean concentration of 0.96 mg/L. ralher than the thcoretical valuc nI' 

1.2 mg/L. Average monthly tluoride concentrations in tluoridatcd \Vatcr arc prcscntcd 

in Table 4.29. 

Table 4.29. Average Monthly Fluoride Concentrations in Fluoridatcd Watcr hctwccn 

June 1992 and May 1993 (Dusault, 1993). 

Month Fluoridc concentration in 
tluoridated watcr (mg/L) 

June 1992 0.98 
July 1992 0.92 
Aug. 1992 1.04 
Sep. 1992 l.01 
Oct. 1992 0.94 
Nov. 1992 0.96 
Dec. 1992 0.97 
Jan. 1993 0.95 
Feb. 1993 0.92(1) 
Mar. 1993 0.92(1) 
Apl'. 1993 0.93 
May 1993 0.99 

1 (1) Not uscd in the currcnt o;tudy. 
1 

Based on Table 2.5 (Section 2.3), it ean be noled lhat this range of numide 

concentrations corresponds to the optimum during summer and the minimum during 

winter. 

(ii) Determination of the tlow of tluoridated water (Qr> 

Following the same principle as for the tlow of non-fluoridatcd waler, and hased on lhe 
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resu!ts shown in Tahle 4.26, it can be conc1uded ttat the flow resulting from the 

consumption of tluoridated water represents 5 % of the total domestic flow, the latter 

being equal to the difference between the dry weather flow and the infiltration flow. Ali 

average monthly values for Qr are presented in Table 4.30. 

Table 4.30. Estimated Flow Resnlting from Fluoridated Water between June 1992 and 

May 1993. 

\ 

Monlh Flow of fluoridated water 
(m3/s) 

June 1992 0.26 
July 1992 0.30 
Aug. 1992 0.28 
Sep. 1992 0.29 
Oct. 1992 0.33 
Nov. 1992 0.36 
Dec. 1992 0.30 
Jan. 1993 0.33 
Feb. 1993 0.34(1) 

Mar. 1993 0.40(\) 

Apr. 1993 0.46(2) 

May 1993 0.31(2) 

(1) NOl lIsed in Ihe ClIrrcnt ~tudy. 
(2) Bascd on estimated values of dry weather tlow. 

(iii) Determination of the fluoride mass resulting from tluoridated water (QrCr) 

The numide mass tlow to the sewer resulting from the consumption of fluoridated water 

\Vas calculated btlsed on the tluoride concentration in fluoridated water and the tlow of 

non-nuoridaled waler obtained in the two preceding subsections. The results are shown 

in Table 4.31. 
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Table 4.31. Mass of Fluoride Resulting from the Conslimptioll of Fluoridatcd Willer. 

between June 1992 and May 1993. 

Month Fluoride mass duc to 
tluoridatcd watcr 

(metric tonnes) 

June 1992 0.65 
July 1992 0.73 
Aug.1992 0.78 
Sep. 1992 0.76 
Oct. 1992 0.82 
Nov. 1992 0.90 
Dec. 1992 0.79 
Jan. 1993 0.84 
Feb.1993 0.76(1) 
Mar. 1993 0.980 ) 

Apr.1993 1.11 (2) 

May 1993 0.82(Z) 

(1) Not includcll III the currcnt sludy. 
(2) Ba~cd on estimatcd valuc1\ 01 dry wcathcr Ilow 

Table 4.31 shows that the mass of fluoride resulting t'rom artificially Iluoridaled waler 

is relatively constant, with the highest value heing witncsscd in April 1993 and the lowcst 

in June 1992. This variation can he explained by the slight fluctuations or the l'Iow or 

fluoridated water which is highest in April and lowe&t in June (Table 4.30). 

Fluoride Mass Resulting from the Dome.\·tÎc f1abil.\· of the Population 

(i) Determination of the flumide concentration in the domcstic scwage (Cd) 

The typical minerai increase in fluoride concentration rcsulling l'rom domcstic willcr use 
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is estimated to vary between 0.2 and 0.4 mg/L (Metcalf and Eddy, 1991). Two 

scenarios will thus he considered, based on these two concentrations. 

(U) Determination of the domestic sewage tlow (Qù) 

The domeslic sewage tlow can be obtained as the difference between the dry weather 

flow and the infiltration tlow. It is also the total of the fluoridated and non-tluoridated 

flows. The domestic sewage f10w is hence determined based on Tables 4.27 and 4.30. 

Monthly average values are shown in Table 4.32. 

Table 4.32. Average Monthly Domestic Sewage Flow. 

1 

Month 

Il 
Domestic sewage f10w 

1 
(m3/s) 

June 1992 5.12 
July 1992 5.96 
Aug. 1992 5.64 
Sep. 1992 5.84 
Oct. 1992 6.52 
Nov. 1992 7.24 
Dec. 1992 6.08 
Jan. 1993 6.60 
Feb. 1993 6.80(1) 
Mar. 1993 7.90(1) 
Apr. 1993 9.20 
May 1993 6.20 

(1) Nol lI~cd in lite currcnl sludy. 
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(Ui) Determination of nuoride mass resulting l'rom the domcstic hahits of the 

population (QdCû) 

The mass of tluoride resuIting from the domestic hahits of the population is delermincd 

based on the fluoride concentrations and the domestic sewagc flow ohtaincd in Ihe 

previous subsections. These results are presented in Tahle 4.33. 

Table 4.33. Mass of Fluoride Resulting from the Domestic Hahits of the Populatioll. 

between June 1992 and May 1993. 

Fluoride mass (mctric tonnes) 

Month Minimum (2) Maximum (3) 

June 1992 2.65 5.30 
July 1992 3.19 6.3H 
Aug. 1992 3.02 6.04 
Sep. 1992 3.03 6.05 
Oct. 1992 3.49 6.9H 
Nov. 1992 3.75 7.50 
Dec. 1992 3.26 6.51 
Jan. 1993 3.54 7.07 
Feb. 1993 3.29(1) 6.58()) 

Mar. 1993 4.230 ) 8.461)) 

Apr. 1993 4.77 9.54 
May 1993 3.32 6.64 

(1) Not included in the current slully. 
(2) Based on a nuoride concentration nf 0.2 mg/L. 
(3) Based on a Huoride concentration of 0.4 mg/L. 

As cxpected. Table 4.33 shows that the mass of tluorklc resulting from the domcstic 

habits of the population is relatively constant. Only the minimum fluoride input will 

henceforth be considered from this source, in order to dctcrmine the worst-case scenario 
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as far as the contribution of unidentified sources are concerned (Eq. 4.2). These results 

will he presented in the following section. 

4.5.4. Fluoride Mass Resulting from Non-Identified Sources 

The fluoride mass resulting from non-identified sources was calculated based on Equation 

4.2 and the information presented in Tables 4.15, 4.21,4.23,4.28 and 4.31. 

Due 10 the assumptions taken when performing the mass balance, and the uncertainties 

involved, along with the unavailability of necessary information and the relatively large 

numher of missing daily data, a daily analysis of the fluor ide mass resulting from non

identificd sources was impossible. As in the previous sections, the analysis was 

performed on an average monthly basis. Both a seasonal and annual estimation will also 

he performcd (excluding the two months of February and March). A seasonal variation 

occurs hecause the mass of fluoride varies with both the water consumption and the 

numide concentration, which are known to vary from one season to another. The annual 

avcragc mass sheds Iight on the importance of the fluoride mass that finds its way to the 

sewer, from unidentified sources. Note that the total annual average does not account 

for the two winter months of February and March. This is important to point out since 

the mass of fluoride during those two months is expected to be much higher than the rest, 

due to the comhination of higher fluoride concentrations (Gehr et al., 1989) and higher 

tlows. Indeed, higher flow rates were registered at the wastewater treatment plant during 

the winter ('l'ah le C.I, Appendix C). and fluoride concentrations in the raw wastewater 

during January also increased significantly (Table 4.2). In general, the mass balance, 

which is suhject to several uncertainties (as already discussed), is only intended to give 

an estimate of the contribution of the various components involved and should not be 

vicwcd as a means to reach an accu rate numerical value. 
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Final results for the mass of tluoride resulting from ail sources arc prescntcd in Tahle 

4.34. 

Table 4.34. Estimation of the Mass of Fluoride Rcsulting l'rom Ali Sources. hctwccn 

June 1992 and May 1993(1). 

Source June July Aug. Sepl O~I N"V Dcc l.lIt Apl M.lv 
Contnhullon 

Preclpitalion 0.06 156 1.34 0.1'\4 0.15 022 000 1 Ml ~ ~'i 1 IlX 
Infiltration 2.59 3.11 2.94 2.95 3.40 1.66 1 IX 14'i 4 (,'i 1,!.\ 
N 011- tluondated 3.28 3.03 359 302 3 98 28'i 2.7X 1 l') .! ').' 100 
Fluoridated O.M Il 73 078 Il 76 o H2 ulm 07'1 Il H4 III ., H.! 

Domestic habits 265 3 19 302 303 341) 17'i 1 2(, J'i4 477 1 1.! 
Unrdentified (2) 22.1l6 17.18 l) 53 H.lll) 16.51 H.1)2 lH 112 (2) (n 

Total in 6'()1l 33.68 2886 2014 19 94 27 'JO 41 ')2 41 hl Il h(, 1'iX 
Wastewaler 

(1) Values for Fehruary and Mareil are not IIlcJUllcd 111 the pre\cnt 'Iudy. 
(2) Calculations Ylelded a negatIve value 
Note: Ali mas!> values are glven in melnc tonne,. 

It can be noticed, l'rom Table 4.34, that the mass of nuoride resulting from inlïllration 

and that resulting from non-fluoridated water constitute, among the identilïctl sources of 

fluoride, the major input of tluoride into the wastcwatcr. lIowever, the largest portion 

is still accounted for by the unidentified fluoride sources. The importance of unidentilïed 

sources, in terms of percentage of the total fluoride content in the wa~tewater, is ~h()wn 

in Table 4.35. 

Indeed, Table 4.35 shows that the unidentified sources of nuoride may rem.:h as high as 

77.22 % of the total mass tluoride input to the wastewater trcatmcnt plant. In generaJ 

however, the average annual percentage will vary around 50%, which is highcr Ihan the 

40% figure obtained by Gehr et al. (1989). 
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Table 4.35. Importance of Unidentified Sources of Fluoride. 

Month Percentage of unidentified 
sources 

June 1992 
July 1992 
Aug. 1992 
Sep. 1992 
Oct. 1992 
Nov. 1992 
Dec. 1992 
Jan. 1993 
Feb. 1993 
Mar. 1993 
Apr. 1993 
May 1993 

(1) Not mcluded in the current study. 
(2) Ca1culatioJ1s yielded ncgative mass. 

(2) 

65.5 
59.5 
47.3 
40.6 
59.2 
77.2 
69.5 

(1) 

(1) 

(2) 

(2) 

Despitc the fact that the approximations and uncertainties used when performing the mass 

halance ca\culations may have lead to a slight overestimation of the unidentified fluoride 

sources, the high percentages shown in Table 4.34 are alarming and should not be 

ignorcd. ft is important to note that, though the unidentified sources of fluoride can 

rcsult l'rom the dry precipitation that returns to the sewer system through runoff, they 

consist mainly of industrial discharges. 

An intcresting trend is depicted du ring the spring, when the percentage of unidentified 

sources of tluoride undergoes a net decrease, as shown by the negative values obtained 

for June 1992, as weil as for April and May 1993. At this point, it should be mentioned 

lhat thcse ncgative results should not be viewed as a mathematical error but rather as an 

ovcrestimation of certain parameters that led to the overestimation of one or various 

tluoridc sources. Indeed, the probable overestimation of the precipitation and infiltration 

114 



Results anù Discussion 

contributions, along with the very sm aIl tluoride mass in the raw wastewater due 10 the 

dilution of the water following snow melting, rcsult in a rather negligihlc numide mass 

resulting from other sources. 

In general, it can be said that, although an exact comparison cannot he made, dul..' to the 

unavailability of data for the same time of year, the results ohtaincd hercin for the 

contribution of the unidentified sources are notably higher than thosc ohtained hy (!ehr 

et al. (1989). This is the case, even if the domestic hahits of the population were 

considered by Oehr et al. (1989) as part of the unidentificd sources, while the prescnt 

study addresses the input by the domestic hahits as a separate compOllcnt, hence 

decreasing the absolu te value of the unidentified sources. The study comJuctcd hy Oehr 

et al. (1989), between February and May 1989, showcd thal 132 kg/day arc duc to 

unidentified sources (including the domestic habits of the population). In the present 

study, however, it was determined that an average of 375 kg/day of tluoride arc 

discharged into the sewer network, as a result of unidentifieù sources (cxcluding the 

domestic habits of the population). This difference may arise t'rom the nlct that Ihe 

present study includes the who le year (except for February and March) and is thus more 

representative of the actual situation. 

As a conclusion regarding the importance of the levcls of unidentifïed sources of numide 

that enter the sewer system, it can be noted that the mass of tluoride resulting l'rom 

unidentified sources is minimal during the spring. On the other hand, during the 

summer, the fall and the winter, the mass of fluoriùe resulting from unidentilied sourœs 

accounts for quite a high percentage of the total nuoride mass in lhe wastewaler. The 

average annual percentage can range around 50% (Figure 4.18), with a maximum al 

77.22 % (Table 4.35). The contributions of ail t1uoride sources arc shown, on an "nllual 

average basis, in Figure 4.18. 
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Infillration (13.8%) 

Unidentified (51.2%) Non-fluoridaled (13.2%) 

Fluoridaled (3.4%) 

.~igllre 4.18. Percent Contribution of Fluoride Sources to the MUe Raw Wastewater 
(June 1992 to May 1993). 
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5. CONCLUSIONS AND RECOMMENDATIONS 

Fluoride in the Wastewater 

Continuous hourly monitoring of tluoride concentration.'; in the raw waslewater llowlIlg 

to the Montréal Urban Community Wastewater Treatment Plant, hetwecn .Iulle 1992 and 

May 1993, showed a wide range of fluoride Icvels, with the maximum values possihly 

reaching as high as 4-fold the mean, and weil over two ordcrs higher than Ihe minimum 

values. This suggests that unexpectedly high tluoride concentrations arc occasionally 

encountered in the raw wastewater. It is suspected, with rcasonahle 1 ikc\ ihood, t hal these 

may have resulted from unauthorized industrial dischargcs. 

The monthly mean tluoride concentrations varied bctwccn 0.072 mg/L and 1. CjX4 mg/L, 

with an average over the year of 0.45 mg/L. As opposed to the lower average (0.34 

mg/L) obtained by Gehr et al. (1989), the increasc in the mcan value here may he duc 

to the fact that the present study involved a continuous hourly monitoring over a longer 

period, hence increasing the representativeness of the data and the dmlll;cs of ùepicting 

tluoride peaks. On the other hand, this increase may also have heen duc 10 an aclual 

increase in tluoride levels. 
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A gcneral seasonal trend has been depicted for the variation of fluoride levels in the 

M (JC wastewaters: fluoride concentrations are lowest during the spring, higher during 

the summcr, lower in the fall, and at their maximum during the winter. These trends can 

he explaincd hy a combination of several factors, the most important of which are the 

rates of infiltration and precipitation. Nevertheless, the largest portion of these variations 

arc accounted for by unidentified sources. Although part of the se unidentified sources 

arc due to dry tluoride deposits dissolved into the runoff, a large portion results from 

industnal discharges. The importance of these "unauthorized" discharges can be 

cvidenccd hy the wide range of fluctuations of f1uoride concentrations, the 

correspondingly high ratio of maximum to minimum, and the difference between the 

rnean and the mode. 

FII/oride in the Precipitation 

ColleClion of precipitation samples was performed at a station located on the roof of the 

Mlle Wastcwater Treatment Plant. Sludge incineration at the plant incinerator is not 

expcctcd to affect the nuoride concentrations in the precipitation samples. 

Daily sampling of the precipitation from a station located at the roof of the MUe 

Wastewaler 'l'l'calment Plant showed that the mean tluoride concentration in Iiquid 

precipitation generally fluctuates between 0.030 mg/L and 0.741 mg/L, whereas the 

average nuoride specifie mass in dry precipitation ranges between 0.096 kg/km2 and 

2.775 kg/km!. For buth liquid and dry precipitation, the highest levels occur during the 

\Villter and 10 a lesser extent during the summer, whereas the lowest concentrations take 

place during the t'ail and the spring. 

Becausc of the parallclism in tluoride variations between the liquid and dry precipitation, 

il can he suspected that the high concentration of fluoride in liquid precipitation may 

rcsult actually t'rom the nuoride content in dry fallout rather than a true fluoride 
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concentration in rainfall. Accordingly, il mighl be Suspl!cted that the truc Iluonde 

concentrations in Iiquid precipitation are lower Ihan those delcl111111ed in the pl L'sellt 

study. Also, based on the parallelism in varialional trends. it can he cOllduded that 

fluoride in precipitation results essentially t'rom 100.:al anlhropogenic soun:es. The laller 

two conclusions, however, remain to be confirmeù. 

Investigation of the possible correlation between ehloride and Iluoriue ill plel:lpllalloll 

showed that no Iinear association betwccn chloridc and numide coult! he cstahlishL'd 

This result was expected sincc chloride is very unlikc\y 10 he prCsl!1l1 III piccipllatillll. 

whereas fluoride peaks have been recordcd. 

Fluoride in the Groundwater 

Groundwater sampling showed that, as opposed to Mlle w"..,Il.:wall:r, Ihe addltioll III 

cnTA was essential to ensure the release of free numide ions. PlIrgmg III 111l: wclh. had 

no effect on the fluoride levels in the groundwater. Gencrally. II1IOllue colH.:enl l'al Il 11\.., 

in the groundwater were estimated to range hctwcen 0.07 amI () 24 mg!I .. Will! an 

average value of 0.13 mg/L. 

Fluoride in the Melting Salts 

Contrary to what was suspected, an analysi~ (JI the melting ~alt~ u..,ed hy the ('lIy (lI 

Montréal showed that these do not contain any Iluoridc . 
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Conclusion and Recommendations 

Mas.\' Balance Ana/ysis 

Important observations pertain to the mass balance calculations, regarding the 

contribution of precipitation and the fluoride concentration in non-fluoridated water. 

Only liquid precipitation was considered to contribute to the fluoride mass that reaches 

the scwcr system as a result of precipitation. Although dry deposits will be ultimately 

depositcd on the ground and may also find their way to the sewers through runoff and 

infiltration, their contribution was not addressed within the scope of this research, and 

they were considered as part of the non-identified sources. As for the determination of 

the precipitation tlow, this requires very involved considerations, the combination of 

which was not dealt with in the current study. It was, however, noted that the 

precipitation was not unifonnly distributed over the Island of Montréal. Consequently, 

the latter cannot be considered as one watershed with uniform characteristics. 

Il is very important to point out that, although it is generally estimated that the average 

Iluoride concentration in non-fluoridated water, which should be the same as that in the 

St-Lawrence River, is 0.13 mg/L, it was shown that this can no longer be considered to 

he SO. The average tluoride concentration in the raw water intake at the City's water 

Ireatment plants has been measured to be 0.20 mg/L. Thus the estimate used by Gehr 

eT li 1. (1989) is incorrect. 

Bascd on mass balance calculations, it was determined that the mass of tluoride due to 

infiltration. tluoridated and non-fluoridated waters, as well as that resulting from the 

dOlllcstic habits of the population were relatively constant, whereas the mass of fluoride 

due to precipitation was highly variable. In general, the mass of fluoride resulting from 

infiltration and non-tluoridated waters, as weil as that due to the domestic habits of the 

population constitute, among the identified sources of fluor ide , the major input of 

Iluoridc mass into the wastewater. Nevertheless, the largest portion is still accounted for 
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by the unidentified fluoride sources. These may reach as high as 77.22 % of the total 

mass fluor ide input. In general however, the average annual percentage will vary armllld 

50%. The mass balance analysis also showed that, as an annual average, 375 kg/day nI' 

fluoride are discharged into the wastewater. Despite the t~1ct that unidcntiried SOUlTes 

of fluoride canoot be solely seen as resulting from industrial dischargcs. thesc high 

percentages are alarming and should not be ignored. 

Recommendations for Further Researclz 

Because of the availability of the large set of data involved herein, which eovers a pcriod 

of one year, it would be interesting to perforrn a time series analysis in order tn stully. 

in depth, the seasonality of fluoride levels variations. 

Also, models could be established to predict future nuoride levcls and variations. 

A refined analysis of the precipitation contribution to the total mass Ilumide input should 

be undertaken. Fluoride concentrations in Iiquid precipitation should he chcckcd lo 

confirm that high levels are not actually induced by high nuoride levels in the ury rallout. 

AIso, the flow of precipitation needs to be determined more precisely, hascd on 

hydrological information for the various watersheds on the Island of Montréal. 

Moreover, it is essential to confirm lhat sludge incineration at the MUe Wastewatcr 

Treatmenl Plant did not affect the fluoride concentrations in the precipitation samplcs 

collected from the station located at the roof of the plant. This could he achieved hy 

comparing fluoride concentrations in samples taken from the sludge hefore incineration 

10 lhose in samples taken from the ash residues . 
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When analysing tluoride concentrations in the groundwater, samples were drawn du ring 

the summer. The effect, if any, of snow deposition (during the winter) and snow melting 

(during the spring) should also he determined. 

ln the process of reviewing the literature concerning fluoride, many references pointed 

tn the correlational effect hetween fluoride and aluminum. Kraus et al. (1992) discussed 

the cvidence that aluminum and fluoride are mutually antagonistic in competing for 

ahsorption in the gut. While aluminum (in the form of alum) is known to remove 

nuoride in water treatment processes, there is no evidence that fluoride has the same 

cffcct on aluminum. It would he very interesting to study this aspect of the fluoride

aluminum relationship. The demonstration of such an antagonistic trend, if confirmed, 

could have il major impact in the medical field. 
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APPENDIX A 

Graphical Illustrations of Fluoride Concentration 

Variations in the MUC Wastewater 

(Prior to Data Screening) 
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Figure A.t. Hourly Variations of 
Fluoride Concentrations in the MUe 
Wastewater (June 28 - July l, 1992). 
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Figure A.3. Hourly Variations Fluoride 
Concentrations in the MUC Wastewater 
(July 7 - 10, 1992). 
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Figure A.5. Hourly Variations of 
l'Iuoride Concentrations in the MUC 
Wastcwatcr (July 24 - 30, 1992). 
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Figur A.7. Bourly Variations of 
Fluoridc Concentrations in the MUC 
Wastcwatcr (August 4 & 5. 1992). 
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Figure A.6. Hourly Variations of 
F1uoride Concentrations in the MUC 
Wastewater (August 2 - 7, 1992). 
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Figure A.S. Hourly Variations of 
Fluoride Concentrations in the MUC 
Wastewater (August 8 - 12, 1992). 
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Figure A.9. Hourly Variations of 
Fluoride Concentrations in the MUC 
Wastewater (August 16 & 17, 1992). 
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Figure A.H. Hourly Variations of 
Fluoride Concentrations in the MUC 
Wastewater (September 11 - 14, 1992). 
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Ii'igure A.13. Hourly Variations of 
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Figure A.15. Hourly Variations of 
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Figure A.14. Hourly Variations of 
Fluoride Concentrations in the MUe 
Wastewater (November 6 - 10, 1992). 
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Figure A.16. Hourly Variations of 
Fluoride Concentrations in the MUe 
Wastewater (January 1 - 4, 1993). 
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Figure A.I'. Hourly Variations of 
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APPENDIX B 

Hourly Fluoride Concentrations 

in the MUe Raw Wastewater 

(June 1992 to May 1993) 
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• 
c c - ----- ---- ----~--I. --- !l- --ri. - - -,-

I[§I 1 1 2 1 3 1 4 1 s 1 6 1 7 1 8 1 fj 1 10 1 11 1 I~ 1 131 141 15 1 10 1 171 IS 1 1" 1 :" 1 :1 1 :: 1 :. 1 

IIne 

9-00 OOU OCH 051 015 088 114 119 04! 030 040 044 047 050 024 023 111 o 7q o.,) 

1lroo 000 009 075 000 2.17 150 134 030 037 045 031 029 05! O!'l 023 0% 077 u3' 

1100 (JOO 012 082 010 102 13~ 135 043 040 040 033 030 054 030 054 1CH 018 o.N 

1200 011 013 058 030 089 171 148 064 041 040 037 034 05' U30 037 114 ON O'l 

1300 020 OB 069 030 10/ lbS 147 049 046 045 047 047 058 029 045 117 034 03. 

14 iiU 016 020 un 021 082 1b9 143 052 049 054 044 046 Ob2 01b 113 040 o.JO 

1500 026 008 091 018 06~ 173 140 057 050 054 041 044 000 031 157 114 048 0.'1 

1600 026 018 100 032 Obi U76 132 100 040 053 032 067 070 034 132 113 048 O~~ 

1700 031 033 096 044 0/4 on 143 Ob3 053 029 053 029 037 131 113 0% o.n 

1800 028 OZ,} 093 049 041 on 149 067 057 025 032 038 045 122 111 048 os::! 

1900 031 021 101> Ll2 048 075 155 078 059 025 000 020 053 124 1\0 053 0>1 

Zlroo 039 037 126 OS! 043 III ln 081 058 021 036 OU 048 130 Il' 006 0.11 

2100 034 0.48 140 043 03/ 081 184 074 051 025 043 034 042 134 134 054 0.>1 

22.00 U37 033 171 044 039 093 184 069 040 028 055 051 050 138 123 oSI 0.41 

2300 041 050 177 046 09! 190 01>7 053 032 055 035 070 143 124 035 048 

2400 039 050 184 0.46 038 082 168 OaQ 051 034 U5b 046 063 144 128 031 o.,. 

100 035 046 183 040 lb" 0/0 U70 IIJ.1 040 U91 04b U68 138 131 028 o." 

200 029 043 2.08 049 2.03 087 184 U5'1 09/ 0.41 085 046 060 131 12b 024 0.)1 

300 038 052 2.49 0.46 175 093 189 054 051 039 089 040 053 139 121 025 0)1 

400 034 051 2.31 03Q ln 0/4 185 053 045 031 094 031 U60 13l 124 U29 QlQ 

500 031 051 2.52 049 162 083 190 U50 04<> 03/ 088 033 0 .... 130 115 028 ~l 

600 

'''1 
051 2.47 041 1 b2 Ollb 191 046 048 036 089 028 057 129 115 OZ7 0.\) 

700 U41 055 2.09 035 159 090 195 039 6% 029 088 035 045 113 114 028 OH 

suu 038 052 1.31 037 166 079 17S 038 04<> 027 070 058 Ub1 109 101 035 0.)(1 

Notes: (1) values are given In mg/L; (2) Lero values correspond ta those below detecllon Iimlls (1 e., < 0.01 mglL) 
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• 
Table B.3: Hourly l'luoride Concentrations 10 the Mue Kaw wastewatcr (1\Uj!USl, l~~L)_ 

Ej 1 ~ 3 4 5 6 7 8 '1 \0 11 12 13 14 15 16 17 18 19 20 21 22 23 

lime 

9uO ObO 053 ObO U51 043 0:2 035 057 ln 107 1 /5 051 140 070 150 018 000 U8S 055 

10 ((1 06/ 049 Ob/ 057 04'1 on 04/ 057 171 126 1 b1 lIb 138 055 154 029 000 OS4 04'1 

1100 0.10 OSQ 0.,.. 0'8 0<>1 0.38 0.40 057 174 105 1<>1 091 132 041 160 021 000 081 054 

1200 011 0.04 009 U4b 0 .. 5 040 04~ 003 110 lOS 100 060 120 060 10<1 026 OUO 089 040 

L100 OIS ut>! OOb 046 010 041 OM Ob2 It>! 102 159 ObS IIQ ObJ 155 030 000 0Q9 033 

HOO Obi 060 007 0 .. 1 071 035 043 OS<I 11>9 109 101 070 128 037 155 031 000 098 037 

l'UO 001 001 OG! 053 081 038 045 Oô! lOI 11~ ~ 7Q 0.,3 114 022 148 044 000 087 040 

lb 110 074 007 Ot>! 001 OQ.l 041 043 u59 151 115 190 001> lib 025 142 048 uuo Obis Il JI 

Il IX! o lb 0/)(1 Ot>! OO! OS" OM 047 05'1 155 120 181 009 134 018 145 049 0011 OW 045 

ISoo tl91 USJ Obll 0 .. " OQl 04<> 040 059 157 1~ 190 002 ::'00 019 145 048 000 0~3 OZ) 

1"'10 001 0'5 01>9 O~· 1)'1: 04" 043 000 15U 125 Ihl 0.,9 lOS 015 Hl 051 000 0"9 002 

:l~lIl1 05Q OW Il I! Obi> 095 Ù', 050 009 148 129 175 OeY 1<10 014 ] '0 Ob!> uoo 0% 032 

:1 lIO o .' II " ON 00. lOS 114Q 04" 0 .... 1./;\3 132 ::'00 o 7b 110 OH 143 Ob! Uoo 0'19 102 

~l"" 0,4 UC\,.l OIS Il 10 100 t1 '3 050 009 144 L'Z 11.11. 07~ 113 015 141 00'1 000 101 1 !1 

2.1 00 070 Ll~J (1 lb o r2 10! o '! O,Q 041 143 133 1 hQ 014 IIQ 037 180 0); OltJ U'!! 107 

:400 U70 Oo~ U," UiO 10, 0'5 000 04Q HO 135 184 005 1 :0 030 1 S: 072 000 098 UCJ! 

'i.).) 07 0'1 0",) 0'. 0'\ OSQ 001 0)1 142 13<> 1'" 00<> Il4 U 14 III 009 OW li' 05; 

~ ( • .1 ùt><> Ill\! 0'1 O'S 001 (1 4~ 0'5 04Q LN 134 143 Ut>!> 115 J 4:! 0 7& 000 101 102 

l(",) 
ù '"' lto<> ù .... " 7, 05: or:: 03- u'8 14, 134 !4O 005 III 01' l·t! U ..., UOO dt' lJ b' 

·H .. ) ù:' O.- t) ~~ 1) ': l) '.1 U "S- 0 .... , Ù 5' 14' 13> 135 un} i.1b \lOb 1..;3 O~ (jllil lu: Ub4 

' .... ) 0"' 073 o l .. llNt u .. ~ o ~ .. U~ Ot'l ,,,- 140 1'1 OOb 11'':: U04 1:-3 134:> 1'(10 u .... ~ o...'! 

~(.) o.~iJ U('l~ ù' ll~: ù .. li': li ~IJ "'" IN l·n tI JI.,I 0 :1 titI') 1 !! U S3 I)W Uè\l U-lO 

~ tll) O!l.. .. Ut'llJ li.:t.l o " 
II '. 

O.t· .l" Ùt'~ u~} .. ' ù..,. o ... ~ • 13 u., . " o- UI', Il':' 1';. 

~l"i t.l~ ù'"" \1 :, (1. 0-' ù ,_~ tl.,:1l 0:-"" Il' .'! u .... u " , " u,:..: . ..., "'" o • .., ," 1);': 

~,llC~ (1) \.llu~~ .\rI! gl\cn ln mg.l. (:!) !t:fl1 \dlut:S corrt:sponj 10 Ihlbè bt:lnv. dt:lC:CtlOn lImll~ (1 t. < U 01 mg. l ) 
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• 
s .-..... - _.-. ----- .... , - .------- ------------- ---

~ 1 ~ j 4 S b 1 8 9 10 11 1! 11 14 I~ lb 11 15 1~ 10 1 ~1 " ~1 

flmc 

"00 000 UII 000 uoo OUI 011 000 o I~ Oui 011 083 Obi 00, OZ! 081 ObI Olb 0.21 O ... 0-'" U:!~ 

10-00 0(1) hW 000 o III 012 (JOb 0(1) 012 0111 o Sil O~ 04~ 000 016 USll U~ 03<> o~u tI '''' 
Il,1 UZU 

1100 010 010 000 (J(J) 013 010 000 OO~ OZl 0'" 1114 (J4fI 1111 (J}4 08.\ on OlS 0:1> (Jb! Uf)~ u14 

1200 U.06 011 0"'-1 fJ':', OOb oou 000 1125 010 0/3 1 fil 018 OZI 042 08.1 083 OJb 021 Ub'" Otrl OtO 

1300 013 006 UOO 001 OOb 002 OOS 013 011 ObJ lOI 07J OJb 0\1 093 084 O~ 01> 0 ... , IH'" Il lib 

1400 015 000 000 000 UOII 005 00/ 011> o 1! U5/ 08'1 01>4 on 03/ 091 OSe; 03b 014 Olb 1113 O~4 

1500 o lb DOS 0110 o lib 001 010 OOb 1111 010 0 .... 00Jll 057 04-1 050 07S 081 OlS 020 Il Ih 1 !O 040 

1600 025 UOS 000 Oll 001 000 000 012 003 081 0"3 051 057 054 081> 08" 0 .... Il Il Oh! t:!u 1143 

1700 0.20 (JO) 000 (JW 000 000 008 021 008 064 0~3 055 0\5 0.41> Ot,() 110 041 018 081 134 O!! 

1800 om 000 000 002 000 002 Oll OJJ 001 091 0'P. 012 063 035 ut,() 0<11> 0011' O!2 0-1l\ 1/3 (t.!b 

19-00 000 000 000 000 094 000 018 038 U1:! III o 'lb 0\4 01>8 0.43 0c!9 09S 044 OIS 046 141 O:!I 

2000 000 000 000 002 014 1)0;, 015 029 " 12 1 ilS 102 049 o SIl 031> 0"4 0<11> 041> 014 058 LlO 019 

2100 000 000 000 001> 00/ 001) 009 024 019 Oh; 113 051 043 089 100 041 014 Ohl 311'1 Oll 

2200 0.00 000 o III 001 00 .. 000 019 OZ" 015 081 1 l' 051 013 033 0"4 101 U4(,1 015 0.4<> 314 040 

2300 0.00 000 000 004 002 000 0\3 010 008 089 lB 051 081 031 08.1 102 ()48 U 15 048 !l\ 1145 

2400 008 000 000 003 00;, 000 015 000 013 092 llU 0511 081 043 081 101 056 011> OB l.QI.I 052 

100 012 000 000 U 15 Uili UOO 001 005 01\1 014 104 052 08.1 043 08.1 098 OS4 0\4 0;5 31" 041> 

200 0.01 000 0.00 OIS 012 000 021 002 012 0\11 lOS OSI 085 051 081 0<>1 059 OIO 0/3 :!.38 043 

300 010 000 000 014 (01) 000 019 Il 00 0\3 088 III 048 091 037 on 089 012 018 055 LlO 058 

400 004 000 000 OIS 001 000 011 0[., 0.[., Ob5 116 040 089 I)JI 093 10Z 011 015 04/ 18'1 0/3 

500 000 000 000 Olt) 008 000 010 000 034 086 OZ2 08.1 0% on 016 05<> :!.12 018 

600 003 000 000 019 005 000 00') o lM) 044 104 011 0/5 105 Il 18 OU. Ob9 141 05b 

100 0.0') 000 000 015 001> 000 010 OOl 0% 099 OZS ObI lOb o Ih 012 UI>4 138 049 

800 001> 000 000 OUO OUI 0.00 000 000 041 121 02./ Ob2 114 011 uos 051 1/4 0\13 

Notes: (1) values are glven In mg/L; (2) Lcro values corrcspond lU those below deteclion hmil (1 e , <II Il 1 mg/L). 
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• aUI" ..... ..,. • .&VU •• J & .-..., .... -- ---'-' •• -_ •••• _ ... _ ............. - _._- - ---- - - ---- ~ - --

~ 1 Z 3 4 5 b 1 8 9 \0 11 12 t3 14 l5 16 11 18 19 20 21 21 B 

.mc 

01-00 1154 

10-00 
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1100 
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Il 00 
041 

1300 
044 

1400 
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1 .. 00 043 
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!\}llll 034 

~I 00 O!9 
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~40 .. 1 02.'s 

11.10 060 

~oo 

1I.lO 

400 

"'Oll 

".-.' 
,,-'1 

~l,l . . , , 
~Ole!> (1) ,.dues arc gl\en ln mg. L (2) zero \3lues corrc!>pond 10 thase bèlo\\ detecuon IImns (1 c: <001 mg L) 
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w (N he MUCR b lvR ·d T B.6: H - --- - - - - --

~ 
1 2 3 4 5 b 7 S " 10 11 12 13 14 l' lb 17 18 1'1 20 21 " 2-' 

rom. 
9-00 034 064 022 0- 75 0.25 020 1110 0. 17 0.31 0.88 051 097 010 DOl 0.89 040 

10-00 021 065 Olt. 058 0~1 01" 016 022 040 08'1 051 093 017 015 091 0/4 

1100 004 055 o Iii 064 033 022 0.20. 023 035 Ob" 031 O~ 021 uOQ 060 Ooq 

1l.00 004 0.40 0.32 064 0.31 O!6 0.20 0. 16 035 Il 10 un 058 0.27 0.22 0.8'1 0. 18 

1300 014 041 023 061 025 023 OZO 011 047 055 031 040 O!o 021 103 081 

1400 017 0.55 057 058 022 024 035 025 040 0';7 051 061 047 020 131 074 

1500 021 0.59 0.59 06! 0.24 Hl! 04~ 021 040 0.85 043 0.60 0.53 0.25 107 051 

1600 OU 067 038 069 025 024 048 on 051 01S1 037 U60 076 OZ6 111 005 

1100 0.47 069 036 075 ~ !~11 025 057 o lb 0.53 Ob" 043 062 0 .... 051 114 000 

1800 079 063 040 113 026 oz" 051 018 051 036 034 075 066 04'1 1 (lS Olb 

19-00 069 0.74 0.49 0.47 035 027 053 015 052 053 050 066 051 059 136 010 

zo-oo 0.62 0.78 0.63 044 033 032 052 022 055 057 041 ObI 058 085 OQS u82 

2100 0.68 043 0/8 047 023 050 U53 040 066 074 040 114 064 060 094 019 

22.00 067 076 0.99 044 034 u53 055 0.53 0.75 018 040 088 061 067 105 073 

2300 0.74 055 078 0/8 034 040 055 044 0.63 086 035 089 081 0/3 110 Ob" 

2400 085 050 094 100 036 028 054 051 0.74 092 039 093 072 074 Ib9 089 

100 064 062 lOS 038 038 0.33 0.44 053 o.n 079 0.25 083 0.62 OQ} 0.80 089 

2.00 061 045 JJ9 071 1134 U34 048 0.44 081 088 031 082 078 124 102 100 

300 053 099 048 1138 033 030 OM 03) 0.81 077 034 092 098 111 186 0'13 

400 068 OH OH 038 1135 021 04~ 017 067 064 033 097 061 165 0'11 

500 on 0.55 048 034 02b O~) 017 066 ObI 040 101 OT! 136 0'13 

bOO 053 039 055 040 O:!2 05. O'l<> 0.1>4 01>4 038 114 083 142 OQ~ 

100 0.35 0.44 045 034 4127 Ob9 Il 15 074 (1/0 060 118 Olb 121 U~5 

8111 0.39 048 05/ 021 05Q OU 072 074 1161 118 01' III> 08~ 

Notes: (1) values arc glven ln mg/L, (2) Lero values correspond to those bclow dctccuon hmlls (I.e., < (1.01 mg/I.). 
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.a _"'&_ &I-~ • ..... ""'_ •• J ... • __ aa __ --,..------------- .-- ---- - - - - -- ,-

~ 1 
, 3 4 5 • 6 7 8 9 10 Il IZ 13 H 15 16 17 18 19 !O ZI :!.! ;!.1 
" 

,me 

9"00 J'jO 05" lm 12:! l~O 044 107 081 080 058 117 1:!O 0.81 631> Ob" 

IOcoo 2.16 053 U7S 100 0'i4 0.53 121 0.96 0.77 110. 134 118 096 0.59 0.81 

li 00 2.1:! 0.54 08~ 096 040 0.55 120 117 074 089 137 122 088 0.55 uS<> 

1200 190 055 014 101 0.55 057 120 096 vn 085 139 121 0.85 0.51 

1300 2.12 119 0.46 0.57 0.7. 0.74 0.76 143 146 0.89 0.45 

HOU lOI! 052 012 109 01>1 0.65 0.83 117 0.80 148 100 Ob6 

1500 2.10. 064 on III 042 0.64 081 Dn 092 104 071 

1<.00 2.10 106 053 6<>9 6~ 0.78 0.84 110 011 

1/00 2.23 0.18 0109 114 0.00 052 108 0.80 080 089 0.59 

1800 2.12 061 0.65 129 0.51 0.51 106 122 0.74 104 0.92 

1'1-00 2.14 0.89 0.00 1 15 018 059 0.98 0.96 0.82 109 0.95 

.!()-OO 2.20. 0.69 0.1>1 113 0.19 064 0.62 0.78 0.83 100 0.86 

2100 2.24 069 060 120. 061> 0.107 053 Ob6 085 114 115 

22.00 2.27 on 0.58 123 0.04 0.66 0.51 U9b 0.85 0-9'1 0.78 

2300 2.38 0.67 US9 128 0.59 0.1>7 0.82 0.83 0.85 0.96 080 

2400 2.38 0.16 0.57 121 0.1>2 0.04 0-55 0.78 0.84 132 082 

100 2.40 0.68 0-66 124 0.13 0.64 0.51> 0.80 112 128 112 

200 2.40. 0.80 0.58 126 0.71 0.1>7 0.46 0.80 161 118 Ob9 

300 2.41 0.76 056 135 Obi 0.59 078 Ils 110 Obi 

400 2.40. un 0.54 151 0. lb 0.58 0.73 088 1 14 093 

500 2.31 0.15 OSlo 141 0.109 UbS 0.89 118 085 

600 2.46 on 061 141 0.78 051 104 120 07'1 

100 2.44 0. Il 0.57 148 080 0.19 0.89 112 695 

800 2.37 0.54 146 049 1 Il 0.75 Ob3 : 02 0.13 

Notes: (1) values arc glven ln mg/L; (2) .lcro values correspond to lhase below delccl10n hmJls (1 e., <(J.UI mg/I.) 
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~ 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 II> 17 18 19 20 21 2! 

lim~ 

11-00 1109 023 007 043 031 024 001> 005 044 014 

111-00 004 OZS OIU 040 009 011 011 0020 030 000 

1100 014 1124 011 035 035 OZO OB 011> 035 1109 

1200 0.20 020 009 040 03:! 020 000 Olb 056 029 

1.\00 004 023 011 038 023 023 020 OZS 043 000 

1400 001 017 OOS 041 047 017 016 011 030 000 

1500 010 OIS 002 03~ 032 017 009 018 Q4:! 000 

1.(11) 016 017 001> 0.31 031 01. 001> 040 040 1100 

1700 OZS 018 OOS 031 000 OOS 017 038 037 000 

ISOO 004 021 000 032 033 023 000 014 043 000 

1"'00 0.09 016 004 039 018 028 007 u17 032 000 

ZOOO 0.14 OZO OL 041 OU o lb 001> 011 030 000 

!IOO 017 015 004 029 0' .. 023 o lb 013 044 000 

!! lJ) 003 Ob 013 03b 002 O:!6 000 012 044 000 

!.llll.l 002 o lb 000 041> 030 Dl. 003 020 055 000 

14 Cl} 00.. 0::0 001> O:!l 032 01. Olt 007 050 000 

".:1 004 01<- 004 034 031 019 00.. 010 017 000 

! \.-. 007 010 008 035 000 O~ 000 015 0. .) 000 

300 006 010 OO~ "40 0::' U1'; 001 oz.. 0::.5 000 

400 Ol~ 016 OOi OVi O!3 0::.5 UOb 0~7 0::.5 000 

)l~ 0.03 0]5 00.. 035 o :l> uB li 03 015 030 000 

.,.:1 001> 021 O" .1 u30 000 007 OUO 008 01' uou 

'00 (l0' OZl U.l"\.; 040 O.:!l 017 0011 01~ Ol~ 0011 

~( .. l oo~ uOO uu: 000 03;- 0:1 o III 00; 0:0 0011 

Notes. (i) \'alu~s arc: gl\cn ln mg. i: t2) lcro "Jlucs are thase bela" detecttan lImns (1 e .. <0.01 mg. L) 
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Table B.IO: Houdif Fluoride Concentrations in the MUC Raw Wastewater May 1993 . 

~ 1 2 3 4 5 6 7 8 9 lU 11 12 13 14 15 110 17 18 19 20. 21 22 

r,me 
9-00 1122 0.24 0.21 0.0.3 0.00 0.00 0.06 0.02 0. Il 0.04 0.01 0. Il 0.0.2 0.04 0.00) 

10-00 0.04 0.24 008 0.00 0.00 000 0.05 0.09 0.32 0.00 000 0.09 0.0.5 010 ou, 

li 00 0.04 0.24 0.11 0.13 0.00 0.00 0.02 0.0.2 0.0.5 0.0.3 0.00 0.08 0.0.3 0.0.7 0.01> 

12.00 0.21 0.20 0.0.1 0.11 0.0.3 0.00 0.0.1 0.09 0.11 0.0.3 0.00 OUI 0.0.2 0.04 0.10 

1300 0.30 0. 15 0.10. 0.0.7 0.00 0.0.2 0.00 0.09 0.10 0.0.2 0.00 0.12 0.0.2 0.00 0.11 

1400 032 0.26 0.0.7 0.20 0.02 000 0.02 0.0.3 Uo.S 0.04 0.00 000 00.5 0.04 0.04 

IS 00 031 0.14 0.13 013 0.00 00.7 00.2 008 UH 0.06 0.00 0.01> 0.04 004 004 

11000 037 Ull DOS 0.24 0.09 0.01> 0.00 0.13 0.01> 0.0.2 0.0.1 0.0.1 0.04 0.0.3 0.0.3 

1700 0.33 024 0.19 0.19 0.02 0.01> 0.0.3 0.0.3 DIO 0.02 0.00 0.14 005 00.3 0.0.2 

1800 0.29 0.10. 0.00 0.26 0.14 0.04 0.0.2 0.02 0.00 0.0.2 0.00 0.0.7 00.2 002 0.0.2 

19-00 0.29 0.14 002 0.27 0.20. 0.00 0.00 0.04 0.0.3 00.2 0.00 0.11 0.0.2 0.0.2 00.3 

20-00 0.18 0.13 0. 14 0.27 1123 0.00 0.0.2 0.04 0.08 0.04 0.0.1 0.09 0.0.2 0.04 0.04 

2100 0.11 0.02 0.0.1 0.23 0.31 000 0.04 014 0.06 0.0.3 DUS 013 0.05 004 uU! 

22.00 Oll 0.07 0.00 0.28 039 OO! 0.00 00.7 006 003 000 0.22 00.3 0.01> 000 

2300 022 014 0.06 038 040 00.3 0.0.3 003 002 0.04 0.00 0.24 0.05 0.04 0.03 

2400 0.24 0.09 0.00 0.27 0.42 0.11 0.00 004 0.00 00.2 0.00 018 002 004 006 

100 023 014 000 033 029 007 0.04 0.07 0.04 002 000 0.15 000 0.02 001> 

2.00 0.29 0.15 003 039 025 001 002 0.07 OOS 0.0.1 0.00 000 000 000 0.00 

300 047 014 000 0.21 0.29 0.07 0.00 003 005 0.0.2 0.00 0.08 0.00 0.00 000 

4 (JO 0.33 018 00.3 0.21 025 006 0.00 0.0.2 0.0.2 0.05 000 0.22 002 0.00 00.2 

S (JO 0.11 0.23 0.00 021 0.28 0.13 004 0.0Il u0.7 0.0.1 000 UOIl 000 0.00 110-1 

1000 0.20 025 0.01 0. 18 0.34 017 0.00 008 0.00 00.2 0.00 OUI (JOO 000 003 

/00 011 0.14 DIlO OIS 0.25 (III 0.00 0.01> 0.00 005 0.00 001 OO! 000 0.01 

800 ou 021 000 023 021 011 1104 009 000 021 002 0.00 000 000 001 

Notes: (1) values are glvcn ln mg/L; (2) .lero values arc thase below detecllon hmlls (i.e., <()JlI mg/L). 
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Appendix C 

I .• hle ( "vcr •• ge D.llly W.I\tc\.",ter How~ at the MLC WaMcwater 1 reatment Plan~ between June 1992 

1 1 91 •• n. \t.ly l'l'Il ( 'urennc. 19 ) 

[;J June July AUK Sept Oct !liov Dcc J.iD r"b Mar "pr \1dy 

1 112 125 257 1~ R If; 4 I~ 3 IR 2 135 163 167 204 195 

2 12 q 129 136 166 16 158 161 137 187 J7~ 207 19 

1 15 1 132 122 24 161 321 178 139 168 187 207 206 

.. 121 2B 29/1 172 143 219 17 281 17'1 17 211 178 

5 n 147 21 1 137 165 206 16 372 161 146 285 178 

(, 25 1 IH 154 124 IS 3 201) 152 191 168 16 318 125 

,-.l 154 174 135 138 178 168 156 193 163 164 117 187 

X 143 178 138 179 143 16 16 181 186 173 313 157 

'1 128 267 162 197 243 173 163 17 187 189 333 147 

10 118 185 144 195 258 185 152 167 15 187 ~2 166 

11 ln 154 183 161 135 263 149 161) I~ 2 173 42.9 183 

12 13 166 164 1~ 1 146 208 168 161 146 184 359 173 

Il 138 273 147 124 161 282 149 171 145 167 31 1 178 

14 124 IH, 17 <} 147 164 18 151 161 157 133 304 164 

I~ 113 IH, 15 1 127 161 186 153 17 169 183 277 177 

16 ilS 146 148 157 218 172 152 157 156 108 274 155 

17 121 197 142 139 18 186 173 156 17 191 39 156 

18 14 239 121 142 139 171 169 16 165 162 246 15 

IQ 193 184 131 137 165 IS 7 139 161 188 177 228 182 

20 ID 136 12 117 179 175 184 161 189 162 2S 5 173 

:!I 12 138 134 158 181 20 162 146 16 149 368 181 

22 114 \31) 147 256 174 174 IS 8 30 176 197 383 161 

23 ln 16 lU 148 175 278 152 242 177 172 45 1~6 

2~ 127 Ib8 14 163 :!59 203 148 254 185 18 302 263 

15 III ln I~ 1 1?1 171 201 132 2.35 214 22 33Q 17 

2b 123 lbS 126 17 1 IH 223 124 183 213 262 276 la 

27 118 n 1~ 5 157 IH 23 S 1~ 168 163 314 248 lU 

28 Il ~ 115 I~ 8 164 163 187 1301 18 16 33 228 127 

2Q 128 157 189 124 166 166 I~ S IS 9 36 222 126 

1() 21 155 1::! IS 3 161 178 147 164 343 213 129 

11 IQQ 143 144 147 148 281 2~ 

'lute ,\1 '·.,Iue, arc ln m.l, 1 
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J avl ...... '-' ..... ~ ... UJ.ULI ....... ....., ........ ~ •• -_.lt' ... _ ..... - ... .. ----_.--
2 3 4 1> 7 8 9 10 11 12 

JlINEq2 

R\\o'\CfC des pr.llncs 12 11<> 12 1.3 \16 

\1onrre.11 L..tfonlaInc 12 

SI< Anne De Bell .... u. 08 25 58 56 

~tt: l 'ene\.l~C: 1 ! 22.0 06 8 48 
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JLJLY~ 

RJ\.1Crc des pralncs ~O 1 1<1 ~4 241 38 34 3~4 

SIC -\nnc Oc Bell.,,,. !<lb 14 .. 02 130 05 !2A 

Stc Gcne\1e\c ;, b 18 03 130 .!3 
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l\..'n..il ~~ 04 '!oZ 12 1O~ Ob 

:.EPTF'JB';R "2 

RJ'\olC'Tr .:les pr.L<..,o ~i 107 ~E 

~C'Gcnnl~C:: ~~ ", oS 

\t .. f.l\'Uo.' " 
Il . 334 s..: 

.:~", ..... .1. ..... :- u: "';;0 !'.: 

, ....... c: ~ ".l....o .,2"': 1-~ 

~ 
'...,) 

--------- -----

\J 14 15 16 17 18 19 20 21 22 

I~ S 

02 276 04 02 

Ob H 

26 O! 02 

.,..., 2 12 04 

28.1 112 16 

02 01> !C>.b 1> 

00 06 2.26 130 

" 22.7 57 

'lB 01> 296 ~b I>~ 

~5 

04 14 lb 

O~ U4 14 

02 04 0' 02 

;~ 1 _ 3~ ". " 
04 :..: ." 1"; " ' 

.-
' , ~o 

.!3 21 25 26 21 28 

~2 

~~ ~4 

3' 

36 04 

~o 04 

2.1 

(l' 1>2 Ob 

" 
54 

~4 

H 

04 20 lb 

H 126 

ho U4 

4 1 ~9 

h 

5: 

' , :! ~ 

2'~ lO 

1/ 

18 12 

98 18 

lb 00 

02 /b 

12 

Ob (Je 

152 12 

31 

W\ 

!>k 

:1.; 

3<) 

134 

U2 

-

> 
"':J 
"':J 
r. 

~ 
...-: 

'1 



• 

...... Ul .... .....,._. , ... _ ......... , ...................... -

1ocro1lR02 •• .. .. 
Ia--- .. ., el '" " " 
fs-"-o.. .... ..& tt' 'H l< .. "-- JI, .Z " 
.. cT .... .. ., 
0..- JI. l< 

NOVEMIU _ ... ..--
2" ., li " 'S 

Il 

Js...",-o.,W-... ')1 'Z 07 U '0 » 

!s-G- 2>2 .. .. .. .. " 
,. 

... T_ U .. 
...... .. " " U " " 72 

O, 

DlCEllaEaf2 --..--
" 

.. ~o.~ ... " Il 

~G_ .. .. 
., 

"cl __ 11 

...... 
O. OZ 

ANUARY'l 

~ .......... ... .. 
IilAAMo.~ .. '0) 

NcT...t1 

1> 11 '" '1> 
., 

"' " 
""- t. n· n. 

H l' U ... .. 
"kJIcA!1w.1 __ .,..u::== 

(j 
1 

.J:. 

os Il " .. If '" r '" 
1)7 " ., 

.0 H " O, O, .. O • 2' 
lU " 

'. 

07 " 
.. 

., .. 
II 12 

., 

" ., 

,. 
" 

11 .. '1 

.. .. 
7J 

11 

1) .. 
u 

.' Il 

!l ,. 
" " 

" 12 

" U 

" 

.. " .. 

.h .. ... 
" .. .. 
'" .2 ., 

... O. h 

.. 
Il 11 

.. 
II 

... 

.01 .. 

., 

r :s " 

O, 

H 

z: 

12 

U ZI 

12 " 
!. 

11 

1. 

.. 
" 

III 

.. 
l' 

e 

> 
"0 
"0 

Cl> 

â :;<. 
(j 



'1 
Vl 

• 

Table C.2. (cont'd) Available Dail Il Precipitation Volumes (tiauthler and Mercier, 1 ~Nj). 

~EBRUARY93 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 10 }7 18 19 20 21 22 23 24 

RI\'Ie~ des pralocs 

12 2.6 154 ID 94 13 14 

~Ie Anne De: BcIlC'\uc 

l' 216 11 102 31 16 2 4 0.9 09 

M<T~, ... h 

OS 2.1 29b 15 81 42 09 S 15 

00"'"31 

112 02 32 02 14 04 3 32.2 1 106 18 04 32 66 18 04 

MARCI\1j3 

St. Ann. Oc Bc:1IC\u. 

2 II> JJ 3 41 12.1 41> 00 1 71 

\l<Td'15h 

2.1 4~ 11 2.0 31 51 07 18.3 Ob 2.7 2.b 2.1 17 3; 33 

Donal 14 

04 54 02 0.2 2.4 2.1> 4 2.8 312 IO 1 0.8 18 64 

.~RIl .,. 

Ste :\rm< l1c Belle\ur 1~4 '3 0.7 IS 2.1 0.'1 11 58 78 33 145 33b 12.4 

~I, T'\I5h :.s7 41 13 2.3 10 55 1; 54 lOb 142 3b 12.9 ,0 ~o4 11>8 

l.À)n.:t1 15 S Il Il " 96 5. 118 j44 ~l b 1>. 02 

}12 2.1> 1 02 0.8 58 

\t-\' 'H 

St. -\1'."'< D. Bc:1lt\~. 3 " ~4 ~ 2.'1 lb 5~ 0.7 4 1" 49 151 
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Sam pie Calculations 
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Appcndlx n 

1 Il DI \ .1" C . \cr,~gc D 1 1\1 dl \ l,l'" l' t Il d 1 Mlle R \V lion cm IIC ,1\\ ,1,lc\\,lIl'f 'ct\\CCIl li Ill' 1 ' 'l'I~ ,111.1, ,II l')') 1 

~ Junc lulv ,\Ul! ~CJl Oct No\ Ik,' l,Ill I,'h M,If \1'1 1\1.11 

1 o 14 0.10 167 0\0 o ~IJ o 7~ Il Il 

2 009 070 004 () HO o ~ \ o ~., 

~ 010 o 3H 069 1 ~h 1 4~ 111)1} 

4 014 2 'JO 1 72 010 10\ 1 II ::'n Il III 

5 012 04') 1 ~8 o ~6 

(, 037 132 064 (01) o ~l t OH tlill 

7 014 156 058 () 0\ o h6 110 

8 24H 070 0\6 1 ~2 tltI'l 

9 OH 1 J6 205 015 Ils 

10 014 084 157 022 09\ 1 IH 1100'1 11111 

Il 016 064 247 018 l '1 011 Il III 

12 008 049 1 &0 0')1 ~ 01, Il ~H Il IIR 

13 0.14 134 161 1 O~ 1 III 1117 o (I~ 

14 024 0.56 (Hl7 1 If, (l'II, 1101 

15 001 059 034 072 1 1 ~ III Il ~ 1 011 

16 () 27 140 1 '.15 () 49 060 (1 17 

17 022 198 073 101 022 001 

18 002 0'.14 1 15 121 1 7R 017 11111 

19 075 108 060 ORO Il 71 

20 017 101 IJ.!~ 

21 082 1 S') 

22 267 1 17 o Il~ 

23 019 on 048 () 68 Of)! 

24 () 20 135 021 o ~3 o 1'5 Il.!) 

25 () Il 1 14 010 159 054 126 ni' Olll 

26 043 137 2.15 104 n !(, 

27 046 106 043 {) Il, {) 1 ~ 

28 036 051 015 052 Il'1 n(n {)f)') 

29 017 073 021 062 {) SI) Il IlH 

10 087 068 () 17 086 {) 11, {) Il, 

31 III Cl lH 074 IW 1) 1'1 

Nole 1 dl values arc ln mclrtc tonnc', 
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(. Appendix D 

l "hic /) 2 1 Iuorl<k 1 ()nlcntr.,t,C)n~ ln Dry l'rcupllatlon as \\cd~urcd trom the C.,hbratlon CUl'\C Based on 
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Appenulx D 

Converting the nuoride concentrations (mg/L) shown in Tahle D.2 tn ~pedfk tluoliuc 
mass (kg/km!) requires information data related to: 

(1) the volume of deionized water used to rinse the collector. in muer ln I.:nllcl.:t the dly 
fallout, and 

(2) the surface area of the collector. 

The concentration transformations are best ilIustratcd hy a samplc I.:akulallon. 
Taking, for instance, the value on July l'l, 1992: 

Fluoride concentration 

Volume of deionized water 

Then, 

Mass of fluor ide in the collector 

Diameter of collector 

Area of collector 

Hence, 

Specifie mass of fluoride 

= 0.16 mg/L 

= 0.1 L 

= 0.016 mg 

(as shown in Table D.2. 
Thi~ was dctennincd 
t'rom the calihration 
curvc, hasetl on tlll: 
electrotlc leadlllg) 

(as u~ed daily hy the 
tcdmldans to rinsc the 
collcctor in mder tll 
coHcct the dry fa Hout) 

or 0.016'''10 1 g 

= 8 in = 20.32 cm or 0.2032 111 

= 0.016*10- 1 g per O.{)3243 1112 

or, 493.38 g per 1 km2 

or, 0.493kg/km2• 

This value is shown in Table 4.8, for July l 't, 1992. 
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APPENDIX E 

Site Specifications of Groundwater Wells 
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Figure E.l. Sire Location of Groundwater Wells al Faubourg Québec. 
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Figure E.2. Site Location of Groudwater Wells at Falaises St-Jacques. 
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