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creosoie Is E complexDixluE or potycydic €@matic hydo@dons (pAHs), heteocyctic
conpou.ds and phenolic compoJnds The faro ofptumes onoinarrng rom m,xues ofth,s
rype rs corpr€red s'ne rho sotubJit End env,rcnmentat peEistene of the @nst(uenr
enpounds.d €ry gcdly -h6 puDos€ otL.e pEg.nt study k loevatuarc i.6 appt@brti,
or H.od s rswas a dissotLtion modetioj cEosole ar 5l,erd eseercl sre. tn rtro ratoarory
componenl of rhis wr"(, b.lch tesrs M.e @iducted to evatuaie the ideatity of cBosote,
Bahn csults re.6 rhen used b @tout.r€ *pected hitiat @n@nlretions oi cEoete
onpomde al a iield sie MeE. voture ot so.t@nra,ning @.|la. @osot€ Ms efipta@d
b6|ow me ware. lable. Transfer ot organic comoound mass fEm cEosote io gEhowaler ws
characGnzed w:rh intens've sanpln€ ollh€ devetoping ptume and ihe d,ssotvrg so!e.

Ros-hs rdi@i6d thar Raoufs tM pbvdes . 6asoF.bt€ pred dion ot batch test
@n@{ralio-s for! or lh€ t0 compounos ev5.,l.red. a dissotur,on mod€tbased on Raoul,s
raw and lhe @rcenlGliore frcm lhe.atd re$.tso pFvided a EasonEbte pEdction of
drssor-rion rom th€ lietd sou(e tortrrce or lour @npounos er'atual€d. Iwasnotedthal
rhro-ghoul lhe sorrce, @ncenl€rbns ot lhe no€ sot"bt€ @fipounds (m-\.ytene E1d
mphrhale-ne) beeme mffi vadabte wirh rim€ whita rhe d6gee or van.bitii redained
constEnl,rorlh6 h$ subre corpoulds (dibonzoiuEn €nJphensnihEne) Tne €votv.ng
Er os behdeen dmpoulns wee pEd dabte wlh Ihe Raoulis te .oa"r. r,mu., I ei
n@ess.ry b si€nd the rddret, past rhs duEi on of|he f,e.d exporimerr n odar to I,r a.l

hdieiion lhai cEosotew.E herer€en;us,y dBrnoureo in
iheorgFar$fe. -h€ 

ncre5s€ ,n v.nab,tity o{ rhe moe sotubb ";mplJnjs *th ! me.Fas
rTprcaions ror€vat-ating mas> fl-r rrn conpt., orsalic so-@s at @.rannaied rn.rrnnal
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l'rany prcducrs €nd wastes denv€d frcm coatand oit@ntah varying smounls ofpAHs,
heterccycic oompounds and phenolic compounds. EEmp6s ofthese typ6s ot materists
inclqde coa tar, seosore and pet.oleufr slldq€s They are one^ @mptd i. @mposition,
with mnsliluenis ihat vary wdeLy in aqueous sotubltity. As a €sut, a comptox ground@ter
plum€ may evolve if these rypos of mltlures s€ allowed ro enl€r the envionment. Typic.Iy,
it ls dlf,icuLt lo p.ed cl the r6su ung A rcq ndweter composilion sinc€ lre @mp ete @mposition
ofihe p..€nt mateiails otl€n not known. Atso, even ifthe ps€nt mat€n:atis tuIy
ch.Edenzed lhe equiiibdum solubttiti€s ofuhe @isittueit ompounds may nor be p€dictabte
by lhe sidph/ing .ssumplion ol ideal behviour, She many ol these compounds aE
aeDbl€lly biodeg€d€ble (Meuleret.at.1939) a ti6l slep in evatuathq the envionment.t sk
.s$ciated wilh a @ntsmination o@ren@ day jnvolvo invostiqation of lhe expected degree
nstuElallenualion (salanitb, 1993), ln orderto do this, iris n€essary to evatuate the ness
liur ot conlaminanls lo gduddw.rer

rhe €s€ara oisc-sEed n rns oaper is pad ofrh. Coar Tar Organ,c in cEurdwater
P@graT al lhe War€_ oo Ce-re lor Grounowar.f Cesearc. and s olgoirg T.o obj€clive ol
lhe overallprcgEm is ro condqcl cseach on th€ envircnmenlatbehaviourof mi(u.os oi coal
tar olganics, speciii€lly, PAHS, heteFcrclic compoundr .nd ph€notic conpounds. ln rhis
p.per w p€sen! results fEm a labor.tory baich dissoluuon tesr .nd f6m an empta@d
c@osoie solr€ at a tield site. oeosoto wa3 setecled as the sou@ msbnd beeus€ it i3
compdsed of a wide Eng6 of PAHS, hetebcyclic and ph€notic con poun ds that ee found in
or5er6d ald o,l-deiv€d n:iucs In lhe fotteing w compac t.boElory ano tietd
dissolution rgsuis wilh p€dlcrions a@ding to Raoult s td €nd povid€ pFtiminary
@ndusions. Th6 plrpose olthis comp.nison is to €vatuate the vatidiiy of apptying Raoltf taw
a3 a dissoluiion nod6l aor ceosoie al lield Es€.fch site and oiher siles whee odundwater is
.fi€ced by s,m'tar riyrures rorre reseaEl s.ra rhs Md witrbe used ro esrimaG fte
m*s flux of ceosote comFounds to louodn€ter so $.t ih€ Et€ and pro@sses ol natudl
8tt€nu.tion can be evaluat€d.

AACKGROUND

Creosore Propenies.nd Envkonmenlat Stgntfic!nce

CGosol€ js used as an indu{nalftod pEseryaiive and is 6 thin oity tiquid lhar may vary from
yellow-g€en to black in colour Sin@ ilhasa densily stightty grester thEn that ofwarer.nd is
conposed of hydrcphobic compounds it is classifed as a dense nodaqueous phase tiquid
(DNAPL). In qeneral, c€osole may consisrs ot up lo 200 chemi€ls (Meuteret.at., 1939):
apprcximately 35% PAHS,10% pheholic @6poqnds and 5% oryoen, sutphuF,.nd nitEgen-
h€labilcl c compoun& Th6 sotubility of tho ompon€nrs vades by seveEt o.dets of

h c;rud5 t ts cmn@ rhsi e€osoie olraminaton of so,ls, grc-ndMior and s-da@ wate6
rs rnow- ro b€ o.cr.,no al24 pasl or pr€s€nr creosole-ha-dti-g s'res (EnviE-nant c.l.da
1993) There sc curenlly 27 fieosote wood lEatment lacitilies in operation in lhe counlt. tr
is estimaled th.t Ehosl 1400 wood t€.lm€nlfac ilies, hattotwhich.€ in.criv6, exist in rh€
Uniled States (USEPA, 1992). trroE th6n 60 otlhese siles are on ihe USEFA N.tiona
Priorilies (Superfund) List



Vlhen a compound paniftns b€hdoen iwo ph.s€ lo lhe degree lh8l€quilibdum is Eached
lhe chemi@l aclivilies lor the @mpound are, by d€tinition, equat in both phases slch th.t

o)
whee ar ls the acllvily of solule i the supe6cdpls, and o siqniiy lhe aqueousand o.ganic
phasos, Especliv€ ly, , is lhe mole tfaction of t in €.ch ph.se and ,,, is rhe sctivily co€fiicienr
of iin €ach ph.so. A simplili€tion ofthls equilibrium rel5lionship is often Epplied on rh6 basis
of Raoults lsw This l5w w.s originally used to denne the lineEr eletionship behredn p€rlial
pr€ssurc of a @mponenr in the headspae ovef a multienponent tiquid and the mot6
fiaction of thal @mponenl in lro liqlid (Laidlerand Meise.,1932). IntemsofpsdiEl
pressure, a liquid is temed id€al'il ir contoms to tiis linear Elationship, Forthe enension
otRaoull's lawlo paitilioning b€lw€on.n aqu€ols phase and an orcanicmi{u€, conponents
,r lhe n|nuc ae said ro oFDlsy ideslb€haviou. if rh€y pan't'bn hn€adyio rhe aqueous phase
io pmporlio. lo lhe produci of lheir mole fEction in lh€ orcanic phasa .nd rh6ir mole lEclion
solubility.

T@ assunplo.s a€ inhercntin rhis.ppro.ch (Mackay€t,al.,1ss1): 1) rh6.crivlty @dnci6nt
in lh€ orqanic phase is equal to unity - a ressomble spprcxim.lion for oi!.nic hinues
@mposed of @mpounds wirh slmilar cnemlel popenies and 2) lhe inveBe ol ihe solute
activity @etlicient is equal ro rh€ mol€ tEction so ubitity of lhe codponent. hcoryoElino
these t@ assumption inlo eqlalion 1 gives tho mol€ Laclion lom ol Raoull'. law I

wh€c ry is lhe mole t€clion solubility of for rh6 puE compon€ in @ act with water,
R€wrjlinq eq@tion 2 r'n rems ol ihe @n@ntEtion siws (shiu .t.al., 1933)i

\2)

(3)

ehere Ci is aqueous 6n*nt lion and Sris the pur€ @mpofenl liquid solubility. For
compounds that are solid in puc fom and al the lempeature ol lhe given syslem, liquid
phase sorubrrity €n be ercur.ted wil5 rh€ forrNing (shiu er.al.,1986):

whaE s, is solid sorubi|lty, TM is meltins poinr ('K) and T is th€ srstem tempeElue. Fo.
@mpoundslhat ae solid atlhe system tempeEtlf€, th. c.lcll.ted liqlid solubiliry willbe
g.eatortha.lhe solid solubilily bul, as poinled our by ir.ckay €l.l (199,1),lh€ dkolv€d
con@niraton en navar ex€ed lhe lalter values of these E€mde6 fof rhe comoounds
<el€cl"d lit.lh s siudv s.€ DEvid€o 'n rabt€ 1

s€veElstud es have ex:mined ihe desreo lo whl.h va ous @mposilionatty comp ex organic
mrrtures confom $e Raoulis lawmodelofldoa behaliour. cline et.al. (1s91)delermined
thrcugh balch-lype tes(ng lhata vandy of30 Oasotines conromed cosey lo Raouns aw.
Aqueous parlilioning ofeighl PAHS frcm four difteEnl diesefuels was nvestiqated wilh batch
tesrs by Lee et.al. (1992a) and d€ronined to be we|| described (within a taclor ot lwo) by
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Tablc L cr€osore compound p6pemes .nd inhEt concen.Ertong

2AA 2AA

2T
124.2

101
lTa.2 216

167.2 159
242.3

In{omat on sou@s: Wc6& 1992andVaFchu€En, 1933.
sll .nslysls p€.iomed afre. amendne with additionat comFounds
(m-xyle n e, calb4ole, p-ccsol sn d ph€nol)

assuminq ide,lb€haviour A simi.rd€see of aoE€m6nt wEs reForled by Lee el.al. (1992b)
for p.niioning ofPAHS frcm €ighr difioEnr @dt rs.fiples, also wiin balch iests. Piddlo
end MacouEnie (199,1) examined lhe solubilily of @osote wilh a dynamic column
gxp€dmenl. In a nass i.ansfe. €te lesl, live of the s€v6n PAHE for which they analyzed
contomod lo id€al bohaviour within a factor of nro.

Th€ li€rd eseaioh site is lo€ted atC.nadian Fo@s Base (cFB) Bord.n,.pprcxinalely 30
km nonhwest o{ Toronto ontari o, can ada. ll is in a n unus€d s. d d p it siluated approxin ate ly
350m nonh ola nunicipal landlill rh8r op€raled t6m 1970 to 1976. seve.sltryd.oleological
sludies hav€ b6an conducted 3t this lo*rion ov€r fte pgsi 15 yeaB. Geology and loc.Ls€b
hydDgeology ofthe area w€s disdssed in dat.ilby MscF8d.ne e!.a|. (1933). Mackay 6lal.
(1936) dis*ss€d rh€ hydrcleology 6nd gbundw.ie. qualily in lhe sa.d pitaea. only d6r.ils
ele/anl ro oissoluton oflhe qeosole sourca €re d'scussed #re.

The site is undadain by an unonsolidared s.nd aquifer@nsisting of medilm- to lina-g€ined
sand. These deposils E€ glaciolacusfine ln origin and g6de into sills and claysal. depth of
approximaiely nlne metrcs. MacFadane 4.1. (1933) and Nicholson el. al. (s33) dscussed
lhe.iio.aanic chenistry and miq@lion ofa g bundwale. leach ate plume o qinaling frcm the
landfil .nd undo ying lh€ *nd pil siqdy site atd.plhs ra.rling frcm 6lo 7 m. ,Er-om lh€
water table lo lhe?op oftho leachaie pllme, Arcundwat€ris largoLy unaffected by the landnll.
A study of ihe goundwater fls syst€m in th. s.nd pit w.s conducled by Lindedelt at.al.
(1994) d ih6 sam€ rime as rh6stqdy Epoded h€Ein. They reponed ihat the wal€.l.bl€ Ln
rhe sand pil rang€s fiofr the surface to a deplh of app@xlmaloly 1.5 m. Estimales or
hydraul c conduclivily by Mackay el. al 0936) lndicaled a mean valle of spprcximalely



7 X 105 m/s. tuean porosily was esumated at o.33 5nd tho aveEqe linear volocily of
g!--dsale' was asrinaied al 0 09rn/dav

chemistry otbacksrcu;d srcund@ld {unaffected bylhe leachalo plume)atthe sit€ @s
examinod by Nicholson et al. (1 933) a nd rvlac!€y el. a | ( 1 936). Th e solndwat.r i5 El.lively
had wilh low dissolved orqanic @don. Di$olvad orylon ks d€lomined lo be vEnabb bul
in senerallhe aquilera.s a€rcbic with orygen rsnging up b 4.5 mg/1. Oala @llected
rhrough rhis study ind ele that lhe d ssolved ory€en concentElion in grcundwal6r diEclly
lpgEdlent of ihe ceosole source is2lo 3 mgr'!,

METHODS

The analyli€l mothodology used for the study was developed lor quantilieton of @sote
@mpounds in !rcundwaler, sand and pu@ @osole. Conpounds s€locled for snalysis wre
inlonded to be epreshlalive of the mah abups of compounds lound in cGosole and
inoluded lwo ph€nolic ompounds (ph€nol.nd 2,ddifrethylphenoD, fve PAfls (naphlhalene,
1-nethyhaphlhaleng,.nlhr.con€, pyGne snd phen.nthene) and two hot6Ecyolio onpounds
(€dazol€ .nd dibenzoforsn). M-xylene was included h lhe analyli@l suito as a
ep€s.nr.rive perrcleum hydrcelbon. Analysis was also condlcled for seve€l olhe.
ompounds bul due to lhe vanable availabilily of analytiel sl.ndards, only lh€ l0 dmpounds
.bove wee analyzed lhrcuqhout lhe whola exp.dnonlsl p6nod.

Goundeter samples (lypically 45 mL) reF pEp.€d by sdding 9 q NaCl to PEmot.
padilioning otall.nalyles and 1 mL 1N HCllo enhane par|lioninA of Phenolic @hpounds.
Samples were then @pped and ailowed to stand tor 24 holE b€1o.6 addilion of 3 mL
dich oomethane. Samples weF lhen plaed on . sh.k6r fof 20 ftinules ai 350-400 tpm and
1 mL ot lhe sollent was Emov€d lo an .utos.dpler vi.l. Pure c€osote Ms pFpaEd ror
analysls by dissolving a 10 uL s.mp€ in 10 mL dicnloEmethgne and then lEnefetring 1 mL

E{racre re.€ injacr€d inro E Heudott Pscbrd 53€0 Ges chromatoqraph (Gc) oquipp€d with
an HP7573A autosEhpler End Flanie lonizallon Deleclof (FlD), Th6 tompoE&c pogam tor
.nalysis w5s es folloG: 40 "c lor 0.5 mln, 15 'chin lo 300 'c, hold 10 frin. The €rj€r
gas ks heliufr vilh a flow rate oI appoximal€t 24 mumin. The injeclor tempe€lu.€ fEm
the ccMs 275'c, FtD lempe.alue wae 325."c and inj@lion volufrewas 3uL.

ceosore charactenzalion

Raw ceosote eas amended wiih cenain @nipounds so it wuld be more wid€ly
representalive ol lypi€l @mposilion (M€ull€r, 193s). To 69.5 kg of deosole lh€ following
@npoundswere added:0.45 kq ca.hazol€,0,50 k! pc€sol,1kg phenol. M-xyl€na was Elso
added (3 lf!) to p.ovide a compound Epros€nl.tiv€ of pelroleum hydro€don siles. The
densily ol lhe moditied @osole was 1.03 g/ml.

A b.tch disso utioi rest was conducled to evaluale the eliecliv€ so ubility (se) tor selecled
compounds. Add lional delsils ollhe experlment ae provided by ir.lcolmson (1992). hlo

4 1 5



€ach of lhree glass crimprop hypov.ts a quantily ot ce6ol6 wEs added (b€hdaon 4.21 and
6.51 9)and ihe rehainder of th€ botite was lilod nith backgrcund Borden grcundwar€r
{belween 62.23 and 72 e,6 mL). The borrles wee then sealed wilh Iellon.tined caps snd
storod i. rh6 dalk .t app@rimalety 10 .C for odo monrh. On6 w.ter s.mpt€ was emoved
trcm eaoh bollle tor analysis ofoquilibdum aqleous concenlratio. and dupll€te samples of
cfeosote w€re removed l6m each bottle for.nalysls of€quilibdum cEosote @ienks ons.

Field Sourc. Empl.cenent.nd Monitoring

The ccosoie source was empl.ced hydEulically upoEdlenl otan existlno mult.levetbundte
piozomelar n€t!6rl(, The syslen wEs ficl used for rhe joi.t sr.nford-w.t€doo natlEl
oEdianl lEcer lesl @nducled ftoff 1932 to 1935 (M.ck.y €t.al.,1s35) Th€.ahro* h.s
b€on moditied and added to h subsequent studies, including lhis one,and lhe curenr layout
of lho n€aFsou.ce pi€zomelers in el.tion to the c.eoste soure is shdn in Figure 1. Sinca
fiis p.poris @n@h€d only Wlh data elleded wiilin lhe soud€, subsequent descnpton will
fo@s on methodology di€crly Fl.t€i to the eurce.

The deoso e sour@, shorn in Fig-E 2 s.s enprred on Argusr23,1s91. Dera'rsofrne
souEe inslallatbn a.e povided by Matootmson (1992). Seatabte she€t pitins (Sr€F6r,at,,
1991) wgs vibral€d inlo lhe gound in a @ctangular snsy (5 X 1.5 m). The ssd insidorh6
sheet pillng was d€v.l€d aier lt @s dMtered wnh trvo shallow d6wabnng wells, The
soure sand was mix€d wfih cGosote in a ement mtter al less rhan 5% reosote by volume:
laboElory tesllng had ind €led lhat ir should be efiectively immobite at this @ncenl€tion. A
total of.pprormately 74 kq of creosote w.s .dded to apptulimately 5300 kg of sand.

Borden s..d was nol ueed lor lhe sou€e habn.lsin@ th€.d
would csultin some docBase in porcsity which muld inhibitthe movement of gEundmter
lhrough the so@e. Insread a saFe. e.nd was !sed, with a hydraulic @nductivily of
app brimately 3.59 X 1 0r, based on si6v6 anatyses (D€etin, I 994) - app@ximatety 5 fimes
lEaterthan Borden sand. Porcsity ol the souE s.nd was .stimat€d al 0.31 (Malcolmsoni
lnplblished data) €nd ir was e dlated thal wirh th6 @osot6 addition tho poEsity would
effeclively decease to .pproxifratet 0.29. Woft in p@gEss wi I prcvide a d61a tod €vatu.tion
ot grcundwaler flux lhrough rh€ soqrce. However, pEtiminary hydrautic mod€lting indietos
lha( lhe tlux rate through the solfc. shoqld be simitar to fto ambient grcundwar€r flux €le in
tho vicinily of ttE nonitoring sysrem. On thai basis, a totat flN €te thrcugh the sou@ of
0.204 mlday (0,030 n3/day/m' cbse3€clional area) was used as an estimate of the srount
or g bundwaler .o nlading the sou fc..

Bundle piezomeiers wee i.sr.ll€d wirhin lhe source at to€tions shoM in FiguG 2. Esch
pi€zoneter conslsted of eilher 1l or 19 monitorinq points, sepaEted by a vedietdisl5nce of
20io30 cm and cofstructed of3 mm lD stainless steeltubing. To inslalllhe piezomeleE, a
5 n lO aluminum tube iilted wirh an.luminlm lip @s vibrated i.to the.gound with a
vibratins hamm€i The lip was then knocked our ollhe.6nd ofrh€ aluminum tlbe andlhe
bundlewas inserted. Th6.llminum lubewas lhen pulled outofthe gound atlowing lhe
sand lo collapse aoufd lhe buudle,

Sampes h.v6 been otreoied from a f€w sotacred oiezomeleB wilhin ihe source on an
apprcximaiely monthy basis, up ro rhe pEsen| In addilion moE inlensive,snapshoi
sampling of app.oxlmatey 30 poinrs wrhin the souoe, was @nducled seveaat limes since the
sourc was emp a@d ln Ihis paper w€ wi I d scuss a lime senes of samptes @ tected frcm
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one point (ss4..1shown on Fioue 2) and two sels oi snspshot s.mples @Iecled at 55 a.d
1006days. Al g bundwater s amp es were @ttscted in 60 m L hypoviats usinq a suc0 on
sahpling head. rhis device is iitled ro rhe lop ol the sample botlle and @nrslns lwo po.ts: an
oulld pon .Gchod lo a slction pump snd inler pod .ltach€d to a piezomete. tube. Wren a
vacuum is d€wn on th€ ouual groundwaier is d.M in thbugh the inlet. Ar l€asr one tubing
volume was purged bofo€ s.opl6 @llection. Additiotut detEits on sampte @t ection .re
povided by Maoolmson (1s92)and Nalsen and Hansen (1992).

RESULTS AND OISCUSSION

creosoie ch.Ecrenrarion

Av€Eges ol analylic.l €sulls for eight emples
souEe empl.cement and Efter amendm€nl wilh

of the alteEd c@osole (5nalyz6d p.ior ro li€ld
lour addilional @mpounds ) are shoM in

Reuhs of balch t€sling @r€ us€d lo @l@late S by Esrangin! €quation 3. The d€osote
molo tacrions usod in this case reE ihose @tcutated for ceosote l6m the batch €st botrl€s
ar rhe end oftn€ oquilbEtion p€dod, A molecutar @ight of 200 was asslmed lor ihe
unidentified ponion ofihe crcosolo. valu€s for cj rec taken di.ectLy from anatsls oI ihe
w.t€r. caldlated s, values are shwn in Tablo 2 and aB @mpaEd with lil€Ftu.€ valu€s (or
thos. elculated wilh €qualion 4, as required}

Cohpadson of Ihese lrc v€lues gives eome neasue ot lhe idealit of the @osote in tems
ofdissoluton b€h.vioui Lee et,al. {1992a) use a "fscror of tso' as . guid6 for 6v.l!.Ung rh€
agreement between Raollfs law pediclions and measucd solubillg,5nd hen@the id€llly of
lhe oEanic liqlid. Tho rarios belveen s' s @l@lated tem lhe batch lest esults 6nd those
from lhe lite€tuE s6 sh@n in Table 2. Raoulfs law provides a sa sfactory prediclion (within
a factor of trvo) ol batch resulrs for m-rylene, naphthalene and dibenzoturan but phenol,
phenanthene, @do*o e snd pyrone ar€ oveleslimated. since 2,&dimeihylphenol and
anlh.aene were not del€crod in th€ aqueo(s samptes, they were atso overestimated. Onty 1,
melhylnaphihalene wss signilicanrly lndeEsthated by Raoltts td

Flerd Resuts

Resull3 frcm balch tesling weE used as En upd.tod es(mate of S, tor application to lhe lietd
&la. Th€ pbduct of lhe balch-denved s ..d rho inirial @osor€ mo e ftac(on Oabl€ 2) was
used Es lhe Raoull's law p€diclion of expecled inirial off€ctiv€ solubilly (56) from rho liold
ceosoie sou@. Concepru.lly, rh€ Se deiemined in Ihis manner €n be consideEd lhe
expecled conentEiion if a sm.l volune ol water conlacled a much arger volum€ of oEosote
such lhal the mass loss frcm rhe o.g.nlc phase does nol@Ge a signine chanqe in mole
rr.clions, even lor the mosl soluble @mpolnds Mol€ tBctions olthe inilialceosole wer€
again elculaled -lsinq an assufred av€Ego mol€cllarw.iqht of200lorth€ unidenllli€d
podion oflh€.€osole. Eslinales olinitialSe (aquaous @ncentrarions in equilibnum wirh
initial creosote) .E shM inTable 2.
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Table 2, Comparison or equitibrium aqueous concsntrations from  roratoro
and apptication of Raoulfs taw to batch dissotution resutts

PuccodpoundsorutirMmq/L-
(1), (2)(l) 12)

52787

112 1.2 12.1
2.1

0.07
0.27 33.9 1.2

159 0.23

2 3 5 1,7

_asJToMveEle 
mo/ecuJar@qnr of 20! toru.ioanined creosole @Tpornds

*rcuEredeih baEh test pue conpouro sotLbtry a4o mob r€d 015 of inim, cEosor€

Figue 3 d€o'cls th€ evotuiron ofSe, bEs€don Raoufs trw, ror eerecled cEosote @dpounds(fr-ryiene naDhthEtene dibe.zofu?n ard pnen.nihEn6) dsso\lng,or he enpaced
asshpl,ms st.red.bov€ erd srso assrn.ng rh.t the unid;ntified port on w.s inso|,bt;. Tn€
::lT_6:0 

.:l,loudMror_rlyx u^bush rre sou@ *as o204 n./oal forE,,ors discuss€desni6r. tsorrh€ ourposes olhe @rcLtalio4s rlwss assum.d thar "rirre s.,no"at, p"sii"!rhoushrhesore dunhs a snen tim€ slep €.chesequrrbnLm wft *,"i-o,ore, acio,tino.ro €ouarion 3...A he b€ginnrrg ot rh€ ne{ ume srep iire mass drsso!€d inb rh€ .queous 
-

ph.se dunng lhe pEv'@s slep wrs subtEded fEm rh€ @osot€ and not€ fGclions reee@rorated catcut.tons to. the liBr roo days ftc pedomed wilh a etEi'vety shori htresGp p.z5 oEys) to minhizo rhe €rcr or rnb adpE, mar,ondunng fi" me ih"iphenot noler€4o. F cr.nging EDidry. The me srep was subsequen y rc,eas€o ro 5 o.ys s,nc6 tFeEnanh! anayTed $npounds ar€ tess sers,lN6lo this typ€ ot "-, aue ro rnl, er"w"y

t!: :l::i-:l ilg,i I i".-nd@*rcm@nraiors., r€r'e,. o, nurFr.ve, p,*one,e.
ill:l"j"li1" I11" 'l: !9"11e source rle rod,on of rhk non,rodn! poilr is shown ;.Frgu€ z denored.s ss4 4 Tris t€ve'Es s€Jecioo rordemonsfsiion oe€use I h.s boel -monrored.olrsien. / End ha3 ma,nrs,ned ret.iiv€ty cons,srenr colenrELons. n Eooe olh6rmorroang Donls nat, btobs ofpLe phase oeosoie nav€ o@siona4y be€n recove€d .ounng sanp h0 and rave_cused €n apDa6nl, bui €rc-eoJs rlc,els€ m d,ssot?ed@nrenk ons. rhe mode' o.sed oF Raoutr,E taw app6,,T.r€s trost of.1E fr€to dala wJhrl aIadorlr rM alhough 66idqatre ,."ne. ,, "poa.li.r " rr,u _"asurements ,he sgni,iell

nap-mderc de €vident in the reasuEd dala D,oerzofu6n o€v
Nondes,irv ot rn€ .@osore,s ror con>ide€d ro be rhe ca-se ot lne
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drff€r6nce since lhe pu.e @mpound liquid solubility used ro €loulal€ the initial Sewas
detemined ihouqh balch lesling Rale-limiled dissolution (ie., limited by @nt ct tim€
beh'een grcundw.rerand souEe creosole) ls.lso not suspecred as lh€ cause since it does
nol.pp@rto have limited @ncenlElions of the olherlhree conpolnds, allhough it €nnol b€
ruled oul. Polenllal€uses unde. .e!is lnclude analyli@luncan.inty in cha€denzailon of
rhe initialfieoete (e9., +elulion olan unldenlified @mpound with dibenzotftn) and the

Fiqlre 4 shows conenr.ation pbliles in ss4 for m-xylene, naphthalene, dibenzofu€n and
phenanlhEne at 55 days and l00a dsys affor omplscefrent ol the @osole eu@. M.rylene
and naphthaleno show mor6 v. .ble deplerion b€l'reen sample sets. This inceas€ in
va .biity of aqueous @ncentErions with time, which is besl illuslGted bylh€ naphlhalene
prof les, m.y Esult trom hete.ogeneous dislribulion of c€6ole ma3s in lhe su@. caF @s
taken dudng inslallalion to keep lhe creosoresEnd mixluc consistenl. Howeve.i @r€s

if--=- - -

:t: | :\
Et :F .  - ! :
! "

e 1 2
:

e

etssi@su@sFpl&lmd

-R!qGkpdbs - s.4s i!!m sq..

Figuro 3 Comparlson ol dissolved concentElions of ceosote compounds (m xylan6,
naphlha ono, dibenzoiuran and phonanlhene) in groundraler wilhin lhe
creosole sour@ wiih con@ntralions predicled by app ylng Raollfs law
values for pur€ compound liquld sollbility have been deiemined wili batch
dissorulion lests.
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corlected f.om lhe sou.c; shonty ailer emptaement indicated consid€.abte v.riabititv in
c €osole conce-zion (oara -o sFen) t" port,ons o,th€ source ihai @{aineo tess
creosole mass hilh,s sotubitly coftpounds such as nsphthat€n€.nd m-xytone nay have
b6en depreted as indicaled by aqueous concenlErions rhgt.re much rower rnan exiecrea in
somo lo@tions. L€s spreEdino was obsetued fordibenzotuEn .nd phenan$Ene
@ncenlEiionr, p obEbly a! a resul or toft,so,ubi:ry rowever, an ov€GI d€cease in
d'b€nzofur.l w€5 obEetoed a-d is o'qc-k io erpta n s.nce ihe oredcleo se si6ys @lslanr
ove'lhrs oenod T.e obv.our decGase n the n.dsureo v5tue m.y ndaG rh;i ihe mote
f.Ecrion in the iniualceosor€ was tess than that indi€ted by anatysis,

A lurther ilJBt6tion of inceasing vadabitit in aqleous conc.ntrations ot the moe sotubte
compounds rs shown in Fiourc 5. Th€ measu.6d data are f6m sampJes 6 tdctod at points
ih@qhoul rhe c.eosore source ai 55 days and 1oo3 days. As shoM i. the ptol of
naphlhalenevs. dibenzofurani concentB ons of both compounds sh@ed relauvety til €

Figu.e 4. Concenkations of s€tecled croosole @mpounds in mlli_level
prezoneberSS4 ai55days and 1000 days attef source emptacemenij
efiective solubijries (Se) shown areas predicted by Raouris taw
(to€rion of SS4 shown on Fisuro2).
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vanafon thEughoullhe sou.ce.l55 days. However, a consideable sPre.d in lhe
naphlhaleio dala be€me app.€nt by 100adays. oib€Eolu6. @nc€nthtion decEased bql
in a Glarively @nsist€nl manner A similartEndis noled lor naphth.lene vs phsnadh.6n6,
W$ lhe e:ertion lhat no deccas€ is apps 6nl fo. phena nth€ne afle | 1008 davs

FiguB 5 .lso sh@s exp€cl€d tronds ot @mpound Elios 8@oKjing lo lhe Raoull's law model.
Th;s. have been €xlendod to 1O,O0O days lo cover lhe EnO€ of moasuted @ncenlElions
As €xpected, lhe dsla for dibenzofuran does nol lit the pFdiclion: again n aPPe.E lhsl €
lorer i.iilal mol6 fEction is indi@l.d for dibenzofuEn However, data tor n.Phthslene vs
phenanthren€ and ngphthalene w. m-rylene sh@ a B.sonablo aqBement wilh lhe cudes'
;ith considerable s€tlei noted. At 55 days, mosl of lh€ data polnls at€ loeted in a clusler.l
lhe e.dy t me tan ol lh€ @d€3. Hdever, by 1003 days the dal. a.6 distriblled along nosl
ol rh€ l€nsth oi lhe cudes. consequedt, {ithin rh6 @.fines ot th€ P.6meteB ls€d in th6
mod€], up lo 1 O,OOO d.ys MUld be equi.€d lor n.phthaleno and m-rylene concenlralions to

5 ,

Fsurc s. Dissorved naphtha eie mncenlGiion vs. dlbenzofuGn, ph6n
id gbundrare.rhrcuqhodthd ceosore source; 55 days and 1003days.nersour@
empl€cemeit du€lion or the Raoulfs lsw model simu rallon is lrom 0lo 10,000davs
lnore: rh6 sma I bend al riqht end of ea.h cu e is due lo rapid deplerion o{ the
ohemr moro ftacrion)
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d€c.€ase as tw as lhos€ m€.sured in many ofthe 1OOB dav sanltes, ThisEsuttis
consistenl wlh lhe s ugg esrion ot vada bt€ initiat @ncohlEtions of cr€os 0!6 lhro ugho ul ths
source, 3ince Ihe effect of towedng the intiat@n@nlElion is simitar ro lhat of en€ndino tho
penoo otoisouron -he obsery.l'o. rh€ h€ mo,e sot_bto @mpounds h.ve been d€;erco

r tlan pedicl€o may lhe'eroe,ndreto rh.r atsore toGlions
mlalcEosore concen eron w.s an oder ormEslrude tess lhan erp€ctod

ll is nolable thsr with lhe pocesses indi@ted above, it is possibte tor !rcuidmtor micEtiig
outora onlaminanl sour6 a€ato have. @nsislent composition inif.tt eventh.ugh lho
NAPL didnbutun is heterogeneous wlhtime, zon€s ot t@ NAPL conertr.tion coutd
b€6me depleted of rh€ moE sotubte @mFounds. compositon of aFundwater teEving rh€
source would lhen becom€ variabte with respecl Io the moE sotubt. compoundswhite
concenrBlions ot the ess solubte compounds €maln etativety consistant . This
@mposition.l variabirig may b€ impotunt in t€ms of eslimating di6$tv6d ma* iu f6ft
orqanic ninures wirh a wide rang6 of compound sotubititi€s. On an aduat @dadinaled
indunnalsite, where codact time vittrypi@lty be ffuch tong€r, grcundMterptumes evotving
fiom lhese types of mkllres are tikety ro be even moE vanEbb In cosese6iion: moE time is
.vailable lo naq.i8,lh6 efiecls oI hol€Eg€neous NAPL phsse disltibulon. In such .
circumslance, @nsidersbl€ @e is requi.€d to makea eason.bt€ €stimat€ ot @ntanin6nr
m.ss Aux from a sour@ aEa inlo a qrcundwato. p ume.

Resllls ol dissolltion barch tests shored rh.t Raoutts t# pEvidgd a Easonable estimste
(lilhin of factor ot 2) ol the ef€ctive sotubitity of four ot ten anatyz€d c@osot6 ompoundg
Tre eh*t've solu!'liry ofr-{yen€, naohtrtene End prenanlhrere in grcundrrter;l o^e
poini in lhe emDlEced ceosole so"c was sar,sladonty pcd,cled by Raouls taw ov€r t
p€nod or 1000 dEys blr dibenzofuEn b€havDdwas norE[ p€d.ced The oevi€rion tor
dibenzoturan is eisider€d to be Etst€d lo *pedmedat methodotogy rather than nonideaLiry
orlho cF6ole wilh resp€cl lo lhrs compouno.

The deg€o ot.vanabih/ jn qouddw€tor omposition tiouqhoutth€ ceosote souce
'ncreased dEoali€lly in 6 Elalivet short ijmeJor rxytene.nd nsphlh.t€ne. tt is evident
thatal many individlalpoinls the Raoulls taw modoiwoutd noi have ercvided. satsfacioto
prediclion. Compadson ofthe Raoult's lawmodetb grcundwater @nent€tions thdughour
lhe source provided En i.dietion th3t lh€ inceasing vanabitily oasdueto hetercgeneouE
hitia l dldnbu on ol p uc phase creosote. This obsetoa tion has imptierions fo. inlerpeting
organc prum€ dala at sites contamtnated with complex ooanic mixruGs with a wide range of

421



ACKNOWLEDGEMENTS

This work was @nducled as pari of the coslTar organics in Groundeater Progdm with
rufdinq trom th€ NatqElscien@s and Enqineedng Research councilot c€nada and ontano
Mlnistry ot lh6 EnviEnmonl. Th€ ofions ot Kim Hamilton in l5boElory €nd fald aclivllios have
been instrumenlalover lhe 6nii6 duElior of lh6 prcj€cl and arc g€tefully soklleledged.

BIOGRAPHICAL IIIFORMATION

Mar* Klnq ls pesenily a Ph.D. studenl st the unive6i9 of watedoo. His doctoEl csearch
involves iivestigllion ot the fofrllion .nd biodeg€d.lion ot plunes lron @mplex
hydrcelbon sources. BeloE reluming to univeEity he was a hydogeoloqlsl and pojecl
manaoer atJacques Whtlford Envlonmentat Lhited rheE he was pimanty lnvolv€d in
ass€ssment and lemediation ol p€lFleum hydrcca.bon contaminalion. Addess: War€ oo
cont.6 ror Gbundw.lar R*€.rchi B.F, Gooddch Buildins, Univ€€ity ol Warodoo, Waledoo,
Oot.fio, Csiada, N2L 3G1. Phon6:(5lS) 335-1211, Exl. 2973 Fd:(5191 725'4720,

Heaihor Malcolnson @mpleted an M.sc. at the univeFity of wabnoo in 199. Th€ lopic ol
her researcn was the dissolulion of @d lar @osote lom a source emdaed b6low tho w.t€.
r.ble. since gaduarion she has @dGd as a hydrcqeologist with G.nner Lee uhited.
Add.€ss: Gadn€r 1.. Limiled, 140 Renfr€w Dn've Suile 102, Mad6.m, Onlario, C.nada,
L3R 683. Phone: (905) 477-3400. F.x1905) 477-1455.

Jim Bark.r is a Dofessor.l lhe Universilv of Waknoo .nd Assooiate Diecto. of lhe Waleioo
cenke for Goundwater Res€:rch. His main .es4rch inlerests ,edain lo lhe behaviou. ol
oGanic conlaminanls h coundMtef includinO mlcobialp.ocesses, D., Ba*€. is 5up€frising
res€Erch 6t a numb€r ot liold sites and h$ had involv€menl in lh6 dovelopmenr of
groundwater monitoing dovi*s and ,i, s,i4 bior€slor.lion lechniques for oEanic
contahinanls. Addressi wat€doo c6nlE for G@undw.rer Ross5r.h, B.F. Gooddch allldinq,
univeBily of walenoo, wstedoo, onEno, c8.ad., N2L 3G1. Phone:(519)33t1211, Err
2103 Fat:1519, 725a720.

cline, P.v., J.J. Deliino and P.s.c. Rao,.1991.
lrcm gasoline and other complex soveni
Technology, v. 25, p. 914-920.

Oevlin, J.F, 1994. Enhsnced in silu biodegrsdsrion
lshg a pem*ble w.l injeet on syslem. Ph.
Watedoo, Onirrio.

Partlioning of aemal c @nsiiluents ar'lo wler
nixtures. Environmental science.nd

of €lton telEchbnde and trichlorcetheno
O. Thesis, Unive6itY of Waterloo,

Environmenl canada, 1993 creosote,idpEgnated wasle mabnas. Piofily slbslan@ lisr
' a ssessmeni .epon.

Laidlor K.J..nd J f. tueiser,1932, Physi€l ch€mislry. B€njamin/cumm ngs Menlo Park

Lane, WF and R.C. Loehr, 1992. Eslimaiing the equillbrium aq
polynucear hydbe|bons in @mp er mixlures Envionmenlalscience and
Teclnorog/ r'. 26. no. 5. p 933-990.



Lee, LS. iri Haswall, J.J. D€fnornd PS.C. R.o, jgg2a, padilioning of poiyclclic sbmatic
rrydro€doos toh dteseftue inro water. Envircnm€nlatsdience and Technology, v,
26  no .11 ,p .21a4 '2110.

Lee, L.S, P.S.C. Rao and . Okuda, 19S2b EqutLibnum pani oning ot potycyctic aomslic
hydrceoons irom @dt.rinlowabr. Envi@nmentat scien* andTechnotoly, v 26,
no .11 ,  o ,211a2115

Linderfeti wR. and J.L. vluson, 1994. Fietd study ot eprurg zones tn a sh6t/d end
aqqiler. In Prcco€dinOs ot Transporr.nd Reaciive prccoss€s inAquile6, Apntll-15,
1994. Zurich Swilzor af d.

MacFadane D.S, J.A. Chorry, R.W Gittham End E.A. Sudidny, 1983. MigEtion of
onlaninanls in grchdwater a taidtitt . @se study. Joum.t of Hydrctoqy, v. 63, p. 1-

Mackay, D. WY. Shiu, A. iraij.nen and S. Feenslr€, 1991, Dissotution ofnon-.queous
p-ase llouias n g.oundwster Jouna o,conrsTilEnt Hydroogv, t 3,p.h-a?,

l'rackay D,M., o.L. FreybeE P.v. Robe.rs.nd J.A, cherry,1936. ana{uEtq€dionr
e&enmenton sotute lE.spon in s sand.quif€r l. Appoach s.d ovetois otDlum6
novene.r Water Resor@s Reseadh { 22, no, t3, D. 2017-2029

Malcolmson H,19S2. Dissolution of.n emptaced orcosorosoq@, CFB Borden O.rado.
Prcject Mast€/s Repon, Univ€city of Waleioo, Watedoo, Ontario.

M€uller, J.G., P.J. Ch.pman and P.H. Pntchard, 1939. Creosora @ntaminated sites - lh€n
polentiallor bioromadiation. Envircnm.nratSoience and Tochnotooy, v,23, no_ 10 p.

Neilsen, J.S .nd S.S. Hans6n, 1902. Fate snd ramFon oldeosote cohpounds in a sand
squif€r at cFB Borden, onta.io, canada. Prcjecl Mane/s Thesis, Techni€t univeGiv

P.iddle, Nl.W rnd K.T.B. MacQuani€,1994, Dissotulion of s€o$re in qroundwate. an
expedmeital:nd mod€lling invesrigarion, Jolmatof contamin.nr Hydrcloqy, v.15, p.
27-56,

Salanilrc, J.P, 1993. The 6l€ of bioattenuation inthe manaoenent of aEmatic hvd@€rbon
plumos in aquite6. Gbundwa(erMonitoring Rovi€w, Fat1, p. 1SG'161.

Shi!,WY. A.ldaijanen, A.L.Y. Ng.nd D. Mackay,1$4. PrepaEtion of aqueous sotulions of
spanngly solublo o.qanic subslancesr ll. multicompon€nr syst€ms - hydro€bon
mixtuGs add petrotoum poducts. Envibnme nta I Toxicotogy End Chenistry, v,7, p.
125-137

Slan R.C., JA. Ch*ry and E,S, Vates,1991. Se.t.bt€joid sheel pite cutofiwals for
prevonlin! arld renedi.ling !@undwalercontamin.lion ontado Ministry of rhe
EnviEnr€.r Tec-nolo$ TEnsfe. contere"e, Novemoer25-26 1991, ioonto

USEPA, 1992. Contami.ants.id emedial options
EPtJS0o/R-92/1a2

VeFchueEn, K.,1043. Hand bo ok or envionme itsl
Noslcnd Reinho d, New Yo*,

dala on orqanic chehi€ls. van

waiedoo centre 'or c.ouldw.ler R€s€Er.h, 19s3 oEa,,c
univeBily of waionoo walertoo, onl.no.

prcp€dies darabase, version 3.0.


