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ABSTRACT o
Creosote Is a complex mixture of polycyclic aromatic hydrocarbons (PAHSs), heteracyclic
compounds and phenolic compounds. The fate of plumes originating from mixtures of this
type is complicated since the selubility and environmental persistence of the constituent
compounds can vary greatly. The purpose of the present study is to evaluate the applicability
of Raoult' s law as a dissolution model for crecsole at a field research site.. In the laboratory”
component of this work, balch tests were conducted to evaluate the ideality of creosote,
Batch results were then used to calculate expected initial concentrations of creosote
compounds at a field site where a volume of soil containing coal tar creosote was emgplaced
below the water table. Transfer of organic compound mass from creosete to groundwater was
characterized with intensive sampling of the developing plume and the disselving sourcs. '

Resulis indicaled that Raoult's law provides a reasenable prediction of batch test
concentrations for 4 of the 10 compounds evaluated. A dissolution model based on Raoult's
law and the concentrations from the batch test also provided a reasonable prediction of
dissolution from the field source for three of four compounds evaluated. It was noted that
throughout the source, concentrations of the mare soluble compounds (m-xylene and
naphthalene) became more variable with time whilé the degree of variability remained
constant for the less scluble compounds (dibenzofuran and phenanihreng). The evolving
ratios between compounds were predictable with the Raoult's Jaw model, However if weas
necessary to extend the model welt past the duration of the field experiment in order to fit afl
the data. This was taken as an indication thal crecsois was heterogeneously distributed in
ihe original s&urce. The increase in variability of the more soluble compounds with time has
implications for evalualing mass flux from complex organic sources al contaminated industria!
sites. -
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INTRODUCTIGN

Many products and wastes derived from coal and oil contaln varying amounts of PAHSs,
heterocyclic compounds and phenclic compounds. Examples of these types of materials
include coal tar, creoscte and petroleum sludges. They are often complex in composition,
with constituenis that vary widely in aqueous solubllity. As a result, a complex groundwater
plume may evolve if these types of mixtures are allowed to enier the environment. Typically,
it is difficult to predict the resulting groundwater composition since the complete composition
of the parant matenai Is often not known. Also, even if the parent material is fully
characterized 1he equilibrivm solubilities of the constituent compounds may not be pradictable
by the simplifying assumption of ideal behaviour. Since many of these compounds are
aerohically bicdegradable (Meuller et.al. 1989) a first siep in evalualing the envirenmenta! risk
assaciated with a contamination occurrence may involve investigation of the expected degree
naturai atlenuation (Salanitro, 1993), In order to do this, it is necassary to evaluate the mass
fiux of contaminants to groundwater.

The research dlscussed In th[s paper is part of the Coai Tar Organms in Grnundwater
Program at the Waterloo Centre for Groundwatar Research and s cnigoing. The objective of
the overall program is to conduct research on the envirenmental behavieur of mixtures of coal
tar organics, specifically, PAHs, heterocyclic compounds and phenolic compounds. In this
paper we prasent results from a laberatory batch dissolution test apd from an emplaced
creosote source at a field site. Crecsote was selected as the source material because it is
comprised of & wide range of PAHS, heterocyclic and phenolic compounds that are found'in
other coal- and oil-derived mixiures. In the following, we compare laboratory and field
dissolution results with predml:uns ac:m:-rdmg to Raoult's law and provide preliminary
conciusions. The purpose of this comparison is to evaluate the validity of applying Racult' law
as a dissolution model for creosote at field research site and other sites where groundwater is
affected by similar mixtures. For the research site, this work will be used 1o estimate the
mass flux of creasete compounds to gmundwater so that the rate and pracesses of natural
aftenuation can be evaluated

BACKGROUND
Creosote Properties and Envirenmental 5ig.ning:an'ce

Creosole /s used as an mﬂustnal wnad presewatwe and is a thin oily liguid that may vary from
yellow-green to black in colour. Since if*has a density sfightly greater than that of water and is
composed of hydrophobic compeounds it is classified as a dense nonaquéeous phase liquid
(DNAPL). in general, crecsole may consists of up to 200 chemicals {Meuller et.al., 1989}
approximately 85% PAHs, 10% phenolic compounds and 5% oxygen-, sulphur-, and nitrogen-
heterocyclic compounds . The solubility of the components varies by several orders of
magnitude, ' ' - :

In Canada itis rep:::-rted that crecsote contamination of smls groundwater and surface waters
Is known to be accurring at 24 past or prasent creosote- handlmg sites {Enwrnnrnant Canada,
1893). There are currently 27 creosote wood treaiment facilities in operation in the country. It
is estimaled that almost 1400 wood treaimant facllities, half of which are inactive, exist in the
Uniled States {USEPA, 1982). More than 80 of these sites are on the USEPA Natjonal
Priorities (Superfund) List.
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Dissolution

When a compound partitions betwsen two phases to the degree 1hal equilibrium is reached
the chemical activilies for the compound are, by definition, equal in both phases such that
{Lane and Loshr, 1892): ' : : :

g = x" b = x° h? (1)

where a, is the activity of solute /, the superscripts & and o signify the agueous and organic
phases, respectivaly, x, is the mole fraction of /in each phase and *, is the activily coefficient
of { in each phase, A simplification of this equilibriurn relstionship is often applied on the basis -
of Racuit's law. This Ilzw was originally used {o define the linear relationship between partizsl
pressure of a component in the headspace over a multi-companent liquid and the mole
fraction of thal compenent in the liquid {Laidler and Meiser, 1982). In terms of padial
pressure, a liguid is termed "ideal” if it conforms to this linear relationship. For the extension
of Racult's law te parlitioning belween an aqueous phase and an organic mixture, components
in the mixture are said to display ideal behaviour if they partition linearly to the aqueous phase
in proporlion to the product of their mole frachun in the erganic phase and thalr mole fraction
solubilify.

Two assumptions are inherent in this approach (Mackay et.al. 1981} 1) the activity coefficient
in the organic phase is equal to unity - a reasonable approximation for organic mixture:s
composed of compounds with similar chemical properties and 2) the inverse of the solute
activity coefficienl is. equal 1o the mole fraction solubifity of the companent. Incorporating
these twa assumplicn inlo equation 1 gives the mole fraction form of Raoult's law :

X7 X __ @

whare X7 is the mole fractian solubility of for the pure component in contact with water,
Rewriting equaticn 2 in terms of the concentration gives {Shiu et.a)., 1988); -

C?= %78, _ (3)

where CF is aquecus mnnantralmn and S, is lhe pure mmpunenl liquid sulublhty For
compounds that are solid in pure form and at the temperature of the given system, liquid
phase solubifity can be calculated with the following (Shiu et.al., 1988}

S = S.expi8. 8T /T-1]  (4)

where 5, is solid solubillty, TM is melting point (°K) and T is the syslem lemperature. For
cumpnunds that are solid at the system temperature, the calculated liquid sf:rlutullfq,.r will be
greater than the solid soiul_:uhty bul, as pointed out by Mackay ei.al. (1291), tha dissolved
concentration £an never exceed the latter. Values of these parameters for the compourids”
selected f6r this study are provided in Table 1

L —_ e T

Several studies have examined the degree to which variolis mmposrtmnally complex organic
mixtures conform the Raoult's law model of ideal behaviour, Cline et.al. {1891) determined, .
through batch-type testing, that a varisty of 30 gasolines conformed closely to Raoult's [aw,
Aqueous partitioning of eight PAHs from four different diesel fuels was mvesltgated with hatch
tests by Lee et.al. (1992a) and determined to be well described’ fwithin a factor of two) by
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Tahle 1. Creosote compound properties and inltial concentrations

Malecular| Mefting | Solid | Liquid Creosuote

weight* | palnt* |solubility* |sclubility” |compastion {mg/t)
(deg )| (ma/l) | {mai) " {n=8)

m-Xylene 105.2 48 - 200 200 38659
Phema 041 43 B2000]| 123650 14486
|2,8-dimethyiphenol 122.2 27 7800 8164 200
Maphthalene ' 128.2 B1| = 31.7] 112.00 58943
Phemanthrene 178.2 101 1.3 7.40 127414
Anthraceng 178.2 216 0.07 5.5 12708
Dibenzofuran 168.2 [T 10 40.2 45055
Carbazole 167.2 247 1 ~159] 3374
Pyrene 202.3 $56 0.14 _2.80 ' 40315
1 m-Maphthalans - 1422 =22 28.5 28,50 S 18701

: : : Fraction of total '
mass identified | - 0.38|

*  Idormation sources: WCGR, 1982 and Verschugren, 1983.
** gl anzlysis performed after amandment with additional compounds
{m- xyiene carbazule p-cresol and phenal)

assuming ideal behaviour. A similar degree of agreement was reported by Lee et.al. (1992b)
for partitioning of PAlMs from eight different coal tar samples, also with batch tests. Priddle
and MacQuarrie (1994} examined the solubility of crecsote with a dynamic column

experiment. In a mass transfer rate test, five of the seven PAHs for which they analyzed
conformed to ideal behaviour within a factor of two.

Field Site

The field research site is located at Canadian Forces Base (CFB) Rorden, approximately 80
km northwest of Toronlo, Ontario, Canada. It is in an unused sand pit situated approximately
350m narth' of a municipal landfill that operated from 1970 to 1976. Several hydrogeclogical
studies have baen conducted at this location over ihe past 15 years. Geology and lecal-scale
hydrogeology of the area was discussed i in detail by MacFartane et.al. {1983). Mackay etal.
{1986) discussad the hydrogecsiogy and gmundwater quality in ihe sand pit area. Only datails
relevant to dissolution of the creosote source are discussed here.

The site is underlain by an unconsolidated sand aquifer consisting of medium- to fine-grained
sand. These deposits are glaciotacustrine in origin and grade into silts and clays at a depth of
approximately nine metres. MacFarlane el. al. (1983) and Nicholson el. al. (1983) discussed
the-inorganic chemistry and migration of a groundwater leachate plume originaling from the
landfill and underlying the sand pil study site at depths ranging.from € to 7.m. .From the
water table 1o ihedop of the leachate plume, groundwater is largely unaffected by the landfill.
A study of the groundwater flow system in the sand pit was conducied by Linderfelt et.al.
(1994) at the same time as the study repered herein, They reported thal the water 1able in -
the sand pit rangas from the surface to a depth of approximately 1.5 m. Estimates of
hydraulic conductivity by Mackay et. al. (1988) indicated a mean value of approximately
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7 X 10° m/s. Mean porosity was estimated al 0.33 and the average lingar velocity of
groundwater was estimated at 0.091m/day

Chemistry of background groundwaler {unaffected by the leachale plume) al the sile was
examined by Nichoison et. al. {1983) and Mackay et. al. {1886). The groundwater is relatively
hard with- low dissolved organic carbon, Dissolved oxygen was determined to be varable bul
in genaral the aguifer was aerobic with cxygen ranging up to 8.5 mg/L. Data collected
through this study indicate that the dissolved sxygen concentration in aroundwater directly
upgradient of the creoscte source is 2 to 3 mofl.

METHODS
Sample Anal:-.rs]s

The analytical methodology used for the study was developed for quantification of creosote
compounds in groundwater, sand and pure creoscte. Compounds selected for analysm were
intended to be representative of the main groups of compounds found in creosote and
included two phenclic compounds (phenol ang 2,6-dimethylphenol), five PAHs (naphihalene,
1-methylnaphihalena, anthracene, pyrene and phenanthrene) and two heterocyclic compounds
(carbazole and dibenzofuran). M-xylene was included In the analytical suite as a

representative petroleum hydrocarbon. Analysis ‘was also conducted for several other
compounds but due to the variable availability of analytical standards, only the 10 compounds
above were analyzed throughout the whole experimenial period. '

Groundwater samples (typically 45 mL) were prepared by adding 9 g NaCl to promote
partitioning of all analytes and 1 mL 1M HCI to enhanee partitioning of phenolic compounds: -
Samples were then capped and allowed to stand for 24 hours before addition of 3 mL
dichloromethang. Samples were then placed on a shaker for 20 minules at 350-400 rpm and
1 mL of the scivent was removed to an autosampler vial. Pure creosole was preparad for
analysis by dissolving & 10 ul sample in 10 mL dichteromethane and then transferring 1 mL
to an autosampler vial.

Exfracts wers injected into 3 Hewlett Packard 5880 Gas Chromatograph {(GC) equipped with
an HP7873A autosampler and Flame lonization Detector (FIDY. The temperature program for
analysis was as follows: 40 °C for 0.5 min, 15 *C/min to 200 °C, hold 10 min. The camier
gas was helium with a flow rate of approximately 24 mi./min. 'The injector temperatura from
the GC was 275 °C, FID temperature was 325.°C and injeclion volume was 3ul.

Creosote Characterization

Raw creosote was amended with certain compounds sc it would be more widely
representative of typical composition (Meuller, 1989), To 69.5 kg of creosote the following-
compounds were added: 0.45 kg carbazole, 0.50 kg p-crescl, 1 kg phenol. M-xylsne was also
added {3 Kg), to provide a -compound representative of petroleum hydmcarbcn sites. The
density of the modified creosote was 1,03 g/ml. = kR

Rl

Batch Dissclution

A batch diésuluii_nn test was conducied to evaluale the effective solubility {Se) for selected
compounds, Additional details of the experiment are provided by Malcolmson (1992). Into
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each of three glass crimp-top hypovials a quantity of creoscte was added (between 4.21 and
6.51 g} and the rermainder of the bottle was filled with background Borden groundwater
{between 62.28 and 72.66 mL}). The botfles were then sealed with tefion-lined caps and
stored in the dark at approximalely 10 °C for cne month. One water sample was removed
from each bollle for analysis of equilibrium aqusous concentration and duplicate samples of
‘creosole were removed fram each bottle for analysis of equilibrium creosote concentrations.

Field Source Emplacement and Monitoring

The creosote source was emplaced hydraulically upgradient of an existing mubti-level bundle
piezometer network. The systermn was firsl used for the joint Stanford-Watedoo natural -
gradient tracer test conducted from 1982 to 1985 (Mackay et.al., 1986). The nehaork has
bzen modified and added to In subsegueni studies, including 1his one, and 1the current {ayout
of tha near-source piezometers in relation to {he creosote source is shown in Figure 1. Since
this paper.is concerned only with data coflected within the source, subsequent descnptmn will
focus on methodology t:||r~~zﬂz:'.tl1.|r ralated to the source,

The creosofe source, shuwn in Figure 2, was emplacad on August 28, 1981, Details of the -
source insiallation are provided by Malcolmson (1992). Sealable sheet piling (Stamr et al,,
1991) was vibrated inte the ground in a rectangular arrsy (5 X 1.5 m}), The sand inside the.
sheet piling was excavated after it was dewatered with two shallow dewatering wells, The
source sand was mixed with creosote in a cement mixer al less than 5% crecsote by volume:
laboratory testing had indicated that it should be effectively immabile at this concentration. A
total of approximately 74 kg of creosote was added to appreximately 5800 kg of sand,

Berden sand was not used for the source rmaterial since the addition of crecsote to 1he sand
would result in some decrease in porosity which would inhibit the movement of groundwater
through the source. Instead a coarser sand was used, with & hydraulic conductivity of
approximately 3.58 X 10, based on sieve analyses (Deviin, 1994} - approximately 5 times
greater than Borden sand. Porosity of ihe source sand was estimated at 0.31 {Malcolmson,
unpublished data) and it was calculated that with the crecsaote addition the porosity would
effectively decrease to approximately 0.29. Work in progress will provide a detailed evaluation
of groundwater flux through the source. However, preliminary hydraulic madelling indicates

. that the flux rate through the source should be simitar ta the ambient groundwater flux rate in
tha vicinity of ther monitoring system. On that basis, a tolal flow rate through the source of
0.204 m¥/day (0.030 m¥day/m® cross-sactional area} was used as an estimate of the amount
of groundwater contacting the source.. .

Bundle piezometars were instaliad within the source at locations shown in Figure 2. Each
piezometer consisted of either 11 or 13 monitoring points, separated by a vertical distance of
20 to 30 cm and constructed of 3 mm |D stainless steel tubing. To install the piezometers, a
5 cm 1D aluminum tube fitted with-an aluminum tip was vibrated inte the.ground with.a
vibrating hammer, The tip was then knocked out of the-end of the aluminum lube and the
bundie was inseried. The aluminum tube was then pulled oul of the gmund allcwmg ihe
sand to collapse aruund the bundle, e e

Samples have been collecied fmm a few selected piezometers within the source on an
approximately monthly basis, up to the present. In addilion, more intensive "snapshot”
sampling of approximately 30 points within the source, was conducted several times since the
source was emplaced. |n this paper.we will discuss a time series of samples coliected from
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one point (354-4 shown on Figure 2) and two sets of snapshot samples collected at 55 and
1008 days. All groundwater samples were collected in 60 mL hypovials using a suction
sampling head. This device is fitled to the top of the sample botlle and contains two ports: an
outlet port attached 1o a suclion pump and iniet pert altached to a piezometer tube, When a
vacuum is drawn on the cutlet, groundwater is drawn in through the injet. At least one 1ubing
volume was purged before sample'collection. Additional detsils on sample collection are
provided by Malcolmson (1992} and Nielsen and Hansen {1992).

RESIJL;TE.. AND DISCUSSION

Crepsote Characterization

Averages of analytical results. for eight samples of the altered creosole (analyzed prior to field
source emplacement and after amendment with four additional sompounds ) are shuwn in
Talkdle 1.

Bateh Test

Results of batch iesting were used to calculate S, by reamanging equation 3. The creosote
mole fractions used in this cese were those calculated for ereosote from the batch test bottles
at the end of tha equilibration period. A molecular weight of 200 was assumed for the
unidentified porticn of the creosote. Values for C7 were taken directly from analysis of the
water. Calculated S, values are shown in Table 2 and are compared with literature values [or
those calculated with aguation 4, as required}.

Comparison of these lwo values gives some measure of the ideality of the creoscte in terms
of dissolution behaviour, Lee et.al. {1992a) use a "factor of two" as a guide for evaluating the
agreement between Raoult's law predictions and measured solubility, and hence the ideality of
fhe organic liquid. The ratios between $/ s calculated from the baich test results and those
from the literature are shown in Table 2, Raoult's law provides a satisfactory prediction {within

a factor of two) of batch results for m-xylene, naphthalene and dibenzofuran but phenol,
phenanthrene, carbazole and pyrene are overestimated. Since 2,6-dimethylphenel and
anthracene were not delected in the aqueous samples, ibey were also uverestlmated Only 1-

_ methymaphthalene was signifi -::aany tinderestimated I:=1.|r Racult's Taw.

Field Resu|ts

Resulls from batch testing were used as an updated estimate of 3, for application to the field |

‘data. The product of the batch-derived S, and the initial creosote mole fraction (Table 2} was

used as the Racull's faw prediction of expected initial effeciive solubilly {Se} from the field
creosote source. Conceptuzlly, the Se determined in this manner can be considered the
expected concentration if a small volume of walter contacted a much larger volume of crecsote
such that the mass loss from the organic phase does not cause a significant change in mole
fractions, even for the most scluble compounds. Mola fractions of the initial creosote wera
again calculated Using an assumed average molecular weight of 200 for the unidentified
portion of the creosole. Estimates of initial Se {agqueous concentraticns in equilibrium with
initial crecscte} are shown in Table 2.
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Table 2. Comparison of equilibrium agqueocus concentrations from literature
' and application of Raouit's law to batch dissolution results

Creasote  |Pure compound solubllity {mgi. | Ratio Agueoaus
mole (1) {2) (1) : (2 concentration -
fractions™ literature | Batch dissalution in aqulirium
values fests (n=3) with crecsote (mg/l}**

m-Aylene .37 200 225 0.9 14.4
FPhenal ' 0.15 123650 : 52787 23 1388
2 8-dimelhylphenal 0.00 8164 not detected - 0.
Naphihalene 0.77 112 94, 1.2 - 12.4
Fhenanthrene | 0.72 7.4 36| 2.1 . 0.44|
Anthracene _ 007 5.5 haot detectsd - ' 0
Dibenzofuran 027 40.7 33.9] 1.2 18
Carbazola 0.02 159 57] 24 0.23
Pyrane 0.20 2.80 088! 29 0.03
1 m-Maphthalane 0.14 28.5 71.0) 04 1.7

* assumes average moiecular weight of 200 far unidentified creqsole compounds
** calculated with batch-test pure compound solubility and male fractions of iniiial creosots

Figure 3 depicts the evolution of Se, based on Raoull's law, for selected cregsote compounds
(m-xylene, naphthalene, dibenzofuran and phenanthrene) dissolving from the emplaced
creosote source. These curves were calculated with a simpie spreadsheet model using the
assumptions stated above and also assuming that the unidentified portion was insoluble. The
value used for groundwater flux through the sourca was 0,204 m’/day, for reasons discussed
earlier. For the purposes of the calculations it was assumed that all the groundwater passing
through the source during a given fime step reaches equilibrium with the creosote, according
to egquation 3. At the beginning of the next ime step, the mass dissolved into the aqueous
phase during the previous step was subtracted from the creosote and mole fractions Were
recalculated. Calculations for the first 100 days were performed with a relatively short time
step {(0.25 days) to minimize the eror of this approximation during the time that phenol mole
fraction is changing rapidly. The time step was subsequently increased to 5 days since the
remaining analyzed compounds are less sensitive to this type of emor due to their relativaly
low solubilities. ' ' '

Alsa shown on Figure 3 are groundwater concentrations at level 4 of mutti-level piszometer
S84, installed within the creosote source. The location of this monitoring point is shown on
Figure 2, denoled as 854-4. This level was selected for demonstration because it has been
monitored consistently .and has maintained relatively consistent concentrations. In some other
manitoring points small blobs of pure phase creosole have occasionally been recovered ;.
during sampling and have caused an apparent, bul erroreous, increase in dissolved
concentrafions. The modeibased on Raoul's law approximates most of the field data within a
factor.of two, although considerabie scalter is apparent in the measuremenis. The significant
decreases in concentration predicted over the monitoring pericd for m-xylene and
naphthalene are evident in the measured data, Dibenzefuran deviates most from the
predicted behaviour. Nonideality of the creosole is not considered to be the cause of the
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difference since the pure compound liquid solubility used to calculate the initial Se was
determinad through batch le:sting_ Rate-limiled dissolution (e, imited by contzct time
batween groundwaler and source creosote) is also not suspected as the cause since it does
not appaar to have imited concentrations of the other three compounds, although it cannot be
ruled out. Potential causes under review include analytical uncertainty.in characierization of
the initial creosote {eg., co-elution of an unidentified compound with dibenzofuran) and the
batch test samples. .

Figure 4 shows concentration profiles in S84 for m-xylene, naphthalene, dibenzofuran and
phenanthrene at 55 days and 1008 days after emplacemeni of the creosote source. ‘M-xylene .
and naphthalene show mere variable depletion between sample sets. This increase in
variability of agueous concentrations with time, which is best illustrated by the naphthalene
profiles, may result from heterogeneous distribulion of creoscte mass in the source. Care was
taken during installation to keep the crecsote-sand mixiure consistenl. However, cores

24— ) : 18

18
18 %12-
£ T
@12 5 8
. =
z 2
.5 %4. ..............

B 1 £

A : . D : : : ——
O 200 400 60D 800 1000 1200 S0 20 400 600 8OO 1000 1200

days since source emplacamant _ ’ days snce source erglasament

k<) 1.8
T3 4 Jpeervamoncm s )
o : .
E . E1 2
£ 18 e e e AL AL ¥
E' F08 - g et ot —
S 1.2 - e enemerece e et bt b ek & o -
H ' . [ - T L =
G - T o 2 g oA ——
= T - L e Eﬂ‘q' 1T -
50 Ly £ -

0 T —— T T B > T — T

0 200 400 600 BOO 1000 1200 o 200 400, 600 - 800 1000 1ED0
days since source smplacerent days since source emplacemant

viamrao

[=Ragult's law preciction = Samples from 584-4 |

Tx

Figure 3. Comparison of dissolved concentrations of creosote compounids (m-Xylens,
naphthalene, dibenzofuran and phenanthrene) in groundwater within the
creosote source with concentrations predicted by applying Raoult's law;
values for pure compound liquid solubility have been determined with batch
dissolution tests.
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coliected from the source shorily after emplacement indicated considarable variahility in
creosote concentration {data not shown). In porlions of the source thal contained less
creosote mass, higher solubility compounds such as naphthalene and m-xylene may have
been depleted as indicated by agueous concentrations that are much lower than expected in
some locations. Less spreading was observed for dibenzofuran and phenanthrene
concentrations, probably as a result of lower sofubility, However, an overall decredse in
dibenzofuran was ohserved and is difficult to explain since the predicted Se slays consiant
over this period. The cbvious decrease in the measured values: may Indicate that the male
 fraction in the initial creogote was less than that indicated by analysis,

A further illustration of increasing variability in agueous concentrations of the more seluble - -
compounds is shown in Figure 5. Tha measured data are from samples collected at points
throughout the creosote source at 55 days and 1008 days. As shown in the plot of
naphthalene vs. dibenzofuran, concentrations of both compounds showed relatively little
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Figure 4. Concentrations of selected craosote compounds in multi-level
piezometer S84 at 55 days and 1008 days after source emplacement;
effective solubilities (Se) shown are as
(location of 554 shown on Figure 2).
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vanation throughout the source al 55 days. However, a considerable spread in the
naphthalene dala became apparent by 1008 days. Dibenzofuran concentration decreased but
in a relatively- consistenl manner. A similar trend js noted for naphthalene vs. phenanthrene,
with the exception that no decrease is apparenti for phenanthrene after 1008 days.

Figure 5 also shows expected trends of compaund ratios ascording to the Raoult's law madel.
These have heen extended to. 10,000 days to cover the range of measured concentralions.
As axpected, the data for dibenzofuran does not fit the prediction: again it appears that a
lower initfal mole fraction is indicated for dibenzofuran, However, data for naphthalene vs,
phenanthrena and naphihalene vs. m-xyiene show a reasonable agreement with the curves,
with considerable scatter noted. At 55 days, most of the data points are located in a cluster at
the early time part of the curves, However, by 1008 days the data are distributed along most
of the length of the curves. Consequently, within the confines of the parameters used in the
model, up to 10,000 days would be requirsd for naphthalene and m-xylene concentrations 10

. 1=10,000 days . =t 1= 10,000 days t=0
P L A PR | ¥
e : 3. - .
(=]
5115 . - - -gr
§ . 28t g’ =
[ 1 s — E
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o 2 4 g a 10 12 14 v 0 2 4 G a 10 12 14
naphthalene (mg/L) naphthalens (mgfl}
= 10,000 days 1=0
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—
[}
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v
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0 ety o~ P —
a 2 4 & .a 10 12 14
naphthalens {mgfL}
e FCE, - - cetami
= £ day 55 ® day 1008

— Raoults law prediction

Figure 5. Dissolved naphthalene conceniration vs. dibenzofuran, phenanthrene and m-xylene
in groundwaler ihroughout the crecsole source; 55 days and 1008 days-after source
emplacemenl; duralion of the Raouit's law modeal sirmutation is from 0 te 10,000 days
{nole: the small bend &l right end of each curve is due 10 rapid depletion of the
phenal male fraction}.
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dacrease as low as lhose measured in many of the 1008 day sampies. This result is
consistent with the suggestion of variable initial concentrations of creosote throughout the
source, since tie effect of lowering the initial concentration is similar fo that of extending the
period of dissolution. The observation that the more soluble compounds have been depleted
by as much as ten times sooner than predicted may therefore indicate that at some locations,
initial creosote concentration was an-order of magnitude less: than expected, '

It is notable that with the processes indicated above, il is possible for groundwater migrating
out of a contaminant source area to have a consistent compaosition initialty even though the
NAPL distribution is heterogeneous. With time, zones of low NAPL eancentration could
become depleted of the more seoluble compounds. Compoesiijon of groundwater leaving tha
source would then become variahbfe with respect to the more soluble compounds while
concentralions of the less soluble compounds remalrn relatively consistent . This
compositional variability may be important in lerms of estimating dissolved mass fiux from
organic mixtures wilth a wide range of compound solubilities. On an aclual contaminated
industrial site, where contact time will typically be much longer, groundwater plumas avalving
from these types of mixtures are likely to be even more variable in cross-section: more time Is
-available to magnify the effects of heterogeneous NAPL phase distribution. In such a
circumstance, considerable care is reguired to make a reasonable estimate of contamninant
mass flux from a source area into a groundwater plume. -

CONCLUSIONS

Results of dissolution batch tests showed that Raoult's law provided a reasonable estimate
{within of factor of 2) of the effective solubility of four of ten analyzed creosote CoOmMpounds.
The effective solubility of m-xylene, naphthalene and phenanthrene in groundwater at one
peint in the emplacad-crecsote source was satisfaciorily predicted by Raoult's law over a -
period of 1000 days, but dibenzefuran behaviour was not well predicied. The deviation for
dibenzofuran is considered to be related to experimental methodolegy rather than nonideality
of the creosote with respect to this compound. : :

The degree of.variability in groundwater composition throughout the creosote source
increased dramatically in a relatively short time*for m-xylene and naphthalene. It is evident
that at many individual points the Racull's law modei would not have provided a satisfactory
prediction. Comparison of the Raouit's law mode! to groundwater concentrations throughout
the source provided an indication that the increasing variabilily was due to heterogeneous
initial distribution of pure phase creosote. This observation has implications for interpreting
organic piume data at sites contaminated with complex organic mixtures with a wide. range of
compound solubilities. o -
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