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Concentrations of polycyclic aromatic hydrocarbons
(PAHs) in groundwater at a coal tar site were elevated hy
factors ranging from 3 (pyrene) to 50 (indeno(1,2,3-cd}-
pyrene) over purely dissolved concentrations. Air-
groundwater surface tension measurements (70.6 z 3 dyn/
cm) were not sufficiently different from air—pure water
measures (72.2 + 0.1 dyn/cm) to ascribe the observed
enrichments to either cosolvents or surfactants in

the groundwater, Excess pyrene was associated with
collolds that passed an ultrafilter at ambient pH but became
ultrafifterable when the groundwater pH was lowered to
1. This suggested pyrene association with humic acids. Glven
the decrease in groundwater total organic carbon (TOC)
of 4 mge/L upon acidification and ultrafiltration, a pantition
coefficient of 10° L/kge was estimated for this pyrene
association, Use of the results for pyrene and scaling for
the differences in PAH hydrophobicities enabled good
predictions of the observed enrichments of less water-
soluble PAHs in the groundwater. This is strong field evidence
indicating colloid-facilitated transport of HOCs In ground-
water. Assuming that humic-bound PAHs were as mobile
as the dissolved PAHs, the fluxes of individual PAHs

(e.g., benzola]pyrens) from the tar source were as much
as 20 times greater than estimates based solely on tar—
water partitioning predictions.

Introduction
The total masses of hydrophobic organie cornpounds (HOCs)
that are mobile in groundwater may Include both dissolved
and collotd-associated species, Dissolved forms may include
HOC molecules solvated by water or mixtures of water antd
nonagueous solvents. Colloid-associated species include
HOC molecules carried in water-borne media such as
macromolecular humic substarnces, blogenic exudates, mi-
celles, microorganisms, and nanometer-to-micrometer-stzed
susperwled mixed-phase solids (e.g., organic-coated kaolin-
ite.) To the extent that various species are important relative
to the fully water-solvated species, “facilitated” subsurface
HOC transport may occur, As & result, sensitive receptors,
such as groundwater wells and surface water bodics, may
recetve HOCs sooner, and the HOC fluxes may be greater
than would be expected In the absence of such “facititating”
species, Indeed, efforts to cleanup subsurface sites using
surfactant-generated micelles are cases of promoting facli-
tated transport.

In order for facilitated transport by colloids to be hupor-
tant: (f) collolds must be present, suspended in the ground-
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water; (i) HOCs must associate with these colloids sufficiently
to enhance the moblle loack and (ili) the collolds must be
substantially transportable through the subsurface (1).
Hvidence for each of the three conditions has been found at
varfous fleld sites and in focused laboratory studies. Labora-
tory studies have shown that various colloidal materials may
increase the total aqueous concentrations of HOCs. These
include humic substances (2—-4). organic matter-coated
mineral particles (8), anthropogenic surfactants/micelles (6,
7), microorganisms (e.g., bacteria; 8), and microbial exudates
(8, 10). Enhanced mobilization of HOCs in the presence of
these agents has been demonstrated through the use of
miscible displacement experiments with faboratory soil
columns (4, 6, 8, 10, 11). [Note that the mass fraction of
mobile HOC that Is collofd associated is a function of both
the HOC collold—-water partition coefficient and the abun-
dance of collolds (12).)

Several field studies also suggest the potential facHitated
transport of HOCs in contaminated aquifers. Polycyclic
aromatic hydrocarbon (PAH) concentrations In groundwater
from a coal tar site were greater than levels estimatedl from
the tar composition using Raoult's law (13). In this case, it
was suggested that colloids were present in the groundwater;
however, the colloid phase was not isolated or characterized.
Colloids, capable of binding HOCs, have been verified in
groundwater from a crucde oil site (/4 and a sewage plume
(15) by spiking hydrophobic compounds Into groundwater
samples. However, no evidence was obtained for “enhanced”
HOC groundwater concentrations or fluxes at these sites.
Colloid-associated PAHs were quantifled in size-separated
samples from two creosote-contaminated sites (16). In this
case, it was suggested that the hydrophobic compounds were
assoclated with clays and quartz- and iron-containing
colloids. Colloid-assoctated polychlorinated biphenyls (PCBs)
and PAHs have also been quantified Insize-separated samples
from a landfill leachate plume (17). In that instance, most
of the contaminant mass was assoclated with particles greater
in size than 1 gm. Conseguently, it seems unfikely that these
particles were substantially mobile under the ambient
groundwater gradient at this site. Thus, while other studies
of variec sites have shown some evidence for enhanced HOC
transport due to colloids, no field observations have shown
conclusive evidence by simultaneously demonstrating en-
hanced in situ mobile HOC concentrations and the presence
of substantially mobile colioiclal species, which may facilitate
HOC tranport.

The purpose of this study was to assess whether collold-
associated specles contributed significantly to the mobile
PAH load in groundwater at a coal tar site. Aqueous PAH
concentrations were evaluated using both calculations based
on the site’s tar composition and tar--water equilibrations
in the laboratory, These dissolved concentrations were then
compared with total PAH levels In groundwater samples
carefully collected by prolonged slow pumping at the site.
Practionated extractions of groundwater were used (o deter-
mine in situ collold-associated PAHs after further prolonged
settling (5 months) and again after precipitating humic acids
using acidification and ultrafiltration. Colloid ~water partition
coefficients were quantified using these fractionated extrac-
lions and hy fluorescence quenching in the raw groundwater.
The results were used to estimate the effect of colloid-facili-
tated trangport on PAH fluxes away from the coal tar source,

Methods

Chemicals. Solvents used for extraction of groundwater and
dissotution of compounds were methanol, methylene chlo-
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ride, and hexane (OmniSolve, EM Science). Internal standards
of deuterated phenanthrene, p-terphenyl, and m-terphenyl
were abtained from Ultra Sclentifte (North Kingstown, RI).
External PAM standards were obtained as EPA 525 Mix A
(Supelco, Bellefonte, PA). Pyrene was obtained from Aldrich
(Milwaukee, WI). Other compouncls included sodium sulfate
(Fisher Sclentific, Fairlawn, NJ), sifica gel (100~200 mesh,
M Sclence), potassium hydrogen phthalate (Sigma, St. Louls,
MO), hydrochloric acid (Fisher), and phosphoric acid
(Mallinckrodt, Paxls, KY). Purified water (18 MQ-cm) was
[rom an Aries purification system (Vaponics, Rockland, MA),

Sample Collectlon, The groundwater samples were col-
lected [rom a shallow, water-bearing unit composed of
anthropogenic fill matertals at a mid-Atlantic coal tar site.
As is typlcal of such sites (18), the tarry deposits occur in
land adjacent to a surface water body. Seven stainless steel
multi-level wells with 0.6-m-long stainless steel screens (0.05-
cm slots) were installed in December 1994 using hollow-
stem auger drilling with no drilling fluids. Groundwater
samples were collected during five fleld campaigns between
December 1895 and September 1996. Slow pumping tech-
niques, with continuous monitoring of sample turbidities,
wete employed to minlmize entralnment of immobile
particles in groundwaler saniples (13), Packers were used to
Isolate the 60-cm screens from the overlylng standing water.
The purp flow rate (2535 mL/min) was set so that the well
screen withdrawal velocity did not exceed the local ground-
water velocity. After prolonged purging, 2-1 satuples were
collected in amber bottles for total (dissolved + colloid-
assoclated) PAH analysis. Groundwater was also collected in
all-glass biological oxidation demand (BOD) bottles for
organlc carbon analysts. Groundwater (0.5--2 ml,, followed
by 10 mal. of purified water rinse) was also filtered through
30-nm poresize Nuclepore (Pleasanton, CA) filters for
microscopic analysts of groundwater particles, Well W40M
consistently showed the greatest PAH concentration en-
hancements. Therefore, replicate samples were collected
from this well in September 1996 in fofl-wrapped BOD botties
for fluorescence quenching studies and fractionation efforts
almed at elucldating the in situ pyrene speciation, These
cuplicate samples were stored undisturbed (..., allowing
particle settling) at 4 °C for 5 months before use.

Ancillary Data. Groundwater tuebldity, conductivity, pH,
and Ky were measured in the field. Conductivity (HI8333,
Hanna Instruments), pH (Orion), and redox potential (platl-
num electrode, Orfon) were monitored continuously during
pumping, Turbidity was measured perlodically by redirecting
the pumped flow through another flow-through cell and a
caltbrated turbidimeter {(DRT-15CE, HF Scientific, Inc.)
Dissolved oxygen and sulfide were measured periodically
using colorimetric assays (Chemettes, Chemetrics, Calverton,
VA).

Levels of inorganic lons in the groundwater were deter-
mined by fon chromatography (Dionex Jon Chromatograph
16.,) A 1-mL sample was transferred to the AS4A-SC column
(Dionex) and eluted with 3 mM soclum bicarbonate/2.4 mM
soditum carbonate buffer flowing at a rate of 2 mL/min, Ions
were quantifled using response factors determinecd with
external standards, Metal concentrations were clotermined
by graphite furnace atomic absorption spectrometry using
a Perkin-Iihmer 4100ZL instrument. Standards were made
up in Q-water (Millipore, Bedford, MA), Alkalinity titrations
were performed by Gran titratlon with 20 mM HCl and an
Orlon pH electrode/meter,

PAH Analyses. Groundwater PAH concentrations were
quantified by liguid-lquld extraction and gas chromato-
graphic separatlon, Immedlately after sample collection, an
internat recovery standard of deuterated phenanthrene in
methanol was added to each sample. Methylene chloride
(100 mL) was then added to the bottles to begin the extraction

/process and to preserve the samples during transportation,

At the laboratory, a second recovery stanclard of p-terphenyl
in methanol was added without disturbing the methylene
chloride layer. A total of three roethylene chloride extractions
(100 ml, each) were made, combined, and dried with
anhydrous sodium sulfate, The extract was reduced toa small
volume in & Kuderna~Danish concentrator and then trans-
ferred Into hexane for fucther concentration to L ml. under
a stream of nitrogen. A PAH fraction way isolated by silica
gel chromatography [2 g of fully activated S10z, eluted with
24 mL ol hexane, 5 mL of 8:1 hexaneuncthylene chlotide,
andt finatly 15 il of 3.4:1 hexaneimethylene chloride (19)).
The PAHs were quantifled by capilfary gas chromatography
using a flame lonizatlon detector (FID) {Carlo Erba, HRGC,
on-column tnjectlon, 30 m DB5-MS column, 0,32 mm Ld,,
0.25 pm film thickness, J&W Sclentilic, Folsom, CA). An
injection standarcl of m-terphenyl was adeled just prior o
analysls to quandly the final volume of the extract. The
temperature program began at 70 °C with a ramp of 12 °C/
min to (20 °C, fellowed by a ramp of 3 °C/min to 175 °C, &
ramp of 8 °C/min to 300 °C, and a final hold time of 5 min
at 300 “C. Compounds were quantilied by using response
factors from contemporaneous injections of known external
PAH standards, Phenanthrene and anthracene concentra-
tions were corrected with deuterated phenanthrene recover-
ies, and all other PAHs were corrected for recovety with
p-lerphenyl, ahydrophobicinternal standard (log Ko =6.03;
20) that could be detected by FID,

Tar—Water Equillbrations and Taxr Analysis. A sample
of free-flowing tar was pumped from W40M in April 1996.
PAH concentrations In this tar were guantified by gas
chromatography, as described above (start temperature 35

°C), after diluting an aliquot of tar Into methylene chlovide,

This tar sample was asswmed representative of all the wells
sarnpled, as the greatest distance between any well and W40M
was only 18 m, Thls was ultimately borne out as PAH
concentrations in other tar samples obtained 1 (A. A. MacKay,
unpublished results) and 30 m (21) from W40M differed by
less than 10% from levels found in the W40M tar.

Tar {3 mL) was also mixed with 2 L of purlfled water
containing sodium chloride (1 g/L) to match the site
groundwater conductivity and mercuric chloride (I mg/L)
to inhibit compound bindegradation. The two phases were
mixed with a stir bar for 2 days, and the dispersed tar droplets
were aliowed to settle for 2 months before sampling, The
aqueous phase was carefully siphoned into a separatory
funnel using aluminum tubing, primed with purified water,
This sample was spiked with deuterated phenanthrene and
p-terphenyl and extracted as outlined above,

Fractionated Extractions of Groundwater. Pyrene was
quantitied in a sorles of fractlons of the W40M grouncdwater.
First, solids were allowed io sottle from solution over a
5-month standing period. (Assuming Stokes settling and a
particle density of 1.05 g/cm?, all particles greater than 1.2
Jm in diameter would have settled in this time.) Next, the
supernatant was gently slphoned from the BOD boitle, leaving
a small, undisturbed volume of water contalning the settled
solids. (Yhe siphon tube was a plece of aluminum tubing
prirned with purlfied water, introducing less than 8 mL to
the 270 mlL transferred volume,) The small volume of water
remaining in the orlginal sample bottle was spiked with an
Internal standard of p-terphenyl and extracted In the bottle
with tethylene chloride. This extract was denoted the “settled
solids -+ walls” fraction and contained pyrene associated with
settled solids and any pyrene species that may have adhered
to the glass walls, inctuding tac-associated pyrene.

The siphoned supernatant contained the dissolved species
plus any pyrene associatec with stable colleids. This fraction
(initially at pH 5.6) was acidified to pH | with hydrochloric
acll. The sample was allowed (o stand for 3 days while acid-
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TABLE 1, Physical and Chemical Groundwater Parameters from Several Wells at a Coal Tar Site in September 19967

well id

parameter Wa0m wzo0s W40M Wi40s Wi00D WM W1008
pH 5.4 5.5 5.6 6.4 5.3 6,5 6,6
turbldity (NTU) 1.4 2.3 0.5 1.6 7.2 7.8 4.3
conductivity (mS) 1.96 1.37 1.76 1.32 1.50 2.23 2.44
redox potential (mV, H° scale) 51 «82 31 ~110 16 29 76
clissolved oxygen (uM) <1 <0.3 <0.3 6 <6 5 <0.6
alkalinity (mea/L) 27.2 15.7 19.2 14,6 154 18,6 15.1
nonpurgeable organic carbon {mg/L.) 45 34 3 28 33 33 40
5% o0 (M) <80 1600 <80 1600 <80 =80 800
804 (M) 2000 300 <1 1400 na 20 1400
Algotar (M) 30 20 4 7 17 31 80
Aldissotvag (6M) 1 1.4 2 1 9 2 10
Fewow (@M) 13 37 40 5 100 370 83
Fedissalveg (M) 3 70 3 3 12 4 7
Sliotat (M) na ng 1500 na na na 1600
Slaissotved (M) na na 1000 ha na na 1300

7 na indicates samples that were not analyzed,

precipitated material settled out. The siphoning procedure
was then repeated. The remalping volume was spiked,
extracted, and referred o as the "pH 1 precipitate” fraction,
The second siphoned supernatant contained dissolved
pyrene and any colloids not precipitated under acidic
conclitions, This volume of water was also spiked with
p-tetphenyl and extracted with methylene chloride. This’
fraction was called the “pH 1 dissolved” fraction. The
methylene chloride extracts were transferred to hexane and
analyzed by capillaty gas chromatography, as described
above.

Fluorescence Quenching. Fluorescence quenching (15,
22) measurementts were macle with water samples siphoned
from the collection vessels to Include only the colloids stable
over a 5-month perfod. Fluorescence of an added pyrene
probe was measured with a Perkin-Elmer 13508 lumines-
cence spectrometer, The excitation wavelength was 334 nm
(slit width 4 nm), and the emission wavelength was 373 nm
(sHt width 4 nim). The absorbances at these two wavelengths
were measured on a Beckman DU 640 spectrophotometet
to cotrect for the Inner filter effect (22). The linearity ol a
Stern~Volmer plot was verified by a dilution serfes (minl-
mizing coagulation artifacts that might have occurred with
acollofd concentration approach). Subsequently, singla-polnt
measurements were made at only one quencher concentra-
tlon. Background fluorescence readings of a 3-mL water
sample were taken before pyrene addltion. Four 50-ul,
allquots of a pyrens in methanol stock solution were
sequentially added to the cuvetie. The cuvette was allowed
to stand for 10 min after each addition before fluorescence
measuretments were made. In all cases, fluorescence response
was linear, suggesting that the relatively high carrior solvent
concentration did not change the probe partition coofflcient,
Thus, the maximum ertor that would result from this
approach was estimated from the 1.6% methano] in water
solution (i.c., 50 ul. of stock aliquot) and found to undet-
estimate the collold—water partition coefflcient by 20% (12).
Fluorescence response was quantlfied as the slope ol a plot
of background-subtracted fluorescence versus added-pyrene
concentration, A duplicate sample with 3 mL of oxygen-freo
(<0.3 #M, Chemettes, Chemetrics, Calverton, VA) purified
wator was treated Identlcally to quantify pycene fluorescence
in the absence of Oz quenching. All sample manlpulations
were made in an argon or nltrogen atmosphere.

Organic Carbon Measurements. Total organic carbon
(TOC) in water samples was determined with a bigh-
temperature Shimadzu TOC-5000 organic carbon analyzer.
Samples were acldifled (o pH 3 with phospharic acid and
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bubbled with nitrogen or argon for 10 min to remove
inorganic carbon. Triplicate TOC measurements were made,
and the high temperature oxidation system was externally
calibrated with potassium hydrogen phthalate standards.

For the W40M groundwater with pH 1, acid-precipitated
material was separated from acid-stable organic carbon by
centrifuge ultrafiltration, Centricon 3 (Amicon, Beverley, MA)
filter cartridges were used to separate organic carbon with
a nominal cutoff of 3000 Da (23). Before use, the filters were
washed with methanol, followed by repeated washes with
purifled water untll the TOC of the flitrate was Indistingulsh-
able from purifled water., Acidified samples were ultrafiftered
by centrifuging for 2 h at 80(? Subsequent TOC measures
of the flltrate were made as described above.

Surface Tenston. Groundwater surface tension measure-
ments were made by the falling drop method (24, Measure-
ments of purified water surface tenslon were made to verify
this method. A value of 72.2 £ 0.1 dyn/¢m (11 = 5) was
calcutated for purified water and compares reasonably with
the teported value of 71.97 dyn/cm at 25 °C (25).

Calculation of Partition Coefficients. Partitlon coef-
ficients of colloicdal materials wore calculated {rom enhance-
ment factors: s

“

(/ 3 Y
E= "Cl" = 1+ ¥ [collofd] Ky (1)

W

where £ is the enhancement factor, Oy (mg/L) Is the total
compound concentration in a bulk (digsolved -+ colloid-
associatecd) water sample, G, (mg/1) is the dissolved con-
centration as measured by tar—water equilibration, [colloid]
(kg/L} Is the colloid concentratlon, and Ko (L/kg) is the
colloid—water partition coefficient. In the case of fluorescence
quenching, the total compound concentration was assumed
proportional to the background-subtracted fluorescence of
asupernatant after the colloid phase had been removed (F).
The dissolved concentration was assumed proportional to
the background-subtracted fluorescence In the colloid-
containing sample (£1) and assuming the collofd-assoclated
probe Is fully quenched,

Results and Discussion

Groundwater Characterlstics. Groundwater, pumped slowly
on flve dates [tom seven wells at the site, exhibited a range
of properties (Table 1), Some parameters were faivly Invariant
between wells: for example, pH values only ranged from 5.3
to 5.6, electric conductivitles only varled from 1.32 to 2,44
m$, alkalinities were between 1§ and 27 mM, and non-




TABLE 2. Aqueous and Tar Concentrations of Polycyclic Aromatic Hydrocarbons?

equilibrium ay concn {mg/L)

Apr. 10, 1996, groundwater concn (mg/L)

compd and abbrey tar conen (my/L) caled
phenanthrene, PH 19 700 0.11
anthracene, AN 5000 0,027
fluoranthene, FL 6 500 8.7 x 109
pyrenhe, PY 9 300 6.4 x 1074
benz[a)anthracene, BA 3900 6.9 x 10™
chrysene, CH 3600 9.6 x 10~
benzo{b&kKfluoranthene 4300 b
benzo[e]pyrene 3700 b
benzoldlpyrene, BaP 3600 1.1 % 10
indeno[123-cd]pyrens, IP 1200 b
benzo[ghfAperylene, BF 1200 6 x 1076

measd WA0S W4om
0.073 0.063 = 0.0007 0.12
0.012 0.011 + 0.001 0.02
3.3 x 10-3 38x 107345 % 104 0.015
1.4 x 1073 25%x 10346 % 10 0.011
7.7 x 104 3.8x 105 x 10°8 7.9 x 103
6.8 x 10 4.2 x 107443 x 1079 6.3 x 1073
24 x 10~ 1.8 x 10 % 6 % 10”8 3.4 x 103
1.9 x 104 1.4 x 1073k 1.4 x 1073 3.4 x 103
3.5 x 10 1.7x10™£9 x 10~ 5.8 x 10"
6.2 x 10~9 Tx 105+ 4 %107 2x107?
1.6 % 10" 6x 1075 4: 3 x 10-% 2x103

“W40S groundwater concentrations are the averagae and standard deviation of 3 samples abtained over a 36-h pertod.  Exparimental solubllity

not avallable,

purgeable organic carbon varted between 28 and 45 mge/L,
[Note that while these organic carbon concentrations appear
large in comparison to pristine aquifers (26), 811 mg/L
reflect dissolved coal tar components, primarily naphtha-
Jenes.] Generally, the groundwater was reducing (429 down
to ~110 mV), and oxygen was very low or absent (s6 yM).
Sulfide was present (>800 xM) in the three wells screened
nearest the water table, but this reduced sulfur specles was
not detected in the corresponding deeper groundwater (<80
£M), Sulfate was found in the water at evety well except
W40M,

Some parameters suggested the presence of colloidal
phases suspended in these water samples (Table 1), Although
the groundwater samples were always “clear” to the nakec
eye alter many hours of slow pumping, Hght scattering above
instrument background (ca. 0.1 NTU) was always seen, This
scattering was as Jow as (1.5 NTU In well WA0M and as high
as 7-8 NTU in wells WI00D and Wi00M. Well-to-well
variations in turbidity or total scattered light ikely resulted
from dlfferences in the composition of colloidal materials at
the different wells. For example, filterable iron was 2+-10
times higher in wells W100D) and W100M than in well W40M
(Table 1), Scanning electron microscopy observations of
particles collected on Nuclepore fllters revealed colloids with
mean dlameters (number average) between 300 and 700 nm
and a range of diameters from about 100 to 4000 nm,
Filterable atuminum, iron, and siticon (total inus dissolved
concentrations, Table 2) ranged from a few rmicromolar to
M uMa, 370 My, and 500 uMs, respectively. These
observations Indlcate that Inorganic colloidal phases were
present, suspended in these groundwaters, at levels between
1 and 40 mg/L.

Enhanced Groundwater Concentratlons, Resldual tar
was observed to be distributed throughout the stbsurface
solids recovered durlng well installation (19). Thus, we
expected groundwater concentrations of dissotved PAHSs in
this area to exhibit equilibrium with nonaqueous phase lqulid
tar, Equilibrium aqueous PAH concentrations can be esti-
mated theoretically, via application of Raoult's law with
knowledge of the tar composition. One may also evaluate
these aqueous concentrations empirically by experlmental
equilibration of the site’s tar with water, Expected equillbrium
dissolved PAH concentratlons were determined using both
of these approaches, Fivs, using results of our measurements
of the tar composition, we calculated dlssolved concentra-
tions of PAHS in waler at equilibrium, assuming a sufficiently
large tar-to-water ratlo that tar concentrations were not
depleted by PAH partitioning into the water. This calculation
required knowledge of compound subcooled lquld solubili-
ties (27). the tar "molecular” weight (160 g/mol; 21), and the
compound activity coefficient in tar (1; 19, 28, 29). Although

each of the compounds we examined oceur in the tar at
concentrations greater than 1000 mg/L tar, their hydvopho-
bicitles result in an expected range of groundwater concen-
trations from about 10~! down to less than 10~ mg/L water
(Table 2).

We also made experliental determinations of water
concentrations in equilibrium with tar using Incubations In
the laboratory. In general, the values calculated from tar
compositions were the same as the measured ones within
a factor of 3 (measured/calculated = 1.4 + 1.0, n = 8
compounds). Since the measured values do not require any
assumptions about PAH compatibilities with the tar mixture
or mean tar molecular weight, in subsequent discussion we
will assume that the measured concentrations reflect the
dissolved specles in vquilibrium with the site’s tar.

To ascertaln whether the site’s groundwater concentra-
tions only reflected the presence of the dissolved-in-water
PAH species, we compared measured tar--water equilibrium
values with levels we measured in slow-pumped samples
from the site (Figure 1). In many wells {e.g., W20M, W40S,
W100D, W100M), concentrations of PAHs observed in slow-
pumped groundwater from this coal tar site appeared to
reflect equilibrium dissolution from the coal tar. However,
some monitoring wells had groundwater concentrations of
PAHs distinctly in excess of tar—water equilibrium values.
For 7 of 25 well/date sample comblnations, at least 50% of
the PAH compounds monitored exhibited groundwater
concentrations more than 3 times greater than measured by
tar-water equilibration, Benzo{a] pyrene concentrations were
observed up to 16 times higher than tar—water equillbrium,
and indeno(l,2,3-cd]pyrene concentrations were up to 50
times higher. Well WA0M always showed such PAH enrlch-
ments (Figure 2). Notably, In all of those ¢ases, the ratio of
observed-to-equilibrium concentrations increased with In-
creasing compound hydrophobicity. This trend suggestecd
the presence of dissolved or suspended materials In some of
the groundwater at this site, which enabled the concentra-
tions of PAHs in the water to exceed levels reflecting only
dissolved-in-water species in equilibrium with coal {ar.

For several reasons, we believe that this enhanced load
of grouncdwater PAHs was truly mobile and not an artifact
of our sampling procedure, First, in all cases the turbidity
lavels had reached asymptotic values (<1.5 NTU), as de-
termined by long-term (58 days) stow punmiping. Also, only
patticles less than 4 #m in diameter were obtalned on filters,
Finally, no correlation was seen between the occurrence of
enhanced PAH concentrations and observations of tar in
monitoring wells (only 10~100 gg of tar entrained in a f-L
groundwater sample would be nceded to explain our
observed PAH concentrations) (19). Convineed that our
observations did not result from sampllng artifacts, we
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FIGURE 1. Comparison of observed groundwater PAH concentrations to measured aqueous lar—water equilibrium concentrations. Slow-
pumped groundwater samples were collected from all wells in September 1886, Compound abbreviations are given in Table 2,

investigated possible mechanism(s) for enhanced solubili-
zatlon of hydrephobic PAHs using samples from well WA0M,

Cosolvents and Surfactants. Cosolvents or surtactants
in the groundwater could enhance PAH solubilities over the
measured tar—water equifibrium values (6, 7, 30). If such
materlals were present at concentrations sufficient to have
adetectable concentration-enhancing effect, we would expect
to observe lower groundwater--alr surface tensions, We
measured the surface tenston of the groundwater samples
from W40OM to be 70.6 4 3 dyn/cm (o = §), Within the
measurement variability, this value did not differ from the
surface tension measuced for purified water, Water that has
been equilibrated with tar bas a surface tension that is not
significantly different from purlfied water (31), indicating
that tar constituents do not lower aqueous surface tension
values, The much greater variability observed for the
groundwater samnples than the purified water may suggest
the presence of surface active species in the groundwater

pumped from this well. Indeed humic substances present at -

5-10 mg/L, as were observed in this groundwater (see
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Colloidal Materfals discussion below), may lower surface
tenslons by 1 dyn/cm (32, 33).

The magnitude of thls surface tension effect on the
solubility of benzofalpyrene was estimated with (12)

log . Vet ~ S HSH)
oo 2.303 RT

where G and Gy (mng/L) are the aqueous concentrations
in the presence and the absence, respectively, of any surface
active agent; NVis Avogadro's number; (G0 = Onrgy) (dyn/
e is the difference tn sarface tensions between the (wo
water samples; R (erg mol=! K-') Is the gas constant; T (K)
is the temperatuve; and HSA (cm?) is the molecule hydeo-
phoblc surface avea, here approximated as 250 A? (12).

A decrease of 1.4 dyn/cm in swiface tension from that in
pure water would enable a benzofalpyrene concentration
increase of a factor of about 3 in the groundwater relatlve to
pure water. The observed BaP enhancement factor at WAOM
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FIGURE 2. Comparison of observed groundwater PAH concentrations to measured aqueous tar—water equitibrium concentrations from

well W40M.

TABLE 3. Distribution of Pyrene in Fractionated WA0M
Groundwater

fraction of total
pyrene  volof mass of pyrene after
concn  extract - pyrene  comection for

fraction mg) (ng)  carryovers (%)
settied solids + walls 0.044 0010 0.44 36
pH 1 precipitate 0.0071 0039 0.28 28
pH 1 dissolved 0.0013 0.23¢ 0.3 36
bulk groundwater 0.0036 0.279 1.02 100

7Bulk- groundwater values are the sum total from each of the
separated fractions.

was 14 in September 1996 when the sutface tension was
measured, A polar, methanol-like cosolvent would need to
be present at gram per liter quantitles to explain this
onhancement (/2, 31); however, only 34 mg/l, of organlc
carbon was measured in the groundwater, On & carbon-
basis, synthetic surfactants and biosurfactants can elevate
compound solubilities at milligrams per liter concentrations
but not without dramatic decreases in surface tenston (9).
Thus, surface actlve species did not appear to be Important
contributors to the enhancement of groundwaler' PAH
concentrations at this site.

Colloidal Materials—In Situ Pyrene Distribution, Pyrene
concentrations were elevated above dissolved concenitrations
in both the settled solids + walls and the plI | precipitate
fractions of WAOM groundwater (Tabie 3). The masses in
each fraction were summed to glve the pyrene coneentration
that would have been obtained by an extraction of the bulk

water sample. This concentration (0.0036 3 0,001 mg/1) was
consistent with the concentration of pyrene (0.0046 0.0013
mg/1) determined in 2 L of fresh W40M groundwater,
indicating no compound degradation over the 5-month
storage period. While the separation of the collold fractions
in W40M groundwater was Hkely not perfect because
gravitational settling and siphoning were used for separation,
the pyrene concentration (0.0013 mg/L} in the final pIl 1
dissolved fractlon was in agreement with the dissolved
concentration In equilibrium with coal tar (0.0014 mg/L).
Concentration agreement between the pH 1 dissolved fraction
and the expected equilibrium with tar indicated that fulvic
acids, organic matetials that would rematn suspendect even
at pH 1, were not important colloidal phases for pyrene
sorption In this groundwater, Thus, all colloid-assoclated
pyrene appearts to have been removed by the settling and pH
1 precipitation steps.

Therelative importance of settled solids-plus-tar and acid-
precipitated organic matter on the enhancement of ground-
water pyrene concentrations was calculated, In orcler not to
suspend settled patticles between successive siphon sieps,
a measurable volume of water was lelt behind at each stage,
Thus, dissolved and stable organtc collold-assoctated pyrene
was also extracted with the settled solids and walls; likewise,
dissolved pyrene was in the pH 1 precipitate. The portion of
the pyreno mass (reported In Table 3) for the settled solids-
and-walls that originated {rom the incluston of dissolved and
organic colloid-assoclated pyrene in this volume was cal-
culated to be 15%. Tn the case of the pH 1 precipitate, 18%
of the pyrene mass extracted was actually dissolved and not
collold-assoclated, With these cortections, about 40% of the
pyrene in the original water sample was associated with the
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TABLE 4. Pyrene Fluorescence in WA0M Groundwater after
Various Treatments to Remove Organic Colloids

fluorescence response
(intensity unitsfunit T0C
sample of pyrene addad) (mge/L)
putified water 31+01,32£01 1904
unaltered W40M 2.2 4:0.1 194 1.5
groundwater
uitrafilterad W40M 24 £ 0.1 17 40,02
groundwater
pH 1 WA0M groundwater not measured 20 4 0.9
ultrafilterect pH 1 W4OM 34 £ 0.2 13£0.4

groundwater

bottle walls or settled solids, about 30% of the pyrene was
associated with collolds that were stable over 5 months, and
the remaining mass was dissolved-Iin-water pyrene.

Colloidal Materials—Fluorescence Quenching, The pres-
ence of stable colloids in W40M groundwater was suppotted
by observations of fluorescence quenching of pyrene acided
to groundwater samples. Increases in fluorescence due to
pyrene additions to W40M groundwater were clearly less
than corresponding responses from pyrene amendmenits of
purified water (Table 4), Indicating the presence ol a
quenching colloid phase In the groundwater. Ultrafiltration
(3000 D) did not remove substantial amounts of the
quenching phase: the pyrene fluorescence was slightly
greater than in the unaltered groundwater, but the fluores-
cence did not approach that of pyrene in purified water.
Thus, the quencher was able to pass through a nominal 3000
D filter, However, when the groundwater sample was acidified
to pH 1 and then ultraflltered, the fluorescence with pyrene
additions did approach the levels of fluorescence In colloid-
free water. The organic carbon concentration also decreased
to 13 mge/L. (Table 4). Acidification of the water sample would
cause humlce aclds to precipitate and be more efficlently
removed from solution by ultrafiltratlon. Thus, the fluorescent
probe measurements also indlcate that pyrene concentra~
tions in the excess of tar—water equilibrium concentrations
result from the assoclation of pyrene with stable colloids
which can be acid-precipitated.

Changes in the groundwater absorbance at 280 nm with
sample manipulation also support the hypothesized presence
of humic acld-llke colloids. The absorbance at 280 nm
decreased from 0.73 for ultraftltered groundwater to 0.50 for
pH 1 ultrafiltered groundwater. Water that was equilibrated
with tar In the laboratory Incubation had an absorbance of
0.45 (280 nm), and thus the groundwater absorbance after
acidiflcatlor and ultraflliration lkely resuited from dissolved
aromatic hydrocarbons. The molar absorptivity of the 4 mge/L
organic carbon removed by acldification was calculated to
be 690 Mc! em~t, This molar absorptivity Is of the same
magnitude as reported for hurnic matertals (34, 35) and Is
much less than the molar absorptivity of polycyclic aromatic
hydrocarbons (cf., benz{ajanthracene absorptivity of 10 Mg
emY; 12). Thus, the change In absorbance upon acidification
and ultraliltration fs consistent withcollolds of a humle nature
rather than a tar nature.

Coupled with the results Inclicating pyrene in excess of
tar-equilibrated concentrations occturred In sity, this s strong
field evidence for assoclatlon of hydrophiobic organle com-
pounds with small (< norninal 3000 Da) organic collolds in
groundwater, Previous lahoratory studies have demonstrated
that humic substances Isolated from socil (36) and aquatic
systems (& 37 39) can enhance the solubllity of added HOCs.
In our study, colloid-assoctated PAH concentratlons were
measured directly by Increased groundwater concentrations
above tar—water solubtlity and in exteacts of separated colloid
fractions. Previous fractionated extractions of contaminated
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grouncwater have not identified humic matetlals as impor-
tant {acilitating phases (16, 17), HOC assoclation with organic
groundwater colloids has been Inferred in other contaminant
plumes through the addition of hydrophoblc probes (14, 15).
Our probe additions were consistent with in situ pyrene
distributions that showed organic coliolds to be important
facilitating phases under certain conditions at this coal tar
slte.

An organic colloid-water partition coefficlent {or pyrene
was estimated frorn the fluorescence quenching results, Using
eq 1 and values of Fy and Fy taken from the ultrafiltered pH
1 groundwater and the unaltered, ultrafiltered groundwater,
respectively, an enhancement factor of 1.4 £ 0.1 was
calculated. The decrease in TOC concentratlon of 4 mge/L
hetween the ultrafiltered groundwater and the pH 1 ultra-
{iltered groundwater (Table 1) was assumed to indicate the
concentratlon of sorbent collolds. With this colloid concen-
tration and an enhancement factor of 1.4, a colloid~water
partition coefficient of 10° mL/gc was calculated for pyrene
using eq (. The magnitude ol this partition coeflicient is
greater than observed for pytene association with aquatic
humic substances (10431045 4) but is of a comparable
magnitude to pyrene partldoning to soil humic substances
(1049--10%5; 22, 41). The source of colloidal organic matter
at this site is unknown; however, degradatlon ol many organic
materlals in the A1l solids, including wood, tar, and natural
organic matter (19), could conteibute to the high dissolved
organic carbon concentrations observed in the groundwater.

Predicted PAH Concentratlon Enhancements, Pyrene
partitioning was used to calculate the expected concentration
enhancements of other PAHs above tar—water equilibrium
In the W40M groundwater. Compound concentratlons in
the bulk groundwater will be increased by PAH assoclation
with stable humic acld-like organic colloids and the material
that was operationally labeled settled solids + walls in our
fractionated extractions, The overall enhancement factor for
a givent compound in groundwater can be estimated using

C]‘ anic settle
E= = 1 [ S Ko+ (i) Koo +
[tar] K, (3)

where [{] (kg/1) Is the concentration of the colloidal phase
as Indicated and X, values (L/kg) are the corresponding
colloid-—water partition coefficients. A tar—water partitloning
term has been included in eq 3 because some of the pyrene
lost to walls in the fractlonatlon steps may have been
assoclated with tarry collolds that have a different colloid—~
water partition coefficient than the settled solids. Since we
found that the fractionated in situ pyrene mass distribution
indlcated that the settled sollds-plus-walls terms are about
the same magnitude as the organic collold term (Table 3),
we modified eq 3 to be

C'l‘ ’ rganle
Y = T2 [&’, :;?d(é]j(collokl @

Kamuavalues for other PAHs were estimated from the pyrene
Ko value, assuming that they scaled according to the
compounds relative octanol--water partition coefficients (i.e.,
KO IS o = KE{,‘,."/KKI,) (Table 5), An organic colloid
concentration of 4 mge/L was used in the calculations. The
calculated solubility enhancements (eq 4) matched closely
the observed enhancements calculated by the ratio of PAH

equilibrium concentrations (Table 5), As expected, less water
soluble PAHs were more susceptible to colloid enbancement.
With the concentrations of colloldal materials observed, the
mass of pyrene that can be transported in the groundwater




TABLE 5. Expected PAH Solubility Enhancement Factors

compd log Koo 10y Koonig c2lcd £ obisd £
phenanthrene 4.57 4,39 1.2 1.2 .= 0.6
fluoranthene 5.22 5.04 1.9 2,4 +0.9
pyrene 5.18 § 18 29411
benz{slanthracene  5.91 5,73 53 37x14
chrysene 5.79 5.61 42 36414
benzo[a]pyrene 5.98 58 6 72428

9 Ref 27. > Caleulatad from &= Corouiwaterd G Where Cyrounswatar IS the
concentratlon in a 2-L sample coltocted at the same time as the
fractionated samples, and G, Is the concentration from the laboratory
tar—-water equllibration,

is Increased by a factor of 23 over the dissolved hydrated
mass; however, over 80% of the mass of benzola]lpyrene, a
more hydrophobic PAH, Is assoclated with colloldal materials,
increasing the mobite benzofalpyrene mass by a factor of
6~7 times,

Environmental Significance. The results of this research
may be coupled with collotd generation and transport models
to predict the enhanced flux of PAHs away from the coal (ar
source. The low groundwater turbldities and small colloid
particle sizes suggest that the PAHs observed In the bulk
grounclwater were mobile, at least In the vicinity of our
sampling wells; however, we have no data characterizing the
calloid attachment and detachment rates for the subsurface
solids and collolds at this site from which to develop a collold
transport model. As an upper, conservalive (i.e., fastest
transport) bound, a retardation factor (K) in the presence of
colloids was estimated assuming (i) linear equilthrium
partitionlng of the colloids to the solid phasce; (i) linear
equilibrium partitioning of the PAHs between collotd and
solld phases; and (ili) a constant colloid concentration (42):

rsz
1+ Z[C()“Old”(cnllold

where £y, (kg/L) is the solld-to-water ratio and Ky (L/kg) Is
the solid—~water partition coefficient, Thls model s applicable
to organic matter collotds, which have a lesser tendency o
partition to tho immobile solid phase than do PAHS (4). For
PAFs, the product of the solid-to-water ratio and the partition
coefficient s generally much greater than 1, so the retardation
factor for these compounds in collold-containing ground-
waler is veduced by a factor of 1 4 Zfcolloid) Ko (= B,
relative to a system with no colloids, We observed enhance-
ment factors for benzo[a)pyrene between 4 and 16 at this
coal tar slte. Thus, the retavcdation factor for benzolalpyrene
waould be reduced by a factor of 416, relative to predictions
assunting no colloids and assuming no pove exclusion effects
43.

For a typical natural aquifer ( fie = 10-*kge/kp), the benzo-
{a]pyrenc retardation factor would decrease from about 1000
to about 100 with the magnitwde of collold-enhanced
solubjlization observed at this coal tar site. The resuitant
colloid-impacted retardatlon factor for benzo[a)pyrene s stilt
high, but if the Industrial site that was the source of this
grouncdwater contamination had been In operation for over
100 years, as is common for many coal tar and industrial
sites, sufficient time may have elapsed for benzola)pyrene
to have been transported to sensitive receptors, even with
a retarciation factor of 100, Certainly, other cofloid partition
coefficients measured in other anthropogenically Impacted
aquifers exhibited much greater capacitles to sorb HOCs than
collotds sampled from pristine locations outslde of the zone
of contaminatlon (14, 15).

Ideatly, characterization of the coflojdal materials at this
coal Lar site would enable a water quallty parameter (e.g.,

R=1+ (®

acld filtered organic carbon) to be used to delineate solubllity
enhancements as asurrogate for direct organic contaminant
analysis. No bulk water quality parameters that we measured
(TOC, turbldity, total or filtered Fe, Al, Si) correlated with the
concentration enhancement factors of hydrophoblc com-
pounds such as benzofa] pyrene for the suite of wellg sampled
here, Thus, knowledge of the source and composition of the
groundwataer colloids Is requlred to enable predictions of
spatial and temporal colloid distributions at this coal tar site
and to enable predictions of thelr occurrence at other similar
sitos,
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