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ABSTRACT : Residual petroleum hydrocarbons after an oil spill may accumulate in the marine benthic ecosystem due to their high
hydrophobicity. A lot of monitoring data are required for the estimation of ecosystem exposure to residual petrochemicals in an
ecological risk assessment in the affected region. To save time and cost, the environmental exposure to them in the affected
ecosystem can also be assessed using a simple food-web bioaccumulation model. In this study, we evaluated residual concentrations
of four selected polycyclic aromatic hydrocarbons (phenanthrene, anthracene, pyrene, and benzo[a]pyrene) in a hypothetic benthic
ecosystem composed of six species under two exposure scenarios. Body-residue concentration ranged 5~250 mg/kg body depending
on trophic positions in an extreme scenario in which the aqueous concentrations of PAHs were assumed to be one-tenth of their
aqueous solubility. In addition, bioconcentration factors (BCFs) and bioaccumulation factors (BAFs) were evaluated for model
species. The logarithm of bioconcentration factor (log BCF) linearly increased with increasing the logarithm of 1-octanol-water
partition coefficient (log Kow) until log Kow of 7.0, followed by a gradual decrease with further increase in log Kow without
metabolic degradation. Biomagnification became significant when log Kow of a pollutant exceeded 5.0 in the model ecosystem,
indicating that investigation of food-web structure should be critical to predict biomagnifications in the affected ecosystem because
log Kow values of many petrochemicals are higher than 5.0. Although further research is required for better site-specific evaluation
of exposure, the model simulation can be used to estimate the level of the ecosystem exposure to residual oil contaminants at the
screening level.
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Fig. 1. Processes in bioaccumulation. (Slightly modified from Fig. 3 of ref 18)
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Fig. 2. A hypothesized food—web structure used in this study.
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Table 1. Physiological parameters of the species in the
model ecosystem

Species Lipid content (%) NLOM (%) WC (%) Wet weight (kg) mP
Phytoplankton 0.5 6.5 93
Zooplankion 1.2 20 788  5.7x10°
Capitella capitata 2.0 20 78 0.0002 0.05
Marsupenaeus japonicus 2.0 20 78 0.010
Paralichthys olivaceus 5.0 20 75 0.1 0.05
Pleuronichthys cornutus 5.0 20 75 0.2 0.05

NLOM: non-lipid organic matters content, WC: water content, mP:
fraction of pore water respired by benthic organisms
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Organism assorted feed | sediment/detritus | phytoplankton
zooplankton 100
shrimp (Marsupenaeus japonicus) 30
nematod (Capitella capitata) 80 20

Paralichthys olivaceus
Pleuronichthys cornutus

70

10
10

40 50
40 50
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Table 3. Physico—chemical properties of the selected PAHs
Molecular wight Henry's raw constant®  Water solubility Melting point® Boiling point®
PARs (g/mol log KOW® (atm-m?/mol) (ug/L) (c) (o)
Phenanthrene 178.24 4.52 4.23x10° 1,100 99.2 340
Anthracene 178.24 4.50 5.56X107° 80 215 340
Pyrene 202.26 5.00 1.19x107° 130 151.2 404
Benzo[alpyrene 252.32 6.35 4.57x107 1.4 169.4 443

Suggested values from Sangster Research Laboratory (ref 25); bSuggested experimental values in EPI Suite Ver. 4.00 (ref 12); From ref 4.

Table 4. Assumed environmental concentrations of selected PAHs in overlying water and sediment

PAHS Aqueous solubility® (xg/L) Case | Case |l

Cu” (g/L) Csed® (mg/kg) Cu? (ug/L) Csed (mg/kg)
Phenanthrene 1,100 110 260 1.1 2.6
Anthracene 79.6 8.0 18 0.08 0.18
Pyrene 134 13 92 0.13 0.92
Benzolalpyrene 1.4 0.14 22 0.0014 0.22

®trom ref 4; Pone-tenth of aqueous solubility; “estimated using KOW and 7.1% sediment organic carbon content; “one-thousandth of aqueous solubility

CHEHEZZ S| | MI31 2 M11512009 118 |



952 | Korean Socity of Environmental Engineers

By HyE

A2J9] log Kow #h= 7Hle LA=20l tisf Table 4| FAE] AT Hold AedEdaeit W2 s Ko
A 7H 5 o83t sl A wot AYEA A 5 715 sh=dl, A
=5 AR A E FE0l W't log Kowe Hste] w2 A

BESE L BEEH NGES s

3. &dut A nE o 2452 A
o8 9ol 53 47t s B3 SR H Fas)

3.1. 2 MEefA oM FlelEEsE el Ao = Helth
5 714 AlvE] 2(Table 4)ollA dojzl AWs=et A4ke BCFe} BAFQ] Apol= &pAdo] & &8ss AXr
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(Table 4), 1°| w2} BCFeF BAFQ] gh2 F Aluhe]2of A of njsto] mjL W& ARFEEE HY & USS AT
sYsitt, AU FsEs dAR Jolakse nt S7keke 4 PAHs 7htl log Kow #ke] 4~5 Atolel stE 3}
Fdg B, AHGE-L HLols AR A dieF QtEEHAlo| A= BCFS}F BAF= 2 #fol7t glom, o] A}

o~} JEO) FEEIHE BT, 2440 M 2 WAl ol log Kowdkol 5.0 ol4olm Auhe] maKgof o)
SR ool 100 ole] $EFIIE Meth FRAE A Balsh dolubAl g B A FERA Ao

Table 5. Body residue concentrations in case | and case Il with BCF and BAF values obtained in the hypothetic benthic ecosystem

Body residue (mg/kg)

PAHs Species BCF BAF
Case la Case lla
Phenanthrene phytoplankton 99.2 0.992 900
zooplankton 69.8 0.698 630
shrimp (Marsupenaeus japonicus) 99.1 0.991 880 900
nematod (Capitella capitata) 113 1.13 890 1000
Paralichthys olivaceus 254 2.54 1700 2300
Pleuronichthys cornutus 243 2.43 1700 2200
Anthracene phytoplankton 6.89 0.00689 860
zooplankton 4.85 0.00485 610
shrimp (Marsupenaeus japonicus) 6.88 0.00688 840 860
nematod (Capitella capitata) 7.81 0.00781 850 980
Paralichthys olivaceus 17.5 0.0175 170 2200
Pleuronichthys cornutus 16.8 0.0168 1700 2100
Pyrene Phytoplankton 34.9 0.349 2700
Zooplankton 25.3 0.253 1900
shrimp (Marsupenaeus japonicus) 35.8 0.358 2500 2800
nematod (Capitella capitata) 44.6 0.446 2600 3400
Paralichthys olivaceus 110 1.10 4600 8500
Pleuronichthys cornutus 110 1.10 4500 8400
Benzolalpyrene phytoplankton 5.54 0.00554 40000
zooplankton 6.61 0.00661 47000
shrimp (Marsupenaeus japonicus) 8.49 0.00849 24000 61000
nematod (Capitella capitata) 26.0 0.0260 33000 190000
Paralichthys olivaceus 78.6 0.0786 19000 560000
Pleuronichthys cornutus 81.1 0.0811 17000 580000
®See table 4
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Fig. 3. Relationship (a) between log BCF and log Kow and
(b) between log BAF and log Kow for six aquatic
species used in this study.
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fish, Paralichthys olivaceus.

log BAF
f
f
|
|

log Kow

Fig. 5. Effects of food preferences on the relationship
between log BAF and log Kow for Capitella capitata. f
denotes fraction of sediment detritus ingested by
Capitella capitata and fraction of phytoplankton
ingested was assumed to be 1-f.

ofof gttt
Fig. 4o|= A& A< (biomagnifications factor,
BMF; log BAF¢} log BCFY #o)E djAro] HF¢l
Paralichthys olivaceus®ll ™34 YerHct AES A
+ log Kow? 7tol whet 5718kttt log Kow7F 7.0 o4
O] Zh= 7HAA =W AL dAggt ghell st FEIE Hof
. o= A 7Rt A3 mR7IA R agAdo] wle- 2
EAEE AT vl 27] flZo] EeA el FulE
of =dsh= Alto] vl AojX|A FaL, o]o whe} HEo
22 A7 AW JsE Y BAF/BMFO] © |
42l Feke = Aol 710kl & 4= Sich
A A, AW wafirkgo] dojubR] o=ttd log
Kow o] 7.0 A=7t B e@=do] AeAd =2 +%
= FA 5o} Qs o7 7hsAdo] EorAlaL, o]t
2440] =& EAE(log Kow > 7.0)9 ddjAe 11 =&

7hwobd Ao % 42 4 itk £ A014 log Kow

ox
k1

glol A4-2 A% Al g 4 ot

)
[of
o
i)
=)
T,
)
ox
> o

3.3. Ho|MSEof ME PIZE 2N

WA 7Tt AX"E & dAFtolA= 2E A ellA9l
HoldB s thar Ydor AAstleng olo wE By
o] M35 AHEE AL v Fasit) 32004 Audt A
A AE T A 715G BES S0 A
St= WA Yol (Capitella capitata)®] 735 HolAs =of wh
et BESAA 7 2A W 4= 9o Fig, 50 e AA
d, 243] dshe AeEs AFshe 49-(=0), log BAF=
Heae-o] 17 (Fig. 3b)2t H|S=3t B akS HoX|Nh A4 F
7189 AFH]&o] EoldeE QHEAY log Kowdl WHE
log BAF9| 9aF2 AA gepxith, oA oF AoflA] dgst
A} o] AAR71=0] F4E LAEAY sroAe s&
of thet Hl&-2 st ZiAlETE 2l log Kowell vz}
= Aoz A5k gl
Fig, 5014 ARt A} Zro] Hol & o mhg BAFS] 2t
7} 10080l o2& AL tha SHA Q] A2 Helt), 314

o|ZE F9| HolAB ko HEHO F4 gl

ES
5 A g 4 k=
-

o

>

A HolFL Aol

o °

Ml > oR do o o i ofn rE
ot
o
lul >
2
H
e
ol
ol
RS
o
ofs
o,
N
e =
oX

ooty B
1o o o &
ox
o
2
O
L O ok
e Lo
Y
o
u

ol
ol
fo
:?I:'
Y

> L
H
o
o
(i
ol
ot
B
uu)
)
1o
Y
>
oZ

o]
filo

A solela) JBHARYL ol gkl /g2 sl
= 2

A oA Tyt

| Journal of KSEE | Vol.31, No.11 | November 2009



o] $ROGEMe| mEHE AR HolE HuE 4 9lg
o wojol) ABZABYL W Aloke] YgolE B3}
51 Ak E o] Bol 285 WHEAS S g 7}
WEFE] gIelAe] ol 4702 uEE 4 YEAES
7K % ok dlel 7 Ego) itk B gL 8 A 7%
A ke 7 e A Ao ek Bk 2 4 9l
o) o]2 o] §3te] log Koweh A8 ol 5z} o] i

=~

F97bol 2 G T AR dhat Uz
S qlgle, B oAl cAla whel 7o

il
i)

H

ofll
L2 M
et &
12
:oé

o
11}(e3

p=h
=
M BERAE 2ot D 4 QoL R R R A AL
€ oA Y9 9E Egsta /Y ¢ flenE &2
AtollA 287t Holddf BExAuFS Agdrhd B
-6 S AAgohal dpoha ol A Kt Bl A
A dH7HE D = S AL 7t Ent

KSEE
Ab AL

2 A= A - FraTtd el 2008 At
AFF(WO-06)2] Aoz == 5t mgo gt Jon
Arnot BFAFY] 2

ot

]

i
rar

1. Sergy, G. A., and Owens, E. H., Guidelines for Selecting
Shoreline Treatment Endpoints for Oil Spill Response,
Environment Canada (2007).

2. Landis, W. G., and Yu, M.-H., Introduction to Environmental
Toxicology, Lewis Publisher, Boca Raton, pp. 252~254(1995).

3. US EPA, Guidelines for Ecological Risk Assessment.
EPA/630/R-95/002F, Washington DC, pp. 2~4(1998).

4. Neff, J. M., Stout, S. A., and Gunster, D. G., “Ecological risk
assessment of polycyclic aromatic hydrocarbons in sediments:
identifying sources and ecological hazard,” Integrated Environ.
Assess. Manag., 1(1), 22~33(2005).

5. Barber, M. C., “A review and comparison of models for
predicting dynamic chemical bioconcentration in fish,” Environ.
Toxicol. Chem., 22(9), 1963~1992(2003).

6. Gobas, F. A. P. C., Opperhuizen, A., and Hutzinger, O.,
“Bioconcentration of hydrophobic chemicals in fish: relationship
with membrane permeation,” Environ. Toxicol. Chem., 5(7),

637~646(1986).

Sijm, D. T. H. M. and van der Linde, A., “Size-dependent
bioconcentration kinetics of hydrophobic organic chemicals in
fish based on diffusive mass transfer and allometric
relationships,” Environ. Sci. Technol. 29(11), 2769~2777(1995).
Amot, J. A., and Gobas, F. A. P. C., “A food web bioaccumulation
model for organic chemicals in aquatic ecosystems,” Environ.
Toxicol. Chem., 23(10), 2343~2355(2004).

Bergen, B. J., Nelson, W. G., Quinn, J. G., and Jayaraman, S.,
“Relationships among total lipid, lipid classes, and polychlorinated
biphenyl concentrations in two indigenous populations of ribbed
mussels (Geukensia demissa) over an annual cycle,” Environ.

Toxicol. Chem., 20(3), 575~581(2001).

. Jabusch, T. W., and Swackhamer, D. L., “Partitioning of

polychlorinated biphenyls in octanol/water, triolein/water, and
membrane/water systems,” Chemosphere, 60(9), 1270~1278
(2005).

. Henderson, R. J., and Tocher, D. R., “The lipid composition and

biochemistry of freshwater fish,” Prog. Lipid Res., 26(4),
281~347(1987).

. U. S. Environmental Protection Agency, Estimation Program

Interface (EPI) Suite ver. 4.00. U.S. Environmental Protection
Agency, Office of Pollution Prevention and Toxic’ s,

Washington, DC, USA(2008).

. Meylan, W. M., and Howard, P. H., Validation of Water

Solubility Estimation Methods Using Log Kow for Application
in PCGEMS & EPI (Sept 1994, Final Report). prepared for
Robert S. Boethling, U.S. Environmental Protection Agency,
Office of Pollution Prevention and Toxics, Washington, DC;
prepared by Syracuse Research Corporation, Environmental

Science Center, Syracuse, NY 13210 (1994).

. Livingstone, D. R., “The fate of organic xenobiotics in aquatic

ecosystems: quantitative and qualitative differences in
biotransformation by invertebrate and fish,” Comp. Biochem.

Physiol. 4, 120(1), 43~49(1998).

. Luthe, G., Stroomberg, G. J., Ariese, F., Brinkman, U. A. Th.,

and van Straalen, N. M., “Metabolism of 1-fluoropyrene and
pyrene in marine flatfish and terrestrial isopods,” Environ.

Toxicol. Pharm., 12(4), 221~229(2002).

. Han, X., Nabb, D. L., Mingoia, R. T., and Yang, C.-H.,

“Determination of xenobiotic intrinsic clearance in freshly
isolated hepatocytes from rainbow trout (Oncorhynchus mykiss)

and rate and its application in bioaccumulation assessment,”

ChEterAEstslx| | M313 M115120094 118 |



956

Korean Socity of Environmental Engineers

By -

st

17.

18.

19.

20.

21.

Environ. Sci. Technol., 41(9), 3269~3276(2007).

Boehm, P. D., and Page, D. S., “Exposure elements in oil spill
risk and natural resource damage assessments: a review,”
Human Ecol. Risk Assess., 13(2), 418~448(2007).

AL, “epaEtE A g ST 7 ASE: 24A7), i
&1, 3pshA] FA o] whE Aok =g =4 5E] A, 23(2),
67~77(2008).

Nichols, J. W., Fitzsimmons, P. N., and Blau, L. P., “In vitro-in
vivo extrapolation of quantitative hepatic biotransformation data
for fish II. Modeled effects on chemical bioaccumulation,”
Environ. Toxicol. Chem., 26(6), 1304~1319(2007).

Swackhamer, D. L., and Skoglund, R. S., “Bioaccumulation of
PCBs by algae: kinetics versus equilibrium,” Environ. Toxicol.
Chem., 12(5), 831~838(1993).

Krop, H. B., Van Noort, P. C. M., and Govers, H. A. J.,
“Determination and theoretical aspects of the equilibrium

between dissolved organic matter and hydrophobic organic

22.

23.

24.

25.

micropollutants in water (KDOC),” Rev. Environ. Contam.
Toxicol., 169(1), 1~122(2001).

Burkhard, L. P., “Estimating dissolved organic carbon partition
coefficients for nonionic organic chemicals,” Environ. Sci.
Technol., 34(22), 4663~4668(2000).

Dulfer, W. J., and Govers, H. A. J., “Membrane water
partitioning of polychlorinated-biphenyls in small unilamellar
vesicles of 4 saturated phosphatidylcholines,” Environ. Sci.
Technol., 29(10), 2548~2554(1995).

Kwon, J.-H., Liljestrand, H. M., and Katz, L. E., “Partitioning of
moderately hydrophobic endocrine disruptors between water and
synthetic membrane vesicles,” Environ. Toxicol. Chem., 25(8),
1984~1992(2006).

Sangster Research Laboratory. LOGKOW@© - A databank of
evaluated octanol-water partition coefficient (log P).
(http://logkow.cisti.nrc.ca/logkow/index.jsp). Last accessed on

24 June 2009.

| Journal of KSEE | Vol.31, No.11 | November 2009



