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(R(('r;v~d (, Sc-p'C'l1Ib", 19q7; IIC:ntprcd 5 hI} I~9S) 

AbHr~N-S&:dimerH qualily guide-.lines (SQGS) (or polycyclic i.lromst;c hydrocurbons (PAHs) have: been dc:rivcd fforn a vllricl)' I)f 
laboratory, field. and thc:orelical (oundatiorls They include the ~creening level concenlrulion. effecls ranges-low and-mt:diiJn. 
c'1uilibrium psnilioning conce:nlro'llions, ;.lpparcnl effects threshold, ~PAH model. ;md thrcshold and probable c::ffC:C1S levels lhc 
r;,:solUllon of controvcrslsl differc:ncc:s among. (he PAH SQGs lies in an understandins of the dfcC1S of mixtures. Polyc)tdi,,' ",rom31i~
hydrocarhcH\s, virtually 11\101:\)1$ Occ:ur in tleld·collcC1Cd lOcdimcnl us a compleJl miJl[urc of covarying compound~ Whell c:xprc:<;5cd 
a~ II mixture concentration, lh.. t is. 101:\1 PAH (TPAH). lhe l;uic1clines (orm three clusters Ihst were: intended in lheir ori~pnilJ 

dcrivations [0 rel"re~nl lhreshold (TEe = 290 IJ-g/g organic c:lrhon (OeD. mcdi:ln (MEC = l.SOO lJ-g/g oq, and c\trCnlt' i,EEC 
:::': 10.000 IJ.glg OC) t'f(e:ct~ conccntr.llion5. The TEC/MEC/EEC t:onscnsus guideline~ provide a unifying synlhcsis of other SQ(h. 
rc:flcct c.auS:l1 rUlher than correlative: effects, ;lccounl "or IlIjxlures, :Ind l'rcdicl ~edimcnl IOltiicily :md benthit: community pcrlurh.iTiOI1~ 

al sites elf PAri l·Ont3min~llian. The: TEe offers the mO~1 vsdul SQG because I'AH mix lures arc unlikely 10 C;,\lISr: ;IQvaSC C((~'d~ 

un benthic ecosystems belo\.ll Inc 1"r:c. 

Kl:yword~PQly(."ycljc arom:ttit.· hyc.lrocurt'1olll; MixIU'I:S 

INTRODUCTION 

A plethora of marine sediment quality guidelines (SQGs) 
hav~ been propolied for polycyclic arom3tic hydrocarbons 
(PAHs) [1-1 0). Exi~ling PAH SQGs were derived rrorn a V3

net)' of laboratory, field. and theoretical foundations. Th~y 

have engendered considerable conlroversy over issues of cor
relatl ve versus causal relations berween chemi~lry and bio
logical effects, bioavailability of sediment contaminants. ef· 
fects of covarying chemicals and mixtures. and ccologicu\ rel
evance (see editorials, 11-19}. 

In this paper 1 auc:mpL to resolve:: these issues ~'lnd show
 
that the different SQOs are more similar Lhan dissimil.\lr. The
 
ex.isting PAH SQGs arc described and qu<>.ntitativcly com


.\ 
pared. Consensus gUidelines for PAHs arc proposed for thresh.


h old. median. and extreme effects eoncentT::ttions (TEe. MEC.

I 

EEe). The consensus guid~lines arc then evaluated with re·I 
:;p~ct to their .ability to predict scdlmelH tox.icity (1 D.d mor
t;;tlily to estuarine; and marine <imphipods) and in situ ecolugical 
.:flc::t:tli (reduction in the areal sp~cics nchn~~~ or macl'obenthic 
asst:mblagcs). 

£XlSTING PAH Slo:DIMENT QL:AI-ITY CUIDEllNES 

Sernning levi!l concemrCJ.rion (SLC) 

The SLC was derived from field d<ltC:l on PAH conCCnCrJ
lions 'md the presence/absence of s number of benthic ~l'eCICS 

ll]. A cumulative frequency distribution of stiltions at which 
a panieular species was present was plotted ag:liMt the organic 
carbon (OC)-normJlized concentration of an individual PAH 
to derive the species screening level conccntrarion CSSLC). 
The SSLC was defined as lhe concentr:'\tion ~l [he 90th pcr

(I 
• To,) whom COrrc$pondcnee may be: aorJrcssC'dj 

I \ ~war(l<rrlc\Nol.cOrl"l). The: current :IJJrt.'ss 01 R.c. S..... art~ is P.O B,1K 
3')7. PL1dd~. FL 33946. USA.i 

i 
,1 
~ 

S..:dimcnl quul!l)' guideline: Sediment to:o:.icil)l 

ccntilc.: of this frl:qucncy dislnbution. ThL: SSLC:. Cor J larg.~ 

number of species w~rc then plQ[ted in anotber rr~qu<.'l)cy diS

tribution. The SLC WClS defined 4:) the lndivJdu:.d PAH con
centration above which 95% of the SSLCs Were: found. 

Effecrs range-1o ...... (ERL), (ff~cts rallge-median (£RM) 

The ERL ~nd ERM were dtvdop~d from an CXt~l\SIV;'; d3' 
tabase of biological effects determined by :l varielY of lnl:thods 
(Ioxicity tests, field observations, other scdim~nl guidt:lillC:i 
including eqUilibrium pllrtitioning-derivc:d (EqPJ crit.:na :lt1U 
the app~rcnt effects Lhrcshold [AET)) l2,9]. The dry w~ighl' 

normalized dalsb3sc for elich PAH compound wa~ :>Qrt..:d ~IHj 

the ERL and ERM identified EJ.:; the lower lOth (ERL) and 50th 
(ERM) percentiLes of cffects data. 

Equilibrium parririonin~·deriyed(EqF) criferia 

The Eq? concentration is th~ OC·normali,,,;d individual 
PAH concenlration in l:icdiment thaL is in equilibrium with an 
inlcrstitiJI water PAH <:uncentration equal lO Ihe US Envi
ronmcnt:!l Protcction Ag\:ncy (U.S. EPA) Willer Qu,\!l\Y Cri 

terion Fin31 Chronic Value [3,5-7]. The US. EPA has proposed 
EqP criteria for acenaphthcne, phc:nsnlhren~. and ftllo/'.:Inlnr,:nc 

Appar~nr t:f!ects rhrt~hold (A£T) 

The AET is the dry weight-normalized individual PAH con
centration above which statistically significanl biologit.:;J.! d. 
fec;ts always occurred in the Puget Sound daHlbase usr;cl 10 
create the values (4J. Four kinds of AET vslucs an: ba~cd on 
sediment lo~icity teslS with amphipods. oyster larvae, Micro· 
{OX, and on biological effects in the field as mea~urcd by th~ 

abundance .or benthic infauna In addition, AET SQGs :lr~ 

expressed as the highc:~t (HAET) and low~SI (LAETl of the 
four kinds of AETs 

7~O 
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T;\hk i TI1..: ~Po\H "li~\urc LC50 and ef(~t" rangc-mcdi:ll' (~RM)' individual compounds, low rnolt:-cular weight (LPAH). high 
~cdlm~nt qllil\it~ guiJclincs (M tN.:\! PAHs (~g!~ or~nnh: c:\rbun molecular weight (HPAH). or total PAHs (T?AH) that is ex[OCD . 

pected when the TPAH is sufficient to cause 50% ampnipod 
Mean mortality (T.1ble I). The IPAH mixture LeSO is ealculatlold as 

percent ~PAH \hc product of the Le50 for an individual compound (e.g .. in 
~PAH of mixture a spiked sediment toxicity test) and the mean fractional con

PAH I.C50 ~TU" LCSn ERM tribution of ~hat compound 10 the sum of toxic unite; in field
:--:ar!lI!1;l!c ll c 7.146 10 71 210 collected sediments contaminated by a PAH mixture [81. For 
.l,cc:n:lphtl1yknc 4.900 O.J /5 64 example. the n::lphthalcne LCSO estimated by the IPAH model 
Accl1;"I,hlllcnc 2.310 1.0 ~3 SO is 7.146 j.l.gJg DC. and naphthalene accounts for about 1% of 
FluMcrlc 4.473 2.0 90 54 the PAH toxic units in contaminated sediment [8]. The. );,PAH
Phenanthrene 2.220 70 155 150 
Anrhr~ccnc 4.220 2.7 114 110 mixture LeSO for naphthalene is th~refore 1% of 7.146 p.gig 

OC (-71 IJ.-glg DC, Tsblc 1). The threshold of significant Low mtllecular weight PAll' 468 638 
amphipod toxicity occurs at 0.186 to;ll;lC units [8}. Because the 

f'luClrill1rhcnc 3.310 I 1.2 ~71 S10 IPAH mIxture LCSO represents J.O toxic units. the ~PAH
P)renc 2.810 17.\ 481 260 

tox.icity threshold SQGs arc 18.6% of the LPAH mixture LCSOBc-n,[ C1lanlhr:lcen~ 2.130 ~.2 III 160 
Chryscnc 2. t;\6 7.9 169 280 SQGs (Tables 1 and 2).
 
Ben/.C\[h I(\ uM:\r\tllcr'lC: I.09fi 164 ISO 188"
 
Ucnl.O(k Inuc(:\nthcne Rn 17.4 155 IG2" Thrts!told effects level (TEL). proba.ble effects level (PEL)
 
BCI17n[f/]pyrcnc 1.1S55 lO.S 179 160
 

Th~ TEL and PEL were derived from a biological effects 
Hi~h mo\ccLJl~'Ir weight PAH' 1.64t> 1.720 dJt.1 set (B EDS) that included all observations of adverse hi
T('It,1I P,'\Ii' 2.114 2.358 ological effects that occurred at chemical conccntrations .1t 

least twofold above reference conditions, and a no effects data 
"ER~I"t 1(7,- OC 
"~'n; :';:~1li1l of loxi\.: unit!'. set that included all observations of no adverse biological d· 
. By ~l(jditin,\ ft:cts at reference sites or at chemical concentrations within s 
.' 'i(~ ERM F.qill'''IC assuming Ine:ln (:'1110 \0 !i'AH mixture:: LCSO for twofold el~vation above reference conditions [1 OJ. The TEL 

C'ther HrA H was calcul:lted as the geometric mcan of the 15Lh percentile 
of the effects data sct and the 50th percentile of the no et'fecL~ 

data ~et. The PEL was calculated .as the geometric mean of 
!PAH !?lodel the 50th percentile of the effect~ d'lta set and the 85th percentile 

The ~PAH model estimates the probability that a PAH· of the no effects data set. 
(.;(lnl;lminatcd sediment will be toxic to marine and estuarine 

No rma lit,tJ lion.<lmphipods (8). Two SQGs can be derived from the IPAH 
r'nt"ldc..:l. the !PAH mixture LCSO, and the IPAH toxicity Sediment quality guidelines havc been proposed for' PAH 
thccsholu. The !.PAH mixture LeSO is the concerotration of eoncenlra~ions normalized on bOlh an OC and dry weight basis. 

T:'Ible 2. Sediment quality glliJclines for total polycyclic ;Jrom:ltic hydrOC3rbons (TPAHs. jJ.g.ig orgsnic carbon rOC]) 

Sediment quality ~uidc:{inc!; (SQGs)' 

'2.PA,H ~PAH 

toxicity mixture 
PAH ERU ERM~ TEL~ Pf::L" SLC LAc-T" HAEP EqP threlihold I.C50 

N(lpl1tI1.11en~ 16 210 3 39 41 210 27() /3 71 

A.:cnaph \h y lene 4 64 I 13 5 >56 130 3 15 
Acen~ph(l1cne 2 50 I I) 6" 50 200 2::;0 .<1 23 
Flu('\(l~f1C 2 5·1 2 14 10 S4 360 17 90 
Phen;'lllfh(cn~ 24 ISO 9 54 37 150 690 240 21) I ~S 

Anrhr.,ccnc 9 110 5 24 16 ')0 1.300 21 r 14 

L,w molecular wei~ht PI\H" 57 638 21 15~ 115 616 2.950 87 .168 

FI L".Jnt/1(h~nc: 60 510 11 141) 64 170 3.000 300 69 3'11 
Pyrc'\~' fi6 260 15 140 t'l6 260 1.600 9(') .is I 
Renl,[ol.lnlhracenc 26 160 7 69 26 130 510 2\ III 
Chrys~nc 38 280 II 35 38 1.:10 920 3\ 169 
B~f1lO(")nuor:mthcnc 32< ISa, 7' 71' :n" 160 445 33 I SO 
[kl1/.o(kj fluora"thc.ne 2S' 162' 6' 61' 2~" 160 445 29 lS5 
Oc:n:>:o[(l Jr~rC:t'c 43 160 9 76 40 160 360 33 179 

Ill~h mo1cclIl;'\( weight PAH" 293 1,720 66 651 2Q4 1.I80 7.280 306 I.I)J(" 

Tot:ll P:~H·1 3:'\0 2.358 87 804 409 1.796 10.230 211 393 2.\ 1.:1 

, F.RI. effects range-(C'w [21: ERM = effects r~!lge-meciian [2J; TEL threshold effects I~vel [101: PEL = prob3hlc effects level (IOI~ su: 
= ~,r..:cnlng level concentration t I]: LAET' 10"" ilpparerll effects tl1rc~ho[tf l4J~ HAET'c high apparent effce(s thrcshokJ (4J: EqP == US 
En,irunmentAI Protection Agency criteria derived (rom equilibrium pJrlilioning theory [3..5-7J 

'SOG :II 1r;'r- Oc.
 
. Nr; SOG Eslimntc: l\!:~um\ng mean ratio to ~P!\H mixture '-CSO for other hj~h molccul<lr weight PAH~
 
., By Jddit;(lCI,
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The PAH concentrations in this p~per are OC-normalized to 
facilitate comparisons among SQGs and becaU5e of th~ im
portant role of OC in determining PAH partitioning and bio
availability (3]. The mean DC concentration in the BEDS wus 
1.0% (10). A sediment DC concentration of 1.0% was therefore 
assumed in the OC-nonnalization of SQGs that wcre originally 
nl)rmalii'.~d to dry wc:ight. 

StdimenT ~lJidetirlt~· for PAH miXTures 

[n addition to SQOs for individual PAH compounds, guide
lines have been proposed for LPAH. HPAH. aod TPAH. The 
prc:sc:nt analysis is reslrictc:d to six LPAH compounds (naph· 
thalene. acenaphthylenc. acenaphthene, l1uorene, phenan
threne. anthracene) and seven HPAH compounds (tluoranchene, 
ryt'~ne. benz(a]anthracenc, chrysene, benzo[b]fluoran
lhene:. b~nzo[k]Muoranthene. benzo[a)pyrene). The LPAH. 
HPAH, and TPAH SQGs arc calculated hcre as the sum of the 
OC-normalizl:d concc:ntr~tions of the: 6. 7. or 13 compounds 
listed above. Because different sets of compounds were in
cludc.:c1 in the onginal dcrivation of LPAH, HPAH, and TPAH 
SQG~ (2,4,8-101. the original values differ from those recal
culated here. When 3. SQG W:iS missing for 1 to 3 of the 13 
compounds (e.g., there is no ERM for benzo(b]Ruoranthcne), 
it was estimated assuming the same ratio to TPAH as the 
((uideline based on the IPAH mix,ture LCSO (Table 2). Because: 
~here are only three EqP values [5-7]. an estimate of the EqP 
value for TPAH was made by multiplying the mean ratio of 
EqP to amphipod LeSO times the YPAH mixture Le50 for 
TPAH (Table 2). 

DcatJ SittS 

SedimenT toxiciry. Two data sets wcre uscd in the :m:llysis 
and comparison of SQGs in relation to sediment toxicity '[he 
first was restricted to s~lrveys al sites where PAHs were known 
to be a principal cont.3.minant nnd is therefore referred to as 

the PAH dats set (8). It includes 102 samples from 5a.n Diego 
Bay. Calit"orni~, USA [8]. Eagl~ Harbor, Washington, USA 
[20,2 I J. Curtis Creek, Virginia, USA [22], and rlalifax Harbor, 
Nova Scotia. Canada [23J plus data from 30 sites in Elliott 
Bay, Washington, USA (S.P. Ferraro, unpublished data). The 
sc:c()nd set is call~d the EMAP data because it includes 678 
~ampks collected in U.S. EPA's Environmcnlal Monitoring and 
ASSe$limc:nt Program surveys in Long Island Sound. Ncw 
York. USA (1989. 1991). and the Virginian (1990. 1991) and 
LouiSianian provmces (1991. 1992), USA. The EMAP surveys 
Wert~ basc:d on a probabilistic sampling design so that sites 
were selected without bias toward th~ presence or absence of 
PAH contamln:nion [24-26]. D3ta collected for :l11 of the PAH 
<lnd EMAP samples included lO-d sediment toxicicy to am
phipods {Rhtpoxynius abroniuj. Ampelisca abdila, Eohaus· 
(urius e.<:tu.arius, Leprocheirus plumuJosus, 01' Corophium vui
urator) following the American Socic:ty for Testing and Ma
terials (ASTM) protocol [27J. a.nd the sedJment conccntration 
or OC and the 13 PAH compounds listed above. 

Benthic communiry structu.re. Benthos samples were col
I~C[cd along with sediment toxicity and chemistry samples at 

twO of the PAH·contaminated site survey~. In San Dic:go Bay, 
a single g·cm-diameter (5Q-cm2 ) core was collected for benthos 
analysis from each of five replicate 0.I-m2 Van Vccn grabs at 
<:a<.:h staLion. Crustacean and mollusc species (S) retaincd on 
a 1.0-mm si~v~ were collected, identified. and counted to ~s
timatc ,grC3\ species richness :It each sLaLion, that is. 5/0.025 
m~ In Elliott Bay. three: 8-cm-di:lmctcr cores were collected 

R.C. SWOrt7. 

ERL ERM EqP Le50 
1.6 50 230 2310 

~ ~ t t
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Fig. I. Amphipod monslity in rel:1cion lO ac~naphlhl::'l'Il::' C:Ol'I.:CnlrJlion 
in IQ·d sediment lo~icicy ICSIS of sediment $urnpJc:s from sile:o; M P..1,H 
cOIH:lmi Mlion. 

from an unreplicated O.l-mz Van Veen gr.ab at ::~ch station 
Areal species richness of crustaceans ~lOd molluscs retained 
on a 1.O-mm sieve was therefore eSlimu\cc.l l!S SiO.O 15 m~ in 
EllioLt Bay. 

COMPARISON OF' S£DIM£NT QUALITY GU1DELlNES 

The miXTure parado:.c 

Polycyclic aromatic hydrocarbons Virtually always occur In 

field-collected sediment as a complex mixture of covarying 
compounds [28,29}. Thus, ecological pcnurbations result from 
the cumulative effects of multiple PAHs. A principal key to 
resolving differences among the SQGs is offered by wh~t 

might be called the "mixture paradox.." The p<lradox lies in 
the fact that sn SQG derived from accurate, experiml:ntaJ de

termination of toxicologic effects caused by an individual PAH 
compound (e.g., through spikc::u-scdimcnt experiments) will 
greatly underestimate ecological effec.:ts in lh-: field th~H ar~ 

associated with thc SQG. but actually caused by the PAH 
mixture. As a corollary. an SQG derived from the cOl'Tl~lali"n 

of ecological effects with the concentration of an individual 
PAH in field-collected sediment will greatly overes(imdlc thc 
effects actually caused by lhe single compound. 

The mixture paradox is evident in the relation betwc.:cn 
amphipod toxicity and the concentration of acenaphth~n~ in 
field-collected sediments (Fig. 1). Thc LeSO of acenJphthi:nt; 
to amphipods (2,310 iJ.g/g OC) and the EqP value (230 ~g/g 

OC), both derived from experimenls with single compounds. 
substantially underestimate the toxicity of field-collected sed· 
iments (Fig. 1). The ERL (1.6 lJ.g1g OC) and ERM (50 jJ..g/g 
OC). derived from correlative techniques, accur31r;:ly indic3lc 
low and median toxicologic effects aSl;oci<llCd with :lcen~ph
lhcne in the field. but <Arc one or two ord~rs of m~gnjludc 
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hclClW :1Ccnaphlhcnc concentrations that could cause the ob
se rvcc..1 L: freets (r= is:. r) 

L('\I1~ Cl at. (9) recognized that "the cumul:nive effects of 
mixturr..:.~" m;'1y tend to reduce the "spparent effective con
c.:;.:nlr.lti('ln or indivIdual tOxicants" and make field-derived 
SQG~ "more prntective than SQGs based upon only single
eh~mlccll aprroaches." Predictions of the 2PAH model allow 
~n ex!-"l,clt test of the hypothesis that field-derived SQGs rep· 
rescnt concentrations of individual compounds in a PAH mix
ture who,;c cumulsrive tox.icologic action is responsible for 
()h~crvcd crrcc.:[~ The ~PAH mix,ture: LC50 guidelines (derived 
rrom -:.pihd-sedimt.:nt te:;ts with single: compounds) estimate 
the i:(\nccIHralions of individual PAHs in a mixture that would 
couse S()('c Jrnphipod mortality. None of the PAHs at the IPAH 
rni:\tLll"t..: LC50 SQG concentration would be: ~urticicnt. by it
"elf. to .:au~c significant toxicity. NOte the remarkable $imi· 
[:lrity of the ERM Jnd lPAH mixture LC50 guideline!' (Table 
I) On average these two guidelines for median effects (50% 
mC1r\"lity or 50th percentile of ecological/toxicologic effects) 
Liirier by a ractor of only 1.5. Agreement is b~lter for the 
summ<J.ry guidelines (LPAH. HPAH. TPAH) than for most of 
the gUidelines for individual compounds. Clearly. each of the 
ERM SQGs for individual compounds is an independent es
II male of the effects of the PAH mIxture associated with the 
glJ ide! in~ concentration. 

Thl!. n~"ulr" 0'- SQG quorient (~c:dimc:nt conl:cntration/SQG) 
~Ilalyst:, al..;('1 pmvide c:vid~nc~ that PAH SQGs derived from 
('Mrclative techniques are. in fact. mix.ture guidelines. Assum
if'S nc1diti vny of the: toxic effects of narcotic chemicals 
[~L~()..; 11. toxicity should occur when the $um of ERM quo
lICl1ts exceeds unity if the ERMs reflect the effects of individual 
c('1n'r~)unds Howcver. in a comprehensive investigation of 
rrc"hw:l.lcr SQG~. the frequcncy of tox.icilY of field-collected 
sl:dimrnl sampks Old not increase abovc background levels 
ul\lil the sum MERM quotients t:xc~c:dcd 10 and the frequency 
(If ERM exceedance~ wa~ 3 to 7 [32J. That rcsull is l;onsislcnt 
wIlh [h~ hYr(\th~sis that PAH F..RMs arc mixrure guidelines 
hcc~u~~ m0<;t Clf th~ ERM~ would be ~imul[aneously exceeded 
when Ihe conccntration of thc FAH mixture reached ~ toxic 
k"~l. 

CO:\iSf:;'II~lJS SEDIMENT QUALITY GUIDELINES 

GUldclinc.<; I'M individual PAH~ seem inappropriate regard
less ot whether they arc derived from correlative. expe.rimental. 
('If theorellcal methods. Because of the mixture paradox,. they 
will ;.:ithcr bc ecologically irrelevant or create the false im
prl:SSJon that thc individual compound has caused the observed 
cfkcts Because the effects are actually cau~ed by multiple. 
c.:ovJrying PAHs. it secms reasonable to define the guideline 
in the mi ~turc conte"t. In particular. a guideline based on 
TPAH would resolve.: the mixture: paradox and reduce the var
1:lb,:lly among guidelines for individual compounds. 

Several TPAH guidelines have been proposed. hut the ac
tual compounds included in TPAH have: varied among invcs
li,;n!l()ns Therefore. TPAH guidelines have been recalculated 
t"0r 1.1 PA 1-1 comp<,unds identified as U.S. EPA priority pol
lutar'\['; [:nJ and commonly measured in sediment surveys (Ta
hie.: 2) 

The TFAH SQGs form three c1u~ter!\ that were intended in 
Ihel r ongina.1 derivations to represent TEC!\. MECs, and EECs 
(Table 3). The TPAH guidelines in thec;c clusters agr~c wjthin 
:l fa-.:lor of about four. ExclUding the TEL and PEL. which are 
dcrivi.:d from a combined effects/no effects database, the TPAH 

Table :.". Consensus seclimenl qualily guideline:; (SQGs) ror l('I«(-l/ 
polycyc:lic :lrOmat1c hydrocarbons (TPABs)' 

TPAH 
(~gJg 9S'"/C' i.:\,ln(H.lcnt<:. 

SQG OCl ltmils 

Threshold effect concentration (TEe) 
Thrc~hold effect level 87 /4 e /j 
Equilibrium partitioning 211 
~PAH toxicity threshold 39~ 

Effects r~nge-Iow 350 
Screen ing Ie: vel conccntr:lC;on 409 
Mc:an (consensus) TEe 290 119-461 

Mcdi:ln dfect!; concentr3tion (MEC) 

Prohablc: ct'fc:ct~ Ic:vel SO.+ 
Low appsrC:lit effcct!; threshold 1.796 
lPAH mixture LC50 2.114 
Effects rsnl;c:.-mc:dian 2}58 
Ml::\n (consc:n,"u~) MF.C 1.800 t>82-2.8~.:l 

Ex.lreme c:rrects concentralion (EEC) 
High 3pparcnt effccls thrc$hold lO,23rJ 

Con$c","us cEC 10.000 NA 

• OC = organic csrbon: NA = not applicable 

guidelines in these <:lustc~ agree wilhin a factor of two Thl~ 

agreement is remarkable bc<:ausc of the di fferenl theoretical. 
empirical, and ex.perimental method!; u!'ed in the development 
of the guidelines. The clusters appear to represent independent 
estimates of the same TPAH concentrations. Consensus SQGs 
for TPAH arc derived simply as the arithmetic mean of the 
values in each cluster: TEC. 290 IJ,.g/g OC; MEC. 1.800 IJ,.g/g 
OC; EEC. 10.000 IJ,.g/g oe. 

FIELD AND EXPERIMENTAL VeRJFICATION OF
 

CONSENSUS GUIDELINES
 

Sedimr.nr toxicity 

In the data set [or surveys where PAHs were thl! domin~nt 

ccotoxicologic factor, significant sediment toxicity (>24% 
mortality [34]) occurred in 2 of 36 samples (5.6%) with TPAH 
concentrations below the TEC (Fig. 2. Table 4). The back· 
ground frequency of significant amphipod to:c;icity in reference 
marine sites is 5.0% [8]. TOXicity was significant in all 12 
s3mples with TPAH concentrations above the EEC (Fig 1 and 
Table 4), Few false negatives occurred below the TEe and no 
raise positives occurred above the EEC. 

The frequency of significantly toxic sediments increa.sed. 
but not substantially, between the TEe to MEC (43% to~Jc) 

and MEC to EEC (50% toxic) concentration ranges (Fig. 2 
and Table 4) Thus, a broad range of concentration$ exi~r~ 

between the TEC and the EEC in which there is about a 50% 
probability of IO-d tox.icity to amphipods. An SQG cannOt be 
set within that range that would have a low frequency of hath 
false negatives and false positives. The mean percent mortality 
or amphipods ex.posed to sediment with TPAH <:onccntrations 
between the TEC and EEC guidelines wa!' only about 36% 
(Table J). 

The MEC proved to be what it was expected to be. that i~. 

In indicator of median effects. Of the 52 significantly toxic 
samples, 28 were less than the MEC and 24 exceeded the MEC 
(Fig. 2 and Table 4). The MEC lies within thc transition be
tween nontoxic and highly tox.ic sediment. It is literally a guide 
line for a median probability of adverse effects. The MEC is 
not an unequivocal indicator that sediments arc tox.ic or oth
erwise uml<:ceptsblc. 



I 

05/05/2002 11:09 8315251518	 GRANITE CYN MAR LAB PAGE 05
 

784 £" ViN.Jn, T(),ti<'o/, Cltt'm IX. 1Y9Y----' 

:, 

:/ 

i:"
: ~ 

'I 
;1 
I': 

r100 I 
I 

o 
Sc:dlrnents at r~latively few sire~ ~xceed tht CC!IISt::l1liU~ 

TPAH guidelincs. Among 678 EMAP Si.'lmples lhitt "...~rl: (.'01
lct:Lcd with a probabilistic sampling design from l.un~ lsJ:lnJ 

I I Sound in 1989 throllgh 1990, the Virginian Province in 1Y90 

eo - I 
I 

through 1991. and the Louisianian Province in 199:.45 (6,M7c:) 

i,;;I(<.:cc:dcd the:: TEC, 2 (0.3%) c::xceeded the MEC. <:lnd llon~ 

I ex.ceeded the EEC (Fig. 3 and Table 4). The other m~jor dif
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ference between the EMAP data set :md the PAH data set wt\s 
the much higher proportion of tox.ic sediments below the TEe 
among EMA? samples (13%) Ih:m ~mong PAH sampks 
(5,6%) (Table 4). The Increase in the frequency of loxicity :H 

low PAH concentrations among the EMAP samples is probably 
attributable \0 other SlrC:S$ors. AbOve \hc TEe, Lhe: fn:yucn<.:y 
of tox.ici\y and the mean percent <lmphipod rnort:J.lity <.Ire LJuitc 
similar for lhe EMAP and PAH data sets, as would b~ (:xpc:t:tr..:J 
If the consensus TPAH guidelines are valid lodlcators of PAli 
cfft:ClS (Table: 4). Finully. the TEe was exceeded in 20 oj' th~ 

104 toxic sediments in th~ entire EMAP data set suggel\ling 
Ln;;j[ PAH$ alone could cause approximately 2Uo/, of the ilm

100 10' 10~ 1Q6 bienc sediment toxicIty in the EMAP provinces. 

Total PAH. lJQ/Q OC 
B~'llhjc: c:ommunir)! srructure 

290 l-L9/g OC: ThreSMld Effects Concentration Areal species richness of crustaCi.:tins :1nd mol Iuses dl.:" 
, ,800 ~g/g OC: Median Effect5 Concentration 

cr~ased :J.!: the consen~us SQGs were exceeded in Sun Diego 
, 0.000 1-19/g OC: Extreme Effects Concentration Bay (Fig. 4) :md Elliott Bay (Fig. 5) 111 San Diego B:'IY. the 
24% Amphipod Monality	 mean number of species per 0.025 m~ decreased from 10.:5 ;;II 

sites with sediment TPAH concentrations below lh~ TEe torig 2. Amphipod lTlort:llity in rcl:\lion 10 totol PAH conccnlrallon In 
I O-d ~cdiment toxicily Ic:sls of sedlmenl $amplc~ from "ite!' of PAH 6.8 at sites with sediment TPAH between the TEe and MEC 
conl:lm;nation,	 (Table 4). Sediment TPAH contamination l:lnd bl.:nthi<.: <':0m

munity impacts were grester In Ellioll Buy whc:n: the: l1umbl,.·r 

of species pL:r 0.015 m2 decreased from 12.4 berwel:?n Ih~ TEe 
and MEC, to 9.6 between the MEC and EEC. to 3.9 at SIlt.:S 

with TPAH concentration above the EEC (T<lb\(.: 4). Only un~ 

or two crustacean <ind mollusc ~pecies occurred in ch~ b~ l1lhic 

Table j Scdinlcl1I toxicity and benthic: community Slr\Jc.·lure in relation to consenslis sedimcr\c quality 
guidelines 

TOlal P/\H concentr:llion 
(jJ.g/g or~anic: carbon lOC]) 

<290 290-1.800 1.800-10.000 > l 0.000 

SedimenT guideline' <TEe	 >TEC >MEC >EEC 
<MEC <EEe 

p/\H·~or";lminatcd ~itcs 

II ('ic) toxic" samples 2 (5.6('/,,) 26 (4.3%) /2 (50%) ! 2 (100'7i!) 
" (~) nontox.ic" samples 34 (94%) 34 (57%) 12 (50%) 0(0%) 
Mc:an % :lmphipod morlality 7.6 34, I 38.3 97.[ 

EMAP sices 
11 (%) [oxic~ samples g4 (13%) I~ (44%) 1 (50%) Nl)<J 

,/ (9'e) nonlox.ic" S3011'Ics 549 (87%) 24 (56%) 1 (50%) 
M~;ln I'fc ~mphipod monnlity 11.2%	 2~J% 40% 

C:ru~tacc;jn und mollusc specie!> 

San Diego ~ay. Culilornl~. USA 

SpecicsJO.025 m~: Mean 10.5 6,8 ND ND 
f(.ilngc 9-12 4-11 

£111011 BilY. Wa:.hington. USA 
Spccies/O,Q 15 n,~: Me:1n ND \ 2.4 9.6 3.9 

l·bnl::c 10-17 1-16 1-7 

• TF.C	 = thl'c~hold etlc:cls conccntr::ltion. 290 ...g/g ac; MEC = mcdiun clTcclS cClnccnlr;.1tioI1. J .XOD 
~g/g OC: EEC ::: eXlrCl11C ~ffCCIS conccnlr~Hion, 10.000 IJ.gig OC 

• Arnl'hipod mort.1lit)' > 24';". 
• Arnphipou mortO\lil)' < ),4%
 

.s ND ~ no data.
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rl~ .'. Anlp',ipud morta!ity in relalion to local PAH concen(r~llion in 
I (1_J. <c('jimenl toxicity ICSIS of Environmcnlal Monitoring and A.. 
,.:«mcnr ~(ogrilm (EMAP) sedimcnt ":lmplcs from thc Virtiniiln :lnd 
Loui"';'\/IIOIIl provinces. USA. 

16 '_.
 
I I


"E I 
r.r, 15 ~ N 

0 I 
0 
-~ I 
lJ) 14 ~ 
u I 
(lJ 
a.. 

(/) I
12 ~o 

'" o -= 
u

4C 10 ~ 0 
~ 1 
'0 0 
c II'l:l 8 c:: 
ro 10 o(lJ 

II 
(~ ..: 5 ..j 
~ I ou I4 o'0 I 
0;
 

.J:J
 
E 2 1 I 

I 
I0 

z 
;l 

-'-----r-~--"---i-'-~ 
'02 103 1O~ 

Tota! PAH. j.Lg/g OC 

290 IlQ/g OC: Thresnora Effects Concentration 

1.800 IJ.gIg OC: MQdian Effects Concentration 

, 0,000 1J.9/g OC: Extreme Effects Concentration 

I-i~ 4 Arl.:ul spccie: .. richness of crus(aCi::<ln~ and molluscs in rc::l:'llion 

q""e 
In 18 1 

016 
0 
0 
~ 14 ;0
'2 
~ 

00 0
ICo 

en 12 0 0 
u 
VI 00:002 
"0 10 0 
~ 
-0 00 
c: 
~ IB o 0 
l: I
 
l'lI b 0 :0 0
 
~ 
III 
iii 

6 01 0 
2 0 
U 

4 I"6 

.0 
t 

2 I 00E 
Z 
;:, 

0 0 
0 

102 10J 104 10~ 

Total PAH, ).1.9/9 OC 

---- 290 lJgig OC: Threshold Effects Concentration 

1,800 1l9/g OC: Medtan Effects Concentration 

10,000 ~l9i9 OC: Extreme Effects Concentration 

Fig. 5, Areal ~pccic:l richnc~~ of crustaceans lind molluscs in relation 
(iJ [0[011 PAH concentration in Ellion Bay. W3~hinglon. USA. 

assemblage at five sites in Elliott Bay that were highly con
taminated by PAHs. 

DISCUSSION 

Conseflsus guidelines 

The TECIMEClEEC !>ediment quality guidelines for PAH 
mixtures provide 9. unifying synth~sis of other guidelines in
cluding the SLC. ERLlERM, EqP criteria. AET. LPAH. and 
"rELlPEL, When interpreted in the conte.",t of PAH mixtures. 
all of the.~e guidelines arrive. at similar concentrations for 
lhreshold, median. or cxtrem~ effects (Table 3). This similarity 
is unlikely to be coincidental. Rather. the agreement of guide
lines derived from a diversity of th~orctical and empirical ap
proaches helps establish the validity of the consensu~ values, 
Their validity is further established by the ability of the con
sensus guidelines to predict sediment toxicity and benthic corn
munity perturbations at sites of PAH contamination (Table 4 

and Figs. 2. 4, ~lnd 5). Expre$sion of these guid~lines for TPAH. 
rather than individual compounds. resolves the mi:x.turc par
adox. thal is. they aCCOunt for mixture~ and reflect causal rather 
than carrels.tive effects. 

Effecrive use of SQG.\' 

G\lidclincs should guide. not dictate, The TEe offcrs the 
mo~t useful SQG because it is reasonable to conclude that 
PAH mixtures are unlik.ely to cause adverse effects on benthic 
ecosystems bc:low the TEe. The EEC indicates virtual certainly 
of sdvcrse effects, but the EEC is rarely exc~c:dcd and con
tamination is so extreme above thc EEC that the unaccept
ability or ecological degradation is usually obvious. The region 

((l lot:'!l l"AH (;C'ncentr:H;on in S2n ni(~gt) Bay. Californii1. USA. or greatest uncertainty lies between the TEe and EEe. Here. 
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d broad gradient of sediment contamination occurs along which 
effects ::lore increasingly more probable. The MEC is :)imply a 
pOInt near the middle of this gradient and. th~rcrore, ~hol.lld 

not be uSi.:d to discriminate C!(;cc:ptablc: from unacceptable con
ditions. 

Bulk sediment c:hcmi~try cannOl n:solvc. lhl: uncertainty of 
tox,l<.:ity a.nJ e<.:ological effecl~ al TPAH concentrations be
tween the TEe and EEC. However. the issue can be resolved 
through independent. empirical data on sediment toxicity and 
b~llthic communities. 35 suggested by Long and Chapman (35] 
in their scmin31 paper on the sediment quality triad. Con<.:lu

siuns ahout the ecological effects of sediment contamination 
should be based on the weight of cvidencc among the three 
dements of the triad [36) 

Ullcerraiflry 
" 

I Four principal sources of uncertainty exist about the con
sensus guidelines. First. the guidelines arc based on the con
centrations of the 13 parenl PAHs and do nOL indudc alkylalc:d 
and oLher PAH t.:ompounds that may contribute to biological 

i effect::>. The degree [0 whieh the distribution of the 13 parent 
, I compounds is representative of the distribution of other PAHs 

I 

is unknown. Second, the laboratory toxicity tests used to de· 
vclop some of the guidelines from which the consensus va.lues 
werc derived arc not sensitive to incrcascd toxicity causcd by 
pho!Oat.:tivaLion of PAH compound~ (31.37]. Thu~, ~ffecLs of 
PAlh may be greaLer than ~xpected from the guidelines. al
though the gUidelines do correlatc with the species richness 
of benthic assemblages exposed to ambienl light (Figs. 4 and 
5) Third, chemical antlly~e~ of hulk sediment$ may greatly 
overc$timate bioavailability in sediments that contain inert 
(e.g .. soot) PAH fractions (38]. In such C3ses. the consensus 
guidelines will overcstim~ite toxicity and ecological effects 
caused by PAHs. Analysis ofPAH concentrations in interstitial 
water can rcsolve the bioJ,vailability issue when an inert PAH 
l"rat.:tiun i~ suspcct~d. Each of these:: first thre::c sources of error 
probahly contributes to the unc~rtajnty of effects over the 
broad concentration range between the TEe and EEC. Finally, 
additional neld data. especially for benthic tlsscmblages and 
olh~r ecological indic<\tors. :ice needed to v:llidate the eonsen
:-;us guid~lin~s 

A(ktlolVlr'd,~~/'TIt',,(-r th~t'k Chrt~ rngersoll. Ed Long. McJ Peler Chap. 
man for lheil' conslr'llctive: re:vie:""'~ of the: manu5cri!'c. The Inform:ltion 
in lhj~ documenl ha.~ been funded by the: U.S. EPA.. Thi~ work h:ls 
hccn subje:cled LO U.S EPA agency revic:w and :lpprovcd for publi· 
C:J.fIOn. 
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