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This d o ~ m e n t  presents the technical basis EPA has used in establishing :he proposed niethod. 
ology for deriving sediment quality criteria for the pmteclion of ben!ttic organismr from non- 
ionic organic chemicals. It was issued in suppon of EPA regulations and policy initiatives 
involving the application of biological and chemical assessment techniques to control toxic pol- 
lution to surface waters and sediments. 1his document does not establish or affect legal rights 
or obligalions. It does not establish a binding norm and is not finally determinativeof the issues 
addressed. Agcncy decisions in any particular case will be made applying the law and reg&- 
lions on the basis of specific facts when permits am issued or regulations promulgated. This 
document is expecled to be revised periodically to reflect advances in this rapidly evolvingarea. .. .. . . .-...-

This report has been reviewed by the Health and Ecological Criteria Division, Office of 
Science and Technology, US.Environmental Protection Agency, as well as other perti~ient and 
interested offices in the Agency, and approved for publication. Menlion of trade names or com-
mercial productsdoes not constitute endorsement or recommendations for use. 
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Abstract 

The purpose of this report 1s to present t h ~  technical basis for es- 
tablishing sediment quality criteria for nonionic organic chemials, us. 
ing equilibrium partitioning (EqP). Equilibrium partitioning is chosen 

., . .  because i t  addresses !he hvo principal technical issuer that must be re-
solved: the varying bioavailability of chemicals in sediments and the 
choice of the appropriate biological effects concentration. 

The data that are used to examine the question of varying 
bioavailabilitv across sediments are from toxicitv and bioaccumulation 
experiments "sing the same chemical and lest brganism but different 
sed~ments.It has been found that i f  the different sed~mcnts in cach ex. 
oeriment are romoared. there i s  essentiallv no relations hi^ behvcen 
;cdlrnenl chc!ntcaiconcentrallons on a dry ivelght barls and b~ologtcal 
effects Hotvcver, if lhechrmical concentratson, in the pol@ !vale: of the 
sedimen~are used (for chcmicals that are not highlv hydrophobic) or i f  
the redimen! chemical concentrations onan oreanic.carbon bdsis arc " 
used. then the b~ologtcal eflecls occur a1 somitar concentrauons (typ~. 
callv withfn a factor of r,vo1 !nr the Jttlemnt sed~nlenls. Most tmpor. 
tantly, the efiects concentrations are the same as, or the? can be 
predicted from, the effects concentration determ~ncd i n  water.only 
exposures. 

The EaP methodoloev rationalizes there results bv assumine " 
that the partit&lng of the %emical between sediment-oriane carbon 
and pore water Is at equ~l~briun~. I n  each of these phases, the fuaacitv 
or aciivitv of the chemliat is thesameat eauilibriun;. As a consca~en&, 
i t  isassumed that the organlsm tecelves a;) oqutvale~t exposun.'from r 
water onlv.exposure or from anv equilibrated phase either 1rc.m pore 
water viaies@rat~on: or from sedimknt carbon.-via ingestion: or from a 
mixture of the routes. Thus. the oathrav of exnosure i s  not sienificant. 
The biologacal effect is by th6 chem;cal activity of ihe slnglc 
phaseor the equ~lubraled sYstem. 

Sediment qualitv crllerla (5QC) for nonionic organic chemicals 
arc based on the chem~cal concentration in sediment orpartic carbon. 
For highly hydrophobec chemicals this is nccessav beciuse the pore 
water concenhation is. for those chemicals. no loneer a good estimate 
of the chemical activiti: The pore;.ater contentrrtik is tlhe sum of the 
free chemical conccntratlon, which is bioavailable and represents !he 
chemical activity and the concentration of chemical cornpiexed to dis. 
solved organic carbon, wh~ch is not bioar.ailablc. Using the chemical 
concentration in sediment organic carbon el~minales this ambiguity. 



SQC also require that a chemical concentration be chosen that is 
sufficirnlly protective of benthic organisnls. The final chronic value 
(FCV) from the US. Environmental Protection Agency (EPA) water 
quality criteria is proposed. An analysis of the data compiled in the 
water qualily criteria documenls demonstrates that benthic species, de. 
fined as either epibenthic or infaunal species, have a similar sensitivity 
to water column species. This similariy Is the case i f  the most sensitive 
species are compared and if all species are compared. The results of 
b~i~lhiccolonizationexperimentsalso support the use of the FCV. Thus, 
i f  effects concentrations i n  sediments can bc accurately predicted using 
the &and data from water.only tests. the SQC protectingbenthicspe. 
cies can bc predicted using the Km and FCV. 

Equilibrium partitioning cannot remove all the variation in the 
experimentally observed sediment-effects concentration and the con- 
centration predicted from water-only exposures. ).variation faaar of 
approximately four to five remains.Thu~aquanti8cationof this uncer- 
tainty should accompany the SQC. 

The derivation of SQC requires that a minimum database be 

7 
i 
! 
j 

available. This Includes: (1) ch? octanollwater partition coefficient of 
the chemical. which should be measured with modem experimental 
techniques, which appear to remove the large variation i n  reported val- 
ues, (2) the derivation of the final chronic value, which should also be 

. . . . . . , , . .. updated to include the mast recent toxicological information, and (3) an .. 
SQC check test to establish variation of the EqP prediction. The SQC is 
then the FCV x Koc with confidence limits bascd on SQC check tests. 

' .'. . .' ' - .. .. . .. .. 
, 



This report presents the technical basis for estab. 
lishing sediment quality criteria (SQC) for nonion~c 
organic chemicals using the equilibrium partitioning 
(EqP) method. The term S~~IIIUII~ quality criteria. as 
used herein, refers to nunrerical concenlrations for in. 
dividual chemicals thal m applicable across the 
range of sediments encountered inpractice. Sediment 
aualitv criteria are intended to be vredictive o f  b~o- 
fogicai effects. As a consequcnce, thby can be used in 
much the same way as final chronic values (FCV) are 
used i n  water quality criteria--as the concenhalion of 
achemical that is vmtectiveof benth~c aquatic Life. 

The spec& regulatory uses of S ~ Chave not 
been established. However. the range of potential ap. 
plications is quite large because ihe  need for the 
evaluabon of potentially contaminated sedinrents 
arises i n  many contexts. SQC a n  meant to be used 
with direct toxicity testingoisediments as a method 
of evaluation. They provide a chemical by chemical 
specification o f  what sediment concentrattons are 
protective of benthic aquatic lilc. 

This overview (Section I1 summarizes the evi- 
dence sad the maior 'lines of ieasonine of the EaP .............. ~ r -- -~ 
 ~~ ~~ 

methodology, with supporlsng relcrenc& c11ed jn  l6e 
body of the report. Section 2 reviews the background 
thai led to the-need for SQC and also the releilion of 
the EqPmcthodo lo~~.Section 3 reviews the develop- 
nrent 'of concentrihort.response curves for 
water concentrations and sediment organic-carbon 
normalized concentrations to determine toxicity and 
bioavailability i n  contaminated sediments. Lt also 
presents analyses of sediment toxicity and b~oaccu- 
mulalion experiments. Section 4 re\.ieivs the pant. 
lionlna of nonion~c orzantc clrenricals to sed~menls 
usine iaboratorv and fGld stud~es. Section 3 reviews~ ~ -

a ~ o & ~ a r i s u n  df benthic and %.ater column specte; 
using aquanc t o w o t ~  data contained in EPA's \\'ater 
Qual~ty Cr~teria (WQC) documents to shot,. the ap. 
plicability of WQC as the effects levels for benthic or. 
kanisms..Section 6 reviews the computation of an 
SQC and presenls an analysis lor  quantifying the un. 
certainty assodated with SQC. This section also p n -  
rents minimum data requirements and example 
calculations and compares the SQC computed for 
live chemicals to held data. Section 7 presents con. 
clusions and further research needs. Sectton 8 l~sts 
the references used in this document. 

Toxicity and Bloavailabllity of 
Chemicals In Sediments 
Establishing SQC requires a detcrm~nation of the ex. 
tent of the bioavailability of sed~ment associated 
chemicals. It has fnquentlv been observed thal simi. 
Iar concenlrations of a chem~cal, in unlls of mass of 
chemical per mass 01 sediment d iy  we~ght (c.g., m ~ .  

crograms chemical per gram sediment [ rg fg l )  can 
exhibit a range i n  toxicity indifferent sed~ments. I f  the 
purpose of SQC is  to establish chemical concenna. 
lions that apply to sediments of differing vpcs, i t  is 
essential that the reasons for this varying bioavailabil- 
it?. be underrlood and explidtly included in the mite. 
ria. Othewiw the criteria cannot be presumed to be 
applicable across sedimenls of differing pmpcrties. 

The importance of this issue cannot be over- 
emphasized. For example, i f  1 pg/g of Keponc is the 
LC= for an organism inone sediment and 35 r g l g  is 
the LCso i n  another sedimeat. then unless the cause 
of t h~s  d~fferencecan be associated w ~ t h  sonlc expl~cht 
sediment properlies i t  is nat poss~blc l o  dead.. what 
would be the LCw of a thud sediment wtlhout per- 
forming a toxicity test. The results of toxicity tests 
used to establish the toxicity of chemicals in sedi-
ments would not be generalizable to other sedi-
ments. Imaeiae the situation i f  the results of toxicity 
tests in water depcnded slmngly on the particular 
water source, for example, Lake Superior verrus well 
water. Until the source of the dillerences was upder. 
stood, i t  would be fruitirss to attempt to establish 
WQC. For th~s  reason, bioavaiiability is a princ~pal 
focus of this report. 

The key insight inta the problem of quantify- 
ine the bioavailabilitv of chemicals insediments was 
t h i l  the concentrat~on.res~onse curve for thc b~olop~. 
cal effect of concern ran be correlated not to the total 
sediment.chem~c.d conccnhation (micmgrdms chemi- 
cal per gram sediment), bu l  to the inlerstibai wateror 
pore water concentration (micrograms chemical per 
liter pore water). In addition, the effects concenlra- 
lion found for the pore water is essentially equal to 
that found i n  water.only exposures Orgamsm mor. 
talitv, growth rate. and bioaccumulation data are 
used to demonstrate this correlation, which is a criti. 
cal van of the Ionic behind the EaP a ~ ~ r o a c h  to de- 
veliping SQC. F& nonionic orgdnic ;hemkalr. the 
concentrat~on.responr~curves correlate equally well 
with thc sedime~~t.chem~cal on a scd~.conccnhat~on 
ment.organlc carbon basis. 

These observations can be rational~zed by as. 
sumlng that the pore b.ater and sediment carbon are 
inequilibrium and that the concentrations are related 
bv a vartition coefficient. h'm. as 5hou.n i n  Fieure 1. 
The iame p ~ c d ~ b r ~ ~ c n #  wrl~tlost,lS (EqP) descrlces thds 
~ssumpt~on. for the equ~ l i t y  01The r~t~onalbzat~on 
water.only and red~ment.erposure.effectsconcentra. 
lions on a~ pore water basis is that the sediment-pore 
water equil~brium system (Fig. 1, right) provides the 
same exposure as a water-only exposure (Fig. I, left). 
The chemical activity is the same in each system at 
equilibrium. I t  should be poir~ted out thal the EqP as. 
sumptions are only approximalely true; therefore. 
predlct~ons from the model have an inherent uncer. 
taint?. The data presented below illustrate the degree 
l o  which EqP can rahonalize the observations. 
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Equilibrium Partitioning 
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ngvre i.-01agram of me orgarusm ezposure roulos tor a watef.only exPosure [lefl and s sediment eroosure Irqgntl. Eoudfb 
rtum partltlonrng refers to tne assum~t~on mat an equrl~brlum erlsls Between tne chernlcal soraoo to tine pan~cuiate soel. 
men1 organlo camn and the pore waler. &IS It10orgaruc caroon wrtllton coott%lent. 

Figure 2 presents mortality data for various The equality of the effects concenbation on a 
chemicals and sediments compared to pore water pore water barb suggests that the mule of exposure u 
concernrations when nmmalized on a toxic unit ba- via pore waler. However. the quality oftheeffects con- 
sis. Pore water toxic units are the ratio of the meas- centration onaredi.-.ent-arganiccarbon bnsls. which is 
ured pore waler concentrabon to the LC3 from demonstrated bclow suggests that the ingestion of 
water-anly toxicity tests. 'Three different sedinrents sediment-organ* carbon is the primary mute of expo- 
are tested for each chemical a s  indicated. The EqP sure. It is important to realize that ir the sedlmcnt and 
model predicts that the pore wvater LCso will equal pore water are in equilib"um,,then the efi&v. expo-
the \vater.onlv LC* which is obtalned from a sepa. ,,, ,,,,lra,ion is the same regardless of exposuw
rate waler.only exposure loxicity test. Define: mule. Thewfore, it is not possible to determine the p r i  

mat-jmuteof expasum fmm equilibrated experiments. 
pore water toxic unit Whatever the mute of exposure, the correla- 

tion lo pore water suggests that if I t  w e n  possibleto 
(1) either measure the pore water chemical concentm- 

(water-only LC.sob ' tion, or predict i t  fmm the total sediment concentra 
lion and the relevant sediment properties such a5 the 


Therefore, a loxic unit '-1 one occurs u.hen.the sediment organic carbon concentration. then that 

pore water concentration equals the $ ~ ~ t e r . ~ n l y  concentration could be used to quantib the exposureLCSO. 
21 which point i t  would be that 50 percent c~ncentration for an  organ~sm. Thus, the partitioning 
nworlality u-ould be observed. The correlation of ob. of chemicals between the solid and the liquid ~ h z s e  
served mortality to predicted pore water toxic units in a ~ d l m e n t  becomes a necessary component fores. 
in Figure 2 demonstrates (a) the efficacy of using 'dblishln8sQC. 
pore water concentrations to rcmove sediment-to. In addition, if it were true that benthic ogan-  
sediment differences and (b)the applicability of the isms ire a s  sensitive as water mlumn organism* 
wateraonly effects concenlralion dnd. by implication, and the evidence to be presented appears to support 
the validity of the EqP model. By contrast, the mor. ihis supposition-then SQC cmrld be enabl~shed ur. 
tality versus sediment chem~cal concenlratlon on a ingthe FCV from WQCdocuments as theellectscon- 
dry weight basis varies dramatically from sediment centration for benthic organisms. The apparent
to sediment. This will be presented 5ubsequenlly. equality betwveen the eflects concentration a s  mea- 

i 
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Pore Water Normalization 

i? 8 Ph.n.nlhr.ne 

L. e F1uor.nlh.o. 1 

v .v Ac*nrphth.n. 

10.000.01 0.10 1.06 100.00 

......... -
-. . . . .. . .. . "Flgure 2.-Mwtaluy versus W W c t e d  w e  vale?lollc unns lor five chemcals ana three sedlrnenls per chemical. SWnment 

tyoos are indcatedby the slngle hatcrux (lowest organic carbon contenll. crorshalcn#ne(mtelrnedlate organic camon con. '0 ..$tent), am folled symmlr IhlgneSt ofganlc carton contentl. See Tables 1and 2 for Oata sources. Predicted pore water toxlc 
unlt6 ere In0 rate0of the pole water comontrallonto the wa1,lr~onlyLC- (EM. I). '1 
ured in pore water and i n  watcr.onl? exposures (Fig. cent by weight. the organtc carbon appears to be the 
2) supporis using an effects concentration derived predominant phase for chemical lorption. The pani. 
from watcr.onlv exporures. l ion coefficient. KO, the ratio of redinlent concentra. 

The caiculahon procedure for eslablist~~ng 
SQC is as lollows If FCV Otg' L) 15 the final chrontc 
WQC for the chemical of interest, then the S@C 
(ktglg sediment) are computed using the partiti;" 
coefficient Kp(Llkgsediment) defined as the ral ioof 
chemical concentration i n  the sediment and in the 
pore water at equilibrium. 

SQC - KpFCVxO.OOl (2) 
g 

This is the fundamental equalion from which SQC 
are generaled. Its util ity depends on the erlstence of 
a methodology lor quantifying partttion coelficrents. 

Partitlonlng of Nonlonlc Organic 
Chemicals 
The part i t ionin~ofnoniontc oreanicchemicals to sr i l  
and 'sediment >arttcles IS rekmabl? well under. 
stood. and a standard model ex~stslor desmbtnr the 
process. The hydrowhob~citvof the chemlcdl is &an. 
i ~ l i e dby using chi oaandllvrater parttnon coefir. 
cient. how. The sorption capacity of the sediment is  
determ~nedby the mass f ran~onof organlc carbon 
for the sediment. f . .  For sediments ~ l t hjwi0.2 per. 

tion, C,,to pore water concentralion, Cd, is given by 

c, . 
Kp - -1ocKoc 

(31 

where Kot is the parlition coeffidcnt for sediment or-
ganic cahon. 

The only other environmental vanable that 
has a dramatic effect on partitioning appears to be 
the particle concentration i n  the suspension in which 
h'p is measured.There is considerable controversy re-
parding the mechanism responsible for thc pariicle 
concentration effect, and a number of explanations 
have been offered. Howevrr. all the interpretations 
y~e ldthe same result for sedimentipore water parti. 
tloning, namely that Koc Kow for sedimentr. 

t i r ing Equations 2 and 3. a SQC is calculated 
from 

SQC -j-hbrFCV. (4) 

This equation is linear in the organic carbon fraction, 
o As a consequence, the relahonship can be ex. 
pressed as 



i t  we define 

SQCSQCoc - - -
/or 


as the organic SQCrarbon.normalized 
~ h ~ ~ i - 1per gram 

SQCOC- KxFCV. 

(6) 

carbon), ,hen 

(7) 

Thus we arrive a l  the followlnr importanl conclu. 
sion: For aspccific chemical hav i iga  ipedficfior, the 
organic carbon.normalized sediment concentration. 
SQCN, is independent of sediment properlies. 

Hvdrool~obicchemicals also tend t? ~a r l i t i on  
to colloidal.sired organic carbon particles 'that are 
commonly refemd to as dissolved orgattic car5011, or 
DOC. Although DOC affeffe*, the apparent Po= water 
concenhrtions of highly hydrophobic chemi-is. the 
DOC-bound fractionof thechemicalappearsnot tobe 
bioavailable and Equation 7 lor SQCor slill applies. 

Thcrrforc, we expert that loxic~r? in srdtment 
can be predicted from the water.unly ctiects concen. 
tration and the KM of the chemical. The uti11ty ot 
these ideas can be tested with the same murtaitty 
data as thorein Figure2 but restricted tonon~on~cor. 
gmic chemirills lor  which urganic carbon normaltza. 
tion applies. Tile concept of sediment loxic units a 
useful in &is regard.These unltrare computed as the 
ratio of the organic carbon-~~ormalized sediment con. 
centrattons, C,/& and the predicted sediment LC% 
using &and the waler-only LCso.That ir 

Figure 3 presena the percent mortality venus 
predicted sediment toxic units. The correlation !a 
similar to that obtainrd using the pore \r.ater cnncen. 
trrtions i n  Figitre 2. The cadmium data are not in. 
cluded because i ts partitioning is not dcterm~ncd by 

. . . . . . . .  
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Predicted Sodirnent  Toxic Unlts 

Fleute a.--mwtatny versus Drnnctea seamem tole unolr Redtcteo xa8rner.l loilc unla ae  tne ratno 01 tne wgannc ;amon 
nwrnallrea redlmenr cnerntcal concentrat~on to tne oredsleo sertlmelt LC% YIIEon. 6). S e m n t  ~ D S Sare ~rm~cned Ine 
sagle hatching (lowest ofganm carbon cuntentl. ctoss.haehmng l!nlermeo#ate ?,:anlc carbon content). and f11.a symbo~s 
(nognest organlc carwn contsnrl. See Tables 1and 2 lor oats sources. I& values are cmouted from ~ o *l w  DOT15.841,en-
atin (4.84). nuwantnene 15.W). alelVln 15.251. onenanrnrene 14.461, and acenapnlhene 13.761 w~th Esuatron 11. & for 
001 Is the logawrage of \he reoorted values m me Log P Blabale 1751. The kemne t& r the log mean ol  the ratto of or. 
ganlc carbon.nofmaltzea kemne 2orrsntrat~on to wre wse,.reDone Concentral~on Corn the toxrc~ly aata set. &.s for the 4 

rnalmng comwunas were ComDutea by the U.S. EPA. Envlronmenlal Researcn Lawrelory, Athens. Georgta. Mainoar arc 
presented later in lhls document. 
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sediment organic carbon. The prcdictcd scdintcnl thic lrpibenthic and infaunal) species to the most 
toxic units for earh chemical follow a similar concen, sensitive water columnspecies.The data are from the 
tration.nsponse curve independent of sediment 40 freshwater and 30 saltwater U.S. Environmental 
type. The data demonstrate that 50 percent mortalily Protection Agency (EPA) criteria documents. Al. 
occurs at about one sediment loxic m i t e independent though there is considerable scatter, these results, a 
ufchemical,specicsof organisni.or sedimenl tYPe.a% more detailed analysis of all the acute toxicity data. 
expected if the EqPassumptions are correct. and the results of benthic colonization expcrinienls 

If the assumptions of EqP w e n  exactly true. "support thecontentionof cqualsensttivity 
and there were no experimental variability or meas, 
urement error, then all data in Figures 2 and 3should 
predio 50 percent mortality at one loxic unit.Therc ir 
an uncertainty factor of approximately four to five in BACKGROUND 
the results.This variation reflects inherent variability 
in these experiments and phenomena that have not Under the Clean Water Act (CWA). the EPA is respon- 
been accounted for in the EqP model. It also appean s i d e  for protecting the chemical, physical. and bio. 
to be the limit of the accuracy and precision that can 	 logical integrity of the nation's waters. In keeping 
be expected. 	 with this responsibilily, EPA published WQC in 1980 

for 64 of the 65priority pollutants and pollutant cate- 
gories listed as toxic in the CWA. Additional water 

Effects Con~entratlot'i 	 qualilv documents that update criteria for selected 

The develo~nlont of SQC reOuires an effects concen, 	 cinsent decree and new ihemicals havebeen pub. 
lished since 1980.These WQC are numerical concen. Iratton for benlhic orpanosmi. tlccauw many of the 
tration lintits that are protective of human health and orpntsms used to estnbltsh t l ~ e  WQC are bcnthoc. 
aquatic life. Although these criteria play an impor- perhaps the WQC arc adrquatu est~mates of the el. 
tant role in asstuing a Itealthy aquatic environment, fects concentrations lor benthtc organorms. To exam, 

one this posrobilil): the acute loxictty database, which 	 they are not sufficient toensureappropriate lcvelsof 
$3used to establish the WQC. js semeaated lnlo b m  	 environmental and human health proteeion. - .. 
thic and water column species, and the relative sensi. Toxic conlaminants in bottom sediments of 
tivitics of each group are compared. Figure 4 the nation's lakes, rivers, wetlands, and coastal wa- 
cornparcs the acule values for the most sensitivehen. ters create the polential for continued environnwental 

degradation even whcre water column contaminant 
levels comply with established WQC. The absence of 
defensible SQC makes it dofficult lo assess the extent 
o f  sediment contamination. implement measures to 
limit or prevent additoonal contamination from oc- 
curring or to identify and implement appmptiate re. 
mediation as needed. 

As a result of the need to assist regulatory 
agencies in making decisions mncerning contami- 
nated sediment, the EPA's Office of Science and Tech- 
nology, Health and Ecological Criteria Division, 
cstablishcd a research team to review aiternat~vc a p  
proaches lo assess sediment contamination. Sedi. 
ment contamination and related problems were the 
subject of a conference I 1  1. Altrrnative approache5 to 
establishing SQC 121and their mer~ts  and defioencics 
were discussed (31. Additional efforts were under. 
taken to identifythe scope of national sediment con. LOOX, BEmno oAoiussu FAV (W) 
tamination 141 and to review proposed approaches 
(01 addressing contaminatcd sedlmentr 15.6). The

flguro 4 . 4  COmOaltlOn of the tlnal acute values IFAVI tot 
water column versus benlnlc organisms. Each asta point 

EqP method was sslected because it provides the 
:corerents an FAV fw a P Y ~ S U I I  chemlcal in etthef a 	 most practical, scientifically defensible, and effective 
lreshwatef or a raltuatrf eswrre. The aata ate lrom tne regulatory tool for addressing individual nonaonic 
WQC or arah craterla awunients. See Table 4 tor aata chem~cals associated with contaminatcd sedaments 
sources. on a nat~onal bas15 171. I 



The WQC are based on using the total chemi- 
Rationale for Seleotlng cal mncentration asa measure of bioavailable chemi- 

the EqP Method 	 cal concentration. However, the use of total sediment 


chemical concentration as a measure of the bioavail- 

The principal reasons for the Selection of the EqP a b l w r  even potentially bioavailable-chrmical 
method Include the following: concentration is not supported by the available data 


(111. The results of rerent experiments indicate thal 
1. The &P method was most likely to yield wdi- sediments can differ in toxicity by factors of 100 or .. 

ment cdteria lhat are predictive of biologi-1 ef- mom for the same toral chemical concentration. This 
fects in the field and defensible when used in a difference is a sipificant obstacle. Wthout a quanti- 
regulatory context. These criteria address the is- tative estimate of the bioavailable chemical concen- 
sue of bioavailability and are founded on the ex- tration in a sediment, it is impossible to predict a 
tensive biological effects database used to sediment's toxicity on the basis of chemical measure- 
establish national WQC. menta regardless of the method used to assess bio- 

logical impact--be it laboratory toxicity experiments 
2. 	 Sedimentcriteriacan bereadily incorporated into or field d m  wts comprising benthic biological and 

existing regulatory operations because a unique chemical sampling 112-IS]. 
numerical sediment-specific criterion can be es- W~thout a unique relationship between 
tablished for any chemical and compared to field chemical measurements and biological end points 
measurements to assess the likelihood of signifi- that applies across the range of sediment properties 
cant adverse effects. that affect bioavailability, the cause and effect linkage 

is not supportable. If thesame total chemical concen- 
3. 	Sediment criferiaprovidea simpieand cost-effec- tration is LOO times more toxic in one sediment than it 

tive means of screening sediment measurements is in another, how can we set universal SQC that de- 
to identify areasof concemand provide informa- pend only on the total seditnenl chemical concentra- .. . .. 

.. . . . . . . . tion toregdaton in a short period of lime. ' ' tion? Any SQC that are based on total sediment 
concentration have a potential uncertainty of this 

I .  	Themethod takaadvantagcof lhedataandexpr. . magnitude. Thus, bioavailability must k explicitly 
lire that led to the development of national WQC. considered for any sediment evaluation methodol- 

ogy that depends on chemical measuremenb to es- 
5. 	 The methodology w beuxd as a regulatoly toollo tablish defensible SQC. 


ensure that uncontaminated sites arepdected from 

.attaining unacceptable levelsol mntamination Appllcatlons of SQC 


SQC that are reasonably accurate in their ability to 

Relatfonshlp to WQC Methodology predict the potential for biological impacts are useful 


in many activities 1161. Sediment quality criteria a n  

The first question tobe answered is this: Why not use play a significant in ,he identification, monitor. 

the WQC pmcedun lor lhe Of SQC1 A in& and cleanup of contaminated sediment sites on a 

detailed mcthodoio# has been developed that Pm- nationillbasis and a basis to ensure that sitos

scnts the supporting logic, establishes the required that are ,+.ill remain so, in some 

minimum toxicological dataset,and specifies thenu- ,,,, sediment are lo iden. 

merical procedures be Wed lo calculatelhe miteria tify and establish cleanup levels for contaminated 

values 181. Further WQC developed thmugh this sediments. other cases, they must be supple. 


are routinely in lhe re&u1ari0n mented with biological sampling and testing before 

effluent discharges. Therefore, i t  is only natural locx- decisionsare ma,+,,

tend these methods directly to sediments. In many ways. sediment criteria developed 


The WQC are based on total chemical coltcen. using the ~,,p an to WQC.

tration. so the transition to using dissolved chemical tiowever, theirapplication may be different. ln 

concentration for those chemicals that patiition to a most carps, contaminants exceeding WQC in the 

~Ignificant extent would not be difficult. The experi- water dumn
need only be rontmlled at the Mum 
ence with site-specific modifications of the national to eliminate unaccepebleadverse impans. Conlami, 

WQC has demonstrated that the water.effect ratio, nated sediments have often been in plam for quite 

the ratio of chemical concentrations in site water to some time, and tontrolling the source of that polb. 

tabora to~water that pmdutes the same effect, has lion (if the source still exists) may not be sufficient to 

averaged 3.5 19.101, The implication is that differences alleviate the problem. The difficulty is compounded 

of this magnitude result h n l  variations In site-specific because the safe removal and treatment or disposal 

water rhemistry and are no1 an o\~envhelming impedi. of contaminated sediments can be laborious and 

nient lo nationally appliable numerical WQC. expensive. 
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Sediment criteria can be used as n means for chemical activity in an equilibrium experiment (see 
predicting or identifying the degree and extent o f  Fig. 1) and the route of exposure wnnot be deter. 
contaminated areas such that more informed reguia- mined. Nevertheless, this observation was the critical 
lory decisions can be made. Sedimcnl criteria will be first step i n  understanding bioavailability of chemi. 
particularly valuable in monitoring applications in cals insediments. . . .  
which sediment contaminant concentrations are~ ~~~~ ~~ ~ ~~~ ~ 

&aduslly approaching the criteria. The compariron Experimentsof field mrasurements to sediment criteria will p m  T O X ~ C ~ ~ Y  
vide reliable warning of potential problems. Such an  A substantial amount of data has been 
early warning provides an OPPorNnitY 10 take tor- that addrerses the relationship behveen toxicity and 
rective actlon before adverse impacts occur. pore water chemical concentrations. Table 1 l~s tsthe 

sources and characteristics o f  these expenmenls. 
Some of these data are presented i n  Figures 5 to 8TOXICITYAND 	BIOAVAI~ABILITYThe remainina data are presented elewhere in this 
document. Infigures 5 10.8 Lhe brological response- 
mortality or growth rate sllppression-is plotted vcr. 

A key insi ht into thc problem o f  quantifying the sus the total sediment concentration in the top panel. 
bioavailablfty of chemlcalr insediments was thal the and versus the measured pore waterconcentiaiion in 

concentralion.responre curve for the biological effect the bottom panel. Table 2.surnmarizes the L t o  dnd 
of concern could be correlated, not  to the total sedi. ECso estimates and 95 percent conlidence ltmits for 
nlent chemical concentration imicroeranls chemical .these data on a total sediment and pore water basts, 
oer< =am drv sediment) but to the ;ore ... . . ~ ~ -"~~~., ~, ~- .-water con. as well as the water-only values. 

~ 	 ~ - - - - -~ ~~ 

centration (micrograms chemical per liter pore The results from kepone experiments (Fig. 5) 
waler) 1171. However, these results do not r~ecessarily are illustrative of the general trends in these data 117, 
imply thal pore water i s  the primary route of expo- 181. For the low organic carbon sediment (Isc = 0.09 
suie.because a l l  exposure pathways are at G a l  percent), the 50th percentile total b p o n e  concentra. 

Table I.-Sediment t0xiC1tY data and btoaecurnulal~on data. 
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table 2.-~Cso Bnd ECw, tor seMmem oty we~ghtand swimsnwrgantc carbn normelnzaeon and tor norewater a M  
water.am!y e*Posu(es. -

LC60 WD fE(a 

CHlWlCU IlrHn *cinl1 b ( s I  ,roWL stoiMEnr(yUa: ,oRswNcntyUU . onomic cARnw 1 y U I I  IwAvm o~lLv(yUUI~ ~ ~ + ! z ~ c I :  
. 0.90 1 0.9010.73-1.101 ' 28.9125.3-35.61 1,OW~BlI-1.1201 ; 1 6 4 1 1 . 7 - I  1 (171

K W N C  
(MORTALI) , 3.50 ; 6.915.85-8.121 : 31.3 125.748.11 , 480 1390-5411 1 

11.0 ! 35.1 130.6-40.SI . 18.6115.7-21.91 ! 293 1235-3371 I 
0.09 1 0.46 10.42-0.511 : 17.1 115.7-18.71 511 1457-5671 1 5 . ~ 1 1 5 . 7 5 l  (171

KTWNL 
(OROM") 5 9.93 17.74-12.81 48.5(34.667.81 . 681 LSlbl.05Ol 

Ir11.0 i 37.313i.S44.21 ' 20.1116.7-24.11 , 311 1261-3881 

' 0 1  3.212.85-3.591 j 11.9 (19.6-24.4 1 I.6W(l.43&1.8M)l 1 ! 1191 
RUoRImwF t 

(MORl)*IFII 0.3 ! 6.4 t S . 5 6 7 . 2 ~ 3 0 . 9  <'27.C-3S5.4I 2.130 11.850-2.4201 I 
0.5 10.7 18.34-13.71 . 11.1117.5-19.31 ' 2.140 11.670-2.7401 j -t--
3.0 ( 10.3b.74-12.21 i 0.74 10.674.821 : 344 (2910Q ( 0.46 10.3~-0.53l( 1101 

7.2 ] 17.5 112.5-24.31 1 .4  1 . 2 . 7 5 l  243 1174-3381 I 0.48 10.42+.551! 

10.5 i 44.9 136.7-55.0; : 0.77 (0674.891 1 428 135&524) ; 0.52 < 0 . 4 ~ ~ . ~ ) 1 ~ -  

3.0 ! 2.64 I1.18-2.OOi 51.3139.3-86.71 1 1211 

3.0 1 4.16t3.91-4.411 ; 119 1130-1471 I 
. . 1.0 1 10.95 19.34-12.91 : 99.6184.9-1171 

I 

3.0 ! 3.3911.61-4.411 1.8011.44-1.14l 113 (87.01471 I 4.61 iO.455.1011 I201 

(MoRIAuP() I 6.1 / 5.07 14.05-6.361 : 1.92 11053.361 ; 83.1 168.4-1041 1 3.9013.1M.9Blj 

i 11.2 1 5.01 14.73-7.171 1.7d 11.374 201 ' 52.8 142.1bL81 1 3.71 13.11-4.441; 

U(DRIN 
3.0 4.7813.70-6.131 : 2.28 <1.67-1.051 : I59 11'22-1041 ! / 1 2 1 1  

(MORIILI*) 11.0 / 18.9113.8-16.1 3.7511.72-5.191 ' 172 1124-2391 4 
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T o  LCsor Snu LC- sndihe QSXronl~ao~e oaremorsa are CMPVW~ metnoa 11231.limns m by Memoa81tsa S~e8lman-Il0lber 

lion for both Cllirotlomas te11Mss mortality (LC%?)and Laboratory experiments have also been per-
growth rate reductionfroma life cycle tea (ECso) are formed lo characterize the toxicity o f  fluoranthene 
c l  rg/g. Dy contrast, the 1.5 percent organic carbon 119) to  the sediment.dwelling marine amphipod Rhc. 
sedin~ent'ECu, and  L C w  are approximately 7 and 10 pxyrti irs abroniur. Figure 6 presents the R. abronius 
11glg.respectively. The highorganic carbon sediment mortalitv data lor the fluon:nlhene exoeriment. The 
(12 percent) exhibits sti l l  higher LCso and ECvr vat- resulb dt the fluoranlhcne rxpertment~paral le l  those 
ues on a total sediment kepone concentration basis lor kepone. The sediment w i th  the lowest organlc 
(35 and 37 lag/& respectively). catbon content (02  percent) exhibits the lowest LCm- .  . 

However, as shown in the bottom panels. e r  on a total sedimeni concektration basis (3.2 pglg) 
senHally al l  the mortali lv data collapse in to  a single and as Lhe organic carbon concentration inaeases 
curve andthe variation ingrowth raie is significanily (0.3and 0.5 percent) the LCSOinaeases (6.4 and 109 
reduced when the pore water concentrations are l lg /g l .  On dpore waler basts, thedata again collapse 

used as Lhe correlating concentrations. On a pore to  a single concenkalion-response curve and Lhe 

water basis, the biological responses as measured bu LCws differ by less than 50 percent. 
LCso or ECw vary bfapptowmately a factor of two. F~gure7 presents mortattly data for DDT and 
wherea* when they are evaluated on a total sediment m d r t n  ustng the freshwater amphapod H~deltaaaatcn 
kpone ba95, they exhiblt a n  almost 404old range in I20.2II The responser. for DDT 1201 are s~mt la r  to  
kepone toxicity. those observed ior kepone, cadmium, and fluoran. 

The comparison between the pore water ei. thene. On a tolal sedinient concentration bas85 the or- 
fects concentrations and the !valer.only results t n d ~  ganism responses differ for the various $edrmenls 

rates that they are similar. The pore water LCsm are (LCW are 10.3 to  45 uglL),but on a pore water basis 
19 t o  30 11glL. and the water-only exposure LCw 1s the responses are again stmilar (LCsos a n  0.74 lo 1.4 
26 11glL. The pore tvater ECss are 1710 49 )rp/L,and u g l L )  and comparable lo  the water.only LCsmofap-
the walcr.only ECM is  16tt~./L(Table 2). proximately 0.S pgil.. The DDT data reported by-

~chuytema-e lal, [Zll are more variab!e. BY contrasi, 
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nguro ~.-Compa~ism of percent mortaliry of K anecn to DDT (Ie(Uand endrin Ingnu concentrations m mlk semment (top) 
.. and pore water (beltan) for sediments with varylngorgantc carbon conrentret~ons 120.2i1. 

the organism survival lor endrin exposures on a dry melhrin) vanes from 6.2 to 0.6 (4.0 to 0.23) (pglg or- 

weight basis varies by a factor of almost six among ganismlpglg sediment) as sediment fm increases 

the six sediments. The LCsos are 3.4 to 18.9 pglg. The (Table 3). By contrast the mean OAFS ona porewater 

pore water LC*% were less variable. 1.7 to 3.8 pg lL  basis vary by less than a factor of two. 

and comparable to the water-only exposure LC$@of Bioaccumulation was also measured by 

approximately4 pg/L(Table 2). Adams et al. 117.231 and Adams 124) in the C. m-


Inns-kepone experiments presented previously (Fig- 


Bloaccumulatlon ure 3).Thebody burden variation on a total sediment 

basis is over two orders of magnitude (BAF - m k o  


A direct measure of chemical bioavailability Is the 3.3 organisml~glg sediment). whereas Ule 

amount of chemical i n  organismpore \vaterbioaccumulstion factor is within a factor
tirsues. 

Hence, (issue bioarmmulation data can be used to of four (5200 to 17.600 pg lkg  organismlpgll). with 

examine the extent of chemicalbioav~ilability.Chiro. the very low organic carbon sediment exhibiting the 

ttomur tenlaas was exposed to two synthetic pyre- IarWst deviation (Table 3). 

throids, cypermethrin and permelhrin, spiked into 

three sediments, one of which was laboratory-grade C O ~ C ~ U S ~ O ~ 
sand 1221. The bioaccumul&ion from the sand was 

approximately an order of magnitude higher than i t  These observations--that organism concentration re- 

was from the organic carbon.containing sediments sponse and bioaccumulation from different ud i - 

for both cypermethrin and perrndhrin (Fig. 8. tcp 	 ments can be reduced to one curve i f  pore water is 


considered as the concentration that quantifies expo, 

On a pore water basis. the biwccumulation sure--can be interpreted In a number of ways. How. 


appears to be approximately linear and independent ever, these results do not necesrarily imply that pore 

of sediment type @ottom panek). The mean b~oaccu. water is the primary route of exposuw because all ex. 

mulation factor (DAF) for cypermethrin (and per. posure pathways are at equal chemical activity in an 


19756 




Dry Weight Normallzatlon :I 

Pore Water Normalization I 
hprrmrthrln Prfm.lhrln 

1 
1 

f .. .. .. - . 
.... . .- ,i" "' 1.0 A 

Y -

J.VI loom 
h e  W a l u  C a r n b a t M  tw,U more W~IU  cew.nlralbn lwl t l  

i 
j

Figure 8.--Cornpanson of C. tenfans b d y  bumen 01 CYDerrneUlnn IlelIl and Dormathnn lrlght) versus concenVa110nin bulk 
sediment ItopJand pore water IimttomJlor SedlmenU wtth varying organic carbon concentrallonr 1221. 

? 

Tabl8 3.-B1oacc~mula110n tectors for C. lerna~.  



- - 

equilibrium experiment. The mute of exposure can- 
not be determined. as we can Lee by comparing the 
concentration.response comclations to pore water 
and organle carbon-normalized sediment concentra. 
lions. That both are eauallv successful at correlatine 
the dala suggests that ieit6er the pore water nor thi 
sediment exposure palhway can be implicated as the 
primary exposure route. 

In order to relate pore water exposure to sedi- 
rnenlcarbon exposure, it is necessary lo establish the 
relationship between there two concentration,. 
Therefore. an examination of the stale of the art of 
predicting the panitioning of chemicals between the 
solid and the ltquid phase is required. This examlna- 
lion is described in the following section. 

Partitlonlng In Particle Suspensions 
A number of empirical models have been suggested 
to eaplain the sorption ol nonionic hydrophobic or. 
ganic chemicals to natural soils and sediment pbrti- 
clu (see Karickhoff (25) for an excellent review). The 
chemical property that indexes hydrophobicity is the 
octanollsvater partition coefficient, Kow. The impor- 
tant particle property is the weight fraction of or- 
ganic carbon, fol. Another important environnlental 
variable appears to be the particle concentration 
itself. 

In many experiments using particle suspen- 
sions. the oartition coefficients have been observed to 
dencare ds the particle concentration used in the ex- 
periment ir increased 1261. V ~ N  few experiments 
have been done on settled or undsturbed ;ediment$ 
therefore, the corred interpretation of particle sur- 
pension experiments is of critical importance. it is 
not uncommon for the palt ion coefficient to de- 
crease by two to three orders of maenitude at hinh 
oartide ioncenhations. If this varlit&nine behavgr 
is characler~shc of bedded sediments. lhe~qutle low 
pertition coeliicients would be appropriate, whtch 
would result In lower sedimenl cliemical concentra- 
tions for SOC. If. however. this ohcnomenon is an ar- 
tifact or a result 01s phenomen&t that does not apply 
to bedded sed~menb. then a quile different parnllon 
coefficient would be used. The practical importance 
of this issue wquires a detailed discussion of the par- 
ticle conrentration effect. 

Particle concentration effect. For the revers- 
ible (or readily desorbabie) component of sorption, a 
particle interaction model VIM) has been proposed 
that account4 for the particle concentration effect and 

predicts the partition coefficient of nonionic hydm 
phobic chemicals over a range of nearly seven orders 
of magnitude wiLh a loglo prediction standard enor 
of 0.38 1271. The reversible component partition coel- 
ficienl. K'.. is the ratio of reversiblv bound chemical~-~~ ~~ 	 ~ 

concmtrdtion. CS (rrglkg dry wrigntj, to the dir- 
solved chemical concentration, Cd (1tglL):-

C S - K ? c ~ .  (8) 

The PIM model for K C. is 

far& (10)K i  - 1+mjw Ka/vx 

where 

K. 	= revenibie mnlponent partition coefficient 
(L/kg dry weight) 

Ka = particle organic carbon partition 
..... 	 coefticient (L/kg organic carbon) 

/w =particle organiccarbon weight fraction(kg 
organic catboslkg dry weight) 

tn = particle conccnlration in the suspension
(kg dry weighl/L) 

v, = 1.4. an zmpirical constant (unitless). 

The regression of Koc to the octanollwatcr coeffi- 
cient, KOW,yields 

which is that essentially Kor approdmatdy equals 
K.w. Figure 9 presents the observed versus predicted 
reversible comoonent oartition coefficients usine this -" 
model 127) A ;ubstanital lractton of the data in the 
regression ISat htgh parttcle mncentrahons I ~ I I ~ o I ) ~ ,  
> 10). where the partttlontnp, is delerrntnel only bv 
the solids concenirationandk. The low particie&~;. 
centration dala (ntlorKow s 1) are presented in Figute 
10 for the conventional adsorption (left) and reven- 
ible component (right) partition coefficient. Kp, nor. 
malized by fa.that is K ,  = K p l j ~ .The relalionship 
KW = Kov is demonstrated from the agreement be- 
tween the line ol perfeet equality and lhe data. It is 
imponant to note that while Equation 10a~olies onlv 
to ihe reversible component pdrnnon mefi;bent, K;. 
the equaoon. Kp = / a KO* appltes lo the wnvent~onai 
adsorpt~on Dartition coehcient as well (Fie . - .10, left). 

A number of explanations have been offered 
far the particle concentration effect The most popu. 
lar is the existence ol an additional third sorbing 
phase or complexing component that is associated 



Reverelble Component Partition Coefficient 

l7;ure e.-Compariaon Of ODserved reversiDI0 cornDonen1 partilion coefficaent lo calculaed parbllon Mef6ctenl ualng Equa 
llon 101271. 

Partition Coefficient - m foe Uow .c 1 

Adrorptlon Rbvar8tbb Component 

Log10 Kow Log10 Kow 

ngure lOrCOmDaIlSOn Of 1- aasorol~on llefll and reWrs#Dld cornconen1 lrlgnti wganlc carOorrnormalrze0 oarstmon eoelln. 
cent. lb,. lo the oclan0~lwaler Parlollon coeflac~enl. &.. for expenmenis woln low sol106 concenlreltons: ml,r(o*<l. The 
l~ncrcpreaenta oqualtly 1271. 



with the particle~ but is inadvertently measured as 
art of the dissolved chemical concentration because 

bf exoerimental limitations. Colloidal varticles that 
remain in solution after partltle repa;ation 128,291 
and dissolved l~gands or manomolecules that desorb 
from the particles and rematn in solution 130-331 
have beenkueeested. It has also been suw.ested that 
inneadng pa~cleconcentration tncreaseiihe degree 
of particle aggregation. decreasing the surlace area 
and hence the partition coefficient 1341. The effect has 
also been attributed to Wneticeffects (251. 

Sorption by nonseparated particles or com. 
plexing by dissolved organic carbon can produce an 
apparent decrease in partition coefficient with in. 
creasing particle concentration if the operational 
method of memuring dissolved chemical concentration 
does not properly disuiminate the h t y  dissolved or 
free chem/calco&ntration fmm the complexed or col- 
loidally sorbed portion. However, the question is not 
whether improprly measured dissolved concentra- 
tions can lead to an apparent decrease in partition coef. 
Rcient with increasing particle -oncenbations. l l w  
question is whether these third.phase models explain 
all (or most) of the observed partition coefficient-parti- 
cle mncentration relationships. 

An alternate Dossibilitv is that the oarticle 
concentration effect i;a distinit phenomena ihat is a 
ubiquitous feature of aqueous.phase particle sorp. 
lion: A number of experimentshave been designed 
ex~licitlv to exclude ~oisible third-vhase interfer- 
ehes. ~arttcle conceniratton effects a;e dtsplayed tn 
the resuspenslon experiment for polychlortnated 
biphenyls (PCDs) and metals 135-371, in whtch partt. 
CI;S a&resustaended into a reduced volumeof iuver. 
natant, and th tho dilution experiment in whtch'the 
particle suspension is diluted with supernatant from 
a paralle: vessel 1351. 11 is difftcult to see how third. 
~ h s emodels can k u n t  for these results because 
ihe concenbation of the colloidal particles is constant 
while the concentration of the sediment particles var. 
ies subslantiatly. 

The model (Eqn. 10) is based on the hypothe- 
sis that particle concentration effects result from an 
additional desorvtion reaction induced bv oarticle- 
particle interdctibns 1271. it has been sugge;ted that 
actual particle colltsions are responsible (381. This in- 
terpreiation relates vs to the collision efficiency fo. 
desorvtion and denionstrates that it is indeoendent 
of thc'chemical and particle properties, a fan'that has 
been experimentally observed (27,361. 

It is not necessarv to decide which of there ~~ ~~ 

diswlved chemical concentration to particulate con. 
centration via the same equation. As for kinetic el. 
fects, the eouilibrium conchntration is aeain eiven bv 
the relatro~ship KM =KO". Thus there-is uhnimiti  
on the proper partitton coeffictent to be used in order 
to relate the free dissolved chemical concentration tu 
the sediment concentration: KM = Kow. 

Organic carbon fraction. The uniwng para. 
meter that pennits the development of SQC for non- 
tonic hydrophobic organic chemicals that are a~plic-  
able lob bmad raneeif sediment tvves is theorpanic " ~~~~ 

carbon content of The sediments. This development 
can be shown as follows: The sediment/pore water 
partition coefficient, Kp,is given by 

iL 
and the solid phase concentration is given by 

Cs = forKocb (13) 

where CSis the concentraiion on sediment particles. 
An important observation can be made that leads to 
the idea of oreanic carbon-normalization. Eauation .. 
12 indicates that the partitioncoefficient for any non- 
ionic organic chemtcal is linear in the organic carbon 
fraction. lor. The Partitioninp. data examined in Fie- 
ure 10 & be usdd to exam& the linearity of Kp ib 
Jot. Figure 11 compares KplKowto fa for both the ad- 
sorption and the reversible component partition coef- 
ficients. The data are restricted to mfar Kow c 1 to 
suppress particle cffects. The line indicates the ex-
pected linear relationship in Equation 12. These data 
and an analysis presenled below appear to support 
the linearihpof vartitionine to a value of I=~. = 0.2 ver. 
cent. Thts iesuit and the 6 x i o  experiments eiarn- 
ined below suggest that for for w 0.2 percent, organic 
carbon-normalization isvalid. 

As a consequence of the linear relationship of 
Cs and loc. the relationship between sediment con- 
centration, C,, and free dissolved concentration. .Ca.-. 
can beexpressed as 

C,.% - --c, (as) 
. ~ . .  fm 

mechan~sms is responsibie for the effect tf all the pos. 

siblc inlerpretations yteld the same result for sedi- as the organic carbon normalized sediment concen. 

mentlporc water parttttonlng. Particle interactton tration (LI chemicallkg organic carbon), then from 

niodels would prediu that Km = KO* because the par. Equation 74: 

ttcles are stationary in sediments. Th~rd.phase mod. 

els would also relate the free (i.e., uicomplexed) t Cs.a. Kc&. (16) 
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(right) to swimant orgsnlc carbon. Tna dSe ale reruletea solhat partlC1e etlects are nm erpeclea to tw Significant: ml*& 
c 1, The llne represents perfect a8reement (Z?]. 

Therefore. for a specific chemical with a specific Kor. 
the organic carbon-normalized total sediment con- 

' centration, Csac,is proportional to the dissolved frce 
conceniratiun, Cd, lor any sediment withfor > O l p e r -
cent. This latter qualification is judged to be neces. 
s a y  becausea t f~  c 0.2 percent theolher factors that 
influence partitioning (e.g.. particle size and sorption 
to nonorganic mineral fractions) become relatively 
more important 1251.Using the proportional relation. 
ship given by Equation 16, the concentration of tree 
dissolved chemical can be predicted from the nor- 
malized sediment concentration and Koc. The lree 
concentration is of concern as it is the form that is 
bioavailable. The evidence i s  discussed in the next 
section. 

Dissolved Organic Carbon (DOC) 
Complexing 
In addition to parlitioning to particulate organ~c 
carbon (POC) associated with sediment panicies, hy. 
d ro~hobicchemicals can also Dartition to the oreanic 
cakon III  mllo~dal stzed parti;les. Because thcGpar. 
ticies arc too small to be removed by conven~~onal111-

tration or centrifugation thev are operationaiiv 
defined as DOC. Because sediment interstitial tvarcrs 
frequently contain signif~cant levels of DOC, i t  must 
be considered in evaluating the phasc distribution of - .
chemicals. 

A distinction is made between the free dis- 
solved chemical concentration, Cd, and the DOC-

complexed chemical. Cwc. The partition coefficient 
for DOC. KDoc. is analogous to b as it quantifies 
the ratio o f  DOC-bound chemical. Cwc. to the free 
dissolved concentration, Cd: 

where m w is ihe DOC concentration. f h e  magni. 
rude of K w  and the DOC concentration determine 
the extent of DOC complexation that takes place. 
Thus, it is important to  hive estimates of these &an- 
tities when calculating the level of free dissoived 
chemicals in sediment pore waters. 

A recent mmpilalion of Kmx together with 
additional experimental determinations is available 
1391. Asummary that compares the partitioning of six 
chemicals to POC, natural DOC, and Aldrich humic 
a d d  (HA) is shown on Figure 12. The magnitude of 
the partition coefficients follo~v the order: POC r HA 
> natural DOC. The upperbound on Kau would ap. 
pear to be K w  = L.the POC parlation coefficient. 

Phase Distribution In Sediments 
Chemicals In sediments a n  parl!t~oned into three 
phase5 lree chemtcai. chemsai wrbed to POC, and 
chem~cal sorbed to DOC To evaluate the partit~on~ng 
among these thwe phases. cons~drr the mass balance 
(Or tolai concentralton CT. 
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AIUIO l2.4arUtlon coctfictentt of chemicals to partncu- 
late organic camon(POC1. Aldnch hvmlc acla. aM natural 
OOC. Bento(alpyrenr (BaPI: 2,2'.4.4'.5.Y hexacn<oIo 
olpenyl (HCBP]: DOT: 2,2'.5,5'.letrachlorOD1menylITCBP): 

,... , ... . . . .	pyreae iPYR1: 4.mOnochloroblphe~l (MCBPI. Date from 
Eaa(eat at. (39). 

where 0& thesediment wrosiw (volumeof watcrlvol- 
umeof water plus solid;) and & b the sediment solids 
conce~ltration (mass of sol ids~volumc of water plus 
solids). The t h ~ e  ierms on  the riaht stde of thccaua-
tion are the concentration ot freichemical i n  t h i i n -  
tenhbal water, and that sorbed to the POC and DOC. 
respedively Hence, from Equation 18 the free dis- 
sobed concentration can be expresseda5 

The concentration associated with the particlecarbon 

DOC Conoentrstlon (mg/L) 

ngura l3.--Part1Bon coetfic~entr 01 cnem~cels to partncu 
late organlc camn (POCJ. Alartcn humlc acld. and natural 
OOC. Bcnc~\s\wene \W): 2.Y.a.C.5.5' harscmMo 

.,..,Dlpnenyl (HCBPI: DOT: 2.2'.5.5'.lelr&hlorob1Penyl iTCBP): 
pyfene (PYRI: 4.mO~chloroDlDhenyl IMCBP). Date from 
Eadle el al. l38). 

I t  is inrporla~tt lo rml iu that l h r f m  &mtical con. 
centration. Cd, can beestimated dirm:ly from C,.,.., the or- 
ganic cnr&~~-~~ormolized sedifnenl coscenlrntioa, using 
Eqsalio~l16. and that the estnnafc is Wdepotlt~tl of the 
DOCconce~~tratIon. Cdhorn the powH m c r .  t o e s l ~ ~ ~ ~ ~ l c  
uvltrr co~lcentraliort rcquim that ttu DOC concenlmt~on 
and Kmr be b~mt.TIte assun~plwa Cpar - Cd 15 clmrly 
not wrraalrd f ir  w y  h~dropttdric cttemialr. For tlusp 
cares Crlrgives a more direct eslbintr of tttefrn dissdwd 
b~mwlhblr  conuntmlion, Cd. 1110s dors the prc twttr 
concentration. 

Bloavallablllty of DOC-Cornplexed 
Chemicals 
The proponion of a chemical i n  pore water that is 
cornplexed to DOC can be substantial (Fig. 131. 
Hence. the question o f  bioavailability of DOC-mm. 
plexcd chemtcal can be important in assessing toxic. 
ity d~rectly from measured pore water concentra. 
ions. A significant quantity of data indirate!. that 
DOC-complexed chemical is not bioavailable. Fish 
(411 and amphipod (421uptake of polycyclic aromatic 
hydrocarbons (PAHs) are si nificantl reduced by 
adding W C .  An example is =%own i n  Figure 14 fora 
freshwater amphipod 1421. Fo* a highly hydrophobic 
chemical such as benrola)pyrene IBaP) the effeci is 
substantial, whereas for less hydrophobic chemicals 
1e.g.. phenanthrenel the reduction in upuke rate is 
~nsignificant. This result was expected because, for a 
ftxed amount of DOC. the quanclty o f  DOC.com. 
plexed chemical decreases \n th  decreasing K m  
(Eqn. 17). 

(Ean. 161 and DOC (Eon. I;r) can then be c~lculated. 
~ h ctotal pore wale; c6nceniration is the runt ol  the 
free and DOC complcxed chemical, so that 

Cpore Cd + C m  = Cd(1 t IIIWCKWC). (20) 

F i ~ u r e13 illuslrales the ohase oartitionincbe- -
havior o f  a system tor a u n ~ t  concenlrallon of a 
chemical wlth the followtng propertvs: L = K m  = 
10"LIkg. f w  = 2.0 percent. 111 = 0 5  kg solids1L sedi-
ment, a n d ~ m m  vaiies from 0 to 50 mglL, a reason. 
able range for pore waterr (401. With no DOC 
present. the pore water concentration equals the free 
Concentration. As DOC increases. the pore watercon- 
centration increases because o l  the increase i n  corn. 
plexed chemical, CDK. Accompanying this increase 
i n  C w  is a slight-in fact, ins~gnihcant-decrease in 
Cd (Eqn. 19) and a proportional dccreasc in C. 
(Eqn. 16). 

http:DOC.com
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RgUfo 14.-Average upome raw of cnem8cals 4Ponrow 
rela id* woln I l ledl and mthoul (hatcwo, DOC present. 
0cnZola)wene IBaPI: 2.?'.4.4:tewacnloroDmenyl ITCDPl; 
oyrone. phonanthrene. Dale from Landrum el @I.1421. 

The quanlilalivc demonshalion that DOC-
complexcd chemicals are not bioavailable requires an 
independent delerminalion o f  the concentration c i  
complexed chemical. Landrum el  al. /42] have devel- 
oped a Cts reverse-phase HPLC column technique 
that separates lhecomvlexed and free chemical. Thus 
II IS pbssible to compare the mcasured DOC.com. 
plcxed chernlcal lo the quantity of complexed chem~. 
cal inferred from the uptake e*prrimcnls, assuming 
that all the complexed chemical is not b~oavailable 
(42,431. 4s shown on  Figure IS, although the Kooc 
inferred from uptake suppression is larger than that 
inferred from the reverse-phase separahon for HA.  
these data supDort the a s w m ~ l i o n  that the DOC. 
complesed frdciion, C-, is n d ~b~oavailable. Hence 
the bioavailable form of dissolved chemrcal is Cd. Ihe 
free i~ncomplexed component. I h i s  is an important 
observation because i t  is Cd that is in eauiiibrium 
w ~ t h  C S , ~  the organic carbon-normalired'sed~ment 
concenlralion (hn .  15). 

Fleld Observationsof Partitlonlng In 
Sediments 
An enormous quantity of laboratory data exists for 
partitioning in part~cle suspensions. Hotvever, pore 
water and sediment data f ~ o m  field samples are 
scarce. Two types of dala from field samples are ex. 

DOC Partltlon C o e f f i c i e n t  

c. 
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K o o  f rom ~dveroePhaee (L/g oc) 

g n r  1A--Cmpansn of the DOC oartillon coefficient 
caIc~1atedfrom the suopresslon of Chemical uolaue versus 
me Css reversed-phaseHPLC column estnmate. Cwclas ale 
Alanch humac scad: Vaangles ere lnlerltltla wauf DO€ 
Chemlcala are 1161eo m figure 14 GaPtnOn ((1160 mwacene 
am oenzqalantmene). 

aminrd. The first is a d i red test o f  the partidoning 
equalion CS.W = Ko,Cd, which is independent of the 
DOC concentration The second examines the sedi- 
mecl and pore water concentralions and accounts for 
the DOC that i s  present. 

Ognnic cnrhir nonrtnlization. Consider a 
sediment sample that is segregated into vanous size 
classes after collection. The particles i n  each class 
were in contact with the pore hater. If sorption equr. 
l~br iumhas been attained for each clas,. then, letting 
Cdj) be the particle chcmicdl concenlralion of the rth 
size class, i t  & true that 

C41) = /or(j) KwCd (21) 

where la())i s  the organic carbon frachon tor each 
size class I .  On an organlc Carbon.normdl~zed basis 
this equation become; 

where Go:ij1 = C4.i) /&( j ) .  This result indicates 
that the organic cdrbon.normalized sediment concen. 
tralion of a chem~cal should be equal i n  each slze 
class because KM and Cd are the same for each size 
class. Thus a dlrecl lesl of the val~dity of both organic 
carbon normalization and EqF vrould be to examine 
whelher C,.W~]) is constanl across size classes in a 
sedimenk sample. 
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Data from three field studies. Prahl 1451. 
Evans el ai. 1451, and Delbeke el al. 1.161. can be used 
to test this prediction. In Prahl's study, sediment 
cores were collected at three stations near the Wash- 
ington State coast (Stations 4, 5 and 7). These were 
sieved into a silt.and-clay sized fraction ( 4 4  pm), 
and a sand-sized fraction (>64 mm). This latter frac- 
tion was further se~arated into a low densitv fraction ......... 

(e1.9 glcm3) and <he remaining higher drnilty sand. 
sized pamcles. The concentrations of 13 Individual 
PAHs were measured in each size fraction. 

It is important to realize that these size frac. 
tions are not pure clay, silt, o r  sand but are natural 
articles in the size classes denoted bv clav. silt. and 

8 ........ 

sand.?he organic carbnn fractions. st;owhin Figure 
16, range from 0.2 pement for the high-density sand- 
sized fraciion to m a t e r  than 30 percent for the low. 
density fraction: This exceeds two orders af 
magnitude and essentially spam the range usually 
found in practice. For example. 90 percent of the es- 
tuarine and coastal sediments sampled for the Na- 
tional Status and Trends program x c e e d  0.2.p$rcent . 
organiccarbon I+?). .'.'' 

Organlc Carbon  Fractions 

- 10.0 

E 
x-

1.o 

0.1 
LOW SMND SILT/CLAV 

S.dlmm1 Fcaollon 

g u r e  16.-The organic carton irect~ons (% dry welgntl in 
the lowd~nslty hlllon .64 (rm. e1.9 ~ c m ' :the S a M -
%$zedCmmre4Urn, ri.9gJcm3: \he sll~\tlc\a).seM#rat. 
tlon c64 tam. Number00 rtsuons as indlcateo. Dsta lrom 
(441. 

Figure 17 flop) compares the dry weight-nor. 
malized rlay/silt sized fraction sediment PAH con. 
centrations. C,(l). to the sand-sized h~gh- end 
low-density PAH concentrations on a dry weight ba 
sis. The d p  weight-normalized data have distincllr 
different concenirations-the lowdens~tv hteh-o; 
ganlc cartmn frachon Is hlghly enrched. t;.brSs the 
sand-stzed fractton ~ssuba~antidlly below theclayt 5111 

--.-- --

franion concentrations. Ficure 17 (boaoml ore,enls . .
the same data but on an &caaic .-ahon-normaitzed. . . . . . . . . . .  --... ........... 

basis, CS~S(~).In contrast to dry weight normal~za- 
lion. the PAH concentrations are essentially the same 
in each size cldS5, a5 predicted by Equation 22. 

In the field data from &an; et al. 1451 sed~.  
ments were cotlected at (ive sites dong l& River 
Dement. Derbyshire. United Kingdom, and sepa- 
rated into six sediment sire classes. The sire classes 
%'ere representative of clav and silt (<63 uml to 
course Ibnd (1.0 to 2.0 mmi. Organic caibon Anlent 
and total PAH were measured in aach sediment size 
class. Figure 18 presenls the size ciasses and assoa- 
atcd organic cart;on c-ntent. Evans el al. attribute the 
b~modal distribution oi ,fato two types of organac 
matter. Urganic matter i i ~  the 1.0 to 2.0 min size class 
may be fmm franmentarv olant material while the 
st& dasscs less tien 500 ;A organic carbon conlent 
i s  the result of a g n g  humic matenat. The Organic 
content in thls studv ranges from 2 0 lo40 perccnt. 

Figure I9 presenka cornparism of PAH con-
...	centration for different sediment classes for dry 

weight nornlalization and organic carbon norr~:aliza. 
lion. The top lelt panel compares PAH concentrations 
on rand 163 tam - 500urn) and ciav/rilt(< 63 uml on a. . .  
d q  weight basis. The toy nght danei compares PAH 
concentrations on course sand (0.5 pm - 2.0 pm) and 
clavlsilt (c 63 rm) on a d w  weirrht basis. The data in. 
dlcdtes that the PAH coi;entr~ion is higher in thc . 	course sand franion of sediment. Recall from hgure 
18 that the clavlsilt and coursesand fractions contain 
higher fraction organic carbon content. The boltom 
panels of Figure 19 present the organic carbon nor. 
malized comparison of PAH concentrations by sedi- 
ment class. For both panels. the organic carbon 
normalized PAH concentrations are similar regard. 
less of the sediment size class as predicted by 
Equation 22. 

Lasllv, Delbeke el al. 1461 collected sediments-~~~ ~~. 	. 
from seven ;ias in the Belgtan continental shelf and 
the Scheldt estuary These sites were analyzed for 
e~ght  PCB congeners and organic carbon in the bulk 
sediment and claylsilt (< 63 urn) 5ediment fraction 
In addrt~on, analpses of the samples werr donr to de. 
tennlne the percent of size franicns rangins lrom 
300 um to 3 tam which made u~ the sample. The PCB 
congeners rested for in thts study weru IUPAC num- 
bers28.52.101.116.153.138. 170and 180 

Usinn concentrations moorted for bulk urn-. -~....... 

ples, concrnirations for c ~ a y ~ s i ~ t  sampies, and p e r  
cenl size fraction5 01 eacn sample. calculal~ons were 
done lo estimale conwnlrailons on the m a l e r  than 
63 em portion of the sample. Similar ;alculations 
were done to determine osan ic  carbon content on 
the >63 rm portion of the sample. Organic content 
varied from 0.01 percent to 10 percent inclusive of 
both c63 (im and >63 tim portions of the sediment. 
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Dry Welght Normanzed SedimmUpore water partitionins. Normally 
W when measurements of sediment chemical concen- 

tration, Cs. and total pore water chemical concentra- 
tions, Cpore, are made, the value of the apparent 

i7 partition coefficient is calculated directly from h e  ra- 
ti0 of these quantities. As a consequence of DOC a t complexation, the apparent partition coefficient. K i .A 

SI defined as 

. . 
As IJI- increases, the quantity of DOC-complcxed !, . 

Organlo Carbon Normalized chemical increases and the apparent partition coefii. 
!
.

cient approaches . . .. ..... .. . 
 . .. .. ..- ...<, 
A - 510 1

. . .... . ,-,,,,ll,qm- I 

which is just the ralio of sorbed to complexcd chemi- 
cal. Because the solid-phase chem~cal concentration 
i s  proponional to the free dissolved portion of the 
oore water concentration. Cd. the actual oartition co. 
efficient, Kp, should be ;alculated using'the free dim. 
wlved concentration. The hee dissolved concentration 
will hvicallv be lower than the total dissolved w r e  .. , 
water chemical conccnhation in lhe presence of agn~A- 
cant levels of pore watcr D0Cle.g.. Fig. 13). As a result. 
the actual partillon cailioent calculated w ~ t h  the h e  

PCB ' fngl~OW < 83 m dissolved concentration is h l he r  than the aovarent 
partition cocificienl calculated<vith the total dii;olvcd 
pore water concen*alion. 

Figure 2l.-Com~arison of elgnt PCB congener eoncentra- 
t~ons01 r63pm sozed wrtvcles. ordinate. to -33 urn stzed 

Direct observations of Dore water oartition parucks. absclssa lStatlonr 1.71. Top panel IS lor ory 
welght normallzatlon: batom Oanel IS lor organlc cartton 
norntalization. PCB congeners are IUPAC Nos 26. 52. 101. 
118,138,163. 179 and 180. Data from 1471. 

I t  can be concluded from the data 01 Prahl. 
Evans e l  al.. and Delbeke el al.. that the organtc car. 
bon-normalized PAH and PCD concentrat1on5 are 
relatively independent 01 partlde size class and that 
organic carbon is the predominant conhotling factor 
in determinine the varlihon coefficient of the differ- 
ent sedinwnt Zze p;rlicles i n  a sedlmenl sample n ~ e  
organic carbon concentration of the h~gh-denr~tv 
roid.sized fraclion In Prahl's data (0.2 100.3 ccrcmt) 
suggests that organic carbon normilizalion i; appro: 
priate at these low levels. The data from Evans el a l  
suanes(s that EaP can be applied to oraanic carbon 
o&Tnating lmm' more than'dne soum,~hat  is, frag- 
mentary planl matter and aging humic material. 

coeffrcrentrare teslncled to theipparent par i~ t~on co. 
el lmmt. K ;  (Eqn. 23). because total concenlratlons 
in the o o n  water a n  re~or led  and DOC comvlexlnn 
is expected to be rignihcant at the DOC con'centr; 
lions found in pore waters. Data reported by 
Drownawell and Farrington in 1986(481 demonshate 
the imvorlance 01 DOC com~lexine in ore water. 
Fiyre.22 presents the appar&t pa~tion'coeflicient, 
measured lor 10 PCB congeners at various depths i n  
a sediment core, v e r r u s f ~  Ibw,the calculated parli- 
(Ion coeflicient. The line corresponds to the relation. 
ship, i;a = KOW,which is the expected result i f  DOC 
complexing were not significant. Because DOC con- 
centrations were measured lor these data, i t  is possi- 
ble t o  estimate Cd with Equation 20 inthe form: 





compute the organic carbon partition coefficienf Kor 
To verily Equation 22,estimates of Km computed 
from Equation 11 using laboratory measurements 01 
Kow are then compared to partitioning in the sedi-
ment toxicity test. Sediment toxicity tests and Koa 
measurements are available for five chemicals en-
dtin [20.21,521. dieldrin [54.551. acenaphthene (561. 
phenanthrene 1561, and fluoranthene (19.571. Sediment 
toxicity tests for these chemicals were perlonned as 
part of the development of SQC. Mortality resulb for 
these tests were presented in Figures Zand 3. 

Figure 24 shows organic carbon normalized 
sorption isotherm for acenaphthene, endrin. phenan-
threne and fluoranthene, where thesediment concen-
tration ( ~ g / gOC] is plotted versus pore water 
concentration (ugIL1. These tests represent iresh. 
water and marine sediments having a range of or-
ganic carbon content of 0.07 to 11.0 percent. In each 

pancl. the line corresponds to Equation 16 where K-
is derived from KOW measurements in the laborator). 
A full discussion of laboratoly KOW measurements is 
prerented subxquently. in each of the paneksthg toxic-
ity test data are in agreement with the linc computed 
kom experimentally determined Ka. For these chemi-
cals DOC measurements are unavailabis and partition-
ing to DOC in the pore water has not been considered. 
The figure indicates. however, chat DOC mmpkxing in 
there experiments aopears to be nedinile. 

~artitioning'inthe dirldri;; &petinlent indi. 
cated that DOC mmplexation may have been signili-
cant. The ~ariitioningisotherm for d~eidtin.Figure 
25). repr&nts ownrc carbon normalized sod~rGent 
concentration, Venus total (top panel) and computed 
dissolved @onom panel) p o i  water concentrations. 
Dissolved pore water concentrations are computed 

- - ~ ~ ~ 

Rgura 24.-Com~aftsonof organic carbon partlt~nncoefbctent i&) ooservea In tox~cifytests fsyrnbolsl to t& aer4vea from 
IabOlBtWy Ho* an0 Eouataon 11tsol8a lone). SyrnDolsate sed8menl concentratton, oralnate, versus wfe water concenuat~on. 
aosc Ira Sol a I.nO 8s 6.-= t& 6.wnete Logto I& 8s 3 7 6  for ecensonlnene. 4 84 forenom. 4.46 for onenmtnrens. 
and 5 00 for fl*orantnene.Tncsc Logto n,valuer are estomaleo from Logto H, vo.~osmooswed at tno b.5. EPA Enaron. 
moms. nosoaron Lanorstory at Athens. Gmrgm. Data swrcer ss mna,ce~eo. 
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Flgura 26.--Com~arlsoo of otganr carwn partillon ccetfi. 
cienl (&I Observed In toxicity tests (symbols) lo & de. 
nwd from lamralory 16. and Equataoll 11 Isoild lmel. 
Symbols are sediment coneentrot~on, ordinate, versus total 
(loo panel) ard free (bottom panel) pore waler concentre 
lions, abscissa. Solid line is C..- = I& '6.whete Logu 
k Is 5.25 tor dieldrin. The Log10 & value is est#moted 
from L w o  Ha vhluo measvreD a the U.S. EPPI Ew~rcn. 
mental Research Laboratory at Atnens. Georgia. Data 
sourC8 a3 IndIcMed. 

using Equation 26, DOC measuremenb and an esti- 

mated log K ~ o c= 5.25. Log Kwc ir estimated from 

log KW = 5.25 for dieldrin. Figure 25 represents data 

from Hoke and Aukley 1551 since Hoke (561 did not 

measure pore water. Adjusting for partitioning on to 

the DOC in the bottom panel results inbetter aeree- 

men1 with the experimentally determined KOC.f iese 

data represent one sediment with an  organic carbon 


Content of 1.6 percent. I t  is important l o  note that 
dieldrin has the highest Ka of  the five chcmicais 
(Logto& dieldrin - 525, acenaphthene = 3.76. en-
drin- 484, phenanthrene = 4.46, fluoranthene = 5.00. 
DOC complexing increases with an increasing parli. 
l ion coefficient which explains why DOC complexing 
is significant for dieldrin. 

Organic Carbon Normallzatlon of 
Biological Responses 
The results discussed above sueeesl that i f  a concen. 
tration-response NNC conela~;to pore water con- 
cenhatlon, i t  should correlate equally well lo  oganac 
catbon-normalized total chemical concentratton. In- 
dependent of sediment properties. This i s  based on 
the partitioning formula C,.W - KaCd (Eqn.16). 
which relates the free dissolved concentration to the 
organic carbon-normalized partide concenmtion. 
This applies only to nonionic hydrophobic organic 
chemicals because the rationale is based on  a parti. 
tioning theory for this class of chemicals 

Toxicity ondbioaccumulation wcr imentr .  To 
demonstrate -this relationship, mnkntration.re. 
sponse curves for (he data presented inFigures 5,and 
7 are used to compare results o n  a pore water-nor. 
malized and organic carbon-nonn;lized chemical 
concentration basis. Figures 26 to 28 present these 
comparisons for kepone, DDT,endrin, and fluoran. 
thene. The mean and 95 percent confidence limits of 
the L G o  and ECso values for each set of data are 
listed inTable 2. The top panels repeat the response 
pore water concentration plots shown previously i n  
Figures 5 to 7, while the lower panels present the n-
sponse versus the sediment concentration. which is 
organic carbon-normalized (microgram chemical per 
gram organic carbon). 

The gener~ l  impression of these data is that 
there is no reason to prefer pore waler normalization 
over sediment organic carbon normalization. In 
some cases. oore tvaler normalization is su~er ior  to- r 
organic carbbn normalization. for example, kepone- 
mortality data (Fig. 26) whereas the converse some- 
times occurs, for example ke~one-growth rate (Fie. 
26). A more quantitati& rompan& can h maze 
w ~ t hthe LCrar and ECras in Table 2. The variation of 
organic carbon.normalized LCSD and ECsos between 
sediments is less than a factor of two l o  three and IS 
compardble to the vanatron in pore waler LCsm and 
ECw.  A mow comprehensive comparison has been 
oresenled In Figurer 2 and 3, w h ~ c halso examine the 
use of the water-only LCoo to predin the pore watet 
and sediment organiccrrbon LCsw. 

Bioacrumulation lacton calmlaled on the basis ~ - .~~ 

of organic carbon-normalized chemical concentrations 
are listed inTable 3, for permelhrin, cypermethrin, and 

http:mnkntration.re




Pare Water Normallzatlon 

PI"o~."~M". 

Organic Carbon Normallzatlon 

ngul. zs.-Cnnpm.on of percent aurvtval of R. abronlus 
to fluorbnthena cmemralion in Wre water itoo) and bulk 
8edirnsnt. using Orgadc carbon normalization ~bollomt tor 
sediments with varylng organic csmon concenlrationl 1191. 

kepone. Again. the variation of organic carbon nor- 
malized BAFs between sediments is less tlmn a factor 
of two to three and is comparable to the variation in 
porr water BAFs. 

Bionccumulntior~ nnd orgnnic cnrbon nor-
malirntion. Laboratory and field data also exist for 
which no pore water or DOC measuremenls are 
available but for which sediment concentration. or. 
eanlc carbon fraction. and omnism bodv burden 
Lave been detcnnined. Thoc dita can be u;ed to lest 
organtc carbon normalization for sed~mentr and to 
eximine organism normalization as well. It is mn- 
venHonal to' use organirn~ lipid fraction for this nor. 
ntaliratIon (see references in Chiou (581). If Cb is the 
chemical concentration per unit wet weight of theor. 
gsnism, then the panitioning equation is 

where 

KL s lipid/water partition coefficient @./kg 
lipid) 

fr = weight fraciion of lipid (kg lipid/kg 
o~an i sm)  

Cd ifree dissolved chemical concentration 
us/L) 


The lipid-normalized Organism concentration. C ~ , Lis 

The lipid-normalized body burden and the organic 
carbon-nonnalired sediment concentration can be 
used to compute a bioacmmulat~on rdtco, wh~ch can 
be termed the BSF (59): 

BSF--.---Cbl KL KL (291
Cs,a Koc Kmv. 

The second equality results fmm using the partition. 
in8 Equations 16 and 28 and the third fmm the ap. 
p6ximalion that Kor= Kow. The BSF is the partiti& 
coefficient benveen organism lipid and sediment or- 
ganic carbon. If the equilibrium assumptions are 
valid for both oraanisms and sediment particles. Be 
BSF should be i<dependenl of both pa;ticle and or. 
ganism pcoperties. In addition, if  lipid solubility of a 
chemical is proportional to its oclancl solubility, KLa 
KO". then ihe iipid nonnalized.organic carbdn 'nor-
malized BSF should be a constant. indevendent of - ~. . ~-~ 
pariicles. o&a"isms, A d  chemical properties (59.60. 
611.Thls rrrull can be tested directly. 

Thr representation of benthic organisms as 
passive encaosulations of lipid that equilibrate with 
externalchcriicat concenhations is cleaily only a lint. 
order appmximation. Oiomagnification effr?s, which 
can occur via ieRestlon of contaminated food and the 
dmamics of int&al organtc carbon metabolism, can 
be included m a mom comprehensive analysis 1591.11 . . .  
is, nevertheless, an appropriate initial assumption be- 
cause deviations from the first-order representation 
will point to necesiary refinemma, and for many 
purposes thisappmximalion may suffice. 

A comprehmsive experiment involving four 
benthic organisms-two species of deposit-feeding 
marine polychaeles. Nereis and Nephtys. and two 
species of deposit-feeding marine clams. Yoldia and 
Mamma--and five sediments has been performed by 
Rubinstein el al. (621. The uptakeof various PCBcon- 
geners was monitored until stesdyrtate body bur. 
dens were reached. Sediment organic carbon and 
organism lipid content were measured. Figures 29 
and 30 present the log mean of the replicates far the 
ratio of organism.to.spdiment concentration for all 
measured congeners versus KOW for each organism. 
Dry weight normalization for boU1 organism and 
sediment (lelt panels), organic carbon normalization 
for the sediment (ccnter panels), and both organic 
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Flgure 10r9lo l8 of Ule BSFfratio of o~gan~aml~d imen t  - - -.-~Concentratlonl fw Wee sedlmenls for a sensn of PCB coneenen 
~ 

ve7sus me ~ o g l o ~ ,tor that congener. ih dry weight normalization tw botn wganlsm and sediment [left panels); Gganlc 
carbon nwmaliralion fw the sed#menl Imlddle panels): and organic and ltpid nwmalizatoon (right panels) as indicated. The or. 
ganisms are Nereis (top) and N.9Dhlys sbonoml. Oala from (621. 

carbon and l ip id normalization (right panels) are nonionic chemicals as a function of Kow 159). How-
shown. The results for each sediment are connected ever, for a specific chemical and a specific organism. 
by linesand separately identified. for example Nereis and any PCB congener (Fig. 29) 

The BSFs bared on dry weight normalization organic carbon nurmalization reduces the effect of 
are quile diverent for each of the sediments wi th the the varying sedimenls. This demonshates the util i ly 
low carbon sediment exhibiting the largest values. of organic carbon normalization and supports lls use 
Organiccarbon normalizalion markedly reduces the ingenerating SQC. 
variability in the BSFs fmm sediment lo  sediment A further mnclusion can be reached from 
(center panels). Lipid normalization usually further there results. I t  ha5 been pointed out byBierman 1631 
reduces the variability. Note that the DSFs are reason. that the b i d .  and Carbon.norma1tzrd DSF is in the 
ably constant lor  the polychaetes, although some range of 0:1 to 10 (Figs. 29 to 31) rupport5 the conten. 
suppression i s  evident at logtoKo.. > 7. The clanis, llon that the partition coefficient for sediments is Km 
however, exhibit a marked declining relationship. = KO* and that the particle concentration effect does 

Results of a similar though less exlensive ex. not appear to be affekting the free concentration in 
periment using one sediment and oligochaele rvonns sediment pore water. The reason is that the lipid. and 
have been reported 1521. A plot of the organiccarbon. carbon.normalized DSF is the ratio of the solubiiilies ~ ~ ~ ~~ ~~~

anti lipi~l.normalizcd DSF versus KO* from this ex. of the chemical in l ipid and i n  part~cle carbon (Eqn. periment is shown on  Figure 31, lo  ether wi th the 
29). Decaurr the wlubi l i lv of nonionic orednic chemi. averaged polychaete data (Fig. 29). Tfere appears lo " 

be a systematic variation with respect lo  Kow, which cals in various nonpolar solvents i s  similar 1641, i t  

suggest$ that the simple l ipid equilibration model would be expected lhat the lipid-organic carbon solu- 
wi th a constant lipid-odanol solubility ratio i s  not bil l lv ratio should be on the order of one. I f  this ratio ~~~- .~~ ~ ~~ ~~ ~~ 

descriptive for all chemicals. This suggests lhat a is taken to be approximately one, then theconclusion 
more detailed model of benthic organism uptake i s  from the DSF data is that Kac.is a~aroximatelv coual , .. '. 
required to describe chemical body burdens for ail to K.w for sedimenls{63]. 
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A Hnal observation can be made. The data 
analyzed in this section demonstrate that organic
carbon nonnallzatlon accounts .for much of the re. 
ported differences in bioavailability of chemicals in 
sediments for deporit.feeding polychactes, oligo-
.chaetes, and ciam. The data presented in vrevious 
sections are for amphipods and midges. ~ e r i c ethese 
data pmvide important additional support for or-
ganic carbon normalization as a determinant of 
bioavailabilltyfor different classes of organisms. 

Determlnatlonof the Route of Exposure 
The ex~orurcmute bv which ooraanic chemicals are 
accum;lated has beer; examined-in some deWI lor 
water column organisms(e.g., by Thomann and Con-
nollv 1651).It minht be su~oosedthat the IoxiaC' and.. .. 
bioarmmulation"data pre&ted above can be uied lo 
examinethe questionof the route of exposure. The in-
itial observations were lhat biological efiens appear 
to mnelate to the interstitial water concentration, in-

-dependent of sediment type. This has been inter-
preted to mean that exposure is primarily via pore 
water. However, the data correlateequally well with 
the owanic carbon.normalized xdiment concentra. 
tton (tie Figs. 2 and 3).This obse~ationsuggeststhat 
sediment organic carbon is the mule of exposure. In 
lad, neither conclusion followsnecessarily from these 
data because anallernatecxplanation is ivailable that 
Is independent of the exposurepathway. 

Coruidn the hypothesis that thechemical po-
tential or, as  it is sometimes called, the fugacily (661 
of a chemical conhols its biological anivity. The 
chemical potential, pd. of the free concentration of 
chemical in pore water, Cd, is 

where fiois the standard state chemical poanoai and 
RT is Ule pmduct of the universal gas constant and 
absolute temperature 1671. For a chemical dissolved 
in organic &rbon+tssuming that particle organic 
carbon can be characterized as ii homogeiieous
phasc--its chemical potential is 

where Cr,oc is the weinht fraction of chemical in or. 
ganic carbon. If the water is in equilibrtum wtth 
the sediment organic carbon then 

The chemical potential that theorganism experiences 
from either mute of ex~osure(pore water or  sedi-
ment) Is the same. tienic, so ion'g as the sedimcnt ir 
In equtltbrtum wtlh the pore tvater, the route of expo. 

sure is immaterial. Equilibrium experiments cannot 
distinguish between differentmutes of exposure. 

The data analysis presented above, which 
normalizes biologicai response to either pore water 
or omanic carbon-normalized sediment concenlra-
lion. ;uggests that biological effens arc proportional 
to chemial pokntial or hgacity. 

The issue with resoect lo bioavailabilitv is 
this: In which phase is fi 'most easily and reliibly 
measuredl Pore water concentration isone option. 

However. it is nccessaw that the ihemical, ~ ~ . -....~~.~~ ~~~ .~~.~ 
cornpiexed to DOC be a small fraction of the total 
measured concentration or that the free concentra-
tion be directly measured, perhaps by theclscolumn 
technique (421. Total sediment concentration norn~al-
ized by sediment organic carbon fraction is a second 
option. This measurement is not affected by DOC 
c&nplexing. m e  only requirement is that sdimcnt 
organtc carbon be the only sediment phase that con. 
tains stgntficant amounts of the chemtcal This ap. 
Dears t i b e  a reasonable assumolion for most aouaitc 
b~dtmentsHence. 5QC arr bakd on organtc c h o n  
normaltzdtton because pore water normaltratton IS 
compl~catcdby DOC complcx~n):for htahly hydro-- - .  .
phobic chcmi&ls. 

APPLICABILITYOF WQC AS 

THE EFFECTSLEVELSFOR 

BENTHICORGANISMS 
The EaP method for derh"innSOC utilizes oanilion-
ing thiory to relate the sedi~en~concentrat~on . Ito (he 
equtvalent free chemical concentration in pore water 1 
and in sediment oraaniccarbon. The ~oreiuatercon- !I 
centration for SQC-should be the efiects concentra-
tion forbenthic species. 

This section examines the validity of using f 
the EPA WQC concentrations lo delinc the elfecls ' I; I. ,concentration for benthic organisms. This use of . .
. . 
WQC assumes that (a) the sensitivities of benthic . i

species and soecies tested to derive WOC. oredomi. 

iantly water >olumn spectes, are stmtlG Cd) the Iev-

el5 ol protectton afforded by WQC are approprtatc 

: Ilor benthic omanisms. and CI exoosures a& similar 
regardless of fTedingtype or hab;tat. Thts secbonex. 
amlnes the assumptton of similarity of senslllvity III 

two ways. First. a~comparative toxicological e ~ m i .  
nation of the acute sensitivitiesof benthic and water 
column specter. ustng data compiled from the pub. 
lishcd EPA WQC for nontontc organic chemicals as 
well as meials and ionic organic-chemicals, is pre 
sented. Then a comoarison of the FCVs and the 
chrontc sensittvihes dl benlhlc saltwater species in  a 
5crtcr of sedtment colonization cxpertments is made. 
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Method.Relntlve Acute Sensitivity 
The relative acute sensitivities of benthic and water 
column spccies are examined by using LCsos for 
freshwater and sltwater specie from draft or p u b  
lished WQC documents lhat contain minimum data- 
base requirements for calculatlon of final acute 
values (Table 4). These data sea are selected because 
exposures were via water, durations were similar. 
and data and test conditions have been scrutinized 
bv reviewine the orininal references. For each of the ~,~~~ 

2.887 tesb G n d u c b i  in fresh water, using 208 spe-
c i o  with 40 chemicals, and the 1,046 tests conducted 
in salt water. w ine  118species with 30 chemicals. the 
ch~mlcal, s~edes,"life siage, salinity hardness. tem- 
perature, pH, acute value, and tr.1 condition (i.c.. 
static, renewal, flow.throush. nominal, or measured) 
were entered into a data6ase. I f  necessary, original 
references tvere consulted to determine the tested life 
stage and any other missing information. Each life 
stage of the tested species war classificd according to 
habitat fTable 51. Habitats were based on denree of 

values (FAV) for benthic and water column organ- 
isms. usinn acute LCso concentrations from the 40 
Imhwater"and the 30 saltwater WQC documents. 
When benthic species were defined as only lnfaunsl 
organtsms (habitat types Iand 2) and water column 
sptcier were defined a5 all others (habitat ty es 3 to 
8). the water column succies were lvuicnllv (Re most 
sensitive. The results i r e  aoss-ploi(;.d o n  Figure 32 
(top).The line represents pcdect agreement. 

Data on the wnsitivitics of benthic infaunal 
species are limited. Of the 46 chemicals for wh~ch 
WQC for freshwater organisms are available. two or 
fewer lnfaunal species bere tested with 28 I70 per-. . 
cent) of the chemicals, and fivc or fewer specics were 
tested with 34 (85 pcrcent) of the chcmicals. Of the M 
chemicals for which WQC for saltwater ornanlsrns 
are available. 2 or letver infaunal soecies we; tested 
wtth 19 (63 pcrcent) of the chemtcdts, and 5 or fewer 
spec~eswere tested m l h  23(npercent) of the chcmv 
cals. Of thcse chrmicals onlv zinc in salt water has 
been tested usinp.int,unal sieder from three or more 
phyla and ctght or r.torc fan;tlics, thr mlnrmum acutr 

assodation with sediment. A itfc stagc that o ~ & ~ ~ e d  ' toxioty database requtmd lor cnterta denvat~on As a 
more than one habitat was assigned to both of thc ap- 
propriate habitats. 

For each chemical, If a life stage war tested 
more than once or more than one life stage was 
tested, data were systematically sorted in a three.step 
process l o  arrive at the acute valuebased on the most 
experimentally sound testing methodology and the 
most sensitive life stages. Rrst, i f  a life stage for a 
species was tested more than once. flow-through 
tens with measured concentrations had preccdence, 
and data from other tests were omitted. When there 
wcre no flow-through tests with measurcd concen- 
trations, all acute value5 for that lifestage were given 
e ual weight. I f  the remainin5 acute values for that 
I&stage differed by greate; .atan a factor of four, thc 
higher values were omitted and the geometric mean 
of the lower acute values wascalculated loderivethe 
acute value for that llfe stage. Second, llfe stages were 
clasrified as either 'benthic' (infaunal species ihabl- 
tats 1and 21or lnfaunal and epibenthic species [habi- 
tats 1.2.3, and 41). or "watw column' (habitats 5 to 
8). Third, if two or more life stages were cla.,sified as 
either benthic or water column and their acute values 
differed by a factor of four, the higher valuer were 
omitted and the eometric mean of the lower acutr 
values r a s  calcutted to derive the acute value for 
that lite sta e of the benthic or water column spe"cs, 
Thts pmcebure is similar to that ured for WQC (81. 

Comparl80n of the densltlvlty of 
Benthlo and Water Column Speclee 
Most Senrititr Spectes. The relative acute sensttav~. 
t~es of the most senslttve bclrlhtc and water column 
specics \VCR examined by cornparang the iinal acute 

result, FAVs could not be comvuted for several of the 
chemicals.Therekre. i t  is oro6ablv Drematurc to con. 
clude from the exis(ing da'tathat I'nidunal spccics are 
more tolerant than water colurn species. 

A similar exan\~nation of the most msi t lve 
benthic and water column spccies. whcrr the dchm. 
lion of bcnthic includes both infaunal and cp~bcnthtc 
spec~es (habitat types Ito 4), is based on mom data 
and ruggcsls a simtlanty In sensitivity (Fig 32. bot- 
tom). In  this rompanran, the number of acute valurs 
fa freshwater benthic spectes for each chemical aver- 
aged nine, with a range of 2 to 27; the number of 
acute values for saltwater benthic species for each 
chemical substance averaged 11. with a range of 4 to 
26. The variability of these data Is high, suggesting 
that for some chem~cals, benthic and water cdumn 
species may differ In sensitivity and that additional 
testing is desirable. w that this approach to exmmin. 
ing species sensitivity is not sufficiently rigorous, 

Examination of individual criteria documents 
In whtch bmthtc spectes wcre markedly less senst. 
love than water column spectes ruggcsts that the ma. 
tor laclor lor lhts dtllerence is that benthtc svectes 
phylogenetically related to scnsitivc water column 
suecies have not been tested. ADDsrent diS1erenres in.. r r . ~ ~ . . .  .......... 
sensitivity, therefore, may reflect an absence of a p  
propriate data. Data that arc available suuest that, 
on tile averase, benthic and water column Geciesare 
similarly se6sitivc and support the use o i  WQC to 
derive SQC for ihe protection of infaunnl andcpiben. 

spcdes, 
A l l  sytctes. A more general conpansan of the 

spec~es SCn51tIVtbPs can be made 11 all the LCU, data 
.rie used. One approach examines the relattve loca. 
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Flgurb 32.--Comoarison of LC% or ECso acute valves fw 
the moat sensitive benlhlC (abscissal OM Water Column 
lordinate) species for ChemtWls listed In lawe 5. Benthas 
species are defined as infauna rpaues PaDbtat types 1 
and 2, len panel) or infaunal and epibentnlc spnclss (haDi. 
tat lyws 1-41; see Table 6. 

lion of benthic spedes in the overall species sensitiv- 
itv disMbulion. For each chemical in either fresh or 
silt water, one can examine the distribution of ben- 
thic species in a rank-ordeling of all the species' 
LCsos. If benthic species were relatively insensitive, 
then they would predominate in ranking among the 
larger LCso concentrations. Equal sensitivity would 
be lndicaled bv a u. :arm distribution of s~ec ies  
within the overall ranung. Figuro 33 presents ihe &. 
sults for tests of nickel in salt water. The LCsos a n  
plotted in rank order, and the kn th ic  species arc in. 
dialed. lnfaunal species are amonc the mosl tolerant 
(left panel), whereis infaunal and;pibenlhic species 
a n  uniformly dislributcd among the species (right 
pmcl). 

. 
Table 5.--Habit- Wasslficalmn system for t,te stegoa of 
organisms. 
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This com~artson can be done chemacal hv, -. -,~ ~ ~~~~ 

chemical. However, to make the analysis mom ro. 
bust. the L C ~ d a t a  for each chemical-tvatpr type can 
be to loemcan and uni t  log variance 
as follows: 

where i indexes the chemical.water type, pi is the log 
mean and si is the log standard deviation. j indexes 
the LC*, within the ith class. and LCsm,.,, is the nor- 
malized LC*. This places all the LCu, fmm each set 
of chemical.water type on the same footing. Thus. 
the data can now be combined and the uniformity of 
representation of benthic species can be examined in 
L e  combined data set. 

The comparison is made in Fipure 34. If the 
sensitivity of bhnthic species is not ;nique. then a 
constant percentage of benthic speaes-normalized 
LC5os, indicated by the dashed line, should be repre- 
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sented in each 10.pelrentile (dedle) interval of data 
for all species.That is, the 10 rectangle in each histo- 
gram should be identical in *height. The infaunal 
specte: .top pawl) display a tendmry lo be  under- 
represented In the lowest dedles. However, Le in-
faunal and epibenthic species (bottom panels) more 
closely follow this idealized distribution. Infaunal 
and epibcnthic freshwater species are nearly uni- 
formly diskibuted, whereas the saltwater benthic 
species are somewhat undcnepresented in the 
lowest rank.  

Given the 1imitat;ow of these data. they ap-
pear to indicate that. except for possibly freshwater 
infaunal species, benthic species are not uniquely 
sensitive or insensitive and that SQC detived by us- 
ing b e  FCVshould pmlect benthic speaes. 

Benthlc Comrnunitv Coloniratlon . 

Experlrnents 
Toxicity tests that determine the effects of chemicals 
on the colonization of communities of benthic salt. 
waler soecies 168.741 aonear to be ~arlicularlv sensi. 
live at Aeasuring theiibacts of ~h;micaison bcnlhic 
organisms. This Is probably because the experiment 
exposes the most sensit~vc life stages of a widc vari- 
ety of benthic saltwater species,an~ they aw e x p o ~ d  
for a sur%ent duration to mar6mize response. The 
test lyprdlly includes three concentrations of a 
chemical and a conhol, each with 6 to 10 replicates. 
The test chemical is added to inflowina ambient 
seawater containing p'.\nktonic larvae aniother hle 
stages of rnatine or& Isms hat  can settle on ciean 
sand in each redia te  aquarium. The tot tv~~caliy 
lasts from two io lour months. and the nu;n'ber of 
spectcs and Individuals in aquaria receiving the 
chemical are enumerated and compared tocontml~. 

If this test is extremely sensitive and il con. 
centrations in interrtitial water. overlying water, and 
the sediment particles reach equilibrium, then the ei- 
fect and no.elfect concentratio~s from this test can be 
compared with the FCV from the saltwater WQC 
documents to examine the appliclHlily of WQC to 
pmtect benthlc organisms. An FCV is the concentra- 
tion, derived from amie and chronic loxirih. data. 
that. is pwdtcted to protect organisms from Ghroni; 
effects of a chemical (81. In addition, stm~larities in  
sensitivities of taxs tencd as individual species and 
in the colonization ex~erimcnl can indicaie whether 
the conclusion of simdarity 0.  senrit~vitiesof benthic 
and water column species is rcaronable. 

The benthlc colonization experiment is con. 
sirlent with the assumptions used lo dcriveSQC. The 
initiallv ciean sandy sediment will ranidlv eauili. 
braa with the lnnowing overlying wier  :hemica[ 
concentration as the pore water concentrations reach 
the overlying waler concentratoon. The productton of 

sedimentary organic matter should bc slow enough 
to permit its equilibration as well. As a consequence, 
the organisms will beexposed to an equilibrium sys. 
tem wid  a unique chemical potential. Thus. the a* 
sumplion of the EqP is met by this design. In 
addition. the experimental desien guarantees that 
the interstitial water.sedimenl-overlying water Is at 
the chemical potential of the overlying water. Hence 
there is a direct correspondence between the expo- 
sure in the colonization experiment and the water- 
only exposures from which WQC are derived, 
namely, the overlying water chemical concentration. 
This allows a direct comparison. 

Water Qualfty Crlterfa (WQC) 
Concentrations Versus Colonlratlon 
Experlments 
Com~arison of the concentrations of six chemicals 
that had the lowest-obsewable.effed concentration .~ ~ . ~ . ~ .~~ ~ ~ ~ ~~~ 

(LOEC) and the no.obsewable-effect col.cen1rabon 
(NOEC) on benthic mlonizalion with the FCVs either 
publtshed in saitr\,ater ponions of WQC documenb 
or estimated from available toxicity data (Table 6)  
suggests that the lcvel of protection aaHrded b i  
WQC to benthic organistrts is appropriate The FCV 
should be lower than the LOEC and larr:cr than the 
NOEC. 

The FCV from the WQC document for pen- 
lachiorophenol of 7.9 wgl L is less than the LOEC for 
colonization of 16.0 crg/L. The NOEC of 7.0 $rg/L is 
less than the FCV. Although no FCV is available for 
Amclor 1254, the lowest concentration causing noef- 
fects on the shee shead minnow (Cyprinodon vari- 
egatus) and pinl shrimp (Penaeus duorarum) as 
cited in the WQC document is rho-d 0.1 wglL. This 
concentration is less than the LOEC of 0.6 wg/L and 
is similar to the NOEC of 0.1 wglL based on a nnmi- 
nal concentration in a colonization experiment. The 
lowest concentration tested with chlorpyrifos (0.1 
pgfL) and fenvalerate (0.01 wg/L) affected coloniza- 
tion of benthic species. Both values a n  greater than 
either the FCV estimated for chlorpyrifos (0.OD5 
wg/L) or the FCV estimated from acute and chmnic 
effeas data for fenvalerate (0.002 pg/L). The draft 
water quality criteria document for 1.2.4-trichlo- 
robenzene su esls that the FCV should be 50.0 
ug/L. This vage is slightly above the LOEC from a 
colonization experiment (40.0 pg/L) suggesting that 
the criterion might be somewhat underprotective for 
benthic species. Finally, a colonization experiment 
with towphene provider the only evidence Irom 
these tests that the FCV might be overprotective for 
benthic species; the FCV is 02 pg/L versus the 
NOEC for colonization of 0.8 vg/ L. 

The taxa most sensitive to chcmicais, as indi- 
cated by their LC305 and the resulls of colonization 
experiments, are generally similar, although as 



Tabla 6.--Cm)parlaon of WQC FCVr and coffientral~ons affecting ILOECI and no1 affecltng(N0EC) 
bemhlc colonization. 
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m i g h ~be expected, differences occur. Both thc WQC 
documents and the colonization experimellts Suggest 
111it crustacea are most sens~tive to Aroclor 1254. 
chlorpyrifos, fenvalerate, and toxaphene. Coloniza- 
tion experiments indicated that molluscs are particu- 
larly sensitive t o  three chemicals. an observation 
noted on1 for pentachlomphenol in WQC darn- 
ments. Fir b,which a n  not tested in colonization ex- 
periments, are particularly sensitive l o  four of ihesix 
chemicals. 

Cnnclusions 
Comparative toxicological data on the acute and 
chronic sensitivitirs of freshwater and saltwater ben- 
thic species tn the amb~ent WOC documents are lime 
ired. .ANI~ values are avillable for onlv 34 
lreshwator infaunal s ecies lmm four phyla and'o"ly 
28 saltwater lnfaunaPspecies from live phyla. Only 
seven frrshwater lnfaunal species and 24 freshwater 
epibenlhicrpecies have been tested with five or more 
of lhc 40 WQC chemicals. Similarly, nine saltwater 
infaunal specles and 20 epibenthic species have been 
tested with five or more of the 30 substances for 
which saltwater aileria are available. 

Inspile of the paucity of acule toxicity data on 
benthic spccies, available data suggesl that benthic 
species are not uniquely sensitive and that SQC can 
be dprived imm WQC. The data suggest lhat the 
most sensilive tnfaunal species are typically less sen. 
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sitive than thc mosl sensitive waler column (eptben. 
thic and water column) spcaes. When both lnfaunal 
and eptknthtcs~ccies are classed as benthic. the sen  
s i t iv ihe~ of benihic and water column species are 
similar, on average. Frequency disbibutions of the 
sensitivities of al l  species to all chemicals indiate 
that infaunal species may be relatively inrns i f ive 
but that infaunaland epibenthic 

evenly and in.distributed among both
sensitive soecies overall. 

Finally, i n  experiments to determine the el. 
fccts of chemicals on  colonization of benthic saltwa- 
ter organisms, concentrations affecting colonization 
were generally greater, and concentratiuns not affect- 
ing  colonization were gcncrally lower, than esti. 
matedor actual saihvakr WQC FCVs. 

GENERATIONOF SQC 

Parameter Values 
The equation from which SQC are calcutated is 

(see Eqns. 2 to 7 and associated text). Hence, the 5QC 
concentration depends only on  these two parame- 
ters. The KW of the chemical is calculated from the 
Kow of the chemical via the regression Equation 11. 



The reli&lllly of SQG-depends directly on the reli- 
ablllty L. K w .  For most chemicals of intere5t llte 
available Kows (e.g.. 1751) are highly vadable--a 
range o wo orders of magnllude is not unusual. 
Therefore the measurement melhods andlor estha. 

.tion methodologies used to obtain each estimate 
must be critically evaluated to ensure their validity. 
The technology for measuring Kew has Improved in 
recent yean. For example, the generator column (761 
and the slow stirring 1731 method appear to give 
comparable results, whereas earlier methodr pro. 
duced more variable results. Hence, it is recam. 
mended that literature vat ?s for K.vs  no1 be used 
unless they have been m ,,!red using the newer 
techniques. 

Measurs,nent of Kow . 
The Kow is defined as the ratio of the equilibrium 
concentrations of a dissolved substance in a svslem 
consisting of n.octanol and water and is ideally de- 
pendent only on temperature and pressure: 

Kow = CmICw (35) 

where C m  is the concentration of the substance in 
n d a n o l  and Cw is the concentration of the sub- 
stance in water. The Kowis frequently repoded in the 
form of its logarithm to base ten as log I? 

At the EPA Envlmnmental ~esearch Labora- 
tory (ERL) at Athens, Georgia, three melhods were 
seleded for measurement and one lor estimation of 
Kow for the five chemicals for which SQC are being 
develo~ed. The measurement methods were shake- 
c e n ~ i f i ~ a t i o n  generator column (GC), and (SC), 
~lotv-stir-flask (SSF). The estimations were made us- 
ing the computer &Pert system SPARC. The discus- 
sion of these melhods is adapted fmm 6RLal Athens 
research pmtomls. 

The SC method (78) is routinely used lo mcas- 
ure the partitioni g of mpounds with Kol values 
on the order of Id  to ,&he method involves add- 
inga layer of onanol containing the compound of in- 
terest onto the surface of the water contained in a 
centrifuge tube. Both phases were mutually presatu. 
rated before beginning the measurements. Equilibra- 
tion is eslablirhed by gentle agitation and any 
emulsions fonned are bmken by centrifugation. The 
concenlration in each phase is determined, uwally 
h,. a chmmatographic method, and the Kow value 
ca l~la ledusing Equation 35. 

The orlginal GC method, limited to com. 
pounds with Kow values of less than I& was modi. 
lied 1761 and used to determine Kowvalues up to lo8. 
Briefly, the method requires the packing of a 24.m 
length of tubing with silanized Chmmosort, W. Oc. 
tanol, containing the chemical in a known concentra. 

!ion. is then pulled lhmugh the dry support by gentle 
::lion until thcoclanol appean at the exlt of thecol. 

..nn. Water is then pumped Lmugh the column at a 
rate of less than 2 mL vet minute to allow es-ilibra- 
tion of the chemical bitween the ocranoi an6 water. 
The first 100mLare discarded followed by collection 
of an amount of water sufficient to detcnnlne the 
chemical concentrationrThe KO" is calculated using 
Equntiun 35. 

The SSF method (771 achieves equilibrium of 
the compound between octanol and water by a gen. 
tle stirring of the phases contained in a six-liter flask. 
One liter aliquotr of the aqueous ;.hare are with- 
drawn at two.day intervals and the concentration of 
the chemical determined. Equilibrium is considered 
to e established when the concentration of the 
chemical is constant in successive sample3 (usually 
after two tosixdays).The pmcedure is toset up three 
six-liter flasks in a constant temoeralure room. Five 
Ilk--of water are adaed to each'flask and the wate; 
is s.~rred w~th 1eflon.coated magnetic stir bars over- 
night to achieve temperature eGilibration. The tem. 
perature equilibrated octanol is added very gently 
along the side wall to avoid mixing of the two 
phases. At the time of sampling, a one-liter aqueous 
sample Is drained fmm a sampling port at the baseof 
the flask without disturbing the octanol layer. The 
concentration in each phase is determined, usually 
by a chromalokraphlc method, and the i b w  value 
calculated using Equation 35. 

When repetitive measures were made in the 
Athens laboratory, a ~mtocol was established to as. 
sure compatibili& !;ith luture cxpenments. Theie 
protocols described the entire ex~erimentai x h e m  
including planning, sample reduirementh experi. 
mental set up and chemical analysis, handling of 
data. and quality assurance. 0nl J established &a. 
iytical methodr lor solute concenlration measure. 
men1 were applied and the purity and identity of the 
chemical was determined by spectroscopic means. 
The name on the label of the chemical's container 
was not prwf of identity. 

Standard reference compounds (SRCs) were 
tested with each experiment. SRCs are compounds 
that are used as quality assurance standards and as 
references in inter~lobdrat~r~ generation of data. The 
value of the pmces< constant(s) has been established 
by repetitive measurements for an SRC and serves as 
baseline mfomation for evaluating all experimental 
techniques and all aspects of quality assurance. Be. 
cause the SRC is taken through h e  entire experimen- 
tal scheme, its ttcce~table result assures the 
experimenter that eq;ipment and measurement 
melhods are funclioninp, satisfactorily. Table 7 shows 
the IO~IOKOWvalues f i r  eadrin, dieldrin. annap. 
thene, phenantherene, and fluoranthenc and the 
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SRCs. biohenvl and ovrene, measured at the Athcns cenlrifu~alion method for Dvrene is 5.V.These aver- 
~aborato;~b{ the St'melhods. The SRCs were not age KOW; are in good agredkenl with the SQCshake. 
measured bv the CC or SSF methods. cenlr~funalion measuremenls lor biphenyl and 

~ h ~ . l ~ ~ , ~  pprene made concurrently with the measuiements of the average of eight 
measurements of K~~ by the shake.cenlrifugation for the five chemicals providing quality assurance for 
method for biphenyl is 4.06. The loglo of the average the experimental techniques (sceTable 7). 
of 13 previous measurements of Kow by the shakc. 
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SPARC does not depend on laborz!xy operations 
conducted on compounds with struat.res closely re- 
laled to :hai of the ~ o l u t e  of interest i t  does not have 
the inherent pmblems of phase separation encoun- 
tered in measuring highly hydrophobic compounds 
(Iog~oKow> 5). For these compounds. SPARCs wm-
p u a d  value should ther?fore. be more reliable than 

Log,o&w.~I:(fi+Fi). . . - - - - . -

The method assumes that IogtoKow is a linear addi- 
tive function of the stmnumof the solute and itrcon- 
stituent parts and that the most Important structural 
effects are desaibed b y  available factors. The struc- 
ture of the compound is specified using the SMILES 
notalion. The CLOCP algorithm is included in the 
database QSAR (see Table 10) located at EPKs Envi. 

by SPARC and CLOGP 
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Interactive Linear Entry System (SMILES) string 1107, rrRmr 
1081. Activity coefficients for either solvent or solute 'OumtnIlm Slruclure4rtmtr Relrt#onth#os lQSls\) 8s m 8".
are computed b y  solvation models that are built fmm tetwwe cnmrnaul anaaare aria nsmra arwrunent rplrm 
structural constituents requiring no data besides the aes,gnma lo pmae aasr mlona~ron fortne evaoet~on OI 
slructures. the late 04.II.EIS 01CIIUNC~~ m the .nnmnmat. Q ~ A R  

Agoal for SPARC is tocompute a value that is was e~1elop.0 lomu" 4 the U.S. (PA Lnw~gnmsntalRc-
DuIYVI. Mtnnesola. Mmlaa Stale Unwl.as accurate as a value obtained experimentally for r s(a1cn U~OUIIY. 

s~lrCmter lw Oat. %sum marin*trur, sno tho P m n .
fraction o f  the cost required to measure it. Because Conep hqoasma~Cbsmlltry Pfoject. 



1 6 ~SelMlor Investigatorsselected SSF de- To compUle 10gtoKc.w the variables, ENDNN, 
rived Kowvalues to derive the K,x to calculate SQC ...SPARC. are set to either 0 or 1and the appropriate 

, concentrations because S5F is the superior method coefficient for tne Chemical and method that corm-
for chemicals with low and high 160w values, has the sponds to the pa~iculari b w  measurenfent or esti-
least statistical blas, and Is highly.repmducible. Use mate is selected. Table 12 presents the model Kow 

.of values fmm one method pmvides consistency results and bias contributed by  cam method. Shake 
across chemicals. lh is  choice was made after an centrifugation and SPARC estimates provide Ule 
analysis of the K.w values generated by the three greatest bias, followed by the generator miumn 
measurementmethods discuued above (CC, SC, and method. Slow-stir-flaskprovides the leastbias. Slow. 
SSF) and the SPARC estimation method for the five stir-flask was chosen as the method to use to deter-
chemicals for whirh SQC are currently being devel- mine KOWfor use in computing SQC since i t  appean 
oped (acenaphthene, dieldrin. endrin, fluoranthene, to have the least bias. In  addition, i t  exhibits similar 
and phenanthrene). KOWSwere measured with repeat variability to the shake cenlrifugation method and 
experimentsand a mean KOWwas computed for each less variability than the generatorcolumn method. 
melhod, for each chemical(Table 11). 

The mean measured Kows and the SPARC esti-
matio, nethod provide similar KOWestimates. To se- Table l2.--Modelresults to delermine nlettlod blas 
led a nnal Kow for computing the SQC, the four 
melhodswere compared and thebiasof each ntethod 
were quantified. (Bias is defined as the mean differ-
ence between the ben-(it estimate of Kar using al l  
four methods and the estimates fmni cdch method.) 
Figure 35 presints the mean measured Ibns for each 
chemicaland the range of values. SC tends toestimate .. 

. .. ... .... . 
lower valuer while the CC method estimates higher ~4 
values. GC values exhibit greater variability than the 
SC and SSP vahles. SSF estimatesof Kowswere gener- €5 I Flwanmme 

ally within the r a n gof the SCandGC methods. 
A statistical analysis of the three measure-

ment methods and SPARC method was performed. 
The following linear model was used to computees-
timates of KOWfor each chemicai (represented by El, 
EZ, E3,E4, E5) and the biases contributed by each of 
the estimation methods (represented by 61, 82, 83, 
84). The regression model isas foilows: 

logr&w - E l  .Enarln 
€2 D~ddttnr 
E3 .Acenapn~hener &<Detmninntion. The previous section dis, 
E5. Fluorsntnene+ Cusses selecting the method for measuting Kowsfor 

use in computing SQC. I t  is widely acceptedthat K-s 
81 Shame Centrllugation+ 
82 aennmor column + canbe estimated fmm KOW.The KWusedto caiculate 
83 SlowStl~Rask the sediment quality criteria is based on the regres. 
04 .SPARC sionof logto& to l o g ~ a b ,Equation 11. 

ACCNUMHUII 
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I Rgure aL4sboratory & values for five mernsals uung tlvea expertmentat metnoos wltn repl~cet~on. 16, values wcrr 
me~curedat me Env~ronmental Recearcn Lamratoly. Athens. GI. for rscn Cnemlcal the average 01 the metnoas 4s $ ~ ~ c a t c o  
by 0 for 8nake cenlr~lugat~on. Ofor  slow stir II8sk and 0 for generator column. Ranges aro IrrmeMed by I. 

-
This equation is based on any analysis of an 

extensive body of experimental data for a wide range 
of compound types and experimental conditiois. 
thus encolnparsinga wid@ rangeof Kows and JWS. 

Sediment toxicity tests provide a favorable 
environment lor meawrina KOW.Fieurn 24 and 25 
prerented plouof theorgankcaed&n-&mal~md lop 
tion isotherm fmm sediment toxicity tesls for the five 
chemlds where the sediment concentration (uclp.ocl..- -
is plotted versus pore water concentration (,I~/L). 
Abo  included in each panel is the line to the parti. 
lion. Equation 16, where & is computed Irom the 
slow-stir flask KOW values. These plots can be used to 
compare the Km computed fro; laboratory deter- 
mined i b w  and thq regression equation with the par- 
titioning behavior of the chemical in the sediment 
loxidtv tests. For each of the chemicals the K- line is 
in agreement with (he data demonstrating t h i  valid. 
tty of the use 01 the slow-stir flask KO," in the SQC 
computation. 

Specles Sensltlvlty 
The FCV is used as the appropriate end point for the 
pmtectlon of benthic organisms. Therefore, its apyli. 
cabilitv to benthic rprcies for each chemical should 
be  veXfied.~he ore~ious work has indicated that this 
i s  r reasonable assumpllon across al l  cr~teria chemi. 
cab To lest thts assumplion lor a particular chemlcal 
a statistical method h o w n  as Ran-~ ~ ~ r o x i m a t e  
domizal~on (1101 is applled to e a i i  chem~cal The 
Idea 18 to test whether the dlflerence between the fe- 
nal acute value (FAV) denved from consider~ng only 

benthic organisms is statisticali, different lrom the 
FAV contained i n  the Water Qualitv Criterid (WQCI. . . .  

The Approximate ~anddrnization method 
tests the significance level of the test statistic by com- 
paring i t  to the dislribution of statistic5 generated 
lrom many random reorderingr o f  the LCso vaiues. 
For example, the test statistic in this case is the differ- 
ence between the WQC FAV, computed from the 
WQC LCM values, and the benthic FAV, comouted 
from the benthsc organlsm LC% values. Note th6t the 
benthic organlsm L D o  values are a subset o l  Ulc 
WQC LCw, values. I n  the Approxlmatc Randomiza- 
tion melhod for this test. the 'number 01 data mints ,~~~ 

coinciding with the number of benthicorganisms are 
selected from the WQC data set. A "benth~c" FAV 8s 
computed. The or~ginal WQC FAV and the 'benthic" 
FAV arc then used to compute the difference statis. 
t in. This i s  done many hmes and the distribution 
that results is reprcscnlative of the populat~on of FAV 
difference slatisiio. The test slatisiicis compared to 
this distribu8on to determine its level of significance. 

For each chemical. an initial test of the differ. 
cnce between the freshwalcr and saltwater FAVr lor 
all species (water column and benth~c) Is performed. 
The probability d~str~buf lonof the FAV d~fbrrnces 
for nuorantheie are shown inthe lop  panel of Figure 
37. The horizontal line that crosses the distribution IS 

the lest statistic computed from the original M'QC 
and benthic FAVS. For fluoranthene, the test statistic 
falls at the 78th ~ercentile. Since the orobabilitt. is 
less than 95 pcrcdnt, the hypothes~s of ko  s~gn~frcant 
d~flcrenceInscns~ t~v~ ty1s acccpted. 



Since freshwater and saltwater species show 
similar sensitivity, a test of difference i n  sensitivity 
for benthic and WQC organlsmjmmbining freshwa- 
ter and saltwater species can be made. The bottom 
panel of R w r e  36 represents the bootstrap analvsis 
i o  test the h y p o ~ ~ e s i j  no dif~erence i n  &nsitGity d 

beween benhhic and WQC organisms lor fluoran- 
thene. The test statistic for this analvsis falls at the 
74th percentile and the hypothesis of n o  difference in 
sensitivity is accepted. 

Table 13 presents the Approximate Randomi- 
zalion anaiysis for l ive chemicals for which SQC 
d 0 ~ m e n l S  are beine develooed. Four chemicals. 
(acenaphthenc, phsianlhrene, fluoranlhene and 
dieldrin) Indicate that there is nndifference in sensi-
t ivi ty lor freshwater and sditwster species. The ten 
for endrin fails at the 99 oercenlile khich indicates 
that FAVs for freshwater dnd saltwater are different. 
Therelore, separate analyses lor the freshwater and 
saltwater organisms are performed. 

Table 14 presenb the resullr of h e  statistical 
analysis for each chemical for knlh ic  organisms and 
W W  omanism.In all casa the hvwthesis 01 nodiier-
en& in;~itivity is ampted. ~h;kfore, for each indi. 
vidual chemical (he WQC b ampled as lhe appmpnna 

Quantlflcation of Uncertainty 
Associated wlth SQC 
The uncertainty in the SQC can be eslimaad from 
the degree to which the e uilibrium partitioning 
model, which is the baris lor  &Crileria,canrationai- 
ize the availabie sediment toxicity data. The EqP 
model asserts that (1) the bioavailabilitv of nonionic 
organic chemicals !;dm sediments is e&al on an or. 
ganic carbon basis; and (21 that the effects mncentra- 
tion in sediment can be estimated fmm the produn 
of h e  effects mn-ntrason fmm water-niy expo-
surer and the partition coefficient Kw. The uncer- 
tainty associated with the sediment quality criteria 
can be  obtained from a quantitative estimate Of the 

~- ~-

Reuro 38.4ODability a~slrlbutlons of randOmIy generaled 
dilfefences oatween saltwaler FAVs ana freshwaler FAVs 
(100 psrvll and randomly generated 'forenoes between 
WQC fAVs and bsnnc FAVs Itmorn ranel) using me A p  
DlOxlmate RaMmizalrOn meUlm. Horizontal llne m both 
panels inaieetes the lest stat~sttc whxn ts tne FAV atffer. 
enoe from ononat LCso data sets. 

The data used in the uncertainty anaiysis are 
the wateronly and sediment toxicity tests h a t  have 
beenconducted insu port of the criteria 
dwdo menteHort. Aisling ofthe data sourcesused 
inthe 1qp uncertdinty anal.isis in~ ~ , , i ~  
IS.These freshwater and sa twater tests span a range r 
OF shemicais and organisms; they include both water. 

degree lo data omy and sediment exposures, and they are replicated which the lhese
assertions. within each chemicai.organism-exposure media 

TaMo 13,-Approa1maIe r11MmlleUDn analysis freshwater ve~sus salwmer arganssms. 
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Table l4.dpPrOmate randomaation nnalysls benlhlc versus WQC otgaassms. 


NUMBER 1 nWUACUrEVALUE t f A V l  


wArm WLI 

cHcwcht 

I 

I wArEn wpi 
- I mIHlc ocnnHIc oUnHlc 

CNDRIW ' Salt 1 19 12 0.033 ( 0 023 0.010 66 

DIuDLDlllN I C m Q l n a o  1 40 ! 26 0.821 0.532 1 0.000 ! 72 
I

lCWWHTHCNl ICmIIDnM 20 10 ! 132.8 173.9 1 38.34 / 31 

p n u u m n n ~ ~ i  Ieomn,nro 19 I 13 I 20.62 19.27 ! 7.35 ! so 
? 

W O ~ A N I H C H E  !C m Q l n l d  20 ' 14 1 31.91 34.27 , 3.114 ' 74 
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Toblr i ~ , - ~ a t a  for uncerta~nty'ans~ysis number of rep~ocates~f~. 


YlDlllN 1 I nuon I ACWU I LCEWU ! PHW I WEN

D l u D  . . .. . . 

HI I ill Re 
I 

1. EO 1. ! Eo 

31314 11. 11. 1 41. I ' .i 

treatment. 'these data are analyzed using an analysis 
of variance (ANOVA) to estimate the uncertainty 
(i.e., the variance) associated with varying the expo- 
sure media and the uncertainty associated wilh ex- 
perimental error. I f  the EqP model were per feh  then 
there would be  only experimental error. Therefore, 
the uncerlainty associated with the use of EqP is the 
variance associated wlth varvine exoosure media. -* - .  

sediment and water only LCso~are computed 
from #he sediment and water-onlv toxicitv tests The 
EqPmodel can be used to normahe the dbta i n  order 
to put i t  on  a common basis. The LCso from water- 
only exposures. LCvlw ( I~ IL ) ,  is related to the LCm 
for sediment on  an organic carbon basis, LC%,,- 
(1g1goe)via the partitioning equation: 

The Eql' nrodel Ulal the tadcity of sedi 
menlrerpMedonmow~-n bSisequar todc. 
i(v in w a l P r d v  tests mu\t i~ked bv &e K,. ~ h ~ 

~ ~~ 

either LCSUS.,~(~~I~OC). irom s;dimcnt-toxicia!, ex. 
perimentr or Ka x L C s k  ( rg~goc) ,  rre estamalcs of 
the t w e  LC% for this chem~cal.organlsm par. 

41. 41. 41. 1 

In this analysis. the accuracy of K, is not 
treated separately. Any error associated with Ka will 
be reflected in the uncenainty attributed l o  varying 
the exposure media. 

In order to perform an analysis of variance, a 
model of the random variations is required. As di* 
cussed above, experiments that seek to validate 
Equation 38 are subjeci to various sources of random 
variations. A number of chemicals and organisms 
have been tested. Each chemical.organism paw was 
tested in water-only exposures and in different sedi. 
mena. Let a represent the random variation due to 
the varying exposure media. Also, each experiment 
was replicated. Let c represent the random variation 
due to rep!icali6n. I f  the rnadei were perlect, there 
would be no  random variation other than that result. 
ing  from the experimental error which is reflected in 
the replications. Thus, a represents the uncertair~ty 
~ ~ f ~ ~ ~ .due to the approuma(i0nsinherenl inthe modal. and 

c represents the cxper~mcntal error. Let a"' and 0'' 

be the vartance$ of these random variables Let i In-
der a spcof~cchemtc~l~organ~sm thepair. Let] ~ndex  



exoosure media. water-anlv. or the individual sedi-
mints. Let k Index the replktion of the experiment. 
Then the equation that describer this relationshipis 

where Ln(Lthll,~k, are either In(LCmw) or 
In(LCwpw) cormsponding to a waler.only or sedi-
ment exposum; p,r are the population of In(LC5o) for 
chemical-organism pair i. The error structure is as-
sumed to be loenonnal which corres~ondslo assum. 
ing that the ermrs are proportional i o  the means. for 
ex. ~ l e .20 percent; rather than absolute quantities. 
for axamole.'l mn/L. The statisticalomblem is lo es-

dence interval limits, the significance level is 1.96 for 
normally distributed errors. Thus 

In(SQbr)uppcr- In(SQG) + 1.9605~ (40) 

In(SQGJtowcr- lrl(SQGd - 1 . 9 6 0 ~ ~ ~(41) 

The confidenm itmits are given inTable 17. 

Mlnlmum Requlrements to 
Compute SQC 
I t  has been demonstrated that the cumnutation of 

timate p;and ih;variances o l  the model error, om2, sediment quality criteria for a parlicular~hemicaln. 
and the measurementenor. o, .The max1;ium likoli. quires key parameter values as well as ev1Jent.2that 
hood method ia uard to maKe these estimates 11091. EqPis applicable for a particularchemical. Minimum 
The results arc shown i nTable 16. 

Tabls le.-Anlvs#s 07 vanawe lor aertvatloo of 
ctilena confiaanu?ItrniU. 

VALUE 
I W R C E O IUNCCRINM1 P A R A M U  IWUII~CI 

L.DIW#maoaa , 0. 1 039 
RlDl lU l lOn 

I 
! 0, 1 0.21 

M m m t  OuUlW Cdlna ! 0% 039 

NOW lnal ospc -0. tho ra l~oO l l~bdue to EqP 

requinments for theseparameters arc warranted so 
that thev omvide the levekof Dmtcnion intendedbu,~~~~~~~ .. - -.-. 
SQC a n h  ihdt are within thc limits ofuncertainty s i t  
forth in this document, Thls section outlines mlm. 

---mumdata requirements and guidpnce for deriving 
them. Th~sis a necessary step lo develop reliable pa. 
ramelers to be used in computing SQC. The mini. 
mum requirements for an EqP based SC am as 
follows. 

Onanol-Water PartitionCoefficient (Kow) 

' Finalchmnicvalue (FCV) 

SedimentToxidly Testr 

Procedures to ensure that these data meet assump
The last line of Table 16 is the uncertainty as- lions of the EqPappmachwi l l  also be addressed. 

sociated with the SQC. that is, the variance assob- Uboratoyoctnnol-wnterpnrtition mficient. 
atcd with the exposure media variability. The KOWdata developed by the slow stir flask measure. 
conlidenre 1inlits for the SQC are computed using ment technique is required. This method has been 
this uncerl .~ tyfor SQC. For the 95 percent confi- shown to provide the least amount of variabiliiyand 



the least bias when cornparirons of Kow estimation 
techltlque~ were done for Kws derived for the five 
chemicals for whlch SQC have been developed. A 
minlmum of three Kow values arc reauired. These 
values may be taken from the literatLrr prov,did 
that methods followed yield a degree of confidence 
nmilar to that vrovided by the methodoloav used bv -
EPA to derive K , , ~values.. 

I f  slow stirk flask Kow valuesdo notexist then 
laboratory experiments must be conducted. Mear 
urements of KOW done at the EPA ERL, Athens, Ceor- 
gia were presented. At a minimum, these procedures 
are recommended. EPA laboratory procedures in- 
clude s quallty assurance and col~hol plan. The plan 
includes testing the compound by spectroscopic 
means to ensure its identily and purity as well as 
running concurrenl i b w  measurements of reference 
compounds which have KOWS that have been 
verified. 

Firrnl cllronic value. The FCV is cornouted as 
part of the derivation of the wvater quality criteria for 
a compound, and is defined as the quonent of the Fi. 
nal Acute Value (FAV) and the Final Acute.Chron~c 
Ratio (8). The data required to compute the WQC 
FCV are water-only toxicity tests for a variety of or. 
ganlsms meeting minimum data base requirements. 
m e  FCV computation and ntinimum database rc. 
quirementr arc prrsenled i n  the EPA document 
which describes methods ta be used in deriving na- 
tional ambient WQC (8). 

WQC are based on an assessment of a com- 
pound's a&tc and chronlc toxicity fororgan~sms rep- 
resenting a range of scnsilivitles, most importantly 
most sensitive organisms. This is appropriate since 
the objectiveof WQC is to set limits based on the best 
estimate of organism se~aitivity. The toxicity data 
base rhould therefore include all available data that 
meets requirements. That is, a complete search, re. 
trieval and review for any applkable data must be 
conducted. to locate all preexisting toxicity data. For 
some compounds a WQC FCV mav exist which 
would proCide a signilicint amount d toxicity data. 
Literalure searches are recommended lo l0cdIe other 
sourcesof toxicily data. 

A reevaluation of an already existing FCV is 
warranted because data post dating publication of 
tlte national FCV can be incorporated intotho FCV 
value. Also minimum database requirements have 
changed since some WQC have been published. For 
those compound* for which WQC FCVs donot exist, 
compiled toxicity data are evaluated to see i f  min~. 
mum data requirements as put forth by EPA (8) are 
met. I f  so an FCV could then be computed. I f  there i s  
not enough water only toxicily data lo compute an 
FCV additional water only tests will be condurted so 
that there is enough data to satisfy minimum data. 
base requirements. 

Scdimeur to~ in ' ty  test. Verification of applica- 
bility of EqP theory is required for each compound. 
Sediment toxicity tests can be used for this. These 
tests provide a sediment based LC$& Compartson of 
the EqP predicted LCM with the sediment LCwcon- 
centration i s  direct confirmation of the EqPapproach. 
The validity of EqP is confirmed when the toxicity 
test results fall within the limits of uncertainty deter- 
mined i n  this document. 

Guidelines for conducting sediment toxicity 
tests ensure that the tests are unifornl and are de. 
signed to incorporae the assumptions of EqP. There 
tests must represent a range of organic carbon Eon- 
tent and include organisms that exhibit sensitivity to 
the chemical i n  question. The range of organic carbon 
must bc no less than a factor of 3 and a factor of 10is 
recommended. Organic carbon content shuld be no 
less than 02 percent. Replicated toxicily tests for at 
least two sediments are required. Organisms to be 
used in the sediment toxicity tests are benthic ani. 
mals which are most sensitive to the compound in 
question. Cuidelines on appmpriare selection of ben- 
thic organisms i s  given i n  the American Sodety for 
Testing and Materials annual handbook (111). 

Several studies art required as part of sedi- 
ment toxicit testing. A water-only flow through test 
is required.Later-only tests are run for five concen- 
trations of the compound i n  question and a control. 
The endpo~nt of interest i s  the 10.day mortality of the 
test species. This value will be compared to the pore 
water and sediment mortality from the sediment 
spiking tests discussed next. 

Two sediment spiking tests are required. The 
first test is for the purpose of identifying sediment 
spiking concelttrationd so that pore water concentra- 
tions in spiked sediments bracket the LCrp deter- 
mined i n  the water-only test. Inaddition. L i s  test is 
done to determine the time-to-equilibrium of the 
compound behveen the pore water and sediment. 
Sorption equilibrium. and assumption of Eq~*theory, 
is ersential for valid porewater and sediment 
concentrations. 

Three spiking treatments are recommended 
for this first tea: low, medium and high concentra- 
tion. The amount of compound to add l o  each m a t -
ment is calculated using the initial chemical weight, 
the X total organic carbon (TOC). % dry weight and 
total volume of spiked sediment. The mu!ts are xdi. 
ment concentrations that bracket the predicted LCw, 
estimated from the !vater-only LCw (~bg/L) andKm. 
Samnles for chemical analvser inbulk sediment and 
pore' water arr collected i t  vanous (Ime intervals 
Nomenal sedtment sptke concentrations. measured 
scdlmcnl TOC and mcarurcd and EqP-predtcted 
compound cuncentrations in sediments ind'porp wa- 
tcrs am obtained for each sample period to establish 
lime.to.equilibrium and to verify *at spiking pro- 
duces the appropriate Concentrations in the pore 
water. 
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I n  the second sediment spiking tests three 

sediments representing a range of organic carbon 
content are spiked to yield five estimated sediment 
concentrations to bracket the predicted sediment 
LC$@.The amount o f  compu~tndfor spiking is based 

a on similar cornpublions as in the first sediment spik. 
ingexperiment. Eachtreatment (sedimentby concen-
tration) is held for the appropriate time based on 
time to eauilibrium established in the fim spikinp. 
test. Day d samples are taken for sediment and 
water analyses. Then organisms are placed in rcpli-
cated beakenand 10-dav sediment toxicin, tests w ~ t h  
the equilibrated spiked sediments are >onducted. 
Eight replicates for each treatment are required. Four 
teplicates are used for day 10 sediment and pore 
wbter analyses while the iemaining four repliiater 
are used to assess organismmortality. 

These experiments pmvide data to compute 
pore water toxic units and sediment toxic units 
(Equations !and 8). The results of these equations 
serve as direct comparisons of the predicted toxicity 
[Equation Iand 6 numerator) to the observed toxic.- - - . .  itv lEauation 1and 8 denominator). That is. the va., .  . 
lidity of EqP for a chemical is mnlirmed when the 
pore water and sediment toxic units fall within the 
limits of uncerlaintv determinedinthis document. 

Annlyriurl prorpdurcs, The parpose of these 
pmceduwsis to verify that: 

the WQC FCV applies to benthicorganisms 

the k& from the slow stir flask Kow is an 
accurateestimateof Kow 

A test that the WQC FC' which is applicable 
to the most sensitive water column organisms, is ap. 
pliw to the most sensitive benthic orgnalsms is 
needed for each chemical. In  computing SQC tor en. 
drin, dieldrin. acenaplhene, phenanthrene and 
fluoranthene, the ApFroximate Randomization lest 
was applied. This is a statistical test to compare the 
WQC toxicity database to benthic organism toxicity. 
The methodology is ?resented previously. I f  i t  is 
found that benthic organisms exhibit similar or less 
sensitivity to a chemical than those organisms used 
tocompute WQC, then the WQC FCV can beapplied 
in computing an SQC. I f  benthic organisms exhibit a 
greater sensitivity than the WQCorgnaismsthen tox. 
icity experiments fo i  'wnthicoraani5ms are resuired.. . 

A check on tnt! laboratory K, must b; done 
by comparing:i t  to the KO, computed from sediment 
tor;ritv'tesls~ Pore water and 'sediment concentra. 
ttons imm the sediment toxicity test provtde data 
necessary lo compute KM. This KWis then compared 
to the Kor fmm the slow stir flask KO%. 

live i f  1) the species at LCsite are more or less sensi. -
live than thoseinduded in the data set usedtoderive 
SQC or 2) the sediment quality characteristics of the 
si\e alter the bioavailability predicted by EqPand. 
timateiy. the predided toxicity of the sediment . . 
bound chemical. Therefore, it is appropriare that site-
specific guidelines procedures address each of these 
conditions separaklp as well as jointly Methods to 
determine the a~olicabilitvof national SOC to a site 

' 

and to determis i te  spkific SQC i f  nee& are pre-
sented i n  the EPA guidelines document for deflvlng 
site specific redimeit criteria (112). 

-
Conclusion. Minimunt database and analyti-

cal requirementsmust be set ti. :n derivina national 
sedimint criteria. The reasons tor this i;twofold. 
Fint, the requirementspmvide that a level of protec. 
tton intendedby the nitena are met. Secondly, the re-
quirements provide that parametersused to ionrpute 
the ffltcria satisfy assumptions underlying the EqP 
theory. The kcy required parameters are brusing 
the slow stir flask measuremer: method. the WQC 
FCV and sediment toxicity tests. Proceduresto verify ' ' . 

that these values are appropriate lo use in the SQC 
computation arealso required. I t  must be shown that 
the FCV is pmtective of benthic organisms. Confi-
dence in the Koc must also be establishedby mmpar-
ing the LWto the observed Koc in~edimcnttoxicity 
tests. Individual sites may exhibit greater or lesser 
toxicity to a chemical than that predicted by SQC to 
an individual site. EPA procedures M test this as well 
as to compute sile specificSQC are available. 

Example Calculations 
Equation34can be u x d  to mmpuh SQCw for a range 
of Kows and FCVs. The results for severalchem~dsare 
shown mFigure38 i n  the lorn of a nomograph The di. 
a g o ~ lltnes are for mrstant FCVs as indicated. Thc ab. 
Iciraa is iogtoKow. For example, i f  a chemical has an 
FCV of 1.0 vglL and a l o g ~ o l ( ~ ~of 4, so that KO*. = 
lo', the logto SQCoc is approximately 1and the SQC 
= 10' m 10.0,tg chemicallg organic carbon. 

As can be seen. the relalionsh~psbetween 
SQC, and the parameters that determine its magnl. 
tude. I;nr and FCV. are essentially linear on a log-log 
basis. For a conslant FCV, a 10-fold increase i n  L* 
Ionc log unlt) increaser the SQCw by appmumateiy 
1040ld (one log unit) b e a u x  KW also inorses ap. 
pmx~matelylO.fold. Thus, chemicals with s~ndar 
FCVswi l l  have IargerSQ6cs it their LWSare iarger. 

The chemicals listed in Figure 37 have been 
chosen to ilustrale B e  SQCoc concentrations that re-
sult fmm applying the EqP method.T h e  water qual. 
it! concentrationsarp the FCVs (not the final residue 
values) computedas part o l  L e  development of SQC 
for acmaphthene. endrin. henanthrene, dteidrin 
and nuoranthene or from &aft or publ~shrdEPA 



Ssdlment Quailty Criteria 
PCV (uP/L)

1000 4 0 0  

U.uryl P~mtt4on 
lo..*h.". 

b Uldolll*n 

. . . . . . . . . . . .. . ".* CNoloyrllos 
DWdrln 

4 Fluwenlh.n* 

2 3 4 6 0 7 8 

Loa10 KOW 

nguro 37.4ogto SQCversus loglo I&. The dlagonal lmes indicate the FCV vmues. The criteria are Computed from Equa. 
tion 34. Ibc Is oalalnd lrom 16. wilh Equatlm 11.The syrnmls indncate SQC, for the fresllwater [filleol and saltwater 
(hatched) Ullala for the listed chemicsls. The ver ta l  line connects tymbolskw the same chemccal. The FCVs for methyi 
puatnlm. tompkne, chloreane, Parathion are from WQC or drafl dowments. see TaMe 4. The FCVs 101Bcenapthene. em 
dnn, phenantnrene. nuoranlheneand dieldrinare cornwled as part of the development of SQC. TW OetanOl/water partition 
coafr~tenwfor methyl parathion. toxshene, chlordsne, parahion, endosulfanand Chlorpyrifos are the log meanof the values 
reported in the Log P dalabasa 1761. The i(ars for acenaphlhene, endran, pnenanlhrene and dleldnn aro thoso measured 
from ins slow stir flask method. 

WQC documents (see Table 4) for the remaini:lg 
chemicals ploned. Measurement of Kows for ace-
naphthene. endrin, phensnthrene. dieldrin and 
fluoranlhene are from the slow stir flask method as 
previously presented. The Kows for the remaining 
chemicals are the log averages of the values reported 
in the Log P database (751. While the SQCs for ace. 
naplhene, endrin, phenanthrene, fluoranlhene and 
dieldrin meet the minimum database requirements 
oresenled in the ~rev ioussection. SOCs for the re. 
hainine chemicais are for i l lust ra~ive~~umorvsonlv 
and s h h d  not be considered ftnal SQEvaiues ~ i n i l  
SQC, when published, Qould reflen the best current 
information for both FCV and KOW. 

The FCVs that are available for nonionic or-

magnitude. The most shingent SQCa in this exam-
ple is for chlordane, a chemical with one of the lotv-
est Kows among the chemicals with an FCV of 
ap~roximalelv0.01 p ~ l L .. . 

By contras~t i e  PAWS included in this exam-
ple have a range of FCVs and ROWSof approx~matelv 
i n  order of magnitude. But lhese vaiues vary in-
versely: The chemical with the larger FCV hds a 
smaller Kow The result is that the SQCW are ap-
proximately the same, WO p g l g  organic carbon. 
C!asses o f  chen~icalsfor which the eHeds concentra-
tions decrease logarithmically wi lh increasing K0w4 
for example, chemicals that are narcotics [113j, will 
have SQC that are more nearly constant. 

gatfic insecticides range from approximately 0.01 
pg /L  to 0.3 wglL, a factor of 30.The SQ&, range Field Data 
from appmximarely 0.01 u g l g  organic carbon to in tnformation on actual levels o f  the criteria chemicals 

i 
excess lo organic cabon, a lanor of Over in the environment was assembled i n  order to p r o
1,OW. This Increased range in values ocrurr because vide an indication of the relationship bchveen the
Ihe Kows of these chemicals span over two orders of 



SQCconcentraionsand the actual concentrationlev- larly contaminated sites. Some of the probability 
ds  cbscrved in the sedimenu of U.S. surface water plob also show a dismntinuiiy at the high end. This 
bodies. Three separatedatabaseswere examined: is particularly true of the Corps of Engineen data 

that p w l  resultsfrom a limited number of stationsin 
EPA's STORET database/114J, San Francisco Bay. Until a more detailed analysis i s  

,NOAA,s &ationd Status and Trenkdata. performed. the results of the preliminary screening 

base, which on water bodies in should be considerrd approximate. upper bound e* 
timates of the probable prevalence of sediment sitescoastalareas (43, and the that may exceed the SQC. 

Corps of Engineers database for San Fran- SIORETdata. A STORFT data retrieval war 
dscoBay (1161. performed to obtain a preliminary assessment of the 

concentrations of the criteria chemicals in the sedi. 
The data that were retrieved have been sum- mentsof the nation's waterbodies.The dab retrieved 

marized on probability graphs that are presented i n  was restricted to' samples measured in  the period 
the subsections that follow for each of the data 1986to 1990.The selectionofthis recent periodelimi. 
sources. A large proportion of the observations are nated much of the older data with the higher deter-
below detection limit values and indicate only that tiun limits to provide a more accurate indication of 
the actual concentration is unknown, but less than current conditions. Log probability plots concentra. 
the concentration plotted. These data are plotted tions are shown i nFigures.38 and 39. Concentrations 
witha "less than" symbol. Asa resuit,theprobability are shown on a dry weight basis, because 5- .;men! 
plots should not be interpreted as representations of organic carbon is not reported. The SQCs are mm. 
.the actual probability distribution of the monitored putedon the basisof a sediment organic orbon con. 
samples. They do, however, provide a useful visual tent (loc) of 1 percent and 10 percent, which is the . .  . 

. ...,. .. . . jndication of the range of concentrationhveb of the typical range for inland sediments.The STORET data 
study chemicals in  natural sediments. distinguishes between the type of waterbody, and 

A sugsestion of the probable extent to which separate displays am provided for stations on 
pmblem sediments might be encountered is  pro- streams,lakes,andesmanes. 
vided by the plot overlay showing the SQC concen- The PAHdata are shown in Figure38. The to. 
tration developedby this research. In the case of the tal number of samples, and the number of detected 
STORET data. the SQC is shown as a band because samples are indicated on the figures. The plotted 
the !,is not reported. The lines represent the SQC points are restrictedto a subset of the total numberof 
for between an foe - 1to 10 percent. The other hvo sampler. so that the plots are lee ie .  A few samples
data bases pmvide the necessary information on with detected mncentratiom, the solid symbols, ex-
sediment organic carbon levels, and the resuitshave ceed the SQC for for = 1percent, and ferver excecd 
beenproperly normalized. the SQC forfoc = 10 pernnt. The nondetected data, 

Some salient features of the available field ploned at B e  detection limit with "c", are &low the 
data displayed by the plots are summarized in Table value indicatedon the plot. In  fact with nundetected 
18. The SQC concentration Is listed for each of the data included in the probability plot, the actual plot. 
five criteria chemicals, together with the number o f  ling positionsof t h  detecteddata is uncertain, since 
samples and the approximatepercentageof the s m - the nondetecteddata may in fact occupy plottingpo. 
ples that exceed the SQC. The table also lists the sedi- sitions further to the IelLal lower probabilities, Thus 
ment concentrationsthat are exceededby 10,S,and 1 the exceedenceprobabilities lor the detected data are 
percent of the measurements. at least as large as i s  indicatedon the rl?ts. Approxi-

We recognize that the tabulated information mat el^ 5 percent or Ies5 of the detecteu Samples ex-
represents only approximate estimates, because of ceed lhef== 1 Percent SQC. 
the presence of large numbers of d r '  l i on  limit val- The data for endrin and dieldrin are shown in  
ues. Nevertheless, i t  provideswhat 5 ansider to be Figure 39. Similar results are obtained. Less than 3 
a reliableexpectation that only a small percentageof percent of the detected dieldrin and endrin samples 
sediment sites in the databases, less than 5 pemnt, exceed the lower SQC. 
wi l l  have concentrations that exceed the SQC levels. Nationnl Status nnd M d s  Pmgrnm dnta. 

We did not altempt a more : .prous analysis NOAA's National Status and Trends Programdevel-
to provide a more definitive characrerization of the oped a database on the quality of marine sediments 
spatial and temporal features of the database. Some focusingon estuarineand mastal sites that are not i n  
of the recorded data clearly represent multiple ram- close proximity to known sources of contamination 
ples at a particular site. The very high observed con- 11161. Figure40 displays the distribution of sediment 
centratlons are relativelyfew inabsolute numberand concentrations from the Nahonal Status and Trends 
may reflect multlple Sdmples at one ora few ppart1n1- Program sites for four of the live criteria chemicals 



- - 

T ~ M O~s..-ODs~rwa auatity of natural sediments. 
I "."-....I "- I ........: 


ORP PI or NO. CISUIPLU 231 I 2.1 ] IM 1 zoo 1 282 
V I O I I l C m I  

%thatexceea SQC sx I 4% 5% OX I 0% 

lOX91eM-wkW 40 I 60 I SO 1 - 60 I 40 

5% IICeM. OMOS 100 1 300 1 200 1 150 I 80 
1%ewe.$. ww IO.MX) ! 25WO 3.W ! 700 600 

HOM NO. OF IUl lLU 191 735 248 1 - 408 

HAlICUN I l A N I  U lHA1U C S B  SQC 0.24 ! 0.1% 0% I I 0% 

AN,"^^^^ LO*excead. cone 4 I 25 ! 4 	 ! 0.3 
I

6% MI^.c a m  1 I 40 j 7 0.5 
I%..S.M.m. . 4 0  W ID 1.0 

SPA S W R ~SQC 1 ~ 0 1 0 1  3.0-30 2.624 2.3-23 .031.0.07 0.02-0.2 . . . . . . . . . . . . . . . .  
 -	 YIIIIRIw smmnt OC: 1-10X 
NO. OF I U I P U I  08 ! 81 1 4  150 ! 180 

I 0% ! ~ 1 0 %  ! 0% 

10%EICHO . C M C  ! 4 I 0.1 0.3 I CI ; 1s1/1ea 

5%ercetd.  ronc I 1 
I 0.8 I 0.3 oat1 a 4  1 am. m 

1%@sc0eo.c0nc ' 40 I 1.0 ! 0.5 r DL ' 'DL 

~ U W  	 6.262 1.8-18 1.3-13 0.019.42 0.1-1WAVER SQC IWIW 
s*alrnenOC: I-10% 

ZPA l l0llm NO. OF $AMPLEI 786 ! 584 B81 I 2671 ! 3075 
STRUMS. 

u THAI morm sac . 2% I 1% r 4% ! 1% ! r3%
~~ 

10% CXCled. C O W  4 ] 1 I I 1 0.01 1 0.005 
5%."C.Od. COW 7 2 I 1.5 0.01 ! 0.01 

I 7 1 40 I 0.04 ! 0.051%*ZWM.CV% 40 

FPA l l O R K l  UXU NO. OF IM ILU  57 SO 58 478 1 451 

(endrin concentrations were not measured). Sedi  samples that exceed the SQC depending on  whether 
men1 organic carbon concentrations were measured the full set, or the subset of sampler is considered. 
i n  this pmgram, and ranged fmm less than 030 to Approximately one half a percent of subcel samples 
16.2 percent. The availability offm permitr the plols exceed the phenanthrene and fluoranthene SQC, 
t o  display both observed concentrations and the SQC whereas none of the other SQC art exceeded. The 
value using oreanic carbon nomaliration. fraaions are not greatly increased I f  the SQC arc a p  " -

Results are dhplayed in the plots for all sam- plied loall 
ples(open symbols) and for the subset that contained Corps of Engineers data. A set of data from the 
organic carbon fractions greater than 0.2 percent. the A m y  Corps of Engineen monitoring Pmgram 
limitof aoolicabilitv for the EaP derived SOC (filled for a number of locations inVarious Parts of Sari Fran-
~~~~ ~ ~ ~ 	 ~~~~ ~- . ~~~~ ~ 

symbolr):the ~ ~ p ' d & ~ ~ dirapplitagle to (he asm Bay has been analyzed. Tabld19 identifies the ~ Q C  
75 to 85 percent of all sediment samples that have!=s locations sampled, the number of obsen*ations at 
greater than 03 percent. However, (here IS only a each site and the period during which the results 
nominal effect on estimates o f  the percentage o f  the were obtained. There data were collecied lo examine 
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flgur* 40.--Cornparlson of aedlment guallly cnlena to the d~suoblltona 01 accnaphthene. flumnlhene. d.eldrln. and ohem 
anthrens organic camon normallred sedlment concenvr ona trom NOW$ Nsttonal Status and Rends Program. Oata are 
Ifom lQMto lrJ89 Samc4es wltn oraan~c camon aeater tnan 0.2 ~ercenl tllllad symWls) and samplos for all organic oam. ~~ 

on contents (opensymbols) are shown. Data frornN0~4 1471. 

the quality o f  dredged sediments i n  order to deter. 
mine their suitability for open water disposal. The 
database d id  not indicale what deleminations were 
madeconcerning their acceptability for this purpose. 

Investlgalon compared the frequency of occur-
rence (in individual samples, not d d g e  sites) with the 
SQC criterla developed using the EqP methodology. 
The major portion (93 percent) of the samples analyzed 
had organic c h n  hvdions greater than 02 percent, 
for which the SQC concentrations are applicable. The 
concentrations of each chemical measured in these .. -~~~ ~ 

sediments was nomatized by the organic carbon m n  
tent and the rest~lts are displayed below as pmbabilily 
lob loillusn. the Ireciuency at whichdifferent lwels 

hre observed. h~*ulU are okented for the five uiteria 
~~ ~ 

chemi&. A horizonlal l ine at the mncenhahon value 
of the SQC provides a reference hat indicates the rela- 
tionshipbeiween obrewed range of qualily and the 
SQC lor each chemical. 

PAH results are summarized in Figure 41. 
Less than 5 percent of the individual samples con- 

tained concentralions in excess of the sediment 
quality. 11 is informative to note that the small set of 
very high concenlralions are nearly all from one same 
ole-siteflreasure island). 'These samdes are resoon- 
kble 10; the d i s c o n t i n u ~ u ~ . ~ a ~ e r n  df the lrcqu~ncy 
distribution. 

Figure 42 prerenls the monitoring pmgram 
results for the two pesticides i n  the same formal. I n  
this case, virtually all of the samples were less than 
the varylng detection limits of the analytical tests. 
Each of the ramdes for which actual measurements - - ~~~ 

were obtained &ere at leas1 an order of magniNde 
lower than the SQC. An estimate of the possible Ire. 
auency distribution of sediment concennations of 
dieldXn and endrin was develooed bv tho arrrrlica ~ ~~~~ ~ 

tlon of an analysis technique th'at ackunts idr the 
vawinn detedion limits and the presence of nonde. 
tecied ~bservations (117). The reiults are illustraled 
by thc straight line, which suggesls that no apprecia- 
ble number of exceedences is expected. However, the 
virtual absence of detected concenlralions makes the 
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PROBABUTY 

ganlc carbon normalized sediment concenlralions from the U.S. Army Corps of Ewneers monilorlng program of San Fran. 
c i ro  Bay. Samper with organic carbon greater lnsn 0.2 percent (filled symwlr) and samples for all organlc carbon contents 
topen rymbolsl are shown. See Table 19for descnplion ol locallon, number of samples. BM sample penw. Dale from U.S. 
Army CDE (1161. 

distribution estimates unreliable. They are presented lor  varying bioavailabilily (Pigs. 2,J.S-8.26.28). The 
only t o  suggest the probable relationship between variation inorganism body burden across sediments 
the levels of these hvo pesticides in relation l o  sedi- can also be significantly reduced i f  organic carbon 
men1 quality criteria. and l ipid normalization are used (Flgs. 29-31). For 

'contaminated sedin~ents, particle size effects are re- 
moved i f  organic carbon.normalized concentrations 
are compared ( P i p  17,19,21). The reason is tlrat or- CONCLUSIONS 
ganic carbon is the proper normalization for patii- 

The technical basis and data that support the use of tioning between free dissolved chemical and 
the EqP method to generate SQC have been pre- sediment-boundchemical(Fig.11). 
rented for nonionic organic chemicals. The use o f  or- Using pore water normalhation for highly ,ganic carbon normalization is equivalent to using hydrophobic chemicals u complicated by chernical 
pore rvater n~rmalizat ion as a mcans of accounting coniplcxing to DOC (Fig. 13). Partitioning behveen 

7 
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PROBABllrrY 

n;UW 41.--Comparison of sadimenl auality critarta to the distrIbulionr of andrin and dieldrin organic carbon normatiled 
ssdtment COKantIatiOnS from the U.S. Army Corps of Engineers monitoring program of San Francisco Bay. Sea Table 19 for 
descrinion of location, number of samples and sample period. Samples vntn organic camn greater tnan 0.2 percent (filled 
symbols) and samples less than lhedetaction limit itsss than symbotsl are shown. Also shnvn is an estimate of the esbibu. 
tion developed by accounting for nocdetected observations (sold tmnet. 0a18 from US.Army WE (1151. 

pore water and sediment organic carbon from field- 
collected sediments can be rationalized i f  DOC corn- 
plexing is taken into account (Figs. 22 and 23). 
However, the complexed chemical appears not to be 
bioavailable (Fig. 15). 

These 0bse~aliOnS are consistent with the 
EqP model. which assumes the equivalence of water. 
only exposure and h e  exposure from pore water 
andlor sediment organic carbon. Sediment quality 
criteria are based on organic carbon normalization 
because pore water normalitation is complicated by 
DOC mmplexing for highly hydrophobic chemicals. 

The Justification for using the FCV from the 
WQC to define the effecls level for benthic organisms 
has also been discussed. Water column and benthic 
organisms appear to have similar sensitivities for 
both the most senritivespecies tested (Fig. 32)and all 
tested species (Fig. 34);Benthic colonization expcri- 

ments also demonstrate that WQC ean be u x d  to 
predict effects mncentrations for benthic organisms. 
A direct statiltical test of the equality of the disMbu- 
lions can be used to confirm or refute this assump- 
l ion for individual chemicals (Fig. 36). 

Equilibrium partitioning cannot remove all of 
the observed variation from sedlment to sediment. I t  
does reduce the much larger sedimeet.to.sediment 
variation that exists i f  no c o r d o n s  for bioavailabil- 
i t y  x e  made (Figs. 5.8). A variation fador of appmxi. 
mately hvo to three remains (Figs. 2 and 3), which 
includes measurement and other sources of variabil- 
ity. This is not unexpected as EqPis an idealization of 
the actual situation. Olher l anon  that are not 
considered in the model play mles in determining 
biological effects. Hence, i t  is m g n i z e d  that a quan- 
tification o f  the uncerlainty should accompany the 
SQC that reflect these additionalsources of variation. 

. -. . .... ..... --



Research Needs 
The final validation o f  SQC will come fmm field 
studies that are derlgned to evaluate the extent to 
which biolonical effects can be predicted fmm SQC. 
The c o l o n i ~ t l o n  experiments (?able 6) are a labora- 
tory simulation o f  a &Id validation. Sediment qual- 
i tv  a i t e r i aun  possibly bevalidated more easily than 
WQC because aetenninine the oraanism exwsure is 
more straightforward. Thrbcnthic populatibn expo. 
sure i s  quantified by the organic carbon-normalized 
sediment mncentration. 

I t  has been suggested that h e  kinetics of PAH 
desorption fmm sediments cuntml thechemical body 
burden o f  a benthic amoh iwd 11181. The extent to 
which kinetia can be in;po;tant in&ld situations is 
unknown at present, and field studies would be an 
important m;nponent inexamining this question. In 
addition more laborato~v sediment toxicitv tests, 
particularly chronic test; involving muilipie =dl-
ments, would also be helplul. I n  a typical practtcal 
application of SQC, mixtures of chemicals are in. 
vbked. 'The extension of EqP methodology to mix. 
tures would be of great practical value. Initial 
experiments indicate that i t  should be possible (119j. 

'The EqP method is presently restrieed to 
cornpuling etteck-based criteria lor  the protection of 
benthic organisms. The direct extension of this meth. 
odology tor computing sediment criteria that are 
protective of human health, wildlife, and marketabil- 
i t y  of fish and shellfish requires that the equilibrium 
assumption be extended t o  the water column and to 
water column orpanisms. This assum~lion is.. in"een-
cral, untenable. h e r  column concer;tration, can be 
much lower than pore water conecntrations i f  sufh- 
cient diluUon flow is present. Converseiy, upper-tro- 
phic-level oraanismi are at concentiatio~k well 
ibove equilibGurn values [IZOI. Hence, the appliw. 
l ion of the final residue values from the WOC for the ~~~ ~~~ ~ ~~ ~~.~~ . -.~ 

computation of SQC. as was done lor certain interim 
critena [l21], is not technically justifiable. At  present. 
organism lipid-to-sediment organic carbon ratios. 
that is, BSFs (Ean. 291 miaht be useful inertimatinp. 
the concentraiidn o f  containinants inbenthic toeaec 
for which the assumotion of eouilibrium is ieason- ~ ~ . ~~, -~~~ 

able. However. a site-specific investigatwn (e.g.. Con- 
nolly (1221) afpean to be the only available method 
lor perlonningan evaluation o l  the effect ofmntami- 
nated sediments on the body burdens o f  upper-tro. 
phic.level organisms. > 

1.Didrron. KL., A.W. Malo, and W.A. B~na,. r B .  1987. 
Fate and Effecls of Sediment.Bound Chemcak in 
Aquatic Syslems. Proceeding of Sixlh Petlslon Work. 
shop, Perganlon Press, Elmford, NY. 

2. Pavlou. S.P.. and D.P. Weston. 1983. Initial evaluation of 

atarnativer for development of sediment n l a l r d  ms. 

ria for toxic mntaminants in marine waters h g r l  

Sound. Phmr I.Develo ment of conceptual hame. 

work Technical Rcpon.&8 Asmdatcs, Betlevue, WA. 


3.Cha man G.A. 1987. Mtablishiig Sediment Cliteria 

for $hemicals - ~egulatory perspective. Pages 355.n in 

KL Didrron, A.W. Maki. and W.A. B w  s, eds, fat^ 

and Effects of Sediment-Bwnd ~hcmicai! in Aquatic 

Synem Pcrgaman Pmss, Elmsford, NY. 


4.Bollon. SH., R.J. Breteter, B.W. Vigon.1.A. Scadon. and 
S.L. Clark 1985. National Perspeclive On Sediment 

Quality. EPAKLO1.6986. US. Environmental Protection 

Agency. Oflice of Water Regulations and Standardf., 

Criteriaand Standards Division, Washingion, D.C. 


5.PavIou. SP., and D.P. Weston. 1983. Initial evaluation 01 
altemutvcs for development of sediment related crite 
ria for toxic contaminants in marine waters (Pu 1 
Sound) -Phase land Phssell. WA6801.6386. US. . 
vimnmunel Proledion Akenq, Oflice of Water Regula- . . . 

-lions and Slandards, Criteria and Standards Division. 

Washington,DC. 


6.JRB Associalor 1981. bckgmund and review d w  

men1on the development 01 sediment uileria. EPA 68-

014388. U.S. Enrimmental Pmtenion A en- Oflice 

of Water Rcgulalionr and Standards, trileiia an4 

S ~ I Wash\nglobD ~DC. ~ ~ 


7.Ballelle. 1981. Sediment quality mteria development 

workshop U.5 EnvuonmhntaIPmcrd~on~ g e n b01. 

flee of Water Regutattons and Standards, Cnlena and 

Standards D~v~ ion ,  
Washingon. DC. 

8.Stephan C.E. D.I. Mount. D.J. Hamen, JH.Gentile, 
C.A. Olapman, and W.A. BNngr. 1985. Guidelines for 

drnvmg numerical national water qualily ctite"a for 

the protection cf aquatic orgarurmr and their uses. 

PESU7M9. National Technical Inlonnation Service. 


9.Spphar. R.L.. and A.R. Cartson. 1984. Derivationof site. 

spcilic water quality oileria for odmium and the SI. 

Louis River basin Dululh. Minnesota. Envimn. Toximl. 

Chem. 3651-55. 


10.Cutson. A.R.. H. Nelson, and D. Hammerrneister. 1986. 
Development and validation 01 n t e - s p x i t i r  water 
quality niteria for copper. Envimn. Toximt. Chem. 
5.97.1011. 

II.Luomr. S.N.. and W. Bryan. 1981. A itatisl~cal aserr. 
men1ol the form of trace metals in oxidized sediments 
employing chemical exwattant%. Sci. Total Envimn. 
17:165.%. 

I 2  Chopman. EM.. and E.R. Long. 1983. The use of bioar- 
says as pu t  of a comprehensive approach to mame 
pollution aaessment. Mar. Poltut. Buii. 14:81.81. 

13. Lon& E.R., and PM. Chapman. 1985. A sediment qual- 
ity triad: Measuresof ~edimrnlconlaminalion. 1016dly 
and infaunai commumty compos~tion inPugct Sound. 
Mar. Pollut. Bull. 16:405.15. 

http:14:81.81
http:16:405.15


14, B&'&, RC, DS. Blcker, DP.Wnton, and T.C. Clnn. 
1985. Commencement b y  nearihon/lidctlae nme-
dial inveUg3lii. final R-n. EPA 910/9-851Ylb. 
P m ~ m dbv Tetn Tech. for the Wa~hinmon Demrt- 
meitot*dlonv.nd the U.S. EnvimnmenLl Pmt&ion 
AgenEy. Wash;tigton, DC. 

15.Long. E.R., and L.G. Morgan. 1990. .The potential for 
bfolo ml  eUecis of sediment - Lorbed c o n t a m t w  
tes te fh  the National Satus and Trends Pmgram. 
NOAA Techdcal Memorandum NOS OMA 52. OW-
of Oceanography m d  Marine AserrmenC Seattle, WA. 

I6.Cowah CE. and C.S. Zarba. June 1987. Reylatoryrp. 
plicatlons of sediment quality criteria - Final Repan. 
EPA 68414986. US.Envhnmrma\ Pmtedion Agenv 
Office of Water Regulalions md Shndards. Criteria 
and Slandardr Divbion, Washington, DC. 

17.Ad.m W.1, RA. Kimerle, and RC. Mahn. 1985. 
Aquatic safety aucument of dnmicals sorkd to %dl- 
menb. REes 429.53 s R.D. Cardwell. R. Purde and 
RC. BW-2 45,  As.Aquatlc Todcology and ~ a u h  
sosment: SevenUI Symposium STP854. Amencan So. 
dety for Trrtulg and MaterialsPhiladelph8a. PA 

'18.Ziegenfrr PS., W.J. Renaudettr, and W.J. Adam. 
19%. Melbdology lor assessing the acua loudly of 
chemidr sorbed to sediments: Testin the equilibrium 
gaflilioning theov P a y  479-93 i '& Poston. and R. 

urdy, eds.. Aquatic mdcology and Envimnmenld 
Fate. RhVo~ume.STP921. AmencanSaiely for Testing 
and Materials, Philadelphia, PA. 

19.SwartZ R.C D.W. Schults, T.H. De\Vilt, G.R. 
Dibwodh and 1.0. h b e n o n .  1990. Tolddty ol 
nuoranthmr insediment to marine amphipcds: A test 
of the equilibrium panltioning a proach to sediment 
qualitydterla. ~nviron.~odcol.ehtm. 4:101180. 

20.Nebekr A.V. CS. Srhuvlema, W.L. Criffb. J.A. Bar 
bills, and L.A. Carny. 1969. Effecl of sediment organic 
cubon on survival of Hyalrii~PIM exposed to DDT 
and endrin. Envlmn.Todco1. Chem &705.18. 

2L.Sdrup~rna.GS., A.V. Nebebr, W.L. Griffis and C.E. 
Miller. 1989. Effens of treezin on toxicity of sediments 
conamtnaled with DDTmd%nddn. Envimn ToucoL 
Chem llW.91. 

ZZ.Muii, D.C.C.. G.P. Ram.O.E. Tomuend. W.L. k k -
hart, and R Gnenhalgh 1985. Bioconcentration o l  
cype~elhfin, dellamethrin. fenvalerate, and per. 
methnn by Chknanus Uems Lvvre in sediment and 
tvater. EnuimaTordrol.Chem.~S141. 

W.Adam W.J. I1A. Klmetle, and RC. Mmher. 1%. 
Aqualic sshty as*ument of Chemlcab wrbed lo  sedi- 
menu. Special Study Rupon No. ES.EAG.8sl. Mon. 
eanto Company. Envimnmental i lenms Center, St. 
Louis, MO 

24. Adam. H.,.1987. hoavailability of neuhal I~pophilac 
orgm.c chnnlcals conlainrd in sedlmentr. A m b w .  
hers 21944 111 K.L. Dlduon. A.W. - ., .. Mah..-. a d  W A ,- -. . . .- -..- ...,. 
~ k n g r ,  eds. Fate and Effects of Sed~ment.Bound 

Chemicals In Aqualic Spem.  Patpmon Press, 
Elmford. NY. 

t5.Kariddwlf. S.W. 1981. Organlc pollutant sorption in 

aquaticsystem.J. Hydrsul. Div. MCE110~U7-35. 


26.0'Co~or. D.1.. and IbnnoUy 1980. Thr *Hen ol mn. 
centratton of adwrbmg solids an the pantlion ~ E I .  
aent. Water Resour. 14:1517.23. 

Z7.01Tom. D M  198). A panicle interanton modei of m-
I vrnrble orgaruc chenucal sorption. Chemosphcw 

14.150358. 

28. Bcnes, P. and V. Majer. 1980. Tram Chemisty of Aquc. 
o~~~Solutions.Elsevier. Kew York W. 

29. Gxhwend P . .  and 5. Wu. 1985. On the constancy of 
sedhent-water panllion coeffioenls 01 hydmphob~c 
organic poliulants. Ennmh Sd. Technol. 19.9(lp6. 

30.Caner, C.W. and I.H. Suffett, 1983. Inleramonr be-
lween dissolved humic m d  hlvicacids and poliurants 
in aquatic rmrimnments. Pages 215.30 in R.L Swam 
and A. Gchenmeder, eds. Fate of Chemicals inthe En- 
vironment. ACS Symposium Series 225. Amcrican 
Chemical Society, Washingm,M. 

31.Voice. T.C., U!Rice. and W.J. Mber,Jr. 1983. Effed of 
solids concentration on the sorptive psrtitiomng of hy. 
dm boblc pUulanls m aquatic syltem. Envimn. So. 
Teck01.17:51M8. 

32Cull. R.L..and C.A. Kcolelan. 1984 1mpilat.aarorbate 
modei for apprnnt rnomalrs with orgmr adsorpt~on 
on natural sdsorbents. Envmn. Sd. Technol. 1891622 

33.Nelson. DM, WR. Pennnc, J.O. Ksntunen, m d  
Mchlhaff. 1985. Ellects Of dissolved organic carbon on 
Ihr adsorptton pmpenies of plutonium innatural wa. 
ten. Envimn. 50.Tachnol. 19:127.31. 

34. Kandhofl. S.W.. and KR.Moms. 1985. Sorption dy. 
narmcsof hydmphoblc Uutants in redomcnt ruspen. 
$tons. Envlmn.Touml. '%em. 9d69.79. 

3S.Di Tom. D.M, and L. Horzempa. 19&3.Revenible and 
mistant mmpnent model of hemchlombiphenvl ad. 
sorptiondnorption: Resupemion and dilution. pages 
89-114 in D.Mucky. 5. htnron. S.I. Eiremich. and 
M.S. Simmons, d r . ,  Physical Lkhavior of PCBs in the 
Great Lakes. Ann Arbor Science, AM A tbo~MI. 

3b.Di Tom, D.M.. J.D. Mahony, P.R. Kirchgraber. A.L. 
O'Byme. LR. Pasquale,andD.C.Pil\i. 1986. U fem 
01 n~mvenib i l i lk  panide concentralion, and ton^ 
strength on heavy meal sorption. Envimn. 50. Tech. 
noi. U155. 

37.Mdlmy. L.M.. J.V. DePinto.7.C. Young. and 5.C. Mar-
lin. 1986. Panironing of heavy melab to 1115 ended 
solids i n  the Fbnt Rive6 Michigan. Envlron. fwd. 
Chem. 5509.23. 

3.Macbr D., and b.Powen. 1987. Sorplaon of hvdm. 
p h r  8; chemrcals fmm water A hypatnenr l w  the 
me?!unlsm of the pan~cle concentratton effect. Chr. 
mosphere 16:745.57. 

http:&705.18
http:14:1517.23
http:19:127.31
http:9d69.79
http:5509.23
http:16:745.57


JREadie, BJ., N.R. Morehead, and PJ. Lnndm.  1990. 
M e . p h u r  pMllioning of hydrophobic organic mm. 
~oundsIn Great Lakes waan. Chemosphere 20.161.78. 

40. Thurnun, EM.1985.0 nic Geochemistry o l  Natural 
Waten. Maninus N i p o r ~ r .  W. Junk Publ. DordmhL 
The Netherlands. 

4I.MKMhy. J.P., and 8.0. Jlmenez 1985. Rcdumon Ln 
bioavallabiUy to blue lir o l  polycycbc ammatic hy- 
dmcarbom b u n d  to 6"'issolved humc malenai. Envt. 

~ 

mn. Toxicoi. Chem 4511.21. 

42. Landrum. RF., S.R. Nihah 8.1. Fddie, and L.R. Herche. 
1987. Reduction Inbimvailability of organic conlami. 
MntS Lothe dm hipod PontoFdreia hjby diiolved or-
ganic mamr ofsediment intetstitial waters Envimn. 

43.Landnun. RF., UD. Reinhold, S.R. Niharl, and 0.1. 
bdk.1985. h d k t l n $  the bioavailability of organic 
xenobiotia to Ponlopr& hoyi in the pnrenn o l  humic 
and fulvic materials and Ntural dirsolved orgallicmat. 
%ST.Gnvimn.Tbdm\.Chem4*5967. 

44.PraU F.G. 1982 The geochemistry ol polyqclic am- 
matic hydmmrboru in Columbia River and Washing. 
ton coastal xdlments. Ph.D. theris. Washingion Slate 
Univctsily, Pullman, WA. 

45 E v a ~ ,  KM. RA. Gill, and P.W.J. Robotham 1990 The 
PAX and organicmntent of sediment tl idrsae lnc. 
tioru. Water Air and Sod Pollut. 51:13x 

46,Delbrk. K.R.J. Claude, md M. Dosicart. 1990. Or. 

%anocNonder in diHrrent IrMnoN of sedimrnlr and 
ltlrnnt olanklonic cmoanmcnts of the BelPian Con- ~~ ~ ..~ . ~ ~ ~~ 

linenlals'hbif and ~chelt kstuam. Environmental Pollu- 
tion 66r3ZS49. 

47.Nat3onal Oceanic and Atmospheric AdmtNrtrrlIon 
1991. Second summary ol data on chemical conlami. 
nsnts on sediments Imm the NationalSlatusand Tmnds 
Prowarn. NOAA Technical Mem~randum N9S OMA 
59. Olhce of Oceanography and Marine Asreumenl, 
Roekville, MD. 

48.BmwMwell. 81, and 1.W Farrington 1986. Diogea. 
c h e d r q  of PCBs ininlentiliil watonof a cortUI ma. 
rine sediment. CeoJum. Cosmxhlm. Acta 50.13749. 

49.Bmw~well. 0.1, and J.W. FYnnpon. 1985. Panilion. 
tng ol PCBs i n  mrnne sediments. Pages 97.119 illA C 
Saglro, and A. Hatlori, eds. Marine and Estuarine Goo. 
chenuslry.LcmsPublishcm Chelsea. MI. 

5O.Socha. 5.8.. and R. Csrpenler. 1987. Facion alfecting 
porn water h dmrrrbon connltrationsin Puget Sound 
%diments.&whm.~osmochim.Acia51:123744. 

51.OLivrr. B.G. 1987. Diouptake of chlot i~ted hydmer 
bans imm labonto spiked and field sedimnls by 
oligxhaete wo rn .  %vlmn, Sd.Technol. 21:785.90. 

52. Slrhly, C.R.1991. Memorandum to W.J. Deny,Aptil21 
1993. 

53. Hoke R.. and C. AnWey 1991. Resuits o l  d ldc in  sedi. 

men1 spiking shld mnduard i n  suppan of USEPAdr- 

velopmenl o l  s rdkmt  qualby aiter ia. Memorandum 

to D. Hawen and D. D l  Tom, June 18,lWI. 


5P. Hoke. R..and ti. Ankley IW.Resulu of dieldrin sdl. 

menr spikingrtudy. Aioa Pondcewt mnduded in 

suppon of USWA devdopment of sediment 

critwia. Memorandum to D. H w e n  and D.%%. 

January 27.1991. 


55.Hoke. R. 1W- Reults of dieldrin sedtmml spiking 

study mnduoed in support of USEPA development of 

sediment quality criteria. Memorandum to D. Hansen. 

D.DiTom, and C. Ankley. December 2,1992. 

56.Swanz R.C. 1991. Acenaphthene and phenanrhnc 

Wes. Memorandum to David Hamen, June 26,1991. 


57.DeWtt~ TH., RJ.Omtidt, RC. Swans 1.0. Lamber. 

son. D.W. khultr. G.R. Ditrwonh JXF! loner. 1. 

Hoselton, and LM. Smith. 1992. The influen= of or. 

p n i c  matter quality on the tosidty and atlitioning ol 

sdirwnt aswialiion kn?n*enc. K w n .  ox.. 

Chern 11: 197.208. 


58.Chiou. C.T. 1985. Panition coeUaoentr o l  Organic mm- 

pounds i n  l~p~d.walcr systems and mmlalionr wth 

hrh bioconnnmtton (anon. Envimn. So. Technol. 

195762 


59.Thoma~.R.V.. 1.P. Connolly, and T.F. Parbnon 1W1. 

An equilibrium model of organic chemical accumula 

lion in aauatic foodwebs with sediment interaction. En. 

vironT&icol.Olem. (in press). 


b0. McFadand, VA. 1984. Adivilybarrd evaluation of p 

tential 'Jicwrmmulatiun i m  Sediments. Pages 461.67 in 


~ ~ . ~ ~ " 

R.L. Montgome~y, and J.W. Leach, eds., Dredging and 
Dred ed h+aleriai Dis oral Vol 1 American Sooely d 
~ivil&ng,neers,~ r w q o r k . ' ~ . '' 

61.Lak. I.L., N. Rubinstein and 5. Rvignmo. 1987. Pm. 

dioingbioarmmubtion: Development of a simple par. 

litianing model lor use as a men ing  t w l  lor 

regulating m a n  disposal of wines. Pages 151.66 in 

KC.ISIckmn, A.W. MaW, and W.A. 8NngJ.eds., Fate 

and EUects o l  Spdimmt-Ownd Olemicab In Aquatic 

System.Pergamon Press, Ebford. NY. 


62.Rublnstein N.I., J.Lbke. RI. P N ~ .  H.LPP II.8. Ta. 

pLn. I.Hritshe. R. Bowen a d  5. Pavsgnano 1988. Pn. 

dlctang bloarmmulallon of Srdtmenl.Assmalcd 

orgar& Contaminants: Development 01 1Re atorv 

Too1 lor Dred ed Material Evaluation. Tecluuca%!ePoi( 

D-87.1. U.S. &"ironmental Pmteciion A eny (Narra- 

g-a. RI) for the US. Amy COP &eers ~ a .  

cenvay Erpcrimpnt Slation Vtckrbur& MS. 


b3.Okrman. V.J. lr.. I W .  Equilibdvn and Momagnlficr 

(lon panillonin8 ot organlc rhrnnols in benlluc am. 

mals. Envwn.5o.Technol24:1407.12. 


b(.Lto. A.1 1972. Rclationslu s kween part6lrunnng ml. 
vent system I*, R p ~ o u ~ l e d . .  ~ o n o t a t ~ o ~~ t o ~ g o ~  
-The Hawh Approach. Advanns In Chennstry Senes 
114. Arncncan Chetnzcal Sooet). \VarhtttgIon. DC. 

http:20.161.78
http:4511.21
http:21:785.90


I - .  

65.Thomann, RV.,and J.RGnnolly. 1984. Model of PCB 

Inthe lake Mlchi n lake lmut f w d  chain Envimn. 
sd. ~ lchno~.IB:~s.E. 

66.Mack.y D. 1W9. Finding fupdly feasible. : .iron. 
Sd.Tedu\ol. 13:1238.... 

67.Stumm W., and J.J. Mo n. 1V0. Aquatic Che.Ns~. 
Wlleybtendenm, ~ew%rk. W. 

68.Hanren 0.1.. and M.E. Tagatz. 1980. A laboratory lesl68.Hanren 0.1.. and M.E. Tagatz. 1980. A laboratory lesl 
for nunsing the impacts of substances on de lopingfor nunsing the impacts of substances on de loping 
c.~mmunitierofof bnlhic nluarine orp;anisms.Pager 40.Pager 40.c~~mmunilierbdl mnisms. 
5757 i,t 1.G.1.G. Eaton, l?R. Panish and A.C. Hcndricb rds.rds.c n d r i hin Ealon. I? 
Aqualc Toimlogy (Third Symposium). STP 707.Aqualac Toxi 
AmericanAmerican Sodely lor Testing and Materiab, Philadel-So' 

phia,PA.
phia,PA. 

69.Tagatr M.L 1977.Effectsof pentachlam kno t  onUP 
develo men1of estuarinecommunities. 1Toxicol. En-
vimn. Rea~~h3314.  

7O.Tagalz M.E.. C.H. Deans, G.R. Plaia, and J.D. Pool. 
1983. Impact on m d  recovery 01 experimental mac-

. mbenlhic mmmunitiesu p a e d  to penlachlomphenol. 
NorthearlGullSoenre6:13156. 

71. Hanren D.I. 1V4. Aroclor IW:effect on com~o5ilion 
of devPlo&ng estuarine animal mmmunitiei 1the 
Iaboralory.Conlrib. Mar. So. 18:1933. 

n.tgatz. M.B. N.R. Gregoy. and G.R. Plau. 1982.Elled5 
01 chlomvrilas on held- and labora~orvdevelovedn-

73.Tagatz M.E., and J.M. Ivey. 1981.EffrcUol fenvalerale 
on field- and laboralorydevelopd estuarine benthic 
COmrn~nili~S.Bull. Envlmn Conlam. Toximl. 27256-
67. 

74.Tag.t~ M.E., G.R. Plaia. ar ' C.H. Deanr. 1985. Ufeds 
01 1.2.4-lrichlomknzene nluarine macrobmlhic 
communities med via > .ier rand sediment.Emtori. 
col.Envimn. ~?101391.60. 

75. Leo. A. md  C. Hafinrch. eds.1986. LogP) Databaseand 
RelaledParamelen.FomonaCollege, Clarenlon1,CA. 

76. Woodbum. KB..W.1. Doualle.md A.W. Andren. 19%. 
Gcnerat&~ol& Delemnnt~on01 OctanollWater 
Patlition Cwlfiaents lor ?dcd Polychlonnatrd 
Bsphenyl Concmcn. Envlmn. ba.Tech~l.18:457-59. 

Uclrrminalion 01 manollwaler pariilion coelfioenu 
lor hydm hobic or@tlic chenucab wllh the 'siow.sttr. 
ring mnRod. Envimn.Toam1. Chcm.C499.512. 

78.K.ndJloIf. S.W., and D.S. Bmwn. 1979. Determinalion 
of octanolllwalrr dislribulion mrffidmtr, waler 501~. 
billtier and sedimenllwaler partiliun mrffioenu lor 
hydmphoblc ogrnic compounds. €PA 60014.79.032. 
V.S. Envimnmntal Rolrcllon \genq, Env~mnmental 
RneanhLdboralol); Alhms. G.\. 

79. Kollib H.l? 19811.Criteria lor evaluating the nllabtldy 
of l~temturedala on envrmnmead processes mn. 

rlmls. Toxicd. Envimn.Chrm. 17:287-311. Cordonand 
Breach. SdmcePublishen, lnc.. Gren Bntam. 

80.hpapon. R.A., and SJ. EixNiuh. 19M. Chroma. 
tographic delemunalton01manol.witer parullon cc-
efhdenu (Kow's) 101 58 poi chlorinaW biphenyl 
cangcnen. Ennroe So. ~echnol18(3):163-70. 

81. Ellinnton. 1.1. 	 m d  F.E. Stancil. Jr. 1988. Octmollaal~r 
p ~ i i l o n;&ifidene foreva~uaiionof hazlrdouswarw 
land dkpaal: Selectedchemicals.EPAIMWIIMSBIOIO. 
US. Envimnmenlal Pml=clionAgency, Environmental 
ResearchLaboralory, Alheru. CA. 

82.Eadrlonh C.V. 1986. Application of revencphru 
HPLC lor the dererminal~onof panilion meffioenu. 
Pen.Sd. 1~311.25. 

83.Brmke. ON.,A.J. D0bbS. and N. W d l i ~ ~ .1986 a. 
unoi: Water partitioncoefficients0'): Measurornent,rr 
limation and interpretation, pnicularlv for chemcak 
wilh P1035.Ecotodcol. Envimn.Sal. llhl.t~I. 

M.De Kock, A.C. and D.A. Lord. 1987. A simple p m .  
...	durn lor doenn i~ngWanol-water partilion cue&. 


aenlr using revene phase h performance liqu~d 

chromatography (RPHPLC). 8empmorphere 16(1):133-

42. 

85.Briggs. G.G. 1901. Theoretical and expcrimmnlal rnla 
lionihips bptwen roil adsorpllon. manolwaar p a w  
lion coelfioenu, waar b io~on(~n1ra t l~~o iub i l~ t~e~.  
Ianon. and the oarachor. I.A m r  FoodChrm 29.1050. 

86.Uanejee. 5. S.H. Yalkowsky and S.C. Valvani. 1980. 
Water Iolubilily and Wanollwaar partillon me&. 
cienls of organio: Limitaaons 01 the solubilny.parW 
lion coefficient t om la lion. Envimn. So. Technoi. 
14(103:1227-29. 

87.Hakp J.E. and A.M. Young. 1964. Evaluationof a rtm. 
plr HPLC mmlalion methd for the nlimalion 01the 
00anol-water aiillion mefhdcmu ol  organic corn. 
pounds.,. I,iq.c!hmmatog. 7(4)675-89. 

88.Hafinrch.C.. md  T. Fujiu. 1964. A method lor ihc corm-
lallon of biological acli\lty and chemical aructm. j. 
Am. Clem. Sor 88:161626. 

89.Bmgg~man.W.A., J. Van der Sleen, and 0.Hutringer. 

19E2. Revencd.~haw 1hin.Iaver chmmatozra~hv01 

polvnudear am;naltc hydmnrbons and &o'n&led 

biphenyls: Relalioruh~ph l h  hydmphobtatyas meas. 

und by iqucow rolubillty and oaanol-water pamuon 

coc1hooM.j. Chromalo@.23333546. 


9O.Rogm. KS. and A Cammarsla 1969 Supcrdelo 

caluabil~tyand c h a r  denrlly scomlal~onwlhpano. 

1lonmeff1aena.J. rd. Clem. 12692.93. 


91.Veilh. G.D. N.M. Aurtinmd R.T. Morns.1979.Arapid 

mclhod for rslimling log P lor o'&anic chemcalr. 

Water Res. 13:U-V. 


92.Mill.r. M.M..S. Ghodbane. S.!?\Vrrbk. Y.B. Tewan. and 
D.E. Martlre. 1984. Aqueous soiubillues, o0anol, walrr 

http:~?101391.60
http:1~311.25
mailto:Chromalo@
http:12692.93


l pMillon mrfficienls, a d  mtm inof melti of chlo. 
linned -nn and uphenye. I.Ch#m.%$. Data 
29(2~1(14.90. 

93.Munr. I.C,SG. Wad, 1.1. Hasset. and W.L. &"wart. 
19Ja Sorption of polynudear ammatic hydmcarbonr 
by sediments and sols. Envimn Sci. Technol. 
14(l2J:I524-28. 

94.Burkhud, L.P., D.W. Kuehl, and C.D. VeiL. 1985. 
Evaluation of revene phase liqutd chromatoga- 
phylmass spectrometry lor estunation of n.Oc 
tmollwater pamtion coeffiornts lor OWNC 
chemicals.Chemaphrre I4(IO):1551MI. 

95.Mabry. W.R. J.H. Smilh R.T. Podoll. H L  Johnron. T. 
hllll. T.W. Chou, J. Gat* I.Panridge. Walght. H Jaks 
and0.Vandenberg. 1981. A uslic l a t r  pmcru dala lor 
o w c  priority pollulants. &A40/4.81011. U.S. E n  
vimnmenld koleciion A p n q  Offinof Water Rrguia. 
boru and Slandatdr. Washmglon DC. 

96.Yalbwrky, S.H. 5.C. Valvani, and D. M a b y  1983. L. 
Umation of Ute aqueous solubility ol sonre aromattc 

. compounds. Residue Rw. 85:43.53. 

P 
97.Miller. M.M. S.P. Warik C. Hums, W. Shiu. and 0. 

Mackay. 1985. Relatiomhip bclween oclanol-water 
anition coefficient and aqueous solubility. Envimn. 
d.Tedmol. 19(6)SU-29. 

98. Ydkowrky, S.H.. 	 and S.C. Valvani. 1979. Solubilil8es 
and panilioning 1: Relationships between aqueous 
solub~lili~s,partition caflicirnts, and molecular sur-
face ares of rigid ammalic hydmcarboru. I.Qtem 
Ens. Data 24(2):127.29. 

99. Markby, 0.. A. Bobra, and WY. Shui. 1980. Relation. 
ships between aqueous solubility and manol-water 
partition areffiaents. Chrmosphere 9:701.11. 

1W.Kdmlel. M.J.R.M. Doheny. P.W. Cam,D. .Mackay. M.H. 
Abmham and R.W. %It. 1988. Linear solvatiM energv 
relationships: Parantetereslimation fuhs that dlorv ac. 
curate pwdinion of onanoilwaler partition metli. 
dents and olher solubility and tordc pmpenies of 
polychlorinaled biphenyls and polvcyclic ammatic hy. 
dmarboru. Envhn. Sa. Technol.i2(5):m.9. 

101.C~l)lahan.M.A.. M.W. Slimak. N W. Cabel. II? Mas CF 
Fowler. I.R. Fned. P IcnnIngr. R.L. Duder, F.C. Wh!t. 
more. 8. Maestri. Wa. WbewD.R. Holt. and C. Cnuld 
1979.Waler.rolaIed envhninpntd late of M pnont? 
ollutanrr. k l m e  2:Halogenated alipbttc hydrocar. 

gon% halogenated ethen, monoylicammatia phlha. 
lace *stet% polyydic ammalic hydmcarbonr. 
,,ilraaminrs, mmprunds, pmkellaneous~ 
44014-79029b. U.S. Envimnmental Pmledion Agency 
O U k  of Water Planrung and Standards. Ollice ol 
Walerand Wale Management, Washington. DC. 

102. Arbuckle. W.B. 1983. Estimating activitycwlfromts lor 
use in calculating envtmnmental paramelm. E~,,,~", 
So. Technol. 17(9)53742. 

103.Doucetle, W.J. and A.W. Andrrn. 1987. Cotrelalion ol 
onan~llwalerpanilion ctrflinenls and lulal rnolem. 

Iar surhn  area for highly hydm WK~ o ~mm.~ 
pounds. ~nvimn. Sd~echnol. 21&)821-14. 

lM.D'Amboke, M.. and T. Hanai. 1981. Hydrophobicity 

and retention in revened phase liqvid chmmatogra. 

phy. I. Liq. Chmmalogr. 5(2):2294. 


105.Lyman. Wd.. W.F. Rheel. and DH. Rosenblatt. 1982. Ta- 
ble 14  in Handbook of Chemical Properly Esl~ntat~jn 
Methods: Envimm:ntal bharior of Organ~c Com- 
pounds. MrGraw.Hill Inc., NewYork NY. 

1W.Karickhoff. S.W., LA. Cmira. C. Melton. VK 

McDaNel. A.N. VelLno, a dO.E.Nute. 1989. Comouar 

prrdmoon of chermo~ rrartlvlty - The YII~MI~~AR 

EPA/6MIM89/017 U S  Ennmmental rmleolon 

Agency. hv tm~nentd l  Research Labocalor;, Athrns. 

C A. 


IO7.Andenon E. G.D. Veith and D. Weimger. 1987. 

ShllLES: a ltne notation and computerized interprear 

lor chrnuwl slrunures. EPAIMIJIM-87421. U.S. Envt. 

mnmental Pmlenton Afjehcy. Dululh MN. 


108.\\'e#n~nger.D 1988. SMLES. a chenuel lanpage and 

tnfonnal~on svstem. I.lntmdunton 10 methudology 

and encodm;iuies I.Chem. Id.Comput. So. 2831.36 


109. Chou. J.T.. md P.C. Jun. 1979. Computer-arsistrd mm. 

pustion of panrlon coefficientr lmm RnLwIar smr. 

lures using bagmen! constants J. Chem. Inf. Comput. 

Sd.19(3):17&78. 


110.Norem E.W. 1989. Campuler lctenuue hlelhodr for 

Trslln Hvpolheses: An lntmduciion. John Wtley k 

Sam, f;lc.,.~eM.~ork NY. 


111.Amrncan Sodel? far Testing and Malenak., 1992. "An. 

nual Bmkof ASTM Standards". 


112. US 	Environmmtal Proleaion Agency 1993 C U I J ~ .  
bnes lor the dmvatmn of SneSppofic Sedlmenl Quai. 
*y CCnria. (In Rw~ew). 

113. Abemethy.S., and D.Mackay. 1987. Adiicuuion of mr. 

relations for ruwosir in aquatic sp ie r .  Pago 1.16 in 

KL Kaiser ed. QSAR in Envimnmentd Toldmlogy U. 

D.Reidcl Publishing Co.. Dordrechl, The Nelherlandr. 

114. US. h ~ l r n m m t a l  Prnlenlon Agen? 1989 Hand- 
book. Waar Quality Conlml Infor~nauon Syram. 
STGRI3. Washington DC. 

115. US. Ann? Corps of Engneen. 19-91. Momlomg RD. 

gram for San Francisco Bay Sedtments. 1988 to 1990. 


l I6 .O'Co~oc TP. 1991. Concenlratiow of Organic Con- 

tamlnanls In Mollusk and Sediments at SOAA Na. 

aonrl Status and Trend Si ln m the Coastal and 

Estuarine United Stales. Env~mn. Health Penpeciives 


~ . ~ 

m . L O . 7 t,-.-.~,". 
117. Ei6haaram. A.H.. and D.M. Dolan. 1989. Maximum 


Likelihmd Estuna~~on 
of Waler Quabty Concentnttoru 
lmm Censored Data. Can. I.Fish. Aoual. Sa. 46.on. 
1033.39. 

i ~ 

http:29(2~1(14.90
http:85:43.53
http:24(2):127.29
http:9:701.11
http:1033.39


.. 
1 1 8 . ~ d t u m ,  1989. Biosvailabllily 4 loldmkineticx 

of polmc. ammatic hydro<=& orbed xdi-
mrnb for the mphipod Pontwnu .~dyi.y iv :  n 5d. 
TechnoLU:88.3.95. 

119. Swsr1z.R.f F. Kemp W. Schults,and 1.0.Lambr-
son. 1988. t. .is of mix LS of sediment contaminmts 
on lhr marine inhunal amphi Rhtpxynirts 
abmniur.Envimn.Todml. Chem. .I,l8%20. 

120.Connolly. J.P.,and CJ. P 'deon.  1988. A thermody. 
namic-bued rvalualion 4 srganir chemical acmmula. 
tion in aquatic organism. Envimn. So. Technol. 
22*19-103. 

121. Cowan, D.F .and D.M. Di Tom. 1968. Interim sediment 
criteria valuer for nonpoplu hydmphobiccompoundr. 

L!5. Environmental Pmtenion Agency Office 01 Water 
Regulauons and Standards. Cnleria and Standards DL. 
viston, Washington. DC. 

lat.Connolly, J.l? 1991. Applicatton of a food chain model 
to polychlorinated biphenyl contamination of the Lob. 
ucr and Wtnter Rounder food &Ins in New Bedlord 
Harbor. Envlmn. So. Tcchnol. ?.5(4):76070, 

lZ3.Hamilton. MA.. R.C. Rusur, and R.V. Thuston, 1977. 
Mmmed Spearman-Karber method of ntimaling me. 
dian lethal CF -entraIlonr in toxicity inoaswy,. Envt. 
mh Sd.Techr.at. 11114.19. Comnion 12417 (1978). 

http:U:88.3.95
http:Sd.Techr.at
http:11114.19



