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Abstract 

The purpose of this report is to present the technical basis for es- 
tablishing sediment quality criteria for nonionic organic chemicals, us- 
ing equilibrium pagitioning (EqP). Equilibrium partitioning is chosen 

' "- ' bccause it addresses !he hvo principal technical issues that must be re- 
solved: the varying bioavailability of chemicals in sediments and the 
choice of the appropriate biological effects roncentration. 

The dati the! are used to examine the question of varying 
bioavailabilitv across sediments are from toxicity and bioaccumulation 
experiments "sing the sam'e chemical and test brganism but different 
sediments. It has been found that if the different sediinenls in each ex- 
periment are compared, there is essentially no relationship behveen 
scdiment chemical concentrations on a drv weight basis and biological 
effects. Horvcver, if the chemical concenlr4tions;n the pore wale: of the 
sedimen~ are used (lor chemicals that are not highly hydrophobic) or if 
the scdiment chemical concentrations on an organic carbon basis arc 
used, tvcn the biological effects occur at similar concentrations (typi- 
cally within a fac~or  of t\vo) fnr the different sediments. h?ost.impor- 
tantly the eiiects concentrations are the same as, or they can be 
predicted from,, the effects concentration determined in water-only 
exposures. 

The EqP methodology rationalizes these results by assuming 
that the partitioning of the chemical betwecn sediment-organic carbon 
and pore water Is at equilibriun~. In each of these,phases, the fugacity 
or activity of thc chemical is the same at equilibrium. As a consequence, 
it  is assumed that the organism receives an equi\rale~t exposun. from a 
water only-exposure or from any equilibrated phase: either tr1.m pore 
water via resplratlon; or from sediment carbon, via ingestion; or from a 
mixture of the routes. Thus, the pathway of exposure is not significant. 
The biologtcal effcct is produced by the chemical activity of the single 
phase or the equilibrated system. 

Sediment quality crlterla (SQC) lor nonioriic organic chemicals 
arc'based on the chemical cnncentration in sedirncnt organic carbon. 
For highly hydrophob~c chemicals this is necessary because thc pore 
water concenhation is, for those chemicals, no longer a good estimate 
of the chemical activity The pore water concentrrtion is the sum of the 
free chemical concentration, which is bioayailable and rcpresen~s !he 
chemical activity and the concentration of chemical complexed to dis- 
solve? organic carbon, which is not bioavailable: ;Using the, chemical 
concentralion in sediment organic carbon eliminates this ambiguity. 



SQC also mquire that a chemical concentration be chosen that is 
sufficir~rtly protective of benthic organisms. The final chronic value 
(FCV) from the U.S. Environrncntal Protection Agency (EPA) water 
quality criteria is proposed. An analysis of the data compiled in the 
water quality criteria documents demonstrates that benthic species, de- 
fined as either epibenthic or infau~lal species, have a similar sensitivity 
to water column species. This similarity is the case if  the most sensitive 
species are compared and if all species are compared. The results of 
berlthic colonization experiments alsosupport the use of the FCV. Thus, 
if cffects concentrations in,sedirnents can be achrately pmdicted using 
the t;oc and data from water-only tests, the SQC protecting benthic spe- 
cies can be predicted using the KOC nnd FCV. 

Equilibrium partitioning cannot remove all the variation in the 
, . experimentally observed sediment-effects concentration.and the con- . . . .. 

centration predicted from water-only exposures. ZI variation factor of 
approximately four to five remains. Thus, a quantification of this uncer- 
tainty should accompany. the SQC. 

The derivation of SQC requires that a minimum database be 
available. This includes: (1) th? octanol/water partition coefficient of i 

the chemical, which should be measured with modern experimental 
techniques, which appear to remove the large variation in reported val- 
ues, (2) the derivation of the.final chronic value, which should also be 

- updated to include the most recent t~xicological information, and (3) an 
SQC check test to establish variation of the EqP prediction. 'The SQC is 

' "' ' ' ' 



This report presents thc technical basis for estah- , 
lishing sediment quality critcria (SQC) for nonionlc 
organic chemicals using the equilibrium partitioning 
(EqP) method, The term s e d ~ a ~ e ~ ~ r  quality crifcria, .as 
used herein, refers to numerical concentrations for in. 
dividual chemicals that are applicable across the 
range of sediments encountered in practice. Sediment 
quality criteria arc intended to be predictive of b l c ~  
logical effects. As a consequence. they can bc used in 
much thc same way as  final chronic values (FCV) are 
used in water quality criteria-as the concentration of 
a chemical that is protective of benthic aquatic life. 

The specific regulatory uses of SQC have not ' 

been established. However, the range of potential ap. 
plications is quite large because the need for the 
evaluabon of potentially contaminated sedinrents 
arises in many contexts. SQC are meant to be used 
with direct toxicity testing oi sediments as a method 
of evaluation. They provide a chemical by chemical 

. . . . . .  specification of ,what sediment :concentrations are 
protective of benthic aquatic lifc. 

This overvietr. (Section 1) summarizes thc evi- 
dence and the major lines of reasoning of the EqP 
methodology, with supporting references cited in the 3 p  

body of the report. Section-? revieys the background 
that led to the need for SQC and also the selection of! 
the EqP methodology. Section 3 reviews the develop- 
nrent of concentratioft-rcsponsc curves for pore- 
water concentrations and sediment organic-carbon 
normalized concentrations to determine toxicity and 
bioavailability in contaminatcd ,sediments. I t  also 
presents analyses of sediment toxicity and.b~oaccu- 
mulation experiments. Section 4 reviews the partl- 
tionir~g of nonionic organlc clienricals to s e d ~ m e n t ~  
using laboratory and field studles. Section 5 revieiv5 
a comparison of benthic and water column species 
using aquatic toxicity data contained in EPA's Water 
Quality Criteria  documents to show the ap- ' 
plicability of WQC as tlie effects revels for benthic or- 
ganisms. Section 6 reviews the computation of an 
SQC slid presents an analysis for quantifying the un. 
certainty associated with SQC. This section also prr- 
.sen& minimum data requrrements and example 
calculations and compares the SQC computed for. 
five chemicals to field data. Scclion 7 presents con- 
clusions and further rcbearch needs. Sectlon 8 lists 
the rclcrences used in this document. 

Toxicity and Bloavailablllty of 
Chemicals In Sediments 
Establishing SQC requires a detcmlnation of the e*:. 
tent of the bioavailability of sedlment associated 
chemicals. I t  has fmquently been obsrr\~ed that sirni; 
lar concentrations of a chemical. in units of mass of 
chemical per mass of sediment dry we~ght (e.g., ml. 

crograms chemical per gram sediment I , tg l@)  can 
exhibit a range in toxidty in diffkl~nt sed~ments. If the 
purpose of  SQC ,isit? establish chemical concenna. 
tions that apply to,sedime~\ts of differing typcs. it is 
essential that the reasons for this varying bioavailabil- 
it!. be understood and explicitly included in the mite. 
ria. Otherwise the uiteria cannot be presumed to be 
applicable across sediments of differing properties. 

The importance of this issue cannot be over- 
emphasized. For example. if 1 i t g i g  of Kcponr is the 
LCso for an organism in one sedim'ent and 35 vg /g  is 
the LCso in another iedinient, then unless the cause 
of this difference can be associated with sonlc explicit 
sediment propertics it is not pcssiblc to derid,, what 
would be the LCso,of a'third sediment without pcr- 
forming a toxicity tist. The results of toxicity tests 
used to establish the toxicity of chemicals in sedi- 
ments would not be, generalizable to other scdi- 
ments. lmaeine the situation if the results of toxicity 
tests in water depended strongly on the 'particular 
water source, for example, Lake Superior vcrsus well 
water. Until tlie source of thc differcnces was undcy- 
stood, it would be, fruitless to attempt to establish 
CVQC. For this reason, bioavailability is a princ~pal 
focus of this report. 

The key insight into the problem of quantify- 
ing the bioavailability of chemicals in sediments was 
that lhe concentration-response curve for thc.biologi- 
cal effect of concern ian be correlated not to the total' 
sediment-chem~cal~conccntration (micrograms chcmi- 
cal per gram sediment), but to the interslibdl wateror 
pore water concentration (micrograms chemical per 
liter pore watcr). In addition, the effects concentra- 
tion found for thclporc hater is essentially equal to 
that found in water-only rxposures., Organism mor- 
tality. growth rate, and bioaccumulation data arc 
used to demonstrate thii correlation, which is a criti- 
cal part of the logic behind the EqP approach to de- 
veloping SQC. For nonionic organic chemicals, the 
concentration-response curves correlate equally well 
with the sedime~it-chemical concentration on a scdi- 
ment-organlc carbon basis, 

These obseyations can be rationallzed by as- 
sumlng that the pore water and sediment carbon arc 
in equilibrium and.that the co~icentrations are related 
by a partition cocffi,ci~nt, KO<, as shown in Figure 1. 
The name cq~tilrbr~$nr prtitror~rr~g (EqP) desrribes t h ~ s  
assumption. The rlitionalizalion for the equality of 
water-only and sedimen t-exposure-effects concentra- 
tions'on a pore water basis is that the sediment-pore 
water equil~brium system (Fig. 1, right) provides the 
same exposure as a watqr-only exposure (Fig. I, left). 
The chemical ahivity is the same in each system at 
equilibrium. I t  should be poirited out that the EqP as- 
sumptions are only approximately true; thereiore, 
pred~ctlons from the model have an inherent unccr. 
taint?. The data presented below illustrate the degree 
to which EqP can rationalize the observations. 
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Figure 2 presents mortalitv data for various The equality of the effects concentration on a 
chemicals and sediments compared to pore water pore water basis suggests that the route of exposurc 1s 

' 

concentrations when normalized on a toxic unit ba- . via pore water. However. the quality of the effects con- 
sis. Pore water toxic units arc! the ratio oi the meas- cenranon on a sedi.-,ent-orpniccarbon basis, which is 

pore water concentration to the L C 3  from demonstrated below, suggests that the ingestion ot 
\vatcr-only toxicity tests. 'Three different sediments sediment-organic c a r w  is the primary route of expo. 
are tested for each. cheinical as indicated. The EqP sure. 11 is important to mdlize that if the scdlment and 

(1) either measure the pore water chemical conccntra- 
(water-only LCso, . tion, or predict it from the total sediment conccntra- 

tion and the relevant sediment properties such as the 
Therefore, a toxic unit of one occurs when the , sediment organic carbon concentration. then that 

pore water concentration equals the ,vater-only , concentration could be used to quantib' the exposure 
a t  r5vhich point i t  would be that 5(, percent , 

~0ncenMation for an OrganlSm. Thus, the partitioning 
nlortality would be observed. -rhe correlation of ob. of cheniicals between the solid and the liquid phrse 
served mortality to predicted pore water toxic units in a sfdlment becomes 4 necessary component for es- . 
in Figurc 2 demonstrates (a! the efficacy of using . tablishlng 
pore water concentrations to remove sediment-to- In addi t i~n,  if it were true that benthic organ. 
sediment differences and @) the applicability of the isms are as  sensitive as water column organism* 
\vater.only effects concentration and, by implication, and the evidence to be presented app,ears to support 

equalit). between the effeqs concentration a s  meab- 
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Thcrefnrc, w e  cxpcct @hat tcluic~ry irr sudtmsnt 1 
can be predicted from the \valer.only etiects concan- 3 

(6) tration and the Koc af the chemical, The uti lrty ot 
thcse ideas cart be tasted w i th  thc same niortalrty 
data as thosein Figure 2 but  rcstrictcd to  nonlonlc or- 

as the organic carbon.normalired SQC concentration @I~Ic chemicdls for  which organic carbon normal~za. 
( m i c r o ~ a m  chemical per  gram ~ ~ g ~ ~ i c c a r b o n ) ,  then tion app l i ~5 .  nit! concept 0 i  sediment toxic units 1s 

useful in this regard.Thcse un i ls  arc computed as thc . .- 4 
(7) h t i o  o f  the organic carbon-~rormalizcd sediment con-. 4 

centrat~ons, Cslfw, and the predicted sediment LC* 
using KO< and the watcr-only LCso. That is, . . 

.... . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  . -  --. 
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Figure 3.-Mortality versus orco~cteo sedtment toxic unlls. Pred~cled Sea~rnenl torlc unlls are the ratlo of me wganlc :amm. 
normal~zeo sedlment chem~cal concenlratlon 10 the OredlCtW sedlmenl LCY, (Eon. 8). SeO~rnenl tyDR6 are ~no~ te led  lhe 
s~ngle hatching llowesl organlc carbon contenll. cross.halChlng l~n!ermea~ate crc?nlc carbon content). and i~l lea symbols 
tnrgnest organlc carbon conienl). See Tables 1 and 2 lor dale sources. HqC values ere computed from K, for DDT t5.84), en. 
drin (4.84). fluoranthene (5.001. d ~ e l a ~ n  15.251. ohenanrhrene 14.461. and 8Cena~hthene 13.761 wltn Eouatron. 11. K, for 
DOT is  the log average of the reporled values In tne Log P database 175). Tne kewne K, IS the log mean or the ratlo of or. 
gan~c carbon~normal~zed hr?mne concentration to w e  water.keDone concentration from the torlclty data set. G.r lor the re 
rne~n~ng compounds were com~uteo by the US. EPA. Env~ronmcntal Research LeMiatory, Athens. Georgla. Mothods are 
Presented later In this document. 



sediment organic carbon. The predicted scdin~ent 
toxic units for each chemical follow a similar concen- 
tration-response cunlc independent of sediment 
type. The data demonstrate lhat 50 percent mortality 

.. occurs at about.onc sediment toxic A t ,  independent 
of chemical. species of organism. or sediment type, as 
expected if the EqPassumptions are correct. 

If the assumptions of EqP wen? exactly true. 
and there were no experimental variability or meas- 
urement error, then all data in Figures 2 and 3 should 
predict 50 percent mortality at one toxic u~rit.Thcre is 
an uncertainty factor of approximalely fourto five in 
the results. This variation reflects inherent variability 
in these expcriments and phenomena that have not 
been accounted for in the EqP model. It aiso appears 
to be the limit of the accuracy and precision lhat can 
be expected. 

Effects Concentration 

thic (rpibenthic and infaunal) spccies to the most 
s~nsitive water column species. The data are from the 
40 freshwater and 30 saltwater U.S. Environmental 
Protection Agency (EPA) criteria doclrments. Al- 
t l~ough there is co~rsiderable scatter, these results, a 
more detailed analysis of all the acute toxicity data, 
and the results of benthic colonization expcriments 
support the contention of equal sensitivity. 

Under the Clean Water Act (CWA), the EPA is respon- 
sible for protecting the chemical, physical. and bio- 
logical integrity of the nation's waters. In keeping 
with this responsibility, EPA published WQC in 1980 
for 64 of the 65 priority pollutants and pollutant cate- 
gories listed as toxic in the CWA. Additional water 
qualitv documents that update criteria for selected . . 

The d~ve\opnlent of SQC rcquif& effecb concm. and "" 'hemica's 'bee? pub' 
lished since 1980. These WQC arc numerical concen. 

, ...., , ..tration for benthic organisms. Because many of the 
organisms used to establish the WQC are benthic, tration limits that are protective of human health and 

tihe WQC are estimates of the ef. "quatic life' Althoubh lhese play an imp0r- 
fects concentrations for benthic organisms. To exam- tant role in ass~lring a healthy aquatic environment, 

ine this possibility, the acute toxicity database, which are nat.sufficicnt lo ensure levels 

thic and water column spccies, and tlre relative sensi- 

defensible SQC makes it d~flicult to assess the extent 
of sediment contamination, implement measures to 
limit or prevent addit~onal contamination from oc- 
curring, or to identify and:implement appropriate re- 
mediation as needed. 

As a result of the need to assist regulatory 
agencies in making decisions concerning contami- 
nated sediment, thc EPA's Office of Science and Tech- 
nology, Health and Ecological Criteria Division, 
established a rrsearch team to review alternatlvc ap- 
proaches to .  assess sediment contamination. Sedi- 
ment contamination and related problems were the 
subject oi a conference 11 1. Alternative approaches to 



Ratfonale for Selecting 
the .EqP Method 
The pri~rcipal reasons for the selection of the EqP 
method include the following: 

1. The EqP methbd was most likely to yield scdi- 
ment criteria that are predictive of biological ef- 
fects in the field and defensible when used in a 
regulatoty context. These criteria address the is- 
sue  of bioavailability and are founded on the ex- 
tensive biological effects databasc used to 
establish national WQC. 

2. Sediment criteria can be readily incorporated into 
existing rcg~latory operations because a unique 
numerical sediment-specific criterion can be es- 
tablished for any chemical and compared to field 
measurements to assess the likelihood of signifi- 
cant adverse effects. 

3, Sediment criteria provide a simple and cost-effec- 
tive means of screening sediment measurements 
to  identify areas of concern and provide informa- 

. ,tion to,regulators in a short period of time. 

4. The method takes advantage of the data and exper- 
tise that led to the development of national WQC. 

5. The methodology can be used as a regulatory tool to 
ensure that uncontaminated sites are protected fmm 
,a!taining unacceptable levelsof contithination 

Thc WQC are based on using the total cheml- 
cal concentration as  a measure of bioavailable chcml- 
cal concentration. However, the use of total sediment 
chemical concentration as a measure of the bioavail- 
able--or even potentially bioavailable-chrmica1 
concentration is not supported by the available data 
(111. The results of recent experiments indicate that 
sediments can differ in toxicity by factors of 100 or 
more for the same total chemical concentration. T h ~ s  
ditierence is a significant obstacle. Without a quanti- 
tative estimate of the bioavailable chemical concen- 
tration in a sediment, it is impossible to predict a 
sediment's toxicity on the basis of chemical measure- 
ments, regardless of the method used to assess bio- 
logical impact--be it laboratory toxicity experiments 
or field data sets mmprising benthic biological and 
chemical sampling 112-151. 

W~thout a unique relationship between 
chem~cal measurements and biological end points 
that applies across the range of sediment properties 
that affect bioavailability, the cause and effed linkage 
is not supportable. II the same total chemical concen- 
tration is 100 times more toxic in one sediment than it 
is in another, how can we set universal SQC that de- 
pend only on the total sediment chemical concentra. 
tion? Any SQC that are based on total sediment 
concentration have a potential uncertainty of this 
magnitude. Thus, bioavailability must be explicitly 
considered for any sediment evaluation methodol- 
ogy that depends on chemical measurements to es- 
tablish defensible SQC. 

Appllcatlons of SQC 
SQC that are reasonably accurate in their ability to 

Relatfonshlp to WQC M8thod010gy predict the potential for biological impacts are useful 
in many activities [16].'Sedimcnt quality criteria can 

The first question to be answered is this: Why not use play a significant role in the identification, monitor- 
lhe WQC procedure for the development of * ing, and cleanup of contaminated sediment sites on a ' 

detailed rncthodolog?' has been developed that Pre- national basis and provide a basis to ensure that sites scnts the supporting logic. establishes the required that are uncontaminated rrmain so. some 
minimum todcologica\ data set, and specifies the nu- cases, sediment criteria alone are suffirient to iden- 
merical procedures to be used to calculate the criteria 

' 

tify and establish cleanup levels for [el. Further. WQC through this sediments. In other cases, they must be supple. 
are used in  Ihe merited tvith biological sampling and testing before effluent discharges. Therefore, it is only natural to ex- dcdsions are 

tend thesc methods directly to sediments. 
in many wavs, sediment criteria developed 

The WQC based on total chemical concen- using the EqP methodology are similar to WQC. 
tration, so  the transition to using dissolved chemical H~~~~~~ their may be quite different. ln 
concentration for those chetnicals that partition to a most cases, WQC in ,he 
significant extent would not be difficult. The experi- water column need only be controlled at  the soume 
once with site-specific modifications of the national to eliminate unacceptable a d v e r s  impacts. Contami- 
WQC has demonstrated that the waterseffect ratio, nated sediments have often been in p]am for quite 
the ratio of chemial  concentrations in site water some time, and controlling the rource of that pollu- 
laboratory water that produces the same effect, has tion (if the source still exists) may not be sufficient to 
averaged 3.5 19. 10). The implication is that differences alleviate the problem, The difficulty is compounded 
of this magnitude result from variations in site-sp~ific because the safe removal and treatment or disposal 
water chemistry and are not an ovenvhelming impedi. of contaminated sediments can be laborious and 
nlent to nationally applicable numerical WQC. cxpensivc. 



Sediment criteria can be used as i~ means for 
predicting or identifying the degree and extent of 
contaminated areas such that more informed regula- 
tory decisions can be made. Sediment criteria will be 
particularly valuable in monitoring applications in  
which sediment contaminant 'concentrations are 
gradually approaching the criteria. The comparison 
of field measurements to sediment criteria will pro- 
vide reliable warninn of potential problems. Such an 
early warning provildes i n  oppoiiunity to' take cor- 
rective action before adverse impacts occur. 

TOXICITY AND BIOAVAILABILITY 

A key insight into the problem of quantifying the 
bioavailability of  chemicals In sedimenls was that tlre 
concentration-r'espon~e curve for the biological effect 
of concern could be correlated, not to the total sedi- 
ment chemical concentration (micrograms chemical 
per gram dry sediment) but to the pore water con- 
centration (miaograms chemical per liter pore 
water) 1171. However, these results d o  not necessarily 
imply that pore water is the primary mute of expo- 
sute because all exposure pathways are at equal 

chevical activity in an equilibrium experiment (see 
Fig. 1) and the route of exposure cannot be dcter- 
mined. Nevertheless, this observation was thc critical 
first step in understanding bioavailability of chemi- 

. . . .  cals in sediments. 

A substantial amount of 'data has been assembled 
that addresses the refatibnship behveen tox~city and 
pore water chemical concentrations. Table 1 lists the 
sources and characteristics of these experiments. 
Some of these data are'presented in Figures 5 to 8 
The remaining data are presented eli:*:\~ere in this 
document. In Figures 5 to 8 thc biological response-- 
mortality or growth rate s~~ppression-is plotted ver- 
sus the total sediment concentration in the top panel, 
and versus the measured pore water concentration in 
the bottom panel. Table 2.summarizes the LCso and 
ECso estimates and 95 percent confidence limits for 
these data on a total sediment and pore water basis, 
as well as the water-only values. 

The results from kepone experiments (Fig. 5) 
are illustrative of the general trends in these data 117, 
181. For the low organic carbon sediment UOC = 0.09 
percent), the 50th per~entile total kepone concentra- 

Table 1.-Sediment toric~ty data end b~oeccumulatlon date. 
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Table 2.-LCW and ECxr lor sadrment ary welght and sediment-orgamc catbon norrneluiitton and for pr\re.water and 
watersnly exposures. 

- .  
Lean AND C G M  

0.2 ; 3.2 (2.85-3.581 i 21.9 119.6-24.4) : -. 1.600 (1.43b1.800) 1 I 1191 
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( 0.45 (0.38.0.5311 (201 

DDT 
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3.0 ! 1.54 (1.18-2.001 51.3 139.3-86.7)) 1 i 1211 

139 1130.1471 I 
1 - . . . . . .- . 

3.0 4.16 13.914.421 : I 

_. . . . . . . . , 11.0 10.95 19.34-12.9) j I 

1 3.0 . 3.39 I2.61-4.411 1.80 11.44L2.24) . 113 (87.01471 1 4.81 14.46-5.2011 (201 
WDRlH 

(MORTAU~I 6.1 j 5.07 14.05-6.361 : 1.92 11.55-2.36) ; 83.1 (66.4-104) ( 3.39 13.10-4.98)i 
11.2 1 5.91 14.73-7.371 ' 1 .7  1.37-2 20  ' 52.8 142.245.8) 3.71 (3.114.441; 

3.0 1 4.76 (3.704.131 j 2.26 11.87-3.051 : 159 1123-2041 I I i 121) ' 
EHDRIN 

( ~ o ~ m u n l  11.0 j 18.9 113.6-36.3, 3.75 12.72-5.191 , 172 (L24-2391 f ' !  

11.0 ! 10.5 18.29-12.71 2.81 12.44-3.23) 95.8(75,4-115) , ! 

The LCsos ano ECms and Inn 95% conbdonce l~rnrls tn parenlhoses ace cornpuled by me moattlba Spearman-Karber memod tl23). 

t ion for both Cl r~ro~ro~~nts  formots mortal i ty ( L B O )  and  
g rowth  rate reduction from a l i fe  cycle test (ECso) are 
<1 )~g/g. By contrast, the 1.5 percent organic carbon 
sediment ECw a n d  LC50 are approximately 7 and 10 
&g/g, respectively. The high organic carbon sediment 

(12 percent) exhibits sti l l  higher LCso and ECx, real- 
ues on a total sediment kepone concentration basis 
(35 and  37 pg/& respectively). 

However, as shown in the bottom panels, es- 

sentially all the mortality data collapse in to  a single 

curve and the variation in growth rate is significantly 

reduced when the porc water concentrations are 

used as the correlating concentrations. On a, porc 
water basis, the biological responses as measured by 
LC30 or ECu, vary by approximately a factor of two, 

whereas when they are evaluated on a total sediment 
kepone basis, they exhibit a n  almost 40-fold range in 
kepone toxicity. 

The comparison between the pore water ef- 
fects concentrations and the water-only results indi- 
cates that they are similar. The porc water LCsos are 
19 to 30 ~cg/L, and the water-only exposure LCso is 

26 vglL. The pore water ECsw are 17 to  19 pgi L, and 

thc'watcr.only ECso i s  16 vg/L(Table 2). 

Laboratory experiments have also been per- 
formed to  characterize the toxicity o f  fluoranthene 
1191 to the sediment-dwelling marine amphipod Rhe- 
pxyrtitts abronius. Figure 6 presents the R. abronius 

mortality data for the fluonmthene experiment. The 
results of the fluoranthene experiments parallcl those 
(or kepone. The sediment w i th  the lowest organic 
catbon content ( 0 3  percent) exhibits the Ibwest LCw, 

on a total sediment concentration basis (3.2 (rg/g) 
and as the organic carbon concentration inaeases 
(0.3 and 0.5 percent) the LCso increases (6.4 and 10.7 
tcgtg). On a pore water basis, the dr ta  again collapse 

to  a single concentration-response curve and the 

LC50s differ by less than 50 percent. 

Figure 7 presents mortality data for DDT and 

endrin using the freshwater amphipod Hyalella azlear 
120.21). The responses for DDT 1201 are similar' to 
those observed for kepone, cadmium, and fluoran- 
thene. On a total sediment concentration basis the or- 
ganism responses differ for the various sediments 

(LCaos are 10.3 to 45 vglL), but on a pore water basis 
the responses are again similar (LCsos are 0.74 to 1.4 

~ g l  t) and comparable.to the water-only LCsm of ap- 

pmximat'cly 0.5 rg/L: The DDT data reported by 
Schuytema et al. (21) are more variab!e. By contrast, 



Pore ./ Water .- Normallration 

.... . .__ ..... .- .. - --+ 

O I l S 4 6  
?We W I I W  C O ~ Y W ~ ~ I W  fup/L) Cwr W a t u  CMeMbrUon (w/U 

ngure 7.~0rnparison of percent mortality of H. aneca to DOT (left) and endrin (nghl) concentrallons In bulk sedtmeni (top) 
and pore wsler (bottom) for sediments with varylng organs Carbon concentraltons 120.21). 

the organism survival for endrin exposures on a dry rnelhrin) varies from 6.2 to 0.6 (4.0 to  0.23) (pg/g or- 
weight basis varies by a factor of almost six among gantsm/pg/g sediment) as  sediment jot increases 
the six sediments. The LC%s are 3.4 to 18.9 &g. The (Table 3). By contrast the mean BAFs on a pore water 
pure water LCms were less variable, 1.7 to 3.8 wg/L basis vary by less than a factor of two. 
and comparable to the water-only exposure LC50 of Bioaccutnulotion was also measured by 
approximately 4 ~g/L(Table 2). Adams et al. [17.231 and Adams 1241 in the C. 101- 

tam-kepone experiments presented previously (Fig- 
urn 3)..7he body burden variation on a total sediment ~ l~accum~la t ion  basis is over two orders of magnitude (BAF = 600 to 

A direct measure of chemical bioavailabilit). is the 3-3 i%/g o r g a n i s m l ~ g l g  sediment), rvhereas h e  
amount of chemical retained in organism tissues. Pore water bioaccumulation factor is within a factor 
Hence, tissue bioa~umulation data can be uscd to 

' of four (5.200 to 17.600 organism/ clg/L), with 
examine the extent of chemical bioavai]abi]ity Chir& the very low organic carbon sediment exhibiting the 
nornus terttarls was exposed to two synthetic pyre- largest deviation gable 3). 
throids, cypermethrin and permethrin, spiked into 
three sediments, one of which was laboratory-grade 
sand 1221. The bioaccumulation from the sand was C O ~ C ~ U S ~ O ~  
approximately an order of magnitude higher lhan it These observations-thal organism concentration re- 
was from the organic carbon-containing sediments sponse and bioacamulalion from different wdi. 
for both cypemcthrin and Permcthrin (Fig. 8, tGp ments can be reduced to one curve if pore water is 

considered as the concentration that quantifies expo- 
On a pore water basis, the bioacrumulation sure--can be interpreted in a number of wavr. How- 

appears to be approximately linear and independent ever, these results do not necessarily imply that pore 
of sediment type (bottom panels). The mean bioaccu- water !s the primary route of exposure because all ex- 
mulation factor (DAF) lor cypermethr~n (and per- posure pathways are at equal chemical activity in an 
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Table 3.-B1oaccumulat1on factors for C. tenlens. 

~BIOACCUMUUTIOH VACTORS' 

0.50 10.30-0.711 51.3 143.6-58.81 
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equilibrium experiment. The route of cxposure can- 
not be determined, as we can see by comparing the 
concentration-rcsponse correlations to pore water 
and organic carbon.normalited sedimeni concentra- 
tions. That both arc eouallv successful at correlatine 
the data suggests that ;either the pore water nor thi  
sediment exposure pathway can be implicatcd as the 
primary exposure route. 

In order to relate pore water exposure to sedi- 
rnent carbon exposure, it is necessary to establish the 
relationship between these two concentrations. 
Therefore, an examination of the state of the art of 
predicting the partitioning of chemicals between the 
solid and the liquid phase is required. This examina- 
tion is described in the following section. 

Partltlonlng In Particle Suspenslons 
A number of empirical models have been suggested 
to explain the sorption of nonionic hydropl\obi< or. 
ganic chemicals to natural soils and sediment parti- 
cIc3 (see Karickhoff 1251 for an excellent review). The 
chemical property that indexes hvdrophobicity is the 
octanol/water partition coefficient, !OW. The impor- 
tant particle property is the weight fraction of or- 
ganic carbon, foe. Another important environmental 
variable appears to be the particle concentration 
itself. 

In many experiments using particle suspen- 
sions, the partition coefficients have been observed to 
decrease as the particle concentration used in the ex- 
periment is increased (261. Very few experiments 
have been done on settled or undisturbed sediments; 
therefore, the correct interpretation of particle sus- 
pension experiments is of critical importance. I t  is 
not uncommon for the partition coefficient to d e - ,  
crease by two to three orders of magnitude at high 
particle concentrations; lf this partitioning behavior 
is characteristic of bedded sediments. then quite low 
pilrtition coefficients would be appropriate, which 
would result in lower sediment chemical concentra- 
tions for SQC. If, however, this phenomenon is an ar- 
tifact or a result of a phenomenon that does not apply 
to bedded sediments, then a quite different partition 
coefficient rvould be used. The practical importance 
of this issue requires a detailed discirssion o l  the par. 
tide cancentration effect. 

Pnrticle concetrhntion efict. For the revers. 
ible (or readily desorbable) component of sorption, a 
particle interaction model (PIM) has been proposed 
that accounts lor the particle concentration effect and 

predicts the partition coefficient of nonionic hydro. 
phobic chemicals over a range of nearly seven orders 
of magnitude with a loglo prediction standard error 
of 0.38 127). The reversible component partition cocl- 
ficient, Ki,, is the ratio of reversibly bound chemical 
concentration, Cr (&kg dry weignt), to the dis- 
solved chemical conccntration, Cd (iig/L): 

The PIM model for K 5 .  is 

where 

K = reversible component coeffihent 
(L/kg dry weight) 

KO< = particle organic cadon partition 
,..-...... . coefficient (L/kg organic carbon) 

/dc = particle organic carbon weight fradion (kg 
organic carbon/ kg dry weight) 

nr = particle concentration in the suspension 
(kg dry weight/L) 

-v, = 1,4. an empirical constant (unitless). 

The regression of K i  to the octanol/water coeffi- 
cient, K ~ w ,  yields 

which is that essentially KOC approximately equals 
Kdw. Figure 9 presents the observed versus predicted 
reversible component partition coefficients using this 
model (271. A substantial fradion of the data in the 
regression is at high particle concentrations ( I I I ~ & ~  
> lo), where the partitioning is determined only by 
the solids concentration and VX. The low particle con. 
centration data (n[/ocKow < I )  are presented in Figure 
10 for the conventional adsorption (left) and revers- 
ible component (right) partition coefficient. Kp, nor- 
malized by ,fob that is K M  = Kp/joc, The relationship 
Koc = KOW is demonstrated from the agreement be. 
tween the line of perfect equality and the date. It is 
important to note that while Equation 10 applies only 
to the reversible component partition coelficient, Kp,  
the equation: Kp =!OC KOW applies to the conventional 
adsorption partilion coelficient as  well (Fig. 10, left). 

A number of explanations have bien offered 
f ~ r  the particle conccntration effect The most popu- 
lar is the existence of an additional third sorbing 
phase or complcxing component that is associated 
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with the particles but is inadvertently measured as - dissolved chemical conceritration to particulate con. 
part of the dissolved chemical concentration because centration via the same equation. As for kinetic ef-  

. of experimental Limitations. Colloidal particles that fects. the equilibrium concentration is again given by 
remain in solution after particle separation 128,291 the relationship Koc = Kow. Thus there is unanimity 

' I  and dissplved ligands or macromoleciules that desorb , on the proper partition coefficient to be used in order 
from the particles and remain in solution 130-331 to relate the free dissolved chemical concentration to . . 

have been suggested. It has also been suggested that the sediment concentration: KOC = Kow. 
increasing particle concentration iricreases the degree Organic carbon fiadion. The unifying para- 
of particle aggregation. .decreasing the surface area meter that pernlits the development of SQC for non- 
and hence the partition coefficient [341. The effect has ionic hydrophobic organic chemicals that are applic- 
also been attributed to kinetic effects (251. able to a broad range of sediment types is the organic 

Sorption by nonseparated particles or com- ' carbon content of the sediments. This development 
plexing by dissolved organic carbon can produce an can be shown as fo1lows::The sediment/pore water 
apparent decrease in partition coefficient with in- partition coefficient, Kp, is,given by 
creasing particle concentration if the operational 

- , - . - . . . . . . . -. . . - . . question is whether these third-phase models ..where Cs is the concentration on sediment particles. . . ..:.. .- 
all (Or most) of (he observed partition 

. An important observation can be made that leads to 
the idea of organic carbon-nom~alization. Equation cle concentration relationships. 12 indicates that the partition coefficient for.any non- 

ences. Particle concentration effects are displayed in ficients. The data restriaed to mjoc Kow e , to the resuspension experiment for ~o l~chlor ina ted  suppress partitle efiectr. ~h~ line indicates the ex. biphenyls (PCDs) and metals 135-371, in which parti- peaed linear relationship in Equation 12. These data 
cles are "Iume super- and an analysis presented below appear (0 
natant, and in the dilution experiment in which the ,he of partitioning a value of ,oc = 0.2 perm particle suspension is diluted with supernatant from cent. result and the exam- 
a paralle; vessel 1351. I t  is difficult to see how tlrird- , ined below susest that for,oc , O,L percent, organic phase models can account for these results because carbon~norma,ization is valid. the concenbation of the colloidal particles is constant 
while the concentration of the sediment particles var- As a consequence of the linear relationship of 
ies substantially. CS and roc, the relationship between sediment con- 

centration, CS, and free dissolved.concentration, Cd, 
The model [ l q n  10) is based on the hvpothe- can be expressed as sis that particle concentration effects result from an 

additional desorption reaction induced by particle- 
particle interactions (271. I t  has been suggested that 
actual particle collisions are responsible 1381. This in- 
Lerpretation relates va to the collision efficiency for 
desorption and demonstrates that it is independent I f  wedefine 
of the chemical and particle properties, a fact that has 
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. --ngure il.-4omperrson 01 the normallzed partit~on coefficients for easorptlon (ten) and reversible compnnent sorptlon 
(rignt) to sediment orgenrc carbon. The data are reslrrctea so that parircle etlects we not expected to be significant: m l ~ &  
c 1. The line represents perfect agreement (271. 

Therefore, for a specific chemical with a specific Knc, 
the organic carbon-normalized total sediment con- 
centration, Cwo is proportional to the dissolved free 
concentration, Cd, for any sediment wrthfoc > 0.2 per- 
cent. This latter qualification is judged to  be neces- 
saw because at joc c 0.2 percent the other factors that 
influence partitioning (e.g.. particle size and sorption 
to nonorganic mineral fractions) become relatively 
more important (25). Using the prapofiional relotion- 
ship given by  Equatlon 16, the c?ncentration of free 
dissolved chemical can be predicted from the nor- 
malized sediment concentration and KW fhc free 
concentration is of concern as i t  is the form that is 
bioavailable. The evidence i6 discussed in the next 
section. 

Dissolved Organic Carbon (DOC) 
~omptexlng 
I n  addition to parlit ioning to particulate organic 
carbon (POC) associated wi th  sediment particles, hv. 
drophobic chemicals can also partition to the orpanic 
carbon in colloidal sized particles. Decause these par- 
ticles are too small to be removed by conventional fi l- 
tration o r  centrifugation the\' are operationallv 
defined as DOC. Decause sediment interstitial watcrs 
frequently contain significant levels o l  DOC, i t  must 
be considered i n  evaluating the phase distribution of 
chemicals. 

, . 

A distinction i s  mrde between the free dis- 
solved chemical concentration, Cd, and the DOC- 

complexed chenrical, C a .  I l e ' p a r ~ i t i o n  coefficient 
for DOC, is analogous to & as i t  quantifies 
the ratio of DOC-bound chemical. CMX~ to the free 
dissolved concentration, Cd: 

where rnm is the DOC concentration. The magni- 
tude of K m  and the DOC concentrat~on determine 
the extent of DOC conrplexation that takes place. 
Thus, i t  is important t o  have estimates of these quan- 
tities when calculating the.level of free dissolved 
chemicals i n  sediment pore waters. 

A recent compilation o f  together with 
additional experimental dcterminntions is available 
(391. A summary that compares the partitioning of six 
chemicals to POC, natural DOC, and Aldrich humtc 
acid (HA) is shown o n  Figure 12. The magnitude of 
the partition coeffiaents lollosv the order: POC > H A  
> natural DOC. The upper bound on K- Gu ld  ap- 
pear to be K w  7 E;oc, the  POC partition coefficient. 

Phase ~lstrl'b&tlon In Sediments 
Chemicals in sediments an .partitioned into three 
phases: free chemical; chemical sorbed to POC, and 
chemical sorbed toiDOC. To evaluate the partitioning 
among these three phases, considcr the mars balance 
for total concen~ration CT:' . . 
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Flgure 12.-4artit1on codfictents of chemicals to partjcu. 
tare organic carbon (POC). Aldnch humlc acid,, epc! natural 
DOC. BenzO(e1pyrena (BaP): 2.2'.4.4'.5.5' hexachlore 
biphenyl IHCBP): DOT: 2,2'.5.S'.letrachloiob1Dneny) ITCBP): 

.... . -pyrepa (PYR): 4-rn~noohlorobtphen~~ (MCBP). Oate from 
Ead~e el at. (39). . . .  

where o is the sediment porosity (volume of waterlvol- 
ume of water plus solids) and m is the sediment solids 
concer~tration (nrass of solids/volurne of water plus 
solids). The three terms on the right side of the equa- 
tion are the concentration of free chemical in the in- 
terstitial \rvater. and that sorbed to the POC and DOC, 
respedively. Hence, from Equation IS the free dis- 
solved concentration can be expressed as 

The concentration associated with the particle carbon 
(Eqn. 16) and DOC (Eqn. 17) can then.bc calculated. 
Thr total pore water concentration is  the sunr of \he 
free and DOC complexed chemical, so that 

Figure 13 illustrates the phase partitioning be- 
havior of a system for a unit concentration of a 
chemical with the follotving properties: Koc = K a  = 
lob L/ kg, lo( = 2.0 percent. ~ I I  = 0 5  kg solids/ L sedi- 
ment, and n r m  varies frorn 0 to 50 mg/L, a rearon- 

. , able range for pore waters 1401. Wtth no DOC 
present, the pore water concentration equals the free 
concentration. As DOC increases. the pore water con- 
centration increases because of the increase in corn- 
plexed chemical. C D ~ C .  Accompanving this increase 
in CDoc is a slight-in fact, insignificant-decrease in 
Cd (Eqn. 19) and a proportional decrease in Cs 
(Eqn. 16). 

- - -  - -- - - 

Rgurs I3.-Parttt~on coeffic~ents of cnemlcals to parttcv 
late organlc camon (POC). Alartch hum~c acld. ana natural 
DOC. 8enzole)pyrene (BaP); 2.2'.4.4'.5.5' hexachlore 

--.btphenyl (HCBP): DOT: 2.2'.5.5'-lerrecMorob1phen~ (TCBP): - - - . - -. 
pyrene (PVRI: 4~monochlorobrphenyl (MCBP). Oate from 
Ead~e at el. (39). 

It is inrportatrt In rmlize that thefree chertrial coir- 
cetltratioi~; Cd, can be estimated direc:/yfrorn C,.n.. the or- 
g t ~ i c  carbon-rtonmlized ~ d i i i ~ e n l  cotrcentrntion, rcsbtg 
Eqrtaliot~ 16. nrtd tlrnf the estrinatc is  it~depettciet~f of thr 
DOC contetif ratiar. Howter, lo estrmate Cd.honr the port 
wafer cotrret~lratio~~ requires tlrat flu DOC concetrtrariot~ 
ntrd Km br brawtl, 771e assutnption Cporr = Cd IS clearly 
irot wrratrtrd for z'ery hudrophobic clreinicub. For t lus~  
cares C5.w gives o tnore direct estinrak of the,frce dissolued 
b~&var&ble ~oi~ccrtlrnliotr, Cd, tllntr dws the pore ruafrr 
cotI~~i1lmtioii. 

The proportion of a chemical in pore water that is 
complexed to DOC can be substantial (Fig. 13). 
Hence, the question of bioavailability of DOC-come 
plexcd chemical can bc important in assessing toxic- 
ity dtrectly from measured pore water concentra. 
ions. A significant quantity of data indicates that 
DOC-complexed chemical is not .bioavailable. Fish 
(411 and amphipod (42) uptake of polycyclk aromatic 
hydrocarbons (PAHs) are si nificanll reduced by 
adding DOC. An example is stown in gigure 14 lor a 
freshwater amphipod (421. Fo* a highly hydrophobic 
chemical such as benzo1a)pyrene (BaP) the effed i s  
substantial, whereas for less hydrophobic chemicals 
(e.g., phenanthrme) the reduction in uptake rate i s  
insignificant. This result was expected because, for a 
fixed amount of DOC, the guant~tv of DOC.com. 
plexed chemical decreases ki th  decreasing Kocr 
(Eqn. 17). 



Chemical 

Rgure 14.-Average uptake rate of chern~cals by fontope 
reia hoyi wlh (filled) and wrthout (hatcheb) DOC present. 
8onzoja!pyrene IBaP): 2.2'.4,4'.teVachlorobtphenyl (TCDP); 
pyrene, phonanthrene. Date from Landrum et.al. (42). 

The auantitativc demonstration that DOC- 
complexcd chemicals are not bioavailable requires an 
independent determination of the concentration c.i 
complexed chemical. Landrum el ai. 142) have devel- 
oped a Cl8 reverse-phase HPLC column technique 
that separates the complexed and free chemical. Thus . 
i t  is possible to compare the measured DOC-com- 
plexed chemical to tlre quantity of complexed chemi- 
cal 'inferred from the uptake experiments, assuming 
that all the complexed chemical is not bioavailable 
(42,,43]. 4s shown on Figure IS, although the Kw 
inferred from uptake suppression is larger than that 
inferred from the reverse-phase separation lor HA, 
these data support the assumption that the DOC.. 
complexed fraction, CDoc, is not bioavailable. Hence 
the bioavailable form of dissolved chemical is Cd, the' 
tree rtncomplexed component. This is an important 
observation because it is Cd that ,is in equilibriuni 
with CS,OC, the organic carbon-normalized scdin~ent 
concentration (Eqn. 15). 

DOC Partltlon Coefficient 
L 
U 

Koc from Reverae Phaee (L/g oc) 

Rgure il.--Compac1&6n 01 the DOC partition coetbc~ent 
calculated from the suppression of chemical uptake versus 
the Cia reversed-phase HPLC ,column esttmate. Ctrcles are 
Aldr~ch humlc acid: triangles ere interst~lial water DOC. 
Chemtcels are listed In Figure 14 caption (also anthracene 
and benzo(a)anthrecene). 

amined. The first is a direct test of the partitioning 
equation CS,OC = Koc Cd, which is independent of the 
DQC concentratio~. The servlnd examines the sedi- 
mept and pore water concentrations and accounts for 
the DOC that is presenl. 

Orgnnic -corborr nonrmlirntion. Consider a 
sediment sample that is segregated into vanous size 
classes after collection. The particles in each clabs 
were in contact with thc pore water. If sorption equi- 
librium has been attained for each class, then, letting 
Cs( j )  be the particle chemical concentration of thc jth 
size class, it is true that 

C,( j ) = foe( j ) KorCd (2%) 

where jor ( j )  is the organic carbon fraction. for each 
size class j ,  On an organic carbon-normalized basis 
lhi6 equation becomes 

Csdqr(j) = KocCd (22) 

field 0bservRtions of paditloning in w h e ~ ' C ~ . ~ : l j ~  - c , ( ! ) / , k ( j ) .  This result indicates 
that the organic carbon-normalized sediment concen- 

Sediments tration of a chemical should be equal in each size 
class because l i ~  dnd Cd are the iame for each size 

A n  enormous quantity of laborator!' data for class, Thus a direct test of  the validity of both organic 
partitioning in particle suspensions. However. pore and E~~ ,voul,, be to 
\rater and sediment data f ~ n m  field samples arr 

. whether C,.ot,jl is aaoss sire in a scarcc. Two types of data from field samples arc ex. sediment sample. 
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Figure 17.-40mparlson Of PAH concenlratlons Of the sand.srze6. and low~clens~ly~fraction iedlrnenl parltcles ordlnate to the 
claylsla fracllon absclssa lslalions 4. 5, 7). Top panels are for dry welgnl, normallratton: bonom panels are for organlc car. 
bon norrnal~zat~on. Data from (44 1. 
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SEDIMEM SUE CLASS 

Agura i8.-The orgenlc carbon fractions (% dry weight) in five sedlmenl sue classes ranging from clay and sill (e63 ~ r r n )  to 
course sand (1.0 lo  2.0 mm). Slations aro lndlcated by hatch type. Data from (45). 
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Figure 20 presents the percent organic carbon on the  organ!^ Carbon , Fractlona ' 
c63 (tm portion of the sample (filled bar) and on the 
263 vm portion of the sample (shaded bar). A com- 
parison of t h d ' P a  congener concentralions on a dry 
wcight basis (top) and on an organic carbon basis 
(bottom) is shown in Figure 21. Organic carbon con- 

= 

The top panel of Figure 21 indicates nn evi- 
den1 relationship between PCBs in the ~ 6 3  btrn sarn- 
ple and PCBs in the >63 Prn sample on a dry weight 
basis. When concentrations in either class size arc 
normalized to organic carbon content then the .con- 
centrations are similar for both class sizes as shown 



Dry W e l ~ h t  Normanred Sedimmtlpore wnter partitioning. Nonnally 
XW) when measurements of sediment chem~cal concen- 

tration, Cs, and total pore water chemical concentra- 

6 10 lions, Cpore, are made, the value of the apparent 
partition coefficient is calculated directly from the ra- 

3 1 
tio of these quantitres. As a consequence of DOC 

A complexation, the apparent partihon coefficient, Kp, 
defined as p al . Cs (23) 

! Om Kp "T& 

is given by 
awn -.-- 

O X K ~  0.01 a 1 10 100 

PCB (ngJg) c 63 um 

Organlo Carbon Normalized 

PCB ( n g l ~  OC) c 63 un 

ngura 21.-4om~arison of etght PC8 congener concenlra- 
ttons of 263 pm sued particles, ordtnate. lo ~ 6 3  b a r n  sned 
parllcles. absclssa (Slaltons 1.7). lop oanel IS for clry 
wetqht norrnal~zsl~on: bollm panel IS for organlc carbon 
norn~alizalion. PCB congeners are IUPAC Nos 28. 52. 101, 
118,138. 153, 179 and 180. Oats from 147). 

It can be concluded from the data ot Prahl. 
Evans et al., and Delbeke et al., that the organic car. 
bon-normalized PAH and PCB concentrations .are 
relatively independent of partide size class and that 
organic carbon is the predominant controlling factor 
in determining the partihon coefficient of the differ- 
ent sedinlent site particles in a sediment sample. The 
organic carbon concentration of the high-density 
sand-sized fraction in Prahl's data (0.2 to 0.3 percent) 
suggests that organic carbon normalization is appro. 
priate at these low levels. The data from Evans et al. 
suggests that EqP can be applied to organic carbon 
originating from more than one source, that is. frag- 
mentary plant matter and aging hurnic material. 

As m ~ o c  increases, the quantiky of DOC-cornpiexed 
chemical increases and the apparent partition coctfi- 
dent approaches . . . . . . . . . . . . . . .  -. . .  

which is just the ratio of sorbed to complexed chemi- 
cal. Because the solid-phase chemical concentration 
is proportional to the free dissolved portion of the 
pore water concentration, Cd, the actual partition co- 
efficient, Kp, should be calculated using the free dis- 
solved concentration. The h e  dissolved concentration 
wiU typically be lower than the total dissolved pore 
water chemical concenhation in the presence of signifi- 
cant levels of pore water DOC (e.g., Fig. 13). As a msult, 
the actual partition coefficient calcula~ed with the h e  
dissolved concentration is higher than the apparent 
partition coefficient calculated with the total dissolved 
pow walcr,conccn$ation. 

Direct observations of pore water partition 
coefficients are restricted to the apparent partition co- 
efficient, Kb (Eqn. 23). because total concentrations 
in the pore water are reported and DOC cornplexing 
is cxpcctcd to be significant at the DOC concentra- 
tions found in pore waters. Data reported by 
Brownrwe11 and 1;arrington in 1986 (461 demonstrate 
the importance of DOC complexing h pore water.' 
Fi y r e  22 presents the apparent partition coefficient, 
measured for 10 PCB congeners at various depths in 
a sedintent core, versus fot Kow, the calculated patti- 
tlon coeflicient. The line corresponds to the relation- 
ship, Koc = Kow, which is the expected result if DOC 
complexing were not significant. Because DOC con- 
centrations were measured for these data, it is possi- 
ble to estimalc Cd with Equalion 20 in the form: 



and to compute the actual partition coefficient: Kp = 
CsICd. The data indicate that i f  K D ~ ~  = KOW is used, 
the results, shown on Figure 22, agree with the ex- 
pected partition equation,'namely that Kp = ~ O C  Kow.  
A similar three haw model was rcsented by 
BrownawelI and &Ringon i n  1984 119r 

Other data with sediment/pore water parti- 
tion coefficients for which the DOC concentrations 
have not been reported [50,51] are available to  assess 
the significance of DOC artitioning on the apparent 
sediment partit ion cciegicient. Figure presents 
these apparent organic carbon-normalized partition 
coefficients,. that is K& = K; Ifor vcrsus KOW. The ex- 
pected relationship for DOC concentrations o! 0, 1, 
10. and 100 m e / L  is also  show^^. Althoueh there is 

Z "' iubita_ntial sca&er in these data, reflectini Ule dik- 
? culty of measuring pore water concentrations, the data 
o conform to DOC levels of 1.0 to 10 mg/L, rvhich is well 

i 
1 3 3.0 

0 0 
within the observed range for pore waters 140.481. 
Thus, these results donot refute the hypothesis that KOC 
K a w  in  sediments but show the need to account for 

I ma. I I DOC complexing i n  the analysis ..of. pore water . .- -- ! 

0.v 7.0 8.0 
chemical concentrations. 

Labomton/ toxicitu tests. Another way to i 
LogiO foe Kow veri fy Equation Zi is f rom aata collected dur ing k d i -  

mcnt toxicity tests in the laboratory. These tcsts yield 
Rgure 22.--Observed Partition ~oefficienl versus the WOb. sediment (C,,oc) and p o w  water (Cd) chemical mn- 
uct 01 organic c a m n  fraction and oc?anol/water. partttion centrations at several dosages bounding an expe"- 
coefficient. The line rooresents egualily. The partltlon coef- mentally estimated concentration for the test 
llcients are ~0tTIp~ted by uslng total dissolved PCB orginism. The organic of the sediment must be 
(squares), and free PCB (circles) which is computed with measured also. Sediment toxidty tes\s are done under 
Equation 26 with KDOC &. Oata from (48). quiescent conditions and sediment and pow water are 

in eauilibrium. The results of these tests can be used to 

DOC ! 

2 
I 

2 3 4 6 6 7 8 1 
Log10 Kow ..- 

Rgure 23.-Observed goparent Dartttlon coeff~clenl to organlc carbon versus the oCtanol/waler oarl~tlon coefficlent. The 
Ilnes represenl the exoocted relat~onsh~p fof DOC concentrat~ons of 0. 1. 10, and 100 mg/L Uooc = &,. Oala lrom (51) for 
PCB congeners and othor chomlcals and from 1501 lor phent3nlhrene, fluoranthono, and porgono. 1 



compute the ~ r g a n i c  carbon partition coefficient K,. 
To verify Equation 22, estimates of Xoc computed 
from Equation 11 using laboratory rneadurements of 
KO&. are then compared to partitioning i n  the sedi- 
ment toxicity test. Sediment toxicity tests and Kow 
measurements are-available for five chemicals: en- 
dr in (20,21,521, dieldrin l54,55], acenaphthene 1561, 
phenanthrene 1561, and fluoranlhene (19,571. Sediment 
toxiaty tests for these chemicals were perfomed as 
part of the development of SQC. Mortality results for 
these tests were presented in Figures 2 and 3. 

Figure 24 shows organic carbon normalized 
sorption isotherm for acenaphthene, endrin, phenan- 
threne and fluoranthene, where the sediment concen- 
tration (pg/g OC) is ploned versus pore water 
concentration (pg/L). These tests represent fnsh- 
water and marine sediments having a range of or- 
ganic carbon content o f  0.07 to 11.0 percent. In each 

KKKKK, 
AGENAPHTHENE 

........... 
'-. 

.o 

m 

X) 0 - Swcrtz st d.. l991 

1 
*J m X X X ) # # K ) X K w a Q  

0 - Nsbdcw at d.. l989 
0 - S c h y l a m  01 oL. (989 
v - Slab&. en1 

0.1 
0.01 1 1 . p  #o XKK) 

panel, the line corresponds to Equation 16 where Koc 
is derived from KOW measurements i n  the laboratory. 
A ful l  discussion of laboratory Kow measurements IS 

pmented subsequently. i n  each of the panels h e  toxic- 
ity test data are in agreement with the tinc computed 
from experimenldy determined Koc. For these chemi- 
cals DOC measurements aFe unavailable and partition- 
ing to DOC in the pore water has not been considered. 
The tigure indicates, however, that DOC cornplexing in 
these experiments appears to be negligible. 

Partitioning in the dieldrin experinlent indi- 
cated that DOC complexation may have been s i g i f i -  
cant. The partitioning isotherm for dieldrin, Figure 
25), represents organic carbon normalized sediment 
concentration, versus total (top panel) and computed 
dissolved (bottom panel) pore water concentrations. 
Dissolved pore water concentrations are computed 

FLUORANTHENE 

0 - Swcrb .t d.. (900 
0 - De Wtt 01 a, 8 9 2  

I 
PORE WATER WNCWTRATK?N WRE W A ~  CONCWIRATION 
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Flgure 24,-4omparlson of organlc carbon partttlon coefflclenl I&) ODSerVeO In 1011clly tests Isymbols) to rb, derived from 
laboratory &,, and Equat~on 11 lsolld Ilne). Symbols are sealmen1 concenlratron, ord~nate, versus pore water concentrallon. 
abscissa. Solid llne 1s C,,oc a kc CO, where Loglo I& IS 3.76 for acenaphlhene, 4.80 for enorln, 4.46 for Dhenanthrene, 
and 5.00 for iluoranlhene. These Loglo 16, values are estrmeled from Loglo l(, voluos rneesurad at Lne U.S. EPA Envrron. 
mental Rosoarch Caborelory at Athens. Georgra. Dale sources as Indlcalcd. 



DIELDRIN 

TOTAL PORE WAfeFI m m  (u9h) 

Flgurs 26.--Comp~r!son of orgenlc carbon partit~on coeffi- 
cient (Koc) observed in toxicity lest6 (symbols) lo & de. 
rrved from lebaratory & end Eguatlon 11 (solid I~ne]. 
Symbols are sediment concentration, ordinate, versus total 
(top panel) ar.d free '(bottom panel) pore water concentre 
lions, abscissa. Solid line is G.OC = b& * Cd, where Log10 
Hoc is 5.25 tor dieldrin. The Loglo Hoe value IS est~mated 
from Lo&o Ho, volue measured a1 the U.S. EPA Env~ron. 
mental Research Laboratory at Athens, Georgia. Data 
source as Indicated. 

using Equation 26, DOC measurements and an esti- 
mated log,#= = 5.25. L o g  Kwc is estimated from 
log KW = 5.25 for dieldrin. Figure 25 represents data 
from Hoke and AuWey (551 since Hoke (561 d id  not 
measure pore water. Adjusting for partitioning on to 
the DOC i n  the bduom panel results i n  better agree- 
ment w l t l i  the experimentally determined Koc. These 
data represent one sediment with an organic carbon 

content of 1.6 percent. I t  is important to note that 
dieldrin has the highest Koc of the five chemicals 
(LogloKoc dieldrin = 525, acenaphthene = 3.76, en- 
dr in  = 4.84, phenanthrene = 4.46, nuoranthene = 5.00. 
DOC complexing increases wi th  an increasing parti- 
t ion coefficient which explains why  DOC complexing 

' i s  significant for dieldrin. 

Organic Carbon Normalization of 
Biologicai Responses 
The results discussed above suggest that i f  a mncez- 
tration-response curve correlates to pore water con- 
centration, i t  should correlate equally well to organic 
carbon-normalized total chemical concentration, in- 
dependent o f  sediment properties. This is based on 
the partitioning formula 6 . 0 c  0 (Eqn.16). 
which relates the free dissolved concentration to the 
organic carbon-normalized partide concentration. 
This applies only to nonionic hydrophobic organic 
chemicals because the rationale is based on a parti- 
tioning theory for this class of chemicals. 

Toxicity and bioaccumulation experiments. To 
demonstrate this relationship, concentration-re- 
sponse curves for the data presented i n  Figures 5.and 
7 are used to compare results o n  a pore water-nor- 
malized and organic carbon-normalized chemical 
concentration basis. Figures 26 to 28 prescnt these 
comparisons for kepone, DDT, endrin, and fluoran- 
thene. The mean and 95 percent confidence limits of 
the LCso and ECso values for each set of data are 
listed in Table 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 rc- 
sponse versus the sediment concentration, which is 
organic carbon-normallzed (microgram chemical per 
gram organic carbon). 

The generl l  irnp&ssion of these data is that 4 
thcrc i s  no  reason to prefer pore water normalization I 
over sediment organic carbon normal~zation. i n  
some cases, pore water normalization is superior to 

4 
organic carbon normalization, for example, kepone- 

I 
4 

mortality data (Fig. 26) whereas the converse some- 1. 
times occurs, for example kepone-growth rate (Fig. 
26). A more quantitative comparison can be made 
with the LCsos and ECxs in Table 2. The variation of 
organic carbon-normalized LCsos and ECsos between , 
sediments is less than a factor o f  two to three and is 
comparable to thc variation i n  pore water LCros and 
ECsos. A more comprehensive comparison has been 
presented i n  Figures 2 and 3, which also examine the 
use of the water-only LC50 to predict the pore water 
and sediment organic crrbon LCsos. 

Oioaccumulation factors calculated on the basis 
of organic carbon-normalized chemical concentrations 
are listed i n  Table 3, lor permethrin, cyperrne~hrin, and 
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Rgure 28.--Comparison of percent survlval of R. ebronius 
- lo fluoranthene concentration in pore water (top) and bulk 

sediment, using organic carbon normalization (bottom) for 
sedimenls with varytng organic camon concentrations [is). 

kepone. Again, the variation of organic carbon nor- 
malized BAFs behveen sediments is less Illan a factor 
of huo to three and is complvable to the variation in 
porn water BAFs. 

Bioficcunrulntiot~ nnd orgnnic cnrbotr rror- 
rnalizntion. Laboratory and field data also exist for 
which no pore water o r  DOC measurements are 
available but for wvhich sediment concentration, or. 
ganic carbon fraction, and organism body burden 
have been determined. These data can be used to test 
organic carbon normalization for sediments and to 
examine organism normalization as well. It is con- 
ventional to use organism lipid fraction for this nor- 

, nralization (see references in Chiou (581). If Cb is the 
chemical concentration per unit wet weight of the or- 
ganism, thcn the partitioning equation is 

where 

K L  = lipid/\viter coefficient &/kg 
lipid) 

fL = weight fraction of lipid (kg lipidlkg 
organism) 

Cd s free dissolved chemical conccntration 
(I%/ L) 

The lipid-normalized organism concentration, CCL is 

Thr lipid-normalized body burden and the organic 
cahon-normalized sediment concentration can be 

used  lo iompute a bioaccumulation rdtio, which can 
be termed the:BSF (591: 

The second equality results from using the partition. 
ing Equations 16 and 28 and the third from the ap- 
proximation that S& -- KO&. The BSF is. the partition 
coefficient between organism lipid and sediment or- 
ganic carbon. If the equilibrium assumptions are . 

' valid for both organisms and sediment particles, the 
BSF should be independent of both particle and or- 
ganism properties. In addition, if lipid solubility of a 
chemical is pioportional to its octancl solubility, KL a 
KOW, then the lipid normalized-organic carbon nor- 
malized BSF should be a constant, independent of 
particles, organisms, and chemical properties (59,60, 
61). This result can be tested directly. 

The representation of benthic organisms as 
passive encapsulations of lipid that equilibrate with 
external chemical concentrations Is clearly only a firsl- 
order appmimation. Oiomagnification effects, which 
can occur via ingestion of contaminated food and the 
dynamics of internal organic carbon metabolism, can 
be included in a mom comprehensive analysis 1591. It 
is, neverthclcss, a n  appropriate initial assumption be- 
cause deviations from the first-order representabon 
will point to necessary refinemmts, and for many 
purposes this approximation may suffice. 

A comprehcnstve experimet~t involving four 
benthic organisms-two species of deposit-feeding 
marine polychaetes. Nereis and Nephtys, and two 
species of dcposit-feeding marine clams. Yoldia and 
Macoma-and five sediments has been performed by 
Rubinstein et al. (621. The uptake of various PCB con- 
geners was monitored until steady-state 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 for the 
ratio of organism-to-sediment conccntration for all 
measured congeners versus KOW for each organism. 
Dry weight normalization for bo& organlsm and 
sediment (Left panels), organic: carbon normalization 
for the sedlmcnt (center panels), and both organic 
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Flgure 20.41ots of the BSF (ratio of orgenlsmtesedimenl Concentration) for Wee sed~menls' for a series if PCB congeners 
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carbon and lipid normalization '(right panels) are 
shown. The results for each sediment are connccted 
by lines and separately identified. 

The BSFs based on dry weight normalization 
are quite different for each of the sedimcnts with the 
low carbon sediment exhibiting the Iargcst values. 
Organic carbon normalization markedly reduces the 
variability in the BSFs from sediment lo sediment 
(center panels). Lipid normalization usually further 
reducesfhe variability. Note that the BSFs are rcason- 
ably constant for the polychaetes, although some 
suppression is evident at IogloKnr > 7. The clams, 
however, exhibit a marked declining rclationship. 

Results of a similar though less extensive eh- 
periment using one sediment and ol~gochaete wonns 
have been reported 1521. A plot of the organic carbon- 
and lipid-normelizcd BSF versus K a r  from this ex- 
penmenl is shown on Figure 31, together with the 
averaged polychaete data (Fig. 29). There appears to 
be a systematic variat~on with respect lo Kow, which 
suggesls that the simple lipid equilibration model 
wi th a constant lipid-octanol solubilily ratio is not 
descriptive for all chem~cals. This suggests that a 
more detailed model of benthic organism uptake i s  
required to describe chemical body burdcns for all 

nonionic'chemicals: as a function of Kow 1591. How- 
ever, for a specific chemical and a specific organism, 
for example Nercis and any PCB congener (Fig. 29) 
organic carbon nurmalization reduces the effect of 
'the varying sedimen~s. This demonstrates the utility 
of organic carbon normalization and supports its use 
in  generating SQC. ' 

A. further, conclusion can be reached from 
these results. It liar been pointed out by Bierman 1631 
that the lipid- and carbon-normalizedBSF is in  the 
range of 0;1 to 10 (Figs. 29 to 31) supports the conten- 
tion that the,paiatition coefficient for sediments is KO< 
= Kow and that Ihc particle concentration effect does 
not appear to be affecting the free concentration i n  
sediment pore water. The reason is that the lipid- and 
carbon-normalized DSF is the ratio of the solubilities 
of the chemical i n  l ib id  and in particle carbon (Eqn. 
29). Decausc the solubili!i of nonionic organic chemi- 
cals in  various nqnpolar solvents is  similar 1641, it 
would be expected that Ihe lipid-organic carbon solu- 
bility raiio sholild be on the ordcr of one. I f  this ratio 
is taken to be approximately one, then the conclusion 
from the DSF data:is +at',Koc is approximately equal 
to Kow for scdimenis 1631, 
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, .  A final observation can be made.. The data sure is immaterial. ,Equilibrium experiments cannot 
analyzed in this section demonstrate that organic distinguish between different routes of exposure. 
carbon normalization accounts:for much of the re. The data analysis presented above, which 
ported differences in bioavailability of chemicals in normalizes biological response to either pore water 

. sediments for deposit-feeding polychaetes, oligo. or organic arbon-normalized sediment concentra. 
xhaetes, and clams. The data pksented in previous tion, suggests that biological effeae are proportional 
.sections are for amphipods and midges. Hence these , tochemical potential or tugacity. 
data provide important additional support for or- The issue with respect to bioavailability is 
ganic carbon normali~iltion as a determinant of this: In is m o t  and 
bioavailability for different classes of organisms. measured? Pore water concentration is one option. 

However, it is necessary that the chemical 

Determlnatlon of t h  ~~~t~ of bposure con~plexed to DOC be a small fraction of the total 
measured concentration o r  that the free concentra- 

The exposure mute by which organic chemicals are tion be direclly measured, perhaps by the ~ 1 8  column 
accumulated has been examined in some detail for technique (42). Total sediment concentration nornlai- 
water column organisms (e.g., by Thomann and Con. ized by sediment organic carbon fraction is a.second 
nolly 1651). It might be supposed that the toxiav and option. This measurement is not affected by DOC 
bioaccumulation data presented above can bc used to complexing. The only requirement is that sediment 
examine the question of the route of exposure. The in- organic carbon be the only sediment phase that con- 
itial observations were that biolo@cal efieas appear tains significant amoutrts of the chemical. This ap- 
to correlate to the interstitial water concentration, in- pears to be a reasonable assumption formost aquabc - . . .  - ....... -dependent of sediment type. This has been inter- 'sediments. Hence, SQC an? b a r d  on organic carbon ' '  ' 

ppted  to mean that exposum is primarily via pore normalization because porc water normalization is 
water. However, the data c o r ~ l a l e  equally well with complicated by DOC complexing for highly hydro- 
the organic carbon-normalized sediment concentra- phobicchemicals. 
t ~ o n  (see Figs. 2 and 3). This observation suggests that 
sediment organic carbon is the route of exposure. In 
fad. neither conclusion follows necessarily from these APPL~CAB~UTY OF WQC AS data because an alternate ex~lanation is available that 
is independent of the exposire pathway. 

Consider the hypothesis that the chemical po- 
tential or, a s  it is sometimes called, the fugacitv (661' 
of a chemical controls its biological activity. The 
chemical potential, pd, of the free concentration of 
chemical in pore water, Cd, is 

where PO is the standard state chemical potential and 
RT is the product of the universal'gas constant and. 
absolute temperature 1671. For a chemical dissolved 
in organic carbon--assuming. that particle organic 
carbon can be characterized as a homogeneous 
phasc-its chemical potential is 

where Cs,oc is the weight fraction of chemical in or- 
ganic carbon. If the pore water is in equilibrium with 
thc sediment organic carbon then 

The chemical potential that the organism experiences 
from either route o f  exposure (pore water or sedi- 
ment) is the same. tlencc. SO long as the sediment Ic 
in equilibrium with the pore water, the route of expo. 

THE EFFECTS LEVELS 'FOR 

The EqP method for deriving SQC utilizes partition- 
ing theory to relate the sediment concentration to thc 
cqulvalent free chemical concenbation in pore water 
and in sediment organic carbon. The p o ~  water con- 
centration for SQC should be the effects conccntra- 
tion for benthic species. 

This section examines the validity of using 
the EPA WQC concentrations to define the effects 
concentration for benthic organisms. This use of 
WQC assumes that (a) the sensitivities of benthic 
species and species tested to derive WQC, predomi; 
nantly water column species, are similar, (b) the Iev- 
els of protection afforded by WQC arc appropriate 
for benthic organisms, and c) exposures are similar 
regardless of feeding type o r  habitat. This section ex- 
amines the assumption of similarity of scnsiUvity in 
two ways. First, a comparative toricological exami- 
nation of the acute ;sensitivities of benthic and water 
column species, using data compiled from the pub- 
lished EPA WQC for nonionic organic chemicals as 
well as meials and ionic organic chemicals, is pre- 
sented. Then a .  comparison of the -FCVs and the 
chronic sensitivities of benthic saltwater species in a 
series of sedimcnt colonization experiments is made. 
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Method-Rd~ltlve Acute Sensltlvlty values (FAV) for benthic and water column organ- 
isms, using acute LCso concentrations from the 40 

The relative acute sensitivities of benthic and water freshwater and the 30 saltwarer WQC documents. 
column spcties are examined by using LCss for When benthic species were defined as only infaunal 
freshwater and saltwater species from draft or pub- organisms (habitat types 1 and 2) and water column . . 
lished WQC documents that contain minimum data- species were defined a s  all others (habitat types 3 to 
base requirements for calculation of final acute 8), the water column spccies were typically the most 
values (Table 4). These data sets arc selected because sensitive. The results arc moss-plotted on Figure 32 
e x p o s u ~ s  were via water, durations were similar, (top). The line represents pctiea agreement. 
and data and test conditions have been scrutinized Data on the sensitivities of benthic infaunal 
by reviewing the original references. For each of the specics arc limited. Of the 46 chemicals for which . 
2,887 tests conducted in fresh water, using 208 spe- WQC for freshwater organisms are available. two or 
cies with 40 chcmicals, and the 1,046 tests conducted fewer inlaunal species were tested with 28 (70 per. 
in salt water, using 118 specics with 30 chemicals, the cent) of the chemicals, and five o r  fewer species were 
chemical, specics, life stage, salinity, hardness, lem- tested with 34 (85 percent) of the chemicals. Of the 30 
perature, pH, acute value, and test condition (i.~., chemicals for which WQC for saltwater organisms 
static, renewal, flow-through, nominal, or measured) are available, 2 or [ewer infaunal species were tested 
were entered into a database. If necessary, original with 19 (63 percenl) of the chemicals, and 5 or fewer 
references were consulted to determine the tested life species were tested with 3 (7 percent) of the cheml. 
stage and any 3 h e r  missing information. Each life cals. Of these chrrnicals only zinc in salt water has 
stage of the tested species was classified according to been tested using intaunal species fmm three or more 
habitat (Table 5). Habitats were based on degree of phyla and eight or firore families, the minimum acute - -. - - .. . - 

. ... ..... association with sediment. A life stagc that occupied -'toxicity database requimd lor criteria derivation. ~ s a  
more than one habitat was assigned to both of the ap- result, FAVs could not be computed for several of the 
propriate habitats. chemicals. Therefore, it is probably premature to con- 

For each chemical, if a iife stage was tested clude from the existing data that infaunal specics a n  
more than once or  more than one iife stage was more tolerant than water column specics. 
tested, data were systematically sorted in a three-step A similar examination of the most sensitwe 
process to amve  at the acute value based on the most benthic and water column species;whcte the definj. 
expcrimentall~ sound testing melhodolog?r and (he lion of benthic includes both infaunal and epibcnthic . 

most sensitive life stages. First, if a life stage for a (habitat ? to 41, is based on data 
species was tested more than flOw-through and suggesk a similarity in sensi!ivity (Fig. 32, bol. 
tests with measured concentrations had precedence. tom)v rn ,his ,he numbcr of values 
and data 'Om Iesb Omitted. When Ihere for freshwater benthicspecier for each chemical aver- 
were n o  flow.through tests with measurcd'concen- aged nine, ,vi,,, a range of lo 27; the of trations, all acute values for that life stage were given acute values for saltwater benthic species for each If  the remaining acute values for lhat substance averaged 11, with a range of 4 to life slage differed by greate; .,tan a factor of four, the 26, The these data high, suggewing higher values were omitted and the geometric mean 
of the lower acute values rvas calculated to derive the lhat chem'calsf benthic and water ''Iumn 
acute value for that life stage. Second, life stages were 'pecies may differ in and lhat additional 
classified as either ~ b ~ ~ , h ~ ~ -  (infaunal species lhabi- testing is desirable. or that this approach lo exanrin- 
tats ] and 21 or infaunal and epibentljic species [habi. ing species sensitiviv is not sufficiently rigN'Wus. 
tats 1.2. 3, and 4)), or  "water columna (habitats 5 to Examination of individual criteria documents 
8). Third, if two or more life stages were classified as in which benthic species were markedly less sensi. 
either benthic or water column and their acute values live than water column species suggests that the rna- 
differed by a factor of four, the higher values were jor factor for this difference is that bcn~hic species 
omitted and the geometric mean of the lower awtr. phylogenetically related to scnsitivc water column 
values was calculated to derivc the acute value for species have not been tested. Apparent differences in 
that life stage of the benthic or water column species. sensitivity, therelore, may reflect an absence of ap. 
This procedure is similar to that used for WQC (61. propriate data. Data that arc available suggest that, 

on the average, benthic and water column species are 
C O ~ & ~ I S O ~  of t h e  jensltivity of similarly sensitive and support the use of WQC ,to 

derivc SQC for the protection ol infaunnl and epiben. Benthlc and Water Column Speclss ,hicspcdes. 
Most Sensitive Species. The relative acute sensitivi. A l l  Species. A more general comparison of the 
ties of the most sensitive benthic and water column species sensitivities can be made if all the L C 9  data 
species were examincd by comparing the iinirl acute are used. One approach examines the relat~vc loca. 
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Table 4.-Draft of publ~hhed WQC documents and fIUt'niXr Of ~nfeunal tneb~tars 1 and 2), eptbcnlhtc (habitats 3 an0 4). 
and water column (habitats 5.8) s p c ~ o s  tested acutely for eacn suostanco, 

NO. OF SAWATER SPECICS NO. OF FRILSHWIILR lPLClU 
DATE OF WATM I WAVER 

CuLMlcAl I w e u o r n o u  1 r o r u a  1 IncAuuAL I u l . m n c  I r o L u w  ' r o r ~ ~ ~  I tNrwnAL ' splnrwwtc coLuwn 

ACEJUPTHOUE 9187~ ! 10 ! - I 3 1 7 1  I a 

ACROL~W 9187~ I - I - I I 
, - 1 1 2  1 ' 5 ' 7  

AORIW - 1880 ( 16 0 ! 11 1 12 ! 21  ! 3 10 , 15 
ALUMIIYUM I 1888 - I - I - f l 5 )  5 ! I 1  

AMMONIA ! 19~5:1989 20 ' 2 ! 7 ] 16 da 2 17 ' 3 3  

AMIIMOI8Y (Ill) 1 9/87'' 1 3 I 6 5 ! 9 1  1 2 6 
6 

ARSWIC (Ill) 1985 , 12 2 3 8 - 1 6 !  1 6 13 

CADMIUM I 1085 38 1 10 1 18 18 f 56 ] 13 16 31 
I I 

CHLORDUtE 1980 8 1 ,  7 ! 7 1 1 4 \  1 4 ' 10 

CHLORINE 1885 1 23 ' 2 ) 9 15 ! 33 ' 1 9 
OHLORPYRIFOS , 1986 1 15 1 8 10 , 18 ' 2 8 11 

CHROMIUM (111) ? 1984 1 - . - - 1 7 ;  3 ; I ?  

CHROMIUM (Vl) 1885 1 23 8 '  9 a 9 I 3 3  ) 1 10 21 

-- - - Copput : 1985 ! 25 6 1 5 1 1 8 : 5 7 :  8 ' 15 : 36 
I 

CVU(I0t 1185 : 9 1 ,  7 ' 5 ' 1 7  , 1 6 : I ?  

DOT 1980 17 1 ! I1 12 ' 42 f 3 15 ! 29 

DICU)RIN 1980 1 21 1 l 1  15 3 19 1 1 9 12 

2.4.QIMnHVLPHlNOL ~ 1 8 8 ~  8 2 1 2 ' 6 : 1 ? !  1 ' 3 17 
EUWIULFAN 1980 ( 12 ' 2 ' 8 I 8 ; 1 O 1  1 4 ' 7  - 
CNDRIW ! 1980 21 1 ! 1 4  16 28 3 12 17 

HEPlAOlIlOR I 1980 10 1 1 14 1 13 ! 18 f 2 ' 8  : 12 

HBXACHLOROCVCLOHIXAUE / 1980 19 j 2 14 ! 12 j 2 1  L 4 ' 18 - 
ClirO ! 1085 13 ! 2 3 ! 10 14 : 4 I l l  

MERCURY ' 1985 ! 33 10 1 7 ' 18 1 3 0 :  11 8 ; 12- 
HICKCL 1986 1 23 ' 7 I 10 9 ' 2 1  1 1 7 , 13 

PARAIHIOW 1986 I - , - / - 1 3 7  ( 1 14 , 23 

PARAWION, M W Y L .  10/88' 1 - - I - ' 3 6  1 9 : 2 5  
I 

P~~ACHLOROPHWOL re86 1 1 s '  7 I 7 ! 11 ; 4 1  I , 9 11 ' 23 

PHhNANTHRWL 9/87? ! 10 4 I 6 4 ! 9 /  1 1 : 6  - 
PHENOL 5/8aP - ' - I - I - j 3 2 ,  6 I 9  ! 2 0  

86LWIUM (IV) 1987 \ 16 1 : S I 13 23 1 1 6 19 
1 

IELSHIUM IVI) 
1 
1 1987 1 - : - I ! - I 1 2  1 4 10 

1 :  c 
I 

8lLVLR 9187~ : 21  ' 1 6  , 19 : 1 9 , 13 

IHAUIUM 1 III~P ! - 1 - 1  i - : a t  1 1 I 3  

TOXAPHlWC 1 1986 1 15 2 [ 9 11 t 37 I 5 I 13 1 23 
i 

1RIllUWLTIN ( 9/81' 1 1 9  ' 1 8 , l S 1 O ]  1 1 ' 6  

&.P.ClRICHLOROBENZENE 1 9/88' ! 15 7 f 7 I 4 ' 1 4  2 5 j 7  
I 

O.4~bVRICHLOROPNLWOL ( 9/87' I 11 4 f 5 ! 5 f l O !  1 2 ! 8  

ZINC I 1907 / 33 1 10 1 9 1 17 I 45 I 5 I 13 1 30 

The 10111 numostr of tested rwcles may not DO Ihe samo as tne rum 01 Ine numaer of socr~er  horn eacn haoltal type because 8 ape. 
CICS mry occuw more than one haotlal 
Orafl aauallc llle crtlefla bocumcn!. U.S. Env~ronmenlal ProlccI~on Agency, Olf~ce or Water Regulat~ons end StanOarOr. Cl~lerra and 
SIsnOnrds a~ns~~n,  Wosn~ngton, O.C. 



lwAUNAL Tab40 6.-+ahtat classlficel~on system for life st8gos o f  
organisms. 
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LOQm BENtWC W[UHSIII FAV (m 
Flgurs 32.--Comparison of LC& or EC50 acute values tor 
the most sensitive benthic (abscissa) and water.column 
lordinate) species lor chernlcals listed in 7aWe 5. Benthic 
specles are defined as infaunal soecces (habllat types 1 
and 2, left panel) or ~nfaunal end epibenlhc swc les  (hRbi. 
tat types 1-4); see Table 6. 

t ion  of benth ic  speaes in the overa l l  species sensit iv- 
i t v  d i s t r ibu t ion .  F o r  each chemical  in either fresh o r  

bra stager that USU~IIV IIW YI tnt asdrrnent am wnose 
I . low conaurs mortIy 0 f ' ~ ~ O ~ m ~ n I  or Mganlsms tlwng In 

the raaimnt: lnlaunal nonllnar leeaers. 

Ute stager that usualB h e  In the saatrnont aria whoso 
food coneats montry of wannon and/or rusmmoa 
0rgM1C manm tlnered from In0 waler column: Infaunal 
nlrer faeders. 

I 
1 Life stages the1 Usually IIYB O* Ins Surtace of moment 
i ana wnose 1006 conslstr ~ O S I I Y  of oraaruc mane. In 

redlments and/ol wgan~sms lmna l n i r  on the radmenl: I eplwntnlo bottom feeoetr. 

Ltlo stager Chat usual& 11- on the sur lace of walment 
ena whose toad ir mostly (rcm the WMC column. 
inclufllng sus~nosa cletrrtus. pcanNlon. Md larger p l ~ y :  
emlwnlh~c water co:umn leeden. 

I Llfe &lagee Ins! usuallv II*~ ic IhC water camn an0 
whost lodd CMSISCS mostly 01 orgenlsms that lwa M or 

. . . . .. - . . . in tnc scd~ment. 

; l i f e  stages that u6ua1ly II*~ In sno oataln their lood from. 
tnc water column but nb? slight Interaction wltn 

6 scdlmrnt because tnev ~cas~onsllv rest ot all on the 
stalmont and/ol occastonally consumo organlams ~ l a l  

; IIW In or on IM sea~menl. 

7 I Lnb stages lhal Im in or on sucn inolgon~r SUbslfBlel  6s 
sad. rock, and gravel. bvl n m  neglg~a~e contact WII~ 

! seatmant conrallrtng orgenlc caman. 

tne slsps tnn nnn  nagltg~blc inleractiont w i l m  
sedtment be~auae tfwy smM esrential~ all mrtr U r n  in 
the rator  column sna rarely consume wgan~sm, 1-1 alracl 
contact with the sealmhnt- mat IS louling ocganumr on 
phngs. &him. end SO on. and zoomenwon. palagtc fun. 
IIM so on. 

Th is  compar ison  can be d o n e  chemical b y  
chemical. However,  t o  m a k e  the analys is  m o r e  r o -  
bust. the LCw data  fo r  each chemical-water t y p e  can 
be  norma l i zed  t o  zero log m e a n  a n d  u n i t  l o g  variance 
as fol lows: 

salt water, o n e  c a n  examine  t h e  d is t r ibu t ion  o f  ben- 
the vpe, Pi  ii thic species in a r a n k - o r d e r i n g  of a l l  the species' 

L C ~ ~ ~ .  11 benthic species relatively insensitive, mean a n d  s i  is  the  log standard deviat ion, j indexes 
' , then hey would predominate in rank,ng the the LCw, w i t h i n  t h c  i t h  class, a n d  LC50n.ll i s  the nor -  

larger  LCso concentrat ions. E q u a l  sensit ivi ty \vould mal ized LC5o. This places a l l  the LC505 f r o m  each set ' be  indicated by a U. distr ibution o f  species o f  chemical-water t y p e  On the Same footing. Thus. 

i w i t h i n  the o v e r a l l  ranung. F igure  33 presents t h e  re- the data ran be combined a n d  h e  u n i f o m i h r  of 

t su l ts  f o r  tests of n ickel  in salt water. -The  LC505 are repre~en la t ion  o f  ben th ic  Species c a n  b e  examined in 
p l o t t e d  in r a n k  order, a n d  t h e  ben th ic  species a re  in. the combined data Set. 
dicated. l n f a u n a l  species are a m o n g  the  most tolerant The compar ison I s  made in Figure 34. I f  the 
(left panel), whereas in fauna l  a n d  epibenth ic  specics sensit ivi ty o f  ben th ic  species i s  not unique. t h e n  a 
are u n i f o r m l y  d is t r ibu ted  a m o n g  the species (r ight constant percentage o f  ben th ic  species-normalized 
pancl). LCsos, ind icated by the dashed  line, s h o u l d  b e  repre-  
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sented in each 10-percentile (decilc) interval of data sedimentary organic matter should be slow enough 
for all species. That is, the I0 rectangles in each histo- 10 permit its equilibration as  well. As a consequence. 
gram pl\ould be identical in keight. The infaunal the organisms will be exposed to an equilibrium sys- 
specte: . top panel) display a tendency to be under- tem with a unique chemical potential. Thus, the as- 
represented in the lowest dcciles. However, the in- sumption of the EqP is met by this design. In 
faunal and epibenthic species (bottom panels) more addition, the experimental design guarantees that 
closely follow this idealized distribution. Infaunal t h ~  interstitial water-sediment-overlying water is at 
and epih'nthic freshwater species a? nearly uni- the chemical polential of the overlying water. Hence 
fonnly distributed, whereas the saltwater benthic there is a direct cormspondencc between the expo- 
species are somewhat undcrrepresenhed in the sure in the colonization experiment and the water- 
lowest rank .  only exposures from which WQC are derived, 

Given the 1imtat;ons of these data, they ap- namely, the overlying water chemical concentration. 
pear to indicate that, except for possibly freshwater This allows a direct comparison. 
infaunal species, benthic species are not uniquely 
sensitive or insendiive and that SQC derived by us- Wafer Quality Crlterla (WQC) 
ing Ute FCV should protect benthic speaes. Concentrations Versus Colonlzatlon 
Benthlc Community Colonlzatlon Experiments 
Experiments Comparison of the concentrations of six chemicals 

that had the lowest-observable-effect concentration 
. Toxicity tests that dcteminc the effect5 of chemicals .(LOEC) and [he no-observable-cffed c-l,centration 

On the colonization of comrnunitics of benthic salt- (NOEC) on benthic colonization fvith the FCVs either , water species (68-741 appear to be particularly sensi- published in saltwater portions ot WQC documents .- 
tive at  measuring the impacts of chemicals on benthic or estimated fmm available toxicity data (Table 6) . . -. 
organisms. This is probably because the experiment suggests that the level of protection afforded by 
exposes the most sensitive life stages of a wide vari- WQC to bcnthic organiscss is appropriate, The FCV 
ety of benthic saltwater species,and they are exposed should be lower than the LOEC and lar,:cr than the 
for a su!':rient duration to maximize response. The NOEC. 
test typ~cally includes three concentrations of a . The FCV from the WQC document for pen- 
chemical and a control, each with 6 to 10 replicates. tachlorophenol of 7.9 pg/L is less than the LOEC for 
The test chemical is added to inflowing ambient colonization of 16.0 pg/L. The NOEC of 7.0 ,tg/IL is 
seawater containing planktonic larvae and other life less than the FCV. Although no FCV is available for 
stages of marine orgd. Isms that can settle o n  dean Aroclor 1254, the lowest concentration causing no ef- 
sand in each replicate aquarium. The test typically fects on the shcepshead minnow (Cyprinodon vari- 
lasts tram two to four months, and the number of egatus) and pink shrimp (Penaeus duorarum) as  
specics and individuals in aquaria receiving the cited in the WQC document is tbolit 0.1 wg/L. This 
chemical am enumerated and compared to controls. concentration is less than the LiOEC of 0.6 vg/L and 

~f this test is ixtrrmely and if con. is similar to the NOEC of 0.1 pg/L based on  a nomi- 

;i centrations in interstitial water, overlying water, and rial concentration in a colonization experiment. f h e  
the sediment particles reach equilibrium, then the ef. . lowfit tested with chlorp~rifos (0.1 
fect and noweffect from this test can be and fenvalerate (0.01 PgfL) affected coloniza- 

with the FCV the WQC tion of benthic species. Both values arc greater than 
documents to exainine the applib5ility of WQC t o .  either the FCV estimated for chlorpyrifos (0.005 
protect benthic organisms. An FCV is the mncentra. )'gf L, Or the FCV estimated from acute and chronic 

effeas data for fenvalerate (0.002 pg/L). The draft tion, derived from acute and chronic toxicity data, water quality cdteris document lor ,,S,4-trichld~ . ; that is predicted to protect organisms from chronic robenzena suggesls FCV should bE 50.0 effects of a chemical (81. In addition, similarities in pg,t. nis value is slightly above the LOEC from a sensitivities of taxa tested a s  individual species and colonization experiment pglL) suggesting that in the colonization cxperiment can indicate whether the criterion might be somewhat underpmtective for 
the conclusion of similarity a; tensitivitics of benthic benthic ~i,.,~ll,,, a co~onization 
and water column speaes is reasonable. with toxaphene provides the ,only evidence from 

The benthic colonization experiment is con- these tests that the FCV might be overproteaive for 
sistent with thc assumptions used to dcrive SQC. The benthic species; the FCV is 03 p g / ~  versus the 
initially dean sandy sediment will rapidlv equili- NOEC for colonization of 0.8 vg/L. 
brate with the inflowing overlying water chemical ' 

The taxa most sensitive to chemicals, as'indi- 
concentrafio? as  the Pow water concentrations reach cated by their LCsos and the results of co\onizjtjon 
the overlying water concentration. The production of experiments, are generally similar, although, as  



I T ~ U O  6.- ompa par is on of WQC FCVS end concentrattons at~oc~ing, ~LOEC) and not atlectlng (NOEC) 
benthic colonization. 
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might.be expected, differences occur. Both the WQC 
documents and the colonization experiments suggest 
that crustacea are most sensitive to Aroclor 1254, 
chlorpyrifos, fenvalerate, and toxaphene. Coloniza- 
tion experiments indicated that molluscs are particu- 
larly sensitive to  three chemicals, an 'observation 
noted only for pentachlorophenol i n  WQC docu- 
ments. Fish, which are not tested in colonization ex- 
periments, are particularly sensitive to four of the six 
chemicals. 

Conclusions 
Comparative toxicological data on the acute and 
chronic sensitivities of freshwater and saltwater ben- 
thic species in the ambient WQC documents are lim- 
ited. Acute values are avallable for only 34 
freshwater infaunal species from four phyla and only 
28 saltwater Infaunal species from five phyla. Only 
seven fresh\vater infaunal species and 24 freshwater 
epibenthic species have been tested wi th  five o r  more 
of the 40 WQC chemicals. Similarly, nine saltwater 
infaunal species and 20 epibenthic species have been 
tested with five or more of the 30 substances for 
which saltwater aiteria are available. 

In spite of the paucity of acute toxicity data on 
benthic spccies, available data suggest that benthic 
species are not uniquely sensitive and tliat SQC can 
be derived from WQC. The data suggest that the 
most sensitive infaunal species an: typically less sen- 

sitive than the most sensitive water column (epiben- 
thic and water column) spcaes. When both infaunal 
and epibenthic species are classed as benthic, the sen- 
sitivities o f  benthic and water column species are 
similar, o n  average. Frequency distributions of the 
sensitivities of a l l  spccies to all chemicals indicate 
that infaunal spccies may be relatively inxnsit ive 
but that infaunal and epibenthic species appcar al- 
most evenly distributed among both sensitive and in- 
sensitive species overall. 

Finally, i n  experiments to determine the ef- 
fects of chemicals ot l  colonization of benthic saltwva- 
ter organisms, concentrations affecting colonization 
were generally greater, and concentrations not affect- 
i ng  colonization were gcncrall./ lower, than tttir 
mated o r  actual salhvatsr WQC FCVs. 

GENERATION OF SQC 
~aramet'er Values 
The equation from which SQC are calculated is 

(see Eqns. 2 to 7 and assoha!ed text). Hence, the SQC 
concentration depends only on  these two parame- 
ters. The KOC of the chemical i s  calculated from the 
Kow of the chemical via the regression Equation 11. 



The reliability of ~ ~ ~ ~ d e ~ e n d s  directly on the rcli- 
' 

, 
ability L. K w .  For most chemicals of interest, Lile 
available KOWS (e.g., (75)) are highly variable-a 
range o vvo orders of magnitude is not unusual. 
Therefore the measurement methods and/or e s t h a -  . (ion methodologies used to obtain each estimate 
must be critically evaluated to ensure their validity. 
The technology for measuring Kow has improved in 
recent years. For example, the generator column 176) 
and the slow stirring 173) method appear to give 
comparable results, whereas earlier methods pro- 
duced more variable results. Hence, it is recom- 
mended Lhat literature val -s for KOWS riot be used . 
unless they have been m .itred using the newer 
techniques, 

Measurement of KDW - 
The KOW is defined as  the ratio of the equilibrium 
concentrations of a dissolved substance in a system 
consisting of n-octanol and water and is ideally de- 
pendent only on temperature and pressure: 

where Con is the concentration of the substance in 
n-ctanol and CW is the concentration of the sub- - stance in watcr. The KOW is frequently reported in the 
form of its logarithm to base ten as log P. 

At the EPA Environmental Research Labora- 
tory (ERL) at  Athens, Georgia, three methods were 
selected for measurement and one for estimation of 
&W for the five chemicals for which SQC are being 
developed. The measurement methods were shake- 
centrifugation (SC), generator column (GC), and 
slow-stir-flask (SSF). The estimations were made'us- 
ing the computer expert system SPARC. The discus- 
sion of these methods is adapted from ERLat Athens 
research protocols. 

The SC method [78] is routinely used to meas- 
ure the partitioning of compounds with KOW values 
on  the order of 10' to lo6. The method involves add- 
ing a layer of octanol 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 thc measurements. Equilibra- 
tion is established by gentle agitation and any 
emulsions formed are bmken by centrifugation. The 
concentration in each phase is determined, usually 
bq* a chromatographic method, and the value 
calklated using Equation 35. 

The original GC method, limited to com- 
pounds with Kow values of less than 10'. was modi- 
fied 176) and used to determine Kow values up  to 10'. 
Briefly, the method requires the packing of a 24-rn 
length of tubing with silanized Chromosorb W. Oc- 
tanol, containing the chemical in a known concentra. 

Uon, is then phlled through the dry support by gentle 
::tion until the octanol appearsat the erit of the col- 

..nn. Water is then through the column at a 
rate of less than 2 mL per minute to allow eqdlibra- 
tion of the chemical between the octanol and water. 
f he first 100 mL am discarded followed by collection 
of an amount of water sufficient to  detemine the 
chemical concentration.-The KOW is calculated using 
Equation 35. 

The SSF method 177) achieves equilibrium of 
the compound between oclanol and water by a gen- 
tle stirring of the phases contained in a s&-liter flask. 
One liter aliquot5 uf the aqueous phase 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 samples (usually 
after two to sixdays).The procedure is toset up  thme 
six-litcr f lask in a constant temperature room. Five 
litr-- of water are added to each flask andtthe water 
is 5.1rred with teflon-coated magnetic stir bars over- 
night to achieve temperature equilibration. 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 from a sampling port at the base of 
the flask without disturbing the octanol layer. The 
concentration in each phase is determined, usually 
by a chromatographic method, and the KOW value 
calculated using Equation 35. 

When repetitive measures were mado in thh 
Athens laboratory, a protocol was established to as- 
sure compatibility with future experiments. These 
protocols described the entire experimental scheme 
including planning, sample requirements, experi. 
mental set up and chemical analysis, handling of 
data, and quality assurance. Only established ana- 
iytical methods for solute concentration measure. 
ment 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 proof of identity. 

Standard reference compounds (SRCs) irere 
tested Gith each experiment. SRCs are compounds 
that are used as quality assurance standards and as 
references in inter4aboratory generation of data. The 
value of the process conslant(s) has been established 
by repetitive measurements for an SRC and serves as 
baseline ~nformation for evaluating all experimental 
techniques and all aspects of quality assurance. Be. 
cause the SRC is taken through the entire experimen. 
la1 scheme, its acceptable result assures the 
experimenter that equipment and measurement 
methods are functioning satisfactorily. Table 7 shows 
the logloKow values for endrin, dieldrin, aanap .  
thene, phenantherene, and fluoranthene and the 



Table 7.40glo& valuos measured by shakeeenwifugal~on (SC). Qeneretor column (GC), and 
slowsllr-flmk (SSF) for Endrtn, Dieldrin, Aconspthene. Phsnanthrena. fluoranlheb and 
Concurrently analyzed standard reference compounds. 

CHCMICAL I SC ac I UI 

4.65 4.67 W D R l  I 4.86 

I 5.04 

ACENAPHTHKNF] 3.81 6.18 3.81 

BIPHENYL . 4.06 

8ouroe: U.S. €PA Ennronmenlal Rosearch LeDorelory. Athen8 Qeocgte. 

SRCs, biphenyl and pyrcne, measured at the Athcns centrifugation method for pyrene i s  5.17, These aver- 
laboratory by the SC methods. The SRCs were not age Kows are in good agreement w i t h  the SQC shake- 
measured by the CC or  SSF methods. cenlrifugation measurcrnents for biphenyl and 

The loglo of the average of eight previous pyrene made concurrently with the measuremen! 
measurements of Kow by the shake.centrifugalion for the five chemicals providing quality assurance for 

method for biphenyl is 4.06. The loglo of the average the experimental techniques (see Table 7). 
of I3 previous measurements o f  KO," by the shake- 

a,. . ,  .. . 

I 

. . . . . . .  ... - . . .  -. .......... .- .- 
, . 
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Lfternhrre Kow. An extensive literature seerch 
was performed for the five compounds and two 
standard reference compounds, biphenyl and py- 
.me. Generally, problems encountered in compiling 
and repotting fate constants from published data end 
from databases during a several years have ranged 
from retrieval of misquoted numbers to solution of 
nested citations 1791. Some citations were three or  
more authors removed from the original work or 
contained data referenced as unpublished data or as 
personal communication. The same problems were 
experienced during a ERL, Athens literature search. 
The largest difference in misquoting numbers was six 
orders of magnitude. For these reasons, ERL ob- 
tained data from the primary sources and released 
values only from these primary sourccs. Unpub- 
lished data or data.that originated through personal 
communi&tion were rejected a s  well as data that ,  
were insufficiently documented to determine their 
credibility and applicability or reliability. 

Tables 8 and 9 show the measured and esti- 
mated 10gloK~w values, respectively, retrieved by this , - 
literature search. Each of the measured values ,was 
experimentally determined by the researcher using 
one of several laboratory. methods. The individual 
experimental methods are not identified here.The es- 
timated literahre values were computed by the re- , 
searchers by one of several published techniques. 
The individual computational techniques also are not 
identified here. 

Estimnted KOW. A promising new computa- 
tional method for predicting reactivity is the com- 
puter expert' system. SPARC (SPARC Performs 
Automated Reasoning in Chemistry) being devel- 
oped by ERL's Samuel W. Karickhoff and scientists nt 

! the University of Georgia (1061, The system has the 
capability of crossing chemical boundaries to cover 
all organic chemicals and uses algorithms based on 
fundamental chemical structural theory to estimate 
parameters. Organic chemists have in the past estab- 
lished the types of structural groups or  atomic arrays 
that impart certain types of reactrvity and have de- 
scribed, in  "mechanistic" terms, the.effects on reac- 
tivity of the structural constituents appended to the 
site of reaction. 

Log1oi6w = l~g~d- lwl - lo )  + log,o(Mo/Mw) (38) 
selecting appropriate "mechanistic" modclcclt uses - 
an appmadr that combines principles of quantitative where M,, and Mw are solv&t molecularities of oc. 
sttlrcbre-activity relationships, linear free energy the- tanol and water, respectively SPARC mmputes activ- 
ory (Lm), and perturtred molecular ohital (PMO) ity coeffiaents lor any solve~itlsolute pair lor which 
or quantum chemistry theow In general, SPARC uses the structure parser q n  process the structure codes. 
LFET to compute thermal properties and PMO theory Ultimately, any solventlsolute combination can be 
to describe quantum effects such ;1° deiocalization en- addressed. New solvents can be added as easily as 
ergicsor polaritabilities of pi electrons. solutes by simply providing,a Simplified Molecular 

. -. .- 



Tabla B.-Esl~mated 6gk0& values found in tho 
literatureL 

I 4.84 ! le6l 
. .. . RWRIHIHWEI 4-90 I . 1951 

U.S. EN. Graphrcal 
boosure Mode$ng 1, 4.95 I 
SvE!em IGEMSl 

' 3.05 1871 

3.98 llWl 

4.14 199)' 

4.25 I102) 

4.42 11031 

PYREHE' 11041 

4.88 llosl 
4.90 

5.12 I Q ~ I  

5.22 1901 

5.32 I l O l l  

The Grapfilcel Exposure Modelrng ~ y s l s m ' l ~ ~ ~ ~ )  Is en inter. 
6cItw compute? nyslmrn localed on me V 4 X  Clusler In Ihe Ne. 
Irons1 Cornpuler Csnler In Research Trrangle Perk, North 
Cscolma. undec management of EPA's Offrce 01 Tonc Sub. 
eUncea. PC GEMS Is VIO Veralon for petaonel cornwlers. 

SPARC does not depend on labore!:ry operations . - ? 

conducted on compounds with s t ~ c t l r ~ s  closely re. 
latcd to thai of the solutc of interest, it docs not have 
the inherent problems of phase separation encoun- 
tercd in measuring highly hydrophobic compounds 
(IogioKow > 5). For these compounds, SPARC's corn- 
puled value sl~ould, ther?fore, be more reliable than 
a measured one. Reliable experimental data with 
good documentation are still necessary, however, for 
further testing and validation of SPARC. 

CLOCP [I091 is a computerized program that 
estimates the logiofb~, based .on Leo's 'Fragment 
Constant Method (105). CLOGP provides an estimate 
of I o g ~ o K o ~  using [ragmen! constants (6 )  and struc- 
tural factors (FI) that have ,been empirically derived 
for many molecular groups. The estimated l o g i ~ l i $ ~  
is obtained from the sum of constants and factors for 
each of the molecular subgroups comprising the 
moleculc using Equation 37. 

n 437) 
.. . , . Loglo&".- H (ft + Fi).. . , . ; . - .  - . ... - ..-- . 

i - l  

Thc method assumes that logloKow is a linear addi- 
tive fundion of the stmcture of the solute and itscon- 
stituent parts and that the most important structural 
effects are described bx available factors. The struc- 
ture of the compound ,is specified using the SMILES 
notation. The CLOGP algorithm is included in the 
database QSAR (see Table 10) located at EPA's Envi- 
ronmental Research Laboratory at Duluth, Minne- 
sota. All CLOCP values reported here were obtained 
through QSAR. Table 10 shows the estimated 
logroKow values that wcn computed with SPARC 
and CLOGP. 

Table 10.--QSAR *obteinod Logl~Ho~ values estlmeted 
bv SPARC and CLOGP 

CHEMICAL ' 8PARC C m P  

ENDRlN 5.40 ! 
OILLDRIH 5.40 ' 
ACEWAPIHEHL ! 3.88 ' 4.01 

Interactive Linear Entry System (SMILES) string 1107; PvRENE ( 5.13 f 4.95 
10Bj. Activity coefficients for either solvent or solute 
are computed by solvation models that are built from teract~ve chomr~a~ ~ 8 1 8 0 ~ 0 ~  and hazard e~eeasmen~ tys~em 
structural constituents requiring no data besides thc delrgned 10 DIOVIOC besrc rnforrnelron tor lhc evetuel~on 01 
 structure^. Ihe late ena r l lects of chemrcele rn Ihe envrronmenl. QSAR 

A goal for SPARC i s  tocornprite a value that is wes developed jointly by lhe U.S. €PA Enuronmenlel Re: 
search Laboralory. Dululh. Mlnne~ote. Montana S~e le  Utuver. 

as accurate as a value obtained experimentally for a srty Center for Dele S y ~ ~ e m  end Anelys~s. ana mo Pornone 
fraction of the cost required to measure i t .  Becausc cotrego h!eOrcrnal Chemb61ry Projecl. 



Selection. investigators selected SSF de- To compute IogloKaw the variables. ENDRIN, 
rived bw values to derive the KM to celculate SQC . . . SPARC, are set to either 0 or 1 and the appropriate 
concentrations because SSF is the superior method coefficient for the fhemical and method that corm- 
for chemicals with low and high )iaw values, has the sponds to the particular Kow measumrrftnt or esti- 
least statistical bias, and is highly.reproducible. Use mate is selected. Table 12 present! the model KOW 

.of values from one method provides consistency rcsults and bias contributed by cach method. Shake 
across chemicals. This choice was made after an centrifugation and SPARC estimates provide the 
analysis of the Kow values generated by the three grcatest bias, fallowcd by the generator column 
measurement methods discussed above (CC, SC, and method. Slow-abr-flask provides the least bias. Slow- 
SSF) and the SPARC estrmation mcthod for the f ~ v e  stir-flask was chosen as the method to use to deter- 
chcmicals lor whirh SQC are currently being devel- mine KOW for use in computing SQC since it appears 
oped (acenaphthene, dieldrin, endrin, fluoranthene, to have the least bias. In addition, it exhibits s~milar 
and phenanthrene). Kows were measured with repeat variab~lity to the shake centrifugation method and 
experiments and a mean Kow was computed for each less variability than the generator column method. 
method, for each chemical (Table 11). 

The mean mcasured KOWS and the SPARC esti. 
matio nethod provlde similar Kow estimates. To se- Tablo 12,--Mo6el results to determ~ne niethod bras 
lect a tlnal KOW for computing the SQC, the lour 
methods were compared and the bias of each method C O S ~ C I C H ~  1 ~SFIMLIC OF kw OR B ~ M  FOR I VALUE 

wcre quantified. @ias is defined as the mcan differ- 
ence between the best-fit estimate of Kow using all 
four methods and the estimates from cdch method,) 
Figure 35 presents the mean mcasured Kotvs for cach 
chemical and the range of values. SC tends to estimate . 

- 'lower values while the GC mcthod estimates hlghcr 
values. CC values exhibit greater variability than the 
SC and SSF values. SSF estimates of KOWS wcre gener- 
ally within the range of the SC and CC rncthods. 

A statistical analysrs of the three measure- 
ment methods and SPARC method was performed. 
The following h e a r  model was used to compute es- 
timates of Kow for each chemical (represented by El ,  
E2, E3, E4, E5) and the b~ases contributed by each of 
the estimation methods (represented by 81, 82, B3, 
B4). The regression modal is as follows: 

to81dbw = E l  . Endrln + 
€2 D~eldrln + 
€3 Acenaphtnene + &: Detertni~rntion. The previous section dls- 
E 5  - Fluoranlhano + cusses selectwag the method for measuring Kows for 

use in computing SQC. It is widely accepted that Kocs 
81 Sheke Centrlfugatcon + can be eshmated from KOW. The Koc used to calculate 
82 Generator Column + 
83 s~owst~r-flash the sed~ment quality criteria is based on the regrcs. 
04 SPARC sion of logi0Koc to logloibrv, Equation 11. 

Table a-& as measured by the €PA Ennronmcnlal Laboratory 81 Athens. GA 

LOgtoKor, (NUMBER OF 00 tRMINAl lO) (S)  

CHEMICAL SnU6 CINlRlFlCMlDW ' OCNLRATOR COLUMN 8LOW 8TIR flldll 

DlRORlN 

ACLNAPrnHUtL 

PHZNAMHREHL 

IWORANlHLWE 



Rpurr 36.--Laboratory Kor values for five chemicals using three experlmenlal methods wlth replicalion. &,, values were ., .- 
.measured at the Environmental Research Laboratory. Athens. GA. For each chem~cal the average of the melhods IS ~nd~calod . 
by 0 for shake centrifuget~on, afar slow ellr flask and for generator column. ~ a h g e s  aro indicated by I.' 

This equation is based on any analysis of an 
extensive body of experimental data for a wide rangc 
of compound types and experimental conditions, 
thus encornpassing a wide range of Kows and jots. 

Sediment toxicity tests provide a favorable 
environment for measuring Kow. Figures 24 and 25 
presented plots of the organic ~lban-normalized sop 
tion isotherm fmm sediment toxicity tesls for the five 
chemicals where the sediment concentration (pgl g oc) 
is plotted versus pore watcr concentration (11glL). 
Also included in each panel is the line to the partl- 
t ~ o n ,  Equation 16, where KOC is computed from the 
slow-stir flask Kow values. These plots can be used to 
compare the Koc computcd from laboratory deter- 
mined Kow and thc regression equation wtth the par- 
titioning behavior of the chemical in the sediment 
toxicity tests. For each of the chemipls the KO< line is 
in agreement with the data demonstrating the valid. 
ity of the use of the slow-stir flask KOW in the SQC 
computation. 

Spedes Sensltlvlty 
The FCV is  used a s  the appropriate end point for the 
prolection of  benthic organisms. Therefore, its appli- 
cability to benthic spedes for each chemical should 
be  verilied.The previous work has indicated that this 
is a reasonable assumption across all criteria chemi- 
cals. To test this assumption for a particular chemical 
a statistical method known as Approximate Ran- 
domization [110] is applied to each chemical. The 
idea i s  to test whether the difference between the fi-  
nal acute value (FAV) derived from considering only 

benthic organisms is statisticall;' different from the 
FAV.contained in the Water Quality Criteria (Wac).  

The Approximate ~andomization method 
tests the significance level of the test statistic by corn- 
paring it to ttie' distribution of statistics generated 
from many random reordering5 of thc LCso values. 
For example, the, test statistic in this case is the differ- 
ence behveen'the WQC FAY computed from the 
WQC LCso valu'es, and the benthic FAV, computed 
from the benthic,organism LC% values. Note that the 
benthic organism, LCso values are a subset of thc 
WQC LC50 values. In the Approximate Randomiza- 
tion method tor this test, the number of data points 
coinciding with the number of benthic organisms are 
selected from the WQC data set. A "benthic" FAV is , 
computed. The original WQC FAV and the "benthic" 
FAV are then used to compute the difference statis. 
tics. This is ,done  nrany times and the distribution 
that results is'representative of the population of FAV 
diflerence statistics. The test statistic is compared to 
this distribution to determine its level of significance. 

For each chemical, an initial test of the differ- 
cn? between the freshwater and salhvater FAVs for 
all species (water column and benthic) is performed. 
The probabilityidistribution of the FAV differences 
for fluoranthene are shown in the lop panel of Figure 
37. The horizontal line tlrat crosses the distribution is 
the test statistic computed from the original WQC 
and benthic FAYS. For fluoranthene, the test statistic 
falls at the 78th percentile. Since the probability 'is 
less than 95,pcrcent. the hypothesis of no significant 
difference in scrisitivity is accepted. 



, Since freshwater and saltwater species show 
similar sensitivity, a test of difference in sensitivity 
for benthic and WQC organlsmscombining freshwa- 
ter and saltwater species can be made. The bottom 
panel of Figure 36 represents the bootstrap analysis 

' to test the hypothesis of no difference in scnsit~vity 
behveen benthic and WQC organisms for fluoran- 
thenc. The test statistic for this analysis falls at the 
74th percentile and the hypothesis of no difference in 
sensihvity is accepted. 

Table 13 presents the Approximate Randorni- 
ration analysis for five chemicals for which SQC 
documents arc being developed. Four chemicals, 
(acenaphthene, phnnanthrenc, nuoranlhene and 
dieldrin) indicate that there is n3 difference in sensi- 
tivity for freshwater and saltwater species. The test 
for endrin foils at the 99 percentile which indicates 
that FAVr for freshwater and saltwater are different. 
Therefore, separate analyses for the freshwater and 
saltwater organisms are performed. 

Table 14 presents the results of the statistical 
analysis for each chemical for benthic organisms and 
WQC organisms. In all cases the hypothesis of no differ- 
ence in sensitivity is accepted. Therefom, for each indi- 
vidual chemical the WQC~S accepted as the appropriate 
effects concenhations for benthic ogariisms. . 

Quantification of Uncertainty 
Assoclated wlth SQC 

r The uncertainty in the SQC can be estimated from 
the degee to which the equilibrium partitioning 
model, which is the basis for the criteria, can rational- 
ize the available sediment toxicity data. The EqP 
model asscrb that (1) the bioavailability of nonionic 
organic chemicals from sediments is equal on an or- 
nanic carbon basis; and (2) that the effects concentra- .. 
tion in sediment &n be'ebtirnated from the produn 
of the effects concentration from water-only cxpo- 
sures and the partition coefficient KOC. The uncer- 
tainty associated with the sediment quality criteria 
can be obtained from a quantitative estimate of the 
degree to which the available data support lhese 
assertions. 

Rgure 36.--Probability d~strlbutlons of randomly generated 
differences between saltwater FAVs and freshwater FAVs 
(tog panel) and randomly generated 'ferences between 
WQC FAVs and benVllc FAVs lbottom ~rnel) using me A p  
prox~mate Randomization method. Horizonla1 line ,In both 
panels Indicates tne lest stetlstlc wh~ch is  the FAV differ. 
erne from ong~nal LC60 dale 8818. 

.The data used in the uncertainty analysis are 
the water-only 'and sediment toxicity tests that have 
been conducted in support of the sediment criteria 
development effort. A listing of the data sources used 
in the EqP uncertainty analysis is presented in Table 
15. These freshwater and saltwater tests span a range 
of .:hemicals and organisms; they include both water- 
onjy and sediment exposures, and they are replicated 
within each chcmical~organism~exposure media 

Table 13,-A~wox1mate randomization analvsis froshweler versus saltwater onanlrms. 
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Tabla 14.-Approxrmate randomlratlon enalyscs benthic versus WQC organisms. 
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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. If the EqP model were perfect, then 
there would be only experimental error. Therefore, 
the uncertainty associated with the use of EqP is the 
variance associated with varying exposure media. 

Sediment and water only LCw, arc computed 
from the sediment and water-only toxicity tests. The 
EqP model can be used to normalize the data in order 
to put  it on a common basis. The LCso from water- 
only exposures, LCsow (brg/L), is related to the LCw 
lor sediment on an organic carbon basis, LCSO~OC 
(rcg/goc) via the partitioning equation: 

7 1 

. . . , 
Table 18,-Data for uncerta~nty analysis number of replcates/fw. 

I .  
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The Eql' niodel asscris that the toxjcity of sedi- 
ments expressed on an organic carbon basis equals lodc- 
ity in water-only tests multiplied by the KW Therefore.. 
either LCso~,oc (pg/goc), from sediment toxicity e x -  
periments or Koc x L C s k  ( ~ g i g o c ) ,  are estimates of 
the true LCw, for this chemical-organism pair. 

3l314 
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In this analysis, the accuracy of Koc is not 
treated separately. Any error associated with KOC will 
be reflected in the uncertainty attributed to varying 
the exposure media. 

In order tolperform an analysis of variance. a 
model of the random variations is required. As dis. 
cussed above, experinlents that x e k  to validate 
Equation 38 are subjed to various sources of random 
variations. A number of chemicals and organisms 
have been tested. Each chemical-organism p a ~ r  was 
tested in water-only exposures and in different sedi- 
ments. Let a represent the random variation due to 
the varying exposure media. Also, each experiment 
was replicated. Let represent the random \lariation 
due to replication: If the mode) were perfect, there 
would be n o  random Variation other than that result- 
ing from the experimental error which is reflected in 
the replications. Thus, u represenis the uncertair~ty 
due to the approximations inherrnt in the mydel;an! 
r represents the experimental error..Let oJ and or' 
be the variances of these random variables. Let i in- 
dex a specific chemical.organism pair. Let j index the 

t Hv * Hvrkllr Am r Rhtpoxplur La m Leplwhrl1u6 Eo a Eohrualorlu~ 
I 
t ~ m t a  aouice~: enann (20,21,52). aoibnn (53) fluo~nthene 1101, accnapntnene (56) pnenan~nrene l561. 
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exposun? media, water-only, or the individual sedi- 
ments. Let k index thc replication of the experiment. 
Then the equation that describes this rclntionship is 

where Ln(LC~ali,~k. are either l n ( 1 . C ~ ~ )  or 
In(LCsopw) corresponding to a water-only or scdi- 
ment exposurc; p,s are the population of in(LCs6) for 
chemical-organism pair i. The error structure is as. 
.sumed to be lognormal which comesponds to assum- 
ing that the errors are proportional to  the means, for 
exd qle, 20 percent; rather than absohtc quantities, 
for example, 1 mg/L. The statistical problem is to es- 

5 2 timate vi and the variances o the modcl error, oo , 
and the measurement error, at . The maxlrnum likeli- 
hood method is used to marte thesc estimates 1109). 
The results are shown in Table 16. 

. . . . Table i6.dnalys1s of variance for derlvallon of 
critene conhdencn l~mils. 

-- - - - - - -1 VALUE 
I U R C E  OF UWCCRWNW ! P U A Y I I U  IiSOOI 

LIPOsure rnea1a I 
, aa 1 0.30 

R I D I I S ~ ~ I O ~  
I 
! 0, I 0.21 

Sealman1 O o a l l ~  Crilerla i , 0% ! 0.39 

Note inn1 95QC - 0. tho varlabtrty aue to EqP 

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

The confidence limits arc given in Table 17. 

Minimum Requirements to-, - - -  , - 
Compute SQC ' 

It has been demonstrated that the computation of 
sediment quality criteria for a particular chemical re- 
quires key parameter values as well as  evldentc that 
EqP is applicable for a particular chemical- Minimum 
requirrinents tor these parameters arc warranted so 
that they provide the leveCof protcdion intended by 
SQC and that a n  within the limits of uncertainty set 
forth in this docurncnt. This section outlines mini- 

'mum data rcquirements and guidance for deriving 
them. T h ~ s  is a ncccssary step to devclop reliable pa- 
rameters to be used in computing SQC. The mini. 
mum requirements for an EqP based SC arc as 
follows. 

* Octanol-Water Partition Coefficient (Kow) 

* Final chronic value (FCV) 

Sediment ~ o x i o t y  Tests 

Procedures to ensure that these data meet assump- 
The last line of Table 16 i s  the uncertainty as. tions of the EqP approach will also be addrosed. 

sociated with the SQC, that is, the variance associ- Laboratory octnnol-water ynrtition coeffictent. 
ated with the exposure media variability. The KO, data developed by the slow stir flask measurn- 
confidence liniils for the SQC are computed using ment technique is required. This method has been 
this uncen. .~ty for SQC. 'For the 95 percent confi- shown to protiide the least amount of variability and 

7aMe 17.-SWimenl quality criter~s confidence limits for ttve chern~cals. 
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the least bias when comparikns of Ibw estimation 
techtliques were done for KOWS derived for the five 
chemicals for which SQC have been developed. A 
miriimum of three KOW values are required. These 
values may be taken from the lilerature provided 
that methods followed yield a degree of confidence 
similar to that provided by the methodology used by 
EPA to,derive KOW values. 
. If slow stirk flask Kaw values d o  not exist then , 

laboratory experiments must, be conducted. Meas 
urcments of Kow done at the EPA ERL, Athens, Geor- 
gia were presented, At a minimum, these procedures 
are recommended. EPA laboratory, procedures in. 
clude a quality assurance and cqt~trol plan. Thc plan 

' indudes testing the c o m p o ~ ~ n d  by spectroscopic , 

means ,to ensure ils identity and, purity as well as 
running concurrent KOW measurements of reference 
compounds which have Kows that have been 
verified. 

' 

Firrnl clrronic vnke. The FCV is computed as 
part of the derivation of the water quality criteria for . 
.a compound, and is defined as the quotient of the Fi- 
nal Amte Value (FAV) and the Final Acutd-Chronic 
Ratio (8). The data required to compute the WQC 
,FCV are water-only toxicity tests for'a variety of or. 
ganisms mecting minimum data base requirements. 
The FCV computation and minimum database re- 
quirements are presented in the EPA document 
which describes methods to be used ;in deriving na- 
tional ambient WQC (8). 

WQC are based on an assessment of a =om- 
pound's acute and chronic toxicity for organisms rep- 
resenting a range of sensitivities, most importantly 
most sensitive organisms; This is appropriate since 
the objective of WQC is to set limits based.on the best 
estimate of organism se~tsitivity. The toxicity data 
base should therefore include all available data that 
meets requiremenfs. That is, a complete search, re- 
trieval and review for any applicable data must be 
conducted, to locate all preexisting toxicity data. For 
some compounds a WQC, FCV may exist which 
would provide a significant amount of toxicity data. 
Literature searches are recommended to locate other 
sources of toxicity data. I 

A reevaluaticn of a n  already existing FCV is 
warranted because data post dating publicatiun of 
the national FCV can be incorporated into the FCV 
value. Also minimum database requirements have 
changed since some WQC have been ;published* For 
those compounds for which WQC FCVsldo not exist, 
compiled toxicity data are evaluated !to see if mini-, 
mum data requirements as put forth by EPA (8) are 
met. If s o  a n  FCV could then be computed. If there is 
not enough water only toxicity data to compute an 
FCVadditional water only tests will bk mnducted so 
that there is enough,data to satisfy minimum datfi- 
base requirements. 

Sediment toxicity test. ~enfication of applica- 
bility of EqP theory is required for each compound. 
Sediment toxicity testslcan be used lor this. These 
llests provide a sedimentbased LCso. Companson of 
the EqP predicted LC50 with the sediment LCso con- 
centration is direct mnfirmation of the EqP approach. 
The validity of EqP is confirmed when thc toxicity 
test results fall within, the limits of uncertainty deter- 
mined in this document. 

Guidelines tor conducting sediment toxicity 
tests ensure that the tests are uniform and an? de- 
signed to incorporae ,the assumptions of. EqR lhese 
tests must represent a range of organic carbon con- 
tent and include organisms that exhibit sensitivity to 
the chemical in question. The range of organic carbon 
must be no less than a factor of 3 and a factor of 10 is 
recommended. Organic carbon content shuld be no 
less thnn 0 2  perccnt.!Replicated toxicity tests for at 
least two sediments are required. Organisins to be 
used in the'sediment toxicity tests are benthic ani- 
mals which are most sensitive to the compound in 
question. Guidelines on appropriare selection of ben- 
thic organisms is given in the American Sodety for 
Tcsting and Materials annual handbook /111i. ' 

Several studies are required as part of sedi- 
ment toxicity testing. A water-only flow through test 
is required. Water-only tests are run for five concen- 
trations of the compound in question and a contml. 
The endpoint of intere'st:is the 10-day mortality of the 

' ,test species. This value will be compared io the pore 
water and sediment mortality from the sediment 
spiking tests discussed next. 

Two sediment sp,iking tests are required. The 
first test is for the purpose of identifying sediment 

) spiking concentrations:so that pore water concentra- 
tions in spiked sediments bracket the LCso deter- 
mined in the water-only test. In addition. this test is 
done ' to  determine the time-tq-equilibrium of the 
cotnpound between thc pore water and sediment. 

1 Sorption equilibrium, and assumption of Eqr theory, 
is essential for valid porewater and sediment 
concentrations. 

Three spiking treatments are recommended 
for this first test: loiv, medium and high concentra- 
tion. The amount of compound to add to each heat- 
ment is calculated usiridthe initial chemical weight. 
the X total organic carbon (TOC), % dry weight and 
total voiume of spiked sediment. The resu!ts are sedi- 
ment concentrations that bracket the predicted LCMI 
estimated from the wateronly LCw (,rg/L) and&. 
'Samples for chemical analyses in bulk sediment and 

. pore \valet are collected- at various Lime intervals. 
Nominal sediment spike concentrations, measured 
sediment TOC and measured and EqP-prddicted 
compound cmncentra!ions in sediments and pow wa- 
ters arc obtained for each sample period to establish 
time-to-equllibriun~ and to verify that spiking pm- 
duces the appropriate concentrations in the pore 
water. . 



In 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 s e d i ~ e n t  
LC50. The amount of comp~lrnd for spiking is based 

. ' on similar computations as in the first sediment spik- 
ing experiment. Each treatment (sediment by concen- 
tration) is held for the appropriate time based on 
time to equilibrium established in the first spiking 
test. Day 0 samples are taken for sediment and pore 
water analyses. Then organisms are placed in rcpli- 
cated beakers and ID-day sediment toxicity tests with 
the equilibrated spiked sediments are conducted. 
Eight replicates for each treatment are required. Four 
replicates are used for day 10 sediment and pore 
water analyses while the remaining four replicates 
arc used to assess organism mortality. 

These experiments provide 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 1 and 8.numerator) to the observed toxic. 

. . .. ity (Equation 1 and 8 denominator). That is, the va- 
lidity of EqP for a chemical is confirmed when the 
pore water and sediment toxic units fall within the 
limits of uncertainty determined in this document. 

Annlytiurl procedures. The purpose of these 
. procedums is to verify that: 

$he WQC FCV applies to benthicorganisms 

the f& from the slow stir flask KOW is an 
accurate estimate of KOW 

A test that the WQC FCV, which is applicable 
to the most sensitive'waler column organisms, is  ap- 
pl io  to the most sensitive benthic orgnaisms is 
needed for each chemical. In computing SQC tor en. 
drin, dieldrin, acenapthene, phenanthrene . and 
fluoranthene, the Ap~roximate Randomization test 
was applied. This is a statistical test to compare the 
WQC toxicity database to benthic organism toxicity. 
The methodology is  resented previously. If  it is 
found that benthic organisms exhibit similar or less 
sensitivity to a chemical than those organisms used 
to compute WQC, then the WQC FCV can be applied 
in computing an SQC. If benthic organisms exhibit a 
greater sensitivity than the WQC orgnaisms then tox- 
icity experiments foi 'vnthic organisms are required.. 

A check on tnc laboratory KW must be done 
by comparing it to the Kac conlputed from sediment 
torility tests. Pore water and sediment concentra- 
tions from the sediment toxiaty test provide data 
nemssaiy to compute KM. This KOC is then compared 
to the Koc from the slow stir flask &a. 

'Lastly, when a site's svdiments are being stud- 
ied I check to show that the SQC applies to the site is 
ne t -~ed .  National SQC may be under or over protec- 

tive if 1) the species at the site are more or less sensi- 
tive than those included in the data.set used to derive 
SQC or  2) the sediment quality characteristics of the 
site alter the bioavailability predicted by EqPand. . r l -  
timately, the predicted toxicity of the sediment 
bound chemical. Therefore. it is appropriare that site- 
specific guideline5 procedures address each of these 
conditions separately, as well as  joirltly. Methods to 
determine the applicability of national SQC to a site 
and to deternine site specific SQC if needed are pre- 
sented in the EPA guidelines document for deriving 
site specific sediment criteria 1112). 

Conclusion. Minimu111 database and analyti- 
cal requirements must be set w. .?n deriving national 
sedilhent aiteria. The reasons ior this is  trr.ofold. 
First, the requirements provide that a level of protec- 
tion intended by the criteria are met. Secondly, the re- 
quirements provide that parameters used to compute 
the criteria satisfy assumptions underlying the EqP 
theory The kcy requircd parameters are &,,. using 
the slo\r stir flask measuremer: method, the WQC 
FCV and sediment toxicity tesls. Procedures to verify ' 

that these values are appropriate to use in the SQC 
computation ace also required. It must be shown that 
the FCV is protective of benthic organisms. Confi- 
dence in the Km must also be established by compar- , . 
ing the KOW to the observed KW in sediment toxicity 
tests. Individual sites may exhibit greater or lesser 
toxicity to a chemical than that predicted by SQC to 
an individual site. EPA pmcedureito test this as well 
as to compute site specific SQC are available. 

Example Calculations 
Equation 33 can be used to compute SQCW for a range 
of KOWS and FCVs. The results for several chemicals are 
shown in Figure 38 in the form of a nomograph. The-di- 
agonal I~nes are for constant FCVs as indicated. The ab- 
sdssa is logloKow. For example, if a chemical has an 
FCV of 1.0 pg/L and a iogld(aw of 4, so that KoH. = 
10'. the loglo SQCM is approximately 1 and the SQC 
= 10' 1 10.0 ,cg chemical / g  organic carbon. 

As can be seen, the relationsh~ps between 
SQCoc and the parameters that determine its magni- 
tude, Knw and FCV, are essentially linear on a log-log 
basis. For a constant FCV, a YO-fold increase in bw 
(one log unit) increases the SQCw by approximately 
10-fold (one log unit) beceusc KK also i n o a s e s  ap. 
proxinrately 10.fold. Thus, chemicals with stnt;iar 
FCVs will have larger S Q b c s  ii their KOWS are larger. 

The chemicals listed in Figure 3? have been 
chosen to ilustrate the SQCw concentrations that re- 
sult fpm applying the EqP method. T h e  water qual- 
itv conc~ntrations are the FCVs (not the final residue 
values) computed a5 part of the development of 5QC 
for acpnaphthene, endrin. henanthrene, dieldrin 
and fluoranthene or from 1 raft or published EPA 
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WQC documents (see Table 4) fbr the rernaini:~g magnitude. ~ h e ~ m o s t  shit&ent SQC=.in this Cxam- 
chemicals plotted. Measurement of Kows for ace- , : .ple is lo r  chlordane, a chemical with one of the low- 
naphthene, endrin, phenanthrene, dieldrin r r ld  . ' est Kows among the chemicals w i th  an FCV of 
fluoranthene are from the slow stir flask method as " ,  approximately 0.01 pg/iL. 
previously presented. The KOWS for the remaining . By'contrast:therPAHs included in this exam- 
chemicals are the log averages of the values reported p1e have a range o f  FCVS and kFrs of approximately 5 , .  T 
in the Log P database.(75]. While the SQCS for ace. older of magnitude. But Ulese values var); in. 
napthene. endrin, phenanthrene, fluoranthene and versely: ~h~ chemical w i th  tire larger FCV hds a 
dieldrin meet the minimum ,database requirements .smaller K~,,.. m e  is that the S Q C ~ ,  arp ap. 

If 
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presented in the previous section; SQCS for the re- 

' .proximately the same, 2.10 ,,g/g organic rnrbon. 
maining chemicals am for i l lus t rat ive 'pur~ows - 

C!asses of chemicals for which the effeas concentfa. 
and  should not be considered final SQC values. Final tiois decrease logarithmially with increasing K ~ ~ ~ ,  
SQC, when published, qhould refled the best current . for chemicals that am (1131, w i ~  
information for both FCV and Kow. have SQC that are more nearly constant. 

The FCVs that are available for nonionic or- 

the KOWS of these chemicals span over two ordcrs of 

. . 



SQ~pncentrations and the actual concentration lev- 
els cbserved in the sediments of U.S. surface water 
bodies. Three separate databases were examined: 

b BPA's STORFT database IIl4], 
/ 

NOAA's National Status and Trends data- 
base, which focused on water bodies in 
coastal areas 1471, and the 

Corps of Engineers database for. San Fran- 
cisco Bay [llb]. 

The data that were retrieved have been sum- 
marized on probability graphs that are presented in 
the subsections that follow for each of the data 
sources. A large proportion of the observations are 
below detection limit values and indicate only that 
the actual concentration is unknown. but less than 
the concentration plotted. These data are plotted 
with a "less than" symbol. As a result, the probability 
plots should not be interpreted as representations of 
.the actual probability distribution of the monitored 
samples. They do, however, provide a useful visual 
indication of the range of concentration levels of the 
study chemicals in natural sediments. 

A suggestion ot  the probable extent to which 
problem sediments might be encountered is pro- 
vided by the plot overlay showing the SQC concen- 
tration developed by this research. In the case of the 
STORET data, the SQC is shown as a band because 
this !OC is not reported. The lines represent the SQC 
for between an /oc = 1 to 10 percent. The other two 
data bases provide the necessary information on 
sediment organic carbon levels, and the results have 
been pmperly normalized. 

Some salient features of the available field 
data displayed by the plots are summarized in Table 
IS. The SQC concentration is listed for each ot the 
five criteria chemicals, together with the number of 
samples and the approximate percentage of the Sam- 
ples that exceed the SQC. The table also lists the sedi- 
ment concentrations that are exceeded by 10,5, and 1 
percent of the measurements. 

We recognize that the tabulated information 
represents only approximate estimates, because of 
the presenm of large numbers ot dc' xion limit val- 
ues. Nevertheless, it provides what \ ionsider to be 
a reliable expectation that only a small percentage of 
sediment sites in the databases, less than 5 percent, 
will have concentrations that cxcecd the SQC levels.' 

We did not attempt a more .trous analysis 
to provide a more definitive characterization of the 
spatial and teniporal features of the database. Some 
of the recorded data clearly represent multiple sam- 
ples at a particular site. The very high observed con- 
centrations are relatively few in absolute number and 
may reflect multiple samples al one or a [esv part~nt- 

larly contaminated sites. Somc of the probability 
plots also show a discontinuity at the high end. This 
is particularly true of the Corps of Engineers data 
that pool results from a limited number of stations in 
San Francisco Bay. Until a more detailed analysis is 
performed, the results of the preliminary screening 
should be considered approximate, upper bound es- 
timates of the probable,prevalence of sedimont sites 
that may exceed the SQC. 

SrORET data. A STORET data rebieval was 
performed to obtain a preliminary assessment of the 
concentrations of the criteria chemicals in the scdl. 
ments of the nation's waterbodies. The data retrieved 
was restricted to samples measured in the penod 
1986 to 1990. The selection of this recent period elimr. 
nated much of the older data with the higher detec- 
tiun limits to provide a more accurate indication of 
current conditions. Log probability plots concentra- 
tions are shown in Figures.38 and 39. Concenttations 
are shown on a dry weight basis, because s. .:merit 
organic carbon is not reported. The SQCs are com- 
puted on the basis of a sediment organic carbon con- 
tent (lor) of 1 percent and 10 percent, which is the 
typical range for inland sediments.The STORET data 
distinguishes between the type of waterbody, and 
separate displays are provided for stations on 
streams, lakes, and estuanas. 

The PAH data are shown in Figure 38. The to- 
tal number of samples, and the number of detected 
samples are indicated on the figures. The plotted 
points are restricted to a subset of the total number of 
samples, so that the plots are legible. A few samples 
with detected concentrations, the solid symbols, ex- 
ceed the SQC for /& = 1 percent, and fewer exceed 
the SQC tor ~ O C  = 10 percent. The nondetected data, 
plotted at the detection limit with "<", are below the 
value indicated on the plot. In fact with nondetected 
data included in the probability plot, the actual plot- 
ting positions of the detected data is uncertain, since 
the nondetected data may in fact occupy plotting po- 
sitions further to the left, at lorvcr probabilities. Thus 
the exceedence pmbabillhes for the detected data are 
at least as large as is indicated on the r;>ts. Approxi- 
mately 5 percent or less of thc detecteu samples ex- 
ceed thej~c = 1 percent SQC. 

The data for endrin and dieldrin are sh0k.n in 
Figure 39. Similar results are obtained. Less than 3 
percent of the detected dieldrin and cndrin samples 
exceed the lower SQC. 

Nationnl Status nrtd 7kends Pmgrnm data. 
NOAA's National Status and Trends Program dcvel. 
oped a database on the quality of marine sediments 
focusing on estuarine and mastal sites that a n  not in 
close proximiti to known sources of contamination 
1116). Figure 40 displays the distribution of sediment 
concentrations from the National Status and Trends 
Program sites for four of thc five criteria chemicals 
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(endrin concentrations were not measured). Sedi- 
ment organic carbon concentrations were measured 
in this program, and ranged from less than 0.20 to 
16.2 percent. The availability of fa permits the plots 
to display both observed concentrations and the SQC 
value using organic carbon normalization. 

Results are displayed in the plots for all sam- 
ples (open symbols) and for the subset that contained 
organic carbon fradions greater than 0.2 percent. the 
limit of applicability for the EqP derived SQC (filled 
symbols). The EqP dcrived SQC is  applicable lo thc 
75 to 85 percent of all sediment samples that have.ks 
grealer than 02 percent. However, there is only a 
nominal effect on estimates of the percentage of thc 

samples that exceed the SQC, depend~ng on whether 
the full set, or the subset of samples is considered. 
Approximately one half a percent of subpet samples 
exceed the phenanthrene and fluoranthene SQC, 
whcrcas none of the other SQC arc exceeded. The 
fractions are not greatly increased It the SQC are ap- 
plied to all samples. 

Corps of Efrgbreers data. A set of data from the 
U.S. Army Corps of Engineers monitoring program 
tor a number of locations in various parts of San Fran- 
cisco Bay has been analyzed. Table 19 identifies the 
locations sampled, the number of observations at 
each slte and the period dunng which the results 
were obtained. Thcse data were collected to examine 





0 1  1 

ID ao so M w w 99 o 

PROBABLKY PROBABlLnY 

Flgurs 39.-companson of sediment quality critena for sediments contacntng 1 percent and 10 percent organ~c carbon to 
the dlstribullons of two sedlment pestlclde concentrattons from Ule U.S. EPA S l O R R  Database. Data are from 1986 to 
1990. Samples above the detectcon ltmlt (filled symbols) and samples less than the Oelactlon ltmtl (less than symbols) aro 
shown. Oata from U.S. EPA (1141. 

TeUe 18.-San Francisco Bey sed~ment samples. 
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Flgure 40.--Comparison of sediment quality cnteria to the dislributions of acenaphthone, fluoranthene. dieldrin. and phen 
anlhrene organic carbon normallzed sediment concentrations from NOW'S National St8tus and Trends Program. Data are 
from 1984 to 1989. Sampes with organic camon greater than 0.2 percent (filled symbols) and samplos for all organlc cafb 
on conlonts (open symbols) are shown. Data from NOAA 1471. 

the quality of dredged sediments in order to deter- 
mine their suitability for open water disposal. The 
database did not indicate what determinations were 
made concerning their acceptability for this purpose. 

Investigators campared the frequency of occur- 
rence (in individual samples, not dredge sites) with the 
SQC criteria developed using the EqP methodology. 
The major portion (93 percent) of the samples analyzed 
had organic carbon fractions greater than 0.2 pereent, 
for which the SQC concentrations are applicable. The 

"concentrations of each chemical measurcd in these 
sediments was  normalized by the organic carbon con- 
tent and the results are displayed below as probability 
plots to illustr,~ the hquency at which different levels 
are observed. I,~5ults are presented for the five criteria 
chemicals. A horizontal line at the concentration value 
of the SQC provides a reference that indicates thc rela- 
tionship between observed range of quality and the 
SQC for each,chemical. 

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

tained concentrations .in excess of the sediment 
quality. It is informative to note that the small set of 
very high concentrations are nearly all from one sam- 
ple site (Treasure Island). These samples are respon- 
sible for the discontinuous pattern of the frequency 
distribution. 

Figure 42 presents the monitoring program 
results for the two pesticides in the same format. In 
this case, virtually all of the samples wcre less than 
the varying detection limits of the analytical tests. 
Each of the samples for which actual measurements 
were obtained were at least an order of magnitude 
lower than the SQC. An cstimatc of the possible [re- 
quency distribution of sediment concentrations of 
dieldrin and endrin was developed by thc applica- 
tion of an analysis technique that accounts for the 
varying detection limits and the presence of nonde- 
tected observations 1117). The results are illustrated 
by the straight line, which suggests that no apprecia- 
ble number of exceedences is expected. However, thc 
virtual absence of detected concentrations makes the 







Research Needs 
The final validation of SQC will come fmm field 
studies that are designed to evaluate the extent to 
which biologicel effects can be predicted from SQC. 

, .  The colonization experiments (Table 6) are a labora- 
tory simulalion of a field validation. Sediment qual- 
ity criteria can possibly be validated more easily than 
WQC because determining the organism exposure is 
more straightforward. The benthic population expo- 
sure is quantified by the organic carbon-normalized 
sediment concentration. 

It has been suggested that the kinetics of PAH 
I 

desorption from sediments control the chemical body 
t burden of a benthic amphipod 1118). The extent to 
I 
! 

. which kinetics can be important in field situations is 

I unknown at present, and fieid studies would be an 
I important component in examining this question. In 

addition, more laboratory sediment toxicity tests, 
par~icularly chronic tests involving multiple scdi- 

, . .- .. . . - .. .. .mcnts, would also be helpful. In a typical practical 
application of SQC, mixtures of chemicals are in- 
volved. The extension of EqP methodology to mix. 
tures would be of great practical value. Initial 

.. - experiments indicate that it should be possible (119). 
The EqP method is .presently restrieed to 

computing effects-based criteria for the protection of 
benthic organisms. The direct extension of this meth- 
odology for computing sediment criteria that are 
protective of human health, wildlife, and marketabil- 
ity of fish and shellfiih requires that the equilibrium 
assumption be extended to the water column and to 
water column organisms. This assumplion is, in gen- 
eral, untenable. Water column concentrations can be 
much lower than pore water concentrations If suffi- 
cient dilution now is present. Conversely, upper-tro- 
phic-level organisms are at concentratio~\s well 

. above equilibrium ,values (1201. Hence,. the applica- 
tion of the final residue values from the WQC for the 
computation of SQC, as  was done for certain interim 
criteria 11211. is not technically justifiable. At present,. 
organism lipid-to-sediment organic 'carbon ratios, 
that is, BSFs (Eqn. 29), might be useful in estimating 
the concentration of contaminants in benthic species, 
for which the assumption of equilibrium is.reason- 
able. However, a site-spedfic investigation (e.g., Con- 
nolly IlU]) appears to be the only available method 
for performing an evaluation of the effect of mntami- 
nated sediments on the body burdens of upper-tro. 
phic-level organisms. > 
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