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DISCLAIMER 
. ~ 

.This document is·a compilation of data and· analyses from scientific investigations 

into the bioavailability of metals in se-diments to benthic organisms with tf1e intent ot' 

pr~posing an approach to assessing metals contamination of sediments for the protection 
. - -

of benthic organisms. 

This document does not establish or affect legal rights or obligations. It does not 

establish a binding norm and is not fimifly determinative of the issues addre.ssed. Agency . . . 

decisions in any particular case will be made applying the Ia~ and regulations on th~ basis 

of specific facts when permits are iSS!Je~ Or regulations promulgated. 

The mention of trade names or specific products does not constitute endorsement. 
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CHAPTER 1. 
• -- ~ • 0 : • 

INTRODUCTION 

Overview 

.Ttlis briefing document for the ·Science· Adv~sory .Board (SAB) describes the 

methodology that the EPA is proposing to use to _establish a national sediment quality 

criteria for metals. It is based on the_J:quilibriur1_1 ~artitioning (EqP) method.· .. · EqP was 

originally developed and adopted to derive national sediment criteria for non-ionic organic· 

chemicals. This document presents the methodology and supporting infon:nation for 

deriving sediment criteria for cadmium, copper, lead,.nickel, anq zinc. 

·' 

legal Basis - .. -. 
. ..:.. ~ 

.· 

Responding· to environmental problems with corrective.·action frequently requires 

proving that something negative has occurred. ~~n~ocenfuntil proven guilty," the standard . . . . . . . . . -

of the American judicial system, works. well for. many legal activities;. but applying this 
. . . . -· ' - . . . .. '· .. . . ""~ . . ' . . . . 

.. _logic_~o environmental protection efforts. (an activity is.environmentally acceptable until it 

~an b~ pr~ve~ .u~~c-~eptabie) presents· a unique ~set,~ of· strengths. ~nd: ·limitations. . .._·: .• .. •,: ~. .: .. ·. ...... . . .. . . . . -- . . . .. . . . . 
. Regulatory agencies frequently are called upon to prove,environmental or human health 
. ...,. .. . . . . ' . '.. . ·' .... . . ' . ... . -· . . . . . 

degradation . has or -could occur. prior to taking, any_. corrective.· or. preventive: action. 
... t :;-. :-::-. :· • t _ ... :.&. : ·-·· • . •·• . . ~~.... ·. . • - ~ • 

Scientifically sound and legally defensible measures that demonstrate potential or actual 
; -~ ~':: . . . . . . : -· ; : . . . . . . . . . . . - . . . 

· impacts are imperative. Fundamental to any effort to ensure· environmental protection is 
~.: .. ·!;.:;·~~'·:-- .. ~- .. ·~ •• ~ ... -·-.. ,· ..... : .... ,,. ~~ .- . : 

to define .the par:tv~upon whom the burdera of proof.Jies •. :.~heiJlical specific criteria are one 
t~:::-:-··~ . •;:_.'":.~~;,j (; _;(:~_ .. , ~!:r.~~<· - ·•: •.•.i-~ • ·' ...... ., .•...•. , ••· •••" · • . • • 

t~ol developed by regulatory and non-regulatory ,agencies th~·fis frequently used to meet 
!;~·::=~:~:: !.~: ••..... 3 ···.:_;-.....::· ... __ ... 1.:' '.. . ~ • ._ ... • .. ·-I.~.. .. •• • 

the burden of proof requirements. ~Criteria define when .a release of a substance into the 
fF~::-:_. :·: .. , ~;:..:.': ~-~ :5: ... . ~.- :' .. ": . ~-~~" ·L:.. .. ••• • :. · , • • •. · :·· · '·· · '· • . • • 

environment is acceptable and when the release .is ,causing·or.. has potentiaL.to cause . .. . . . .. . ~ . . 
adverse impacts to aquatic life, wildlife, or human. health. EPA initiated efforts to dev'elop 

national sediment quality criteria under the authority of the Clean_Water ACt to protect the 
~I!!· ! :. • . .' _.•· ·:l· . " }:·.. ·' •• .. . . . . , , . . .· ·· .. . . 

chemical, physical, and biological integrity of the country's vvater resources, aquatic _life, : 
.. : : . . . . . -- . . \ . . . . .· ~ . -. . . . . 

and ~ater dependent resources. The ~ediment_ crite~ia are intended to be used to prevent 

.. - ... 



I 1-2 

clean sediments from becoming contaminated and to. assist in making regulatory and 

re~ediation decisions on sediments t-hat a~~ al~eady ~ontaminated. \ 
, I 

. • . I 

Definition ~f Sediment Criteria (aquatic life) 

I 

II 

I 
I 

. I 
Sediment Oualitv Criteria ~-1M !L.S; Environmental Protection Agency's ~ 

recommendation .Qf · ~ concentration .Qf .2 substance · in. sediment lh£t will · !J..Ql 

unacceotably affect benthic organisms~· 

. Methodology Selection .- . 

. . 

A detailed methodology has been developed to derive sediment qu~lity C?rit_eria for 

metals. This document preser:tts _ the supporting logic and specifies the numerical 

procedures to be used to calculate the: criteria values. . . . . 
.· .. 

The use of total sediment metal concentration as a measure of bioavailable ~ or even 

potentially bioavailable .· _;:.concentration.; is: not. supported by the available data. 

. Experimental results indicate that different sediments can differ in toxicity significantiy 'tor 

.the same.total ~etal concentration.·Wrthout accQunting for this difference ~ne ca~nbfset. 
a ·national_ sediment· quality criteria ·that ~epends · on I~ -~~ ·the tot~~ · s~dime~t metal 

I 
#' .. I 

I 
I 
I 
I 
I 
I • . 

' I 
I 

I 
·L 

I 
concentration.-. Therefore; the variation in the bioavailability" of meta~s in various sedimehts I 

must be explicitly-considered in the'establishmim-f~t'd~fe~ible'sedi_ment qu~ltty triterla. ·-I 
This is a _sig~ificant obstacle: since·~without some quantitative estimate -~f the bioav~-il~ble ' 

, ~etal concentration in a seditnentfit ·is impossible _to pre~iCt ~ sedimenr~ tox~c~ lj-~s~d. ' 

on chemical measurements. This'·is-true regardless of the methodology usee to· assess 

biologic~, impact - be-it laboratory toxicity ·exp-eriments· or iiekrdat•{s~ts- c·~~~ri~i~g 1 
benthic ·biological and chemical sampling: · 

.. . ... .... . . ! .... t . . ~ ,. . .,. ... 

. '.- ...... -: 

, The EqP. approach ~as selected io· establish .sediment·quality criteria bec~us~· it ... 
in.corporate~ the m~st useful technical aspects' of a variety of. appro~c~es. Specific 

. . . 

reasons for selecting ·the approach are as follows: 

.· 

' 
' <~I 

•· 

I 
·,_ 
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(1) It w~s likely that the· EqP approach would yield sediment criteria that were 

predictive of· biological··effects ·in the field and would be defensible when 

used in a regulatory context. These criteria would dir~ctly address the issue · 

.. of b!oavailability and for the most part are based on the extensive biological 

effects data base used to establish national water quality criteria.··· 

(2) Sediment criteria could be readily· incorporated into existing regulatory 

operations . since a uniQue numerical sediment specific criteria can be 

established for a chemical and compared to field measurements to assess 

the likelihood of significant adverse effects. · 

·•· ~ ... - ... 

(3) Sediment criteria could provide a· simple ·and cost effective means· of 

assessing sediment measurements to identify· ·areas of concern and could 
. . 

quickly provide .regulators with information on p~tential incremental impacts 

on ber:tthic organisms as a function of the extent of criteria excedences. 

·~ .- . .. -- ·. ...~ . 

(4) The method takes advantage of the large amount of dat~ and expertise that 

went into the development of the National Water Quality Criteria. . . 
:. ... ____ ·. ~ ,..._ • ··~ o' o, o I ... 

.. . .. 
(5) _ The methodology could .be used as. a regulatory predictive tool-:to -link 

. . . -~ . 

- sources . to sediment sinks to ensure. uncontaminated sites would .. be . . .... . 
. protected from attaining unacceptable levels of. contamination~ : .. - -· .... . · .. :. 

--. -·--·"'"''" 1.: ... _ ·- '<I·. -- 1J.rt -...... 

Application of Sedi~ent ~riterja ... 
: ... ·:--- i .· -· 

.: Persistent contaminants discharged into-the surface waters of,the U~S. end up 
. -... .. . . . 

.. ,- .. prim~rily in the water column and ·in .sedime~ts. "'.:Technology based controls.~ whole 
' • .' .... • • • • ·"' .J • . -~ • • ... • 0 • • 

. _ effluent toxicity tests, and chemical.specific water quality criteria provide the basis fo~ 
. . . . . . . ~ . 

controlling water column contamination •. For sediment contamination a similar approach . 

. '~s. ?eing _adop~ed. · Te~hno;~gy based controls, .sediment biological tests~ and sediment . 

criteria are .intended to control, pr~vent, and manage ·sediment contamination. 
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Over the:p_a~ two years EPA has been preparing· a draft Agency wide sediment 

. : _managementstrategyto coordinate and focus EPA's resources on contaminated sediment 

-'~~--problems. An outline of this draft·str~tegy has' been released to the public for review and 

. ·:a :final_ draft was announced in the. Federal Register this past summer as available for 

forma·l·public .comment. The draft strategy is designed around three major principals: 

I 
, .·I 

•_.:·. 

1) :: :-- In-place sediment should be protected from contamination to ensure that the 
. ~-

· · .. ·~ ·,..:. . beneficial uses of the nation's surface· waters· are· maintained fQr future · 

•. ·-• I • I • 
: -: generations; - ·'; · ·· ·.- - ... -:.. 

2). Protection of in-place sediment should be achieved through pollution 

:> .. prevention· and s~urce controls; ~ 

. ; :. -: ~ t.· .. ~,;. 
,'.! • ·• . r 

... 
.·· .. 

. . . 
·. 3) "' ,.. .. Natural recovery iS often the preferred remedialtechnique.· In-place sediment 

;;-remediation will be limifed to high risld;ftes where natural recovery will not ·. 

occur in an acceptable time period and where the cleanup process will not . . 
··:"":" ... ~.:-:··.:.~-:-'':··,-,cause greater problems than leaving the site alone_. 

..... ,· ~ '-! '· .. ;· .. · .·- . 

. The draft strategy ha~ six components: assessment, prevention, remediation, . 

·:,-·dredged material management;- resea.rch; ·~md-oi.rtreach.·.· Sediment quality···criteria are · · 

>: integrated, into_ this· 'strategy.·,. Howev~r, their specific .role v.iill be oUtlined in' a "User's 

Guide" currently under·developmeni;~ The Guide ~iil·be based dn the· comments received . . . 
on the criteria ._and strategy and will incorporate the management str:ategies of a variety of 

program offices on a program specific basis. ~ ... :.::~: .. ~ . .. ' . 

::·:: ::: ·, -, . :;Ever:'! thol:Jgh the· specific applications of_ sedinu!nt criteria are under development; 

. i-:i~ in -~eneral the prim_ary use :of sediment 'criteria will be~ to 'prevent sediment 'contaminati~n 
·! ~ .. an'd assess risks associated with contaminant levels in sedime.nts. Various EPA programs 

-::. concerned. with contaminated s'edime~t have different re'gulatory mandates and t.h~s~ have 
1. •' 

~ ,: different needs. and. areas. for· potential-application of sediment .criteria~ Because each 

J I ',_ -~ ': ~ • ~ 

• 

I 
' 

' I 
I 
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.. · regulatory_~~ed is PfOgra~ specific,· sediment criteria hav·e to be implemented in a variety 

. . of ~,ays to mee~ the needs of diverse offices .and programs. ·: . ; 

,: :. - - . 

. A 1ikeJy· application of EqP sediment criteria would be in a tiered approach. In such 

an application, when contaminants in sediments exceed the sediment quality criteria, the .. 
. . 

sediments would be considered to be _causing unacceptable impacts. Further testing may 

or may not be required depending on site specific conditions and the degree to which a 

criteria has been violated.- CAt: locations .. where . contamination significantly exc~eds a 

criterion,·no additional testing would be required. Where sediment contaminant levels are . . . ~ 

close to a criteria, additional testing may be necessary). Contaminants in a· sediment at 

concentrations less than the sediment criteria would not be of concern. However, the 

sediment could not necessarily ~e. considered acceptable for benthic organisms because 

they may contain other contaminan~ above safe levels fo~ whic~ no sediment criteria 
._ t . . • • .. • . - '· • • .• . . . . • 

exist. In addition the synergistic, antagonistic, or additive effects of several contaminants 

in the sediments may be of concern. Sediment criteria can provide a basis for determining 

whether contaminants are accumulating in sediments to the extent that an unacceptable .- -~ - ;. ~ . - . . . . . -. ·- - . . . 

. contaminantievel is being approached or. has been ·exceeded •. By monitoring sediment 
;~ • :.. I • ~ ' •- : ::. • . . ' . ' ' • • . "• ., • -' • . ~ • ~- • ' i ' '· • • • ~ 

contaminants. in .. the vicinity. of. .a :discharge, contaminant levels can be compared to ..... :· . - . ~ : . . ... '( .... :. - - - . ' ... . . 

sediment criteria to assess the likelihood of impact.- . ,, , - -; ; ." _ . . 6.: • ..... - •. . o.. .. -;. ·: I . . _; • -~ -. - • · ~- · • · · ~ · ·· ~ 

, ... , _ .. _ ..... ,:· .. 

Sediment criteria will be particularly valuable in site monitoring appli~ations where· 
. . 

sediment contaminant concentrations are gradually. approaching a criteria- over time. 
• ~__,I . '.··.·.•' l ' , • ' ' ' ' • I: : •, • , ., • • ·, • • • 

.Compariso~ of field _measurements_to sediment criteria will be.a reliable metho~· .. for 
~?!_!•' ·.~ '• • I,.,·.· _i.,!_-~:'••,,_ .! ·-' ·-.. •• • ' : .... -· • • .• . 

providing early warr1ing of a potential problem.: Such an early warning would provide _an 
j T • • • •• ".: • • • • ) • • ~ • ' • • I .. • • .. • 

opportunity.to take corrective action before adverse impacts occur •..... -. , .. · 
' . • • . ~ • •• • •• : ' '-~ ~. :::·.:... •• ' ~ = , 1 • -~ - J ~ ·-. - . - • • • -. • 4 • • -· • ·, • • • .. • 

. . ., ~ "' . . ' . - .. . ...... 
. . , ["' .... . . .. . 

The safe removal and. treatment or disposal. of contaminated sediments can be . ·.~-~:~--,. . .. - .. . 

difficult, expensive, and. in some case. not the environmentally preferred option (e.g., 
. . •. . . ' . . ._. . . -: . . . -· . . 
resuspension of contan:ainated sediments may cause gre~ter harm than leaving them where . . . . .. . . . . . .. 

they are). Leavlng sediments in place and allowing source controls arid natural processes. 

to reduce or remove the contamination has proven to be an effective option in some cases. 
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· In some situations, the high cost of clean-up activities has eliminated clean-up as an I 
option. In other situations the spatial extent of the site and ·site-specific conditions may 

warrant remediation beyond identified clean-up levels, an additiona·l margin of safetY can 
. . .. . . 

be provided at little or no extra cost. For. these reasons it is not anticipated. that 

.. mandatory clean-up;to a nationally designated level is appropriate in most situations. 
· ... 

Document Outline 

~-

This document· contains ten additional chapters in which are presente-d the 
' r ' I • • ~ 

experimental data and ·the methods to be employed.in deriving sedhnent quality criteria. 
.•.'. 

. .......... ' .. . ~. . .. ' .... 
.. 

Chapter 2 reviews the Equilibrium· Partitii:ming· methodology which is use-d to 

understand the relationships betwe'en sediment ·and interstitial water concentrations'·and 

observed biological effects. 
.•·-.· .... 

• ....... ;•\ .· ..... 

;j,.: -,~.·-·Chapter a·examines metal toxicity·and bi"oavaiiability ·first in•water.only exp~s~res 

and then a·s a funCtion of interstitial w~ter concentrations~ This chapter presents the data 

~ . that ·suggest· that metal toxicity_ is best correlated to m-etal activity. in water 'only 

exposures. It also presents the correlati~ns of o~g~nism 'fesp~nse. to int~rstiti~l ~ater .. , 
concentrations in sediment exposures. 

. ..... . :-- ~· .... 
. : .. . . . ~ ' . ~. ~ . ~ • t ·.; 

... 
. . ·• 

· · Chapter 4 reviews the state of the art for predictin'g metal partitio~ing in sedi~ents .. 
. ~ This is imp.ortarrf because· it conneCts.thti .solid phase_.sediane·nt chemistry to th~ ~esultirig . 
. .-·interstitial. ·water concentrations:.. both of w.hich s'et the metai activity of th~--~edi~e·nt

interstitial water~yStem. ;The importance of the colci'acid'eXt:ractables~lflde in s~dim~nts, 
which for historical reasons is called acid volatile sulfide (AVS), is demonstrated.· An 

.. equilibrium modefis· analyZed to ·establish ttle.~elations-hip between metal activity in the 

. sediment .. inte"rstitial water system, the extraCtable solid .. phase metal concentration -

which is· called the SEM for. reasons discussed below .;··and 'the ratio of the metal to iron . 

·· sulfid-e. solubility constant's: 

I 
I 
I 
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--
Chapter .~5 'presents the· data from laboratory sediment spiking experiments • 

. ·. unciontamin~ted s'edim~~ts ar~ spik~'ci withvarying'rrietal c~~c~ntrati,ons, a~d the resulting 
•·.... • ..... • • • ' . l • . • •• ~-· . . . . , .. .: ~j • • .· •··. • • . • ' -' ::J . 

toxicity is measured using sediment-dwelling animals. The results are analyzed using the 

SEM and AVS me~ho'd and the interstiti-~1 water ~once~tratio~s. . '• _, 

Chapter 6 p.resents a similar set of results but ~hese sediments are from field sites 

with metal contamination. These experiments address the question: can the SEM, AVS, 

and interstitial water ~u3thods explain the toxicity observed in field collected sample~. 

Chapter 7 presents the results of colonization experiments. These.are designed to 

mimic the field setting as closely· as possible while still retaining a measure of laboratory . 

control over the exposures. A s~ries of sediments are spiked with various concentrations ·. 
. . . . . . . 

of metals. These are exposed either to raw flowing· seawater or are placed on lake 

bottoms for a period of time. ·.The biological response. that is monitored is the quality and 

quantity of the benthic animals· that c.olonize the s~diments. 

Chapter 8 examines the extent of metal bioaccumulation from sediment exposures. 

The biological response in this case is different than that of the previous experiments. The 

results are analyZed using the same methods based on SEM, AVS, and interstitia·! water 

concentrations. 

. ' . 
Chapter 9 preseitts information on a number of topics that influence the variation -

·of AVS, te.mporally, spatially, and with respect to organic carbon in sediments. ·The 

.oxida~ion kinetics of iron sulfide and, more importantly, cadmium and zinc sulfide are . 

examined in order to answer the question: what is the importance of seasonal variations 

and how do they affeCt criteria. The experimental information related to organic carbon . . 
binding and the resulting partition coefficients are presented. 

Chapter 1 0 presents the strengths and limitations of the various methods that have 

been discussed in theprevfous chapters. Recommendations are included for situations 

.where _more study is required. 
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Chapter 1 1 presents a proposed sediment quality ·criteria for the ~ive metals: Cd, 
• l ... 

. . Cu, Ni, Pb, and Zn. Single metal criteria are not technically supportable since the binding 
. ... . ... . . .. . "; . . 

. . . , . 

of each of these metals interact with each other, thus affecting their mutual toxicity. A 
. ;~ - . . -.· '·- . . . . . . . . 

discussion .of the limitations of these criteria .and ttieir·proposed utility is also included. . - .... . ' . . . . ~ . .: . . 
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CHAPTER 2 

EQUILIBRIUM PARTITIONING-· 

. . 

· The development and application of the Equilibrium Partitioning (EqP)· method for 

deriving $0C for nonionic organic chemicals has. previously been presented to the EPA 

Science Advisory Board and has been published in. the ·Federal Register for public 

comment. A full discussion of this work is presented elsewhere [1 ,2] as well as the 

derivation of sac for five noni.onic organic chemicals [3, 7]. The developm~nt of sediment• 

quality· criteria for metals also utilizes the EqP method •. This chaPt~r presents ~ summ~ry 
of the technical basis for establishing -sediment quality criteri~ for nonionic organic 

chemicals using EqP. Cadmium data ·is also presented.· The purpose of presenting this 
• . I' • . . . 

summary for nonionic organic chemicals is to briefly define the EqP method and to · 

demonstrate its utility in determining the bioavailaQility of sediment chemicals. ·. 

Bioavailability 

Establishing a sac requires a determination of the extent of the bioavailability of 

sediment associated chemicals. It ·has frequently been observed that sin:Jilar . . . 

concentrations of a chemical, in unitS ot-mass of chemical per mass of sediment dry . . . . . . . 
weight (e.g.·micrograms chemical per gram sediment); can exhibit a range in toxicity in 

different sediments. An e·xample is presented in Figure 2-1 • These are the resu~s· of two 

• sediment toxicity tests of cadmium using amphipods of· similar sensitivity [8,9].: One . . 
sediment is from Central Long lslan.d Sound and the other is from Yaquina Bay, Oregon.-. . 

The LC50 for cadmium for these two-~ediments differ by approximately ·two orders of 

magnitude. Because the purpose of SQC is to establish chemical concentrations that apply 

to sediments of differing. types, it is essential · that the . ·reasons for this vary~n~ 

bioavailability be understood and be explicitly included in the criteria. Otherwise the criteria 
. . . 

. cannot be presumed to be applicab~e across sediments of differing properties. 

The importance of this issue cannot be overemphasized •. For example, if 20 pg!g : 

of cadmium is the ~C50 for an organism in one sediment and 1 ,500 pg/g is the LC50 in 
· . 
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Figure 2-1. · Comparison of percent mortafrty of .Amoelisca. abcfrta and Rheooxynius 
abronius to concentrations of cadmium in bulk sediment. 
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another sediment Wigure 2-1 ) , then unless the cause of this difference can be associated 

with some explicit sediment properties it is not possible to decide what would be the LC50 

of a third sediment. The results of toxi~ity tests used to establish the toxicity of chemicals . . . 
in.sediments would not be generaJiza~le to other sediments. Imagine the situation if the 

results of toxicity tests in water depended strongly on the particular water source - for 

ex~mple, water from lake Superior versus .well water. Until the source of the differences 

was understood, it would be fruitless to attempt to establish water quality criteria. It is 

f~r this reason that underStanding bloavailability is a prinf?ipal focus in establishing. 

sediment q~ality criteria. 

The observaticms that provided ~he key insight to the problem of quantifying the 

bioavailability of chemicals in sediments were that t~e concentratio~response·curve for 

the biological effect of concern could be correlated not to the total sediment chemical 
. . . 

concentration (micrograms chemical per· gram sediment), but to the interstitial-water (i.e:, 

pore water) . concentration (micrograms chem.ical per liter pore water). The results of . . 
_ toxicity tests of kepone using Chironomus tentans in three sediments is shown ·in Figure 

2-2a. The sediments hav·e quite ·different LCSOs on a sediment· dry weight basis: from 

approximately 1 ug/g to approximately 35 uglg. However if the mortality is examined as 

a function of the concentration of kepom3 in the interstitial or ~ore water of the sediment, 
. . . 

Figure 2-2b, then the mortality-concentration responses are similar for the three sediments. . . . 
In addition, the LCSOs on a por~water basis are the same as the LCSO obta~ned from a 

water only exposure toxicity.test. Thus.the water only LCSO can be used to predict the 

toxicity of these sediments using their porewater concentrations. 
·--

Organism mortality, growth rate, and bioaccumulation data are used to demonstrate . . . 

this correlation, which is a critical part of the logic behind the -EqP approach to developing 

. SOC. For nonionic organic chemicals, ii is ·shown, subsequently, that.the concentration . . 
-response curves"correlate equally well wit~ the sediment chemical concentration on. a. 

sediment organic carbon basis. Figure 2-2c presents the ·same mortality data as a function : 
. . . . 

of the organic carbon. normalized sediment kepone concentration (ug kepone/gm sediment 

organic carbon). The responses forth~ two sediments with _the higher organic carbon 
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Figure 2-2.. Comparison of percent mortality of Chironomus tentans to kepone 
concentration in bulk sediment (top), pore water (center) and bulk sediment using organic 
carbon normalization (bottom} for three sediments· with varying organic carbon 

·concentrations [9). 
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fractions (f0 cl disp,ay the same response. The sandy sediment (with low organic carbon} 

has a larger LC50, probably because the f0 c for this sedime-nt is too small for organic 
. . . 

carbon to be the only sorption phase. The range of f0 c values for which carbon 

normalizat-ion is appropriate has been examined in mor~ detail [ 1]. 

These observations ( Figures 2-2b and 2-2c} can be rationalized by assuming that 

the pore water and sediment carbon are in equilibrium and. that the concentrations are 

related by a partition coefficient, ~~. as shown in Figure -2-3 (right}. The name 

"Equilibrium Partitioning" (EqP) describes this asSumption of partiti~ning equilibrium 

between sediment carbon and pore water. The rationalization for the equality of . . . . 

water-only and sediment-exposure effects concentrations on a pore water basis is that the . . . 

sediment- pore water equilibri~m system (Fi~ure 2-3, right) p~ovides the same exposure . 

as a water-only exposure (Figure 2-3, left). The reaso~ is that the chemical activity iS the 

same in each system at equilibrium. These results do not imply that _pore water or 

sediment organic carbon is the primar'{ route of exposure because all expos"'re pathways 

are at equal chemical activity in an equilibrium experiment and the route of exposure · . . 
cannot be determined. 

It should be pointed out that the ~qP assumpt!ons ar_e o~ly appr~ximat~lytru~ and, 

therefore, the predictions from the .model have an inherent uncertainty. A discussion and 

.quantification of uncertainty is found in the _EPA SOC Technical b~sis document 121 •. . . .. . . 

Pore Water Normalization 

A substantial amount of data has been assembled that addresses the relationship 

between toxicity and po~e water concentration 11 ,2]. The data pre~ented ~elow exan:tines 

the use of the water~only LC50 to predict the pore water LC50. Figure 2-4 presents 
. . 

mortality data for yarious chemicals and sedimentS compared to pore w~ter conc~ntrations · 

when normalized on a toxic unit basis~ Three different sediments .are tested for each 

chemical as indicated. PrediCted pore water toxic units are the ratio of the measured pore 

w~t~r concentration to the LC50 obtained from an independent water only toxicity test. 
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The EqP m~del predicts that the pore water LCSO will equal the water only LCSO. Define: 
. . 

predicted pore water toxic u~it = (pore water concentration) 
(water only LCSO) 

(2-; 1) 

A toxic unit of one occurs when the pore water concentration equals the water-only LC50, 

at which point it would be predicted that 50 percent mortality would be observed. In 
I . 

addition, normalization of t~ese data -=to pore. water· toxic units allows all chemical-to-· 

chemical differences to be removed so that all data from these tests with these seven 

chemicals can be coplotted. -The correlation of observed mortality to predicted pore water 

toxic units in Figure 2-4 demonstrates (a) the efficacy of using pore water concentrations 

to remove sediment to sediment· differences and (b) the applicability of the water-only 
. . 

effects concentration and, by implication, the validity of ~he EqP model .. J3y contrast, it 

has been ~hown [1 ,2], that the mortality versus sedimen~ chemical.concentration on a dry 

weight basis varies dramatically .from sediment to sediment. 

The equality of the effects concentration on ~ pore water basis suggests that the 

route of exposure is. via pore water. However, the equality of the effects concentration 

on a sediment organic carbon basis, which will be presented in Figur.e 2-5, sug.gests that · .. ·. : ... · ~: · 

the inge~lon of sedim~nt organic c~rbon is-~the primary ;oUt~ of exp~s~re. ·· Neither ··.o~ : .. :- ·: ::. ~.·. 
. . 

.these references can be supported by the data pres~rited in . Figures 2-4 and _2-5 

subsequently. It is important. to realize that if the sediment and pore water are in 

. equilibrium, then the effective exposure concentration is the ·same regardless of exposure . 

route. Therefore, it is not possible to determine the primary route of exposure from 

equilibrated experiments. 

·whatever the route ·of exposure, the correlation of toxicity to pore water suggests 
. 

that if it were possible to either measure the pore water chemical concentration, or predict 
• • # • 

it from the total sediment chemical concentration and the relevant sediment properties . 

such as the·sediment organic carbon concentration, then that concentration could be used · 

to quantify the exposure concentration for an organism.. Thus, understanding the 

·. 
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partitioning of chen:'icals between the solid and the liquid phase in a sediment becomes a 

necessary component for establishing sac for any substance, including metals. 
I! • . .· 

Sorption of Nonionic Organic Chemic'als 
•. 

,._ ... -... · 

For ·nonionic hydroph~bic organic chemicals so~bing to natural soils an_d sediment 
. . ..... . . 

·particles, a number of empirical models-have been suggested [1 0]. The chemical property 

that indexes hydrophobicitY is the -~ctanol/water partition coefficient,_ f<ow· The important 

particle -property is the weight fraction of organic carbon, foe· Another important 

·'-environmental variable appears to be the particle·cdncentrati~'n ttSelf [11]. A detailed 

. ·discussion of the particle concentration effect has been presented .[1 ,2~. '· f 

. A number of explanations have been offered for the particle concentration effect. 

However it is not necessary to decide which of these mechanisms is responsible for the 

effect if all the possible interpretatio~s yield the same result for sediment/pore water 

partitioning. Each suggest that the proper partition coefficient to be used in order to relate 

the free dissolved chemical concentration to the sediment concentration is the partition 

coefficient. t.~ .sediment organic ~arbo~, ·Kac· which is appr~ximately equal to the _octanol-
- ' . . 

water partition coefficient .Kaw• that is, f<oc- K0 w hy the fo_flowing equation ·r 121. · . · · 
. . 

Log1o Koc = 0~00028 + 0.983 Log,o Kaw (2-2) 

... - .. '.-
or""'""' 

· ..... ,' ·....~,' I '• 

. - . The~ unifying . parameter that permits. the .~development ·of· sac Jor.· nonionic 
• . '! : . .' .·_ . ' .... . . ... . .. . ~ -- : • .. . • 

. hyr:l~~pho~i~ organic !?.hemicals.th~t art: ~pplica~le:tq .a. bro_ad ral}ge of sediment types is 

the. organic carbon .content of the se_diments •. -.,..This .can be-shown-as.follows.-·: The 
:_'I. ~· 1 ',,.) • 1 • •, -· • .:.._· ·~ 1• , • '·· ' .. - . - - ' , 

.. , se~imentlp~re .. ~ater J?art!ti'?n coefficie~, f<ct~ is given by:-:1 .:: :. ·::. ·.··."~· .. · · ·- ··.r ·-
. . -· . . . . . . . 

·' 

:::: ....•. Kci =·f~-K~c :· ~·: , .. · .:: __ ::::-:~i-: •:--"; ··c: :·:··::· ~.~..- . 
. .. ~- . . . ..... 

' (2-3) 
o •w.• '' •' ... . .... ."' .. 

' - ; . I ~ ' • 
. :··. t .. '"'"". -· ... 

and the solid phase concentration is given by· 
. . . . . ' . ~ . . ... , 

'• . 
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where C5 is the concentration on sediment particles. An important observation can -be 

made that leads to the idea of organic carbon ~ormalization. Equation 2-3 indicates that 

the partition coefficient for any nonionic organic chemical is linear in the organic carbon 

fraction, f oc· Data have presented [1 ,2, 1 21 to suppo·rt the linearity of partitioning above 

a value of foe = 0.2 percent. This res.ult and the toxicity experiments [1 ,21 suggest that 

for foe C!: 0.2 percent,_ organic carbon normS;fization is valid. 
. . .. . . . . 

As a consequence of t~e linear relationship of C5 and f0 c,the relationship between 

sediment concentration, cs, and free d~ssolved concentr~tion, cd, can 'be expressed as 

{2-5) 

If we define 

. . Cs .. 
. Cs,o~= f 
. - ... oc 

(2-6) 

~s the organic carbon normalized s"ediment concentra~ion (ug chemi~allg organic ~arbon),. 
then from Equation (2-5): ' : -

(2-7) 

Theref~re, for a specific chemical with a specific f<oc• .:the organic carbon normalized· total 

. ·sediment conc~~tration, cs.~c· is'proportional to the dissolved f~ee concentration, Cd, for. 

. any sediment with f ~~. C!: 0.2 percent~·· This latter qualification is judged to be necessary 

because at f ~: < 0~2 percent the oth.er factors that influence partitioning (e.g., particle size 

and sorption to nonorga~ic mineral fractions)"beco~·e relatively more important [8]. Using 

the proportional rela~ionship given by Equation .2-7, the concentration of fr~e dissolved . . . 
che~ical can be predicted from the.normalized sediment concentrati~n and f<oc· The free 

concentration is of concern as it is the form ·that is hioavailable. 
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As discusse~ above, hydrophobic chemicals also tend to partition to colloidal-sized 

organic ·carbon particles that are commonly referred to as dissolved organic carbon~ or 

DOC. Although DOC afft::ctstlie apparent pore waterconc;entrations of highly hydrophobic 

chemicaJs,.the DOC-bound fraction of the chemical appears not to be bioavaifabfe {1]. 

Therefore, we expect that toxicity in sediment can be predicted from the water-only 

effects concentration and the Kac of the chemical. The utility of these ideas can be tested · 

with the same mortality dat'! as these ·in Figure 2-4 but restricted to nonlonic organic 

chemicals for which organic carbon normalization applies." The concept of sediment toxic 

units is useful in this regard. Thes~ are computed as the ratio ?f the organic 

carbon-normalized sediment concentrations: Cs/f oc• and the predicted sedimentLC50 using . 

K0 c and the water-only LC50. That is: 

predicted sediment toxic unit = Cslfoc 
Koc (water only LC50) 

(2-8) 

Figure 2-5 presents the p~rcent ·mortality versus predicted sediment tox_ic units. 

The correlation is similar to that obtained using the pore water concentr!Jti~ns in Figure 2-

4. The predicted s~diment toxic units for each chemical foll~w a similar concentration-
- -

response curve independent of sediment "type. The data demonstrate that 50 percent 

mortality occurs at about ·one sediment toxic unit, independent of chemicai, organism or 

sediment type, as ex~ected if the EqP aSsumptions are c~rrect. If we know the 

appropriate normalizing phase thEm the same can be done for metals. 

If the ~ssu·mptions of EqP were exactly true anc;f there were. no experimental 

variability or measureJ'flent error, then the data in Figures 2-4 and 2-5 should all predict 50 

percent mortality at one·toxic unit. There is an uncertainty of approximately a factor of_ 

two in the results. This uncertainty associated with sediment qual~y criteria was obtained 

from a Q!Jantitative estimate of the_ degree to which the data in Figure 2-5 support the 

assumptions of EqP 121. This variation reflects inherent variability in these experiments as · 
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f!tgtJre 2-5 •. Mortality versus predicted sediment toxic units for seven chemicals and up to three organic carbon cont~nts 
.sediments per chemical •. Sediment types ate Indicated by the-single hatching (lowest organic carbon content), tress hatching 
(Intermediate organic carbon content) and filled. symbols (highest organic carbon content). See (2] for more detailed 
descriptions of these data sets. Predicted setJiment toxic units are the ratio of the organic carbon-normalized sediment 
chemical concentration to the predicte~ sediment LC60 (Eqn. ·2-8). K0c values are computed from K0 w and Equation 2-2. · 
K

0
w for endrfn (4.84), ffuoranthene (6.00), dieldrin (5.26)~ phenanthrene (4.46), and acenaphthene (3. 76) were measured 

by the U.S. EPA, Environmental Research Laboratory, Athens, Georgia. Methods are presented elsewhere [2]. K0w for DDT 
(5.84) ls'the log· average of the reported values in the LOG P database [13). The kepone f<oc Is the log mean of the ratio o( 
org_anlc carbon-normalized kepone concentration to pore water-kepone concentration from the toxicity data set. 

. ' . 



I~ 

I~ 
.. --__ 

_., 
< 

I 
~--

I' 
I' 
I; 

1.; 

~~-
1-

I 
I. 
1.: 
~-~~ 

l'l 
~~-

I~ 

~~-~ 

I 

2-13 I 

. . .. · ... 

·well as phenomena_ that ha_ve not been accounted for in t~~' EqP model. This appears to 

be the limit of the accuracy and precision to be expected. . ~ .. ~ . . . . 
·' 

Effects Concentration 

The development of SOC requires an effec~s concentration·for be!lthic organisms • 

. Since many of the organisms used to establish the Water quality criteria (WQC) are .. 
benthic, perhaps the woe are adequatEfeStimates of the effects concentrations for benthic 

organisms. To examine this -possibility, the acute toxicity data base, ·which is used to 

. establish the WOC was segregated into benthic and water column species, and the relative 
. . 

sensitivities of each group was compared. The data are from the 40 freshwater and 30 

saltwater U.S •. Environmental Protection Agency (EPA) criteria documents. ·If it were ttue· 

that benthic organisms are as sensitive as water column organisms, then sac co.uld be 

established using the final chronic value n=cv) from these wac documents as the effects . 

concentration for benthic organisms. The apparent equality between the effects . . . ' 
concentration as measured in pore water. and in water-only· exposures (Figure 2-4) or as 

predi~ed from organic carbon normalization {Figure 2-5) supportS· using an effects 

concentration derived from water only exposures. 

This use of wac. assumes that (a) the sensitivities of benthic species and species 

tested to derive wac. predominantly water column species, are similar and (b) the levels 

- -of protection afforded by WaC are appropriate for benthic organisms. The assumption of 

·similarity of sensitivity using a comparative toxicological examination of the acute· 

sensitivities of benthic and water column species was presented [1 ,2]. A comparison of 
. . 

the FCVs and the chronic sensitivities of ·benthic saltwater species in a series of sediment 

colon~ation experiments was done [:1 ,2].· Although there is considerable scatter, these 

results, a more detailed analysis of ~II the acute toxicity data, and the results .o(benthic 

colonization experiments support the contention of equal sensitivity [2]. 

The final vali~ation of sac will come from field studies that are designed to 

evaluate. the extent to which biological effects can be predicted from SOC. Sediment 

·. 



I 
2-14 r.-

quality criteria for nonionic organic chemicals can possibility be validated more easily than 

-- : WQC bec~use dete~mi~ing the ~rganism ~xposure is. more straightf~rward: The. benthic 
··-~ . ~ , ~.,..; 

population exposure is quantified by the organfc carbon normi:dized sediment 

conce~tration. 
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CHAPTER 3 

METAL TOXICITY IN WATER AND SEDIMENT EXPOSURES. 
. i. 

The e~uilibrium partitfo~ing ~ethodology for establishing sediment quality ~riteria 
requires that the chemical· cC::mcentration be measured in ·the bioavaifable phase and that 

.• •1 . . • . 

the chemical potential of the chemical be determined. In this chapter, two questions are 
. . . 

addressed. The first concerns the forr:ns of metals that are bioavailable. T.he question is 

~ddressed using water only exposurt!_s.. The seco~d con~erns the observation ·that the· 
' . .. . .. 

biological response is :the same for water only exposures and for sediment exposures using 
. . . . . .. . ... 

the pore water conce.ntrationS. This· equality w~s demonstrated for non-ionic organic 

chemicals and it is a fundamental tenent of the Equilibrium Partitioning model. 

The data presented below demonstrate that biological effects correlate to the metal 

activity, and that water only exposures and sediment-exposures are .equivalent. Therefore 
. . 

for both metals and nonionic cherrJicals this EqP requirement is $3tisfied. 

·-:- · .A direct approach to eStablishing sediment quality criteria for metals would be to 
. . . . :·..:. ·. ; ... .. 

- apply the water quality criteria to measured pore water concentrations. The validity of_ this 

approach depends on the degree to which pore water..co!lcentration and repre~ents .. free. · 

metal activity ~nd can be accurately me~sured in ·both sy~enis. For most metals, fr~e-: 
metal activity can not be measured at water quality criteria concentrations and present 

·water quality criteria are not bas~d ~n. activitY. Metals -re~dily bind to dis:;o.lved (actually 

colloidal) organic carbon (DOC), and DOC complexes-do ~ot·appear to be.bioavailable. 

Hence~the direct ·use of pore water concen~ation is precluded for metals witJ:i significant 

DOC complexing. · 

. . 
By implication this difficulty extends to any ·complexing ligand that is present in 

..... -. ' 

sufficient q.uantfty .- The decay of sedi~ent organic matter c~n cause substantial changes 

. -· in interstitial water chemistrY. ·In p~rticular bic~~bonat~ increases due to. sulf~te reduction. 

· This increases the imll.Qrtan_ce of the metal-carbonate complexes and further c~mplicates : 

the question· of the bi.oavailabfe specie. 
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The sam~ling of s~diment interstitial water is not r:r routine procedure. The least 

invasive ·technique employs ·a ·diffusion sampler which has cavities covered with a filter . . . 

membrane 12,3,4,5]. The s.ampler is inserted into the sediment and the concentrations on 

·either side of the membrane equilibrate. When the sampler is removed the ca~~ies contain 

filtered pore water samples. The .time required fo~ equili~ration depends on the.pore. size 

· ·. of the membrane and the geometry of the cavity and usually exceeds one day •. 
... _,: . ~. . : .. . 

.. 
An alternate.technique is to obtain a sediment core, sli~e it, and filter or" centrifuge 

. the slice to separate the pore water. Fo~ anaerobic sediments this must be done in a 

·nitrogen atmospher~ to.pr~vent the precipitation of iron hydroxide whi~h would scavenge 
.. - . . . ~ .. 

the metills and yietd artificially low dissolved concentrations [5,6]. 

' ' ' 
Although either of these t~ch~iques are suitable for research investigations .they 

require more than the normally available sampling capabilities. If solid phase chemical . . . . . ~ . . . .. ' . 
measurements were available from which pore. water metal activity could be deduced it . . . . . . 
would obviate the need for pore water sampling· and analysis and it would cir~umvent the 

nee~ to deal with c·omplexing ligands~. . .. 

Toxicity Correlates to Metal Activity 
· .. , ·. 

. .. 'i-~ 

·A substantial number of water only. exposure .experiments disscussed below point 

to the fact that. biological effects can be correl~teq to the dival~nt me~af activity {M2 +}. 

The claim is ntrt that the. ~niy ·bioavail~bl~ form~ M2.+ ~for example MOH+ may also pe 
. . . : . . " . . ... •' . . . '--: ·. . . . ' .. 

· bioavailable .: but that· the DOC and certain other ligand complexed fr.acti~ns are not 

bioavailable. 

.. • 

The acute toxi~ity of cad,y;ium to gra~ shrimp· (Pafaemonetes) has been determined 

at various concentrations of ch.loride and NTA. both. of which form cadmium complexes . . . -. - ' 

[71 .' The results are shown in Figure 3~1. The top panels are concentration response 
• • • - 0 • • • - •• 

curves as a function of total cadmium. The response is quite different at different 

conce~tratiofls of chloride, indexed by sali~.ity, and ·NTA. However if the concentration 

I 
I 
·I 
I 
I 
I 
I 
-I 
I 
I 
I 

' I .. 
' I ... 
~ 
.I 



·- - ~ ·-· 1- : ... - ·- ; .... '~ ';;. j ' .. . . . ----: . 

( :. 
· ACUTE TOXICITY OF CADMIUM TO ! . 

GRASS SHRIMP ( Palaemonetet.) 
EFFECT OF NTA COMPLEXATION 

(AFTER W.O. SUNDA tf at •• 1978) . . 

100 

.. -c .. :1! 
-c > 
~ • :1 > I .. • :1 ! HIAIMI .. ... § ... 

AO 3 • 
11110'1 .. 

"' ... • uaro·• .. .. •uro·• 

0 

TOTAL eADIIIUM (•lOG e•,t 

•• A •• 
• • .. 

-c 
:1! HfA (MJ 
> • A I a ' • llt to·• .. 
!5 I J X to·• 
"' •Uto·• • -.. 

.. 
-c 
~ 
> • :1 ... .. 
l5 
"' • .. .. 

·-'• J .. •._ •• 

IOD 

JO 

0 
4 

100 I. 

ID 

&o. 

40 • 

20 

0 

ACUTE TOXICii't ~F CADMIUM TO 
GRASS SHRIMP ( Palaemone let ) 

. EFFECT OF Sl\LINITV 

(AFTER W.O~ SUNDA etal •• l9781 

kU..Itr IX.I 
A-Auto ... · 

. •··-·• 1.4.0.2 
•--9~a.i!u 
•--uo.oto.J 
•-:--+ iuto:& 

..... _...!--.. ~· 

1
--.:- .-...., • _..-,,• A 

I ..... • ....... ..... . i• ---........... 
I . i 
I / i 

I l 

I • II ,. l 

li i 
•i.. l. , . .. 

• / I .: 
-·~·-· I tA• / / 

s 
TOTAL tADMIOM l-LOO e., I 

. II 
• 

hllollly ILl 
9 A • & .a. 9 

--r--~-
~...... . . AU ..... 

••u 
l • 
I 

120.0 
+21.t 

I .. , 
I• 

. I 
I• 

•M' • I 
/ • &.o 

tADMIUII AtTIVITY I,~···],. 
1.0 

\. 
' .. ,, 
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response is evalua~ed with respect to Cd2 + activity in the solution, then the curves all 

collapse into the same single curve (bottom panels). Comparable results have been 
, 

reported for _copper-EDT A complexes [8] for which conc~ntration response correlates to 

Cu2+ activity (Figure 3-2, left top and bottom). 

Chronic toxicity of zinc, with phytoplankton growth· as the endpoint, has also been 

examined. The resu~ of an experiment in which the metal concentration is held constant 

and the complexing liganq is varied anf shown·in Figure 3-2, right top and bottom [9]. As 
. . . 

NT A is added the toxicity of zinc to Microcystis decreases. The cell density increases . . . 
rather than decreases-in time and reaches control levels at the ·highest NTA concentration 

, . . 
(left top and bottom panel). The data can all be correlated to free zinc activitY as shown . . 
(right top and bottom panel): Similar results for diatom's exposed to copper and the . . . . 

complexing ligand Tris are shown in Figul'e 3-3 (top) [1 0]. Variations ih Tris concentrations 
' . 

and pH prod.uce markedly dift'erent growth rates Cleft top and bottom) which can all be 

correlated ·to the cu2+ activity (right). A similar set of results have been obtaine·~- by

Sunda and Lewis [11 J with DOC fro~ river water as the complexing ligand, Figure 3-3 

(right top and bottom). 

. Met~l bioavailability as measured by organism uptake can also be examined [12] •. 

Uptake of copper by oysters is c~rrelated not to total copper concentration (Figur~. 3-4 top~ 

but to copper activity (bottom). · .·-

The implication to be drawn from these e~periments is that the partitioning model 

~equired for establishing sedimen~ quality crit~ria should predict {M2+} in the pore water. 

The following section examines the utility of this idea. 

Interstitial Water And Metal Toxicity 

This section presents some early data that first indi~ated the equivalence of por~ . 
. -

·water ·concentrations and. water o!'IY exposures. Much more data of this sort are 

p~esented subsequentl~ in Chapters 5 and 6. ?wartz [131 tested the acute toxicity. of 



··-- ·· . 

-~---

•i 
~ .---1 

T OY- I(. ·I~ (){.f't r-'_3" 
0ifbrl{c..- I 

0 .,..) rt.,_ D I ,.}(,\ 

-u.~; 

<.Sd CJ . oj\.v- I 
vhr~t,\,•t.S .. fFc...r 

fe-t ~~o .... lJ u-P I 
sU.. Lt). ~rrt"'-ll J 

I 
I 
I 
I I 

... 1 
I 

-

.-1 
I 

I 
I ~ 
- i 

' I ., 

. . ·· ··-1 
... -/ , I 

· ~ 



r 
f -· 
I 
~--

1-

I 
I 
1.~ 
I; -~ 

. ~· 

. , .. 

I . 
1: 

I·· 

I ... 
1~1 

I 
1:. >; 

1 .. 
.. 

1-'-
I 

ACUTE TOXICITY OF COPPER 
TO A DINOFLAGELLATE 

CHRONIC TOXICITY OF ZINC 
ON MICROCYSTIS AERUGINOSA 

-(FROM ANDERSON AND MOREL. 1978) (FROM ALLEN, et.al.,1980),. 

• I • 
WITH EOTA f 

100 • ..6----:i 
,e.-------T' _.,""' ,.--

~0 f- ,' I . , 
I , 

. -· "' I , 
-J 80 ... 
-J IC 

I &IJ 
u II i • .... 70 • -J I .. += ' 

~ 0A&P-,1·1M Fe £.DT& "'4TM 
0 ~ ... - • .. 4.1 ..0' ... Zn ::f 60 

l u 
• • • • tA•tO•r M NTA -:::. - -· 0 ... 
• • • •2.1•..0' M ·:z: • 

&IJ ~0 • • • • •• _..,.;• M u .. a: • • • • •CGe10 M 
~ • ••• •1.1 • ..0' .. 

• • • • •l.l•"!~ M 
• • • • •1Aet0 M 

c• I 

0"' 5 6. 7 8 g· 

TOTAL COPPER (-LOG (CuT) l • ·• 12 11 
OATS. 

10
4 K' at CIH 7.0 

D•EDTA 13 .• , 

••NTA 7.~ 

•·ODS . ·-~1 
O•CMOS 1.21 
•-Builder M •• ~:s 

., 
-J 

•-Control 

' -J 
&IJ .. 10 
u ..... ... 
w ~ 
-J on ;: 
0 .. ::E .... ~ :z: .. 
&IJ u 
u 

0 a: 
w 
A. - . .. 10 

.D • 
E 
:s z 

9 · 10 II • 12 f3 H 0 1.0 2.0 :1.0 •.o 5.0 • 
COPPER ACTIVITY ( C1 Cu l Ffee Zinc (moles/liter a1o7) 

Figure 3-2. Acute toxicity to a dinoflagellate (left) of total copper (top) and copper activity 
(bottom), with and without EDTA. Chro~ic·toxicity of zinc to Microcvstis aeruginosa 
(right) showing growth as cells/ml versus time with different levels of EDTA and NT A (top} 
and number of cells at five days as a functio"n of free. zinc concentration (bottom). . . . . . . 

. . 

. . . 



.. 

·-...( .· 
·C 

r!~ 
40 .a:, 
·:c Cit 

__ ._ ~ 

··i 

··out 
.a:>
·e»uo 
-z . !!: -·u 
IIJ 

"CL. 
Cit 

'' 

:t. 
~.! .... 

I.LI ._ 
4 
a: 
% .__ 
• 0 a: 
C) 

u 
&a. -u 
1&.1 
CL. 
Cit 

·-. t 

2 

!~ .... I~ ;- ·- --

CHRONIC TOXICITY OF COPPER 
TO A DIATOM 

l FROM SUNDA AND GUILLARD 1 1976) 

--.. 

pHIU•U • 
• o ~,.,...,,, I ~ . . i 
010. • t·'--------1-4 z o I , ___ . , . 
• 30 /' ,' 

~~~ ... ; f - f. -~,,,r··,~,,., .... 1 
.!!!.!:! L-1-+-~.- -·-· · . .A::; .. .-'"'+ -1 
D IOmMitlt r 1 · CY .... 11. • •.. 

I . .uu ,• i ,. - .. / 
~ f•' i'- ' e101t11.11rlt ,' ·•· .. , 

'
' l ,' I J.• , 

, •. ' y 

~"f_ / D .. I 

i'· 
I I 

' l···. 
o~------~3----d-.-.------4~-· !--.--~~~~~-~~t4 

~OTAL COPPER l·LOO Cuy) ( . 

' ... 
'' 

t.o 

t.o: 

0 II 0 t 10 · tl 
COPPER ACT IV Itt l p Cu) . 

-~~-'~' ... 

2.00 

z ... 
~ 
oC> 
tt<C 

~~ 
~~ 1.00 
ttt-4 
C)IIJ ... 
U> ...... 
~0 
u 

~ 

o.oo 

- .. - -,. ' 

CHRONIC iO~lC11V OF COPPER 
TO ~ON~:HRYSIS LUTHERI 

IFROf.l suN·:'. mo LEWlS, 197111 

I SOl RIY£A Wlf[A 
• 301 RIY£A lllf[ll 
£ 001 AIY£A tclf[A 

-4.00 6.00 

: TOTAL COPPER (-log CUy) 

2. 00,_...;-------_,. 
• tOt AfV!A ltAftA : 

· • Jol IUvtA IIAUA .· 
A DOl AlvtR ltU[A 

-

·---· 
1.00 / 

./ 
_.,.......,.... 

.,j-
.· 0.00':-:-------L-

6.00 ?.uc:- a.oo 
I COf'F="':I ACTIVITY. lllCU) 

7.00 

I 
i 

9.00 

Figure !3-3. Specific growth rate of a diatom (left) and Monochrysls Jutheri (right) versus total copper (top) a.nd coppec 
·activity (bottom) for a tang_e of concentrations of the complexlng ligands Trls and natural DOC. 



. . ~. 

IS Or-------------------------------~ 
z 
~;: .... :: 
: ~ 100 
+-kJ 
z~ 
kJ,_ 
Ua:: 
5o 
u~ 
a: ~ . 50 
kJU 
C.. GO 
CL :I. 

·0-·u . 

0 

·• 
0 

0 

0 6. 

* 

. ' .--

• 
"' o•--o-•-.....;;;;...... ___ ...._ _______ --J 

.... :: sz 
w 

0.0 I 0.1 1.0 I 0.0 .:::. . 

20 

TOTAL COPPER CONC. ( p. M ) 

. TOTAl NTA (uM) 

Winter 
41.0 
o10.0 

-- ,. 
---. 

-· 

I 
··-
I 
I 
I 
I 
I 
.I 
I 

-·~---,eo 
> - c: 
c 
Q 

Summer 
~0.2 .. ,.o . 
• 8.1 
•10.0 

; .. , 

-·~ 

-5 ~-. 
:,. Cl ::1 - . 
. ~ :: 120 

z = 
~ ~--•" 
·< • 
5 ~ 
~ i oo 
< 
c: w 
0.. 
0.. 
0 o· .... 
w 
:z: 

·-· 8 .. .:...-

.. 

J 

. 1 
....11!

. J 

6. 1 
J 4 

l 

8 10 . 11 

COPPER ACTIViTY'( p Cu) 

AFTER C.O. ZAMUOA AND W.G. SUNOA · 
USING ( Crassostrea virginca ), 1982 

·,. 

·-
! -· ·-
i'·:': ' .-. ·- :··-· 

·- ' ' 

- -· -· . ·-

'--. - ~-

-· ·. 
-
....,_ 

Figure 3-4." ·aody burden -of copper in oysters versus total copper (top) and copper activity . 
(bottom) with different levels of the complexing ligand NT A. 

I. 
I 
I 
I 
I 
I 

' .. 1 
~~1. 

' 



I 
I 

_,.. .. , 

I 
I 
I. 
I 
I 
1 .. 
I 
I 
I 
I 
I 

'· 

II 
·• 

I 
I. 

!"::"'" 

~~-· 

1·-:-
I 

3-8 , 

cadmium to the m.arine amphipod, ·Rhepoxynius abroriius in sediment and seawater. An 

objective of the study was to determin_e the contributions of interstitial and particle-bound 

cadmium to toxicity. Figure 3-5 presents mean survival versus dissolved cadmium 

concentrati~h f~r 4-day toxicity tests in seawater and interstitial water. A comparison of 

the 4-day LCSO of cadmium in interstitial water (1.42 mg/L) with the 4-day LCSO of 

cadmium in seawater without sediment (1.61 mg/L) resulted in no_significant difference 

between the two. 
=-

· Experiments were performed to determine the role of acid volatile sulfides in 
. . . 

cadmium spiked sediments using the amphipods Amoelisca abdita and Rheooxvnius 

hudsoni [14]. Three sediments were used, a Long Island Sound sediment with high AVS, 
. . 

Ninigret Pond sediment with lo_w AVS concentration and a 50/50 mixture of the two 

sediments. Figure 3-6 presen~ a comparison of the observed mortality to the obseryed 

interstitial water cadmium activity, measured with a specific ion ~lectrode, for the three 

. sediments. ·Four-day water on_ly· and 1 ~day exposure sediment toxicity ·tests were 

per:formed. The water-only response data for AmpeJisca and Rhepoxynius are included for

comparison although they represent a shorter duration exposure.· 

An elegant experimental d~sign-was._employed bY, Ketnp ·and_ Swartz [151 .to examine 

the relative acute toxicity of particule bound and dissqlved interstitial cadmium. ·They 

circulated water of the same cadmium concentration through different sediments. This 

result in d!ffering bulk sediment concentrations but the same interstitial water 

concentrations. They found no statistically significant difference in·organisim response for 

the different sediments. Since the interstitial water concentrations were the same in each 

·treatment - the circulating water concentrations established the interstitial water 

concentrations - these experi~e~ts confirmed the equal concentration hypothesis: 

A series of 1 O;-day toxicity tests using the amphipod Hyaleila azteca wert: performed 

to evalu~te ~he bioavailability of copper in sediments from two sites highly_ contaminate~ : 
with this metal: Steilacoom Lake, Washington, ~nd Keweenaw Watershed, Michigan [16]. 

A water-only, 1 0-day copper toxicity test was also conducted with the same organism. 
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. Figure 3-7 presents a comparison of the resulting mortality from the water-only test and 

interstitial wat_er from the sediment tests.· The LCSOs for the water-only and the average 

of day 0 and day 1 0 pore-wafer conce~tration were 3 1 and 28 ug/L respectively showing 
.. 

strong agreement in predicting toxicity. 
j 

The data presented in thiS chapter demc:»nstra~e that in water-only exposures metal 

. activity and concentration can be used to predict toxicity. The results of f~ur experiments · 
:::.. , . 

demonstrate tha~ mortality data from water-only exposures can be used to preaict 

sediment toxicity using pore water concentrations. The metal activity. or concentration in 

interstitial water therefore would be· an if!iPOrtant component of a pa~ition_ing model that 

is needed to establish sediment quality criteria. The following chapters present the current 

developments in determining p~rtitioliing and hen~e bioavailability for sediment metals. 
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CHAPTER4 

METAl PARTITIONING 

, . . 

. The .state of the art of modeling metal sorption to oxides in·laboratory systems is 

well developed and detailed models are available for cation and anion sorption [see the 
. . ' 

articles in Stumm, [1 1 and Dzombak and Morel, [21 for recent summaries]. The models 

consider surface complexation reai::tions as well as electrical interactions via models of the 

double layer. Models f_or natural soil:::.and sediment particles are. less well developed~ 

. However, recent studies suggest that similar models can be applied to soil systems 

[3,4,5,6, 7 ,8,9]. Since the ability to predict partition coefficients is required if pore water 

metal concentration is to be inferred from the total concentration, some 'practical model 

is required. This c·hapter presents ·the theoretical developme·nt of metals partitioning in 
• • 0 

sediments •. 

Metal Sorption Pha~s 

The initial difficulty that one ~onfronts in selecting an applicable sorption model is 

that the available models are quite complex and many of the parameter estimates may be 

. specif!c to indivi~ual soils or se!fiments. However the success· ot" organic carbon ba~ed 

non-ionic chemical sorption models suggests that some model of intermediate complexity 
- 0 -· ••• 

that is based on an identification of the sorption phases may be more generally· applicable. 

A start in this direction was made during·a recent conference [10]. A more formal ·- . ~ . ._- ' . - . . 
presentation is:availab_le _[_1 1k,:The basic idea was that instead of considerin_g only one 

sorption' phase as is _assum~d _for non-ionic hydrophobic chemical 'sorption, multiple 

sorption. phases were !=Orisidered.' The conventionaf view of metals speciation in aerobic - . 

soils and sediments is that ~etals are associated with the exchangable, carbonate, and Fe 

and Mn oxide forms, as well as that associated with the organic matter and stable metal 
• 0 

sulfides, and a residual phase. In oxic soils and freshwater sediments sorption phases 
0 • 

have been identified. as particulate organic carbon (POC) and. the oxides of iron and : 

mangan.ese [12, 13, 14, 15]. These phases are ~mportant because they have a large ' 
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sorptive capacity. Further they appear as coatings on the particles and occlude the other 

mineral components. It was thought that t~ey provided the primary sites for sorption of 

metals. These ideas have been applied to metal speciation in sediments. However, they 

ignore the critical importance of labile metcil sulfide interactions which dominate the 

speciation·in the anaerobic layers of the sediment. 

T~ra~ion Experiments 
, .. 

The importance of sulfide in the control of metal concentrations in the interstitial 

. water of marine sediments .is well documented [16~1 7, 18, 19]. Metal sulfides are very 

insoluble and the equilibrium interstiti~l water metal conceptrations in the presence of 

sulfides are small. If_ the interstitial water sulfide concentration in sediments is large, then 

as metal is added to the sediment, metal sulfide would precipitate following the reaction:· 

M2 + + s 2 :- - MS(s) (4-1} 

This appeared to be happening during a spiked cadmium sediment toxicity test [20] since 

:.a visible bright-yellow cadmium sulfide precipitate formed as cad~ium was added to the 

sediment~. However~ interstitial: water sulfide activity I {s2-} i measured' with . a sulfide 
• • • -- 0 •• • • •• 

I 
'-·1 
I 
I 
I 
I 
I 
I 
·I 
.. -
1 
I 

electrode indicated that the~e _was little or ·no free sulfide in the unspiked sediment. ·This . . ·- ..... . 

was, at the time,. a most puzzling result. . 
.. 

The Jack of si~nificant quantity of di5solved sulfide in th~ interstitial wa~er and the· ~ 
. ~vident.formation of solid phase cadmium sulfide sugge;Sted the following possibility. The • 

.-.majority of the ·s·ulfide in sediments is in the form ·of solid phase· iron sulfides. ·Perhaps the I 
: , ~ource of the sulfide is this solid phase sulfide initially present. As cadmium is added to 

~ , ·the sediment it causes the solid phase iron ·sulfide to dissolve· releasing· sulfide which· is I 
·' 

"~=available for·the formation of cadmium sulfide.'LThe reaction is:· · ··.'",. 

. . ·I 
L 

.... I . ; ..... ; 
' .. 
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. Ccf2• .+ FeS(s) -. CdS(s) + Fe2• (4-2) 

Cadmium titrations with amorphous FeS and with sediments were performed to examine 

this possibi~ity. 

Amorphous FeS 

=· 
A direct test of the extent to which_ this reaction takes pl~ce was performed [20]. 

A quantity of freshly precipitated iron sulfide.was titrated by adding dissolved cadmium. 

The resulting aqueous cadmium activity, measured with the cadmium electrode versus the . . 

ratio of cadmium ad~ed, [Cd]A, to the amount of FeS initially present, [FeS(s)~, is shown . 
. . 

in Figure 4-1. The plot of dissolved cadmium versus cadmium addec:f illustrates the . . . . . 
increase _in dissolved cadmium that.occurs ~ear [Cd]A I [~eS(s)]i = 1. A similar experif!1ent . . . 
has been performed for amorphous MnS with. comparable results. It is interesting to note 

that these displace"ment reactions among metal sulfides have been observed by other 

investigators [21]. The reaction was also postulated _by Pankow [22] to explain an 

experimental result involving·copper and synthetic FeS. · 

. . 
These experiments plainly demonstrate that solid phase amorphous iron · and 

manganese sulfide can readily be disptaced by adding cadmium. AS a coose~uence it is 

a source of available sulfide· which inust be taken into account in evaluating ~he 

- . relationship between solid phase and aqueous phase cadmium in sediments •. · A dire~ 

·confirmation that the removal of cadmium was via. the displacement of iron sulfide is 

.shown in Figure 4-2. The supernatant from a titration of FeS by. Cd~+ was analyzed for 

both cadmium and iron. The solid fines are the theoretical.expectation based on the 

stoichiometry of the reaction (Equation ~2). 

Sediments 

A similar titration procedure has been used to evaluate the behavior of sediments 

taken from four quite different marine environments: the long Island Sound and Ninigret . .. . 

' 
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Figure 4-1. Cadmium tftrations of amorphous F.eS. Abscissa is cadmium added .normalized . 
by FeS initially present. Ordinate is total dissolved cadmium. The fines connecting th~ 
data points are an aid to visualizing the data. · · 
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Figure 4-2. Concentrations of Fe2 + and Cd~+ in supernatent from titration of Fe~ by 
Cd2 +; 
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Porid sediments us~d in the toxicity tests; and sediments from Black Rock Harbor and the 

Hudson River. The binding capacity for cadmium is estimated by extrapolating a straight 

line fit to the dissolved cadmium data~ The equation is: 

[l:Cd(aq)] = max{O,m([Cd]A - [Cd18)} (4-3) 

where ll:Cd(aq)] is.the total dissolved cadmium, [Cd]A is the cadmium added, [Cd]8 is the 

bound cadmium, and m is the slope of the straight line. The sediments exhibit quite 

different binding capacities for cadmium·, listed in Table 4-1, ranging from approximately 

1 pmol/gm to more than 1 00 pmol/g. The question is whether this binding capacity is 

explained by the solid phase sulfide present in· the samples. 

TABLE 4-1 • CADMIUM· BINDING CAPACITY AND AVS a·F SEDIMENTS 

Black Rock Harbor 175.(41.) 114.(12.1) 

Hudson River 12.6(2.8) 8.58 (2.95) 

Ll SoundOe(c) 15.9 (3.3) 13.9 (6.43) 4.57 (2.52) 

Mixture(cl 5.45 {-) __ 3.23 (1.18) 

Ninigret Pond(c,dl 2.34 (0.73) 0.28 (0.12) .. ,.12.(0.42) 

(aiAverage (Standard Deviation) AVS of repeated measurements of the 
stock 
(blAv~rage (Stan.dard Deviation) AVS after the sediment toxicity 
experiment . 
(clFrom ·original cadmium experiment 1201 
(di50/5Q- mixture of U Sound and Ninigret Pond · 
(elFrom Equation (4-3) 

Correlation to Sediment AVS 

The majority 0~ sulfide in sedim.ents .is in the form of iron mo~osulfides (mackit1aWite. 

and greigite) and iron bisulfide (pyrite) of which the former are the most reactive. These.: . . . 

sediment sulfides can be classified into three broad classes ~hich reflect the-techniques 

used for quanti~icatio!l [19,23,24] .. The most labile fraction, acid volatile sulfide (AVS), 
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is associated with the more soluble Iron and manganese monosulfides. The more resistant 

sulfide mineral phase, iron pyrite, is not soluble in the cofd acid extraction used to measure 
, . 

AVS. Neither is the third compartment, organic sulfide associated with the organic matter 

in sediments '[25]. 

The possibility that acid volatile sulfide is a direct measure of the solid phase. sulfide 

. that reacts with cadmium· is examined in Table 4-1 which lists the sediment binding 

capacity for cadmium and the measur~ci AVS for each sediment and in Figure 4-3 ~hich 
indicates the initial AVS concentration. The sediment cadmium binding capacity appears 

to be somew~at less than the initial AVS for the sediments te~ed. However a comparison 

between the initial AVS. of the sediments and that remaining after the cadmium titration 

is completed, Table 4-1, SUQ!;Je~ tt"!at some AVS is lost during· titration e?Cperiment. In 

any case the covariation of sediment binding capacity and AVS is clear in the data in Table 

4-1 and Figure 4-3. This suggests that AVS is the proper quantification of ttie solid phase 
. . . 

sulfides that can be dissolved by cadmium. The chemical basis for this is examined below: 

Solubirrty Relationships and Displacement Reactions 

Iron monosulfide, FeS(s1, ·is in: equilibriu·m 'with aqueous phase sulfide and iron. 

concentration via the reaction: 
. I 

FeS'(s) - Fe2+ + s2- (4-4) 

If cadmium is added to the aqueous .phase, the result is: 

Cd2+ + FeS(s) - Cd2+ + Fe2• + s2- (4-5) 

As the cadmiu~ concentration increases, [Cd2 +](s2·1 will exceedthe.solubility product of 

cadmium sulfide and CdS(s) will start to form. Since cadmium sulfide is more insoluble 

than iron monosulfide, FeS(sj should start to dissolve in r'esponse to the lowered sulfide . . . 
concentration in the interstitial water. The overall reaction is: 
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· Figure 4-3; Cadmium titration of sediments as Indicated In figure legend. Cadmium added per unit dry weight of sediment 
versus total dissolved cadmium. .. : ·. . . ' . . 
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Cd 2+ + FeS(s)- CdS(s) + Fe2• (4-6) 

The iron in FeS(s) is displaced by cadmium to for'm soluble iron and solid cadmium sulfide, 
. . . . 

CdS(s). The consequence of this replacement reaction can be seen using an· analysis of . . . 

the M(ll)-fe(II)-S{-11) system :with both M~(s) an~ .FeS(sJ present in Appendix 4A. · M(HJ 
. . 

represents any divalent metal that forms a sulfide that is more insoluble than FeS. If the 
.. . · ... 

. added metal, (M]A, is less than the AVS present in the sediment then the ratio of metal 

activity to total ~etari~ the s~dime·ntinterst~ial.wat~r syStem is less than the rati~ of the 

MS to FeS solubility products: .. 
. -- - . .. 

··. (4-7) 

This is a general result that is in.dependent of. the details of the interstitial water chemistry. 

In particular it is independent of the Fe2 + activity. Of cou.rse the actual value of the ratio · 
. . ' ... 

·{M2 +}/[M]A depends on aqueou~ speciation, as indic~~ed by Equation 4-S. However, the 

ratio is still less. than the ratio of the sulfide solubility products . 

This iS an important f.inding since the data presented in Chapter 3 indicates that 

: tox!city. is related to metal activity, {M2 +}. This inequality guarantees tha~ the metal 

activity - in contrast to the .total dissolved metal concentration - is ·regulated by the. ir.on 
' . . . : . ~ . . 

· ·sulfide - metal sulfide system. , . .·-.·. 

•. . 
The sulfide solubility products and the ratios are listed in Table 4-2. ·The ratio of. 

. : • . • . f.:.. .. • • - •. ) • ~ · ... ' • • • 

· cadmium a~ivitV to total cadmium is less than 1 0 -10·5 • For nickel th~ ratio is less than 

i o-5•6 • By inference this reduction in metal activity will occur for any other metal that 

·forms a sulfide that is signif!cantly n:tore insoluble than _iron monos~lfide. The ratios for 

the other metals in Table 4-2, Zn, Gd, Pb, -and Cu, indicate that metal activity for these 

.· ... ~e~al~ w_ill~be. very small in the presence of excess·Avs. · · 

.... ~ ..... 

. ~ ·. ·, : . . . -~ 

.· 
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TABlE 4-2. METAL SULFIDE SOLUBiliTY PRODUCTs• 

FeS -3.64 -22.39 

·NiS ·9.23. -27.98 -5.59 

ZnS . · -9.64 ·28.39. -6.00 

CdS -14.1 0 · ·32.85 -1 0.46 

PbS -14.67 ·33.42. -11.03 

CuS -22.19 -40.94 -18.55 

-solubility products, K.. .. 2.• ~or the reaction M 2+ + H-· - MS(sJ ·. + H+ for CdS (greenockite), FeS 
(mackinawitel, and NiS rmilferitel from ref 27-. ·Solubili~ progucts for CuS (covellite), PbS (gale~~ and f.nS 
(wurtzite), and pK2 = 18.57 for the reaction HS"- H+ + S ·from (28). K89 for the reaction M + S ·-
MS(s) is computea from _log ~.2 and pK2• · . . . . 

• 1; : 

. Application to Mixtures of Metals 

A c·onjecture based_ on the sulfide· solubility produ~ for the metals listed ~n Table 

~2 is that the A VS normaliZed toxicity of metals is additive. ·Since all· these .divalent 
• . • ~ • ' • _• . : I ·~ ' • • • 

. metals have lower sulfide solubility parameters than FeS, ·they_ would all exist as metal . . 
sulfides if their molar sum is less than the AVS. For this case 

... 
(4-8) 

.. 
. 'no metal toxicity would be expe'Cte~ where [~]i is the total cold ac!d ~xtractable'itti metal 

concentration in the sediment. On the other hand if their ·molar sum is greater.than the 

AVS concentration, then· a_ portion of the metals with the largest sulfide solubility· 

parameters would exist. as· free· metal and potentially cau~e toxi~ity •. For this ca~e the 
. ·.·. . 

· following ~ould be. true::;.: 
.... ~ . 

... . ~ .... . .. . , .· ... . : .'. . (4-9) 

- I • •' ·-

These two equations are·precisely:the formulas that one would empl~y to determine the 
. . 

extent of metal tpxicity· in sediments assuming additive behavior and neglecting the effect 

of partitioning to other sedi~ent phases. Whether the· normalized sum is less than or . . 

. greater than one discriminates between non toxic.and potentially· toxic sediments. The 
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additivity does not-come from the nature of the mechanism that causes toxicity. Rather 

it results from the· equal ability of the metals to form metal sulfides with the same 

stoichiometric ratio of M and S. 

The appropriate. quantity of metals to use in the_metals/AVS ratio. is referred to as 

·simultaneously extracted metal" or SEM." This is the metal which is extracted in the cold 

· acid used in the AVS procedure. This is the appropriate quantity to use because some 
::. - . 

metals form sulfides which are not labile in the AVS extraction (e.g., nickel). If a r:nore. 

rigorous .extractio·n were used to increase the fractit?n of metal extracted which did not 

·also capture the additional sulfide extracted, then the ·sulfide associated with the additional 

metal releas~ would not be quantified. This would result in an eirom!ously high met!JI to 

AVS ratio l2f?]. 

The above discu~ion is pr~dicated on the assumption that all the metal sulfides . . . . .. . .. 
behave similarly to cadmium· sulfide_. Results of sediment spiking experiments will· be 

presente~ in Chapter 5 for cadmium, copper, lead, nickel, ~inc, and metals mixtures which 

de~onstrate the similar behavior of these metals. Further it has been assumed that only 

acid soluble metalS are reactive enough to affect the free metal activity. That ·is, .the 
• • • • 0. • • 

proper metal concentration to be used is the SEM. Both of t~ese hypot~eses _can be teSted 

directly using sediment toxicity tests. "These are discussed in the nextcha~ers. 

·. 
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Solubility ·Relationships for Metal Sulfides. Consider the following situation: a 

quantity of Fe$ is titrated with a met~l that forms a ~ore insoluble sulfide. We analyze 
. ~ . . . . ; . . .. . - . ·' \ ·'. . - . 

the result ·using an equilibrium model of the M-un.:Fe(II)-:S{-11) system. The mass action 
\ : ·:. . . . . . 

laws for the metal-and iron sulfides are . ;_-·: . .. .. . .... 

(A-1) 

(A-2) 

. . . 

activity coefficients; and KMs ~nd f<t:es are the sulfide solubility products. The mass 

balance equations· for total M(ll), Fe(ll), and S(-11) are · 

: : ' ... _~ .. 

where 

, . . . . . . .. : -- ... 
a- ~2·lM 2+1 + (MS(s)] a: (MJ~. 

-1 .. -. . . . -- -: · ... -·. · ... : . 
a 5 2-IS2 l + [MS(s)J" + [FeS(s)] = [FeSCs>r~· -~- ,· 

.. • l 

· .. ~- "' ._-; ' (' ·-

-· .. 

-·-~-··-1: ... _. 

. ' 
• :·· ..,. "'"'i: • ._:_:;, _,' • ·.:,-, . • . '.;. ~: -r. 

. . ·. . . 

. -- .. ;, .-· . '_, 

.. ,- • # •• ~-

(A-3) 

.. (A-4) 

(A-5) 

(A-6) 

··-

(A::.7) 

(A-8) 

.. -- ' . • ' .. ..., . - ""'· • . ; , ' t• • - _ ... _ .• 

· are the ratios-of~he divalent species concentrations to the total dissolved M(U), Fe(U),-and. 

S(-11) concentrations, (l:M(aq)], (l:Fe(aq)],·and [l:S(aq)], respectively. (MS(s)] and (FeS(s)] 

are the con-centrations of solid-phase metal and iron sulfides at equilibrium. [FeS(s)]i is the -

I ' 
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I 
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jnitia.l iron sulfide concentratio~ ·in the sediment, and (M]A is the co~centration of adde~ I 
metal. 

.• . . . . :·· ~ ~ .. ' . 

. / The;~olution of these ~ive equation-s carfb~ obtained a; foll~ws .. th.e ·~ass balance 

- Equatio~s.:A-3 and A~4· for M'c"m arid. Fe(IIJ ca~ b~ sol~~d for '(MS(s)] and [FeS(s}] and 

substituted in the mass balance Equation A-5 'tor 5{11}: 

_, . _, _, .. · ·: . . ... 
-a ~2-IS 2-1 -+ a Fe2•lFe 2•1 -+ a M2.[M 2 +J = lMJA CA-9) =· 

The mass action Eq~ations A~1 and .A-2 can b~ used to substitute for [Fe2 +J and [M2 +J, 

which res·u~s in a qu~d~atic ~q~atio~ for· rs~-1;·· .. .. . . 
• \' I • 

. ' 

·(A-1 0) 

-The positive root can be accurately approximated by : .. ·, .· 

I 
I 
I 
I 
I 
I 

' ., 
.. I 

.· 
(A~11) .. ·. 

. : . 
. . . ~ . ~--.. 

·which results from ignoring the le~ding terrri in Eq_uation A-1 0. This is legitimate because 

. :the term in. parentheses in Equation A-1 0 is s~all relative to ·[MJA due to the presence of . 

the sulfide solubility: products. As a results, rs2-J is also small since it is in the 

. :. deno"!'inator. Hence, the l~ading teim in Equation A-1 0 m.ust be srri'au relative to [MJA and 

can safely be ignored. 

The metal activity can now 'be found from the solubility equilibrium .Equation A-1: 
·. .. . ~ . ' .. . . ~ ~ .. ~ t~ - ~ . ~ :. ~ -· ' . ·:· .. -. . . - . . . . -- ~ :·· . . 

r. -. .-t-. • .. · ... ~~ . I, 
. ·- .. ·.{."' . . ' 
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... 

so that . i . : ··_,. .. -. 

{M2"J = . - ·. . ·• KMs 

IMlA Pfe2•KFeS + PM2•KM·S 
'.!:... 

CA-13) 

where 

CA-14) 

and 

·, (A-1 5) . 

Equation A-.~ 3 can be expressed as 

(A-16) 

I. . . . . . . 
The magnitude of the term in parentheses ~an be estimated as·follo~s. The first term in· 

the denominator is always greater than or equal to 1.PFe2+ ~ 1. because it is the reciprocal . . . .. . 

_ . of two ternis both of which are less than or equal to 1. Equation A-14. They are afe2 + :s 

1. which is the ratio of the divalent to total aqueous concentration~ and YFe2+ :s 1. which 
. .. 

is an activity coefficient. The second term in the denominator cannot be negative. 

PM2+KM5/KFeS > 0, since all of its terms a~e _positive. th_us, the denomin~tor of the 

expression in parenthese~ is always greater than 1 ~ PFe2+ + PM2·~sfl<tces > 1. 

Therefore, the expression in parentheses is. always less than 1. Hence, the magnitude of 
. . 

the ratio of metal activity to total ad de~ metal is bounded from above by rPtio of. the 

sulfide solubility products: 
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(A-17) 

, 
This results applies if IFeSl;:> [M]A so that excess IFeS(s)] is present. 

If sufficient metal is added to exhaust the initial quantity of iron sulfide, then· 

u=eS(s)] = 0. Hence, the iron sulfide mass action equation (A-2) is invalid and the above 

-equation no longer appiies. Instead, the only solid~phase sulfide is metal sulfide and 

IMS] =· [FeS]; (A-1 8) 

so that, from the metal mass balance equation 

(A-19) 

this completes the derivation of Equations 4-8 and 4-9. 
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[AVS] 

{Fe2+} 

1Fe2+1 · 

lfeS(s)] 

[feS(s)]i 

KFeS 

KMs 

{M2+} 

1M2+] 

IM]A 

IMS(s)] 

{s2-} 

·[S21 
_ [SEM] 

[SEM1cd 

[SEMlcu 

[SEM]Ni 

[SEM]Pb 

[SEM]Zn 

°Fe2+ 

a..,.H 
a 2· .s 

PFe2+ 

PM2+ 

YFi+ 

YM2+ 

Ys2-

Il:Fe(aq)] 

. . Glossary_._ . 
.. ~ l . ~· ... 

acid volatile sulfide concentratio~ (pmol/g) ' . 
activity of Fe2 + (moi/L) 

concentration .of Fe2+ (moi/L) 

concentration of iron sulfide (moi/L) 

initial iron sulfide concentration in the sediment (moi/L) 

solubility produ~ for FeS(s) [(moi/L)2] 

solubility _product for MS(s) [(moi/L)2] 

divalent metal activity Cmol/l) 

concentration of M2 + (moi/L) 

concentration of added-metal (moi/L) 

concentration of solid-phase metal sulfide (moi/L; 

activity of s2- (moi/L) 

. concentration of. s~-: (moi/L) 

simultaneously extracted metal concentration (pmol/g) 

simultaneously extracted Cr;j concentration (pmol/g) 

simultaneously extracted Cu concentration (pmol/g) 

simultaneously extracted Ni concentration (pmol/g) 

simu1ta11eously extra~ed Pb concentration {pmol/g) 

sim.ultaneously extracted Zn concentration {pmol/g) 

{Fe2 +}/[l:fe(aq)] · 

{M2+}Jil:m(aq)] 

{s2-}/ll:S(aq)] 

<°Fe2+fFe2+r
1 

(aM2+yM2+r, 

activity ~oefficient of Fe2+ 

activity coefficient of M2+ 

activity ·coefficient of. 52-

concentration of total dissolved Fe (II) (moi/L) 

· 4A-5 ' 
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ll:M.(aq)J 

ll:S(aq)] 
concentration of total dissolved MCJI) (mol/l) 

concentration of total dissolved 5(11) (mol/L) 

'· 
~ . . . 

-=- . 

~ .. . . 

1...... ....-;_...,...~ 

. . 
. . 

.. , 

-: 

'. ....~ 

... 

·-·. 

........ 

: .. • . 

. ~ . 

- ~·· 

'. 

.-..., . 

I 
4A-6 ~·I 

I 
I 
I 
·I 

' 

I 
I 

I ., 
:·a 
I 

.. I 
i 

I 
' 
I 

l 

I 
I 
I 

• , ·L 

.:-~ 
t 

·I 



I 
I 
I 
I 
I 
I·· 

... 

·- REFERENCES -

I 
I 
I· 

·'~ 

I 
I 
I 
I 
I 
·I 
I 

!:! 

li 
.. 

1-'-.J 

I 

· .. 1. . .. Stumm·, W.-1987~ Aauatic s·urface ChemiStrY, Chemical Processesm1M Panicle

.- Water Interface. John Wiley & Sons, N"ew.York. 

... 

... 

2. Dzonibak, D.A. and Morel, F.M.M. : 1990. · Surface Complexation Modeling·. 

- Hydrous~Ferric Oxidg. New York, ·NY, John Wiley & Sons. 

3. Goldberg, S. and Sposito, G. 1984. A chemical model of phosphate adsorption by 

·soils~ II. Noncafcareous soils.·· Soil Sci. Cos .. Am. J. 48:779-783. 

4. ·· : Barrow; N.J:· 1986 •. Testing a mechanistic model. I. The effectS of time and 

temperature on· the reaction of fluride and molybdate with a soil. J. of Soil Science 

37:267-277 .. 

5 ...... Barr.ow, N.J. 1986. Testin-g a' MechaniSti-c Model. II. The effects of time and 

temperature on the reaction of zinc with a $Oil. J. of Soil Science 37:287-295. 
., · ... 

- . . . ~-- .. 
~ : ._ .. , • .4 •• r;.. 

'. ~ ... 

- . ·6. Barrow; N~J. and Ellis, A.S. 1986. TeSting an~echanistic model. Ill. The effects 
~ ,· · ... 

of pH on fluoride retention by a soil. J. of Soil ~cience 37:287-295. 

·. ·.-.7~ ·~Jr.: Barrow, N.J~.'and Ellis, A.s.-:·1986.- Testing a mechanistic model. IV. Describing 
. . . 

.· •.. ·" ·:··.'the effects of pH on zinc retention by a soil. J: of Soil Science· 37:295-302. . . ~ . r; ~ 

8. Barrow, N.J. and Ellis, A.S. 1986. Test.ing a mechanistic model. V. The points 

~·: ·~:-; :·:·J :::.of zero saft effeCt.for phosphate retention and for acid/alkali titration of a soil. J. 

~.r.. .·J ::· .__: of:Soif Science 37:303-31 0.- ;_:·· .· . ' - ·· 
.-:.·· 

9. Sposito, ·G, de Wit, J.C.M., and Neal, R.H. 1988 •. Selenite adsorptior on alluvial 

soils; Ill. Chemical modeling. Soil Sci. Soc. Am. J. 52:947-~50. 



10 •. 

. 11. 

12. 

Di Tore, D.M., Harrison, F., Jenne, E., Karickhoff, S., and Lick, W. 1987. . . 
Synopsis of discussion session 2: Evironmental fate and compartmentalization. In: 

I 
~I 

Em .2!1Q.. Effects of Sediment-Bound Chemicals. in Aguatic Svstems. 136-147. I 
Editors: K.L. Dickson, A.W. Maki and W.A. Brungs. Pergamon Press, New York. · 

Jenne, E.A., Di Toro, D.M., Allen, H.E., and Zarba, C.S. 1986. An activity-based 

model for developing sediment criteria for met~ls: A new approach. Chemicals in 

the environm'ent. International Conference, Usbon, Portugal. 

=-
Jenne, ·E.A. 1968. Controls on Mn, Fe, Co, Ni, Cu_. and Zn co~c~ntrations iri soils 

and water - the significant role of ·hydrous ·Mn and Fe oxides. In: Advances in 

Chemistrv. 337-387. Editor: ·American Chemical Society, Washington, D.t;:. 

I 
I 
I 

13. ·Jenne, E.A. 1977. Trace eleme_nt $orption by sediments and soil- sit~s an~-

I 
·I 

14. 

15. 

, 6. 

. 
processes. In: Symoosium 1m Molybdenum in 1M Environment. Vol. 2. pp. 425-. . . 

553. Editors: W. Chappell an~ K. Petersen~ M. Dekker, Inc., New York. 

., 
I 

I 
' Luoma-, S.N •. and Bryan, W. 1981. A statistical assessment of the form of trace 

I metals in oxidized sediments employing chemical extractants. The~.Qf~IQ:t2! 
·. 

·Environment 17:165-196. ' '"' ... · .~ ... ·1 
Oakley, S.M., Williamson, K.J., and Nelson: P .. O. . 1980. The geochemical i 

. . 
partitioning and bioavailability of trace metals in marine sediments.·· Water Res·. . . . . 
fnst., Oregon State Univ., Corvallis, Oregon: 1-84. 

.· 
• 4 ~ ..... 

Boulegue, J., Lord JJJ, C.J. and ·Church,. T:M •. 1982. Sulfur speciation and 

associated trace metals (Fe; Cu) in .the pore waters of Great Marsh, Delaware . . . 
Geochim •• Cosmochim •• Aata. 46:453-464. 

.. 
. l • ~- •. 

'I 
·I 

' 

I 
I 
I 

~ 

:1 
I 
i 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
~-· ~ 

I: .:-
j 

I 

17. 

, 8. 

. -- ~ ......... 
Emerson, S., Jacobs, L. and Tebo, B. 1983. The behavior of trace metals in marine ~ 

- . .. ... . 
anoxic wat~rs: Solubilities ·at the oxygen-hydrogen sulfide interface. In: TraCe 

·Metals in~ Water; pp. 579._608. Editors: C.S. Wong, E. Boyle, K.W. Bruland and 

J.D. Burton. Plenum Press, New York: 

... ·. . .. 
Davies-Colley, R.J., Nelson, P.O. and Williamson, K.J. 1985. Sulfide control of 

. ·--· . . . . 

cadmium and copper concentrations in anaerobic estuarine sedim~nts.. Marine 

Chemistry 16:173-186. 
-.:. -

.· . .. 
19. Morse, J.W., Millero, F~J., Cornwell, J.C. and Rickard, ·D. ·1987. The chemistry 

20. 

21. 

.. . . 
of the hydrogen sulfide ·and iron sulfide systems in natural waters. Earth Science 

- : " . .. ' . : ·- . . . 
·Reviews 24:142 .. 

Di Taro, D.M., Mahony, J.J., Hansen, D.J. Scott, K.J., Hinks, M.S., Mayr, S.M; and 

Redmond, M.S. 1990. Toxicity of cadmium in sediments: The role of acid volatile 

sulfide. En.viron. Toxicol. Chern. 9:1487-1502. 

Phillips, H.O. and Kraus, K.A. 1965. Adsorption on inorganic;: materials VJ. Reaction 

of insoluble sulfides with metal ions in· aqueous media. J. Chromatog 17:549-557. . . 

22. Pankow, J.F. 1979: The dissolution rates and mechanisms of tetragonal ferrous. 

sulfide (Mackinawite) in anoxic aqueous systems. Ph.D thesis. California lost. of 

Technology, Pasadena, Calif. 1.:146. 

23. Berner, R.A. 1967. Thermodynamic stability of sedimentary iron sulfides. Am. J. 

·Sci. 265:773-785~ 

24. Goldhaber, M.S. and Kaplan, J.R. 1974. The sulfur cycle. In: The Sea. Vol. 5. 

Mari!le Chemistry, 569-655. _Editor: E.D. Goldberg. J. Wiley & Sons, New· York. 

, . 



I 
25. . Lande~s, A.~., Davi~, ~-B:··~itchel, ~.J .. 1983. A~~ lysis o:~ '?rg~nic and inorganic ' . . ""1 

sulfur constituents m sedtments, sods, and water. Int. J. Envtron·. Anal. Chern. . 

14:245-256. 
.·. 

. . . . 
26. D_i Tore. O.M., J.D. Mahony; O.J. Hansen,. K.J. Scott, A.R. Carlson and G.T. 

"An~Jey. 1 992. Acid volatile. sulfide predicts the acute toxicity of cadmium and 

nickel in sediments. Environ. Sci. and Techno!. 26:96-101. 

27. Schoonen, M.A.A. and Barnes, H.L. 1988. An approximation of the second· 
:.:. ~ 

dissociation constant for H2S. Geochim. Cosmochim. Acta 52:649~654.· 

28. Byrne, R.H., Kurrip, LR. and Cantrell, K.J. 1988. The influence of temperature and 

pH on trace metal speciation in seawater. Marine Chemistry 25:153-181. 

·. 

I 
I 
I 
I 
I 
I 
I .. 
I 

L 

I 
I 

; 

I 
i. 

I 
L. 

·I . 
. , 
I •• 

~' 
~ 



I 
I 
I 
I 
I 
I 
I 
I 
I 

··1• ... 

I 
I 
I 
1--·· 

I 
I 
I 
I~ 

I --
j 

I 

CHAPTER 5 

, LABORATORY SPIKING EXPERIMENTS· 

The_ discus_sion in the previous chapter has highlighted the importance of metal . . 
· sulfides. Sulfides of Cd, Cu, Ni, Pb, and Zn all have lower sulfide solubility product 

constants than the sulfides of. iron and manganese, which are formed naturally in 

sediments as a product of the bacterial oxidation of organic matter I 1 1. As a result, these 

metals will displace- manganese· an~ iron whenever· they are present together· with 
. . . 

· -· manganese and iron monosulfides 121 •. Because the solubility produ'ct constants of these 

~uffides are so small, sedi~ents with- an excess ~f AVS will have very iow metal a~ivity 
. . . 

in the interstitial water, and no toxicity due to these metals should be observed in the 

sediments. If the· met~ls are present in excess of the sulfides (SEM/AVS > 1.0) anc:i there· 
. ' . 

are no other sediment phases capable of binding the metals (e.g., DOC or TOC) metal will 
I 

bt;! present in -the interstitic:H water and the sediment may be toxic. The validity of this 

_theory can ·be _demonstrated-through experimentation. Results· of acute toxicity testing 

. ,~~ith sedime~ts spiked .with -metals in th~ laboratory are presented in this chapter. 

Predictions of the toxicity of metals-contaminated field sediments using interstitial water 

. -.,._concentration of m~tals and AVS normalization are presented in Chapter 6. ·Results of 

chronic toxicitY tests using sedif!1ent colonization experime~s are presented in -C~apter_7. 

In this chapter results from a series of acUte toxicity tests using saltwater sediments_· -. 

·.·spiked with cadmium, copper, lead, rifckeJ, or zinc, ·and a~ equimofar mi~ure of ca-dmium, ·. 

· - copper, nickel, and zinc will be examined in detaiL The methodology for these tests is 

. =:--presented in Appendix. SA.·: These tests· will be highlighted because they_ se~e as an 

.. :-example from a single laboratory (Narragansett ~PA Research Laboratory) o~ the methoas 

. = .. used in_tf:le sediment spiking experiments with metals and represent a series of iests whic;h . . . . . . 
. follo~-~d a consistent methodology, perfor,ned with a relatively se~sitive.specfes unable 

· t~ avoid the sediment (Amoelisca abdita·, the amphipod). A~ abdita is an estuarine, tube-· 
- . . . . 

building, in~auniil amphipod commonly used in sediment toxicity testing·. Published results· 

. .troni tests.- using polychaetes [4,5] :.and ~o~pods [6] -in satiwater sediments, and ·· . - . .. . 
oligochaetes and snails 171 in freshwater sediments, ·will be combined with the A- pbdita 
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results. Data from spiked sediment tests in which neither AVS nor interstitial water were 

measured {8,9] or which used non-standard methods [1 0] will not be included. 

Results: Saltwater Amphipod Tests 

ihe data handling techniques .used in this chapter are discussed below.· Detection 

limits were calculated for all chemical analyses based on instrument detection limits and 
. . 

sample size. In those instances where a mean concentration is a summation of measured 
-. • 0 -..=. . • • 

data and data below the limit of detection, 1 12 the detection lirTJit was used. for those .. 
vafues below the limit of detection. Means for which there were no measured values 

. . 
.above the detection limit are indicated as n.d. in the appropriate tables and graphs. Only 

detectable interstitial water metal was included In the calculation of interstitial water toxic 

units. 

I 
I 
I 
.I 
I 
·I 

l 

. - .,_ 
: .Sediments whi~h caused greater than 24 percent mortality were considered toxic. · . 

Mearns et al. [8] found that sediments which cau~ed greater than 24 ·percent mo~ality in I 
tests with the amphipod Rhepoxvnius abronius were not consistently classifieq as 

significantly toxic. This. ~riterion is similar to the "80 percent of control survival" criterion I 
used in the .EMAP program [13] •.. 

· Many of the !nterstitial and .overlying water .concentrations discussed herein are · 
I 

expressed as toxic units. A t~xic unit is the· meas.ured water conc~~ration divided by the . -1 
water-onlv.LCSO concentration for that particular compound for the test organism. For. t 

. - . . . - . . . 

example, a sediment with an interstitial water concentration equal to the v.rater-only LC50 

. concentrati~n for the test.organism would have one interstitial water toxic unit (IWTU). 
. . 

-When more than one toxic metal is present, IWTUs are calculated as the sum of the toxic 
0 • • • • 

units_ of the individu~l metals; e.g., .IWTUcd+Ni · = (interstitial water cone Cd/LC50Cd) + · 

(interstitial water cone Ni/LC50Ni). Thus, if in~erstitial water is the pri~cipal source of 

metals toxicity, and availability of metals is the same in water of water-only tests and . . . . . 
. interstitial wate_r in sediment tests, 50 percent mortality would be expected in sediments 

having 1.0 IWTUs. In this document we use < 0.5 IWTUs to indicate sediments unlikely 
/ 

• I 
I 

L 

I 
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to cause significaryt mortality because on the average water-only LCD and LC50 values 

· differ by approximately a factor of two [14] and because data in our experiments supports 

this value as a break-pf?ir1t betw_een nontoxic and toxic sediments. 

Dashed lines are used on all figures to indicate predicted break points in mortality 

and chemical concentration. The das~ed fines at SEM/AVS'= 1.0 indicate the predicted 

boundaries between· nontoxic sediments and sediments which may be· toxic. The dashed 

line at 24 percent mortality· indicat~s the demar_cation between toxic and n_ontoxic 
. . . 

sediments, and the dashed _lines at 50 percent mortality and IWTU = 1.0 indicates the . . . 

theoretical mortality at 1.0 IWTU. · · -. • · 

Water-Only Tests 

Ten-day static renewaltes:ts were condu~ted with A. abdita to determine water-only 

LC50s for Cd, Cu, Ni, Pb, and Zn in seawater. The 1 0-day LCSO values for the water-only 
. . 

tests were calculated using the trimmed Spearman-Karber ·~ethod 1111. The LCSO values 

from the water-only tests are summarized in Table 5-1. There is no 1 0-day· L~SO value 

for cadmium available for Aheooxynius hudsoni so the 1 0-day LC50 value for Amoelisca 

abdita (36 pg/L) was used for the ·calculation of toxic units for this species. 't This 
.. . . . . . 

assumption is r~asonable because these amphipods have similar sensitivities; i.e., the 4-

day LC50's for A •. hudsoni (f!i40 pg!J) and' A. abdita (340 pglf) differed· by less than a factor 
• • ... • .' ~ • ........ • • • : • 4 • • 

- .of two [12]. We assume that the ten-day LC50s for bot~ species will also be similar • 
. : . . . . : . . ·, ' .. 

...... . . . 
·. .. . -. ' . \ ... ~. ... .. :.· ~- ... . .. "-.' .. 

, .... ~- ~- " -· _; • '.· ., ~--- ••• <.1' i* 

~--------------------------=-------~ .... ""- ··:. ·.-:TABLE 5-1. 1G-DAY WATER~ON.LY LC50 FOR 
AMPEUSCA ABDtTA 

.,iii1M!1!1~f1tl!~~'r££~91t~mrltl!i~§lill!~l!~~£~~~l~ . -·· -
Cadmium 36.0 Not reliable 

Copper 20.5 1£?.5- 25.5 
.. ..... ~ . . .. -· 

Lead 3.~~-0. 1 ,9~0 - 4,61 0 .. . : .. -· Nickel 2,400 2,050 - 2,820 

Zinc-·· 343 291-405 
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Spiked sediment tests · ··· 

Amphipods were exposed to control and-metal-spiked sediments in 1 0-day tests 

with continuous renewal of overlying water. In all experiments two sediments of different 

. AVS concentration~ were used: Ninigret Pond (AVS· = 1 .18-2.25 pmol/g) and Long Island 

Sound (AVS = 9.72-19.9pmol/g}. In the cadmium teSta mixture ofthesetwosediments 
. . 

was also used (AVS = 4.34 pmol/g}. The nominal treatments used in most experiments, 
=-. 

expressed as the molar ratio of metal to AVS were 0.0 (control), 0.1, 0.3~ 1, 3, 10, and 
. . 

_.30 (Table 5-2). There were four replicate_s per treatment in each test: two "biological" 

replicates were used to assess mortality, and. two.~ chemical" re.plicates were used for . . . . . . 

metal and AVS analyses of the sedim.ent at test initiation and termination. Twenty (30 . . 
in ·the cadmium test) amphipods were added to each •biological" and the day 10 . . . 
.. chemical" replicate ~t the start of the te~. Interstitial water samples were collected in 

. .diffusion sample~s (peepers) from ea-ch of these three replicates at the termination of the 

· experiments; ·. 
. \ 

Sediment Chemistry -

Day o Versus Day 1 o ChemistrY Values -

AVS, SEM, and dry weight sediment chemistry measurements vari~d somewhat 

from day 0 to da~ 10, btrt.the variatio~-was general~y within 20 per~ent ~·nd did not show 

a aefinite time, concentration, or metal-dependent pattern. Therefore, all AVS, SEM, and 

dry weight sei:fihi~nt'c~e~~Y data will be.rep_orted ~s.~eans ~f da-y 0 and day 10 valu~s. 

Interstitial W~ter Metal Versus·SEM/AVS 

· In all the individual and mixed metals experiments the interstitial wa~er ·metal 

concentrations were usually below the limit of detection in sediments With SEM/AVS ratios . . . . . 
below. 1 .0 (Table 5-2, Figure 5-1). In ihe cadmium and mixed metals experiments the-

I 
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values for interstitial water appear high because of-the high d~tec:tio_n limits i~· t~e~e ·. :·J 
. . . . ·-·~ 
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TABLE 5·2. SUMMARY OF SEDIMENT CHARACTERISTICS, METAL CONCENTRATIONS, AND AMPHIPOD MORTALITY IN SIX SPIKED SEDIMENT EXPERIMENTS. 

Cadmium LIS CONT 0.88 94.4 SB" 35.89' · ND"" 158.29" 27.cn• 3.94 0.00 14.9 0.00 NO 1.65 
cadmium LIS o.tx o.B8 94.4 sa• 35.89r t75.S3 158.29" 21.o1• 5.50 1.58 14.9 o.1o ND a.35 
Cadmium LIS 0.3X 0,88 94.4 SB" 35.89" 544.17 158.29" 27.07" 8.78 4.85 14.9 0.33 ND 18.7 
Cadmium LIS 1 X 0.88 94.4 58 • 35.89 • 1872.22 1S8.29 • 27.07 • 20.59 18.88 14.9 1.12 ND 1 o 

. Cadmium LIS 3X 0.88 94.4 58" 35.89" 6810.61 158.29" 27.07" 55,83 51.89 14.9 3.47 240S.S6 100 
Cadmium LIS 10X 0.88 94.4. 58" 35,89' 19969.10 158.29"" 27.07" 181.80 177.88 14.9 11.92 13444.44 88.4 
Cadmium NIN CONT 0.15 0.0 NO,. NO • NO 2.87 • NO • . 0.08 . 0.00 1.3 0.00 NO 5 
Cadmium NIN o.tX 0.15 0.0 NO" NO" 17.20 2.87" NO• 0.21 0.15 1.3 · 0.12 NO 12.5 
Cadmium NIN 0.3X ·• 0.15 0.0 NO" . No• 71.79 2.87" No• 0,70 0.84 1.3 0.49 ND 12.5 
Cadmium NIN 1X 0.15 0.0 NO• NO" 287.15 2.87" NO• 2.81 2.55 1.3 1.95 ND • 40 
Cadmium NIN 3X 0.15 0.0 ND" NO" 638.19 2.87" No• 5.74 5.88 1.3 4.33 263.89 9S 
!;admlum NIN lOX 0.15 ·0.0 NO• NO" 2727.93 2.87" NO• 24.33. 24.27 1.3 18.53 81.11 100 
Cadmium MIX CONT 0.57 47.2 29.04" 18.28" NO 77.58" 14" 1.97 0.00 4.3 0.00 ND 18.7 
Cadmium MIX 0.1X 0,57 47.2 29.04" 18.28". 31.08 77.58" 14" 2.25 !1 0.28 4.3 0.08 NO 11.7 
Cadmium MIX 0.3X 0.57 47.2 29.04" 18.28" 198.49 77.S8" 14• 3.72 1.75 4.3 0.40 NO 23.A 
Cadmium MIX .IX 0.57 47.2. 29.04" 18.28" 1082.71 77.58" 14" 11.60 9.83 4.3 2.22 NO 46.7 
Cadmium 
Cadmium 

Copper 
Copper 
Copper 
Copper 
Copper 
Copper 
Copper 

.copper 
Copper 
Copper 
Copper 
Copper 
Copper 
Copper 

La ad 
Lead 
Lead 
Lead 
Lead 
lead 
Lud 

MIX 
MIX 
LIS 
LIS 
LIS 
LIS 
LIS 
LIS 
LIS 
NIN 
NIN 
NIN 
NIN 
NIN 
NIN 
NIN 
LIS 
LIS 
LIS 
LIS 
LIS 

·LIS 
LIS 

3X 
1ox 

CONT 
0.1X 
0.3X 

1X 
3X 
lOX 
30X 

CONT 
o.tx 
0.3X 

1X 
3X 
lOX 
30X 

CONT 
o.tx 
0.3X 

IX 
3X 
lOX 
30X 

O.S7 47.2 
0.57 47.2 
0.88 94.4 
0.88. 94.4 
O.BB 94.4 
O.BB 94.4 

29.04" 
29.04" 
S8.00 

18.28" 2325.82 77.56" 
18,28. 5443.6 t 77.58. 
35.89 0.21 156.29 

177.12 
408.41 

1234.78 

36.55 0.21 .. 157.46 
36.15 0.24 159.37 
35.91 0.23 157.41 

0,88 94.4 3323.07 35.08 
0.88 94.4 11165.67 3S.74 
0.88 '94.4 23369.54 23.15 

ND 
NO 
ND 
NO 
NO 
NO 
NO 

0.15 0.0 NO 
0.15 o.o 4.60 
0.15 0.0 11.09 
0,15 0.0 
0.15 .o.o 
0.15 0.0 
0.15 0.0 
0.99 94.4 
0.99 94.4 
0.99 94.4 
0.99 94.4 
0.9~ 94.4 
0.99 94.4 
0.99 94.4 

71.68 
213.31 
428.60 
724.98 

50.32 43.52 
52.96 202.94 
52.57 595.01 
52.18 2297.99 
49.88 8803.36 
42.73 23108.45 
41.49 90441.39 

0.18 
0.17 

ND 
NO 
NO 
ND 
ND 
NO 
NO 
NO 
NO 

· ND 
NO 
NO 
NO 
NO 
NO 

151.37 
150.08 
148.01 

2.87 
2.38 
2.27 
2.34 
2.41 
2.38 
2.67 

165 .. 69 
178.71 
~ 85.17 
189.50 
181.58 
184.43 
148.43 

14• 
14" 

27.07 
27.07 
27.08 
26.58 
25.53 
23.12 

9,96 
NO 
NO 
NO 
NO 
NO' 
NO 
NO 

24.17 
24.55 

. 24.50 
24.50 
23.50 
17.13 
18.07 

22.68 
50.40 

3.94 
5.84 
9.50 

22~47 

20.89 
48.43 

0.27 
0.99 
1.54 

11.46 
55.22 48.23 

178.59 173.23 
370.34 300.87 

0.06 0.00 
0.12 0.05 
0.22 0.08 

. 1.18 0.42 
3.41 2.05 
8.79 5.32 

11.48 10.28 
3.95 0.23 
4.97 1.25 
6.64 4.18 

14.92 14.58 
48.14 28.49 

115.31 68.26 
439.72 78.61 

4.3 4.77 966.87 100 
4.3 1 1.1B 3277.78 95 

13.3 0.02! 0.07 12.5 
12.2 0.08 0.09 7.5 
4.4 0.35 0.13 17.5 
1.2 9.43 0.87 too 
1.9 23.89 
1.7 103.73 
1.9 163.07 
1.2 0.00 
1.4 0.04 
1.1 0.09 
0.6 0.67 
0.3 8.38 
0.3 15.41 
0.6 1S.31 

19.9 0.01 
18.6 0.07 
12.8 0.33 
16.4 0.89 
14.9 1.92 
15.5 4.41 
14.2 5.52 

264.oo too 
1319.S3 100 

19768.63 100 
0,06 22.5 
0,29} s 
0.14 1S 
0.39 30 
2.08 100 

41S.18 tOO 
7920.93 100 

NO 1 10 
ND 5 
ND 12.S 

0.18 7.5 
0.26 22.5 
1.09 .. 42.5 

18.44 100 
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TABLE 6·2. SUMMARY OF SEDIMENT CHARACTERISTICS, METAL CONCENTRATIONS, AND AMPHIPOO MORTALITY IN SIX SPIKED SEDIMENT EXPERIMENTS, 

(oontlnuocf) · . : . · . :. · ; 

lucf · 
Lead 
Leed 
Lead 
Lud · 
Lead 

Nickol 
Nickol 
Nickol 
Nickol 
Nickol 
Nickel 
Nickol 
Nickol 
Nickol 
Nickol 
Nickol 
Nickol 
Nickol 
Nickol 
Nickol 
Nickol .. 
Zinc 
Zinc 
Zinc 
Zinc 
Zinc 
'?Inc. 
Zinc 
Zinc 
Zinc 

. Zinc 
Zinc 
Zinc 
Zinc 
Zinc 

Cd, Cu, Nl, Zn 

NIN 
NIN 
NIN 
NIN 
NIN 
NIN 
NIN 
LIS 
LIS 
LIS· 
LIS 

. LIS 

LIS 
LIS 
LIS 
NIN 
NIN 
NIN 

·NiN 
NIN 
NIN 
NIN 
NIN 
LIS 

-LIS 
LIS 
LIS 
LIS 
LIS 
LIS 
NIN 

. NIN 
NIN 
NIN 
NIN 
NIN 
NIN 
LIS 

CONT 
O.lX 
0.3X 

lX 
'3X 

· lOX 
30X 

CONT 
O.lX 
0.3X 
lX 
3X 
lOX 
30X · 
lODX 
CONT 
D.lX 
0.3X 
lX 
3X 
lOX 
30X 

·lOOX 
Cont 
D.lX 
0.3X 
lX 
3X 
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0.61 353.51 
0.35 1218.28 
2.44 11448.89 
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65.73 36.35 .. 
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55.00 36.30 
53.66 37.25 

NO 1.47 
ND NP 
NO ND 
ND NO 
NO ND 
ND NO 
No· ND 
ND ND 

61.34 36.37 
61.73 36.63 
62.46 . 38.62 
60.38 37.44 
60.97 38.18 
87.49 51.60 
84.30 48.74 

0.35 1.24 
NO 1.28 
NO 1.39 
ND 1.28 
ND 1.16 
0.32 1.35 

. ND 1.30 
43.31 NO 

. ,' i·~··' . !·· .. I i .·.. I . " .. \ . ' ·. ,: ',• . : { .• • ·: f •. I 0 
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ND 1.61 . ND 
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NO 178.69 ·· NO 

. NO 258.79 NO 
ND 642.44 NO 
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0.18 
0.24 
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5.94 
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14.18 . 
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4.04 
5.99 
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0.66 
1.49 
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3.95 
8.32 
2.86 

0.02 1.2 0.02 . 
0.17. 1.9 0.09 
0.69 
1.87 
7.14 
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20.27 
0.88 
1.12 
2.90 
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28.47 
70.93 ' 

286.04 
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0.36 
0.26. 

2.2 . 0.26 
3.1 0.80 
6.8 1.24 
4.1 4.10 
3.4 8.01 

12.8 0.05 
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4.0 17.70 
2.1 99:21 
1.9 303.28 
1.8 0.08 
La 0.18 
1.8 0.13 

0.54 1.0 0.53 
1.21 o.6 2.02 
2.83 0.7 4.03 
7.64 0.9 8.74 . 

-22.95 
1.20 
2.82 
5.110 • 

20.71 
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158.43 
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0.01 
0.27 
0.71 
1.51 
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13.4 0.42 
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18.2 4.17 
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3.0 
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2.02 .. ; . 1.8 
4.21 1.3 

0.24 
0.65 
1.11 
3.21 

8.99 1.9 4.63 
3.21 9.7 0.33 

NO 10 
0.0~ 17.5 

ND 16 
0.03 6 
0.21 -17.6 
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. 43.28 . 82.6 

ND 9 
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ND • 2.5 
NO 10 
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1113.98 100 
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. 0.04 5 
ND 7.5 
NO 2.6 

0.06. t7.6 
1.47 2.5 

65.23. 97.1ji 
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0.08 7.5 
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.0.02' .15 
10.18 77.5 

344.62· 100 . 
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NO 5 
NO 12.5 
NO 12.5 

0.03 5 
23.27 35 

754.58 9~ 
2909.37 100 

NO 5 
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TABLE 5·2. SUMMARY OF SEDIMENT CHARACtERISTICS, METAL·CONCENTRATIONS, AND AMPHIPOD MORTALITY IN SIX SPikED SEDIMENT EXPERIMENTS, 
· (conllnuedl 

Cd, Cu, Nl, Zn LIS 0,1 X 0.99 94.4 70.58 NO 45.40 150.17 41.19 4.51 4.38 11.3 0,39 NO 2.5 
Cd, Cu, Nl, Zn LIS 0,3X 0.99 94.4 120.02 NO 128.85 199.90 81.55 7.48 8.88 8.9 1.25 NO' 2.5 
Cd, Cu, Nl, Zn LIS 1X 0.99 94.4 287.87 NO 427.89 387.08 203.79 17.42 19.58 3.4 5.83 1.91 15 
Cd, Cu, Nl, Zn LIS 3X 0.99 94.4 927.79 'N[) 1457.78 982.84 580.80 51.85 53,87 1.7 31.28 -142.45 too 

•. 
Cd, cu, Nl, Z~ LIS 10X. 0.99 94.4 2797.89 NO 2034.90 1970.39 1322.42 114.80 115.37 0.2 538.80 18154.85 too 
Cd •. Cu, Nl, Zit NIN Cont O. 1 S 0.0 0.39 Nl> 0.28 2.33 NO 0.05 0.08 2.0 0.04 NO 5 
Cd, cu, Nl, Zn NIN 0.1X 0.16 0.0 1.14 Nl> 1.88 3.15 1.21 0.10· 0.20 1.3 0.15 NO 17.5 
Cd, Cu, Nl, Zn NIN 0,3X 0.1 6 0.0 3.27 Nl> 5.29 5,19 3.83 0.24 0.28 1.4 0,19 NO 5 

.Cd, Cu, Nl, Zn NIN 1X 0.15 0.0 .8.84 NO 14.98 13.90 10.11 0.82 0.82 0.8 1.12 5,53 22.5 
Cd, Cu, Nl, Zn NIN 3X 0.15 0.0 28.43 Nl> 94.03 39.17 17.53 2.15 2.45 0.9 2.83 23.88 30 
Cd,CuNIZn NIN 10X 0.16 0.0 203.18 NO 108.72 48.24 18.78 5.22 2.88 NO 32.93 2011.72 100 
•valuu not available for thla tnt. Valuu from tlmller oontrolaedlmentt were eubatltuted. . 
• "NO • Not detectable. · · · · · jl · 
• • "SEM wae meuured for onlv the metal• tplked In the experiment. SEM Wit not available for tha cadmium exparlmant. Bulk va uat have been eubetltuted. 
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Figure 5-1. Interstitial water metals (IW) concentration (pMIJ) as·a function of SEM/AVS ·. 
ratio in three sediments: Long Island Sound (US), Ninigret Pond (NINJ, and a 50/50 mixture· 
of these two sediments (Mix) •. Each panel·represents· data from a separate experiment. · 
Data from the mixed metals experiment represents the molar sum of cadmium, copper, 
nickel, and zinc. Data below the IW detection limit are plotted at one half the detection 
limit, i~dicated by arrows. All IW data in the ~oppe~ experiment. were above the. lim!! of 
detection. Data below the SEM detection limit are pfo~ed at S.EM/f\VS = 0.001. 
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experiments. In ~he cadmium experiment one-half the detection limit of the cadmium 

electrode used to measure ~admiu·m ion concentrations was 1.33 pmol/L. For the mixed 

metals e~periment the sum of one-half of the detection li":lits of the four metals spiked if1 

this test was 1.54 pmoi/L. Above an SEMIAVS ratio of 1.0 the interstitial water 

concentration increased up to five orders of magnitude with increasing SEMIAVS ratio, 

In each experiment there were usually one or mor!3 sediments with SEMI AVS ratios of only 
. . 

slightly greater than 1.0 having interstitial water concentrations below or near detection 

limits. This indicates that there are other binding phases in the sediment. In some 

sediments spiked with copper, nickel, and a mixture of metals, AVS decreased with 

increasing metals.concentration (Table 5-2}, presumably due to the formation of copper 
. . 

and nickel sulfides not soluble in the AVS extraction.- This underscores the importance of 
. 

using SEM rather than total metal in the calculation of metalsiAVS ratios. 

When the results of all the experiments are plotted together (Figure 5-2) the 

relationship between interstitial water concentration and SEMI AVS is confirmed. In most 

cases interstitial Water concentrations were below the detection limit in sediments with 

SEMIAVS < 1.9, increasing with increasing SEMIAVS ratio at SEMIAVS ratios > 1.0. 

The relati9nship between interstitial water concentratio~ and SEMI AVS rati~ in t~e : ... · 

mixed metals experiment was similar to that in the individual metal experiments wh~n the 

~alar concentratio~s of all of the nj_et'als are summed.· (Figures 5~ 1 f and .5-2). Furth~r 
insight into the partitioning of 1he metals in the interstitial water from the mixed ·metals 

·experiment can be gained by plo~ing the interst~ial· water concentratior:ts for each 

individual metal (Figure 5-3). In the LIS sediment all four metals were below the limit of 

detection in treatments with. SEMIAVS ratios of 1.25 or lower (Figure 5-3). As the 

SEMIAVS ratio of the treatments increased, detectable concentrations of metal began to 

. appear. The most soluble sulfide (nickel) appeared first and at the highest interstitial 
. • I 

water concentration •. As SEMiAVS ratios increased the othe.r metals appeared in order. 

of their sulfide solubil~ pr~duct constants. The met~l ~ith the least soluble sulfide : 

{copper) appeared. last and at the lowest concentration. The relationship between 

interstitial w~ter conce':ltration and ~EM/ AVS ratio in the NIN sedimeri~ was similar to that 
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Figure 5-3. Individual interstitial water metals (pMIJ) concentration in the mixed metals 
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sediment, the bottom panel data from the NIN sediment. Data below the IW detection 
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in the LIS sediments {Figure 5-3). In the sediment treatments with SEM/AVS.ratios of less 

than 1.0 there was no detectable metal in the interstitial water. In one ~ediment with an 

SEM/AVS ratio slightly greater than 1.0 {1. 1 2f there was. measurable zinc and cadmium, 

but only in lqw concentrations. In the sediment treatment with the next higher ratio there 

was measurable nickel, zinc, and cadmium, with the concentrat~ons decreasing in the that 

order. Only in the sediment with the highest SEM/AVS ratio was measurable copper found 

in the interstitial water. 

Sediment. Toxicity 

The mortality of amphipods as a function of d~y weight metals concentrations 

followed a similar pattern in e~ch of the five individual metals and the mixed metals 

toxicity tests. Mortality appeared sediment-dependent when plotted on a metals basis 

(Figure ·5-4). Mortality increased with increasing metals concentration (ug/g dry wt.) for 

each sediment, but in each experiment there were treatments in low AVS sediments 

{Ninigret Pon~) which caused 1 00 percent mortality at dry weight concentrations which 

did not cau~e appreciable ~ortality in treatments frorra the high AVS sediment {Long Island 

Sound). Thus, although mortality is concentration dependem for both sediments, the .. 

concentration-response curves do not overlap. Therefore it is not possible to predict . . . - . . 
sediment toxicity on the basis of dry weight metals concentration alone (Figure 5-4, Figure 

. . . . 
5-5a). Mortality did not appear to be me~a~specific when plotted on a molar dr)t weight 

• metal basis (Figure 5-5 a), indicating that some factor in the sediment was affecting the 
. ,I 

toxicity of all five metals similarly. Within one sediment the results from all. five metals 

were very similar (Figure 5-5 b). 

. Mortality in the individual and mixed metals experiments wa·s sediment independent 

when plotted on an SEM/AVS basis (Figure 5-6). Sediments with anSEM/AVS ratio..s, 1.0 

did not cause mortality_ significantly different from the control; i.e., greater than 24 

percent. In sediments with SEMI AVS > 1.0, mortality increased with increasing 

SEM/AVS ratio, although in each experiment there were usually one or two sediments with . . 
SEM/AVS ratios _slig~tl'( greater tha·n 1 .0 (and in one inst_ance 5.8; Table 5-2) which did 
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Figure 5-4. Percentage mortality of Ampelisca abdita as a function of the sum of" the 
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.a 5P/50. mixture of. these. two sediments· (Mfx). Each p~nel represents data from a 
separ~te experiment.-:_Data below the SEM detection limit -are··plotted at SEM/AVS = 
0.001. ·:; ·~: ... : .--.1;:;>,.-;. -' ;.:-.:..=:· . ' . .. . .. 
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riot cause significant mortality. This indicates that there are other binding phases in the 

sediment. Thus, it is possible to predi~ with accuracy which sediments will not be toxic, 

· and, with less accuracy, which sediments wiit be toxic. When the results of all of the 
. . 

experiment~·are plotted together the mortality of amp~ipods as a function of SEM/AVS 

appears metal and sediment independent for the f·ive individual metals, and for a mixture 

of metals (Figure 5-7). 

-
Mortality was not sediment specific when it was plotted against interstiti~l water 

. toxic units (IWTU). Sediments with IWTUs of less than 0.5 were not toxic (Figure 5-8). 

Sediments with I~Us of greater than 0.5 were in~~easingly toxic with increasjng IWTU 

value. As was the case when mortality is ·plotted against SEM/AVS and ratios exceeded 

1.0, there were usually sedime_nts with IWTU values greater than 0.5 which did not cause 

mortality. This was especially :true in the -range of IWTU values· greater than 0.5 but ~ess 

than 10.0 {Table 5-2). This indicates that not all of the interstitial water metai is 

bioavailable. Thus for both SEM/AVS ratios and IWTUs, sediments likely to be non-toxic: 

_ can be predicted with near certainty, but predicting· which sediments are likely to be toxic 

is Jess accurate. 

As was the· case with SEM/AVS ratios, the generality of the relationship betw~en 
. . 

mortality and ~WTU can be seen w~en the results from all of. the experiments are coplotted 

(Figure 5-9). This ·relationship was not metal-specific. Thus the sum of the IWTIJs can 

be used to f!lake predictions about the toxicity (or lack thereof) Of any com~ination of the 

· metals tested in these experiments. 

When the results of. the individual metals and the mixed metals test are taken 
. 

together, 98 percent of the 43 sediments with SEM/AVS ratios< 1.0 were not toxic {i.e., 
. . . 

ca.used mortality less than 24 percent). Of the 45 sediments with SEM/AVS ratios > 1.0, 

80 percent were toxic. Ninety-four percent of the 52 sediments with IWTU < 0.5 were 

not toxic, w_hile 92 percent of the 37 sediments with IWTU ~ 0.5 were toxic. When both : . 

SEM/AVS ratio and IWTU are combined the predi.ctive ability is improved. Ninety-eight 

percent of 43 sediments with SEM/AVS ratios _s 1.0· and IWTU < 0.5 were not toxic, 

J 
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·while 94 percent o_f 36 sediments with SEM/AVS ratios > 1.0 and IWTU ~ 0.5 were 

toxic {Table 5-3}. 

TABLE 5-3. ACCURACY OF PREDICTIONS OF THE TOXICITY OF 
SEDIMENTS FROM A. ABDITA SPIKED-SEDIMENT TESTS AND 

COMBINED FRESHWATER AND SALTWATER SPIKED-SEDIMENT TESTS 
AS A FUNCTION OF SEM/AVS RATIOS, INTERSTITIAL WATER TOXIC 

UNITS (IWTUs} AND BOTH·SEM/AVS AND IWTUs. 

: · :.:;~:_:::~:;:~~:;:~!:,~=~f4lm~H:t:~;~:;;;~l. 
l(fS.ffiff~:~[~~~:~:;~~:~llit[~mf~f.Jm~f.~t:i,~~~~:l:j:~!;~:~:~l1l~~~i\~:~1~~~:l:W.~lH~~~~:~~:li~~;,;ix~1~illf.ti~~~~~~nt9J~'n!9:¥.•:e:~~::=:,:?;;t~:~g:?::i; 
A. abdita SEM/AVS s 1.0 43 97.7 2.3 

- > 1.0 . . 45 20.0 80.0 

IWTU < 0.5 52 94.2 3.8 
~ 0.5 37 8.1 91.9 

SEM/AVS,IWTU s 1.0, < 0.5 43 97.9 2.1 
> 1.0, ~ 0.5 36 5.6 94.4 

lab-Spike, SEM/AVS s 1.0 92 95.7 4.3 
CFW & SW) > 1.0. 83 26.5 73.5 

IWTU < 0.5 107 93.5 6.5 
~ 0.5 77 ·22. 1 77.9 

SEM/AVS,IWTU s 1.0, < 0.5. 85 96.5 3.5 
> 1.0, s 0.5 65 12.3. 87.7 

1Nontoxic sediments <2:4 percent mortality: Toxic sediments >24 
percent mortality. 

Discussion 

The results of the . amphipod toxicity tests with sediments spiked with metals 

indicate 1hat it is not possible to causally predict the toxicity of a sediment using the . . 

concentration of metal on a dry weight basis because the relationship between mortality · 

and dry weight metals concentration. in our teSts was sediment ~pecific. In contrast, the 

relationships between mortality and SE"(a/AVS ratio and mortality and interstitial water 

concentratiort or toxicants were demonstrated to be sediment i_ndependent. This suggests · 
. . .. 

that they are the most useful expressions of bioavailable metal for causally predicting : 

organism response. 
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Most of the sediments either caused little or no mortality I or nearly complete 

mortality (Figures 5-9 and 5-1 0). This is a result of the dynamics of metals and AVS in 

the sedin:tent, leading to a sharp increase in interstitial water metals concentration when 

SEM/AVS r~tio exceeds 1.0 and su~fide no longer is a significant binding phase (Figures 

5-1 and 5-2). When sufficient sulfide is present in the sediment to bind the metal, little 

or no metal is present in the interstitial water [15]. The divalent metals should appear in 
• 0 • • 

the interstitial water in reverse order of the solubilities of their sulfides l12]. Thus we 
=-

observed that nickel appeared .first in the interstitial. water in sediments with SEM/AVS 

ratios slightly greater than one, foll.o~ed by zinc, cadmium, lead, and copper as the 

concentration of metals increases relative to that of AVS. When the binding capacity of 

the sulfide is exhausted the inter:5titial. wa~er ~oncentrations of metal increase sharply · 

enough that nearly 1 00 percent mortality results in most of our test sediments. The effect . . . . 

is similar to the "throwing of a switch" at SEM/AVS = 1.0. This overwhelming increase 

in the interstitial water concentration explains why the chemistry of the anaerobic 

.sediments controls the toxicity of metals to organisms living in aerobic sediment . . . . 
microhabitats (e.g., the amphipods living in their burrows in our experiments). It also 

explains why the toxicity of ~ifferent metals. in sediments is the same on an SEM/AVS 

basis {Figure 5-7) even though their toxicities differs markedly in water-only toxicity tests 

(Table. 5-1). This sharp increase in. interstitial water concentration with increasing . 

sediment concentration is in contraSt to the situation with nonionic organic contaminants, 
. . 

which are released from the sediment more gradually 1 primarily as a • function, of the Koc 
.of the compound [16]. 

When our data are combined with the data available from spiked sediment 

experiments in the literature, all data demonstrate that SEM/AVS ratios and interstitial 

IWTU's can be used to predict toxicity. Data from freshwatert~sts using oligochaetes and . . 

·snails exposed to sediments spiked ·with cadmium [7); and saltwater tests using, 

polychaetes exposed to sediments spiked with cadmium, copper, lead, nickel, or zinc'£4),. . . . .. 

using polychaetes exposed to sediments spiked with cadmium or nickel [5), and cope pods . -· 
exposed to sediments spiked with cadmium (6] all follow the same patterns as our 

amphipod results when mortality is. plotted against SEMI AVS ratio (Figure 5-1 0). These 



-.- ·- ·- - - - ..... - - - - .. - ~ - .. 1 .i 
·( 

100 

80 

£ 
.g 60 
0 
2 
()Q 

·40 

20 

•. CdAa 

0 CdNa 

•·I· 

. 0101 

.4 CuAa * NIAa 

.A Cucc· -~ NINa 

I 

~ 

I • 

I 

• 
A 

+ PbAa 

+ PbCc 

~-··\- * J(r * + 
. ~e .. · 

~ • 0 • 
• 

0 
<D 

•• 
~ •• 

• • 
li .., 

10 100 . 1000 

• ZnAa + MlxAa ® Cdlv 

• ZnCc (D CdHs · 

. . 

' l 

Figure 6-.1 0. ~er.centage mortality of saltwater and. freshwater bent~lc species Including oligochaetes (lv), polychaetes (Cc, 
Lv, Na), ampliipods (Aa) and snails (Hs) exposed to ~ediments spiked with cadmium, copper, lead, nickel, and/or zinc as a
function of the SEM/AVS ratio. Data below the.SEM detection limit ar~ plotted at SEM/AVS == 6.001~ . . . 



r 
f --
I 
I 
1-

I 
I , .. 
I 

...... 

I 
I 
I 
I 
I 
t· 
I 
I 
I ~ 

I 

5-23 4" 

combined. data describe tests with· six freshwater and saltwater species and sediments 

from seven sites having A VS concentrations ranging from 1.9 to 65.7 prnol/g dry wt and 

TOC ranging from 0.15 to 1 0.6 p~rcent. Mortality in the individual and mixed metcils 

experiments was sediment independent when plotted on an SEM/AVS basis. Sediments 

with an SEM/AVS ratio of less than 1.0 were not toxic.· In sediments _with SEM/AVS 

greater than 1.0, mortality increased with increasing SEM/AVS ratio; but not all sediments 

with SEM/AVS ratios of > 1.0 were toxic. This is due, in part, to the presence.of other . 

binding factors. 

In addition, organism behavior in a toxicity test can control expos1,.1re and limit the . 
impact ~f metals in sediments. _Many of the sediments which had SEM/AVS ratios> 1.0. 

but were not toxic were from experimentS · using :the polychaete, Neanthes . . . . . 
araneceodentata, exposed to sediments spiked with cadmium or nickel [5). This is 

especi~lly true of the nontoxic sedim~nts with· the highest SEM/AVS ra~ios. The . . 

polychaetes did not burrow in most of these sediments; and presumably were not fully 

exposed to the metals in the sediment (Figure 5-11) and therefore survived in sediments 
. . . . 

. that would likely otherwise have been toxic (Figure 5-1 0). 

The combined data-from all available freshwater and saltwater tests also follow .the 

same p-attern as our saftwat~~ amp_hipod dat~ when plotted on an rWTU bas~ (F~gure 5-

12). Mortality was not sediment specific when it was plotted against IWTU. Sedimer:tts 

with IWTUs of less than 0.5 were generally not toxic. Sediments with. IWTUs of gr:eater 

thari 0.5 were increasingly toxic with increasing IWTU value. Here again, as with 

.SEM/AVS ratios> 1.0 vs mortality, many of the sediments having IWT~s > 0_.5 which 

were not toxic are likely the result of interstitial -water ligands ~hich may reduce the 
. . 

~ioavailability" and toxicity of dissolved metals. Polychaete avoidance of otherwise toxic 

~diments is also a factor. 

. . . 
. With the combined data 96.percent of the 92 of sediments with SEM/AVS ratios 

~ 1.0 were not toxic, w~ile 74 percent _of the 83 sediments with SE~/AVS ratios > 1.0 

were toxic. Ninety-four percent of the 1 07 sediments with IWTU < 0.5 were not toxic, - . 
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· while 78 percent of the 77 sediments with IWTU .2!. 0.5 were toxic. When both SEM/AVS 

· ratio and IWTU are combined prediCtive ability is improved. Ninety-six percent of the 85 

sediments with SEM/AVS ratios~ 1.0 and lwTU .< 0.5 were not toxic, while 88 percent 

of the 65 sediments with SEM/AVS ratios> 1.0 and IWTU,L 0.5 were toxic (Table 5-3). 

More IWTU data are available than SEM/AVS data because Green et al. [6] did not 

measure AVS in the 1 0 sediments which they tested. The predictions would be even more 

. accurate (especially in the elimination of •false positives• (non-toxic sediments with. 

SEM/AVS > 1 :o.and IWTU > 0.5) ifCfata from exposures in which polychaetes avoided. 

the sediment were not considered 15}. This close relationship between IWTU and sediment 

toxicity has been found in an earlier .study with cad~ium in field sediments [ 17] as ·well· 

as studies with nonionic organic chemicals both in the field [18, 19] and in the laboratory 

[20, 16] •. 

One limitation to the data cited above is that all tests. were acute exposures and 

these results .may not be applicable to chronic exposures. Also metals bioaccumulation . . 
was not measured, except in one case [7]. The applicability of AVS and interstitial water 

normalizations to chronic exposures and bioaccumulation in benthic organisms are . . . 

discussed elsewhere in this document~ Another important limitation to the use of AVS is 
. -· 

that it is only a factor in anaerobic sediments. It did, however, seem to 'be a controlling . . . 
factor in our experiments, with organisms living in ·aerobic microenvironments; This 

anaerobic limitation does· not appJy to IWTU, .. of course. The advantages· and 

disadvantages of each of these prediction methods will be discussed. in detail in Chapter 

·10. 

Our resu~s also show that although SEM/AVS and I~ are useful predictors of 

toxicity, there are other important factors as.well. The fact that a significa.nt number of 

sediments (20 percent) had SEM/AVS ratios of greater than '.1.0 but were not toxic 

indicates that othe·r bindi~g phases in anaerobic sediments, in addition to AVS, are also 
. . . 

controlling bioavailability. ·Organic carbon appears to ·be one of these 121]. While the . . . . 
. SEM/AVS model of bioavailability accurately predicts which sediments will not be toxic, 
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a model which utiljzes SEM/AVS ratios but incorporates these other variables might more . . 

accurately predict which sediments will be toxic [1 6]. 

Similarly, a significant number of sediments with greater than 0.5 IWTUs were not 

toxic. Ankley et al. [221 suggested that differences between the hardness of the 

interstitial water and that of the water in the water-only tests might effect the accuracy 

of prediction of sediment toxicity ·using IWTUs in fresh water, unless the IWTUs are 

ha.rdness~corrected. Further, Green ~t-al. (6] and Ankley et al. 1221 hypothesized that 

increased DOC in the "interstitial w~ter reduced the· bioavailabiJity of cadmium in their 

sediment exposures, relative to the water-only exposures. Green et al. [6] found that the . . 

LC50 value for cadmium.in a water-only exposure was Jess than 1/2 that·of a pore-water

only exposure, and Jess than . 1/3 that in pore-water associated with sediments. A 

significant "improvement in the accuracy of toxicity predictions using. IWTUs might be 
. . 

achieyed if DOC binding in the interstiti~l water is taken into account . 
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APPENDIX SA 

·: MATERIALS.AND METHODS: AMPHIPOD TESTS 

Organism ~ollection and acclimation -
-.'' 

Amoelisca ·ab~ita ·were collected ~rom ~.idal flats in the Pettaquamscutt (Narrow) 
. . 

River, a small estuary flowing into Narragansett Bay, Rhode Island. Surface sediment 
. . 

containing the amphipods ~as either sieved in the field or transferred to the laboratory . 

within one half hour and·then sieved through a 0.5 mm mesh screen. In the laborat~ry, 
. . 

amphipods and amphip~ tubes were ~jg~rously sieved in a·tub of seawater, t~en the 

sieve was quickly lowered. in~o the ·water and the amphipods Were f?Oifected from the 

. water surfac~. T~e amphipods were maintained for three to seven days in the laboratory 

in presieved uncontaminat~d collection site "Sediment'and· flowing fiitered seawater in 4-
0 ~ • ' • •• • 

liter gla~ jars, and acclimated t~ the .test temp~rature at the. rate of 2 to .4°C per day. 

During·accfimation, amphipods were fed the-laboratory-cultured diatom, Phaeodactvlum 

tricornutui'n, 2Q libitum . 

- . . 
· One setiiment, Ninigret Pond in the cadmium experiment, ~as t~sted using the 

. . . . . .. . . . ' 

. a~~hipod Rheoo~ynius hudsoni. fi. hudsoni was collected.at f.'Jinigret P.ond~ Rhode Island, 

.using collection and acclimation methods similar to those tor A.. amoelisca, exceptt~at.B: 
. . . . 

. htidsoni was washed Qirectly from the sieve into sorting dishes after collection. 
. .. . . ·. . . 

Water-only .tests ~ · 

Ten-day· static renewal tests were conducted: with A. abciita to determine their 

water-only LC50s for .Cd, Cu,· Ni, ~-; ~nd Zn it:' s~awater. A~ima~ were ex~o~ed, unfed, 
. . 

to five concentrations of metal and a CQntrol, with two replica~es per concentration •. 

_ .. : ,._ ,_-

Amphipods were exposed in 900 ml glass canning jars that contained 800 ml of . . . .. 

water~ Acclimated amphipods were sieved from the holding·jars, sequentially distributed 
. . . - : . 

to 100 ml plastir;: cups '(1 0 amphipods p·er cup), then randomly adde~ to the exposure· 

~hambers. Seventy~ five to 1 00 percent of the water in each replicate was renewed every ·. . . . 
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. other day, depending on the experiment. Water was sampled at least once during the test 
.. . . . 

(usually twice, orice near the beginning and once near the end of th~ test) to determine the 

concentration of metal. In so~e expeiiments aliquots from the two replicates were pooled . , -" 

prior to analysis .. Exposure chaf!lbe~s were covered with blac~ plastic. The exposure 
. . 

c_hambers -were c~ecked daily and amphipods· which appeared dead were removed a.nd 

· examined under a dissecting microscope. Live animals were returned to the test and d~ad 
• • 0 .. ~ j: 

animals were recorded and discarded. 

Spiked sediment tests -

. . . . .. 
Amphipods were exposed to control and metal-spiked sediments. in · ~ 0-day ·tests 

· ·with. continuo~s ~enewal. of overlying· water. In 'au exp~rime~ts two sediment~ of different 
• • • ... • • • • • .. 0 

A VS concentrations were used: Ninigret Pond (AVS = 1.18 to 2.25 pM/g) and long 
. . -~ . . . 

Island Sound (AVS = 9.72 to 19.9 pM/g). In the cadmium test a.mixture of these two 
, .. ·... . . . . . . . ·. . . 

··sediments was also ·used (AVS = 4.34 pM/g)~ The nominal treatments used in most 
. . 

. experiments, expressed as·the molar ratio of metal to AVS were 0.0 (control), 0.1, 0.3,· . . . 
·1, 3, 1 0, and 30 (Table 1 ): There were four repli_c;ates per treatment in each test: two 

~ r • • 

"bioiogical"- replicates were used to assess mortality, and two. "chemical" replicates were 
.. • • l · ••• 

used for metal and AVS analyse~ of the sediment at test initia:tion and ten:nina~ion. . 

Twenty (30 ·in the. cadmium test) am~hipods were added ·t~·each ~biological" .and th~ day 

· 1 0 ~ chemicai" replicate at ~he start ~i the t~st. lntersthi~l water sa~ple~ ,_;ere conti"C:ted 

in diffusion samplers (peepers) from each of these three replicates at t~_e termiqation of the· 

experiments. . .. 

The Long Island Sound (US) sedimeQt·~as collected from an uncontamhiated site 

-i~ c~~t~~l Lo~g Island S~~nd (40°7.95"~ and:i;osi7~ ~ith.·a Smith--~cln~e .grab 

sample~ :·retur~ed t~ .the lab~ratory; press si~ved wet ~hrough a.2 !11m me~h ~~inie~ ~eel . 
. ·screen, homogenized and stored at4~¢. There were two separate collections of LIS (LIS1 

- - . . . 
and US2) sediment·. The percent total organic carbon for US1. was 0.88, for US~ it was 
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· 0.99. The grain ·siZe composition of US1 was 5_ percent sand, 7.1 percent silt, and 24 
. . . . . . . 

percent-clay. Grain Size data are not available for US2, but it was of similar-composition.· . . . : -. . .. - . . ·. . . 
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. ·. Sedime-nt .ytas also- coll~cted ·i~ Ninigret Pond (NIN) ~ Chariestown, Rhode Island. 

· ·The upper few inches ·of sedim~nt were ·collected with ~ shovel, returned to the lab~r~iory, 
·. · . sieved wet through a 2 min· stai_nless ~eel scree~. rins~ci several times to remo~e High

organic fine' particles, homogenized and stored at 4°C~· There we~~ two c~llectfons -~a de 
. . ' ~·- . - .... ···. 

in Ninigret Pond, from two different sites (NIN1 and NIN2). Both sediments had TOC 

value~ of 0~ 15 percent and were.1 00 percent sand (Table 1 ) .. NIN2 was made up of 
. . 

. slightly finer sand, most _of which would pass through a 0.5 mm sieve. Most of the NJN1 · 

sediment was retained on a 0.5· mni Sieve. 
·._:: .· 

· ·- ·' ... Sedim.ents were spiked witf:l metal chloride or ~itrate ~afts in glass~ 1 ·gall~~ )ars. 

Methods diff~red slightly from experiment to experiment but typically we added 1200 ml . . . . ... __ :.·· 

of wet sediment" to 2000 ml of 20°C seawater that co·ntained the desired ,.;..;eight. of metal . . . . . . . . .. 

chloride. Th~ spiked sediments ·wer~ ~irred with a nylon stirrer attac_hed to an electri~· drill 

'until homogeneous,.then"the overlying ·air in each jar 'was replaced with nitrogen and the 
• • • 0 • 

jars wer~ capped and roiled for·1 hour. Jars of sediment were held at 20°~ for 8 ·to 10 

days before the start of. the test. We siphoned the water and any precipitate. off the 

· · , sedim_ent surface· and rehomogenized ·the· sediment before ad~ing it .. to t~e exposure 

chambers~: 
:-· 

o~.'·. 

. . .. ~ ·: ...... 

' '· .. ~ ... -

. ·: ·The· exposure chambers' v.;er~ 900 ~L gla~ ·~arin~g jar~; :e~ch with'a: 1.a :c~ 
:· diameter overflow hole.·(cover~d with 400-micron Nite~ mesh> 11.1 em frtini t~e~b6ttom 
···of the jar. Each jar contairi.ed 200 mL of sediment and held ~bout.600 ml of ~ea water. 

. . .. . . . . . \ , . . . . . . . . ... :""'""'·· 

- over the sediment:/ ea·ch'jar was covered with a· 8 em-diameter glass Carolina dish wit~ 

. a ~1_7 mm 'diam"etef hole for the seawater deliver-Y tutie··~nd air iine consisting ·c,l a 2 ml 

. glass pipette:-we· positioned the· water delivery and .air.lines".so that the ~edirri~:r.'t ~~~ not 
. . . 

· :._,.disturbed: · :- · ··· ;;>- · , :: !t' .- · · ,,-. · -~-·-;:: ·--··:-.:. - · 

·.! . -
--·:·:-·. . . . . 

. Diffusion samplers (23 ,241 • peep~rs o:o, were conStructed from polyethyle-ne ,;ial; (21 

mm ·hi~h; 2o mm diame~er~- 5 ml- capacitY)~ · A 1.6 cni hole ~as cut ·iri' the cap~ 
polycarbonate membrane (1 micron) was ·placed over the open end ot"the·via·l and the cap 

! ._ . . '.. . . . : • . .. J •• 

replaced· under water so that the sampler ~as filled with 2C?°C, 30 ppt salinity water at 

: 
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the start of the test. A 21.5 em long nylon strap w~s attached to the vial ~o serve as a 

handle~ to facilitate handling and removal ~f the diffusion sampler from the ~xposure 
, . 

chamber. For the mixed metals experiment each diffusion sampler consisted of .two vials 
• •• - •• ; •• * • • • .• j • • .. 

attached back-to-back to double the volume. of interstitial water. collected. (The peeper 
. ... . . 

design used in the cadmium experiment was different and is described in Di Toro et al., 
• • • • ~ • • • • • * 

112]. 
1'.; 

... 
. . 

Sand-filtered Narraga~ett Bay-wa~e~, heated to 20°C ± 1 °C, with a mean salinity . 

of 30 ppt· (28 to 34 ppt} was used in the el;(periments. Seawater flowed into each 

exposure chamQer from a distribUtion system consisting. of chambers· with self-priming 
' . . . . . . . ·• . . . -~ . 
siphons and splitter chambers: Flow.rate 'for each exposure chamber was approximately .. .. . . ' .· . [ . ~ . . . .. . . . . . . ' . . . . 

28 to 35 volume additions per day (except in the cadmium experiment in which it was 
. . . . . . . . . . . . . . . . . ... 

approximately 10 volume additions per day).· Expo~ure·chambers were placed-in 20°C 
• • • .... • • • ; • • 0 

water baths to maintain temperature. The exposure.chambers were kept under constant . . . . . 

light to help keep the amphipods burrowed ~nto th~ sediment. 

The test·was started by placing a diffusion sampler in each exposure ·chamber and 

adding 200 ml of .sediment, to just co':'er the ~iffusion sa~pler. Seawater was allowed 

to flow through the c~ambers for 1 day. Amphipods· .were removed from the holding 

I 
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I 
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I 
I 

'~o~tai~e~s as de~'?r~bed abo~~~-d~i·b~ed sequen~i~lly_to, 10·0.inl plastic_ cups until there .• .. : .·1 
were 20 amphipods per cup (30 in the·cadmium'experiment), then one cup ofamphipods .. 

---~~~~s ~dd~~- r~ndomlyt~· ~a~h e~posur~ ch~~ber •. jhe seawater deliv~ry syste~:was . . J 
:... • • • - .J ·~· 

.turned off for 1 hour and any amphipods that had not bu-rrowed into the sediment in that 

:·~ime ~-~r~ ~~'~i~c~d·,~~~cept_intho~~ _r~pl_icate~_~herethere.~a~ a~ obvi~us d·o~e.re~pons~ I 
(i.e. where there were a greater than average number of unburrowed individuals.i" -both 

··-:, r~~~i~~~~~( ~am·~;~~ o~ ~ediment ~er~ taken fro~ ih~ ·d~y zero r::~emistry replicates f_or I 
metals and. AVS ~nalyses. All but about 1 em of overlying water was removed from each 

I 
I 

. . . 
day zero chemistry replicate with a vacuum pump and pipette tip. The s~diment and a . . . . . . . . . . . 

. sm~U amount of remaining seawater was ho~ogenized with a stainless steel'spatula. 
• • • • 0 

Approximately h~~f thesedf"'!ent was placed i_~ _an a~id-stripped polye~hylene jar: fo~ acid-. . 
extrac:table metals analysis, while the remainder,was po!Jred into a 100 m~:polyeth~lene. <-1 

·--I 
·. 
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specimen cup for AVS and SEM analysis. Each jar was capped and the samples held in 

the dark at 4oC until analysis. 

The. ·experimental chambers were checked ·daiiy and. amphipods which appeared 
~ . . . 

dead were rem"oved and examined under a dissecting microscope. Live ani~als were 

returned to 'the test, dead anim_ais were recorded a~d discarded. The volume of water 
• • 0 

delivered to each exp"osure container was measured before. each test and the total flow 
:.- . . 

rate to the system was measured and adjusted daily. Temperature of the water bath and . . . . . . -

salinity of the incoming seawater wa·s measured daily. The overlying water in each 
. ""' .. ... . . ·-· 

biological replicate was sampled for metal concentration at least once near the beginning . 
. and near the end of each teSt. In some tests the samples froni the two replicates w.ere 

. . ' 
pooled. ~ach overlying water ~ample was placed in. an acid-stripped 7 ml polyeth'flene 

vial and acidified with 50 pi of. ~oncentrated nitric. acid (pH~ 1). 

. - At the enci of the test th~ diffusion samplers were ·c~refully removed from ~ac~ 
.! · replicate; Any sediment rema~ning on the cap or membrane portion of the sampler~ was 

. : rinsed off using cle.an seawater~·. The membrane was then punctured with an acid-stripped 

. 5 ml ·disposabl~ pipette tip and th~ CQnte"rits of the sampf~r re~oved by pip.ette •.. The 

interstitial water collected fro~ each diffusi~n ~~~pier ~~s added to·~~ ~cld-~ri~-~e~ ~ ·~L · . 
polyethylene vial,: aci~ified with 50 ~I of ~once~tr~ted nitric a.cid ·(~H~ 1 ) a~d --~~;ed for 

.. metals analysis. The sediment from the •che1riical,.. repli~ates was sampled for metals ~nd · 

AVS content as descri~ed for the ·day zero chemi~ rep~icates. The cont~nts of ~ach -· -
amphipod ·-biologicat• :replicate· were sieved through a 0.5 mm scr.een. Mat~rial retained 

on the sieve· ~as examined. imm~diately or preserV;ed 
0 

wiih '.Rose. Bengal Stain for later 

·sorting.;._ Amphipods·were· courrled and·any ~isSing.:animal~ .. wer~ assu~~d to have·;~;fied 
':.. and decompOsed.-;. An~ ·replicates in which 1 Q percerrt'.of mo.re a~·phipod~ ~~re .. not t"~~nd 

were recounted by_ another inve~igator' as ~ ... CiA che-ck. 

.. 

0 •• 
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Chemical analyse~ -

. 
Sediment samples were. analyze~ for A ys by a cold-acid purge- and-trap technique 

described·.by Di Taro et al. 112~2). SEM analyses for the copper, nick~f a·nd zinc 

experiments were performed using the graphite furnace AA. SEM analyses for ·the lead 
.• 

and the mixed metals experiments. were performed . using jnducti~ely co~pled. plasma 
. . 

emission spectrometry UCP). ~EM was not measured in the cadmium experiment because 

the importance of SEM vs. total .rnetat·was not understood at .that time. However, . . . . . . . 
cad~ium'does not form sulfides which are insoluble iri the AVS"procedUre r2J so acid-. . . . 

extractable and SEM cadmium concentrations are interchangeable. SEM for only the metal· 

u~der stud.y was measured. in the individual chemical experiments: Ho~ever, the ~urn of . . 

·the SEM for all.of ·the cationi~ metals is only 3.2 pM/g for US, and 0.081. pM/g for ·NIN 

and thus of little importance i.n the SEM/AVS ratio for the level of m~tal spiking used.· 

. . 

To allow for comparisons with other metals toxicity_studies, acid-extractable metals 
. . . 

. analyses were also perforr1Jed. For this analysis~ metais were eXtracted from fr~eze-dried . . . . . . . 
sediments by ultrasonic agitation with 2 M cold nitric acid (50 ml to 5 g .wet sediment) . . . . . . 
and the extracted metals separated from the sediment ·residue by centrifugation. The . . ~ . . . . . . 
resultant solution was ~nafyzed -by ICP. : .. , 

The acidified interstitial and, overlyinQ ~aters were analyzed for trace metals by ICP: 

Th~ interstitial water SB;mples from the.mixed metals experiment were diluted fivefold witfi 

. 2 M HN03 iri order to provide .Sl;Jfficient solution for analysis·. · The interstitial water 

samples from the copper experiment were also analyzed using the. graphite furnace. The 
.• ' ~ .... : 

interstitial waters fr~m the ca~mium experi~ent were analyzed using a cadmium ion

·. specific electrod~. Total cadmium was estimated by m~ft!plying .the Cd2 +. niea~ed by 

the electrode by 20 CDi Taro et_ al~~ 1990), which is the re~tio of total .Cd to Cd2 .+ in 

s·eawater. 
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CHAPTER 6 

FIELD COLLECTED SAMPLES 

The_ objective of this chapter is to further demonstrate the utility of interstitial water 

concentrations of metals and sediment concentrations normalized based on SEM/AVS 

ratios to ·explain the bioavailability of sediment-associated metals ·to benthic organisms. 

The sediments examined in this chapter are all field collected fr()m locations with high . 

metals concentrations. The first part oj this chapter presents previously unpublished data 

on the relationship betwee'n total me.t~l concentrations, interstitial metal concentrations 

- ·and SEM/AVS ratios, and toxicity to the saltwater amphipod {Amoefisca abdita) exposed 

to sediments from five marine sites located in Maryland; Massachusetts; New York; New 

Brunswick, Canada and Uaoning Provin_ce, China t~gethen.yith previous~y published results 

using_ New York sedimen~s with a saltwater polychaete (Neanthes a·r~naceodentatal 111. 

Next, data are presented on these n!lationships with a freshwater amphipod (Hy~tella 

aztecal and an oligochete Clumbriculus variegatUs) exposed to sediments from four field 
. . 

loc~tions. Data from locations in New· York,. M~chigan, and Wa~hington -have· been 

published previously ~2,31 while _those from M~ssouri are new~ -All are herein analyzed 
·- . . 

collectively. Finally, this chapter, combines results from all . experiments using field-
: ' . . . 

collected saltwater and freshwater ·sediments with those from all. available laboratory . . ' . . . . . 

spiked-sedi~e':lt tests using a variety of .saltwater and freshwater species [4). ··. ··· · 

·.... :-• . . ' .. . . :.~ . 

Methods for sediment ~ollectU,n, Storage and handling, chemical analyses,. and 

to_xicity ~~sting for ~he saltwater a~phopod C& abdtta) ·exposed to five.saftwater sediments . - . . .. 

. can be found in Appendix SA. Methods used· to collect, store, and handle freshwater . . . ' . : . .. : .. :. . ' . . . 

sediments ~nd te~ sediments with the amphipod, H. azteca, ~ave been described for 

samples from Steilacoom Lake, Washington, and Keweenaw Waterway, Michigan, by 
• • 41 • • • 

Anldey · et al. [5] and_ for l:i. azteca and the · oligochaete worm, .L... · variegatus, .with · 
. . . . ; . ... ~ . ... .. . . . . . 

sedime11ts from Foundry Cove, New York by Ankley et al. [2). These sanie procedures 

were also used with sediments fro~ Turkey C_reek,. Missouri. General biological and 

- -~hemical procedures, ~swell as the conceptual experime~tal design, were essentially the : . . -
I • • • 

· same for saltwater and freshwater tests, except that for freshwater tests bulk metals 
' .-' p ~- • • ·- • 
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analyses were not performed and interstitial water was extracted by centrifugation instead . . 

.of diffusional samplers. 

Results Saltwater: Field Sites. 

Description of Field Sites and Toxicity .Test Results ·· · 
._, 

Jinzhou Bax is located in the n_ortheastem quadrant of the Bohai Sea, Ch.in_a (Figu~e 

6-1). It has an area of about: 150 km2 , including ·6~ km~ of tideflats, wit~ an average 
. . 

· ,, _·depth pf 3.5m.[6]. ·A zinc smelter located near the mouth of the Wuli River is.the largest 

source of. metals to the' . bay, although . other industrial . discharges are . contributors. . . .: . 

Sediments for this study were collected from seven locations ·along-a 30 km transect from 

· the river to the northeastern portion of the. bay. Tota_l concentrations of _divalent metals 

in sediments colleCted ranged from 261 to· 36,200 pg/g .dry weight (Table. 6-1)~ · Zinc 
- . . . . . 

constituted between 78.5 and 86.5 perce'nt of the :total. Se~iments also contained low 

. concentrations ·of PAHs {< :12pg/g ~or individual PAHs), PCBs <<· 0.03 pg/g for" individual 

~ c'?ngeners) · and chlorinated· pesticides .. { <: :. 0.03 ).iglg; for· any ~ndiyidual peSti~ide). · 

Concentrations of TOC ranged from 0.11·to 11.5 percent, AVS 3.0 to·12.6 'pmoitg~ SEM · 
. . . . . ' .. ; 

2.9.to.374 pmol/g and SEMIAVS ·ratios from 0.51 to 8.36. :·The sum of t~e· interstitial · 

water toxic ~nits (IWTU) · for. the f_ive diva.leot m~tals ranged from no . m~tai. d~tect~d 
{ < 0.01) to· 0.58. ·The four sedimerJtS with the highest metals concentrationS w~re toxic 

· (> 24 percent mortality) to & abdita. · However, on_ly the most corrta~i~;;t~d sediment' 

· contained greater than 0.5 IWTU and haci an ·sEM/AVS ratio. > 1 ~-0, which ~·ug.gests that . 
. . ' . . :. ,. --- ... 

.. metals may not be principal cause~of the toxicity observed in the" other th.ree sediments 

·~ (Figures 6-2· and 6-3) •• ,· ·.· · · · · · ·· · · · · · .· · ·- · 

·' .. 
........ . . ... -

. .. . . . 
... ' 

. ;_ i; . ?:. ·. Belledune Harbor; ~hich receiv~s outfalls from'a_le~d smelter ~~d ~ertil~e~ ~~~itt,·;~ 
· ,: located in the southwestern ·portion 'of Chaleur Bay, New Br~nswick, Canada (Fig~-r~ 6-i). 

Harbor ~ediments are ~articularly enric.hed, rel~tive to ad~a'cent areas, .in conc~htrati~ns of . 

cadmium, lead, and zinc; other ·metals. are· somewhat elevat'ed 171 .' · The closure of the 

. . lobster fishery due to the elevation of cadm.ium concentrations ip. algae~ snails, mussels, 
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Belledune Harbor, New Brunswick, · 
Canada; Bear Creek, Maryland; Foundry 
Cove, New York and a salt -marsh in· 
Mass·achusetts. . 



f 

I 

(. 

1-

I . ' 
I 

I 
I 
I 

I 

I 

... . . :. . - . . 
TABL£ S:1. SUMMARY OF SEDIMENT CHARACTERIS11CS. METAL CONCEN"TRA TlONS AND AMPHIPOO MOfrrAUTY IN SEDIMENTS FROM .IINZHOU 
BAY. CHINA: BELLEDUNC HARBOR. NEW 8RUNSWICX. CANADA: fOUNOfn' COVE. NEW.YORIC: BEAR~ MARYLAND: A SALT MARSH IN 
~SSACHUSETTS • ' ' · 

:::;;t:;;:=-:t~l.)~}I;;~1:l~J~~:~~ltttf.t~ffii@~~~~~ili:~t~~;:~i~fi.~~£t:~~~:l~~~t~~:~~~~~.-}f.~=~:~:~·iZf-irKta.Yt~:t~~:~::g~t~r~~~;f:~t-~:~:t::-::.;:~:·~:~:~=-::=?~~-=Y::t."-_: · :: .::·:::..-:. ·::·.~:::~~-~:··~·=::~·:;~·:·: =·:::..:_ ~:==- ··.·~=·t=:=.·· :·:·:~~~ 
NJAM"•. · ••• · • · 0.10 ·· 13.0- 2.30 32.0 .. 67.0 ·-·. 1 • .0 1.42 12.2 0.11 NO 2.0 

1 11.6 ·••• 303 2010 31.0 641o ·iscoo 486 374 ... 7 8.36 . o.58 100 
2 2.00 151 285. 24.2 608 44.o 80.5 63.5 126 0.51 NO . 80.0 

3 0.37 ••• 9.13 38.4 10.2 113 737 81.1 10.8 17.8 0.61 NO 37.5 

4 0.50 . ••• 41.4 46.8 17.4. 142 1320 84.2 18.5 36.6 0.51 0.17 30.0 

5 0.26 ••• 2.60 6 . .0 8.60 22.2 221 84.7 :2.89 3.02 0.99· 0.03 2.5 

6 0.11 8 . .0 11.e 9 • .0 .11.0 300 86.5 3.85 5.42 o.71 NO 7.5 

7 ·0.17 . · 4.80 13.0 7 • .0 17.6 .239 84~8 2.92 3.56 · 0.82. NO 2.5 

us• o.H 94 o.80 45.8 20.9 31.7 122 3.09 2.10 · 16.8 o.16 NO 10.0 
0.98 •• . 9.68 . 50.8. 33.2 488 .01 80.6 6.66 .27.2 0.24 . 0.04 7.5 

2 1.29 11.6 101. 38.0 855 784 82.1 17.3 80.3. 0.22 0.06 12.5 

3 1.08 15.0 104 39.7 11~.0 897 92.8 - 18.2 102 0.18 0.18 12.5 
4 . 1.62 12.7 85.5 38.8 .806 874 92.8 16.3 86.6 0.17 0.07 12.5 

5". ·1:20 e.o1 57.6 37.3 639 581 91.6 11.1· 47.4 o.23 o.o2 15.o 

6 1.12 6.78 451.3 .. 31.7 463 503 81.7 10.2 38.5 0.26 0.05 12.5 

7 1.10 •• 7.37 .68.5 31.2 ~ '843 83.5 16.8 56.1 0.30 0.6~ 12.5 

8 0.73 •• . 1.22 15.6 28.8 94.5 137 83.7 1.86 5.54 0.35 . NO 7.5 

s ·o.87 1.94· 18.5 27.7 131 178 88.3 3.18 16.7 ·o.18. o'.06 "17.5 

10 · 0.82 · 2.04 21:8. 33.3 1451 182 · 74.7 ·1.81 11.3 ·0.17 NO · · 5.0 

us• 
1 

2 

3-

4 
5· 

6 

7 
-a· 
9 

10 

11 

12 
13 

14 

15 

0.88 

10.2 

5.20 
'13.1 

8:'T3 

9.37 

94" 0.~ 

38800. 

••• 5820 

5850 
•••. 1520 ~ 

.•••. 13100 

6500 
-· ~~ ... ·.5.03 

0.78 
13.8 

5.82 
10.9 

0.55 
18.4. 

14.6 
7.18. 

.. ·66.1· 

4.78 

622. 
··~ ~~- fS320 • 
••• 16.6 ... ... 
... 

35.2 

183 
88.6 

383 

20.8 

56.3 26.5 

1C3 '.31500.0 

87.3 5180.0 

. 35.1 160 . 
194 403. 
157 . 297 

81.4 4180.'0 82.9 278 . 

106 . 3700.0 135 313 

116 7670.0. 156 356 

101 ~.o .. 357. 303 

28.4 eo:8 ~ 10.0 78.5 

88.9 386 88.3 218 
74.3 3500.0 113 '248. 

31.3 38.6 27.2 10~ 

18.1 45.4 

57.8 137 
44.6 

104 

92.7 

82.1 

227 

28.9 

8.2 65.4 

87.7 231 
47.8 142 

"127 317 

177 -234 

3.85 0.24 12.0 
5.60 

16.0 

885" 778 

146 . 93.4 

129 

164 

264 

86.3 
._ 3.32 

18.0 

120 

2.89; 
2.39 

8.82 
6.44 

14.1 
. 6.57 

105 12.2 

136 28.8 
'168 64.6 

52.2 12.5 

. 0.87 o ... 
11.64 . -20.2; 

88.4 • 24.7 

·1.27 2.62 
.0.42 

1.91 
1.94 

6.38 

0.66 

0.41 

0 • .0 
0.89 

37.1 

13.1 

~.02 

139 

6.17 

NO 
43.5 

9.21 

8.65 3:33 

5.10 2.16 

2.69 1.81 

4.19 . 1.07 
1;65 0.42 

O.C3. ·. 0.45 

3.50 1.48 
0.48 0.30 

1.03 

4.83 

0.30 

1.42 
2.80'. 0.44 

0.14 1.11 

o.04 ~.eo 

10.0 
82.5 

32.5 

52.5 

20.0 

80.0 

35.0 

17.5 

17.5 

15.0 

7.5 

17.5 

12.5 
15.0 
12.5 . 

17.5 

16 1.45 ••• 10.1 26.2 17.8 · 48.2 124 2.83 0.20 1.38 0.1·5 · NO 20.0 

us• 
1 

2 

3 
. 4 

6· 

6 

7 
8 

8 

10 

11 

12 

3.89 

7.10 

7.38 

5.75 
5.47 

8.16 

3.32 
0.13 

5.18 

.4 . .0 

0.17 

4.81 

0.16 

87 

II 

87 

·97 

16 

80 

58 

7 
17 

93 

6 
18 

4 

0.77 62.6 

6.71 206 
1o:o 228 

5.38 266 

4.84 207 
. 3.45 151 

4.82 111 

0.00 3.18. 
5.82 254 
4.19 241 

0.17 8.~ 

.2.81 1~ 

0.17 41.4 
13 4.19 94' 1.71 139 

14 3.14 91 1.34 96.9 
;·;:~::··=·~~:".;;~?:.=: .. := :~{:~;:~~·;=~I·L.::.~·~=·:~~:. ·::···== .... ·.;: _; .• = ·· .·: ~-~-. ·· 

27.8 .12.8 141 

63.7 185 1580 .· 
62.8 212 1700 
80.0 :zag 11~ 

55.7 . 176 . 858 

38.5 182 567. 

48,8 173 1000 

2.01 3.0 35.8 
48.8 250 1110 

52.8 274 178 

4.87 1.4 69.3 

50.7 182 . ·817 

2.84 7.4 42.7 

48.7 

39.0 

128 459 

88.5 346 

0.89 0.00 55:7 25.2 
.. :s.tt·~.·~: 

35.1 142 

3.62 

29.3 
31.7 . 

23.7. 

18.7· 

12.5 
20:o 

0.84 
• 23.1 

21.0 

1.34 

13.3 

1.39 

10.8 

7.9o 

2.82 
28.3 
30.8 

20.2 

17.4 

17.1 
16.5 
0.83 

22.1 

18.1 

1.25 

11.8' 

0.74 

9.84 

6.71 

9.75 
269 
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76.1 

70.1 
45.3 

48.8 
0.~ 
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a.3 
0.45 

sO.O 
.o.~ 

0.29 

0.11 

0.10 

0.27 

0.25 
0.38 

0.35 

1.58 
:o.16 

0.21 

2.78 

0.24 

1.85. 
7.20 . 1.37 

o,~ 16.8 

2.82 15.5 0.18 

0.03 

0.03 

0.03 

0.03 

0.03 
0.03 

0.03 
0.04 
0.02 

0.03 

0.03 

0.03 

0.02 
0.03 

0.03 

NO 

0.0 

82.5 

115.0. 

85.o· 
85.0 

67.6 

~.0 

• 6.0 

82.5 

12.5 

6.0. 

2.5 

6.0 
17.5. 

2.5 
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TABLE 6-1. ·suMMARY OF SEDIMENT CHARACTERISTICS, METAL CONCENTRATIONS AND AMPHIPOD 
MORTALITY IN SEDIMENTS-FROM JINZHOU BAY, CHINA: BELLEDUNE HARBOR, NEW BRUNSWICK, 
CANADA: FOUNDRY COVE, NEW YORK; BEAR CREEK, MARYLAND; A SALT MARSH IN MASSACHUSElTS 

· (continued) 

us•. -0.89 9-4 o.oo 61.5 27.5 38.8 164 ~.12 2.52 16.1 0.16 NO o.o 
REF~ 1.24 17 0.~2 8.93. ~.~8 9.5 28.1. 0.71 0.41 13.8 0.03 NO 12.5 

REf• .. · 1.24 17 0.34 ·6.62 3.11 6.8 '22.8 0.54 0.38 11.0 0.03 0.06 7.5 

REf• 1.47 11 0.~ 15.2 3.99 8.3 28.4 0.79 0.50 ~.00 0.13 NO 2.5 

1 3..22 17 2.07 147 25.0 410 517 12.6 8.39 86.4 . 0.10 0.30 12.5 

2 1.56 ~ 0.56 1~ 48.6 86.8 388 .9.50 6.36 1.42 4.~9 1.00 40.0 

3 · 0.36 · 2 O.OiO 128 8.18 87.6 65.6 3.58 1.~ 0.~ 3.00 0.14 12.5 
~ 0.48 3 -0.00 32.4.::.- 5.84 28.1 32.8 1.~ 0.95 0.59 1.60 0.22 7.5 
5 2.00 62 2.02 300 36.5 85.7 463 12.8. 8.60 419 0.02 NO . 17.5' 
6 .. 2.28 21 5.77 155 108 81.0 1100 .21.4 17.8 '12.4 1.~ .0.19 0.0 

7 . 2.49 24 1.60 823 113 1~ 930 .28.8 · 2~.0 16.6 1.51 NO 10.0 
8 2.55 49 1.03 1420 72.1 304 1480 ~7.8 31.7 69.1 0.46 NO 22.5 

9 0.61 4 0.06 152 1.2.0 63.4 .236 . 6.51 3.00 0.50 6.00 0.12 5.0 

10 1.98 8 0.44 359 29,0 137. ~55 13.7 7.05 11.5 0.61 NO 15.0 

11 3.64 61 7.74 851 31.1 128 .2310. 49.9 23.0 14.1 1.63 0.64 7.5 
12 2 0.00 "111 14.8 65.6 239 5.87 1.41 1.32 1.01 0.10 5.0 

13 16 1.67 523 43.2· 151 645 18.0 11.4 85.5 0.13 0.09· 17.5 

14 ~.39 26 .2.34 572 42.9 . 182 629 20.3 13.9 19.1 0.73 0.25 10.0 
15 1.13 11 0.68 236 20.0 82.8 .272 8.52 6.08 18.6 0.33 0.11 . 5.0 
16 2.74 33 0.00 639 28.0 .226 . 685 .22.1· 16.2 2.35 6.90 0.11 7.5 

17 2.45 12 2.68 348 28.1 87.5 410 12.7 7.20 21.8 0.33 0.10 5.0 
.18 0.51 5 0.60 184 11.6 38.7 172 5.81 4.57 5.86 0.8 0.07 12.5 

19 1.18 13 0,81 178 12.5 52.4 188. 6.16 3.72 38.9 0.10 NO 10.0 
20 3.13 28 ·o.37 ~7.5 11.5 28.~ 86.0 2.39 1.71 11.7 0.15 NO 7.5 

21 
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0 • .26 .28.8 
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Figure 6-2. - Percent mortality of the amphipod (Ampelisca abdita, A .. a.} ·and polychaete 
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Figure 6-3.- Percent mortality of the amphipod <Amp·elisca abdita, A.a.} and polychaete l 

(Neanthes arenaceodentata, N&.} as a function of interstiti~l water toxic units (~} of . . - · 
· ··cadmium~: copp~r, n_ickel, ~nd zinc in sediments fro~ Ji!lZhou Bay, China; Be~fedune <.:..1 

Harbor, New.Brunswick~ Canada; Foundry Cove, New York;·Bear Creek, Maryland and a , 
salt ·mars.h-in Massachusetts.· · · · -. . I 
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scallops, barnacles, crabs, and ·lobSters has been of particular concern [8,9]. Sediments 

for our study were collected by Ponar grab from 1 0 stations; 7 inside .and 3 outside the 
, . 

harbor. Total concentrations of divalent metal in these sediments ranged from 277 to 

2,200 pg/g diy weight, with 74.7 to 93.5 percent of the total consisting of lead and zinc . . . . . . 

(Table 6-1). Concentrations of TOC ranged from 0.73 to 1.62 percent, AVS 5.5 to 102 

pmol/g, a~d SEM 1.9 to~ 8.2 pmol/g with SEM/AVS rat~os of 0.17 to b.35·. Ttie'sum of 

the interstitial water toxic units ranged from <0.01 to 0.62. None of the sediments were 

t~xic ~ 24 percent mortality~ to A. c7'bdita as would be predicted b~sed upon SEM/AVS 

ratios and IWTUs (Figures 6-2 and 6-3) .. 

Foundry Cove, New York is located on the upper tidal reach (salinities 0 to 6 mg/kg) · 

~f the Hudson River immediate'y south of C~ld S_pring, N~w Y~rk (Figure 6-.1 ). A ba~~ry. 

plant was t~e principal_ ~ource of th_e approximately equimolar concentratio_ns of cadmium 

and nickel in ·the_· sedi_ments; smaller amounts .of cobalt Were also ~ischarged {1 0]. 

Sediments for our _Study were collecte~ by shovel or ~onar grab from 1 6 stations in East 

Foundry Cove. Total concentrations of divalent metal in our sediments ranged from: 170 . . . . , -- . 

to 71.200 pg/g dry weight with cadmium_plus nickel accounting for _up to 99.~ percent 

· of the metal tneasurea in'the most contaminated-sediments (Table 6-1 ). Concentrations. 
• • • -- • • • 0 ••• • : 

of TOC ranged from ·0.55 to ~ 6.4 ·~ercent, with many sediments consisting principally. ~f · · 
. . 

partially decayed marsh vegetation. Concentrations of AVS ranged from OAO to 64.6 · . . . 

pmol/g~ SEM 0.2~ to 778 pmol/g and ·sEM/AVS ratios 0.04 to -139. The sum of the 

interstitial water toxic units (IWTU) for cadmium and nickel ranged from <: 0.01 to -43.4. ·-. . ' 

Moiar concentrations of cadmium ari~ nickel in the interstitial water~eresimilar~ However, . . . 

. cadmium contributed over 95 per~ent to th_e sum of the· toxic units because the 1 0-day 
0 0 • • • 

LC50 for nickel to A. abdita (2400 pg/l) -is· 67 times. t~at of cadmium (36.0 pgfl);. 

Sediments with the highest dry weight metals concentrations (8,600 to 71 ,200 pg/g) were 
• .' " • . I 

generally toxic C>. 24. percent. mortality) to & abdita. In contrast, others with similar 

concentr~tions tS 13,800 pg/g} we're not toxic ~ 24 percent mortality): Sedim.ents with 

SEM/AVS ratios~ 1.0 were always nontoxic, whereas only 5 of 11 sediments with . 

SEM/A\lS ratios > 1.0 were toxic ~Figure 6-2). Sediments with~ ~.50 IWTUs were 

always nontoxic, those ~ith ·> 2.2 IWJUs were always :toxic and two of seven sediments 
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with intermediate .IWTUs ~ 0.5 to s 2.2) were' toxic (Figure 6-3). Data on chemical 

concentrations a~d poly.chaete (N:. arenaceodentata) mortalitv_in t~sts with Foundry Cove 
. ,· ' 

sedimen~ are ·not inclu~ed in Table 6-1 because they have been presented elsewhere by 

Pesch et al. [1]. Six.of 17 sediments tested with this.polychaete had SEM/AVS-ratios 
. . 

< 1.0, 16 of 17 sediments had interStitial water toxic units·< 1.0 and- none of the 1 7· . . 
sedir:rlents were toxic (Figures·6-2 and 6-3): 

I • 

. =-- .. 
Bear Creek is a tributary of the Patapsco River just east of ·Baltimore,. M~rylancf 

(Figure 6-1). Sediments from this portio~ of Baitimore Harbor are know'n to be toxic and 

contain high concentrations of ~etals, PAHs, PCBs: ~~d ot~er substa~ces [1 ~,, 1.21 from · 
. . 

many municipal and industrial sources. Sediments used in our study were collected from 

14 .stations using a modified V~ri Ve~n grab. ·Total' conc~ntrations of di~alent metals "in 

sediments ranged from 43.~ to 2210 pg/g dry. weight,. with zin.c ac-counting for 

appr9ximately 75 percent of th~ total c~ncentration (Table 6-1) •. Concentrations of TOC 

ranged fro~ 0.13 to 7.38 percent, ~ilt.and ~lay_ 4 to 99 percent~ AVS 0.40 to 304 pmol/g, 
. . .. 

SEM 0.63t~30.6prnol/g, and SEM/AVS ratios 0.1_0to.16.8. Seven of the 14sediments 

from Bear Creek were toxi'c to·& abdtta these inCluded 7 of the 9 ·sediments -~~h the 

'. highe·st dry weight' metals ·concentrati~ns (11.8 tg 30.6 pmol/g).· Sedi~e~ th~{.,_;ere 
• • • ' .-. • • •• 0 ; _,~. • • 

nontoxic. contained met~ls c~ncentrations -from 0.6 to 21.0~ol/g. . Both ~oxic and·- ,. 

. nontoxic sedimehts had-~ 0.03 interstitial wate~toxic units of metal (Figure 6-3). ~Given 
the absence of interstitial water· metal: .it- is .. n~t ~urprising ~hat 'seMtAVS ·ratib.s for 

• I ·~ . .... ' .. . - . 
·- sediments from Bear Cre.ek were not related to sediment toxicity; ie., five sediments· 

... ·having·· SEM/AVS :'ratios > 1.0· were: n~ t~xic ~nd seven -·~f. the sedim~~~ .havinQ 

::: :·:sEM/AVS ratios·<: -1.0 were toxic (Figu~e 6-2).' :'Mbst toxic sediments released visib.fe oil 

she-ens when stirred suggesting that PAHs ~ay ultimat~ly prov~ t~ ·be .a sou~~~ of the: . . . . . ; 

observed sediment toxicity.. These -observations support the conclusion that toxicity: . . .. . . . 

:. observed in Bear Creek s~diments was nOt metal-associ~ted. 

· · The salt marsh contain-ing a small tidal creek less than 500 m ·long {Figure 6-1) is .. . . -- . . . 
near Fairhaven, Massachusetts on the western side of Buzzards Bay. The creek-is ~ivided 

. b~·a h~rricane barrier in:to -~m -~pper section of lo~ salinity and a l~wer section 'with higher . 



-· 

6-10 

salinity. A metal products manufacturer was the principal source for metals in the 

sedim.ents. Sediments . were collected by plastic scoops from 23 locations; 1 0 from the 

upper side of the hu~ricane barrier and 13 from the _lower section. Total concentrations 
. . 

of divalent metals in these sedi!'"ents ~anged from 82.6 to 3320 pg!g dry weight (Table 

6-1 ). Zinc· and copper were the principal metals on a dry .weight basis in these sediments. 

Concentrations. of TOC ranged from 0.13 to ~.39· percent, silt and clay 1.5 to 61.5 

percent, AVS 0.44 to .419 pmol/g, SEM 0. 73 to 31.7 pmoJ/g, and SEM/AVS ratios 0.1 0 

to 6.90. Only 1 of 23 sediments fr.om the salt marsh was toxic to A~ abdita {Figures 6-2 . . 

and 6-3). The SEM/A \(S ratio for the toxic sediment was 4.49 and IWTUs were 1.00. All 

other sediments were nontoxic, had SEM/AVS ratios from 0.03 to 6.90 and IWTUs from . ' . 

0.03 to 0.64 (21 of 22 contained < 0.3 IWTUs). . . . 

Freshwater Field Sites 

.. Description of Field Sites and Toxicity·Te~ Results 

.. 
High concentrations of .copper in sedir:nents from Steilacoom Lake, Washington 

originated princip_ally from attempts to control aquatic vegetation u~ing copper sulfate .. 

Copper SEM concentrations in sediments from ·eleven locations teSted. ranged from .0.60 

to 3.91 pmof!g {3S to 24B pg"tg), AVS from~ ~-~2 to 5.65 ~oJ/g·, ·~nd SEM/AVS .ratios: 
. . 

from·o.23 to 67.5 (Table 6-2) [5]. Eight of the 11 sediments tested had SEM/AVS ratios . . 
. ·-

> 1.0. No copper was detected in.interstitial water (IWTU < Q.22) and no sediments 

were toxic to H. az.teca {Figures 6-4 and 6-5) •. Absence of toxicity in sediments having 
. . . 

SEM/AVS ratios > 1.0 (Figure 6-5) and the lac;_k of detectable copper in the interstitial 

wat~r is likely a conseq~ence of the presence of ot.her·sediment binding phases (5]. 

In contrast, 1 0 ·of 11 sediments from Keweenaw Watershed, Michigan, w.ere lethal 

to H. azteca [5]. Mining-derived copper concentrations in sediments ranged from 0.36 to 
. . 

174.pmol!g (22.9 to 11,000 pg/g), AVS < 0.006 to 11.6 prnof/g, and SEM/AVS (atios . 

0.4 to > 17,500 (Table 6-2). The ~me sediment not toxic to amphipods ha~ 0.41 tox~c 

units of copper in interstitial water and an SEM/AVS ratio ~f 0.40 (Figures 6-4 and 6-5). 

I 
·I 
I 
I 
I 
I 
I 
I ., 
I 
I 

·.1 . 
I 
I 
I 
I .. 
I 

··-1 
I 



. . . 
a;.~ TABLE 6-2. SUMMARY OF SEDIMENT CHARACTERISTICS, METAL CONCENTRATIONS AND AMPHIPOD 
.,' (HYAlElLA AZTECA = H.A.) OR OUGOCHAETE lLUMBRICUlUS VARIEGATUS - J,..V.) MORTALITY IN 

. FRESHWATER~ .SEDIMENTS FROM STEILACOOM· LAKE/. WASHINGTON: KEWEENAW WATERSHED, r·. :·--MICHIGAN; TURKEY CREEK, MISSOURI AND FOUNDRY COVE, NEW YORK. 
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-._.,·-TABL~ 6-2. SUMMARY OF SEDIMENT-CHARACTERISTICS, METAL CONCENTRATIONS AN) 
. AMPHIPOD {HYA1..ELLA AZTECA:.. H.A.) OR OUGOCHAETE (LUMBRJCULUS VARIEGATUS 
,._.LV.) MORTALITY IN FRESHWATER SEDIMENTS FROM STEILACOOM LAKE, WASHINGTO ;: 

. KEWEENAW WATERSHED, MI~HIGAN, TURKEY CREEK, MISSOURI AND FOUNDR_Y ~OVE, N, 
YORK. . - ·-

. · · · · · · (continued) · · 
. ,. 

. .;.., FQ!.!ndO£ ~QV!iJ~ Ne·w York 

Percent Mortality I 
. ·:··H;A.'Ib·l!·l . ·. : I 

1 7B9no3 3.1215.65 189 18.8 (0.50) 100 (87) 

2 66.4/1'15. '9.39~3:8 . ·7.69 11.5 (1.54) . 100 (0) .. 
3 43.8/915 '15.3/13.6 .. ''4.78 94.6 (2.44) 100 (0) 

4 92.2/106 10.4/19.0 7.24 7.29 (0.61) 100 (0) .. 
5 50.1n4.a 7.5919.83 '· 7.11" 4.58 (0.18)' 80 (0) 

·6 176/210 ·~ . 46.9/31.2 5.25 11.93 (0.55) 100 (0) 

'7 0~29/0.50 0.0910.10 4.11 - .(3.291) : JOO (0) .. 
·a 9.23/14.0 5.1215.20 .. 2.25 . 77.3 (6.49) ·40 (0) 

9 92.9158.5 . .6.73ti'4.7 ·8.90 3.16 (1.53) 100 (24) .. 
-10 0.31/0.31 0.92/1.-17 0.32 2.43 (0.27) 0 (0) 

11 0.3810.52 0.3910.16 '2.11 . - (0.54) .. 100 (0) 

12 3 • .02/2.20 1.92/6.15 
.. . 0.97 32.7 (1.35) 60 H 

1.18i0.64 
. 

13 . 2.02/1.-79 ···2.25 110 (1.13) 80 (0) 

14 3.34n.a·6 20.0/10.0 ·0.31 ~.03 (3.02) 20 (0) 

. 9.0719:92 
: .. 

15 1.78/0.44' 0~12 0.40 (0.~2) 0 (0) .. 
16 0.0010.05 0.94/0.49 ·-' 0.05 . - (0.38) ·o co> 
• Reference sedi~ents ·were from uncontaminated West Bearskin lake, Mi'nnesota· .:. 

;.msimultaneously extracted metal (SEM) is SEM copper for St~ilecoom lake and Keweenaw' 
·Watershed, SEM zinc for: Turkey Greek and SEM cadmium plus nickel for Foundry Cove. . 
' 2llnterstitial Water Toxic Units (IWTU) are calculated. using 1 0-day water only LC50s for Hyallella 
azteca of 2.8 pg/L for cadmium, 31' pg/L for copper, 780 pg/L for nickel and 436 pg/L (hardness 

-330 mg/L) for zinc and for Lumbriculus ~rieaatus 158 pg/L for cadmium and 12;290 pg/L for . 
·nickel. .. . , 

. -·. ·; 

.. 
l 

I 
I 
I . 
I 
I . 
I 
-I 
~ 
I 
I 

• I 
I 

·I 
I 



I 
I 
I 
·I· 
I 
I 
I 
I -
I 

.,.J;;.• 

I· 
I .. 
I 
I 
I -
I 
I 
~ 

1-
~ 

I --
I 

,-

100~---------------r--~~~~r----a~----~ 
.... --- ... -

I 
....... .... ~ ._ .... 

·so. 
--?fl. 60..; -

~ 
a; 
~ 40• 
0. 

. ::;E_. 

* i • . i 

l 
I 10 

h.=-- h 
i . . ·o ! 

..-·-··--··!. 
f 

0 

I ....1.. 

0 0 

0 .. 
. o 

CJ 

20. o. .h. j .6,-:' [J . ·•-

:~ .h. ! . 
--···-·-<> .. - -.· ··-· - ···- - .:-f.----~: .. --· 

CJ 

[] 

[J 

0 4i>----...;,__,.....-.... >fr·~*r---tfl.'"k--trlt--tr·-r-----,-----~ 

0.01 0.1 1 .10 "·100 1000. 
,. .- ... -~. :z ,:. i;~~-: .. ~ 

Interstitial Water Toxic Units 
..... : - ~ --- ----· ~ ..... . . . . 

o Foundry.):ia.. ._ · <>. steitacoO~, ~ .h. Turkey,.l:i.a.. 
. : · ....... -.• ... _ * ··-: Foundry, L!l., .... -~ o --Keweenaw, H.a..-

.. ·' 

. . 
Figure 6-4. Percent mortality of the amphipod Hya·lella azteca U:L.2.), and the oligochaete, 
Lumbriculus variegatus l.I..:Y.), as a function of interstitial water toxic units (IWTU) qf 
metals in sediments from four freshwater field locationS~· The lower horizontal dashed line 

." : at 24 percimt indicates-the -boundary between toxic and nontoxic s~diments·. The higher : 
~-. · horiz_ontal dashed ;line at 50 percent mortality. arid the vertical dastied·line at 1:.0 1WTU 
:; . ..indicate_ the hypothetical boundary_ between sediments expectea to be toxic to less than 
·7; .59 percent of the organisr:ns (IWTU < 1.0) and those expected to be toxic to gr~ater than . 

£0 percent (IWTU > 1.0)~ Interstitial water concentrations with nondetectable metal are .· 
plotted at 0.01 IWTU. 
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Figure 6-5. Percent mortality of the amphipod, Hva!ella azteca U:f&), and the oligochaete,;. I 
·-: LumbricUiuS variegatus (l.v.), in sediments from four freshwater locations as a function· . 

of the SEM/AVS ratio. ·The ·horizontal dashed line at 24 perc~ntmortality indicates the . . 
-· boundary between toxic and nontoxic sedimems •. The·vertical dashed fine at SEM/AVS :.: . ·I 

-= · 1 .0. indicates the boundary between .sulfide bound unavailable metal and potentially· -
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Toxic sediments had 0.52 to 19.6 IWTUs of copper and SEM/AVS ratios > 4.0. AVS 
' . -· 

concentrations in the 1 0 toxic sedi~~nts were extremely low· ( < 0~01 to 0.46 pmol/g) 
, ' 

with comparatively high copper concentrations (0.36 to 1.?4 pmol/g}; nine SEM/AVS 

ratios wer~ i. 6 i . Amphipod mortality in response to copper concentrations in water-only 

tests (Figure 6-6) was almost identical to amphipod mortality as a function of interStitial 

water copper concentration in sediment tests (Figure 6-3) (5]. The 10 day LC50 for 

amphipods exposed to copper in water-only te~s did not differ from the LC50 based on 
-=::.-

interstitial dissolved copper concentr~tions and amphipod mortal~y from tests. with 

Keween-aw sediments; 31 (28 to 3?Jpg/L ve(sus 28(21 to 38)pg/L. . . . . 

Sediments from Turkey Creek, Missouri contained high and relatively uniform 
. . . . . 

concentrations of zinc (47 .6 to .~4.5 pm~:JI/g; 3,11 0 to 6;180 pg/g) ~nd AVS (28. 1 to 78.2 .. 

pmol/g; Table 6-2) originating from striJ? mine tailings. Therefore, SEM/AVS ratios (0 .• 98 . . 

to 2.84) and tWTUs (0.44 to 1.83) varied little ~z:l the seven sediments tested. The two 

sediments having SEM/AVS ra~ios ~ 1.0 .:Vere nontoxic and had~ 0_.44 interst~ial-~ater 
.toxic units of zinc (Figures 6-4 and 6-5) SEM/AVS ratios of the five remaining sediments 

. ranged from 1.13 to 2.84, IWTUs from 0.49 to 1.83. Two of these sediments were toxic. 

Sediments from Foundry Cove, New York tested with saltWater A. abdita and ~ . \ " . . -. . . . .. . 

arenaceodentata were also tested usi~g the fresnwater amphipod H~ azteca and the 
. . . . . . 

oligochaete 1:. varieqatus by Ankle·y et al. ·.121. Sediments contained approximately . . . . . : 
equimolar concentrations of cadmium and nickel with the sum of the SEM concentrations . . . . :. . . . 

of these metals from freshwater tests ranging from < 0.01 to 789 pmol/g, AVS 0.39 to 

31.2 pmol/g, and SEM/AVS ratios from 0.05 ~o 189 (Table 6-2;. Four .of. five sediments 

with SEM/AVS ratios~ 1.0 were· not toxic to amphipods while all sediments having 

SEM/AVS ratios > 1.0 were toxic (Figures 6-4 and 6-5). Onlythe·2 sediments with the . ' ' 

hig_hest SEMI AVS ratio~ (8.90 and 1S9) were toxic to the oligochaete; 14 of 16 ~ediments 
were riot toxic. Sediments with interstitial ·water toxic units ~ ~.16. were toxic to .. 
amphipods; when 0.40 to 2.43 toxic units were present, no toxicity was observed .. 

. . . . ·: 
Interstitial molar concentrations of nickel almost always exceeded those of cadmiu~ by . . . 
one to three orders o~ magnitude [5]. However, cadmium was most likely the.cause of 

.. 
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both amphipod and oligochaete mortalities because cadmium is over 250 times more toxic . ~ . 
than nickel to H. azteca; 1 0 day wat~r-only LC50 fo_r ~admium 4.8 pgll, and nickel 780 

, 
pgll. Similarly, cadmium is about 80 times more ~oxic to L. variegatus than nickel; 1 0 day 

. . . . . . : 
water-only LC50 1 58 pgll for cadmium and 12,200 pg/L for nickel. Cadmium contributed . . . . 

· from 88.6 to 99.9 percent of the total interstitial toxic units of metals. · . . 

Discussion 
~-

Saltwater Field Sites 

B~fk metals concentrations i':l saltwater sediments can not be used to causally relate 

metal concentrations to the a~~e respon_se of amphipods and polychaetes {Figure 6-7). 

M~rtality of amphipods in 70 sediments fro111 five saltwater locations, or polychaetes iri 

1·6 sediments from Fou~dry Co'{e, was not related to the sum of the molar concentrations 
. . . 

of cadmium, copper, lead, nickel, and zinc on a dry weight ·of sediment basis. Sediments . . 
·having dry ~eight metals concentrations from 9.50 to 885 pmol/g from 17 stations in 

. Jinzhou ·say; Bear Creek, Foundry Cove, and the marsh in Massachusetts were toxic 

(mortality.> .24 percent). In contrast dry weight m.etals concentrations from 0~20 to 885 
• • • • • • 0 0 

pmol/g were nontoxic (mortality .S. 24 percent); an overlap of 2 to 3 orders of magnitude . . . - . . . 

in metals concentration. 

Norrpalizing metalS concentrations in these. sediments using SEM/AVS ratios, 

without ·insight into mortality caused by co-occurring. toxic .substances, also does not 

.pe;mit accurate causal predictions of.metal io~icity in sediments from the field (FigureS...: 
. . 

8). Of the 59 sediments with SEM{AVS ratios.s_ 1.0 (Table 6-1f, 49 (83 percent) were 

not toxic and 10 (17 percent) were toxic. :These 10.toxic sediments were from_Jinzhod 
o • • I 

Bay and Bear Creek. 9f the 37 sediments with SEM/AVS ratios.> 1.0, only 7 were toxic. 

Absence ·of toxicity when SEMI AVS ratios are > · 1.0 has ·commonly been o~served ~ . . . .. . 

However, when SEM/AVS ratios are.s_ 1.0, toxicity has bee.n observed in only 4 of 92 .:· 
. . --.- : . . 

sediments spiked with metal~[~] and .1 of ·15 sediments from freshwater field.s~es [2,5] · 

(!able 6-3) •. For all fiv~ of these sedinu!n_ts, the true SEM/AVS ratios may. have bee!l·> 

·, 
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TABLE 6-3. ACCURACY OF PREDICTION OF THE TOXICITY OF SEDIMENTS 
· · ·FROM SAL 1WATER (SW) AND FRESHWATER (FW) FIELD LOCATIONS, 

SPIKED-SEDIMENT TESTS AND COMBINED FIELD AND SPIKED-SEDIMENT 
TESTS AS A FUNCTION OF SEM/AVS RATIOS, INTERSTITIAL WATER TOXIC 

UNITS (IWTUs) AND BOTH SEM/AVS AND IWTUs. 

· · . ..=-:::::,:~:-~~,~~r::s~:~1~~~;=:~:!=::~;If: 

:~~ll!j§!~~xi~m~t!f~!t1~!:~~:t:~fille~r~ffl'~¥~tli!lllll!:!!ltri:1~~~!~1~~~iJii~~I~~~i~:f:~I;ili~ii:!!li~~r:1ii~!b!if;t\,~.:;:ii!9.ai~~#~~~,:.~:::,.~:~:::i,[gWAt;:~. 
SW Field · SEM/AVS2 :s 1 ~0 42 1 00.0 0.0 

=> 1.0 31 80.6 19.4 

IWTU <0.5 . 59 100.0 0.0 
~0.5 15 53.3 46.7 

SEM/AVS, IWTU :s1.o, <q.s 39 100.0 0.0 
> 1.0, ~0.5 11 45;5 54.5 

FW Field SEM/AVS . :s 1.0 15 93.3 6.7· 
>1.0. 48 47.9 52;1 

IWTU <0.5' 20 95.0 5.0 
~0.5 38 42.1 57.9 

.. 
SEM/AVS, iwTU :s 1.0, < 0.5, 10 100.0 0.0 

> 1 .0, ~0.5 34 29.4 70;6 .. 

Lab-Spike, SEM/AVS :S1.0 92 95.7 4.3 
.(FW & SW). >1.0 83 26.5 73.5 

-
rwtu <0.5 107 93.5• 6.5 

~0.5 77 22.1 . .77.9· 

SEM,AVS, IWTU :sl.O, <0.5, 85 96.5 3.5 
>1.0, ~0.5: 65 12.3 87.7 

All SEM/AVS2 · :s1.0 149 96.6 : 3.4 • 
>1.0 -162 43.2 . 56.8 

IWTU · <0.5 187 95.7 4.3 
~0.5 ·129 3·1.0 69.0 

SEM,AVS, IWTU :s1.0, <0.5, 134 97.8 2.2 
> 1.0, ~0.5 110 20.9 79.1 

1Nontoxic sediments. <24 percent mortality. Toxic sediments >24 percent 
mortality. . 
2 Excludes sediments from Bear Creek, Maryland and Jinzhou Bay, China whose 
toxicity was not metals-.related. 
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· 1 .0 as concentrations were within the precision expected in AVS and SEM analyses and 

three had > 0.5 IWTU of metal._ ··Given the fact th~t field sediments from highly 
, 

industrialized locations contain many substances other- than metals and are often "toxic, 

non-metals associated toxicity should always be ~uspected. If toxic sediments have . . . . . 
SEM/AVS ratios~ 1.0, we might suspect the. cause to riot be metals; with SEM/AYS > 

1.0; toxicity may be related to metals. 

. ~-

Metals concentrations, when expressed on a sum of the interstitial water toxic unit . . . . 
(IWTU) basis {Figure. ~-9), can provide insight that in part may explain apparent anomalies 

between SEM/AVS ratios and the observed toxicity at these· sediments. In spite of the 

presence of very high dr: weight me~als _concentratio-ns, 56 of 70 s~diments had. < 0.5 

IWTU of metal. Of the. 10 toxic sedimeJ:lts having SEM/AVS ratios < 1 .0, none had > 0.5 . . . . 
. . 

IWTU of metal. This suggests that. m~tals are unlikely the cause of the toxicity. :Three of 

. these sedir:nents were from· Jinzhou Bay and. seven fr~m Bear . Creek (most of which 

released oil when agitated). The absence of toxicity in many sediments having SEMiAVS 

ratios > 1.0 is underStandable because ~"{lOst {66.7 percent; 12 of 18) Of these nontoxic 
. . . 

sediments had <. ·o.s IWTUs of n:tetal. Of the seven-toxic sediments having SEM/AVS . . . 
ratios > 1 .0 (one each from Jinzhou Bay and the salt marsh and five from Foundry Cove) 

. . 
all had > 0.5 IWTU of metals •. Further, interstitial- metal concentratio!"S are likely to . 

overestimate the concentration of available metal because of differences in metal form, 

greater binding to dissolved organic carbon or ligand~ in .interstitial water [1 3], release of 

bound meta.l in sampling.or analytical procedures [141 or organism avoidance of metal _ 

exposure [1 1. . 

We believe that is inappropriate to further. include in this chapter data from locations. 

. having sediments whos~ toxicity is almost certainly not due ~o metals. This decisio~ i# 
. . 

ad~itional_ly justified because in experim~nts with ~etal-spiked ~ediments (4], .. only 3 of 85 

sediments having IWTU < 0.5 and SEM/AVS ratios < 1.0 were toxic~ Therefora, data 

from Bear c_reek, Maryland and Jinzhou Bay_, China are not incluc;fed in· the text, figures~ . 

and tables that follow. These data were included above to demonstrate the value of both 

SEM/AVS ratios ~nd IWTUs .to discriminate between metals-asso~iated and nonmeta.fs-
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metals in sediments from five saltwater field locations. IWTUs are the sum -of metal
speci~ic interstitial water concentrations/1 0-day LC50 for.cadmium, copper, lead, nickel, 
and zinc. The lower horizontal dashed line at 24 percent indicates the boundary between: 
toxic and nontoxic sediments. The higher horizontal dashed fine at 50 percent mortality 
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sediments expected to be ·toxic to less than 50 percent. of the organisms-{IWTU < 1 .0) 
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associated toxicity in sediments. For the data from saltwater field locations in Belledune 
. . ' 

·Harbor, the salt marsh and Foundry Cove, all42 sedime·nts with. SEM/AVS ratios< 1.0 . . ~ 

were n_ot toxic (Figure 6-1 0; Table 6-3). · Of the 31 sediments that had SEM/AVS ratios 

> 1.0, only six sediments (from-Foundry Cove and the salt marsh) were toxic and all had 
. . . . . . 

> 0.50 IWTUs·(Table 6-3). Of the 25 nontoxic sediments with SEM/AVS ratios > 1.0, 

71.4 percent (1 0 of 14) of the sedimen~s tested with amphipods and 90.9 percent (1 o. of 

11 ) of the sediments tested with polychaetes had < 0.5 IWTUs, thus in part explaining . . . 
· the absence of toxicity. =· 

-· 
-Saltwater and Freshwater Field Sites Combined 

Metals concentrations in sediment interstitial water from a·ll freshwater sites 

'suggests that metals contrib~ed .to the obse~ed ~ortalitie's of amp~ipods and . . . . . 

~ligochaetes {Figure 6-4). Theref~re, all a_vailable freshwater data are included in Figure 

-6-5 and 6.:11 to 6-15. For sediments with_rWTuS2:, 0.5, 57.9 percent _o_f 38 sediment~

were toxic; 20 of 26 for amphipods and 2 of 12 for oligochaetes (Table 6-3). . . . . . . 
. . . 

The patt':!rn of organism response to_ met~fs normalized on an SEM/~VS basis is 

similar for :Saltwater (Figure 6-1 0) ·and freshwater (Figure 6-5) sedi~ents. Therefore, dat~ 
. . ··: . ·. 

in both figures were pooled (Figure.S-11) to illustrate the overall ~ility of the SEM/AVS 

normalization t_o ~xpfain met~ls availability-in field sediments. The absence ot' toxicity in 

all"but one sedime~t having SEM/AVS ~atios~ 1.0 from al(field sediments is important 

given that total divalent metals concentrations (or SEM) for these sedimen:ts ranged from 

·43.8 to 13,800 pglg for tests -w~h saltwater or freshwater amphipods, 170 -to }1 ,200 

pglg for polychaetes, and 170 to 76,800 for oligochaetes (Taoles 6-1 and 6-2). Fifty-six . . . 

of 57 (98.2-percent) of these freshwater and saltwater sediments having SEM/AVS ratios 
. • • • • f 

~-1.0 were nol: toxic to sensitive organisms. In the toxic sediment with SEM/AVS < 1.0, 

the SE¥/AVS ratio was 0.97 (Table .6-~; Figure 6-11). For field sedimentt having 

. SEMiAVS .r.a~ios > 1.0, 31 of 79 (39.2 per~ent) were toxic (Table fi:-3)~ Therefore, ~e . 
believe that S~M/AVS ratios of.~ 1.0, can ~ccurately predict field sediments likely to not _ 

be acutely toxic due t~ metals. Use of an SEM/AVS ratio ot' > 1.0 aione to predict 
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. : . Figure 6-12. Percent mortaiity~as a function of total dry '!Je!ght metals concentrations in.cluding oligochaetes Lumbrlculus 
varlegatus ~:), polychaetes .Caoitella caoitata ·(.C&) and Neanthes arenaceodentata lli.Jl.), harpacticoids Amohlascu~ 

· tenUiremls (AJ.), .amphfpods Amoellsca abdfta (A&J. and Hvalella azteca (H&J. and snails Helisoma IDL. (J:h.m.) expos~d to 
sediments from saltwater field locations, freshwater field locations ·and ·sediments· spiked with Individual metals or 

. mlxt4res.The dashed horizontal line at 24 percent mortali~y Indicates the boundary between toxic and nonto?<lc sediments . 
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~- · · i. (L.v.), polychaetes ·Caoitella caDitata ~.), and Neanthes arenaceodentata (N.a'.), 
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, : · .:::- ;: · harpacticoids Amohiascus tenuiremis CAJ:.), amphipods AmoeliSca abdita (A&.) and 
. · :. · .::-:: ·: ~ Hvalella· azteca fri&.), and snails Helisoma ~ ~.) exposed to sediments from saltwater 

.-;_ . : ;·: .. ::. . field locations (solid symbols),' freshwater-field locations (open symbC?IS) ·and sediments. I 
-_ ... ·spiked with individual metals or mixtures (closed circles with internal symbol =saltwater, 

_ ~ . or open circles with internal number·= freshwater). Field locations, metal spiked and· 
· species tested are indicated. The lower horizontal dashed line at 24 percent indicates the: I 

boundary petween toxic and nontoxic sediments. The higher horizontal. dashed line at 50. 
-·. · . percent· mortality and the vertical dashed line at 1.0 IWTU indicate the hypothetical 

· . ·: .:.: · . . boundary between sediments expected to be toxic to less than 50 percent of the 
. ~- . :· organisms CIWTU < 1 .0) and those expected to be toxic to greater than 50 percent (IWTU 

· > 1.0) .. ·Interstitial w.ater concentrations witli nondetectable metal are plotted at 0~01 
· IWTU. . . 
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; ·-:.to s.edio1ents from saltwater field locations (solid symbols)~ freshwater field locations (open . 
··symbols) and _sediments spiked;with individual metalS or mixtures (closed- circles with·. 
· , · intenial symbols = saltwater; or open circles with internal symbol = freshwater). Field 
.t: :-locations, metal spiked and species tested are indicated: -The'·horizontal dashed line ·at-24 
. ·.,percent mortality_ indicates·. the boundary. between toxic and nontoxic sediments: The 
~. verticafdashed line at SEM/AVS~=~:LO:indicates·the boundary between sulfide-bound 
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sedimtimttoxicity b; useful but less accurate than predicting absence of toxicity (Table 6-3) 

as would be expected based on partitioning theory and organism-sediment interactions. 

In both oxic and .anoxic transition zones oc;cupied by organisms, oth_er sediment binding 

phases, me~al form, and avoidance behavior 'of organisms can limit metal availability, 

exposure, and toxicity. 

. Field Sites and· Spiked Sedimen~s. Combif1ed 
.· . 

"The utility of metals concentrations no~malized by drv weight, inter~itial water toxic 
. . 

· units (IWTUs), or SEM/AVS ratios to explain ·the bioavaila~ility of diva{ent metals and · 

permit prediction of sediment toxicity is summarized in Figures ·6-12, 6-13, 6-14, and . 
. . 

Taql~ 6-3. The figures and table _are compilations of all available data from·1 0-day lethality 

tests where mortality, IWTUs and SEM/AVS ratios· are known from experiments witti 

.. sediments ~est certainly toxic only ·because of metals. They include sediments from . . 
saltwater field sites, freshwater field sites, or sediments spi!<ed with individual metals' or. 

. metal mixtures. The relati~nship between benthic. organism mortality in 1 0-day sediment . . . . 
lethality tests and bulk metals concentrations in spiked and field sediments Is not useful 

to causally relate metal concentrations to.orga_nis~ response {Figure 6-1'2)~ The overlap 
. . . . 

among bulk. metals concentrations which ca~e no toxicity and those which ·are 1 00 . .. . . . .. . . 
pe~cent lethal is almost four orders .of magnitude. Sediments· having less tha~ 0.01.pmol 

of metal/g dry weight are all reference or control sediments. 

The toxicities observed when sediment concentrations are normalized on an IWTU 

.basis are typically consistent with the toxic unit concept; that is if !WTUs are ..S.,.1.0 
. . • . I • • . 

sediments should be lethal to ..s_ 50 percent of the organisms exposed; significant mortality 
. . . 

probably. sh~uld ·be absent at < 0.5 IWTU (Figure 6-13). The exceptions to _th~ 

expectation that sediments.with IWTUs < 0.5 should not be toxic are the two cadmium

. ~piked f~esh~ater se.diment~ where pore water sampling p.rocedures w~r_e a likeay pr~bJem. 

· Of the spiked arid field sed!ments.evaluate~ which had lWTUs < 0.5, 95-.7 percent of 187 .. 

sediments were nontoxic {Table. 6-3) •. For ~II sediments having IWTUs > 0.5, 69.0 

percent of 129 sediments were toxic· (Table ·6-3).· Given the ·effect on toxicity or 
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-··'- :: q~alrt~i-~;(ha~dness or salinity), and organism behavior, it. is not_ surprising that many 
.. --~ • i ~ .. "• : ~ .• . . -... ~ .• _~... . .. ' ... _ . , .. • 

· ~ =-· sedimtmts having tWTUs > 0.5 are not toxic .. 
,;' . ... - . ~ ., ·. __ ~~ ... ~ . . . 

.. .... .... -· 

·.Orgai:li;m response in sedil!'errts . ~hose co~centrations are no.rmalized on an 

SEMI ,;.\is . b~~is i~ cbn~iste~t,- ~ith ~etal-suffide .binciing on ~.mole. to mole basis as first 

-- : described-=by Di To'ro et al. [1 5], and-recommendations for a~sessing the bioavailability· of 
. : . . - . . ·- r:.. . . . ~ • . . -:. ~ . . ~ . .. . - • . . 

·. · ·metals proposed by Ankley et al. [1 6]. Sediments spiked with metals a~dfield ·sediments 

·'-- ,·:.-{;bm saltw~ter arid fr~shwa~erlocati6n~,-~~h SEM/AVS ra~-ios..s. 1.0 were u~iformly (96.6 
., .... ,: ...•• : :; ... -~·:-.,.4'··.-·:..-, . • :- ~ . . ·: .· -~ ·-: •, .; . -~ . __ .. _ . -· .. 

- ····· p(m:enfof 149 sediments) nqntoxic (Fi~ure-6-14: ~able 6-3)~ Th~ majority (56.8 percent) 

of. 162 sediments having SEM/AVS ratios > i:o were toxic. Use of both tWTUs and . . 

SEM/AVS ratios did not impr~ve the accuracy Qf predi~ions of sedimen~ that were. 
. . . 

nontoxic (_97 .8 percent; Table 6-3). However, it is noteworthy that toxic sediments were . . . . 
·predicted with 79.1 percent accuracy in 110 ~ediments·when both SEM/AVS > 1.0 and 

. IWTUi' :> :0.5 were us~d j~i~tly a~ ded~ion.·p~~~meters rfabf~ 6-3). This approach is; 
"• • I . . • . · • · • • • ~ •' , ... ~' , ~- I ·' : ' ,..: -

.. " the'refore~ ve~y useful in identifying sed~f:neiits of concern. 
r -r. . ~ ~ :· -~."... ' : ~ • ; ...... ~-.... - r •• I. . .. ~-' 1': , ~ ; . - . • ' ., 

····-~t~~'-- -~ .: : .•. '; . . . . . :·= .. ·--~~. .... , ~""':~- ~ < •••. ;_ - .'.. ._ ••.• : • . . 

· · · ·· ''~'· Bed1use AVS can bind dival.ent metals and presumably some other metals on a mole 
................... ·.~-:· .--~. ·-.:-~-.·· .. · :,~· .. ·: .. ··-·.: ... 

. ' - to mole basis, normalizing metals concentrati_oriS in: sediments frorri the field . as the 
~ -:-· .. ---. . . i- . .'': . . . . · . .i ..:. • • : ; - • .: . •. !, ....... ·: '. • ~ ~ . ~ •. " • • . l : . : •• --:~ . _: . . -~ . :. . 

· · '- difference of SEM-AVS, instead of the conventional SEM/AVS ratio, can provide importat)t 
1!>-. .... •'- ... •- --: - • ,...._. • . - ·_-. • : -; .•. : ~. -- ... :_ ~~ : ~ .~\''-; : • ~ • • :·_a ~ . . •• • • • ·, ~ ~. . •.. • ·• • 

· · ''-'•insight int'o the ·extent ·of available ar:fditional sulfide binding capacity, or the e·xtent to. 

:.~- ··wttich·Avs· binding .·has :be~n-exceed~d ·(Figti;~ -~·15)~- Furik;;··ab.se~ce -~f organis.m 
:. - ·-~-- .... :. ·... . . . ._, .. ' - -.. ~ ~, ....... --~-~- -~ ·-: .. : -,~·; .. ·::~~~ . ·. :- ~- .- .. : . ·. -._ .... ': 

· _·; response ~when· AVS binding is exceeded can indicate the pot~ntial magnitude of 

.-.-;.-· i~po'it~nce:that.-other binCii~9-ph~~es n,~~ it~v~·;ri c~ntr~·uiri-9 bio~v~ilabintv~ Thi~ i~~ight 
'~-•- 'I ~~. ~- ·. ·•• (~• - - •• ' : ., o.·•·i~ ,.,,-,.,.;·. 1 

' •• : o•: .-.:·. . '· -~·:.- • ;·~ .. : .. : • 
. -=>··into additional binding capacity of'AVS and other seqiment phases and'the magnitude of 

. 2.::.:>;e~cee~anci~f binding 'ar~'important ad~~rit~:g~~~fo~ ~b~maliZation ~f ~~e ~oncentratio~ oi 
·, ~ ... _,.-.-~·~,~--r·- .. -.... --.-..-·•··., • · .. , '. ··,':;-: .. :,-:-~··::-··--r-·-,·::""';r'i·~--·:""' . .:-~""':""··r- .. · •.••• ·.: ·., . 

·~- · ··metals ·in· ·sediments on an AVS· basis over that of interstitial water concentration. For 
, · .... ,,. ··.·,·n··~.:.-···.. . - . · .. --. 

-: .·;_·moSt nc)ntoxic saltwater and freshwater field'sedirrienis we have tested, 1 to 1 00 prnoles 

I 
1···'-·. 

··~-'of additio~-ai met~ I would be required.to exce~d ~he sulfide bind.ing ~apactty; i.e: .. SEM-AVS . . . 
= -1 to -1 00 pmol/g. In contrast, most toxic field sediments ~ontained 1.0 to 1 ,000 

pmole~ of metal bey~n.d the bin~ing capacity of sulfide alone~ Data .on nontoxic field · · · 

·. 

1··. 
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sediments whose sulfide binding· capacity is exceeded (SEM-AV~ is >. 0.0 pmoles/g) 
-. . .· .. 

provides.the best indication of m~gnitude and importance of .non-s~lfidic binding pt'lases. 

This is partic~·larly true for some sediments fr~m locations such as Steilacoom Lake and 

the Keweenaw Watersh~d where AVS con~e~ratio~s were low r~~~iting in high SEMI AVS . · 

. · ratios with little difference . between SEM concentrations and sulfide binding potentials 
. ~ . ·- . • • : ;- ~: • • • . . ~f : 

(SEM-AVS is· numerically low, whereas SEMI A \(S ratios are high). The field sediments we . . J. • . . .. 
"' . . -. 

tested frequently contain 1.0 to 1,000 pmoles of metal over that bound by sulfide yet they 
. . ---~--. . . ,-~ . 

remain. nontoxic. This indic~t~:s .that. the. role. of other sediment ph~ses in metal 
. • ·:·. • • ' .: .J • 

bioavailability has great signific~:rice. ·Therefore, further refinement on the prediction of 
. ·,·, · .... ·: '• .: . 

. sedi~!mts likely to cause t~xicity will n!q~ire estimates of partition coefficients 'and binr;iing 
. . . . . . . . . . 

strengths 1Jf these sediment phases. 

·- '\ 

Summary 
__ .. -..... ' .. :• ... :~. ':' .. 

We believe. th~t resu~ from tests t.isi~~:- ~ediments spiked. w~h metals and ,. . 

sediments from the field in locations where toxicity is metals-associated de~onstrate the . . ,...._ . - - .-~ . ,_ .. . . ~ .. 

value of normalizing sediment concentrations by_SEM/AVS ratio and IWTUs, inste·ad o.f dry . . . . . .. 

weigh~ metals ~ncentrations, in expressing biological availability of metals. Importantly, ·. 

data ir~m spik~d s~dlm~ni te~ ~o~gly i~d.icate that metals are not the ·~ause of the 

. toxi~ity observed in field sedim~~~~/h~n b~th·SEM/~Vs r~ti~s ar~·:·.c;.;_o.and tmu are 
• : t • . I • - '• ._, • , ,• " •' < o.s.'-~ Concentrations ·of metals iri se.di~ents on· an SEM-AVS basis provides .important 

I 
:~J 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

insight i~t~ a~ailable add~i~nal.bi~'di~~::~~pacitv.~~ s~lf.ides a.nd_Qt.her,jphase~ of s~d~rri~nt5. -1 
and the extent to which sulfide. binding has been exceeded. Predictions of. sediments not 

.. . : .··:·· • . :·,:,· .. ' ·.~-. ;·~ _--... ·~ i··:-. -, . . .·. . ·•· -

likely to be toxic because of metals based on SEM/AVS ratios and IWTUs for all data from 
• - • • - .... ~ J '-:. ~ • - • .. • 

spiked and field sediment teSts are extremely ac~urate ~ 95.7 to 97.8 percent) us.ing 
.. • • • • .. """! •• ... ·: ~ • • • -. '. • -·- ; ' • • ·.: ;· • ' --~ •• • : l•- : : . . . 

either or both parameters.. While predictions of sediments likely to be toxic are less 
-:-. .·_-.··~--· • • ~ - .()"~ -' • ~- ~· • ' \1 • ,~ •.• •4 .... • 

accurate (56 .8 to 79. 1' percent), this approach is extremely useful in iderttify.ing sediments 

of pote~~i~J concern. Seve~al sou~·c~s of, ~~ce~aint~·relatedto sedime~ g.eoc~e~istry, the 

. kineticS of bindin~.a~d rel~as.e, a~d o~g~ni~~-s~d.ime~ .int~raction ~eed.further rese~rch. .. 
. . . . - .. .. . . 

"'" ~ .. , ,' • o '• I 

. '-.-.' .... 
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APPENDIX 6A 

· · --~ ·. METHODS . · 
- .... 

, · Saltwater Field Sites· 
' ,..,.. •·. . ,. 

Sediment. cbllection, Storage' and. Handling -
-.. ..... '' 

·.·,Sediments were collected by plaStic scoop, ·shovel, Ponar grab, or mod.ified Van 

Veen· grab from Ji~hou Bay; China (Sellte.mber, 1992); Belle dune ·Harbor, New Bru~~,wick, 
. . 

:. · Can~da · (August,· 1 990); Be~r C::reek,:'Mar)tfand (Februa~, 1992J; a .tidal marsh near 

. Fairhaveri~1 ~assachusetts (March :1991 )'and 'Foundry Cove,· New York (AI,Igust 1 989) 
. . . 

(Figure 6-1). Samples consisting of approximately 5 to 10 em of surficial sediment were . . . 
homogenized and a liquets remoyed for total' metal, :total organic carbon a~d grai~ size 

: analyses: Sediments w~re.:tra~sported under ice a·nd stored at 4°C in ~ealed;gi~ss jars 

. . . with limited headspace containing nitrogen until use:· Prior to conducting toxicity tests, 

. sedim~nts 'were rehom~genized, taking care to lim~ oxidation of metal sulfides • 
. ' . - ~ . 

. . . . - - . ~- . . .. -.(. . 

At all stations at the salt marsh· in· Massachusetts, interstitial water diffusion . . . . 
samplers (peepers)·were placed immediately below-the sedimentsurface 13'days priot:"to 

. ' sediment collection to pe~it comparisons betweeni!im!i interstitial metals co~~esrtrations. 
~nd interstitial metals co~ceritr~tions .quantified :~uring toxicftv tests.· Pee~~r~ :con~isted · 

. ... of s· ml· polyethyl~ne vials·. (~1- mm high, 20. m_m diameter), ~overed with a··; ;micron 

polycarbon~te membrane and filled with 30 mglkg salinity ·water l41.· A pl~stic :~ap ·. 
.. around the peeper e~ended abcive the' s~dime~t td fac~litate ~ec~ver'i. .~~ediateiy prior 

: : to sediment sampling, peepers we're removed and rinsed t~ r~move sediments~· The Water 

. contained within th:e peepers was remove·d by 'pipette 'and pla.ced in a 7 :ml polyethyfe~e 
: vial and acidified with 50 pi of ·concentr~ted ~pH · ~: f~O) ·nitric· acid~~": · · ·· · · · ..:-· · · . ~ . 

• .J _,. ' •• ""' _,. • .... • • • :· .... .-: ~ .-__ , ... -. •• 

• \ ,, ..... _:, • ""J • • 'L _;".'.~.-~-~.!;;;;~ .. '.:':':"-'t ·_..- •• ~ '' - 't ,. 

· Toxicity Tests-
· ... ; ~- ~= -~;: -- ·. :;-.. , '__. _· • !' :. •• ' ~_. • 

The 1 0-day lethality tests with :the amphipod, AmoelisCsi' abdita,· generally followed . 
. .. . . . . 

method~logies described by ASTM [171.- Di Toro et at· [15] and Berry .et al. [4]. Those 
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with the polychaete Neanthes arenaceodentata are described by Pesch et al. [1] . 

. Amphipod exposure chambers .consisted of 900 ml glass canning jars~ ·with a 1.3 em 

···1 
. . . . 

diameter oveiilow hole covered with 400 micron Nitex9 mesh. Each chamber contained . . 
200 ml·of.sediment and 600 ml of s~awater~ Polychaete c~ambers consisted of 600 ml 

. . . . 
beakers containing 200 ml of sediment. One·day before the start of the test, sediment . 

;. .. . . . 

from each station was placed into each of four (two chemistry (~ay 0 and 1 0), and two 
. . 

. biology] replicate exposure chambers. For each experiment with sediments from the five . . .- ' . . ,; . . . . . 

sait~ater locations, one or in ore treatme~~ . consi~f!d of . four . replicate chambers 

containing sediment from an unc;ont~minated reference station -in central Long Island . . . ~ ' ):•.. .. . . . •' . . 

Sound, Narragansett Bay or an uncontaminated sedir:nent from a location near the study 

site. . s~'diments from all. statio.ns at. Fou~dry Cove a~d- ~ations .· 1 , to~ 1 0 at the 
. . . . . . . . . ) : 

Ma~sac.husetts ~aft rl)arsh site had interstitial. salinities .less than those tolerated by · 
• • r• ~ o ' • ' •• • ' ~ • - ' • 0 o 

Ampelisca or Neanthes, therefore, sediments were. mixed with brine to obtain 26 to 32 . . ' .~' . . ,_.. . . 

.:ngtkg interstitial salinities prior to testing. Peepers were placed in both biology replicates 
. . ;·;... . . . . . 

arid the day 10 chemistry replicate •.. To provide ~~ntinuous ·rene~al of overlying water, 

filtered seawater (20°C; 2S to J4~mg/kg salinity) flo~~ied through each replicate .chamber 

at approximately 30 volume additions per,day. 
~ . . ·. . ~ - . . . . . 

Each exposure began w~h random place~ent.of.20 amph~pods.or 15 polychae1es 

in the day 1 0 chemistry replicate arid in the two ·biology replicates for ~ach treat~ent •. ' ' 
. ~ - -~- .... . . ~· .. · . . .. . ; ..... .. ·. . " , . . . 

Sediment from the day 0 ·chemistry replicate was homogenized, and aliquots removed and 

froze~ for AVS, SEM; and bulk ~~~al a~alyses·~ .Experim.ental c~amber~ were ~hecked daily." 
• o •o • ' • 0 ' o • : 0 ' • ~ r 

for dead animals and wat~r fl~w. Overly~ng water was sampled at the beginning of every · 

test and at least once thereafter, with. samples ·acidified and stored in viais ·as described 
. ..· . . . . . .. :. . . .. 

above. On day·. 10, peepers were removed .from each sediment and the water sample 
~- ·. . ' . . ; . . .• ' . . . . . '~ ... . . . .· ' .. . ' . .. 

acidified and stored •. Sediment from the day , 0 chemistry replicate was homogenized, and - •. ' . . . -; .. . . 
afiquots removed for· AVS and SEM analyses. Sedirnents from the biology replicates were 

sieved through a 0.5 mni mesh screen tq quantify dead and surviving organisms. Saf!Jples 

with more th~n 1 0 percent of ~tie amphipods missing were recounted by a secon·d person •.. 
. -- . . 

Missing amphipods were assumed to be dead~ For illustrative purposes, sediments were · 
r ,.. • • ' • ' ,• ' ' ~ • • 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

'· 

·I • 
classified as toxic if mortality was greater than 24 percent·as proposed by Mearns -et al. · : · . . : . . . . . ~-<-I 

·, 
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· ··[1 81 fro~ results C?f sediment testS with the amphipod Rheooxynius abronius. Sediments 
. . . ' . ~ 

having Jess than or equal.to 24 percent mortality were considered as nontoxic. 

Chemical Analyses -

Sediment samples were analyzed for AVS by the cold-acid purge and trap technique 

described by Allen et aJ. 114], Cornwell and Morse 119] and Boothman and Helmstetter 

1201. SEM ·and bulk m.etals analyses= were performed using inductively coupled plasma . . 

emission spectrometry (ICP). For an_alyses of bulk (dry weight) metals, the metals were 

extracted fro~ freeze-dried sediments by ultrasonic agitation with 2 M cold nitric acid (50 

ml/5 g wet sediment) at 60°C overnight followed. by centrifugation. Results of sample 

blanks and reco~eries of known metal additions demonstrated 85. to 1 00. percent. . .· .. 
recoveries from sediments, 85 to 115- percent recoveries fro~ _sample extracts and -an 

0 • • 0 •. 

absence of contamination in our analytical procedures. The SEM concentration reported 

is the sum of cadmium, copper, lead, nickel,. and zinc. on a micromole per gram dry . . . . . . 

sediment basis. Concentrations of all ~etals in sediments exceeded a·nalytical deteCtion 

·Jim its. 

Interstitial water from peepers and overlying water were analyzed using ICP or . . ... . . . . 

graphite furnace atomic absorption spe.ctroscopy. Detection limits varied as a functiorj of 
• • • I • .I • ~ • 

sample size and methods of" analysis~ Concentrations ·in water are .reported as the sum of . . . -. . - . 
the interstitial water t~xic units· (IWTUJ of detect~ble metal. .fWTUs are the s~m of pg 

metai/L i!l interstitial wat~r + 1 0 day LCSO in water-only tests in pg/L for ·all five metals, . . 
where the 1 0 day LC50 for A. abdita is 36.0 pg. Cd/L, 20.5 pg Cull, 3020 Jig Pb/L, 24_00 

pg Ni/L, and 343 pg Zn/L 141 and for N. arenaceodentata is 3,670 pg Cd/L and 16,090 pg 

Ni/L [1 1~ Thus,.if interstitial water is_the principal source of metals toxicity, and availability 

.. ot-m~tals is the same in water.of water-only tests and interstitial water in sediment tests, 
• . • . • • I •· 

50 percent mortality would be expected with sediments having 1.0 IWTUs.. In ·thi~ 

section, we use 0.5 IWTUs to indicate sediments unlikely to cause significant mortality . 

because r;>n the averag~ water-only LCO a_nd LCSO values differ ~pproximately by a ~actor 

of two~ This factor is reasonable because mortality was always absent in spiked-sediment 

.· 
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saltwater tests at O.SIWTU [4}. For illustratiOn, a concentration of 0.01 IWTU is us::~ . :1 

- :ccindiclne interstitial Water samples that contain. no detect.ible metal. I 
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CHAPTER 7 --=--. 
. . .. 

COLONIZATION EXPERIMENTS 

All experiments presented thus far demonstrating that AVS is important in . . 
controlling the toxicity of sed~ment-associated metal . have relied on 1 0-day laboratory 

lethalitY. tests using in~ividual benthic species exposed to homogenized sepiments from 

field sit.es or sediments spiked with divalent metals 11 ,2]. Chronic exposures of individu~l 
. . . 

species or benthic communities hailthnot only recently been completed using :Sediments 

whose .metal and AVS concentrations have been measured and have varied with depth as 
. . . .. 

is normal in the field [3,4,5]. -...... 
. -

The benthic colonization test. (6] is pa~icularfy usefl,ll in evaluating the effects of . . . - . 
substances on developing be~~ic communities in the laboratory and field. Jn this test, the 

most sensitive early ~if~ . stages of· b~nthic orga~isms found in unfiltered seawater are 

chronically exposed to chemicals as they settle and grow in replicated control and treated 
. . . . . . . . .· 

sediment-filled aquaria. Resultant communities are diverse, consisting of thousands of 
.... '.: . .. . . . . . . 

. individuals, t:rulresented by 40 _'0~ ~or~ ~pecies -.and several_phyla; ·. Results from early 

colonization experiments whe·re chemicals were continuously added to incoming seawater 
. ' . . ··.. . . . . . . 

'revealed test sensitivities predicted by .. water. quality criteria (WaC): i.e., generally, 
• • • a • • • • • 

· · 'observed · effect concentrations were greater than wac and no observed effect 
.• . . 

concentrations were leSs than WaC [7) •. - More recently/organic.ch~micals have been 
• - •• • • • • • ••• • .. 4 • •• • -

spiked iryto sediments 18,9] and comparis~ils between results of these tests and chemical-
. .. . . ' . . . .. . 

specific.sedimer1t quality criteria indicate.sac;:,are protective'[7]. 
• • •• •• • • j • ~- • • • • 

· .... -·-··· .. .. . . : .. , •.. ~ ·.I --.~L-. : ... ~_ :., .... - ('! ... : ·.-· •;; . ~ 

This chapter. presents the results of a, 118 day benthic colonization experiment in 
.. . •: : l' .. · ... ' . \ ~ - ·-. -. . ~ . • : •· .- ... 't. • • • - •' ( • • • 

which sediments were spiked with cadmium to obtain nominat'SEM/AVS ratios of 0.0 
•• , ·, -.. • : .', •• .. 't r •., ·• ·•, • .,' -... • . ·- . - . 

(control), 0.1, 0.8, and 3.0. Numbers and kinds of organisms that colonized the sediment 

are . ~o·~~ared to t~tal. c~d~~ium~. ·i~e'r~~~l .water cadmi.um, and SEMI A \IS ratios as . . . . . . . ~ . . 

exposure conditions changed temporally and spatially as a function, of sediment deJ?th to 

evaluate if these measurements can be used to . determine sediments 'which are not . . 

chronically toxic to benthic organisms. The methods used are presented in Appendix 7 A. 
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Results 

1-2.: I 

Exposure 

At the begi~ning of the·experiment the average AVS coracentration of the sediments . . . 
for the four treatments was 17.2 pmol/g dry w~ight and measured SEM/AVS ratios, 0.00, 

0.1_0, 0.60,_ and .2.63, approximated nominal values; COntrol, ~.1 1 0~8, and 3.0, 

respectively (Table 7-1); The average AVS concentration .in all.samples of homogenized 
. . . 

sediment analyzed throughout the experime~t was 17.2 prnol/g ·(range· 12.2 to 22.7 
. . . 

pmol/g), a concentration the same as that attest initiation. The average.SEM/AVS ratios 
•. . . . 

in cadmi~m~spiked sediments over the length of the experiment also differed little from 

that at test initiatio-n for nominal SEM/AVS = 0.1 (0.09 for day 0 versus 0.1 0 overall) and 

SEMiAVS = 0.08 (0~66 for.· day. 0 vers-us 0.60 ove~all). Th~ apparent 25.3 percent 

decrease in SEM/AVS ratio in the 3.0 SEM/AVS treatment (3.52 for day 0 versus 2.63 . . .. 
overall) probably -results from an unusually low analysis of AVS of 13.0 pmol/g at test 

initiation. If the mean AVS.·for all treatments on day 0 is more representative.of the·true 

. value in this treatment, then a more accurate SEM/AVS·ratio would be 2.f?6 for day 0 an~ 

2.57 overall. Th~refore, chemical analyses of homogenized sediments indicate that the 

exposure was constant throughout the experiment. 
. .· 

. However, chemical analysis of horizons t'rom sediment cores demonstrate that SEM - . . . 
and AVS concentrations and SEM/AVS ratios varied with sedinien~ depth. Data fro!Jl two 

cores sampled on day 14 from a control treatment snow AVS concentrations < 1.0 pmollg · 

in the surface 1.0 em, from about 1.0 to 8.0 pmoJ/g at 1.0 to 3.0 em depth, and greater 

than 1 5.0 pmol/g below 3.0 em depth (Figure 7-1 ). -At day 28, AVS concentrations in the . . 
surface 3.0 em of-sediment in the 'control, 0.1 ·and 0.8 SEM/AVS tr~atments were lower, 

with those in the surficial 0.6 ,em ~ing 20 percent of those- on day 0 (Figures 7-1 and. 7-

2). By.contraSt, AVS concentrations·befow 3.0 em in depth remained similar-to ~hose at 
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7-5 . 
. ······teSt initiation. Ve!tical distribution_-of AVS.in the 0.1·a-nd- 0.8 SEM/AVS treatments were 

generally, similar to the control on days 24, 5S:; and -117. :Loss of AVS i~ suificial 

sediments in these treatments was du~ to oxid~tion, most likely of. principally iron sulfide~ 

TABLE 7-1. MEASURED CONCENTRATIONS OF ACID VOLATILE SULFJDE (AVS, 
pMOUG), CADMIUM SIMULTANEOUSLY EXTRACTED WITH AVS (SEM, pMOUG) 
AND. SEM/,;VS RATIOS IN HOMOGENIZED SEDIMENTS FROM ·cAY 0 TO 117 OF 

THE BENTfj!C COLONIZATION TEST. 

.. - _...,.., ..... · ·-:::M~~-n 
·Control· SEM 0.0 0.0 0.0 0.0 0.0 0.0 

. - .. AVS "20.4. 13.7 15.8 '12.2 21.6 . '16.7 . 
.. SEM/AVS 0.0 0.0 ... 0.0 :0.0 0.0 . 0.0· 

- --·· -- . 

0.1 

.8 

. '. 3.0 -
.- ... · -· -

SEM. .. 1.5 . 1.6. 
AVS 16.1 1.~.6 

SEM/AVS 0.09 0.12 

SEM 12.9 12.9 
AVS . 19.5 ~-· 22.3., . 

SEM/AVS 0.66 0.58 
., .. 

1.5 
12.4 
0.12. 

11.5. 
17.2 
0.67 

SEM 45.8 38.3 -- 49.1 
A'YS .. 13.0 - 13.5 ·19~5· · 

"1.4 
19.0 

0.07 

11.6 
·:. 21-.1 

0.55 

"47.2 
. 22.7 

2.08 

·1.3 
13.6 
. 0.10 

11.8 
···:-- 20.5• 

0.58 

1:5 
14.9 

0.10 

. 12.1 
20.1 

0.60 

40.5-. 44.2 
15.4 16.8 

2.63" --., "2.63 .. .. SEM/AVS ·. 3.52·.· ·- 2.84 :: :2.50 .. ······ 1+-------------------------------------u / 

.15.8 ·.0··. 1e.2. i8~a : --17.8 · · · . 11.2 , Mean AVS :17.2 

. . ."' 
... . . 

-- '-"• .. - ' 

. _However, in the.3.0 SEM/AVS treatment from day.14 throughout the experiment, - . . . - ~- . . . . . . -· ·-: . . . . . . . . . 

·profiles of AVS concentration with depth were different from profiles in lowe_ri:reatments. 
. -- { . . .' .·. - ·: -. . .. .• -· - . ' - . . - . 

On day 14, concentrations of AVS in sediments from the 3.0 SEM/AVS treatment were ·. - . .. - ·. 
·. essentially constant at all aepths (Figure 7-1 ). In· this sediment,· concentration of AVS . . . . . 

· ranged )rom 13.8 to 16.2 im;oi/g (mean =7 -15. i p~ollg) in individual horizons in the 
.-.--·. '1···· .. ;.,·.:~,, ... ~"' .... ~ ···:- . .. . 

. .. . surface 2.4 em. and fro~ 10.7 to 21.7 pmol/g (mean .- .17 .5 pmol/g) below· 2.4 em. At' · 
.. -.. ' . :, ~ ;_ . . . ~ ·~. . . . . . . . .. . 

later ~ar:npling days, AVS_ was only slightly oxidized in the 3.0 SEM/AVS._treatment 

compared .to th~ _other treatments (Figure 7-2). Lesser o;Xidation in this. treatment was··. 

li~el~ d~eto fo~~r oxidati~n.rates of cadmium sulfide [1 OJ. Uttle .oxidatio~ of AVS below 

. . 
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2.4 em is evident during ~he experiment in the control,_ 0.1 and 0.8 SEM/AVS treatments 

and below 1.2 em in the .3.0 SEM/AVS treatment. 

·Vertical profiles of AVS in sediments from the cadmium colonization experiment on 

day 14 (July 17, 1991) and day 28 (July 31, 199·11 were qualitatively and, to a lesser 

extent,· quantitatively similar to those . observed in sediment cores from . the nearby 

Pettaquamscutt River, Rhode Island. (Jufy 18, 1991) [111 {Figure 7-1) •. Relati~e to AVS 

concentrations with d~pth in the ~xperiment, AVS concentrations-in Pettaquamscutt River 

sediment were only slightly higher from the surface to about 5.0 em, proportiomil increase . . 
-in concentrations from the surface to about 2.5 em were similar and AVS concentrations .. . . . 

were stable in both_the·field a_nd_our laborat~ry sediments from about 2.5 to 5.0. em. 

Sediments from PettaquamscuttRiverconsisted of approximately39.5 percent sand, 58.0 
. . . . . 

percent silt, 2.5 percent clay, and 1.3 percent TOC. The granulometry.of sediments used 

in our experiment was markecfl.y different; 5.6 percent sand, 70.7 percent silt,· 23.7 
• 0 • • • • • • 

percent clay, and 1.0 percent TOC. 

Loss otcad!'J1iUm from spiked sediments was essentially confined to the surface 1.2 

em {Figure 7_.2). O~creases of-cadmium in surface sedi~ents were less than decreases in 

AVS in the control, 0~1 and 0.8 SEM/AVS treatments. Decreases in cadmium with depth 

were similar for all three cadmium-spiked treatments. In the. surface 0.6 cin,· cadmium· 
. . . .. . . . . 

concentrations for aJI treat"ments averaged 65.4, 67.0, anq 22.7 percent of those below . ... . 

3.p em on day 28, 56, and 117, respectively. Cadmium conc~ntrations in the 0.6 to 1.2 

em horizon were 95.4, 86.8, and 79.0 percent of those· below 3.0 em on day 28, 56, and 

1 17, respectively.· Cadmium concentrations below 1.2 em' remained uncha!lged 

througho~ the experiment. 

V~rtical profiles of measured SEM/AVS ratios were consistent with the·obsei!Ved 

oxidation of AVS in surficial sediments as tempered by losses ·of ,cadmium (Figure 7-2). 

At sediment depths greater than about 2.4 i:m, there was little or no oxidation of AVS, no 

lo~s of cadmium and SEM/AVS ratios remained stahl~ near the noininid ·values. In surl~cial 
sedimen~s. losses of AVS exceeded those of c~dmium causing SEM/AVS. ratios to increase 

I 
·J 
I 
I 
I 
I 
·I 
I 
.. 

.. 

I 
-I 
I 
I 
I 
I 
I ., 
I 

:, .• 
·~~ 

I 
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:- · .. ''cira·Mati~a-11;, .which could potentially rei~~~~ ~;evi~~sly bound metal to affect benthic 
:" ~ -' • • .. "! ' .... : : .. ' .... · ... . . -.:.-.. . . • .. 

organisms: While SEM/AVS ratios i~creased to as much as 0:75 in individual 0.6 ~m 

horizons in the nominal 0.1 SEM/AVS .treatm~nt, the mol~r~concentration~of AVS was 
:: .. -::- . - :.·- - . - . . . . . . ~ . -

always in :~xcess of that for cadmiurr1_,-.t~~ref~re::·me~als ttixicity was unlikely. In the 
..... . . .... - - . . .· - . . . :.; . - . . . .. · : . ·. . ~ .... ""' .. - . '\.,.~ ·-

. nominal o.s· SEM/AVS treatment, loss of AVS exceeded that of cadmium ·and measured 

·.· ~:·SE~i~vs.:~atios ~xce~ded-.1.0 in frorri ·ririe to ~it five {22 :c)(th~ 40 sa~plesl 0.6-cm · 

:. ~·sediment hotizons d.ow~ ·-to· 3~0 cim in _:~II cores s~~-pied, on ~ays 28, 56, a~d 1 17 •. 

SEM/AVS ratios in the surf~ce i .S em ..,.~f sedlmen~-averaged L45 on day 28, 1-.01_ on day 
... :..··.): ~ :': ~- f -. • - - ·-·· • - • 

56, and 1 .94 ·on day:·-, 17 ~ · Measured SEM/AVS ratios in individual horizons from the 
·• • • ,• o I • ' 

.: nominal 3.0 SEM/AVS treatment always e"xceeded._a· ratio of 1.0, hence,. were always 
•, J • 

:potentially toxic: 

--; ,_ 

Concentr~tiorts of i:~dmium measured i!' interstitial water colleCted by peepers were 

,. c-onsistent with sulfide binding (Table 7-2). Cadmium concentrations in interstitial water 

~·ere below th~ limit of a~alytical detection { < 3 ~~/L) in .70.8 p~rcent ~f 24 sam~les from. 
·~~-..... .... ·-:.·('· . ' •· ' ... --~~ ·- 't.• .~_; •. _ ~..: • .. ~ .: : 

;: control replicates and 50 percent of 24 saf!!ple from the 0.1 SEM/AVS treatn:Jent. In the 

. ; -· o. ;·. 'seM/AVS. tre~tment,' a~erage -c~~~~nt~ati~~s· i~· ~~rf~c~ cs:4. p~fL) and botto~ · C3 .• 6 
:' ··-;·---~ .;:.~-t::· •... • ~~-. ~ . . _,_~:· .... :_ . . •· .- ..... · .. : . ... . .... ~- • 

:: pg/L) peepers were Jess than.the saltwater·acute-(42 pg/L) and chronic-(9.3 pg/L) w~ter 
• - ....... -- ... •. ·_-::-, -. - .· ..• --~ ~ .• • ... -~-.--·- .:-:-;:·_.::.. ,:. • •• .... .. .• -~ :-·-~-. ~- • ·-·· •• • - 4 . • • . 

. . q.uality criteria 112]. Therefore, ne'nher acute lethality nor chrQnic. effects would ·be . . . . . . . . ' . . 

expected in ~edfments where the nominal SEMI AVS ratio· was 0. 1. ·Interstitial water ... ·: · · 

concentrations in the nominal 0.8 SEM/AVS treatment are-elevated over that in the control 

::-:·:~as ~ight be expected given that m~asured SEMiAVS ~ati~s ~~~qu~-~tly.exc~~d~d 1.0. 
. . • . .. • . '. - ·- ..... -.. _.,.._ .. _-::.-_. ~ ~-·' . ·. . ·, ···i~ ..• _ ... :·-:-. 

· ~~, Cadmium concentrations in interstitial water in the~0.8.·SEM/AVS treatment averaged 58 
• • • . • • • . . • • .... - • • -. _:._. • ~ • . .- !"'-;'· . .. . 1 . .. . ••. 

;_: . pg/L in; surfac-e peepers arid 48 jJg/L iri: bottom 'peep'ers. ' These ·average ·concentrations 
• .. ,•...,. ......... + -·~·""~.· ......... :'""'; .. ~~·::· :- ...... : ; .. :--:~---:-· ::;J, __ ~ __ .-:-;--: ... 

:3·~were: sufficiently; high to be acUtely ·toxic' to·the most 'sen~itive saltwater species and 
0 

I ' • ' -.) - ..,. o- ' ..._ • •"' ,. 'I .,. ' -·' ,..., ., • •; '• ,. 
0 

'. - 0 ·: ., ·:,.. .:.. • ··, 
0 

'). • 

.::-;chronically toxic to many sensitive,.arthropods'and polychaete speCies-112]. Interstitial 
. • - • . . - ...... :--: ..... ..-..;... .· -~. ~' .. ~·::,·· ~-· • .. _.~ . -.- -·· · .. · .. - ~1-••. ~. :~ ~--~·~ --·7:1.'. 

c'', cqncentrations in the 3:0 SEM/AVS treatment always exceeded acute and chrome water 
. . ' -

. - -quality. criteria concentrations and- were ·sufflCientiy· great 'to. r~suit in acUte . lethality' fc>r 

most saf~water species tested in· wat.er--onfy teSts [121. The·r~f~re, both SEM/AVS ·ratios . 

and interstitial water concentrations indicate effects on benthic taxa should occur in this 
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treatment. Given the above e?'p~sure conditions and speculation. on organism response, 

. · ,.the following section describes obser-Ved otganism respon-ses. 

··.: 

- .. 

. : :... 

TABLE 7-2. MEAN CADMIUM CONCENTRATION (pG/U IN INTERSTITIAL .. 
WATER.COLLECTED IN THREE DIFFUSION SAMPLERS (PEEPERS) PLACED 

IMMEDIATELY BELOW THE SEDIMENT SURFACE AND THREE·- PEEPERS 2:0 CM 
ABOVE THE BOTTOM OF TEST AQUARIA. TREATMENTS WERE CONTROL AND 

NOMINAL·MOLAR RATIOS OF CADMIUM TO ACID VOLATILE SULFIDE CAVS) 
.. --- OF 0.1, 0.8, and !3.0 

awa:===:i~~~i~i 

... 

Control .. Surface NDa ;· · ·. NO · NO NO NO 

0.1 . 

0.8 

.. 3.0 .. 

Bottom 4 - 7 NO NO 3.5 

Surface 8 8 
Bottom -- . NO 

I . 
NO 

:• ... 

Surface 28 48 
Bottom 38 85 

Surfac·e . 138,000 76,000 
Bottom= '17;4,000- ---135,000 

8 
10. 

: 157 
48 . . .. ~ 

66,000 
. 154,000 

NO 
. ·' -NO. 

NO 
20 

28.000 
-88.000 

I . ·, o 

6.4 
3.-s 

.. 58 
. 48 

77,000 
138,000 

NOa = less than detection limit 3.0 pg/1.... Mean concentrations _derived using . 

.. _. _ l!:::::::o=n=e-=h~a=lf==t=h=e=d=e==te=ct=io=n=l==im==it==-fo=r=sa==m=p=le=s===be_r=ow==t=h=e=d=e=te=ct=io=n=l=im=it=.=··'=· =====:=:::~ 

Effects . . . ·,.· · ... 

• 1 • ••• -· ·. 
·. . ~ed~ment-associated .cadmiu~ had an effect on bot!l t~e tirning of org_anism 
. . . 

appearance on and in the sediment _and the abundance and species composition of 
. . . . . . . : . . . . . . .. -·· . . 

organisms found in eac~ trea~ment. In .the control, .0. 1 and 0.8 SEMI A VS treatment, a 
~ { J t ) .. ,s • -~ ~-. .. • • • ~. • • • ~ • • •• ' ~ •. • • 0 • 

·reddish brown microflorallayer. appeared on the sediment surlace ~fter ~bout '!leek three;. 

.. h-'o~ever f this layer did. not appea; until aft~r about week 9 in the 3.0 SEMI AVS tr~atment • . .._.;····;- ~--~ . . . ' ... . . -· . 
· Animals including snails; polychaetes and tonicities began to appear in the control. 0.1 and 

. -o~s :sEM/Avs treatm~nts sh~~'v a-fi~r-~~e appearance of diatoms at about week three, 
.. . ·. . . .. 
whereas in. the 3.0 SEM/AVS ·treatment they did ·not appear until after about 9 to 11 . : · 
. . . . ., . 

weeks .. 

·. 

I 
;I 

I 
I 
I 
I 
I 
.J ., 
·.a ,_ 

' I 
' I . 
' I 
'I 
,I 

· .. , 
~·· 

( ,, 
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.:::, :The microflorat layer, sampled -on day 80 contained the_ pennate diatoms 

· Entomonies. · Nitzschia·. Plagiotroois;. Bacitlaria, .. Amphor~-. Thalassiosira, Navic~Ja, 
.- Rhzicoshoenia. licmophOra, : lithodesmium; "Cvclptella, Rhabdonema, Skeletonema, 

· -·. Diploneis, ~~i:r Chaetoceros, in ·approximate .. C:m:ie~ ~f d~creasing'abundance. The density 

. :~ of pennate diatoms measured on day 80 corroborated visual 'obser~ations. ot' ~erip~yton 
abundance on the sediment ~urface CT~ble 7:-3). The mean diatom density. in control 

aquaria, 1.92 x 1 06 cells/cm2 of sediment surface, was not different from ttie 1.32 x 1 os 
.. • ... =-- ... ·-· . - . 

cells/cm2 in the 0~ 1 SE~/AVS_ aquaria or the 1.00 x 1 06 cells/cm2 in the 0.8 SEM/AVS 
..: . .. .. . . . . . 

aquaria.· Diatom densities were significantly lower· (0.16 x · 1 06 cellsiC?m2 of sediment 

surface) in the 3.0 SEM/AVS aquaria. 'Tt1e d~nsitY of diatoms in five of eight aquaria for 

this treatme~t-were fe~s than the --,~w~~ den~fty (0-~ 17 x 1 06 cells/cm2) in any aquarium 

from other treatments.· ' ~. ~~- -. · · .: 

. ~ ._ .. ,.._ ... . ..: ..... - ... 

~ ._~ •• 1 ::: 

\ ',1 .... · 

TABLE 7-3. NUMBER OF DIATOMS x106 PER SQUARE 
CENTIMETER OF SEDIMENT SURFACE IN REPLICATE AQUARIA 

IIJlT:t~=~;~;~::,~~;~~·:~~;~,;,~;~:.Kj 
. r. . ( 1 . • . . • • -:; .. 

1 3.52 --0.53· -0.64 _0.03 . . .; .. ... ,, . 
2 · _,_95:~; :;:41. 1.11 -· · o.o2 

-- 3 . 1.ssc· '-'1~23 . : : 2.:3;~· .. ~c.·,- 0.22 
• ""' .• ' · .... ' : :~ ::_ \ ·~~ , - C! ·~ ·. . ~ ·. ' 

4 '4:37 2.26 3.94 . 3.53 
. . .. :. ' ~ r • ~ ~ ~- ;: -~ : ~~ !_·:i:.. .. ·." • ·~ ·; '.' .· . ~ } ·. ·; ~ ~ . 

. • _5_., -~ ........ ·_~:_:5.64.-... -- ·- -3.76 ... ~- -0.:83--·- - 0.03 
- . -- - -.. ~:,::.~~:"' ,...~~--=- ... -~._ .:·=:·:_·, ·::~: . .::,.:': .. ·. 

6 . ., .. _, .... ,' c .• "~ 0.5~ ··~-"-·=:-_2 • .14,-~·c=-.;-o.·.0.45·.:-.:o-·:.:o:-·;.,;:.~ 0.43 

7 0.58 2.97 0.17 0.00 

8 2.05 0.19 2.39 __ ,_._. 0.06 , ... 

0.16~- -... -. , ', Geo~Mean 1.92 ,. J.;3~_- ... ·':'"--~·LOO, .. , 
-\.1 . .. .. -- ·:- -· : .... ~- .·.~ .•• -·=-· ~-""'" • .. ... : ~ ... ~ ~ .J 

a-=· Significantly differe~ from control; a_= o~o5 

.... ' 
..,.: ••• I, 

· ·' A total of 14.347 individual macrobenthic benthic organisms. representing 54 : 

species 'from 8 phyla', was col.lected·f~om .sedi~ents si~ved fr'?m all aqua;i~: eight cont~ot 
•• - J -. - • • • _. ~ • ~ • -: ..... .. • ·= . . . .. 

·. aquaria a~d eight aquaria for eac~ of the three treatments that contained sedime_nts spiked 
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at 0.1, 0.8, and 3.0 SEM/AVS {Tables 7-4 and 7-5). Annelids, arthropods, and chordates 
• • • l :·;::· . • : '4 •• '.. • .... • ... ' • 

- were most ab'undant; ove~. half. (27· of 52) of the. species were polychaetes. Most 

. : individuals of all . sp~cies were ::s_uhadutt; .. only Nereis succinea, Polydora sociafis and 

· 'LM.-oig~·la :~'anh~ttensiS.had sig~ffic~~~nu~b~rs of adults. Individuals of all feeding type~. 
- -• •' • ,• I'. • ::... .• o .,.. • .,.. 

· suspensior:1 feeders, deposit feeders, selective deposit feeders, omnivores, and carnivor~s, 
.• ,'. ·!""- ... '-··: • . • • :.. . . • . - ·-

- were collected. __ . . , .· ': . -· ·- . :·· .. 

; . lt ' - ~ 

..... . ~ .-
..... _ ._-,- -. 

TABLE 7-4. TOTAL NUMBER OF SPECIES AND 
. INDIVIDUALS (IN PARENTHESES) •.... · · 

. &li~i:ii;~Ii~;;~~~;I', .. ~ 
~nnefida 18{347) 19(330) 21(265a) sa(159~). 

Mollusca 2{4) · 1 {4} 5(7) 3(4) · 
. Gastropoda . .. . ,_ · . ·~. · · ·.· :. · · '· · 

-·. ,• .. 
Bivalvia·, . 4(6) .:: .. -~·'2(3) :t ~. _ .1{5} --:~ ·'o(O), : .. --

. . - - ·. ~- . ...~ : . .... ·.. " '- .. 
~rthropoda '7(3s4a;· .· ~ sc2o?8> .. · .. 8(4228> 6(1294a> . 

. • . . f. ~- ..... • ~ .- . ·.: .'- ~ - • ·:. . -.: . ; ..... ~ 

Nematoda -?(563) ___ ,...7{432) , .... ?(254«:t) 
=. • ~ -~~ 

· ?{128a.) .. ., . 
,._;· .... !·._. ...... 

1(2) , (1f .. 
·: .. · . ..: -- ..... ·" 

Sipuncula 1 (1) -0(0) . 

1(1) 0(0.) ... 
{ ~- ~-

1<4> . -Cnidaria _ p(O) 
. '-' 

_0(0) 
. • . . -.. ..,.. 

·O(O) Rhynocoela, 1 (1) 
".•. 

0(0)· ;'. 

':J(197) ~,4.(59) 3{1 02) 3(469a) 
~--· ~. -

·. 

. ', ,, 

.. ,, 

~ : 

I 
.. , 
I 
I 
I 
I 
I 
I 
I ., 

~hordata 

TOTAL . 37(4196) ,33(2909) 39(4862) 19a(2058) 

I 

' . -1 
-. 

laSignificantly different from controls; . a = 0.05 
., .• •ib=:::i:::o:=~=-=-====-::::r:=============:!l 

.... ., 

• .o:: r. ... ' ... " . ~ :::; ·, ~ . . ;_'. '~ .. : .:: 
Species. richness- and:..abundan-ce·--decreased- with·-increasing concentration· of 

• • , ' '· ; • 0 
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cadmium iri-the sedirnent (Tables 7-4 and 7-5). In the nominal 0. 1_ SEM/AVS tr'eatme~~· 
,· . .. ..~ ~ ·-..--................ ::~·· .·-i·~:·' . : . ~ :· -. . - . 

no effeCt on either number of species or individuals', .relative to the control, was detected -
. . . . 

in the colonized .benthic communities. In the nominal 0.8 SEM/AVS treatment, no . 

significa~t effects' were detect~d in· th~·-ov~iall total number of individuals .. or species. 

· H~w~~er·~ ther~ were significantiy fewer· polychaete~ (~ediomastti~ a'mbisma~ $treb.losoio 
.4. - -~~:·.t ~· .- ... _.:.,.. -·: . · .. 
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benedicti and Podarke obscura) and unidentified meiofaunal nematodes in this treatment 

(Table 7-4). Sediments containing a nominal SEM/AVS ratio of 3.0 were colonized by 
, 

fewer macrobenthic species (19) than controls (37), but the total number of individuals 

was not significantly affected (Table 7-4 and 7-5}. This was principally b~cause the . . 
number of polychaete species and their total abundance was significantly diminished. 

There were significantly- fewer individuals of the polychaete species M. ambiseta, S,. 

benedicti, P. obscura and the !Jnidentified harpacticoid copepod species. Bivalve molluscs 
. =-- . 

were absent in this highest treatment. The number. of chordates, principally the tunicate 

M. manhanerisis, was significantly greater in the 3.0 SEM/AVS treatment_ (Table 7-5). 
. . 

Numbers of these tunicates would have been even higher if myriads of small ( < 1 mm 

diameter) :tunicates, attached to farg-e individuals but havin·g no direCt contact with 

sediment as well as those conta_cting sediments, had been counted. 

The length-frequencydistriQutions forthe-po_lychaete Nereis;;uccinea in controC 0.1 _ 

and 0.8 SEM/AVS treatments indicates recruitment was continl!ous with no effect on· 

abundance or growth (Figure 7-3a). In the 3.0 SEM/AVS treatment, there were no worms· 

over 45mm in length; whereas 8.5 percent of the worms in other treatments exceeded this 
. . 

length (Figure 7 -3b). Only 15.3 percent of the worms in the 3.0 SEMI~ VS .treatme_nt were 

ove·r 15mm in length, whereas 45.8 percent exceeded this length .in other treatments.-. . .. . . . \. 

.Extremely small CO to ·smm) worms predominated (37.8 percent) in the 3.0 SEM/AVS 

treatment compared to 11.6 percent for other treatments.- The absence of large (> - . 
· 45mm} worms, markedly reduced occurrence of worms . of intermeaiate lengths, 

. . 
preponderance of very small worms and absence of visible colonizers of any macrobenthic 
. . 
sp~cies for the first h~lf of this study sugge~ that the sediments in the highest treatment 

were i~itially lethal but could later be toierated by resistant species: Therefore, polychaete 

length-frequency distributions may indicate delayed reeruitment, not decreased growth. 

The response of these communities t-o cadmium-spiked sediments can be assessed 

by evaluating changes in abundance of individual species and phyla as was done above, . . . . 
or by summarizing organism abundance ·in the entire assemblage using an index. Cluster 

analyses that compare ~tie species present or abse~ in each replicate with those in other 
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Figure 7-3. {A) Frequenc.y distribution of length of the poiychaete Nereis succinea that 
colonized control aquaria containing clean sediments or aquaria-containing cadmium-spiked 

· sediment with nominal SEM/AVS ratios of 0.1 or 0.8. (B) Frequency distribution of length 
of. the polychaete Nereis succinea from control and 0.1 and 0.8 SEM/AVS treatments 
pooled vs. the 3.{) SEM/AVS treatment. · · · · 
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replicates from th~ same or different treatments, indicate that three clusters may exist. 

Although all treatments have many species in common, the kinds of species· in the co~rol 
, . 

treatment are most similar to those if'l the 0.1 SEM/AVS treatment. Species present or . . . 
absent from replicate aquaria i"' these treatments are differer:rt from those in the 0.8 and 

. . 
3.0 SEM/AVS treatments (Figure 7-4). Further, ~he clusters of presence-absence data for 

the species in aquaria in the 0.8 and 3.0 SEM/AVS treatments indicate differences in 

species composition between these highest treatments. Numbers of species in the control, 
. . 

0.1, 0.8, and 3.0 SEM/AVS treatments were 37, .33, 39, and 19 respectively, based on 

raw counts (Table 7-4) and 51, 46, 57., and 34 resp-ectively, based on Jackknife estimates 
• • • 4 • 

of maximum species richness [13]. Be~~use numbers of specie~ in the control, and 0.1 

and 0.8 SEMI AVS treatments are similar, shifts in community structure detected in the 0.8 

SEM_I AVS trea~ment co~ pared _to these two lower treatments probably occurred because 
. . 

·of changing species composition and not the number of species present. In the 3.0 
. . . 

SEM/AVS treatment, there was a change in _bot~ species abundance and composition. 

Discussion ,. 

I • 

Concentrations of. AVS in ·marine sediments var'Y with depth as a function of . . . . 

seas~nal processes .114). Iron sulfide is formed by the anae~obi_c diagenesis of orgat:~ic 
. . . . 

matter. As a result of bacterial sulfate reduction, concentrations of AVS increase in · 

surficial sediments ~uring warm months of greatest prod_uctivity and. sediment oxygen 

- demand. AVS is readily oxidized in cold. months when productivity is minor and oxidizing . 

conditions greatest. Therefore, in winter AVS concentrations in the su~icial sediments 
. . . . 

decrease. For example, in the Pettaquamscutt River, Rhode Island AVS concentrations in .. . . 

the upper 3 em of sediment may vary 15 to 25 fold between summer and winter 111 ). 

Maximum concentrations occur in surface sediments between 2. and 5 em depth and 

· concentrations below these depths down to 15 em decrease only marginally with season. . . . . . . 

. . 
Vertical profiles of AVS in the cadmium co~onization exp~r~mentin week~ (July 17, _. · : 

.1991) and 'week 4 (July 31, 1991) were qualitatively and, to a lesser extent, quantitati~ely 

similar to those measured ·in the Pettaquamscutt River, Rhode Island by Boothman and . . . 

.. 
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Helm~tetter [111 _at the same 'time as our experiment. Oxidation of AVS in surficial 

sediments in our experiment proceeded rapidly, with most occurring within two to four 

weeks of test initiation. The oxidation of sedi~ents observed initially must be associated 
. . 

with pass.ive oxygen diffusion and not be biotically driven as organisms large enough to 

bioturbate the sediments were not present during the first few weeks of the experiment. 

Their presence later apparently di~ little to change existing AVS profiles. Lesser oxidation 

of ~VS early and throughout the experiment_ in the 3.0 SEM/AVS treatment, and the loss 

of cadmium from ~nly the surficial f.2 _em compare·d to 2.4 em for AVS, agrees with 

laboratory sediment suspension experim~nts that demonStrate rapid (1 00 percent in 60 to - . . . 

· 90 m'inutes) oxidation of iron sulfide versus slow (1 0 percent in 300 hour~) oxidation rates 
. . . 

for cadmi~m sulfiqe 11 0]. Further oxidation of sediments should result in release of only. , 

a portion of sulfide-associated cadmium to interstitial water because sedimentary Fe and 

· . Mn are transformed into their oxyhy~r!Jxides which, along with organic carbon, can bind 
. . 

released cadmium in oxic sediments·[15). In this and other laboratory experiments.[16], 

AVS gradients anti the complex rriicrohabits ~as~ociated with se~iment geochemical 

processes and ·organism burrowing:developed rapidly.· These ob~ervations indicate that 
. . 

the opinion that bioassays are simplistic because they do not have the vertical_ gradients 

and microhabit~ that occur as part of naturally. occurring geochemistry and biological-. . . . . 
pro~esses [17] may:not apply to all laboratory exposures.· • -.. 

. · The bioavailability and ~oxicity of d.ivalent metals i~ field sed~ments can not. be 

predicted using metals concentrations on a sediment dry weight basis [18]. However,_Di 

Taro et al. 1191 in laboratorv studies using spiked se.diments, observed that acute toxicity· . 

and interstitial water concentrations of cadmium were related to sediment concentrations . 
on a pmol cadmium per pmol acid volatil~ sulfide basis. They hypothesized that this 

normalization should apply to other divalent metals in both freshwater and marine anoxic 
.. . . 

sediments, where the .metals ·concentrations are expressed as the ratio of the sum of the 

. molar concentrations of all' divalent metals to the molar concentration of AVS, with the 

metal-sulfide solubility products providing insights into the likely met~l of concern ·in a . 

mixture: These observations were further extended to apply to copper, lead, nickel, and . . . . 
zinc, as well as metal mixtures, in acute lethality tests with spiked sediments ·and . . ·. 
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saltwater amphipods and polychaetes I 1,1 6,20,21 1 and freshwater oligochaetes and snails 

122,23]. Studies revealed the requirement that metals concentrations be expressed as the 

molar concentration of metal simultaneously eXtr~cted with AVS, not total metal. Acute 

lethality tests with homogenized sediments from freshwater and marin~ locations 

consistently demonstrated an absence of toxicity when SEM/AVS ratios were s 1.0 and 

· that sediments having a ratio > 1.0 were sometimes toxic, but frequently were nontoxic 

[2,20,22,24,25]. · Absence of toxicologically significant concentrations of metal in 
=. 

interstitial water iri nontoxic sediments .and the pres~nce of interstitial· metals 

concentrations of con·cem in toxic sediments highlighted the utility of the toxic unit 
. . 

concept as a~plied to interstitial me~al i~ pr~dicting sediment toxicity when SEM/AVS is 

> 1 .0. Absence of toxicity when SEM/AVS is_> 1.0 suggested the presence of other 
. . . 

binding phases in these sedim~n~. Ankley et al. [261 summarized much of the above 

information and proposed methodologies for· assessing the potential ~bioavailabilitY of 

metals in sediments. The studies_ above have involved exposures of 10 day~ or less and 

homogeniz:ed sediments,· therefo.re, extrapolations using SEM/AYS ratios or i!rterstiti~l 
.• . 

water concentrations to chronic responses of benthic organisms· in laboratory or field 

sediments with vertical"gradients and microenvironments should be done with caution. 

Because of these limitations, this colonization exper~ment and those of Ha_re et al~ [3] and 

Uber et ~1..[41 were conducted. 
' .. 

Biological effects of cadmium-spiked sediments observed in· our colonization 

• experiment are' consistent with the previous interpretation of SEM/AVS ratios, when 

· vertical gradients are considered, and with interstitial water cadmium concentrations and 
. . 

the relative sensitivities of benthic taxa in water-only aquatic toxicity tests (Table 7-6; 
. . 

Figure 7-5). fn the nominal 0.1 SEM/AVS treatment, molar concentrations of AVS in . 
vertical profiles of sediment' were always in excess of those of cadmium; interstitial 

cadmium concentrations (NO to 1 0 pg!l) were either below detection limns, or less ~han . . 
known concentrations of toxicological significance in water-only tests [12]; and no 

significant effects were observed on sediment colonization by benthic species. ·In the . · 

nominal 0.8 SEM/AVS tr~atment, measured SEM/AVS ratios averaged 0.60 in 

homogenized sediments.-· Howev~rin surficial sediments, molar concentrations of ~admium 
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TABLE 7-8. SUMMARY OF EXPOSURE CONDITIONS AND EFFECTS OBSERVED IN THE CADMIUM COLONIZATION EXPERIMENT RELATIVE TO POTENTIAL EFFEC'I'S GIVEN 
. OBSERVED INTERSTITIAL CADMIUM CONCENTRATIONS AND kNOWN SENSITIVITIES OF BENTHIC ORGANISMS IN WATER-ONLY TESTS. 

Controt 0.00 

0.1 0.10(0.07.0.121 

0.8 0,80(0.55-0.871 

3.0 ~.83(2.08-3.521 

0.00 

0.38(0.22·0.58) 

. I 

. 1.47(1.01·1.941 

2.29!1.8.8·2.531 

NO IND· 7 pg/l) 

4pg/l(ND-1 0 pg/l) 

33pg/l(24-157 pg/ll 

94,000pg/l 
(28,000·174,000 pg/lll 

7 Phyla, 37 tpeclu 
4,259 lndlvldualt 

No Effecte: 
7 Phyla, 33 tpaclu 
2,9171ndlvldualt 

Fewer polychaetu 
IMtdlpmattut, Streblotplo, 
Pos!arkel and nematodet, 
Speclet pruence/abunce 
altered. 

Fewer tpeclet, polychaet~t 
IMedlomat\\1!, Streblpeplo. 
~1. nematodet end 
harpactlcold copepodt. 
Blvalvt~t ebtant. More 
aacldlent IM!!!m!!!), length 
frequenc'f' dlttrlbutlon 
INetfetl altered. Speclu · 
pruence/abience altered. 

1.92 x 101J Dlatome/cm2 

No Effacte: 
1.32 X 1 oiJ Dlatomt/cm2 
. II 

' 
Mora tpherold 
forenlmlfera 

Reduced diatom density 
(0.18 dlatomt/cm21 

Acute or chronic effectt 
unnkely 

Acute lethality unlikely. 
Chronic lethality or 
tublethal effectt poulble 
for'eeneltlve polvchaetea 

. or cruttaceane. 

Acute lethality for moat 
rhacroli1VIrtllbrate tpeclet 
Including polychaetu, 
bivalve mollutci, tnellt, 
arthropodt, and 
echinoderms. Algal 
growth Inhibition. 

1Mean of lnteratltlal water concentration• derived using one-haif the detection limit IND • 3.0pg/ll for iamplu where Cadmium concentrations .yare not detectable. 
bFrom • Ambient Water Quality Criteria for Cadmium• 1984 (U.S, EPA, 19851: Chronic. criteria concentration• 9.3 pg/l, acute 42 pg/l, 
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Figure 7-5. Comparison of genus mean acute values IGMAV) and predicted genus mean chronic values (GMCV) from water-only toxicity tests 
as a function of the percent rank sensitivity of the genus arid ranges of ln.terstltlal water concentrations In sediments from control and nominal 
0.1, 0.8, and 3.0 Cd/AVS treatment~: measured SEM/AVS ratios were 0.0, 0.1, 1.5, and 2.3, respectively .. GMAV's are geometric means 
of LC50 values for water-only tests with species within any genus as reported In Table 3 of the cadmium water quality criteria (WOCI 
document (U.S. EPA, 1985). Predicted GMCV's are derived as the GMAV divided by the final acute-chronic ratio of 9.1 from the cadmium 
WOC document. Values for arthropod genera are Indicated by open diamonds, molluscs solid diamonds, polychaetes circles, other 
Invertebrates squares, and fishes· triangles. Ranges of Interstitial cadmium concentrations for each SEM/AVS treatment are Indicated by 
horizontal shaded zones. The Wac criteria maxlmun concentration (CMC .. acute criterion) of 85 pg/L and criteria continuous concentration 
(CCC .. ehronlc'crltllrlon) of 9.3 pg/L are Indicated by horizontal lines. To Interpret this figure, If the sensitivities of various genera In water· 

. only tests are Indicative of sensitivities to Interstitial cadmium concentrations In sediment tests, taxa potentially at risk In the sediment' 
treatments In our exJ]erlment are those whose GMAVs ~nd GMCVs are within. an~ below the ranges In lnterst!tlaf cadmium . . 
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frequently exceeded those for sulfide and cadmium concentrations in interstitial water (NO . . 
to 157 pg/L) often exceeded those that in water-only tests are known to be acutely toxic 
. , 
to sensitive species. · Chronic effects may be projected to occur to many sensitive 

. --

arthropods and polychaetes if acute toxicity and acute-chronic ratios are used to estimate 
- . -

chronically toxic concentrations (Figure 7-5). Significant reductions in the abundance of 

polychaetes and nematodes, but. not arthropods, and alterations in species composition 
. -

were obseryed. In the nominal3.0 SEM/AVS treatment, molar concentrations of cadmium 

alWays exceeded those of sulfide in both homogenized sediments-and in sediment 1?rofiles, 

and interstitial water concentrations of. cadmium were of sufficie_nt magnitude (28,000 to 

174,000 pg/L) to pose significant ·acute and chronic risks to almost all algal and 

macrobenthic saltwater organisms for which data are reported in the ·water quality criteria 

.document [12]. Biological effects observed in our study were severe,. with numbers of . . 
species reduced by about one-half. Significant reducticms occurred in total polychaete 

species, abundance and size of certain polychaete species and a~-undance of nematodes 
. . 

and harpacticoid copepods. Bivalve molluscs were absent and diatom density was reduced 

1 O-f old. Jntere~ingly ,·the total num~er of individua1s of benthic org~nisms was similar to 

that of contrms. Th_is suggeSts that tolerant benthic. species that could avoid exposure by 

_their epibenthic habits replaced more sens.itive species. For example, the tunicate Molgula, 

known to be resistant to many .substances in this test [6], rests on sediments. utiliZing. :_ · :·· · ·-; 
. . . . . . .. 

·.water from above the sediment surface and was particularly abundant in 3.0 SEM/AVS·. 

Alternatively, organisms may seek micro-environments known to occur in the surface 1 . . 
to 2·cm of sediments [14)', as was observed in the polych~ete Neanthes arenaceodentata. . . 
exposed to cadmium or nickel-spiked sediment (16]. 

We conclude that the present theories used .to predict the acute biological 

consequen~es of divalent metals in sediments may be applicable to chronically exposed 

· benthic organisms. Predictions of the toxicological significance of metals in laboratory and 

field sediments .must consider vertical profiles of S~M and AVS relative to biologically 

active-sediment strata, interstitial water ~eta I concentr:ations and the potential. for release . 
. -. . 

of nonavailable metal as a result of oxidatiqn of AVS (including both iron·an·d cadmium and 
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other toxic metal ~ulfides) as a part of the normal seasonal sulfide cycles and sediment 

bioturbation. 

In addition to the marine colonization study described in this chapter I there have 

been two colonization experiments with freshwater sediments that have examined the role 

of AVS in determining metal bioavaifability [3,4). Because these experiments only recently 

have been completed, they are not described in detail herein; however, the studies will be 

presented in full at the SAB meetinQ. . For the sake of completeness, below we briefly 

describe ~he freshwater colonization· experiments, including major results and conclusions. 

Hare et al.. [3) conducted an experiment in which cadmium was spiked into clean 

field-collected sediments, which were then placed in trays and put in the Precambrian . . . . . . . 

shield lake from which the sediments were initially collected. Nominal SEM:AVS ratios in . . . 
the samples were 0.05 (control), 0. ~, 0.5, 2, and 1 0. SEM:AVS ratios and pore water 

cadmium concentration were measured in 3 em horizons of the sediment over the course 

of slightly greater than one year, after which macroinvertebrate samples were collected .. 
to evaluate benthic community structure and cadmium bioaccumulation by the benthos •. 

The results of the bioaccumulation study are addressed in Chapter 8. Except for !he 

sample with a nominal SEM:AV~ ratio of 1 0,_ water overlying ·the sediments (collected with · 

•peepers•) con~ained non-detecta.ble .levels of ca.dmium~ At ·all the test concentrations, 

oxidation of AVS in surficial sediments-resulted in greater SEM:AVS ratios in _the 

shallowest horizon than in deeper portions of the core. Pore water cadmium 

. concentrations in the c~ntrol and a: 1 treatment were c~nsistEmtly low. However I in the . 

. 0.5 treatment, pore water cadmium concentration were elevated, particularly in the 

shallowest sediment h.orizon5, presumably due to surficial oxidat~on ·of AVS. In the 

samples with nominal SEM:AVS ratios of 2 and 10, pore water cadn1ium concentrations 
' ' 

were consistently elevated; however, there appeared to be little if any impact of the 

cadmium on organism abundance (Figure 7-6). One of the explanations sugge~ed by the 

authors for the seeming lack of impact was that SEM:AVS ratios actually can be quite . 

misleading. Although samples with .very small AVS concentrations (such as those in their . . 
study, ca., 0.2 umol AVS/g).might exceed an SE~:AVS ratio of 1, the actual amount of 
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total free metal could be quite small. This led the·authors to conclude that it may be more 

appropriate to use the ab~olute difference between SEM and AVS to predict the presence 

of bioavailable metai [3]. 

Uber et al. [4] conducted a colonization experiment with zinc spiked into clean 

sediments from a small mesotrophic pond near Duluth, Minnesota. The spiked sediments 

were replaced .in the pond in trays, and sampled periodically over the course of about 14 

months for determi~ation of ~EM:A \15 r~tios and zinc pore water concentrations, ~nd. 

benthic community structure. Five zinc concentrations, ranging from 0.8 to 12 umoJ/g .. 
were tested in order to cover the expected seasonal range in AVS concentrations. . . 

However, the zinc-sulfide complex proved to be exceptionally stable to oxidation relative· 

to iron monsulfide, (see Chapter 9}, in that there was a concentration-depe~dent increase 

in sediment AVS content with increasing zinc concentration (Figure 7-7}. The net result 

of this was that SEM:AVS. ratios at the four lowest· treatments never exceeded one, and 

only slightly exceeded one in. the· highest zinc spiking regime. This exceedence occurred . . 

only in surficial (0 to 2. em) sediments; similar to the study of Hare et al. {3), ·AVS 

concentrations in the shallowest horizons, irrespective of the zinc treatment, were smaller 

than those in deepersediments (Figure 7-7). Regardless of the measured SEM:AVS ratio, 

zinc was .rarely detected in ··the pore water~ and never at biologically significant-~·>. .. 

concentrations. Sediment cores, collected during each sampling period, were not toxic. to 

Chironomus tenians or. Hvalella azteca in laboratory bioassays, nor was there any 

discernable impact on diversity of abundance of ben~hic communities in.the zinc-spiked 

samples (Figure 7-8). Results form the study confirmed that when molar: AVS· 

concentrations exceed those of SEM, little or no free metal is present in pore water, and. 

toxicity to benthic organisms does not occur. 
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APPENDIX 7 A · 

METHODS 

-·-· 

Effects of cadmium spiked into sedimentS on macrobenthic organisms that colonized 

sediments ~·as tested in a 11'8-day {~uly 4to Octob~r 21, 1991) experiment using a 

control and three cadmium-spiked sediment treatments, with nominal SEM/AVS ratios of 

0.1, 0.8, and 3.0. There were 12 replicate, 8 biological and 4 chemical, aquaria (13.3 x 

30 x 15 em high) fo~ each treatment (Figure· 7 A-1). A stratified random placement 

strategy was used for location of treatments and ·replicates among the fo_ur te~ 
apparatuses was used~ Approximately four liters of sediment from central long _Island 

Sound south of Milford, CoJ1necticut (5.6 percent sand, 70.7 percent sift, 23.7 percent 

clay and 1.0 percent TOC), defaunated by freezing, were added to a depth of 8 em to each 

aquarium. A splitter box deliv~~ed unfiltered saltwater, (29 :to 32ppt salinity; 16 to 

23.5°C) from the West Passage"of Narragansett Bay to one end of each·aquarium at ~00 
I . . 

ml/min (about 300 volume additions per ·.day). This unfiltere.d saltwater contained 

planktonic larvae and other lifestages of .benthic organism~ • ."A drain hole at the opposite 

end maintained water depth over the sediment at 2 em. 

Sediment from central Long Island Sound (me~n 17.2 pmol AVS/g dry weight) ·was 

spiked with cadmium chloride d~olved in seawater, homogenized, and stored. at 20° c for . 

26 days prior to test initiation. Treat~ents were nominal ~mo.l .SEM cadmium/pmol AVS 
. . . . 

ratios of 0.0 (control), 0.1, 0.8, and 3.0. The long Island Sound .sediment has low levels . . 
of metals (about 0.4pg/g cadmium, 40pg/g copper, 60pg/g lead, 15pg/g nickel, and 130 . . 
pg/g zinc) that contribute 3.17 pmol/g to the total SEM and 0.18 to the total divalent 

. . . . 
metal SEM/AVS ratio. Hereafter~ SEM/AVS ratio used will.be pmol SEM cadmitim/pmol 

AVS. Sediments from this location have proven biologically acceptable as control or 

reference sedimen.t in a great . number of tests conducted previously at U.S. EPA, .. 
Na_rragansett, Rhode Island. The experiment began after addition of sediments to aquaria 

and initiation of water flow • 

Replicate chemical aquaria were sampled on days 14, 28, 56, and 117. Each 

chemical replicate contained six interstitial water diffusion samplers (peepers}, three 
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2 em from the bottom of the sediment. . .... 
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· immediately beloW. the-·sediment s_u~ace and ~hree 2 em above the bottom of the test 

· ,-_- aquaria (Figure 7 A-1 ) . Peepers were 'polyethylene vials containing 6.3 in I of. filtered - . . . . ~ . ~ ~ . . 

seawater with -1-micron pore size_p~lycarbonaie. mesh across the top. On each sampling 
- - . . . . 

day, three c_ore tubes, 6.5-cm 10, were first inserted into the sediment in the front, middle· 

and end of the chemistry (epficate for each treatment and the top capped. Next, peepers 

were withdrawn, rinsed with seawater to remove adhering sediment, the membrane 
. . ~. ~~ . 

punctured with a disposable pipette tip, the water wit~drawn, acidified, and stored for 
. . . . ~--· 

analysis. Cores were removed, the bottom capped, and frozen. Remaining sediments 
. . ·: . . . . . . 

. . . 

were homogenized and an_aliquot frozen. Before chemical analysis, sediment cores from 

·· days 28. 5s, .and 111 were extr~ded .froin core tubes and sliced into five o.6.cm ~orizons 
in the first 3.0 em of sediment and in 2.0 em horizons for the remainder of the core. 

Cores from day 14 wereslice.d at·a variety.of.depth horiZons. Each horizon from each core .. ' . 
was homogenized before chemical analyses. Homogenized remaining sediments and cores 

were analyzed for SEM cadmium, AVS, and-interstitial water metal by AA or ICP using the 

methods of Boothman and Helmstetter (1], Allen et at. [27], and U.S. EPA (28] • 

. . . . 
All biological replicates were sampled on day 80·to obtain ~eriphyton samples and 

. . 
on day. 118 to remove the macrobenthos. Periphyton were pipetted from two 8-mm . . . . 

circles of surfical sediment from each aquarium at: the midline and one-third ~he_ distance 
. . . 

from each end. The volume of each these two samples was increased to 3.0 rril and the 

samples refrigerated. Diatoms in thr~e aliquots containing 0.0636 pi from each sample 

• were counted within 24 hours using a Palmer-Maloney cell •. Counts .~ere adjusted to 

cells/cm2• Sediments were sieved through stacked 2.5, 0.5, and 0.3-mm sieves t~ re!flove 

~acrobenthic organisms. The ·organisms were relaxed in magnesium sulfate and preserved . . . 

in 1 0 percent buffered forma.ldehyde .with rose bengal stain. Organisms were identified to 

species except for a few sma~l or damaged specimens. Relaxed polychaetes, ~s 

succinea, were measured for length prior to preservation. For tunicates, only individuals 
. . 

immediately in contact with sediment we~e counted; myriacfs of extremely small tur:ticates 

attached to larger tunicates-hence not in contact with sedime~ and present only in one 

control and five 3.0 SEM/AVS replicates-were not counted. 

.. 
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Analysis of variance w~s used to detect differences-in the abundance of periphyton 

and individual macrobenthic animal-species and phyla. Cluster analyses were performed 
- • - . . :: ~! '- , • . ... 

·to compare the kinds of macrobenthic species present or absent in each replicate· or 
. . ,·. . -. . . .- ' .. •. . . ' 

· treatment using the simple· matching coefficient (2.91. 

where, a 

b 

c 
. 'd 

:. .. -.. 
. sjk = . a +'·d 

· : a+ b·+ c + d 

= number of species present in both replicates, 
. . . 

= number of sp_eCies present in replicate k only, 

. numb~r of speCie~· present in replicate j ~n.iy; .... .-

.. = number of species absent in both the replicate j and replicate k but 

that o~~ur.in at~~~~ o~.e .other replicate in'~·he experiment, a~d 
(a + b + c + d) = the total number of species found in the experiment. 

• .~. I ' 

Numbers calculated by this measure range ·from 0 (dissimilar) to 1 (similar). . . 
'-l .. ' . -
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CHAPTER 8 

BIOACCUMULATION OF METALS. 
· . : · · - i L· · -; . : .• . · - · . 

,:, •' 

. A_lth_o~gh the prese!'lce and/or absence of toxicity ~an~ to some extent, be inferred 

as a barometer of contaminant bioavailability, in many instances a more accurate endpoint 
. . 

for assessing bioavailability is bioaccumulation.- Even if a chemical is bioavailable, if the 

test species of c~ncern is not- particul_arly sensitive and/or the 
1 

length of the test is too 

. _.short, toxicity may not be. manifesteq.--:·-Therefore~ bioaccumulation also should be 
., .... ···' . - . 

consid_~~ed when asse~ing whether a particular mod_el is appropriate for predicting metal 
. . 

bioavailability in sediments •. :This issue is- of particular relevance to ·the bioavailability . . ·' . . 

paradigm presented in previous Chapters of this document. Basically, if interstitial water 

concentrations of metals are small or-non-detectable and/or:(divalent) metai:AVS ratios . . . 

measured in appropriate se_diment horizons are less than one, significant accumulation of . .. 
metals by macrobenthos should not occur. If significant bioaccumulation does occur this · 

. -- ... , . . . . . 

would suggest that, regardless. of the results of toxicity studies: the bioavailability model 

.. which has been advanced for metals in sediments is not completely accurate. . : . ·~ ~ . . . . .. . . ~ - ... -: .. . . 

. Because bioaccumulation is a convenient endpoint for biomonitoring, the literature 
. . . . ... . :.. •· . . . ' ,. . . . . -· - . -· . 
· is replete with observations 'of metal. bioaccumulation by .vertebrate: and ·invertebrate 

•.• ' .._ • ; ; : .: -~. • ~ ·•• • ... • -_. • • • • . t • •• • • • 

species associated with metal-contaminated sediments. In many. instances,- researchers 
.. : :·:.: ~_:: ::~ I • • • - • .. - • -· ·• • . -. . 

have attempted to correlate concentrations of metals in.~ield-collected animals with some 
... • . t .. ~- , ••• : .. : • • . -- ... •'. ··-·· • • J --

measure of sediment metal concentrations •. -:However,-. as is true -for· toxicity; ·total .. . .. '';; .. .. . . . . 

extractable metal concentrations in sediments are relatively poor indicators of that fraction ·. .. . : . . . . .: -·. . .. ·.- . . . ... . . .. . 

. of. metal which apparently .is available for bioaccumulation (for:. reviews see Tessier and 
·:, • • • --~ •·• .._ • ~-. .,.•' •I , , • ,• ' ' ' .. t · ••• · • • - : ·~-,.. ~.r • • - ~ •. •• 

. Campbell, [1]; Luoma, [2]; Hare, [3]) •. Differential extraction techniques in conjunction 
. -~-~·-·. :. , . , '!. . . •. ,;• 1 ~ • ' ' •• ·• I ...... · • I ........ ,__.·· -

with speciation-models sometimes have improved corr.elations between concentrations of 
- • •• ·-· _-' •• •. • ·....- -.-.' • ;o. ',. ~ ~ • ~ • .-. • • I"' - tl• •. .. :.. .• . ... . - • . 

metals in animals and sediments, however,-in most instances these types of models tencl :.. . .. :~ ~-: -... . . ~= . . . . . : . . . '\. 0 ... ~ 0 • ___. • • ... • .,., '.. • • ~ 

to be empirical and somewhat site-specific. ; .. ·~ · -.'"' .. 
- _. • -:. ·.-:-. • : • • • • •. :.... ... •• ··-:..,. - • _j 

Definition of the...:true bioavailable fraction of metals is only part of the difficulty in .' . - . . . -
quantitatively linking metal bioaccumulation by organisms to metals in sediments, either 
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in the laboratory or field. A!though assessing bioaccumulation of metals from sediments 

theoretically should be a relatively straight-forward process, if not adequately controlled, 

a number of key variables can bias interpretati~n of observed results. One issue which is 

particularly problematic· in field Studies is the separation of exposure to sediment-

. associated metals (either from pore water or particulates) from exposure to metals in the 

water column. In the majority of systems contaminated by metals, both the sediments and 

overlying water have elevated metal conce~trations. Beca.use most benthic organisms 

have the potential for exposure vja both media, it is difficult to separate the relative 

c~ntribution of the two routes. ·This is CO"_lpounded ·by the fact that· while relatively 

I 
I 
I 
I 
I 
I 

accurate sediment chemistry can ·be obtained with single samples, it is very difficult to· I 
collect meaningful overlying water quality data temporally •. This is not to say that from a 

holi:Stic standpoint metals bioaccumulated by organisms from overlying water are not 

important; in fact, an overall model for assessing the impacts of metals on benthic 

org'at:~isms ·should incorporate exposure both. from sediment and overlying water [4,51. 

However, to develop a mechanistic understanding of factors mediating !lletal bioavailability 

in sediments, the contribution from overlying water must be monitored or controlled. 

A number of biological/physiological factors also can complicate the interpretation 

of sediment bioaccum~lation stu~ies with benthic organisms. _For example, species which 

ingest. sediment must have their gut contents physically removed, or purged. {e~g., by. 

· holding in clean water or sediment) in order to effectively sep_arate metal that actually has 

- been bioaccumulated .from that associated with sediments in the gut _[6,7]. Another 

potential bias in metal bioaccumulation studies with som~ species is that a sizable 

percentage of the metals measured on a total body basis may actually only be adsorbed 

.to the outer integument (8]. A final problem with metal bioaccumufati_on as an endpoint 

for assessing bioavaifabifity is that many invertebrate species are capable of regulating. . . . . 
body burdens of essential trace metals {e.g., zinc, copper) to some extent (~.g., 

Timmermans et al., [9]). Hence, the lack of bioaccumufation does not always nece_ssarily. 

indicate a l~ck of bioavailability. 

I 
.I ., 

-.1 
I 
I 

.. I 
I 

I 



1. 
I 

..... 

I 
I. 
I 
I. 

I 
I. 
I: 
I 
I 
I 
I 
I -
I 

1···-
1 

8-3 

A. number of studies have been conducted which permit the critical evaluation of 

metal bioaccumulation by macroinvertebrates relative to sediment pore water metal . . . 
concentrations and SEM:AVS ratios. These studies include short-term laboratory 

experiment~ with cadmium- or nicke.l-spiked marine and freshwater sediments, short- and . ~ 

long-term laboratory experiments with field-collected marine and freshwater sediments 

variously contaminated with cadmium, nickel, copper, lead, and zinc, and a long-term field 
. . 

study with cadmium-spiked freshwater sediments. Species assessed included molluscs, 

oligochaetes, polychaetes, amphipod~; and chir~norriids. . In these experiments, the . 

potential confounding :variables described.above, in particular clearance of gut contents, 

were controlled to varying degrees, which in some instances causes ambiguity in the . 
interpretation of the study results. 

Laboratory Spiking Experiments-Freshwater 

Carlson et at. [1 01 exposed oligochaetes <Lumbriculus variegatus) and snails 

(Helisoma §12) to freshwater sediments, containing three different AVS concentrations, . . 

·which each had been spiked to achieve nominal cadmium:AVS ratios of 0, 0.1, 0.3, 1.0, . 

3.0, and 1 0. Assays were conducted for 1 0 d in a system which provided ~pproximately 

11.5 turnovers of. clean Lake Superior water/d. At test co~clvSion, ~ortal~ of the·. two: · '- '. · · · · 

organisms was"assessed and tissue samples were coUected for residue a~alysis. ~ . 

discussed elsewhere in this document (Chapter 5), significant mortality of the-two test 

speqies only occurred at cadmium:AVS ratios greater than· ~ne. How.ever, even at 

cadinium:AVS ratios less than one, dissolved concentrations of cadmium in pore water 

· . from the spiked sediments were often grea~er than in unspiked sediments. Cadmium 
. . 

concentrations in surviving oligochaetes and snails were below thos~ tissue concentrations 

expected to result ·in toxicity based upon comparison to concurrent water-only c~dmium . . .. . 
tests with the two species. However, cadmium residues in both species appeared to 

increase in a concentration-dependent manner at cadmium:AVS ratios Jess than one for all 

three test sediments (Figure 8-1). Comparison of the actual magnitude of these increases 

in wo.rms and snails from the cadmium-spiked sediments is complicated by the fact that 

a complete set of cadmium conce·ntrations in organisms from unspiked (controO samples . . . . 

.· 
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are available for only one of. ~he .~three test sediments. However; if concentrations of 
_.· .. 

ca_q~ium in organisms from this on~ sediment, which were on the order of 0.5 to 5 ug/g 
= ... ; ;_, .... .. • • • • • . • ~ . 

dry weight, __ are -taken to be indicative of those in.·an the sediments, then cadmium . .. ' . . .· . 
concentrations were as much as_ two orders of magnitude greater than background in 

. . .. ; :.. ... . . . : . . . . . . ~ 

surviving test organisms from sediments with SEM:AVS ratios less than one. 
,-~-·-. .. ~- .~ .. :::~ ,.. ... . .-

-··.' 
..•. J 

An important shortcoming in the .study by Carlson et al.• [1 0] was that cadmium - . . .. - . :::.. . 
residues measured in the oligochaete!? _and snails included· all gut contents, i.e., the 

--~-~ .. --~,--,·. . ~-~-- . 
organisms ~ere removed directly from the sediment without allowance· for gut purging. 

Da~a' ~r~ n·~t availabie with. which to evaluate the potentiai contribution of gut contents to 
• : ~ ~ . ··:. :_ =·~ . o:. ; :. . . . 

the total body-weight of the snails; however, recent studies by Brooke et al. [l1lindicate 

tha"t in 1..:. variegatus which have _not been gut purged, approximately 1 0 percent of the diy 
. . . 

weight of the worms may be sediment. Using this estimate, if ·it· is assumed that the· 
·. ·~ .. . . . .. 

. cidmium concentration in sediment in the gut of the oligochaete was similai to ~the 

·. ca~~i~m conc~~t;~tion ~~-the surrounding sediment,.depending upon the test sediment, 
-----~-- .. ~ -- • • • :.: • . ••• ' 7 .... •• -- • , •• - .. 

··as iittle ·as 2 percent or as much as 50 percent of the ~otal cadmium body burden in the 

-· . ~jig~ch·a~tes ~o~ld .ha~ve bee~ duet~ girt contents. It sho~ld .be noted that the a~~umption 
that -~~di~~rrt--in.th~·gut i~ e~·ui~af~nt to-~hat ~utside the org~nism becomes increasingly 

.-ten~ou~ as th~ ~~-.e~i~;ty of feeding. i~~rea~es. ~-.. ·- •Oo. • --~ ; • ----:: ·, \~'. ~- .: -. :--::~ :·.'; r .. :. . 
-~" . '!' : .. • \...,._ : .. • • • • • ~ ... • • • . • . • • . • • ~ • 

- . ., ... ~ 
. . ~. . ... .., .t.·.·' ; 

. ' ... 
·Laborat~'! .~Pik~~g-Marinf3 _ · _ 

~-~-:., J. 

. ~ ~ . . : . : -: .. 

. . .. . , . . . 
Pesch et aJ. [~ 21 conducted experiments in ~h_ich the toxicity and bioacctimulation 

":'3-;;_-\\. .. _j::.':= • .:-- _.-~, .--.. :. ....... . . 
· · of cadmium or nickel spiked. into marine sediments were evaluated using the polychaete · 

. . ... . . . _._ - . 

·Ne-~-nthe's·a~enace.odentata. ~wo differ*:!nt sediments, with_ relatively.low·and high AVS 

:. ; . co~c~n~rations, we~~ spiked so ~s to a~hieve final SEM (cadmium or nickei):AVS ratios of· 
,·. . 'I :- ... ,; :·· • ~--. • _: ~ . • ~- ~ .: • ·' :•.:..__ '' • • "" ~ • • • • • ; • 

.... 0, 0.1, 0.3, 1.0, 3.0, 10, 30, and 100. Exposures were conducted for 10 d i.n ·a sxstem 
. 

which provided 30 to 50 turnovers of cfean sea water/d.· At the end of. the exposure, 
. .. - .. . . : 

· su~vivi~g organism~ were removed from the test ~ediments, and placed in clean sea ~ater 
.-.--for 4 h •. At this time, visual inspection suggested that the polychaet~s had completely 

purged their g_ut contents. As discussed elsewhere (Chapter 5), no significant mortality 



.· 

-· 

occ·urred at SEM:AVS ratios less than· one; at SEM:AVS ratios greater than one and whe~ 

interstitial water. toxic units (TU) also were greater than one, the polychaetes either died 

or avoided burrowing in the cadmium- or nicke,:spiked sediments. At SEM :A VS ratios less 

than one, dissolved concentrations of cadmium and nickel in pore water .from the two 
. . . 

. sediment~ were comparable to values from unspiked sediments. Bioaccumulation of 

cadmium and nickel was most pronounced in sediments with SEM:AVS ratios greater than 

one; cadmium concentrations in polychaetes from sediments with ratios greater than one 

typically were more than an order of magnitude greater than concentrations in worms from 
. ~- . 

. sediments with ratios less than one (Figure 8-2). Nickel concentrations in animals from 

~ 1 sediments with SEM:AVS ratios greater than one were approximately two- to 1 0-fold 

. greater than nickel concentrations in polychaetes from sediments with ratios le~s than one 

_(Figure 8-3) • 

. Although bioaccumulation ·of both cadmium and nickel was most prono~nced at 
• • • 0 

SEM:AVS ratios greater than ·one, there also was a concentration-de-pendent increase in 
. ' 

tissue metal concentrations in the pofychaetes at SEM:AVS ratios less than one {Figures 
. . . : . - . . 

8-2 and 8-3). There are a number «;Jf possible expranations for this.· Metal residues in 

. .. polychaetes from sediments with the lower SEM:AVS ratios could have been derived via . ' . -~ . ' 

. · ingestion and digestion of contaminated· particulate matter. Alternatively, upt~ke of the 
• • ••• ... • 0 ·., ...... ' 

two metals could have been directly from interStitial water; the burrowing activity of the 

animals could have served to effectively oxidize.metal-sulfide complexes thereby releasing 
- . 

metal to the immediate environs of the polych~etes. Because this phenomenon would 

occur only in the microenvironment of the organisms, the release of metals may not have· . . 
been manifested in measurements of cadmium and nic~el concentrations in the pore water 

· collected via "peepers." One· other possible explanation fo~·the observation of apparent ... 

• · metal bioaccumulation by the. worms in ·samples with SEM:AVS ratios less thim one: and 

-~ pore water metal concentrations'similar to control values, may be that the metals were 
. . 

·- adsorb~d to the chitinou~ sheath of the pofychaetes, and were not actt•'311y in the 

. organism. ·This type of phenomenon has been documented for freshwater invertebrates . ' 

· such as chironomids [8], but to our knowledge, has not been ·investigated for N. 

·. arenaceodentata~ 
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Field Sediments-Freshwater 

Ankley et aJ. 113] evaluated bioaccumulation of cadmium and nickel by L. varieqatus 

f~om 17 sediment samples from the upper (freshwater) end of a marine tidal estuary . . 
contaminated by a battery plant. Exposures were conducted for 1 0 d in a system which 

provided 12 turnovers of clean Lake Superior water/d. At test completion, the surviving 

oligochaetes were removed from the test sediments ·and placed in cle~n water for 24 h . . ·. . 

before residue analysis. Brooke et al~[11 1 ha.ve shown that this sampling regime should. 

result in > 90 percent clearance of gut contents of l. variegatus. As de~cribed elsewhere 

(Chapter 6), toxicity of the 17 sediments to the oligochaete was minimal; although 13 of 

the 17 samples had SEM (cadmium plus nickei):AVS ratios greater than one, only at the 

two ~ighest ratios was signifi~ant mortality observed, which was consistent with pore 

water metal TU calculations for the worm. Bioaccumulation of metals (cadmium plus 

nickel) from the test sediments by ,k variegatus was not predi~tabl~ based upon total 

sediment metal concentratio~s _(Figure 8-4a), however, bioaccumulation of metals by the 
. . 

worm did appear to be rel~ted to the sediment SEM:AVS ratios (Figure 8-4b). ·Metal 

concentrations in oligocbaetes from sediments with ratios less than one were consistently 

small; significant bioacc~:Jmulation only occurred in those sediments ~here SEM:AVS ratios 

were greate~. than one. However, marked bioaccum~lation of c~dmium and .JJi.cl<el by ,L: · . -·. · ·... ·· . .. 
variegatu§ was ·not observed in all samples with ratios greater tha·n one, -suggesting · · ·. . . 
perhaps the presence of additional binding phases in excess of AVS for the metals in some 

of the test sediments • 

Ankley et al. (14] also conducted a· series of longer term sediment bioaccumufation 
. . 

tests with .l.u. variegatu§. In these experiments, three sediments from the lower Fox River, 

Wisconsin were tested; based upon •typicat• background concentrations of metals in . . 
freshwater sediments, the three samples had greatly elevated concentrations of cadmium, 

copper; zinc, nickel, and ~ead. However, the sediments af~o had ver.y high concentatio~s. 

of. AVS. for fresh water sediments (ca.,_ 20· umol/g), with the net ·result being that 

. SEM:AVS ratios were In the-range of approximately 0.4 to 0.6. Based upon this, Ankley 

et al. [141 hypothesiz-ed that (a} pore water concentrations of the metals should be low or 
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Figure 8-4. Comparison of metal (cadmium-plus nickel) bioaccumulation by Lumbriculus 
variegatus to (a) total sediment metal· (cadmium plus nickel) concentrations and (b) 
SEM (cadmium plus nickel} :AVS ratios in 17 field-collected sediments. · 
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non-detectable, a_nd (b) in laboratory exposures, oligochaetes should not accumulate 

significant concentrations of :the five cationic metals. Tests were conducted for 30 d with 
, 0 

eight renewals of clean overlying (lake Superior} water/d! The control for the experiment 

consisted· of worms held in lake Superior water only. At conclusion of the test, the . . . 
oligochaetes were held for 24 h in clean water to purge gut contents~ -Sediment SEM:AVS 

ratios were relatively constant over the 30 d test; all ratios remained less than one. Pore 

water concentrations of dissolved cadmium, lead and nickel were non-detectable 

. throughout the test; however, conce~trations of both zinc and copper were consistently . . 
qetectable, and higher than backgroun-d (lake Superior water) crincentra~ions. The 

explanation for the elevated dissC!Ived copper and zinc concentrations in pore water, in the 

presence of excess concentrations of AVS in the sediments, is uncertain. However, at. 
. . 

completion of the 30 d expo~ure, conce~rations Df the five metals in 1issues of the 
. ' 

oligochaetes were similar to or smaller than · co~trol values, i.e., . n!J apparent 

bioaccumulation of any of the metals occurred (Figure 8-5). This suggests that if copper 

and zinc in the pore water truly-were bioava~lable ancj not simply complexed, for example 

with DOC, then l. variegatus must possess some mechanism for effectively regulating 

tissue concentrations of these two metals. 

Ingersoll et al. [151 conducted a ·long-term· bio~ccumulation test with six ~ediments 
from the Clark Fork River, MT using the amphipod Hyalella aztec·a. SEM:AVS ratios in the 

· six· samples ranged from 0.07 to 960_ (Table 8-1), with· copper and zinc comprising > 97 . .. . . 
• percent of the SEM. -Exposures were conducted for ~8 din a system which provided 1.25 

renewals of clean overlying reconstituted water/d. Gut contents of the amphipods were 

not purged at test completion. In sedimen~ with SEM:AVS ratios of one or greater, 
. . . 

dissolved pore water concentrations of both copper ~nd zinc were consistently elevate_d, 

while pore water concentrations of the two metals were comparable to control values-in 

the sediment with .the lowest SEM:AVS ratio (Table 8-1 ). However, as was the case in 

the study by Ankley et ·ar. [14], concentrations of both metals also were increasea over 

.- control values in two sediments (CF2, CFS) with SEM:AVS ratios slightly less than one. . 

Concentrations of both copper and zinc were significantly increased in the amphipods from 
. . . 

the three sediment sa~pfes with SEM;AVS ratios of one ~r greater (Table 8-1}. Tissue .· 
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:.. - · .: -~-'' ,concentrations of. zinc, bUt not copper ,""w~re significantly ·higher than control value-s in H. 

~} , .. _::,azteca from a·~ediment with··~n SEM:AVS ratio of 0.85, while the converse w~s-seen in 

.:~-:<··sediment with a rati·o·of 0.75. ·Neither. metal ~as ·bioaccumulated in amphipods exposed 

~o a sediment with a SEM:AVS ratio of 0.07·. Because the amphipods w·ere not purged 

at test completion, the slight . increases in copper or zinc concentrations observed in 

organisms from the two sediments with_ SEM:AVS ratios less than one could ·have been 

due largely to gut contents. 
_, - ~-.... -. J ~ 

- ! .l.··~ _.. 

. . ,. 
: ... r. ~-; 

: .... ~ ... ' 

... __ .... '. 
. . .. ~- . .. ' . 

-:;:.. --· 

TABLE 8-1. SUMMARY OF-CHEMISTRY. AND TOXICITY DATA FOR SIX 
>,:,SEDIMENT SAMPLES FROM THE CLARK FORK 'RIVER (CF); AND A .. 

. . --·coNTROL. ···· --

. '960 (250, 0.26) 79 

'=-=CF3"7<~~2.15 (1L1~ 5.16)·· --".;16 

).. ·-CF4·:·· . 0.99 (12.9, 13.0f· · 8.7 

::-. CF5·::_ -: .. -.:q.75 (5.88, 7.84)' :. ~- · 8~7 · .. 

2603 

·166 

... 40 

249•·· .. 259 • 

· 87 ·: 1 o6··F~·

·124. - ,:. so· -: 
.-,21· 1s· · · 
' ... . : .. ~- . ··;·. 124 ·.· . 74 .. 

· ·::-;;-:-::: .. ~ :· ::. .· ·: CF6- ~:-. - 0.07 '(0.'47,: 6.66)' : 1.5 

28. 

19· 

2.0 84. · · ss·-·-.-

.. ··--- .. -.... ::.; .. _ .;;, 

·1 Copper plus zinc.: ·- · ··: ·1 ::; _:.- ~ 
.·Differed significantly from cor:rtrol.-

; .... -. -...-..( :-·_ .... . . . . . .... · ; - ........ ·. ·-: ... :·.-.;.:.::.·· 

Field Sediments-Marine 
f._ • _..__, • •' __ .,.. • < I i • -· • •• ---··-1~·. ··::·~~:..;~:t~~-~ . .. :.- - ~ :.. : -· -

--- .. 

.· t:~.: .. _ ... .. : ..... . -:-· .· ... ,..._·~:~- • . '. . ~~ . 

Only one study has been._conducted using field-collected .sediments to evaluate 
!. 4 roo··~,_: •.. -.-,···_-. · .- ·-:··. ~ •. ·: •. -~-._ .. • _;· .• 1 .•.• ~ · • 1·. ··- • 

.. ': · bi~a~cu~~i~tion of ·.:net~l; by marin·e invertebrates relative to sediment SEM:AVS ratios 
-~==~-::.--:-;;.;~- .. ·-·; .. -· .. -,. ~---:.-. ;.:· ... .:._:.,.-.·.· :....··;.;1 '.! • ..... ·:p • • :-..: .. ·------·· •· 

- or pore water metal concentrations. Pesch et aJ. [1 21 tested~ arenaceodentata with the 

:.: '=:·~same s~~ ~f ~~~pies evaluate~ -b~ Ankh~y ~t ~L [1 3]. Test c~nditions were essential~~ the 
.... ~- . . . . . . . . . . . .. . . . 

--same as tho-se described above for the polychaete. ~esufts of the study by Pesch et aJ. : 
• • . • • • •. • • .J -

1121 were remarkedly similar to .thos~- of .Ankley· et al. [13];- at SEM (cadmium plus 

--
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·- .. .. nickei):AVS ratios less than one, tissue concentrations of cadmium and nickel were low I . 
. _(3nd comp~r.able ~o control values (Figure 8-6). At SEM:~VS ratios greater than one, tissue 

concentrations of both metals increased .markedly. Comparison of the bioaccumulation of 
. ~ · .. • . . . . 
cadmium and nickel by_ the polychaete also showed a. reasonable correspondence with pore 

· .......... " ... - .... .. . 

I 
I 

-. 

~ .. . . ... . . . . . . 
water concentrations of the two metals. 

. : Field Spiking-freshwater 

Hare et al. (41 conducted arrexperiment in which cadmium was spiked into clean 

.field~collected sediments, which were subsequently replaced in the field to evaluate trends 

in colonization by benthos: as well as bioaccumulation of the cadmium by select taxonomic 

groups.· The .study ,_:,as c~nducted in a Prec~mbrian shield lake near Quebec City, Quebec. 
. . 

Sediments were spiked to achieve nominal SEM:AVS ratios of 0.05 (control), 0.1, 0.5, 2, 
. ' . 

and .1 0 •. SEM:AVS ratios and pore water cadmium concentrations were measured in 3 em 

horizons of the sediment over the course of slightly more than 1 year, at the end of which 

macroinvertebraie sample!? were collected to evaluate ~enthic community structure and 

cadmium bioaccumulation. Except for the sample with a SEM:AVS ratio of 10, water 

overlying the sediments (ca.,., em) had non-detectable dissolved cadmium concentrations: . . . . 

At all the test·concent~ations, oxida~ion of AVS in surfici_~l sediments resulted in slightly· 

greater SEM:AVS ratios in the shallowest horizon than in ·deeper sections of core samples. 

I 
.I 
I 
I 

_.I 

I 
I 

Pore water conc~ntra~ion~ of dissolvt;!~ cadmium ir:'l the control sedi~ent and the ~edimen~ . ' : I 
with a ratio of 0.1 were consistently low. Cadmium concentrations in ·pore water from the 

sediment w~h t_he SEM:AVS rati~ of 0.5 we~e sl~ghtly elevated, P.articularly in the .sh~UoV:, .1 
sediment horizons, likely due to the surface oxidation of ~ VS. In the two samples with . . .. 

SEM:AVS ratios greater than one, pore water cadmium concerr~rations iri all horizo~s were 

consistently elevated, particularly in the sample with the ratio of 10. Results of the 
.. -- . . ; : ., .......... _ ' :: .-·- .. ,. . ' .. 

·.· · :, ·· colonization· portion of the study are briefly .Presented in Chapter 7, and described in detail. 

·-··'~··by Hare'et al. [4]:; There wa;; little"impact of the" spiked cadmium on orga~is_m abundance, 

-: - 'however;th.ere was a·Significimt bioaccumufation of ~admium by.severa(aiffer~nttaxa at 

SEM:Avs· ratios greater than one (Fig~re 8-7). The soJrc~ of th~~e m~tals was ~ot gut 

contents, as the animals w~re purged in clean ~ater for 2 to 5 d before preservation. The . . . . . 

I 
I 
.I . ' 

.. I ' .. ' . . ·-
1 
I 
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.Figure 8-Er. Comparison of.metal (cadrriluni plu.s nickel) bloaccumulatlon by Neanthes arenaceodentata to SEM (cadmium plus 
nickel) :AVS ratios In 16 field-collected sediments. · · 
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· two taxa which di~ not appeart_o bioaccumulate cadmium (Chaoborus. Polycentroous) are 

bot~ predatory and have limited contact with sediments, while the three taxa which 

.showed significant cadmium bioaccumulation were all burrowing midges. There also 

appeared to be an increase in tissue residues of cadmium in Sergentia from the sedime~t 

with a SEM:AVS ratio of 0.5, which was consistent with the slight increases in pore water 

cadmium observed at this ratio. Interestingly, the majority of cadmium accumulated by 

. this species was associated with. gut tissue. 
=· 

Summary and Conclusions 

In an effort to summarize bioaccumulation data from the ~bove studies in a "global" 
. . . 

fra~ework, two different approaches were used. In the first, metal bioaccumulation data 
. . 

from the various .laboratory· studies were compared to SEM:AVS ratios in the · te~ 

sediments. To normalize for differences in the concentration of metals- in ·control . 

organisms from th~ different. tests, bioaccumulation data were e~pressed as the ratio of 
. . . 

the concentration in organisms from test sediments to that in control animals from the 

same experiment. Hence, if AVS were criti~al in c-ontrolling metal bioaccumulation by the 

various benthic invertebrates tes:ted, this. bioaccumulation ratio. should be· near one at. . 

SEM:AYS ratios less than one, while at SEM:AVS ratios greaterthan orie, bioaccur:nulatio11 . . . 
may be' expected to increase: Oue to uncertainties about control values and the lack of 

gut clearance of the test organisms, data from the study by CarlSon et al. [1 P1 were 

excluded ·from this and stibseque!tt analyses. 

The bioaccumulation of lead. zinc and copper appears to be explained reasonably 

well by a model based on AVS binding, i.e., at SEM:AVS ratios less than-one, differences 

betwe_en control and experimental organisms are minimal, while at ratios between one and 

10 bioaccumulation increases (Tabl"e 8-2). However, the totai dataset for these three 

metals, in particular iead, is quite small. ··By far the most data are available for nictcel and 

cadmium. The uptake of both.ofthese metals clearly increases With increasing SEM:AVS 

·ratios; however, the amount of metal bioaccumulated at ratios less than one is higher than 

controls (Table 8-2). Interestingly, if data ·only from field-collected sediments are 
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TABLE 8-2. SUMMARY OF BIOACCUMULATION RATIOS (EXPERIMENTAL/CONTROL) AT VARIOUS SEM:AVS RATIOS IN 
LABORATORY EXPOSURES WITH METAL-CONTAMINATED SPIKED AND FIELD COLLECTED SEDIMENTS. 

. . 
0.3_±.0.06(1, 1.1.±.0.4(7). 0.9_±.0.6(7) 2.4_±.2.6(16) 4.2_±.7.4(16) 1.5_±.1.8(12) 

··~ 
) 

<1 

1·10 

>10 

3.0_±.2.2(2) 2.4.±_1.1 (2) 7 .6.±_7.0(24) 

1.2_±.0.45(12) 

6.2_±.6.4(20) 73.5.±.158(24) 34.0.±.7,3.1 (20) 

22.~.±.17 .2(9) 21.9.±.29. 7(6) 342.±.303(8) . 72.±.133(4) 

1ll .±.SO (n) 
2Ratlos from all laboratory exposures . 
3Ratlos from laboratory exposures with just field-collected sediments • 

. , 
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considered, the relationship between metal bioaccumulation and SEM:AVS ratios appears. 
. . 
much more consistent, i.e., little-if any bioaccumulation of nickel or cadmium is observed 

at SEM:AVS ratios less than one (Table 8-2). It is worth noting that the absolute 

concentrations of nickel and cadmium used in the spiking experiments by Pesch et at. [1 21 

were extremely high; even at SEM:AVS ratios less one,· concentrations of the two metals · 

were as great as approximately 200 and 700 ug/g (dry wt), respectively. Given these test 

concentrations, it is possible that even minima) contributions from residual gut conte~ts 

and/or surface adsorption could contribute significantly to the ~otal body burden of nickel 

. or cadmium measured. in the polychaete: 

Bioaccumulation ·of the five metals also was compared to measured pore water 
. . 

concentrations for the various ·laboratory studies. In this· analysis, the use of 

bioaccumulation ratios serves not' only to correct for different control values for a given 

metal, but also to normalize for differences in.the propensity for absolute concentrations 

of essential trace metals.(e.g., zinc) to be naturally higher th~n those for non-essential 

trace metals. Non-detectable pore water concentrations were set at study-specific 
. . 

detection limits. Regression of the log10 bioa~cumulation ratios for the five metals versus 

the log1 0 pqre water metal concentrations res~lted in a significant linear model which . 
- . '\ . 

explained approximately45 percent of the variability in the data (Figure 8-8). The fact that .. . . .. . 
this model is not more robust could be related to a number of sources of among-study 

variation including differences in pore wa~er sampling methodology,. differences in 
. . . 

· . analytical detection limits (particularly between freshwater and marine studies), and 

among-species differences in ability to regulate trace metal c~ncentrations. 

Although relationships between SEM:AVS ratios and/or pore water metal 

concentrations are not as conclusive as for the toxicity data described in Chapter 6, it . . 

appears that trends in the bioaccumulation of· divalent cationic metals by benthic 

m~croinvertebrates in laboratory exposures ~re clearly related to these two me&sures of 

bioavailability. The one field study that has been conducted to test this hypothesis also 

suggests tha1 the long-term bioaccumulation of metals by different taxa can be related to 

pore water metal concentrations, which in turn, appear to be controlled by metal-sulfide. 
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interactions. However, even though this analysis broadly supports the metal bioavailability . . 
model described elsewhere in this document, there are enough inconsistencies in the 

various studies described above to warrant future research in this area. In particular, more . . 
studies need to be conducted with field-collected sediments, and in the field. .These · 

studies need to be done with attention to details such as (a) defining appropriate sediment 

horizons for sampling pore water metals, and SEM:AVS ·concentrations, to better 

approximate exposure of organisms to metals in aerobic zones of sediments, and 

(b)determining the contribution of acfsorbed and/or ingested material to the total body 

burden of metals in test organisms. 
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CHAPTER 9 

~ VS AND OTHER BINDING PHASES 

The previous chapters hav~ addressed the theoretical and experimental evidence in 
•· . . .. 

, . , ~upport _of.establishing sediment _!:luafity criteria for metals using_ Equilibrium Partitioning. 

_ It was shown 1hat both sedir:nentAVS and interstitial water concentrations are important - . ' ,. .. . . 
. in assessing sediment toxicity.- Determinations of AVS levels in sediments and interstitial 

I o • • ' 

. water concentrations will play an impg_f1ant .role in the application of SQC for metals. 
: . - .. . . .. 

. . 

•. · ·. ~ 
... This ch~pter addresses so~e ad~itional considerations pertaining to characteristics 

of AVS sediment distributions and other .factors that are important in· the app~ication of 
. . . 

SOC for metals. These issues include the seasonal and depth variability of AVS, and the 

. · c':'rrefation of AVS to sediment organic carbon. ~xidation kinetics of iron sulfide and metal 

... : .sulfide are presented •. Experiments and their results pertaining to organic carbon binding 
. ... .. . .·, . . . . . . 

... for COf?per! cad~ium, and lead a~e discussed. Experimental results for metals in· low 
. . 

organic carbon sediments are presented to define a minimum partition coefficient. Lastly, 
.. ···. '·. . .. . ,_ - . . . . .. . .. . 

pore water and SEM and AVS :;ampling are discussed. 
'' • -'. • ' , • •' I 

Vertical and Seasonal· AVS Distributions· 
.. . 

-;· ... ·. \. ·• 
. . • . ·_ . Several factors contribute .to. variability in AVS distributions •. , ·The . amounts of 

·"" ' ! ~: . . . • .-. . . ·. . . . . . . • . . . • • 

. organic matter, sulfate, iron, and oxygen in sediments affects the potential amount of AVS 
• r,l . . . 

... that .can ·be· formed. AJJ exa~pl~ of this is the difference in AVS c-oncentrations_ in 
,, .... :· 

freshwater versus saltwater systems. Sulfate is present. at ·higher levels in saltwater ;:-r-. ,_.: -:: .• . : : .•. ~- , .. . - . . . . . -~ . . : . . . . . 

_ systems and the AVS concentrations can be. expected to be higher .in these ·sediments • 

.. ·:~A f~er~~-~re .r~~i~w· b;'leon~rd et a.J.. [ 1 ], .·found that concentrations of AVS in unpolluted. 
o -:r-; 0 ~ ,J:. ~ • ; ' ' • • • ' ·,' ' • ,.... , ,. • • • r • • ! 

-.• freshwater: sediments . were in the range of about 4. to:; 13 · umol S/g, .. while . AVS. 
. ..; .. ·-. ' .. : . . .: . . : ' . .. . . . -'. ~ - . . '·. . 
-··concentrations in coastal marine sediments have been reported in the range of-about 0.1 

. - . . ·~ . . . 

. to .100 pmol/g [2). AVS also varies with depth and season. AVS concentrations tend to 
-. · .• j -· :. . •. ~ . • . ' • - • • • • • • • 

: increase with depth up to about 20 em and then ~ecrease with depth. The following· · 

chapter summarizes three studies that have_, explored both . seasonal and vertical 

·. 



9-2 

distributions of AVS. Two studies were done in freshwater systems and one study was 

done in a marine system. · 

Leonard et al. [1] measured seasonal and depth dependent AVS variations in three . . 
freshwater lakes in northeastern Minnesota; Caribou Lake, Fish Lake, and Pike Lake. The 

lakes were sampled approximately monthly from May 1990 to September 1991 for a total 

of 1. 6 months. Sediment· cores were sectioned into three 15 em sections to represent the 

0 to 15 em depth, 15 to 30 em ·depth and 30 to 45 em depth. Particle size, total organic 

carbon .and pore water pH· and ammonia were ··measured for each 15 em section.

Overlying water was sampled for pH, alkalinity, hardness, conductivity, dissolved oxygen 

and primary productivity. 

. . 
Temporal profiles of overlying water temperature and AVS at the three depths for 

each of the-three lakes are presented in Figure 9-l. Average AVS concentrations in the. 

· 0 to 15 em segments were < 0.1. to 9.8 umol S/g in Caribou Lake, 0.1 to 6.0 umol 5/g in 

Fish Lake; and 1.3 to 36;2 umol S/g in Pike Lake. Variability in AVS concentrations was 

most dramatic in the top 0 to 15 em with less variability in the 15 "to 30 em and 30 to 45 
. ·. . , 

em segments in each of the lakes. 

. . 

I 
:I 
I 
I 
I 
I 
I 
I 
·I 

' . ~ ·:"I 

Leonard et al. [1 1 found that AVS in the upper two segments of Fish and Pike lakes· .. 
• • • 0 

.I 
I 
~ 

was correlated to overlying water temperature and though not statistically significant, A VS 
. .· . 

did vary with overlying water temperature in Caribou Lake as well. During periods of ice . . . 
cover overlying water tem·peratures were 0.2 to 1.5°C as shown in Figure 9-1 and A VS 

was at lowest levels (0.1 to 2~0 umol S/g). AVS increased to maximum concentrations· 

as overlying water temperature increased to 20 to 25°C. Generally, when overlying water 
. . 

temperatures were at highest levels in June through Augu~ s.o were the AYS levels. AVS 

decreased with the onset of ice cover. Leonard et al. [ 1] note that the generation of AVS 

· in the summer can be expected as sulf~te reducing bacteria have an optima~ temperature . 

for growth in the 15 to 20°C range and a minimal temperature for growth at 0°C [3]. 

Figure 9-1 shows that AVS concentrations in th·e 15 to 30 em depths were less influenced 
. . 

by temperature and almost no changes were seen in the 30 to 45 em depths. 

.I 
' 

I 
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Figure 9·1 . Seasonal AVS and temperature profiles for Caribou lake, Fish lake, and Pike 
Lake, Minnesota at 0 to 1 5 em, 1 5 to 30 em, and 30 to 45 ·em. ·Periods of ice cover are· 
indicated. Note that sampling dates (x axis) are not to scale. Source: [1). 
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Boothman and Helmstetter [41 studied the vertical and seasonal variability of AVS 

in· uncontaminated marine sediments. Sediment cores were collected in the 

Pettaquams.cutt Cove in ~arragansett, Rhode Island fiv~ times between. July 1990 and 

May 1991 and biweekly in June, July, and August 1991. The top 1 5 em were collected 

and sliced into sections of 1 em. SeCtions of 1 em were· analyzed for the top 5 em as well 

as the 9 to 1 0 em and 1 4 to 1 5 em sections. 

~- . 
AVS distributions are presented in Figure 9-2. Replicate cores for 5 of the 1 1 

sampling dates are represented by.dashe.d lines. A general trend in depth variabil~y i~ seen 

for each of the sampling·periods. AVS is always lowest in the top 1 em slice which may 

indicate the oxic sediment layer. Then. AVS increases generally to the 1 0 em slice and 

remains fairly constant from th~ 1 0 em section to 15 em section. Most of the variability 

is seen in the top 0 to 5 em. 

The profiles in ·Figure 9-2 indicate a seasonal variability in· AVS levels. AVS 

concentrations in the top 5 em increased from June.to August with concentrations of 15 

to 35 umol/g. The winter cores (top row) show lower AVS·concentrations (10 to 25 . . .· . 
umollg) except for one measurement in the January 1991 core of about 30 umol/g. . . . . 

Boothman. and Helmstetter (41 a~o found a strong .correlation or AVS levels with. overlyi~g. 
water. temperature. They attribute vertical and seasonal ·variability of AVS in an 

. uncontaminated marine sedimentto two c"ompeting processes: mic~obial diagenetic sulfate 

·- reduction and oxidation of sulfides. In oxic water bodies diffusion of oxygen into the 

sediment from overlying water results in sulfide oxidation. Sulfide oxidation occurs in .both 

the colder and warmer period~ but rates of mic~obial activity and the production of sulfides 

are much greater, so that AVS levels increase in the summer months (1 ]. Sulfide. oxidation 

is dependent on the presence of oxygen, diffusion rate~, bio~urbation, and the oxidatiorl . : 

potential of the metal sulfides. A discussion of the oxidation of metal sulfides will be 

presented subsequently. 

An A VS spatiaf and seasonal study was done using three freshwater lakes having 

.seasonally anoxic hypolimnia and varying periods of stratification; Crosson Lake, 
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Gt:~llfeather Lake, and Jake Lake, in Ontario (5]. For the spatial comparison sediments in 

·all three lakes were sampled for-A VS at various water column depths from the littoral zone 

to the main depositional basin of each lake during periods of anoxia. Crosson and Jake 

Lakes were also sampled during periods of no stratificat!on. AVS results were reported 

as the meari of three replicates from the top 1 5 em of sediment. Figure 9-3 presents A VS 

concentrations at various water column depths for the three lakes and comparisons of the 

anoxic (September) and oxygenated (May or August) periods. at vari~us water column 

depths for Crosson and Jake Lakes. Figure 9-3 indicat~s that AVS concentrations increase 

at greater overlying water depth in all three lakes during both anoxic and oxygenated 
. . . 

periods. AVS concentrations were greatest during periods of anoxia. . . . 

For the AVS seasonal analysis, Jake "Lake was sainpfed for AVS bimonthly from 

mid-Ap~iJ 1991 to mid-May 19S2 ·at a fake depth of 21m. Figure 9-4 presents a temporal 
. . 

distribution of A \is. Turnover ·events and periods of anoxia as measured at the 
~-:-···.- ~. . 

sediment/water interface are indicated. ~VS was highest during periods of anoxia and 

began decreasing to a minimum following lake turnover. This is expected since as oxygen 

in the overlying· water is depleted oxygen diffusion into the sediment ceases and sulfate · . . . 

reduces to .sulfide thereby increasing the AVS. The key point here is that as the sedimen~ 

.becomes anaerobic and in the presence of sulfate and sulfate re~ucing·bact~ria AVS·will 
. . . . . . . 

form. ·This study did not report overlying water temperature. However the lowest AVS . . . . . 

levels occur in May 1991 and December-January 1992 which is in agreement with o~her 

seasonal studies [1 ,4]. 

. 
A 40 em core was taken in Ja~e lake on August 12, 1992 when the· lake had just 

become anoxic to establish a profile of AVS concentration with sediment depth. Figure 

9-5 presents this profile. The AVS sample at the sediment/water interface was less than 

1.0 uinol · S/g wet sediment then increased. to a high of 7.1 umol S/g wet sediment at 

ab~ut 8 em. AVS concentrations showed less variability below 15 em. 

These three studies indicate the variability tha- -:an be ~xpe~ed in vertical and . . . 
seasonal AVS concentrations. The studies indicate that.AVS is low in the top 1 em of 
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Figure 9-3. Spatial profiles of the top 0 to 15 em of sediment AVS from the littoral zone 
to the ma.in.depositional basin in Crosson Lake (top pan'en, Gullfeather Lake (center panel),. 
and Williams Bay, Jake Lake (bottom panel), Peterborough, Ontario. Samples for Crosson 
Lake were taken on August 8, 1991, before the hypolimnion went ~moxie, and September 
30, 1991, during the anoxic period. Samples for. Gullfeather Lake were taken on August 
8; 1 991', when the hypolimnion was anoxic •. Samples for Williams Bay were taken on 
September-17, 19S1 during the -anoxic period, and May 12, .. 1992 just aftet: spring 

. turnover~ Error bars represent one Standard. deviation. Source:· (5]~-- · · · · · 
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sediment. Presumably, oxygen-at the sediment/water interface oxidizes the sulfides. The 

. highest AVS .levels are seen in the top 1 to .1 0 em but then decrease and show less 

variability below 10 to 15 em. In oxic w_ater bodies AVS generally correlates to overlying 

water temperature. Microbial degradation of organic matter to produce sulfate and the 

reduction ot sulfate to sulfide increases with increasing overlying water temperature and 

decreases as overlying water temperature decreases. As a result AVS can be expected 

to increase with increased water te~perature and decrease as temperature decreases. 

Sulfide oxidation, which is dependent1l~ the diffusion of oxygen into the sediment and the 
. . 

oxidation potential of the metal sulfides, also plays a role in vertical and seasonal AVS 
e • • ' • 

variability. .In water bodies that have periods of anoxia AVS seems to correlate to 

overlying oxygen levels •. Overlying water temperatures seem to affect AVS concentrations 
. . 

in the anoxic ·system presented. 

The Correlation of AVS to Sediment Organic Carbon 

·oata from the US EPA .Environmental Mo·nitoring and Assessment· Program 

(EMAP)l2] were summarized to examine possible relationships between total organic 

carbon (TOC) and AVS in marine sediments. Data.are fr.om the Gulf of Mexico (Louisiana 

Province) and·froni the Mid-Atlantic Coast (Virginian ·Provine~). The EMAP data was · .· 
' . . . . 

. collected in the last week of July through the first week of September from 1990 throu~h · · 

1992·. The data represent the top 2.0 ·em. - . 

In the EMAP data set TOC ranges from 0.1 t~ approximately to percent. The 

median TOC is approximately 1 percent. AVS range$ from approximately 0.1 to 100 

umol/dry weight sediment with a median of approximately 3 umol/g. T~C and AVS 

measurements from . the Virginian Province and the Louisianan Province had similar 

· . distributions. 

AVS showed a positive correlation with TOCforthe EMAPdata. ·A linear regression 

of the log transformed AVS and TOC is shown on Figure 9-6 (solid line). The equation that 

relates TOC to A VS derived from this data set is: 
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Figure 9-6. AVS versus percent TOC using EMAP 121 data, last week of July to first week 
of September 1990 to. 1992. Data have been plotted by interVals having equal number 

· of values. Horizontal. bars represent TOC standard.deviation and vertical bars represent 
AVS standard deviation. Une represents linear regression_.r;lf fog transformed AVS and%. 
TOC. 
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Log AVS = 0.447 +·0.865-Log TOC (9-1) 

~ 

The individual data from the Louisiana CLJ and Vi~ginia (V) Provinces are shown in Figure . 
9~6A. The data grouped into 1 0 intervals with an equal number of values and averaged 

. . 
is shown in Figure 9-68. Although there is a roughly linear relationship between AVS and 

-!~ . - ·:;; _! .• - _•"';,:. .- .- • • • • • 

TOC (fog slope = 0.87 which is almost 1.0),-there is an enormous scatter. The fines in 
. . . . ~ . - . ' 

. Figure 9-6 are a ·factor of 1 0 and 0.1 of the regression fine as a visual aid to illustrate the 

.-: ... -varta.bility in the data. There~~r~, a ph!diction ~f AVS based ~n sediment TOC i~ highly 
'·: 

uncertain. These data are in agreement with the results ofAnldey et al. 161 who found no 

· significant correlation bew,;een AVS a~d TOC in 17. sediment samples_ from an estuarine 

system contaminated with cadmiuf!l_and nickel. 

The basis of this analysis is that_ organic matter contributes to the fo~mation of 
. . . -. 

sulfides. Organic carbon exists in -sediments in refr~ctory and reactive .forms •. It is the . . . . . . 
0 • .... •• 

reactive organic matter present in seqiments that contributes to the formation of AVS. It, ·· .. ' ·. . ' . . 
. · .. · ·.in turn, is the. net result. of the input of TOC by primary production plus terrestrial sources· 

• • ... 0 t ~ • • 

· · of TOC less lnJrticulate organic ca~bon (~C) foss by burial. Thus, the residual POC is a 

.9~od index· of th~ ayerage concentration of reactive orgarlic:carbon but not th~ seasonal 

v~ri~tio~~ Tfle ~es~lt in Fig'ure -~6A ~ n~t s~prising. c~risideri~g the. v~riab.ility of AVS that 
. . 

.has been shown in the previous discussion. By contrast, organic carbon concentrations 

· · ~re qJ~e ~~nStant with re~p-ect ~~~i~~ IJ.]. Th.e ·r~·ason is th~t m~st of the organic carbon 
: ":. . ·L ;., .• I • • 

~-.-:!··oxidation of Met~l Sutrades 
' .. :·. .:;,.;. ~-. -~ . .... :··.: 

·.- . 
• . . ,. : .. . . . . . . .... _ .. -:..~ : :. . - .• . •.. !) ' . ,-_ . , .. : •• • 

· .. · '· '·· · · The· oxidation of metal sulfides is an important component in the analysis of the 
. . . . :. . ' ' ' ..... "· . • .. ~ .... - • . . . . - . -~ • . . . .· ' . i 

1
' iJitimate fate arid toxicitY of. metals in sediments. The oxidation of iron sulfide lFeS) 

. ·.·.controls the amount that. is -a~aiiabl~· to complex ne~ly ·dep~sited ·~e~als. Also the 
'. . ., . . . - ~ . . : -.: . .. ·" -

· · seasonal cycle of AVS in natural sediments is controlled by a balance between th~ .. _ 

formation of AVS via the oxidation of organic carbon wit~ sulfate as the electron acceptor, 

and the oxidation of AVS with oxygen as the oxida.nt. Thus a knowledge of the oxidation 
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kinetics and their interaction with other mass transport mechanisms in sediments is 

important to a proper use of sediment quality criteria based on AVS. 

FeS(s) and CdS(s) Oxidation Kinetics 

The rates of oxidation of iron and cadmium sulfides have been studied extensively 

at low pHs ·in the mining literature [9].· However, the oxida~ion of FeS in more natural 

settings has not received much atte!l_t~on with one notable exception. Nelson [1 0] studied 

the oxidation of synthetic FeS u·nder a wide variety of conditions.' Vari~tions in pH, oxygen 

concentration, ionic ·strength, temperature, and the presence of catalytic metals were 
. . 

· · examine~. His focus was on the initial rate of reaction. He proposed a surface 

complexation model which fit his experimental r~sults quite successfully. 

... 

The entire time course of the reaction for· synthetic FeS using Nelson's data and for 
. . . 

AVS in sediments from other experiments, has recently been completed and a model for 

the kinetics of the ~xidation has be!m proposed [1 11 .. The model is based on the surfa~e· 
·oxidation of FeS, as proposed by N~lson. Th~ particles are assumed to" have· vari~us 

· particle size distributions. In particular a ·uniform and an exponential distribution of surface 

... areas are considered. The equations .a~d .the .solutions are listed in Table 9-1. 
·. 

The reSults of fitting the mo~el to synt~eti~ Fe~ and sediment AVS .are shown in 
; . . ' 

Figure 9-7. The two model parameters are· tfie zero ~rder surfac_e reaction rate, K, and the 

coefficient of vari~tion of the particle size cfiStribution. The symbols represent initial 

concentrations of FeS and AVS. The resu_lts indicate that the r~action rate 1s virtually the 

same for sediments and synthetic FeS at the same pH (Figures 9-7 A, C,-0). This suggests 

that all of the experimental informa~ion that has been ·generated for the pH, temperature, 

and 0 2 dependence ~f. the oxida~ion rate (Figure 9-8), is appli~able t~ ~ediment A\(S.: .In 

particular, the cadmium and iron oxidation kinetics used below assume that the oxidation· 

rate is linear with respect to oxygen. The data in Figure ~-88 verify that assumption for 

synthetic FeS. 
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TABLE 9-1. FeS OXIDATION MOOa 

Popu!ation balance equation:, 

where n(A,t) = number of particles with surface area in the interval A and A + dA, at 
time t. For a zero order rate of surface oxidation: 

the particle balance equation· becomes: 

~- kan = o 
at aA 

For an initial particle size distribution: n0 (A ), the solution is: 

ri(A,t) "" n0 (A + kt) 

the concentration at any time t'is found using the surface area concentration- surface area 
relationship: · ~ 

. . · I -n
0
(A + .kt)AYdA 

c{t) = c0~0;._ _____ _ 

· . I ;n0 (A)AYdA 

where y is the volume to surface area exponent. For a uniform number density: 

=0 elsewhere 

The result is: 

where p(A), the positive function, is the positive portion of its. argument A. Using the 
· · mean, p, and coefficient of variation, v, of th!3 uniform density yields: . 

c(t) = Co p(1 + {3 v-kt)Y+1 - p(1 -:- {3 v-kt)r+1 

{1 + ra v}r+1 - (1. - ..f3 v.}r+1 

. . . 
where· k = k' /p. The parameters are y, the volume to surface area exponent; v, the 
coefficient of var.iation of the number density; and k, the decay rate. 
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The initial results from· a ·series of metal-sulfide oxidation experiments using 

synthetic CdS are presented in Figure 9-BC. The reaction rate is much slower than the 
, 

rates found for FeS (Figure 9-7A); Cadmium spiked ~ediments show the same slow 
. . 

oxidation rate (Figure 9-80). For Cd/AVS = 0, the AVS is all FeS and the oxidation i~ 

rapid. When a fraction {Cd/AVS = 0.5) or all (Cd/AVS = 1.2) of the FeS is converted to 

CdS by adding cadmium to the sediment, that fraction of the AVS does not oxidize in the 

time scale of this experiment. Also, Zhuang et al. [121 conducted a series of laboratory · 

aeration experiments in ·batch reactors to in~estigate the effects of aeration of sediment 

ori the sulfide c~ntent of sediment and on the partitioning of cadmium to the sediment. 

Aeration of the sediment resulted in a rapid decrease in AVS. Concentations of dissolved . . . . . 
cadmium increase~ while concentrations of cadmium associated with AVS and with pyrite . 

decreased.· · 

Sediment Metal Oxidation Model 

The rate at which cadmium sulfide oxidizes in sediments depends not onfy on the 

rate it oxidizes in an aerobic environment but also the rate at which FeS oxidizes, which 

controls the depth of the aerobic ·layer. This is the mechanism that can cause the . . 
cadmium-AVS molar ratio in the surface layer of the sediment to cha~ge from a value of 

less than one to a value of greater than one, with the possible concomitant increase in 
. . .· . 
toxicity. · 

The oxidation kinetics of FeS and CdS are a· necessary part of a model of the 

oxidation and release of· metals from sediments. Worlc.has been proceeding to develop 
. . . 

such a comprehensive model. The model is based on a sediment flux model"that has been . . 
developed. for oxygen· and nutrients [6). The formulation for the cadmium flux model is 

• • • f 

illustrated in F~gure 9-9." The sediment is idealized as having two layers: (1) an aerobic . . . . .. 

· l_ayer (1) where the oxygen concentration is greater than zero; ·and (2) an anaerobic layer 
. . . . 

where the oxygen is zero. Sulfate reduction in this layer produces sulfide which interacts 

with th~ iron present to form iron monosulfide (FeS). 

.... 
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Cadmium e~ters the sediment either by surface_ mass transfer from the overlying 

·water, KLo1; or as particles settling to the sediment. The reactions in the aerobic laye·r are 
, 

the partitioning of cadmium to the sediment solids. Particles and dissolved cadmium are . . 
biotically and abioticalfy, transported to the anaerobic layer where cadmium sulfide is 

formed. Cds transport to the aerobic layer is either pY particle mixing, w 12, or by diffusion 

of dissolved ca~mium, f<t12• Cadmium sulfide oxidation produces Cd2 + which, after 

. partitioning, escapes fro~ the ~ediment as a flux to the overlying water via surface mass 

transfer. =- ~ 

A one dimensional model for cadmium and iron sulfide, oxygen, and dissolved + . .. . . 

sorbed cadmium is based on the mass balance equations listed in Table 9-2. The . 
mechanisms for cadmium transport and kinetics are shown in Figure 9-9. Models of this 

sort have been employed before 113]. The novelty here is the inclusion of the sulfide 

reactions. The kinetics of oxidation of both iron and cadmium sulfide are first order in . . . . . 
oxygen and sulfide concentration. The data used to justify these kinetics are shown in 

Figures 9-7 and 9-8. Cadmium sulfide oxidizes at a rate: kcdsi02 ][CdS] (Table 9-1; 

Equation 9-1 ~onsuming oxygeri (Equation 9-3) and liberating cadmiu·m to the interstitial 

wat~r and therefore becoming a source to the dissolved + sorbed. cadmium (Equation· 9-4). 

The fraction that is dissolved is determined by the partitioni_ng expre~ion (Equation 9-7) 

which affects the magnitude of the diffusion coefficient of "total sorbed + dissolved 

cadmium: Iron sulfide oxidizes at a rate: kt:esi021IFeS] (Equatio-n 9-2) and consi.u~es 

oxygen (Equation 9-3)·. The formulation for particle mixing·by bioturbation is conventional . . 

[ 14] - particle diffusion that exponentially decays in depth with characteristic mixing depth 

z8 (Equation 9-5): A source of FeS, J02 from organic matter diagenesis, is added (Equation 

9-2) to account for the generation of AVS during the experiment. 

. . . 
. • • I 

The solutions to. the equations in Table 9-2 are obtained using an implicit finite 

difference formulation with the nonlinear terms lagged by one time step. The model 

vertical resolution is 1 mm. The parameters of the model are the oxidation rates: leeds and 

kFeS• and the mixing parameters for particles,·oP and z8 , and inter~itial water, Dd, and the 

AVS sou_rce, J02• 
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TABLE 9-2. MODEL OF CADMIUM AND AVS DISTRIBl:JTION 

Mass balance equations for cadmium sulfide; CdS(z,t), iron sulfide, FeS(z·,t) dissolved 
oxygen, 02(z,t) and dissolved + sorbed cadmium, c,.: . 

B[CdS] = ~D B[CdS] _.,_ . [O ][CdS] c1) 
at · oz P oz ""CdS 2 

-..:=.. -

(2) 

(3) 

o[Cdtl = _!o BICdtl ~ ·.,_ [O ][CdS] 
at. . oz t oz ncdS 2 

(4) 

where kcds and kt:es are th~ oxidation rates of CdS and FeS, J02, is the source of FeS from 
organic matter diagenesis, His the depth of the sediment, anp: 

_z . -
Dp = Dp e za . 0 

(5)' . 

is .the particle mixing diffusion coefficient, z8 is the characteristic depth of bioturbation, 
Dd is the diffusion coefficient in p~rewater, and: 

. DT = Opfp ~odfd (6} 

is the weighted diffusion coefficient for dissolved + sorbed cadmium. The aissolved, fd•. · 
and particulate, fP' fractions are: · 

f d = , = , -fp (7) ! 
1 + m" . 

with m =. solids concentration and " = dissc;>lved cadmium partition coefficient. 



.. 1
-~~ 

Ill) 
.~.~ 

I 
1--
1-
I-
I. 
I} 

I~ 
j 

I 
I. 

I 
I 
I 
I 
1. 
I 
I 
I 

9-20 

A set of data from the colonization experiment (Chapter 7) designed to test the 

toxicity of the sediment can be used for an initial evaluation of the model [1 5]. Raw 

seawater is allowed to flow over sediments that have been spiked uniformly with various 

concentrations of cadmium so that the initial concentrations of AVS and cadmium are . . 
constant with depth. The larval forms of benthic organisms settle and colonize the 

sediment. The experiment was carried out for 1 18 days~ The vertical distribution of AVS . . . . 
and cadmium were measured in 6 mni slices, the smaliest practical interval. Four 

concentrations of cadmium were dosed into the sediment: 0, 0.1, 0.8, and 3.0 times the 

moles of AVS in the sediment. The vertical profiles were n:-ea_sured at day 28, 57, and 

118. 

The observations and model computations are shown in Figure 9-1 0 for AVS, Figure 

9-1 1 for cadmium, and Figure 9-12 for SEM to AVS ratio •. The columns correspond to 

each of the three sampling days. The rows correspond to progressively increasing 

cadmium concentrations. The vertical distributions of AVS and cadmium are reproduced 

reasonably well by the model except for the bottom row where the Cd/ AVS = 3 and the 

sediment was toxic to benthic biota. Presumably in this.treatmentthe rate of bioturbation 

decreased and JeSs oxidation occurred than predicted. The computed vertical distribution . --
of dissolved oxygen is also shown as a dashed line in. the· AVS plot (Figure 9-1 0). The 
critical result is that in order to reproduce· the vertical-distribution of AVS it is nec_essary 

to mix the particles. Presumably this is the.resuft of bioturbation by the or.ganisms that . . 
colonized the sediment. The presence of significant impacts on many benthic organisms . ' 

(Chapter 7) and lack of model fit for Cd/AVS = 3 supports this hypc;>th.esis. The model 

also reproduces the trend of increasing SEM/AVS. ratio that occurs in the top 1·to 2 em 

of the sediment, although the magnitudes of the calculated increases are not as large as 

is observe~ in the topmost 6 mm in the 0.8x treatment and larger than observed in the 

0.1 x treatment. 

The parameters used in this simulation are listed in Table 9-3. In· particular the rate 
. . 

of FeS oxidation is consistent with the kinetics obtained from synthetic and sediment AVS 
' . " . 
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oxidation experiments reported above. . The oxidation rate of cadmium sulfide is not 

inconsistent with the results of the initial experiments. 

A p·reliminary application of this model to data from a year long field colonization 

·experiment with zinc contaminated sediments was performed [16]. The purpose of the 

· field colonization experiment was to· investigate the seasonal realtionships between AVS 

. and the toxicity of zinc to benthic organisms. The FeS oxidation rate and particule mixing 

parameters applied in the ·calibration· were similar to those used in the cadmium 

colonization model .calibration {Table 9-3) •. The zinc oxidati.on rate wa~ ttien calibrated to 

the data. Data (symbols) from the sampling after 92 days (Figure 9-13) and near the end . . 

of the experiment (327 days, Figure 9-14} illustrate the fit of the model (solid line) t~ the 

data. f!\ very low zinc oxidation rate {Table 9-3 which is indistinguishable from zero) 
. . . 

provided the best model fit. The results indicate that very little zinc sulfide has oxidized. 

Dd (cm2/d) 

DP {~2/d) 
Zs<cm) 
k Fes (Umg 02-d) 

~cw; (Umg 0 2--dr 
", = "2 (Likg) 

Jn? (gm/m2d) 

TABLE 9-3. SEDIMENT MODEL 

·::~-~m~~~!!~~~~:~l~~,,~j~!lllDIIiBII!!'~&~~ 
1.0 . 1.0 . 0.1 
0.1 . .01 I 0.1 
5.0 5.0 5.0 
3.4 3.8 3.4 
0.01 0.01 1 X 10"7 

300 300 300 
0.2 0 0.2 

An initial experiment which was designed to emphasize the effect of ~ioturbation 

has been performed using oligochaetes (17]. It is well known that these organisms can 

rework the surface sediment which causes an increase in AVS ox.idation. Initial-result~ 

from these experiments are shown in Figure 9-15 which presents the vertical profiles of 

AVS and c~dmium with and ~ithout oligochpetes added to the surface of the sediment. 

The lines are computed using the same coefficients as before {Table 9-3) with th~ : - . 
exception of particle mixing. For the· case without oligochaetes it is zero. For the case 

with oligochaetes it i~ a factor of 1 0 lower than the colonization experiment, reflecting the 
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9-28. . . . 
lower benthic biomass. The model is in reasonable agreement with :the observations. The 

resutt pointS o.ut the need for an independent tracer for particle mixing so that the particle 

diffussion 'coefficient can be determined separately. 

Conclusions 

. . 
The oxidation of the metal sulfides is a critical mechanism that can liberate the 

~ -

metals from the anaerobic layer and cause the SEM/AVS ratio to exceed one a·nd thereby 
;C. - • 

possibly cause toxicity. The loss of FeS and the liberation of free metal. from its metal . . 
sulfide ·both contribute to this phenome!la. The kinetics of FeS oxidation are well 

understood. Application of the laboratory measured rates in models of the vertical 

distribution of sediments reproduce the observed decline in AVS. 

The equivalent definitive laborat~ry data for the oxidation of the other metal sulfides 

of interest are not yet available. Initial resutts for cadmium suggest that the rate is·much 
. . 

slowerthary for FeS but still large enough-to liberate an amount of cadmium sufficient to. 
. . 

change the SEM/AVS fr~m less than to greater than one in the. top layers of the sediment 

which would increase interstitial cadmium to amounts of 1oxicologicat significance_ and 

resutt in impacts in benthic biota (see Chapter 7). However a similar experiment for zinc . . . 

failed to prod~ce such a result, suggesting that the oxidation rate of zinc sulfide is much . . . 

slower than cadmiu~ sulfide·. - ' . 

Organic Carbon Binding 

The binding of metals to other phases in sediments also can be important in . . 
determining toxicity when SEM exceeds AVS. This can be seen by considering the data 

presented previously (Chapters 5 through 7). If the SEM/AVS ratio is greater than one 
• 

then, 56.8 percent of the sediments were toxic. If both SEM/AVS > -, and the porewater 

metals toxic unit concentrations > 0.5 then 79.1 percent of the sediments were toxic. 
. ' ·-----

Thus even if the SEM/AVS ra~io is greater than one, implying that a·n the binding capacity 

of the AVS has been exhausted, thim~ may be another sediment component that is 

' 
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. . 

provi~ing binding capacity for_the metal and reducing its activity and, therefore, its toxicity 

; (see .Figure ·s-15). If ·the binding· capacity is sufficient, the pore water toxic unit 

concentration should be insignificant·toxicologically. If, however, all the strong binding 
.. - .. ~ 

components are exhausted, thenth_e sediment pore water taxi~ unit concentrations will . . . 
exceed one and the sediment could be toxic. The data presented previously shows t~at 

this is indeed the case where 79.1-ofthe-~ediments.tested were toxic when SEM/AVS > .. _,. . . '. . .. 

.1.0 and 1WTU 70.5 (see Table 6-3}.·: For the remaining 20.9 percent it is likely that 
. .. . . . . 

:-,· 
aissolved ligands (probably dissolved ~rganic carbon) and dissolved sulfide are providing 

=- -
additional bindir:ag capacity. · 

·,, 

An experimental met~od ha~ been developed to investigate the sediment chemistry 

associated with metal sorption under anaerobic conditions at equilibrium. ft is named the 
. . ·. 

Anoxic Sequential Batch Titration (ASBT) method (see Appendix 9A for a description).-
- ... ' 

'-

... --.- ..... ·- -· 

Sediment properties other .than AVS were correlated to metals binding capacities in excess 
~ . -·. . . 

of AVS binding capacity (i.e., non-AVS sorptive capacity), and equivalently to metals · 
. . 

• pore water activity fo.r .. copper; cadmium and lead at · varying pf-is·. . . The results of 
. . 

p_~rt:itioning behavior of .these _three. metals to several freshwater sediments ·under 

anaerobic conditions are. p~esented below.·· · 

: .... ~- . 
-

. Analysis Framework . . ·, 
. -. .. . . . ; 

The experimental protocol developed .. in this study w~s-designed to 'investigate the 
.. . 

so~ption of .copper, cadmium, or lead under a_naer~bic conditions at equilibriu~. Tfle 

. experimental procedure allows (a) sediment samples to be contaminated with Narying ·metal 
' • I 1 I • e 0 ' 

· .. - ' - . ' ~~ncentrations. under anaerobic conditions, (b) direct measurement of aqueous metals 
- ~: ~... • :· ~ .• • ~; J .i. ·; • • ...:. • • • ... • • . • • 

activity, and (c) ·simultaneous sediment AVS determination on unspiked sedirrlent samples 
•' , ..... . ::r"' ·.: ~: : • . 

from the same homogenates. . . 
: .. ~ _ · r1 .' . '. ; . -. .._, • • - .; ~-

' ~. _; . 

··- ~~ ~: ;: . ·-~ ... 
The pH of the solution phase . was controlled using various buffers. Metal 

comple?Cation by the buffer matri~ was. eliminated !JY using Goode buffers [18 through 20]. 
. . 

These buffers are designed to be non-reactive with metal species. The dissolved oxygen 
~ ...... 

· . 
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. in the system was eliminated ·by stripping with nitrogen, and confirmed by direct 

·measurement. By controlling· these .tw~ parameters, the .water in the ·ASBT system 

provides a chemical environment that is similar to that found in anaerobic sediments. The 

exception t.o this is the dilution of porewater dissolved species;·· 
.· 

The ASBT experimental procedure w~s evaluated with respeCt to several important 

factors impacting sorption processe~ and anaerobic ·sediment' chemistry. T~e four 

parameters evaluated were (a) .deoxygenation efficiency 1 (b) maintenance of a reducing 
• . . -=. . . . 

chemical environment, (cJ ·sorption . kinetics, and (d) ··particle. induced desorption 
. . 

mechanisms. The results of these evaluations are briefly summariZed below and presented . . 
. in more detail elsewhere [21) • 

T~e metal in the ASST. system was in the ·farm of {1 )""free metal, C2J hydroly~~s 
products of metal, C3J metal co~plexed with dissolved organic carba·r.-criocJ released from 

the .sediment sa'mple and 'oth~r ligands; and (4rsorbe.d meti:ll partitioneti'"onto sediment 

particles. loss of metal by sorption onto glass surfaces and 'by comple.xiiti~·n to buffer 
. . i 

matrix was shown to be insignificant 117). Thus ~etals s'orbed onto the sedim~n~ part!cle 

. ~C5J can be calculated by difference between the added metal CC,.J and.the total aqueous · 

metal (Cw): · .,. 
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(9-2) 

, 
Total sediment-bound metal can be divided into that precipitated as metal sulfide by AVS 

CCs,Avs);_and that bo~nd t_o other sedim~nt components C~s.Non-Avs>: 

Cs = Cs,AVS + Cs,Non-AVS (9-3) 

Measuremer;tt of sediment AVS on an experiment-by-experiment basis provides the first 

term in this equation. Thus the m~gnitude of ~he No~AVS sorbed metal fra~ion can be 

calculated by difference: 

Cs,N~n-AVS = Cs - Cs,AVS (9-4) 

This fra_ctio·n of the sediment ~ound m'etal is analyzed below. . 

Sorption Isotherm Results 

- . 
The data analysis procedure for the sorption data is illustrated using the coppe_r data .. . - . . 

at pH = 7 (Figure 9-1 6). The results from the various sediments are distinguished by the 

various· letters used as plotting symbols." The top figure presents the :conventional 

isoth.erm: the r~lation~hip of the t~t~l sa.rbed .metal (Cs) to the metal ·a~ivity in .the sol~iof! . :.~ _: _: ~ 
phas.e as meas~red using a. spe~ific ion electrode (C1). The middle· pl~~ presents ttl~ n~n-- · :-· . ~ . . 

AV,S sorbed metal concentration ~cs,Non-AVS) versus metal activity. The ·b~om plot' 

presents ·the non-AVS sorbed metal concentration nor~alized by the organic carbon 

fraction of the sediment: 
' . 

Cs,Non~AVS,OC = Cs,Non-Avslfoc (9-5) 

versus the aque'ous metal activitY of the sediment vvhe~e f0 c is the weight fraction of . . 
organic carbon in the sedi~ent. The extent to which the isotherms for the various carbon 

normalized sediments plot over each other is the extent to which the most important 

binding component of the sediment is organic- carbon. The fine fitted to the data is a 

~ngmuir i$otherm model which is discussed below. 

·. 

.. 
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Loga~ithmic isotherm plots revealed non-linear relatio~hips between sorbed metal 

and metal activity. logarithmic isotherm plots of all sediment systems at each· pH are· 
, 

shown in the top panels of Figures 9-17 through 9-1 9. The sorbed metal concentrations 

represent total bound metal (as calculated by Equation 9-2) on a dry sediment weight 

basis. When the measured AVS component of the total sorbed concentration is subtracted 

out (Equation 9-4), the resulting isotherms at each pH are shown in the center panels. 

From ttiese data it is clear that there is. binding capacity for the three metals in these .· . 

sediments in excess of AVS. Mar~ importantly, this excess binding capacity is not related 

to the dry sediment weight. The isotherms cover over a 1 O-f old range in partition 

coefficients. 

When the non-AVS binding capacities (Equation 9-5) are normalize9 to se~iment 

organic carbon fractio~s (f oc), the ~sotherms represented in bottom panels. of Figures 9-1 7 

through 9-19 result. The isotherms collapse into a·single isotherm with residual scatter (a 

factor of 2 to 3) with one exception due to binding to other sediment components and 

experimental error. The effect of sediment organic normalization is most dramatic at pH 

7 although the normalization reduces the scatter at pH 6 also. At pH 8,_howeve_r, the 

precipitation of metal hydroxides is present in addition to the sorption process and this 

complicates the analysis •. The pH in sediments is typically ~.5 to 8.0. ·tn support ·of 

organic carbon normalization, Allen et al. [22,23] showe.dthat upon oxidation. of sedime.nts 

residual metal binding remained and tl1at only a single phase was needed to explain this: 

In a later paper [241 he showed that the binding of Cd to such sediments was identical in 

nature to the binding by humic material extracted from the sediments. 

The sorp~ion isotherms can be tit .using a number of models. The approxir~1ately 

straight line behavior for some of the data (e.g., cadmium at pH= 6, Figure 9-1 8) suggests 

a Freundlich isotherm might be appropriate. However, the curvature that exists at higher 

concentration suggests that a limiting so.rption capacity exists. The simplest model that 

includes an upper-limit is the langmuir isotherm. The Langmuir isotherm equation is: 

where: 
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Figure 9-18. Cadmium activity versus total sorbed metal (top panels), no~AVS sorbed 
metal (center panels) and organic carbon normalized non AVS sorbed metal (bottom 
panels) for pH 6, 7, and B. 

I 
·--1 .. 

.I 

' I 
t 



F 
·:~ 
lfi 

···' 
1··_: 

I~> 

I 

11 - ;:-

~ • 
a: 
I

~. 

~ 

1·.; .. 

1: 
IJ. 
a, 

·'· 

, .. 
I 

,... .. 

10 6 

_J 

<: 
1-

iO!! w 
::E 

o-· C). w 
tO~ 104 

a:' ot:n 
m.§ 
_J 

< ..... 
0 ..... 

:;:l· ..... 
w 
::E 

Cl 

1o3 

10 2 

10!5 

w-
mCl 
a:~·. 104 

··o' 
.cn ~ 
U)= > 
<: 

z 
0 z· 

. _J 

<: ..... 
w 
::E 

ou 
we 
[Q 
C:Cl 
0~ 
[I)' 

C) 
cne 
>
<: 

z 
0 z 

10 3 

:PH 6 

-~~1 ~~~j 
tfe~·~ ~- i q, c 
l . j ., c c 

e cJa c 
d 

-·-· 

PH 7·. 

•. 

10-3 10-2 10-1 10° 101 1fi 103 

C ACTIVITY (mg/L) 

:.-. a.J' •_: ••; 

Figure 9-19. Lead activity versus total sorbed metal (top panels), non-AVS sorbed metal 
(center panels) and organic carbon normalized non-AVS sorbed metal (bottom panels) for. · 
pH 6 _and 7. · · · 



F ··: 
' . . I 

I'-. 
I_, , .. , 

. ....:·: 

I~ 
.:L 

I. 
~·· 

-l 
l-,·-
1:.::· 

I:, 
•• ~1 

1·. 
1 .. 

-"" 

I 
I 
I 

-

-. 

-· 

c, 
~.oc 
~.oc 

9-37. 

(9-6) 

= non-AVS. ~orbed metal _per w~ight of sediment carbon (mg M/kg 

organic carbon) = Cs, non-AVS (Equation ~-5) 

= aque;us metal activity (~g {M2 +}/L), a~d . . .. 
~ partition coefficient CUkg organic carbon) 
= sorption capacity (mg M/kg organic carbon). 

::=.. -

The properties of the langmuir isotherm ar~ shown in Rgure ~-20A. The isotherm is lin~ar 
(slope= 1) ~n- a log-log scale and approaches a constant as _the concent~ation exceeds 

~.OCI~.oc· 

If organic carbon is the only significant sorption·phase, then one would expect that 

the total sorption capacity of this phase is independen~ of .pH within the narrow range 

tested. On the ·other hand, ;the partition coefficient for metal sorption to natural and . 
. . 

synthetic particles is expected to vary with pH over a wider range. It _arises _bec~use metal 

sorption is a competition betWeen the metal ion a~d the hydrogen ion. As the pH is .. · 
. . . ~ .· 

increases the concentration of hydrogen ion decr~ases, lpwering the competition for . . . . 

sorption sites, so that the ~uantrty 'Of metals sorbing iri"creases: . The isotherms that resu~. 

from this type. of model ar~· shown in Figure 9-208. The increasing. partition coefficient . 
. I 

as pH increases results in an increased pa.rticulate concentration for a fixed metal activity: 

The langmuir parameters~ oc for each pH, and the binding capacity (~,OC) can 
• • I . 

be obtained using a non-linear regression of the lo9-transformed sorption data for each 

metal. ~he resulting capa~ity and partition coefficients are listed in Table 9-4. ~igur~s 

9-21 through 9-2.3 present the langmuir model and the data for copper, cadmium and l_ead . ' 

at the various pH's. For each pH, the data· are summarized and plotted in the following 

way. The. sediment concentrations are sorted from low to high· and divided into seyen . 
groups with an appro~imately equal number of concentrat~ons in e·ach group. Then the log ._ 

. mean of both the sediment co~centration and aqu~ous ~ctivity are found. These ·mean 

.· 
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conc_entrations are plotted as the filled symbol. The standard deviation qf the data in each 

. group is indicated by :the lines in both the x and y axis directions. The model fits the data 

for each metal surprisingly well, especially at the iow metals activity where the isothems 

will be used for setting Sediment Quality Criteria. 

. . 
TABlE 9-4. ORGANIC CARBON BINDING CAPACITY AND 

PARTITION COEFFICIENTS -FOR COPPER, CADMIUM, AND LEAD. 

Copper 

Cadmium 

lead 

117,500 

54,450 . 

339,400 

390,400 

20,740 

248,700 

2,731,000 

250,700 

346,400 

2,003,000 

914,400 

The sorption capacities for copper, cadmium and.lead are shown in the top panel 
. - -

of Figure 9-24. The capacities for copper and lead are similar whereas the capacity for 
' . . . 

· cadmi~:~m is lower •. The partition· coefficients as a function of pH are shown in the bottom 
. . .. 

panel of Figure 9-24-. They are almost equal for copper and lead but are· an order of 

magnitude lower for cadmium. A fine with slope = 1 .is included in the fig!Jre for - . . 
comparison. Th~ relationship between log Kct.oc and p~ is essentially slope one betwe~n 

pH 6 .and 7. This corresponds to a replacement of a single hydrogen ion wifh each riuriar · . . .. . ·• 
ion sorbed, presumably as the metal hydroxide, MOH+. 

These results ~reused in deriv-ing sediment' quality criteria in Chapter 11._1:fowever, . . . . . 
a_ simple case is examined in this chapter in order to assess the· importance_ of sediment 

organic carbon bindi_ng. The sediment quality criteria for a single metal is: 

(9-7) 
. i 

where~ is the part~ion coefficient and CFCV is the final chronic value for that metal._ 'It 

should be pointed o~th~tthis equation is valid for a given metal only if the concentrations : · 

of other metals is small relative to the AVS. The pa~ition coefficient can be expressed in 
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-

terms of the organic carbon partition coefficient and the fraction organic carbon in the 

sediment: · 

SOC = A_VS + ~.ocfoc CFCV (9-8) 

The importance of organic carbon binding can be assessed by comparing the 

magnitude of the term in the a!Jove Equation (9-8) that corresponds to organic carbon 

binding: 

(9-9) 

with typical AVS concentrations found in sediments. This is demonstrated in Figure 9-25 

using the fresh water final chronic val~es lat hardnes~ ;= 1 00 mg/L) and K.:..oc for pH 7 
. . 

for copper, cadmium and lead. The dashed horizontal lines show the typical range of AVS 

and the dashed vertica~ fi~es give a typical range off~~- AS f0~ and AVS increase ~o does 

the allowable sediment metals concentration. Even with no AVS binding, sediment metals . . 
levels of up to 1 00 umof/g may be ·acceptable depending on the organic carbon content • 

Least Sorptive Phase 

. . . . . . 
The e~ent of ·partitioning .be~ween sedime.~ts and i(Jterstitial wa~er is. a critical 

.. component in establishing· sacs. ·~quatioh 9~8 points out the importance' of th~ partition: 
. . . . 

c.oefficient, ~- In the absence of A_ VS and significant organic .carbon in a sediment, the . . .· . . 
partitioning would be established between the mineralogical phases and the intersitital 

water. 

A series of experiments have been initiated to determine the partition coefficients 

for metals using "clean" s~diments which contain no AVS and no appreciable org~nic 
. . . 

carbon. The idea is to me·asure partition coefficients that can be used as minimum values 

to determine the exte~t of partitioning. These partition coefficients would be used to 

compute lower bounds of the SaC. For sediments with metal concentrations below these. 

values, the sediments would b~ judged to have sa.ti~fied the SOC. 
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9-46 . . 
Determinations of the partiton coefficeint, ~ • .for_ cadmium, copper, nickel, lead, 

. . . 
and .zinc were done ·using tw~ adsorbents with very low organic ca!bon content. The 

analyses were done at the U_.S. EP~ ~nvironmental ~esearch laboratory, Athens, Georgia 
. . 

[25]. The adsorbents were a commercially obtained washed sea ·sand and a sample of 

na!ural sand from Dna Beach, Or~gon. The washed sea sand was used_as provided. Most 
. . 

of the aqueous phase was removed from the Ona Beach sand samples. Remaining water 

content was 16.7 percent. Total organic carbon content. was 0.006 percent, for· the 

washed sea sand, and _0.019 per:fent for the Ona Beach sand. 

· About .5 g of sediment and 30 ml of a serial dilution of the five mixe~ metals were 

m!xe~ and allowed to equlibrate. The .samples were then c_entrifuged and the supernatants 

wete analyzed for pH and remaining metals Using the graphite furnace atomic adsorption 

.'spectrophoto.meter {GFI,tAS) {251. The adsorbed amounts of each of the metals, on a 
. . 

gram weight ·b~sis ·were computed from the difference b~tween the ~nitial metals 

'-concentration and.the remaining· metals concentration in the supernatant divided by the .. . . . 
initial volume of 30 mi. The amounts absorbed (gram) were then divided by the am~unt 

of sediment added (gram) to comp~e the adsorbed ~ofid phase concentration, Cs. · The · 

part"ition. coefficient, ~ was then computed as follows: 

c K - s. 
d --c .. 

. w 
. (9-10) 

where Cw is the remaining metals concentration in the supernatant. Table 9-5 presents -. . . . . 

the mean~ an~ statndard,error for each of the metals. 

. . 
These initial results suggest that the partition coefficients are varying somewhat, 

bUt not by orders ·of magnitudes. · ·Therefore, it is probable that minimum partition 

coefficients can be established which would provide a lower bound for the Sediment 

a·uality Criteria on an SEM basis. The details of this formulation. are discussed in Ch~pter 
• I 

11. 
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·TA~LE 9-5. PARTITiON COEFFICIENT, Kd, FOR LOW ORGANIC CARBON 
. . ·. CONTENT SEDIMENTS . 

~~~;~UIW!~:~I!"lli1I'~11,l~it~iillli11Klltfllmltlllit~11111ilfilrltl:lffi1~111~1111"Ji 

Sea Sand '163.05- . .. 21;17 
(6.97 ,5)a (4. 1 5,5) 

Dna Beach Sand 265.08 34.58· 
' (16. 1 ,6) -- ·_. (1.87,6) 

astandard error 1 number of values 

Pore Water and SEM/AVS Sampling 

48.36. 
(7.34,5) 

. 71.09· 
(5,44,7) 

1,847.67 273.65 
(137.95,6) .· (24. 1 ,5) 

·2,183.70 
(260.53,5) 

579.10 
(33.5,4) 

The sampling met~ods used for AVS and interstitial water have been studied-and 

recommendations are available that appear to be the. optimal choices at present. 
. , . 

Pore Water Sampling . ···-

. '··: 

•, - ' r .. ~. • • • 0 ~ -~- . Bufflap and Allen (26] reviewed the four C?Ommonly used methods for-collection of 
0. • ~: ' . . . . 
.- ~. : ._. p~re water and potential artifacts from their use, particularly in the '?reparation of ~atnples 

. . fof trace:metal analysis •. Two of the methods, c~-ntrifugation arid squeezing:~·are ex_.situ~ 

. .- '' · .. 
~. -. ~ . 

. . requiring the removal of sediment from the natural environment~·· The.other_.two, dialysis . . . . . . . . 
- 0 ·-· 

and suction filtration~ are used in-situ.·: Their work has bee·n included in Volume II of this 
.,;::-:.;:;r:;~· --.·~ .. -~.--. . . • . . ...... , ___ ,J·' : 

.. submission • .-In addition to each method having its own advantages and disadvantages,'· 
-:": ... 2. -· 

. ~ ., ~' -. . -· 
there are sever~! general. sources of error: t~at can alter ·pore· water chemical 

. . . . . .. .. I 
concentrations •.. A summary of their findings is presented below~ · ..... .,. · ' · 

-.. . . .-: .. - •·'' ' -
.• --. - . . ' . . ~ . ..... - ; 

Several sources of error in sampling can lead to erroneuos porew!ater 
. . 

measurements. A primary source ·of error. is the oxidation of anoxic pore waters. ·If a 

~a~pfe .. is. affo~ed to oxidize the sp~ciation of iron and other trace metals 'wm' be aitered~ .. 
. . . . . 

Anoxic sediments s_hould be handfed in a. glove box or glove bag wheri extracting. pore 
. . 

water.. Another source of error that can occur during sampling is pore water oxidation as 

j 
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-"''a result of the mixing of oxic ·and anoxic.sediments during sampling. Also metal 

·.· :;contamination _should pe avoided when sampling by avoiding contact with metal parts of 

· --. the sampling device that may ~ontaminate the ;ample. Some studies indicate that sample 
. . - - - .. 

extractions at·temperatures higher than in-situ. may .change the composition of the pore 

water however there is no direct evidence ·that extraction temperature plays a significant 
-•.. _- r - . .. -, ... 

. ·-· , .. :role in trace metal concentrations iri pore w~ter [261~ Pore water samples sh~uld be 

filtered during or after extraction to remove residual particles that can interfere with both 

:_: analyti,~~f procedures or alter tra~~:::.~etaf concentrations due to adsorbti~n/desorbtio~ of 

. the metal to the residual particles.- -Bufflap and Allen [26] discuss the three. most common 

:sampling techniques; ~redglng •.. grab sampli~g and. co.~ing, and give recommendations to 

minimize sampling errors. 

.:.,: .. 
. - . . ~ 

Th~ primary concern. with analyzing sediment pore water .is finding. an extraction 

technique that will produce samples that best represent the natural environment.· To 
. ... . . . . . 

accomplish. this goal, the technique that is used should have. the lowest potential for 

producing sampling artifacts. The ex-situtechniq"ues, centrifugation and squeezing, require 

~he removal of sediment samples from the natural envir~nment. The squeezer method 
. ~ . . 

employs various apparatus to pressurize a sediment sample which forces the pore water. 
' .:·:. ~:. 7:.~ '. : - . • . 

. through an exit port. The squeezer apparatus are known as core section or whole core 

. _. . squeezers. Core sectio~ squeezers employ either g~s pressure or a mechanic~ I means ·of 
; .. _: . ~ '\ . ... . . ' - . . . . . . . . 

p_ressurizing the sediment sample and forcing the .pore ·water through ·an exit port~· Core 
. . . . . . . . . . 

"section squeezers-are an inexpensive and simple means of .extracting sediment pore water. 

-They also ofte~ immediate filtratio~ of ·the water samples, thu~-eliminating a hand~ing st~p 
~hich. m~y introduce contamination to the samples.· .The disadvantage of core section 

--· .· .. -··. . 

squeezers is that their_ use requires handling the sediment ·which'-may introduce artifacts 
,. • .. •• 0 • • 

resulting from oxidation or temperature·differe,.;ces. 

",i: •. ., .:: ···: 

~ -:~ _· -~ . . .-. ; ... -.\ 
. . ~ ~ ; . . . ' 
Whole core squeezers may help to remove the possibility of artifaCts that inay result 

. whe!" using the core section squeezers because the sediment remains in the core liner with 

· which it was removed fror:ri the n~turaf environment. These squeezers apply. pressure :to 
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the sediment by·the use-of plungers.· A .problem with the whole core squeezers is that 

.... ~olid phase pore Water: interactions.may alter pore water concentrations during SqUf~ezing. 

. . 

. -:- . Centrifuging is another widely used ex-situ simple technique to obtain pore water. 
. . 

Centrifuging can be conducted at in-situ temperatures and handling the sediment samples 

can be done in an inert atmosphere- to avoid artifacts that may change pore water 

.co-ncentrations. One problem with centrifuging is that some fine particulates may still 

·-remain in pore water. Fine particulates can be removed either by using a built-in filter at 
·.:::.. . 

.. the top of the centrifuge cup or by displacement of the pore water in the sediment by an 

.... "inert solvent placed in the centrifuge tube. The derise solvent replaces the pore water in - . . ~ 

. . . the ~ediment forcing the less dense pore water to the top. Of the two exiSting techniques, 

squeezing has the lower p~tential for artifacts because all handling steps can be conduct~r::l 

in an inert atmosphere cont_ained in a glove bag in order to avoid oxidation artifacts. In 

ad~!tion, pore water filtration can be conducted in-line; thus eliminating .a handling step 

. that is required in centrifugation,· and·rowering the potential for artifacts·.· 

.. '.·! · ... :l.. . · .. 

Squeezing and centrifuging are discussed by Bufflap and All~n {261 in· more detail. 

In-situ te~hniques, such as dialysis and suction filtration, ha~e less potential for producing . . 
sampling artifacts than ex-situ techniques because pore water samples are extracted 

directl;.•.from the natural environment."The general principle of.dialysis··sampling involves 
. . ~. . . . . . . . .. .. 

~----- .... allowing ~ -~okJme of deionized,. distilled water to come to equilibrium with "the" sedimen~ 

-.,. ·. 

-·· ' . r-: •. ~ 

. .. 
. : . pore ~ater in order. to determine chemical concentrations.·. One problem with dialysis 

samplers .is that the-.chamber- water· must be deaerated ·before insertion·· into anoxic . . . ~ . . - . 
sediemnts to avoid oxi~ation of the sample. Dialysis has limitations becausE!eq-~i-libration. 
times can last several weeks. In addition, the volume of sample is limited ·by the size of 

.. the . sample, chambers, not by the physical. features. of·· the sediment~ ·;_lastly dialysis 

··'~ .. samplers generally require placement and retrieval by SCUBA divers, thus incr:easing study 
.. ~~ -. :~·- ;...... ~ ! 

-

costs •.. .. ' . . : . ..:..::: .· .. .. -:-; ' . ~ . 
.. ·~ ~ :,; . . ..... '• .. ~ .,. · .... · .. 

_., ... _ 

Because there are different techniques available for extracting sedi;.,ent por~ water, 

it is often difficult to compare data from different laQoratories. What is needed to limit 
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___ . _ ; .. , these discrepancies is to·- compare the existing techniques and to develop a sampling 
: .. - : .:;.. ·.. - . . . . . 

~-- ... _ . , methodologY, that _will produce por.e water samples that best resemble the in-situ conditons "'' ~,-: ... :._ ...... - . . . 

. a~d can be easily ut~liZed by all research~s.' Studies done to compare the existing 
·~ . . 

, . . . . .... techniques are discussed by BUfflap and Allen (26]. · However, more research is needed - :' : . ' .. ' ~ . . . . 

'"".1• .. ·•· 
. _:_in this area. ,. : 

... ,.... ... -· . ~: ... ........ : ~ . : .~ 
; ,.. . . . - ... . ~. . . . . 
.'J" ... 

._. A V:S/SEM Sampling 

.... ~::.. - .. :.: ~::: 

-.. 

. ·.: 

' ~ I • • 

A draft analytical method.for the determination of AVS and SEM in sediment has 

.. been proposed 127,28]. This method describes procedures for the determination of acid 
. . . 

__ ,.volatile sulfides (AVS) and for metals that a're s~lubifized .during 'the acidification step 

_ _ , .. ·. :· (SEM) ~ -_The conditions used have been reported to measure amorphou~ or moderately 

crystalline monosulfides. B_ecause the relative amounts of f\ VS and SEM are important in 

__ . _ _ _ the pr_ediction of potential"metal bioavailability, it is important ~o use the SEM procedure 
'--~ :.·r- • ,,' 

for .sam~le preparation for metal analysis. · This uses the same conditions for release of 

both sulfide and metal from the sediment and thus provides the· most predictive means of 

:;.,--r-"'· c- assessing the amount of metal associated with sulfide~ The mett-iod.is included in Volume 
.;u, . ..t••-' • • 

··::~-. . .:;-:· II and a_ su~mary· is provided below.·.: , :. 

-_:· .. :::J ... _..-r - .. _ : . ' ~. 
~ 

. , :, - Tt:ae AVS in the sample is first converted to hydrogen sulfide tH2-S) by acidification . 

;· :. : • -~ :·· _. ~ith hydqJchloric acid at roo~ temperature~ The H2S is then p~rged from the sample and· 

7_:~~·-;i::..!~ t~~pped. ,.The_ amount-of sulfidethat has been trapped is then determ~ned; The SEM are.· 

.;,. - ..... - metals liberated from the sediment during the acidification~- These are determined after -·· ··-~ ... - .... . . . ... . 

.. -:---__,filtration-of the supernatant from the acidification step.'-· 
,l •• .,~ ... :.· .• . • 

:..:; -~~:;:·z. :;1~ •• : · •. ' ' •• ~-·:.: .. >::,; .=:, :. 

;::c.:: .• :·. : :. :. l . _T~o ~ypes of apparatus· for sampJ_e purging and trapping of H2S ~re described. On~ 
, .... •'-., uses a series of Erlenmeyer.flasks while the other uses flasks and traps with ground glass 

';' -• .... "', ~.· -..I • ~ · • ' 
0 

1 • : 

stoppers. The former is less costly. Tne latter is less prone to leakage tha_t ca:uses lo;N 

-· recovery of AVS. The latter is recommended when higher degrees of precision are desired 

. ; .. ; 
.. and for samples containing low levels of AVS (- o~i pmol/g). · · · · 

-_. 
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Three means of quantifying the H2S released by acidifying the sample are provided. 

In the gra.vimetri!= procedure, the H2S is trapped in silver nitrate.· The silver sulfide that is 
, 

formed is determined by weighing. This .Procedure is recor11mended for samples with 

mo~erate or high AVS concentrations. In an alternative procedure the H2S is trapped in 

an antioxidant buffer before using an_ ion-selective electrode. After release of the H2S, the 

acidifie~ sediment sample is membrane filtered. before determination of the SEM by atomic 

absorption or inductive coupled plasma spectrometri~ ·methods. In the colorimetric 

method, the H2S is trapped in s~i~:Jm ~ydroxide. The sulfide is converted to methyle.ne 

blue that· is measured. This procedure is recommended for samples that have low :to 

moderate AVS concentrations. 

Using the apparatus described by Allen et al. .'[27], the colorimetric method of 

analysis is capable of det~cting AVS at concentrations normally encountered with a 

recovery of sulfide. of at least 90 percent. High preeision is possible if the Allfm et al. 1271 
. . 

apparatus is used with a limit of detection ~f approximately 0.01 pmol/g dry sediment. 
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-· APPENDIX 9A 

. EXPERIMENTAl PROCEDURES 

Sediment samples with· overlying· wafer _were collected ~n one gallon plastic 

cqntainers from various locations, transported under ice, and stored at 4 ° C throughout the 

Study ~eri~d. Subsampling procedures.~ttempted to mini!llize exposure ~imes to air and 

elevated temperatures. . 

· . . 
. Sorption isotherm data were obtained by titrating sediment· with either copper, . . -=-- . . . -

c~dmium·or. lead in batch mode_ (Figure 9A-1_). The Anoxic Sequential Batch Trtration . . . 

(ASBT) method consists of a series of 250ml, Florence flasks (typically 1 0) stoppered gas-

tight· with two-hole rubber ·stopper~ fitted with glass tubing~ The entire train of flasks is 

. connected to a source of purified nitrogen gas (Matheson; Prepurjfied,_ 99.998 perc,ent 

mfnimum) which is bubbled through a va~adate/HCI/amal~amate.d- zinc ox~ge~~ipping 
solution as a polishing de-oxygenation step. Into each f~a~k,- ~:wet ·sediment sample is-. 

introduced, a known volume of stock metal solution is added, and a known· volume of . . 

deaerated bUffer solution is added. Each flask is similarly prepar~d and se-quentially 

. attached to the flask train: An Acid Volatile Sulfide (AVS~- determinin~ apparatus· is .. .. . . 
attached to the sorption flask train to measure the· sediment AVS simultaneously; The 

. . •. 

sediment is then titrated by varying the copper, cadmium, ~r lead Stock solution volume 

. added tc.~ach.flask and thereby obtaining a range ofsedi~~rit-~o-~nd a~d aqu~o~_ ~o~per, :- : 
.. . . . .... 

;~_cadmium, or _lead conctmtrations. . . . . ~.:. . . ' 
- . - -~--~ . - -: - . 

- i ... ~ . 
. -. -·--· ... · . 
Total aqueous metal concentrations were determin~d . ~Y. Atomic ·Absorption . 

Sp~ctroscopy (AAS; P~rkin Elm~r mode1 PE-3030) in sam~l~~--ofth~ :overlying w;rter of the 
. . -..- . . - . - . •,_ . . 

· ASBT system which were filtered through glass fiber filter discs and acidified to 1 percent 
~ ' . . . ~ ....... __ .. 

. HN03 by volume.' Metal concentrations bela~ 1 mg/l required the use of AAS in Graphite 
• • L__ ._: • . • • I 

~furnace ·mode (model HGA-400). Concentrati-ons greater than-1-mg/L.w~re analyzed by 

-: AAS in Flame mode Cair-ac~tylene.flame; Perkin-Elmer lamps).- :) · . · . . . --·- --- _, . 

Metal activity in the overlying water of the.ASBT system was measured directly by . . . ... 
an ion-selective electrode (Orion, #90-29) in conjunction with a reference e-lectrode (Orion, . . . . 
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Sorption-.Experiment" Reaction Vessels _-
,__ _ __,..c.__,~- . . . . ..-·-· ___,,_....._ 

... 

.. 
'• ! ', 

'I - • 

AVS. Measurement Vessels 
. ' 

·. 1: Reaction Vessel . . . . . . ·2: pH-4 Buffer ·trap 

.. '· i . 
3: _AgN03 ~ul~ide Trap . . 
4: AgN03 .sulfide Trap ·1: Gas inlet & outlet ·. 

.1. • ~ 

'?: 250 mL .Glass Flask . . . .. . . 

. ,~:· Buffer Matrix + Metal' Spike 
• \ • • •• . .• 1. 

4: Sediment Sam pie · · · · · 
.·., 

Figure 9A-1. · Anoxic sequ'ential batch titration (ABST) experimental set-up.' Purified nitrogen gas I~ used to remove and 
exclude oxygen from the reactlon flasks." Typically 10 flasks are used to expose sediment samples to pH buffer matrix-and. 

· : 1'?'. ·11 contamination; as shown fn the .enlargement. A 4-fl·· · .:· .AVS measurement appa~atus Is Included to determlne:'·"l 
.... __ -\li."eWS!iiiun_.d!!.M~~en~op~slllll~ ~ ....... -- - -- -- - -



t 
I 
I~ 
I. 
1:.: 
1: 

I~ 
11 
I~ 

_-..:: 

~~;·! 

1·. 
I:, 
I.~ 

I. 
,-,. 

I~ ?::: 

1..::. 

I. 

I 

.. 9A-3 

#90-02) and a voltage meter (Orion SA-720). Daily metal activity standard curves 

generated at the apprc;>priate p~ were used to calculate a regression line on the linear . 
portion of the curves. ft was assumed 'fhat metal activity was linearly related to .electrode 

response at all activities. This allowed a given day's standard curve regression equation 

to be used to calculate the metal activity of that day's ASBT overlying water sample~, 

even though the millivolt reading of so!""e ~ampl~s fell below the lowest standard_. Copper: 

cadmium or lead activities calculated in this way over-estimated the ·metal activity _of 

sa!'"ples below 0.01 mg {Me2 +} /Lh ~he ionic Strength of both samples and standards was 

· adjusted to 0.005M NaN.03 prior to determining metal activity. 

The pertinent sediment characteristics relating to metal partitioning were determined . ·. . . . . 
as follows •. Sediment dry solids w.ere determined by weighing a sediment sa~ple before 

and aft~r d.rying at 1 03 ° C oyer~ight. S~diment carbon (total, organic, an~ i~o~ga.nic) ·was 

measured using a LECO model CHN-800 Carbon-Hydrogen-Nitrogen analyzer. ·Sediment 

dried at l03°C was analyzed for particulate total carbon (PTC). A subsample of this 

. material was acidified with 0.05M HCI for one hour ar.d dried at 103 °C. This treated 

sediment was analyzed for particulate organic carbon~(POC), and the difference·between 

PTC and POC was attributed to particulate inorganic carbon (PIC; i.e.; carbonates). 

The pH of the overlyi~g water was measure'd ~sing a Beckman ·CAL Tex) ~-60 pH 
meter with a Fisher Standard Polymer-Body Gel-.filled combination pH electrode (#13-6~1-0-

. .. . 

1 08). The pH of th~ ASBT systems were buffered using Goode buffers (0.005 to q.o1 M 

solutions adjusted to desired pH with . NaOH). At . pH 6, MES (2-[n- · 

morpholino]ethanesulfonic acid, sodium saf:t; pf<a = 6.1: Sigma M-3885) was used, at pH 

7 I MOPS (3-(Morpholino]propanesulforiic acid, sodium salt; p~ = 7 .2; SIGMA M-9381). 

was used, and at pH 8, HEPES (N-[2-Hydroxyethyl]p~perazine-N'-[2-ethanesulfonic acid, 

Sodium salt; pK3 = 7 .5; _SIGMA H-2393) was used. These buffers are designed to be non-. 

reactive with metal species [17, 18·, 191. 
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CHAPTER 10 

~; :. !, ~::-·· ·: CONSIDE-:tATIONS FOR.ASSEsSiNG METAL BIOAVAILABiliTY IN SEDiMENTS 
': ·-' '. , ..... 

:;:;,;;--_,·:: · .. ~:Base'd 6n.the ~t~di~~ ·des~ribed. inthe preceding chapters, n·is apparent that 
. . - . ·, . 

· · :-<"" ·-~vai~~tiokofpore' Water .metal c~ncentrations and/or SEM:AVS ratios can .provide 
. - . . - .. :- . ~' . . : -· - --

..14 • ~- - ,.._ .-. ., ... • • • 

· • · · significant insights concerning metal bioavailability in sediments. We feel that the two 
o - 6 ~' • • < • • • • •- :_) '. I. •• . • • • • ' ' 

'!)i ::~~l..i; ~ec~niques are complementarv and should be used in conjunction with ane ariother 

. . as an a·pproach to providing ~ss.essmen~ of the potential ecological impacts of metals 

· · · iri se'di~ents. Ho~ever, w~en. ~~i~g .~h~~e -~easures of-metal b~oavailability, it is 

· · · ': ~-- important. to. r~~()gnize· the limits of ·applicability of the techniques. . , These are 
- . ~-. ·-· . 

',-1- ~ : .. :: /", '. 
..... -.. . 

;_I 

.. 
~ . -: . 

. f' ·. :· .. '\: : : ':.' 

• .. ·-. Comp~risori of n1et~l-concentrations in pore water t9 water-only toxicity data .. 

can be used to predict not only the presence, but also the extent of; _metal toxicity in 

sediments. The ability to _actually quantify bioavailable metals in sed_i~ents is 

attractive for a. number of reasons. For example, quar:Jtification· of bioavailable metal . 

• '. · ·'·facilitates the'evaruati~h ~i dfff~~~c~s in ~~fati~e species .sensitivity a~d thus, enabies 
•, ' •: -, • • •. . • --,.: • ·. • : • .. . ~ -:.~). 1 :•;: .:· ', • '"I • ;... ':; ~ ·_, ~~ .,l . ' "• • I ' I • .. _.... • ' ' • ' 

- ;_: ! ~' ··.the identification ·of spec!es at risk. This· is not yet possible with SEM. and A V3 • 
.. ., ..... ,..,_ ..... •. _-.. . ---~· ·:-.~ ,. ···. ···:.:·'_ .... ~--·:::·t._: ._' . . .. ,. 

! ::.,r..- • ·When SEM and AVS, ·due to other possible binding phases, it. is not yet possible to 

• ·::~:~;:~:..:predict actual p~r~· w~t~r concentratio~~ .cit'm·e~~~~:. Anoth~; ~d~antage to monitori~~ 
. ·- ,,, .. _,, · .. -, . . __ .... _ : ··.i _.,. ·: ·\ .. :· :: ., ..•... : .-. ' .• ~.J'·· . - . 

~:~·.; ... pore water me~al concentrations is that they should be useful. for predicting the 
I •' , ,,"~;· ,.·•·:-·,,-'· .• :r~::';• i···:,-.. :. ~·:.:!\ '!-, "•-..,. " 

-~· ·~: to-xicity of metals,· such as chromium, which do not form insoluble.sulfides. Finally, 
·~·'• ·• •.:,... .... • -: .... -~.\·L•--.• --.. ,;· .• · "':' ;· -~---~-ri fS.·.--:-:~:·- , .. •'~ .. ;· :J. ~ .• :· •.• ". •.l ~. .. 

• -~~ .. =- ·because AVS' is~·readity· oxidized, it is· not an important binding phase ior metals in 
• .. . .. ; ........ --·. -

1
- .·,r,: ·.· -., ~~·.;--,~.-- ·~: ·: ~ .. :: ~---~ ·-~~~·· -·' ; : · • ;· .. ·' .~ . . 

; :..•. ---~ ~ completely aerobic sediments, however, the bioavaifable fraction of metals shoufd·stifl 
• • •• -~ .-. -: •• - ._.... ·.:'"' ,~·:; •·. : • ._~ ·.:"'-...·~ • • .-:: :" ::. ; • .:: J • • •••• ,,. 

: ~~~· ·' be ap_proximate~ b~ ~~in9._. :.~~~ ~~~~-~~~~r. ;~?~e~trations~---' . , ::! ~,. . . . _ .. 
r: ~" ;.:j r:_: ~-- -:-r :-;-. ~.-~ :. . J j '! •• ·\,. ,--_ 

. . ' . . . . . ; ~' .. , . . '·- /:. ; . -~ . . . 
·· ·~·. · There·atso· are disadvantages to so~ely using pore water concentrations to : 

. >· ,.' ~-quantify me;al bio.avail,ablit~. Fi~st, .be.:c:~~~e· pore w'~ter isope;ation~lly defi~ed (i.~., -- .... 
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there is no standard method-for isolation.although we recommend a procedure in 
. - . . . . 

·: Chapter 9), there is a valid concern that laboratory variations in preparation may result 

in significant differences in metal concentrations found in _pore water. A second 

:· ·disadvantage·to using pore water metal concentrations to predict toxicity is that, if 
- . 

one accepts the paradigm that pore water -is indeed a major .route of contaminant 

exposure for epibenthic and benthic invertebrates, Jt may be difficult to account for 
. . . - ·'. 

' · the.effects of the pore water matrix (e.g., dissolved organic carbon, hardness, salinity) 

on· metal complexation and bioavailability. This is, of course, ·also an issue of on-going 
- . 

-concern in the area of wac issue~ by the US Environmental Protection Agency. A 

· final potential complication is that for species-specific assessmf:!nts, it is necessary to . 
. . 

have ·a water-only effects data base for comparative purposes for the metal and the 

species of concern. However, .for the purpose of SOC derivation ~or metals. in 

sediments, targe~ values for pore water metals could be obtained from appropriate 

wac documents in a fashion ~imilar to th~t for nonio~ic organic chemicals. . . 

· Acid Volatile Sulfide and SEM 

. ·- i ~-. ~ 

· The studies described in. previous cha-pters have clearly ~emonstrate.d. that A VS 

can be a key factor influencing iriterstitial water concentrations and bioavailability of 

·· · metals in sediments. :tn virtually no instance have we seen metal toxicity when SEM 

··- ' · .. is less than A VS and SEM greater ~ha~ A VS oft~~ ha~ bee~ predi~ti~~ of th~ pr~sence 
. . . . ' ~ -. 

·· · · :;_; (but not eXtent) of metal toxi~ity·. The· use of SEM a~d A VS concentrations alleviates 

... the need for water~only effect~: 'data in ~n. assessment since no bioavailability is 

expected at· SEM less than.AVS.' A further ~dva~t~ge·:~~,:~ea~uri~g se~iment SEM 

··· :··and AVS irrsedim~nts is that it:gi~es.a'n:indication. a~- t~~he r~ia;ive siz;~"f ~~e pool 
• • • • • •• - • .. • ' . • . " ·. . • • ·. : • ·• . . .• : - ... ·~ . • - 11 :_.; ..,- :-.. :. . ~.. • ._ 

. ·. ; of both.· components. This is not possible through monitoring. pore ·_water metal 
. • ..... i "\(., . . • • . --

concentrations. Pore. water metaf ·concentrations· ·should be low in sediments with 

SEM very much less th~m (-\VS to, -theoretically, Sem equals AVS.· yet, sediments:. 
• ·-.. < 

with SEM close to A VS would be of more potential concern than ~hose with SEM < < 
::. AVS. · In ttie absence of other metal binding phases, slight increases in. SEM or 

I 
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_d~creases in.·A~S could cause the SEM to exceed the _AVS and thereby result in 

toxicity. 

.There are a number of limitations inherent in using either pore water or SEM. 

... : and A VS to. predi~ bioavaifabifity. First,· because A VS varies seasonally in a syStem

. specific manner I it is desirable that SEM and AVS and 'pore water metals be measured 
. . . . 

_ over time, or ·at iea~ whe~ AVS is expected to be minimal (e.g., late. winter in our 

-st,udies·). A single sampling is only a snap-sh_ot of what occ.urs through the cour-Se of 

the y-:ar. 

At present, investigations are ongoing to assess· the· role ·of AVS in deep~r 

sediments relative to metal partitioning at the sediment surface, where most biologica! 

acitvity and _exposure -occurs.-· This is significant because the AVS pool in deeper 

.sediments appears to remain n~latively- con~ant, as:··opposed. to AVS in surficial 
.. .. .• 

sedime~ts. It may be, for example, ~hat as surficial sediments are depleted of AVS,·. 

met~ls will subsequently bind to AVS in deeper-sediments. Alternatively, as A.VS 

coricentratiOr:'S are depleted in SUrface sediments,' other_ binding phases for metals may 

become importa.nt in determining bioavailabifity .-"fn any instance, 'it is import~nt thf:~t 
po.re w,a~e~ metal and_ SEM_ and AVS measu:emehts be mad~·at all re_l~v~nt._points over . 

. the vert,i~al gra~ient ·of the ·sediment· cores; for ·example·;' if concern is only for 

~--e~posure.of:_curren~ benthic communities, the--measurements can -be made in the 

surficial sediment horizon. On the other hand, if the: assessment is focused on . . . - . 

possible impacts of deeper sediments (e.g., for dredging), appropriate measurements . . . 

should be made throughout the core. 

.. , .. . .... 
. ', .l·· •• 

·, . ::.. ·' .;: '--· -

.. . Neither pore water metal concentrations nor··SEM. and--AVS can be used to 

ass~ss-~o~e~tia_J __ metal_bioavailabilltv.i~ situations where'sediments are expected to 

-~e altere~ and become aerobic through- phySical disturbance (e.'g., storms, boat .

traffic).· In ·fact, in these cases, it may. be possible itl -a worst case. ~valuation to 
. -. . . 

~ . . . 
"exhaust" sediment AVS (e.g., by aerating the sample) before attempting to determine ._. 
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the ·presence of bioavailable metals, possibly through evaluation of·pore water metal 

concentrations. I 
Field validation of sediment quality criteria is an important component of the I 

.establishing their validity. To date, the most exhaustive studies have been conducted 

using spiked sediments in tf:le laboratory and field which focus on changes in b~nthic I 
community structures and the bioaccumulation of metals by benthos (Chapters 1 and 

8). These studies have .been=consistent with predictions based on SEM and AVS I 
ratios, and /or a pore water exposure model [1 ,2]. However, further work in this area 

·;s needed, in particular with in situ sediments contaminated by point or nonpoi.nt 

source. anthropogenic inputs of metals ... · 

. . 
Based on the technical considerations described above, we present the 

following recommenda~ions/caveats for assessing the potential bioavailability of 

metals in sediments.· 

1 . Both SEM and A VS and pore water metal concentrations should be measured 

in sediment assessments focus~d on defining bioavailability. . A s:tandard 

method for the extraction an·d measurement of SEM and -AVS:--has been· . . . 
described [3]. For the studies described above, pore water was isolated using 

either o.f tw~ different techniques:. dialysis chambers (peepers) or 

centr!fugation. Other pore water isolation techniques also may be useful; 

however, we have had little experience with them. 

2.. If A VS is used as a normalization phase, it should be used only for cadmium, 

nickel, lead, zinc, and copper, and only for these met~!ls when simultaneously 

extracted. .with the AVS. Molar concentrations of the. metals then can be 

summed to generate SEM and compared to AVS ratios." Theoretically,.

however 1 it is possible to utilize pore water measurements of metals, other than 

the five listed above, to evaluate tt)eir potential bioavailability. 

I 
.I 
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3 •.. · ft is strongly recommended that cadmium, nickel, copper, lead and zinc all be 

:measured when evaluating SEM and A VS and pore water metal concentrations, . .. .. . . 

4. 

at least in initial test samples. This is because although all five of these metals 

have ·a higher affinity th~m iron for sulfide in · monosuffide complexes, 

individually they also have varying affinities (solubility products) f~rthe sulfide. 
. . 

Thus, for example, cadmium will displace nickel from sulfide, and if excess 

.. sulfide is not available, nickel will be released to the pore water. If only pore 

water metals were· measured, Qr only nickel ~s measured in the solid phase, 

the analyst would erroneously conclu.de ttiat nickel Was the only problem in the 
. . 

· · · sediments,· when in fact, elevated conce~trations of cadmium also were 

present. lrJ order to have a corriplete understanding as to why a· specific metal 

is present at elevated concentrations-in pore water, it is necessary to kn_owthe 

- molar concentrations of all the SEM. This is partic~larly true when considering 

the fact that metal concentrations often covary in cont~m1inated aquatic 
• - •• 0 • 

sedi~ents, that is, rarely .is only one metal of concern_. 

In fully aerobic sediments (e.g., sand), AVS co~centrations sh~uld not be used 

·to attempt to predict the bioavaifability o~ metals in sediments. Theore~ically, 
. . 

however, it s_hould be possible to infer.bioavai.labifity-based on pore VJater n:a~tal . . . . .. 

concentrations. Moreover, as de~cribed in .Chapter 9~ significant progress is 
0 - • • • • • • 

.being m~de in identifying altern"ative normalization phases·, such as carbon, for. . 

· metals in aerobic sediments. 
. -. 

5. Only a limited amount of research has been c9nducted to assess the utility of 

SEM and AVS _or pore water concentrati~ns for predicti.ng metal bioavailability 

in long-term exposures. Given the uncertainties in kinetics of metal and AVS 

· interactions in temp.oral cycles, and the lack of information on the importance . . 
of: other metai binding phases relativ~ to. these cycles, extrapolations of th~ : 

exposure model to long-term situations should be mad~ with care. Further 

.information also is needed concerning the nature of the microhabitat of 
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invertebr~tes relative:t9_long-~erm changes in metal bioavailability in s~diments. 

In any case,.it is import~n~ tha~ pore water metal concentrations and SEM and 
·:r~r.~-·~:1~--· : , · , 

AVS be .measured in sediment horizons appropriate for defining exposure to 
~ .· ~ . . ·--~ . . . . :· : . .. . -- .. .. . 

_.;t 

species of concern. Bas~d on our research, it appears :that exposure of benthic 
~ . . . . . . . 
organisms. to . surficial - sediments·; can be ·defined · reasonably well by. 

: l: -~- . .-:... :- ~ .. - .. . . ~ . 

measurement in the 0-2 em horizon. 

6. As with any. chemical-specific· mor:Jitoring method; the analyst should be aware ..-. . . : . .,'"" . . . 
.. :that: (a) not all chemicals of possible toxicolog~cal concern can be measured in .. . . . ... -.. . . . . . . . 

environmental samples; and (b) in most instances, it is difficult to account for-
... . . . .. - . ·. ~ :.. . - . : .. .- . .. 

-.·-/ .. ., 

. _possible toxicological interactions among· measured ·toxicants. For these 
.·.' -· . . . ... .-. . . 

reason·s, we ·strongly .~ecommend ·toxicity, tests·· as· an integral part .of any 

assessment concerned with·th_e effects of sediment contaminants.·. 
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CHAPTER 11 

PROPOSED SEDIMENT QUALITY CRITERIA 

Introduction 
·. 

·· ·;· · Sediment quality criteria are !ntended to be the U.S. Environmental Protection 

Agenc(s be~ recomme-ndation of the concentration of a ~eta I in a sediment that ~ill 

be protective of benthic organisms:. The sediment quality criteria for the five metals: 
- ·' ~- . , . ·> 

cadmium, copper, nickel, lead, and zinc, will be based on the Equilibrium Partitioning 
' 

model of bioavailability. EqP asserts that the bi~availabilit)t of a chemical is related 

to .:the chemical activity· of the sediment·- interstitial water system. For these metals . , 

it has been shown 'that biological effects correlate with free metal activity i~ either 

: · water only exposures or hi sediment- inte.rstitial water exposures. Thus the sac· for 

these metals are based 0~ .insuring that the free .metal activ~ is bel~w lev~ Is that can 
. •, . . . ·• 

cause undesirable biological effects . 

SOC's for the five metals being considered can be derived using four 

procedures: 
-. •. . .'"_ 

~ . .. . ' 

... :. -·(1), ~- By comparing the molar -con-centrations of cadmium, c~pper, lead, nickel, and · .. 
I , 

-.zinc to the moliu .. ce.ncentratiori 'o-f:AVs i~ ~edi~ents; . . . 

"-:· :_· ... ' . · 
{2) By comparin.g the mea~ure.d fnterstitiaf water concentrations of metals to the 

water quality criteria· final chronic values CFCVs) for the metals; 
i l •• 

.• : r-, ; ~· ... ' : · · ·. ·,· • - .. , · 

- -.·· 

... :: ·. ~ . (3), .. By using organic carbon based p~ftitio~ c~~ffici~nts in :additi~n to the AVS to 

c • compute the Interstitial :water concent~a~ions ~~c{~~!r_l~ar~ th~m to the water 

~ .. -· quality c~iteria FCVs; ·-- . 

·' 



(4) 
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By u~i':lg. minimum partition coefficients and AVS to c~mptrte lower bound 

. sediment concentrations that are unlikely to eause toxicity. 

:These procedures are described in more detail-below~ No citations to the . . .. 

literature are included in the chapter since these have been provided in the previous 

..,_. '. ~· · ~::'chapters-~· We believeth~~ ~he t~chni~al basis f~~ implementing procedures (1) and (2) 
. . --.. . . 

. '- .~. · ar~ presently supportabie. Initial data for implementin-g procedures {3) and (4-) have . . . -· . .. . . . 

-~Js·~: · · ,· · also . been presente~. · Howe~~r7 additional research is- 'required to· complete the 
.,., .... 

. .; . req.uin!d data sets, as .disc~ssed beiovv. . -
. . ' - .. ~ .. 

~ . . 

... --1o .- -, • • 

· - · · · ·' · · · · · · In the following sections we discuss the .. appliCation of these m!!thods to ... .:...... . . . 

·:?>:- d~ri~ing an· sac for a single metai. Then we continue with' the m~re common 

.. ~ ~--- ~-; situatio~ wh~re appreciable concentrations .of all the metals· are presen~. .The 
;; . . . . . 

· ' 2 :: .:: · ·-· appli'cati~n of th~se .. principles to the de_rivation of a sediment· quality criteria· -for a . ... - . ~ .. 
single metal·is incl~ded for illustrative purposes on IV.- It is instructive to present the . 

logic for this case as ·a prelude to the derivation of the multiple metal criteria. 

· ·'' However; as will become .clear. ~~bs~quently, single metal criteria are. not us.uaJiy . . .. 

I 
·CI .. " · .... 

I 
I 
I 
I 
I 
I 
' 

· ... 1 
.· .. -· .. 

:.I 
L 

applicable to field situations since -t~ere is always a significant quan~ity of more than . . I 
one metal to be considered~ in fact it is misleading to· think of. the criteria one metal : .' .': :':__ :l 

;~ ~· · · a~·a· time. As we_ shall see~ ~~~gl~ ~-et~_l criter~a ate -~n~eren~ly _un~erp_ro~e~i~e· b~caus~. --.: .~_·-I 
of the additive nature -~i 'AVS binding. · Nevertheless the follo.wing sections are · -=-- " 

included because of their instruc:tional value. 
'. ' .,·_ .... ' 

.. 
£"' '. \. • -~,\ ~ {' r"', '" ·~ J ·.,._. ~ ', ;' ; - ·, \ t • _..: I I • • ' ; ' - - • t • 

One final ·point should _be made with respect to nomenclature. When we use 
. . 

the terms non-toxic or having no effect, We mean only with_ respect to the five metals 

. ~ .. · . consid~;ed~·ig ~his d-~cu~~nt •. The ,~o~ichy. of field ·coliected-·sediments can be caused. 
• • ., ~ • • • • .. ~ • ~.' ' • oo o • • • • • • ,_; • 'I •• o • o 

I 
. I 

~ 
·I 

L 
. ... . . by o~he( chemicals. Therefore not violating the sac for metals does not guarantee_ 

' . . I 

•. . -
that the sediments are non-toxic, only that the five metals being considered will not 

have an undesirable biological effect. 

.. ···-·· ·l 

·. I 
L 

I ... l 
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·Single Metal Sediment QualitY Criteria 

, 
. Sediment quality criteria for metals will be expressed in molar units. These are 

the natural.units because of the one to one molar: Stoichiometry of metal binding to 

AVS .. !hus solid phase cons:tituents: AVS and simultaneously extracted metal, Sf;M, 

.. , , ~re in pmol/g units. The interstitial water concentrB;tions ar~ in pm~I/L units as are the 

metal activities·. To be consistent with the usual chemical not~tion, metal activities 

are denote~ by curly bracket~ {} an~ metal cqncentrations are d_encited by square 

brackets[]. Tne partition coefficients have uni~s-L/g consiste~t with the ahove.solid 

and aqueous phase concentration units •. Table 11-1 summarizes these conventions: 
.'' 

. c 

AVS · Solid-, ... [AVS] pmol/g 

SEM Solid ISEMJ pmol/g 

Metal activity Aqueous {M2+} _pmoJ/L 

Dissolved Metal cone. Aqueous [Md] pmoi/L. 

Total Metal· cone.- . ::.Solid.+ Aqueous . ·pmoi/L(bulk) · 
. ' 

.The subscripted notation,-. Md, is. used to _d~stinguish aqueous ·phase molar 

concentrations from solfd ~h·a~e- ~alar concentra~ions with no subscript. Forth~ total · 
• ~ • • • ,. • J •• 

concentration, [SEMf]. the units are the moles of metal per volur:ne of solid + liquid 

phase. Since metal activity is used below only relativ~ t~ the aqueous phase no 

subscript is needed. 

. . 
A VS Criteria 

:: , .... 
• • ,_·, l . 

. . ~ . 

··•; .· .-. 
Jt ha·s been deniohstrated that if .the SEM of a sediment is less than the· AVS: : · · 

.•. 
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[SEM]s[AVS] 

, 

·then no to.xici~·effects are seen. This is consistent with the results of a chemical 
• 0 

. equilibri_um model ~or the sediment· • interst_itial water system.· The resulting metal 

. < . ~. ..: -activity {M2 +} can be related to .the total SEM of the sediment and water, and the 

, __ . .. . . metal sulfide (KMs) and iron sulfide (K~8s) solubilitY pro~uCts •. In- 'particular it is true 

t~at if {SEM] < [AVS1 then: 

{M2~},.· ~ . ·. 
---::.--. ·. · .. · [SEM.r] f<r.es: f11-2) . 

.-. ...,, . 

Since the ratio of ~etal sulfid~ to iron stilf~de solubi_lity products (KMs/KFes) is very 

small ( < 1 o-~) even. for the most soluble of the sulfides (Table· 4-2; Chapter 4), th~ : ,. '. :-' . . . . 
· metal aCtivity of the sediment 'is at least five orders of magnitude smaller than the· · 

• 0 0 

SEM. This guarantees that no biological effects would be seen if this sediment were . . . -· 

I 
-~I 

I 
I 
I 
I 
I ., 

tested •. Therefore the condition [SEM] < [AVS] is a .no-effect sediment qua~ity I .. :- ~ 

criteria~ 
. --.-

; ... 

., , .. The reason we use the term "no effect" criteria is ~that for the con~ition [SEM] 

.. ., < [AVS] we ex~ect.no biologicalimpacts}: For [SEM] .>.JAVS], ~hich would normally 

... ·- b~con~·idered a crit~ria vi~lation,.the;;~re.case~ wher~ we ~ould-~xpect no·b·i~fogi~al: : 

., ·:::""': .· impacts; for ·exampl~, ~here significant org~nic ca~brin partrtioni~g is ~ccurri~g. The .. ' 

i~':-- 0

• most dramatic ~xamples are.for se~iments ~ith'low AVS con~~ntrations {Fig.6-5). 

-_.. .... ~- : ~; . ..... .. -.-

: ... 

· · ·: Interstitial Water Criteria• -~ · -. ~; 
. --. \ . - ::.. . .;. 

, ... -... 

The condition . [~EM] · < [AVSJ guarantees that. the metal activity of the · 
• • • -~ : .. ~ ...... · • -; .-_: • ...... t 

sediment - interstitial water system is· very low and therefore, below any 'effect level 

· of concern. Another way of guaranteeing this is to place a condition on the interstitial · 
0 ~-· • ~ ·-: • 

- . . :. - ·· water activitY directly. Let us suppose that ~e knew the metal activity, denoted by 

.. 
• • 0 

I 
! 

.I 
I 
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. . 

{FCV}, that corresponded to the Final Chronic Value of the Water Quality Criteria: 

[FCVJ. Then the SOC- corresponding to this effect level is: 

(11-3) 

It is quite difficult to measure and/or calculate the metal activitY in a solution phase, 

. {M2 +}, at .the low concentrations required since it" depends on the id_entities, 
• • 0 • • • 

. .. .. 

concentrations and thermodynamic affinities of other chemically reactive species that . . 
are present. ·Also. the WQC on--an activity ba~is, {FCV}, is not known. 

. An approximation to this condi.tion is: 

[McJs[FCV cJ (11-4) 

That is, we require that the total dissolved metal concentration in the interstitial water . . 
[Md] be less than the Final Chronic Value from the WQC applied as a dissolved 

!'·-

.criteria. Although this requirement ignores the effect of chemical sp~ciation on both 

.~ides of the equation- compare Equation (.1 1-4) to (1 1-3)- it is the approximationthat

i~ currently being suggested by the EPA for the_ WQC for metals. That is, the WQC 

should be applied to the total dissolved-: rather than the total acid recoverable- metal 
0 • ·- - • • • 

concentration. Hence, if this second condition is satisfied it is consistent with the · 

level of protection afforded by the water qu~liiV criteria. 

In situation~ where the SEM exc~eds the A VS .. ([SEM1_ ·· > [AVS]) but the 
. . 

interstitial water total dissolved metal is less than the ,final chronic value ([Md] < 
.· lFCV d]), -this_ sediment does not- violate the ·criteria. · These -.cases· occur when 

.. . :.: ... sig~ificant binding is occurring to other phas'es:· Jt should b~ ~ot~~ th~=t·_~-~i~~ the final 

... -chronic value for metals requiresthatthe hardness of the interstitial water be known 
• • :: • _{p 

.. ., . since the criteria vary as hardness varies; 
.•• -· .l •••.. · ......... 

-
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A VS and Organic Carbon Criteria .. 

. , 

For sediments w~th an appreciable A VS concent~ation relative to SEM, the sac 
requirement ttiat [SEMJ < [AVSJ is a· useful result. However if the. AVS of the 

sediment is small, then the· condition is. of little value.· J The reason is that other 
. . . . . . 

sorption phases are present t~at affect the activity_ of the system. Similarly, even in 
. . 

situations where significant AVS occurs in sediments, other sorption phases may 

signifi~antly. limit the metal a~hlity even if the SEM exceeds the.AVS. 

Cons.ider the orga~ic. carbon in the sediment. It is demonstrated in Chapter 9 

· that a relationship exists between the SEM that is in excess of the. A VS and the 

interstitial water metal activity {M2 +}: 

(11-5) 

.. where K• d oc is the partition coefficient between the organic: carbon of the sedime~t .. ... , . 

and f 0 c is th~ weight fraction ~f organic carbo':l of the sediment. If we .requi~e that 
•• 0 

the metal ac~iv~ty be at the FCV me_tal activity, then the sac 'for SEM would be: 

(1 1-6) 

.If the activity is replaced with the wac total dissolved FCV, then the: criteria. 

becomes: 

(1 ~-7) 

where Kd oc is the partitiOIJ coefficient between organic carbon and total dissolved 
.,. .. ' . ' . . '. '. - . ' . . ..-

interstitial water metal concentration. Note that the organic carbon based p~rtition 
.. '; ---~ :.! . -~ . ~ . - .. . 

coefficients vary with respect to pH so that the pH of the interstitial water must be 
.... ' ' • • • • ~I 

either measured or estimated. In addition, the FCV for the five metals is hardness 

dependent in freshwater so that the hardness is also required. 
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This is th~ third condition from which a sediment quality criteria can be derived. 

. . . . For. sediments where organic carbon provides all the excess binding'capacity; it is a 
'• "\' ;' • < • r o .; • • 

criteria in the ordinary sense. : That is, exceeding the criteria would imply that 
. ~ ' . ' . 

unacceptabie biological impacts ~auld. occur. Sin~e the analysis of sediment binding 

d~ta and the estimation of the Koc's in Chapter.9 attributes all the binding to organic . .

carbon thereby indexing the-binding to .organic carbon, using these constants would 
. . 
imply that the criteria {Equation 1 1-8) is-~he boundary between no effects and effects. 

There are _situation.s, ho~ever, fQr which the assumption that organic carbon is the 

.. _only important p~ase may riot be correct. In these cases, the criteria becomes a no . 

. _ . effect criteria •. _Qf course, using this as an effect criteria also assumes that applying 

1· .. : •... 

_.:;-· · . 
.... ' ... · 1 ... 

..·. 
• 'i 

l - ~ • . . . 
the ~CV as a total dissolved criteria is appropriate. If, in fact, a significantfraction 

of the interstitial water metal is not bioavailable, then again this criteria would ·be a 

no effect .criteria • 

A VS and Minimum_ Partitioning Criteria 

It would, be .useful to have a solid phase criteria that WC!UI~ effectively screen 

sediments .for which the metals concentrations are low enough so that rio problem is . . . . . ·... •' ... . . 

anticipated •. ·The idea is to exami~e sediments for which the partition coefficients are 

: :. ·:•' likely .• io -be quit~ low. From these ~ediments .it ·w~uld be· possibfe· t~·est~biish -
.;. •.-~!":f ~ ~- ·. · · : " " . :' ' . .. . . . I • 

. . minimt1m partition coefficients {~d ·min) which could be applied to any sediment.. Then 
; \ .•. :.: ·.. • . . . 'I -:;' • . • • • • , . • 

the no effect sac would be: 
. .'f.•:;:.: .. 

'. {""'' [SEMlsac=~CV] (1 1-8) 
-.-

..··_ .- :·1.· .:· .. , .. .:.. :. 
.-l:j: -i '. ::o,··.·. ' ·'·· . - . :. j 

This would also ba a no effect criteria since it is established using a minimum partition 
.. ::. .. ~ ..... ·. . . - . ' : :" . . ~ . . . . ' - . 

coefficient. No AVS term is included unlike Equation ·(1 1-7), -because it is assumed 
'/£ [: . ;.. ' .. ~ : ~:·.-. ·:. . ' - . ' . . ... - . . 

· that these sediments have no appreciable AVS • ..f(.there was a significant AVS 

concentration, then the AVS criteria (Equation 11~1) would apply. 

·-
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These single metal criteria are derived only for illustrative purposes. Single 

.. - . metaJ'criteria.are misleading and should not be ~pplied. ·Only criteria based on the five 
! ./• "0 L - • , 

meta is ta_ken together are valid. They reduce to the single metal criteria in the unlikely 

situation where only one metal is present to any significant degree.· 
..... ·-
·~ . 

. Multiple Metals Criteria 

The previous section presents th~ derivation· of criteria if only on~ metal is 

present in signif!cant quantities in a sediment. In the usual case, however, it is 

··' _insufficient !Bnd inappropriate to conside~ each metal separately. This is of particular 

concern for the AVS criteria. 

A VS Criteria 

The results of calculations using e_quilibrium chemical models indicate that'. 
. . 

metals act in an additive fashion when binding to AVS. That is, each of the five 

metals: Cu_, Pb, Cd, Zn, and Ni will bind to the AVS and be converted to CuS, PbS, . 

. . . Cd?, ~ns, and NiS in this_ sequence;. i.e., in ·the order of i~cr_e~slng solubility. The 
• • >· . .. ; -~ .•.. 

mixed metals experi.ment (Figure 5-3) and the Foundry Cove data (Chapter 6)_ confirm . 

,: ... :>\ .... this behavior. Therefore, the five·metals mu~ be. considered-together. Ther~ cannot . . 
. _be a cdt~ria for just nickel, for. example, since all the other metals may be. present as 

metal sulfides and, therefore, to some extent as· AVS. ff thes~ other metals are not 

. i measured as SEM, then the SEM will be misleadingly Sf!lall, and it. may a~pe~r that 

· [SEM] < (AVS] when in fact that is not true if all the metals are considered together. 

,~ . , . Vlf.e n!'strict .the discussion below to the five ~eta Is' fisted above. ·'In speci~l '~itt.iations 
. . . . 

• • 0 I 0 i •' ~ 

· ... · . :·where other sulfide forming metals (e.g~. Co, Hg/Ag) are in high concentrations they 
" ·-·.- .. .. ' . ·- . 

· . , -~ -. also must be considered • . _, . . ' 
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. . . . . The equilibrium model prediction of the metals activiW if a mixture of the metals 
• • _:.,. ..... • • #' - -~ ' -

.are prese!lt is ~imilar to the s_in,gle.metals case. If the sum of the SEM's·for·the five 
. .. .. . . . . .. ·· . . 

-,'1 

metals is less than the AVS; i.e.: , 

:;>• 

{M~ <~ 
[SEMJ,T] l<,:.s ::.-

.. ' . :. 

(11-9) 

(11-10) 

where [SEM1,TJ is the total ~EM (pmolit(bulk)) for.the ;th metal~ Thus the activity of . . 
each metal,· {M1}, is unaffected_ by the presence of the .other sulfides. This _can. be 

understood as follows. Jmagin~ that the chemical syStem starts initially as iron and 
. . . . . 

metal sulfide solids an~ that th_e system proceeds ~o equilibrium by each solid 

dissolving to some extent. The irOfl sulfide dissolves until the solubility' product of 
. ' -

FeS is satisfied. This sets the sulfide activity. Then each inetid sulfide dissolves until 
. ' 

it reaches ~s solubility. Since so little of.each dissolve relative to the F~S, the· . . . 
. .... _. 

i~te.rstitial water chemistry is not appreciably ct1an.ged •. Fien~e tti~ sulfide -activity 

remains the same and the metal activity adjusts 'to meet ea~h solubility ·requirement. 
' . 

Therefore, each metal sulfide behaves in.depEmdentlyo(eac~ other. Thefaetthatthey 

are only slightly :soluble rel~ive to FeS is the ~a use of this. beh~vior. Hence th~ AVS 
. . ' 

criteria is easily extended to the case of multiple m~tals; "It is only necessary to sum 

··: J:·:;~ -~--the molar concentration of each metaiSEM and compare' it to the AVS (Equation,,_ 

9) . . . .. .,.,,.. .. 
:~; :-..... ' .. : . - . . . . -. ·. -.: . . . 

:l ..... 

. .. ·· .. ' I 

..... - ......... ... , :;. 

··-

-: ·· ... 
. .. ~· ..... . : . ... . 

Interstitial Water ·criteria . . •·· . -::·.' . ·-·. 

.;.·_.;.., .. 
. . 

The application of the interstitial water criteria to multiple metals is complic~ted 

--not by the inter~ctions of the metals che~isi.Y' of the ·.sediment ~ i~t~rstitial. water : 

_ system . as . in· the . case with the A vs ·. criteri~, ·but ra.th~r :their pos~ible toxic 

interactions. Even if., the individual concentrations do not exceed the. FCV of each 
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11-10 . 
m~tal (FCV1), their additive effect might be toxic. Therefore, to address this additivity, 

the interstitial water metal concentrations are converted to toxic units and these are 
, 

summed. Since the effects concentration to be used are·the final chronic values from . . 

the water quality criteria, we call these toxic units the InterStitial Water Criteria Toxic 

Units (IWCTU). For freshwater sediments, the FCV' s are hardness dependent for all 

of the metals being considered an~. they need to be adjusted to the hardness of the 

interstitial wat~r from the .sediment being considered. F~r t~e ith metal with total 

dissolved conc~nt~ation [M;,d1 the ·IWCT~ f~r the ith metal is·: 

'IWCTU = [MJ,ct). 
. I [FCVap] 

(11-11) 

The sediment quality criteria. requires that the sum of th~ interstitial water c~it~ria. 

toxic unit concentration is Jess than one: 

~ [MI,d) ~1 
"'--' [FCV ~ 

(1 1-12) 

Hence the multiple metals criteri~ ~s qui~e .similar to the single metal case (Equation 

11-4) except that the criteria· is expressed as .tc;>xic units and summed. 
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AVS and Organic Carbon Criteria 
, . • • .! . . , 

.· 

The case ·_for which the. sediment organic carbon needs _to be considered in 

addition to' AVS ·is more complicated. Gonside·r, first, a single metal. The r~lationship 

between interstitial water concentrations and sediment concentration for the ith meta'! 

is given by the equation: 

(SEMJ=[AVS]+~,1foC[M~ .. (1 1-13) 

where Kd,OC,i. is the metal SP.ecific partitio~--coefficient between sedim_ent organic · 

carbon and interstitial water, and [M;,d] is the tot~l dissolved interstitia·! water meta~ ·· 

concentration. For this case the interstitiai water conc~ntration is predicted·using the 
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11-1, . -
SEM in excess· of the AVS and the partit{on coeffi~ient betw~en the excess SEM and 

· · · the interstitial water: 
.•·' .. • 

. [SEMJ-[AVS] =IMa:.J 
~foe .. 

(11-14) 

- i 

In order to apply this equation to the case of multiple metals, !t is first 

necessary to identify and quantify_ the metals wh_ich are not entirely present as metal . . - . . . 
sulfides. The best way to do this is to establish which metals are present as the metal 

sulfides and in wha! quantity. The pro~edure is to assign th·e AVS to the metals in 

_ . _.the sequence of their. solubility--products from .the lowest to the highest: SEMcu• 
. . . 

· SEMPb• SEMcd• SEMZn, a_nd SEMNi· -.That is, the AVS complexed metals-would be Cu, 
, . . .. : ... - ;• 

followed by Pb, followed by Cd, etc. until th~ AVS is exhausted. The remaining SEMs · 

are present in excess of the AVS. 

. :. 
. . 

· To be specific, let A[SEMiJ be ·the excess SEM for each of t~e ;th metals. The. 

-: :_ .. '~-' · ;;•:: Jeasf so(uble m~taf S~lfi,de (~f the fiv~ 'rru!taJs l:!elng C~~sidered in thi~ d_i?CUment) is 

~ '::_·,: ~::: ·- copper sulfide (CuSJ. Thus if .the copper SEM. is-.l~~s- ;h-an_ the. AVS _([SEMcu1 < 
. . . . . . . '• . . . 

. ·. · ~ .·. [AVS]), then all of the copper SEM must be .present as copper sulfide (CuS) and no · 

additional ·sEM is present sq that A[SEMcui · _ . 0. ~~~ -r~~ai_nf~~ AVS is: ~[~VS] _:.;. '· 

[AVSJ- [SEMcul· _. _ ..... _ . 
. . ~. _· ... ~ ... .. ' •• ·< 

~-. -· ':' .. : ... · 
. • ... • - ·, .. ·. )C.i ·: ~ : 

This· computation is ~epeated ~eXt for l~ad because lead sulfide (PbS) is t~e next ·. 

least soiuble sulfide. Suppose, unlike copper, _the leai(SEMjs not less than the ---· -- . .. , " . - . ·-··-
-~ · ~- ,. ' : remaining A VS ([SEMZn] > A[AVS]). Hence only a portion ·a~ the lead SEM is present · 

as PbS and ~he remaining SEM, which ~~-denoted· as_ A[SEMPb], .is:the difference 
,!":tJ' ', .... ·: .• ·:···:::.t ' .·. ~-

- · ·· • .~- between __ the remait_:aing AVS, . .ti[AVS] and !he lead. SEM: ·: A[SEMpb] · = ·[SEMpb] -

. ;,-,.; ~:'.-. ~: .il[A.VS] •. :Th~s a portion -·of .th~ .lead -is present -as l~ad sulfl~e, and a portion· is excess 

SEM. 

·--
· . .. . 
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Since the AVS. has been .exhausted by the lead SEM, the remaining metals are 
• - -: J . • ' '· • 

all present as excess SE_M so that: A(SEMlc~- = (SEMcdl; A(SEMZn1 = [SEMZn]; and 

A[SEMNi] -= [SEMZn]. 

. For each of these metals, the interstitial water concentrations can be 

determined from the appropriate p~rtition coefficients: 

. -(M· _,_ A(SEMJ .. 
.. l,dJ ~ocloc 

(11-15) 

\ ·;...·_·.-

. . . . . . 
. This equation is analogousto·Equation (11-13) for the single metal case. Note that . ~ .. . 

if AlSEMi] = o· "then so also 'is· the interstitial' water ·metal concentration •. The 
. . ' ' . . .. . 

interstitial water criteria toxic units are computed -using this equation fQr the interStitial 
.. • . . . . 

water concentrations. That is:· . 

(11-16) 

- where Equation_ (11-"14) is used to c~mpute the interstttial water co_ncentrations. Note 
. ·. . . . . 

I 
I 
·I 
I 
I 
I 
I 

' .I 
•• k 

I 
· - that the-organic carbon based partition coefficients vary with respect-to pH so .that· 

. . the pH of the interstitial viat~r must be either mea~ured ~r ~~irnated together wiih I 
·. ·:the hardness if ne·c~ss~ry •. · ~--- . . . .. .· · .. , ·: ~-~---·:· ·.' ... 

. . . . . ··.·.I . . . 
The sediment quality criteria requires that the computed total interstitial water 

criteria toxic unit concentration is less than one: 

, ....... !· . :,,, 
r:; ; ~ . _: .a.: .. 

. i • ~ .· . • -.· ... > ,:.~-Lr ~ .. A(SEMJ · -i~1 ,- -",:.::. 

· . . ~f~CV,;J .. ·.· ... : .. . ~--~ . . . 

(11-:17) · .... ·~ -- :'"~: . ·' .. • ... ·-
. . -~- - .. :~. -~ ;-:r:·-. -. 

•. ,:; ·,7 ·.This criteria is simply the interstitial water toxic u_nit 'criteria, Equation (11-,2), with . ',.. . .. . . . . ; . : 
. ·.,, .. , .. :.·the interstitial water concentrations calculated from the excess SEM for each metal. 

•J - . • • • ._ :•,: --.. ·••• . • • • -.. • • ' • - • 

... - :~,.-~ :: and the appropriate partition coefficients. · · 
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A VS and Minimum Partition Coefficient Criteria · 

The no effect criteria that use the ~inim~m pa~ition coefficients (Kd,Min,i) is 
analogous to that u~ing the organic carbon ba.sed coefficients: 

~ 4[SEM.J 
1 

Li ~[FCV...,J~ · 
(11-18) 

.. ~ 

Since the minimum partition coefficients are being used, this would correspond to the · 
=. 

'upper bound estimate of the i!lterstitial water crite~i~ toxi~ units. 

: . ~ . 

Criteria Summary 

...... 

. The proposed Sedi,ment Qual~ Crit~ria.is as forl'ows. The sedin:u!nt_passes the 

....... :' .: ;; -: sac if any om! of these conditions is' satisfied: 
,' l_ 

.· _,_._, .. ~ : ..... ;, 

·(1) AVS Criteria: 
'J."' ,.._ .·,···-.···. • • 

• • ,l . ~ ~ .. ~ ' 

:"" :~:. -··· . ' . , . ; :- • ~ , 1 -.):; ; • ._.. ._. ~ ~ • a · .. ._· r_; ~: ~"' ~-·t .:. : 

E (s~MJ~IAY,~l . · . ; ,._· -~·/ ... -. i: ~~ .. : !-' -. ·• 

-. ~ .. . . . -· . '•· . . ~ ,_ . - ·- . 
~ •• -~· .. • •••• • •• : •• : ... ~ !, • •• _.!,·~·.!~. 

·:'·' LT',;, ~ --. 
-- .. . . . -.... --:"' ---~: .. 

't • • • • • ·~ . ... .. • . . . 
. . 

-;..:.. .::?·; . .:: · · .. (2) · r:Jnterstitial Water Criteria: : 
.. 

::::.~~r· ~-: -· ·~ r .·.~ ; .. ~~-: .. -~ ·:.::-_~:· : 

: ... ~ ... --... . : 

E [M~ ~1 
IFCV...,J 

·, 

. . 
.. ·- .. ~ - -:: . : ; 
•• • . -~ .# .:.. • 

. · ... <l 

' .(""> I ! - .. '' • 1 • ,,.·'•. '· _;, o ~l 
• _: :. ~ •• J •• ~ ;... ·: • • ~ • ' - • • • ._: ••• 

r' I • . ~ 
.:: ~. • . .:.~ : . :..r. • ••• 

· .... ~ i:-.;·:-.s 

.. c., .. ,_ . ., . ~ ., .... : . ::~ ~.·--~~::·; 
'· ...... ~.-... ' 

,. . ~ ' ... 

· .. 

. (11-19) 

. .. -· 

(1 1-20) 



·. 

(3)' AVS and Organic Carbon Criteria: 

~ A[SEMJ 1 
L.t· ~foc[FCV.J~. 

'· 

(4) AVS. and Mini~!Jm Partition Coefficient Criteria: 

11-14 

(1 1-21) 

(11-22) 

If any one ofthese criteria are vi.ofated, this does not mean tha:t the sediment is toxic. · . ' . . . 
For example, if th~ AVS in a sediment is. virtually zero·, then Condition (1) will be 

violated. Ho~ever I if there . is. sufficient orga~ic. carbon sorption so that either . . 
Co~d~ion (3) or Condition (4) is sati~fied.then th~ sediment iS. non-toxic. 

I 
' 

.I 
:; . : 

If all - not any but all- of these· condi~ions are· vioiat~d then th_ere .is reason to . -

think that the sediment may be unacceptably contaminated by these metals. Further 

testing and evaluations ar~ therefore requir~d in ~rd~r t~ ~s~e~·s ·the aCtual level of I 
toxicity and its causal relationship to the fi~e m~t~ls •. These ~ay ~nct~de ·a~ute ~nd .. _: . t 

. chronic te~ on species that are sensrtive ~0 ttl~ metals sus~ected to be in ·excess of .: I . . . . t 

--the A VS and causing the ~oxicity. Also in situ community assessments and seasonal 

I 
--.- ; ' 

characterizat-ions of the SEM's, AVS, and interstitial water co·ncentrations would be 
t 

.. ~. I 
appropriate. 

• 
Sediment Quality Cr!teria Uncertainty · 

I 
The methodology for obtaining sediment quality criteria relies on certain 

simplifications and, for conditions 3-4, empirica~rt{tioriing mod~is to'insure th~t the : ' 

metal activity of the sediment- interstitial water system is below effects leve~s. ·As ·· 

·~I 
·l 

I 
I 
L 
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a consequence, there a_re uncertainties associated with their use. It is anticipated that 

when final SOC are generated, confidence limits will be generated as well. This was 

the case for the non~ionic organic chemical SQCs. It is ·anticipated that the derivation 

-·' bf the uncertainty li~its ~iff be d~rive~· in the same way 1 namely by quantifying the 

-- p·redictive power of the methods. 

. . 
For the condition (1 J criteria relating total SEM and A vs· • and for the ·condition 

. . . . - . 
(2) using measured interstitial :water concentrations_, sufficient data currently exists 

.- ,. . 
to derive the confidence limits. Since these are both no effect criteria, the confidence 

. limits are set so that the pn~dicti~e power of no ~ff~ct has a high pr~bab.ility of bein~ 
. the case. That is the _criteria requirement would be: 

Lt (SEMJ-[AVS]~[SEMisoc.QS (11-23) 

where [SEMj50c,ss is computed· so that 95_ percent of the tested sediments are 

correctly classified as non toxic. Based on the results in chapters 5-7,· [SEMlsac,ss 
. . 

- 0, the theoretical value based on one to one' stoichiometric binding of the divah~nt ·_ 

metals by AVS. 

. . . ~similar analysis will be applied to the~measured inter~titia·l water toxic_ unit 

condition. The condition: 

: ~r [M~ 

Lt [FCV ~ ~CTUSQC.QS -' 
-:. (11-24) 

where tWCTUsac 95 is set so that ss·per~ent of the cases are c~rrectly predicted. , .. ·- . ...... ' . 
· · Since we.have no chronic data that would show effects at the criteria level, the acute 

' data base ·woul~ be ·analyzed instead: 

·, 

. -·· ··· .. 

·. 
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. [M,J 
. ~ s.IWCIV. 

.Lot (LCSO~ ·. -~ 
(11-25) 

. ' ... ' .. 

using the water only LCSO's. The ~riteri~ 1WCTUsac,95 that predic:ted c_orr~ctly with 

9s pe~c~nt confidence that less the~ so percent ~ortality was observed would be the . 

criteria that would be applied to the FCV criteria, Equation (1 f-24). . . . . 

For condition 3, the criteria depends addition.ally on partition coefficients which 
. .• .C·~.. • . ' • ·. •. . 

are also uncertain to some extef!t .. ·we' would derive the uncertainty bounds based on 

·the predictive abiiitv of the criteria. That is, the acute data base would be analyzed, 
. . . ; . 

not f~om ·the point of .view of predicting no effect, ~ut rather from the point of view 

. of predicting the LCSOs observed in the sediment tests. That is, the equations to be 
/ . 

analyzed are: 

tL(SEMJ · 
"t"" <JWCT[l 

. ~ Kd.oc.foJ.LCSO,J ·. ·· SQC.5 

(1 1-26) 
: . . 

(11-27} 

..... :: .. 
·. ' 

.... ~here the 5 and 95 percent confidence limits, IWCTUsac 5 and. iWCTUsac 95 are 
• - • • • • I .' 

calculated such that 90 percent of the predictions ani correct. For example if these 

m~thods are reliable within a factor of two 90 percent of the time, then IWCTUsac 5 . 
. . .. . I 

· = 0.5 and IWC~Usac,95 = 2.0 · " ,,. .. . 
• -· :.··1, 

.:...::_;;._.,;. . · For condition 4, the ~-riteria is a no effect criteria. Fo~-this case, the uncertainty · 

::." ::o-: ·:,·analysis would· correspo~d to a probabilitY. a~alysis of ·t~e· mi~i~~~ partitioning 
. . . . . . ~ . . .~ ·. . ·:· 

coefficients, Kd,mi~,l· · A _number of s_ediments would be analyzed and the 5th 

I . 
I. 

• 

I 
I 

• 

I 
I 

~ 

.···-.· . 

I 
.I 

i . . 

---1 
' 

~ 

• I 
t .. 

percentile would be estimat~d. This would be the recommended partition coefficient : . I . . . . 
that would correctly classify 95 percent of the minimum partitioning sediments .. 

.. ·. 

l 

···I .. . . -· ~ 

I 
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- •. :;. -The experimental data ·is available to compute·the confidence limits for the no 
0 ° 0 

:, : , effect-· conditions c1 > and -<2>. :. However, the experiments required to compare 
, . . ·. 

predicted and observed LCSO's are not available. The spiked expe.riments presented 

, - in Chapters 5 to 7 were all dosed with too wide a spacing of concentrations (0.1, 0.3, 

. -·:,.1.0, 3.0,· and :10.0 .multiples of "the AVS) to permit cafculating a reliable. LC50 .• .

: : , -·,Therefore~ a "' selected number . of sediments, · ~th widely varying carbon 

, · concentrations, would need to ·be tested with a much inore narrow range of 

. ·- .?:: concentrations. And.the spacinffwould b~ computed using the predicted LC50 from 

the A VS and the organic carbon concentration. 

For conditi.on {4), more·sandy low carbon sediments need to be evaluated and 

the metal partition coefficients measured, from which a probability distribution 

analysis could be made: · From t~e small amount of data ·already available, it is 

. . .. ~nteresting to note that even these low carbon sediments .have Kd,oc's that are in the 
.· · .. 

·: same order of magnitude as found in the high ca~bon sedi.ments. 

"; 4~-

.J·.::.:--.~~-,._ .-•..... Research Recommendations: 

- '" j •. 

""·- ,. 
···'' 

- c_ :·There are a number of unfinish~d areas of-research that' need to be completed. 

1 • The organic carbon partition coefficients have been developed_ for three metals 

in freshwater: Cu/Cd; and P~. · The·remaini.ng metals· need to be completed. 1 1·-~ ~ --· . ·_ ~ . .. :' ... :. -;~: ~ :-. ' .. . . 
.. -.,. A~imilar set· of experiments ·are needed for salt~ter.'. .. -

• • • • • 4. __ , -- ·- ,..:.- •• ....... :_.-. _ ...... _ .. __ --.-~--
-: ~ : - .,: # • : ' ) .. _ • • ... 

. :···t,· .. 

. ,. .. -. ; :· .. :: . -
:. t: ~71 . :.~ 2~. :. ~A~ditional experiments need 'to be conducted, as· oUtlined abov~, for the 

.. .-t~ _. ,. ·: .. , .. ,, .·:.~-~~certaintY analysis of condition .:3. -- These arf:!'·?~~~l·o-gous to the set of 

· ... ·--. : .. ,.··--~·experiments perlormed for the' non-ionic organicchemid~r~~~ ,,s-; ; . 
,- :-! '! :~ : • ;;:, ... . . ~· . .. . -~ ' 0 - • - \ • • • - • -

. • .·.~:~ . .~: •.• ·~:· .i-f\f :: ·--~·;~~-

3." Additional partition coefficients are needed for the low carbon sediments. 

·-

: 
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4. An explicit procedure is needed to handle the cases for ·which the no effect 

criteria are exceeded. Both field and laboratory testing methods need to be I 
. . 

elaborated into a staged investigation. 

I 
There are the other. metals for which criteria a needed. These include 

chromium, arsenic, ~nd selenium. Some initial work has been done for chromium and I 
arsenic. It appears that AVS can reduce Cr(VI) to Cr(IIJ), and it may be able to do the 

same for the other redox sensitive metals. Further work is necessary to identify the I 
controlling phases for these metals. 

I 
Conclusions 

I 
A proposal for establishing sediment quality criteria for cadmium, c~pper, nicke_l, 

lead, and_ zinc has. been presented. It is based on the Equilibrium Partitioning Model. I 
The criteria are based on keeping the activity of the sediment - interstitial water 

equilibrium system below effects levels. The criteria presented in this· report are all 

lower bound criteria. That is, if the cri.teria are satisfied then-no effects are expected. 

If the criteria are exceeded then further study is required. The difficulties are related 

to the . presence of multiple . binding species in both the solid phase and -in the 

interstitial water •. · 

The initial solid phase criteria is based on the stror'gest binding phase, namely~ 

the A VS. If sufficient A VS is present then no . effects are . expected. If the 

simultaneously extractable metal exceeds the AVS, then other binding phases become 

important. The next most important phase is organic carbon. A partitioning model 

has been suggested that can be used to develop criteria. It is analogous to the 

organic carbon normalized model used for the non-ionic organic chemical SQCs. It is 

uncertain at present whether any other solid phases need to be considered. 

I 
I 
.I 
I 
I 
I 
I 
I 
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The interstitial water criteria are based on total dissolved interstitial. water 

.metals concentrations. Therefore~ they are analogous to the water quality ··criteria. 
. . 

They do not take explicit account of metal speciation and sc;> they are not regulating 

the ·metal activity. Therefore, ~hese are also lower bound criteria. An e~ceedence of 

the water quality cr_iteria in the interstitial water m~y or may not signal a toxicity 

problem. However, if the concentrations are below the WQC then no effects are 

expected. 

It must be stressed that th~ sediment quality criteria are aquatic life criteria that 
. . . 

apply only to benthic organisms. They do not address the water column · 

consequences of contaminated sediments. Water column concentrations are 

determined by the transport of metals from the sediment to the overlying water. The . . . 

res_ulting concen~rations would be compared to the water q~ality criteria for metals. 

This is a separate evaluation that n·eeds to be m~de If ~ter column effects are 

suspected. 

'· 


