'*346SERBSF10, 619*

|L*346$ERBSF10,619*

Site Name (Subject):

Site ID (Document ID):

Document Name (DocType):

Report Segment:

Description:

Date of Document:

Date Received:

Box:

Enter SF and # with no spaces

Access Level:

Division:

Section:

Program (Document Group):

Document Category:

SOUTHERN WOOD PIEDMONT COMPANY

NCD058517467

Contractor Report (CONTR)

Briefing Report to the EPA Science Advisory Board

12/1/1994

5/29/1996

SF10,619

PUBLIC

WASTE MANAGEMENT

SUPERFUND

SERB (SERB)

e
Print Report for

i

Go to New
Record ‘ Blank Record

FACILITY

[
. Go to New Record -
(default to last

i record values)

e
‘Delete Record




\ N L

EPA 822-D-94-002

BRIEFING REPORT

to the

EPA SCIENCE ADVISORY BOARD

. on the

EQUILIBRIUM  PARTITIONING APPROACH
TO PREDICTING METAL BIOAVAILABILITY
~ IN SEDIMENTS AND THE DERIVATION OF
SEDIMENT QUALITY CRITERIA FOR METALS

December 1994

U.S. ENVIRONMENTAL PROTECTION AGENCY
' ' OFFICE OF WATER AND
OFFICE OF RESEARCH AND DEVELOPMENT

(0 Recycied/Recycisbie
% Prirted on paper that comntans
at lsast SO% recycied fider



8

K AN CgofficienT  peweed
(ﬁou_ M 0 w @;x)mnc.ﬁ" ¢4p1)v<d
- /

E%P Eg i b i PertRo—
: eNA
d et | wr ps s RDA CoefH
o oetml/ e
[ ® A Cor 60
Too  perkate 2 ogyeae “
(Dj o KOC = 0,000L8t 0.9€2 /{9 B [cou o.onLY

Lo [Coc % [Cow

[((/(:ﬁc(<oc

[/:60 ‘f”/:"""\f/,oo't weter W&I’A"}\‘h ce&m‘?—-‘u‘/‘/
c{ &-O-LZ—‘L-"]QL""( Co.\u-‘f(aﬁ"“\ On fj Pstg,

N T
£,0e He
< & i Atiy Wttt o
A Tre M Gycetoton = Ko, CA
-’O,D“.‘( cerboy —
C e ek wp——
s L0 T Aoraattd gl cont foraey ol

S

wea Lo >0/

DO ¢ dssloy (coboidet) sge=ie ¢




N P o P ti - Sramer i f -l | Sarrare oy Faamen ' Rl Aermeorm Pavs et Eowyen Erevam R
.
. . .

PRINCIPAL AUTHORS .

in Alphabetical Order

Gary T. Ankley
" .U.S, Enviromental Protection Agency Laboratory, Duluth, Minnesota 55804

Walter J. Berry
U.S. Environmental Protection Agency Laboratory, Narragensett, Rhode Island 02592

.Laurie D. De Rosa
HydroQual lnc -1 Lethbridge Plaza, Mahwah, New Jersey 07430

_ : Dominic M. Di Toro :
Environmental Engin€ering and Sciénce Program, Manhattan College, Bronx, New York 10471
HydroQual, Inc., 1 Lethbridge Plaza, Mahwah, New Jersey 07430

. David J. Hansen
U.S. Environmental Protection Agency Laboratory, Narragansett, Rhode Island 02592

Mary Relley

u.s. Enwronmental Protectlon Agency, Office of Science & Technology
. Washington, D. C 20460

CONTRIBUTORS
In Alphabetical -Order
" Herbert E. Allen - :
Department of Civil Engineering, University of Delaware, Newark, Delaware 19716

: _ J. Jackson'Ellington '
U.S. EPA, Environmental Research Laboratory, Athens, Georgia 30605-2700

A. Wayne Garrison
U.S. EPA, Envuronmental Research Laboratory, Athens, Georgxa 30605-2700

- " Robert A. Hoke
Scnence Appllcatlon International Corporation, Hackensack, New Jersey 07601

John D. Mahony
Chemxstry Department, ManhanFCollege Bronx, New York 10471

. Richard C. Swartz
U.S. EPA, Enyiroment'al Research Laboratory, Newport, Oregon 97365



. :‘.‘n‘»-! couni)

:

1

e Rasanse Chevan YRR e

.
R

¥

DISCLAIMER
_This document is-a compilation of data and-analyses from scientific investigations
into the bioavailability of metals in sediments to benthic organisms with the intent of

proposing 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. {t does not -
establish a binding norm and is not finally determinative of the issues addressed. Agency
decisions in any particular case will be made applying the law and regblations on the b'asis.
of specific facts When permits are issyed_ or regulations promulgated. ‘ '

The mention of trade names or specific products does not constitute endorsement.
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INTRODUCTION

Thae.e DT

Overview ' C e

<

- This briefing document for -the ‘Science Advisory Board (SAB) describes the

mm_ethodology that the EPA is proposing to use to establish a national sediment quality

" criteria for metals. It is based on the Equilibrium Partitioning (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 information for

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

. Legal Basis

Responding to envrronmental problems with correctrve actron frequently requires
_provmg that somethrng negatrve has occurred. "lnnocent untll proven guilty,” the standard

of the Amerrcan 1ud|cral system, works well for many legal activities;.but applying this
_ logrc to envrronmental protectlon efforts (an actwrty is env:ronmentally acceptable until it
can be proven unacceptable) presents a unique - set -of : strengths and lrmrtatrons

3 Regulatory agencres frequently are called upon to prove-environmental or human health

degradatnon has or could occur prior to takmg .any.. corrective or. preventive: action.

Screntrfrcally sound and legally defensible measures that ‘demonstrate potential or actual

. |mpacts are rmperatrve. Fundamental to any effort to ensure- envrronmental protectron rs

to defrne the party upon whom the burden of proof lles. .Chemical specific crrtena are one
tool developed by regulatory and non—regulatory agencies that'is frequently used to meet
the burden of proof reourrements. ﬂCrrterna deflne when.a release of a substance mto the
envrronment is’ acceptable and when the release is causing- or.has potentlal.to cause
adverse impacts to aquatic life, wildlife, or human; health EPA initiated efforts to develop
natlonal sedrment qualrty crrterra under the ‘authority | of the Clean Water Act to protect the
chemlcal physrcal and brologrcal rntegrrty of the country’s water resources, aquatrc life, -

and water dependent resources. The sedlment crrterra are rntended to be used to prevent



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

remediation decisions on sediments that are already contaminated.

rd

|

i

Definition of Sediment Criteria (aquatic life) |
: : |

' \

Sediment Quality Criteria are the U.S: Environmental Protection Agency's best
recommendation of the concentration .o_ 2 substance’ in sesLme_In that w'll __o_f.
.-y_as.tzsmab_zaﬁessb_e_t_rzn hi g_gm

, Methodology Selection

A detailed methodology has been developed to derive sediment‘quality crit.eria for
metals. This document presents the supporting logic and specifies the numerical
procedures to be used to calculate the criteria values. .

The use of total sediment metal concentrationasa foeasure of bioavailable - or even _
potentially bioavailable -~ concentration ‘is’ not sSupported by the available data.
‘Experimental resuh:s indicate that dnfferent sed:ments can differ in toxscxty slgmfncantly for
the same total metal concentration.: Wrthout accounting for thzs dlfference one cannot set. .
a -national. sediment’ quahty criteria that depends: only ‘on the total sedlment metal
concentration.- Therefore, the variation in the bioavailability of metalsin vanous sedlments

‘must be explicitly-considered in the ‘establishment vof’defeos'ible'sedimerit quality "cciterfia .
Thisis a sngmflcant obstacle; since without some quantltatlve estimate of the bnoavallable
:metal concentration in a sediment it is impossible to predlct a sedlment s tox:cxfy based
on chermcal measurements This'is true regardless of the methodology used to assess
baologucal impact - be-it laboratory tox:clty expernments or fleld data sets compnsmg -

A

benthic biological and chemical samplmg.
- The EqP approach was selected to estabhsh sed:ment qualxty cntena because it h
mcorporates the ‘most useful techmcal aspects of a vanety of approaches. Specnflc

reasons for selectmg ‘the approach are as follows:
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(1) it was 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 cbntext. These criteria would directly address the issilq '

' . of bioavailability and for the most part are based on the éxtensive'biological

effects data base used to establish national water quality c;'rteria. e

(2) Sed{iment criteria could be readily~'incorporated into existing regulatory
operations since a unﬁme numerical sediment specific criteria can be
established for a chemical and compared to field measurements to assess
the likelihood of sighificaht 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 .reginla‘tors with information on potential incremental impacts

~ on benthic organisms as a function of the extent of criteria excedences.

e — P

s’

(4) The method takes édvantage of the large amount of data and expertise that

went into the development of the National Water Quality Criteria.

. w T
— .. B ¢

- (8) . The methodology could be used as.a regulatory predictive tool-to link
. - sources .t0 §edirrient sinks to ensure. uncontaminated sites would' be
. protected from attaining unaccéptable levels of.contamination. .

“ - Tam o ety P [RRASRUET SO . Se T e - RS X T I ¥
R TTA L . N 3 : .

Application of Sediment Criterié e s R AN e

- Persistent contammants discharged into- the surface waters of ‘the U.S. end up

,-..primaruly in the water column and in. sedlments. -, Technology based controls,: whole '
. efﬂuent toxlcrty tests, and chemlcal specmc water quality cntena provide the basis for

_controlllng water column contammatnon. For sedlment contamination a sumllar approach .

IS. being adopted. Teg:hnolpgy based conttols,_.sednment biological tests, and sediment

criteria are intended to control, prevent, and manage sediment contamination.
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Over tt;e;past two yeara EPA has been preparing a draft Agency wide sediment

- management strategy to coordinate aad focus EPA’s resources on contaminated sediment
.. problems. An outline of thfs draft strategy has been released to the public for review and
--.a final draft Was announced in the Federal Register fchis past summer as available for

forma’l'pubiic .ccomment. The draft strategy is designed around three major principals:

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

. e~
- -beneficial uses of the nation’s surface waters are maintained for future -

. =; .o generations; 0 Tt

I S

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

" .~-prevention-and source controls; -

+3): v~ Natural reeoveryis oftenthe preferred remedial technique. In-place sediment

= remediation will be limited to high risk sites where natural recovery will not °

occur in an acceptable time period and where the cleanup process will. not
-+ - o o CAUSE greater problems than leaving the site alone.

. . - 3
-~ ot - e 2

A BN ' . oo e
T N N P - A SEPR E - \

 The draft strategy has six components: assessment, ;;revention, remediation, .

-~dredged material .management, research; ‘and-outreach.:’ Sediment quality'“criteria are --

o integrated:into;thisfstrategy:;.Howevgr, their specific role Qill be outlined in a "User’s
Guide" currently under development: The Guide Wifl'ﬁe'baseﬂ on the comments received
on the crtterta and strategy and will incorporate the management strateg|es of a vanety of

v

program offices on a program specific basis. TreanhE D RR s T

.~ .*Even though the specific _abplica‘tibris’ of sediment criteria are under development,
+::in.general the primary use of sediment criteria will be to prevent sediment contamination

1. and assess risks associated with contamiriant levels in sediments. Various EPA pfdgi%ms

:» concerned with contaminated sediment have different regulatory mandates and thus, have ]

dlfferent needs and. areas -for- potential appltcatton of sediment criteria. Because each

®

-
.
. . .
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regulatory need is program specrfrc, sediment criteria have to be mplemented in a variety

’

of ways to meet the needs of dlverse offlces and programs.

A llkely applrcatron of EqP sedrment criteria would be in a tiered approach In such

1

an apphcatron, when contaminants in sediments exceed the sedrment quality criteria, the .

sediments would be considered to be causing unacceptable lmpacts. Further testing may
or may not be required depending on srte specific conditions and the degree to which a
criteria has been violated.- (At,locatifo'ns,_ where contamination significantly exceeds a
criterion, no additional testing wou.ld be required. Where sediment cont'aminant,lev.els 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 be.eonsidered acceptable for benthic organisms because

they may contain other contaminants above safe levels for which no sediment criteria

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

.contammanﬁevel is bemg approached or has been exceeded By monitoring sediment

.._’

,:,contamlnants ln the vicinity of .a.discharge, contammant levels can be compared to -

‘ sedrment crrterra to assess the lnkehhood of impact. . . ... -

.r Som s

Sediment criteria will be particu!arly valuable in site monitoring applications where

sedrment contamrnant concentratrons are gradually approaching a criteria- over time.

M‘Companson of fleld_rneasurements to sediment crrtena_ will be a reliable method- for

JRI T B )

| provudnng early warnmg of a potential problem. Such an early warning would provide an

_‘ opportunrty,t‘o: take correct_t_\{e action before adverse impacts occur. - .. -

- ',-¢
1

) The safe removal and treatment or drsposal of contammated sedlments can be

_drfflcult, expensrve, and in some case not the envrronmentally preferred option (e.g.,
resuspenslon of contammated sedlments may cause greater harm than leaving them where

they are). Leavrng sedlments in place and allowing source controls and natural processes .

to reduce or remove the contamination has proven to be an effective option in some cases.

L4
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“In sorne situations, the high cost of clean-up activities has eliminated clean-up as an
~option. 'In other situations the spatial extent of the site and site-specific conditions may
warrant remediation beyond rdentrfled clean-up levels, an additional margin of safety can
be provided at little or no extra cost. For these reasons it is not antucrpated that

mandatory clean-up'to a natuonally desrgnated level is appropnate in most srtuatrons

oo T

. Document Outline . . IR R

This document contains ten additional chapters in which are presented the
" experimental data and the methods to be employed"in' deriiring sediment quality criteria.

P S TN . - . RN MR .

Chapter 2 reviews the Equilibrium ‘-'_P'artrti'oning" methodology which is used to
understand the relationships between sediment and interstitial water coneentrations"and

observed biological effects.

-~ e

' .Chapter 3 examines metal toxicity-and bioa\r’aiiahility ‘first in water only exposures
and then as & function of interstitial Water'concentration'sf" This chapter pres'ents the data
"that -suggest: that metal toxicity is best correlated to metal actwrty in water only

exposures. It also presents the correlations of organrsm response ‘to mterstrtral water”

concentratlons in sedlrnent exposures. . ) Tt

Do PRSI B sy _.- . s . L ;

- Chapter 4 reviews the state of the art for predrctlng metal partrtlomng in sedrments. '
" This is umportant because it connects the solid phase sediment chemlstry to the resultmg '
-interstitial water concentrations - . both of whrch set the metal actlvrty of the sedrrnent -

interstitial water system. The lmportance of the cold acid extractable sulfrde in sedlments.
which for historical reasons is called acid volatile sulfide (AVS), is demonstrated.” An

-- equilibrium model'is analyzed to establish the relatlonshlp between rnetal actrvrty in the

_sedifment - interstitial water system, the extractable solid phase metal concentratlon -

which is called the SEM for reasons drscussed below and the ratlo of the metal to iron .

- sulfide. solubllrty constants.

- : L . -
™oL T [P DR B )
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Chapter 5 presents the data from laboratory sediment sprknng experiments

e Uncontammated sediments are splked wrth varyrng metal concentratlons. and the resultlng

' toxrcrty is measured usmg sedrment-dwelling animals The results are analyzed usrng the

“l

SEM and AVS method and the mterstmal water concentrations

Chapter 6 presents a similar set of results but these sediments are from field sites

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

and interstitial water methods explain the toxicity observed in field collected sarnples

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 series 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 qualrty and
quantity of the benthic animals that colonize the sediments.

Chapter B 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 mterstrtral water | '

concentratlons.

Chapter 9 presents information on a number of topics that influence the variation °
"of AVS, temporally, spatially, and with respect to organic carbon in sediments. The

.oxidation kinetics of iron sulfide and, more importantly, cadmium and zinc sulfide are

examined in order to answer the question: what is the importanr:e of seasonal variations
and how do they affect criteria. The experimental information related to organic carbon

binding and the resulting partition coefficients are pres_ented.

Chapter 10 presents the strengths and limitations of the various methods that have

been discussed in the p previous chapters. Recommendatlons are lncluded for srtuatrons

.where more study is required.

P
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Chapter 11 presents a proposed sedlrnent quality criteria for the flve metals: Cd,

-"-

. Cu, Ni, Pb and Zn. Smgle metal criteria are not techmcally supportable since the bmdmg
of each of these metals mteract with each other, thus affectmg therr mutual toxicity. A

"’dlscussmn of the hmrtatcons of these cntena and thelr proposed utility i is also mcluded

i
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CHAPTER 2 , .

EQUILIBRIUM PARTITIONING -

3

"The dévelopment and applicatioﬁ of the Equilibrium Partitibning (EqP) method for
deriving SQC 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 SQC for five nqni'onic organic chemicals [3,7]. The developfnqnt of sediment’
quality criteria for metals also utilizes the EqQP method. This chaﬁtér presents a summary
of the technical basis for establishing -sediment quality criteria for nonionic organic
chemic;ls using EqP. Cadmium data 'is'also présgnted. ' The purpose of presentiné tﬁis
summary for nonionic organic chemicals is to briefly define ‘the EqP method and to

demonstrate its utility in determining the bioavailability of sediment chemicals.
Bioavailability

Establishing a SQC requires a determination of the extent of the bioavailability of
sediment associated chemicals. ~ It has frequently been observed that similar
concentrat:ons of a chemical, in umts of~-mass of chemical per mass of sedlment dry .
weight (e.g. mlcrog_fams chemlca_l per gram sediment), can exhibit a range in toxicity in
different sediments. An example is bresented in Figure 2-1. These are the results-of two

. sediment toxicity tests of cadmium using amphlpods of sumllar sensitivity [8,9].: One
sediment is from Central Long island Sound and the other is from Yaquina Bay, Oregon. ~

The LC50 for cadmlum for these two- §edlments 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 .varyin.g

bicavailability be understood and be explicitly included in the criteria. Otherwise the critéria’

~cannot be presumed to be applicab!e across sediments qf differing broperties.

The importance of this issue cannot be ovefemphaéized.. For ex‘ample, if 20 yg/g -

of cadmium is the LC50 for an organism in one sediment and 1,500 ug/g is the LC50 in
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“Figure 2-1.
_ab_m_ug to concentrations of cadmlum in bulk sediment.
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another sediment (Figure 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 LCSO
of a third sediment. The results of tdxig:ity tests used to establish the toxicity of chemicals
in_,sedime.n'ts would not be generalizable to other sediments. Imagine the situation if the
resuits of téxicfty tests in water depended strongly on the partiéular water source - for
example, water from Lake Superior versus well water. Until the source of the differences
was understood, it would be fruitless to attempt to establish water ﬁuality criteria. It is
for this reason that understanding Bicavailability is a principal focus in establishing’

sediment quality criteria.

The observations that provided the key insight to the problenﬁ of quantifying the
bioavailability of chemicals in sediments were that the concentration-'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 cheﬁiical per liter pore water). The resuits of

_ toxicity tests of kepone using Chironomus tentans in three sediments is shown in Figure

2-2a. The sediments have quite different LCS0s on a sediment dry weight basis: from
approximately 1 ug/g to approximately 35 ug/g. However if the mortality is examined as
a function of the concentration of kepone in the interstitial or pore water of the sediment,

. Figure 2-2b, then the mortality-concentrationresponses are similar for the three sediments.

In addition, the LC50s on a porewater basis are the same as the LC50 obtained from a
water only exposure toxicity'test. Thus the water only LC50 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

-Sac. "For nonionic organic chemicals, it is shown, subsequently, that the concentration

- response curves correlate equally well with the sediment chemical concentration on.a
sediment organic carbon basis. Figure 2-2¢ presents the same mortality data as a function
of the organic carbon normalized sediment keépone concentration (ug kepone/gm sediment

organic carbon). The responses for the two sediments with the higher. organic carbon



+
- =

'

..

-

BT SRR
.
-,.

e

‘Acute Toxicity of Kepone

——T 7 AR AL/ 1 v Ty

foc (/J
100 -
% 0.00 . .
-~ B8OV * 15 ¥ ¢
X ! !
&> ® 12 p)
- 60 ¢+ - V) . , -
.~ I e
E. 40 } f -0 .
s 4
£ 20t 7 .’ -
oo—«-:.:-.‘:f_- *""". -
_ A
PEEPPYY. B PPN | PPN .
0.1 10 10.0 100.0
- Dry Welght Concentration (ug/g)
3 «AfER ONLY LCSD -
toc G2}
100 « 0.09 y
—~ 80} ¢1Ss J N
S | e-12 :
o 60 =
s 4o} -
S 20
—_ B : 4 T
ol Ao 5 |
1 . - 10 100 . 1000-

Pore Water Concentration (ug/L)

, foc G2} - - o

100 i u 0.9 1

~ 80 ¢ 15 -
L\. : ® 12

> 60f -

S 4o} ]

°
= 20 -
Ay
[ ) B ‘-“q o
* 10 100 1000 " 40000 -

Organic Carbon Normalized (ug/g oc)

Figure 2-2. Comparison of percent mortality of Chironomus tentans to kepone
concentration in bulk sediment (top), pore water (center) and bulk sediment usmg organic
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fractions (f ) display the same response. The sandy sediment (with low organic carbon)
has a larger LC50, probably because the f;,c for this sediment is too small for organic
carbon to be the only sorption phase. The range of f,. values for which carbon

normalization is appropriate has been examined in more 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, f;c, as shown in Figure 2-3 (right). The name
“Equilibrium Partitioning” (EqP) describes this assumption of partitioning 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 thatthe .

sediment - pore water equnllbnum system (Flgure 2-3, right) provrdes the same exposure .

asa water-only exposure (Figure 2-3, left). The reason 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 primary route of exposure because all exposure 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 EqP assumptions are only approxrmatelytrue and,
therefore, the predictions from the model have an inherent uncertalnty A dlscussmn and

quantification of uncertainty is found in the EPA SQC Technical basis document [2].

Pore Water Normalization

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

between toxicity and pore water concentration [1,2]. The data presented below exan_fines
the use of the water-only LC50 to predict the pore water LC50. Figure 2-4 presents

mortality data for various chemicals and sediments compared to pore water concentrations -

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

water concentration to the LC50 obtained from an independent water only toxicity test.

L4
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'. Figure 2-4, Mortality versus predicted pore water toxic units for seven chemicals and up to three organic carbon content
sediments per chemical. Sediment types are indicated by the single hatching (lowest organic carbon content), cross hatching
lintermediate organic carbon content) and filled symbols (highest organic carbon content). - See [2]) for more detailed

descriptions of these data sets. Pfedlctpd pore water toxic units are the ratio of the pore water concentration to the water;
- only LCgq (Eqn. 2-1). . : '



-

R}

A o S N Am EE e - e N
. . ..
’

- 2-8

The EqP model predicts that the pore water LC50 will equal the water only LC50. Define:

redicted pore water toxic unit = \POré water concentration) (2-1)
P . P : (water only LC50) )

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 -
addition, normalization of these 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 the EqP model. _By contrast, it
has been shown [1 .21, that the mortality versus sediment chemical concentration on a dry

weight basis varies dramatically from sediment to sediment.

The equallty of the effects concentration on a pore water basis suggests that the

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

ona sedlment organrc carbon basis, whrch will be presented in Figure 2-5 suggests that
the mgestlon of sedlment organic carbon is*the primary route of exposure * Neither of

these references can be supported by the data presented in Flgures 2-4 and .2-5

subsequently. it is important. to realize that if the sedlment 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 organrc carbon concentratlon then that concentratlon could be used

to quantify the exposure concentratron for an organtsm. Thus, understanding the

L
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partitioning of chemicals between the solid and the liquid phase in a sediment becomes a

© npecessary component for establxshlng SQC for any substance, mcludlng metals.

RS, re o

For nonionic hydrophoblc organic chermcals sorbmg to natural soils and sedlment

‘partu:les, a number of empirical models-have been suggested [10]. The chemlcal property

L

that indexes hydrophobuc:ty is the octanol/water partmon coefflcuent, Kow The lmportant .

particle property is the wetght fraction of orgamc carbon, foc " Another important

: environmental variable appears to be the partlcle concentratton ltself [111. A detailed

"discussion of the particle concentration effect has been presented [1 2],

.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 interpretations yield the same resuit 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

coeffncnent to sediment organic carbon, K,., which is approximately equal to the octanol-

 water partmon coeff«crent Kow thatis, Km:---l(‘,W by the following equation 112l -

Logip Koc = 0.00028 + 0.983 LOg10 Kow ) S (2-2)

. . . -
. B e T e
LI R -

'The unifying ‘parameter that permits - the developn1ent of - SQC -for.- nonionic

. hydrophoblc organnc chemlcals that are applicable to a broad range of sediment types is
. the, organlc carbon content of the sediments. --This can- be shown as follows.: The

- sedlment/pore water partltlon coefficient, Ky, is given by.; ;- oonee oo e 0

v T prmag ey

. 'Kd = f Koc STl L :-v-.*f‘.—-"- RO oo ~-.:' L :“ o -'.;.-7 (2-3) )

C e

P . EA TP NI I I A I I e}

and the solld phase concentration is given by
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Cs = foc. Koe Cy S S o (2-4)

where Cg is the concentration on sediment particles. An important observation can be

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

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

fraction, f,.. Data have presented [1,2,12] to support the linearity of partitioning above
a value of f,, = 0.2 percent. This result and the toxicity experiments [1,2] suggest that

for f,c = 0.2 perc'ent,. organic carbon normalization is valid.

- As a consequence of the linear relationship of C and f ocr the relatlonshlp between
sediment concentratlon, C,. and free dlssolved concentratlon, Cd, can be expressed as

S k.. c - e (2-5)
If we define
Cs,on_ T:; - ‘. . . . . » (2-5)

as the organic carbon normalized sediment concentration (ug chemical/g organic carbon), .

then from Equation (2-5):
Cs'oc . Koc Cd ‘ | R - . ‘... - . . .. - .‘ (2.7)

Therefore, for a specific chemical with a specific K, the organic carbon normalized'total

" .- sediment concentration, Cs oce IS proportnonal to the dissolved free concentratlon, Cq. for -

_any sediment with foc = 0.2 percent Thts latter quallflcatlon is judged to be necessary
* becauseatf ;< 0.2 percentthe other factors that influence partrtlomng (e.g.. partucle size

and sorption to nonorgannc mlneral fractions) become relatively more |mportant [8]. Usmg

the propomonal relatlonshnp given by Equation.2-7, the concentration of free dissolved .

chemncal can be predlcted from the.normalized sediment concentration and Koe- The free

concentration is of concern as it is the form that is bioavailable.

£
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As dlscussed above, hydrOphoblc chemlca!s also tend to partition to colloidal-sized

organic -carbon particles that are commonly referred to as dissolved organic carbon, or

DOC. Although DOC affects the apparent pore water concentrations of highly hydrophobic
chemicals, the DOC-bound fraction of the chemical appears not to be bioavailable [.1].

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

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

with the same mortality data as these in Figure 2-4 but restricted to nonionic organic
chemicals for which organic carbon normalization applies. The concept of sediment taxic

units is useful in this regard. These are computed as the ratio of the organic

carbon-normalized sediment concentrations, Cy/f,c-and the bredicted sediment LC50using .

K, and the water-only LC50. That is:

. oo C./f, ' .
icted sedi ic uriit = s"oc (2-8]
predicted se n@ent toxic unit Koc (water only LC50) . .

Figure 2-5 presents the percent mortality versus predicted sediment tdx_ic un'rts._
The correlation is similar to that obtained using the pore water concentratibns in Figure 2-
4. The predicted sediment toxic units for each chemical follow a similar concentratlon-
response curve mdependent of sediment type The data demonstrate that 50 percent
mortality occurs at about one sediment tox:_c umt, independent of chemlcal, orgamsn? or
sediment fype, as eipected it the EqP assumptions are correct. if we know the

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

If the _asSu'mptions of EqP were exactly true and there were no expe}imemal
variability or measurement 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'

twoin the results. This uncertainty associated with sediment quality criteria was obtained

from a quantitative estimate of the. degree to which the data in Figure 2-5 support the

assumptions of EqP [2]. This variation reflects inherent variability in these experimentsas -

L4
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well as phenomena that have not been accounted for i m the EqP model. This appears o

be the hmxt of the accuracy and precrsnon to be expected

x4

- Effects Concentration

The development of SQC requires an effects concentration for benthic organisms.
.Since many of the organisms used ta establish the water quality criteria (WQC) are

benthic, perhaps the WQC are adequate't estimates of the effects concentrations for benthic .

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

_ establish the WQC 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 true B

that benthic organisms are as sensitive as water column organisms, then SQC could be

established using the final chronic value (FCV) from these WQC documents as the effects ~

concentratton for benthzc organlsms The apparent equality between the effects
concentration as measured in pore water.and in water-only exposures (Figure 2-4) or as
predicted from organic carbon normalization (Figure 2-5) supports using an effects

concentration derived from water only exposures.

This use of WQC assumes that (a) the sensitivities of benthic species and specues : | .

tested to derwe WQC predominantly water column species, are similar and (b) the levels

-of protection afforded by WQC 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
colonization experiments was done [1,2].. Atthough there is considerable scatter, these
results, 3 more detailed ana|ysis of all the acute toxicity data, and the results .of_'benthic

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

The final validation of SQC will come from field studies that are designed to

£

evaluate the extent to which biological effects can be predicted from SQC. Sediment
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quahty criteria for nomomc orgamc chemlcals can pOSSlblhtY be validated more easnly than
WQC because determmmg ‘the organism exposure is more stratghtforward The benthlc

populatton exposure is quantnfled by the orgamc carbon normalized sedument

concentratlon.
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CHAPTER 3
METAL TOXICITY IN WATER AND SEDIMENT EXPOSURES -

-’

The equrlrbrrum partmonrng methodology for establrshmg sediment qualrty crrterra

" requires that the chemical concentratron be measured in the bioavailable phase and that

the chemical potentral of the chemrcal be determmed In this chapter, two questions are
addressed. The frrst concerns the forms of metals that are bioavailable. The question is
addressed usrng water only exposures. The second concerns the observation that the
brologtcal response is the same for water only exposures and for sediment exposures using '
the pore water concentratrons. Thrs equalrty was demonstrated for non-ionic organic

chemicals and rt is a fundamental tenent of the Equrlubrrum Partitioning model

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

" activity, and that water only exposures and sedrment exposures are equrvalent Therefore

for both metals and nonionic chemrcals thrs EqP requrrement is satrsfred

-'A direct approach to establrshrng sedrment qualrty crrtena for metals would be to

apply the water quality criteria to measured pore water concentratrons The validity of this

approach depends on the degree to which pore water concentratlon and represents free.» :

metal activity and can be- accurately measured in both systems For most metals, free’. o

metal activity can not be measured at water qualrty criteria concentratlons and present

- - water quality criteria are not based on actlvrty Metals readrly brnd tfo drssolved (actually

colloidal) organic carbon (DOC), and DOC complexes do not’ appear to be buoavarlable
Hence-the direct use of pore water concentratron is precluded for metals with srgmfrcant

-

DOC complexing.

By irnplication this difficulty extends to any 'complexing ligand that is present in

- sufficient quantity. The decay of sedtment organrc matter can cause ' substantial changes
-- in interstitial water chemrstry ln partlcular brcarbonate increases due to sulfate reduction.

*. This increases the lmportance of the metal-carbonate complexes and further complrcates s

the question’ of the broavarlable spec:e
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The sampllng of sedlment lnterstmal water is not a ‘routine procedure. 'l‘he least

. invasive technique employs a diffusion sampler which has cavities covered with a fiiter
membrane [2,3,4,5]. The sampler is inserted into the sediment and the concentrations on
‘either side of the membrane equilibrate. When the sampler is removed the cavmes contain

' flltered pore water samples. The time requtred for equllabratlon depends on the. pore size

- of the membrane and the geometry of the cavrty and usually exceeds one day

An afternate technique is to o’b’tain a sediment core, slice it, and fifter or centrifuge
“the slice to separate the pore water For anaerobic sediments this must be done in a
‘nitrogen atmosphere to prevent the preclprtatlon of i iron hydroxlde which would scavenge

-

the metals and yleld af‘tlflCla"Y low dlssolved concentrations [5,6].

- ‘Afthough either of these technlques are su:table for research investigations they
" require more than the normally available samplmg capabllltles If solid phase chemical
measurements were available from which pore water metal actlvity could be deduced it

would obviate the need for pore water samplmg and analysis and it would curcumvent the
' need to deal with complexlng llgands

Toxicity Correlates to Metal Activity

A substantlal number of water only exposure experlments dlsscussed below point
to the fact that blologlcal effects can be correlated to the dlvalent metal activity {Mz"'}
The claim is not that the only bloavallable form is M2+ - for example MOH™ may also be

* bioavailable - but that the DOC and certam other llgand complexed fractlons are not
" bioavailable. .

" The acute toxl_city of ca_dr'rflium to grass shrimp'@gﬁwﬁ) has been determined -

at various concentrations of ch'loride_ and NTA, both of which form cadmium,comple'xes
(71. The results are shown in Figure 3-1. The top panels are concentration response
curves as a function of total cadmium. The response is quite different at dlfferent

concentratlons of chloride, rndexed by salinity, and NTA. However if the concentratlon

- .
[
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response is evaluated with respect to Cd?* activity in the solut,ion,.t.hen the curves all
collapse into the same single curve (bottom panels). Comparable resuits have been
reported for copper-EDTA complexes [8] for which concentration response correlates to
Cu?* activity (Figure 3-2, left top and bottom).

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

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

and the complexing ligand is varied are shown in Figure 3-2, right top and bottom [8]. As

- NTA is added the toxicity of zinc to Microcystis decreases. The cell densrty increases

rather than decreases in tlme and reaches control levels at the hlghest NTA concentration
{left top and bottom panel). The data can all be correlated to free zmc activity as shown
{right top and bottom panel). Similar results for diatoms exposed to copper and the
complexing ligarid Tris are shown in Figure 3-5 (top) [10]. Variations in Tris concentrations
and pH prod.u'ce markedly different growth rates (left top and bottom) l}vhiclt can all be
correlated to the Cu®* activity (right). A similar set of results have beén obtained by
Sunda and Lewis [11] with DOC frorn river water as the complexing ligand, Figure 3-3
(right top and bottom). '

- Metal bioavailability as measured by organism uptake can also be exarnmed [12]

Uptake of copper by oysters is correlated not to total copper concentratlon (F‘gure 3-4 top) '

but to copper activity (bottom).

The implication to be drawn from these eicperiments is that the partitioning model

requrred for estabhshlng sediment quality crrterla should preduct {Mz"“} in the pore water.
The following section examines the utulrty of this idea.

Interstitial Water And Metal Toxicity

This section presents some early data that first indicated the equivalence of pore .
‘water ‘concentrations and.water ortlw,7 exposures. Much more data of this sort are

presented subsequently in Chapters 5 and 6. Swartz [13] tested the acute toxicity. of .

[ 4
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Figure 3-2. Acute toxicity to a dinoflagellate (left) of total copper (top) and copper activity
(bottom), with and without EDTA. Chronic-toxicity of zinc to Microcystis aerugingsa
{right) showing growth as cells/ml versus time with different levels of EDTA and NTA (top)
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cadmium to the marine amphipod, Rhepoxynius abronius in sediment and seawater. An
objective of the study was to determine the contributions of interstitial and particle-bound

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

concentration for 4-day toxicity tests in seawater and interstitial water. A comparison of

the 4-day LCSb of cadmium in interstitial water (1.42 mg/L) with the 4-day LC50 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 se_diments using the amphipods Amn.glisga abdita and Rhgpggr\igs

~ hudsoni [14]. Three sediments were used, a Long Island Sound sediment with high AVS,
* Ninigret Pond sediment with low AVS concentration and a 50/50 mixture of the two

sediments. Figure 3-6 presents a comparison of the observed mortality to the obsérved

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

'sediments. Four-day water only and 10-day exposure sediment toxicity-tests were

performed. The water-only response data for Ampe]:sca and Rhepoxymus are included for

comparrson although they represent a shorter duratuon exposure.’

An elegant experimental design-was employed by Kempand Swartz[15] o examine

the relative acute toxicity of particule bound and dissolved interstitial cadmium. - They
resuft in dfffering 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
concentrations - these experir_nents confirmed the equal concentration hypothesis.

A series of 1 O-day toxicity tests using the amphipod Hyalella g_gg_cg were performed

with this metal: Stenlacoom Lake, Washington, and Keweenaw Watershed, Michigan [16].

A water-only, 10-day copper toxicity test was also conduc’ged with the same organism.

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

‘treatment - the circulating water concentrations established the interstitial water

) io evaluate the bloavatlabrhty of copper in sediments from two sites hrghly contammated .
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" Figure 3-7 presents a comparison of the resulting mortality from the water-only test and
* interstitial water from the sediment tests.. The LC50s for the water-only and the average

of day O and day 10 pore-water concentration .Qver_e 31 and 28 ug/L respectively shqwing
strong ag'r'e't_ernent in predicting toxicity.
' /

" The data p'resented in this chapter demonstrate that in water-only exposures metal _

B} activity and concentration can be used to predict toxicfty. The resulits of ft_)ur experiments "

demonstrate that mortality data frdsti\' water-only exposures can be used to hredict.
sediment toxicity using pore water concentrations. The metal activity or concentration in
interstitial water therefore would be an important component of a partitioning model that
is needed to establish sediment quality criteria. The foliowing chapte_rs presént the current

developments in determining partitioning and hence bioavailability for sediment metals.

L 4
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. CHAPTER 4

~ 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] and Dzombak and Morel, [2] for recent summéries]. The models
consider surface complexation reactions as well as electrical interactions via models of the

double layer. Models for natural soil-and sediment particles are. less well developed.

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

.13,4,.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 chapter presents-the theoretical development of metals partitioning in .

sediments. .

Metal Sorption Phases

The initial difficulty that one confronts in selecting an applicable éorption model is

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

- specific to individual soils or sediments.  However the success of organic carbon based

non-ionic chemical sorption models suggests that some model of intermediate complexity .,
that is based on an identification of 'the sorption phases may be more generaliy'applicable.

. A start in this direction was made during-a recent confel:ence. [10}. A more formal
presentation is-available [11]. The basic idea was that instead of considering only one
'sorptio‘n' phase as is assumed for non-ionic hydrophobic chemical 'sorption, multiple
sprption' bhasgs were corisidered. The conventional view of metals .speciation in aerobic
soils and sediments is that metals are associated with the exchangable, carbonate, and Fe
and Mn oxide forms, as well as that associated with the organic matter and stable metal
sulfides, and a residual phase. In o:;ic soils and fréshwater sediments sorp;ioﬁ phases
have been idéntified as particulate arganic carbon (POC) and the oxid.es of iron and -

manganese [12,13,14,15). These phases are important because they have a large
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sorptlve capacxty Further they appear as coatings on the particles and occlude the other
mineral components. it was thought that they 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 metal sulfide interactions which dominate the
speciation-in the anaerobic layers of the sediment.

‘Titration Experiments

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

- water of. marihe sediments is well documented (16,17,18,19]. Metal sulfides are very

, insoluble and the equilibrium interstitial water metal concehtrations in the presence of
sulfides are small. [f the interstitial water sulfide concentration in sediments is large, then -

. as metal is added to the sediment, metal sulfide would precipitate followmg the reactlon
rv|2*+s2 -~ MS(s) - ' S @)

i
1
i
i
S : i
i
i
i
This appe.ared to be happening during a spiked cadmium ;sediment toxicity test [20] since l

- -a visible bright- yellow cadmium sulfide'precfpitate formed as cadmium was added to the
sediment. However, interstitial. water sulfnde acthty, {Sz°} measured with a suh‘lde '

electrode indicated that there was little or no free sulflde in the unspiked sedment Thns

- was, at the time, a most puzzllng result. ) I
_ The lack of significant quanti'ty of dissolved sulfide in the interstitial water and the: _J

‘ gvidém.formation of solid phase cadmium sulfide suggested the following possibility. The -
-majority of the sulfide in sediments is in the form of solid phase iron sulfides. Perhaps the
- .. source of the sulfide is this solid phase sulfide initially present. As cadmium is added to
-.'the sediment it causes the solid phase ironsulfide to dissolve releasing sulflde whuch is
-avallable for the formation of. cadmium sulfide.: The reactionis: - -

-

~

-
: [
.
-
a l
.
i
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Cd?* + FeS(s) - CdS(s) + Fe** ~ | (4-2)

Cadmium titrations with amorphous FeS and with sedtments were performed to examme

this possnbllrty
Amorphous FeS

A direct test of the extent to w?wioh_this reaction takes place was performed [20].
A quantity of freshly precipitated iron sulfide was titrated by adding dissolved cadmium.
The i’ésutting aqueous cadmium activity, measured with the oadmium electrode versus the
ratio of cadmlum added, [Cd]A, to the amount of FeS initially present, [FeS(s)};, is shown .
in Figure 4-1. The plot of dissolved cadmium versus cadmlum added illustrates the
increase in dissolved cadmium that.occurs near [Cd], Y, [FeS(s)]; = 1. Asimilar experurnent

has been performed for amorphous MnS with comparable results. ltis 'interesting to note

)

that these displacement reactions among metal sulfides have been observed by other
investigators [21]. The reactlon was. also postulated by Pankow [22] to explam an -
experimental result involving" copper and synthetic FeS.

These experiments plainly denionstrate that solid phase ahorphoua iron -and

. manganese sulfide can readily be disptaced by adding cadmium. As a consequence it is

a source. of available sulfide which must be taken into account in evaluating the

— . relationship between solid phase and aqueous phase cadmium in sediments. A direct

‘ confirmation that the removal of cadmium was via the displacement of |ron sutflde is

shown in anure 4-2. The supernatant from a titration of FeS by Cd2+ was analyzed for

both cadmium and iron. The solid lines are the theoretical expectation based on the
stoichiometry of the reaction (Equation 4-2). '

Sediments

. A

A similar titration prooedure 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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Figg:e 4-2. Concentrations of Fe2* and Cd2* in supernatent from titration of FeS by -
Cd<+. ) . ) '
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4-6
Pond sediments used in the toxicity'testé; 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 équation is:

[ECd(ag)) = max{O,m(I{Cd]s - [Cdlg)} | (4-3)

where [ZCd(aq)] is the total dissolved cadmium, [Cd], is the cadmium added, [Cdlg is the
bound cadmium, and m is the slope of the straight line. The sediments exhibit quite
different binding capaciﬁes for cadmium, listed in Table 4-1 , ranging from approximately
1 pmol/gm to moré than 100 gymol/g. The question is whether this binding capacity is
explained by the solid phase sulfide ﬁresent in the samples.

Black Rock Harbor ~ 175.(41.) - 114.(12.1)
Hudson River ~ 12.6(2.8) - 8.58 (2.95)
LI SoundOe(c) ©  15.8(3.3) 13.9(6.43) 4.57 (2.52)
Mixture 545() __3.23(1.18 - -
Ninigret Pond©d)  2.34 (0.73) 0.28 (0.12) . 1.12'(0.42)
‘a’Av:rage (Standard Deviation) AVS of repeated measurements of the
stoc

(blAverage (Standard Dev:atlon) AVS after the sediment toxicity

experiment R

C)From original cadmium experiment [20]
“”50/50 mixture of L Sound and Ninigret Pond
le)From Equation (4-3)

Correlg;ion to Sediment AVS

The majority of sulfide in sediments s in the form of iron monosulfides (mackinawite .

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

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

used for quantification [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 cold acid extraction used to measure
AVS. Neitheris the; third compartment, organic’ sulfide associated with the oi'ganic matter

in sedimeni;'[?.S].

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 measured AVS for each sediment and in Figure 4-3 which
indicates the initial AVS concentration. The sediment cadmium b?ndfng capacity appears
to be somewhat less than the initial AVS for thé sediments tested. However a comparison
between the initial AVS of the sediments and that remaining after the cadmium titration '
is completed, Table 4-1 . suggests that some AVS is lost during titration experiment. In
any case the covariation of sediment binding capacity and AVS is clear in the data in Table
4-1and Figure 4-3. This suggests that AVS is the proper quantification of th"e sovlid phase

sulfide;s that can be dissol;/ed by cadmium. The chemical basis for this is examined below.

Solubility Relatio’nshipsAand Displacement Reactions

iron monosulfide, FeS(s), is in. equilibrium jwith. aqueous phase sulfide and iron.
concentration via the reaction: B '
FeS(s) = Fe2* + §2° | (4-4)
If cadmium is added to the aqueous phase, the result is:

Cd2* + FeS(s) = Cd2* + Fe2* + §2° | (4-5)

As the cadmiurr.r concentration increases, [Cd2+]'[52-] will exéeed the solubility product of

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

‘ _than iron monosulfide, FeS(s) should start to dissalve in response to the lowered sulfide

concentration in the interstitial water. The overall reaction is:
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" Figure 4-3. Cadmlum titration of sedlments as lndicated in figure legend Cadmium added per unit dry weight of sediment
© versus total dissolved cadmlum :
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Cd2* + FeS(s) - CdS(s) + Fe2* o (4-6)

The iron in FeS(s) is dusplaced by cadmium to form soluble iron and solid cadmlum sulflde.
CdS(s). The consequence of this replacement reaction can be seen using an analysis of
the M(ll)-Fe(ll)-S(-1l} system with both MS(s) and FeS(s) present in Appendix 4A. M(H)

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

~added metal, [Ml,, is less than the AVS present in the sediment then the ratio of metal

activity to total metalin  the sedlment-mterstrtlal water system is less than the ratio of the
MS to FeS solubility products: .

{M2*}/IMla < Kps/Kres Ce : L (4T)

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

In particular it is mdependent of the Fe2* activity. Of course the actual value of the ratio

<{M2+}IIM] A depends on aqueous specratlon, as mdncated by Equatton 4-6. However, the

ratio is still less than the ratio of the sulflde solub|lrty products

This 75 an important finding since the data presented in Chapter 3 indicates that

toxicity. is related to metal activity, {M2+} This inequality guarantees that the metal

actlwty - in contrast to the total dlssolved metal concentratlon -is regulated by the iron

"'sulflde - metal sulflde system. . .

The sulfide solubllrty products and the ratios are listed in Table 4-2. The ratuo of

. cadmlum actuvnty to total cadmlum is less than 10 -10. 5. For nickel the ratio is less than
" 1056, By inference this reduction in metal activity will occur for any other metal that

- forms a sulfide that is significantly more insoluble than iron monosulfide. The ratios for

the other metals in Table 4-2, Zn, Cd, Pb,-and Cu, indicate that rnetal actwrty for these

- metals will be very small in the presence of excess AVS. S e

PR -



FeS . -3.64 -22.39

NIS © 823 - .7 -27.88 . 559
s - . -9.64 . -28.39 . - -6.00
Cds -14.10 .. --32.85 -10.46
PDS ' 1467 . 3342 -11.03
Cus “t 2219 0 7 4084 - -18.55

‘Soiubilxty products KY, for the reaction M2+ + H* = MS(s) + H* for CdS (greenockite), FeS
{mackinawite}, and Nis mzllente) from ref 27. Solubihty progucts for CuS (covelhte), PbS (galeni ), and ;ns
{wurtzite), and pK, = 18.57 for the reaction HS" = H¥ ++s
MS(s) is compute& from log K,  and pK,. :

from 128] for the reactnon

B .Application to Mixtures of Metals
A conjecture based on the sulfide solubility products for the metals listed in Table
4°2 is that the AVS normahzed toxicrty of metals is additive. Slnce all these dwalent
" metals have lower sulflde solub:lrty parameters than FeS, ‘they. would all exist as metal

sulfides if their molar sum is less than the AVS. For this case

M o, 0 T (4-8)

".no metal toxicity would be expected where [M]; is the total cold acid extrat':tab-le:ith.metal
concentration in the sediment. On the other hand if their molar sum is greater thah the
AVS concentration, then’ a portion of the metals with the largest sulfide soiubulrty'
parameters would exist as free metal and potentially cause toxrcnty For this case the
" following would be true"": ' ) '
ﬂh\gi' S 1w .' | '_ . (4-9)

P R I

These two equations are precisely the formulas that one would employ to determine the
extent of metal toxicity in sediments assuming additive behavior and neglecting the effect
of partmomng to other sediment phases Whether the normalized sum is less than or

. greater than one discriminates between non toxic.and potentially toxic sedlments The
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' additivity does not.come from the nature of the mechamsm that causes toxicity. Rather

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

stoichiometric ratio pf M and S.

The appropriate quantity of metais 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 ThlS is the appropriate quantity to use because some

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

rigorous extraction were used to increase the fraction of metal extracted which did not

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

metal release would not be quantified. This would resuit in an erroneously high metal to
AVS ratio [26]. ' o

The above discussion is preducated on the assumptlon that all the metal sulfldes

behave sumllarly to cadmium’ sulfude Results of sediment spiking experiments wull be

presented in Chapter 5 for cadmium, copper, lead, nickel, zinc, and metals mixtures which

demonstrate 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

prober metal concentration to be used is the SEM. Both of these hypoiheses_can be tested

directly using sediment toxicity tests. These ‘are discussed in the next chapters.

£
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Appendix 4A __,__

Solubility -Relationships for Metal Suffides. Consider the following situation: a
quanttty of FeS is titrated with a metal that forms a more insoluble sulfide. ‘We analyze

the result usmg an equ:hbrlum model of the M-(ll) Fe(ll)- -S(-1l) system. The mass action
a2 IM2*Trg2-1S27] = Kyys | (A-1)

-

Vo2 [Fe2*lyg2-1527] = Kees | | (A-2)

© where [M2+], [Fe2*], and [S%] are the molar concentrations; yy?+. g2+, and v are the

activity coefficients; and Kyg and KFeS are the sulfide solubnlrty products The mass
balance equations for total M(ll) Fe(ll), and S(-ll) are -

a M‘z.tmz* < Msie = [M)A‘ .' . . . (A-3)
a-1F,zoIFe2*] + [FeS(s)] = [FeS(s)}; o~ = b o : - (A-4)
0521527 + IMSIsl] + [FeS(sl] = [FeS(s)]. S 7 %)
Where 0 .~ s . B T S
v M2 = [MZ'II(ZM(aq)] T o (AB) —
- Opg2s = -[Fezf]I[ZFe(aq)] TS R a4
ag2- = IS21/[ZS(aq)] 7. - (A8

PRI S

" are the ratios of the divalent species concentrations to the total dissolved M(ll), Felll), and

S{-1i) concentratlons, [ZM(aq)], [)ZFe(aq)], and IIS(aq)], respectively. [MS(s)] and [FeS(s)] .

are the concentrations of sohd-phase metal and iron sulfides at equilibrium. [FeS(s)};is the :
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Jnmal iron sulflde concentration’ m the sediment, and [M]A is the concentration of added
metal. ' '

X s Cote et
D - . A4 s

The ‘solution of these flve equatlons can be obtamed as follows the mass balance
" Equations “A-3 and A-4 for M and Fel(ll) can be solved for [MS(s)] and [FeS(s)] and
substituted in the mass balance Equation A-5 for S(ll)

- 32827 + 0 2Fe?'] + 0 (2 IM2*] = M4 (A-9)

- The mass action Equatlons A-‘l and A-2 can be used to substttute for [Fe2+] and [M2+),
whach results in a quadratlc equatlon for [82]

-1 1 KF "”d-1 K o
0 ST ¢ o | T BRES o T WIS | -, (A-10)
ys 2°Is -] ' VFe20 T : y.MZQ ) ) {A-
“The positive root can be accurately approximated by <"

1 e ke L o K| oy '

- . 2+ S 2« - . i

o= = | ] MA@

¥s2-1S<7] Veg2e '- " Vp2+¥g2- A -

‘which results from ignoring the leading term in Equation A-10. This is legitimate.because
.-, the term in parentheses in Equation A-10 is small rela’tive to {M], due to the presence of .
the sulfide solubility- products. As a resuits, [S2] is also small since it is in the

- d‘enorpinator. Hence, the leading tefmin Equatlon A-10 must be small relative to [M], and
can safely be ignored.

The metal activity can now be found from the solubility equilibrium Equation A-1:

- A . I3 - P RIS
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{M2%} = py2:IM2*] = Kyyg—me e =
) YSz'Isz-]
 sothat s
M2} - Kus :
IMla Bre2+Kres * By2-Kpis
where |

Bre2+ = 1ape2+Vpe2s)
and
B2+ = 1logg2eypg24)

Equation A-13 can be expreséed as

{M2*) _ Kus [ 1

-1 v s v N -
0 . ¢y2Kees 0.

1

m2*Kus |

Kms

Mla Kges Kms
¢ BFez’ + BMz‘K

“\FeS

Vee2+

Ym2+

4A-3

-1
[Mla (A-12)

(A-13)
(A-14)

" (A-1B)

(A-16)

The magriitude of the term in p'arentheses _cari be estimated as 'follows; | The first ierm’ in

the denominator is always greater than or equal to 1Bt = 1, because it is the reciprocal

_of two terms both of which are less than or equal to 1, Equation A-14. . They are gg 2+ <

1, which is the ratio of the divalent to total aqueous concentration, and' Vee2* = 1, which

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

Bp2*Kus/Kees > 0O, since all of its terms are positive. thus, the denominator of the
expression in parentheses is always greater than 1, Bg.2*+ + B KusKges > 1.
Therefore, the expression in parentheses is always less than 1. Hence, the magnitude of

thé ratio of metal activity to total added metal is bounded from above by ratio of.the

sulfide solubility qroducts:
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{Me2*}/IMly < Kus/Kres - ' : (A-17)

| ‘This results applies if [FeS];.> [M], so that excess [FeS(s)] is present.

if sufficient metal is added to exhaust the initial quantity of iron sulfide, then’

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

-equation no lqnger gppiies. Instead, the only solid-phase su!fide is metal sulfide and
MS] = [FeS} = | - | a1

so that, from the metal mass balance eqz;ation |
{M2*} = ppp2.ap42+([M]a ~ [FeS(s);) o | o (A-19)

this completes the derivation of Equat_ions 4-8 and 4-9.

.
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[AVS]
{Fe?*}
[Fe2*] -
[FeS(s)]
[FeS(s)],

KFeS
Knms
{Mm2+}
M2+]
M1,
MS(s)]
{s*}
1821
_[SEM]
[SEM] 4
[SEMI,
[SEMIy;

(SEMlpy,

[SEMI,,

Ofez+

UM2+

as*
ﬁFez*

BM2+
. yFeZ-'b
VM2¢~ )
Ys*

[ZFe(aq)]

. - 4A5 ¢

.. Glossary, . ...

acid volatile s‘ulf'ide concentration (zmol/g)
activity of Fe2* (mol/L)

concentration of Fe2* (mol/L)

concentration of iron sulfide (mol/L)

ir;itial iron sulfide concentration in the sediment (mol/L)
solubility produét for FeS(s) [(mol/L)?]

solubility product for MS(s) [(mol/L)?]

divalent metal activity (mol/L)

concentration of M2+ (mol/L)

concentration of added-metal {mol/L)

concentration of solid-phase métal sulfide (mollL')
activity of $2° (mol/L) .

_ concentration of S2* (mol/L)

simultaneously extracted metal concentraﬁon (zmol/g)
simultaneously extracted bd concentration (¢mol/g)
simultaneously extracted Cu concentration (¢mol/g)
simuitaneously extracted Ni concentration (#mol/g) |
simultar’;eoﬁsly extracted Pb concentration {(gmol/g)
simultaneously extracted Zn concentration (#zmol/g)
{Fe2*+}/(sFelaq)]’ ' '
{M2+}/[Em(aq)]

{SZ}/1£S(aq)]

(Ope2*Vee?*) !

(aMz+yM2+)'1

activity coefficient of Fe2*

activity coefficient of M2+

activity coefficient of S2°

concentration of total dissolved Fe(ll) (mol/L)



[ZM(aq)]
[=S(aq)]

concentration of total dissolved M(ll) {mol/L)

concentration of total dissolved S(II) (mol/L)
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CHAPTER 5

LABORATORY SPIKING EXPERIMENTS

I

The discussion in the previous chapter hasihigh‘lighted 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 bactenal oxidation of organrc matter [1). As a result, these ,

metals will displace. manganese and. iron whenever- they are present together with

-~ manganese and iron monosulfides [2]. Because the solubility product constants of these

_sulfides are so small, sediments with an excess of AVS will have very low metal ai:tfvity
in the interstitial water, and no toxicity due to these metals should be observed in the
sediments. If the metals are presentin excess of the sulifides (SEM/AVS > 1.6) and there’
are no other sediment phases capable of binding the metals (e.g., ch or TOC) metal will
be present in-the interstitidl water and the sediment may be toxic. The validity of this
theory can be demonstrated-through experimer_itation. Results of acute toxicity testing
with sediments spiked with metals in the laboratory ‘are presented in this chapter.

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

- ,_concentratlon of metals and AVS normalization are presented in Chapter 6. Results of

chronrc toxicity tests usmg sediment colonxzatron expenments are presented in Chapter 7.

- In this chapter resutts from a series of acute toxncrty tests usrng sahwater sedrments ‘

- spiked with cadmium, copper, lead, nickel, or zinc, and an equimolar mixture of cadmium, .
- copper, nickel, and zinc will be examined in detail. The‘methodolo_gy for these tests is
- presented in Appendix 5A. These tests will be highlighted because they. ser\ie as an
- -example from a single laboratory (Narragansett EPA Research Laboratory) of the methods
-_:-used in the sediment spiking experiments with metals and represent a series of tests w’hich
»followed a consistent methodology, performed with a relatively sensitive. specles unable
' to avoid the sediment (Ampelisca abdita, the amphlpod) A. _a_mma is an estuarine, tube—'

]

building, mfaunal amphipod commonly used i in sediment toxicity testing. Published resu}ts

. from tests using polychaetes [4,5] -and copepods {6] in saltwater sediments, and -
- oligochaetes and snails [?] in freshwater sedrments,-wull be combined with the A. abdita



.. interstitial water in sediment tests, 50 percent mortality would be expected in sedzments

5-2
results Data from spiked sediment tests in which neither AVS nor mterstmal water were
measured [8,9] or which used non-standard methods [10] will not be mcluded

-

‘Resuits: Saftwater Amphipod Tests

‘ The data handling techmques used in this chapter are discussed below.  Detection
hmtts were calculated for all chemical analyses based on instrument detection limits and
sample size. In those instances whege a mean concentration is a summation of measured

- data and data below the limit of detection, 1/2 the detection limit was used.for those

values below the limit of detection. Means for which there were no measured values

above the detectlon hmrt 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. ' .

’ Sediments which caused greater than 24 percent mortality were considered toxic.
Mearns et al. [8] found that sednments which caused greater than 24 percent mortality in
tests w:th the amphipod Rhgngxxmgs gbromg§ were not consistently classnfled as

sugmflcanﬂy toxic. This criterion is similar to the "80 percent of control survwal" crrteruon
~ used in the EMAP program [1 3l..

. -Many of __t_he interstitial and.overlying water concentrations discussed herein are '.

~ expressed as toxic units. A toxic unit is the' measured water concentration divided by the

y _wate_r-pnly, LC50 concentration for that particular compound for the test organism. For.

example, a sedirﬁent with an interstitial water concentration equal to the water-only LC50

.concentration for the test organisrn would have one interstitial water toxic unit (IWTU). -

‘When more than one toxu: metal is present, IWTUs are calculated as the sum of the toxic
units of the individual metals; e.g., IWTUCd +ni = linterstitial water conc Cd/LC50¢4) +
(interstitial water conc NI/LC50p;). Thus, if interstitial water is the principal source of

metals tOXICltY, and availability of metals is the same in water of water—only tests and i .

having 1.0 IWTUs. In this document we use < 0.5 IWTUs to indicate sediments unlikely
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to cause sngmfucant mortality because on the average water—only LCO and LC50 values
- differ by approximately a factor of two [14] and because data in our experiments supports

thxs value asa break—pomt between nontoxuc and toxic sednments

, ' Dasbed lines are used on all figures to indicate predicted break points in mortality
and chemtcal concentration. The dashed lines 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- mdlcates the demarcation between toxic and nontoxic
sedlments, and the dashed lines at 50 percent mortahty and IWTU 1.0 indicates the
'theoretlcal mortality at romwTy. e C

| Ten-day static renewaltests were conducted with A. _a_bd'ﬂatb determine water-only
LCSOs for Cd, Cu, Ni, Pb, and Znin seawater The 10-day LC50 values for the water-only
tests were calculated usmg the tnmmed Spearman—Karber method [11]. The LC50 values
- from the water-only tests are summarized in Table 5-1. There is no 10-day LC50 vaiue '
for cadmium available for Rhgpgxzmgs jlugs_L i so the 10-day LC50 value for A_ng_sga
abdita (36 wg/l) was used for the calculatlon of ‘tOch units for this specues. < This
.assumptlon is reasonable because these amphipods have similar sensitivities; i.e., the 4-
day LCSO S for R. udsg (640 pg/l) and A. _abdﬂa (340 ug/l) differed by less than a factor .
- of two [12] We assume that the ten-day LC50s for both species wull also be similar.

. . R B
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©.oso% 7 I TABLE 5-1. 10-DAY WATER-ONLY LCS0 FOR

F
I
1
T
1
I
|
I o | wate}-ohié Tésts;
X
-
I
1
1
|
1
|

AMPELISCA ABDITA
i Cadmium 36.0 Not reliable A
Copper o 205 , -.165-255 o
leed 3020 1,980-4,610
Nickel . "2,400 . 2050-2820

‘Zine 343 " 291-405

l



-. Spiked sediment tests

- Amphipods were e:rposed to control and-metal-spiked sediments in 10-day tests

with continuous renewal of overlying water. In all eicperlments fwo sediments of different

- AVS concentrations were used: Ninigret Pond (AVS-= 1.18-2.25 ymol/g) and Long Island

Sound (AVS = 9.72-19.9 gmol/g). In the cadmium test a mixture of these twp sediments
was also used (AVS = 434 pmollg) The nominal treatments used in most experiments,
expressed as the molar ratuo of metal to AVS were 0. 0 (control), 0.1, 0.3, 1, 3, 10, and
:30 (Table 5-2). There were four replncates per treatment in each test: two "blologxcal"
replicates were used to assess mortality, and two ehemlcal" 'rephcates were used for
metal and AVS analyses of the sediment at test iniriation and termination. Twenty (30
in the cadmium test) amphipods were added to each "biological" and the day 10
“chemical” replicate at the start of the test. Interstitial water samples were collected in

diffusion samplers (peepers) from each of these three repllcates at the {ermination of the
- experiments. '

E
_ Sediment.Chemistry-
Day O Versus Day 10 Chemistry Values -

- - AVS, SEM, and dry weight sediment chemistry measurements variea somewhat
from day O to day 10, but the variatidn was generally within 20 percent and did not show

a definite time, concentratron or metal-dependent pattern Therefore, all AVS, SEM, and

Interstitial Water Metal Versus SEM/AVS

“In all the individual and mixed metals experiments the interstitial water ‘metal

concentrations were usually below the limit of detectlon in sedlments with SEM/AVS ratios

below 1.0 (Table 5-2 Flgure 5-1). Inthe cadmrurn and mixed metals experiments the:

values for interstitial water appear high because of the high detec_tidn limits in these- .-
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TABLE 6-2, SUMMARY OF SEDIMENT CHARACTERISTICS, METAL CONCENTRATIONS, AND AMPHIPOD MORTALITY IN SIX SPIKED SEDIMENT EXPERIMENTS.

- Parcont
..... - Mortallty
Cadmium Lis CONT 0.88 94.4 58*  35.89° 158.29* 27.07* 3.84  0.00 14,8 . 0.00 ND 1.85
Cadmlum s 0.4X 0.88 94.4 58*  35.89F 175.53 156.29° 27.07* 550  1.586 149 o.10 ND 8.35
Cadmium us  0.3x 0.88 94.4 58°  35.89° 644,77 158.29* 27.07* 878  4.85 149 0.33 ND ' 16.7
Cadmium Lis 1X 0.88 94.4 58°  35.89° 1872.22 158.29* 27.07* 20.53 16.88 149 112 ND 10
. Cadmlum us ax 0.88  94.4 58*  35.89* 6810.61 156.29* 27.07* 55.63 51.89 149  3.47 240558 100
Cedmium ts 10X 0.88 94.4. 58°  35.89* 19969.10 156.29* 27.07* 181.60 177.88 14.9 1192 1344444  88.4
Cadmlum NIN _ CONT 045 00 . ND* ND*  ND 2.87° ND*  '0.08  0.00. 1.3 0.0 ND 5
Cadmlum NIN - 0.1X 016 0.0 ND* ND* 17.20  2.87* ND* 021  0.15 1.3 "0.12 ND 12.5
Cadmium NIN 03X ' 0.145 ' 0.0 ND* . ND* 7179 2.87° ND* 0.70  0.64 . 1.3 049 ND 12,5
Cadmium NIN 1X 015 0.0 ND® ND* 287.15  2.87° ND* 2.81 2.55 1.3 195 ND | 40
Cadmium NIN ax 0.15 - 0.0 ND® ND® 838.19  2.87¢ ND* 574  5.68 1.3 433 263.89 95
Cadmlum NIN 10X 015 0.0 . ND*  ND* 2727.93  2.87° ND*  24.33, 24.27 1.3 1853 81.11 100
Cadmlum MIX CONT 0.57 47.2 29.04* 18.28* ND 77.58° 14+ 187  0.00 43 0.00 ND 16.7
Cadmlum MIX 0.1X 0.57 47.2 29.04* 18.28°  31.08 77.58* 144 225 1 0.28 43 0.08 ND 1.7
Cadmium MIX 03X 0.57 47.2 29.04* 18.28* 196,49 77.58° 14* 372 - 1.5 43 0.0 ND 23.A
Cadmium MIX AX 0.57 47.2,  29.04° 18.28* 108271 77.56° 14°  11.60  9.63 . 43 222 ND 48.7
Cadmilum MiX . 3X 0.57 47.2 29.04° 18.28* 2325.82 77.56*  14*  22.68  20.69 4.3 477 966.67 100
Cadmlum MiIX 10X 0.57 47.2  29.04* 18.28° 5443.61 77.56* 14*  50.40 48.43 43 1118 327778 85
Copper Lis CONT 0.88 94.4 58.00 35.89 0.21 158,29  27.07 394  0.27 13.3 0020 - 0.07 125
Copper LIS 0.1 0.88. 94.4 177.12 3855  0.21. 157.48  27.07 5.84  0.99 12.2 0.08 0.09 7.5
Copper Lis 0.3X 0.88 94.4  408.41 18.15 0.24 159.37  27.08 9.50  1.54 4.4 035 013 178
Copper Lis 1X 0.88 94.4 1234.78 35.91 0.23  157.41 2858 22,47 11.48 1.2 9.43 0.87 100
Copper us ax  0.88 944 3323.07 35.08 0.18 ' 151.37 25,53 55.22 48.23 1.9 23.89 264.00. 100
Copper Ls 10X 0.88 94.4 11185.87 35.74 0.17 150.08 -~ 23.12 178.59 173.23 1.7 103.73 131953 100
Copper Ls 30x 0.88 ‘'94.4 23389.54 23.15 ND 148.01 9,98 370.34 2300.87 1.8 1683.07 19768.63 100
.Copper NIN CONT 0.15 0.0 ND ND ND 2.87 ND 008 000 _ 1.2 -0.00 0.08 225
Copper NIN 0.1X 0.15 . 0.0 4.60 ND . ND 2.38 ND '0.12  0.05 1.4 0.04 0.29! 5
Copper —NIN 03X °~ 045 00  11.09 ND ND 2.27 ND 0.22 0.08 1.1 0.08 0.14 15
Copper . NIN 1X 0.15 0.0 71.88 ND  ND 2.34 ND . 1.18 042 0.8 0.87 033 30
Copper  NIN ax T 045 0.0 21331 ND ND 2.41 ND' . 2.05 03 6.38 208 100
Copper NIN 10X 0.15 0.0  428.80 ND ND 2.38 ND 679  5.32 0.3 15.41 415.16 100
Copper NIN aox 0.15 0.0 72498 ND ND 2.87 ND 11.48  10.28 0.6 1831 792093 100
Lead us CONT 0.99 94.4 50.32 4352 - ND 165.89  24.17 395  0.23 19.9 0.0t ND ! 10
Lead s 0.1X 0.99 94.4 52.968 - 202.94 - ND 17871 - 24.85 497  1.25 18.8  0.07 ND 5
Lead us 0.3X 0.99 94.4 52,67 595.01 ND 165.17 24,50 6.864  4.18 128 0.33 ND 12.5
Lead us 1X 0.99 94.4 52,16 2297.99 ND 169.50 24,50 1492 14.58 18.4  0.89 0.18 7.5
Lead . LS ax 0.99 94.4 49.86 8803.38 ND 181.58 23,50 46.14 28.49 149 192 0.28 225
Lead LIS 10X - 0.99 944 4273 23108.45 ND 184.43 17.13 11531  88.26 15.5  4.41 1.09 % 428
Lead us = 3ox 0.99 94.4 41.49 90441.39 ND 148.43 18.07 43972  78.81 14.2 652 18.44 100
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TABLE 6-2. SUMMARY OF SEDIMENT éHARAcTERISTlCS. METAL CONCENTRATIONS, AND AMPHIPOD MORTALITY IN §IX SPIKED S-EDIMENT EXPEHIMENTS.
{continued} . ) . - . -

[

STRARTIAH Lo

Load NIN . CONT ~ 046 00  ND 763 ND 8.66 _ ND 0.18 002 . 12 002 ND 10
Load - NIN 0.1X 016 00 ~ ND*' ' 2770 ND  6.36 ND 0.24 0.17. 1.9 009 002 176
Lead NIN -~ 0.3X 0.16 0.0 0.43 100.46 ND 946 | ND 0.656  0.69 2.2. 0.28 ND 16
Lead NIN X 016 0.0 0.87  353.51 ND . 9.38 ND 1.87 187 31 060 0.03 5
Lead " NIN "3X 0.15 0.0 0.35 1218.28 ND 3.26 ND 6.84  7.14 .68  1.24 021 175
Lead- - NIN 10X 0.15 = 0.0 2.44 11448.69 ND 1.32 ‘ND 5632 1673 41 4.0 248 &5
Lead NIN . 30X 015 0.0 ND . 8519.39 ND 1.61 . ND  45.98  20.27 34 601 ©43.26° 926
Nickel Lis CONT ~ 0.88 94.4 54.26 36.17 0:28  144.47-- 26.39 367, 066 126 0.5 ND 0
Nickel s 0.1X 0.88 94.4 54.67 35,13 . 0.30 143.66 84.48 467. 192 . 120 009 . ND 7.5
Nickel Ls. - 0.3X 0.88 ‘944  55.19 3637 0.27 146.93 209.13_ 6.86  2.90 107 0.27 ND .25
Nickel LIs © 1X - 088 944 - 5573 3636, 0.20 149.45 636.29. 14.18 . 9.82 . 862 159 - ND - - 10
Nickel " US X - 0.88 94.4 54.73 ~ 36.04 0.28 '161.94 1638.94 31.28 2647 3.9 6.81 9.44 85
Nickel Ls . 10X 0.88 944  54.61 36.00. 0.34 166.97 . 4254.09 . 76.90 70.93 . 4.0 1770 - 163.98 100
Nicke) , us 30X - 0.88 94.4 65.00 = 36.30  0.41 168.67 9856533 166.55 266.04 2.7 99.27 843.73 100
Nickel Lis 100X 0.88 94.4 £3.66 37.25 ' 0.65 205.86 25169.49 432.89 674.22 - 1.9 303.26 2979.16 100
Nickel  NIN CONT - 015 00  ND 1.47 ND 2.48° 1.39 0.07. 0.7 1.2 0.09 . 0.04 5 .
Nickel . NIN 0.1X 0.15 ° 0.0 ND ND ND o216 689 014 035 19 0.8 ND - 78
Nickel NN - 03X 0415 0.0 ND ND ND 247 2045 ° 0.39 0.25 . 1.8 013 ND .8
Nickel *NIN 1X o195 00  ND ~_ND ‘ND 246 . 60.20 . 0.80 054 . - 10 083 0.06. 7.5
Nickel . “NIN - 3X 046 00  ND ND ND . 244, 9420 1.665. 121 . 06 2.02 1.47. 2.5
Nickel NIN 10X 016 © 00 - ND ND ND 2.82 162.23 281 263 . 07 4.03 §5.23. 987.6
Nickal NIN . 30X 045 0.0 . ND' . ND ND ' 3.36 47375 . 8.3 . 7.64 - 09 874. 271.94 100
Nickel NIN 100X “ 016 0.0 ND . ND ND . 8.07 1399.46  23.83 .22.85 . 0.5 . 498.36 762,81 975
Zine LIS Cont 0.88 944  61.34 ' 3637 . 0.25 166.73 20,20 404 1.20. - 113 O 0.12 15
Zinc .LIs 0.1X 088 944  61.73  36.63 0.26 284.10  20.22 5.99 . 2.82 1.7 0.24 008 75
Zinc o us 0.3X 0.88  94.4 62.46  ° 38.62 0.29 528.70  29.08 9.77 . 560 - 13.4 042 007 175
Zinc Lis 1IX 088 94.4 60.38 37.44 0.28 1369.89 28.67 2258 2071 151 1.37 .0.02° 15
Zinc us " 3X - 0.88 94.4 60.97 38.16  0.27 3404.96 2897 . 63.73 7577 . 18.2 4.7 1018 775
finc. - Lis 10X ° . 0.88° 94.4 87.49 51.60  3.87 6877.02 °© 32.29 107.41 168.43 . 16.0 10.53 344.62¢ 100"
Zinc us 3ox 0.88 94.4 84.30 48.74 .- 3.32 13319.68  30.79 206.87 142.29 14.0 10.16  8283.21 100
Zinc NIN . ° Com 0.6 0.0 0.35 .24 002 . 256 . ND 008 - 001 _- 23 0.00 ND 5
Zinc . NIN 0.1X 016 00 ° ND 1.28 ND 1704 ND 0.28 0.27 25 o ND 12.5
. Zinc NIN " 0.3X 015 0.0 ND 1.39 ND 42,05 ND 066 - 07" . 3.0 0.2¢4 ND . 125
Zinc NIN 1X 045 0.0 ND 1.28 ND 86.49 ND 1.49 1.6 . 27 0.6 003 - 6
Zinc NIN . 38X 0.15 0.0 . ND - 118 ND 178.69 - . ND - 275 202 .18 .11 23.27 36
Zinc NN 10X 0 045, 0.0 0.32 1.35 . ND 25679  ND : 395 - 421 . 1.3 3.2 754.56 95
Zinc NIN 30X 016 00 . . ND 1.30 ND 54244 - ND . 832 8.99 - 1.9 4.63, 2909.37 100
Cd, Cu, NIi,Zn LIS Cont 0.99 94.4 43.31 © ND 0.47 121.50 18.82 ' 2.86 3.2 .97 033  ND 5



ABLE 5.2, SUMMARY OF SEDIMENT CHARACTERISTICS, METAL-CONCENTRATIONS, AND AMPHIPOD MORTALITY IN SIX SPIKED SEDIMENT EXPERIMENTS,
{continued)

cd, cu, NI, Zn

2 Percant:
Mortality

*Values not avallable for this test, Valuss from similar control sediments were lubctltulod

*4ND = Not deteotabls.

***SEM was measured Tor only the metals splked In aho oxrlmont. SEM was hot ay avnllnbla far t the cadmium ex

LIS 0.1X 099 944 70.58 ND 45,40 150.17 41.19 4.51 4.38 113 0.9 NOD 25
-Cd, Cu, NI, Zn Ls - 03X . 0.99 944 120.02 NOD 128.65 199.90 81.65 7.48 8.e8 8.9 1.25 ND' 2.5
cd, cu, NI, 2n - LIS 1X 0.899 944  287.67, ND 427.89 387.08 203.79 1742 19.56 34 6583 1.91 18
Cd,Cu, NI, Zn . LIS ax . 0.98 944 927.79 ‘ND 1457,76 882,64 580.80 51.85 53,87 1.7 3t.28 ‘14245 100
Cd, Cu, Ni, 2 Ls 10X - 0.99 94.4 2797.89 ND 2034.90 1870.39 1322.42 11480 1156.37 0.2 536.80 16154.85 100
Cd, Cu, Ni, 2 NIN Cont 0.16 0.0 0.39 ND 0.28 2,33 ND 0.05 0.08 20 0.04 ND 5
Cd, Cu, Ni,2n  NIN 0.1X 0.t16 0.0 1.14 ND 1.68 3.18 1.1 0.10°  0.20 1.3 0.15 ND . 126
cd, Cu, NI, Zn NIN 0.,3X 0.5 0.0 3.27 ND 6.29 6.19 3.63 . 0.24 0.28 1.4 019 ND 5
.Cd, Cu, NI, Zn NIN 1X 0.16 * 0.0 .8.64 ND 14,98 13.80 10.11 0.82 0.62 06 112 553 22,5
Cd, Cu, NI, Zn NIN ax 0.16 0.0 28.43 ND 84.03 39.17 17.63 2,18 2.45 0.3 283 23.688 30
cd, Cu, Ni, 2n NIN 10X 0.16 0.0 2013.18 ND 108.72 48.24 18.78 . 6,22 2.88 ND 3293 2011.72 100

srimant.’ Bzxn have bean substituted,
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Figure 5-1. Ir;terstitial water metals (IW) concentration (¢M/l) as'a function of SEM/AVS
ratio in three sediments: Long Island Sound (LIS}, Ninigret Pond (NIN), 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, indicated by arrows. All IW data in the copper experiment.were above the limit of

detection. Data below the SEM detection limit are plotted at SEM/AVS = 0.001.



. 5-9 ¢
experiments. .ln the cadmium experiment one-half the detection limit of the cadmium
electrode used to measure c_admiu’m ion concentrations was 1.33 ymol/L. For the mixed
metals experiment the sum of one-half of the detection limits of the four metals spiked in
this test. was 1.54 gmol/L. Above an SEM/AVS ratio of 1.0 the interstitial water
concentratibn increased up to five orders of magnitude. with increasing SEM/AVS ratio.
In each expefiment there were usually one or more sediments with SEM/AVS ratios of only
slightly greater than 1.0 having interstitial Qvater concentrations below or near detection
limits. This indicates that there arézéther binding phases in the sediment. In some
sediments spiked with coppér, nickgl, and a mixture of metals, AVS decreased with
increasing metals.concentration'(T able 5-2), presumably due to the formation of copper
and nickel sulfides not sol;:ble in the AVS extraction. This underscores the importance of

using SEM rather than total mej:al in the calculation of metals/AVS ratios.

l: _ When the results of all the experiments are plotted together (Figure 5-2) the
relationship between interstitial water concentration and SEM/AVS is confirmed. In most
l - cases interstitial water concentrations were below the detection limit in sediments with

SEM/AVS < '1.0, increasing with increasing §EM/AVS ratio at SEM/AVS ratios > 1.0. .

‘The relationship betweer interstitial water conce.ntratiop.land SEM/AVé rétio_ in the . .
mixed metals experiment was similar to tﬁat in the individ'uavl metal experiments when -tﬁe
molar concentrations of all of the metals are summed"(Figures 5;1f and 5-2). Further
insight into the partitioning of the metals in the interstitial water from the mixed ‘metals
-experiment can be gained by plotting the interstitial’ water concentratioqs for each
individual metal (Figure 5-3). In the LIS sediment all.four metals were below the limit of
detection in treatments with SEM/AVS ratios of 1.25 or lower (Figure 5-3). As the
SEM/AVS ratio of the treatments increased, detectable concentrations of metal began to

. appea'r. The most soluble sulfide {nickel) appeared first ar}d at the highest interstitial
water concentration. As SEM/AVS ratios increased the othe‘r metals appeared in order
of their sulfide solubility product constants. The metal with the least soluble sulfide
{copper) appeared. last and at thg lowest concentrati:;n. The relationship between

interstitial water concentration and SEM/AVS ratio inthe NIN sediments was similartothat

-
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Figure 5-2. Interstitial water matals (IW) concentration (2M/l) as a function of SEM/AVS ratio. Data from the mixed metals -

_ experlment reprasents the molar sum of cadmium, copper, nickel, and zinc. All experiments combined. Data below the IW
detaction limit are plotted at one half the detection limit and indicated by arrows. All data’in the copper experiment were
above the limit of detection. Data below the SEM detectlon limit are plotted at SEM/AVS = 0.001.



W Metal vs SEM/AVS: SW Mixed Metals - LIS

10000

Figure 5-3. Individual interstitial water metals (uM/l) concentration in the mixed metals
experiment as a function of SEM/AVS ratio. The top panel represents data from the LIS, -
sediment, the bottom panel data from the NIN sediment. Data below the IW detection
limit are plotted at one half the detection limit, indicated by arrows..
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in the LIS sedi;nents (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 sediment with an
SEM/AVS ratio slightly greater than 1.0 (1 .12) there was.measurable zinc and cadmium,
but only in'lqw concentrations. In the sediment treatment with the next highe.r ratio there
was measurable niekel zinc, and cadmium, with the concentrations 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 dry weigh‘k metals concentratioﬁs
folloy&ed a similar pattern in each of the five ir;dividual metals and the mixed metals
toxicity tests. Mortality appeared sediment-dependent when vplotted on a metals basis
(Figure '5-4). _Morta!ity increased with inéreasing metals concentration (ug/g dry wt.) for
each sediment, but in each experiment there were treatmehts in low AVS sediments
{Ninigret Ponq) which caused 100 percent mortalitf at dry weight concentrations which
did not cause appreciable mortality in treatments from the high AVS sediment (Long Island
Sound). Thus, although mortality is concentratlon dependent for both sedlments, the
concentration-response curves do not overlap. Therefore it is not possuble to predtct
sedlment toxicity on the basis of dry weight metals concentration alone (thure 5-4 Figure
5- 5a) Mortality did not appear to be metal-specrfuc when plotted on'a molar dry weight
metal bas:s (Figure 5-5a), indicating that some factor in the sediment was affectlng the
toxu:tty of all five metals similarly. Within one sediment the resuits from all fwe metals

were very similar (Figure 5-5b).

- Mortality in the individ ual and mixed metals experiments was sediment independent
v;:hen plotted on an SEM/AVS basis (Figure 5-6). Sediments with an SEM/AVS ratios 1.0
did nbt cause mortality significantly different from the control; i.e., greater than 24
percent. In sediments with SEM/AVS > 1.0, mortality increased with increasing

'S.EM/AVS ratio, aithough in each experimentihere were usually one or two sediments with

SEM/AVS ratios 'sligh_tly greater than 1.0 (and in one instance 5.8; Table 5-2) which did
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not cause sig;ﬁficant mortality. This indicates that there are other binding phases in the
sediment. Thus, itis possible to predict with accuracy which sediments will not be toxic,
: and, with less accuracy, which sediments will be toxic. When the resuits of all of the
experfmehtﬁare plotted together the mortality of amphipods as a function of SEM/AVS

- e

appears metal and sediment independent for the five individual metals, and for a mixture

. B

of metals (Figure 5-7).

Mortality was not sediment saebific when it was plotted against interstitial water -

b

. toxic units (IWTU). Sediments with IWTUs of less than 0.5 were not toxic (Figure 5-8).
Sediments with IWTUs of greater than 0.5 were increasingly toxic with increasing IWTU . '
value. As was the case when mortality is plotted against SEM/AVS and ratios exceeded

Sa, e

1.0, there were usually sediments with IWTU values gréater than 0.5 which did not cause

mortality. This was especially true in the range of IWTU values greater than 0.5 but less

‘.‘-
FONEEEN

[y

than 10.0 (Table 5-2). This indica_tes that not all of the interstitial water metal 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 less accurate. .

As was the case with SEM/AVS ratios, the generality of the relationship Betweeﬁ
mort;':\lity and IWTU can be seen wt}en'the results from all of the experiments are coplottéd '
(Figure 5-9). This relationship was not metal-specific. .Thus the sum of the IWTUS can -
be used to make predictions about the toxicity (or l.ack thereof) of ariy combjnation of the

" metals tested in these experiments.

| N

When the results of. the individual rr;etals and the mixed metals test are taken
tdgether, 98 percent of the 43 sediments with SEMIA\{S rrétios < 1.0 were not toxic (i.e.,
caused mortality less than 24 percent). Of the 45 sediments with SEM/AVS ratios > 1.0,
80 percent were toxic. Niﬁety—four percent of the 52 sediments with IWTU < 0.5 were

_ not toxic, while 92 percent of the 37 sediments with IWTU > 0.5 were toxic. When both -
SEM/AVS ratio and IWTU are combined the predictive ability is improved. Ninety-eight .

+f.

percent of 43 se_diments with SEM/AVS ratibé < 1.0and IWTU < 0.5 were not toxic,

}
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F'gure 5-8. Percentage mertallty of Ampelisca abdita as a function of interstitial water toxic units in
- three sediments: Long Island Sound (US), Ninigret Pond (NIN), and a.50/50 mixture of these two
sediments (Mix). In the individual metal experiments IWTU equals the IW concentration of the

C individual metal/A. abdita LC50 for that metal. Interstitial water toxic unit (IWTU) for the mixed metals

- experiment is the sum of the IW Cd concentration/Cd LC50 for A. abdita + IW Cu concentration/Cu
LC50 + W Ni concentration/Ni LC50 + W Zn concentratmann LC50. Each panel represents data
from a separate experiment. ‘
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“while 94 percent of 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.

A. abdita SEM/AVS < 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 =< 1.0, < 0.5 43 97.9 2.1

> 1.0,=05 36 5.6 94.4

Lab-Spike, = SEM/AVS < 1.0 92 95.7 4.3
(FW & SW) > 1.0 83 . 26.5 73.5
IWTU < 0.5 107 93.5 . 6.5

> 05 77 22.1 77.9

SEM/AVS,IWTU =< 1.0, < 0.5. 85 96.5 3.5

> 1.0, <05 65 123" 87.7

| "Nontoxic sediments <24 percent mortalrty Toxic seduments >24
percent mortality. :

Discussion . -~

The results of the .amphipod toxicity tests with sediments spiked with metals
indicate that it is not possible to causally predict the toxicit\} of a sediment using the
concentrati.on of metal on a dry weighf basis because the relationship b'etween mortality
and dry weight metals concentration in our tests was sediment specific. In contrast, the
relationships between mortality and SEMIAVS ratio and mortality and interstitial w'ater.
concentration or toxu:ants were demonstrated to be sediment mdependent This suggests -
that they are the most useful expressuons of b:oavaulable metal for causally predicting -
organism response.
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Most of the sediments either caused little or no mortality, or nearly complete
morta.iity (Figures 5-9 and 5-10). This is a resuit of the dynamics of metals and AVS in
the sediment, leading to a sharp fncrease in interstitial water metals concentration when
SEM/AVS 'ratio exceeds 1.0 and sulfide 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 @n the interstitial water [15]. The divalent metals should appear in
the interstitial water in reverse order of the solubilities of their sulfides [12). Thus we
observed that nickel appeared .‘_first innthe interstitial Water in sediments with SEM/AVS
ratios slightly greater than one, followed 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 interstitial water concentrations of metal increase sharply
enough.that nearly 100 percent mortality reéults in most of our test sediments. The effect
is similar to the "ttirowing of a svyitcii" at SEM/AVS = 1.0. This overwhelming increase
in the interstitial water concentration explains why the chemistry 6f thé anaerobic
sediments controls the toxicity of metals to organisms living in aerobic sediment
microhabitats (e.g., the amp.hipods living ir; their burrows in our experiments). [t also
explains why t.he toxicity of different metals.in sediments is the same on an SEM/AVS
basis (Figure 5-7) even though their toxicities differs ma_rkedl.y in water-only toxicity tests
(Table 5-1). Thus sharp increase in interstitial water concentration with increasing .
sediment concentration is in contrast to the sitq_ation with qohionif:. organic contaminants, .

which are released from the sediment more gradually, primarily as a function, of the Ky

.of the compound [16].

When our data are combined with the data available from spil{ed sediment

experiments in the literature, all data demonstrate thaf SEM/AVS ratios and interstitial

IWTU's can be used to predict toxicity. Data from freshwater tests 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 copepods

exposed to sediments spiked with cadmium [6] all follow the same patterns as our

amphipod resuits when mortality is. plotted against SEM/AVS ratio (Figure 5-10). These
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combined. dat;a describe tests with six freshwater and saltwater species and sediments
from seven sites havmg AVS concentrations ranging from 1.9 to 65.7 ymol/g dry wt and
TOC ranging from 0.15 to 10.6 percent Mortalrty in the individual and mixed metals
expernmentg 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

'greaterthan 1.0, mortality increased with increasing SEM/AVS ratlo, but not all sediments
with SEM/AVS ratios of > 1 .0 were toxlc This is due, in part, to the presence.of other

binding factors.

{n addition, organisn‘i behavior in a toxicity test can control exposure and limit the

impact of r‘netals in sediments. Many of the sediments which had SEM/AVS ratios > 1.0 .

but were not toxic were from éxperimenté "using the polychéete, Neanthes
graneceodentata, exposed to sediments spiked with cadmium or nickel [5]. This is

especially true of the nonthic sediments with the highest SEM/AVS ratios. The

poiychaetes did not burrow in most of these sediments, and presumably were not fully

' exposed 10 the metals in the sediment (Figure 5-11) and therefore survived in sedimgnts
_ that would likely otherwise have been toxic (Figure 5-10).

The combined data-from all available freshwater and saltwater tests also foliow the
same péttem as our sattwate'r' amphipod data when plofted 6n an IWTU basis (Figure 5-
12). Mortality was not sedime'nt’specific when it was plotted against IWTU. Seaiments
with IWTUs 6f less than 0.5 were generally not toxic. Sediments with lW:I'Us of greater
than 0.5 were increasingly toxic with increasing IWTU value. Here again, as with
SEM/AVS ratios > 1.0 vs mortahty. many of the sediments having lWTUs > 0.5 ‘which
were not toxic are likely the resutt of mterstltlal -water ligands whuch may reduce the
bioavailability and toxlmty of dissolved metals Polychaete avoudance of otherwise toxic
seduments is also a factor. o '

With the combined data 86 percent of the 92 of sediments with SEM/AVS ratios ]
< 1.0 were not toxic, whilg 74 percent of the B3 sediments with SEM/AVS ratios > 1.0

were toxic. Ninet{;-fo‘_ur percent of the 107 sediments with IWTU < 0.5 were not toxic,

.
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" while 78 percént of the 77 sediments with IWTU > 0.5 were toxic. When both SEM/AVS
- ratio and IWTU are combined prediétivé ability is improved. Ninety-six percent of the 85
sediments with SEM/AVS ratios < 1.0 and IWTU < 0.5 were not toxic, hwh‘le 88 percent
of the 65 sediments with SEM/AVS ratios > 1.0 and IWTU > 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 10 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..0,and IWTU > 0.5) if data from exposures in which polychaetes avoided.
the sediment were not considered {5]. This close relationship between|WTU and sediment
toxicity has been found in an earlier study with cadmium 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 ﬁot be applicable to0 chronic exposures. Also metals bioaccumulation’
was not measured, except in one case [7]. The applicability of AVS and interstitial'wa.ter
normalizations to chronic exposures and bioaccumulation in benthic organisms are
discussed elsewhere in th:s document Another important hmxtatlon to the use of AVS is
that it is only a factor in anaerobic sedlments it did, however, seem to ‘be a controlling
factor in our experiments, with orgamsms living in -aerobic mlcroenwronments._ This
anaerobic limitation does- not apply to .IWTU, .of course. The adyantages‘ and .
. disadvantages of each of these prediction methods will be discussed in detail in Chapter
-10.

Our results also show that although SEM/AVS and IWTU are useful predictors of
toxicity, there are other important factors as.well. The fact that a significant number of
sediments (20 percent) had SEM/AVS ratios of greater than'1.0 but were not toxic

indicates that other binding phases in anaerobic sediments, in addition to AVS, are also
controlling bioava.ilabil‘rty.. .Organic carbon appears to be one of these [211. While the
. SEM/AVS mode! of bioavailability accurately predicts which sediments will not be toxic, .
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a model whxch utilizes SEM/AVS ratios but i incorporates these other variables might. more
accurately predict which sediments will be toxic [16].

Similarly, a significant number of sediments with greater than 0.5 IWTUs were not
toxic. Ankley et al. [22] 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 watér, unless the IWTUs are

hardness-corrected. Further, Green Ef al. [6] and Ankley et al. [22] hypothesized that
increased DOC in the ‘interstitial watér reduced the bioavailability of cadmium in théi.r
sedlment exposures, relatwe to the water-only exposures. Green et al. [6] found that the
LC50 value for cadmium in a water-only exposure was less than 1/2 that of a pore-water-
only exposure, and less than 1/3 that in pore-water associated with sediments. A
sugmfucant ‘improvement in the accuracy of toxicity predlctnons using. IWTUs rmght be

achieved if DOC bmdmg in the interstitial water is taken into account.
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APPENDIX 5A —---
MATERIALS AND METHODS: AMPHIPOD TESTS

Organism collection and acclimation -

Amge isca a __ng;a_ were collected from trdal ﬂats in the Pettaquarnscutt (Narrow)
Rwer, a small estuary flowrng into Narragansett Bay, Rhode lsland Surface sedrrnent
containing the arnphrpods was either sieved in the freld or transferred to the laboratory .
within one half hour and-then sieved through a 0.5 mm mesh screen. in the laboratory,

amphipods and amphipod tubes were v_igorou'sly sieved in a'tub of seawater, then the

. sieve was quickly lowered, into the water and the amphipods were collected from the
.water surface The amphrpods were marntalned for three to seven days in the laboratory

in presreved uncontammated collectron srte sedrment and flowmg frftered seawater in 4-

liter glass jars, and’ acchmated to the test temperature at the rate of 2to 4°C per day.

Durmg ‘acclimation, arnphlpods were fed the. laboratory-cultured dlatorn Phaeodactylum

One sedlment, Nrntgret Pond in the cadmrum experrrnent, was tested usrng the

) amphrpod B_h_engzln_lus _fmds_o__ B. hndiL i was collected .at Ninigret Pond Rhode Island,

.using collection and acchmatron rnethods srmllar to those for A a_p_el_sca except thatﬁ

: g!ggg was washed drrectly from the sreve mto sortlng drshes after collectron

Water-only tests -

Ten-day static renewal tests were conducted wrth A abdita to determrne their

_ water-only LC50s for Cd Cu, Nl, Pb and Znin seawater. Ammals were exposed unfed

1o frve concentratlons of metal and a control wrth two rephcates per concentratron

X }\mphipods were e;rposed in 900 mL giass canning jars that contained 800 mL of
water. Acclimated amphipods were sieved from the holding jars, sequentially distributed . )

to 100 mL plastic cups (10 amphipods per cup)’, then randornly added to the exp'osure :

chambers. Seventy'-fi\(eto 100 percent of the water in each replicate was renewed every
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. other day, dependmg on the expenment Water was sampled at least once during the test
" (usually twrce, once near the beglnntng and once near the end of the test) to determine the
concentration of metal. In some experlments allquots from the two replicates were pooled
prior to analysis. . Exposure chambers were covered wuth black plastic. The exposure
chambers ‘were checked dally and amphxpods which appeared dead were removed and
"examined under a dnssectmg mlcroscope Live ammals were returned to the test and dead

~ animals were recorded and discarded.

Spiked sediment tests -

Amphxpods were exposed to control and metal-splked sedlments in- 10—day tests

“with contrnuous renewal of overlyrng water. In all expenments two seduments of different

AVS concentrations were used: Nrmgret Pond (AVS 1. 18 to 2. 25 leg) and Long
“Island Sound (AVS = 8. 72to 19 9 uM/g). In the cadmrum_ test a mixture of these two

- sediments was also used (AVS = 4.34 pMIg) The nominal treatments used in most

. experiments, expressed as’ the molar ratio of metal to AVS were 0.0 (control), O 1, 0 3,
1, 3,10, and 30 (Table 1) There were four replicates per treatment ln each test two .

B "brologrcal" repllcates were used 1o assess mortalxty, and two chem:cal" repllcates were
used for metal and. AVS analyses of the sediment at test initiation and termmatlon

) Twenty (30 in the cadmtum test) amphlpods were added to each "blologxcal" and the day

10 chem:cal" repllcate at the start of the test. lnterstrttal water samples were collected _ '

in diffusion samplers (peepers) from each of these three replicates at the termlnatron_of the’

experiments.

A . The Long lsland Sound (LIS) sedlment was collected from an uncontamxnated site

’ln central Long lsland Sound (40°7 95°N and 72°52 7'W) wrth a Smrth-Mclntyre grab .

v sampler, returned to the laboratory, press sieved wet through a.2 mm mesh stainless steel

" screen, homogenxzed and stored at 4°C There were two separate collections of LIS (LIS

and USZ) sedurnent. The percent total organrc carbon for LIS1 was 0.88, for LISZ itwas

10.99. The graln size composmon of LlS1 was 5 percent sand, 71 percent silt, and 24

percent clay Gratn size data are not avarlable for LlS2 but it was of similar composrtlon

-
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Sedlment was also collected m legret Pond (NIN), Charlestown, Rhode lsland

" “The upper few inches of sedument were collected with a shovel returned to the laboratory,

. " - sieved wet through a 2 mm stamless steel screen, rmsed several times to remove hugh-

orgamc fine partlcles, homogemzed and stored at 4°C ‘There were two collectlons made
in Ninigret Pond, from two dlfferent sites (NIN1 and NINZ) ‘Both sediments had TOC
values of 0.15 percent and were.100 percent sand (Table 1) NIN2 was made up of

. slightly finer sand most of whrch would pass through a 0.5 mm sieve. ‘Most of the NINT -

. sediment was retalned on a 0 5 mm sueve.

- v

* * Sediments were spiked with metal chioride or nitrate salts in glass, 1 ‘gallon jars.

' Methods dnffered slightly from experiment to experlment but typucally we added 1 200 mL
of wet sedrment to 2000 mL of 20°C seawaterthat contamed the desired welght of metal

" chiloride. The spiked sedlments were stirred wrth a nylon stirrer attached to an electrnc drill

until homogeneous, ‘then the overlymg air in each jar was replaced with mtrogen and the
jars were capped and rolled for 1 hour. Jars of sedlment were held at 20°C for 8 to 10
days before the start of.the test. We srphoned the water and any precipitate off the

-+ sediment -surface and rehomogenlzed the sedrment before addmg lt to the exposure

_.chambers.-

-

The exposure chambers were 900 mL glass canning 1ars, each wrth a 1 3 ‘tm

* diamieter overflow hole (covered wrth 400-micron N:tex"’ mesh) 11.7 cm from the ‘bottom ]

“-of the jar. Eachj 1ar contalned 200 mL of sediment and held about 600 mL of sea water

L

_‘over the sediment:’ Each'j jar was covered with a 8 cm. dlameter glass Carohna dish with

~a17 mm daameter hole for the seawater dellvery tube and air line cons:stlng of a 2 mL ,

glass pipette: We positioned the water dellvery and air Imes SO that the sedtme'nt was not

3 dlStUI'bEd R ',-f',T_"., RS D AN Joa ST S L

lefusnonsamplers[23 24] peepers were constructedfrompolyethylenev:als (21
mm hlgh, 20 mm diameter, 5 mL- capacity). A 1 .6 cm hole was cut in the cap, -

polycarbonate membrane (1 micron) was .placed over the open end of the vial and the cap

. replaced under water so that the 'sampler yv’as filled with 20°C, 30 ppt" salinity Water at
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'the start of the test A 21 .5 cm long nylon strap was attached to the vial to serve as a
' handle to facrlrtate handllng and removal of the diffusion sampler from the exposure
~chamber. For the mixed metals experlment each diffusion sampler consisted of two vnals
attached back—to—back to double the volume of lnterstrtral water. collected (The peeper
design used in _the cadmu_um experiment was dlfferent and is descrlb_ed in-Di Toro et al.,
[12].

. Sand-filtered'Narragansett Baywater, heated to 20°C i 1°C, witha mean salinity

of 30 ppt (28 to 34 ppt) was used in the experiments. Seawater flowed into each

exposure chamber from a dlstribution system consisting . of chambers' with self-priming
‘ | srphons and splrtter chambers Flow rate for each exposure chamber was approxlmately
) ' 28 to 35 volume addmons per day (except i in the cadmlum experiment in whlch it was
| approxlmately 10 volume additions per. day) Exposure chambers were placed in 20°C
water baths to mamtam temperature. The exposure. chambers were kept under constant
llght 1o help keep the amphlpods burrowed into the sediment.
The test was started by placing a dlffuswn sampler in each exposure chamber and
1 addmg 200 mL of sednment, to just cover the drffusron sampler Seawater was allowed

to flow through the chambers for 1 day Amphlpods were removed from the holdmg

contauners as descnbed above, drstnbuted sequentnally to, 100 ‘mL plastic cups until there .
’were 20 amphnpods per cup l30 m the’ cadmlum experlment), then one cup of amphipods .
.' was added randomly to each exposure chamber The seawater delivery system:was .

jturned off for 1 hour and any amphlpods that had not burrowed into the sediment in that a

time were replaced except ll"l those replicates where there was an obvious dose response

.(l.e where there were a greater than average number of unburrowed individuals in-both

' repllcates) Samples of sediment were taken from the day zero chemistry repllcates for .

_ metals and AVS analyses. All but about 1 cm of overlymg water was removed from each

day zero chemistry replrcate with a vacuum pump and pxpette tip. The sediment and a

_ small amount of remaining seawater was homogemzed wrth a stainless steel: spatula O

Approxlrnately half the sedlment was placed in an acld-stnpped polyethylene jar for acid-

N extractable metals analysrs, whlle the remarnder was poured into a 100 mL polyethylene

.
-
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- were recounted by another mvestrgator asa QA check.
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specimen cup for AVS and SEM analysis. Each jar was capped and the samples held in
the dark at 4°C until analysis. ' o

The 'experimental chambers were checked 'daily and amphipods which appeared

" dead were removed and examined under a ‘di5secting microscope Live animals were

" returned to the test, dead ammals were recorded and dnscarded The volume of water

delivered to each exposure contamer was measured before each test and the total flow -
rate to the system was measured and adjusted darly Temperature of the water bath and
salinity of the mcomlng seawater was measured dally The overlylng water m each
biological replicate was sampled for metal concentratron at least once near the begnnnmg

. and near the end of each test. In some tests the samples from the two replrcates were

- pooled. Each overlylng water sample was placed in an acrd-stnpped 7 mL polyethylene

vial and acidified with 50 gl of concentrated nitric acrd (pH <1).

"~ At the end of the test the diffusion samplers.were 'carefully removed from each

repllcate Any sediment remarmng on the cap or membrane portron of the sampler was
© rinsed off using clean seawater..The membrane was then punctured wrth an acrd-stnpped

-5 mL- dusposable pipette tip and the contents of the sampler removed by prpette. The

interstitial water collected from each diffusion sampler was added to an acrd-strrpped 7 mL -

olyethylene vial, .acidified with 50 !l of concentrated nrtnc acid (pH< 1) and stored for

.. metals analysis. The sediment from the chemrcal" rephcates was sampled for metals and
- AVS content as described for the day zero chemrstry repllcates The contents of each R
- amphipod "brologlcal" repllcate were sieved through a 0.5 mm screen. Materlal retained
- on the sieve-was examined- |mmed|ately or preserved wnh Rose Bengal stam for later
;' ‘sorting.: Amphlpods were ‘counted and any mrssmg anrmals were assumed to have dced

:» ‘and decomposed Any replrcates in whlch 10 percent or more amphrpods were not found



Chemical analyses -

Sediment samples were analyzed for A\_/S by a cold-acid purge- and-trap technique

described- by Di Toro'et al. [12,2). SEM analyses for the copper, nickel and zinc '

experiments were perform_ed using the graphite furnace. AA. SEM analyses for the lead
and the mixed metals experimedts_were performed using inductively coupled plasma
emission spectrometry (ICP). SEM was not measured in the cadmium experiment because

the importance of SEM vs total metal was not understoo.d at .that time. ,Howev'er,

cadrdium'does not form sulfides which are insoluble in the AVS'proceddre [2] so acid-.

_ extractable and SEM cadmuum concentrations are mterchangeable SEM for only the metal-

under study was measured in the individual chemtcal experlments However, the sum of
‘the SEM for all .of the catlomp metals is only 3.2 uM/g for LIS, and 0.081 pM/g for NIN
" and thus of little importance in the SEM/AVS ratio for the level of metal spiking used. -

To allow for comparisons with other metals ‘toxicity.studies, acid-extractable nietals

. analyses were also performed. For this analysis, metais were extracted from freeze-dried

sediments.by uftrasonic agitaﬁon with 2 M cold nitric acid (50.mL to 5 g wet sediment)

and the extracted metals separated from the sedlment residue by centnfugatton. The

resultant solution was analyzed -by ICP. e

The acidified interstitial a,nd__ overlying yvaters were analyzed for trace metals by lCP_.'
The interstitial water samples from the mixed metals experiment were diluted fivefold with
2 M HNO; in order to provide suffu:lent solution for analysis. - The interstitial water
samples from the copper expenment were also analyzed using the graphlte fumace The
mterstmal waters from the cadmlum expenment were analyzed usmg a cadmuum ion-
; specific electrode. Total cadmlum was estimated by multlplymg the Cd?t. measured by

the electrode by 20 (Di Toro et al., 1930), which is the ratio of total .Cd to Cd,, in
seawater. ' '
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CHAPTER 6

FIELD COLLECTED SAMPLES

rd

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 from locations with high -
metals concentrations. The first part of this chapter presents previously unpublished data

on the relationship between total me_tal concentrations, interstitial metal concentrations

".and SEM/AVS ratios, and toxicity to the saltwater amphipod (Ampelisca abdita) exposed

to sediments from five marine sites located in Maryland; Massachusetts; New York: New
Brunswick Canada and Liaoning Province, China together with previously published resutts
using New York sediments with a saltwater polychaete (Neanthes MM [1].

Next, data are presented on these relationships with a freshwater amphtpod {Hyalellg

. az_tegal and an oligochete (Lumbriculys variegatus) exposed to sediments from four field

locatlons Data from locations in New- York, Michigan, and Washington ‘have been
publrshed prevuously 2,31 whlle those from Missouri are new. -All are herein analyzed
collectwely Frnally, this chapter combines resuits from all experiments using field-
collected saltwater and freshwater 'sediments with those from all. avarlable laboratoryA
splked-sedrment tests usmg a variety of. saltwater and freshwater species [4].- |

Methods for sedunent collect“On, storage and handling, chemical analyses, and

’ toxlcxty testmg for the saltwater amphOpod (A. mn_m exposed to five saltwater sediments
B ,can be found m Appendrx 6A. Methods used to collect, store, and handle freshwater

sednments and test sediments with the amphrpod . azteca, have been described for

samples from Stellacoom Lake, Washungton, and Keweenaw Waterway. Mlchlgan, by

Ankley et al. [5] and for ﬂ aneca and the ‘oligochaete worm, L. variegatus, with -

' , sedurnents from Foundry Cove, New York by Ankley et al. [2]. These same procedures
were also used wrth sedrments from Turkey Creek ‘Missouri. General biological and
) 'chemlcal procedures, as well as the conceptual experrmental design, were essentially the -

' 'same for saltwater and freshwater tests, except that for freshwater tests bulk metals



6-2
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 -

P

Jinzhou Bay is located in the northeastern quadrant of the Bohai Sea, China (Figure ‘.

. 6-1). 1t hasan areaof' about 150 km?, including Ez km? of tideflats, with an average
...depth of 3.5m.[6]." A zinc smelter located near the mouth of the Wuii River is the largest

- source of metals to '-the*'bay. afthough "other industrial -diseharges are 'cor'atributors.

. Sediments for this study were collected from seven locations along a 30 km transect from

- the river to the northeastern portion of the bay. Total concentrations of di\ialent metals
in sedrments collected ranged from 261 to 36,200 ug/g dry welght (Table. 6-1) Zinc

constituted between 78.5 and 86.5 percent of the ‘total. Sediments also contained low )

. concentrations of PAHs (< 12 ug/g for individual PAHs), PCBs (< 0.03 ug/g for individual

. congeners)- and chlorinated  pesticides (<® 0.03 ';’iglg"for any individual pestiside) )
Concentrations of TOC ranged from 0.11-to0 11.5 percent, AVS 3.0 to 126 pmollg, SEM '
2.9 to. 374 pmol/g and SEM/AVS Tratios from 0. 51 to 8.36." The sum of the mterstrtlal ‘
water toxic unrts (IWTU) for the five dlvalent metals ranged from no ‘metal detected -

{(<0.01) to 0.58. ‘The four sediments with the highest metals concentratlons were toxic

{> 24 percent mortality) to abdita.- However, only the most contammated sediment’

- contained greater.than 0.5 IWTU and had an SEM/AVS ratro > 1. 0 which suggests that

- metals may not be prmclpal cause of the toxrcrty observed in the other three sedlments
E (Flgures 6-2 and 6-3). Tt . R
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-, Belledune Harbor; wh:ch receives outfalls from a Iead smelter and fertlhzer plant, 1s
located in the southwestern portion of Chaledr Bay, New Brunswrck Canada (Flgure 6-1)

- Harbor sediments are particularly ennched, relative to ad;acent areas, in cor_rcentratrons of )

cadmium, léad, and zinc; other metals are somewhat elevated [7].” The closure of the

- lobster fishery due to the elevation of cadmium concentrations in. algae, snails, mussels,
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— TABLE6-1, SUMMARY OF SEDIMENT G'IARAETERSSTICS. METAL CON(INTRAT!ON; AND- AMPHIPOD MORTALITY N SEDIMENTS FROM JINZHOU
‘B‘QYS,SCAP&I:S; Egl'ETLéEDUNE HARBOR, NEW BRUNSWICK, CANADA; FOUNDRY COVE, NEW YORK: BEAR CREEN, MARYLAND; A SALT MARSH IN

o

N oo - 010 130~ 230 320 670 140 142 122 011 ND_ 20
1 115 ees 393 2010 31,0 6410 ‘28400 ~ 496 374 447 836 088 100
2 7200 **c 181 295° 242 608 4440 805 635 126 051 ND . 900
3 037  **° 813 394 102 113 737 B3 . 108 178 061 WD 315

- 4 050 “*°* 414 468 174, 142 1320 842 185 366 051 017

I 5 0.26  °**° 260 640 860 222 221 84.7 299 302 0.99- 0.03

s 840 118 940 17.0 300 86.5 38 542
7 ' 13.0 17.6 239 848 292

7.40

‘l‘ll i

us . . .
coeT 1 143 "31500.0 )
l 2 5.20 6920 §7.3 61800 157 ~ 287 146 . 934 180 517 821 325
: 377 T1dd *es §950 -  B1.4 41600 929 278 129 105 122 865 233 625
o 4 T3 +%* .9520° 106 37000 135 313 154 136 - 268 510 216 200
. 5" 9.37 - ***.13100 116 76700 156 356 264 ‘168 646 259 181 800
" ) 6 .03  *** §500 101 23400 .357. 303 963 522 125 419 . 107 350
S 7 078 “"e** " 661. 284 606. 100 795 - 332 -0.67 044 155 042 175
8 136 *es 522, . 6639 386 983 219 160 864 .202° 043 045 175 .
T 9 '6.82 ° *** 6320 , 743 35000 113 246 120 864 * 247 350 148 160
l 10 109 ees 186 313 385 272 101 299;: 127 262. 048 030 75 |
- v 11 065 < 352 181 454 €2 654 233 042 041 103 030 175
12 164  ** 163 §72.6 137, 877 231, 862 191 040 483 142 125 |i.
T13 146 *** B85 445 921 479 142 644 194 069 280. 044 160
14 718 e* 383 104 277 177 31T T 141 538 371 o014 111 125 °f
15 476 <+ 208 927 289 177 234’ . 657 056 131 004 160 175

440 - 93 4.19 241 528 274 078 21.0 19.1 ~ 893

“decavoarun=f

| ) 017 6§ 017 940 487 94 693 134 125 045 278 0.03 50 .
. . 4.61 98 261 140 €0.7 162 . -617 123 118 500 024 o003 25
12 0.16 4 017 414 284 74 427 139 074 040 1.85. 002 5.0

13 419 84 ° 171 139 467 128 4S9 106 . 98¢ 720 137 003 175"

l L — 91 . 969 39.0 B85 346 780 671 040 168 003 25
I §5.7 252  35.1 142 363 ., 282 155 0418 ND 5.0



TABLE 6-1. "'SUMMARY OF SEDIMENT CHARACTERISTICS, METAL CONCENTRATIONS AND AMPHIPOD

MORTALITY IN SEDIMENTS.FROM JINZHOU BAY, CHINA: BELLEDUNE HARBOR, NEW BRUNSWICK, I
CANADA; FOUNDRY COVE, NEW YORK; BEAR CREEK, MARYLAND; A SALT MARSH IN MASSACHUSETTS

{continued)

Ls* 0.99 94 0.00 615 275 388 164 412 252 161 0.16 ND 0.0 l
REFY 1.24 17 042 993 449 95 281, 071 041 138 0.03 ND 12.5

REF* " 1.24 17 0.34 '6.62 3.1 68 '-22.8 054 038 11.0 003 0.06 75

REF* 1.47 11 046 15.2 3.99 83 284 079 050 400 D013 ND 2.5

1 a3.22 17 207 147 250 410 517 ‘12,8 B39 864 . 0.10 0.30 12.5 I
2 1.56 4 0.56 144 48.68 66.9 2198 850 6.35 142 443 100 400

3 0.36 ] 0.00 126 9.18 876 65.6 359 1.30 044 300 O0.14 128

4 0.48 3 000 324~ . 594 281 329 1.26 085 059 1.60 0.22° 75 I
B 2.00 82 2.02 300 365 - 957 463 12.9. 9.60 419 002 ND ' 178

6 - -.228 21 .77 155 108 61.0 1100 214 1728 ° 124 144 .0.19 0.0

7 249 - 24 1.60 823 113 143 930 2.8 250 16.6 1.51 ND 10.0 ‘o
‘8 255 49 1.03 1420  72.1 304 1480 47.8 ° 317 69.1 046 ND 225 I
9 0.61 4 006 152 ~ 120 634 236 . 6.51 3.00 050 6.00 0.12 5.0

10 198 8 044 359 29.0 137. 4S5 137 705" 115 061 ND 15.0

1 3.54 61 7.74 851 311 128 2310 499 230 141 .63 064 78

12 2 0.00 - 111 14.8 656 239 597 141 132 1.07 0.10 5.0 l
13 - 18 1.67 6§23 - 43.2° 161 645 180 114 8S5 013 009 17.5 '
14 4.39 26 234 572 42,9 192 629 203 ° 139 19.1 0.73 0.25 10.0

15 1.13 11 0.68 236 20.0 626 272 852 608 186 0.33 0.11 - 8.0

16 2.74 33 2,00 839 280 226 685 2214 162 235 680 011 75 '
17 245 12 258 348 281 975 410 122 7.20 . 218 ©033 -0.10 5.0 '
18 ' 051 5 060 184  11.8 38.7 172 6.91 4.57 §.86 0.8 0.07 125 || -
19 1.18 13 0,81 179 126 6524 188. , 6.16 372 389 0.10 ND 10.0 l
20 313 28 037 475 115 284 86.0 2.39 71 1.7 015 ND 75 '
21 0.63 5 047 3.2 779 189 103 ‘327 . 208 180. 0.12 ND ‘5.0 ||
T22 203 17 054 €87 951 294 152 403 252 180 014 ND 2.5

23 0.13 2 0.26 298 - 4.26 62 419 121 073 324 023 0.07 25 |. I
‘R-(mudhnmﬁoml.ooqhhndSouvd(US),meunqmsmBay(NJAM)oruchmmamaby(REF) v
** ND = No detectable matal.
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Flgure 6-2. - Percent mortahty of the amphlpod (Amgghsgg _a_dﬁa ‘A.a.)-and polychaete
- {Neanthes arenaceodentata, N.a.) as a function of SEM/AVS ratios in sediments from
Jinzhou Bay, China; Belledune Harbor, New Brunswick, Canada; Foundry Cove, New York
-Bear Creek, Maryland and a salt marsh in Massachusetts
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6-8
scallops, barnacles, crabs, and lobsters has been of partieular concern [8,8]. Sediments
for our study were collected by Ponar grab from 10 stations; 7 inside .and 3 outaide the
harbor. Total concentrationa of divalent(metal in these sediments ranged ftom 277 te
2,200 pg/g .dr'y. 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, and SEM 1.9 to 18.2 ymol/g with SEM/AVS ratios of O. 17 to 0.35. The sum of
the interstitial water tox:c units ranged from <O. 01 10 0.62. None of the sediments were

toxu: (< 24 percent mortality) to A. _a_b_@tg as would be predu:ted based upon SEM/AVS
ratios and IWTUs (Fugures 6-2 and 6-3).. '

’ qundry Cove, New York is ldcated on the upper tidal reach (salinities O to 6 mg/kg)-
of the Hudson River immediately south of Cold Spring, New York (F:gure 6-1). A battery

plant was the principal source of the approxlmately equxmolar concentrations of cadrn:um .

and nickel in ‘the sediments; smaller amounts of cobalt were also discharged [10].
Sediments for our study were collected by shovel or Ponar grab from 16 stations in East
Foundry Cove. Total concentrations of divalent metal in our sediments ranged from:170

to 71,200 ug/g dry weight with cadmium plus nickel accountinQ for up to 99.Q percent

of the metal measured i in the most contamlnated ‘sediments (Table 6—1) Concentrations_'

of TOC ranged from 0.55 to 16.4 percent, wrth many sedlments consnstmg principally. of :
partially decayed marsh vegetation. Concentratcons of AVS ranged from O 40 to 64.6
ymol/g, SEM 0. 20 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 <0.011t043.4. "

Molar concentrations of cadmium arid nickelin the lnterstmal waterwere similar, However,

.cadmium contributed over 95 percent to the sum of the toxic units because the 10-day

LC50 far nickel to A. abdita (2400 ug/L) is 67 times that of cadmium (36.0 uglL).
Sediments with the hlghest dry weight metals concentratlons (8,600t0 71,200 ug/g) were
generally toxic (> 24 percent mortality) to A, ab_dlta_. In contrast, others with sumula_r
concentratuons (_ < 13,800 ug/g) were not toxlc (< 24 percent mortality). Sedim'ents With
SEM/AVS ratuos < 1.0 were always nontoxtc, whereas only 5 of 11 sedlments with §
SEM/AVS ratios >1.0 were toxic (Figure 6-2). Sediments with < 0.50 I\_NTUs were

always nontoxic, those with >2.2 IWTUs were always toxic and two of seven sediments .



' sedrments were toxlc (Flgures -6-2 and 6-3)

-6-9
with rntermedrate WTUs (__ 0 5t < < 2. 2) were toxrc (Flgure 6-3) Data on chemical .
concentrations and polychaete (N. ﬂe_r@c_e_mie_tatal mortalrty in tests wrth Foundry Cove

sediments are not rncluded in Table 6-1 because they have been presented elsewhere by

- Pesch et al [1]. Six.of 17 sediments tésted with thrs polychaete had SEMIAVS ratios

<1.0, 16 of 17 sedlments had mterstmal water toxrc unlts <1 .0 and none of the 17

L

Bear Creek is a tnbutary of the Patapsco Rwer ;ust east of Baltrmore, Maryland
(Figure 6~‘l) Sediments from thts portron of Baltlrnore Harbor are known to be toxrc and
contain high concentrations of metals PAHs, PCBs and other substances 111 1 2] from -
many municipal and industrial sources. Sediments used in our study were collected from
14 stations using a modified Van Veen grab. Total concentrations of divalent metals’in

sediments ranged from 43.8 to 2210 pgl/g dry weight,. with zinc ac'counting for

approximately 75 percent of the total concentratlon (T able 6-1). Concentratuons of TOC .

ranged from 0.13 to 7.38 percent, sitt and clay 41099 percent, AVS 0.40to 304 pmol/g,
SEM 0.63 to 30. 6 pmoll/g, and SEM/AVS ratios O. 1010.16.8. Seven of the 14 sediments

" from Bear Creek were toxic to ‘A, ab_d_rt_a these mcluded 7 of the 9 sed:ments wrth the
- -:-highest dry werght metals concentrations (11.8 to 30 6 pmol/gl Sedrments that were

nontoxic. contained metals concentratlons from 0 6 to 21. ) prnol/g Both toxrc and E

<. nontoxic sedlments had < 0.03 |nterstrtlal water toxrc units of metal (thure 6-3) Grven
‘the absence of mterstrtlal water metal it is not surprlsmg that SEM/AVS ratros for

sedrments from Bear Creek were not related to sedrment toxrcrty, ie., five sedlments-

A havmg SEMIAVS ratios > 1.0 were’ not toxrc and seven of the sednments havrng
SN SEMIAVS ratios < -1.0 were toxic (Fi gure 6-2) Most toxrc sedtments released vrsrble oil

sheens when stirred suggestmg that PAHs may ultumately prove to be a source of the .

observed sediment toxncrty These observations support the conclusron that toxrcrty

~. observed in Bear Creek sedrrnents was not metal-assocrated

The salt marsh containing a small tidal creek less than 500 m-long (Figure’B‘-"l) is..

near Farrhaven, Massachusetts on the western side of Buzzards Bay The creekiis divided

‘ ‘by a hurricane barrier i into an upper section of low salrnrty and a lower section wrth higher -
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salinity. A rnetal products manufacturer was the principal source for metals in the
sediments. Sediments were collected by piastic scoops from 23 locations; 10 from the
upper side of the hurricane barrier and 13 from the lower section. Total concentrations
of divalent metals in these sediments ranged 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 4.39 percent, silt and clay 1.5 to 61.5
percent, AVS 0.44 to.419 gmol/g, SEM 0.73 to 31.7 gmol/g, and SEM/AVS ratios 0.10
to 6.90. Only 1 of 23 sediments from the satt marsh was toxic to A. ghdita (Figures 6-2

and 6-3). The SEM/AVS ratio for the toxic sediment was 4.43 and IWTUs were 1.00. All' )

other sediments weére nontoxic, had SEM/AVS ratios from 0 03 to 6. 90 and lWTUs from
0.03 to 0.64 (21 of 22 contained < 0.3 IWT Us).

’

Freshwater Field Sites

A_'Déscription' of Field Sites and Toxicity Test Resuits

High concentrations of .copper in sediments from Steilacoom Lake, Washington .

originated principally from attempts to control aquatic vegetation using copper sulfate..

Copper SEM concentratuons in sediments from’ eleven locations tested ranged from 0.60

10 3.91 umol/g (38 to 248 pg/g) AVS from < 0.02t0 5.65 ,umol/g, -and SEM/AVS ratuos.' » )

from 0.23 to 67.5 (T able 6 2) [5]. Eight of the 1 1 sediments tested had SEM/AVS ratios

> 1.0. No copper was detected in-interstitial water (IWTU < 0.22) and no sedlments. '

were toxic to H. gzjg_g_a (Figures 6-4 and 6-5). Absence of toxicity in sedunents having
SEM/AVS ratios > 1.0 (Flgure 6-5) and the lack of detectable copper in the mterstrtual

water :s lukely a consequence of the presence of other ‘sediment binding phases [5].

" in contrast, 10 of 11 sediments from Keweenaw Watershed, Michigan, were lethal

to H. azteca [5]. Mining-derived copper concentrations in sediments ranged from 0.36 to

174 . pymol/g (22.9 to 11,000 pglg), AVS < 0.006 to 11.6 pmoll/g, and SEM/AVS ratios

0.4 to > 17,500 (Table 6-2). The one sediment not toxic to amphipods had 0.41 toxic
units of copper in interstitial water and an SEM/AVS ratio of 0.40 (Figures 6-4 and 6-5).



TABLE 6-2. SUMMARY OF SEDIMENT CHARACTERISTICS, METAL CONCENTRATIONS AND AMPHIPOD

(HYALELLA AZTECA = H.A.) OR OLIGOCHAETE (LL!MBRIQ!! US VARIEGATUS = L.V.) MORTALITY IN
.. .FRESHWATER. SEDIMENTS FROM STEILACOOM  LAKE, WASHINGTON; KEWEENAW WATERSHED
It MICHIGAN TURKEY CREEK, MISSOURI AND FOUNDRY COVE, NEW YORK.
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-~ TABLE 6-2. SUMMARY OF SEDIMENT-CHARACTERISTICS, METAL CONCENTRATIONS AN
AMPHIPOD (HYALELLA AZTECA = H.A.) OR OLIGOCHAETE (LUMBRICULUS VARIEGATUS

I V.) MORTALITY IN FRESHWATER SEDIMENTS FROM STEILACOOM LAKE, WASHINGTON:
' KE\NEENAWWATERSHED MICHIGAN TURKEY CREEK, MISSOURI AND FOUNDRY COVE N
YORK. .
B " (continued)

' Percent Mortahty
~Hax{L. Vi)

1 ' 789703 3.12/5.65 - 189 18.8 (0.50) 100 (87)
2 66.4/115 '9.39/13.8 - °7.69  11:5 (1.54) * 100 (0)

3 43.8/915 15.3/13.6 478 946 (2.44) 100 (0)
a4 92.2/106 10.4/19.0 7.24  7.29 (0.61) 100 (0)
5 50.1/74.8° 7.59/9.83 7.11°  4.58 (0.18)" 80 (0)
-6 176210 © 46.9/31.2 5.25  11.93 (0.55) 100 (0)
7 0.29/0.50 0.09/0.10 411 -13.291) 100 (0)
'8 " 9.23/14.0 ' 5.12/5.20 2.25 - 77.3 (6.49) 40 (0)
9 92.9/58.5 6.731147 - 8.90  3.16 (1.53) 100 (24)
10 0.31/0.31 0.92/1.17 032  2.43(0.27) 0 (0)
11 0.38/0.52 '0.39/0.16 2.1 - (0.54) - 100 (0)
12 3.02/2.20 1.92/6.15 0.87 32.7 (1.35) " 60 (4
13 12.021:79 1.18/0.64 225 110 (1.13) 80 (0)
14 3.34/7.86 2001100 __ 031 2.03 {3.02) 20 (0}
15 1.78/0.44 ' 9.07/9.92 012 0.40 (0.32) " 010
16 0.00/0.05 0.84/0.49 ~0.05  --(0.38) 01(0) '

- Reference sedrments were from uncontammated West Bearskm Lake, .anesota

2 Nigimultaneously extracted metal (SEM) is SEM copper for Steilacoom Lake and Keweenaw
Watershed SEM zinc for Turkey Creek and SEM cadmium plus nickel for Foundry Cove.
2nterstitial Water Toxic Units (IWTU) are calculated using 10-day water only LC50s for Hggllell_a
azteca of 2.8 ngL for cadmium, 31 pg/L for copper, 780 ug/L for nickel and 436 ug/L (hardness

;330 mg/L) for zinc and for Lymbriculys g;_ggm 158 ug/l for cadmium and 12 200 7,8 for
nickel. . et Y
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' Fugure 6-4. Percent mortality of the amph:pod Hyalella _a_z:tg_c_a (H.a. ), and the ohgochaete.'

Lumbriculus variegatus (L.v.), as a function of interstitial water toxic units (IWTU) of

_. metals in sediments from four freshwater field locations. The lower horizontal dashed line
.. at 24 percent indicatesthe boundary between 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 (IWTU < 1.0) and those expected to be toxic to greater than

50 percent (IWTU > 1.0). Interstitial water concentrations with nondetectable metal dre .

plotted at 0.01 IWTU
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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 10 toxic sediments were extremely low (< O. .01 to 0 486 pmo.l/g)
with comparatwely high copper concentrations (0.36 to 1.74 pmol/g); nme SEM/AVS
ratios were > 61. 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 tests did not differ from the LC50 based on '

interstitial dissolved copper concentrations and amphipod mortalrty from tests.with
Keweenew sedlments, 31(28 to 35)ug/L versus 28(21 to 3B)ug/L.

Sediments from Turkey Creek MISSOUI'I contained hlgh and relatwely uniform
concentrations of zinc (47.6 to 845 pmollg, 3,110t0 6, 180 pglg) and AVS (28.11t078.2 .
pmol/g, Table 6-2) originating from strip mine tailings. Therefore, SEM/AVS ratios (0.98
to 2.84) and IWTUs (0.44 to 1.83) varied little in the seven sediments tested. The two_
sediments having SEM/AVS, ratios < 1.0 were nontoxic and had < 0.44 interstitial water

toxic units of zrnc (Figures 6-4 and 6-5) SEMIAVS ratios of the five remaining sediments
. ranged from 1.13 10 2. 84 IWTUs from 0.49 1o 1. 83 Two of these sedlrnents were toxic.

‘ Sednments from Foundry Cove, New York tested with sattwater A abdita and &
m_a_gg@_emm were also tested using the freshwater amphrpod H. ;ge_x;a and the

) ollgochaete L. gagega_ms by Ankley et al."12]. Sedrments contained approximately

equimolar concentratlons of cadmlum and nlckel wnth the sum of the SEM concentrations

of these metals from freshwater tests rangmg from < 0.01 to 788 pmollg, AVS 0.39 to
31.2 ymol/g, and SEM/AVS ratios from 0. 05 to 189 (Table 6-2). Four of five sediments
with SEM/AVS rat(os < 1.0 were not toxic to amphlpods while all sediments havrng
SEM/AVS ratios > 1.0 were toxic (Frgures 64 and 6-5). Only the 2 sediments with the A
highest SEM/AVS ratros (8.90and 1 89) were toxic to the oligochaete; 14 of 16 sediments

were not toxic. Sediments with interstitial water toxic units > 3. 16 were toxic to

_amphipods; when 0.40 to 2.43 toxic units were present, no ‘tOXlCl‘t\/ was observed. .

Interstitial mola concentrations of nickel almost always exceeded those of cadmium by ‘

one to three orders of magnitude [5]. However, cadmium was mqst likely the .cause of



~.,|»..1 : .,,‘.1|

- -

Il R

’

Percent Mortality

o ..

100

H » (o0.)
=) o o
i R |

N
o
]

L

llJJ_:Ll 3 1 1 SO |

Oce

0——

i0° .- 1. 100
_Copper‘(ug/L) ‘

'Figure 6-6. Toxicity of copper to Hyalella azteca versus copper concentrations in a water-
only exposure {(open symbols) and interstitial water in sediment exposures using
Keweenaw Waterway sediments (closed symbols) (Ankley gt-'al., 1983).
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both amphipod and oligochaete mortallties because cadmium is over 250 times more toxic
than nickel to H. azteca; 10 day water-only LCSO for cadmuum 2.8 yg/L and nickel 780

glL Similarly, cadmium is about 80 tlmes more toxic to L. variegatus than nickel; 10 day
water—only LC50 158 ug/L for cadmlum and 12,200 pglL for nickel. Cadmium contnbuted

' from 88.6 to 99. 9 percent of the total interstitial toxlc umts of metals.

Discussion
] Saitwater Field Sites

Bulk metals concentrations in saltwater sediments can not be used to causally relate
metal concentrations to the acute response of amphipods and polychaetes {Figure 6-‘7')
Mortality of amphipods in 70 sedlments from flve saltwater locations, or polychaetes in
16 sednments from Foundry Cove, was not related to the sum of the molar concentrations

of cadmium, copper, lead, nickel, and zinc ona dry weight of sedtrnent basls Sediments

-~ -having dry weight metals concentrations from 8.50 to 885 ymol/g from 17 stations in

_Jinzhou Bay; Bear Creek, Foundry Cove, and the marsh in Massachusetts were toxic

(mortalrty > 24 percent). In contrast dry wesght metals concentratlons from O. 20 to 885

pmol/g were nontoxic (mortalrty < 24 percentl. an overlap of 2to 3 orders of magnrtude
in metals concentratlon

Normalizing metals concentrations in these. sediments using SEM/AVS ratios,

thhout lnslght into mortalrty caused by co~occumng toxic _substances, also does not

permlt accurate causal predictions of metal toxicity in sediments from the freld (Flgure 6-
8). Of the 59 sedrments with SEM/AVS ratios < 1.0 (Table 6-1), 49 (83 percent) were
not toxic and 10 (17 percent) were toxic. These 10. toxic sediments were from szhou
Bay and Bear Creek. Of the 37 sediments with SEMIAVS ratios.> 1.0, only 7 were toxic.
Absence of toxicity when SEM/AVS ratlos are > 1.0 has commonly been observed.
However, when SEM/AVS ratros are < 1.0, toxlcrty has been observed in only 4 of 92 -

‘. sedlments splked with metals [4] and 1of 15 sedlments from freshwater field. srtes [2, 5] -

(T able 6-3).. For all five of these sediments, the true SEM/AVS ratios may.have been'S '
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TABLE 6-3. ACCURACY OF PREDICTION OF THE TOXICITY OF SEDIMENTS

" 'FROM SALTWATER (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 lWTUs

<1.0

0.0

i,.-'

- srsrwAvs2 ;
=>1.0 31 80.6 19.4
IWTU - <0.5 53 " 100.0 0.0
. =05 15 53.3 = 46.7
SEM/AVS, IWTU =<1.0,<0.5 39 100.0 0.0
. >1.0, =05 11 45:5 54.5
SEM/AVS ' <1.0 15 93.3 6.7
: - >1.0: 48 47.9 52:1
IWTU "<0.5 20 95.0 5.0
‘ . =05 38 42.1 57.9
SEM/AVS, IWTU =<1.0, <0.5, 10 100.0 0.0
>1.0, =0.5 - 34 29.4 70:6 -
Lab-Spike,  SEM/AVS <10 .92 - 957 43
(FW & SW). : >1.0 . 83 26.5 73.5
wWiu <0.5 107 -~ . 935 . 65
. 205 .77 22.1 77.9
SEM.AVS, IWTU =<1.0, <0.5, 85 ‘96.5 3.5
>1.0, =0.5: 65 12.3 87.7
Al SEM/AVSZ <1.0 | 149 96.6 [34
- - . >1.0 162 43.2 " 56.8
WTU - - <0.5 187 85.7 4.3
>0.5 129 31.0 69.0 -
SEM,AVS.IWTU '<1.0, <0.5, 134 97.8 2.2
>1.0, =0.5 110 20.9 79.1

INontoxic sed:ments < 24 percent mortalm/ Toxic sediments >24 percent

mortality.

2gxcludes sediments from Bear Creek, Maryland and szhou 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 that field sediments from highly

industrialized locations contain many substances other than metals and are often ‘toxic,
non-metals assoc:ated toxrclty should always be suspected {if toxic sediments have
SEM/AVS ratios < 1.0, we rmght suspect the cause to not be metals; with SEM/AVS >
1.0, toxicity may be related to metals. o o

Metals concentrations, when expressed on a sum of the interstitial water toxic unit
(IWTU) basis (Figure.6-9), can provide insight thatin part may explain apparent anomalies

_ between SEM/AVS ratios and the observed toxicity of these sediments. in spite of the °

presence of very high dry weight. meﬁals_concentratio'ns, 56 of 70'sediments had < 0.5
IWTU of metal. Of the. 1 b_toxic sediments having SEM/AVS ratios < 1.0, none had > 0.5
IWTU of metal. This suggests that'.meta.ls are unlikely the cause of the toxicity. ‘Three of °

. these sediments were frorn-Jinzhou Bay and seven from Bear Creek (most of which

released oil when agitated). The absence of toxicity in many sediments having SEM/AVS
ratios > 1.0 is understandable because most (66.7 percent; 12 of 18) of these nontoxic
sediments had < 0.5 IWTUs of mefal. Of the seven toxic sediments having SEM/AVS
ratios > 1.0 (one each from Jinzhou Bay and thensalt marsh and ﬁve from Foundry Cove) :
all had > 0.5 IWTU of metals. Further, interstitial - metal concentratrons are likely to
overestimate the concentratlon of avallable metal because of dnfferences in metal form,
greater bmdmg to dlssolved organic carbon or ltgands in interstitial water [13], release of '
bound metal in samphng or analytical procedures [14] or orgamsm avordance of rnetal

exposure [1].

We believe that is mappropraate to further include in this chapter data from locatlons )

. having sediments whose toxicity is almost certamly not due to metals. Thts decxsron lS

additionally 1ust|fled becausein expenments with _rnetal-sprked sediments {4], only 3 of 85
sediments having IWTU < 0.5 and SEMJ/AVS ratios < 1.0 were toxic. Thereforz, data

- from Bear Creek, Maryland and Jinzhou Bay, China are not included in the text, figures,

and tables that follow. These data were included above to demonstraté the value of both

SEM/AVS ratios and IWTUs to discriminate between metals-associated and nonmetals-



100 —~—
i &
[}
80 - & - n
] ®
R 601
= = =
o
o 403 @ . 4
= ] + -
20 e ¢ 4A* m =
4 o R 'AOA'Q‘ ;.l'
0 o “ ‘A ) LI - .
0.01 .. 01 . 1 10 - 7100

Interstitial Water Toxic Unif '

e

A -Satt Marsh, Aa. 4 Belledune, Aa. _ =m Foundry, As,
® ' Bear, Aa + ' Jinzhou,Aa, % Foundry, N.a,

-,

Figdre 6-9. Percent mortality of amphipod; Ampelisca abdita (A.a.), and the polychaete,

- Neanthes arenaceodentata (N.a.), as a function.of interstitial water toxic units (IWTUs) of

metals in sediments from five saltwater field locations. I{WTUs are the sum .of metal- °

specific interstitial water concentrations/10-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 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 -(IWTU < 1.0)
and those expected to be toxic to greater than 50 percent (IWTU > 1.0). Interstitial water

concentratmns with nondetectable metal are ‘plotted at 0.01 IWTU ’
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associated toxicity in sediments. For the data from saltwater field locations in Belledune

- Harbor, thé salt marsh and Foundry Cove, all 42 sediments with' SEM/AVS ratios <1.0 ‘

were not toxic (Figure 6-10; Table 6-3). ' Of the 31 sedirnents that had SEM/AVS ratios

. > 1.0, only six sediments (from. Foundry Cove and the sait marsh) were toxic and all had

> 0.50 IWTUs'(Table 6-3). Of the 25 nontoxic sediments wrth SEM/AVS ratios > 1.0,
71 4 percent (10 of 14) of the sediments tested with amphxpods and 90.9 percent (10 of -

1 1) of the sed:rnents tested with polychaetes had < 0. S IWTUs, thus in part explaining

-

.Sattwater and Freshwater Field Sites Comh_ined

- Metals concentrations in sediment interstitial vrrater from all freshwater sites
suggests that metals contnbuted to the observed mortalities of amphlpods and .
ohgochaetes (Figure 6-4). Therefore, all available freshwater data are included in Figure
6-5 and 6:11 to 6-15. For sediments with IWTUs = 0.5, 57.9 percent of 38 sednments'

" _were toxic; 20 nf 26 for amphipods and 2 of 12 for oligochaetes (Table 6-3).

The pattern of organism respnnse te metals normalized on an SEM/AVS basis is
similar for saltwater (Figure 6-10) and freshwater (Figure 6-5) seduments Therefore, data .. :

" in both figures were pooled (Figure.6-11) to illustrate the overall utllrty of the SEM/AVS ~ *+

normalxzatuon to explam metals availability in field sediments. The absence of toxtcrty in -
all’but one sediment having SEM/AVS ratios <. 1.0 from all field sediments is important

given that total divalent metals concentrations (or SEM) for these sediments ranged from

43.8 to 13,800 uglg for tests 'with saltwater or freshwater amphipods, .170.t'o'_71 200 -

uglg for polychaetes, and 170 to 76,800 for oligochaetes (Tables 6-1 _a_nd 6—2). f:ifty-si_x
of 57 (98.2 percent) of these freshwater and saltwater sediments having SEM/AVS ratins

<1. 0 were not toxic to sensitive organisms. In the toxic sediment with SEM/AVS < 1.0,

" the SEMIAVS ratio was 0.97 (Table 6-3 thure 6-11). For field sedimentc having
. SEM/AVS ratios > 1.0, 31 of 79 (39.2 percent) were toxic (Table 6-3). Therefore, we ]

believe that SEM/AVS ratios of < 1.0, can accurately predict field sediments likely to not-.
be acutely toxic due to metals. Use of an SEM/AVS ratio of > 1.0 alone to predict

-
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- " saltwater and freshwater benthic species including oligochaetes Lumbriculus variegatus
(L.v.), polychaetes ‘Capitella capitata (C.c.), and Neanthes arenaceodentata (N.a.).
> harpacticoids Amphiascus tenuiremis (A.t.), amphipods Ampelisca abdita (A.a.) and
Hvalella azteca (H.a.), and snails Helisoma sp. (H.sp.) exposed to sediments from saitwater

" - spiked with individual metals or mixtures (closed citcles 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 -

. boundary between 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

' .~:j organisms (IWTU < 1.0) and those expected to be toxic to greater than 50 percent (IWTU

"> 1.0). | Interstitial water concentrations with nondetectable metal are plotted at 0.01
- IWTU. R
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polychaetes Capitella capitata (C.c.), and Neanthes arenaceodentata (N.a.), amphipods

o Ampeligca abdita (A.a.) and Hyalella azteca (H.a.), and snails Helisgma sp. (H.s:) exposed

-to sediments from saltwater field locations (solid symbols), freshwater fi€ld locations (open )
- symbols) and sediments spiked: with individual metals or mixtures (closed- circles with’

-.-internal symbols = saltwater; or open circles with mternal symbol = freshwater). Field

locatuons, metal spnked and species tested are indicated. The'horizontal dashed line at24
percent mortahty indicates. the boundary. between toxic and nontoxic sediments.” The

vertlcal dashed line at SEM/AVS-=:1.0: mdlcates the boundary between sulfude—bound o

unavallable metal and potentially available’ metal S -
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sediment toxicity is 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_cu;;ied by organisms, other sediment bindingj

ohases, metal form, and avoidance behavior of organisms can limit metal availability,

" exposure, and toxicity.

_ Field Sites and- Spiked Sediments. Combined

-

‘The utility of metals co‘n'c’entrations normalized by dry weight, interstitial water toxic

" units (IWTUs), or SEM/A\(S ratios to explain the bioavailability of divalent metals and -
permit prediction of sediment toxicity is summarized in Figures 6-12, 6-13, 6-14, and . - '

Table 6-3. The ffgures and table are compilations of all available data trom“l O-day lethality
tests where mortality, IWTUs and SEM/AVS ratios are known from experiments with

. sediments most certainly toxlc only ‘because of metals. They include seduments from

saltwater field sites, freshwater field sites, or sediments splked with individual metals or-

. metal mixtures. The relatlonshlp between benthic organlsm mortality in 10-day sediment

lethality tests and bulk metals concentratlons in spuked and field sedlments is not useful
to causally relate metal concentrations to orgamsm response {Figure 6-12) The overlap
among bulk. metals cancentrations whlch cause no toxlcrty and those whlch ‘are 100
percent lethal is almost four orders of magnrtude. Sediments having less than 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
basns are typically consistent with the toxrc unit concept; that is if IWTUs are <.1.0

sedtments should be lethal to < 50 percent of the organisms exposed, significant rnortality‘ )

'.probably should - be absent at < 0.5 IWTU (Figure 6—13) The exceptions to the .

expectatnon that sedlrnents with IWTUs < 0.5 should not be toxic are the two cadmrum-

. spiked freshwater sediments where pore watersamplmg procedures werea likery problem. a
. Of the spiked and field sediments evaluated which had IWTUs < 0.5, 95.7 percent of 187,

sediments were nontoxic (Table 6-3). . For all sediments having IWTUs > 0.5, 69.0
percent of 128 sediments were toxic (Table -6-3). Given the "effect on toxicity or
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broavaulabulrty of the presence of DOC or Ilgand-assocrated metal m.mterstrtral water water

: “odalrty (hardness or salmrty), and orgamsm behavror, it. lS not surprrsmg that many
. sedlments havmg lWTUs > 0. 5 are not toxrc '

Orgamsm response |n sedlments whose concentratlons are normalxzed on an
SEM/AVS basrs is consnstent w:th metal-sulflde bmdmg on a mole to mole basxs as first
descrlbed by Di Toro et al [1 51, and recommendatuons for assessmg the broavarlabulrty of

o metals proposed by Ankley et al l1 61. Sedlments spiked wrth metals and fleld sediments

from saltwater and freshwater locatrons wrth SEM/AVS ratlos < 1 0 were unlformly (96.6

. percent of 149 sediments) nontoxlc (Flgure 6-14 Table 6-3) The majority (56.8 percent) °

- of 162 sediments having SEM/AVS ratios > 1.0 were toxrc Use of both IWTUs and -
SEM/AVS ratios dld not |mprove the accuracy of predlctrons of sediment that were
nontoxuc (97.8 percent' Table 6-3). However, it is noteworthy that toxlc sedlments were
predlcted with 79.1 percent accuracy in 110 sedlments when both SEM/AVS > 1.0 and"
lWTUs 0.5 were used jomtly as decrsron parameters (T able 6-3) This approach is,

...... -

therefore very useful m |dentufymg sedtments of concern

.

g Because AVS can blnd drvalent metals and presumably some other metals on a mole

to mole basxs, normalzzlng metals concentratlons m sedrments from the fleld as the

e drfference of SEM- AVS mstead of the conventlonal SEM/AVS ratlo, can provrde |mportant
o ~‘msnght mto the ‘extent - of avallable addrtlonal sulfrde bmdmg capacrty, or the extent to
b whnch AVS bmdmg has been exceeded (F‘gure 6-1 5). Further, absence of orgamsm

it ,..m'.o

a response ‘when AVS bmdmg is exceeded can md:cate the potentral magnrtude of .

lmportance that other bundmg phases may have m controllmg broavallabllrty Thrs msrght

e mto addrtronal bmdmg capacrty of AVS'and' other sedlment phases and the magnrtude of

exceedance of bmdmg are rmportant advantages for normalnzatnon of the concentratlon of '

-~ ‘-t-.,a Szt

metals in sedrments on an AVS basis over that of mterstrtral water concentratlon. "For

“most nontoxlc saltwater and freshwater freld sedlments we have tested 1 to 1 00 pmole" .

“of addrtnonal metal would be requrred to exceed the sulfide bmdrng capacxty, i e.rSEM-AVS ]
= -1 to -100 umol/g. In contrast, most toxic field sediments contamed 1.0 to 1,000.

umoles of metal beyond the binding capacity of sulfide alone. Data on nontoxic field
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~ sediments whose sulfide brndmg capactty lS exceeded (SEM- AVS rs > 0.0 umoles/g)

provrdes the best indication of magmtude and rmportance of non—sulfrdnc bmd:ng phases

" This is part:cularly true for some seduments from locatrons such as Sterlacoom Lake and

the Keweenaw Watershed where AVS concentratrons were low resultxng in high SEM/AVS .

 ratios with little difference between SEM concentratrons and sulfude brndlng potentials
(SEM-AVS is ‘numerically low, whereas SEMIAVS ratros are hrgh) The fleld sedrments we
tested frequently contaln 1.0to 1 000 ymoles of metal over that bound by sulfrde yet they

" remain nontoxic. This rndlcates that the role of other sedrment phases in metal

broavarlabrlrty has great srgnrfrcance. Therefore, further refrnement on the predtctron of
’ edrments lrkely tocause toxrcrty wrll requrre estlmates of partition coeffrclents and brndmg
' strengths of these sedrment phases ‘ '

" Summary .

We belreve that results from tests usrng sedrments sprked wrth metals and

sediments from the fleld in locatrons where toxrcrty is metals-assocrated demonstrate the .

value of normalxzxng sediment concentratlons by SEM/AVS ratio and IWTUs, mstead of dry

' welght metals concentratrons, |n expressrng brologrcal avallabrlrty of metals. mportantly, -.

data from splked sedlment tests strongly mdrcate that metals are not the cause of the ~

.' 'toxrcrty observed in freld sedrments when both SEMIAVS ratros are <. 1. 0 and lWTU are

< 0.5. Concentratrons of metals rrr sedrments on an SEM-AVS basrs provrdes rmportant

rnsrght mto available addrtlonal brndrng capacrty by sulfldes and other phases of sedlments
.and the extent to whrch sulfrde brndmg has been exceeded Predlctrons of sediments not

lrkely to be toxrc because of metals based on SEM/AVS ratlos and lWTUs for all data from
i Splked and freld sedrment tests are extremely accurate (__ > 95.7 to 97 8 percent) usrng
erther or both parameters. 'Whlle predrctrons of sedlments likely to be toxrc are less
’ accurate l56 8to79.1 percent) thrs approach is extremely usefulin rdentlfyrng sediments
'. of potentral concern. Several sources of uncertarnty related to sedrment geochem:stry, the

klnetlcs of blndlng and release, and orgamsm-sedrment interaction need further researrh

-",\
;R .
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APPENDIX 6A
<*METHODS ©
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- Saltwater Field Sites <7«

.

~t Co e,
. - b

Sedlments were collected by plastic scoop, shovel, Ponar grab or modlfaed Van

- Veen grabfromJlnzhou Bay, China (September 1992); Belledune Harbor, New Brunsw:ck
f"Canada {August, 1990), Bear Creek Maryland (February, 1992), a tidal marsh near
- Fairhaven;’ Massachusetts (March 1991y and ‘Foundry Cove, New York (August 1989)

(Figure 6-1). Samples consisting of approximately 5 to 10 cm of surfrcral sedlment were

- homogenized and allquots removed for total metal, total organic carbon and gram size -
. analyses. Sedlments were transported ander ice and stored at 4°C in sealed glass jars

-~ with limited headspace containing nitrogen until use. Prior to conductmg toxlcrty tests.
- sediments were rehomogenrzed takrng care to llmrt oxrdatlon of metal sulfldes

PR P

At all stations at the salt marsh” ln Massachusetts, interstitial water dlffusmn'

samplers (peepers) were placed rmmedrately below. the sedrmentsurface 13 days prior to

‘sediment collection to permrt comparlsons between in ﬂm lnterstrtral metals concentratlons S

and interstitial metals conceritrations quantufued durmg toxrcrty tests. Peepers consrsted'

“-of 5 ml polyethylene vials. (21-mm high, 20 mm dlameter), covered witha 1’ mlcron

polycarbonate membrane and filled with 30 mglkg salmrty water [4] A plastrc strap '.

“-around the peeper extended above the sedlment to facrlntate recovery. lmmedlately pnor

* to sediment sampling, peepers were removed and rmsed to remove sediments. The water
. contained within the peepers was removed by prpette ‘and plated in a7 ml polyethylene
- vial and acidified with 50 yl of concentrated (PH'<’ 1 0) nitric acrd - e

- - . - E Y aeatz g IINTE
b im0 L. . Sl LT leris TTRY e

~>Toxic'rtyTeSts'- - LN,

. The 10-day lethalrty tests with the amphrpod Amng §g§ _am,a_ generally followed .

-A methodologles descnbed by ASTM [17] Di Toro et al."[1 5] and Berry et al. I4] Those -
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with the polychaete Neanthes arenaceodentata are described by Pesch et al. [1].
. Amphipod ex_posure. chamhers .consisted of 900 ml glass canning jars, with a 1.3 cm
diameter overflow hole covered vVith 400 micron Nitex® mesh. Each chamber contained

200 ml of sediment and 600 m! of seawater Polychaete chambers consrsted of 600 mi

beakers containing 200 ml of sedrment. One- day before the start of the test, sediment -

from each station was placed into each of four {two chemrstry (day 0 and 10), and two
- biology] replrcate exposure chambers. For each experrment with seduments from the five
saltwater Iocatlons, one or more ‘treatments cons:sted of four- replrcate chambers
contalnrng ‘sediment from an uncontammated reference station .in centra! Long Island
. 'Sound Narragansett Bay or an uncontammated sediment from a location near the study
| ‘site'.; Sedrments from all statuons at Foundry Cove and _stations - 1. 't0. 10 at the

_Massachusetts salt marsh srte had interstitial_salinities less than those tolerated by

N Amne isca or Neanthes, therefore, sedrments were. mixed with bnne to obtain 26 to 32
mglkg rnterstrttal salinities prior to testmg Peepers were placed in both biology replicates
and the day 10 chemistry replncate To provnde contmuous ‘renewal of overlying water,
filttered seawater (20°C; 28 to 34.mg/kg salinity) flowed through each replicate chamber
at approxlmately 30 volume addrtlons per day.

_ Each exposure began wlth random placement of 20 amphrpods or 1 5 polychaetes

’ ‘,m the day 10 chemrstry replrcate and in the two bxology replzcates for each treatment .

- Sedrment from the day 0 chemrstry repllcate was homogenized, and aliquots removed and

frozen for AVS SEM and bulk metal analyses Experlmental chambers were checked daily.
for dead animals and water flow. Overlymg water was sampled at the begrnmng of every

_test and at least once thereafter. with samples ‘acidified and stored in vials'as described
‘above. On day 10 peepers were removed from each sedrment and the water sample

wacrdrhed and stored.. Sedlment from the day 10 chemistry replrcate was homogenlzed. and -
aliquots removed for AVS and SEM analyses. Sediments from the biology replicates were '

sieved through a 0.5 mm mesh screen to quantify dead and surviving organisms.. Samples

_ with.more than 10 percent of the amphlpods missing were recounted by a second person :

-—

Mlssmg ampthods were assumed to be dead. For illustrative purposes, sediments were

) classrfled as tDXlC if mortalrty was greater than 24 percent as proposed by Mearns et al.

: _ ; | _
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I 8] frorn results of sediment tests thh the amphlpod Rhgngxgmgs ;_b_o_ga Sedlments

having less than or equal to 24 percent mortalrty were consndered as nontoxnc

-’

Chemical Analyses -

Sediment samples were analyzed for AVS by the.cold-acid purge and trap technique . '
described by Allen et al. [14], Cornwell and Morse [19] and Boothman and Helmstetter
[20]. SEM-and bulk metals analysesnv(rere performed using inductively coupled plasma
emission spectrometry (ICP). For analyses of bulk (dry weight) metals, the metals Were ’
extracted from freeze-dried sediments by ultrasonic agitation with 2 M cold nitric acid (50
ml/5S g wet sediment) at 60°C overnight 'followed by c'entrifugation. Results of sa'mple
blanks and recoveries of known metal additions demonstrated 85.to 100. percent-
recoveries from sed:ments, 85 to 115 percent recovenes from sample extracts and an
absence of contammatton m our ana!ytlcal procedures The SEM concentration reported
is the sum of cadrmum, copper, lead nickel, and zinc on a mncromole per gram dry

sedlment basis. Concentratrons of all metals in sedrments exceeded analytlcal detectlon

‘limits.

; Interstitial water from p_eepersland overlying water_were analyzed usmg icP or
graphite furnace atomic absorption spe'ctroscopy. Detection limits varied as a functiori of
sample size and methods of analysrs ' Concentrations i in water are reported as the sum of
the mterstrtral water toxtc units: (IWTU) of detectable metal IWTUs are the sum of yg '
metalIL in interstitial water + 10 day LCSO in water-only tests in g/l for all f:ve metals,
where the 10 day LC50 for A. abdita is 36. Oyg Cd/L, 20.5 ug Cu/L, 3020 pg Pb/L, 2400
pg Ni/L, and 343 ug Zn/L (4] and for N. m_a_gem_tam is 3,670 ug Cd/L aod 16,090 ug

Ni/L [1]. Thus,.if interstitial water is the principal source of metals toxicity, and availability
- of-m.etals is the same in water.of water-only tests and interstitial vilater in sediment teetc.' '

50 percent mortality would be expected with sediments having 1.0 IWTUs. in '-th‘is.
section, we use 0.5 IWTUs to indicate sediments unlikely to cause significant mortality .
because on the average water-only LCO and LC50 values differ approximately by a factor

of two. This factor is reasonable because mortality was always absent in spiked-sediment
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' tests at 0.5 IWTU [4]. For illustration, a concentration of 0.01 IWTU is used to
- ihd_ica;e inter_stitial water sémples t_hat contain no detectable metal.
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CHAPTER 7 .
COLONIZATION EXPERIMENTS

All .experiments presented thus far demonstrating that AVS is important in
controllnng the toxrcrty of sedrment-assocrated metal have relied on 10-day laboratory
lethality tests using individual benthic species exposed to homogenrzed sediments from
field sites or sediments spiked with divalent metals [1 2] Chromc exposures of individual

species of benthrc communrtles have.not only recently been completed usmg sediments

) -whose metal and AVS concentratlons have been measured and have varied with depth as
IS normal m the field [3,4,5]. Y

“"l"he benthic colonization test. [6] is particularly useful in evaluating the effects of

substances on developing benthic communities in the laboratory and field. In this test. the

, most sensmve early life stages of benthrc organisms found in unfiltered seawater are

chronrcally exposed to chemicals as they settle and grow in replicated control and treated

sedlment-fllled aquana Resultant communities are dlverse, consisting of thousands of

md_rvrduals, represented by 40 “or_more species-and several phyla: _Results from early

colonization experiments where chemicals were continuously added to incoming seawater

revealed test sensitivities predicted by_nwater._quality criteria (WQC); i.e., generally,
‘‘observed’ effect concentrations were greater than WQC and no observed effect
_ concentrati_ons were _less than WQC [7]. - More recently, organic.chemicals have been

» ‘splked into sediments [8,8] and comparisons between results of these tests and chemical-

specific,sedlment quality criteria indicate.SQC are protective [7].

- . ': am - - "', ,' .

-« §
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_ Th:s chapter presents the resurts of a:118 day benthrc colonization experiment in
whrch sedlments were sprked wrth cadmrum to obtain nominal 'SEM/AVS ratios of 0.0

(control) 0.1, 0 8, and 3 0 Numbers and kmds of organisms that colonized the sediment

' are compared to total cadmlum, lnterstrtral water cadmlurn, and SEM/AVS ratios as

exposure conditions changed temporally and spatrally asa functron of sediment depth to

evaluate if these measurements can be used to determm_e sediments which are not |

chronically toxic to benthic organisms. The methods used are presented in Appendix 7A.



Results
Exposure

At the beginning of the experiment the average AVS concentration of the sediments
for the four treatmentswas 17.2 )lmollg dry.we_ight and measured SEM/AVS ratios, 0.60,
0.10, 0.60, and 2.63, approximated nominal values; control, 0.1, 0.8, and 3.0,
rest:ectively (Table 7-1).- The average AVS concentretion in all.samp'les of homogenized
sediment analyzed throughout the ekperime_nt was 17.2 pmof/g {range 12.2 to 22.‘}
#mol/g), a concentration the same as that at test.in'itieti'ort. The average’SEMlAVS ratios
in cadmium-'spiked sediments err the length of the .experiment also differed little from
that attest initiation for nominal SEM/AVS 0.1 (0. 09 forday O versus O. 10 overall) and '
SEM/AVS 0.08. (0 66 for’ day 0 versus 0.60 overall) The apparent 25.3 percent
decrease in SEM/AVS ratio in the 3.0 SEM/AVS treatment f3 52 for day O versus 2.63
overall) probably resuits from an unusually low analysis of AVS of 13.0 ymol/g at test
mmatlon if the mean AVS for all treatments on day O is more representatwe of the true

.value in this treatment, then a more accurate SEM/AVS ratio wolld be 2.66 fordayOand - ~

' 2.57 overall. Therefore, chemical-enalyses of homogenized sediments indicate that the
exposure was constant throughout the experiment. C | ' '

However, chemical analys:s of honzons from sedtment cores demonstrate that SEM

and AVS concentrations and SEM/AVS ratios varied thh sediment depth. Data from two
_ cores sampled on day 14 from a control treatment show AVS concentrations < 1 Opmol/g :
in the surface 1.0 cm, from about 1.0 to 8.0 ympol/g at 1.0 to 3.0 cm depth, and greater
than 15.0 ymol/g below 3.0 cm depth (Figure 7-1). ‘At day 28, AVS concentrat:ons inthe .
surface 3.0 ¢m of sediment in the control 0 1'and 0.8 SEM/AVS treatments were lower,
- with those in the surficial 0.6 cm bemg 20 percent of those on day O (thures 7-1and 7-
. '2). By.contrast, AVS concentrations below 3.0 cm in depth remained similar to those at
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TN anure 7-1* Comparlson between the AVS concentratlons by sedument depth m the

.-cadmium colonization experiment on day 14 (July 17, 1991) day 28 (July 31,1 991 ), and
s.in Pettaquamscutt Rwer, Rhode Island {July 18, 1991)
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-~ test initiation. Vert:cal dxstnbutron of AVS'in the 0.1 and O. 8 SEMIAVS treatments were

generally similar to the control on days 24, 56,-and 117. 'Loss of AVS in surh_cral

sediments in these treatments was due to oxidation, most likely of principally iron sulfide.

TABLE 7-1. MEASURED CONCENTRATIONS OF ACID VOLATILE SULFIDE (AVS,

pMOlJG), CADMIUM SIMULTANEOUSLY EXTRACTED WITH AVS (SEM, yMOL/G)

AND SEM/AVS RATIOS IN HOMOGENIZED SEDIMENTS FROM DAY O TO 117 OF
THE BENTHIC COLONIZATION TEST

‘Mean

‘Control SEM 0.0 . 00 00O 00 00 00
. ... AVS 204 " 137 - 158 -'12.2 - 216 . 16.7.
...  SEM/AVS 0.0 _ 0.0-. 0.0 . .00 0.0. 0.0
0.1 SEM. -15° 16 .15 1.4 13 . 15

AVS 16.1 . 13.6 124 19.0- 136 149
SEM/AVS _ 0.09 0.12 0.12. 0.07 . " 0.10 0.10

8 SEM 128 1298 115 116  11.8 . - 12.1
_° AVS . 195 . 223. 17.2 .21.1 =205 . 20.1
SEM/AVS 0.66 058 067 055 058 D060

.30 - SEM 458 383 -.49.1 47.2 405 442
f. o AVS 130 - 135. '19:6'; 227 : 154  16.8
 SEM/AVS - '3.52: -2.84 . 250 208 = 263 - 2.63

.»‘

However, in the 3 0 SEMIAVS treatment from day 14 throughout the expernment,

e nra s

: *proflles of AVS concent'atron wrth depth were different from profiles in Iowertreatments

On day 14 concentratlons of AVS in sediments from the 3.0 SEMIAVS treatment were

essentially constant at all depths (Flgure 7-1) In" this sedrment, concentratlon ‘of AVS .
o ranged from 13.8 to 16.2 pmollg (mean =-15. 1 pmol/g) in mdrvrdual honzons in the
. _'vsurface 2 4 cm. and from 10.7 t0 21.7 pmol/g (mean = 17 5 ymol/g) below 2.4 cm. At :

later samphng days. AVS was only slightly oxidized in the 3.0 SEM/AVS treatment

| compared to the _aother treatments {Figure 7-2) Lesser oxrdatron in this treatment was .

' lrkely due to iower oxudatlon rates of cadmrum suifrde [10]. Little oxidation of AVS below
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2. 4 cmis evxdent during the expenment in the control, 0.7 and 0 8 SEM/AVS treatments
and below 1.2 cm in the 3.0 SEM/AVS treatment..

*Vertical profile.s of AVS in sediments from the cadmium colonization experiment on

.day 14 (July 17, 1991) and day 28 (July 31, 1991) were qualitatively and, to a lesser
extent, quantitatively similar to those ‘observed in sediment cores from .the nearby

- Pettaquamscutt River, Rhode Isiand. (July 18, 1991) [11] (Figure 7-1). Relative to AVS
concentrations with depth in the exp‘eriment, AVS concentrationsin Pettaquamscutt River
sediment were only slrghtly hrgher from the surface to about 5.0 cm, proportional increase
in concentrations from the surface to about 2.5 cm were similar and AVS concentrations
were stable in both the field and our laboratory sediments from about 2.5 to 5.0 cm.
Sediments from Pettaquamscutt Ri.ver consisted of approximately 39.5 percentsand, 58.0
percent silt, 2.5 percent clay, and 1.3 percent TOC. The granulometry-of sediments used

in our experiment was markedly dlfferent 5.6 percent sand 70.7 percent srlt, 23. 7 |

percent clay, and 1.0 percent TOC.

" Loss of‘cadmium from spiked sediments was essentially confined to the surface 1.2
' cm (Frgure 7-2). Decreases of cadmium in surface sedrments were less than decreases in
AVS in the control, O 1 and 0.8 SEM/AVS treatments. Decreasesin cadmrum wrth depth

were similar for all three .cadmrum-s.p'rked treatments. In the surface 0.6 cm, cadmrum_-

concentrations for all treat'ments av'eraged_.65.4, 67.0, and 22.7 percent of those below
3.0 cm on day 28, 56, and 1;I7, respectively. Cadmium concentrations in the 0.6 to 1.2
' ~ cm horizon were 95.4, 86.8, and 79.0 percent of those below 3.0 cm on day 28, 56, and
1 17,' respectively.. Cadmium concentrations below 1.2 cm remarned unchanged
throughout the experiment. R '

Vertical profiles of measured SEM/AVS ratios were consistent with the-obser{red

oxidation of AVS in surficial sediments as tempered by losses of cadmium (Figure 7-2).

At sediment depths greaterthan about 2.4 cm, there was little or no oxidation of AVS, no )

- loss of cadmium and SEM/AVS ratios remained stable near the nominal values. In surficial

' sediments, losses' of AVS exceeded those of cadmium causing SEM/AVS ratios to increase

T E

&

L. . . “ . ‘
. . . : . ' .. . !



7-7
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4 ""‘dramatrcally, whzch could potentrally release prevrously bound metal to affect benthic
organisms. While SEM/AVS ratios rncreased to as much as 0.75 in individual 0.6 cm

hornzons in the nommal 0.1 SEM/AVS treatment. the molar concentratlon of AVS was

- s

always in excess of that for cadmrum therefore metals tOXlCltY was unlikely. In the -
. .‘nomlnal 0. 8 SEM/AVS treatment, loss of AVS exceeded that. of cadmium and measured
' ;_f-;SEM/AVS Tatios exceeded 1.0 in from one to all fwe (22 of the 40 samples) 0.6-cm -
‘. sediment honzons down to 3 0 cm |n all cores sampled on days 28, 56, and 117.
SEM/AVS ratios in the surface 1.8cm of sedlment averaged 1.45 on day 28 1 01 onday -

J

nommal 3. 0 SEM/AVS treatment always exceeded a ratio of 1 O hence, were always
potentrally toxlc ’

u
Goty At R
.

-~

Concentratrons of cadmrum measured m mterstrtlal water collected by peepers were

2 consxstent wrth sulfide binding (Table 7-2). Cadmrum concentratuons in mterstrtxal water
were below the llmrt of analytrcal detectlon (<3 pglL) in 70 8 percent of 24 samples from_

, control replrcates and 50 percent of 24 sample from the 0 1 SEMIAVS treatment. In the

/s

:‘ 0. l_SEM/AVS treatment. average concentratlons |n surface (6 4 pg/L) and bottom 3.6

R

,ug/Ll peepers were less than the saltwater acute (42 pglL) and chronic- 9.3 pglL) water'

qualrty crrterra [12] Therefore, nerther acute lethalxty nor chromc effects would be -

:-
e
.

concentratlons in the nominal 0.8 SEM/AVS treatment are elevated overthat in the control
;mzas might be expected glven ‘that measured SEMIAVS ratlos frequently exceeded 1 0.

> Cadmium concentratnons in mterstrtlal waterin the O. 8 SEM/AVS treatment averaged 58

;. pgll in:surface peepers and 48 ygIL in’ bottom peepers These average concentratlons '

e s

swWere: suffrcnently high to be acutely ‘toxic to the most sensrtwe saltwater specles and
cnichronically toxic to many sensitive’ arthropods and polychaete specles [1 2] lnterstmal
= concentrations in the 3.0 SEM/AVS treatment always exceeded acute and chronrc water

--quality. criteria concentrations and were sufflcrently great to result m acute lethalrty for
* most salt-water species tested in water—only tests [12]. Therefore, both SEM/AVS rat_ros )

R

and interstitial water concentrations indicate effects on benthic taxa should occur in this

expected in sedrments where the nominal SEM/AVS ratio was 0.1. lnterstmal water. .~
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treatment. leen the above exposure conditions and speculatron on orgamsm response,
'f?"'the followmg section describes observed orgamsm responses

g

TABLE 7-2. MEAN CADMIUM CONCENTRATION (#G/L) 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 (AVS)

OF 0.1, 0.8, and 3.0

Control . -~ Surface . "~ ND?¥ - ND° - ND ND  ND

' Bottom 4 "7 ND  ND - 3.5
0.1 Surface .. 8 . -8B 8 ND - 6.4

~ ‘Bottom .. ND ,. .ND . 10 .. -ND. °~ 386

' 0.8 Suface . 28 . 48 ~ - 157 - ND . 58
" Bottom 38 8 48 . 20 48

'3.0 ° Surface 138,000 - 76,000 66,000 28,000 77,000
.-+ Bottom: 174,000~ 135,000 154,000 88,000 - 138,000

ND? = Less than detection limit 3.0 ug/L. Mean concentratuons derlved using -
one—half the detection limit for samples below the detection limit. -

:}Effects

Sedrment-assocrated cadmrum had an effect on both the timing of orgamsm
appearance on and rn the sedrment and the abundance and species composition of
orgamsms found in each treatment. An .the control, 0.1 and 0.8 SEM/AVS treatment, a
reddlsh brown mlcroﬂoral layer appeared on the sediment surface after about week three,.
however, thrs layer did not appear untll after about week 9 in the 3.0 SEMIAVS treatment
Ammals mcludmg snanls, polychaetes and tonicities began to appear in the control. 0.1 and
O 8 SEMIAVS treatments shortly after the appearance of diatoms at about week three,

whereas in. the 3 0 SEM/AVS “treatment they did ‘not appear until after about 9to 11"
weeks : '

"'—‘ ‘u- Uk - el | . . ) S TN T N . s .

'.4_ "‘
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*The - rnrcrofloral laver, sampled on day 80 contamed the pennate dratoms

- Entomonies, ~ Nitzschia, - _El_am_o_tgg_s, __a_cr_llﬂr_a_ Amghor , Thglassrosrr . Naviculs,
harggghngma, Licmophora, : _n_Qd_eg_r_un_, ngjg_a_ Hhabdgngma, §kgl§19n§m§,
- Diploneis, and Chaetocer ros, in approxrmate order of decreasmg abundance The densnty

. of pennate diatoms measured on da_y 80 corroborated visual observations of penp_hyton

abundance on the sediment surface (T able 7-3). The rhean diatom density' in control
aquaria, 1.92 x 108 cells/cm? of sedlment surface, was not dnfferent from the 1.32 x 108
cells/cm? in the O 1 SEM/AVS aquarra or the 1.00 x 108 cellslcm in the 0.8 SEM/AVS
aquaria. Diatom densrtles were srgnrfrcantly lower-(0.16 x - 10s cells/cm of sediment
surface) in the 3 0 SEM/AVS aquarra. ‘The densxty of diatoms in five of elght aquaria for
this treatment were less than the lowest density (0.17 x 108 cells/cmzl in any aquarium

from other treatme_nts. AT T

TABLE 7-3. NUMBER OF DIATOMS x10° PER SQUARE
CENTIMETER OF SEDIMENT SURFACE IN REPLICATE AQUARIA ’

064""

,-;.

1
2 1887 Cilar oA 17" " 0.2
© 3 - s 123 2387 oz
4 ‘437 226 384 . 353
- 5.7 _,.‘-'.‘-_5"6'4- aze Lo 83—--7*003
B 0BT D4 0.4B K e 0.43 -
7 0.58 297 017 - - 0.00
8 2.05 01'9' 239 . 0.06..
T GeoiMean 192 182 . .100_ . . 0.16%.

Slgmflcantly drfferent from control a= 0.05

"iTA total of 14, 347 mdrvrdual macrobenthlc benthlc organlsms, representmg 54 -

" species from 8 phyla, was collected from sedxments sreved from all aquana erght control

aquana and erght aquaria for each of the three treatments that contamed sedlments splked



- were most abundant, over half l27 of 52) of the spec:es were polychaetes. Most
' lndxvrduals of all species were subadult only Nerg:g § ggmg . Polvdora socialis and
Mglgula manhangnsls had srgnxfrcant numbers of aduits. Individuals of all feeding types,

were collected o e

. 7-10
at 0. 1 0. 8 and 3 0] SEM/AVS lT ables 7-4 and 7-5) _Annelids, arthropods, and chordates

suspensron feeders, deposrt feeders selectlve deposrt feeders, omnivores, and carnivores,

TABLE 7-4. TOTAL NUMBER OF SPEClES AND
lNDlVlDUALS (IN PARENTHESES)

Annelida  18(347) 19(330) 21(265%) 8%(158%)

IMoliusca  2(4)- '1(4) - 5 34
|Gastropoda -. . - ° i R
|Bivaivia~ 4(6) - *4"2(3) LB 00

rthropoda 7(3640) 5l2078) . B(4228) 6(12943) -

.....

~ oo [Nematoda ~7(563) "~ 2(432) " 2(254%) - 21287

ipuncula _ 1(1) _1(2) | '_1(1) .‘-0(0‘.) ?
" fcnidaria  0(0) ;’,un (<) I [ I
IRhynocoela 100 © 01 . "oOr . 0@ )

hordata _ '&(197) 4(59) 3(102) 3(469%)
) TOTAL . 37(4196) 33(2909) 39(4862) 193l2058)
;"“?Significantly different from controls; o = 0.05 J )

. o1
; [FOEN
Y

.....

!

. cadmmrn in the sediment’ (Tables 7-4 and 7-5) In the nomlnal 0 1 SEM/AVS treatmenf, '

no effect on either number of Specues or rnd:v:ddals, relatlve to the control, was detected -

[

e ln the colonized . benthlc comrnunrtles In the nominal 0 8 SEM/AVS treatment, no . .

srgnrfrcant effects were detected in the overall total number of mdwrduals or specres

"However,there wereslgnrfccantly fewer polychaetes (___ecL__agg_ _rr_lbl_se_ta S_t_rLbl_Qﬁp_Q . '

- ’ * . ‘ ‘
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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 sig_nificantly affected (Table 7-4 and 7-5). This was principally because the
number nf polychaete species and their total abundance was significantly diminished.
There were significantly fewer individuals of the polychaete species M. ambiseta, S.
benedicti, P. gbscura and the unidentified harpacticoid copepod species. Bivalve molluscs
were absent in this highest treatment. raT-he number of chordates, principally the tunicate
M. manhattensis, was significantly greater in the 3.0 SEM/AVS treatment (Table 7-5).
Numbers of these tunicates would ha\(e been even higher .if myr_iads of small (< 1 mm
diameter) -tunicates, attached to large individuals but having no _direct contact with .

sediment as well as those contacting sediments, had been counted.

. The length-frequency distributions for the'po_lychaete Nereis syccineain controf. 0.1
and O.B SEM/AVS treatments indicates recruitment was continuous with no effect on’
abundance or growth (Figure 7-3a). in the 3.0 SEMIAVS treatment, there were no worms
over 45mm in length; whereas 8.5 percent of the worms in other treatments exceeded thls
length (Figure 7-3b). Only 15.3 percent of the worms in the 3.0 SEMIAVS treatment were
over 15mm in length, whereas 45.8 percent exceeded this length in other treatments

.Extremely small (O to 5mm) worms predommated (37.8 percent) in the 3.0 SEM/AVS

treatment compared to 1 :I_.G percent for other treatments. The absence of large (>
45mm) worms, markedly reduced occurrence of worms .of intermediate lengths,
pr'epondérance of very small worms and absence of visible colonizers of any macrobenthic
e'pecies for the first half of this study suggests that the sediments in the highest treatment
were initially lethal but could later be tolerated by resistant spec_ies.' Therefore, nolychaete

length-frequency distributions may indica_te delayed recruitment, not decreased growth.

The response of these communities to 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 t_he species present or absent in each replicate with those in other
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Figure 7-3. {A) Frequency distribution of length of the boiy;haete.b{grgig 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 3.0 SEM/AVS treatment. -~ =~ : .
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replicates from the same or dlfferent treatments, mdrcate that three clusters may exist.
Although all treatments have many species in common, the kinds of species-in the control
treatment are most similar to those in the 0.1’SEM/A.V$ treatment. Species present or
absent from replicate aquaria in these treatments are different from those in the 0.8 and
3.0 SEM/A\)S treatments (Figure 7-4). Further, the clusters of presence-absence data for
the species in aqoaria 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
of maximum species richness [13]. Because numbers of species in the control, and 0.1
and 0.8 SEM/AVS treatments are similar, shifts in community' structure detectedin the 0.8 -

SEM/AVS treatment compared to these t\lvo lower treatments probably occirred because

“of changrng species composrtlon and not the number of species present. in the 3.0

SEM/AVS treatment, there was a change in both specues abundance and composmon

Discussion ' - .

P

Concentrations of AVS m ‘marine sedlments vary with depth as a functlon of

) seasonal processes [14]. lron sulfide is formed by the anaerobic diagenesis of orgamc

" matter. As a result of bactenal sulfate reductlon, concentrations of AVS mcrease in -~

surficial sediments during 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 surficial sediments
decrease For example, in the Pettaquamscutt River, Rhode island AVS concentratlons in
the upper 3 cm of sedlment may vary 15 to 25 fold between summer and winter I ‘ll

Maxrmum concentratuons occur in surface sediments between 2 and 5 cm depth and

- concentrations below these depths down to 15 cm decrease only marginally with se_ason. .

Vertical profiles of AVS in the cadmium colomzatlon experimentin week 2 (July 17

1981) and week 4 (July 31, 1991) were qualitatively and, to a lesser extent, quantttatwely

' similar to those measured in the Pettaquamscutt River, Rhode Island by Boothman and
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absence data for species from sedlments from

control and nominal 0.1, 0.8, and 3.0 SEMIAVS treatments..
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Helmstetter [11] 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 sediments observed initially must be associated

' with passive 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 did little to change existing AVS profiles. Lesser oxidation
of AVS early and throughout the experirrient_ in the 3.0 SEM/AVS treatment, and the loss
of cadmium from only the surficial T.2cm compared 1o 2.4 cm for AVS, agrees with

laboratory sediment suspension experlments that demonstrate rapld {100 percentin 60 to

' 90 minutes) oxldatlon of i erl'l sulflde versus slow (10 percentin 300 hours) Odeatlon rates

for cadmium sulfide [10). Further oxudatlon of sediments should resutt in release of only.

a portion of sulfide-associated cadmxum to mterstmal water because sedimentary Fe and

" Mn are transformed into their oxyhydrox:des whlch along wrth organic carbon, can bmd

released cadmium in oxic sediments [15]. In this and other laboratory expenments.[‘l 61,
AVS gradients and the complex microhabits 7assoclated with sediment geochemical .
processes and -organism burrowmg developed rapidly.” These observatrons indicate that
the opinion that bioassays are srmpllstrc because they do not have the vertical gradients

and mncrohabrts that occur as part of naturally  occurring geochemxstry and biological-

E processes (17] may not apply to all laboratory exposures. - . - . Ry

" The bioavailability and toxicity of divalent metals in field sediments can not be
predicted using metals concentrations on a sediment dry weight basis [18]. However, Di

Toro et al. [19] in laboratory studies using spiked sediments, observed that acute toxicity:

and interstitial water concentrations of cadmium were related to sediment concentrations

on a pymol cadmium per prnol acid volatile sulfide basis. They hypothesized that this

normalization should apply to other divalent metals in both freshwater and marine anoxic

sediments, where the _nietals'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 metal of concern ina ;
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 am;;hipods and polychaetes[1,16,20,21] and freshwaiero!igochaetes and sneils
[22,23]. Studies revealed the requirement that metals concentrations be expressed ae the
molar concentration of metal simultaneously e:'ctrected with AVS, not total metal. Acute |
lethality tests with homogenized sediments from freshwater and marine locations

consnstently demonstrated an absence of toxicity when SEM/AVS ratios were <1.0 and

- that sediments having a ratio > 1.0 were sometimes toxic, but frequently were nontoxic

[2,20,22,24,25]. - Absence of toxlcologtcally significant concentrations of metal in

- interstitial water in nontoxic sednments and the presence of interstitial metals

concentrations of concern in toxic sedlments hughhghted the utility of the toxic unit
concept as applled to interstitial metal in predlctmg sediment toxicity when SEM/AVS is
>1.0. Absence of tox:cnty when SEM/AVS is > 1.0 suggested the presence of other

bmdmg phases in these sediments. Ankley et al. [26] 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 days or less and
homogemzed sediments, therefore, extrapolatlons usmg SEM/AVS ratios or mterstmal

water concentrations to chronic responses of benthic organisms in laboratory or fleld

- sediments with vertical gradients and microenvironments should be done with caution.

Because of these limitations, this colonization experiment and those of Hare et al. [3] and
Liber et al..[4] 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 g}adients are considered, and with interstitial water cadmium concentrations and

ihe relative sensitivities of"ben_thic taxa in water-only aquatic toxicity tests (Table 7-6;
Figure 7-5). In the nominal 0.1 SEM/AVS treatment, molar cencentrations of AVS in
vertical profiles of se'diment were always in excess of those of cadmium; interstitial _
cadmium concentratlons (ND to 10 ug/L) were either below detection limits, or less than '

known concentratlons of toxicological significance in water-only tests [12], and no

significant effects were observed on sediment colomzatlon by benthic specnes in the - .

nomxnal 0.8 SEM/AVS treatment, measured SEM/AVS ratios averaged 0.60 in

homogemzed sedlments Howeverin surficial seduments, molar concentratlons of cadmium
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. TABLE 7-8. SUMMARY OF EXPOSURE CONDITIONS AND EFFECTS OBSERVED IN THE CADMIUM COLONIZATIbN EXPERIMENT RELATIVE TO POTENTIAL EFFECTS GIVEN

OBSERVED INTERSTITIAL CADMIUM CONCENTRATIONS AND KNOWN SENSITIVITIES OF BENTHIC ORGANISMS IN WATER-ONLY TESTS.

Control
0.1

0.8

3.0

0.00

0.10(0.07-0.12)

0.80(0.55-0.67) .

2.63(2,08-3.52)

0.00

0.38(0.22-0.58)

- 1.47(1.01-1.94)

2.29(1.88-2,63)

ND (ND-7 pg/L)

4pgILIND-10 pght)

33gN.(24-157 pgit)

94,0001
{28,000-174,000 pg))

‘} Phyla, 37 speclas
4,259 individuals

No Effscts:
7 Phyla, 33 spacles
2,917 Individuals

Fewsr polychaetes

(Medliomastus, Streblosplo,
Podatke) and nematodas,

Specles presence/absence

altered,

Fewer spacles, polychastes
(Madiomastys, Streblosplo,
Podatke), nematodes and
hamacticold copepods.
Blvalves ahsent. More

ascidlans (Molguls), Length .

frequency distribution
(Neties) altered. Spacles
presance/absence alterad.

.

1.92 x 10% Diatoms/ecm?

No Etfacts:
1,32 x 10° Diatoms/ecm?
!

' Moro' sphetold

foranimlifera

Reduced diatom density
(0.16 diatoms/cm?)

sesccnace

Acute or chronlo effects
unlikely

Acute [athallty unlikely.
Chronlo lethality or
sublethal sffects possible
for‘sensitive polychastae

. or crustaceans,

Acute lathelity for most
thacrolnvertebrata specles
Including polychaetes,
bivalve molluscs, snails,
arthropods, and
achinoderms, Algal.
growth {nhibition,

Maan of intarstitlsl water concentrations derived using one-haif the detaction limit (ND = 3,0ug/L) for samples where Cadr;alum concantrations weta not detectables.

bErom *Amblent Water Quality Criteria for Cadmium® 1884 (U.S. EPA, 1985): Chronle_critsria concentrations 9.3 ygit, acute 42 pgA., '
MI
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. only tests are Indicative of sensitivitles to Interstitial cadmium concentrations In sediment tests, taxa potentially at risk in the sediment’
treatments in our exparimant are those whose GMAVs and GMCVe are within and below the ranges in interstitial cadmium.
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frequently exceeded those for sulfide and cadmium concentrations in mterstmal water (ND
to 157 pg/L) often exceeded those that in water-only tests are known to be acutely toxic
10 sensitive species. Chronic effects may be projected to occur to many sensitive
arthr_oood's and polychaetes if acute toxicity and acute-chronic ratios are used to estimate
chronical.ly toxic c’oncentrations (Figure 7-5). Significant reductions in the abundance of
polychaetes and nematodes, but not arthropods, and alterations in species composition
were observed. Inthe nominal 3.0 SEM/AVS treatment, molar concentrations of cadmium
always exceeded those of sulfide i in both homogemzed sediments and in sediment profiles,
and interstitial water concentrations of cadmium were of sufficient tnagnitude (28,000 to
174;000 #g/L) to pose significant ‘acute and chronic risks to almost all algal and
macrobenthic saltwater organisms for which data are reported in the water qualityi criteria

document [12]. Biological effects observed in our study were severe, with numbers of

- species reduced by about one-half. Significant reductions occurred in total polychaete

species, abundance and size of certain polychaete species and abundance of nematodes
and haroacticoid copepods. ‘Bivalve molluscs were absent and diatom density was reduced
10-fold. Interestingly, the total numbei’ of individuails of‘benthic organisms was similar to
that of controts. This suggests that tolerant benthic species that could avoid exposure by

“their epibenthic habits replaced more sensitive species. For example, the tunicate Molgula,
known to be resistant to many.substances in this test [6], rests on sediments.utilizing "~ 7
‘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 bolychaete Neanthes arenaceodentata -
exposed to cadmium or nickel-spiked sediment [16]:

We conclude that the present theories used to predict the acute biological

consequences 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 SEM and AVS relative to biologically

active sediment strata, interstitial water metal concentrations and the potential for release

of nonavailable metal as a resuit of oxidation of AVS (including both iron' and cadmium and
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other toxic metal sulfides) as a part of the normal seasonal sulfide cycles and sediment
bioturbation.

In addition to the marine colonization study described in this chapter, there have -

" been two colonization experiments with freshwater sediments that have examined the role

of AVS in determining metal bioavailability [3,4]. Because these experiments ohly recently
have been completed, they are not described in detail herein; however, the studies will be
presented in full at the SAB meetinth "For the sake of completeness, below we briefly

describe the freshwater colonization experiments, including major resuits and conclusions.

He.re et al. [3] conducted an experiment in which cadmium was spiked into clean
field-collected sediments, which were then elaced in trays and put in the Precambrian
shield lake from whlch the sediments were mmally collected Nommal SEM:AVS ratios in .
the samples were 0 05 (control), 0.1, 0.5, 2, and 10. SEM:AVS ratios and pore water
cadmium concentation were measured in 3 cm horizons of the sediment over the course
of slightly greafer than one year, after which macroinvertebrate samples were collected
to evaluate benthic communit\} struc.tl;;'e and cadmium bioaccumulation bi the benthos. .
The results of the bioaccumulatien study are addressed in Chapter 8. Except for the
sample with a nominal SEM AVS ratio of 10, .water overlymg the sediments (collected with-

“peepers”) contained non—detectable levels of cadmium. 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 control and 0.1 treatment were consustently low. However, in the -

. 0.5 treatment, pore water cadmium concentration were elevated, particularly in the

shallowest sediment h.qrizon's. presumably due to surficial oxidati,on"of AVS. in the
samples with nominal SEM:AVS ratios of 2 and 10, pore water cadmium concentrations
were consistently elewfated; however, there appeared to be little if any impact of the
cadmium on organism abundance {Figure 7-6). One of the explanations suggested by the
authofs for the seeming lack of impact was that SEM:AVS ratios actually can be quite .

'misleading. Although;amﬁles with very small AVS concentrations (such as these in their

study, ca., 0.2 umol AVS/g) might exceed aﬁ SEM:AVS ratio of 1, the actual amount of
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total free metal co_uld be quite small. This led the authors to conclude that it may be more
appropriate to use the absolute difference between SEM and AVS to predict the presence

of bioavailable metal [3).

7 Liber 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 determination of $EM:AVS ratios and zinc pore water concentrations, and
benthic comrnunity structure. Five zinc concentrations, ran’Qing from 0.8 to 12 umol/g
were ‘testedv.in order‘. to cover the e)'rp'ected seasonal range in AVS cc_mcentrations.
However, the zinc-sulfide ‘complex proved to be exceptionally stable to oxidation relative
to iron monsulfide, {see Chapter 9), in that there mras a soncentration-deper]dent inc'reas.e
in sediment AVS content with rncreasing zinc concentration (Figure 7-7). The net resuit
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 (O to 2 cm) sediments; similar to the study of Hare et al. [3], ‘AVS
concentrations in the shallowest horizons, nrrespectlve of the zinc treatment, were smaller

than those in deeper sediments (Figure 7-7). Regardless of the measured SEM:AVS ratio,

zinc was .rarely detected in “the .pore water, and never at brologrcally stgmfxcant--y}f.

_contentrations. Sediment cores, collected during each sampling period, were not toxicto =~ -

Chironomus m or_Hvalella azteca in laboratory bioassays, nor was .there any
discernable impact on diversity of abundance of benthic communities in.the zinc-spiked
samples (Figure 7-8). Results form the study confirmec_i that when molar AVS.
concentrations exceed those of SEM, little or no free metal is present in pore water, and

toxicity to berxthic organisms does not occur.
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APPENDIX 7A ~ -
METHODS

Effects of cadmium spiked into sedimentson macrobenthic organisms that colonized

" sediments 'vy'as tested in a 118-day (July 4 to October 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 cm high) for each treatment (Figure - 7A-1). A stratified random placement
strategy was used for location of treatments and replicates among the four test
apparatitses was used. Approximately four liters of sediment from central Long Island
Sound south of Milford, Connecticut (5.6 percent sand, 70.7 percent sit, 23.7 percent
clay and 1.0 percent TOC), defaunated by freezing, were adt:led toa depth of 8 cm to each
aquarium. A splitter box delivered unfiltered sattwater, (29 to 32ppt salinity; 16 to
23.5°C) front the West Passage of Narragansett Bay to one "end of each-aquarium at 200
mi/min (about 300 volume additions pet -day). This unfiltered saltwater contained
planktonic larvae and other litestages of benthic organisms. :'A drain hole at the opposite
end maintained water depth over the sediment at 2 cm.

- Sediment from central Long lsland Sound (mean 17.2 pmol AVS/g dry weight) was

smked w:th cadmium chloride dlssolved in seawater, homogemzed and stored at 20°C for o

26 days pnor to test initiation. Treatments were nominal u#mol SEM cadmium/gmol AVS
ratios of 0.0 {control), 0.1, 0.8, and 3.0. The Long Island Sound ,sedlment has low levels
of metals (ai?out 0.4 ug/g cadmium, 40 ug/g copper; 60 ug/g lead, 15 ug/g nickel, and 130

' pg/g zinc) that contribute 3.12 #mol/g to the total SEM and 0.18 to the total divalent

metal SEM/AVS ratio. Hereafter, SEM/AVS ratio used will be gmol SEM cadmium/gmol
AVS. Sediments from this location have proven biologically acceptable as control or

reference sediment 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. Eac}t_

chemical replicate contained six iﬁtersti_tial water diffusion samplers (peepers), three
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apparatus contained two biology and one chemistry replicate for the control, 0.1, 0.8 and’ 3.0 SEM/AVS treatments. Each
chemistry replicate contained three interstitial water diffusion samplers (peepers) near the sediment surface and three peepers
2 cm from the bottom of the sediment. 3 '
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‘|mmedrately below the sedlment surface and three 2 cm above the bottom of the test
aquana (Frgure 7A-1) Peepers were polyethylene vrals contammg 6.3 ml! of.fittered
seawater with ‘1-micron pore size polycarbonate mesh across the top. On each sampling
day, three core tubes, 6.5-cm ID, were flrst mserted rnto the sediment in the front, middle-
and end of the chemrstry replicate for each treatment and the top capped. Next, peepers
were withdrawn, nnsed with seawater to remove adhering sediment, the membrane
punctured with a dlsposable pipette tip, the water wrthdrawn, acidified, and stored for
analysis. Cores were removed the bottom capped and frozen Remarnmg sediments
were homogemzed and an aquuot frozen Before chemical analysis, sediment cores from
days 28 58 and 1 ‘l7 were extruded from core tubes and sliced into five 0.6.cm horizons
in the first 3.0 cm of sedrment and m 2 0 cm horizons for the remainder of the core.
Cores from day 14 were sluced at a vanety of. depth honzons Each hornzon from each core
was homogenrzed before chemical analyses. Homogenized remannung sediments and cores
were analyzed for SEM cadmium, AVS, and interstitial water metal by AA or ICP using the
methods of Boothman and Helmsletter [1], ‘Allen et al. [27], and U.S. EPA [28].

All b|olog|cal repllcates were sampled on day 80 to obtain penphyton samples and
on day. 118 to remove the macrobenthos Periphyton were plpetted from two 8-mm
circles of surfical sediment from each aqua-r:um at the midline and one—thrrd the dlstance :
from each end. The volume of each these two samples was rncreased to 3.0 nil and the
samples refrigerated. Diatoms in three aliquots containing 0.0636 ul from each sample
were counted within 24 hours using a Palmer-Maloney cell.. Counts were adjusted to
cells/cm?. Sediments were sieved through stacked 2.5, 0.5, and 0.3-mm sievesto remove
macrobenthic ofganisms. The'organisms were relaxed in magnesium sulfate and preserved
in 10 percent buffered formaldehyde with rose bengal stain. Organisms were identified to
species except for a few small or damaged specimens. Relaxed polychaetes, Nereis
succinea, were measured for length prior to preservation. For tunicates, only individuals
immediately in contact with sediment were counted; myriads of extremely small tunicates
attached to larger tunicates-hence not in -contact with sedlment and present only in one
control and five 3.0 SEM/AVS replicates-were not counted. | .
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Analysi.s of variance was used to detect differences'in the abundance of periphyton
' and rndlvrdual macrobenthic anrmalspecnes and phyla Cluster analyses were performed
“to compare the kinds of macrobenthrc specres present or absent in each rephcate or
* treatment using ‘the srmple matchlng coeffrcrent [29]

S,k= ‘ a+d
- a+b+c+d

~ where, a = number of specres present in both replicates,
b = number of specres present in rephcate k only,
= number of specres present in replrcate j only, _ ‘
= number of specues absent in both the rephcate jand rephcate k but
i that occur in at least one other rephcate in the experrment and
(a + b +c+d) =the total number of specres found in the experiment.

ANumbers calculated by this measure range from 0 (dissimilar) to 1 (similar).
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CHAPTER 8

BlOACCUMULATION OF MET ALS

coom e g .
Ar d

Although the presence and/or absence of toxucrtv can, to some extent, be inferred

asa barometer of contaminant bioavailability, in many instances a more accurate endpoint
for_a_s_sess_mg bioavailability is bioaccumulation.- Even if a chemical is bioavailable, if the

test species of concern is not particularly sensitive and/or the'length of the test is too

: _sh’ort, toxicity may not be _manifested ~'-~—Tlierefore; bioaccumulation aiso should be
: consndered when assessmg whether a particular model is appropriate for predicting metal

‘bloavallabllrty in sedlments.. ‘This issue is-of particular relevance to the bioavailability

paradugm presented in previous Chapters of this document. Basncally. if mterstmal water
concentratlons of metals are small or-non-detectable and/or: (drvalent) metal:AVS ratios

measured in appropriate sediment horizons are less than one, significant accumuiation of

metals by .macrobenthos should not occur. if significant bioaccumulation does occur this

would suggest that, _rega_rdless of the results of toxicity studies, the bioavailability model

. which has been advanced for metals in sediments is not completely accurate.

Because bloaccumulatlon is a convenient endpoint for buomomtormg, the literature

rs replete wrth observatlons of metal. bloaccumulatron by .vertebrate:and ‘invertebrate

specres assocaated wrth metal-contammated sedtments. In many instances, researchers

‘ have attempted to correlate concentratlons of metalsin freld-collected animals with some
- measure of sednment metal concentratnons. -.However,- as is true-for- toxicity, total
_extractable metal concentratrons in sediments are relatively poor indicators of that fraction

‘ . of metal whrch apparently is avallable for bioaccumulation (for.reviews see Tessier and

.........

';' _Campbell [1], Luoma, [2}; Hare, [3]). Differential extraction techniques in conjunction

. ,wrth specratnon ‘models sometlmes have nmproved correlations between concentrations of

) v metals in ammals and sedlments, however, in most mstances these types of models tencl

L : :

Definition of thetrue bioavailable fraction of metals is only part of the difficulty in -

quantitatively linking metal bioaccumulation by organlsms to metals in sediments, either

-
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_in the laboratory or field. Although 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 ihterpretatién of observed results. One issue which is
) partlcularly problematic in field Studies xs the separatlon of exposure to sediment-
.associated metals (either from pore water or partlculates) from exposure to metals in the
water column. In the majority of systems contaminated by metals, both the sediments and

overlying water have elevated meial concentrations. Because most benthic organisms

have the potential for exposure via both' media, it is difficult to separate the relative

contribution of the two routes. 'This is compounded by the fact that while relatively

accurate sediment chemistry can'be obtained with single samples, it is very difficutt to

collect meaningful overlying water quality data tempdrally. .This is not to say that from a

holistic standpoint metals bioaccumulated by organisms from overlying water are not

importani; in fact, an overall model for assessing the impacts of metals o.n benthic

organisms ‘should incorporate exposure both from sediment and overlying water {4,5].

However, todevelopa mechénistic understand?ng of factors mediating metal bioavéilability

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 bioaccumuiation studies with benthic organisms. For example, species which
ingest. sediment must have theii' gut contents physically removed, or purged (é,g., by.

- holding in clean water or sediment) in order to effectively separate metal that actually has
been bioaccumulated .from that associated with sediments in the gdt 16,7]. Another
potential bias in metal bioaccumulation studies with some species is that a sizable
bercentage of the metals measured on a total body basis may actually only be adsbrbed
to the outer integument [8]. A final problem with metal bidaécumulation as an endpoint
for assessing _bioa;railat;ility is that many invertebrate species are capable of regulating.
body burdens of essential trace metals (e.g., zinc, copper)‘ to some extent (e.g.,
Timmermans et al., [9]). Hence, the lack of bioaccumulation does not always necqs;ér'ily_

indicate a lack of bioavailability.
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A'numt;er of studies have been condubted which permit the critical evaluation of

metal buoaccumu!atlon by macromvertebrates relative to sediment pore water metal
concentrations and SEM: AVS ratios. These studies include short-term laboratory
experlments with cadmlum- or mckel—splked marine and freshwater sedlments, short- and :
long-term laboratory experiments with field-collected marine and freshwater sediments
variously cqntammated with cadmium, nickel, copper, lead, and zinc, and a long-term field

study Qvith cadmium-spiked freshtfvater sediments. Species assessed included moliuscs,

' oligochaetes, polychaetes, amphipod*s; and chirdnom'ids.- 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

intefpretation of the study resuits.
Laboratory Spiking Experiments-Freshwater |

Carlson et al. [10] -exposed 6ligochaetes (me_ﬂus m_ggm) and snails

" (Helisoma sp) to freshwater sediments, containing three different AVS concentrations,
‘which each had been spiked to achieve 'no_minal cadmium:AVS ratios of_O, 0.1, 6.3, 1.0, -

3.0, and 10. Assays were conducted for 10 d in a system which provided approximate(y
11.5 turnovers of clean Lake Superior water/d. At test coqcluéidn, mortality; of the'_‘l':woi )

organisms was assessed and tissue samples were collected for residue analysis. As .

" discussed elsewhere in this document (Chapter 5), significant mortality of the two test

species only occurred at cadmium:AVS ratios greater thati one. However, even at

cadmium:AVS ratios less than one, dlssolved concentratlons of cadmium in pore water

- from the spiked sediments were often greater than in unspiked sediments. Cadmium

concentrations in surviving oligochaetes and snails were below those fissue concentrations _
expected to result in toxicity based upon comparison fo concurrent water-only c:admium
tests with the two spe;:ieé. However, cadmium residue§ in both species appeared to
increase in a concentration-dependent manner at cadmium:AVS ratios less than one for a‘ll
three test sediments (Figure 8-1). Comparison of the actual magnitude of these increases '
in worms and snails from the cadmiur_n-spiked sediments is complicated by the fact that '

a complete set of cadmium concentrations in organisms from unspiked (control) samples
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‘ _' are avallable for only one of the three test sediments. However, if concentrations of

B cadmrum in organisms from this one sediment, which were on the order of 0.5 to 5 ug/g
dry welght, are taken to be indicative of those in"all the sediments, then cadmium .
concentratnons were as ‘much as two orders of magnrtude greater than background in

;_:survrvmg test organtsms from sediments Wrth SEM: AVS ratros less than one.

An |mportant shortcommg in the study by Carison et al.'[1 0] was that cadmium

' resrdues measured in the ohgochaetes and snails included all gut contents, i.e., the

- s . -

' 'orgamsms were removed directly from the sediment without allowance for gut purging.
' ‘ Data are not avallable with which to evaluate the potentral contribution of gut contents to
the total body weight of the snails; however, recent studies by Brooke et al. [11] indicate
thatin L. !aﬂe_qa_ms which have not been gut purged approxumately 10 percent of the dry
werght of the worms may be sedlment. Usmg this estlmate, if it"is assumed that the
cadmrum concentratron m ‘sediment in the gut of the oligochaete was similar- to the
cadmrum concentratlon rn the surroundmg sedrment, depending upon the test sedrment
as lrttle as 2 percent oras much as 50 percent of the total cadmium body burden in the

ohgochaetes could have been due to gut contents. it should be noted that the assumption

"o

) tenuous as the select:vrty of feedmg increases.:.. ~- - o Ngs IV TS

.
o -
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Pesch et al [1 2] conducted expenments in which the toxicity and bioaccumulation

HIETOAN

of oadmrum or nlckel sprked into manne sediments were evaluated using ‘the polychaete ’
Nganthgs a_:;ega;_e;m_e_tata Two drfferent sediments, with relatrvely low and high AVS -
o concentratrons, were splked so as to achreve flnal SEM (cadmrum or.nickel):AVS ratros of
0 O 1, 0 3 1. 0, 3. 0 10 30 and 100 Exposures were conducted for 10dina system
whrch provrded 30 to 50 turnovers of clean sea water/d. - At the end of the exposure,
" _ survrvrng orgamsms were removed from the test sedrments, and placed in clean sea water
““for 4 h. At this time, vrsual inspection suggested that the polychaetes had completely .
purged their gut contents. As discussed elsewhere (Chapter 5), no significant mortality

("
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that sedrment in the gut ls equwalent to that outside the organism becomes rncreasmgly o
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occ'nrred at SéM;AVS ratios less than one; at SEM:AVS ratios greater than one and when
interstitial water.toxic units (TU) also were greater than one, the polychaetes either died
‘or avoided burrowing in the cadmium- or nickel-spiked sediments. At SEM:AVS ratios less
than one, dissolved concentrations of cadmium ane nickel in pore water from the two
_ .sediments were comparable to values fram unspiked sediments. Bioacc'dmulation of

cadmium and nickel was most pronounced in sediments with SEM:AVS ratios greaterthan

one; cadmium concentrations in polychaetes from sediments with ratios greater than one

typically were more than an order of _magnitude greater than E:oncentratibns in worms from
. sediments with ratios less than one-(l-":gure 8-2). Nickel concentrations in animals from
. sediments with SEM:AVS ratios greater than one were approximately two- to 10-fold
. greater than nickel concentrations in polychaetes from sedrments with ratros less than one
- (Figure 8-3). | ' o ‘

Although bioaccumulation of both cadmrum and nickel was most pronounced at
SEM AVS ratios greater than ‘one, there also was a concentratron-dependent lncrease in
. tissue metal concentrations in the polychaetes at SEM:AVS ratios less than one {Figures
. 8-2 and 8-3). There are a number of possible explanations for this. Metal resicl_ues in
..-polychaetes from sediments with the lower SEM:AVS ratios could have beenderived via
.-ingestion and digestion of contaminated particulate matter. Alternatively, uptake of the
two metals could have been dlrectly from interstitial water° the burrowing actrvrty of the |
animals could have served to effectwely oxldrze metal-sulfide complexes thereby releasing
metal to the immediate environs of the polychaetes. Because this .phen'omenon would
occur only in the microenvironment of the organnsms, the release of metals may not have
©. been manrfested in measurements of cadmium and nickel concentratlons in the pore water
. 'collected vra “peepers.” One other possnble explanatlon for the observatlon of apparent
- metal bioaccumulation by the worms in samples with SEM: AVS ratros less than one, and
- pore water metal concentrations ‘similar to control values, may be that the metals were
- adsorbed to the chitinous sheath of the polychaetes. and were not actually in the
. organism. ‘This type of phenomenon has been docurnented for freshwater invertebrates ]

- such as chironomids [8], but to our knowledge,. has not been investigated for‘L\l_.

. grenaceddentata.
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Field Sedimen.ts-F_reshwater

Ankleyetal.[13] evaluat_ed bioéccurﬁula’tion of cadmium and nickel by L. varieqatus
from 17 sediment sampl.es from the upper (freshwater) end of a marine tidal estuar'y'
contaminaté'd by a battery plant. Exposures were conducted for 10 d in a system which
provided 12 turndvers of clean Lake Superior water/d. At test completion, the surviving
oligochaetes were removed from the test sediments and placed in clean water for 24 h
before residué analysis. Brooke et al: [11] have shown that this sampling regimq should
result in > 90 percent clearance of gut conteﬁts of L. variegatus. As'described elsewhere
(Chapter 6), toxicity é_)f the 17 sediments to the oligochaete was minimal; afthough 13 of
the 17 samples had SEM lcarfmiurh plus nickel):AVS ratios greater than one, only at thg
two highest ratios was significant mortality observed, which was consistent with pore
water metal TU calculations fﬁr the worm. Bioaccumulation of metals (cadmium plus
nickel) from the test sediments by L. variegatus was not predictable based upon tbtal
sediment metal concentrations (Figure 8-4a), however, bioaccumuiation of metals by the
worm did .appear to be relz}ted to the sediment SEM:AVS ratios (Figure 8-4b). "Metal

_ concentrations in oligochaetes from sediments with ratios less than one were consistently
~ small; significant bioaccumuiation only occurred in those sediments where SEM:AVS ratios

were greater than oﬁ_e. However, marked bioaccumulation of cadmium and. nickelby L; .- ... -

variegatus was ‘not observed in all samples with ratios greater than one, ~sugge§ting R
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 sedirﬁent bioaccumulation
tests with L. variegatus. In these experiménts, three sediments from the lower Fox Riyer,
Wisconsih ‘were tested; based upon f'tybical" background concentrations of hetals in
fre?shwater sediments, the three samples had greatly elevated concentrations of cadmium, .

copper, zinc, nickel, and lead. However, the sediments also had very high concent-ations.

. of. AVS for fresh water sediments (ca., 20 umol/g), with the net result being that _
. SEM:AVS ratios were in the'rande of approximately 0.4 to 0.6. Based upon this, Ankley '

etal. {14] hypothesized that (a) pore water concentrations of the metals should be low or
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non-detectable, and (b) in laboratory ‘exposures, oligechaetes should not accumulate
significant concentrations of the five cationic metals. Tests were conducted for 30 d with
eight renewals of clean overlying (Lake Superier) water/d. The control for the experiment
consisted of worms held in Lake Superior water only. At conclusion of the test, the
ohgochaetes were held for 24 hin clean water to purge gut contents Sedtment SEM:AVS
ratios were relatively constant over the 30 d test; all ratios remamed less than one. Pore
water concehtrations of dissolved cadmium, lead and nickel were non-detectable

. throughout the test; however, concentrations of both zinc and copeer were consistenﬂy
'detectable, and higher than backgroun‘d (Lake Superior wate}) cdncehtraxions. The
explanation for the elevated dissolved copper and zinc concentrations in pore water, in the
presence of excess concentratlons of AVS in the sediments, is uncertam However, at.
completion of the 30 d exposure, concemrauons of the fave metals in tissues of the
oligochaetes were similar to or smaller than control values, i.e., .no apparent
bioaccumulation of any of the metals occurred (Figure 8-5). This suggests that if copper
and zinc in the pore water truly were bioavailable and 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. [15] conducied a 'lc_mg-term' bioeecufnulation test with six eedimeﬁts‘
from the Clark Fork River, MT using the amphipod _l:_lxllel_la azteca. 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. -Exp_osureS were conducted for 28 d in 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 sedim_en;s with SEM:AVS retios of one or greater, |
dissolved pore water concentrations of both copper and zinc were consistently elevated,

while pore water concentrations of the two metals were comparable to control values.in

- the sediment with the lowest SEM:AVS ratio (Table 841 ). However, as was the case in

the study by Ankley et al. [14], concentrations of both metals also were increasea over

- control values in two sediments (CF2, CF5) with SEM:AVS ratios slightly less than one.

Concentratione of both copper and zinc were significantly increased in the amphipods from

the three sediment samples with SEM:AVS ratios of one or greater (Table 8-1). Tissue
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" s7i7 .concentrations of zinc, but not cooper, were sxgmflcantly ‘higher than control values inH.
o ﬂ"ff-‘ .azteca from a sedlment with’ an’ SEM AVS ratio of 0.85, while the converse was seen in
=~ +/"sediment with a ratlo of 0.75. Neither metal was bioaccumulated in amphlpods exposed
to a sedifnent with a SEM:AVS ratio of 0.07. Because the amphlpods were not purged
at test completion, the slight .increases in copper or zlnc concentrations observed in
organisms from the two sediments with SEM:AVS ratios less than one could have been
due largely to gut contents. . '
. TABLE 8-1. SUMMARY OF CHEMISTRY. AND TOXICITY DATA FOR SIX
- SEDIMENT SAMPLES FROM THE CLARK FORK RIVER (CF), AND A
: ‘C NTROL S
- Control - . -~ - ' .
o ~CF1 - ~'960(250,0.26) ~ 79 ~ 2603 - - 249" " 259°
""" . ~CF2™':70.85(16.2,19.1)* *:36 ~-166 ~~ 87 ° 106" "~
caaiteses || 1o CF37T 002,15 (11.1, 5.16)° - =16~ * -~ 40 - 124" - 80° *""
. if .CF4v -0.99(12.9,13.00 87 28 127" 79" '}

o o CF5%0,75 (5.88, 7.84) .87 - 19 .-...-.'.,.‘124'0‘- 74'.:;‘7'-'

CFB- - 0.07/(0.47, sssl*; 15 ' 20 v 847 86 |

! Coppef plus zinc.” 7 ¢ A
_’Differed significantly from control. .
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) Only one study has been conducted usmg fleld-collected sedlments to evaluate

bloaccumulatlon of metals by manne lnvertebrates relatlve to sedlment SEM: :AVS ratios

ST S .t

_ or pore water metal concentratlons Pesch et al [12] tested N, ar arenaceodentata with the

same set of samples evaluated by Ankley etal. [13]. Test condxtuons were essentlally the
same as those descrlbed above for the polychaete. Results of the study by Pesch et al. -
[12] were remarkedly sumllar to those of Ankley et al. [13], at SEM (cadmium plus
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-._~ nickel):AVS ratios less than one, tissue concentrations of cadmium and nicke! were low

_ and comparable to control values (Figure 8-6). At SEM:AVS ratios greater than one, tissue
» concentratuons of both metals increased markedly Comparison of the bioaccumulation of
k cadmrum and mckel by the polychaete also showed areasonable correspondence wzth pore

water concentratlons of the two metals
.. Field Spiking-Freshwater
Hare et al. [4] conducted an“experiment in which cadmium was spiked into clean

lfield-.collected sediments, which were subsequently replaced in the field to evaluate trends

ln coloniiation by benthos, as well as bioaccumulation of the cadmium by select taxonomic

groups ‘The study was conducted ina Precambnan shield lake near Ouebec City, Quebec.

Sediments were spuked to achleve nominal SEM:AVS ratuos of 0.05 (control) 0.1,0.5, 2,
and 10. SEM:AVS ratlos and pore water cadmium concentrations were measured in 3 cm
horizons of the sediment over the course of sllghtly more than 1 year, at the end of which
macroinvertebra'te samples were collected to evaluate benthic community structure and.
cadmlum bioaccumulation. Except for the sample with a SEM:AVS ratio of ‘lO, water

overlying the sediments (ca., 1 cm) had non-detectable dissolved cadmium concentrations:

At all the test concentrations, oxidation of AVS in surficial sediments resutted in slightly -

greater SEM:AVS ratios in the shallowest horizon than in-deeper sections of core samples.

Pore water concentrations of dissolved cadmium in the control sediment and the sediment

with a ratio of 0.1 were consrstently low. Cadmium concentrations in pore water from the =

sedlment wrth the SEM AVS ratlo of 0.5 were slightly elevated partlcularly in the shallow
sedlment horlzons, llkely due to the surface oxidation of AVS ln the two samples with

SEM:AVS ratios greater than one, pore water cadmrum concentratlons in all horxzons were

consistently elevated, particularly rn the sample wrth the ratlo of 10. Results of the -
e colonxzatron portron of the study are bnefly presented in Chapter 7 and descnbed in detail.
“by Hare etal. (4] “There was little’ lmpact of the sprked cadmrum on organtsm abundance,

“however, there was a srgmflcant broaccumulatlon of cadmrum by several drfferent taxa at .

SEM:AVS ratios greater than one (Figure 8-7). The source of these metals was not gut '

contents, as the animals were purged in clean water for 2 to 5 d before preservatron The

-
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" twotaxa whic.h did not appear to bioaccumulate cadmium (Chaoborus, E_ol\ch_mLQp_:,g) are
both predatory and have limited contact with sediments, while the three taxa which
showed significant cadmium bioaécumulation' w.e're all burrowing midges. There also
a_ppeafed to be an increase in tissue residues of cadmium in Sergentia from the sedimer;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 sun;:marize bioaccumulation data from the above studies in a "global”
frax;néwork, two different approaches were used. in the first, fn'etal bioaééumulation data
from the various .laboratory étudies were corfxpared to SEM:AVS ratios in the test
sediments. To normalize for differences in the concentration of metals: in 'ct_mtrol -
organisms from the different.tests, bioaccumulation data were expresséd as the ratio of
the concentration in orgénisms from test sediments to that in control animals from the
same expe;iment. Hence, if AVS were critical in c'ontrollir'lg metal bioaccumulation by the -
varioﬁs benthic invertebrates tested, this bioaccumulation ratio should be near one at -
SEM:AVS ratios less than one, while at SEM:AVS ratios greaterthan one, bioaccumulation - '
may be expected to increase. Due to uncertainties about control values and the lack of
' gut clearance of the test organisms, ddta from the study by Carlson et al. [10] were .

excluded from this and subsequent 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
between control and exberimental organisms are minimal, while at ratios between one and
10 bioaccumulation increases (T able 8-2). However, the totai dataset for these three
metals, in particular lead, is qufte small. 'By tar the most data are available for nickel and _ '
~ cadmium. The uptake of both of these 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 BlOACCUMULATION RATIOS (EXPERIMENTAL/CONTROL) AT VARIOUS SEM:AVS RATIOS IN
LABORATORY EXPOSURES WITH METAL-CONTAMINATED SPIKED AND FIELD COLLECTED SEDIMENTS

2.4+2.8(186) 1.24+0.45(12)

~0.3+0.0611) 1.110_.4(7)' 0.9;_0.6(7) 4.2+7.4(16) 1.641.8(12)

1-10 . 3.042.2(2) 24+1.1{2) 7.6+7.0124)  B8.246.4(20)  73.5+168(24) 34.0+73.1(20)
>10 . - L - 22.2417.2(9)  21.9420.7(6) 342.4303(8) - 72.+133(4)
1g+so (n) '

Ratlos from all laboratory exposures
Ratlos from Iaboratory exposures wlth Just erId collected sedlments.
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cons_idered, 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 al. [12]
Were ext_rerhely high; even at SEM:AVS ratios less 6ne,' 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 minimal contributions from residual gut contents

and/or surface adsorption could contribute significantly to tf\e total 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 ahalysis, the use of
bioaccumulation ratios serves tiot'only to correct for different control valtes 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 than ihose for non-essential
trace metals. Non-detectable pore water concentrations were set at study-specn‘nc

detectnon limits. Regression of the log,q buoaccumulatlon ratios for the five metals versus

the logqo pore water metal concentrations resuited in a significant linear model which .
explamed approximately 45 percent of the variability in the data (Figure 8-8). The factthat ..

thls model is not more robust could be related to a number of sources of among-study

variation including differences in pore water sampling methodology, - differences in

,analyticél detection limits {particularly between freshwater .and marine studies), and

among—spec'ies differences in ability to regulate trace metal concentrations.

.Although relationéhips 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

macroinvertebrates in laboratory exposures are clearly related to these two measures of

"bioavail‘ability. The one field study that has been conducted to test this hypothesi; also

' suggests that the long-_ferm 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. Howgver, 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 sedirﬁents, a}nd in the field. These-
siudies need to be done with attention to details such as (a) defiﬁing 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 adsorbed and/or ingested material to the total body
burden of metals in test organisms.
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.-~ pore water and SEM and AVS sampling are discussed.

At

u
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. support of establishing sediment _qualrty criteria for metals using Equilibrium Partitioning.

CHAPTER 9
"AVS AND OTHER BINDING PHASES

~ ., The previous chapters have addressed the theoretical and experimental evidence in

. It was shown that both sediment AVS and interstitial water concentrations are important
- ... in assessing sediment toxicity.- Determinations of AVS levels in sediments and interstitial

., water concentratjons will play an impartant.role in the application of SQC for metals.

..This chapter addresses some additional considerations pertaining to characteristics |,

~ of AVS sediment distributions and other factors that are important in the application of

SQC for metals. These issues include the seasonal and depth variabili‘ty of AVS, and the

~ correlation of AVS to sediment organic carbon. Oxidation kinetics of iron sulfide and metal
. ,sul_fide are pres.ented.r, Experi_ment_s‘and their resuits pertaining to organic carbon binding
-, for copper, cadmium, and lead are discussed. Experimental resuits for metals in low

organic carbon sediments are presented to define a minimum partition coefficient. Lastly,

[

Vertical and Seasonal AVS Distributions”

- -~

Several factors contnbute to varrabrhty in AVS distributions., .- The amounts of

organrc matter, sulfate, iron, and oxygenin seduments affectsthe potentral amount of AVS
. t_ha’tvcan ‘be-formed. An example of this is the difference in AVS concentratrons‘ in

N freshwater versus saltwater systems. ;Sulfate is present.at higher levels in saftwater

systems and the AVS concentrations can be expected to be higher in these sediments.
A hterature revrew by Leonard et al [1],.found that concentrations of AVS in unpolluted: '

freshwater sedrments were m the _range of about 4 to:13-umol S/g,-while AVS.

, concentratlons in coastal marme sediments have been reported in the range of about 0.1
, ..to 100 pmol/g [21 AVS also varles with depth and season. AVS concentratronstend to
: ’mcrease with depth up to about 20 cm and then decrease with depth. The following - '

chapter su_mm_anzes three studies that have. explored both seasonal and vertical
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distributions of AVS. Two studles were done in freshwater systems and one study was
done in a marine system.

Leonard et al [1] measured seasonal and depth dependent AVS varxatlons in three
freshwater lakes in northeastern Minriesota; Carubou Lake, Fish Lake, and Pike Lake. The
lakes were sampled approximately monthly from May 1990 to September 1991 for a total

 of 16 months. Sediment cores were sectioned into three 15 cm sections to represent the
0 to 15 cmdepth, 15 to 30 cm'depth and 30 to 45 cm depth Particle size, total organic
carbon .and pore water pH and ammonia were ‘measured for each 15 cm 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 S-1. Average AVS concentrations in the.
-0 1o 15 em segments were <0. 1 to 9.8 umol S/g in Caribou Lake, 0.1 to 6.0 umol S/gin
Fish Lake; and 1.3 to 36. 2 umol S/g in Pike Lake. Variability in AVS concentrations was
most dramatic i ln the top 0 to 15 cm with less var:abulrty in the 15 to 30 cm and 30 to 45

cm segments m each of the lakes.

Leonard et al. [1] found that AVS in the upper two segments of Fish and Pake lakes
was corre!ated to overlymg watertemperature and though not statistically sugmflcant, AVS
did vary with overlymg water temperature in Caribou Lake as well. During periods of i ice
~ cover overlying water temperatures were 0.2 to 1 .8%C as shown in Figure 9-1 and AVS
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 overlymg water
temperatures were at highest levels in June through August so were the AVS levels. AVS
decreased with the onset of i ice cover. Leonard et al. [1] note that the generation of AVS
" in the summer can be expected as sulfate reducing bacteria have an optlrnal 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 the 15 to 30 cm depths were less influenced

by temperature and almost no changes were seen in the 30 to 45 cm depths.
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Figure 9-1. Seasonal AVS and temperaiure profiles for Caribou Lake, Fish Lake, and Pike
Lake, Minnesota at O to 15 cm, 15 to 30 cm, and 30 to 45-cm. 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 [4] studied the vertical and seasonal variability of AVS ‘

~in” uncontaminated marine sediments. Sediment cores were collected in the

Pettaquamscutt Cove in Narragansett, Rhode Island five times between July 1980 and
May 1991 end biweekly in June, July, and August 1991. The top 15 cm were collected

* and sliced into sections of 1 cm. Sections of 1 cm were analyzed for the top 5 cm as well

as the 9 to 10 cm and 140to 15 cm sections.

AVS distributions are pre'sent-gd’ in Figure 9-2. Replicéte cores for 5 of the 11
sampling dates are represented by dashed lines. A geﬂeraltrend in depth variability is seen
for each of the sampling-periods. AVS is always lowest in the top 1 cm slice whlch may -
indicate the oxic sedlment layer. Then AVS mcreases generally to the 10 cm shce and
remains fairly constant from the 10 cm section to 15 cm section. Most of the variability .
is seen in the top 0 to 5 cm. '

The profiles in Figure 9-2 indicate a seasoﬁal variability. in” AVS levels. AVS
concentrations in the tob 5 cmincreased from June.to August with concentrations of 15
to 35 umol/g. The winter cores (top row) show lower AVS-conceﬁtrations (10 to 25
umol/g) except for one measurement in the January 1991 core of about 30 umol/g
Boothman and Helmstetter (4] also found a strong correlation of AVS levels with overlylng .
water temperature. They attribute vertical and seasonal variability of AVS in an

" uncontaminated marine sediment to two c'ompeting processes: mic'qobial 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 occursin both

 the colder and warmer periods but rates of microbial activity and the production of sulfides

are much greater, so that AVS {evels increase in the summer months [1]. Sulfide. oxidation
is dependent on the presence of oxygen, diffusion rates, bioturbation, and the oxtdatlon
potential of the metal sulfides. A discussion of the oxudatnon of metal sulfides wnll be
presented subsequently.

- ——

An AVS spatial and seasonal study was done using three freshwater lakes having

' -seasonally anoxic hypolimnia and varying periods of stratification; Crosson Lake,
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" \_ " Figure g-2. Vertical profiles of AVS in Peﬁaquamscutt Cove horizontal lines represent
standard deviations for individual samples and dashed lines are results for replicate cores.
Source: [4]. - ‘ : ' .
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Gullfeather Lake, and Jake Lake, in Ontario [5]. For the spatial comparison sediments in

"all three lakes were sampled for AVS at various water column depths frorﬁ the littoral zone

to the main depbsitional basin of éaqh lake dﬁring periods of anoxia. Crosson and Jake
Lakes were also sampled during periods of no straﬁficatipn. AVS results were reportea
as the meari of three replicates from the top 15 cm of sediment. Figure 9-3 presents AVS
concentrations at various water column depths for the three lakes and comparisons of the
anoxic (September) and oxygenated (May or August) periods. at various water column
depths for Crosson and Jake Lakes. Figure 9-3 indicates that AVS concentrations increase
at greater overlying water depth in all three lakes during both anoxic and oxygenated

periods. AVS _concgntrafions were g‘reatest.durihg periods of anoxia.

~ For the AVS seasonal analysis, Jake Lake was sampled for AVS bimonthly from
mid-April 1991 to mid-May 1992 ‘at a lake depth of 21 m. Figure 9-4 presents a temporal
distribution of AVS. Turnover e\ie_vrlt.s and penods of anoxia as measured at the

sediment/water interface are mdncated AVS was highest during perlods of anoxia and

began decreasing to a minimum following lake turnover. Thxs 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 sediment

‘becomes anaerobic and in the presence of sulfate and sulfate reducing ‘b'a;:ieria AVS will -

form. - This study did not report oberh}ing water temperature. However the lowest AVS
levels occur in May 1991 and December-January 1992 which is in agreement with other
seasonal studies [1,4]. a : '

A 40 cm core was taken in Jake 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 umol 'S/g wet sediment then increased.to a high of 7.1 umol S/g wet sediment at

about 8 cm. AVS concentrations showed less variability below 15 cm.

These three stuﬁies indicate the variability tha- -an be gxpectgd in wvertical a_nd '

seasonal AVS concentrations. The studies indicate that.AVS is low in the top 1 cm _bf'
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30, 1991, during the anoxic period. Samples for. Gullifeather Lake were taken on August
8, 1997, when the _hypolimnion was anoxic. Samples for Williams Bay were taken on
September 17, 1991 during the -anoxic period, and May 12,.1992 ]ust after, spring

. turnover. Error bars represent one standard deviation. Source: [5] :
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F|gure 8-4. Seasonal variationin AVS in Williams Bay, Jake Lake at water depth of 21 m.
Periods of anoxia at the sediment water-interface are indicated by A and turnover events
_are indicated by T. Bars indicate 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 10 cm but then decrease and show less

variability below 10 to 15 cm. in oxic water bodies AVS generally correlates to overlying
water temperature. Microbial degradation of organic m.atter to produce sulfate and the )
feductfon of sulfa;e to sulfide increases with increasing overlying water temperature and
decreases as overiying water temperature decreases. As a result AVS can be expected
to increase with increased water te_mpera"(ure and decrease as temperature decreases.
Sulfide oxidation, which is dependent@on the diffusion of oxygen into the sediment and the
oxidation potential of the metal sulfides, also plays a role in vertical and seasonal AVS
variability. .In water bodies that have periods of anoxia AVS seems to correlate to
overlying oxygen/evels. -.Overlying watertemperatures seemto affect AVS concentrations

in the anoxic system presented.
The Correlation of AVS to Sediment Organic Carbon

‘Data from the US EPA .Envirorimen_tal Monitoring and Assessment- Program

(EMAP)[2] were summarized to examiine possible relationships betweeén total organic

carbon (TOC) and AVS in marine sediments. Data are from the Guif of Mexico {Louisiana
Province) and-from the Mid-Atlantic C'oast (Virginian 'Provinc;a) _The EMAP data was - |

_collected in the last week of July through the first week of September from 1990 through :

1992. The data represent the top 2. O cm.

in the EMAP data set TOC ranges from 0.1 to approximately 10 percent. The ‘
median TOC is approximately 1 percent. AVS ranges from épproximately 0.1 to 100

'umol/dry weight sediment with a median of approximately 3 umol/g. TOC and AVS

measurements from.the Virginian Province and the Louisianan Province had similar

--distributions. ' : : | .

- AVS showed a positive correlation with TOC for the EMAP data. ‘A linear regression _
of the log transformed AVS and TOC is shown on Figure 9-6 (solid line). The equation that
relates TOC to AVS derived from this data set is:



i
!!.. -

- M B W .

- - A- v- -
. - 'v- - - B - H & Py Ly
- : — b 4 { v » - " Ed s
. i

o H

1000

r
FE
L

= T § T T oy T TTTTTT |} [} lTIT_
. E A 3
S . v, vy 3
- L REY L
L i) W L]
10 . v- ..' o v ) 4 ot
Lvv ""‘5.\'. 2 '}_;bg"'- L

Acid Volatile Sulfides
(umol/g)
Il llIIlllM IR LY
r
< \
=
=5 \
§§<
= (57
<
T L\ e
= -:;_;,§
ol
ol ‘”"‘.'f .
< A <-<: U‘¢
< K
< <
A
W,

» * a

L - vvvu- ’ v. 5

L "g_&XLLL V&_iua_u/ Y -

0.1L voiLy TV i L =
= - y/‘e‘v v 3

— _ / v ) 7
0.01 I R EARI I I I N B EE L] 1oy g,
0.01 B 0.1 1 : 10

'Total Organic Carbon (%)

1000

= T U it LR R \ 1L LR RE=
p— . —y
e . -
0 - B 3
[13) — -
O 1001 -
] = =
H —
S N 3
_ ° 5 10 =
o\ - E =
— — ot 3
o—t O — b
2 E - -
C 3 b | =
— = g .
= =
> = 3
o) -1 N
(8] = q.°
<< - b i
0.01% 1 § .1 1§31t 1 L rrti1m1l 1 1 1 1 1114
0.01 . 0.1 : 1 10

Total Orgamic Carbon (%)

Figure 9-6. AVS versus percent TOC using EMAP {2] 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. Line répresents linear regression of log transformed AVS and %
TOC. ) ' . ‘
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Log AVS = 0.447 +0.865Log TOC = e

The individual data from the Louisiana (L} and Virginia (V) Provinces are shown in Figure

8-6A. The data grouped into 10 intervals wrth an equal number of values and averaged '

) xs shown in Flgure 9-6B. Although thereis a roughly linear relatronshrp between AVS and

TOC (log slope O 87 which is almost 1 0), there is an enormous scatter. The lines in
Flgure 8-6 are a factor of 10 and 0. 1 of the regressxon line asa visual aid to illustrate the

o vanablllty in the data Therefore, a predrctlon of AVS based on sediment TOC is highly

uncertam These data are in agreement with the results of Ankley et al. [6] who found no

: srgnrfrcant correlatron between AVS and TOC in 17 sedlment samples from an estuarine

system contaminated with cadmium and nickel.

The basis of this analysis is that organic matter contributes to the formation of
sulfrdes Organic carbon exists in sedaments in refractory and reactive forms. ‘It is the

‘ reactrve organlc matter present in sedrments that contnbutes to the formation of AVS. It,
. “in turn, is the net result of the lnput of TOC by primary productron plus terrestnal sources’
" of TOC less ‘pamculate organnc carbon (POC) loss by bunal Thus, the residual POC is a

good nndex of the average concentratlon of reactlve organrc carbon but not the seasonal
variation. The result i in Frgure 9—6A is not surprising considering the varrabrlrty of AVS that

has been shown in the prevrous dlscussron By contrast, organrc carbon concentrations

' are qurte constant wrth respect to trme 17]. The reason is that most of the organic carbon

" in sedlments is very refractory wrth only a small percentage thatis reactlve [8].

v

Foaa Lot

L BRI

The oxldatron of metal sulfrdes |s an lmportant component in. the analysrs of the

S ultlmate fate and toxrcrty of metals rn sedlments The oxrdatron of |ron sulflde IFeS)

L controls the amount that is avallable to complex newly deposrted metals. Also the

“seasonal cycle of AVS in natural sedlments is controlled by a balance between the
formation of AVS via the oxidation of organic carbon with sulfate as the electron acceptor,

and the oxidation of AVS with oxygen as the oxidant. Thus a knowledge of the oxidation
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krnetrcs and therr lnteractron wrth other mass transport mechanisms in sediments is

important to a proper use of sedlment quality cntena based on AVS.

d

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 onidation of FeS in more natural
settings has not received much atter_lti_on with one notable exception. Neison [10] studied
- the oxidation of synthetic FeS under a wide variety of cdnditions.. Variations in pH, oxygen

conc_entration, fonic ‘~strength, temperature,and the presence of catalytic_ metals.were
- -examined. ' His focus was on the initial rate ef rear:tion._. He proposed a_ surface

complexation model which fit his experimental results 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 mode! for

the kinetics of t.he oxidation has been proposed [11]. The model is dased on the surface’

‘oxidation of FeS, as proposed bx) Nelson. The particles are assumed to have various
: particle size distributions. In partrcular a uniform and an exponentlal distribution of surface
areas are consrdered The equattons and the solutuons are lnsted in Table a-1.

" The results of fitting the model to synthetrc FeS and sedument AVS .are shown in
Figure 9-7. The two model parameters are tlie zero order surface reactuon rate, K and the
coefficient of vanatuon of the particle size distribution. The symbols represent initial
concentrations of FeS and AVS. The results indicate that the reaction rate is vurtually the
. same for sedrments and synthetic FeS at the same pH (Figures 9-7A, C,.D). Thts suggests
that all of the experimental information that has been generated for the pH, temperature,
and 02 dependence of the oxidation rate (Figure 9—8), is apphcable to sedtment AVS dn

* particular, the cadmrum and iron oxidation kinetics used below assume that the oxidation -

~ rate is linear with respect to oxygen. The data in Figure 9-8B verify that assumption for

‘ syrithetic FeS.

.
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TABLE 9-1. FeS OXIDATION MODEL

Population balance equation::

where n(A,t) = number of pamcles with surface area in the interval A and A + dA at
time t. For a zero order rate of surface oxidation:

%A = -k
the particle balanee equation becomes: .
’%‘t‘. - kg_x =0
For an initiel perticle size distributioe: eo(A ). the solution is:
) (A1) = ny(A + kt)

.

the concentratlon atany tlme t'is found using the surface area concentration - surface area
relationship: .

“ng(A + kt)AYdA

cit) = P J
: : j"no(A)AYdA

where y is the volume to surface area exponent. For a uniform number density:

no(A) .A_".‘il_oq A=A <Ay
=0 ~ elsewhere
_The result is: |
clt)+c,” plAg - k't*1 - plA, k't

r+l _ A rtl
AL - A

where p(A), the positive function, is the positive portion of its.argument A. Usiﬁg the

mean, y, and coefficient of variation, v, of the uniform density yields: . . .

ctt) = ¢, P+ ¥Bv=kti*! - p(1 - Y3yt
- . (1= 1/" vrtt - (1.- y3ur

where k = k' y. The parameters are y, the volume to surface area exponent; v, the
coeffn:lent of variation of the number densn:y, and k, the decay rate.
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The ini.tial results from a series of metal-suifide oxidation experiments using
synthetic CdS are presented in Figure 8-8C. The reaction rate is much slower than the
rates found for FeS (Figuré 9-7A). Cadmium spiked sediments show the same slow
oxidation rate (‘Fig.ure 9-8D). For Cd/AVS = O, the AVS is all FeS and the oxidation is

" 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 [12] conducted a series of laboratory -

- aeration experiments in batch reactors to investigate the effects of aeratlon of sediment

on the sulfide content of sediment and on the partitioning of cadmium to the sediment.
Aeration of the sediment resuited in a rapid decrease in AVS. Concentat:ons of dissolved
cadmium increased while concentrations of cadmium associated with AVS and with pyrite

decreased. -
Sediment Metal Oxidation Model

The rate at which cadmium suifide oxidizes in sediments depends not only on the
rate it oxidizes in an aerobic environment but aiso the rate at which FeS oxidizes, which
controls the depth of the aerobic layer. This is the mechanism that can cause the
cadmium-AVS molal: ratio in the surface layer of the sediment tc; change 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

oxtdatlon and release of: metals from seduments. Work 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 i is

illustrated in Figure 9-_9.' The' sediment is idealized aé having two layers: (1) an agr.obi:':

‘layer (1) where the oxygen concentration is greater than zero; and (2) an anaerobic layer

~ where the oxygen is zero. Sulfate réduction in this layer broduces éulfide which interécfs ]

with the iron present to form iron monosulfide (FeS).



A —1

PN R

N s 1 [N T - ’ . *
. ., .
.

N EE T N N B Ay By Ny .
. : 3 . H T t
N 4 . ) .
t R .
- . . . L
. . -
. .

AEROBIC
LAYER 1

SEDJMENT

ANAEROBIC

Figure 9-9. Cadmium =ﬂbx model. The sediment i$ represented by an aerobic layer and an
. anaerobic layer. : '

rd

WATER COLUMN-

SURFACE MASS TRANSFER:  Kig1

= e

 PARTITIONING: Cg2+ ~e—— Cd=SS

keds,1

OXIDATION: ~ CdS(s) ——— g2+

Gd2+(0) .

Cd2+(1 )

PARTICLE MIXING  DIFFUSION

j W12 | K2

|

LAYER 2

11'2 .
PARTITIONING:  Cd2* ~——— Cd=SS

PRECIPITATION:
o kcds,2
Cd?* + FeS(s) — CdS(s) + Fe?*
SEDIMENTATION
| wo

!

'




P

41&;}‘

N .l .
.

MER N
. o]

-~

I

- 9-18

Cadmium enters the sediment either by surface mass transfer from the overlying

-water, K| g1, Or as particles settling to the sediment. The reactions in the aerobic layer are

the partitioning of cadmium to the sediment soiids_. Particles and dissolved cadmium are
biotically and abiotically, transported to the anaerobic layer where cadmium sulfide is
formed. Cds transport to the aerobic layer is either py particle mixing, w45, or by diffusion

of dissolved cadmium, K,,. Cadmium sulfide oxidation produces Cd?* which, after

_ partitioning, escapes from the sediment as a flux to the overlying water via surface mass

-

transfer.

A one dimensional model for cadmlum and iron sulflde, oxygen, and dissolved +
sorbed cadmlum is based on the mass balance equatlons listed in Table 8-2. The
mechanisms for cadmium transport and kinetics are shown in Figure 9-9. Models of this
sort have been employed before [13]. The novelty here :s 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: kcyg[O,1(CdS] (Table S-1;

- Equation 8-1Tonsuming oxygen (Equation S-3) and libereting cadmium to the interstitial

water and therefore becoming a source to the dissolved + sorbed.cad'rnium (Equation 9-4).
The fraction that is dissolved is determined by the partitioning ekpression.(Equation 9-7)
which affects the magnitude of the diffusion coefﬁcieﬁt of total sorbed + dissolved
cadmium. lron sulfide oxidizes at a rate: kFes[OZIIFeS) (Equation 9-2) and consumes .
oxygen (Equation 9-3). The formulatien for particle mixing by bioturbation is conventio.nal
[14] - particie diffusion that exponentially decays in depth wﬁh characteristic mixing depth .
zg (Equation 9-5). A source of FeS, Jg, from organic matter diagenesis, is added (Equation
9-2) to account for the generation of AVS during the experiment.

The solutions to the eq'uatioﬁs in Table -2 are obtained using an implicit finite
difference formulation with the nonlinear terms Iadged by one time step. The model
vertical resolution is 1 mm. 1:he parameters of the model are the oxidation rates: kegs and ..
Kges, and the'mixing parameters for particles, D, and zg, and interstitial wate.r, Dy, and the

AVS sourcé, Jp,.
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TABLE 9-2. MODEL OF CADMIUM AND AVS DISTRIBUTION

Mass balance equations for cadmlum sulfide; CdS(z,1), lron sulfide, FeS(z,t) dissolved
oxygen, O,(z,t) and dissolved + sorbed cadmlum, C:

a[CdS) _ @ BICdS] | o

Jo |
A5 = 20p20S reslOgllFes] + 2 @
310,] 3105] '
= g’; D. 2 keas [021[CAS] ~keeslOlIFeS] | - Q3
oCd) _ 9 ACH [y o casy o . @

ot - 9z & oz

where k45 and kFeS are the oxidation rates of CdS and FeS Joa: is the source of FeS from
organic matter dxagenesxs, H is the depth of the sediment, and: .

Z

~ .

- isthe particfe mixing diffusion coefficient, zg is the characteristic depth of bioturbation,

Dy is the diffusion coefficient in porewater, and: . i
‘DT = Dpfp +Ddfd v ) (6) .

is the weighted diffusion coefficient for dissolved + sorbed cadmium. The dxssolved fae
and particulate, f fractions are:

i, = =1 -f . o -7
d 1 +mnm P ) . )

i

with m = solids concentration and = dissolved cadmium partition coefficient.
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A set r;f data from the colonization experiment (Chabter 7) designed to test the
toxicity of the sediment can be used for an initial evaluation of the model [15]. Raw
seawater {s allowed to flow over sedit;n'ents that have been spiked uniformiy with various
concentrations of cadmium so that the initial concentrations of AVS and cadmium are
cdnstant w}th depth. The larval forms of benthic drganisms settle and colonize the
sediment. The experiment was carried out for 118 days. The vertical distribution of AVS
and cadmium were measured in 6 hm’ slices, the smallest 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_wea.sure'd at day 28, 57, and
118. T

The observations and model computations are shownin Figure 9-10for AVS, Figure
8-11 for cadrﬁium, 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
padmium concentrations. The vertical distributions of AVS and cadmium are reproduced .
reasonably well by the model except fér the bottom row where the Cd/AVS = 3 and the
sediment was toxic to benthic .biota. Presumably in this treatment the rate of bioturbation
decreased and less oxidation occurred than predicted. The computed vertical distribution
of dissolved oxygen is also shown as’a da-s-hed line in the AVS plot (Figure 9-10). The
critical result is that in order to reproduce- the vertical -disfribution of AVSitis necessary
to mix the pérticle;. Presumabily this is the.result of bioturbation by the organisms that
colonized the sediment. The presence of significahi impacts on many benthic organisms
(Chapter 7)'and lack of model fit for Cd/AVS = 3 supports this hyppthesis. The model
also reproduces the trend of increasing SEMIAVS. ratio that occurs in the top 1'to 2 cm
of the sediment, aithough the magnitudes 6f the calculated inéreases ‘are not as large as
is observed in the topmost 6 mm in the 0.8x treatment and larger than observed in the
0.1x treatment. ' ' .

The parameters used in this simulation are listed in Table S-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 preliminary application of this model to data from a year long fie'ld 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 organiéms. The FeS oxidation rate and particule mixing

parameters appliéd in the -calibration were similar to those used in the cadmium
Eolonization model calibration (Table 8-3)..The zinc oxidation rate was then calibrated to
the data. Data (symbols) from the sampl.ing after 92 days (Figure 9-13) and near the end
of the experiment (32i days, Figure 9-14) illustrate the fit of the model ('solid' line) to the

data. A 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.

" TABLE 9-3. SEDIMENT MODEL
b Eff

D, (cm?/d)

D, (cm?/d)

Zg (cm)

K g5 (L/mg O,-d)
kps (L/mg O,-d)’
m = 1y (L/kg)

Jn, (gm/m3d)

An initial experiment which was designied to emphasize the effect of bjoturbation
has been performed using oligochaetes [17]. It is well known that these organisms can
rework the surface sediment which.cause's an increase in AVS oxidation. lnitial-result% .
from these experiments are shown in Figure 9-15 which preseﬁts the vertical profiles of
AVS and cadmium with and vyithout oligochaetes added to the surface of the se.diment. |

‘The lines are ‘computgd using the same coefficients as before (Table 8-3) with the -

exception of particle mixing. For the case without oligochaetes it is zero. For the case

with oligochaetes it is a factor of 10 lower than the colonization ex'perimeﬁt, reflecting the
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lower benthic biomass. The model is in reasonable agreement with the observations. The

result points out 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 libérate the
metals from the anaerobic layer and cause the SEM/AVS ratio to éxceed one and thereby
possnbly cause toxicity. The loss of FeS and the liberation of free metal from its metal
suffide both contribute to this phenomena The kinetics of FeS oxrdatron are well
understood. Application of the laboratory measured rates in models of the vertical
distribution of sed:ments reproduce the observed decline in AVS.

The equivalent defiruitive laboratbry data for the oxidation of the other metal sulfides
of interest are not yet available. Initial results for cadmium suggest that the rate is much
slower than for FeS but still large enough to liberate an amount of cadmium sufficient to .
change the SEM/AVS from less than to greater than one in the top layers of the sediment
which would increase interstitial cadmium to amounts of toxicological significance and
result in impacts in benthic biota (see Chapter 7). However a simiiar experiment for zinc -

failed to produce such a result, suggesting that the oxrdatlon rate of zinc sulfrde is much
slower than cadmuum sulfnde.

Organic Carbon B}rrding

The binding of metals to other phases in sediments also can be. irﬁportgnit 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 rétio is éreater than one -
then, 56.8 percent of the sediments were toxic. If both SEM/AVS >'1 and the porew;:ter
metals toxic unit concentrations >0.5 then 79.1 percent of the sediments were toxic. _

Thus evenif the SEM/AVS ratio is greater than one, implying that all the bmdmg capacity .

of the AVS has been exhausted, there may be another sediment component that is
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- providiﬁg binding capacity for the metal and réducing its activity and, therefore, its toxicity
 _’ (see .Figure ‘6-15). If -the binding - capacity is sufficient, the pore Watgr toxic unit
. concentration should be insignificant'toiicolog'ically. If, however, all ;he strong binding
components are ex_hausted, then_.th.e sediment’ bore water toxic unit concentrations will
' exceed one and the sediment could be toxic. The data presented previousiy shows that '_
e _ this is indeed the case wﬁgre 79.1 of the sediments tested were toxic when SEM/AVS >
' - o .0 and IWTU 70. 5 (see Table 6-3). For the reméining '20.9 percent it is likely that
. | dissolved ligands (probably dissolved organic carbon) and dlssolved sulfude are providing
' addmonal binding capactty = ' '
l;_-_ LT An experimental method has been developed to investigate the.sedirnént chemistry
associated with metal sorption under anaerobic conditions at equilibrium. it is named the
l _ . »A,noxit_: Séquential Batch Titration (ASBT) method (see Appendix 9A for a description).
< ) - - Sediment properties other than AVS were correlated to metals binding capacities in excess
L _ ”of AVS bi'nding _cz;pacity {i.e., non-AVS sorptive capacity), and equivalently to metals
l ' . .. porewater activity for .copper; cadmium and lead at var'yir.lg pHs. “The resuits of
- . “ partitioning behavior of these three metals to several freshwater seqim“ent_s ‘under
l.ff | . .é-nae‘rpbb.ic conditions are presented below. - | -

l, ... ..+ . Analysis Framework - . - - .o

The experimental protocol developed.'in this study wés'designé'd toinvestigate the °
sorption of copper, cadmium, or lead under anaerobic conditions at equilibrium. The

) expei'imental procedure allows (a) sedimentsamples to be contaminateéd with varyirig'metél

P S . —

concentratuons under ‘anaerobic conditions, (b) direct measurement of aqueous metals

acthty, and (c) simultaneous sednment AVS determination on unsplked sediment samples

e

from the same homogenates. . , -~ -

-~

Pl “ o

e SOt Tl : e
N AT - : .

R e ) . .. : N §

The pH of the solutuon phase .was controlled using- various buffers. Metal )
complexatnon by the buffer matrix was eliminated by 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 systern V\ras eliminated ‘by stripping with nitrogen, and confirmed by direct

: _-measurement.'By controlling- these .two parameters, the water in the ASBT system

‘pro\'rides a chemical environment that is similar to that found in anaerobic sediments. The
exception to this is the dilution of porewater dissolved species."

‘ _ The ASBT experimental procedure was evaluated with respect to severali umportant

factors |mpacttng sorption processes and anaerobic ‘sediment chemistry. The four

. parameters evaluated were (a). deoxygenatlon efflclency, (b) maintenance of a reducrng

chemical environment, (c) sorptlon .kinetics, and (d) partucle mduced desorption

mechanisms. The results of these evaluations are briefly summanzed below and presented

. in more detail elsewhere [21].

... The primary requirement that sediment AVS not be oxidized was confirmed during’
. the sorption experiment. 'The kfnetics of copper sorption onto various sediments was
investigated to determine a time to equilibrium. The results of several experiments all
,.confirmed a time to equilibrium'of 1to 27hours; Lastly, the solids concentration was )
. evaiuated for its effects on copper partitioning. Sediment samples were spiked and stirred
for one hour, representmg a worse case wrth respect to partlcle interactions. Sediment
sorptron |sotherms were obtained at two or three dlfferent solids concentrations for three
_different ‘sediments. The sorption |sotherms were not srgnrflcantly dlfferent at sollds .
concentrations dxffermg by an order of magnitude, suggesting that partmonmg of copper :

:to anaerobxc sednments is not dependent on solids concentratlon. :

: The metal in the ASBT.system was in the form of (1)"free metal, {2) hydrolysis
. products of metal, (3) metal complexed with dissolved organic carbon (DOC) released from
the sedlment sample and other ligands, and (4) sorbed metal partmoned ‘onto sediment
particles. Loss of metal by sorptnon onto glass surfaces and by’ complexatlon to buffer
matrix was shown to be insignificant [17]. Thus metals sorbed onto the sediment part.'icle
-(C,) can be calculated by difference between the added metal (Cr) and the total aqueous _
_ metal (C,): o o ‘ - '
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Cs=Cr-Cw - - - (9-2)

Total sediment-bound metal can be divided inte that precipitated as metal suffide by AVS |
(Cs,AVS,'..and that bound to other sediment components {Cs.non-avs):

Cs = Csavs + ts,Non-AVS ‘ ' | : ' (9-3)

Measurement of sediment AVS on an experiment-by-experiment basis provides the first

term in this equation. Thus the magnitude of the Non-AVS sorbed metal fraction can be
calculated by difference:

Cs,Non-Avs = Cs - Csavs . . R ol
This fraction of the sedinient bound metal is analyzed below. .
Sorption lsptherm Results

The data analysis procedure for the sorptuon data is nllustrated using the copper data

atpH =7 (Fugure 9-1 6). The resuits from the various seduments are dlstmgu:shed by the

various’ letters used as plotting symbols.” The top figure presents the conventional.

k isoth'erm- the relationship of the total sorbed metal (C,) to the thetalhetivity in the solutioh RIS

phase as measured using a specmc ion electrode (Cy). The middie plot presents the non- " -
AVS sorbed metal concentration (Cs Non-Avs! versus metal activity. The bottom plot

presents the non-AVS sorbed metal concentration normalnzed by the organic carbon
fraction of the sediment: ' '

Cs.Non-;AVS oc = Csnon-avslfoc - - o (9-5)
versus the aqueous metal activity of the sediment where f c is the weight fraction of

organic carbon in the sediment. The extent to which the ssotherms for the various carbon )

normalized sediments plot over each other is the extent to which the most important

binding component of the sediment is orgariic carbon. The fine fitted to the data is:a

Langmuir isotherm model which is discussed below.
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Logarithmic isotherm plots revealed non-linear relationships 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 throug'h 9-19. The sorbed metal concentrations
represent total bound metal (as calculated by Equatibn 9-2) on a dry sediment weight
basis. When the measured AVS component of the total sorbed concentration is subtracted
out (Equétion 8-4), the resulfing isotherms at each pH are shown in the center panels.
From these data it is clear that there is"'bim'iing capacity for the three metals in these
sediments in excess of AVS. More importantly, this excess binding capacity is not related
to the dry sediment weight. The isotherms cover over a 10-fold range in partition
coefficients. ' o ' '

When the non-AVS binding capacities (Equation 8-5) are normalized to sediment
organic carbon fractions (foc), the isotherms represented in bottom panels.of Figures 9-17
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, however, the
precipitation of metal hydroxides is present in addition to the sorption process and this
complicates the analysis. The pH in sediments is typically 8‘3 to 8.0. 'In support of
organic carbon normalizatio.n, Alien et al. [22,23] showed that upon oxidation of sedimejr.\ts

residual metal binding remained and that only a single phase was needed to explain this. )

: in a later paper [24] he showed that the binding of Cd to such sediments was identical in

nature 1o the binding by humic material extracted from the sediments.

The sorption isotherms can be fit .using a number of models. The approximately

straight line behavior for some of the data (e.qg., cadmium at pH=6, Figure 9-18) suggests

a Freundlich isotherm might be appropriate. However, the curvature that exists at higher
concentration suggests that a lirﬁiting sorption capacity exists. The simplest model that
includes an upper limit is the Langmuir isotherm. The Langmuir isotherm equation is:

where:
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C.oc = os0c Kaoe Gt (9-6)
=0 Tloc *KgocCr . -
Cs.oc = non-AVS sorbed metal per weight of sediment carbon {mg M/kg
organic carbon) nonoAVS (Equation 8-5)
C; = aqueous metal actuvxty (mg {M2+}/L), and
Ksoc = partition coefficient {L/kg organic carbon) |
Coc - = sorption é:gpacity (mg M/kg organic carbon).

The properties of the Langhufr isotherm are shownin Figure‘ Q-ZOA. The isotherm is linéa'r
{slope=1) on.a log-log scale and approaches a constant as the concentration exceeds
C20C/Kgy,0c- | '

If organic carbon i§ the onf? significaﬁt sorptidnﬁhaée, then one would expect that

-.  the total §orptioh capacity of this phase is independent 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 because metal
sorption is a competition between the metal ion and the hydrpgeﬁ ion. As the bf’-l_is
increases the concentration of hydrdgen ion decreases, _lpw;:ring the competition for
- sorption sites, so that the quantity of metals sorbing increases: . The isotherms that re'suft
. from this type of model are shown in Figure 8-20B. The mcreasmg partmon coefflclent :

as pH increases results in an increased pamculate concentration for a flxed metal actmty

The Langmuir parameters Ky ¢ for each pH, and the binding capacity (cg,om can
be obtained using a non-linear regression of the log-transformed sorption data for eacﬁ
metal. The resulting capacity and partition coefficients are listed in Table S-4. F:gures
9-21 through 8-23 present the Langmwr model and the data for copper, cadmium and lead
at the various pH's. For each pH, the data are summarized and plotted in the followmg

- . . way. The sediment concentrations are sorted from low to high and divided into seven .
groups wrth an approxumately equal number of concentratlons in each group. Thenthelog .

. . mean of both the sediment concentration and aqueous acttvxty are found. These mean
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conc.entratione are plotted as the filled symbol. The standard deviation of the data in each

. groupis indicated by the lines in both the x and y axis directions. The mode! fits the data

for each metal surprisingly well, especially at the low rrletals 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.

E R A el

Copper 117,500 390,400 2,731,000 2,003,000
Cadmium - 54,450 20,740 250,700 914,400
i Lead 339,400 248,700 346,400 - h

. The sorptron capacities for copper, cadmrum and lead are shown in the top panel

' of F‘gure 9-24, The capacities for copper and lead are similar whereas the capacity for

-cadmlum is lower. The partition coefficients as a functuon of pH are shown in the bottom

panel of thure 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 lncluded in the figure for

comparison. The relationship between log Ky o and pH is essentially slope one between‘

pH &.and 7. This corresponds to a replacement of a single hydrogen ion wrth each metal' _3 o

ion sorbed, presumably as the metal hydroxide, MOH™.

These results are used in deriving sediment‘quality criteria in Chapter 11._However,
a simple case is examined in this chapter in order to assess the importance of sediment

organic carbon binding. The sediment quality criteria forv a single metal is:
- SQC = AVS + Ky Cgev | : 18-7)

where K; is the partition coefficient and Cgcy, is the final chronic value for that metal. It
should be pomted out that this equation is valid for a given metal only ifthe concentratrons .
of other metals is small relative to the AVS. The partition coefficient can be expressed in
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Figure 8-24. Calculated capacity (top panel) and organic
coefficients (bottom panel) for cadmium, copper, and lead.
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terms of the organic carbon partition coefficient and the fraction organic carbon in the
sediment:

SaC = AVS + Kqocfoc Crev k <. 19-8)

The importance of organic carbon binding can be assessed by comparing'the_

magnitude of the term in the above Equation (8-8) that corresponds to organic carbon
binding: '

.
h

Kg,oc foc Crev | ' . _ (9-9)

with typical AVS concentrations found in sediments. This is demonstrated in Figure 9-25
usiné the fresh water final chronic values {at hardnésé = 100 mg/L) and Ky o¢ for pH 7
for copper, cadmium and lead. The dashed horizontal lines show the typical'range of AVS
and the dashed vertical lines give a typical range of f;,c'. As f,_ and AVS increase so does
the allowable sediment metals concer_itration. Even with no AVS binding, sediment metals

levels of up to 100 umol/g may be acceptable depending on the organic carbon content. )

Least Sorptive Phase

. N -
. 0

The extent of ‘partitioning . bEtween sedirnents and inierstifial water' is. a critical ...

"component in establishing SQCs. Equatuon 9 8 points out the 1mportance of the partition’ '

coeffuc:ent, Ky. In the absence of AVS and sngmfccant orgamc carbon in a sedlment, the

partitioning would be establxshed between the mmeralog:cal phases and the lntersmtal
water.

A series of experiments have been initiated to determine the partition 'coefficiénts
for metals using "clean” sediments which contain no AVS and no appreciable organic
carbon. The idea is to me’asure' part'ition coefficients that can be used as minimum val:ues
to determine the extent of partitioning. These partition coefficients would be used to .
compute lower bounds of the SQC. For sediments with metal concentrations below these_‘

values, the sediments would be judged to have satisfied the SQC.
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Determ.matlons of the partrton coefficeint, Ky, .for cadmium, copper, nickel, lead,
and zinc were done using two adsorbents with very low orgamc carbon content. The
analyses were done at the U.S. EPA _Enwronmental Research Laboratory, Athens, Georgia
[25]. The adsorbents were a commercially obtained washed seasand and a semple of
nagural saﬁd from Ona Beach, Oregon. The washed sea sand was used as provided. Most
of the aqueous phase was removed from the Ona Beach sand samples. Rel:naining water
content was 16.7 percent. Total organic carbon content. was 0.006 percent; for-the

washed sea sand, and 0.019 percent for the Ona Beach sand.

|
i
i
i
1
I | o |
" About 5 g of sediment and 30 ml of a serial dilution of the five mixed metals were
l " mixed and allowed to equlibrate. The samples were fheh centrifuged and the supernatants
were .a'na(yzed for pH and remaining metale using the graphite furnace atomic adsorption
l ‘spectrophotometer (GFAAS) [25]. The adserbed amounte of each of the metals, on 4
~ gram weight basis were computed from the dlfference between the .nitial metals
‘ _ concentration and the remammg metals concentration in the supernatant divided by the ..
. ' initial volume of 30 ml. The amounts absorbed (gram) were then divided by the amount -
l' ' of sediment added {gram) to compute the adsorbed s_'olid‘ phase concentration, C,.- The -
|
i
i
I
i
i
i
i
1

partition coefficient, K; was then computed as follows:
Kd=-&; o oL L - (9-10)
* . Cw -7 . : . - . ) . ° .

' where Cw is the remaining metals concentration in the supernatant. Table 9-5 presents
the mean Ky and statndard,error for each of the metals.

These initial results suggest that the partition coefficients are \)aryiﬁg 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

Quality Criteria on an SEM basis. The details of this formulation are discussed in Ch.apiter
11.
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‘TABLE 8-5. PARTITIDN COEFFICIENT, Ky FOR LOW DRGANIC CARBON
. CONTENT SEDIMENTS

# SeaSand - - "163.05 2117 '48.36 ' 1,847.67 273.65 ,
L (6.97,5)* - (4.15,5) (7.34,5) -~ (137.95,6) . (24.1,5)

Ona Beach Sand *~ 265.08  34.58.  -71.09-  -2,183.70 ..579.10
» ‘ ~ (16.1,6) = - (1 87 6) - (5,44,7) {260.53,5) _(33.5,4)
aStandard error, number of values : " '

Pore Water and SEM/AVS Sampling B

. .The sampling methods used for AVS and inter;titial water have been studied-and
recommendations are available that appear to be the.optimal choices at present. '
v Pore Water Sampling

. Bufflap and Allen [26] r_e\iiewed the four commonly used methods for collection of
pore water and potential artifacts from their use, particularly in the pfeparation- of samples

. _for trace :metal analysis. -Two of the methods, centnfugatlon and squeezmg, are ex~srtu,.
- requiring the removal of sednment from the natural envuronment. The other two, dxalys|s'

.. and suction filtration, are used in-situ.: Their work has been included in Volume Il of this

:subm:ssmn. In addition to each method having its own advantages and dusadvantages, '

o .there are. several general sources of error- that can alter pore’ ‘water chemical
. concentrat:ons. LA summary of their findings is presented below. =~ 7"

et - e =

g -

Several sources of error in sampling can lead to erroneuos porewater

measurements, A primary source of error.is the oxidation of anoxic pore waters. If a

- sample is allowed to oxidize the spéciation of iron at:zd_ other trace metals will be altered.

Anoxic sediments should be handled in a glove box or'glo\Ié bag whert' EXtracting.pore

water. Another source of error that can occur during sampling is pore water oxidation as
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R result of the mixing of oxrc and anoxic. sediments during sampling. Also metal
. contamrnatlon should be avoided when samplmg by avoiding contact with metal parts of
" the samplmg device that may contammate the sample Some studies indicate that sample
- extractions at temperatures hlgher than in-situ. may change the composrtron of the pore
.A water however there is no direct evrdence ‘that extraction temperature plays a significant

B ;";7 .- -role in trace metal concentrations in pore Water [26]. Pore water samples should be
fittered during or after extraction to remove residual par'ticles that can interfere with both

B analytical procedures or aiter tracer metal concentrations due to adsorbtionldesorbtion of
the metal to the residual particles. -Bufflap and Allen [26] duscuss the three most common

- sampling technrques, dredgmg, grab samplmg and cormg, and give recommendatrons to
minimize sampling errors.

_ The primary concern with ahalyzlng sedimeht pore water .is findihg an extraetion
technrque that will produce samples that best represent the natural environment. To
accomplrsh thts goal the technrque that is used should have.the lowest potential for
producing samplmg artifacts. The ex-situtechniques, centrifugation and squeezing, require
the removal of sediment samples from the natural environment. The squeezer' method
. employs various apparatus to pressurize a sediment sample which foroes the pore water.
_through an exit port. The squeezer apparatus are khown as core seotion or whole core
- squeezers. Core section squeezers employ either gas pressure or a mechar\ical means of

pressurizing the sediment sample and forcing the pore water through an exit ’port‘.' Core

. 'sectron squeezersare an mexpenswe and simple means of extractmg sediment pore water. -

3 They also offer immediate filtration of the water samples, thus elrmmatmg a handlmg step

whrch may introduce contamination to the samples. .The disadvantage of core section

squeezers is that their use requires handling the sediment whrch may mtroduce artrfacts

resultmgA from oxidation or temperature- differences.

o~

] Whole core squeezers may help to remove the possrbrlrty of artrfacts that may result

&

‘ when using the core section squéezers because the sediment remains in the core liner with )

which it was removed from the natural environment. These squeezers apply pressure to
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th'e sediment by-the use-of plungers.’ A problem with the whole core squeezers is that

- _solid phase pore water interactions may alter pore water concentrations during squeezing.

- Centnfugmg is another wcdely used ex-situ simple technique to obtain pore water.
Centnfugmg 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

concentrations. One problem with centrifuging is that some fine particulates may still

~remain in pore water. Fine particuia_tesf can be removed either by using a buift-in filter at

- the top of the centrifuge cup or b'y displacement of the pore water in the sediment by an

- ‘inert solvent placed in the centrifuge tube. The dense solvent replaces the pore water in

.

- the sediment forcing the less dense pore water to the top. Of the two existing techniques,

et

squeezing has the lower potential for artifacts because all handling steps can be conducted
in an inert atmosphere cont_ained in a glove bag in order to avoid oxidation artifacts. In

addition, pore water fiftration can be conducted in-line; thus eliminating a handling step

.thet is required in centrifugation, and lowering the potential for anifeetsl'

Squeezing and centrifuging are‘discuss.ed by Bufflap and Allen [26] in more detail.
In-situ techniques, such as dialysis and suction fittration, have less potential for proddcing
satﬁpling anifacte than ex-situ techniques because pore water samples are extracted
dlrecth, from the natural environment.--The general prmcnple of dialysis samplmg mvolves '

allowmg a volume of detomzed ‘distilled water to come to equﬂlbnum with the’ sedtment '

. - pore water in order.to determine chemical .concentretaons.~ One problem with dialysis

T e

. samplers is that the-chamber water- must be’ deaerated before ‘insertion” into anoxic

sediemnts to avoid oxidation of the sample. Dialysis has limitations because equilibration
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. “fLast'ly dialysis

. sarﬁplers generally require placement and retrieval by SCUBA divers, thus increasing study

L, COSts.. L L L s e BT T P

i

B - ] . I - Ce s B

Because there are different techniques available for extracting sediment pore water, '

it is often difficult to compare data from different laboratories. What is ne'eded to limit
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,‘_7_ s ;-t_n_ese discrepancies is to -.compare the existing techniques and to develop a sampling

- - 'methodology that will produce pore watersamples that best resemble the in-situ conditons
o and can be edsily utilized by all researches Studies done to compare the existing

PO -~ -techniques are discussed by Bufflap and Allen [26] Hov(rever, more research is needed
| ~.in this area. . L e e - v SR

v n ... AVSISEM Sampling -

R I T .. - . . - : ———
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P A draft analytucal method.for the determination of AVS and SEM in sediment has

. .. been proposed [27,28). This method describes procedures for the determination of acid

_ -..volatile sulfides (AVS) and for metals that are solubilized -during the acidification step

.- (SEM). - The conditions used have been reported to measure amorphous or moderately

R cr;(stal!ine monosulfides. S_ecause the relatrve amounts of _AVS and SEM are importarit in

e, - .- the prediction of potential metal bioavailability, it is important to use the SEM procedure

- for sample 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

Ligaow - assessing the amount of metal associated with sulfide. The method is included in Volume
- s |l and @ summary is provided below. - . w. T '

- [

-

wrth hydrochlonc acid at room temperature. The H,Sis then purged from the sample and-

atarpzin tr.apped.g_‘:T he amount of sulflde_that has been trapped is then determined. The SEM are ’

 .x~~. metals liberated from the sediment during the acidification." These are determined after

- - filtration of the supernatant from the acidification step. - !
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ot Two types of apparatus for sample purging and trapping of H,S are descrlbed One
i r, USES @ series of Erlenmeyer flasks while the other uses flasks and traps with ground glass
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stoppers The former is less costly. The latter is less prone to leakage that causes Iow

;_ . . Trecovery of AVS. The latter is recommended when higher degrees of precision are desrred _

... and for samples containing low levels of AVS (~ 0.1 pmol/g) e

. Jl‘he AVS in the sample is first converted to hydrogen sulfrde (HZS) by acidification .
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Three means of quantifying the H,S released by acidifying the sample are provided.
In the gravimetric procedure, the H,S is trapped in silver nitrate. "The silver sulfide that is |
formed is determined by weighing. This _proéedure is recommended for samples with
mog:l,erate or high AVS coricentrations. {n an alternative procedure the H,S is frapped in
an antioxidant buffer before using an ion-selective electrode. Afterrelease of the H,S, the
acidified sediment sample is membrane fittereq before determination of the SEM by atomic -
absorption ‘or inductive coupled plasma spectrometrié'methods. in the colorimetric
method, the Hzé is trapped in sodium hydroxide. The sulfide is converted to methylene

blue that'is measured. This proceduré is recommended for samples that have low to
moderate AVS concentrations. '

Using the apparatus described by Allen et élt."[27]' thé co‘lorimet’ric method of
analysis is capable of detecting AVS at cbncemrations normally encountered with a
recovery of sulfide of at least 90 percent. High precision is possible if the Allen et al. [27]
apparatus is used with a limit of detection of approximately 0.01 pmol/g dry sediment.



— . ' APPENDIX SA
’ . EXPERIMENTAL PROCEDURES -

~ Sediment samples with- overlying 'wafer were collected in one gallon plastic
contalners from various locations, transported under ice, and stored at 4°C throughout the
study penod Subsampling procedures attempted to minimize exposure trmes to air and
elevated temperatures

Sorptlon lsotherm data were obtalned by titrating sediment with erther copper, .
cadmlum or lead m batch mode (Flgure 9A—1) The Anoxic Segquential Batch Titration
(ASBT) method consnsts of a series of 250ml, Florence flasks (typlcally 10) stoppered gas- -
tight with two-hole rubber stoppers fitted with glass tubmg The entlre train of flasks is
connected to a source of purified nitrogen gas (Matheson, Prepurn‘led 99 998 percent
mmlmum) which is bubbled through a vanadatell-lCl/amalgamated- zinc oxygen-stnpplng
solutlon as a pollshmg de-oxygenatlon step. Into each flask a-wet sedlment sample is.
mtroduced a known volume of stock metal solution is added, and a known volume of
deaerated buffer solution is added. Each flask is srmllarly prepared and sequentrally
attached to the flask train. An ACId Volatlle Sulfide (AVS) determlnmg apparatus’ is
attached to the sorption flask train to measure the sediment AVS sumultane.ously. The
sediment is then titrated by varying the copper, cadmium,'or lead stock solutlon volume

g

,scadmlum, or lead concentratlons

FOuN C -

- | . i

I 5'; B ;';“; Total aqueous metal ‘concentrations were determmed by Atomic Absorpt:on .

3
ALY

Spectroscopy (AAS Perkm Elmer model PE-303 0} in samples of the overlymg water of the

AR 3

- ASBT system which were flltered through glass fiber fllter dlSCS and acidified to 1 percent
HN03 by volume. Metal concentratlons below 1 mgIL requlred the use of AASin Graphlte
. furnace mode (model HGA-400). Concentratlons greater than. fngIL}were analyzed by
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7 AAS in Flame mode (air-acetylene flame; Perkin-Elmer lan_'lp's_)._;_ A

' SO L ' Metal activity in the overlying water of the ASBT system was measured directly by '

an ion-selective electrode (Orion, #90-29) in conjunction with areference e'lectrode (Orion,

added tc each flask and thereby obtarnmg a range of sedlment-bound and aqueous copper, .
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Sorption.Experiment Reaction Vessels

eeeeeeeeu
EEEE

AVS Measurement Vessels

.

| T1‘: F‘!eect'.ioh_Vessel‘
" 2: pH-4 Buffer Trap
LN Coln 3: AgNO, Sulfide Trap .
1: Gas inlet & outlet | T 4 AgNO, Sulfide Trap
7: 250 mL Glass Flask L o |

_A: Buffer Matrix + Metal Spike )
4: Sediment Sample T

Figure 9A-1. Anoxic sequential batch tltratlon (ABST) experimental set-up Purified nitrogen gas ls used to remove and
exclude oxygen from the reaction flasks., ‘Typically 10 flasks are uséd to expose sediment samples to pH buffer matrix and
-l contamination, as shown in the enlargement. A 4-fl- . AVS measurement apparatus is included to determine
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#90:02) and a voltage meter (Orion SA-720). Daily metal activity standard curves
. generated at t_he appropriate pH were used to calculate a regression line on the linear
portion of the curves. {t was assumed that me{al 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 samples,
even though the millivolt reading of some samples fell below the lowest standard. Copper,
cadmium or lead activities calculated in this way over-estimated the ‘metal activity of
samples below 0.01 mg {Mez*}IL,E_‘i:he ionic étrength of both samples and standards was

" adjusted to 0.005M NaNOg prior to determining metal activity.

The pertment sedument charactenstics relatmg tometal partmonmg were determined
as fD"OWS Sediment dry sohds were determmed by welghmg a sediment sample before
and after d.rymg at 103°C overnight. Sednment carbon (total, organic, and inorganic)-was

- measured using a LECO mode! CHN-BDO_ Carbon-Hydrdgen—Nitrogen anal'yzer.- ‘Sediment

dried at 103°C was analyzed for particulate total carbon (F.‘TC). A subsample of this

.material was acidified with 0.05M HC! for one hour end dried at 103°C. Thie treated

sediment was analyzed for ;iarticuiate organic carbon-(POC), and the difference between
PTC and POC was attributed to particulate inorganic carbdn (P_lC: i.e.; carbonates).

‘The pH of the overlymg water was measured usmg a Beckman (ALTEX) ¢60 pH .

meter with a Fisher Standard Polymer-Body Gei-filied combination pH electrode (#13-640-
108). The pH of the ASBT systems were buffered using Goode buffers (0.005 to 0.01M
solutions adjusted to desired pH with . NaOH). At .pH 6, M_ES' (2—[r\- ‘
morpholino]'ethanesulfonic acid, sodium salt; pK, = 6.1; Sigma M-3885) was ueed, at pH
7. MOPS (3-[Morpholino]propanesulfonic acid, sodium salt; pK, = 7.2; SIGMA M-9381)-
was used, and at pH 8, HEPES (N-[2-Hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid,

Sodium salt; pK, = 7.5; SIGMA H-2393) was used. These buffers are designed to be non-
reactive with metal species [17,18,19].
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L CHAPTER 10

o mEe CONSIDERATIONS FOR ASSESSING METAL BIOAVAILABIUTY IN SEDIMENTS
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Based on the studles descrlbed ll"l the precedmg chapters, it is apparent that
b evaluation of pore water metal concentratrons and/or SEM:AVS ratios can provide

' sugnrflcant msrghts concernmg metal broavatlabllity in sedrments We feel that the two
TN

technrques are complementary and should be used in conjunction with ane another
as an approach to provrdrng assessments of the potentral ecologrcal impacts of metals

ln sedrments. However, when usmg these measures of metal bioavailability, it is

rmportant to recogmze the lrmrts of applrcablhty of the techniques. These are
l e drscussed below. '

vt - . -
€ .-~‘f
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l v o Interstitial Water LT
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l} : o Comparison' of m'etal-concentrations in pore water to water-only toxicity data .

can be used to predict not only the presence, but also the extent of; metal toxrcrty in

ey

sediments. The ability to actually quantify bloavarlable metals in sedrments is

attractive for a number of reasons. For example, quantlfrcatlon of broavarlable metal -

[ e r.n -

“facilitates the evaluatlon of drfferences in relatrve specres sensrtuvrty and thus, enables

PR

the rdentrfrcatlon “of specres at rrsk T hrs lS not yet possrble with SEM and AVa. '

L

Rt When SEM and AVS due to other possrble brndrng phases, rt ls not yet possible 1o

Frm

predrct actual pore water concentratrons of metals Another advantage to monitoring

-pore ‘water metal concentratrons rs that they should be useful for predicting the

.t

e T
IS
"
w,

..._).

SN toxucrty of metals, such as chromrum whrch do not form msoluble sulfides. Finally,

~£-« A

#1E pegause AVS'is readrly oxldrzed rt ns not an rmportant blndmg phase for metals in

T tew »u B

el Y completely aerobic's sedlments however, he broavarlable fractron of metals should'still

i be approxumated by usmg the pore water concentratrons.
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- There’ also’ are drsadvantages to solely usrng pore water concentratrons to -’

et

quantlfy metal bloavarlablrty Frrst because pore water is operatronally defmed (i.e.,

s
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th'ere is no standard method. for isolation although we recommend a procedure in
Chapter 9), there is 3 valid concern that laboratory variations in preparation may result

in significant drfferences in metal concentratrons found in pore water. A second

~-'disadvantage to using pore water metal concentratlons to predact toxrcrty is that, if

" one accepts the paradigm that pore water :s indeed a ma;or route of contaminant
". exposure for epxbenthlc and benthic rnvertebrates, it may be difficult to account for
+ the effects of the pore water matrix (e. g., drssolved orgamc carbon, hardness salinity)

on metal complexatlon and broavallabrllty This is, of course, also an rssue of on-going

-concern in the area of WQC xssued by the US Enwronmental Protect:on Agency A

"~ final potential compllcatron is that for specres-speclflc assessments, |t 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 SQC derivation for metals in
sediments, target values for pore water metals could be obtained from appropriate

WQC documents in a fashion similar to that for nonionic organic chemicals.

-

. Acid Volatile Sulfide and SEM

- The studies described in prevaous chapters have clearly demonstrated that AVS
~ can be a key factor mfluencmg lnterstmal water concentratlons and bloavallabrlrty of

" metals in sediments. ‘In vnrtually no mstance have we seen metal toxncrty when SEM
“ is less than AVS and SEM greater than AVS often has been predtctlve of the presence
- (but not extent) of metal toxuc:ty The use of SEM and AVS concentratlons allevrates
the need for water-only effects data m an assessment smce no bloavarlablhty is
- expected at SEM less than AVS A further advantage to measunng sedlment SEM
--and AVS in sedxments is that 1t grves an lndrcatlon as to the felative size of the pool
. of both components Thrs is not poss:ble through monrtonng nore water metal

i "t‘

'concentratnons Pore water metal concentrataons should be low i ln sedrments with

SEM very much less than _AVS 1o, -theoretucally, Sem equals AVS.. Yet, sediments .

with SEM close to AVS would be'of more potential concern than those with SEM< <

AVS. In the absence of other metal binding phases, slight increases in SEM or

K - - - -- - ;

m- - - "'-
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decreases in AVS 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.

e and AVS to predict bioavailability. Frrst, because AVS varies seasonally in a system-
. specific manner, it is desirable that SEM and AVS and- pore water metals be measured

_over time, or at least when AVS is expected to be minimal (e.g., late winter in our

_Y -studies). A single sampling is only a snap-shot of what occ_:'drs through the course of

the year.

At present, investigations are ongoing to assess the role of AVS in deeper
sediments relative to metal partitioning at the sediment surface, where most biological
acitvity and exposure occurs. This is significant because the AVS pool in deeper
sediments appears to remain relatively constant, as opposed to AVS in surficial

sediments. It may be, for example, that as surficial sediments are depleted of AVS,-

. metals will subsequently bind to AVS in deeper- sediments. Alternaﬁvely, as AVS

concentrations are depleted in surface sediments , other bihrjihg phases for metals may
become important in determining broavadabrlrty An’ any instance, rt is rmportant that

pore water metal and SEM and AVS measurements be made atall relevant points over

- the vertlcal gradrent of the sedrment cores; for example, if concern is only for

l__exposure..ot current benthic communities, the-measurements can -be made in the

surficial sediment horizon. On the other hand, if the assessment is focused on

possrble rmpacts of deeper sediments (e.g., for dred gmg). appropriate measurements
should be made throughout the core.

Nerther pore water metal concentratlons nor SEM and-AVS can be used to

-

~ assess potentral metal broavarlabrhty in situations where sediments are expected to

_be alterec_i and become aerobic through. physical disturbance (e.g., storms, boat -

traffic).” In fact, in these cases, it may.be possible in a worst case evaluation 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
concentratfons. |

?ield validation of sediment quality criteria is an important component of the
establishing their validity. To date, the most exhaustive studies have been conducted
using spiked sediments in the labbratoAry and field which focus on changes in benthic
community structures and the bioaccumulation of metals by benthos {Chapters '7 and
8). These studies have been=consistent with predictions based on SEM and AVS
ratios, and /or a pore water exposure model [1,2]). However, further work in this area

is needed, in particular with in siiu sediments contaminated by point or nonpoint
source.anthropogenic inputs of metals. . |

Based on the technical considerations described abo(/e_,.we present the

following recommendations/caveats for assessing the potential bioavailability of
metals in sediments. - '

1. Both SEM and AVS and pore water metal concentrations should be measured
in sediment assessments focused on defining bioavailability.. A standard
method for the extraction and measurement of SEM and AVS:has beeh'
described [3]. For the studies described above, pore water was isolated using

" either of two different techniq'ues:: dialysis chambers (peeﬁers) or
centrifugation. Other pore water isolation techniques also may be useful;

however, we have had little experience with them.

2..  If AVS is used as a normalization phase, it should be used only for cadmium,
nickel, lead, zinc, and copper, and only for these metals 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, it is possible to utilize pore water measurements of metals, other than
the five listed above, to evaluate their potential bioavailability.

: i . . ¥ .




10-5

3. ltis strongly recommended that cadmium, nickel, copper, lead and zinc all be

s measured when evaluating SEM and AVS and pore water metal ooncentrations,

at least in initial test samples. This is t;ecause although all five of these metals

“owe oo .- have ‘a higher affinity than iron for sulfide in monosulfide complexes,
' . indiuidually they also have varying affinities (solubility products) for the 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, or only nickel was measured in the solid phase,

the analyst would erroneously conclude that nicke! was the only problemin the

- sediments, - when in fact, elevated concentratlons of cadmium also_ were

present. In order to have a complete understanding as to why a specifio metal

is present at elevated concentrations in pore water, it is necessary to know the

--molar concentrations of all the SEM. This is particularly true when considering

the fact that metal concentrations often covary in contarninated aquatic -

fioakie
I3

sediments, that is, rarely is only one metal of concern.

. 4. In fully aerobrc sedrments (e.q., sand), AVS concentratlons should not be used
- . ‘to attempt to predict the bioavailability: of metals i in sedvments. Theoretacally,
I: ' however it should be possible to infer bnoavallabxhty based on pore water metal :
concentrations. Moreover, as descnbed in Chapter 9, sugmf’ cant progress is

bemg made in ldentlfymg alternatlve normalrzataon phases, such as carbon, for- -~

.«

: metals in aerobic sediments.

5. Only a limited amount of research has been conducted to assess the utility of

_ SEM and AVS or pore water concentratuons for predicting metal bioavailability

R | in long-term exposures. Guven the uncertainties in kinetics of metal and AVS
- interactions in temporal cycles, and the lack of information on the mportan'ce

of other metal binding phases relative td.these cycles, extrapolations of the -

e)tposure model to long-term situations should be made with care. Further'

I . ) information also is needed concerning the nature of the microhabitat of
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-

- -

invertebrates relative to long-term changes in metal bioavailability in sediments.

o In any case, it is important that pore water metal concentrations and SEM and
; _f B AVS be measured in sediment horrzons appropriate for defining exposure to
,-, | speores of concem. Based on our research, it appears that exposure of benthic
) o . organlsms to surficial - sedrments : can .be -defined - reasonably well by.
‘ ) | measurement in the 0-2 cm horizon.
k r ', 6. As wrth any chemxcal-specnflc monitoring method, the analyst should be aware
T ) that (a) not all chemlca!s of possnble toxrcologrcal concern can be measured in
R ' . envnronmental samples; and (b) in most instances, it is difficult to account for-
T possrble toxrcologtcal interactions among ‘measured -toxicants. For these
reasons, we ‘strongly recommend- toxrc:ty tests’ as'an integral part of any
assessment concerned with- the effects of sediment contaminants.:
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CHAPTER 11

PROPOSED SEDIMENT QUALITY CRITERIA

Introduction

~
?

Sediment quality ¢riteria are rntended to be the U S. Envrronmental Protection

cm e

Agency s best recommendation of the concentration of a metal in a sediment that will

- be protective of benthic orgamsms. The sedrment qualrty criteria for the five metals:

cadmrum, cOpper, nickel, lead, and zrnc, will be based on the Equilibrium Partitioning
model of bioavailability. EqP asserts that the broavarlabrhty 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 wrth free metal actrvrty in erther

:* water only exposures or m sedrment mterstrtral water exposures. Thus the SQC for

these metals are based on rnsurrng that the free metal actrvrty is below levels that can ~

cause undesxrable brologrcal effects

-~ sQC’s for tne five metals ﬁeing ‘consi'dered can be derived usingj four

-, procedures:

'Q

.<(1).+ By comparing the molar concentratrons of cadmrum copper, lead nrckel and - :' .

- _zinc to the molar cancentratron of AVS rn sedrments

(2) By comparing the measured interstitial water concentrations of metals to the

S,

water quality criteria final chronic values (FCVs) for the metals;

~- {3). - By using organrc carbon based partrtron coeffrcrents in addmon to the AVS to

. compute the interstitial water concentratrons and compare them to the water

quality criteria FCVs;
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a consudered |n thrs document. . The toxlcrty of field-collected sedlments can be caused

-
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(4) By using minimum partition coefficients and AVS to compute lower bound

. sediment concentrations that are unlikely to cause toxicity.

-'These procedures are described in more detail -below. No citations to the

literature are included in the chapter srnce these have been provided in the previous

© chapters ‘We belleve that the technrcal basrs for implementing procedures (1) and (2)

“are presently supportable. lnmal data for mplementmg procedures {3} and (4) have

o also been presented However— addmonal research is- required to- complete the

- requrred data sets, as drscussed below. e
ln the followmg sectlons we dlscuss the appllcatlon of these m°thods to
denvrng an SQC for a smgle metal Then we continue with’ the more common
' sntuatlon where apprecrable concentratlons of all the metals are present. The

appllcatlon of these prmclples 10 the denvatron of a sedlment quality crltena for a

single metal is included for illustrative purposes only. it is instructive to present the'_ Y
logic for thls case as a prelude to the derivation of the multlple metal criteria.

: However, as wrll become clear subsequently, single metal criteria are.not usually_

applicable to field situations since -there is always asrgnrt"cant quantrty of more than

one metal to be consrdered in fact itis mssleadmg 1o think of the criteria one metal .. -
at a tlme. As we shall see, smgle metal cnterra are lnherently underprotectuve because v

of the additive nature of AVS brndmg Nevertheless the followrng SEC‘thﬂS are
. included because of their mstructronal value.

4 . -

I A I L L R

One flnal pornt should be made with respect to nomenclature. When we use

the terms l’lOﬂ-‘tOch or havmg no effect, we mean only with respect to the five metals

by other chemrcals Therefore not vuolatlng the SQC for metals does not guarantee

that the sediments are non-toxic, only that the five metals berng consrdered will not -

have an undesirable biological effect.
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"Single Metal Sediment Quality Criteria

.Sediment quality criteria for metals w:ll be expressed in molar units. These are
. the natural. units because of the one to one molar stonchrometry of metal binding 10
~ AVS. Thus solid phase constltuentS' AVS and simultaneously extracted metal, SEM,
v.”‘are in ymol/g units. The interstitial water concentratrons are in ymol/L units as are the
metal activities. To be consistent with the usual chemrcal notatron, metal activities
are denoted by curly brackets {} and metal concentrations are d_enoted by square
brackets []. The partition coefficien_ts have units.L/g consistent with the above.solid

and aqueous phase concentration units. Table 11-1 summarizes these conventions:

'
fe

TABLE 11 1

. ' o - [AVS] pmol/g
SEM  Sold - . ISEM]  pmollg
Metal activity . Aqueous ©{M2¥} . umol/L
Disspl\{ed Metal conc. - Aqueous - - - [Md] .. pmol/L
i Total 'Metal:conc. -~ = Solid- + Aqueops '[SEMT]' .«pmol/L(bulk)

" The subscnpted notatron, Md, is- used to drstmgursh aqueous phase molar
' concentrations from solrd phase molar concentrataons thh no subscnpt. For the total -
concentration, [SEMT] the units are the moles of metal per volume of solid + liquid

phase. Since metal activity is used below only.relative to the aqueous phase no
subscript is needed. ) '

AVS Criteria”

It has_been‘demehstrated that if the SEM of a sediment is less than the AVS: <
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[SEM]<[AVS] LT ' LMk

"then no toxicity-effects are seen. This is consistent with the results of a chemical

equilibrium model for- the sediment - interstitial water system. The resulting metal

L _activity {M2*} can be related to the total SEM of the sediment and water, and the

- metal sulfide (Kyg) and iron sulfide (KFes’ solubility products In particular it is true
that if [SEM] < [AVS] then: C e .

le*} Kus

T (112
[SEMT] Kees' W ' - - -
| Smce the ratro of metal sulflde to iron sulflde solublhty products (KMS/KFes) is very

_ small (< 10®) even ‘for the most soluble of the sulfi des (T: able 4-2, Chapter 4), the :

" metal activity of the sediment is at least five orders of magmtude smaller than the

SEM. This guarantees that no biological effects would be seen if thls sediment were

tested. Therefore the condmon [SEM] < [AVS] is a .no- effect sedlment quality ..

e

criteria.

~The reason we use the term "no effect criteria is that for the condmon [SEM]

- < [AVS] we expect no brologrcal lmpacts  For [SEM] > [AVS], whrch would normally
be consrdered a criteria violation, there are cases where we would expect no brolog:cal U

S impacts, for example, where sugmf’ cant organlc carbon partmomng rs occurnng The”

most dramattc examples are for sedlments wuth Iow AVS concentratrons (Fig.6-5).

P [ . - R N

* |nferstitial Water cméﬁé‘"_“ '

" The condmon [SEM] < [AVS] guarantees that the metal acthty of the-

,,,,,

sedrment - interstitial water system is very low and therefore, below any effect level
" of concern. Another way of guaranteemg thls isto place a condrtron on the interstitial

* wvater activity directly. Let us suppose that we knew the metal actwlty, denoted by '
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. {FCV}, that corresponded to the Final Chronic Value of the Water Quality Criteria:
. [FCV] Then the SQC correspondmg to this effect level is:

g

MM S a3

it is quite difficult to measure and/or calculate the metal activity in a solution ‘phase,'

,'-{Mz_'"}, at.-the low concentrations required since it‘depehda on the identities,

concentrations and thet"rhodynamic affinities of other chemically reactive species that

are present. ‘Also the WQC on-an activity basis, {FCV}, is not known.

‘An approximation to this condition is:
'[M.JSI?C\./J ‘ S L (11-4)

That is, we require that the total dissolved metal concentration m the interstitial water
[M4] be less than the Final Chronic Value from the wac apphed as a dissoived

.criteria. Although thss requirement ignores the effect of chemlcal specratron on both

'._-srdes of the equation - compare Equatton (11-4) to (11-3) -itis the approxumatuon that.

is currently being suggested by the EPA for th.e' waQc for metals. That is, the WQC
should be applied to the total disso/ved - rather than the total acid recoverable metal

concentration. Hence, if this second condrtlon is satrsfned it is consrstent wrth the-
level of protection afforded by the water quahty crltena

In situations where the SEM exceeds the AVS ([SEM]-> [AVS]) but the
interstitial water total dissolved metal is léss than the final chronic value ((My] <

[FCV{]), -this. sediment does not. violate the ‘criteria. ' These-c‘ases"occur when

. -significant binding is occurring to other phases It should be nated that usmg the final

... chronic value for metals requires that the hardness of the mterstmal water be known
since the criteria vary as hardness vanes R



11-6
AVS and Organic Carbon Criteria .

For sediments with an appreciable AVé concentration relative to SEM, the SQC
requirement that [SEM] < [AVS] is a useful result. However if the. AVS of the

sediment is small, then the condition is of little value.:. The reason is that other

sorption bhases are present that affect the activity of the system. Sfmilarly, even in

situations where significant AVS occurs in sediments, other sorption phases may
significantly. limit the metal activity even if the SEM exceeds the AVS.

Consider the organic carbon in the sediment. It is demonstrated in Chapter 9
- that a relationship ex:sts between the SEM that is in excess of the AVS and the
interstitial water metal activity {M2*}:

= [SEM]-[AVS] decf M2} o | | : (11-5)

" where K d,0C is the partition coefﬁcuent between the orgamc carbon of the sediment

and foc is the weight fraction of organic carbon of the sediment. If we require that
the metal actuvuty be at the FCV metal actrvx_ty, then the SQC for SEM would be:

 [SEMjooc-lAVSIK mfw{ch B A '(11-6')'

Y

Af the aC‘[lVlty is replaced thh ‘the WQC total dlssolved FCvV, then the: criteria.
becomes:

-[ssM1m=[Avs1+deg;,e[chd]' T | - -. (11-5)

where Kd oc is the partition coefﬁcuent between organic carbon and total dissolved

mterstmal water metal concentranon Note that the organic carbon based partition .

coeffuccents vary with respect to pH so that the pH of the interstitial water must be

elther measuréd 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 the third condmon from which a sediment quality criteria can be derived.

- For sedlments where organic carbon provndes all the excess binding capacity; it is a -

criteria in the ordinary sense. . That is, exceedmg the criteria would imply that
unacceptable biological impacts \.n(ould’occur. Since the analysis of sediment binding
data and the estimation of the Kg's in Chapter 9 attributes all the bihding to org.anic. ;
carbon thereby indexing the-binding to organic carbon, using these constants would
lmply that the criteria (Eqdation 11-8) is:the boundary between no effects and effects.

There are ‘situation.s, hoyvever, for which the assumption that organic carbon is the

. only important phase may not be correct. in these cases, the criteria becomes a no-

.. . effect criteria. .Of course, using this as an effect criteria also assumes that applying

the FCV as a total dissolved criteria is appropdate. lf,‘in fact, a signiﬁcant,fractio'n
of the interstitial water metal is not bioavailable, then again this criteria would be a

no effect criteria.

AVS and Minimum Partitioning Criteria

it would be useful to have a solid phase criteria that would eﬁectlvely screen

i sedlments for which the metais concentrations are low enough SO that no problem is
| anttclpated The idea is to examine sediments for which the partition coeff‘ cuents are

..lnkely to be quite low. From these sedlments it ‘would be possuble to- estabhsh

‘ ;‘ . 'mmumum partition coefficients (Ky ) which could be applied to any sediment. Then
- he no effect sac would be: '

v

Mkl T e

foras s

4Thxs would also ba ano effect criteria since it is establtshed using a minimum partition

coeffncuent No AVS term xs mcluded unlike Equatuon (11-7), because it is assumed
that ‘these sedlments have no apprecnable AVS. .If 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

. metal'criteria'are misleading and should not be_epplied. "Only criteria based on the five

metals taken together are valid. They reduce to the single metal criteria in the unlikely

situation where only one metal is present to any significant degree.

- e

- . The previous section presents the derivation of criteria if only one metal is

*. present in significant quantities in a sediment. In the usual case, however, it is

., insufficient and mapproprlate to consider each metal separately Thrs is of particular

.concern for the AVS criteria.

AVS Criteria ’ '

The results of calculations _usin‘g equilibrium 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 bmd to the AVS and be converted to CusS, PbS,.

.. .CdS, ZnS, and NiS in th:s sequence, i.e., in the order of i mcreasmg solublllty The
. mixed metals expenment (Figure 5-3) and the Foundry Cove data (Chapter 6) conf rmi .
- ..~.this behavior. Therefore, the ﬁve ‘metals must be considered together. There cannot

- be a criteria for just mckel for. example since all the other metals may be present as

metal sulfides and, therefore, to some extent as AVS. lf these other metals are not

~ measured as SEM, then the SEM will be misleadingly small, and it.may appear that
- [SEM] < [AVS] when in fact that is not true if all the metals are considereo together.
-+, -We restrict the discussion below to the five metals"listeo aho\;e In speciel situations

...~ where other sulfide forming metals (e.g., Co, Hg, Ag) are in hlgh concentratrons they
~.;» : also must be considered. ' ‘

.
. . .
. . . . Lt
- - - - - . -
o

‘e
~HR ~ - -
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“The equrllbnum model predlctuon of the metals activity if a mixture of the metals

. are present is similar to the single metals case If the sum of the SEM’s-for the five
- ) metals lS less than the AVS; i.e.:

}:'(semsmvsl o (11-8)
'..V_,then

M) _Kus

oL - (11-10)
[SEM;;] Kgs - L . : . '

‘where [SEM, 7] is the total SEM (umol/L(bulk)) for the " metal, Thus the activity of
each metal,” {M}}, is unaffected by the presence of the other sulf‘ des. This can be
) understood as follows. lmagme that the chemtcal system starts initially as iron and -
metal sulfide solids and that the system proceeds to equilibrium by each solid
dissolving to some extent. The iron sulfide dissolves until the solubility product of
FeS is satrsﬂed This sets the sulf:de acttvrty Then each metal suiffi de dnssolves untll
it reaches its solubxhty Srnce so little of. each dlssolve relative to the FeS the :
: lnterstrtral water chemistry is not apprec:ably changed Hence the sulfide actrvrty
remains the same and the metal activity adjusts to meet each solubuhty requrrement
Therefore, each metal sulfude behaves nndependentlv of: each other. The fact that they
~ are only sllghtly soluble relative to FeS is the cause of thrs behavior. Hence the AVS
" criteria is easrly extended to the case of multrp(e metals: "It is orly necessary to sum

- -‘_.Athe molar concentratlon of each metal SEM and compare it to the AVS (Equatuon 11-

Interstitial Water Criteria

. LR
L

- The apphcatnon of the interstitial water crrtena to multlple metals is comphcated
. -.not by the interactions of the metals chemistry’ of the sedument - interstitial water -
- system as .in the case with the AVS criteria, but rather therr possrble toxic

. interactions. Even if.the individual concentrations do not exceed the FCV of each
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mefal (FCVy), ;heir additive effect might be toxic. Therefore, to address this additivity,
. the mterstmal water metal concentratnons are converted to toxic units and these are
summed. Since the effects concentration to be used arethe final chronic values from
the water quality criteria, we call these toxic _umts the Interstitial Water Criteria Toxic
" Units (IWCTU). For freshwater sediments, the FCV'’s are hardness dependent for all
of the metals being considered and they need to be adjusted to Athe hardness of the
interstitial water from the sedlment being considered. For the jth metal w;th total
dissolved concentratlon [M, dl the IWCTU for the i*" metal IS‘
WCTU,= [:g{',"]d A _ (11-11) .
The sediment quality eriteria‘i'equires that the sum of the interstitial V\}ater cljite_ria, -
toxic unit concentration is less than one: .

E [M""] — <1 . - . _ (11-12) ) !
[FCV,',,] , _ 0

Hence the muiltiple metals crntena is quite similar to the single metal case (Equatlon . l
11-4) except that the crltena is expressed as toxic units and summed. l
AVS and Organic Carbon Criteria ST Ty I

The case for which the sediment organic carbon needs to be considered in
addition to AVS is more complicated. Consider, first, a single metal. The relationship l
between interstitial water concentrations and sediment concentration for the it? metal
is given by the equafion: S T .o l

[SEM]=[AVS]+K; e focM,] | I | 1113

where Kq4 oc; is the metal specific partition- coefficient between sediment organic .
carbon and interstitial water, and [M; 4] is the total dissolved interstitial water metal - !

concentration. For this ¢ase the interstitial watef concentration is predicted-using the

[ . _'-!
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VS'EM in excess of the AVS and the partition coefficient between the excess SEM and

- the interstitial water:

[SEMJ-{AVS]_ | o
Kot ,‘d] S (11-14) .

in order to apply this eq_oation to the case of multiple metals, it is first
necessary to identify and quantify the metals whj'ch 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 what quantrty The procedure is to assrgn the AVS to the metals in

.the sequence of their solubllrty products from the lowest to the hughest SEMCU,

-~ SEMpy, SEM¢y, SEMg,, and SEMy;. That s, the AVS cornplexed metals- would be Cu,

followed by Pb, followed by Cd, etc. untll the AVS is exhausted The remammg SEMs
are present in excess of the AVS.

- To be specific, let A[SEM] be the excess SEM for each of the lth metals. The

> least soluble metal sulfide (of the five metals bexng consrdered m this document) is

> * copper sulfide (CuS). Thus if the copper SEM is. less than the AVS ([SEMg,] <

" [AVS]), then all of the copper SEM must be present as copper sulf‘ de (CuS) and no

| IAVS] [SEMCu]

additional SEM is present so that A[SEMCu] = 0. The remalmng AVS is A[AVS]

PR FARR

This computation is repeated next for lead because lead stilfide (PbS) is thenext -

least soluble sulfide. Suppose, unlike copper, the lead SEM is not less than the

e "

| between the remammg AVS A[AVS] and the lead. SEM - A[SEMpy] = [SEMp] -

¥ remaining AVS ([SEM,.] > A[AVS]). Hence only a portuon of the lead SEM is present -

as PbS and the remalnmg SEM which is-denoted-as A[SEMpy], -is:the. difference

A[AVS] Thus a portion-of the lead is presentas lead sulf de, and a portion is excess .

SEM.
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S where Equation (1 1-14) i 1s used to compute the rnterstrtral water concentrations. Note

“ the pH of the mterstmal water must be erther measured or estimated together wrth
w_the hardness rf necessary '

11-12

i Srnce the AVS has been exhausted by the lead SEM, the remaining metals are

all present as excess SEM so that: A[SEM]Cd = [SEMCd] A[SEM, ] = [SEM,, ]; and
A[SEMy] = [SEMZ,,]

-For each of these metals, the interstitial water concentrations can be
determined from the appropriate partition coefficients:

M A[SEM'] R (T R T

A

. Thrs equatron lS analogous to- Equatron (1 1 13) for the single metal case. Note that
'_rf AISEM] 0 ‘then so also is' the lnterstrtral water ‘metal concentration. The

tnterstmal water crrtena toxic units are computed ‘using thrs equatton for the mterstltral

vwater concentratrons. That is:

M,] A[SEM]- L _ P
E'[FCVLJZKdmfoc[FCVLd] I e

- that the organic ‘carbon based partmon coefﬂcrents vary wrth respect. to pH so that -

- :.‘..‘_

The sedlment quallty crlterra requrres that the computed total interstitial water
criteria toxic l..ll'llt concentratron is less than one: '

. A[SEM‘] S R My
dec',fw[FCVw] et el |

-- This criteria is simply the rnterstltral water toxac unit cntena, Equataon (1 1 12). with .

i

.~ the interstitial water concentratcons calculated from the excess SEM for each metal

-

and the approprrate partition coefficients.
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AVS and Minimum Partition Coefficient Criteria ”

The no effect criteria that use the minimum partition coefficients (Ky psin, i) is
analogous to that using the organic carbon based coefficients:

)Y

A‘i?éh" o (11-18)

Smce the minimum pamtlon coeﬁ” cients are bemg used, thts would correspond to the '

“upper bound estimate of the mterstmal water crltena toxnc units.

Criteria Summary

-+ The proposed Sednment Quahty Cntena is as follows. The sednment passes the
-- 8QC if any one of these condmons 1s satxsf” ed: -
{1)  AVS Criteria:
- - YT ERES - iR v‘.tl Bt "‘:' _ BRSNS
Z‘,[SEMJs[AVS] S eqs T - © . (11-19)
- et -t e .
SRR _ o .
(2) - ~Interstitial Water Criteria: ‘
SRR s M ~ i ; .
E, [ "‘J —E 1 T (11-20)
IFCVL,,] _—
PO N PRSI
e mo mbpyitag oo
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A[SEM] - ‘ e o |
| a N . | (11-21)
i Rcded Vg | | 1

(3) AVS and Organic Carbon Criteria:

(4)  AVS and Minimum Partition Coefficient Criteria: l

s

B

A[SEM]
> KasanfFOVidl

If any one of these cntena are violated, this does not mean that the sediment is toxic. -

For example, if the AVS in a seciment is vrrtually zero, then Condrtron (1) will be

g . (11-22) l

vuolated However, if there is. sufficient organlc carbon sorptlon so that erther
Condition (3) or Condition (4) is satxsf‘ ied then the sediment is non-toxic.
lf all - not any but all - of these'conditlons are'vlolated.then there is reason to l

think that the sediment may be unacceptably contamlnated by these metals. Further )
testing and evaluations are therefore requrred in order to assess ‘the actual level of

toxrcrty and its causal relatlonshrp to the fwe metals These may mclude ‘acute and _~ ;
- chronic tests on specres that are sensmve 10 the metals suspected to be in'excess of
“"the AVS and causing the toxicity. Also in situ community assessments and seasonal
‘characterizations of the SEM’ s, AVS, and interstitial water concentrations would be
appropriate. . _ B T |

. Sediment Quality Criteria Uncertainty -

The methodology for obtaining sediment qualrty crrterra relles on certain
simplifications and, for conditions 3-4, empmcaTD'artntlonmg models to'insure thatthe !

© metal activity of the sediment - interstitial water system is below effects levels. ‘As = - I

-+
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a consequence, there are uncertainties associated with their use. It is anticipated that
when final SOC are geherated, confidence limits will be generated as well. This was
the case for the ncn-ionic organic chemical SQCs. ' 1tis ‘anticipated that the derivation
of the uncertamty limits will be denved in the same way, namely by quantlfymg the

~

predictive power of the methods.

For the condition (1) criteria relating total SEM and AVS'., and for the ‘condition

(2) using rneasdred interstitial‘\}vater: concentrations; sufficient data cdrrently exists

to derive the confidence fimits. Smce these are both no effect crltena the confidence

-~ limits are set so that the predlctwe power of no effect has a high probabnhty of being
_the case. That is the criteria requirement woruld. be:

_E[SEMJ-[AVSI;[séMj;;,S T | | ' | "_(1'1-23)

. 'where ISEM].sQC'gs is computed so that g5 percerlt of the tested sediments are
' correctly classified as non toxic. Based on the results in chapters 5-7, '[SEM]SQC a5
= 0, the theorettcal value based on one to one sto:chlometnc binding of the divalent .
metals by AVS.

A similar analysis will be applled to the measured mterstrtlal water toxlc unit
ondmon The condition: '

CTU. T {(11-24)
[Fcv, seces .
where IWCTUSQC g5 is set so that 95 percent of the cases are correctly predicted.
e :‘Slnce we.have no chronic data that would show effects at the crrterla level, the acute
data base would be analyzed mstead ' '
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-= 0.5 and 'WCTUSQC,SS = 2.0

D L

4

"~ using the water only LC50°s. The criteria IWCT Usqc,es that predicted correctly with
- 95 percent confidence that less then 50 percent mortality was observed would be the

criteria that would be applied to the FCV criteria, Equation (11-24).

For condmon 3, the cntena depends addmonally on pamtlon coeffiments which
are also uncertaln to some extent. We would derlve the uncertainty bounds based on
the predactwe abuhty of the cntena That is, the acute data base would be analyzed,

not from the pomt of \new of predlctung no effect, but rather from the point of view

. of predlctmg the LC50s o_bserved in the sediment tests. That is, the equations to be

analyzed are:

A[SEM]) - | : ~
~<IWCTU . , (11-26)
~and - -
>IWCTU. - : e
2 K“qfoc[LCSDu] - o U .

R

...where the § and 95 percent conﬂdence lamxts, IWCTUSQC 5 and IWCT Usuc 95 are A

calculated such that S0 percent of the predictions are correct. For example if these

methods are reliable within a factor of two 90 percent of the time, then IWCT Usacs

.

- For condition 4, the cntena isano effect cntena For thls case, the uncertainty

--:-s'analysus would" correspond to a probabnhty analysns of the mlnnmum partmomng
. coefficients, Ky min -

A number of sedzments would be analyzed and the 5th
percentile would be estimated. This would be the recommended partition coefficient -

that would correctly classify 95 percent of the minimum partitioning sediments..

.- - 11-16
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-2 i 2. - oiv-The experimental data is available to compute-the conﬁdence limits for the no
I' R effect conditions (1) and (2) owever, the expenments requrred to compare
predicted and observed LC50's are not avallable. The splked experrments presented'
'- . - in Chapters 5t07 were all dosed with too wide a spacing of concentrations (0 1, 0.3,
S ' .~,1.0, 3.0,7and:10.0 multiples of ‘the AVS) to permlt calculatmg a reliable LC50. -
lj <. .-, -Therefore; a: selected number of sediments, * with widely varying carbon
e concentrations, would need to be tested with a much more narrow range of
. . . - u:concentrations. And the spacing'would be computed using the predicted LC50 from
I " the AVS and the organic carbon concentration. . -
l _ ' For condition (4), more-sandy low carbon sediments need to be evaluated and
l . the metal partition coefﬂcrents measured, from which a probability distribution
= « ... - analysis could be made. From the small amount of data ‘already available, it is
l L - interesting to note that even these low carbon sediments have Ka,0c ‘s that are inthe
J - e . same order of magnitude as found in the high carbon seduments
l“ SE Lk e et .'“i. Lo— . e o o
¥ .-n. - Research Recommendations: - - . -
lé . i wne -oolherearea nurnber of unfi.nished'are'as of research that need to be oonrpleted.

N . T The organic carbon partition coefficients have been developed for three metals

l». i it -in freshwater' Cu,Cd; and Pb.- The rernalnmg metals need to be completed
_ (, - i A s:rnrlar set of experiments are needed for saltwater.

I~ 'ii" l“;—'-:,l SYPUEE SR PEPOR ‘17:; R R a
,_ T ..~2. .-~ Additional expenments need to be conducted, as- outllned above, for the

rls st b __.__~uncertamty analysis of.condition 3. - These are analogous to the set of

RPN experlments performed for the non-ionic organuc chemacals

- S
- et L e
. LT Al 1 TR L LRt
. . .y = ~ . : .- . o . - ..

2 N Additional partition coefficients are needed for the low carbon sediments.
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4, An exphcnt procedure is needed to handle the cases for which the no effect

criteria are exceeded. Both field and laboratory testing methods need to be
elaborated into a staged investigation,

There are the other metals for which criteria a needed. These include
chromium, arsenic, and selenium. Some initial work has been done for chromium and
arsenic. It appears that AVS can reduce Cr(VI) to Cr{lll), and it may be able to do the

same for the other redox sensitive metals. Further work is necessary to identify the
controlling phases for these metals.

Conclusions.

A proposal for establishing sediment quality criteria for cadmium, copper, nicke.l,

' lead, and zinc has been presented. {t is based on the Equilibrium Partitioning Model.
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 criteria are satisfied .then«no' effects are expected.
If the criteria are exceeded then further study is requiréd The difficulties are related

to the .presence of multiple- bundlng species in both the solid phase and m the
mterstmal water

~ The initial solid phaae criteria is based on the strongest bin'ding phase, namely -
the AVS. If sufficient AVS is présent then no.effects are _axpected. If the
si_multaneously 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. ltis

uncertain at present whether any other solid phases need to be considered.

3
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The interstitial water criteria are based on total dissolved interstitial water
Mmetals coneentratibns Therefore, they are analogous to the water quality ‘criteria.
They do not take explicit account of metal spematlon and so they are not regulating
the metal activity. Therefore, these are also lower bound criteria. An exceedence of
the water quality criteria in the interstitial water may 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 the sediment quality cntena are aquatic llfe criteria that

apply only to benthic organisms. They do not address the water column‘-

consequences of contaminated sediments. Water column concentratuons are
determined by the transport of meta!is from the sediment to the overlying water. The
resulting concentrations would be compared to the water quality criteria for metals.

This is a separate evaluation that needs to be made if water column effects are
suspected. ' '



