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EXECUTIVE SUMMARY 

San Francisco Bay has received anthropogenic waste for decades. Sediments, in 

particular, have served as a sink for numerous contaminants. Yet, the bioavailability of 

sediment-associated chemicals to benthic organisms and, thus, the potential for ecological 

impacts remains unclear. Various testing methodologies are currently used· to assess the 

potential for impacts to the benthos associated with sediment contamination. However, 

increased development and application of these sediment quality tests has resulted in intense 

debate regarding their interpretation and reliability. 

Currently, a wealth of data exist that can be used to develop a· better understanding of 

the extent and impacts of sediment contamination in San Francisco Bay. Generated by 

numerous short- and long-term monitoring programs as well as dredged material testing, this 

data reflects both where we have been and where we are going in sediment testing. It was· 

our goal to evaluate a subset of this new data with an eye on the evolving state of our . 
Understanding of chemical processes in sediments and their influence on the toxicity of 

contaminants. 

In this report, several topical. issues relating to sediment contamination in San 

Francisco Bay are examined. Each section addresses a discrete question and includes a 

discussion of the context for the analysis as well as description of the approach used, the 

results, and implications of our findings. Although sections are meant to stand alone, linkages 

do exist among them and these are discussed where appropriate. 

In Section 1 we provide general background on sediment toxicity testing methods and 

the issues surrounding their application in San Francisco Bay. We also outline the different 

'-' component studies which comprise the San Francisco Bay data set used in subsequent 

analyses. This data set was primarily derived from harbor deepening studies and regional 

monitoring programs. 

In Section 2, we examine the frequency and magnitude of toxicity observed in both 

v 



. solid-phase and suspended-phase sediment bioassays from the San Francisco Bay data set. 

Significant toxicity using at least one bioassay test species was observed in numerous samples 

from different types of locations throughout the Bay. The results of multispecies toxicity 

testing provides a firmer basis for assessing the potential for toxic effects in these sediments. 

For any given location, patterns in toxic response generally reflected the relative influence of 

contaminant sources. The lack of concordance observed between the responses of different 

test species to the same sediments underscores the need for multispecies testing in order to 

comprehensively characterize the potential for ecological risk posed by sediment 

contaminants. 

In Section 3, correlations between toxicity and bulk sediment chemistry are examined. 

The goal of this analysis was to determine the extent to which significant correlations 

between toxicity and sediment concentrations of organic compounds and trace metals are 

observable. Rank correlation coefficients were used to assess the strength of association 

between chemical and toxicological data. Many strong associations between toxicity and both 

contaminant and non-contaminant parameters were observed. However, univariate 

concentration-response analyses identified relatively few cases for which toxicity was clearly 

attributable to increasing bulk sediment concentrations of a particular chemical or class of 

chemicals. In particular, strong associations between contaminant and non-contaminant 

parameters confounded the identification of causes of toxicity. Based on these findings, we 

conclude that future testing programs should incorporate measures of the bioavailable fraction 

of sediment contaminants. Determination of acid volatile sulfide/simultaneously extracted 

metals (A VS/SEM) ratios and a greater focus on pore water testing would improve our ability 

to discern the relative contribution of various contaminant and non-contaminant parameters to 

observed sediment toxicity. 

Section 4 addresses the relationship between sediment grain size and toxic response in 

two amphipod species (Rhepoxynius abronius or Eohaustorius estuarius). Both species are 

commonly used to evaluate toxicity of San Francisco Bay sediments. Data on grain size and 

amphipod survival were analyzed to determine whether increasing fines fraction and acute 

toxicity are positively associated. The presence of fine sediments was not consistently 

Vl 
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associated with significant mortality for either amphipod species, indicating thaf grain size 

was neither a consistent nor significant determinant of amphipod toxicity in this data set. 

Further study on this topic should focus on assessing the contribution of other sediment 

properties such as shape and composition that may differentially contribute to the toxicity of 

similarly fine-grained sediments. 

In Section 5, we compare and contrast patterns of contamination and toxicity from six 

reference sites located both within San Francisco Bay and in the ocean. The goal of this 

analysis was to assess levels of sediment contamination at all reference sites as well as to 

compare intersampling variability associated with chemical and toxicological measurements at 

in-Bay versus ocean references. Generally, we found that the concentrations of contaminants 

at these reference sites were relatively clean, although isolated instances of higher 

contamination were observed at several locations. Surprisingly, significant increases in 

toxicity were not observed in solid-phase bioassays as a result of exposure to these more 

contaminated sediments. Furthermore, intersampling variability over the course of one year 

was no greater at in-Bay than at ocean sites. Based on this analysis, we conclude that several 

of these reference sites appear to provide consistent points of comparison for continued use in 

testing programs. 

Section 6 provides an evaluation of seven different types of sediment quality 

guidelines relative to their ability to accurately predict acute toxicity in San Francisco Bay 

sediments. An overview of the derivation approach for each guideline type is presented. We 

assessed the reliability of these different guidelines by evaluating where acute toxicity 

cooccured with sediment contamination in excess of guideline values. For many of the 

chemicals measured, ERM and Puget Sound dry-weight amphipod AET values were better 

predictors of toxicity relative to the other guidelines. However, all of these sediment 

guidelines were limited in their ability to accurately predict toxicity in San Francisco Bay 

sediments. These results suggest that sediment guidelines, alone, are not adequate for 

evclluating the ecological hazards posed by contaminated sediments. However, used in 

conjunction with chemical and biological testing, region-specific guidelines may be valuable 

for the identification and prioritization of sites and/or sediments. 

Vll 
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The goal of Section 7 was to determine whether site-specific geochemical 

characteristics of sediments in this region could potentially influence the suitability of 

numerical sediment quality guidelines. To achieve this goal, we compared recently-collected 

USGS data measuring background concentrations of trace metals in San Francisco Bay 

sediments to a set of nationally-derived sediment quality guidelines (ERL valu~s). We 

determined that ERL values for several trace metals (chromium, nickel, copper, and lead) are 

either equal to or lower than background concentrations, indicating that these particular 

guideline values cannot be used to predict sediment toxicity that would be associated with 

contamination. This analysis demonstrates that a consideration of naturally occuring 

concentrations of trace metals in addition to those that are indicative of contamination is 

critical in the development and/or application of numerical guidelines to San Francisco Bay 

sediments. 

Finally, in Section 8, alternative approaches for evaluating the relationships between 

sediment contamination and toxicity are presented. Specifically, two methodologies (the 

Summed PAH model and the Critical Body Residue method) are applied to the data set in 

order to demonstrate their utility for predicting toxicity associated with specific classes of 

non-ionic organic compounds. Results using both methods suggest that organic compounds 

are not a significant determinant of toxicity in these samples. Our analysis illustrates that 

these models, when used in conjunction with results from bioassays, can provide important 

information for the identification of key contaminant classes of concern to sediment 

organisms. 

The findings summarized above must be considered as preliminary since they were 

derived from only a fraction of the sediment data currently available for San Francisco Bay. 

They do indicate, however, that existing data do not provide us with a clear understanding of 

the causes of sediment toxicity in the Bay. Focused expansion of this data set is necessary to 

more accurately determine the utility of tools such as exposure models and sediment quality 

guidelines as well as to better characterize the general trends and potential causes of 

contamination and toxicity. 
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1. INTRODUCTION 

Background 

Management of sediment quality, both locally and nationally, is important to maintain 

the beneficial uses of our nation's waters. Numerous chemicals enter marine and estuarine 

environments as a result of human activities, and a large fraction of these accumulate in the 

sediments, creating a potentially large and uncontrolled source of contamination in aquatic 

ecosystems. Sediment-associated contaminants may pose environmental risks if left in place 

or if disturbed through activities such as dredging. Dredging and the aquatic disposal of 

dredged material may cause the spread of contaminated sediments as well as potentially 

influence _the bioavailability of the chemicals contained therein. Assessment of sediment 

quality is, therefore, important both to identify contamination as well as. to determine 

appropriate remediation and/or disposal options for dredged sediments. 

The state of the art of sediment quality assessment has advanced significantly in recent 

· years, responding to the demand for robust approaches to identify potential biological impacts 

of sediment-associated contaminants. In particular, the development and proliferation of 

bioassay tests reflects an understanding that analytical chemistry alone can not provide 

sufficient information on the ecological risks of contaminants. Sediment bioassays have a 

distinctive advantage over chemical analysis because they integrate additive and interactive 

effects of the complex (often unmeasured) mixtures of contaminants which often characterize 

field sediments. Numerous reviews have been published describing methods for determining 

the toxicity of marine and estuarine sediments (Adams, et al., 1992; Lamberson, et al., 1992; 

Samoiloff, et a/., 1983 ). 

Toxicity tests are recognized as powerful tools for studying sediment-related 

contamination, and they are applicable to a wide variety of regulatory and environmental 

management considerations. These include disposal of dredged material, monitoring of 

disposal sites, remediation and clean-up activities, and the determination of the temporal and 

spatial impacts associated with sediment contamination. Moreover, bioassay data ha~e been 
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used to support the derivation of numerical sediment quality objectives (such as the Apparent 

Effects Threshold and the Effects Range-low and -median values) used in regulatory decision

making. In a research context, bioassays have been used successfully in combination with 

chemistry and benthic community surveys to predict and identify in situ sediment toxicity 

(Chapman, eta/., 1987; Swartz, eta/., 1994). 

With increased development and application of-chemical and biological tools for 

sediment toxicity assessment, debate regarding the appropriate application and reliability of 

these methods has also intensified (Chapman, eta/., 1991; Lu~ma & Carter, 1993; Spies, 

1989). As a result, a major research goal has been to improve the predictive nature of these 

techniques, while at the same time enhance our understanding of the numerous processes that 

control contaminant bioavailability and toxicity. 

Recent developments in environmental and analytical chemistry have included 

improved methods for determining the bioavailable fraction of contaminants in sediment such 

as acid volatile sulfide/simultaneously extracted metals (AVS/SEM) analysis (DiToro, et a/., 

1992) and the extraction and analysis of sediment pore water (Kemp & Swartz, 1988). 

Research addressing concerns related to bioassay testing has included: determining the 

influence of non-contaminant related factors such as grain size and ammonia on test organism 

sensitivity (DeWitt, eta/., 1988; Kohn, et al., 1994), demystifying the association between 

tissue concentrations of contaminants and toxic effects (McCarty & Mackay, 1993 ), 

development of bioassays that are based on sublethal endpoints such as genotoxic responses 

(Anderson, et al., 1994) and enzymatic markers (Spies, eta/., 1988), and the refinement of 

bioassays which evaluate the effects of life-cycle or chronic exposures to sediment 

contaminants (Moore & Dillon, 1994; Nipper, eta/., 1989). 

As a highly urbanized estuary, San Francisco Bay has proven to be a challenging 

region for sediment quality management. An estimated 5,000 to 40,000 metric tons of 

pollutants are disposed into the Bay each year by over 250 waste water treatment plants and 
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industrial dischargers (Davis, eta/., 1991). Furthermore, the contribution of contaminants 

associated with urban and agricultural non-point sources appears to be even greater than that 

from point sources. Because a large proportion of these contaminants are associated with 

particulate material, this chemical loading has a considerable influence on the quality of 

sediments in the estuary. 

Sediments and their associated pollutants are transported throughout the Bay as a result 

of both natural and human activities. Overall, tide- and wind-driven resuspension account for 

the greatest amount of sediment movement, circulating approximately 130 million cubic yards 

of sediment each year. Dredging activities are another means by which contaminated 

sediments are redistributed in San Francisco Bay. Approximately 2-10 million cubic yards of 

material are dredged annually in order to maintain ports and navigation channels at necessary 

depths in an otherwise shallow estuary. Furthermore, these dredging volumes are expected to 

increase; as plans exist for substantial deepening of existing berths and channels to 

accommodate new deep-draft vessels. Because sediment testing is extensively used to 

determine the potential ecological risks posed by both in-Bay and ocean disposal of this 

dredged material, these tests have played a prominent role in regulatory decision making. 

As testing methods have evolved and national-level debates have gained prominence, 

new concerns have arisen with respect to the use of these tools for sediment management in 

San Francisco Bay. A particular focus has been on the interpretation and application of 

sediment bioassay testing. · Questions involving the use of sediment bioassays in San 

Francisco Bay that have been raised by current data include: 

• What are the relationships between various bioa_.ssay endpoints and various measures of 

sediment contamination? 

• How robust are the bioassays for identification of impacts due to chemical 

contamination in sediments? 

• What influence do positive interferences have on the results of sediment testing? 
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• 

• 

Goals 

Can suitable reference sites be identified to serve as points of comparison for 

evaluating sediments tested as part of dredging and monitoring programs? 

Are existing sediment quality guidelines useful and appropriate as a supplement to 

bioassays for evaluating the potential for toxicity in Bay sediments? 

Previous studies have characterized the extent and magnitude of toxicity associated 

with sediment contamination in San Francisco Bay, providing important syntheses of 

historical data from sediment testing programs (Davis, eta/., 1991; Long, eta/., 1988; Long 

& Markel, 1992; BTPC, 1993). While several well-defined "hot spots" exist at which 

consistent and clear causes of toxicity have been identified, a majority of the Bay falls into a 

"grey area" in which toxicity is sometimes observed but often with no apparent cause or 

relationship to in-situ impacts. Peripheral areas such as harbors and marshes often contain the 

highest concentrations of contaminants and sporadically high toxicity. 

There remain, however, numerous unresolved concerns regarding not only the 

distribution and impacts of sediment contamination, but also the application and interpretation 

of sediment testing in San Francisco Bay. As new data are being generated by monitoring 

and regulatory programs, there is a large amount of information with which to examine, in 

greater detail, some of the current issues relating to sediment testing in the Bay. 

The goals of this report are: 

• to provide additional characterization of sediment toxicity and chemistry in San 

Francisco Bay using recently collected, high quality data, 

• to evaluate the extent to which current research themes related to sediment can be 

applied to San Francisco Bay, 

• and, in light of the above, to evaluate the certainty with which relationships between 

contamination and biological effects can be elucidated from this data. 
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Scope 

Recently collected data from several different studies was used in order to examine 

topics of current concern with respect to sediment quality management in San Francisco Bay. 

Each chapter provides general and site-specific background on a particular topic, a description 

of the approach used for data analysis, results, and discussion of the key findings relative to 

what is known for San Francisco Bay. The criteria used for study selection, as well as a brief 

description of the different sites, is presented below. 

Study selection and site characteristics 

Sediment chemistry and toxicity data were taken from eight studies. A brief 

description and reference for each study are provided in Table 1-1. Studies fell into two 

general groups based on the source of the data. 

• Harbor Studies - pre-dredging studies performed on sediments from the Ports 

of Oakland and Richmond between 1990-1991 by Battelle/Marine Sciences 

Laboratory (Figures 1-1 through 1-4). 

• SedQual 3 Studies - data collected in the San Francisco Bay 1991-1992 

Regional Monitoring Program sponsored by the San Francisco Bay Regional 

Water Quality Control Board (SFBRWQCB) (Figures 1-5 through 1-7). 

Measurement of trace metals, organics, and sediment toxicity were performed 

in separate laboratories. 
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Table 1-1. Description of the eight San Francisco Bay studies used in this analysis. 

Location 
Harbor Studies 
I. Oakland Harbor Berth Areas 

2. Oakland Inner Harbor 
(Phase 3A) 

3. Oakland Inner Harbor 
(Phase 3 A retest) 

4. Oakland Outer Harbor 
(Phase 3B) 

5. Richmond Harbor 

SedQual 3 Studies 
6. Castro Cove 

7. Critical Habitats 
(Marsh studies) 

8. SF Bay Studies 
(BayRun#1) 

(BayRun#2) 

(a) U.S. Army Corps ofEngineers 

Sampling Dates 

March, 1990 

June, 1990 

September, 1990 

November, 1990 

June, 1991 

May, 1991 

July, 1991 
October, 1991 

November, 1991 
February, 1992 

August, 1991 

April, 1992 

Contracting Laboratory/Reference 

Battelle/Pacific Northwest Laboratory 
for the Port of Oakland 

(Kohn et al., 1992a) 

Battelle/Pacific Northwest Laboratory 
for the ACOE(a) 

(Ward et al., 1992) 

Battelle/Pacific Northwest Laboratory 
for the ACOE(a) 

(Ward et al., 1992) 

Battelle/Pacific Northwest Laboratory 
for the Port of Oakland 

(Kohn et al., 1992b) 

Battelle/Pacific Northwest Laboratory 
fortheACOE 

(Pinza et al., 1992) 

Various Laboratories (b) 
forthe SFBRWQCB(c) 
(SFBRWQCB, 1994) 

Various Laboratories 
for the SFBRWQCB 
(SFBRWQCB, 1994) 

Various Laboratories 
for the SFBRWQCB 
(SFBRWQCB, 1994) 

(b) Participating laboratories in the Regional Monitoring Program include: UC Santa Cruz, UC Berkeley, Lawrence 
Berkeley Laboratories, CA Department ofFish and Game, Moss Landing Marine Laboratories, Granite Canyon 
Marine Laboratories, US Geological Survey, and Ecoanalysis. 

(c) San Francisco Bay Regional Water Quality Control Board 
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Location of samples taken for the Port of Oakland Inner Harbor studies (Phase 3A and Phase 3A retest) 
during June and September 1990 (adapted from Battelle, 1992c). 

II 



,_. 
I 
\0 

O-C2EB 

O-C1 EB 

EB 
O-C3 

I-C2EB 

San 
Francisco 

Bay 

~ 

outer 
Harbor O-C7 

EB 
I-C3 

O-C6 EB EB 

0 1/4 1/2 3/4 1 

Figure 1-3. 

Miles 

Location of samples taken for the Port of Oakland Outer Harbor study (Phase 3B) during November 1990 
(adapted from Battelle, 1992b ). 



-I -0 

~ Richmond Harbor Entrance Channel 

0 1/4 1/2 3/4 1 

Miles 

(J) 

~ 

.a a 
~% 
""'"0 

,!:>
Potrero 
Turn 

Figure 1-4. Location of samples taken for the Port of Richmond deepening study during June 1991 (adapted from 
Battelle, 1992d). 



0 1/2 

Miles 

GD12 and 
GD22 E9 

Figure 1-5. Location of samples taken for the SedQual 3 Castro Cove study during 
May 1991. Note that sites GD10/GD20 and GD22/GD12 indicate deep and 
depositional layer cores taken from the same location (adapted from 
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Figure 1-6. 

San Pablo Bay 

Location of samples taken for the SedQual 3 Marsh studies on multiple dates in 
1991 and 1992 (adapted from SFBRWQCB, 1994). 
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Figure 1-7. Location of samples taken for the Sed Qual 3 Bay Run studies # 1 and #2 during 
August 1991 and April 1992 (adapted from SFBRWQCB, 1994). 



The following were general criteria for study selection: 

• recently conducted (1990-1992), 

• paired bioassay and sediment chemistry testing, 

• statistically significant toxicity observed with at least one test species in 

multiple samples, 

• sediment bioassays include both solid- and elutriate-phase tests, 

• sediment chemistry analysis include trace metals, polynuclear aromatic 

hydrocarbons (PAHs), pesticides, and polychlorinated biphenyls (PCBs). 

The resulting data set includes sediments from a wide range of different locations (mid-Bay, 

marshes, mudflats, navigation channels, port berths, and in-Bay and offshore reference sites) 

representing areas both proximal to and removed from known sources of contamination. 

The chemical and physical parameters measured were consistent within the Harbor and 

SedQual 3 groupings, but not between them. The largest differences in analytes measured 

were for the chlorinated pesticides for which 19 out of a total of 29 pesticides were unique to 

one of the two study groups. Furthermore, the components of chemical classes such as total 

low molecular weight P AHs (LP AH), total high molecular weight P AHs (HP AH), and total 

PCBs were not comparable for the two study groups. For example, several LPAHs 

(naphthalene, acenaphthylene, acenaphthene, and fluorene) were measured in the Harbor 

studies but not in SedQual 3, whereas several HPAHs (such as benzo(e)pyrene and 

methylphenanthrenes) were only measured in the SedQual 3 analysis. A complete list of the 

physical and chemical parameters analyzed in each grouping is provided in Table 1-2. 

Although all the studies had solid-phase and elutriate toxicity testing components, the 

actual test species used and extent of testing were not consistent between studies. For 

example, all of solid-phase testing in the SedQual 3 studies was done using either the 

estuarine amphipod, Eohaustorius estuarius or the marine amphipod, Rhepoxynius abronius. 

In contrast, solid-phase testing in the Harbor studies was performed using several different 
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Table 1-2. Physical and chemical parameters reported in San Francisco Bay sediment data sets. 

Measurements 

Physical 

LPAH 

HPAH 

Pesticides · 

Trace metals 

Other 

·In Common 

%sand 

Anthracene 
Phenanthrene 

SedQual3 
(tmique) 

Fluoranthene ! Benzo( e )pyrene 

Pyrene :,,!Methylphenanthrene 
Benzo( a )anthracene 

Chrysene ! 

Benzo(b,k)fluoranthen~'.' 
Benzo( a )pyrene 
Dibenzo( a,h)anthracen~ 
Benzo(g,h,i)perylene ) 
Indeno(l ,2,3-c,d)pyren~ 
Alpha-BHC 

Beta-BHC 
Delta-BHC 
Gamma-BHC 
Heptachlor epoxide 
Total chlordane 
p,p'-DDD 
p,p'-DDE 
p,p'-DDT 

Arsenic 

Cadmium 
Chromium 
Copper 
Lead 
Mercury 
Nickel 
Silver 
Selenium 
Zinc 
Total organic carbon 
Total PCB 
Tributyltin 

!o,p'-DDD 
)o,p'-DDE 

!o,p'-DDT 
!p,p'-DDMU 
) Oxychlordane 
! Gamma-Chlordane 
)Alpha-Chlordane 
/cis-Nonachlordane 
!trans-Nonachlor 
iHexachlorobenzene 

1-15 

Harbor Studies 
(tmique) 

%gravel 

%silt 
%clay 
Acenapthene 
Fluorene 
Phenanthrene 
Anthracene 
Napthalene 
Acenaphthylene 

Endosulfan I & II 
Endosulfan sulfate 
Endrin 
Endrin aldehyde 
Dieldrin 
Methoxychlor 
Toxaphene 
Aldrin 

Monobutyltin 
Dibutyltin 
Oil and Grease 
Total petroleum hydrocarbon 
Total volatile solids 



species: the· amphipod (R. abronius), the infaunal polychaete (Nephtys caecoides), and the 

sanddab {Citharichthys stigmaeus). The elutriate tests in the SedQual 3 studies used either 

larvae from the pacific oyster (Crassostrea gigas) or the bay mussel (Mytilus 

galloprovincialis). In addition to oyster and mussel larvae, the mysid shrimp, Holmesimysis 

sculpta and the sanddab (C. stigmaeus) were used for elutriate-phase testing in the Harbor 

studies. A list of the test species considered in this report as well as the studies in which they 

were used is provided in Table 1-3. 

Several of these studies had additional chemical and biological testing data that was 

used in this report. For example, each of the Harbor studies included a 28-day solid-phase 

bioaccumulation test using the bentnose clam (Macoma nasuta) and a polychaete 

(N. caecoides). The Castro Cove component of SedQual 3 included analyses of trace metal 

contamination and toxicity in pore water samples. 

Generally, sediment handling and testing protocols were similar between the Harbor 

and Sed Qual 3 studies. However, because these studies represent. the independent efforts of 

several different laboratories, the degree and nature of the quality assurance and quality 

control is not consistent among studies. Potential areas of interlaboratory variability include 

sediment holding times, sample preparation, chemical analysis methodologies, and test 

organism quality and holding. 
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Table 1-3. A summary of the test species and testing conditions used in this report. 

Test Species Lifestage 

Amp hi pod adult 
Rhepoxynius.abronius 

Amphipod adult 
Eohaustorius estuarius 

Polychaete worm adult 
Nephtys caecoides 

Bentnose clam adult 
Macoma nasuta 
Speckled sanddab juvenile 

Citharichthys stigmaeus 
Bay mussel embryo 

Mytilus gal/oprovincialis 
Pacific oyster embryo 

Crassostrea gigas 
Mysid shrimp adult 

Holmesimysis scu/pta 
Purple sea urchin sperm/egg 

Strongylocentrotus purpuratus embrvo 

(a) Key to study nwnbers found in Table 1-2. 

(b) Static test system 

(c) Flow-through test system 

Endpoint 

survival· 

survival 

survival 
bioaccumulation 

survival 
bioaccumulation 

survival 

survival 
development 

survival 
development 

survival 

fertilization 
develooment 
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Exposure 
Period 
10 day 

10 day 

10 day 
28 day 
10 day 
28 day 
10 day 
96 hrs 
48 hr 

48 hr 

96 hr 

lhr 
48 hr 

Sediment 
Phase 

solid/static (b) 

solid/ static 

solid/FT( c) 
solid/FT 
solid/FT 
solid/FT 
solid/FT 
elutriate 
elutriate 

elutriate 

elutriate 

pore water 

Study (a) 
Reference 
1,2,4,5,8 

6,7,8,9 

1,3,4,5 
1,3,4,5 
1,3,4,5 
1,3,4,5 
1,2,4,5 
1,2,4,5 
4,5,7 
4,5,7 

1,2,6,7,9 
1,2,6,7,9 
1,2,4,5 

6 
6 



2. PATTERNS OF TOXICITY IN FOUR GENERAL SITE CLASSES 

Introduction 

Sediment bioassays are an important tool for sediment quality management. They are 

used extensively to monitor in situ sediment quality as well as to make regulatory decisions 

about the ecological hazards associated with the disposal of dredged material. In recent years, 

a large amount of toxicological data has been generated as part of monitoring and regulatory 

programs in San Francisco Bay. It follows that there is the need for a general 

characterization of the degree and extent of toxicity observed in this new data, because there 

is little known about the actual distribution of toxicity among various habitat types. 

Goals 

The goals of this analysis are to assess the frequency and magnitude of bioassay 

toxicity in this San Francisco data set as well as to determine the extent to which patterns of 

toxicity are predicated on the influences of contaminant sources at different sites. This 

analysis does not, however, include a formal comparison among the sites since the data are 

from different studies, each having independent sampling designs. 

Approach 

Bioassay data from eight of the studies in the San Francisco Bay data set (described in 

Section 1) were divided into four site groupings characterizing a range of sediment types and 

degrees of contamination: 

• harbor navigation channels, 

• marshes, 

• mid-Bay, 

• and an area known to be highly contaminated (ie., Castro Cove). 
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The number of bioassay species and type of exposures (solid-phase and elutriate) performed 

in a study were generally consistent within each site grouping1
• 

The frequency and magnitude of toxic response was determined for each of these four 

types of sites by dividing the response endpoints (survival and normal development) into four 

impact categories: extremely high effects (75-100% mortality/abnormality), high effects 

(75-50% mortality/abnormality), moderate effects (50-25% mortality/abnormality), and low/no 

effects (25-0% mortality/abnormalityf We then identified the number of samples for which 

response of at least one test species fell into the extremely high, high, and moderate 

categories. All other samples were counted in the low/no toxic response category. Summed, 

the percentages for all four effects categories constitute unity. We also determined the 

number of samples for which responses in at least two species fell within the extremely high, 

high, and moderate categories. Excluded from this second calculation were samples in the 

low/no toxic effects category. 

Results 

Many of the samples in our data set elicited either moderate toxic effects (50-25% 

mortality/abnormality) or low/no effects (25-0% mortality/abnormality) in only one test 

species. Specifically, in the harbor navigation channels and mid-Bay groupings, 71-86% of 

the samples were of either moderate or low toxicity to one test species (Figure 2-1). For 

marsh samples (Figure 2-2a), the magnitude of toxicity was more evenly distributed over all 

the effects ranges. Only at the Castro Cove site, did a majority (67%) of the samples fall into 

the extremely toxic category (Figure 2-2b ). 

1 One exception was the samples from the Oakland Inner Harbor Phase 3A retest study which were tested using 
only two species. 

2 It is important to emphasize that categorization of samples into impact categories was not contingent on 
statistical significance. Thus, there were sediments in the low/no effects category for which survival was 
significantly decreased relative to that observed in the control. 
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Figure 2-1. Magnitude of toxicity observed in sediment samples from (A) harbor 
navigation channels (n=69) and (B) mid-Bay stations (n=30) in San Francisco 
Bay. 
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Figure 2-2. Magnitude of toxicity observed in sediment samples from (A) marshes (n=34) 
and (B) Castro Cove (n=30). 
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It is important to note that although the results above are expressed in terms of effects 

on a single test species, this was not consistently the same test species. The particular 

toxicity endpoint (e.g., bivalve abnormal development, amphipod and polychaete mortality) 

that determined the highest effects category of a given sample often differed between samples 

within a site grouping. 

Overall, there was very little concordance among test species in the magnitude of their 

response to the sediment samples (represented by filled bars in Figures 2a-d). For all four 

site groups, the percentage of samples that were similarly toxic to more than two species was 

low (0-19%). 

Discussion 

Generally, we found that the distribution of toxic response in the San Francisco Bay 

sedimeJ;tt corresponded well with what might be expected, given the general characteristics of 

the four site groupings. 

Harbor navigation channels: In general, sediment samples taken from the harbor 

navigation channels (Figures 1-2 through 1-4) are not expected to be highly toxic, despite 

their proximity to industrial activity. Because these navigation channels are frequently 

dredged, the near-surface sediments result from short-term deposition and are, therefore, less 

likely to be contaminated. The deeper sediments, when these have never been dredged or 

exposed, generally have low levels of contamination3
. Of the 69 navigation channel samples 

considered in this analysis, 86% fell into either the low/no or moderate effects categories. 

Results of toxicity testing from the Oakland Harbor Berth Areas (Figure 1-1) study 

were not included in this analysis, because these areas represented a substantially different 

3 Although all four Harbor studies used in this analysis were tests of material from deepening projects, the depths 
represented by these samples varied considerably betwee~ studies, with the Oakland Inner Harbor samples consisting 
of deeper sediments (38-44ft below water level) and most of the Oakland Outer Harbor and Richmond Harbor 
sediments consisting of both the shallow and deeper sections of the cores (mudline to 44ft below water level). 
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contamination regime. In general, sediments from berth areas are more likely to be 

contaminated and, therefore, toxic due to their close proximity and susceptibility to land-based 

activities. Because berths are often dredged less frequently than navigation channels, there is 

also a greater chance for contaminants to accumulate over time. The berth data was not 

analyzed as an individual site grouping, because the number of samples was too small (n=6). 

Mid-Bay: Sediments sampled as part of the SedQual 3 Bay Studies #1 and #2 (n=30 

per study) were primarily from mid-Bay areas off the main navigation channels (Figure 1-7). 

Many of the sampling stations were located in areas which are removed from known sources 

of contamination. Thus, we expected (and observed) toxicity to be normally distributed, with 

the majority of the samples having low to moderate toxic effects. 

Marshes: The marsh samples from SedQual 3 were collected at 34 stations located in 

both mudflats and in marshes, some of which were proximal to point sources of 

contamination such as storm drains (Figure 1-6). The even distribution of toxicity that was 

observed may reflect the varied influence of anthropogenic factors at these marsh sites. 

Castro Cove: The six stations sampled at Castro Cove were located. on a presumed 

gradient of contamination moving away from the historic outfall of a petroleum refinery 

(Figure 1-5). High concentrations of both organic compounds and trace metals measured in 

sediments at several of these stations are reflected in the high to extremely high toxicity 

observed in 80% of the samples (n=30). 

Although many sediment samples were toxic to more than one of the species tested, it 

was rare that the magnitude of toxic response was equal for any two species. This pattern is 

particularly evident in the Castro Cove study. Although a high percentage (80%) of samples 

elicited greater than a 50% toxic effect to at least one species, less than 10% of these samples 

were similarly toxic to any two test species. The extent of interspecies differences in the 

magnitude of their toxic response to sediments underscores the need for multispecies toxicity 

testing to comprehensively characterize the ecological hazards posed by sediment-associated 
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testing to comprehensively characterize the ecological hazards posed by sediment-associated 

contaminants. 

Conclusions 

Results of this analysis demonstrate that there are variations in the magnitude and 

distribution of toxicity between harbor navigation channels, mid-Bay sites, marshes, and a 

highly contaminated area. Patterns in toxic response generally reflected the relative influence 

of anthropogenic sources of contamination atthese different types of locations. Toxicity 

testing with multiple species is essential to elucidate such patterns. 
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3. CORRELATIONS BETWEEN TOXICITY AND BULK SEDIMENT 
CHEMISTRY 

Introduction 

Previous analyses of San Francisco Bay data have come to differing conclusions 

regarding the influence of anthropogenically-derived sediment contamination on toxicity 

observed in sediment bioassays. Several studies have reported that there are few, if any, 

correlations between bulk measures of individual sediment contaminants and toxicity (Davis, 

eta/., 1990; Risebrough, 1994). These studies have suggested that non-contaminant 

parameters such as total organic carbon, total volatile solids, and grain size have a greater 

influence than do contaminants on toxicity observed in sediments. In the latter study, 

however, the identification of potential causes of toxicity was confounded by the high degree 

of correlation among the various chemical parameters themselves. While Long and Buchman 

(1989) also observed relatively strong relationships betweenthe TOC content of sediments 

and their toxicity to bivalve larvae and amphipods, similarly strong correlations were observed 

for numerous contaminants. Long and Markel (1992), using information from a relatively 

large data base, observed strong and very significant correlations between various organic and 

inorganic sediment chemicals and toxicity, while correlations using TOC and sediment grain 

size, when significant, were generally weak. 

Goals 

Since the publication of the above studies, additional synoptic sediment chemistry and 

toxicity data have become available. The goal of this analysis was to examine recently

collected data to determine the extent to which correlations between toxicity and the bulk 

sediment concentrations of organic compounds and trace metals were observable. In addition, 

we evaluated the degree to which correlations between non-contaminant parameters and 

sediment contaminants obscure the identification of factor(s) responsible for toxicity. 
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Approach 

To evaluate relationships between toxicity and chemical contamination, correlation 

- analyses were conducted on data from the SedQual 3 and Harbor studies (described in Section 

1) using Spearman's nonparametric rank correlation (r5) (Daniel, 1990). Rank correlation 

coefficients were also used to measure the strength of association between concentrations of 

chemical parameters and the organic carbon content of the sediment A non-parametric 

statistical procedure was used, because preliminary evaluations of the SedQual 3 data set 

indicated that these data do not meet the normality criteria required for use of parametric 

procedures (Risebrough, 1993). Correlation analyses were conducted using individual 

chemicals as well as various classes of organic compounds such as low molecular weight and 

high molecular weight polynuclear aromatic hydrocarbons (LPAH and HP AH) and total 

PCBs1
• Concentrations of all organic compounds were normalized to the organic carbon 

content of the sample (OC-normalized); whereas, trace metal concentrations are dry-weight 

values. For correlation analysis, studies were grouped in the following manner: 

• Rank correlations were calculated on a per-study basis for the Harbor studies (Figures 

1-1 through 1-4) and the Castro Cove study (Figure 1-5). 

• Additional correlations were calculated for each of the Harbor studies using only those 

samples with greater than 0.2% total organic carbon (TOC). This was important 

because many samples had extremely low carbon content such that OC-normalization 

may have overestimated the potentially bioavailable fraction. 

• Correlation analysis using data from the four Critical Habitat Studies 

(Sed Qual 3; Figure 1-6) \Yas performed on a combined data set These studies are 

hereafter collectively referred to as the Marsh study. 

1 Relationships between grain size variables and sediment toxicity samples are addressed separately in 
Section 5 
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• Correlations for the two Bay Run studies (Sed Qual 3; Figure 1-7) were performed on 

individual as well as the combined data sets. Sediment samples from Bay Run #1 and 

Bay Run #2 were collected from the same stations in August 1991 and April 1992. 

All studies in the San Francisco Bay data set included sediment analysis of P AHs, 

PCBs, chlorinated pesticides, and trace metals. However, the component chemicals of these 

classes varied between the Harbor and SedQual 3 studies, particularly for the pesticides and 

LP AHs (See Table 1-2 in Section 1 ). For example, compounds that were unique to Sed Qual 

3 include several chlordane pesticides, hexachlorobenzene, and total organic nitrogen. 

Compounds that were measured only· in the Harbor studies include pesticides such as aldrin, 

dieldrin, toxaphenes, and endosulfan, as well as several LPAHs such as fluorene, 

acenaphthylene, napthalene, and acenapthene. These analytical differences must be taken into 

consideration when comparing the results of correlation analysis between SedQual 3 and 

Harbor studies. 

Results 

Overall, significant rank correlations with toxic effects were observed for numerous 

individual chemical parameters in both the Harbor and SedQual 3 studies (Tables 3-1 and 

3-2). Upon closer examination, however, these correlations were rarely demonstrative of 

cause-effect relationships. Below, results of the correlation analyses are presented 

individually for the Harbor and SedQual 3 groups. 

Harbor studies: The rank correlations between toxicity and concentrations of 

numerous chemical and nonchemical parameters were relatively strong and significant in 

samples from the Harbor studies (Table 3-1). Of the five studies, the Oakland Harbor berth 

areas had the highest number of significant rank correlations between sediment contaminants 

and toxicity. When all 12 samples were included in the analysis, 19 chemicals were strongly 

associated with toxicity in at least one test species (p<O.OS). Limiting the analysis to only 
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Table 3-1. Significant Spearman rank correlations for the Harbor studies 

Correlation Coefficients 
Study Chemical Parameter N caecoides R abronius bivalve larvae [a] 
(sample size) (% mortality) (%mortality) (%abnormal) 

Oakland Harbor 
Outer Harbor (Phase 3B) Tributyltin NT NS 0.90 ** 
Amphipod (n=22) Lead NS 0.86 ** 
Bivalve (n=7) Silver NS 0.82 **/*** 

Samples >0.2% TOC NT NS NS 
Amphipod (n=l5) 

Bivalve (n=7) 

Inner Harbor (Phase 3A) NT NS NT 
Amphipod (n=22) 

Samples >0.2% TOC NT NS NT 
Amphipod (n=8) 

Inner Harbor NS NT NT 
(Phase 3A Repeat) 
Polychaete (n=22) 

Samples >0.2% TOC Anthracene 0.77 ** NT NT 
Polychaete (n=lO) LPAH 0.73 ** 

Total organic carbon 0.69 ** 
Benzo( a )anthracene 0.68 ** 
Phenanthrene 0.68 ** 

- HPAH 0.67 ** 
Indeno(1,2,3-c,d)pyrene 0.67 ** 
Benzo(b,k)fluoranthene 0.67 ** 
Pyrene 0.65 ** 
TotalPAH 0.65 ** 

Richmond Harbor 
polychaete/amphipod (n=l2) Arsenic 0.64 ** NS NS 
bivalve (n=7) Lead NS NS NS 

Silver NS NS NS 

Samples >0.2% TOC NS NS NS 
polychaete/amphipod (n=ll) 

!bivalve (n=7) 

[a] B1valve species used in Phase 3B was Mytilus galloprovincialis. 

* p< 0.01; ** p<O.OS; ***Significant correlation (p<O.OS) between chemical parameter and total organic carbon 

NT not tested 

NS no significant correlations 
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Table 3-J continued. Significant Spearman rank correlations for the Harbor studies 

Correlation Coefficients 
Study Chemical Parameter N. caecoides R. abronius bivalve larvae [a] 
(Sample sizel (%mortality) (% mortality) (% abnormal) 

Oakland Harbor 
Berth Areas 
polychaete/amphipod (n=l2) Benzo(g,h,i)perylene 0.85 ~ 0.60 ** NS 
bivalve (n=7) Indeno( I ,2,3-c,d)pyrene 0.85 * NS NS 

Acenaphthylene 0.81 * NS NS 
Dibenzo( a,h)anthracene 0.75 * NS NS 
Total PCB 0.73 ** NS NS 
Lead 0.72 ** 0.67 ** NS 
DDD 0.67 ** NS NS 
Benzo( a )pyrene 0.61 ** NS NS 
Naphthalene 0.61 ** NS NS 
Copper 0.61 **/*** 0.82 */*** NS *** 
Benzo(b,k)fluoranthene 0.61 ** NS NS 
Mercury 0.60 **/*** 0.83 */*** NS *** 
Total organic carbon NS 0.60 ** NS 
Dieldrin NS *** 0.60 **/*** NS *** 
Nickel NS *** 0.86 */*** NS *** 
Silver NS *** 0.80 */*** NS *** 
Zinc NS *** 0.74 */*** NS *** 
Selenium NS 0.61 ** NS 
Tributyltin NS NS 0.86 ** 

Samples >0.2% TOC [b] Benzo(g,h,i)perylene 0.87 * NS 1.0 * 
polychaete/amphipod (n=9) Benzo(b,k)fluoranthene 0.87 * NS NS 
bivalve (n=S) Indeno( 1 ,2,3-c,d)pyrene 0.87 * NS NS 

Dibenzo( a,h)anthracene 0.86 * 0.71 ** 1.0 * 
Acemi.phthylene 0.86 * NS NS 
Total PCBs 0.86 * NS NS 
Benzo( a )anthracene 0.85 * NS NS 
Benzo( a )pyrene 0.85 * NS NS 
Fluoranthene 0.85 * NS NS 
Pyrene 0.85 * NS NS 
Total organic carbon NS 0.71 ** NS 

[a] Bivalve species used in Riclunond Harbor was Mytilus galloprovincialis; Crassostrea gigas was used in Berthing areas. 

[b] Representative significant rank correlations. Only representative values are presented because significant (p<O.OS) 

correlations existed between N. caecoides mortality and all chemical parameters measured with the exception ofTOC, 

DDE, DDT, and Dieldrin. All chemicals, having significant correlations with R. abronius and bivalve larvae are listed. 

* p< 0.01; ** p<O.OS; ***Significant correlation (p<O.OS) between chemical parameter and total organic carbon 

NT not tested ; NS no significant co~elations 
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Table 3-2. Significant Spearman rank correlations for SedQual3 studies 

Correlation Coefficients 
Study Chemical Parameter E. estuarius C. gigas 
(sample size) (%mortality) (%abnormal) 

BayRun#1 Total organic nitrogen 0.67 * NS 
Amphipod (n=IS) Total organic carbon 0.62 *** NS 
Bivalve (n=13) 

BayRun#2 Nickel 0.73 */*** NS *** 
Amphipod (n=l4) Cobalt 0.58 **/*** NS *** 
Bivalve (n=l4) . 
Bay Runs # 1 &2 Total organic nitrogen 0.56 * NS 
Amphipod (n=29) Nickel 0.51 */*** NS *** 
Bivalve (n=27) Total organic carbon 0.50 * NS 

Chromium 0.49 */*** NS *** 
Dibenzo( a,h)anthracene 0.41* NS 
Zinc 0.38 **/*** NS *** 

Marshes Total organic nitrogen 0.42 **/*** NS *** 
Amphipod (n=36) 

Bivalve (n=35) 

Castro Cove [a] Zinc 0.96 * 0.36 ** 
Amphipod (n=32) Nickel 0.94 * 0.41 ** 
Bivalve (n=32) Lead 0.92 * 

Copper 0.91 * 0.36 ** 
Silver 0.90 * 0.44 ** 
Total organic- carbon 0.89 * 0.43 ** 
Total organic nitrogen 0.89 */*** 0.43 **/*** 
Chromium 0.84 * 0.37 ** 
x -Methyl phenanthrene 0.68 */*** NS *** 
Total DDT 0.54 */*** NS *** 
BetaHCH 0.44 **/*** 0.45 */*** 
Benzo(k)flouranthene 0.44 **/*** 0.35 **/*** 
Hexachlorobenzene 0.43 **/*** 0.42 **/*** 
TotalPCBs 0.41 ** 
TotalPAHs 0.40 **/*** 0.36 **/*** 
Lindane 0.37 **/*** 0.41 **/*** 

* p< 0.01; ** p<O.OS 

*** Significant correlation (p<O.OS) between chemical parameter and total organic carbon. 

NT not tested 

NS no significant correlations 

[a] Representative significant rank correlations. Only representative chemicals are presented 

because significant correlations (p<O.OS) existed between amphipod mortality and all chemicals 

measured with the exception offluoranthene, phenanthrene, and the pesticide Alpha HCH. 

All significant coefficients for bivalve development are included 
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those nine berth samples with greater th~ 0.2% TOC, we observed significant associations 

between toxicity and every chemical parameter tested with the exception of three pesticides 

(DDT, DDE, and dieldrin). Significant rank correlations were also observed for ten chemicals 

in samples from the repeat testing of the Oakland Inner Harbor channel when analysis was 

limited to the ten samples with greater than 0.2% TOC. These correlations were generally 

weaker than those seen in the berth areas. In contrast, only four chemical parameters (three 

trace metals and tributyltin) were significantly associated with toxicity in the Oakland Outer 

Harbor and Richmond Harbor studies. Significant correlations between chemical parameters 

and TOC were infrequent and limited to six trace metals and one pesticide. 

Most of the significant correlations observed in the Oakland Harbor berth areas and 

Oakland Inner Harbor studies were in relation to mortality of the polychaete, Nephtys 

caecoides. Concentration-response relationships using N. caecoides, however, were not 

particularly strong, as mortality never exceeded 31% in these data sets. Strong correlations 

were also seen in the Berthing Areas study between concentrations of nearly all the trace 

metals measured and mortality in the amphipod Rhepoxynius abronius, albeit over a very 

narrow range of mortality (4-28%) and contaminant concentrations. Strong correlations that 

are potentially demonstrative of a cause-effect relationship were observed between the bivalve 

abnormality endpoint and concentrations of the antifoulant, tributyltin, in both the Oakland 

Outer Harbor and Berthing areas studies2 (Figure 3-1). 

SedQual 3 Studies Nearly all the significant rank coefficients observed for the 

SedQual 3 grouping were limited to the Castro Cove study (Table 3-2). At Castro Cove, 

significant associations existed between mortality in the amphipod Eohaustorius estuarius and 

all parameters except two PAHs (fluoranthene and phenanthrene) and the pesticide, Alpha 

HCH. Significant correlations were also observed between concentrations of 12 chemicals 

and larval abnormality in Crassostrea gigas. 

2Tributyltin was detected in only four samples from the SedQual 3 studies and thus was not included in rank 
correlation analysis for this data. 
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In all of the SedQual 3 studies, TOC and/or TON were among the chemical 

parameters most strongly associated with toxic effects3
. Scatter plots for TOC-mortality and 

TON-mortality from the Castro Cove demonstrate a strong association (Figure 3-2). In the 

Castro Cove study, particularly strong associations were also observed between TOC and all 

of the organic chemicals which, themselves, were significantly associated with toxicity. A 

good example of this correlation pattern is seen for two pesticides, methylphenanthrene and 

total DDT. These two chemicals had the highest rank coefficients relative to toxicity (Figures 

3-3a and 3-3b) and were significantly associated with TOC (Figure 3-4). 

The highest rank correlation coefficients evident in the Castro Cove data were between 

concentrations of trace metals (zinc, nickel, lead, copper, and silver) and amphipod mortality. 

The concentration-response relationships for these metals are presented in Figure 3-5. Effects 

Range-Low (ERL) and, where possible, Effects Range-Median (ERM) values for each metal 

are included on these figures. These values indicate the low end of the range of sediment 

concentrations in which toxio effects were observed in a national data base (Long, et al., in 

press). The highest E. estuarius mortality was observed in four samples from one station 

(GD20) which consistently exhibited the highest sediment trace metal concentrations. 

Rank correlation coefficients between nearly all trace metals measured and oyster 

larvae abnormality were also significant in Castro Cove (p<0.05). The concentration-response 

plots for these metals, however, show that determination of significant association was highly 

influenced by a small number of samples in the high concentration ranges (exemplified in 

Figure 3-6). 

Combining the data from the Bay Run #1 and #2 studies resulted in a higher number 

of significant associations with amphipod mortality than was observed using either of the Bay 

Run studies alone (Table 3-1). While the scatter plots for TOC and TON (Figure 3-7a and 

3-7b) show a strong concentration-response relationship, those for the chemical parameters 

3 TON not measured in any of the five Harbor studies. 
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Figure 3-3 
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Figure 3-6. 
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(exemplified in Figure 3-7c and 3-7d by nickel and dibenzo(a,h)anthracene) showed weak 

relationships over concentration ranges that were lower than those expected to cause mortality 

in E. estuarius. Significant associations were observed between TOC and three trace metals 

in the combined data set. 

In both the Harbor and SedQual 3 studies, a higher number of the significant rank 

correlations were associated with the solid phase toxicity tests as compared to the bivalve 

elutriate tests. For example, in the Castro Cove study, significant correlations with 

E. estuarius mortality were observed for 45 chemical parameters (Table 3-2). In contrast, 

there were only 12 chemical parameters that were significantly correlated with the oyster 

larval toxicity endpoint. Likewise, in the Oakland Harbor Berth Area study (Table 3-1), 

significant coefficients associated with polychaete or amphipod mortality existed for anywhere 

between 1 0 to 21 chemical parameters, depending on the test species and sample size used; 

whereas, significant correlations with bivalve larval abnormality were evident for only four 

chemicals. 

Discussion 

Spearman Rank analysis was chosen as a first-order approximation of the potential for 

concentration-response correlations between chemical parameters and toxicity e_ndpoints. The 

rank correlation coefficient (rs) gives an indication of the strength of association between any 

two variables. However, these correlations only demonstrate covariance and are not 

necessarily an indication of causality. Clearly, there are significant limitations to using 

univariate chemical measures to explain biological response in a multivariate exposure 

scenario. Further information such as synoptic measurements of chemistry and toxicity in 

pore water and the A VS/SEM ratios of sediments are necessary to better estimate exposures 

as well as to discriminate between the relative contributions of co-occurring chemicals to 

toxicity. Most of the studies in our data set lacked such information; however we attempted 

to compensate for this by including chemical classes (such as PAHs and total PCBs) as 
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variables in the rank correlation analysis as well as OC-normalizing concentrations of all 

organic compounds. 

In both the Harbor and SedQual 3 groupings, stronger associations between 

contamination and toxicity were observed in studies for which samples were taken proximal 

to intensive industrial activity and/or point sources of contamination. Samples from outer 

harbor channels (Oakland Outer Harbor and Richmond Harbor) or generally removed from 

direct influence of point discharges (Bay Runs #1 and #2 and Marsh Studies) had fewer 

significant rank correlation coefficients between chemicals and toxic endpoints. 

It is unclear whether the strong correlations observed between organic carbon content 

and biological effects are an indication that sediment toxicity is related to non-contaminant 

parameters or whether these correlations are merely a consequence of the strong association 

often observed between sediment contaminants and TOC. Particularly at Castro Cove, strong 

correlations between numerous organic compounds and TOC made it difficult to distinguish 

which contaminant or non-contaminant components were responsible for the toxicity observed. 

On one hand, TOC was significantly correlated with at least one toxicity endpoint in nearly 

all of the SedQual 3 and Harbor studies~ and, in several studies, it was one of the parameters 

for which the strongest correlations were observed. On the other hand, the strong correlations 

often observed between TOC and organic compounds and trace metals suggest that these 

TOC-associated contaminants (and not the TOC itself) may be responsible for the toxicity 

observed. The fact that fine sediment grain size (often associated with higher levels of TOC) 

is not a significant determinant of amphipod toxicity in either Harbor or SedQual 3 sediments4 

suggests that contaminants associated with organic carbon, rather than natural sediment 

characteristics, are a likely cause of the toxicity observed in these samples. 

In several studies, strong associations were observed between bulk concentrations of 

trace metals and toxicity. Upon closer examination, however, the concentration-response 

4 See results of Section 5 for a further discussion. 
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relationships for these trace metals were often weak or occurred over narrow concentrations 

and/or response ranges. For example, although clear concentration-response relationships 

were observed for all trace metals measured in Castro Cove sediments, a m_ajority of the 

samples had trace metal concentrations that were approximately equal to or lower than the 

highly conservative ERL values5 (Figure 3-5). Indeed, concentrations of individual trace 

metals in many of these samples are lower than levels expected to be of concern for toxicity 

in San Francisco Bay6 (Ross, personal communication). This suggests that trace metals may 

be additive in their toxic effects or that they are simply co-occurring with a more probable 

cause of toxicity such as petroleum hydrocarbons which ar~ abundant at this site (Taberski, 

personal communication). 

Many of the samples in the Harbor studies had a very low organic carbon content, 

limiting the utility of OC-normalization for these samples and potentially skewing the 

outcome of the rank correlation analysis. For this reason, a second analysis was performed 

for each of the five Harbor studies using reduced data set consisting only of those samples 

that had TOC greater than 0.2%. While a larger number of significant associations were often 

observed for some of these reduced data sets, low ranges· of contamination and toxic response 

generally precluded identification of factors responsible for toxicity. 

A higher number of significant rank associations between chemical parameters and 

toxicity were observed using solid phase tests (amphipod and polychaete) as compared to the 

5 The predictive accuracy for ERLs and ERMs for toxicity in San Francisco Bay sediments is discussed in 
detail in Section 7. 

6 We performed a supplemental analysis of pore water chemistry and toxicity data from Castro Cove, the 
results of which demonstrate that trace metal contamination is an unlikely cause of toxicity at this location. 
Concentrations of individual trace metals in pore water were generally lower than EPA marine water quality 
criteria values. Furthermore, summation of pore water toxic units calculated based on the oyster larval 
abnormality endpoint identified only one sample in which trace metal concentrations would be expected to cause 
toxicity in this test species. A pore water toxic unit for a given chemical is defined as the pore water 
concentration divided by the water-only LCSO for a given species. Further information on pore water toxicity 
units is given in Section 4. This analysis was limited to trace metals, because pore water measurements of 
organic compounds were not available. 
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elutriate phase tests using bivalve larvae. Based on a somewhat larger data base, Long and 

Markel (1992) observed just the opposite trend, namely that linear correlation coefficients 

(~ values) for bivalve larvae were generally higher than those for amphipods. One possible 

explanation for this difference is the smaller amount of bivalve data used in the present 

analysis relative to amphipod data. Specifically, the number of Harbor samples tested using 

the elutriate bioassays was always less than half that tested with solid phase bioassays, 

substantially increasing the critical value necessary for a significant rank correlation with the 

bivalve tests. It is noteworthy, however, that although we observed fewer significant 

associations between toxicity endpoints in the elutriate bioassays and chemical parameters, the 

concentration-response plots for these were often more suggestive of a potential cause-effect 

relationship. 

Conclusions 

Significant associations were observed between toxicity endpoints and bulk sediment 

concentrations of numerous chemicals in areas proximal to contaminant inputs such as Castro 

Cove and ship berths in Oakland Harbor. In contrast, relatively few significant associations 

were seen between toxicity endpoints and chemical concentrations in samples taken from 

navigation channels, marshes, and mid-Bay areas. Furthermore, significant correlations were 

observed more frequently using the mortality endpoints from solid phase tests (amphipod and 

polychaete) than using the bivalve larval development endpoint in the elutriate tests. 

The significance of the rank correlation coefficients alone, however, was often an 

unfaithful translation of the actual relationship between chemical parameters and toxicity. 

An examination of the individual scatter plots was required to accurately characterize the 

concentration-response relationsh.ips. Studies for which strong associations were observed 

between bulk sediment chemistry and toxicity generally fell into one of three categories: 

• Significant associations observed but inconclusive concentration-response relationships 

because of very low levels of contamination and/or toxicity. 
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• Significant associations observed but attributable to a few individual data points that 

had a strong effect on the strength of correlation. 

• Significant associations and strong concentration-response relationships observed but 

strongest associations were· for non-contaminant parameters such as TOC or TON. 

• Significant associations and strong concentration-response relationships observed but 

for contaminants which were, themselves, significantly correlated with TOC. 

The general absence of cases in which toxicity was clearly attributable to increasing 

bulk sediment concentrations of an individual chemical or chemical class coupled with the 

frequency with which toxicity was associated with non-contaminant parameters is by no 

means an indication that sediment toxicity is unrelated to contamination. Rather, these results 

demonstrate that paired sediment chemistry and toxicity testing are suitable tools for 

determining the overall toxicity and contamination associated with a sample but not for 

identifying the cause(s) of the toxicity observed. 

Determination of the actual concentrations to which a test organism is exposed is 

critical to relating cause to effect in toxicity testing. Quantification of exposure, however, is 

impossible based on bulk sediment chemistry alone. There are numerous sediment factors 

which influence the bioavailability of contaminants in sediments which must be taken into 

consideration. Abiotic factors include the chemical form of the compound, its sorption to 

particulate or dissolved organic material, the presence of other ions (AVS, salinity, iron and 

manganese oxides), and the oxidation state of the sediment. Interaction among these factors 

may further modify the bioavailability of a contaminant in the sediment. Biotic factors 

influencing bioavailability and, therefore, toxicity include the mode of existence or habitat of 

an organism (interstitial, tube-dwelling, epibenthic) and route of contaminant uptake (feeding, 

respiration). 

Nevertheless, bulk sediment chemistry and bioassay testing results can provide useful 

information on potential causes of toxicity that can then be used to direct further questioning 

and investigation. For example, strong concentration-response relationships with sediment 
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TOC are an indication that contaminant or non-contaminant factors that are associated with 

the organic carbon fraction are likely determinants of the toxicity observed. Sediments that 

are relatively rich in organic carbon are likely to have higher levels of dissolved organic 

carbon (DOC) in their pore water. Contaminants associated with DOC may then constitute a 

significant exposure to those infaunal test organisms for which sediment pore water is a 

primary route of exposure. Likewise, contaminants that are bound to the organic carbon 

fraction of sediments may constitute a significant additional exposure for test organisms that 

directly ingest sediment particles. The finer grain size of organically rich sediments may also, 

independently, influence organism mortality if it exceeds the grain size tolerance limits of the 

test species. While strong correlations observed between TOC, bulk sediment chemicals, and 

toxicity confound cause-effect determinations, they do provide positive identification of a 

highly contaminated location where toxicity is likely to result from exposure to a mixture of 

different chemicals or chemical classes. 

3-21 



4. SENSITIVITY OF TWO SPECIES OF INFAUNAL AMPHIPODS TO 
SEDIMENT GRAIN SIZE 

Introduction 

The infaunal amphipods, Rhepoxynius abronius and Eohaustorius estuarius are widely 

used on the West Coast to evaluate toxicity of sediments of varying grain size and 

·· composition. Nevertheless, concern that grain size characteristics alone may influence the 

outcome of toxicity tests has not been fully resolved (DeWitt, eta/., 1988; Spies, 1989). 

Responding to fPese concerns, EPA and the U.S. Army Corps of Engineers have recently 

issued joint technical recommendations which discuss the optimal grain size ranges within 

which adverse effects in different amphipod species are not expected to occur (Davies, eta/., 

1993). However, the effects of very fine grain size on amphipod survival remains 

controversial in the San Francisco Bay area where, to date, this issue has not been 

comprehensively addressed using the available data. 

The basis of concern lies in the fact that these amphipod species are often tested in 

sediments which are much finer than those in which they are found in nature. The native 

sediment of both the marine R. abronius and the estuarine E. estuarius has been described as 

fine to very fine sands (approximately 70-200 J.Lm in diameter) (DeWitt, eta/., 1989; Oakden, 

1984). In comparison, the particle size of fine sediments in San Francisco Bay ranges from 

· 62.5 J.Lm to less than 3.9 J.Lm. Data from laboratory experiments as well as field collection 

have demonstrated that R. abronius, in particular, has a strong preference for fine sands over 

sediments that are courser or finer (Oakden, 1984). 

The effects of sediment particle size on the survival of both amphipod species have 

been evaluated in detail by DeWitt eta/. (1988; 1989). In bioassays using laboratory 

manipulated and clean field sediments, survival of R. abronius was reduced by as much as 

15% in finer uncontaminated sediments as compared to native sediments; although the actual 

cause of mortality was not identified (DeWitt, et al., 1988). While several mechanisms by 

which fine sediment may be deleterious toR. abronius are described, DeWitt and his co-
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workers suggest that sediment grain size is actually a "super variable" that is correlated with 

the actual cause of mortality rather than grain size itself being the cause. Using the 

regression relationship of R. abronius survival to % fines in clean sediments, they proposed a 

model for calculating the 95% prediction limits as a means of estimating the effect that grain 

size alone should have on amphipod survival in field-collected sediments. In a later study 

comparing sensitivities of R. abronius and E. estuarius, DeWitt et a/. (1989) found that mean 

survival of E. estuarius declined somewhat as grain size decreased butthat, generally, E. 

estuarius showed little sensitivity to sediment grain size and was slightly more tolerant of 

fine, uncontaminated sediments than R. abronius . 

While the findings described above indicate that neither R abronius nor E. estuarius 

are highly sensitive to uncontaminated fine-grained sediments, they do leave open the 

potential for positive interferences to occur that are directly or indirectly linked to sediment 

grain size. Moreover, it is difficult to use information based on clean uncontaminated 

sediments to draw definitive conclusions on the relative toxicological influence of grain size 

in contaminated field sediments. Strong correlations among % fines, organic carbon, and 

concentrations of contaminants often complicate the identification of cause and effect in field

collected sediments. Because San Francisco Bay sediments are frequently characterized by a 

high fines fraction (~80% silt-clay), there remains controversy as to whether moderate levels 

of amphipod mortality (such as that described in Section 2 of this report) may be partially 

attributable to grain size effects. 

Goals 

The purpose of this analysis was twofold: 1) to characterize the relationship between 

grain size and the toxic responses of two amphipod species (R. abronius and E. estuarius) for 

sediments from our data set, and 2) to determine whether mortality due to grain size can be 

differentiated from that due to chemical contaminants in these sediments. 
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Approach 

Grain size data were compared to amphipod survival data from sediment bioassays to 

elucidate potential relationships between decreasing grain size and mortality. Complete grain 

size information (%gravel,% sand,% silt, and% clay) and mortality data were available 

from four of the Harbor studies (Oakland Harbor Phase 3A, Phase 3B, Berth Areas, and 

Richmond Harbor). The fines content, comprised of the silt (3.9-62.5 11m) and clay 

(<3.9 Jlm) fractions, was calculated for each sample and is expressed as% fines (dry-weight). 

Toxicity testing in the Harbor studies was conducted using R. abronius. 

Grain size data available for the SedQual 3 studies was limited to % sand. For these 

studies, the fines content of each sample was estimated by assuming that the gravel content 

was negligibly small and using the relationship: % fines = 100 - % sand. This data was then 

compared to the results of toxicity testing using E. estuarius. 

Spearman Rank correlation analysis (Daniel, 1990) was performed on both the Harbor 

and SedQual 3 data groups to determine the association (rs) between% fines, % clay, % silt 

and amphipod survival. Relationships between various grain size measures and amphipod 

survival were further analyzed by regression analysis. Those samples which had a grain size 

distribution of ~80% fines and for which greater than 20% amphipod mortality was observed 

were examined in greater detail to determine if explanations other than grain size could 

account for the mortality observed. 

Results 

Survival of R. abronius was negatively associated with the % fines (rs= -0.394, 

p<0.01),% clay (r.=0.348, p<O.O.I), and% silt (r.=0.425, p<0.01) content of sediments from 

the Harbor studies. The relationship between R. abronius survival and % fines is depicted in 

Figure 4-1. The regression equation as well as mean survival in native sediment and fine

grained controls are also indicated. , Although the linear regression of amphipod survival with 

% fines shows a slight negative trend that is highly significant (p=0.002), the low r2 value 
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Figure 4-1. Survival of Rhepoxynius ahronius in relation to % fines 
(%fines=% silt+% clay) in sediments from 69 sites in San Francisco Bay 
Harbor studies. The regression line (solid) overlies the original data. Mean 
survival in the native control (98% in 3% fines) is indicated by the upper 
dashed line. Mean survival in the fine-grained control (90% in 67% fines) is 
indicated by the lower dotted line. 
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(0 .13) indicates a poor fit of this data to the linear model 1
. In fact, variability in amphipod 

response increased with increasing % fines. Of the 20 samples with a fines content greater 

than 80%, 18 samples had elicited amphipod survivorship that was less than the fine-grained 

control average of 90%, and only six samples had amphipod survival of less than 80%. 

While two of these six samples contained somewhat elevated concentrations of mercury 

(1.8 J..tg/g) and nickel (133J.1g/g), neither trace metals nor organic compounds were noticeably 

elevated in any of the other four samples. 

While there was a negative association between survival of E. estuarius and estimated 

%fines content of the samples from the SedQual 3 studies (rs= -0.490 p<0.01), no significant 

linear relationship was observed (r=0.1 0) (Figure 4-2). Amphipod survival in the high fines 

sediments (~80% fines) was highly variable, ranging from 0 to 95%. 

Discussion 

Survival of both species of amphipod in very fine (~80% silt-clay) San Francisco Bay 

sediments was highly variable (50-100% for R. abronius~ 0-95% for E. estuarius), indicating 

that grain size alone cannot fully account for the mortality observed in some of these samples. 

It seems plausible that increased mortality observed in the finer-grained sediments could be 

attributable to contaminant partitioning associated with the higher organic carbon content of 

these sediments. However, examination of the few fine-grained samples for which amphipod 

mortality exceeded 20% rarely yielded a definitive individual contaminant which might 

explain toxicity. Therefore, we cannot rule out the possibility that variable amphipod survival 

in the finer sediments is attributable to unmeasured properties of fine sediments such as their 

composition and/or shape. The specific characteristics that distinguish similarly fine 

sediments from different areas, and the toxicological relevance of these characteristics are 

difficult to quantify and, as such, have received little attention. in sediment research. 

1 The linear regressions of % silt and % clay with R. abronius survival showed a negative trend similar 
to that seen using % fines. Their r2 values were also very low (0, 16 for % silt and 0.08 for % clay). 
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The relationships between grain size and R. abronius and E. estuarius survival 

observed in samples from our data set (Figures 4-1 and 4-2) were strikingly similar to those 

which have been reported previously for sediments from uncontaminated sites in Oregon and 

Washington by DeWitt et al. (1989; Figure 3, pp. 1041). The slopes of the regression lines 

for R. abronius are nearly equal (San Francisco Bay b= -0.13; Oregon/Washington b= -0.12) 

and, in both studies, variability of R. abronius survival increased with decreasing grain size. 

DeWitt et al. also reported an absence of a correlation between decreasing sediment grain size 

and E. estuarius mortality that is similar to our findings. Thus, the results of our analysis 

corroborate those of another study that has evaluated the tolerance of these species to 

uncontaminated sediments of different grain sizes. 

Conclusions 

For the majority of the Harbor and SedQual 3 samples, direct particle-size induced 

mortality does not appear to be a significant determinant of amphipod mortality. Rather, 

indirect grain size effects associated with the partitioning of contaminants in fine-grained 

sediments is the most likely explanation for the weak positive relationship between mortality 

and increasing fines for R. abronius in the San Francisco Bay data. In contrast, no such 

relationship was observed for E. estuarius. An unequivocal test of the association between 

grain size and amphipod mortality in field-collected sediments would be difficult to perform 

because of confounding factors such as contamination which covaries with grain size and 

unquantified differences in the physical properties of similarly fine sediments. 
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5. PATTERNS OF CONTAMINATION AND TOXICITY AT IN-BAY AND 
OCEAN REFERENCE SITES 

Introduction 

Toxicological and chemical evaluation of sediments from reference sites is an 

important component of sediment quality management. In regional monitoring programs, 

reference sites are used as negative controls to evaluate organism response to "background" 

conditions. The ideal sediment for this purpose would be uncontaminated, yet otherwise 

representative of local sediment characteristics. Reference sites are also used for comparative 

purposes in dredged material testing programs to represent the chemical and toxicological 

background conditions in the vicinity of a disposal site. In this case, the particular disposal 

history of a site will influence the contamination and toxicity associated with background. 

While there is no substantial agreement on how "clean" a reference site should be, it is clearly 

important that intersampling variability at a given reference site should be low enough so that 

it may serve as a consistent basis of comparison. 

There are numerous factors that can potentially affect intersampling variability in both 

chemistry and in toxicity determinations at reference sites. Listed below are factors that may 

be pertinent to reference sites used in San Francisco Bay sediment testing programs: 

• patchy distribution of contamination and/or sediment types, 

• variable QA/QC within and between analytical laboratories, 

• inconsistent positioning during sampling (especially a problem at deep water sites), 

• temporal variability in factors controlling contaminant partitioning, 

• temporal variability in test species sensitivity, 

• influence of spills and/or discharge events (important for sites located at or near 

disposal areas). 
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Currently, there are efforts underway to identify and quantify the different parameters 

influencing reference site characterization in San Francisco Bay (Anderson, et al., m 

preparation; Taberski, personal communication). 

Goals 

In this section, we examine the variation associated with chemical and biological 

measurements at six reference sites over the course of one year. Our goal was to assess the 

absolute levels of contamination as well as the magnitude of intersampling variability for both 

chemical and toxicological measurements. We compared intersampling variability in 

chemistry at the three reference ~ites located within San Francisco Bay with that observed at 

the three ocean reference sites. Specifically, we tested the hypothesis that infersampling 

variability for individual compounds would be greater at in-Bay reference stations (due to 

their closer proximity to sources of contamination) than at the offshore reference stations. 

Approach 

lntersampling variability was evaluated at each of six reference sites sampled as part 

of the Harbor studies (Figures 5-1 through 5-3). Three of the references are from locations 

within San Francisco Bay: Alcatraz mound, Alcatraz environs (Figure 5-1), and the Bay Farm 

Borrow Pit site (Figure 5-2). The other three sites are located off-shore of the Golden Gate 

Bridge: the Off-shelf, Point Reyes course-grained, and Point Reyes fine-grained sites (Figure 

5-3). These reference sites were sampled on five different occasions starting in March 1990 

and ending June 1991 with the exception of the two reference sites at Pt. Reyes. Comparable 

data for the Pt. Reyes fine- and course-grained references were only available from four and 

three sampling events, respectively, because of changes in sampling location made after 

March 1990. 
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Alcatraz Island 

EB R-AM-4 EB R-AM-5 

EB R-AM-6 EB R-AM-7 EB R-AM-8 

Figure 5-1. Location of the Alcatraz mound and environs reference sites. The Alcatraz 
mound reference is a composite of sediment taken from four locations (R-ACl 
through R-AC4). The Alcatraz environs reference is a composite of sediment 
taken from eight locations (R-AMI through R-AM8) (adapted from Battelle, 
1992c). 
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Figure 5-3. Location of the three ocean reference sites: Point Reyes fine-grained 
(R-PF) and Point Reyes course-grained (R-PC) sites, and Off-shelf (R-OS) 
(adapted from Battelle, 1992d). 
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For each reference site, an intersampling coefficient of variation (CV) was calculated 

for each of 26 chemical parameters1 (grain size, total organic carbon, organic compounds, and 

trace metals). CV values were also calculated using the survivorship results from the solid

phase toxicity tests using the amphipod, Rhepoxynius abronius, and the polychaete, N ephtys 

caecoides. Differences in intersampling variability between in-Bay and ocean reference sites 

were evaluated for each chemical parameter by comparing the mean CV values for each 

reference grouping (in-Bay vs ocean). Note that CV values were used expressly as a means 

for comparing the intersampling variability associated with particular sites and/or 

contaminants. For the purposes of this analysis, the magnitude of any given CV is less 

meaningful than its ranking relative to the CV values from other reference sites. 

Results 

Generally, measured concentrations of sediment contaminants were low at the six 

reference sites during this one year period. Although values for the coefficients of variation 

were often high (CV values ranged from 2.2 to 224%), this variation occurred over very low 

concentration ranges. Overall, consistently higher intersampling variability was observed for 

sediment organic compounds (mean CV = 150%) as compared to physical parameters (mean 

CV = 70%) or trace metals (mean CV = 40%). 

There were several instances in which unusually high concentrations of a particular 

class of compounds were detected at a particular site. For example, at the Alcatraz mound 

reference site, a 36 Jlg/g spike of total polynuclear aromatic hydrocarbons (PAH) was seen in 

the March 1990 Oakland Harbor Berth Areas study (Figure 5-4a). Moderate PAH 

contamination was observed at the other two in-Bay reference sites, but at much lower 

concentrations (i.e., 1.6 to 2.3 J.lg/g). Likewise, a spike of total PCB (260 Jlglkg) was 

detected at the Off-shelf reference site during the Oakland Inner Harbor (Phase 3A repeat) 

1 CV val~es were only calculated for those chemical parameters that were consistently present above 
detection limits during the 1990-91 sampling period. 

5-6 



(A) 

(B) 

2iO-

200-

150-

1oo-

50-

Alc:atraz Mnd. Alcalraz Envir. 

OBerths 
lim Phase38 

_A"' _Sl 

Bay Fami 011 SheW Pl. Reye5 course Pl. Reyes line 

Reference Sites 

-Phase3A 
~Richmond 

-~ 

~ Phase 3A repeat 

Alc:atraz Mnd. AlcalraZ Enw. Bay Farm 011 SheW Pt. Reyes course Pt. Reyes line 

Reference Sites 

oeerth 
lim Phase38 

-Phase3A 
~Richmond 

~ Phase 3A repeat 

Figure 5-4. Sediment dry-weight concentrations of (A) total PAH and (B) total PCB at six 
reference sites tested in five harbor studies (March 1990 - June 1991). 
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sampling in September 1990 (Figure 5-4b ). In this study, elevated but lower levels of total 

PCB was also observed at the other two ocean reference sites (Pt. Reyes fine and course). 

Notably, neither major nor minor variations in sediment contamination were mirrored in the 

responses of either the amphipod (R. ahronius) or the polychaete (N. caecoides) (Figure 5-Sa 

and b). N. caecoides mortality was generally less than 20%, with the exception of results 

from the Oakland Inner Harbor study (Phase 3A repeat), for which mortality reached 29% at 

the Alcatraz mound site. R. ahronius mortality exceeded 20% on several occasions at both in

Bay and ocean reference sites, with the highest mortality (49%) observed in a sample from 

the Bay Farm site. Nevertheless, significant mortality was never observed in sediment 

samples containing unusually high P AH or PCB contamination. 

Intersampling variability in chemical measurements over a one-year sampling time was 

not obviously higher at in-Bay reference sites as compared to ocean sites (Table 5-1). For 

physical parameters and most trace metals, higher mean CV values were observed in the in

Bay reference grouping as compared to the ocean reference sites. In contrast, ocean sites 

consistently had the highest mean CV values for organic compounds such as P AHs and PCBs. 

Discussion 

The high intersampling variability observed for many chemical and physical 

parameters at the Alcatraz mound station is not surprising given that this station has served as 

a disposal site for dredged material for the last 15 years2
. What is surprising about the data 

from this site is the general absence of a toxic response to instances of elevated 

contamination. For example, the low molecular weight component of the PAH spike seen at 

the Alcatraz mound site in Figure 5-4a had an OC-normalized concentration of 2,375 Jlg/gOC, 

which is well within the range of concentrations that are expected to be toxic to R. abronius 

2 Responding to frequent observations of elevated contamination and toxicity at this location, the EPA and 
Army Corps of Engineers have suspended its use as a reference site for the dredged material testing program 
substituting instead the Alcatraz environs reference. Alcatraz environs is a composite of stations outside of but 
contiguous to the mo\md itself (U.S. Army Corps of Engineers, 1993). 
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Table 5-l. Mean coefficients of variation for selected chemical parameters· at in-Bay 
and ocean reference sites 

Parameter In-Bay (a) 
cv (%) 

Ocean (b) 
cv (%) 

Parameter In-Bay 
cv (%) 

Ocean 
cv (%) 

Sand 42 22 Napthalene 100 

Silt 61 51 Fluorene 128 

Clay 61 31 Phenanthrene 117 

TOC 66 34 Anthracene 121 

Arsenic 27 16 LPAH 118 

Chromium 43 11 Pyrene 108 

Copper 34 15 Benzo( a )anthracene 118 

Lead 22 17 Chrysene 107 

Mercury 94 44 Benzo(b,k)fluoranthene 126 

Nickel 27 17 Benzo(a)pyrene 103 

Selenium 119 132 Indeno( 1 ,2,3 -c,d)pyrene 99 

Silver 51 54 Benzo(g,h,i)perylene 96 

Zinc 26 11 Total PCB 119 

For each parameter, the higher of the mean CV values is italicized .. 
* Acenaphthylene, Acenaphthene, Dibenzo(a,h)anthracene, DDT, DDD, DDE, Endrin, and Dieldrin 

were below detection limits in most reference samples and, therefore, are not included in this 
analysis. 

(a) In-Bay reference sites include: Alcatraz mound (R-AC), Alcatraz environs (R-AM), and Bay Farm 
Borrow Pit (R-BF). 

160 

212 

130 

212 

133 

158 

179 

173 

154 

188 

157 

173 

154 

(b) Ocean reference sites include: Point Reyes fine-grained (R-PF), Point Reyes course-grained (R-PC), and 
Off-shelf (R-OS). 
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(Swartz, personal communication). It appears that factors such as sediment organic carbon 

or a non-homogenous ·distribution of contaminant in the sediment decreased the bioavailability 

of total P AH to amphipods in this sample. 

The incidence of PCB contamination at the ocean reference sites was unexpected. The 

one-time peak observed at the Off-shelf site (Figure 5-4b) appears to reflect the difficulty of 

accurately locating a site located in nearly 1,300 meters of water. The area in the immediate 

vicinity of the Off-shelf reference site has been used previously for the disposal of industrial 

and military waste, which might explain the presence of PCB-contaminated sediment in this 

sample. At the time of the September 1990 sampling, there was a suspicion that the sampling 

position was not accurate (Word, personal communication). Subsequently, greater care has 

been taken in positioning during sampling, and no appreciable PCB has been detected in 

sediment samples at this site. Although PCB concentrations at this site were elevated, the 

OC-normalized concentration (26Jlg/gOC) was well below levels considered toxic to 

R. ahronius. 

A comparison of the mean CV values for three in-Bay and three ocean reference sites 

was used to test the hypothesis that sediment chemistry at in-Bay reference sites was more 

variable than at ocean sites. There are several reasons why the in-Bay references were 

expected to be more variable than ocean references. The Alcatraz and Bay Farm reference 

sites were expected to be more variable than the ocean sites, because these in-Bay sites are 

relatively shallow and located in areas that are subject to either the direct influence of 

dredged material disposal or the indirect influence of resuspended sediments. In contrast, the 

ocean reference sites are located in deeper water that, at least theoretically, should be more 

distant from sources of contamination. 

Although episodically high levels of contamination were more frequently observed at 

in-Bay sites, overall intersampling variability at these reference locations did not differ 

significantly from that at ocean sites. There are several possible explanations for why 

intersampling variability at the ocean sites was higher than expected. Of the three ocean 
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sites, the Pt. Reyes fine-grained (R-PF) reference is the most influenced by the discharge from 

San Francisco Bay and is, by definition, a deposition zone for finer material. Higher 

deposition rates at this site of material originating from the Bay may explain the higher 

variability observed for several chemical parameters. The difficulty in accurately sampling 

the Off-shelf (R-OS) reference site combined with what appears to be patchy contamination in 

the vicinity of this site due to historical dumping activities may account, in part, for the 

observed spikes of PCB and other organic compounds. 

The pattern of higher intersampling variability seen for measurements of organics 

relative to physical and trace metal components may be a by-product of the higher recovery 

associated with trace metals as compared to those for organic compounds. 

Conclusions 

Based on this examination of trends in contamination and toxicity at several in-Bay 

and ocean reference sites, the following conclusions can be drawn: 

• Sediment concentrations of trace metals and organic compounds at the six in-Bay and 

ocean reference sites in this analysis were generally low, with occasional elevated 

levels of organic contaminants (PAH or PCB) observed at both in-Bay and ocean sites. 

• Amphipod and polychaete survival in solid-phase bioassays did not appear to respond 

to these fluctuations in sediment contamination. However, there were several 

reference samples for which amphipod survival was lower than expected without any 

apparent chemical cause. 

• Intersampling variability in concentrations of physical and chemical parameters was no 

greater at in-Bay than at ocean reference locations. 
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• Consistently higher intersampling variability was observed at all reference sites for 

organic compounds as compared to trace metals and physical parameters. 

Our analysis considered only a small fraction of the chemistry and toxicity data 

available with which to evaluate these reference sites. Although these results demonstrate that 

sediment contamination at the majority of existing reference sites is generally low, an analysis 

of the larger data set would be necessary to determine which reference sites can provide a 

consistent basis of comparison for use in sediment monitoring programs. These results do 

demonstrate the need to closely evaluate conditions at selected in-Bay and ocean sites to 

determine the extent and cause of episodic P AH and PCB contamination. Likewise, instances 

of high amphipod mortality should be examined in light of the potential for non-contaminant 

influences. 
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6. AN EVALUATION OF EXISTING SEDIMENT QUALITY 
GUIDELINES USING DATA FROM SAN FRANCISCO BAY 

Introduction 

In the absence of federally-mandated sediment quality standards, many scientists and 

regulators have advocated the development of sediment quality guidelines to aid in the 

identification and prioritization of potential sediment contamination areas (DiToro, et al., 

1991; Long, et a/., 1994 in press). In some regions of the United States, the utility of 

guidelines has been extended beyond informal use as screening tools to regulatory use, 

particularly in the suitability-determination process for the unconfined disposal of dredged 

material. 

There are many debates in the scientific and regulatory communities as to the best 

methods for developing sediment quality guidelines, the appropriate use of guidelines in the 

regulatory process, and the applicability of guidelines developed for one region to other 

regions. Many individuals question the utility of basing any sort of guidelines or standards on 

measurements of bulk sediment concentrations, because these are a poor predictor of the 

actual exposure of an organism. Until factors that govern bioavailability of contaminants in 

different sediments are better understood, and methods for normalizing the influence of these 

factors in different sediment types are fully developed, sediment guidelines must be carefully 

scrutinized to determine their applicability to individual regions. 

In the following section, we evaluate the extent to which seven different sediment 

quality guidelines predict toxicity in sediment samples from San Francisco Bay (Table 6-1). 

Three different approaches to guideline development are represented: the Apparent Effects 

Threshold (AET), the Effects Range-Low/Median (ERL/ERM), .and sediment-water 

Equilibrium Partitioning (EqP). These particular guidelines where chosen, because they are 

among those most often referenced in evaluations of the ecological risks associated with 

sediment contamination. 

6-1 



Table 6-1. Sediment quality guidelines 

Indicator Normalization Target Species Source 

Effects Range-low (ERL) dry-weight Marine benthos Long et al., in press 
Effects Range-medium (ERM) dry-weight Marine benthos 

Puget Sound Amphipod AET dry-weight Rhepoxynius abronius Barrick et al., 1988 
Puget Sound Amphipod AET organic carbon 

Puget Sound Bivalve AET dry-weight Crassostrea gigas Barrick et al., 1988 
Puget Sound Bivalve AET organic carbon 

EPA Sediment Quality Criteria organic carbon Marine benthos EPA, 1993 

Goals 

The goal of our analysis was to evaluate the reliability of these sediment guidelines for 

San Francisco Bay by determining the percent incidence of acute toxicity associated with 

guideline exceedence. An overview of each guideline derivation approach is given 

including the assumptions involved, sources of uncertainty, and (where appropriate) the 

context in which it is commonly used. This is followed by an evaluation of the reliability 

of different guidelines by comparing them to sediment chemistry and toxicity data from the 

San Francisco Bay data set. 

Background on sediment quality guideline derivation 

Apparent Effects Threshold (AET} 

An Apparent Effects Threshold is defined as the bulk sed!ment concentration of a 

given chemical above which statistically significant (p ~ 0.05) biological effects (e.g., 

mortality, developmental abnormality, infaunal abundance) are always observed in the data 

set used to generate the AET. Synoptic measurements of sediment chemistry and biological 

effects from field and laboratory studies are compared to a "clean" reference site to 

determine impacted and non-impacted samples. AETs for each chemical are then 

determined on an species-specific basis as the highest concentration that does not elicit 
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statistically significant effects. AET values are based on a correlation between chemical 

concentrations and biological effects, rather than definitive proof of a causal relationship. 

As an example, a schematic representation of AET determination is provided in Figure 

6-1. Each point in the top bar is a sediment sample that, for a given concentration of this 

contaminant, was not significantly toxic for a particular test organism. Likewise, each point 

in the bottom bar is a sample in which significant toxicity was observed. The AET is then · 

set at the highest detected concentration that did not exhibit statistically significant toxic 

effects. AETs are calculated in this manner to compensate for the fact that it is difficult to 

determine the cause of toxicity in sediment samples containing a mixture of different 

contaminants. By definition, no-effects data give a good indication of the potentially non

toxic concentrations of a given chemical. Using both the no-effects and effects data to set 

the threshold at a point above which all studies have recorded significant toxicity, increases 

the likelihood that a guideline reflects an actual threshold of toxicity. 

AETs for organic compounds are expressed as both dry-weight and organic carbon 

normalized (OC-normalized) values. Various forms of chemical normalization are often 

performed to account for variable bioavailability of contaminants in samples due to variable 

sediment types. OC-normalization of bulk sediment organic concentrations is considered 

important for non-ionic orgariic compounds, because the sorption capacity of many 

sediments for this class of compounds is primarily determined by the mass fraction of 

organic carbon in the sediment. While AETs for trace metals are currently available only as 

dry-weight values, recent findings have demonstrated that the bioavailability of some metals 

is strongly influenced by sulfide binding, suggesting the need for normalizing bulk metal 

concentrations to the acid volatile sulfide (A VS) content of sediments. 

There are several drawbacks to the AET approach that may lower the predictive value 

of these guidelines. Although data from field collected sediments is used, the AET 

approach does not take into account possib1e synergistic and antagonistic interactions of the 

chemical mixtures found in these sediments. Furthermore, periodic updating of AETs can 
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Figure 6-1. 
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CONTAMINANT APPARENT 
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(mglkg) THRESHOLD 

A schematic representation of AET derivation based on results of 
toxicity testing. Dots represent individual sediment samples. Generally, 
the AET value is set at the sediment concentration above which 
toxicity is always observed in the data base used to generate the AET 
(adapted from Becker eta/. 1990). 
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only serve to make the thresholds less stringent (i.e., higher) but never more stringent. In a 

sense, threshold determination is driven by the data points on the top bar (no sediment 

toxicity) in Figure 6-1. This makes AET determination potentially sensitive to false 

negatives in the data set. 

AETs have been developed for the Washington State Department of Ecology for use in 

the identification and classification of sediments potentially causing adverse impacts on 

biological resources (Barrick, et al., 1988). Puget Sound AETs were developed for four 

biological indicators: amphipod mortality in Rhepoxynius abronius, bivalve larval 

abnormality using the Pacific oyster (Crassostrea gigas), benthic invertebrate abundance, and 

bacterial luminescence using Microtox™. The Puget Sound Dredge Disposal Analysis 

(PSDDA) program uses AETs as the basis for setting screening and maximum levels (SLs 

and MLs) for the evaluation of dredged material proposed for aquatic disposal. The PSDDA 

program uses SLs and MLs as a first tier screening of dredged material to determine the 

potential for adverse biological effects (Ginn & Pastorek, 1992). 

California AETs have also been developed using data from both northern and southern 

parts of the state (Becker, et al., 1990). These AETs, however, were derived from a 

relatively small data base as compared to the Puget Sound AETs. Consequently, the 

uncertainty associated with these values is high. As part of its Regional Monitoring 

Program, the San Francisco Bay Regional Water Quality Control Board (SFBRWQCB) is 

currently updating and standardizing its sediment quality database in order to facilitate 

recalculation of AETs for San Francisco Bay (Taberski, personnal communication). 

Effects Rcmge-Low (ERL) cmd Effects Rcmge-M edicm values 

Long and Morgan first calculated ERLand ERM values for the National Oceanic and 

Atmospheric Administration (NOAA) as a non-regulatory, screening tool for identifying and 

prioritizing National Status and Trends Program sites with respect to the potential for 

adverse biological effects due to sediment contamination (Long & Morgan, 1990). 

Recently, these guidelines were recalculated based on an expanded data base, as well as 
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revisions in data selection criteria (Long, et al., 1994 in press). While these revised values 

are not recommended for regulatory use, they are a valuable tool for screening sediment 

chemistry. 

ERL and ERM values have been calculated for nine trace metals, 16 organic 

compounds, and three classes of P AHs by pooling information from laboratory spiking and 

field studies as well as existing guideline values from other derivation methods (including 

AETs and values based on the EqP approach). All test data used in the calculation of ERL 

and ERM values were screened for the presence of linear concentration-response 

relationships showing a discemable chemical gradient associated with observed toxic effects. 

The data and guidelines for a given compound were then sorted according to increasing 

chemical concentration. The ERL is calculated from this sorted data as the lower 1Oth 

percentile concentration at which some form of significantly toxic effects have been 

observed. Stated otherwise, ERL values are equivalent to the sediment concentrations 

where adverse effects may begin. The ERM is the 50th percentile concentration or the 

concentration approximately midway in the range of reported values associated with 

biological effects. It is the concentration at which effects are frequently observed. 

Although ERL and ERM values were intended for the specific non-regulatory purposes 

of the NOAA Status and Trends Program, they have been used both informally and 

officially as guidelines for sediment quality screening in many areas of the country 

(MacDonald, 1992; Wolfenden & Carlin, 1992). Their use by the San Francisco RWQCB 

in developing sediment screening criteria for wetland creation has prompted criticism on 

both their derivation and their specific applicability to the sediments of the San Francisco 

Bay (Ginn, 1993). 

Perhaps the most fundamental criticism of the ERL and ERM guidelines focuses on 

the absence of no-effects data in the derivation of these values. Much of the data used to 

generate ERL and ERM values are from field studies of sediments that are contaminated 

with a mixture of chemicals. In such'-cases, definitive cause-effect relationships are difficult 
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to determine, and the information provided by no-effects data is particularly important to 

distinguish co-occurring, but potentially nontoxic chemicals, from those chemicals which are 

likely to be causing toxicity. 

Additionally, the inclusion of other sediment quality guidelines for ERL and ERM 

derivation appears to be both an asset and a drawback for the reliability of these values. 

Clearly, the use of sediment guidelines, which are, themselves, based on large data sets, can 

add to the preponderance of evidence indicating adverse effects above a given sediment 

concentration. However, the specific derivation of ERL and ERM values (i.e., the 

calculation of lOth and 50th percentile concentrations) gives equal weight to effects data 

from a single study and concentrations from guideline values. Thus, there is a large 

potential for the calculated ERL or ERM to be disproportionately biased by the results of 

one study. 

EPA Sediment Quality Criteria (SQC) 

The sediment-water equilibrium partitioning approach (EqP) is the basis for the 

development of EPA Sediment Quality Criteria for the protection of benthic aquatic life. 

Thus far, SQC have been proposed for six non-ionic organic compounds (flouranthene, 

acenaphthylene, phenanthrene, dieldrin, and endrin). SQC values are defined as the 

sediment concentrations of a particular chemical· at which EqP-predicted pore water 

concentrations are not expected to exceed EPA water quality criteria. The following is a 

simplified version of the equation used to derive SQC: 

where SQCoc is the OC-normalized criteria value (!J.glkgOC), Koc is the partition coefficient 

for sediment organic carbon, and FCV is the EPA water quality criteria Final Chronic 
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Value1 (J..Lg/L) for the compound of interest. Conceptually, one can understand SQC as a 

water quality criteria value (FCV) adapted to a sediment context based on the expected 

partitioning of a chemical between the sediment and soluble phases (defined by Koc). A 

complete explanation of the derivation and assumptions of applying the EqP approach to 

SQC development is given by DiToro eta/. (1991). 

EqP theory is used to predict contaminant concentrations that would occur in 

sediment pore water under conditions of thermodynamic equilibrium with the sediment. 

Several important assumptions are involved in the application of EqP theory to developing 

SQC: 

• partitioning of a contaminant between the sediment and soluble phases is at 

equilibrium such that Koc is static and quantifiable, 

• contaminant partitioning at equilibrium occurs primarily between two phases (pore 

water and sediment), 

• exposures occurring in sediment pore water are equivalent to those in a water-only 

system. 

Considering the dynamic nature of the estuarine environment, in which factors such as 

salinity, pH, and redox potential of the sediments are in constant flux, it is unlikely 

(especially for chronic exposures), that steady-state or equilibrium conditions between 

sediment and water are ever achieved. Furthermore, other unconsidered variables such as 

dissolved organic carbon appear to have a significant influence on the partitioning and 

bioavailability of contaminants in pore water. Nevertheless, data from laboratory spiking 

studies have demonstrated that EqP theory gives a good approximation of bioavailable 

contaminants for many types of organic compounds and sediments (DiToro, eta/., 1991). 

1 EPA Final Chronic Values are calculated based on chronic toxicity data as part of water quality criteria 
development. 
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Approach 

Data from the 197 samples which comprise our San Francisco Bay data sef were used 

to evaluate the application of various sediment quality guidelines to San Francisco Bay 

sediments. Sediment chemistry data were compared to the guideline values for 31 

chemicals (eight trace metals and 23 organic compounds including low and high molecular 

weight polynuclear aromatic hydrocarbons (LPAH!HPAH), pesticides, and PCBs). These 

chemicals are among the parameters that are most commonly measured in sediment 

monitoring programs. Samples for which significant acute toxicity, using at least one test 

species, co-occurred with contaminant concentrations exceeding a guideline for a particular 

chemical were designated toxic exceedences (TE). The percentage of the total samples 

tested for which guideline exceedences were also toxic (%TE) was calculated for each 

chemical within a particular guideline type as a measure of that value's predictive potential 

for biological effects in these samples. 

Toxic exceedences were determined for the ERL, ERM, and proposed EPA Sediment 

Quality Criteria values using all of the samples, regardless of the species used for toxicity 

testing. Exceedences for the species-specific Puget Sound AETs were determined using 

only samples in which the appropriate species (amphipod or bivalve) were tested. 

Organic carbon in the samples examined in this study ranged from 0.04 to 4.3% in the 

SedQual 3 studies and from 0.01 to 1.4% in the Harbor studies. Samples with organic 

carbon content less than 0.2% were not included in the exceedence analysis of 

OC-normalized guidelines. In sediments with very low organic carbon fractions, other 

factors (e.g., particle size and sorption to mineral fractions) appear to be relatively more 

influential in the partitioning of organic chemicals (DiToro, eta/., 1991). 

The opportunity to conduct more detailed evaluation of guideline efficacy for 

predicting sediment toxicity was limited due to the low number of guideline exceedences for 

2 A summary of the San Francisco Bay studies used in this report is found in Table 1-2 of Section I. 
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many chemicals and small size of the data set used. We did, however, examine the 

relationship between the magnitude of guideline exceedence and the degree of toxic 

response for chromium and mercury, for which there were a relatively large number of 

exceedences over a broad range of sediment concentrations and degrees of toxic response. 

Results 

The complete results of the guideline exceedence analysis as well as the guideline 

values themselves are presented in Tables 6-2 through 6-4. The frequency of exceedences 

is schematically summarized for the four dry-weight guidelines in Figure 6-2. Guideline 

values for many of the chemicals were exceeded in only a few (generally less than five) of 

the 197 sediment samples. The most notable exception to this observation was for the ERL 

values, all of which were exceeded in at least one sediment sample, and 20 of which were 

exceeded by more than I 0 samples. Generally, more samples exceeded the guidelines for 

trace metals than for organic compounds. 

Although these sediment guidelines cover a wide range of chemicals, there are still 

commonly measured contaminants that are missing from their ranks. For example, the 

antifoulant tributyltin and its breakdown products are regarded as potentially significant 

contaminants in harbors especially near boat maintenance and construction areas, but there 

are as yet no effects-based sediment guidelines available for butyl tins. In 1989, the Puget 

Sound Dredged Disposal Analysis (PSDDA) agencies set an interim screening level for 

tributyltin at 30 ~g/kg. However, the PSDDA Screening levels are designed specifically as 

regulatory triggers, indicating the need for biological testing, rather than delineating a 

threshold of ecological risk in the manner of the sediment quality indicators in Table 6-1 3
. 

The predictive ability of each of these guidelines with respect to toxicity in San 

Francisco Bay sediments is described below. In addition, the relationship between the 

3 Of the 197 samples included in our analysis, the~e were only five that exceeded this screening level for 
tributy ltin. · 
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Table 6-2. ERLand ERM values and the frequency of their exceedence in 
San Francisco Bay sediment samples 

Chemical ERL(a) #Exceedences % TE (b) ERM(a) #Exceedences 
(u11:1kl1:) ~(UI1:ikl1:) 

HPAH 1700 19 47.4 9,600 ri1 (c) 
Fluoranthene 600 10 40.0 5100 
Pvrene 665 18 66.7 2 600 4 
Benzo( a )anthracene 261 10 60.0 1 600 3 
Chrvsene 384 13 61.5 2 800 fl1 
Benzo(b,k)fluoranthene - - - - -
Benzo( a )pvrene 430 16 75.0 1600 3 
Dibenzo_(_a,h)anthracene 63.4 16 75.0 260 11 
Benzo(g,hj)perylene - - - - -
Indeno(l ,2 3-c d)pyrene - - - - -

LPAH 552 3 66.7 3 160 ill 
Napthalene 160 1 0.0 2100 

. Acenaphthylene 44 2 0.0 640 
Acenapthene 16 II 63.6 500 fll 
Fluorene 19 l3 53.8 540 [1] 
Phenanthrene 240 IS 46.7 1 500 fll. 
Anthracene 85.3 I4 57.I 1,100 [11 

DDE 2.2 24 70.8 27 
DDD - - - - -
DDT - - - - -
Dieldrin - - - - -
Endrin - - - - -
Total PCB 22.7 54 51.9 I80 4 

(J.lg/g) (J.lg/g) 

Silver I 3 66.7 3.7 
Cadmium 1.2 I2 50.0 9.6 1 
Chromium 8I I44 6l.l 370 29 
Copper 34 II2 66.1 270 1 
Mercury_ 0.15 II3 59.3 0.71 21 
Nickel 20.9 195 55.9 51.6 159 
Lead 46.7 30 56.7 218 I 
Zinc I 50 27 63.0 4IO I 

%TE 

[01 

75.0 
66.7 

100.0 
100.0 

-
-

[0] 

ro1 
[01 
fOl 
[01 

-
-
-
-

50.0 

100.0 
41.4 
IOO.O 
59.1 
63.5 
0.0 

100.0 
Average%TE 55 71 f501 (d) 
Std. dev. I9 

(a) Effects Range-Low (ERL) and Effects Range-Median (ERM) values from Long et. al. (1993). 
(b) % TE is percent of the total samples exceeding a guideline that were toxic to at least one test species. 
(c) Square brackets denote that an exceedence or % TE was from the Alcatraz mound reference site 

(Oakland Harbor Berthing Areas study). 

30 

(d) Value in square brackets is average % TE including % TE values from ERMs exceeded only by the single 
Alcatraz mound reference site. See text for further discussion of this sample. 
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Table 6-3. Puget Sound amphipod AET values and the frequency of their exceedence 
in San Francisco Bay sediment samples 

Chemical IAmphAET (a #Exceedences % TE (b) ArnphAET #Exceedences 
(ug/kg) (ug/gOC) 

HPAH 69,000 5,300 [I] (c) 
Fluoranthene 30,000 3,000 
!Pyrene 16,000 1,000 [I] 
Benzo( a)anthracene 5,IOO 270 
Chrysene 9,200 460 
Benzo(b,k)fluoranthene 7,800 3 67 450 I 
Benzo(a)pyrene 3,000 I IOO 2IO 3 
Dibenzo( a,h)anthracene 540 8 IOO 47 5 
Benzo(g,h,i)perylene 1,400 6 100 78 9 
lnderio( I ,2,3-c,d)pyrene 1,800 I 100 88 3 

LPAH 24,000 2,200 [I] 
Napthalene 2,400 220 
Acenaphthylene 1,300 66 I 
Acenapthene 2,000 200 I 
Fluorene 3,600 360 
Phenanthrene 6,900 690 
Anthracene 13,000 1,200 

DDE 15 0.81 5 
DDD 43 2 0 2.2 4 
DDT - - - - -
Dieldrin - - - - -
Endrin - - - - -
Total PCB 3,000 190 

(Jlg,'g) 
Silver 5.9 
Cadmiwn 6.7 I 100 
Chromiwn 270 29 2I 
Copper 1,300 I IOO 
Mercury 2.I I 0 
Nickel 
Lead 660 
Zinc 960 I IOO 
Average%TE 72 
Std. dev. 4I 

(a) Puget Sound Arnphipod AETs from Barrick et al. (1988). 
(b) % TE is percent of the total samples exceeding a guideline that were toxic to at least one test species. 
(c) Square brackets denote that an exceedence or % TE was from the Alcatraz mound reference site. 

%TE 

[0] 

[0] 

0 
67 
100 
88 
67 

[0] 

0 
0 

20 
0 
-
-
-

38 [29] (d) 
39 

(d) Value in square brackets is average % TE including % TE values from ERMs exceeded only by the single Alcatraz . 
mound reference site (Port of Oakland Berth Area Study); See text for further discussion of this sample. 
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Table 6-4. Puget Sound bivalve AET values and the frequency of their exceedence 
in San Francisco Bay sediment samples 

Chemical Biv AET (a) #Exceedences % TE (b) BivAET #Exceedences 
(ug/kg) (ug/gQC) 

HPAH 17,000 960 
Fluoranthene 2,500 160 
Pvrene 3,300 3 67 - -
Benzo( a)anthracene 1,600 2 50 110 1 
Chrysene 2,800 1 100 110 1 
Benzo(b,k)fluoranthene 3,600 3 67 230 3 
Benzo(~QYrene 1,600 3 67 99 4 
Dibenzo( a,h)anthracene 230 11 18 120 
Benzo(g,h,i)perylene 720 10 20 31 16 
Indeno(l ,2,3-c,d)pyrene 690 5 40 33 12 

LPAH 5,200 370 
Napthalene 2,100 99 
Acenaphthylene - -. - - -
Acenapthene 500 16 1 
Fluorene 540 23 
Phenanthrene 1,500 120 1 
Anthracene 960 

DDE - - - - -
DDD - - - - -
DDT - - - - -
Dieldrin - - - - -
Endrin - - - - -
Total PCB 1,100 

(!!gig) . 
Silver 0.56 
Cadmium 9.6 1 0 
Chromium - - -
Copper 390 1 0 
Mercury 0.59 5 20 
Nickel - - -
Lead 660 
Zinc 1600 1 0 
Average%TE 37 
Std. dev. 31 

(a) Puget Sound Bivalve AETs from Barrick et al. (1988). 
(b) %TE is percent of the total samples exceeding a guideline that were toxic to at least one test species. 
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Figure 6-2. Frequency with which the following four dry-weight sediment guidelines were 
exceeded in San Francisco Bay sediments: Effects Range-Low (ERL) values 
for 24 chemicals; Effects Range-Median (ERM) values for 24 chemicals; Puget 
Sound Amphipod Apparent Effects Threshold (AAET) values for 27 chemicals; 
Puget Sound Bivalve Apparent Effects Threshold (BAET) values for 23 
chemicals. 
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magnitude of guideline exceedence and toxicity is examined in greater detail for mercury 

and chromium, because the data for these two trace metals contained a relatively large

number of exceedences over a wide range of concentrations and toxic responses. 

ERL Exceedences 

The number of San Francisco Bay samples exceeding trace metal ERL values was 

highly variable depending on the metal, ranging from 3 to 195 samples (Table 6-2). The _ 

ERL for nickel was exceeded in nearly all (195) of the samples tested. Nickel was followed 

in frequency by chromium, mercury, and copper which were exceeded by 144, 113, and 112 

samples, respectively. In contrast, ERL values for organic compounds were exceeded by 

fewer samples, ranging from 1 to 56 samples depending on the compound. 

The frequency with which significant toxic effects were associated with sediment 

concentrations greater than an ERL was similar for trace metals and organics. On average, 

55% of the samples which exceeded an ERL were toxic to at least one test species, 

indicating that there was effectively a random chance that exceeding the ERL for a 

particular chemical would accurately predict significant toxicity in these sediments. 

ERM Exceedences 

ERM values were exceeded less frequently than ERLs (Table 6-2). The highest 

number of samples (159) exceeded the ERM for nickel. Moreover, ERMs for nickel, 

mercury, and chromium together accounted for 85% of all the exceedences of ERM values. 

An average of 50% of the samples that exceeded an ERM were also toxic, implying 

that ERM values were no more predictive of acute toxicity than were ERL values. 

However, this average is highly skewed by a single sample from the Alcatraz mound 

reference site (Port of Oakland Berth Area study). This sample accounted for the sole 

exceedence of the ERM values for LPAH, HP AH, chrysene, acenapthene, fluorene, 

anthracene, and phenanthrene while not being acutely toxic to any of the test species. If the 

guideline exceedences due to this individual sample are excluded from the calculations, the 
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average %TE for ERMs increases from 50% to 71%. The percentage of ERM exceedences 

that were toxic was higher than the %TEs for ERLs for eight of the 12 remaining 

chemicals. However, this was not the case for chromium or mercury, as discussed below. 

Although these two metals had the second and third highest number of ERM exceedences, 

the %TEs were either equal to or lower than those for the ERLs. 

Chromium and ERLIERM values 

Despite a four-fold difference between the ERL (81 J.lg/g) and ERM (370 J.lg/g) values 

for chromium, 61% of the samples exceeding the ERL were toxic as compared to 41% that 

exceeded the ERM. The concentration-response relationship for the 26 samples containing 

chromium concentrations that exceeded the ERMis presented in Figure 6-3. There was no 

linear correlation between the increasing concentrations of total chromium and survival in 

either the amphipod, R. abronius (r2 =0.024, p=0.29) or the polychaete N caecoides 

{r2 = 0.062 p=0.45). Notably, one sample from an area of the Oakland Inner Harbor 

channel located near a metal recycling facility contained concentrations of total chromium in 

excess of 900 J.lg/g, yet mortality in both test species was less than 10%. 

Mercury and ERLIERM values 

The ERM value for mercury (0.71 J.lg/g) was exceeded by 21 samples, 59% of which 

were significantly toxic to at least one test organism (Table 6-2). The frequency of mercury 

ERM exceedences is essentially equal to that seen for the ERL value. The concentration

response relationships for these samples are presented in Figure 6-4 relative to mortality in 

two amphipod species and two bivalve species. Consistently high mortality was observed in 

samples tested with E. estuarius, however, all five data points were derived from a single 

highly contaminated area at Castro Cove where mercury co-occurred with elevated sediment 

concentrations of several other trace metals and organic compounds. No significant linear 

relationship was observed between mortality in either R. abronius (r=0.012, p=0.74) or 
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Figure 6-3. Concentration-response relationship between total sediment chromium and 
mortality in the amphipod Rhepoxynius abronius (~=0.062; p=0.29) and the 
polychaete Nephtys caecoides (r2=0.024; p=0.45). Data shown are for samples 
with sediment chromium in excess of the Effects Range-Median value (ERM). 
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M gal/oprovinciallis {r2=0.011, p=0.87) and sediment concentrations of mercury. A 

significant correlation between sediment mercury and toxicity was seen, howev~r. using C. 

gigas (r2=0.76, p=0.05) although the total number of samples was very small (n=5). 

AET Exceedences 

Relatively few of these San Francisco Bay samples exceeded the Puget Sound 

amphipod and bivalve AET values as compared to the ERL and ERM values {Tables 6-3 and 

6-4). The highest number of exceedences was observed for the dry-weight amphipod AET for 

chromium which was exceeded in 2_9 samples. For organic compounds there were no 

substantial differences in the number of samples exceeding dry-weight vs OC-normalized 

AET values. Although the amphipod AET values were almost always higher than those for 

the bivalve, the total number of exceedences was larger for the amphipod AET, because more 

samples were tested using this species. 

The percentage of samples that exceeded AETs and were acutely toxic averaged from 

a low of 28% (dry-weight bivalve AET) to a high of 71% (dry-weight amphipod AET). As 

was the case for the chromium ERM, exceedence of the chromium AET was a poor predictor 

of amphipod toxicity {%TE = 21%). For a large proportion of the other chemicals, the %TEs 

ate based on a small number of exceedences. Furthermore, samples from the Castro Cove 

study make Up 98% of the guideline exceedences for the dry-weight bivalve AETs and 64% 

of the exceedences for the OC-normalized bivalve AET values. Significant bivalve larval 

toxicity was observed in only two of the thirty samples tested from Castro Cove, considerably 

influencing the % TE calculation for many of the AETs. 

EPA Sediment Quality Criteria ~xceedences 

The EPA's proposed sediment quality criteria (SQC) for t~ree PAHs (fluoranthene, · 

acenaphthylene, and phenanthrene) and two pesticides (dieldrin and endrin) were exceeded by 

only two of the samples in our data set. Each of the SQC P AH values were exceeded by a 

single Alcatraz mound reference sample (R-AC from the Port of Oakland Berth Area Study). 
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The SQC value for endrin was also exceeded in only a single sample. Neither of these 

samples, however, was significantly toxic to any of the test species. 

Discussion 

Generally, the small size of the San Francisco Bay data set we evaluated (197 

samples) and the small number of exceedences seen for many of the sediment quality 

guidelines precludes drawing firm conclusions about their accuracy for predicting toxicity in 

San Francisco Bay sediments. Nevertheless, there were notable differences between different 

types of guidelines in the frequency with which they were. exceeded and the degree of 

correlation between significant toxicity and guideline value exceedences. 

The ERL and ERM values for organics and trace metals were generally the most 

conservative of the dry-weight guidelines tested and, therefore, were the most frequently 

exceeded. We would expect that while an ERM value would be exceeded less often than an 

ERL, any exceedences would be more predictive of toxicity. In fact, this is what was 

observed for most chemicals with the overall average %TE for ERLs being 55% while that 

for ERMs was 71%4
• There were, however, some notable exceptions for individual 

chemicals. Although a large percentage of all our samples exceeded the ERM values for 

chromium, nickel, and mercury, these values were either similarly or less predictive of 

toxicity than the ERLs. Therefore, it is likely that factors other than increasing concentrations 

of these trace metals are responsible for the toxicity observed in many of the samples. ERL 

and ERM values appear to be of little use for evaluating risks associated with ~hromium, 

nickel, and mercury in San Francisco Bay sediments. 

Based on the results of this analysis, we are unable to make definitive conclusions 

regarding the accuracy of Puget Sound AETs for predicting toxic effects in San Francisco Bay 

sediments. Although the number of samples exceeding AET values for organic compounds 

4 The Alcatraz mound reference site from the Port of Oakland Berthing Area study was excluded from this % TE 
calculation. 

6-20 



was similar to those exceeding ERMs, many of these samples were clustered within a 

particular study. For example, a relatively large number of samples exceeding AET values 

for several HPAH compounds (dibenzo(a,h)anthracene, benzo(g,h,i)perylene, and 

indeno(l,2,3-c,d)pyrene) came from the Castro Cove study. There are two potential problems 

with drawing conclusions about AET values based on samples primarily from Castro Cove. 

First, Castro Cove is a relatively small and highly contaminated area. With the available 

chemical information it is difficult to discern which of the co-occurring chemicals are likely 

cause(s) of .the toxicity observed here. Second, because samples from the Castro Cove study 

made up a large number of the exceedences for both the bivalve and amphipod AETs, the 

calculated %TE for many of the chemicals was highly influenced by the extreme differences 

in toxic response between bivalves and amphipods observed at this site. Specifically, two

thirds of the Castro Cove samples were significantly toxic in the amphipod bioassay, whereas 

only two out of 3 0 samples were toxic in the bivalve test. 

There are several factors influencing the predictive accuracy of individual sediment 

quality guidelines for toxicity in San Francisco Bay samples. A detailed discussion of these 

factors, which include the biological basis for and derivation of the guidelines themselves, 

their regional specificity (or lack of specificity), and the characteristics of the data set to 

which they are being compared, is presented below. 

By definition, ERL and ERM values delineate the concentration ranges at which toxic 

effects "occasionally" and "frequently" occur in the data base used to generate these 

guidelines. Thus, we would not expect that all cases in which ERLs were exceeded would 

necessarily be correlated with significant toxicity. Furthermore, it is important to remember 

that ERLs and ERMs were derived from a multistudy and multispecies data base which 

represents a wide range of species sensitivity and sediment types. For example, in the data 

base used to generate the revised chromium ERL, toxic effects occurring below the ERL 

value were derived from four sources: two observations of low to moderate benthic species 

richness, one observation of increased burrowing time in a clam (Macoma balthica), and a 

chronic marine threshold based on equilibrium partitioning theory. Acute toxicity to 
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amphipod and polychaete species was not observed until chromium concentrations were at or 

above the ERM value (3 70 Jlg/g). Therefore, it follows that the chromium ERL would not be 

highly predictive of acute toxicity for the test species used in the San Francisco Bay data set. 

Another important consideration that may influence the utility of both Puget Sound 

AET and ERL/ERM values for San Francisco Bay sediments is the environmental specificity 

of th~se sediment guidelines. Marine-specific or generalized guidelines may not account for 

the variable characteristics that govern contaminant bioavailability in an estuarine 

environment. For example, the influence of freshwater inputs (particularly important in a 

shallow estuary such as San Francisco Bay) would not be reflected in AET guidelines 

developed specifically for the marine benthos of Puget Sound. In addition, AET values based 

. on the response of a marine amphipod (R. abronius) may not accurately predict acute toxicity 

for an estuarine amphipod species such as E. estuarius. Likewise, nationally-derived criteria 

such as the ERL/ERM values and EPA Sediment Quality Criteria may be less likely to 

account for the specific background geological conditions of a particular region. Thus, high 

background levels of some trace metals (discussed further in Section 7) and local conditions 

affecting chemical speciation may affect the applicability of national guidelines to San 

Francisco Bay. These considerations underscore the importance of evaluating the biological 

basis of sediment quality guidelines as well as the site-specific sediment chemistry of the area 

in question before applying them to regional data sets. 

The potential for sediment guidelines to accurately predict sediment toxicity is further 

limited by the accuracy and specificity of the sediment data set in question. For example, 

bulk sediment measurements of total chromium make no distinction between soluble ionic 

species in pore water and insoluble complexes associated with the sediment - although the 

latter are generally non-toxic and the former have differing toxicities to aquatic organisms. 

While trivalent chromium (Cr+3
) is the more toxic ion, hexavalent chromium (Cr+6

) is 

considered to be the more toxicologically significant because it is more reactive and able to 

cross cell membranes where it is then reduced to Cr+3 (Vonburg & Liu, 1993). The speciation 

of soluble chromium is highly dependant on the oxidation state of the medium. Under the 

anoxic conditions .of most sediments, Cr+3 predominates over Cr+6
. Therefore, one possible 
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explanation for why the ERM and Puget Sound amphipod dry-weight AET for chromium are 

poor predictors of toxicity in these San Francisco Bay sediments may be because elevated 

levels of total chromium in these sediments are predominantly Cr+3 and/or insoluble 

complexed forms that are relatively non-toxic to the test species. 

While our data set did cover a broad range of habitats, sediment types, and degrees of 

contamination, the incidence of elevated contamination and acute toxicity was not evenly 

distributed over the studies. Considerable expansion of the data set would enable an 

evaluation of these guidelines that would be less biased by site-specific or study-specific 

conditions. 

Conclusions 

In this section, we examined the utility of several commonly-used sediment quality 

guidelines for predicting acute toxicity in a San Francisco Bay data set. We found that some 

guidelines appear to be better predictors of toxicity than others. Specifically, sediment 

contamination in excess of ERM values was more often correlated with an observation of 

toxicity than was exceedence of an ERL value. Puget Sound dry-weight amphipod AET 

values were more predictive of toxicity than were bivalve AETs or OC-normalized AETs; 

however, exceedences of AET values were limited to a small fraction of the entire data set. 

The proposed EPA Sediment Quality Guidelines are only available for a limited number of 

chemicals and were not exceeded in enough samples to permit conclusions to be drawn on 

their predictive potential. 

Perhaps the most limiting factor in our analysis was the size of the data set used. 

Although a broad range of concentrations measured for many of the chemicals, higher 

concentrations were frequently represented by an individual "hot" sample or measurements 

made in a single, highly contaminated area. A larger set of sediment chemistry and toxicity 

data, representing a wider range of chemical concentrations from multiple sites would 
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facilitate efforts to determine the applicability of these guidelines to San Francisco Bay 

sediments. 

Considering the numerous (and largely unmeasured) site-specific factors that govern 

contaminant partitioning and bioavailability in San Francisco Bay, it is unlikely that sediment 

guidelines alone could ever be adequate for the determination of risks posed by contaminants 

in sediments. Indeed, the present analysis demonstrates that a significant proportion of the 

acutely toxic sediments would have been missed had guidelines not been used in conjunction 

with bioassays. However, sediment quality guidelines can be valuable in both regulatory and 

monitoring programs for: 1) determination of potential impact areas, 2) prioritizing areas for 

examination or remediation, and 3) use as relatively inexpensive triggers for additional 

biological and chemical testing. 

Instead of applying of sediment guidelines as a substitute for biological testing, it 

would be more constructive to integrate guidelines in a tiered manner with biological and 

chemical testing into sediment monitoring programs. For example, conservative guidelines 

such as the ERLs appear to be a good indication of the upper threshold of concentrations that 

are not likely to be toxic and therefore might be useful for preliminary screening purposes. 

Furthermore, ERL and/or ERM values may be more useful for the identification of areas with 

significant contamination (ie., where sediments exceed guidelines for numerous chemicals) 

rather than to determine the specific chemical(s) responsible for toxicity (Berry, personal 

communication). Ultimately, guidelines such as ERMs, which are more predictive of acute 

toxicity in San Francisco Bay sediments, could be used as the basis for developing site

specific sediment screening guidelines for regulatory use. In addition, site-specific guidelines 

could be validated using techniques such as spiked pore water bioassays. 
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7. BACKGROUND CONCENTRATIONS OF SELECTED 
TRACE l\1ETALS IN SAN FRANCISCO BAY SEDil\1ENT 

Introduction 

Sediment quality guidelines have come into greater use as a management tool for the 

identification (and prioritization) of contaminated sediments that may be toxic to aquatic 

communities. However, as was discussed in Section 6, many of the existing guidelines have 

been developed from national data bases and, as such, do not account for region-specific 

sediment characteristics. With this in mind, an important step in evaluating the applicability 

of sediment guidelines is to identify whether these values are representative of contamination 

above the background levels associated with the sediments of a particular region. A sediment 

guideline that is lower than the naturally occurring background concentration is not useful for 

the identification of risks associated with anthropogenic contamination. 

Earlier surveys of San Francisco Bay sediments such as those performed by 

Long et al. (1988) and Long and Morgan (1992) have reported elevated levels of trace metals 

at stations throughout the Bay. Sediment levels of mercury, lead, and chromium often 

exceeded nationally derived Effects Range-low (ERL) and Effects Range-medium (ERM) 

values established by Long and Morgan (1990) for the National Status and Trends program1 
• 

Sediments with elevated concentrations of .nickel and chromium are also frequently observed 

in harbors and navigation channels tested as part of the dredged material testing program. 

However, these sediments are frequently not toxic in both solid-phase and suspended-phase 

bioassays (Ross, personal communication). 

Goals 

The purpose of this section is to use recent information on background levels of trace 

metals in San Francisco Bay sediments to assess the suitability of a set of nationally-derived 

sediment guidelines for this region. We also used these background levels to determine the 

1 See Section· 6 for a description of ERL and ERM values. 
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degree to which measured concentrations of trace metals from our data set represent 

contamination as opposed to concentrations that might be naturally occurring. 

Approach 

There have been few geological studies which have focused specifically on San 

Francisco Bay. Consequently, trace metal concentrations typical of shale sediment are often 
' 

used as an approximation of expected background levels (Krauskopf, 1967). However, the 

U.S. Geological Survey (USGS) has recently completed a survey evaluating vertical and 

horizontal profiles of trace metals in sediment cores taken in central and north Bay locations 

(Hornberger, et a!., in review). This data constitutes the first study specific to San Francisco 

Bay which attempts to distinguish enriched from background concentrati~ns 

We used this USGS data as an approximation of background in order to assess the 

applicability of the newly revised ERL and ERM values for trace metals to San Francisco Bay 

sediments (Long, eta!., 1994). ERLand ERM values were singled-out for comparison, 

because they are the lowest of all the available national guidelines and, for several metals, 

exceedences of these guidelines were often not associated with toxicity in our San Francisco 

data set (discussed in Section 7). We also compared the USGS background data from the 

Richardson Bay core2 to the metals concentrations of the Harbor and SedQual 3 samples to 

assess the degree of their contamination. 

The USGS study included coring at four locations in the central and north Bay with 

subsequent analysi~ of seven trace metals (chromium, copper, lead, mercury, nickel, silver, 
-

and zinc). Analyses were conducted on sediment samples taken at ten-centimeter intervals for 

the full length of each core, and .cores ranged from 1.5 to 2.5m in length. Trace metals 

concentrations reported in Table 7-1 represent averages from measurements made on replicate 

cores. 

2 The Richardson Bay core was used because it was the only core for which Pb 210 dating confirmed the age 
of the sediments. 
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Background levels of a given metal were defined in two ways. "True background" 

was determined using Pb-210 radiometric analysis which is used to date sediments that are 

less than' 100 years old. However, Pb-21 0 analysis was only conducted on cores from the San 

Pablo Bay and Richardson Bay locations. Although the metals concentrations given for 

Richardson Bay have been confirmed as true background by Pb-21 0 dating, cores collected in 

the San Pablo Bay require additional radiometric analysis. Therefore, metals concentrations 

from this core may not represent true background. In Table 7-1, we have also classified 

metal concentrations as "approximate background" based on the methods described below. 

A second estimation of background was made based on concentrations measured at 

depth. For all cores (with the exception of those from Richardson Bay), background is 

"qualitatively" defined as that concentration of~ given metal which remains unchanged over 

60-70 em intervals in the deepest sections of the core. Nearly uniform concentrations of 

chromium and nickel were measured throughout all the cores. Consequently, there were no 

significant differences from which to qualitatively delineate background. For this reason, the 

range of chromium and nickel concentrations measured over the length of the entire core are 

reported under the "no background detected" heading in Table 7-1. One possible explanation 

for these uniform concentrations may be that naturally high background concentrations have 

overwhelmed any more recent signal which may be due to anthropogenic inputs. 

We made additional verification of both radiometric "true" and "qualitative" back

ground designations3 using recently published information from a sediment budget study for 

3 It is important to note that the all of the radiometric and qualitative designations of background in 
Table 5-l are not necessarily synonymous with pre-human or crustal concentrations. Rather, these designations 
give a good indication of pre-industrial concentrations. The Richardson Bay core, in which additional Carbon-14 
dating suggests that sediment at 150 em was deposited several hundred years ago, appears to give a complete record of 
pre- and post-anthropogenic activities. Trace metal profiles in this core, however, show two points where identifiable 
changes in enrichment are observed. Slight enrichment occurs approximately I 00 years ago and may be attributable to 
runoff from hydraulic mining in the Sierras. A second and much more significant amount of enrichment starts 50 years 
ago, coinciding with the intensification of industrialized activity in the vicinity of this estuary. In nearly all the cores, 
the onset of this second phase of enrichment is clearly detectable and indicative of the relatively higher contribution of 
industrialization to trace metal enrichment of sediments in San Francisco Bay (Hornberger, personal communication). 
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Table 7-1. Background concentrations for selected metals in San Francisco Bay sediments from Hornberger et al. (in review) 

Approx. Background (a) 

Location Accretion/Erosion Core length Dating Analysis Ag Cu Pb Zn Hg 
(Lat/Long) potential (c) (em) Info Method (ug/s) (ijglg) (uglg) (ijglg) <uglg) 

Grizzly Bay Slight erosion 250 nm(d) Near total nm 41 15 100 nm 
38 06 07 
122 01 49 

San Pablo Bay 3-6' moderate 250 might not be Total 0.1 55 40 60 nm 
38 02 04 accretion true background Near total 0.1 40 20 70 nm 
122 19 22 @2.5m 

Central Bay Slight 200 nm Total nm 25 25 70 nm 
122 21 40 accretion/erosion Near total nm 30 10 70 nm 
37 51 23 

Richardson Bay Slight erosion 150 "true" background Total 0.1 20 20 70 nm 
37 51 38 from Pb 210 Near total 0.1 20 10 50 0.05 
122 28 21 

ERL (e) 1.0 34 46.7 150 0.15 
ERM 3.7 270 218 410 0.71 

(a) "Approx. Background" indicates background defined qualitatively according to vertical profile of contamination. See Text for further explanation. 
(b) "No background" indicates that ranges were seen throughout core (i.e., uniform concentrations). See text for further explanation. 
(c) Accretion/Erosion potential from U.S. Army Corps of Engineers (1992) 

(d) not measured 
(e) ERLand ERM are Effects Range-low and -median values from Long et al. (in press) 
Cadmium was measured in the San Pablo Bay and Richardson Bay cores but was below detection limits at both sites. 
Cd concentrations: <0.7 J.Lg/g for total extraction; <0.3 J.Lg/g for near total extraction. 
All sediment samples sieved to < 64 microns. 
All trace metals except silver measured by Inductively Coupled Argon Plasma Emission Spectroscopy (I CAPES). 
Silver measured by Graphite Furnace Atomic Absorption Spectrophotometry (GF AAS). 

No Background (b) 

Cr Ni 
(Hglg) (ijglg) 

102-119 100 

150-170 100 
100-120 100 

115-150 70-90 
90-120 70-90 

110-130 70-80 
70-100 50-70 

81 20.9 
370 51 



San Francisco Bay (U.S. Army Corps of Engineers, 1992). Each of the four USGS coring 

locations were plotted on bathymetric difference plates that represent the accretion/erosion 

rates over the 35 year period from 1955-1990. As indicated in Table 7-1, nearly all of the 

coring locations were in areas with only slight (0-1 ft. over 35 years) accretion or erosion. 

Only the core from San Pablo Bay was located in an area of moderate (3-6 ft. over 35 years) 

accretion. Higher accretion rates at this site corroborate with preliminary radiometric dating 

results indicating that sediment in the deeper sections of this core are less than 100 years old 

The sample preparation and analysis methods used the USGS study were comparable 

to those used in both the Harbor and SedQual 3 studies With the following qualifications: 

• All USGS sediment samples were sieved and only the silt-clay ( <64-micron) fraction 

was used for trace metal analysis. Consequently, the trace metal concentrations given 

in Table 7-1 may be 10-20 J..lg/kg higher than if entire samples had been analyzed 

(Hornberger, personal communication). 

• Cores from three of the four USGS locations were prepared for analysis using both a 

total hydrofluoric acid (HF) digestion and a near total (concentrated nitric by reflux) 

digestion. The fourth core, from Grizzly Bay, was analyzed using only a near total 

digestion. Results using both extraction methods are supplied in Table 7-1 to facilitate 

comparisons with Harbor samples (analyzed using HF digestion) and SedQual 3 

samples (analyzed using near total dige'stion). 

ResuHs 

A comparison of ERL and ERM values to the USGS background ranges demonstrates 

that ERLs for four of the seven trace metals are either nearly equal to or lower than 

background {Table 7-1 ). ERLs for copper and lead fell within the range of background values 

observed at the USGS coring locations. Chromium and nickel ERLs were lower than the 

background ranges for these metals, neither of which had a vertical concentration gradient in 
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the USGS cores. Moreover, the ERM value for nickel was lower than background. In 

contrast, ERLs for silver, zinc and mercury were substantially higher than background. 

A comparison of bulk sediment concentrations of selected metals from the SedQual 3 

and Harbor studies to the USGS background levels from the Richardson Bay coring site is 

presented in Table 7-2. Concentrations of trace metals in SedQual 3 samples were generally 

higher than background while those in the Harbor sediments were often lower than 

background. The number of samples from the SedQual 3 studies that had metal 

Table 7-2. The percentage of sediment samples from San Francisco Bay studies with trace 
metal concentrations that were above the USGS background (a) 

SedQual 3 Studies 

Trace Metal Background (b) % Above 
(J.lg/g) Background 

Silver 0.1 97 

Copper 20 98 

Lead 10 95 

Zinc 50 99 

Mercury 0.05 100 

Nickel 50- 70 86- 69 

Chromium 70- 110 73 - 7 

Harbor Studies 

Background (c) 
(J.lg/g) 

0.1 

20 

20 

70 

na 

70- 80 

110- 130 

%Above 
Background 

54 

59 

28 

47 

-

44- 35 

100 - 98 

(a) Background concentrations measured at the USGS Richardson Bay coring location (Hornberger et al., in 
review). 

(b) Samples from the SedQual 3 studies were compared to background concentrations based on the near total 
extraction method. 

(c) Samples from the Harbor studies were compared to background concentrations based on the HF extraction 
method. 

na = not available 
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concentrations higher than background ranged from 69 to 99% of the total, depending on the 

metal. Chromium was the only metal that was often lower than background. In contrast, 

trace metal concentrations in excess of background were observed less frequently in the 

Harbor samples (28-59% depending on the metal). Once again, chromium was the exception 

but unlike the Sed Qual 3 samples, 98-100% of those from the Harbor studies had chromium 

concentrations which were higher than background. 

Discussion 

If sediment guidelines are to be a useful tool in the identification of anthropogenically 

contaminated sediments in San Francisco Bay, they must reflect the site-specific conditions of 

enrichment. Marginal exceedence of guidelines such as ERLs, which are equal to or nearly 

equal to background levels of several trace metals, would be expected to be a poor predictor 

of toxicity related to contamination (see discussion in Section 7). This exercise. suggests that 

for guidelines to be locally robust, they must be developed using regional data sets and with a 

consideration of site-specific variables such as background trace metal chemical 

concentrations. 

Comparison of USGS trace metal background values to the SedQual 3 and Harbor data 

sets is a very general means of answering the question, "What is the extent of trace metal 

contamination in San Francisco Bay?". Combining the chemistry data from the individual 

studies that comprise the SedQual 3 and Harbor data, however, substantially limits the 

chemical- and site-specificity of the conclusions that can be drawn from this analysis. 

Sources of samples in the -SedQual 3 studies ranged from the highly contaminated Castro 

Cove to mid-Bay sites that are physically removed from direct influence of discharges. 

Harbor study samples were pred<_>minantly from frequently-dredged navigation channels, 

although a fraction were from berth areas adjacent to intensive industrial activity. 

Furthermore, the background metal concentrations represented by the USGS Richardson Bay 

core were generally among the lowest ofall the USGS coring sites, making this a 

conservative point of comparison. Thus, our observation of generally higher trace metal 
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contamination in the SedQual 3 samples as compared to those from the Harbor studies should 

not be interpreted as indicating that harbors are generally less contaminated with trace metals 

than non-harbor areas. Rather, this result suggests that trace metal contamination is not 

limited to /(nor guaranteed to be a problem in) harbors. 

Conclusions 

In this section, we have demonstrated that ERL values for several trace metals 

(chromium, nickel, copper, and lead) are equal to or lower than background concentrations of 

these elements in San Francisco Bay sediments. Based on this comparison, we conclude that 

these particular guideline values can not be used to accurately predict sediment toxicity that 

would be associated with contamination. These results highlight the importance of using 

available site-specific information on background chemistry in determining the regional/local 

applicability of nationally-derived sediment quality guidelines. 
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8. ALTERNATIVE APPROACHES FOR EVALUATING SEDIMENT 
TOXICITY AND CHEMISTRY DATA. 

Introduction 

The results discussed in Section 3 demonstrate that the toxicity of field-collected 

sediments is frequently not explained by elevated bulk sediment concentrations of individual 

chemicals and/or chemical groups. Rather than indicating that chemical contamination is not 

the cause of toxicity, these results confirm a general concern that bulk concentrations alone do 

not provide adequate information to predict the bioavailability of sediment contaminants. 

Evaluations of sediment data are further complicated by the fact that field sediments are 

usually comprised of mixtures of contaminants the interactions of which can potentiate, 

antagonize, or have no effect on the toxicity of other co-occurring chemicals. Typical 

concentration-response analyses that are limited to bulk concentrations of individual chemicals 

or chemical classes do not account for these interactions. 

The toxicity of sediments is governed by the interactions of numerous factors 

including the physical and chemical properties of the sediment, the chemical properties of the 

contaminants, and the exposure conditions of the organism. In order to determine why 

samples with relatively high contamir:tation were not toxic to test species or, conversely, why 

samples with relatively low contamination were toxic, we would need to know more about 

such factors (e.g., acid volatile sulfide (A VS), organic and inorganic ligands, dissolved 

organic carbon, oxidation state, and pH). We would also need to understand the mode of 

toxic action as well as the route(s) of exposure to the test organism in question. 

There have been several methods proposed to determine the "bioavailable" fraction of 

trace metals in sediment samples. Evaluation of the ratio of A VS to simultaneously extracted 

metals (SEM) has proven to be a good estimator of the bioavailability of several divalent 

metals (cadmium, copper, lead, nickel, and zinc) in sediments (Casas & Crecelius, 1994; 

DiToro, eta/., 1992; DiToro, eta/., 1990). Measurements of SEM and AVS are only slowly 
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being incorporated into sediment testing programs in San Francisco Bay and were not 

available in either the Harbor or SedQual 3 studies. 

Additionally, numerous models have been developed for predicting the toxicological 

effects of mixtures of organic compounds in sediments (Adams, eta/., 1992; Burton, 1992). 

Assumptions about critical pathways of exposure and the interactions among contaminants in 

mixtures differ between models, as do the data requirements for their use. Yet, they all 

estimate (or require data regarding) the bioavailable fraction of sediment contaminants. Those 

models that employ standard measurements (bulk sediment chemistry, acute toxicity, 

bioaccumulation) are finding greater application in ongoing efforts to identify dominant 

ecotoxicological factors in San Francisco Bay (e.g., Swartz, eta/., 1994). 

Goals 

In this section, we apply the following two models to the San Francisco Bay data set 

to examine their utility as alternative methods for predicting the toxicity associated with 

specific classes of non-ionic organic compounds that commonly occur in the Bay. 

• The Summed Polynuclear Aromatic Hydrocarbon (L.PAH) model was recently 

developed by Swartz and his co-workers to predic~ whether sediment PAH levels are · 

expected to be acutely toxicity to the amphipod Rhepoxynius abronius. 

• Critical Body Residue Analysis is a method for determining the potential toxicity of 

chemical groups with similar modes of toxic action, based bioaccumulation of these 

chemicals in tissue. CBR analysis relies on the premise that whole-body residues of 

certain chemical classes are a good first approximation of the amount of chemical 
' 

present at the sites of toxic action. 
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Approach 

The Summed PAH model 

We used the LPAH model recently developed by Swartz et a/. (in review) to evaluate 

the potential toxicity of P AH concentrations in sediment samples from four of the Harbor 

Studies (Oakland Harbor: Phase 3A, Phase 3B, Berth Areas and the Port of Richmond). The 

model results were then compared to the actual amphipod toxicity observed for these samples. 

The LP AH model uses standard chemistry data to predict the amphipod toxicity of 

field-collected sediments contaminated by PAHs. The model combines Toxic Units (TU), 

Equilibrium Partitioning Theory, Quantitative Structure Activity Relationships (QSAR), and 

information from laboratory concentration-response experiments to estimate the influence of 

sediment PAHs on R. abronius mortality. The LPAH model is particularly useful, because 

the data requirements (dry weight concentrations of 13 PAHs from the EPA priority pollutant 

list and sediment organic carbon) are standard measurements in many sediment monitoring 

programs. Furthermore, R. abronius is one of the amphipod species most commonly used in 

West coast sediment toxicity testing programs. A brief description of the model and its 

application follow. 

For a given sediment sample, pore water TU values were calculated for each of the 13 

P AHs. A toxic unit (TU) is a dimensionless measure of the potential for a contaminant to 

cause adverse affects to biota; it is defined as the concentration of chemical in the water 

divided by the water-only LCSO. Theoretically, 50% mortality will occur in a sample with a 

TU = 1. Applied in the context of sediment toxicity, a TU for a given chemical is defined as 

[PW]/[PW LC50], where [PW] is the chemical concentration in pore water (Jlg/L) and [PW 

LCSO] is the pore water LCSO for that chemical (Jlg/L). Pore water concentrations and LCSO 

values are estimated as follows: 
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• Pore water concentrations of each P AH compound were estimated from the OC

normalized sediment concentration and the sediment-water partitioning coefficient 

using the following equilibrium relationship: 

Koc = [OC-PAH] I [PW PAH] 

where Koc is the organic carbon normalized sediment-water partition coefficient, 

OC-PAH is the PAH concentration per kilogram sediment organic carbon (J..lg/kgOC), 

and PW PAH is the concentration of PAH in the sediment pore water (f..lg/L). The Koc 

values used were either derived experimentally or computed using laboratory 

measurements of Kow and a Ko/Kow regression model (U.S. Environmental Protection 

Agency, 1993). 

• Water-only LC50 values (substituted here for pore water LC50s) used in the TU 

calculation were either derived experimentally or estimated using the QSAR method1
, 

because amphipod LC50 values for most of these PAHs are unavailable. LC50s were 

derived experimentally for three PAH compounds (flouranthene, acenaphthylene, 

phenanthrene) using two amp hi pod species and plotted relative to their octanol/water 

partition coefficients (Kow) (DeWitt, eta/., 1992). Although based on a relatively 

small amount of data, the linear relationship between the LC50 and Kow values was 

highly significant (r2= -0.98, p<0.05) (Swartz, personal communication). The pore 

water LC50s for the remaining P AH compounds were then estimated from this toxicity 

QSAR based on their individual Kow values. The LC50 values used in this model will 

presumably change as more data from P AH spiking experiments becomes available 

precluding the need for QSAR estimations. 

1 QSARs describe relationships between the physico-chemical properties of chemicals and the biological 
responses these chemicals elicit. Comprehensive discussions of QSARs and their application in aquatic toxicology 
are given by Hermens et al. (1985) and McCarty et al. (1985). 
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The TU's for each of the PAH compounds were then summed for each sample2
• The 

probability that the total PAH content of a given sample would be acutely toxic to the 

amphipod, R. abronius, was estimated by comparing tpe ITU values to an empirically

derived concentration-response model. This model is based on data from spiked sediment 

studies using flouranthene, acenaphthylene, phenanthrene and describes the relationship 

between the percentage of samples with amphipod mortality greater than 24% and the value. 

for ITU. 

Critical Body Residue Analysis 

Arguably, the most direct indication of the bioavailability (and in some cases, 

toxicity) of certain classes of chemicals, is the degree to which they bioaccumulate in the 

tissues of sediment-dwelling organisms. McCarty and Mackay (1993) have discussed the 

utility of the Critical Body Residue (CBR) method for evaluating the ecological risk of 

various groups of chemicals. 

Numerous studies have demonstrated that organic chemicals with similar modes of 

toxic action also have comparable tissue residue thresholds for acute toxic response in 

invertebrates (Donkin, eta/., 1989; Landrum, eta/., 1991) and fish (Mackay & Hughes, 1984) 

(McCarty (1993) provides a thorough review). Furthermore, these thresholds appear to be 

fairly consistent across a variety of organisms (McCarty, 1986; McCarty, eta/., 1992). In 

other words, interspecies differences in sensitivity to many chemicals appear to be governed 

more by toxicokinetics (how a chemical gets to the site of toxic action) than by 

toxicodynamics (the mode of toxic action once at the target site). Unfortunately, there have 

been relatively few studies which have either estimated or measured tissue residues associated 

2 Toxic unit summation is frequently performed when analyzing concentration-response relationships for field 
samples containing mixtures of chemicals. While the assumption of additive toxicological effects may not apply 
in every situation, as a first approximation it appears to be reasonably accurate for mixtures of chemical classes 
having both similar and dissimilar modes of toxic action (McCarty & Mackay, 1993). Thus, even if an individual 
chemical is present at a concentration which was lower than its threshold for a specific mode of toxicity, it can still 
contribute to the overall non-specific (narcotic) toxicity of the mixture . 
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with acute and chronic toxicity endpoints in fish and aquatic invertebrates. The data which 

are available apply primarily to freshwater organisms. McCarty eta/. (1992) estimated a 

residue range from 200 to 800 J.lM/kg as producing acute narcosis3 in early life stages of 

fathead minnows, while residues associated with chronic effects appear to be an order of 

magnitude lower (McCarty, 1986). Landrum eta/. (1991) have reported a 26 day PAH LD50 

at body residues of 6100 J.lM/kg for the freshwater amphipod, Diporeia sp. 

One important feature of the CBR method, is that it is possible to group chemicals 

according to a common mode of toxic action, thus considering the effects of a chemical class 

rather than those of the individual compounds. This is particularly useful for real-world 

situations, in which sediments often contain miXtures of contaminants. Within classes of 

similarly-acting compounds (such as neutral narcotics), individual chemicals appear to have 

additive effects, with each chemical contributing to the overall toxicity of the mixture 

(Hermens, eta/., 1985). 

In the present study, body residues of the neutrally narcotic organic compounds cited 

in Table 8-1 were calculated using tissue chemistry data from 69 sediment samples from four 

of the Harbor studies (Oakland Harbor Phase 3A retest, Phase 3B, Berth areas and Richmond 

Harbor). Bioaccumulation and 28-day toxicity tests were performed using the bentnose clam 

(Macoma nasuta) and an infaunal polychaete (Nephtys caecoides). Tissue samples from 

individuals of both species surviving at the end of 28 days4 were analyzed for the same suite 

of organic compounds as was measured in the bulk sediment. For each sample, wet weight 

tissue concentrations of these neutral narcotic compounds were converted to molar 

concentrations and summed 5
. Those samples from each of the studies with the highest 

3 Acute narcosis describes toxicity resulting from non-specific modes of action. 

4 Differences in bioaccumulation between individuals of the same species do not appear to be significant as 
evidenced by the low inter-replicate variability in tissue residues. Therefore, the fact that only tissues of surviving 
organisms were used is not expected to underestimate the residues which might be associated with acute toxicity. 

5 Tissue residues were not normalized to the lipid content of the organism, because this information was not 
available. 
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summed tissue residues were then evaluated with respect to the results of the 28-day toxicity 

testing using the same species. 

Table 8-1. Neutral narcotic chemicals included in tissue residue calculation 

HPAHs 

Fluoranthene 

Pyrene 

Benzo( a )anthracene 

Chrysene 

Benzo(b,k)fluoranthene 

Benzo(a)pyrene 

Indeno( 1 ,2,3, -c,d)pyrene 

Dibenzo(a,h)anthracene 

Benzo(g,h,i )pery lene 

Results 

Summed PAHmodel 

LPAHs 

Naphthalene 

Acenaphthylene 

Acenaphthene 

Fluorene 

Phenanthrene 

Anthracene 

PCBs 

Aroclor 1242 

Aroclor 1248 

Aroclor 1254 

Aroclor 1260 

Summary data from the :LP AH analysis for selected samples from each of the four 

studies are provided in Table 8-2. Summed TU values, % R. abronius mortality, and % 

organic carbon for the three stations with the highest :LTU values from each study are found 

on the left side of the Table 8-2. The same information from the three stations with the 

highest amphipod mortality is on the right side of the table. With two exceptions, all the 

Harbor samples tested had :LTU values that were less than 1, ranging from 0.002 .to 0.67. 

The highest :LTU values were observed in samples from the Alcatraz disposal mound (4.52) 

and Alcatraz environs (1.64) reference stations. However, R. abronius mortality in these 

samples was generally low, 17% and 10%, respectively. 
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Table 8-2. Toxic unit concentra~ions of P AHs in sediment, amphipod mortality, and the organic carbon content of selected 
samples from four San Francisco Bay studies 

Study 
Oakland 
Harbor 
Phase 3B 

Oakland 
Harbor 
Berth Areas 

Oakland 
Harbor 
Phase 3A 

Richmond 
Harbor 

Highest Summed TUs (a) 

Station 
Alcatraz Mound Ref 
Alcatraz Environs Ref. 
I-C8 Outer Harbor 

Highest Mortality (b) 

Sum TUs (c) %Mort.@_ % TOC Station 
0.58 1 0.05 OC-1 Outer Harbor 
0.35 2 0.19 I-C2 Middle Harbor 
0.29 11 0.10 O-C2 Middle Harbor 

f.llliiiiii~11~i11~~~~~~~~~~~~~~~~~~~~~~~~llil:Il~~~~~~f~li~~\~!iiiii~~~~Ii~~~~~~Ii!ililil!ffii!lli1~~~~~~g;am~ comp m-1 Berth 6o 
Comp OB-1 Berth 25 0.38 12 0.05 Alcatraz Mound Ref 
Comp ffi-3 Berths 62&63 0.27 13 0.07 Bay Farm Ref. 

I -C 10 Inner Harbor 
I-T3 Todd Shipyard 
I-TS Todd Shipyard 

0.35 
0;35 
0.30 

9 
13 
12 

0.04 I-C17 Inner Harbor 
0.05 I-C9 Inner harbor 
0.09 Bay Farm Ref 

Sum TUs 
0.06 
0.10 
0.02 

0.19 
4.52 
0.07 

0.02 
0.01 
0.04 

%Mort.% TOC 
53 0.81 
41 0.87 
33 0.75 

28 0.79 
17 0.43 
15 0.72 

51 0.09 
50 0.69 
49 0.60 

CompiiinnerHarborchnl 0.13 20 0.73 AlcatrazMoundRef. 0.67 25 0.38 

(a) Listed are three samples from each study with the highest summed PAH TUs. 
(b) Listed are three samples from each study with the highest amphipod mortality. 
(c) Summed toxic units for: naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 

benzo( a,h)anthracene, chrysene, benzo(b )fluoranthene, benzo(k)fluoranthene, benzo( a )pyrene. 
(d) Mortality endpoint using Rhepoxynius abronius. 
Samples with summed TUs > 1 are indicated by shading. 
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Critical Body Residue Analysis 

Body residues of neutral narcotics in both test species were very low for all of the 

samples from the Harbor studies. Tissue and sediment chemistry information from three of 

the four studies6 is presented in Table 8-3 for those samples having the highest summed 

concentrations of neutral narcotics. The highest tissue concentration of summed neutral 

narcotics, 7.2 J,.lMikg in M nasuta, was observed in reference sample from the Alcatraz 

disposal mound (R-AC from the Oakland Harbor Phase 3A retest). The Alcatraz mound 

sample from the Richmond Harbor study was the only sample associated with the highest 

bioaccumulation in both test species (3.4. J..lM/kg in M nasuta and 7.0 J,.lMikg in 

N. caecoides). Overall, N. caecoides and M. nasuta were comparable in terms of their 

propensity toward accumulation of these neutral narcotic compounds. There were no cases in 

which the samples with the highest sediment concentration of neutral narcotics (indicated by 

(c) in Table 8-3) corresponded to the sample(s) in which the highest tissue residues were 

observed. 

Nearly all of the samples having the highest tissue or sediment concentrations of 

neutral narcotics were non-toxic in 28-day tests for both species (Table 8-3) .. Overall survival 

for N. caecoides ranged between 31 to 98% and that for M. nasuta ranged from 84 to 98%. 

Slightly reduced survival (77%) was associated with a tissue concentration of 1.6 J,.lMikg in 

N. caecoides. 

Discussion 

Summed PAH model 

The LTU values were frequently higher at the Alcatraz reference stations and the 

highest LTV values overall were observed in samples from Alcatraz mound (LTU = 4.52) and 

Alcatraz environs (LTU = 1.64). However, amphij>od mortality actually observed in these 

two samples ( 17% at the mound and 10% at the environs) was much lower than would 

6 Results from the fourth study (Oakland Harbor Phase 3B are not included because the highest tissue 
concentrations of neutral narcotic chemicals were extremely low (<0.5).1Mikg wet weight) in comparison with the 
other studies. · 
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Table 8-3. Sediment and wet-weight tissue concentrations of neutral narcotic chemicals at selected stations from three harbor studies 

Study Station Sediment NN (a) %TOC 

(l!sLkS OC) 
Oakland Harbor 468 0.79 

Berths 605 0.18 
8565 0.43 

-
Oakland Harbor 558 1.16 

Phase 3A 317 0.94 
Retest 1012 0.17 

--
Richmond 1659 0.38 

Harbor 2380* 0.06 

(a) Neutral Narcotic chemicals calculated as LPAHs + HPAHs +total PCBs. 
(b) All tissue concentrations are expressed as uM/kg wet-weight 
(c) station with highest summed neutral narcotics inN. caecoides tissue. 
(d) station with highest summed neutral narcotics in M. nasuta tissue. 
(e) station with the highest concentrations of OC-norrnalized neutral narcotics. 

%fines 

64 
18 
34 

96 
85 
18 

35 
5 

LNN 
N. caecoides 
(uM/kg)(b) 

®~~~~~~~i~~~~~~~-~~~~~~~~~~~~~~~~~~~~~~ 
0.70 
0.71 

~~1~~t~~~~~~~illllN~~i~~~~~~~~ 
0.76 
1.62 

ill~i~~l~l~l~mj.~~~lltllE~ll~~~m 
0.59 

% Surv. 
N. caecoides 

(28-dav) 
77 
90 
91 

82 
90 
81 

92 
95 

LNN 
M nasuta 
(uM/kg) 

1.17 

lt%f.l®il~~~~~~JJIIIl~ii~111 
0.98 

1.05 

~~~i~~~li~~~~~~~~~If:i~~Ir.~~~~~i 
0.05 

:i~t~~~~M~~~~\l~lli~H~~lilU 
0.82 . 

* Low total organic carbon at this station precludes OC-norrnalization; Sediment concentration of neutral narcotics given as Jlg/kg dry weight. 
For each study, tissues with the highest summed concentrations of neutral narcotics are shaded for each species. 

L 

% Surv. 
Mnasuta 
(28-dffi 

98 
92 
94 

97 
94 
99 

91 
90 



be predicted from the TU concentration-response model for LPAHs, indicating that elevated 

P AHs at these sites were not a likely cause of the marginal toxicity observed (Swartz, 

personal communication). All of the samples with relatively higher amphipod mortality 

{>30%) had very low LTV values for PAHs ranging from 0.01 to 0.1. 

Notably, 43% of all the samples and 75% of those listed in Table 8-2 as having the 

highest :ETU values had low organic carbon content(< 0.2%). The util~ty of using 

equilibrium partitioning theory to predict the partitioning of non-polar organics between pore 

water and sediment decreases substantially when the organic content of a sample falls under 

0.3% (DeWitt, et al., 1992; DiToro, eta/., 1991). Thus, the use of EqP theory with samples 

having low organic carbon content may have resulted in an overestimation of pore water P AH 

concentrations and, consequently, pore water TU values. 

Critical Body Residue Analysis 

Overall, bioaccumulation of neutral narcotics was very low for both test species 7. The 

highest tissue concentration observed (7.2 J..LMikg in M nasuta) falls significantly short of 

both the estimated acute narcosis residue range of 200-800 J..LMikg in fish (McCarty & 

Mackay, 1993) and 6100 J.lM/kg in freshwater crustaceans {Landrum, et al., 1991). Even if 

bivalves and polychaetes are more sensitive to these compounds than fish and amphipods, we 

would not expect this difference to be much more than an <?rder of magnitude. The absence of 

significant toxicity in these samples lends further support to the conclusion that neutral 

narcotics are not present in tissue concentrations that would be expected to cause toxicity. 

7 Over a four week exposure period, no noticeable differences were observed between tissue residues of neutral 
narcotics in the polychaete (N. caecoides) and those in the bivalve (M. nasuta). Mixed function oxidases such as 
aryl hydrocarbon hydroxylases which are capable of transforming various hydrocarbons into water-soluble 
degradation products, have been found in several species of polychaete (Lee, et al., 1977) but are rare in bivalves 
(Payne, 1977). Biotransformation and excretion of accumulated compounds due to the activity of inducible enzyme 
systems are considered important mechanisms influencing tissue residues over longer exposure periods. 

8-11 



Furthermore, our findings provide confirmation that bulk sediment concentrations of 

contaminants are not indicative of their bioavailability for these test species. Samples having 

the highest OC-normalized sediment concentrations of neutral narcotics never had the highest 

bioaccumulation of these compounds. 

There have been numerous studies demonstrating that interstitial water concentrations 

of non-ionic hydrophobic chemicals ·(such as PAHs) are the primary determinant of acute 

toxicity to benthic organisms (Swartz, et al., 1988; Swartz, et al., 1989). However, the 

relative contribution of the sediment-sorbed versus soluble fraction of contaminants to tissue 

residues has not been well defined for deposit feeding organisms and appears to be strongly 

dependent on both the partitioning characteristics of the chemical and the exposure conditions 

of the organism (Knezovich, et al., 1987). Determination of the significance of different 

exposure pathways has been complicated by variability in the lipophilicity between chemicals 

as well as in their elimination half-lifes for different organisms 8
. 

On one hand, if exposure to interstitial concentrations of neutral narcotics was the 

primary source of bioaccumulation in these species, then we would not expect bulk sediment 

concentrations to be a good predictor of tissue residues. The relatively low levels of organic 

carbon (<1.2%) seen in most of these samples from San Francisco Bay suggest that interstitial 

water concentrations of neutral nru:cotics, especially of the less lipophilic LP AHs, could be 

relatively high and constitute a significant route of exposure to the test organisms. 

Unfortunately, measurements of organics in interstitial water were not available with which to 

test this hypothesis. 

On the other hand, if neutral narcotic compounds associated with the sediment were a 

significant contribution to the bioaccumulation observed in San Francisco Bay sediments, 

differences between samples in their grain size distribution and organic carbon content may 

8 In the interest of brevity, we have left out a complete discussion of all the factors influencing the 
bioaccumulation of sediment contaminants. A more complete review is provided in Rodgers et al. (1987), Adams 
(1987), and Knezovich et al. (1987). 
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have influenced the relative bioavailability of sediment-bound organic chemicals. For 

example, in the Oakland Harbor Phase 3A retest study, neutral narcotics in M nasuta tissue 

were highest at the Alcatraz mound reference station while the highest OC-normalized 

sediment concentrations were at station I-Cl2 located in the Oakland Inner Harbor. 

Although sediment concentrations of neutral narcotics measured at the Alcatraz station 

(317 J..LglkgOC) were significantly lower than those measured at the inner harbor station 

(1012 J..LglkgOC), the contaminants associated with the finer and organically richer sediments 

at Alcatraz might have been more bioavailable to deposit feeding organisms. 

Some evidence does exist which indicates that ingestion of sediment-bound neutral 

narcotics can be a significant exposure pathway for infaunal bivalves and polychaetes. 

Results from several studies have demonstrated that accumulation of PCBs from ingested 

sediment is at least as important as uptake from interstitial water for infaunal polychaetes 

(Fowler, et al., 1978; Rubinstein, eta/., 1983). Studies evaluating the bioaccumulation of 

PAHs, on the other hand, have been less conclusive about the relative influence of the 

sediment-sorbed and water fractions on bioaccumulation. Roesijadi et a/. (1978) conducted 

short- and long-term exposures of deposit feeding clams (Macoma inquinata) to sediments 

with radio-labeled PAHs. They found that accumulation of sediment-bound contaminants was 

lower than that from the water, thereby inferring that sediment interstitial water was the · 

primary source of hydrocarbons accumulated in these organisms. However, the fact that both 

Roesijadi eta/. (1978) and Augenfeld eta/. (1982) observed higher hydrocarbon accumulation 

in tissue of the deposit feeders M. inquinata and the polychaete Abarenicola pacifica as 

compared to invertebrate suspension feeders is an indication that ingestion of sediment-bound 

contaminants can be an important additional route of exposure for deposit-feeding organisms. 

Conclusions 

Overall, there was agreement between the predictions of the :EP AH model and those 

using the CBR method regarding the influence of non-polar organic compounds on sediment 

toxicity in this San Francisco Bay data set. Based on the results given :by the :EPAH model 
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as well as a consideration of the amphipod toxicity data, it appears that P AH contamination 

alone is unlikely to be an important determinant of the toxicity in the samples from these 

Harbor studies. Some other contaminant(s) or stress appear to be responsible for the toxicity 

observed. Tissue concentrations of neutral narcotic chemicals (which include PAHs and 

PCBs) were very low for all the sediment samples evaluated and were rarely associated with 

acute toxic responses. Moreover, the highest tissue concentrations observed were more than 

an order of magnitude lower than those reported in the literature to be associated with acute 

toxicity. We conclude that the neutral narcotic organic compounds are unlikely to be a source 

of acute toxicity in sediments from these Harbor studies. 

The results of CBR analysis confirm that the bioavailability information pro'0ded by 

bioaccumulation testing cannot be derived indirectly from measurements of bulk sediment 

chemistry. Although higher tissue concentrations of neutral narcotic chemicals were generally 

observed from samples having higher sediment concentrations, the highest tissue 

concentrations in both the bivalve and polychaete test species never occurred in the samples 

with the highest sediment concentrations. 

CBR analysis and the :EPAH model appear to be useful (and underutilized) alternative 

approaches for determining potential causes of acute toxicity in San Francisco Bay sediments. 

Our results, however, can only be seen as preliminary due to the small size of the data set 

tested. A more thorough test of the utility of both methods for San Francisco Bay sedimen~s 

would require a larger data base in which a greater range of sediment/tissue concentrations 

and significant toxicity was observed. 
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