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SUMMARY 

Marine sediment remediation at the United Heckathorn Superfund Site in Richmond, California, was 

completed in April 1997.  The Record of Decision included a requirement that five years of post-

remediation monitoring be conducted in the waterways near the site.  The present monitoring year, 2001- 

2002, is the fifth and possibly final year of post-remediation monitoring.   In March 2002, water and mussel 

tissues were collected from the four stations in and near Lauritzen Channel that have been routinely 

monitored since 1997-98.  A fifth station in Parr Canal was sampled in Year 5 to document post-

remediation water and tissue concentrations there.  Dieldrin and dichlorodiphenyl trichloroethane (DDT) 

were analyzed in water samples and in tissue samples from resident (i.e., naturally occurring) mussels.  

Year 5 concentrations of dieldrin and total DDT in water and total DDT in tissue were compared with those 

from Years 1 through 4 of post-remediation monitoring (Antrim and Kohn 2000a,b1; Kohn and Kropp 

2000, 2001), and with preremediation data from the California State Mussel Watch Program (Rasmussen 

1995) and the Ecological Risk Assessment for the United Heckathorn Superfund Site (Lee et al., 1994).  

Year 5 water samples and mussel tissues were also analyzed for polychlorinated biphenyls (PCBs), which 

were detected in sediment samples during Year 2 monitoring and were added to the water and mussel tissue 

analyses in 1999.  Contaminants of concern in Year 5 water samples were analyzed in both bulk (total) 

phase and dissolved phase, as were total suspended solids, to evaluate the contribution of particulates to the 

total contaminant concentration.   

Mean chlorinated pesticide concentrations in some Year 5 water samples were the lowest post-remediation 

levels yet, but still did not meet remediation goals.  DDT and dieldrin were detected in Year 5, albeit at 

very low levels, in Richmond Inner Harbor Channel (Station 303.1), where pesticides were not detected in 

Year 4.  Mean total DDT concentrations in the total fraction of water samples collected at the other stations, 

including Santa Fe Channel and Parr Canal, ranged from 1.7 ng/L to 18.4 ng/L, exceeding the remediation 

goal of 0.59 ng/L.  Mean dieldrin concentrations in the total fraction of water samples ranged from 

0.16 ng/L at Richmond Inner Harbor Channel to 2.08 ng/L at Lauritzen Channel/End.  Total DDT in water 

from Lauritzen Channel/End was 87% lower in Year 5 than in Year 4; dieldrin was 76% lower in Year 5 

than in Year 4.  PCB Aroclor 1254 concentrations were below the method detection limit for all replicates 

collected from all five stations.   

                                                 
1 Reports for Years 1 and 2 of post-remediation monitoring were revised and republished in July 2000, after discovery 
of a reporting unit error in the original documents published in 1998 and 1999.  Revised documents were distributed to 
all names on the original distribution list; they are also available on the web by searching for “Heckathorn” at 
http://www.pnl.gov/main/publications.   
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Mussel tissue analyses indicated that the bioavailability of total DDT in Year 5 was substantially lower 

than preremediation levels and relative to previous years throughout the study area.  Total DDT 

concentrations in mussel tissues measured in Year 5 were 59% to 84% lower than Year 4 values at all 

stations.  Total DDT (wet weight) concentrations were an order of magnitude lower than preremediation 

levels at all stations for which preremediation data were collected.  Dieldrin concentrations measured in 

Year 5 were equal to or lower than Year 4 values at all stations.  Year 5 dieldrin concentrations were also 

an order of magnitude lower than preremediation levels at those stations for which preremediation levels 

were determined.  Mean chlorinated pesticide concentrations measured in Year 5 were highest in tissues 

from Lauritzen Channel/End (310 µg/kg total DDT and 17.0 µg/kg dieldrin wet weight), whereas the 

lowest mean total DDT (9 µg/kg wet weight) occurred in tissues collected from Richmond Inner Harbor 

Channel.  Richmond Inner Harbor and Santa Fe Channel tissues had similarly low dieldrin levels 

(0.7 µg/kg and 0.6 µg/kg wet weight, respectively).  The Aroclor 1254 concentration measured in tissue 

collected in Year 5 was 10% higher than in Year 4 at the Lauritzen Channel/Mouth station (303.2), but was 

28% to 58% lower than Year 4 values in the Lauritzen Channel/End, Richmond Inner Harbor Channel, and 

Santa Fe Channel stations.  Aroclor 1254 concentration in mussel tissue collected in Year 5 was highest at 

Lauritzen Channel/End (113 µg/kg wet weight) and lowest at Richmond Inner Harbor Channel (38.2 µg/kg 

wet weight). 

The passive samplers showed the same gradient of concentrations as the tissue and water samples with the 

highest total DDT and dieldrin concentrations occurring at Lauritzen Channel/End, decreasing with 

distance from Lauritzen Channel/Mouth to Santa Fe Channel/End, and with the lowest concentrations at the 

Richmond Inner Harbor Channel station.  Passive sampler concentrations were surprisingly comparable 

with the dry weight mussel tissue concentrations from the same stations.  Comparability with field tissue 

concentrations is a promising advance in environmental monitoring, but more research is needed in this 

area to demonstrate a repeatable relationship between field measurements to biological endpoints.   

Results from the fifth post-remediation monitoring survey indicated that chlorinated pesticides appear to be 

less bioavailable throughout the study area than in previous years, although without prior monitoring we 

are unable to determine whether pesticide bioavailability in Parr Canal has changed since remediation.   

The five years of post-remediation monitoring completed thus far fulfill the minimum requirement of the 

ROD.  Biomonitoring using mussel tissues has provided documentation of changes in the long-term 

bioavailability of pesticides from the Lauritzen Channel sediment that cannot be assessed through water 

sample analyses alone.  Future monitoring may be appropriate pending the results of ongoing sediment and 

outfall investigations. 
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 1.0  INTRODUCTION 

The United Heckathorn Site is located in Richmond Harbor, on the east side of San Francisco Bay in 

Contra Costa County, California (Figure 1.1).  The site is an active marine shipping terminal operated by 

the Levin Richmond Terminal Corporation.  The U.S. Environmental Protection Agency (EPA) listed the 

site on its National Priorities List of Federal Superfund sites because of chemical contamination of upland 

and marine sediments and because the site had the highest levels of dichlorodiphenyl trichloroethane 

(DDT) contamination measured during the California State Mussel Watch program (Rasmussen 1995).  A 

remedial investigation of adjacent marine areas revealed widespread contamination of sediment by 

pesticides, particularly DDT and dieldrin (White et al., 1994).  Significant pesticide contamination was 

limited to the soft, geologically recent deposits known as “younger bay mud.”  Pesticide concentrations 

were highest in Lauritzen Channel and decreased with increasing distance from the former United 

Heckathorn Site, clearly indicating that Heckathorn was the source of contamination.  An ecological risk 

assessment at the Heckathorn Site (Lee et al., 1994) reported data collected in 1991 and 1992 for 

contaminant concentrations in marine water, organisms, and sediment.  This assessment revealed that 

DDT and dieldrin contamination originating from the United Heckathorn Site had been actively 

transported to offsite areas via surface waters.  

Major components of the final remediation actions at the Heckathorn Site outlined in the Record of 

Decision (ROD 1996) are 

� dredging of all younger bay mud from Lauritzen Channel and Parr Canal, with offsite disposal of 
the dredged material 

� placement of clean sand after dredging 

� construction of a cap around the former Heckathorn facility to prevent erosion 

� enactment of a deed restriction limiting use of the property at the former Heckathorn facility 
location to nonresidential uses 

� marine monitoring to verify the effectiveness of the remediation. 
 

Remediation levels protective of the environment and human health were established to provide 

benchmarks for determining the effectiveness of the remediation actions.  The Feasibility Study (Lincoff 

et al., 1994) and the ROD reviewed federal and state environmental laws that contained Applicable or 

Relevant and Appropriate Requirements (ARARs) for the remediation actions.  EPA marine chronic and 

human health water quality criteria were identified as ARARs for surface water.  Human health standards 
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Figure 1.1.  Location of the United Heckathorn Superfund Site, Richmond, California. 
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based on consumption of contaminated fish were used to establish remediation goals because they are 

lower than marine chronic criteria.  No chemical-specific ARARs were identified as remediation goals for 

marine sediment or tissues at the site. 

Sediment remediation by dredging, dewatering, and offsite disposal took place between July 1996 and 

March 1997.  Extensive core sampling was conducted to verify that the younger bay (contaminated) mud 

was removed and that only older bay (less contaminated) mud remained.  EPA collected post-remediation 

samples of the remaining older bay mud, and analyses determined the average concentration of DDT to 

be 263 µg/kg dry weight (Lincoff 1997), below the remediation goal of 590 µg/kg DDT dry weight 

specified in the ROD.  In April 1997, 9100 cubic yards of clean sand were placed in Lauritzen Channel to 

improve the older bay mud surface for colonization by benthic invertebrates.  The volume of sand was 

equivalent to an average depth of 1 ft over the dredged area, although the exact layer thickness 

undoubtedly varied because of the uneven, sloping channel bottom.  Since remediation and sand 

placement in 1997, Lauritzen Channel has been returned to industrial use by Levin Richmond Terminals 

and Manson Construction, resulting in frequent vessel traffic throughout the channel.   

The purpose of the marine monitoring study is to document the expected reduction in flux of 

contaminants from the United Heckathorn Superfund Site following EPA response actions.  The 

measurement endpoints for this long-term monitoring are mussel and surface water chemical 

concentrations.  The remediation levels for waters set forth in the ROD are 0.59 ng/L for total DDT (the 

sum of the 4,4'- and 2,4'-isomers of DDT, DDD, and DDE) and 0.14 ng/L for dieldrin. 

Year 1 of post-remediation biomonitoring was conducted 6 months after remediation (Antrim and Kohn 

2000a).  Year 1 biomonitoring showed that pesticide concentrations in the tissues of mussels exposed at 

the site were higher than those observed before remediation.  Year 2 monitoring, conducted about 18 

months after remediation, showed tissue levels that were much reduced from Year 1 and that only 

exceeded preremediation levels at Richmond Inner Harbor Channel (Antrim and Kohn 2000b).  During 

both years, the concentrations were higher at Lauritzen Channel stations than at the Richmond Inner 

Harbor Channel or Santa Fe Channel stations.   Year 3 monitoring results were very similar to Year 2, 

with water concentrations still exceeding the cleanup goal and mussel tissue concentrations similar to 

those of Year 2.   The lack of a decrease in DDT concentration in the biomonitoring organisms suggested 

that DDT was still present and bioavailable in Lauritzen Channel, especially near its head. 

Sediment samples collected from Lauritzen Channel in late 1998 and summer of 1999 and analyzed for 

pesticides showed that soft surface sediments still had total DDT concentrations in the part-per-million 

range (Kohn and Gilmore 2001).  That DDT was still bioavailable to organisms was confirmed by Year 4  
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(2001) post-remediation biomonitoring results, which showed a slight increase in mussel tissue 

concentrations compared with those of Year 3.  Even though Year 4 tissue concentrations were below 

pre-remediation levels, it was clear that Lauritzen Channel sediment is still contaminated and that DDT 

bioavailability to marine organisms is not decreasing with time post-remediation. 

This report focuses on the Year 5 (2002) post-remediation biomonitoring results.  Year 5 biomonitoring 

repeated the water and resident mussel tissue sampling and analyses of the previous years, but added a 

station in the Parr Canal to determine effectiveness of the remedy there.  In Year 5, only resident mussels 

were sampled (as in Years 3 and 4), and Year 5 water samples were analyzed for both total and dissolved 

pesticides and total suspended solids (as in Year 4).  Year 5 results are compared with water and tissue 

pesticide data from two preremediation studies (Lee et al., 1994; Rasmussen 1995) and the Years 1, 2, 3, 

and 4 monitoring studies (Antrim and Kohn 2000a, 2000b; Kohn and Kropp 2000, 2001).  All 

Heckathorn post-remediation monitoring reports to date, as well as the 1999 Sediment Investigation 

(Kohn and Gilmore 2001) are available on the web at http://www.pnl.gov/main/publications.   
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2.0  METHODS 

Detailed methods for the collection, processing, and analysis of tissue and water samples in Year 5 were 

outlined in the Field Sampling and Analysis Plan for Long-Term Post-Remediation Monitoring at the 

Heckathorn Site (Battelle 1997).  All procedures for sampling, sample custody, field and lab 

documentation, other aspects of documentation, quality assurance, and sample analysis were consistent 

with the more general procedures described in the Quality Assurance Project Plan (QAPP) for 

Remediation Investigation and Feasibility Study of Marine Sediments at the United Heckathorn 

Superfund Site (Battelle 1992).  Updates to the existing plan were provided in Addendum 1 to the QAPP 

(Battelle 2002) to cover the following modifications for Year 5: 

� Collection of water and resident mussel tissue samples from Parr Canal, 

� Analysis of total suspended solids and dissolved contaminants in water samples, 

� Deployment of polyethylene passive water samplers at the four routine monitoring locations, and 

� Analysis of pesticides and PCBs in the passive water samplers (concurrently with mussel tissue). 

A brief review of methods is provided here.  All samples were collected by EPA and analyzed at Battelle 

Marine Sciences Laboratory (MSL).   

Four of the post-remediation monitoring stations selected are those stations in the project area that were 

sampled during the State Mussel Watch Program; the Parr Canal station, named 303.6, was added in 

Year 5 (Figure 2.1).  Three of the stations also approximate locations sampled during the Ecological Risk 

Assessment (Lee et al., 1994).  The Lauritzen Channel/End Station (Mussel Watch Station 303.3) 

corresponds to the Ecological Risk Assessment-Lauritzen Channel Station; the Santa Fe Channel Station 

(Mussel Watch Station 303.4) corresponds to the Ecological Risk Assessment-Santa Fe Channel Station.  

The Richmond Inner Harbor Channel Station (Mussel Watch Station 303.1) is approximately 1200 ft 

inshore from the Ecological Risk Assessment-Richmond Inner Harbor station, which was at navigational 

nun buoy (No. 16).  The Ecological Risk Assessment had no sampling station near the entrance to 

Lauritzen Channel (Mussel Watch Station 303.2, Lauritzen Channel/Mouth).  Parr Canal had not been 

monitored at all prior to Year 5.  The sand layer placed in Parr Canal in April 1997 was found to be intact 

in July 1999 (Kohn and Gilmore 2001); the biomonitoring data will determine remedy effectiveness at 

5 years post-remediation.  A more detailed description of sampling stations for the Year 5 biomonitoring 

is provided in Table 2.1 and in the Field Sampling Summary and Field Sampling Report memorandum 

(Appendix A).  
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Table 2.1.  Sampling Stations for Year 5 Post-remediation Monitoring (2001-2002) of the United 
Heckathorn Site 

Station 
Number 

 
Station Name 

Sample Types 
Collected 

 
Location 

 
Remarks 

     
303.1 Richmond Inner 

Harbor Channel 
Water,  
mussel tissue, 
passive sampler 

37º54' 32.869" N 
122º21' 33.523" W
  

On western most wooden dolphin, 
near abandoned Ford automotive 
plant, southeast of public fishing 
pier.   

303.2 Lauritzen Channel/  
Mouth (South) 

Water,  
mussel tissue, 
passive sampler 

37º55' 12.561" N 
122º22' 01.326" W 

On east side of canal, on pilings 
beneath the Levin Dock near the 
northern end of a large fender 
structure.  Collected extra water for 
quality control (matrix spike and 
matrix spike duplicate). 

303.3 Lauritzen Channel/ 
End (North)  

Water,  
mussel tissue, 
passive sampler 

37º55' 22.699" N 
122º22′ 00.094" W 

On east side of canal, southern end 
of small wooden pier that extends 
out into the channel.   

303.4 Santa Fe Channel/End Water,  
mussel tissue, 
passive sampler 

37º55' 21.235" N 
122º22' 17.684" W 

At northwest corner of floating 
boat shed, east of small boat fuel 
dock 

303.6 Parr Canal Water,  
mussel tissue 

37º55' 11.817" N 
122º21' 45.996" W 

 

  

2.1  SAMPLE COLLECTION 

Approximately 45 resident blue mussels (Mytilus edulis) were collected from each of the five stations on 

March 5, 2002 (Figure 2.1).  Resident mussels can be one of several subspecies or hybrids in the 

M. edulis complex that cannot easily be distinguished by the shells alone (Harbo 1997).  The coordinates 

presented in Table 2.1 for each station were determined using a Global Positioning System (GPS) with 

differential correction.  

Mussels were collected near the surface of the water, at about 1 ft above mean lower low water (MLLW) 

at all stations except Santa Fe Channel/End (Station 303.4), where mussels were collected near the 

surface from a floating dock.  Thus, mussels at the Santa Fe Channel/End station were collected at a fixed 

depth relative to the water surface.  Mussels were cleaned gently in the field to remove external growth 

and packaged whole in ashed foil and plastic bags.  Mussels were frozen at -20ºC, shipped to the 

analytical laboratory in coolers, and held at -20ºC until they were prepared for analysis.  To prepare tissue 

samples, mussels were partially thawed, the valve or shell length was measured, and byssal threads were 

cut from the tissue.  Sand and mud on the soft tissue were rinsed off with deionized water and soft tissues 

were transferred to a sample jar.  Each composite tissue sample consisted of from 40 to 50 mussels.  The 
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total wet weight of each tissue sample was recorded.  Tissue samples were refrozen and stored at -20ºC 

until extracted. 

On March 5, 2002, surface water samples were collected approximately 1 ft (0.3 m) below the water 

surface.  To collect a sample, a 1-gal amber glass bottle was submerged, the cap was removed underwater 

to allow water in, and the cap replaced before the bottle was lifted from the water.  At each station, three 

3.8-L (1 gal) water samples were collected for analysis.  Additional water samples were collected for 

quality control (QC) analyses (i.e., matrix spike, matrix spike duplicate [MS/MSD]) (Table 2.1).  Water 

samples were chilled to and held at 4ºC until extracted. 

Polyethylene passive water samplers deployed at the four traditional monitoring stations on February 5, 

2002.  The passive samplers consist of a strip of solvent-cleaned polyethylene secured to a wire loop and 

either attached to a fixed object (i.e., piling) or to a weight with a float to keep the sampler at the 

appropriate height in the water column.  The passive samplers were left in place for four weeks and 

retrieved at the same time the water and tissue samples were collected.  Passive samplers were placed in 

precleaned glass jars with Teflon-lined lids and frozen until extracted. 

2.2  SAMPLE ANALYSIS 

Chemical analyses followed methods described in the QAPP (Battelle 1992), including the updates in 

Addendum 1 to the QAPP (2002).  The water samples collected on March 5, 2002, were split upon receipt 

for total suspended solids, total pesticide, and dissolved pesticide analysis.  To create the water sample for 

dissolved pesticide analysis, an aliquot of the bulk water sample was filtered through a 0.45-µm glass 

fiber filter.  Bulk and filtered water samples (for total and dissolved pesticides) were extracted on March 8 

through March 18, 2002, and analyzed for chlorinated pesticides and polychlorinated biphenyl (PCB) 

aroclors March 21 through March 27, 2002, within acceptable holding times.  Sample-specific detection 

limits (Appendix B) were calculated using the sample volume and achieved detection limits for water 

samples determined in a previous study at MSL.  Total suspended solids were analyzed in bulk water 

samples according to Standard Method 2540-D, Solids (APHA 1998) on March 28, 2002.   

The mussel tissue samples collected on March 5, 2002, were extracted on April 8, 2002, and analyzed for 

chlorinated pesticides and PCB aroclors on April 11-14, 2002.  Although the target sample holding times 

to extraction was exceeded by two weeks, tissue samples were stored frozen prior to extraction and are 

not expected to have suffered any loss of sample integrity.  Tissue samples were also analyzed for 

percentage of lipids.  Sample-specific detection limits (Appendix B) were calculated using the sample 

weight and achieved detection limits for tissue samples determined in a previous study at MSL.  Total  
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DDT was calculated as the sum of detected concentrations for six DDT compounds (2,4-DDE, 4,4-DDE, 

2,4-DDD, 4,4-DDD, 2,4-DDT, and 4,4-DDT), following the methods used in the California State Mussel 

Watch Program (Rasmussen 1995) and in the Ecological Risk Assessment of Marine Sediments at the 

United Heckathorn Superfund Site (Lee et al. 1994).  Undetected analytes were not included in the total 

DDT calculation. 

Polyethylene passive water samplers deployed at the four traditional monitoring stations for four weeks 

were retrieved on March 5, 2002.  These samples were stored frozen until extraction (April 8, 2002) and 

analysis (April 11-14, 2002).  Because the samples were frozen until extracted, no loss of analyte or 

sample integrity is expected even though extraction occurred outside of the 7-d target holding time.  

Pesticide analysis methods for the passive samplers were the same as those used for tissue samples. 
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3.0  RESULTS AND DISCUSSION 

This section presents the results of physical measurements to assess the size and condition of the resident 

mussels, and the results of chemical analyses of the water and mussel tissue samples.  All extractions and 

analyses were conducted within the target holding times specified in the QAPP.  Complete chemistry data 

tables, including associated QC data, are provided in Appendix B.  In the following discussion, the Year 5 

water data are compared with preremediation data from the Ecological Risk Assessment (Lee et al., 

1994), post-remediation data from the previous four monitoring years (Antrim and Kohn 2000a, 2000b; 

Kohn and Kropp 2000, 2001), and the remediation goals for the site.  The Year 5 tissue data are compared 

with preremediation tissue concentrations from the California State Mussel Watch Program (Rasmussen 

1995) and the Ecological Risk Assessment (Lee et al., 1994), and with post-remediation data from the 

previous four monitoring years.   

3.1  MUSSEL SIZE AND CONDITION 

Raw data for shell-length measurements and mean wet weight per mussel are provided in Appendix C.  

Only resident mussels were collected and analyzed in Year 5.  Mussels collected for tissue samples 

ranged from 4.69 cm to 8.05 cm in shell length (Table 3.1).  Shell lengths of 59 mussels (26.7% of the 

total) were larger than the preferred size range of 4.0 cm to 6.5 cm, which is a combination of the 

preference ranges cited by Rasmussen (1995) and Lee et al. (1994).  The oversized mussels were 

collected from Santa Fe Channel/End, Lauritzen Channel/Mouth, and Richmond Inner Harbor Channel.  

96% of the mussels from Lauritzen Channel/End and Parr Canal were within the target size range.  

Mussel wet weights were also much higher than in previous years, because the mass increases as a 

function of the shell length increase cubed.  The mussels were collected at least a month later than in 

previous years, which could explain some of the increased size.  The differences in the mean shell length 

among stations were all less than 1 cm (Table 3.1).  The grand mean shell length (all stations) was 6.17 

cm (standard deviation 0.17) in Year 5, about 0.8 cm longer than the mean shell length of resident 

mussels analyzed in previous monitoring years (5.61 cm, 5.28 cm, 5.34, and 5.32 cm in Years 1, 2, 3, and 

4, respectively). The station mean wet weight per mussel, which was calculated as the total wet weight of 

the station tissue sample divided by the number of individuals per sample, ranged from 10.1 g to 14.8 g 

(Table 3 1).  The overall mean wet weight per mussel (calculated as the mean of the station means) was 

12.9 g (standard deviation 2.5), approximately twice the weight of mussels collected in previous years.  
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Table 3.1.  Summary of Length and Weight Data from Mussels Collected for Tissue Samples in March 
2002 for Year 5 Post-remediation Monitoring of the United Heckathorn Superfund Site 

 Station 
 303.1 303.2 303.3 303.4  
 Richmond Inner 

Harbor Channel 
Lauritzen 

Channel/Mouth
Lauritzen 

Channel/End 
Santa Fe 

Channel/End 
Parr  

Canal 
    

Shell Length (cm)          
n 40  41  50  40  50 
min 4.75  4.69  4.93  4.88  4.78 
max 7.14  7.37  6.55  8.05  6.66 
mean 6.18  6.39  5.75  6.72  5.82 
standard deviation 0.73  0.63  0.43  0.85  0.48 
n outside range(a) 15  16  1  24  3 

          
grand mean(b) 6.17         

standard deviation 0.17         
          

Tissue Wet Weight (g)          
sample weight 589.3  607.4  507.9  585.1  506.8 
mean wt/mussel 14.7  14.8  10.2  14.6  10.1 

          
grand mean 12.9         

standard deviation 2.5         
          

Lipid Content (% dry weight)         
 8.65  7.44  8.57  7.31  8.58 
          

grand mean 8.11         
standard deviation 0.673         

          

(a) All individuals outside preferred size range of 4.0-6.5 cm were longer than 6.5 cm. 
(b) Mean of all stations combined. 

 

Lipid content of resident mussels ranged from 7.3% to 8.7% dry weight (Table 3.1; grand mean of 8.1%; 

standard deviation of 0.67%).  Tissue lipid content is not a definitive indicator of organism health, 

because lipid content in bivalves can vary significantly depending on the availability of food and the 

bivalve's reproductive cycle.  However, because nonpolar organic contaminants tend to accumulate in 

fatty tissues, normalizing contaminant data to tissue lipid content permits more equitable comparisons 

among samples to be made. 

3.2  WATER 

The triplicate water samples that were collected at each site provide a snapshot of water-column 

concentrations of DDT compounds and dieldrin at a specific location.  Such samples provide no 

information about the temporal variability or vertical stratification of these contaminants in the water 
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column, information that would be useful in the interpretation of the biomonitoring results.  The inability 

to evaluate temporal or spatial variability of water chemistry should be considered when these data are 

compared with the results of earlier studies.  The differences between two such sampling events do not 

necessarily verify trends, nor are individual samples necessarily representative of typical conditions. 

In Years 1 through 3, only total pesticides were measured in bulk water samples, and results were highly 

variable.  Suspended particulates in the water column were considered to contribute to the variability in 

pesticide concentrations between replicate samples; hence, the modification to the program starting in 

Year 4 to evaluate suspended particulates and associated pesticides.  In Year 5 as in Year 4, a larger 

volume of water was collected from each monitoring station to evaluate dissolved pesticides and total 

suspended solids, as well as total pesticides.  Total pesticide and total suspended solids concentrations in 

water samples are provided in Table 3.2; dissolved pesticide concentrations in water samples are provided 

in Table 3.3. 

Complete water chemistry and QC data are provided in Appendix B.  In the method blank for the total 

fraction, all analytes were below the method detection limit (MDL).  In the method blank for the 

dissolved fraction, 4,4’-DDD was detected just at the detection limit of 0.09 ng/L.  Associated dissolved 

sample concentrations that were less than five times the blank concentration are flagged with a “B” in 

Table 3.3.  Recoveries of spiked surrogate compounds (PCB 103 and PCB 198) in Year 5 water samples 

ranged from 40.2% to 138%, with only one PCB 198 surrogate recovery outside the target range (40% to 

120%) (Appendix B).  Blank spike recoveries of dieldrin, 4,4’-DDT, and Aroclor 1254 were all within the 

target range (40% to 120%).  MS/MSD recoveries for dieldrin, 4,4’-DDT, and Aroclor 1254 were also all 

within the target range (40% to 120%) in both the total and dissolved fraction MS/MSD samples.  The 

low relative percent difference (RPD) between duplicate matrix spikes (0% to 12%) and duplicate blank 

spikes (4.4% to 6.9%) indicate good precision between replicate laboratory measurements. 

Average total DDT concentrations in bulk water samples ranged from 0.72 ng/L at Richmond Inner 

Harbor Channel Station 303.1, to 18.4 ng/L at Lauritzen Channel/End Station 303.3 (Table 3.2).  Results 

were fairly consistent between replicates except at Station 303.3, where all three replicates differed 

considerably, ranging from about 5.5 ng/L to 36.7 ng/L.  However, both the concentrations and degree of 

variability at Station 303.3 were much lower than the previous monitoring year (2001) when total DDT 

ranged from 40 ng/L to 294 mg/L in the replicates.  It is typical of all monitoring years that the highest 

and most variable concentrations are observed at Station 303.3, Lauritzen Channel/End.  



  

Table 3.2.  Concentrations of DDT, Dieldrin, and Total Suspended Solids (TSS) in the Total Fraction of Water Samples Collected in 
March 2002 for Post-remediation Monitoring of the United Heckathorn Superfund Site 

    Concentration (ng/L) 
Station Location TSS (mg/L) Dieldrin 2,4'-DDE 4,4'-DDE 2,4'-DDD 4,4'-DDD 2,4'-DDT 4,4'-DDT Total DDT Aroclor 1254

                     
303.1A 1.0U(a) 0.03 U 0.06 U 0.06  0.13  0.26  0.03 U 0.04 U 0.45 17.9 U 
303.1B 1.0U 0.16  0.07 U 0.07  0.18  0.36  0.04 U 0.05 U 0.61 21.7 U 
303.1C 

Richmond Inner 
Harbor Channel 

1.0U 0.03 U 0.06 U 0.16  0.21  0.56  0.03 U 0.05 U 0.93 19.0 U 
 Mean(b) ND(c) 0.16  ND  0.10  0.17  0.39  ND  ND  0.66 ND  
 standard deviation NA(d) NA  NA  0.06  0.04  0.15  NA  NA  0.24 NA  

             
303.2A 1.0U 0.42  0.07 U 0.13  0.07 U 0.78  0.24  0.67  1.82 19.9 U 
303.2B NA 0.37  0.09  0.21  0.06 U 0.77  0.22  0.47  1.76 16.6 U 
303.2C 

Lauritzen 
Channel/Mouth 

NA 0.50  0.09 U 0.19  0.10 U 0.83  0.04 U 0.49  1.51 25.9 U 
 Mean(b) ND 0.43  0.09  0.18  ND  0.79  0.23  0.54  1.70 ND  
 standard deviation NA 0.07  NA  0.04  NA  0.03  0.01  0.11  0.16 NA  

             
303.3A 1.0U 1.50  0.06 U 0.31  0.85  1.23  0.73  2.37  5.49 19.2 U 
303.3B 1.0U 1.72  0.06 U 0.53  0.86  1.50  0.94  9.28  13.11 18.5 U 
303.3C 

Lauritzen Channel/ 
End 

1.0U 3.01  0.06 U 0.79  1.89  2.70  2.50  28.8  36.68 17.3 U 
 Mean(b) ND 2.08  ND  0.54  1.20  1.81  1.39  13.5  18.4 ND  
 standard deviation NA 0.82  NA  0.24  0.60  0.78  0.97  13.7  16.3 NA  
            

303.4A 
Santa Fe Channel/ 
End(e) 1.0U 0.20  0.06 U 0.14 B 0.07 U 0.36  0.03 U 0.10  0.60 18.3 U 

             
303.6A 1.0U 0.99  0.06 U 0.36  0.29 0.93  0.25  0.89  2.72 17.2 U 
303.6B 1.0U 0.98  0.06 U 0.32  0.29 0.90  0.24  0.84  2.59 18.1 U 
303.6C 

Parr Canal 
1.0U 0.96  0.06 U 0.31  0.27 0.80  0.22  0.81  2.41 16.5 U 

 Mean(b) ND 0.98  ND  0.33  0.28  0.88  0.24  0.85  2.57 ND  
 standard deviation NA 0.02 NA  0.03  0.01  0.07  0.02  0.04  0.16 NA  

(a) U  Undetected above given concentration.  
(b) Mean calculated using only detected values. 
(c) ND  None detected. 
(d) NA  Not applicable. 
(e) Sample containers for two of the three replicate water samples collected from 303.4 Santa Fe Channel End were broken during shipping. 
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Table 3.3.  Concentrations of DDT and Dieldrin in the Dissolved Fraction of Water Samples Collected in March 2002 for Post-remediation 
Monitoring of the United Heckathorn Superfund Site 

  Concentration (ng/L) 
Station Location Dieldrin 2,4'-DDE 4,4'-DDE 2,4'-DDD 4,4'-DDD 2,4'-DDT 4,4'-DDT Total DDT Aroclor 1254

303.1A 0.15 0.08U(a) 0.09B(b) 0.09U 0.05U 0.04U 0.06U 0.09 B 23.4 U 
303.1B 0.04U 0.08U 0.11B 0.08U 0.05U 0.04U 0.05U 0.11 B 22.6 U 
303.1C 

Richmond Inner Harbor 
Channel 

0.04U 0.08U 0.05U 0.09U 0.05U 0.04U 0.06U ND 23.9 U 
 Mean(c) 0.15 ND(d) 0.10B ND ND ND ND 0.10 B ND  
 standard deviation NA(e) NA 0.01 NA NA NA NA 0.10 NA  
            

303.2A 0.46 0.08U 0.05U 0.09U 0.74 0.04U 0.42 1.16 23.6 U 
303.2B 0.26 0.10U 0.09B 0.11U 0.56 0.05U 0.27 0.92 29.1 U 
303.2C 

Lauritzen Channel/Mouth 
0.30 0.08U 0.05U 0.09U 0.64 0.04U 0.27 0.91 23.4 U 

 Mean(c) 0.34 ND 0.09B ND 0.65 ND 0.32 1.00 ND  
 standard deviation 0.11 NA NA NA 0.09 NA 0.09 0.14 NA  

            
303.3A 1.50 0.09U 0.05U 0.81 1.12 0.63 1.10 3.66 26.3 U 
303.3B 1.34 0.08U 0.20B 0.81 1.06 0.51 1.26 3.84 23.3 U 
303.3C 

Lauritzen Channel/ End 
2.60 0.12 0.33B 1.32 1.55 0.91 1.80 6.03 23.6 U 

 Mean(c) 1.81 0.12 0.27B 0.98 1.24 0.68 1.39 4.51 ND  
 standard deviation 0.69 NA 0.09 0.29 0.27 0.21 0.37 1.32 NA  
           

303.4A Santa Fe Channel/ End(f) 0.22 0.08U 0.09B 0.09U 0.35 0.04U 0.06U 0.44 24.2 U 
            

303.6A 0.91 0.08U 0.14B 0.27 0.05U 0.04U 0.67 1.08 23.0 U 
303.6B 0.90 0.08U 0.21B 0.23 0.71 0.04U 0.53 1.68 24.2 U 
303.6C 

Parr Canal 
0.90 0.08U 0.23B 0.22 0.70 0.04U 0.57 1.72 22.6 U 

 Mean(c) 0.90 ND 0.19B 0.24 0.71 ND 0.59 1.49 ND  
 standard deviation 0.01 NA 0.05 0.03 0.01 NA 0.07 0.36 NA  

(a) U  Undetected above given concentration.  
(b) B  Analyte detected in associated blank; sample concentration is <5X amount in blank.  When any detected constituent is flagged B, the total DDT 

concentration was also flagged B. 
(c) Mean calculated using only detected values. 
(d) ND  None detected. 
(e) NA  Not applicable. 
(f) Sample containers for two of the three replicate water samples collected from 303.4 Santa Fe Channel End were broken during shipping. 
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Total suspended solids were not detected above 1 mg/L in any of the Year 5 water samples, so pesticide 

variability cannot easily be attributed to differences in suspended material concentrations.  It is possible, 

however, that the pesticides could be associated with suspended material <1 mg/L, or organic material in 

dissolved or colloidal form. 

Dissolved pesticide concentrations in water are shown in Table 3.3.  Dissolved concentrations of DDT 

averaged 4.5 ng/L at Station 303.3 (Lauritzen Channel/End), or on average 24% of the total DDT at that 

station, indicating that a greater percentage of DDT could be associated with the small (<1 mg/L) 

particulate fraction.  Dissolved DDT was lower (average 1 ng/L) at 303.2 (Lauritzen Channel/Mouth) and 

at the Parr Canal (average 1.5 ng/L), and less than 0.5 ng/L at 303.4 (Santa Fe Channel End) and 303.1 

(Richmond Inner Harbor Channel).  Dissolved DDT and dieldrin concentrations in Year 5 were 

approximately 50% of the Year 4 (2001) concentrations at most stations (Table 3.4). 

As in previous years, Lauritzen Channel/End (Station 303.3) had the highest mean concentration of total 

DDT in 2002 (Table 3.5; Figure 3.1).  Figure 3.1 shows water concentrations for all years at all stations, 

with Year 3 (2000) data for Station 303.3 plotted with and without the anomalous replicate which had 

much higher concentrations of DDT than the other two (Kohn and Kropp 2000).  Total DDT 

concentrations in the total fraction of water samples collected from Lauritzen Channel in 2002 were lower 

than those measured in 2001 and 2000, except at Richmond Inner Harbor Channel (Figure 3.1).  DDT 

was not detected in Richmond Harbor Channel in 2001 (Year 4), but it was detected in 2002 at a lower 

concentration than in 2000.   

Table 3.4.  Comparison of Year 4 and Year 5 Dissolved Pesticide Concentrations 

 
Total DDT (ng/L)  Dieldrin (ng/L) 

Station Location Year 4 (2001) Year 5 (2002)  Year 4 (2001) Year 5 (2002) 

303.1 Richmond Inner Harbor Channel 0.33  0.10 B  0.34 0.15 
303.2 Lauritzen Channel/ Mouth 2.57 1.00  0.46 0.34 
303.3 Lauritzen Channel/ End 10.4 4.51  4.23 1.81 
303.4 Santa Fe Channel/ End 2.21 0.44  0.47 0.22 
303.6 Parr Canal NS 1.49  NS 0.90 

(a) B  Total DDT concentration is flagged B when a constituent is 4,4’-DDE was detected in associated blank at <5X amount 
in blank.  When any detected constituent is flagged B, the  

 
 



     

Table 3.5.  Comparison of Post-Remediation Concentration of Total DDT and Dieldrin in Total Fraction of Water Samples with Preremediation 
Levels and Remedial Goal Concentrations 

  Water Concentration (ng/L) 

Water  
Sample ID Location 

Remediation 
Goal Preremediation(a)

1998 
Postremediation

1999 
Postremediation

2000  
Postremediation 

2001  
Postremediation

2002 
Postremediation 

Total DDT        
 

303.1 Richmond Inner Harbor Channel 0.59 1 0.65 14.4 2.56 ND (b) 0.66 

303.2 Lauritzen Channel/Mouth 0.59 no sample 42.6 4.61 27.9 2.88 1.70 

303.3 Lauritzen Channel/End 0.59 50 103 62.3 83.7 (w/o rep b) 
1773 (all reps) 142 18.4 

303.4 Santa Fe Channel/ End 0.59 8.6 11 19.2 3.70 2.51 0.60 (1 rep only) 
303.6 Parr Canal 0.59 not sampled not sampled not sampled not sampled not sampled 2.57

         
Dieldrin         

   
303.1 Richmond Inner Harbor Channel 0.14 <1 0.65 0.62 1.57 ND 0.16 
303.2 Lauritzen Channel/Mouth 0.14 no sample 8.18 0.48 8.96 0.46 0.43 
303.3 Lauritzen Channel/End 0.14 18 18.1 12.5 83 (w/o rep b) 

625 (all reps) 
8.49 2.08 

303.4 Santa Fe Channel/ End 0.14 1.8 2.47 0.37 2.11 0.46 0.20 (1 rep) 
303.6 Parr Canal 0.14 not sampled not sampled not sampled not sampled not sampled 0.98

         

(a) Preremediation water concentration is the average of samples collected in October 1991 and February 1992 for the Ecological Risk Assessment (Lee et al. 
1994) 

(b) ND  None detected. 

 

17 



 18 
  

 

0

1

10

100

1000

10000

ERA 1998 1999 2000 2001 2002

To
ta

l D
D

T 
C

on
ce

nt
ra

tio
n 

(n
g/

L)

Richmond Inner Harbor Channel Lauritzen Channel/Mouth
Lauritzen Channel/End Santa Fe Channel/End
Remediation Goal Parr Canal

Remediation Goal 0.59 ng/L

 

Figure 3.1.  Comparison of preremediation (Ecological Risk Assessment) and post-remediation total DDT 
concentrations in water samples (total fraction) collected at the United Heckathorn Site. The 
open triangle for Station 303.3 sampled in 2000 is the mean value of only two replicates. 

 

The total DDT concentrations measured in Richmond Inner Harbor and Santa Fe Channel were just 

slightly higher than the remediation goal of 0.59 ng/L.  Lauritzen Channel Mouth and Parr Canal total 

DDT concentrations in water were 3 to 4.5 times the remedial goal, whereas at Lauritzen Channel End, 

total DDT in water was 31 times the remedial goal.  Although the bulk water samples show that the water 

quality goal is not yet being met, the concentrations are significantly lower than those measured in 

previous monitoring years.   

Concentrations of dieldrin were below the MDL in two of three replicates of the total fraction of water 

samples collected at Richmond Inner Harbor Channel (Station 303.1) in Year 5.  Dieldrin concentrations 

among replicate samples collected at the remaining four stations ranged from 0.16 ng/L to 3.0 ng/L 

(Table 3.2).  Mean detected concentrations of dissolved dieldrin ranged from 0.15 ng/L to 1.81 ng/L 

(Table 3.3).  Concentrations of dieldrin at all stations except Richmond Inner Harbor Channel were lower 

in 2002 than in 2001 (Figure 3.2, Table 3.5); at Richmond Inner Harbor Channel, dieldrin was undetected 

in all replicates in 2001, but detected at 0.16 ng/L in one replicate in 2002.  
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Figure 3.2.  Comparison of preremediation (Ecological Risk Assessment) and post-remediation dieldrin 

concentrations in water samples (total fraction) collected at the United Heckathorn Site.  The 
open triangle for station 303.3 sampled in 2000 is the mean value of only two replicates. 

 
Water concentrations of total DDT were above remediation goals in all water samples and at all stations 

except Santa Fe Channel (Table 3.4, Figures 3.1 and 3.2).  Water concentrations of dieldrin were above 

remediation goals at all stations, although dieldrin concentrations at Santa Fe Channel (0.20 ng/L) and 

Richmond Inner Harbor Channel (0.16 ng/L) were very close to the remediation goal of 0.14 ng/L.  The 

most elevated contaminant concentrations were still found in water samples collected from Lauritzen 

Channel/End, where contaminated sediment remains and may be periodically resuspended by vessel 

traffic.  However, water concentrations of DDT in Lauritzen Channel/End were much lower in 2002 than 

in previous monitoring years.  Concentrations of both total and dissolved PCB Aroclor 1254 in water 

samples collected from all stations in 2002 were below the MDL.  Aroclor 1254 was also undetected at all 

stations in 2001, but had been detected in both Lauritzen Channel stations in 2000. 

An attempt to address replicate variability and suspended sediment influence was made by analyzing total 

suspended solids and dissolved and total pesticides and PCBs in water samples.  At most stations, there 

was little difference between concentrations of analytes found in the total and dissolved fractions of the 

water samples (Tables 3.2 and 3.3).  However, there were substantial differences in analyte concentrations 

in the two fractions at Lauritzen Channel/End:  concentrations of total DDT and dieldrin in the dissolved 

fraction were much lower and much less variable than they were in the total fraction (Figures 3.3 and 

3.4).
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Figure 3.3.  Comparison of total and dissolved total DDT in water, March 2002 
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Figure 3.4.  Comparison of total and dissolved total dieldrin in water, March 2002 
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3.3  TISSUES 

Tissue samples from biomonitoring organisms provide a time-integrated indication of contaminant 

concentrations in the water column and are not as susceptible to small-scale temporal or spatial variability 

in contaminant concentrations as are water samples.  For tissue analyses, all QC requirements, except the 

precision of the MS/MSD analysis for 4,4’-DDT (71% relative percent difference), were met.  Both the 

MS and MSD spike recoveries were acceptable.  The post-remediation tissue data are summarized in 

Table 3.6 and compared with preremediation data in Tables 3.7 (wet-weight basis) and Table 3.8 (lipid-

normalized basis).  Evaluation of wet-weight data is appropriate for ecological risk assessment because 

wet-weight data represent concentrations of contaminants available to consumers of the tissues.  Lipid-

normalization removes differences attributable to tissue moisture and lipid content, allowing a better 

assessment of bioavailability between years and stations (Figures 3.5 and 3.6). 

As in previous years, Year 5 post-remediation levels of total DDT were highest at the Lauritzen 

Channel/End (Station 303.3) and decreased with distance from Station 303.3.  Total DDT concentrations 

(wet weight) in resident mussels were 310 µg/kg at Lauritzen Channel/End and 139 µg/kg at Lauritzen 

Channel/Mouth (Station 303.2).  At Santa Fe Channel/End (Station 303.4), total DDT levels were 

24 µg/kg.  The lowest concentrations were found at Richmond Inner Harbor Channel (Station 303.1), 

where total DDT in tissues was 9.3 µg/kg.  Mussels from Parr Canal, which had not been monitored 

previously, had 40 µg/kg total DDT in tissue.  The trend for dieldrin in mussel tissues was similar, with 

the highest levels occurring at Lauritzen Channel/End (17 µg/kg) and the lowest levels found at 

Richmond Inner Harbor Channel (0.68 µg/kg).  Dieldrin in Parr Canal mussels was 1.2 µg/kg wet weight, 

approximately twice the levels in Santa Fe or Richmond Harbor Channels, but half the level of Lauritzen 

Channel/Mouth.  Parr Canal mussel tissue DDT and dieldrin concentrations are higher than those in Santa 

Fe or Richmond Inner Harbor Channels.  

Tissue burdens of total DDT from Year 5 of post-remediation biomonitoring decreased from Year 4 post-

remediation levels at all stations, and were the lowest measured since 1997 when remediation was 

completed (Table 3.7, Table 3.8, Figure 3.5).  Present tissue DDT concentrations at all stations are at least 

an order of magnitude lower than preremediation and 6-month post-remediation tissue DDT 

concentrations.  On a wet weight basis, tissue burdens of dieldrin were also lower in Year 5 than in 

Year 4, and, like DDT, an order of magnitude lower than both preremediation and 6-month post-

remediation tissue dieldrin concentrations (Table 3.7).  Annual tissue analyses have shown very similar 

patterns of DDT and dieldrin fluctuation over the years of post-remediation monitoring (Figures 3.5 and 

3.6). 
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Table 3.6.  Concentrations of DDT, Dieldrin, and PCB Aroclor 1254 in Tissue Samples Collected in 
March 2002 for Post-Remediation Monitoring of the United Heckathorn Site 

Sample ID and Concentration (µg/kg) 
303.1  303.2 303.3 303.4 303.6 

Richmond Inner Lauritzen Lauritzen Santa Fe Parr   
Analyte Harbor Channel  Channel/Mouth  Channel/End   Channel/End Canal 

           
2,4'-DDE 0.12 U 0.66  3.22 D10(b) 0.21  0.13 U(a)

4,4'-DDE 4.67  28.8  45.9 D10 6.27  10.8  
2,4'-DDD 1.41  13.0  43.5 D10 2.20  3.48  
4,4'-DDD 0.17 U 30.4  86.8 D10 6.31  12.1  
2,4'-DDT 0.24 U 25.0  48.9 D10 2.79  3.82  
4,4'-DDT 3.13  41.5 D5(c) 82.1 D10 5.79  9.47  
           
Total DDT(d)  (wet wt) 9.21  139.4  310.4  23.6  39.7  
           
Dieldrin (wet wt) 0.68  2.93  17.0  0.62  1.16  
           
Percent Dry Wt 8.79  8.20  9.80  7.39  7.93  
Total DDT (dry wt) 105  1700  3168  319  500  
Dieldrin (dry wt) 7.7  35.7  173  8.4  14.6  
           
Lipids (% dry wt) 8.65  7.44  8.57  7.31  8.58  
Total DDT (ppb(e) lipid) 1211  22846  36955  4365  5834  
Dieldrin (ppb lipid) 89.5  480  2024  115  171  
       
Aroclor 1254 (wet wt) 38.2  101 D5 113  42.0  55.7  
Aroclor 1254 (dry wt) 435  1232  1153  568  702  
Aroclor 1254 (ppb lipid) 5026  16557  13452  7778  8191  
                      
(a) U  Not detected at or above given concentration. 
(b) D10  10X dilution required to quantify analytes. 
(c) D5  5x dilution required to quantify analytes. 
(d) Total DDT is sum of detected 2,4- and 4,4- DDD, DDE, and DDT. 
(e) Parts per billion, lipid-normalized (µg contaminant/kg lipid). 

 
 
 

 



    

Table 3.7.  Comparison of Pre- and Post-Remediation Tissue Concentrations of Total DDT, Dieldrin, and PCB (µg/kg wet weight) 

Preremediation Post-Remediation 
State Mussel 

Watch(a) 
Ecological Risk 
Assessment(b) 

1998 
(Year 1) 

1999 
(Year 2) 

2000 
(Year 3) 

2001 
(Year 4) 

2002 
(Year 5) Station 

Number Station Name Transplant Resident Resident Resident Resident Resident Resident 
Total DDT         

303.1 Richmond Inner Harbor Channel 47.0(c) 40 127 30 52 25 9.3 
303.2 Lauritzen Channel/Mouth 629(d)  1222 176 310 340 139 

303.3 Lauritzen Channel/End 
5074(d)             

1369(c) 2,900 4504 606 522 1,136 310 

303.4 Santa Fe Channel/End 369(c) 350 256 76 75 150 24 

303.6 Parr Canal not sampled not sampled not sampled not sampled not sampled not sampled 40 

Dieldrin        

303.1 Richmond Inner Harbor Channel 7.7(c) 4.0 5.4 1.9 5.4 0.7 0.7 
303.2 Lauritzen Channel/Mouth 87(d)  40.3 6.5 28 6.3 2.9 

303.3 Lauritzen Channel/End 
602(d) 

100(c) 97 184 28 43 32.1 17.0 

303.4 Santa Fe Channel/End 33(c) 19 8.2 2.8 6.4 3.3 0.6 
303.6 Parr Canal not sampled not sampled not sampled not sampled not sampled not sampled 1.2 

Total PCBs        

303.1 Richmond Inner Harbor Channel 176(c) not measured not measured 51 150 53 38 

303.2 Lauritzen Channel/Mouth 120(d) not measured not measured 75 187 92 101 

303.3 Lauritzen Channel/End 
196(d) 
137(c) not measured not measured 124 169 158 113 

303.4 Santa Fe Channel/End 138(c) not measured not measured 67 123 99 42.0 
303.6 Parr Canal not sampled not sampled not sampled not sampled not sampled not sampled 56 

            

(a)  Most recent data available from State Mussel Watch program, transplanted California mussels (Rasmussen 1995). 
(b)  Average concentration in resident mussel tissue from samples collected in October 1991 and February 1992 (Lee et al., 1994). 
(c)  State Mussel Watch program sample from March 1991 (Rasmussen 1995). 
(d)  State Mussel Watch program sample from January 1988 (Rasmussen 1995). 
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Table 3.8.  Comparison of Pre- and Post-remediation Lipid-Normalized Total DDT, Dieldrin, and PCBs in Tissues (µg/kg lipid) 

 
Preremediation Post-Remediation 

State Mussel 
Watch(a) 

Ecological Risk 
Assessment(b) 

1998 
(Year 1) 

1999 
(Year 2) 

2000 
(Year 3) 

2001 
(Year 4) 

2002 
(Year 5) Station 

Number Station Name Transplant Resident Resident Resident Resident Resident Resident 
Total DDT         

303.1 Richmond Inner Harbor Channel 9,215(c) 3,275 12,338 4,672 4,423 3,623 1,228 
303.2 Lauritzen Channel/Mouth 78,481(d) not sampled 134,633 24,855 31,281 54,337 22,846 

303.3 Lauritzen Channel/End 
583,819(d) 

380,361(c) 250,411 427,423 94,061 80,657 130,360 36,955 

303.4 Santa Fe Channel/End 47,283(c) 21,919 45,695 8,193 9,182 21,885 4,365 
303.6 Parr Canal not sampled not sampled not sampled not sampled not sampled not sampled 5,834 

Dieldrin        

303.1 Richmond Inner Harbor Channel 1,507(c) 322 525 293 457 103 89 

303.2 Lauritzen Channel/Mouth 10,861(d) not sampled 4439 919 2,791 1,001 480 
303.3 

Lauritzen Channel/End 
69,272(d) 

27,778(c) 8,590 17463 4,410 6,598 3,685 2,024 

303.4 Santa Fe Channel/End 4,167(c) 1,126 1462 300 779 486 115 
303.6 Parr Canal not sampled not sampled not sampled not sampled not sampled not sampled 171 

Total PCBs        

303.1 Richmond Inner Harbor Channel 34,440 not measured not measured 8,020 12,752 7,726 5,026 
303.2 Lauritzen Channel/Mouth 14,981 not measured not measured 10,599 18,842 14,673 16,557 
303.3 Lauritzen Channel/End 30,305 not measured not measured 19,255 26,112 18,136 13,452 
303.4 Santa Fe Channel/End 17,667 not measured not measured 7,302 15,028 14,546 7,778 
303.6 Parr Canal not sampled not sampled not sampled not sampled not sampled not sampled 8191 

            

(a)  Most recent data available from State Mussel Watch program, transplanted California mussels (Rasmussen 1995). 
(b)  Average concentration in resident mussel tissue from samples collected in October 1991 and February 1992 (Lee et al., 1994). 
(c)  State Mussel Watch program sample from March 1991 (Rasmussen 1995). 
(d)  State Mussel Watch program sample from January 1988 (Rasmussen 1995). 
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Figure 3.5.  Comparison of preremediation (Ecological Risk Assessment) and post-remediation total DDT 
concentrations in mussel tissue samples collected at the United Heckathorn Site. 
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Figure 3.6.  Comparison of preremediation (Ecological Risk Assessment) and post-remediation dieldrin 

      concentrations in mussel tissue samples collected at the United Heckathorn Site. 
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As in previous monitoring years, Aroclor 1254 was the only PCB detected in mussels collected from post-

remediation monitoring stations in 2002.  Wet-weight PCB concentrations were highest in Lauritzen 

Channel/End (113 µg/kg), and lowest at Richmond Harbor Inner Channel (38 µg /kg) (Table 3.5).   

Year 5 tissue PCB concentrations at Lauritzen Channel/Mouth were about the same as they were in 

Year 4, whereas those from Lauritzen Channel/End were 28% lower than those in Year 4.  PCB 

concentrations in mussels from Santa Fe and Richmond Inner Harbor Channels were 58% and 28% lower 

than those in Year 4, respectively.  As with DDT and dieldrin, Parr Canal mussel PCB concentrations 

were closest to the Santa Fe Channel concentrations.  PCBs in Year 5 resident mussels were below 1988 

or 1991 (Mussel Watch) preremediation levels for transplanted mussels (9% to 70%; average 44% lower, 

wet weight basis).  

3.4 PASSIVE WATER SAMPLERS 

In 2002, polyethylene passive water samplers were deployed for one month at the four historical post-

remediation monitoring stations, to explore the relationship between biotic and abiotic indicators of 

pesticide bioavailability.  Passive samplers are designed to sample only the dissolved fraction of 

pesticides in water, in contrast to mussels that filter bulk water that includes small particles and dissolved 

organic matter.  If passive sampler and tissue data can be related, passive samplers have several 

advantages.  For example, passive samplers can be deployed inexpensively relative to transplanting live 

organisms, they can be deployed in specific locations or heights in the water column, and they can be 

used in locations where biota do not occur.  In addition, passive samplers are not subject to metabolic 

changes or physiological variability. 

Passive sampler data are expressed as µg pesticide per kg of polyethylene material; results of pesticide 

analyses of the passive samplers at the monitoring stations are provided in Table 3.9.   The passive 

samplers showed the same gradient of concentrations as the tissue and water samples with the highest 

total DDT and dieldrin concentrations occurring at Lauritzen Channel/End, decreasing with distance from 

Lauritzen Channel/Mouth to Santa Fe Channel/End, and with the lowest concentrations at the Richmond 

Inner Harbor Channel station.  Passive sampler concentrations were surprisingly comparable with the dry 

weight tissue concentrations from the same stations-- within 35% of each other (Table 3.9)--despite 

differences in exposure duration, uptake rates, and unknown equilibrium state.  While passive samplers 

have demonstrated their utility in accumulating contaminants occurring at sub-detection level in water 

and in source identification studies (Litten et al. 1993; Peterson et al. 1995), this comparability with field 

tissue data shows that passive samplers show promise in the area of contaminant measurements that can 

be related to a biological effect.
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Table 3.9.  Concentrations of DDT, Dieldrin, and PCB Aroclor 1254 in Passive Water Samplers, Year 5 

(2002) Post-Remediation Monitoring of the United Heckathorn Site  

 
Sample ID and Concentration (µg/kg polyethylene) 

303.1  303.2 303.3   303.4 

Analyte 
Richmond Inner 
Harbor Channel 

Lauritzen 
 Channel Mouth 

Lauritzen 
 Channel End  

Santa Fe 
 Channel End 

       
2,4'-DDE 1.98 7.46 35.9  4.95 
4,4'-DDE 13.4 256 454  50.7 
2,4'-DDD 14.1 194 730  47.1 
4,4'-DDD 35.9 558 1380  115 
2,4'-DDT 5.61 188 685  27.4 
4,4'-DDT 12.0 501 1220  57.8 
Total(a) DDT in Passive 
Water Sampler 83.0 1704 4505  303 
Total DDT in Tissue 
(µg/g dry weight) 111 1700 3168  319 
Dissolved DDT in Water 
(ng/L) 0.10 1.0 4.5  0.44 
       
Dieldrin in Passive 
Water Sampler 9.31 97.3 478  23.9 
Dieldrin in Tissue  
(µg/g dry weight) 7.7 35.7 173  8.4 
Dissolved Dieldrin in 
Water (ng/L) 0.15 0.34 1.81  0.22 
       
Aroclor 1254 in Passive 
Water Sampler 122 1160 1520  182 
      
(a)  Total DDT is sum of detected 2,4- and 4,4- DDD, DDE, and DDT. 
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4.0  CONCLUSIONS 

Results from the fifth post-remediation monitoring survey indicate that chlorinated pesticides appear to be 

less bioavailable throughout the study area than in previous years, although without prior monitoring we 

are unable to determine whether pesticide bioavailability in Parr Canal has changed since remediation.   

Water samples collected in March 2002 indicate that the total DDT and dieldrin concentrations in water 

throughout the study area, including Lauritzen Channel, were lower than preremediation levels.  Year 5 

water samples were generally lower in DDT and dieldrin than in previous monitoring years; however, 

water concentrations of DDT and dieldrin in Lauritzen Channel, Santa Fe Channel, and Parr Canal still 

exceed the remediation goals.  Thus, remediation goals for total DDT and dieldrin in water have not yet 

been fully achieved for the study site.   

Year 5 biomonitoring data show that total DDT and dieldrin appear to be substantially less bioavailable to 

resident mussels in Lauritzen, Santa Fe, and Richmond Harbor Channels than in previous years.  Total 

DDT concentrations in mussels from all stations in Year 5 were 77% to 93% lower than the 

preremediation concentrations—generally a full order of magnitude lower.  Dieldrin concentrations were 

82% to 97% lower than preremediation concentrations, also a full order of magnitude lower.  Total DDT 

concentrations in mussels from all stations were 59% to 84% lower in 2002 than in 2001, when some 

stations had exhibited increased bioavailability relative to the previous monitoring year.  Dieldrin was 

also lower at all stations in 2002 relative to 2001.  PCBs were lower in 2002 than in 2001 at all stations 

except Lauritzen Channel/Mouth, where PCBs were slightly (10%) higher in 2002 than in 2001.   

The five years of post-remediation monitoring completed thus far fulfill the minimum requirement of the 

ROD.  Biomonitoring using mussel tissues has provided documentation of changes in the long-term 

bioavailability of pesticides from the Lauritzen Channel sediment that cannot be assessed through water 

sample analyses alone.  The experimental deployment of passive samplers showed promise for 

monitoring applications, but in the case of Heckathorn, resident mussels have proven most valuable for 

tracking long term bioavailability.  Future monitoring may be appropriate pending the results of ongoing 

sediment and outfall investigations. 
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Field Sampling Summary for  
Mussels, Surface Water, Sediments and Passive Samplers 

at the United Heckathorn Site in 
Richmond, California, conducted 2/6 - 3/5/2002.  

 
Andrew Lincoff 

EPA Region 9 Laboratory 
PMD-2 

April 10, 2002 
 
 
INTRODUCTION 
 
 This sampling event involved the deployment of passive samplers and sediment 
traps in outfalls at the United Heckathorn Superfund Site and at other locations in 
Richmond Harbor in Richmond, California.  The samplers were subsequently collected 
along with mussels and surface water samples.  Deployment was performed on 
February 6, 2002 by Andrew Lincoff and Peter Husby of the EPA Region 9 Laboratory, 
and Carmen White, United Heckathorn RPM.  Samples were collected on March 5, 
2002 by Peter Husby, Carmen White and Patrick Borthwick, of the EPA Region 9 
Laboratory.  Sampling was performed in accordance with Battelle’s “United Heckathorn 
Post-Remediation Field Monitoring Plan” (FSP), dated February 5, 1997, and “Sampling 
and Analysis Plan for the Investigation of Contaminant Source and Contaminant 
Movement in the Lauritzen Channel, United Heckathorn Site, Richmond, California” 
(SAP), drafted January 11, 2002. 
 
OBJECTIVE 
 
 EPA conducted this field sampling as part of the oversight of a final Remedial 
Action under the Comprehensive Environmental Response, Compensation, and Liability 
Act (CERCLA or Superfund) at the United Heckathorn Site in Richmond, California.  
The sampling effort involved collecting physical environmental samples to analyze for 
the presence of hazardous substances. 
 
 The United Heckathorn Site was used to formulate pesticides from approximately 
1947 to 1966.   Soils at the Site and sediments in Richmond Harbor were contaminated 
with various chlorinated pesticides, primarily DDT, as a result of these pesticide 
formulation activities. The final remedy contained in EPA's October, 1994 Record of 
Decision addressed remaining hazardous substances, primarily in the marine 
environment.  The major marine components of the selected remedy included: 
 
  - Dredging of all soft bay mud from the Lauritzen Channel and Parr Canal, with 

offsite disposal of dredged material. 
 
  - Marine monitoring to verify the effectiveness of the remedy. 
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 The first component of the remedy selected in the ROD called for dredging all 
"young bay mud" from those channels in Richmond Harbor which contained average 
DDT concentrations greater than 590 ppb (dry wt.).  The dredging was completed in 
April, 1997.  The short-term monitoring, performed according to EPA’s September 5, 
1996 FSP, consisted of sediment chemistry monitoring to ensure that the average 
sediment concentration after dredging was below the cleanup level selected in the 
ROD.  This monitoring was completed shortly prior to the placement of the sand cap in 
April, 1997.  Subsequent monitoring has found some remaining contamination of 
surface sediment. 
 
 Long-term monitoring is addressed by Battelle’s February 5, 1997 FSP.  The 
purpose of the long-term monitoring is to demonstrate the effectiveness of the remedy.  
Prior to the remediation, mussels in the Lauritzen Channel contained the highest levels 
of DDT and dieldrin in the State, and surface water exceeded EPA’s Ambient Water 
Quality Criteria for DDT by a factor of 50.  Lower but still elevated levels were found in 
mussels and surface water in the Santa Fe Channel.  It was concluded in EPA’s 
Remedial Investigation that these elevated levels were the result of continuous flux from 
contaminated sediments.  Approximately 98% of the mass of DDT in sediments in 
Richmond Harbor was removed by the remedial dredging.  The long-term monitoring 
will demonstrate whether this action has succeeded in reducing the levels of DDT in 
mussels and surface waters.     
  
 Battelle’s FSP included monitoring using both transplanted California mussels 
and resident Bay mussels.  The first round of the long-term sampling occurred in 
January, 1998.   This is the fifth annual round of sampling.  The seasonal timing was 
chosen to match the protocol used by the California State Mussel Watch Program, in 
order to permit comparison with the State’s results over the past 15 years.  In the first 
two rounds, both transplanted and resident mussels are analyzed to determine any 
difference.  Based on the results of the first two rounds and discussions with California 
State Mussel Watch Program personnel, only resident mussels were collected in 
subsequent rounds.  Mussels and water samples collected on March 6, 2002 were 
shipped to Battelle for analysis. 
 
 Battelle’s SAP contains additional monitoring of sediments, sediment traps in 
outfalls, and passive samplers in an attempt to determine contaminant sources.  The 
sediment traps and passive samplers were deployed on February 6 and collected on 
March 6, 2002.  The passive samplers were shipped to Battelle for analysis.  Sediment 
samples collected on February 6 were returned to the EPA Region 9 Laboratory for 
analysis.  Additional sediment samples and the  sediment traps were collected by the 
Battelle field team during the week of March 11, 2002. 
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FIELD NOTES AND OBSERVATIONS 
 
 1. Sediment traps manufactured by Battelle were deployed at two outfalls in the 
Lauritzen Channel on February 6, 2002.  The GPS locations of the sediment traps are 
listed in Table 1.  The first sediment trap (ST-1) was deployed in the large storm drain 
outfall at the head of the channel as shown in Photo 1.  Clear water was flowing from 
the storm drain.  The flow was approximately 1 inch deep.  The end of the storm drain 
was not square so most of the flow poured out below the trap although there was a 
small continuous flow through the trap.  The second sediment trap (ST-2) was placed in 
an 8-inch pipe on the eastern shore of the Lauritzen Channel as shown in Photo 2.  
Again the pipe was not square so the small flow of about 100 drops per minute did not 
go through the trap.  An attempt was made to place another sediment trap on a 5 ½ 
inch pipe near ST-2, but none of the trap mounts were small enough.  The 5 ½ inch pipe 
had no flow and contained no sediment.   
 
 2. Eight passive polyethylene samplers were placed in the Lauritzen, Santa Fe 
and Richmond Inner Harbor Channels on February 6, 2002.  Two were placed in the 
two outfalls with sediment traps (ST-1 and ST-2).  PS-1 was placed 128 inches up the 
storm drain and PS-2 was placed approximately one foot up the pipe.  PS-3 was hung 
from the remnants of a small pier on the eastern shore of the northern Lauritzen, shown 
in Photo 3.   PS-4 was hung from a ladder beneath the Manson pier on the western 
shore of the Lauritzen, shown in Photo 4.   The locations of PS-5, PS-6, PS-7 and PS-8 
are approximately the same as the routine mussel sampling stations 303.3 (northern 
Lauritzen), 303.2 (Lauritzen mouth), 303.4 (Santa Fe), and 303.1 (Richmond Inner 
Harbor Channel mouth).   No photos are available for PS-5 and PS-6.  PS-7 is shown in 
Photo 5 and PS-8 in Photo 6.  The GPS locations of the passive samplers are also 
listed in Table 1. 
 3. Additional pipes which were not sampled are shown in Photos 8 and 9.  The 
GPS location for the ‘L’-shaped pipe in Photo 7 is 37º 55' 25.207" N, 122º  21' 59.031" 
W.  The ‘L’-shaped pipe had a gate valve which appeared to be closed.  The pipe in 
Photo 8 was under the Levin pier at station 20.  No accurate GPS reading could be 
taken for this pipe because of its location under the pier.  An approximate GPS location 
is the same as listed in Table 1 for sediment sample S-5, discussed below.  Two outfalls 
that were identified on a City of Richmond drainage map as discharging to Lauritzen 
Channel (15 and 21 inch diameter) were planned for passive sampler and sediment 
sampling, but the two pipes were not found at low tide. 
 
 4. Sediment samples were collected from the storm drain (S-1) and 8 inch pipe 
(S-2) shown in Photos 1 and 2.  Two sediment samples were collected from the 
Lauritzen Channel embankment near the small floating dock next to the Levin pier.  
These samples were taken from a distinct light sediment layer (S-3) overlying a darker 
layer (S-4) shown in Photo 9.  An additional sediment sample (S-5) was collected from a 
light-colored soil layer near the base of the pipe under the Levin pier at station 20, 
shown in Photo 8.  The soil was about 5 feet above the water level.  The GPS location 
for this sample is approximate because it was under the pier.  The location coordinates 
given for this sample are from the closest point outside the pier where GPS satellites 
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could be received.   The sediment samples were promptly submitted on 2/6/02 to the 
Region 9 Lab for analysis of pesticides and PCBs. 
 5. The passive samplers, seawater samples, and resident bay mussels were 
collected on March 5, 2002, with the exception of PS-2 which was retrieved on March 
14 by Battelle.  The seawater and mussel samples were given the routine Mussel 
Watch station numbers 303.1 to 303.4 used in the previous annual collections.  An 
additional station was established in the Parr Canal and given station number 303.6.  
Three gallons of seawater were collected from approximately one foot below the surface 
at each location.  An additional two gallons were collected at station 303.2 for lab QC.  
Forty-five mussels were collected at each station.  The mussels were all collected near 
the surface, which at the collection time was approximately at 1 ft above Mean Lower 
Low Water (MLLW) except for station 303.4 where the mussels were collected near the 
surface from a floating dock.  The samples were promptly delivered to the Region 9 Lab 
and the seawaters and passive samplers were placed in a 4  C cold room.  The mussels 
were cleaned of gross debris in the laboratory’s clean filtered seawater, wrapped in 
ashed foil, placed in zip-loc bags, and stored in a –20º C freezer.  The passive 
samplers, seawaters and mussels were packaged and shipped on March 7, 2002 by 
Fed Ex to Battelle for analysis of pesticides and PCBs. 
 

Table 1.  Sample Locations 
 

GPS Coordinates (NAD 83)(a) 
Sample ID Lat Long Remarks 

ST-1, PS-1, S-1 37º 55' 28.589" N 122º 21' 59.477" W 
sed. trap, passive sampler, 
sediment 

ST-2, PS-2, S-2 37º 55' 25.556" N 122º 21' 59.441" W 
sed. trap, passive sampler, 
sediment 

PS-3  37º 55' 25.760" N 122º 21' 59.551" W passive sampler 
PS-4 37º 55' 21.523" N 122º 22' 02.221" W passive sampler 

PS-5, 303.3 37º 55' 28.589" N 122º 21' 59.477" W 
passive sampler, seawater, 
mussels 

PS-6, 303.2 37º 55' 22.699" N 122º 22' 00.094" W 
passive sampler, seawater, 
mussels 

PS-7, 303.4 37º 55' 21.235" N 122º 22' 17.684" W 
passive sampler, seawater, 
mussels 

PS-8, 303.1 37º 54' 32.869" N 122º 21' 33.523" W 
passive sampler, seawater, 
mussels 

303.6 37º 55' 11.817" N 122º 21' 45.996" W seawater, mussels 
S-3, S-4 37º 55' 28.589" N 122º 21' 59.477" W sediment 
S-5 37º 55' 18.717" N 122º 22' 00.899" W sediment 

 
   (a)  Location coordinates were determined using GPS with differential correction. 
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ANALYTICAL RESULTS FROM  

WATER AND TISSUE SAMPLES 
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MUSSEL SHELL LENGTH 

RAW DATA  
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Resident Mussels Only, Year 5, 2002 

Station 303.1 303.2 303.3 303.4 303.6 

Location 
Richmond Inner 
Harbor Channel 

Lauritzen Chennel/
Mouth 

Lauritzen 
Chennel/ 

End 
Santa Fe 

Channel/End Parr Canal 
Battelle Code 20212-Y5M-01 20212-Y5M-02 20212-Y5M-03 20212-Y5M-04 20212-Y5M-05

1 6.88 7.16 6.42 7.00 6.31 
2 6.49 6.18 6.22 5.74 5.23 
3 5.91 6.01 5.30 6.34 5.73 
4 7.08 6.97 5.52 6.34 4.78 
5 7.09 6.64 6.27 6.74 5.56 
6 6.90 7.08 5.94 6.93 6.26 
7 6.39 6.96 5.94 7.05 6.54 
8 6.87 6.03 6.49 6.44 4.95 
9 7.14 6.26 5.44 7.03 5.82 
10 6.94 6.63 5.68 6.50 4.83 
11 7.12 4.91 6.06 6.48 5.79 
12 6.91 7.06 5.67 6.12 5.91 
13 6.24 6.11 4.93 5.35 5.41 
14 6.05 7.16 5.57 5.79 6.16 
15 6.09 4.86 5.53 5.21 5.87 
16 5.93 7.23 6.23 4.88 6.27 
17 6.46 6.35 5.93 5.32 6.66 
18 5.86 5.97 5.87 6.69 5.79 
19 6.84 6.11 5.22 6.27 5.75 
20 6.59 6.27 5.67 6.71 5.62 
21 6.18 6.42 6.05 6.65 6.20 
22 6.86 6.50 5.92 6.78 5.92 
23 6.04 7.37 5.32 6.02 4.92 
24 6.45 6.75 6.46 5.46 6.17 
25 6.63 6.57 5.67 5.49 5.36 
26 5.35 5.95 5.84 7.57 5.75 
27 6.80 5.10 5.17 7.86 6.01 
28 6.75 6.47 5.13 7.77 5.24 
29 6.22 7.00 5.12 7.52 5.85 
30 6.02 4.69 5.44 7.09 6.17 
31 6.51 6.38 6.37 7.86 5.42 
32 5.00 6.10 5.83 7.89 5.73 
33 4.84 6.83 5.88 7.60 5.44 
34 5.10 6.38 6.08 7.31 6.45 
35 5.45 6.59 5.80 7.48 5.67 
36 4.78 7.00 5.05 8.05 6.45 
37 4.75 6.19 5.28 7.16 6.21 
38 5.26 6.17 5.12 7.47 6.59 
39 5.42 6.64 6.44 7.57 6.22 



 

 C.2

Resident Mussels Only, Year 5, 2002 (continued) 

Station 303.1 303.2 303.3 303.4 303.6 

Location 
Richmond Inner 
Harbor Channel 

Lauritzen Chennel/
Mouth 

Lauritzen 
Chennel/ 

End 
Santa Fe 

Channel/End Parr Canal 
Battelle Code 20212-Y5M-01 20212-Y5M-02 20212-Y5M-03 20212-Y5M-04 20212-Y5M-05

40 5.10 6.44 5.59 7.10 5.86 
41  6.36 5.40  6.47 
42   5.94  5.49 
43   5.47  5.10 
44   5.81  5.51 
45   5.37  5.98 
46   5.69  5.80 
47   6.27  6.32 
48   6.55  6.23 
49   6.28  6.08 
50     5.38   5.13 

Min 4.75 4.69 4.93 4.88 4.78 
Max 7.14 7.37 6.55 8.05 6.66 
Med 6.32 6.42 5.75 6.76 5.84 

      
Average Length: (cm) 6.18 6.39 5.75 6.72 5.82 
            sd length 0.73 0.63 0.43 0.85 0.48 
Average wt 
(g/individual) 14.7 14.8 10.2 14.6 10.1 
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