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activated coconut husk that has been ground to <45 µm (90-96%, Calgon Carbon, Pittsburgh, 

PA, U.S.;(Ho et al., 2004)) and is added to sediment to reduce the bioavailability of organic 

contaminants. Phase II treatments included the separation and elution of the Amberlite and SIR-

300 resins with acetone and 1N HCl, respectively (Anderson et al., 2007b; Phillips et al., 2009).  

The resin eluate treatments were created by adding a portion of the solvent or acid to laboratory 

dilution water and testing it using water-only exposures of amphipods.  Survival results in the 

resin eluate treatments can provide a qualitative line of evidence for the cause of toxicity. 

Phase I and II interstitial water TIE treatments were based on the results of the whole 

sediment TIE.  Whole sediment toxicity was reduced by the addition of amendments that reduce 

the bioavailability of organic contaminants, therefore the focus of the interstitial water TIE was 

on treatments that reduced organic toxicity.  There was also an elevated concentration of 

ammonia in the interstitial water, so additional treatments and combinations were used to reduce 

toxicity caused by ammonia.  Ammonia reduction treatments included passing the sample 

through a zeolite column and air stripping.  Zeolite is an inorganic-based ion exchange resin that 

preferentially removes ammonia from water.  Air stripping removes ammonia by increasing the 

pH of the sample to 10 to increase the concentration of unionized ammonia and then volatilizing 

the unionized ammonia by stirring the sample for four hours.  The pH is adjusted back to the 

ambient sample pH before testing.  Passing the interstitial water through a solid phase extraction 

(SPE) column reduced organic toxicity (Oasis Hydrophilic-Lipophilic Balance! [HLB] 6 mL, 

500 mg, Waters, Milford, MA, USA).  The HLB columns were also eluted as a Phase II 

procedure.  Eluate treatments were prepared in the same way as the Amberlite eluate by eluting 

the column with acetone.  Solvent fractions were added to water to create an eluate treatment for 

testing.    

In addition to these methods, both matrices underwent recently developed treatments for 

the characterization and identification of pyrethroid pesticide toxicity.  The addition of 

carboxylesterase enzyme (Sigma-Aldrich, St. Louis, MO, USA) to the overlying water of a 

sediment exposure, and to interstitial water, hydrolyzes ester-containing compounds, such as 

pyrethroid pesticides to their corresponding acid and alcohol, which are generally not toxic 

(Wheelock et al., 2004).  A bovine serum albumin (BSA) protein-addition control was conducted 

with this treatment to account for reduction of contaminant bioavailability due to complexation 

by the enzyme addition.  Piperonyl butoxide (PBO, Sigma-Aldrich, St. Louis, MO, USA) is a 



 

 14 

metabolic inhibitor used to block the metabolic activation of acetylcholinesterase-inhibiting 

organophosphate pesticides (Ankley et al., 1991).  It is also a potent synergist of pyrethroid 

toxicity, because it inhibits their metabolism (Kakko et al., 2000; Ware and Whitacre, 2004).  

PBO was added to overlying and interstitial water to reduce toxicity caused by organophosphate 

pesticides and increase toxicity caused by pyrethroids.  

The acceptability of each TIE treatment was evaluated by checking for adequate 

amphipod survival in each whole sediment or interstitial water treatment blank.  Then the results 

of each individual TIE treatment were compared to the baseline result (= untreated sample) using 

a separate variance t-test (alpha = 0.05).  Interstitial water treatments were compared to baseline 

using TUs (see above).  Comparing TUs among the treatments provided better resolution than 

simply comparing single concentrations from the various dilution series.   

 

Chemistry 

Chemical analyses were conducted on the baseline sediment and interstitial water 

samples, and TIE extracts.  Ammonia concentrations were measured in sediment overlying water 

and interstitial water using a spectrophotometric salicylate method (Hach Company, Loveland, 

CO, USA).  Grain size and total organic carbon (TOC) were measured on the majority of the 

screening samples using ASTM D 422 (ASTM, 2007) and U.S. EPA Method 9060 (USEPA, 

1994b), respectively.  The following classes of chemicals were measured in the TIE sediment: 

polycyclic aromatic hydrocarbons (EPA Method 8270), organophosphate pesticides (EPA 

Method 8141), organochlorine pesticides (EPA Method 8081), polychlorinated biphenyls and 

polybrominated diphenyl ethers (EPA Method 8082)(USEPA, 1994b), pyrethroid pesticides 

(EPA Method 1660)(USEPA, 1993c), fipronil (EPA Method 619), and metals (EPA Method 

6020)(USEPA, 1990).  TIE extracts were analyzed for the same classes of chemicals except 

metals, and TIE interstitial water was analyzed for PAHs.  As part of the Phase III TIE process, 

contaminant concentrations in sediment, interstitial water and eluate treatments were evaluated 

against known guideline values and toxicity thresholds. 

 

Dose Response Experiments 

 Water only dose response experiments were conducted with amphipods exposed to 

copper and fluoranthene to establish LC50s for these chemicals because toxicity thresholds for 
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these chemicals are not currently available in the literature.  The LC50s were then compared to 

concentrations of these chemicals measured in sediment interstitial water and TIE eluate 

treatments to determine whether they were present at toxic concentrations.  After conducting a 

rangefinder test with fluoranthene, three definitive tests were conducted.  Samples from the third 

definitive test were analyzed using GC-MS in order to calculate an LC50 based on measured 

concentrations.  Two definitive tests were conducted with copper, and two concentrations were 

analyzed from each test to confirm the accuracy of the copper spikes.  Two copper LC50s were 

calculated based on nominal concentrations. 

 

Results 

Screening 

Whole sediment and interstitial water screening tests were conducted on a total of 

fourteen samples from 12 sites.  Only three sediments samples caused significant toxicity to E. 

estuarius, and although it was not significantly toxic, only Mission Creek sediment had low 

enough survival (<50%) to warrant a TIE based on the criteria (Table 3).  The mean survival of 

amphipods in Mission Creek sediment was 48%, but because of high variability, this response 

was not significantly different from the control (p = 0.011).  Mission Creek sediment contained 

approximately 1 toxic unit (TU) and the interstitial water contained 3.6 TUs.  A whole-sediment 

TIE was initiated on May 4, 2007 and the first interstitial water TIE was initiated on June 1, 

2007.  Islais Creek was sampled in the summer of 2007, but was not toxic.  Sampling resumed in 

2008 with repeat sampling of San Mateo and Islais Creeks along with the Dumbarton Bridge and 

Airport stations.  Significant toxicity was observed in Islais Creek (64%), Dumbarton (70%), and 

Airport (76%).  Although the result from the Islais Creek test did not meet the TIE criterion, a 

whole-sediment TIE was attempted, but the baseline toxicity signal was weak and variable (mean 

survival = 68%, and standard deviation = 23%) and the treatments were not effective at reducing 

toxicity.  None of the other samples were significantly toxic.  The final four samples on the 

priority list were also not significantly toxic.  Because past data has shown significant toxicity in 

the Estuary adjacent to Redwood Creek, this creek was sampled at the Highway 101 crossing in 

a final effort to locate a second significantly toxic sample that met the criteria for a TIE.  

Sediment from Redwood Creek was not toxic, but undiluted interstitial water was significantly 

toxic.  Total organic carbon (TOC) and grain size analysis were performed on nine of these 
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samples.  TOC ranged from 0.55% at Kirker Creek to 6.4% at Mission Creek, and the percent 

fines (<62.5 µm) ranged from 48.5% at Kirker Creek to 99.7% at Suisun Bay.  The percentage of 

fines at Mission Creek was 54.2%. 

 

Mission Creek TIE 

Initial Tests 

 The whole sediment and interstitial water screening tests for Mission Creek served as the 

initial tests for the TIE and were conducted on April 13, 2007.  The dilution series of the initial 

whole sediment test with Mission Creek did not produce a steep dose response.  Survival in the 

undiluted samples was 48%, or approximately 1 TU (Table 3).  Dissolved oxygen (DO) and 

unionized ammonia concentrations in the overlying water were within acceptable ranges during 

the tests (DO = 8.30 mg/L and unionized ammonia = 0.30 mg/L).  A greater magnitude of 

toxicity was observed in the initial interstitial water test with no survival in the undiluted sample, 

accounting for 3.6 TUs overall.  The DO in the initial interstitial water test was very low, and the 

sample required aeration before testing.  The DO dropped again during the exposure, and could 

have contributed to the observed mortality.  The concentration of unionized ammonia in this 

sample was 0.018 mg/L, well below the toxicity threshold for E. estuarius of 2.40 mg/L (MPSL, 

unpublished data).  The concentration of hydrogen sulfide before aeration was 1.26 mg/L, but 

was reduced to 0.28 mg/L by the aeration process.  The latter concentration was still greater than 

the E. estuarius LC50 of 0.20 mg/L (Knezovich et al., 1996).  A second initial interstitial water 

test was conducted on May 2, 2007, but not before the sample was bubbled for several hours 

with oxygen.  The DO in the second interstitial water sample was <1 mg/L before aeration, and 

increased to 6.09 mg/L after aeration.  After 24 hours storage, the DO was 5.63 mg/L and the test 

was initiated.  The concentration of unionized ammonia in the interstitial water had increased to 

2.47 mg/L since the first interstitial water test (19 days), which is sufficiently high to contribute 

to toxicity, but the hydrogen sulfide concentration in this sample was 0.09 mg/L and was less 

than the LC50.  Dissolved oxygen and unionized ammonia concentrations were monitored daily 

during the second interstitial water test.  The unionized ammonia decreased steadily during the 

10-day exposure, and the DO decreased to <1 mg/L after two days, but increased to >7 mg/L 

during the remainder of the exposure. 
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Table 3.  Mean percent survival and standard deviation of Eohaustorius estuarius in sediment and interstitial water from twelve San Francisco 
Estuary stations screened for toxicity in a series of dilutions.  Toxic units were calculated by dividing 100 by the percent dilution series LC50.  
Controls = 0% dilution.  * = significantly toxic. 
 

 Rheem Mission 
San 

Leandro 
San 

Mateo 1 Islais 1 
San 

Mateo 2 Islais 2 Airport Dumbarton Kirker Suisun Castro 
Corte 

Madera Redwood 
Sample Date 4/4/07 4/5/07 4/5/07 4/18/07 6/28/07 1/17/08 2/5/08 1/17/08 2/5/08 3/14/08 3/14/08 3/18/08 3/18/08 4/23/08 

Test Date 4/13/07 4/13/07 4/13/07 4/27/07 7/6/07 1/25/08 1/25/08 1/25/08 1/25/08 3/21/08 3/21/08 3/21/08 3/21/08 4/25/08 
                             
Sediment Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
0% 
Control 92 11 96 9 92 18 100 0 100 0 96 9 100 0 96 9 100 0 92 11 92 11 92 11 92 11 92 11 
10% 88 11 68 18 92 11 92 11 96 9 84 17 100 0 80 14 92 11 96 9 96 9 96 9 92 11 92 11 
25% 100 0 80 14 92 11 80 20 96 9 84 9 96 9 80 14 100 0 92 11 92 11 96 9 84 9 80 24 
50% 100 0 80 20 80 20 96 9 96 9 88 11 92 11 84 17 96 9 96 9 88 11 96 9 96 9 76 17 
100% 88 18 48 30 76 26 88 18 88 11 96 9 64* 9 76* 9 70* 12 92 11 76 17 88 18 94 17 80 14 
                             
Toxic Unit <1  ~1  <1  <1  <1  <1  <1  <1  <1  <1  <1  <1  <1  <1  
                             
Interstitial 
Water Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
0%  
Control 100 0 80 45 80 45 100 0 80 45 100 0 100 0 100 0 100 0 80 45 100 0 80 45 100 0 100 0 
10% 100 0 80 45 100 0 80 45 100 0 80 45 100 0 60 55 100 0 100 0 100 0 100 0 100 0 80 45 
25% 80 45 40 55 60 55 80 45 100 0 100 0 100 0 60 55 80 45 60 55 100 0 80 45 100 0 100 0 
50% 80 45 20 45 80 45 40 55 80 45 80 45 100 0 80 45 100 0 100 0 80 45 80 45 80 45 100 0 
100% 80 45 0* 0 60 55 60 55 80 45 80 45 100 0 60 55 100 0 100 0 100 0 60 55 80 45 20* 45 
                             
Toxic Unit <1  3.6  <1  <1  <1  <1  <1  <1  <1  <1  <1  <1  <1  1.3  
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Whole Sediment TIE 

 The whole sediment TIE was conducted on May 4, 2007.  Survival in all treatment blanks 

was greater than 88% indicating that there were no adverse effects from the TIE treatments.  The 

dilution blank was significantly toxic indicating that the addition of 10% TIE amendments did 

not significantly dilute the sediment.  Survival in the baseline sample (the untreated Mission 

Creek sediment) was 20%, but the addition of Amberlite significantly increased it to 76%, and 

the addition of PCC increased it to 88% (Table 4).  Reduction of toxicity by Amberlite and PCC 

characterize the cause of toxicity as due to an organic chemical.  Toxicity was not reduced by the 

addition of SIR-300, indicating that divalent cationic metals were not contributing to toxicity.  

The concentration of unionized ammonia in the sediment overlying water was higher than that of 

the initial tests (0.378 mg/L vs. 0.223 mg/L), but was below the whole-sediment unionized 

ammonia toxicity threshold (0.8 mg/L, (USEPA, 1994a).  Addition of carboxylesterase enzyme 

to the sediment overlying water did not increase survival, and the addition of PBO to the 

overlying water did not increase toxicity, thus there was no evidence that pyrethroid pesticides 

were contributing to toxicity. 

 

Table 4.  Mean percent survival (SD) of amphipods in Phase I and II whole sediment TIE 
treatments.  * indicates significant difference from Baseline. 
  Phase I Phase II 
Treatment Sediment Mean (SD) Mean (SD) 
Baseline Mission Creek 20 (20)  
 Control 88 (18)  
SIR-300 (10%) Mission Creek 32 (41) 80 (45) 
 Control 88 (11) 80 (45) 
Amberlite (10%) Mission Creek 76 (26)* 0 (0) 
 Control 100 (0) 100 (0) 
Powdered Coconut Charcoal (10%) Mission Creek 88 (18)*  
 Control 92 (11)  
Enzyme Mission Creek 8 (18)  
 Control 88 (11)  
Bovine Serum Albumin (BSA) Mission Creek 0 (0)  
 Control 96 (9)  
Piperonyl Butoxide (PBO) Mission Creek 4 (9)  
 Control 96 (9)  
Dilution Blank Mission Creek 28 (30)  

 

 The Amberlite and SIR-300 resins were separated from the test sediment at the 

termination of the exposure and eluted with acetone and hydrochloric acid, respectively (Phase II 

TIE procedure).  The solvent and acid were used to prepare eluate treatments that are used to 
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further characterize, and possibly identify, the cause of toxicity.  Complete mortality was 

observed in the Amberlite eluate, further indicating that organic chemical(s) were contributing to 

toxicity, whereas the survival in the SIR-300 eluate treatment was 80%, further indicating that 

divalent metals did not play a role in toxicity (Table 4). 

 

Interstitial Water TIEs 

Based on the results of the whole sediment TIE, the interstitial water TIEs focused on 

ammonia and organic contaminants as the cause of toxicity.  The first interstitial water TIE was 

conducted on June 1, 2007.  The sample was pre-treated with oxygen to increase the DO and 

equilibrated for 48 hours before the TIE was initiated.  Dissolved oxygen was monitored during 

the 10-day exposure and remained at acceptable concentrations.  Survival in all treatment blanks 

was greater than 80% except for the two treatments that included zeolite.  These treatments had 

blank survivals values of 60%, however, data from these treatments were still evaluated because 

survival in the remaining interstitial water dilutions from these treatments was not significantly 

different from the negative control.  Complete mortality was observed in the undiluted baseline 

interstitial water (2.9 TU, Table 5).  The concentration of unionized ammonia had increased from 

0.018 mg/L in the initial interstitial water test to 2.47 mg/L in the second test.  The interstitial 

water unionized ammonia concentration in the baseline of the TIE was 2.52 mg/L and was higher 

than the LC50 (2.40 mg/L, MPSL unpublished data).  The zeolite column and air stripping 

treatments both reduced the unionized ammonia below the LC50.  Treatment with the zeolite 

column reduced the toxicity to 1.3 TU, while air stripping did not reduce toxicity.  Increased 

reduction of toxicity with the zeolite column beyond that caused by ammonia could be partially 

due to sorption of other contaminants on the column.  Passing the sample through the HLB 

column did not reduce toxicity in the post-column sample (PCS), but the HLB eluate was also 

toxic, indicating toxic organic contaminants were removed from the sample onto the column.  

The unionized ammonia concentration in the post-HLB column sample was 2.07 mg/L, and 

could have contributed to the observed toxicity.  It is also possible that the organic contaminants 

were not sufficiently bound by the HLB column and there was breakthrough into the post 

column treatment.   There was no reduction of toxicity with carboxylesterase, indicating that 

pyrethroids did not contribute to toxicity. 
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Table 5.  Toxic unit (TU) and ammonia results for the first interstitial water TIE.  PCS indicates 
post-column sample. 

 Dilution Ammonia (mg/L) 
Treatment Toxic Units Total Unionized 
Baseline 2.9 65.6 2.52 
    
Zeolite 1.3 12.9 0.34 
Air Strip  2.9 32.2 0.93 
    
HLB PCS 2.8 62.9 2.07 
HLB Eluate 1.5   
    
HLB Zeolite PCS 1.8 17.2 0.49 
HLB Zeolite Eluate 2.8   
    
Air Strip HLB PCS 1.4 26.6 0.98 
Air Strip HLB Eluate <1   
    
Carboxylesterase 2.8 50.9 1.79 
Bovine Serum Albumin (BSA) 3.3 61 2.10 

 

 

Partial reduction of toxicity with the zeolite column, and the presence of toxicity in the 

HLB eluate characterize the cause of toxicity as a combination of unionized ammonia and 

organic contaminant(s).  Samples that have evidence of mixtures of toxic concentrations of 

unionized ammonia and organic compounds require steps to separate these constituents.  To do 

this, treatments are conducted sequentially to remove each class of contaminant.  One sample 

was first passed through the HLB column to remove organic contaminants, and then subjected to 

the zeolite treatment to reduce ammonia.  Another sub-sample underwent the air stripping 

treatment before being passed through the HLB column.  The sequential treatments both reduced 

toxicity, but did not completely remove it.  Unionized ammonia concentrations were below the 

LC50, so it was assumed that there was some contaminant breakthrough in the HLB column.  

Column breakthrough can occur when the binding capacity of the column is overwhelmed by the 

amount of contaminants in the sample.  

The HLB column eluate treatments provide further characterization of the chemicals 

responsible for toxicity.  In this procedure, contaminants that are bound to the column are eluted 

with solvent and mixed with water to create the eluate treatment to which the amphipods are 

exposed.  Reduction of toxicity with the column and return of toxicity with the eluate indicate 

that organic chemical(s) that are bound to the column are causing toxicity.  In the Phase II TIE, 
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chemical analysis of the eluate is then used to identify the contaminant causing toxicity.  After 

eluting the HLB columns with acetone, both the individual HLB eluate and the HLB-zeolite 

eluate contained 1.5 TU (Table 5), indicating that an organic contaminant (or mixture) was 

eluted from the column.  The air stripping-HLB eluate was not toxic.  In the case of this 

sequential treatment, the ammonia removal step was performed prior to treatment with the HLB 

column.  It is possible that the pH adjustment procedure used in the air stripping treatment 

altered the chemistry of the organics in the sample and reduced their toxicity.   

The second interstitial water TIE was designed to address ammonia toxicity and to reduce 

toxicity caused by organics with two additional HLB column treatments.  Zeolite was used as a 

post-HLB column treatment to remove ammonia remaining after HLB treatment.  The first 

treatment was identical to the HLB column in the first interstitial water TIE.  The second HLB 

treatment utilized two HLB columns in sequence, and the third utilized three HLB columns in 

sequence.  The assumption was that the load of organic chemicals present in the Mission Creek 

interstitial water overwhelmed the capacity of individual HLB columns.  The sequential HLB 

treatments were intended to increase the HLB binding capacity to reduce organic chemical 

loading to below toxic thresholds.  All of the columns within each treatment were eluted and the 

solvent fractions were combined to provide a concentrated eluate treatment.  Because of the 

small volumes of interstitial water remaining, treatments were only conducted on undiluted 

interstitial water, and therefore, TUs were not calculated.  Median lethal times (LT50s) were 

calculated to depict the number of days it took for half of the organisms to die in a given 

treatment.  The concentration of total ammonia in the interstitial water was over twice that of the 

previous TIE and the unionized ammonia concentration was 50% higher (Table 6).  Sample 

dissolved oxygen was increased and maintained using the same procedure described above.  

Neither the individual HLB column nor the zeolite treatment reduced toxicity, although the 

zeolite reduced the concentration of unionized ammonia below the LC50.  These results 

characterize the cause of toxicity as a combination of ammonia and organic chemical and were 

consistent with the first interstitial water TIE.  The sequential HLB column and zeolite 

treatments were not able to remove toxicity, but increasing the number of columns the sample 

passed through increased the LT50.  This result indicated that additional organic contaminants 

were removed with the additional HLB columns and this increased the time it took for mortality 

to occur (i.e., toxicity decreased).  Although it appears organic contaminants were removed with 
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the HLB columns, only the second of the three column eluate treatments was toxic.  It is not 

clear why the other two eluates were not toxic.   

 

Table 6.  Percent survival and ammonia results for the second interstitial water TIE.  PCS 
indicates post-column sample.  LT50 indicates medial lethal time in days. 

 Percent Ammonia (mg/L)  
Treatment Survival Total Unionized LT50 
Baseline 0 132.4 3.64 0.50 
     
HLB PCS 0 127.4 6.98 0.50 
HLB Eluate 80 NA  >10 
     
Zeolite PCS 0 15.2 0.68 2.08 
     
HLB Zeolite 1 PCS 0 21.8 0.90 2.13 
HLB Zeolite 1 Eluate 100 NA  >10 
     
HLB Zeolite 2 PCS 0 28.4 1.12 2.25 
HLB Zeolite 2 Eluate 0 NA  3.50 
     
HLB Zeolite 3 PCS 0 27.7 0.42 3.75 
HLB Zeolite 3 Eluate 100 NA  >10 
 

 

Sediment Chemistry 

 The whole sediment and interstitial water TIEs characterized the cause of toxicity as a 

combination of ammonia and organic contaminants.  Ammonia concentrations measured in the 

overlying water of the whole sediment initial test and TIE were not high enough to contribute 

significantly to toxicity, but increasing concentrations of interstitial water ammonia contributed 

to the toxicity of that matrix.  The interstitial water unionized ammonia concentrations were 

reduced to non-toxic concentrations using zeolite and air stripping, but toxicity was not 

completely removed.  These results indicate that an organic contaminant contributed to toxicity.  

The concentrations of contaminants in the whole sediment, interstitial water, and in the 

Amberlite and HLB eluate treatments were used to provide additional evidence for and against 

the likely causes of toxicity in the sample.   

There are few sediment toxicity threshold values available specifically for E. estuarius.  

In the absence of organism-specific thresholds, LC50s for other amphipods or guideline values 

[e.g., ERMs, (Long et al., 1995)] were used to evaluate sediment contaminant concentrations.  

Of the metals measured, the concentrations of cadmium and copper did not exceed LC50 values 
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for Rhepoxynius abronius and E. estuarius, respectively, but the concentration of zinc did exceed 

the R. abronius LC50.  Only the sediment concentrations of lead, nickel and zinc exceeded their 

respective ERM values.  Although the concentration of zinc was higher than the R. abronius 

LC50 and ERM, the whole sediment TIE results did not suggest metals were the cause of 

toxicity (Table A1, Appendix).  Of the other analyte groups evaluated, no chemicals were 

present at sufficiently high concentrations to account for the observed toxicity.   

Two pyrethroid pesticides were detected in the sediment, but the concentrations were 

well below published LC50 values.  The organophosphate pesticide chlorpyrifos was detected at 

greater than half its LC50 value and could have contributed to toxicity, but when expressed in 

terms of organic carbon content the concentration is only 7% of the organic carbon normalized 

LC50 for E. estuarius.  The sediment contained a large amount of leafy material that contributed 

to the organic carbon content.  While organic carbon can affect the bioavailability of sediment 

contaminants, the type of organic carbon also plays a role.  Leaf litter is less likely to bind 

hydrophobic organic contaminants than humified plant materials.  Therefore, the toxicity of 

chlorpyrifos might be underestimated by the organic carbon normalized LC50 (Gunnarson et al., 

1999).  Concentrations of organochlorine pesticides and polychlorinated biphenyls were also 

below guideline values.  There are no sediment LC50s or guideline values for any of the PBDE 

congeners; therefore we were unable to evaluate their sediment concentrations directly.  Most 

studies of PDBE emphasize their potential to bioaccumulate rather than cause acute toxicity.  

One reported PDBE toxicity study with the freshwater oligochaete, Lumbriculus variegates, used 

sediment spiked with as much as 1600 ng/g total PDBE (Ciparis and Hale, 2005).  No other 

relevant acute toxicity data were available for PBDEs.  Although sensitivity of L. variegatus is 

not directly comparable to E. estuarius, because the former species is notoriously insensitive to 

sediment contaminants, the total concentration of PBDE in the Mission Creek sediment was 

136.7 ng/g and it is unlikely this concentration was acutely toxic to E. estuarius.  However, since 

PBDEs are emerging chemicals of concern in the Estuary, dose-response data for selected 

compounds from this class of chemicals would be helpful to conclusively demonstrate their 

potential for toxicity to RMP test organisms.   

Individually, the sediment concentrations of PAHs were below guideline values (Table 

A1).  The concentration of fluoranthene was compared to the LC50 value previously generated at 

MPSL (85,300 ng/g) and was well below this concentration (Anderson et al., 2008).  The 
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concentration of phenanthrene was also below the LC50 value for R. abronius (Swartz et al., 

1989).  Although the PAH concentrations were generally low, the frequency of PAH detections 

in this sample suggested that a mixture of these chemicals could have contributed to toxicity.  

Whole sediment PAHs were summed and evaluated using sediment quality guidelines (Long et 

al., 1995), the organic-carbon normalized Threshold Effect Concentration (TEC) derived by 

Swartz (Swartz, 1999), and the total PAH LC50 value developed for the marine amphipod R. 

abronius (Page et al., 2002).  In addition to these threshold concentrations, several models were 

used to evaluate whole sediment PAH toxicity.  The number of toxic units contributed by PAHs 

was calculated based on the target lipid model ((Di Toro, 2000); Joy McGrath, HydroQual Inc., 

Mahwah, NJ, U.S., personal communication), and the equilibrium partitioning sediment 

benchmark model (USEPA, 2003).   

The concentrations for low molecular weight PAHs, high molecular weight PAHs, and 

total PAHs were below the ERM values, and the total organic-carbon corrected TEC (Table 7).  

While the calculations for these guidelines only use PAH parent compounds, the total PAH 

calculation Page et al. (2002) used to establish an LC50 for Rhepoxynius abronius includes many 

of the alkylated compounds.  The concentration of total PAH in the Mission Creek sediment was 

1.6 times that of the R. abronius LC50.  The target lipid model also takes into account the 

concentrations of the alkylated compounds, but this model predicted that PAHs would contribute 

only a small portion of the observed whole sediment and interstitial water toxicity (0.040 TU).  

The U.S. EPA equilibrium partitioning sediment benchmark model also predicted minimal 

toxicity due to sediment PAHs (0.326 TU, Table 8).  The various lines of evidence from the 

whole sediment chemical analysis are discussed below. 

Chemical mixtures were also evaluated using a sediment quality guideline quotient 

[SQGQ (Fairey et al., 2001)].  SQGQs are calculated by dividing the concentrations of various 

chemicals and chemical classes by their individual guidelines, and then summing the quotients.  

Fairey et al. (2001) evaluated a number of quotient values and the SQGQ derived by these 

authors provided the strongest correlation with amphipod mortality in laboratory tests of field 

samples.  Using this method, we calculated a SQGQ value of 21.3 for the Mission Creek 

sediment.  This quotient was largely driven by total chlordane, which accounted for 

approximately 70% of the total quotient value (without chlordane the quotient was 6.9).  A 

mixture with a quotient greater than 3.5 would be predicted to cause significant toxicity (Fairey 
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et al., 2001).  There is no toxicity threshold for total chlordane, but Stransky et al. (Stransky et 

al., 2006) observed no effect at 49 ng/g, the highest concentration tested.  The concentration of 

chlordane in Mission Creek sediment was 86 ng/g.   

 
Table 7.  Summation and evaluation of PAH concentrations.  LMW indicates low molecular 
weight and HMW indicates high molecular weight.  ERM indicates effect range median.  TEC 
indicates threshold effect concentration.  OC indicates organic carbon.  TU indicates toxic units.  
ESB indicates equilibrium partitioning sediment benchmark. 
Summation Threshold Concentration Reference 
Sediment LMW ERM (ng/g) 3160 988 (Long et al., 1995) 
Sediment HMW ERM (ng/g) 9600 5225 (Long et al., 1995) 
Sediment Total ERM (ng/g) 44792 6213 (Long et al., 1995)  
    
Sediment TEC (µg/g oc) 290  97.1 (Swartz, 1999) 
    
R. abronius Sediment LC50 (ng/g) 10750 17298 (Page et al., 2002) 
    
Target Lipid Model Sediment (TU) >1 0.040 (Di Toro, 2000) 
Target Lipid Model Interstitial (TU) >1 0.029 (Di Toro, 2000) 
    
ESB Toxic Units (TU) >1 0.326 (USEPA, 2003) 
    
ESB Lipid Conc. Range (mmol/g lipid) 15-75 18.7 (Hawthorne et al., 2007) 

 

Interstitial Water and Eluate Chemistry 

Chemicals measured in the TIE eluates and interstitial water were compared to water-

only LC50 values for E. estuarius as part of the second phase of the TIE (identification).  As 

described above, the Amberlite eluate was prepared by sieving the resin from the whole sediment 

at the end of the exposure, eluting a portion of the resin with acetone, and combining the acetone 

with water.  HLB eluates were prepared in a similar manner in the interstitial water TIE.  Table 

A2 (Appendix) summarizes the chemical concentrations in the eluate treatments.  The 

concentration of cypermethrin was not within the range of E. estuarius LC50s reported by Ernst 

et al. (2001), but the concentrations of bifenthrin and permethrin were greater than the Hyalella 

azteca LC50s reported by Anderson et al. (2006).  H. azteca have been shown to have similar 

sensitivities to some pyrethroid pesticides as E. estuarius (Amweg et al., 2005; Anderson et al., 

2008).  However, it is unlikely that pyrethroids contributed significantly to toxicity of the 

Mission Creek sediment because although they were detected, their whole-sediment 

concentrations were below the E. estuarius toxicity thresholds.  Recent studies have 

demonstrated that chemicals measured in the Amberlite eluate can overestimate the bioavailable 
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concentration of chemical present in the original sediment because, during the TIE, the resin is in 

contact with the sediment for approximately twelve days.  During this time, the equilibrium of 

the sediment is affected by the presence of the resin.  Data suggest the resin sorbs chemicals in 

the sediment interstitial water driving the chemical equilibrium and concentrating compounds in 

the eluate (Phillips et al., 2009).  Similarly, the concentration of fipronil in the Amberlite eluate 

was in the range of toxicity for some invertebrate test species, but because no fipronil was 

detected in the sediment, it is unlikely this chemical contributed to toxicity.  It is likely the 

pyrethroids and fipronil were present in the Mission Creek sediment but their concentrations 

were below their respective analytical detection limits.  The concentration of chlorpyrifos in the 

sediment was approximately half the LC50, but chlorpyrifos was not detected in the eluate 

treatments.  The Amberlite eluate concentration of Aroclor 1254 was well below the LC50 for 

Ampelisca abdita (Ho et al., 1997).  All other above-mentioned chemical classes were not 

detected in the HLB column eluate and were not analyzed in the interstitial water. 

As was the case with the sediment, PAHs were the most commonly detected analyte in 

the Amberlite eluate and in the interstitial water.  However, no PAHs were detected in the HLB 

column eluate (Table 9, Appendix).  Published LC50 values for acenaphthene and phenanthrene 

(Swartz et al., 1995) and the E. estuarius LC50 for fluoranthene (current study) were used to 

determine whether these compounds were present at toxic concentrations in Mission Creek 

samples.  Individual measured concentrations in the Amberlite eluate and interstitial water were 

well below the LC50s.  There are no threshold values for summed PAHs in a water matrix.  The 

target lipid model was used to evaluate total PAHs in interstitial water (Di Toro, 2000).  Based 

on an assumed dissolved organic carbon concentration of 50 mg/L, the model calculated the 

contribution of PAHs to interstitial water toxicity to be 0.029 TU (Table 8).  This value was 

similar to the number of TUs predicted from the whole sediment PAH concentrations using the 

same model and based on the measured sediment TOC (0.040 TU).  Because the model 

calculates LC50 values for E. estuarius, the measured interstitial water concentrations can also 

be compared directly to these values, and TUs can be calculated and summed.  The results of a 

direct comparison that does not take organic carbon concentration into account suggested that 

PAHs contributed approximately one TU to the overall toxicity.  The target lipid model was also 

used to calculate the contribution of PAHs to toxicity based on the Amberlite eluate 

concentrations.  The total PAH in the Amberlite eluate contributed approximately 14 TU to the 
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eluate toxicity.  As discussed above, concentrations of PAHs in the Amberlite eluate likely over-

estimate their concentrations in the interstitial water because the Amberlite influences the 

chemical equilibrium during the exposure (Phillips et al., 2009).  It is not known how much these 

concentrations might have been overestimated in the current study.  

The equilibrium partitioning model was used to predict the lipid concentration of total 

PAHs in the amphipods based on the interstitial water concentrations (USEPA, 2003; Hawthorne 

et al., 2007).  This concentration can be used to predict toxicity based on known toxic responses 

to a range of concentrations.  Hawthorne et al. (2007) predicted a range of lipid-associated PAH 

concentrations that corresponded to the survival of the freshwater amphipod H. azteca.  Their 

concentrations ranged from 15 mmol/g lipid (85% survival) to 75 mmol/g lipid (15% survival).  

Assuming H. azteca and E. estuarius respond similarly to PAHs, the predicted lipid-associated 

PAH concentration of 18 mmol/g lipid in E. estuarius was at the low end of the toxicity range.   

 

Weight of Evidence  

Percent survival in the initial test with Mission Creek sediment was 48% and the survival 

in the baseline (untreated sample) of the whole sediment TIE was 20%.  The total ammonia 

concentration in the overlying water of the TIE baseline had increased twofold from that of the 

initial test.  A similar increase in ammonia concentrations were observed among the four 

interstitial water tests.  While ammonia probably did not significantly contribute to toxicity in the 

initial tests, it became a factor in subsequent tests, particularly the interstitial TIEs.  The 

overlying water unionized ammonia concentration in the whole sediment TIE was below the 

toxicity threshold, but toxicity was still observed in the baseline, and was removed by treatments 

that reduce the bioavailability of organic contaminants.  There were no lines of evidence 

suggesting metals were responsible for Mission Creek sediment toxicity.   

Review of the organic chemistry data did not provide conclusive evidence of the organic 

chemical(s) causing toxicity, but did suggest that PAHs played a role.  The lines of evidence for 

PAH toxicity include the total PAH concentration exceeding the R. abronius LC50, the sum of 

the interstitial water toxic units based on the individual LC50s using the target lipid model, and 

the sum of the predicted lipid concentrations based on the equilibrium partitioning sediment 

benchmark model falling within the range predicted to be toxic to H. azteca.  There are other 

established ways to interpret the data to suggest that PAHs played only a partial role in toxicity 
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of this sediment.  The concentrations of high and low molecular weight PAHs and total PAHs 

were well below ERM concentrations, and the total organic-carbon corrected concentration was 

below the threshold effect concentration of Swartz et al. (1999).   The target lipid model and 

equilibrium partitioning sediment benchmark toxic unit model also predicted that PAHs would 

only make a small contribution to toxicity.   

 

Dose Response Experiments 

 All controls in the dose response experiments had greater than 90% survival.  Two 

concentrations of copper were measured in each definitive test and demonstrated that the relative 

percent difference between the measured and nominal concentrations was <1.3%.  The calculated 

LC50s based on nominal concentrations were 38.7 mg/L and 58.6 mg/L (mean = 48.7 ± 14 SD 

mg/L).  The fluoranthene rangefinder test produced a nominal LC50 of 482 µg/L, and the first 

two definitive tests produced nominal LC50s of 793 and 852 µg/L.  Using the measured 

concentrations in the third definitive test produced an LC50 of 671 µg/L.  The water only copper 

LC50 demonstrates E. estuarius is very tolerant of copper, and this observation supports 

evidence against metal toxicity in the Mission Creek sample.  The fluoranthene LC50 was used 

to evaluate toxicity of this PAH in the Mission Creek interstitial water and also indicates toxicity 

was not caused by this compound. 

 

Discussion  

In the current study, fourteen samples were collected based on the results of previous 

toxicity studies, including two samples at San Mateo Creek, but only one of the fourteen samples 

was sufficiently toxic to justify conducting a TIE (<50% survival).  Mission Creek did not meet 

the criterion for significant difference from the control (p < 0.01) because of high variability 

among the replicate samples, but did have the highest magnitude of toxicity and was therefore 

the most likely candidate for a TIE.  Three other samples were significantly toxic, but ranged 

from 64% to 76% survival and did not have a strong enough response to warrant a TIE.  Given 

the preponderance of evidence that these sites are among the most toxic in the Estuary, the lack 

of toxicity in these samples was striking.  The majority of the samples were collected within a 

short period following storm events when elevated toxicity was expected.  The current results 

demonstrate the temporally variable nature of sediment toxicity in the margins of the Estuary.  
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Given that some of these sites had demonstrated consistent toxicity in previous studies, it is not 

clear whether the current lack of toxicity represents a temporary change in the chemistry of these 

sediments, or a more permanent reduction in chemical contamination at these sites.  This can 

only be answered by conducting additional seasonal investigations at these sites. 

Although the survival in the initial test for Mission Creek was 48%, baseline survival in 

the subsequent whole sediment TIE was 20% with less between-replicate variability.  This higher 

magnitude of toxicity provided greater resolution for the TIE treatments.  The concentration of 

ammonia increased with every test conducted, and it appeared that ammonia contributed to this 

increase in toxicity.  The whole sediment TIE characterized organic contaminants as another 

cause of sediment toxicity.  Toxicity in the Phase II Amberlite eluate further characterized the 

cause as organic, but analysis of the resin eluate did not positively identify the class of organics 

causing toxicity.   

While several lines of evidence suggest PAHs are at least partially responsible, the lack 

of conclusive evidence for the cause of toxicity in Mission Creek could be due to several 

possibilities.  One is that the TIE and analytical chemical methods require further refinement.  

The TIE methods used in this study indicated that the cause of toxicity in the complex sediment 

mixture as due to organic chemicals, but the methods did not conclusively identify the specific 

compound(s) responsible for toxicity.  The results suggest that further development of the Phase 

II procedures is necessary.  In the whole sediment TIEs the Amberlite eluate is used as a Phase II 

treatment.  This treatment is currently considered to provide a qualitative rather than a 

quantitative line of evidence because the relationship between contaminant concentrations in the 

whole sediment, the interstitial water, and the Amberlite eluate are not completely understood 

(Anderson et al., 2007).  Evidence suggests that the resin can act like a sink for sediment 

chemicals, driving the equilibrium of chemicals from the sediment to the resin.  When the resin 

is eluted, the bioavailable concentration of contaminants (i.e., the concentration present in the 

untreated sediment’s interstitial water) may be overestimated (Phillips et al., 2009).  Determining 

the optimal mass of resin used, the most appropriate equilibration time for resin exposure, and 

the optimum resin type will improve the use of carbonaceous resins in whole sediment TIEs, and 

make the results of Phase II elution steps in the TIE more quantitative.   

Solvent fractionation of resin eluates using high pressure liquid chromatography (HPLC) 

has also been employed as a method to separate compounds having variable solubilities 
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(USEPA, 1993a) in Phase II TIE development using resins.  The HPLC method fractionates the 

resin solvent into thirty sub-samples that can be individually tested and analyzed.  Less polar 

contaminants appear in the first fractions while more polar contaminants elute in the later 

fractions.  Once toxic fractions are identified, they can be chemically analyzed.  This method for 

eluate fractionation provided mixed results, but refinement of this method may allow separation 

of chemicals when they are present in complex mixture (Anderson et al., 2007b).    

Further development of the Phase II interstitial water procedures is necessary.  

Significant toxicity was observed in only half of the HLB column eluate treatments indicating 

that the columns were not eluting consistently.  In addition to the columns that were prepared for 

toxicity testing, a column was prepared for chemical analysis.  Based on the fact that there were 

no detected chemicals in the column eluates, and the inconsistent toxicity observed in some of 

the other eluate treatments, it is possible that contaminants were not completely eluted from the 

columns, or were lost during cleanup steps prior to the chromatographic analyses.  The columns 

are currently eluted using the method employed by USGS (Kelly Smalling, USGS Sacramento, 

CA, personal communication), so it is unlikely that the method alone is to blame for inconsistent 

elution.  Given that there was incomplete removal of toxicity with the HLB column, it is also 

possible that the flow rate of interstitial water through the column did not provide sufficient 

contact time for removal of all contaminants for the water.  Additional studies in this area should 

include testing additional methods for removing contaminants from interstitial water matrix to 

allow sufficient equilibration between interstitial water and the extraction media to maximize 

extraction of chemicals.  In addition, all steps used in the analytical procedures should be 

reviewed to make sure they are appropriate for the chemical classes present in interstitial waters. 

Another possible reason for lack of conclusive confirmation of the cause of toxicity is 

that toxicity may have been due to unmeasured chemicals.  TIEs were originally developed to 

determine the cause of toxicity in municipal and industrial effluents.  In a toxic effluent sample 

there are usually a minimal number of contaminants responsible for toxicity.  Ambient sediments 

usually contain highly complex mixtures of chemicals, and there can be multiple contaminants 

and breakdown products contributing to toxicity.  There are millions of registered organic 

contaminants, but monitoring programs only focus on the contaminants with regulatory 

benchmarks (Hoenicke et al., 2007).  It is time-consuming and expensive to monitor these 

additional chemicals, so toxicity testing is used to determine their potential impact by measuring 
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the bioavailable fraction with the health of a test organism.  Once an impact on the organism is 

observed it is the goal of the TIE to identify the cause.  Because of the unknown toxicity of many 

of the chemicals in sediments, it is sometimes difficult to progress beyond the characterization 

phase of the TIE.  While efforts are being made to define the priorities for routine monitoring 

(Oros et al., 2003; Hoenicke et al., 2007), relative toxicities of emergent chemicals (e.g., 

pesticides, PBDEs) must also be determined using spiking studies. 

A final possibility is that toxicity of this sample was due to a mixture of chemicals.  As 

mentioned above, several studies have suggested that chemical mixtures in San Francisco 

Estuary sediments are strongly correlated with amphipod mortality in laboratory toxicity tests 

(e.g., Thompson et al., 1999, Hunt et al., 2001).  The calculated SQGQ for Mission Creek 

sediment was 21.3, but 70% of this quotient was contributed by chlordane.  Without chlordane 

the SQGQ was 6.9 and demonstrates a strong chemical mixture.  The total chlordane 

concentration was approximately 14 times the ERM, and was about twice the highest 

concentration tested by Stransky et al. (2006) in which no effect was observed.  Thompson et al. 

(1999) observed a significant relationship between chlordane concentrations and toxicity in RMP 

sediment from the North Bay, but because there is not a definitive E. estuarius toxicity threshold 

for chlordane, it is difficult to link the observed toxicity in Mission Creek sediment to this 

chemical.   

 Future TIE studies should proceed in several directions.  First, there is a need to build a 

database of toxicity thresholds for estuarine species for selected current and emerging 

contaminants.  This should include emerging pesticides such fipronil, selected PAHs, legacy 

pesticides such as chlordane, and other newly identified contaminants of concern. There is also a 

need for additional TIE method development to improve the efficacy of the Phase II Amberlite 

resin treatment, and interstitial water extraction and elution methods.  These research needs can 

be met more efficiently using integrated studies that combine dose response experiments using 

spiked sediments with whole sediment and interstitial water method development experiments.  

Chemical analysis of spiked sediments will allow for the calculation of LC50s based on 

measured concentrations, and will provide confirmation of chemical removal and mass balance 

relationships necessary to assess efficacy of the TIE methods.   

Recent results have suggested that the 10d Amberlite equilibration provides an 

exhaustive treatment.  Over this equilibration period, the resin adsorbs the bioavailable fraction 
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of organic chemicals from the interstitial water then continues to drive the equilibrium between 

sediment and interstitial water as it sorbs the slowly desorbing fraction of residual chemical from 

the sediment via the interstitial water.  The elution of the Amberlite resin at the termination of 

the 10d exposure likely provides an overestimation of the bioavailable fraction of chemical in the 

sediment (Phillips et al., 2009).  Measuring the rapidly desorbing fraction of chemical in 

sediments may provide a better estimate of the bioavailable fraction (Cornelissen et al., 2001; 

Leppanen et al., 2003).  Although the optimal exposure duration is dependent on the chemicals 

present and the exposure scenario, employment of a short-term Amberlite treatment, in addition 

to the exhaustive Amberlite treatment, could provide an estimate of bioavailability.  Rather than 

eluting the Amberlite from the exhaustive treatment, the Amberlite from a 24-hour exposure will 

be eluted, tested and analyzed.  Analysis of chemicals in the interstitial water using solid-phase 

micro-extraction (SPME) may also be used to compare the bioavailable fraction of chemical in 

this matrix, to the concentration of chemical eluted after the 24h Amberlite equilibration.  For 

interstitial water, the addition of Amberlite directly to the sample will provide an exhaustive 

treatment that can be separated and eluted as a Phase II treatment.  This treatment will hopefully 

overcome variables associated with adsorption and elution of chemicals that have been observed 

in the process of extracting interstitial water with the HLB column.  Elution of chemical from the 

interstitial water Amberlite treatment may also be compared to the SPME and whole-sediment 

Amberlite eluates.   

Results from the current study and past RMP status and trends monitoring has shown that 

many sediments in the Estuary are characterized as being contaminated with complex chemical 

mixtures resulting in a low but significant magnitude of toxicity.  TIE methods developed to date 

are not sufficiently robust to resolve toxicity of weakly or moderately toxic sediments.  To 

improve TIE resolution of moderately toxic sediments, new approaches for measuring sublethal 

effects in standard test organisms might be incorporated into the TIE process.  One example of 

sublethal indicators of toxicity uses gene microarrays (Larkin et al., 2007).  Analyses of 

surviving amphipods using gene microarrays after exposure to moderately toxic sediments might 

provide more sensitive endpoints that can be indicative of exposures to specific classes of 

chemicals.  Researchers at UC Berkeley, in collaboration with the Southern California Coastal 

Water Research Project are in the preliminary stages of developing a gene microarray using E. 

estuarius.  Surviving amphipods from the spiking and TIE development experiments described 
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above can be used to provide animals for development of microarray endpoints that are 

indicators of response to specific classes of chemicals.  These endpoints can then be applied to 

sediment TIEs to provide more sensitive tools for assessing toxicity of moderately toxic 

sediments. 

 

Acknowledgment: The authors would like to thank the staff of the UC Davis Marine Pollution 

Studies Laboratory of toxicity testing support; Dave Crane, Abdou Mekebri, and Jim McCall of 

the California Department of Fish and Game Water Pollution Control Laboratory for chemical 

analysis; and Paul Salop of Applied Marine Sciences for sample collection support.  

 



 

 34 

References 

Amweg, E.L., Weston, D.P., Ureda, N.M., 2005. Use and toxicity of pyrethroid pesticides in the 
Central Valley, CA, U.S. Environ Toxicol Chem 24, 966-972. 
  
Amweg, E.L., Weston, D.P., You, J., Lydy, M.J., 2006. Pyrethroid Insecticides and Sediment 
Toxicity in Urban Creeks from California and Tennessee. Environ Sci Technol 40, 1700-1706. 
 
Anderson, B.A., Hunt, J.W., Phillips, B.M., Thompson, B., Lowe, S., Taberski, K., Carr, R.S., 
2007a. Patterns and trends in sediment toxicity in the San Francisco estuary. Environ Res 205. 
 
Anderson, B.A., Lowe, S., Hunt, J.W., Phillips, B.M., Voorhees, J.P., Clark, S.L., Tjeerdema, 
R.S., 2008. Relative sensitivities of toxicity test protocols with the amphipods Eohaustorius 
estuarius and Ampelisca abdita. Ecotoxicol Environ Safety. 
 
Anderson, B.S., Hunt, J.W., Phillips, B.M., Tjeerdema, R.S., 2007b. Navigating the TMDL 
Process: Sediment Toxicity. Water Environment Research Foundation. 
 
Anderson, B.S., Phillips, B.M., Hunt, J.W., Connor, V., Richard, N., Tjeerdema, R.S., 2006. 
Identifying primary stressors impacting macroinvertebrates in the Salinas River (California, 
USA): Relative effects of pesticides and suspended particles. Environ Poll 141, 402-408. 
 
Ankley, G.T., Schubauer-Berigan, M.K., Dierkes, J.R., 1991. Sediment toxicity identification 
evaluation: Phase I (characterization), Phase II (identification), and Phase III (confirmation) 
modifications of effluent procedures. National Effluent Toxicity Assessment Center. 
 
ASTM, 2007. Standard Test Method for Particle-Size Analysis of Soils.  Standard D 422 2007 
Annual Book of ASTM Standards.  ASTM International, West Conshohocken, PA. 
 
Burgess, R.M., Cantwell, M.G., Pelletier, M.C., Ho, K.T., Serbst, J.R., Cook, H.F., Kuhn, A., 
2000. Development of a toxicity identification evaluation procedure for characterizing metal 
toxicity in marine sediments. Environ Toxicol Chem 19, 982-991. 
  
Chandler, G.T., Cary, T.L., Volz, D.C., Walse, S.S., Ferry, J.L., Klosterhaus, S.L., 2004. Fipronil 
effects on estuarine copepod (Amphiascus tenuiremis) development, fertility, and reproduction: a 
rapid life-cycle assay in 96-well microplate format. Environ Toxicol Chem 23, 117-124. 
 
Ciparis, S., Hale, R.C., 2005. Bioavailability of polybrominated diphenyl ether flame retardants 
in biosolids and spiked sediment to the aquatic oligochaete Lumbriculus variegatus. Environ 
Toxicol Chem 24, 916-925. 
 
Cornelissen, G., Rigterink, H., ten Hulscher, D.E.M., Vrindi, B.A., van Noort, P.C.M., 2001. A 
simple Tenax extraction method to determine the availability of sediment-sorbed organic 
compounds. Environ Toxicol Chem 20, 706-711. 
 



 

 35 

Di Toro, D.M., McGrath, J.A. , 2000. Technical basis for narcotic chemicals and polycyclic 
aromatic hydrocarbon criteria. II. Mixtures and Sediments. Environ Toxicol Chem 19, 1971-
1982. 
 
Ernst, W., Jackman, P., Doe, K., Page, F., Julien, G., Mackay, K., Sutherland, T., 2001. 
Dispersion and Toxicity to Non-target Aquatic Organisms of Pesticides Used to Treat Sea Lice 
on Salmon in Net Pen Enclosures. Mar Poll Bull 42, 433-444. 
 
Fairey, R., Long, E.R., Roberts, C.A., Anderson, B.S., Phillips, B.M., Hunt, J.W., Puckett, H.R., 
Wilson, C.J., 2001. An evaluation of methods for calculating mean sediment quality guideline 
quotients as indicators of contamination and acute toxicity to amphipods by chemical mixtures.  
Environ Toxicol Chem 20, 2276-2286. 
  
Greenstein, D., Bay, S.M., Anderson, B.A., Chandler, G.T., Farrar, D., Keppler, C., Phillips, 
B.M., Ringwood, A., Young, D., 2008. Comparison of methods for evaluating acute and chronic 
toxicity in marine sediments. Environ Toxicol Chem 27, 933-944. 
 
Gunnarson, J.S., Granberg, M.E., Nilsson, H.C., Rosenberg, R., Hellman, B., 1999. Influence of 
sediment-organic matter quality on growth and polychlorobiphenyl bioavailability in 
Echinodermata (Amphiura filiformis). Environ Toxicol Chem 18, 1534-1543. 
 
Hamilton, M.A., Russo, R.C., Thurston, R.V., 1977. Trimmed Spearman-Karber method for 
estimating median lethal concentrations in toxicity bioassays. Environ Sci Technol 11, 714-719. 
 
Hawthorne, S.B., Azzolina, N.A., Neuhauser, E.F., Kreitinger, J.P., 2007. Predicting 
Bioavailability of Sediment Polycyclic Aromatic Hydrocarbons to Hyalella azteca using 
Equilibrium Partitioning, Supercritical Fluid Extraction, and Pore Water Concentrations. Environ 
Sci Technol 41, 6297-6304. 
 
Ho, K.T., Burgess, R.M., Pelletier, M.C., Serbst, J.R., Cook, H., Cantwell, M.G., Ryba, S.A., 
Perron, M.M., Lebo, J., Huckins, J., Petty, J., 2004. Use of powdered coconut charcoal as a 
toxicity identification and evaluation manipulation for organic toxicants in marine sediments. 
Environ Toxicol Chem 23, 2124-2131. 
 
Ho, K.T., McKinney, R.A., Kuhn, A., Pelletier, M.C., Burgess, R.M., 1997. Identification of 
acute toxicants in New Bedford Harbor sediments. Environ Toxicol Chem 16, 551-558. 
 
Hoenicke, R., Oros, D.R., Oram, J.J., Taberski, K., 2007. Adapting an ambient monitoring 
program to the challenge of managing emerging pollutants in the San Francisco Estuary. Environ 
Res 105, 132-144. 
 
Holmes, R.W., Anderson, B.A., Phillips, B.M., Hunt, J.W., Crane, D., Mekebri, A., Blondina, 
G., Nguyen, L., Connor, V., 2008. Statewide Investigation of the Role of Pyrethroid Pesticides in 
Sediment Toxicity in California’s Urban Waterways. Environ Sci Technol 42, 7003-7009. 
 



 

 36 

Hunt, J.W., Anderson, B.A., Phillips, B.M., 2005. Toxicity identification evaluation of solid-
phase sediment from San Francisco Bay, California, USA. In: Norberg-King, T.J., Ausley, L.W., 
Burton, D.T., Goodfellow, W.L., Miller, J.L., Waller, W.T. (Eds.). Toxicity Reduction 
Evaluations and Toxicity Identification Evaluation (TIE) for Effluent, Ambient Waters and Other 
Aqueous Media. SETAC Press, Pensacola, FL. 
 
Hunt, J.W., Anderson, B.S., Phillips, B.M., Tjeerdema, R.S., Taberski, K.M., Wilson, C.J., 
Puckett, H.M., Stephenson, M., Fairey, R., Oakden, J., 2001. A large-scale categorization of sites 
in San Francisco Bay, USA, based on the sediment quality triad, toxicity identification 
evaluations, and gradient studies. Environ Toxicol Chem 20, 1252-1265. 
 
Kakko, I., Toimela, T., Tähti, H., 2000. Piperonyl butoxide potentiates the synaptosome ATPase 
inhibiting effect of pyrethrin. Chemosphere 40, 301-305. 
 
Knezovich, J.P., Steichen, D.J., Jelinski, J.A., Anderson, S.L., 1996. Sulfide tolerance of four 
marine species used to evaluate sediment and pore water toxicity. Bull Environ Contam Toxicol 
57, 450-457. 
 
Kosian, P.A., West, C.W., Pasha, M.S., Cox, J.S., Mount, D.R., Huggett, R.J., Ankley, G.T., 
1999. Use of nonpolar resin for reduction of fluoranthene bioavailability in sediment. Environ 
Toxicol Chem 18, 201-206. 
 
Larkin, P., Villeneuve, D.L., Knoebl, I., Miracle, A.L., Carter, B.J., Liu, L., Denslow, N.D., 
Ankley, G.T., 2007. Development and validation of a 2,000-gene microarray for the fathead 
minnow (Pimephales promelas). Environ Toxicol Chem 26, 1497-1506. 
 
Leppanen, M.T., Landrum, P.F., Kukkonen, J.V.K., Greenberg, M.S., Burton, G.A., Robinson, 
S.D., Gossiaux, D.C., 2003. Investigating the role of desorption on the bioavailability of 
sediment-associated 3,4,3 ',4 '-tetrachlorobiphenyl in benthic invertebrates. Environ Toxicol 
Chem 22, 2861-2871. 
 
Liu, W., Gan, J.J., Lee, S., Kabashima, J.N., 2004. Phase distribution of synthetic pyrethroids in 
runoff and stream water. Environ Toxicol Chem 23, 7-11. 
 
Long, E.R., Macdonald, D.D., Smith, S.L., Calder, F.D., 1995. Incidence of adverse biological 
effects within ranges of chemical concentrations in marine and estuarine sediments. Environ 
Manage 19, 81-97. 
 
Lowe, S., Anderson, B.A., Phillips, B.M., 2007. Final Project Report: Investigations of Sources 
and Effects of Pyrethroid Pesticides in Watersheds of the San Francisco Bay Estuary.  
Proposition 13 PRISM Grant # 041355520. SFEI Contribution #523. San Francisco Estuary 
Institute, Oakland, CA, Oakland, CA. 
 
Lowe, S., Hoenicke, R., Davis, J.A., 1999. 1999 Quality Assurance Project Plan for the Regional 
Monitoring Program for Trace Substances.  RMP Contribution #33. San Francisco Estuary 
Institute. 



 

 37 

 
Macdonald, D.D., Dipinto, L.M., Field, J., Ingersoll, C.G., Long, E.R., Swartz, R.C., 2000. 
Development and evaluation of consensus-based sediment effect concentrations for 
polychlorinated biphenyls. Environ Toxicol Chem 19, 1403-1413. 
 
Mearns, A.J., Swartz, R.C., Cummins, J.M., Dinnel, P.A., Plesha, P., Chapman, P.M., 1986. 
Interlaboratory comparison of a sediment toxicity test using the marine amphipod, Rhepoxynius 
abronius. Mar Environ Res 19, 13-37. 
 
Norberg-King, T.J., Ausley, L.W., Burton, D.T., Goodfellow, W.L., Miller, J.L., Waller, W.T. 
(Eds.), 2005. Toxicity reduction and toxicity identification evaluations for effluents, ambient 
waters, and other aqueous media. Society of Environmental Toxicology and Chemistry 
(SETAC), Pensacola, FL. 
 
Oros, D.R., Jarman, W.M., Lowe, T., David, N., Lowe, S., Davis, J.A., 2003. Surveillance for 
previously unmonitored organic contaminants in the San Francisco Estuary. Mar Poll Bull 46, 
1102-1110. 
 
Page, D.S., Boehm, P.D., Stubblefield, W.A., Parker, K.R., Gilfillan, E.S., Neff, J.M., Maki, 
A.W., 2002. Hydrocarbon composition and toxicity of sediment following the Exxon Valdez oil 
spill in Prince William Sound, Alaska, U.S. Environ Toxicol Chem 21, 1438-1450. 
 
Phillips, B.M., Anderson, B.A., 2003. Measures of Biological Effects Associated with Sediment 
Contamination in San Francisco Bay: Toxicity to Amphipods.  Final Report.  National Oceanic 
and Atmospheric Administration. Silver Springs, MD. 
 
Phillips, B.M., Anderson, B.S., Hunt, J.W., Clark, S.L., Voorhees, J.P., Tjeerdema, R.S., 
Casteline, J., Stewart, M., 2009. Evaluation of phase II sediment toxicity identification 
evaluation methods for freshwater whole sediment and interstitial water. Chemosphere 74, 648-
653. 
 
Phillips, B.M., Anderson, B.S., Hunt, J.W., Thompson, B., Lowe, S., Hoenicke, R., Tjeerdema, 
R., 2003. Causes of sediment toxicity to Mytilus galloprovincialis in San Francisco Bay, 
California. Arch of Environ Contam Toxicol 45, 492-497. 
 
Ruby, A., 2005. Technical Memorandum: Analysis of Bay Area Urban Creeks 2004-2005. Clean 
Estuary Project, Oakland. CA. 
 
San Francisco Bay Regional Water Quality Control Board (SFBRWQCB), 2007. Water quality 
monitoring and bioassessment in nine San Francisco Bay Region watersheds: Walker Creek, 
Lagunitas Creek, San Leandro Creek, Wildcat Creek/San Pablo Creek, Suisun Creek, Arroyo Las 
Positas, Pescadero Creek/Butano Creek, San Gregorio Creek, and Stevens Creek/Permanente 
Creek. Surface Water Ambient Monitoring Program, San Francisco Bay Regional Water Quality 
Control Board, Oakland, CA. 
 



 

 38 

Stransky, C., Rudolph, J., Stearns, B., 2006. Investigation of chlordane toxicity to the amphipod 
Eohaustorius estuarius in Mission Bay and San Diego Bay sediments. Society of Environmental 
Toxicology and Chemistry, Montreal, QC. 
 
Swartz, R.C., 1999. Consensus sediment quality guidelines for polycyclic aromatic hydrocarbon 
mixtures. Environ Toxicol Chem 18, 780-787. 
  
Swartz, R.C., Cole, F.A., Lamberson, J.O., Ferraro, S.P., Schults, D.W., DeBen, W.A., Lee, H., 
Ozretich, R.J., 1994. Sediment toxicity, contamination and amphipod abundance at a DDT- and 
dieldrin-contaminated site in San Francisco Bay. Environ Toxicol Chem 13, 949-962. 
 
Swartz, R.C., Kemp, P.F., Schults, D.W., Ditsworth, G.R., Ozretich, R.J., 1989. Acute toxicity of 
sediment from Eagle Harbor, Washington, to the infaunal amphipod Rhepoxynius abronius. 
Environ Toxicol Chem 8, 215-222. 
 
Swartz, R.C., Kemp, P.F., Schults, D.W., Lamberson, J.O., 1988. Effects of mixtures of sediment 
contaminants on the marine infaunal amphipod, Rhepoxynius abronius. Environ Toxicol Chem 7, 
1013-1020. 
 
Swartz, R.C., Schults, D.W., Ozretich, R.J., Lamberson, J.D., Cole, F.A., DeWitt, T.H., 
Redmond, M.S., Ferraro, S.P., 1995. Sum PAH: a model to predict the toxicity of polynuclear 
aromatic hydrocarbon mixtures in field-collected sediments. Environ Toxicol Chem 14, 1977-
1987. 
 
Thompson, B., Anderson, B.A., Hunt, J.W., Taberski, K., Phillips, B.M., 1999. Relationships 
between sediment toxicity and contamination in San Francisco Bay. Mar Environ Res 48. 
 
United States Environmental Protection Agency, 1990. CLP-M: Inductively Coupled Plasma-
Mass Spectrometry. EPA method 6020. Office of Water.  Washington, D.C. 
 
United States Environmental Protection Agency, 1991. Methods for aquatic toxicity 
identification evaluations. Phase I Toxicity Characterization Procedures. EPA 600/6-91/003. 
Office of Research and Development. Washington, DC. 
 
United States Environmental Protection Agency, 1993a. Methods for aquatic toxicity 
identification evaluations. Phase II Toxicity Identification Procedures for Samples Exhibiting 
Acute and Chronic Toxicity. EPA 600/R-92/080. Office of Research and Development. 
Washington, D.C. 
 
United States Environmental Protection Agency, 1993b. Methods for aquatic toxicity 
identification evaluations. Phase III Confirmation Procedures for Samples Exhibiting Acute and 
Chronic Toxicity. EPA 600/R-92/081. Office of Research and Development. Washington, D.C. 
 
United States Environmental Protection Agency, 1993c. Methods for the Determination of Non-
conventional Pesticides in Municipal and Industrial Wastewater, Volume I. Revision 1. Office 
Water, Washington, D.C. 



 

 39 

 
United States Environmental Protection Agency, 1994a. Methods for assessing the toxicity of 
sediment-associated contaminants with estuarine and marine amphipods. Office of Research and 
Development, Washington D.C. 
 
United States Environmental Protection Agency, 1994b. Test methods for evaluating solid waste, 
physical/chemical methods, 3rd Edition. EPA SW-846. Office of Solid Waste and Emergency 
Response, Washington, D.C. 
 
United States Environmental Protection Agency, 2003. Procedures for the Derivation of 
Equilibrium Partitioning Sediment Benchmarks (ESBs) for the Protection of Benthic Organisms: 
PAH Mixtures.  600/R-02/013. Office of Research and Development. Washington, D.C. 
 
United States Environmental Protection Agency, 2007. Sediment Toxicity Identification 
Evaluation (TIE) Phases I, II, and III Guidance Document. Draft. EPA 600-R07-080. Office of 
Research and Development, Atlantic Ecology Division. Narragansett, RI. 
 
Ware, G.W., Whitacre, D., 2004. The Pesticide Book, 6th Edition. Thompson Publications, 
Fresno, CA. 
 
Weston, D., 1996. Further development of a chronic Ampelisca abdita bioassay as an indicator of 
sediment toxicity: summary and conclusions. Regional Monitoring Program for Trace 
Substances Annual Report. San Francisco Estuary Institute, Oakland, CA, pp. 108–115. 
 
Wheelock, C.E., Miller, J.L., Miller, M.J., Gee, S.J., Shan, G., Hammock, B.D., 2004. 
Development of toxicity identification evaluation procedure for pyrethroid detection using 
esterase activity. Environ Toxicol Chem 23, 2699-2708. 
 
Word, J.Q., Ward, J.A., Franklin, L.M., Cullinan, V.I., Kiesser, S.L., 1987. Evaluation of the 
equilibrium partitioning theory for estimating the toxicity of the nonpolar organic compound 
DDT to the sediment dwelling amphipod Rhepoxynius abronius. WA56, Task 1. Battelle 
Washington Environmental Program Office, Washington, DC. 
 



 

 40 

Appendix - Analytical Chemistry Results 

Table A1.  Concentrations of detected chemicals in Mission Creek sediment.  Detected 
concentrations were compared to evaluation concentrations including LC50s (medial lethal 
concentration) and NOECs (no observed effect concentration) for E. estuarius or alternate 
species, and sediment quality guideline values such as ERMs (effects range median 
concentration) (Long et al., 1995)and PECs (probable effects concentration) (Macdonald et al., 
2000).  SQG = sediment quality guideline.  OC = organic carbon.  DNQ = detected not 
quantified.  Italicized PAHs refer to alkylated compounds. 
 

Analyte 
Sediment 
Conc. 

Evaluation 
Conc. 

Evaluation 
Type Reference 

SQG Conc. 
and Type 

Total Organic Carbon 
(%TOC) 6.4    

 

      
Metals (µg/g)      
Aluminum 67500     
Antimony 3.55    25 ERM 
Arsenic 9.14    70 ERM 
Barium 148     
Beryllium 0.210     

Cadmium 1.85 9.81 
R. Abronius 
LC50 (Mearns et al., 1986) 9.6 ERM 

Chromium 70.8    370 ERM 
Cobalt 8.82     

Copper 173 534 LC50 
(Anderson et al., 
2008) 270 ERM 

Iron 103     
Lead 251    218 ERM 
Manganese 171     

Mercury DNQ 13.1 
R. Abronius 
LC50 (Swartz et al., 1988)  

Molybdenum 7.80     
Nickel 58.7    51.6 ERM 
Selenium 1.47     
Silver 0.680    3.7 ERM 
Strontium 58.5     
Thallium 0.210     
Tin 15.7     
Titanium 593     
Vanadium 57.7     

Zinc 472 276 
R. Abronius 
LC50 (Swartz et al., 1988) 410 ERM 

      
Pyrethroid Pesticides (ng/g)      
Cyfluthrin DNQ 13.7 H. azteca LC50 (Amweg et al., 2005)  
Esfenvalerate/Fenvalerate 4.11 41.8 H. azteca LC50 (Amweg et al., 2005)  
Esfenvalerate/Fenvalerate 
µg/g oc 

0.064 
ug/g oc 

1.54 ug/g 
oc H. azteca LC50 (Amweg et al., 2005) 

 

Permethrin 8.26 140 LC50 
(Anderson et al., 
2008) 

 

      
Organophosphates (ng/g)      
Chlorpyrifos 64.7 103 LC50 (Anderson et al.,  
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Analyte 
Sediment 
Conc. 

Evaluation 
Conc. 

Evaluation 
Type Reference 

SQG Conc. 
and Type 

2008) 
      
Organochlorines (ng/g)      
Chlordane, cis- 29.8     
Chlordane, trans- 35.5     
DDD(o,p') 8.18     
DDD(p,p') 67.3     
DDE(p,p') 14.2    27 ERM 
DDT(o,p') DNQ     

DDT(p,p') DNQ 49.5 
R. abronius 
LC50 (Word et al., 1987)  

Dieldrin 3.78    8 ERM 
Nonachlor, cis- 5.88     
Nonachlor, trans- 14.8     

Total Chlordane 85.98 >49 NOEC 
(Stransky et al., 
2006) 6 ERM 

Total DDT 89.68 554 LC50 (Weston, 1996) 46.1 ERM 

Total DDT ug/g oc 
1.40 ug/g 
oc 

2500 
ug/g oc LC50 (Swartz et al., 1994) 

 

      
Polychlorinated Biphenyls (ng/g)     
PCB 008 DNQ     
PCB 018* 1.18     
PCB 028* 3.37     
PCB 031 2.69     
PCB 033 1.78     
PCB 044* 7.67     
PCB 049 8.98     
PCB 052* 16.4     
PCB 056 2.78     
PCB 060 1.36     
PCB 064 1.41     
PCB 066* 7.71     
PCB 070 13.8     
PCB 074 4.04     
PCB 077 1.25     
PCB 087 14.4     
PCB 095 25.9     
PCB 097 10.8     
PCB 099 17.7     
PCB 101* 42.8     
PCB 105* 13.3     
PCB 110 40.4     
PCB 114 0.665     
PCB 118* 34.5     
PCB 126 DNQ     
PCB 128* 9.43     
PCB 137 2.29     
PCB 138* 47.9     
PCB 141 11.3     
PCB 146 4.45     
PCB 149 44.6     
PCB 151 10.9     
PCB 153* 58.9     
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Analyte 
Sediment 
Conc. 

Evaluation 
Conc. 

Evaluation 
Type Reference 

SQG Conc. 
and Type 

PCB 156 5.35     
PCB 157 1.02     
PCB 158 7.43     
PCB 170* 12.7     
PCB 174 14.6     
PCB 177 8.06     
PCB 180* 31.4     
PCB 183 8.42     
PCB 187* 19.2     
PCB 189 0.530     
PCB 194 6.79     
PCB 195* 2.71     
PCB 198/199 0.982     
PCB 200 1.11     
PCB 201 8.03     
PCB 203 9.04     
PCB 206* 2.98     
PCB 209* 0.996     
PCB AROCLOR 1248 72.0     

PCB AROCLOR 1254 490 10800 
R. Abronius 
LC50 (Swartz et al., 1988) 

 

PCB AROCLOR 1260 300     
Total PCBs (*18 Congeners) 313    400 PEC 
      
Polybrominated Diphenyl Ethers (ng/g)     
PBDE 047 43.3 NONE    
PBDE 085 3.57     
PBDE 099 63.6     
PBDE 100 12.6     
PBDE 153 7.17     
PBDE 154 6.49     
      
Polycyclic Aromatic Hydrocarbons 
(ng/g)    

 

Naphthalene 95.7    2100 ERM 
Methylnaphthalene, 2- 103    670 ERM 
Methylnaphthalene, 1- 47.9     
Dimethylnaphthalene, 2,6- 160     
Trimethylnaphthalene, 2,3,5- 14.2     
Naphthalenes, C1 - 157     
Naphthalenes, C2 - 492     
Naphthalenes, C3 - 247     
Naphthalenes, C4 - 120     
Biphenyl 28.1     
Acenaphthylene 37.4    640 ERM 
Acenaphthene 35.6    500 ERM 
Fluorene 58.7    540 ERM 
Methylfluorene, 1- 34.5     
Fluorenes, C1 - 95.6     
Fluorenes, C2 - 238     
Fluorenes, C3 - 516     
Dibenzothiophene 36.0     
Methyldibenzothiophene, 4- 37.7     
Dibenzothiophenes, C1 - 90.4     



 

 43 

Analyte 
Sediment 
Conc. 

Evaluation 
Conc. 

Evaluation 
Type Reference 

SQG Conc. 
and Type 

Dibenzothiophenes, C2 - 337     
Dibenzothiophenes, C3 - 386     

Phenanthrene 585 3680 
R. abronius 
LC50 (Swartz et al., 1989) 1500 ERM 

Methylphenanthrene, 1- 98.8     
Dimethylphenanthrene, 3,6- 70.2     
Phenanthrene/Anthracene, C1 
- 729    

 

Phenanthrene/Anthracene, C2 
- 818    

 

Phenanthrene/Anthracene, C3 
- 712    

 

Phenanthrene/Anthracene, C4 
- 507    

 

Anthracene 175    1100 ERM 

Fluoranthene 1150 85300 LC50 
(Anderson et al., 
2008) 

 

Methylfluoranthene, 2- 136     
Fluoranthene/Pyrenes, C1 - 1400     
Pyrene 1142    2600 ERM 
Benz(a)anthracene 536    1600 ERM 
Chrysene 562    2800 ERM 
Chrysenes, C1 - 890     
Chrysenes, C2 - 766     
Chrysenes, C3 - 422     
Benzo(b)fluoranthene 931     
Benzo(k)fluoranthene 247     
Benzo(e)pyrene 620     
Benzo(a)pyrene 658    1600 ERM 
Perylene 170     
Indeno(1,2,3-c,d)pyrene 573     
Dibenz(a,h)anthracene 224    260 ERM 
Benzo(g,h,i)perylene 512     
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Table A2.  Concentrations of detected chemicals in the Amberlite eluate treatment, interstitial 
water, and HLB column eluate treatment.  Measured concentrations were compared to published 
LC50 (median lethal concentration) values.  NA indicates not analyzed, ND indicates not 
detected, and <RL indicates below reporting limit. 
 

Analyte 

Amberlite 
Eluate 
Concentration 
(ug/L) 

Interstitial 
Water 
Concentration 
(ug/L) 

HLB Column 
Eluate 
Concentration 
(ug/L) 

LC50 
(ug/L) Reference 

Pyrethroids      

Bifenthrin 0.063 NA ND 0.0093 
(Anderson et al., 
2006) 

Cyfluthrin 0.068 NA ND   

Cypermethrin 0.160 NA ND 1-3.6 
(Ernst et al., 
2001) 

Esfenvalerate/Fenvalerate 0.085 NA ND   
Lambda-cyhalothrin 0.455 NA ND   

Permethrin 0.953 NA ND 0.0211 
(Anderson et al., 
2006) 

      

Fipronil 22.7 NA ND 6.81 
(Chandler et al., 
2004) 

      
Polychlorinated Biphenyls      
PCB 049 0.020 NA ND   
PCB 070 0.037 NA ND   
PCB 097 0.086 NA ND   
PCB 101 0.037 NA ND   
PCB 110 0.043 NA ND   
PCB 149 0.028 NA ND   
PCB 180 0.016 NA ND   
PCB 198/199 0.091 NA ND   
PCB AROCLOR 1254 0.300 NA ND 402 (Ho et al., 1997) 
      
Polycyclic Aromatic Hydrocarbons     
Naphthalene 5024.8 0.00905 ND   
Methylnaphthalene, 2- 1.8 0.00668 ND   
Methylnaphthalene, 1- 1.1 <RL ND   
Dimethylnaphthalene, 2,6- 3.5 0.0443 ND   
Trimethylnaphthalene, 2,3,5- 1.1 <RL ND   
Naphthalenes, C1 - 2.9 0.00867 ND   
Naphthalenes, C2 - 14.2 0.0780 ND   
Naphthalenes, C3 - 28.1 0.196 ND   
Naphthalenes, C4 - 14.9 0.279 ND   
Biphenyl 4.6 0.0226 ND   
Acenaphthylene <RL <RL ND   

Acenaphthene 18.3 0.0243 ND 708 
(Swartz et al., 
1995) 

Fluorene 7.1 0.0228 ND   
Methylfluorene, 1- 3.1 <RL ND   
Fluorenes, C1 - 10.3 0.0653 ND   
Fluorenes, C2 - 20.7 0.297 ND   
Fluorenes, C3 - 43.6 0.774 ND   
Dibenzothiophene 3.4 0.0165 ND   
Methyldibenzothiophene, 4- 3.6 0.0230 ND   
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Analyte 

Amberlite 
Eluate 
Concentration 
(ug/L) 

Interstitial 
Water 
Concentration 
(ug/L) 

HLB Column 
Eluate 
Concentration 
(ug/L) 

LC50 
(ug/L) Reference 

Dibenzothiophenes, C1 - 7.6 0.0604 ND   
Dibenzothiophenes, C2 - 15.6 0.324 ND   
Dibenzothiophenes, C3 - 10.8 0.432 ND   

Phenanthrene 20.4 0.0702 ND 158 
(Swartz et al., 
1995) 

Methylphenanthrene, 1- 5.5 0.0267 ND   
Dimethylphenanthrene, 3,6- <RL 0.0401 ND   
Phenanthrene/Anthracene, C1 
- 37.6 0.156 ND   
Phenanthrene/Anthracene, C2 
- 15.5 2.38 ND   
Phenanthrene/Anthracene, C3 
- 25.4 1.39 ND   
Phenanthrene/Anthracene, C4 
- 11.2 0.973 ND   
Anthracene 11.6 0.0523 ND   

Fluoranthene 34.1 0.295 ND 671 
MPSL (current 
study) 

Methylfluoranthene, 2- 2.8 0.0464 ND   
Fluoranthene/Pyrenes, C1 - 30.0 0.539 ND   
Pyrene 14.9 0.222 ND   
Benz(a)anthracene 4.4 0.0822 ND   
Chrysene 3.5 0.110 ND   
Chrysenes, C1 - 7.3 0.293 ND   
Chrysenes, C2 - 5.2 0.564 ND   
Chrysenes, C3 - 1.8 0.233 ND   
Benzo(b)fluoranthene 5.0 0.101 ND   
Benzo(k)fluoranthene 1.3 0.0279 ND   
Benzo(e)pyrene 13.5 0.0939 ND   
Benzo(a)pyrene 1.4 0.0559 ND   
Perylene 0.7 0.0207 ND   
Indeno(1,2,3-c,d)pyrene 0.6 0.0747 ND   
Dibenz(a,h)anthracene <RL 0.0386 ND   
Benzo(g,h,i)perylene 1.0 0.106 ND   
      

1 LC50 for Amphiascus tenuiremis, 2 LC50 for Ampelisca abdita  




