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ABSTRACT 

Polychlorinated biphenyl (PCB) concentrations were determined in surface sediments from 

three recreational marinas in San Diego Bay, California. Total PCB concentrations ranged from 

23–153, 31–294, and 151–1387 ng g
-1

 for Shelter Island Yacht Basin (SIYB), Harbor Island 

West (HW) and Harbor Island East (HE), respectively. PCB concentrations were significantly 

higher in HE and PCB group composition differed relative to HW and SIYB, which were not 

significantly different from each other in concentration or group composition. In marina 

sediments there was a predominance (82-85%) of heavier molecular weight PCBs with 

homologous groups (6CL-7CL) comprising 59% of the total. In HE 75% of the sites exceeded 

the effect range median (ERM), and toxicity equivalence (TEQ dioxin-like PCBs) values were 

higher relative to those of HW and SIYB, suggesting a potential ecotoxicological risk.  
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There is increasing concern about environmental pollution of coastal areas, bays and 

marina basins due to contamination with organic pollutants such as polychlorinated biphenyls 

(U.S. EPA, 2001). PCBs are a class of man-made aromatic compounds consisting of carbon, 

hydrogen and chlorine atoms that have been widely used in capacitors, transformers, electrical 

equipment, lubricants and coolants by virtue of their electrical insulating properties, chemical 

stability and low flammability (U.S. EPA, 1999; ATSDR, 2000). PCBs persist in practically all 

types of environments worldwide, and frequently at remarkably high levels (Häggblom et al., 

2003; Wong et al. 2003; Pozo et al., 2007; Fuoco et al., 2009; EEA, 2011; Hutchinson et al., 

2013). Their persistence, stability, long-range transport, bioaccumulation and biomagnification 

ability, as well as toxicity to aquatic life and potential carcinogenicity to higher organisms 

(Smith et al., 1999; Persky et al., 2001; Weintraub and Birnbaum, 2008; ATSDR, 2000, 2011; 

Su et al., 2014) arise from feat,ures such as halogenation, low vapor pressure (low volatility) 

and high hydrophobicity (Nicklisch et al., 2016).  

San Diego Bay (SDB) is an important water body in southern California due to its 

ecological value and because it supports tourism, commerce, recreation and fishing, as well as a 

variety of industrial and military uses. At the same time SDB is an end point for waters from 

adjacent urbanized and industrialized areas as well as watersheds, and as such, it is especially 

vulnerable to pollution. SDB has been listed as an impaired water body, and ranked as one of 

the most contaminated urbanized areas in the country (O’Connor, 1990; McCain et al., 1992; 

Fairey et al., 1996, 1998; Bay et al., 2016). SDB sediments containing absorbed contaminants 

have been considered a local source of PCBs, not only for bay benthic organisms, but also for 

offshore shelf sediments and fish via ocean outfall and dumping of dredged sediments from 

SDB (Zeng et al., 1998; Parnell et al., 2008; RWQCB, 2017).  
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Despite the high number of hazardous compounds contaminating the marine 

environment, information with sufficient spatial coverage to identify hotspots of contamination 

or to enable appropriate assessment in relation to sources and local effects is lacking (Pozo et al., 

2009; Hedge et al. 2017). Most studies and monitoring programs in SDB measuring pollutants 

have focused on bay-wide analyses (e.g. Fairey et al., 1996, 1998; Noblet et al., 2003; Blake et 

al., 2004; Schiff et al., 2016). However, recent studies in small marinas have documented the 

importance of identifying the small spatial scales (ten of meters) at which contaminants such as 

PAHs and copper can disperse in sediments and act on benthic faunal communities in small 

marinas (Neira et al., 2009, 2011, 2014, 2015, 2017). 

The present study provides an overview of the actual levels of PCBs in surficial 

sediments of three SDB recreational marinas. Specifically we address the following questions, 

(1) What are the concentrations of PCBs in superficial sediments? (2) How are PCBs spatially 

distributed? (3) How do PCB congener and PCB homolog compositions differ among marinas?  

(4) Are there trends and hotspots of PCB concentration associated with key environmental 

parameters (e.g. TOC, mud, phytopigments)? (5) Do PCB levels pose a potential risk to aquatic 

organisms? and (6) How do PCB levels in SDB marina sediments compare to those in other 

local, national, and worldwide studies? We offer the null hypothesis that due to proximity of the 

three marinas studied, no major differences in PCB concentrations and composition will be 

observed. 

Study sites were located in the north section of SDB (32˚40’ N, 117˚4’W) and included 

three marina basins, Shelter Island Yacht Basin (SIYB), Harbor Island West (HW) and Harbor 

Island East (HE) (Fig. 1).  The north and central portion of SDB is greatly influenced by the 

Pueblo watershed of about 155 km
2
, an area highly urbanized (~500,000 people) which drains 
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through creeks, concrete-lined channels and pipe outfalls directly into SDB 

(http://www.sdbay.sdsu.edu/education/pueblo.php). All three marinas have relatively well-

flushed mouths but restricted water mixing at the heads (Largier, 1995; Chadwick and Largier, 

1999). Water residence times along the main channel are estimated to be 5-6 days for SIYB, and 

6-8 and 8-11 days for HW and HE, respectively (Chadwick et al., 2004; F. Maicu/A. Zirino, 

pers. comm).  Further details of the study locations are reported in Neira et al. (2009, 2011, 

2014). 

Twenty stations in SIYB, 14 in HW and 8 in HE, covering the whole basin spanning 

moored boat areas and open water areas, were sampled from a small boat (July 2014) (Fig. 1). 

Sediment samples (0-5 cm depth, 20.4 cm2 surface area) were collected and processed as 

described previously by Neira et al. (2017).  

Target analytes were 26 PCB congeners C-WNN 10 µg mL
-1

 as the PCB standards, 

comprising the PCB congeners 8, 18, 44, 52, 66, 77, 81, 101, 105, 114, 118, 123, 126, 128, 138, 

153, 156, 157, 169, 170, 180, 187, 189, 196, 206, and 209 (AccuStandard, New Haven, CT, 

USA). PCB characterization was achieved with Pegasus 4D comprehensive two-dimensional 

gas chromatography coupled to time-of-flight mass spectrometry (GC×GC/TOF-MS) (LECO, 

St. Joseph, MI, USA) equipped with an Agilent 6890 GC with a secondary oven, a splitless 

injector, and a non-moving quad-jet dual stage modulator. Chromatographic separation was 

performed by using analytical columns Rtx-5MS (Restek, Bellefonte, PA, USA) with a length 

of 35 m, and ID of 250 µm and a film thickness of 0.25 µm (Column 1) integrated with a 5-m 

guard column and Rxi-17 (0.79 m × 100 um × 1 µm). The temperature program for Dimension 

1 was initial 60˚C (held for 1 min) at 6˚C min
-1

, to 300˚C (held for 3 min) at 20˚C min
-1

, until 

320˚C for 15 min. Temperature for Dimension 2 was initial at 85˚C for 1 min at 6˚C min
-1

 until 



 6 

320˚C for 3 min at 20˚C min
-1

 until 340˚C held for 15 min.  Helium was used as a carrier gas at 

a constant flow of 1 mL min
-1

, and a volume of 2 µL was injected to GC in splitless at 300˚C. 

The average limit of detection was 1.64 ng g
-1

. Concentration of PCBs in sediment is reported in 

ng g
-1

 on a dry weight basis.   

Quality control during extraction, clean-up and analysis procedures were assured by 

regular analysis of procedural blanks. Quality control procedures included analysis of sample 

blanks and matrix-spiked samples. For QC, internal 
13

C12-PCB 169 (3,3’4,4’5,5’-

hexachloro[
13

C12]biphenyl); recovery 
13

C12-PCB 189 (2,3,3’,4,4’,5,5’-

heptachloro[
13

C12]biphenyl) (Wellington laboratories, Guelph, Canada).  Estimates of 

recoveries for each analysis averaged 55% ±15%. Calibration standard solutions were analyzed 

at the beginning, middle and end of each set of samples, and a five-point level calibration curve 

was performed. Analytical software ChromaTOF mass spectrometer data version 4.51.6.0 

optimized for Pegasus was used for PCB data analysis. The average limit of detection (LOD) 

was 1.64 ng g
-1

 (Supplementary material Table S1).  

Concentration levels of individual compounds were often below the limit of detection 

(LOD). Because an estimate of these concentrations from other data or use of simplified 

standard estimations, such as setting <LOD data to zero, half-LOD or LOD, would have led to 

inaccurate or misleading measurements, we only used values that were >LOD. Correlations 

among investigated PCBs and environmental variables were performed with the Spearman’s 

rank correlation coefficient. One-way ANOVA was used to test for differences in 

concentrations of PCBs among marinas. The non-parametric Wilcoxon test was used when data 

transformation did not meet parametric assumptions of normality and homogeneity of variance. 

Furthermore, in order to overcome differences in sample size per marina, a series of pairwise 
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tests were conducted by using permutational ANOVA (PerANOVA), followed by Monte Carlo 

permutation tests on square root transformed data. Spearman and ANOVA analyses were 

conducted with JMP Pro 12.0.1 (SAS Institute Inc.). PerANOVA was conducted with the 

PERMANOVA add-on (Anderson et al. 2008) for Primer v6 (Clarke and Gorley, 2006). Spatial 

patterns of 6 PCB homologous series (2+3Cl, 4Cl, 5Cl, 6Cl, 7Cl, and 8+9+10Cl) for each 

marina were examined using principal component analysis (PCA). This allows visualization to 

detect possible site groupings and PCB homologue composition among the marinas. Similarity 

percentage (SIMPER) procedure was performed to identify homologous groups and 

proportional contribution to any differences among marinas. Analyses were performed with 

Primer v6 software package. 

Spatial probability maps of PCBs were produced for each marina, using total PCB 

concentrations (i.e. sum of PCB congeners in ng g
-1

) that were interpolated on a regular grid by 

ordinary point kriging. The method uses a weighted average of the neighboring known points to 

estimate or predict the values of an unobserved value (Sanders, 2007). Kriging calculations 

were performed in Matlab 2015 and then mapped using ArcGIS v.10.3.     

To examine whether PCB levels in sediments represent a potential biological risk, 

results of PCB levels in sediment were contrasted with established sediment quality guidelines 

(SQGs) effects range-low (ERL) and effects range-median (ERM) (Long et al., 1995). 

Concentrations below the ERL (22.7 ng g
-1

) rarely result in adverse biological effects. 

Concentrations equal or above the ERM (180 ng g
-1

) signal the risk of adverse biological effects. 

The potential environmental risks of sediment PCBs was assessed based on the concept that all 

PCBs have some grade of toxicity, but the most hazardous are those called dioxin-like PCBs 

(DL-PCBs). DL-PCBs have a structural similarity with dioxins and can cause toxic responses 
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similar to those caused by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the most potent 

congener within the persistent halogenated aromatic hydrocarbons (Van den Berg et al., 1998). 

The toxic mechanism is related to their affinity to bind the aryl hydrocarbon receptor (AHR) 

(Safe, 1990). Thus, toxicity equivalence (TEQ) values were calculated for each sample by 

multiplying the individual congener concentration with the corresponding toxic equivalency 

factor (TEF) established by the World Health Organization (WHO) for humans and fish (Van 

den Berg et al., 2006) and recommended by the U.S. EPA (2010).  TEFs are calculated relative 

to TCDD, which has an assigned TEF value of 1. For these calculations we only used data 

based on concentration values >LOD of DL-PCBs. Final results of TEQ for marinas were 

obtained by summing individual congener concentrations weighted by TEFs (U.S. EPA, 2010). 

On the other hand, non dioxin-like PCBs (most commonly reported IUPAC #s 28, 52,101, 138, 

153, and 180) have been assessed as marker PCBs (M-PCBs) for their ubiquity and frequency 

of availability. They exhibit other toxic behaviors (e.g. neurotoxic, immunotoxic) than the DL-

PCBs, not involving AHR binding (Giesy and Kannan, 1998).  

Sediment physicochemical properties include TOC, TN, % mud, phytopigments, and 

water content (Table 1). TOC and mud content ranged from 0.38% - 1.65%, and 19.7% - 99.2%, 

respectively. Phytopigments (sum of chl a and phaeopigments) were 32.2 g g
-1

 to 95.2 g g
-1

, 

and water content ranged from 27.1 to 99.2%. 

The concentration of the PCBs quantified (sum of 24 congeners) in surface sediments of 

SDB craft harbors are presented in Table 2 and Supplementary material Tables S2, S3 and S4 

for SIYB, HW and HE, respectively. Mean (±1SE) total PCB concentrations were 79 ± 9 ng g
-1

 

for SIYB, 101 ± 18 ng g
-1

 for HW, and 421 ± 146 ng g
-1

 for HE. The highest PCB 

concentrations were registered at station HE01 (1387 ng g
-1

) and station HE02 (551 ng g
-1

), both 
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located at the head of the HE basin. Station HE01 is close to a main drainage outfall, where 

relatively high concentrations of PAHs were also measured (Neira et al. 2017). Total PCB 

concentrations measured in this study were comparable to those measured by other studies in 

SDB including a few stations within or adjacent to the study sites (e.g. McCain et al., 1992; 

Fairey et al., 1996; Stransky et al., 2016), and to those in non-USA sites (Table 3).  

Maximum concentrations in HE were much higher than other sites in the world and 

comparable to sites such as Alexandria Harbor (Egypt), Mar Piccolo (Italy) or Great Sound 

(Bermuda) but lower than Baltimore Harbor, Venice Lagoon, Great Sound Complex (Bermuda) 

or Naples Harbor (Table 3). Direct comparisons with other regions and harbors have to be taken 

with caution since a suite of factors may influence the results. Sediment properties, for instance 

(grain size, TOC content) may influence contaminant sorption capacity, congeners present and 

chlorination degree. Distance from sources (e.g. near industrial, residential, or forested areas), 

water flushing, and water retention time may also be important (Ashley and Baker, 1999; Davis, 

2004; Ouyang et al., 2006).  

Total PCB concentrations differed among marinas (
2
 = 17.2; df = 2; P = 0.0002), being 

significantly higher in HE than in HW  (t = 2.8; P(MC) = 0.009) and SIYB (t = 3.7; P(MC) = 

0.001) (perANOVA and a Monte Carlo tests). No significant differences in total PCB 

concentrations occurred between HW and SIYB (t = 1.2; P(MC) = 0.245) (Fig. 2). Higher levels 

of sediment PCBs observed in HE are in accordance with previous observations for the area 

nearby, with averaged concentrations of ~350 ng g
-1

 relative to HW (~100 ng g
-1

) and SIYB 

(~50 ng g
-1

) (McCain et al., 1992).  

Overall, PCB congeners 138, 153 were the most abundant, both comprising about 33% 

in SIYB of total PCBs, and about 39% in HW and HE (Table 2). They were followed in 
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importance by congeners 170 and 101 in SIYB, congeners 101 and 180 in HW, and congeners 

180 and 101 in HE.  Due to the close proximity of the studied marinas, with only a few meters 

between HW and HE and a few kilometers between these and SIYB, one would expect a similar 

PCB composition in sediments. Overall there is a clear predominance in abundance of heavier 

molecular weight PCBs (i.e. > PCB#77, Macias-Zamora et al., 2014), with 82% for SIYB, and 

85% for HW and HE (Table 2). The composition pattern of homologous groups (i.e. 2+3CL, 

4CL, 5CL, 5CL, 6CL, 7CL and 8+9+10CL biphenyl PCBs) is shown in Fig. 3. There is a 

predominance of 6CL, that along with 7CL biphenyls, represents over 59% of the total PCB 

composition. When each homolog group was compared between marinas (perANOVA), 

significant differences were observed between SIYB and HE and between HW and HE, but not 

between SIYB and HW (Supplementary material Table S5). However, the relative contribution 

of PCB congeners varies in each marina, with PCB 138 and PCB 153 comprising about 16% of 

the total in SIYB and about 20% in both HW and HE (Table 2). In HW PCBs 123+118 were 

more abundant relative to SIYB and HE. PCB156 contributed about 2% to the total composition 

in HE; it was not detected in SIYB and HW (Table 2). The occurrence of higher concentrations 

and greater diversity of PCB congeners in HE sediments, including some not detected in SIYB 

and HW (e.g. PCB 114, 156), reflects not only the magnitude but also the multiple sources of 

PCB contamination to which HE was historically exposed from adjacent industrial and airport 

activities (Zeng et al. 2002; Ninyo and Moore, 2011; CRWQCB, 2014; http://www.hromadka-

associates.com/TDY.pdf; 

(http://docs.sandiego.gov/councilcomm_agendas_attach/2010/NRC_100614_5a.pdf).  

PCA ordination biplots (Fig. 4) reveal a weak spatial similarity in the pattern of loadings 

(i.e. PCB homologue composition) relative to scores (station position) for SIYB (Fig. 4A) and 

http://www.hromadka-associates.com/TDY.pdf
http://www.hromadka-associates.com/TDY.pdf
http://docs.sandiego.gov/councilcomm_agendas_attach/2010/NRC_100614_5a.pdf
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HW (Fig. 4B). The first principal component  (PC1) has negative loadings on 5CL, 6CL and 

7CL homolog groups, and explains 46% and 53% of the cumulative variance for SIYB and HW, 

respectively (Supplementary material Table S6). This component has positive loading on heavy 

8+9+10CL PCBs for SIYB and HW but also on light 2+3CL PCBs for HW (Fig. 4A, 4B). For 

HE, PC1 accounts for 62% of the total variance (Supplementary material Table S6) and has 

negative loading on 6CL, and heavy 8+9+10CL, while PC2 (17% variance) has negative 

loading on 7CL PCBs and positive loadings on lighter (2+3CL, 4CL PCBs) and intermediate 

weight 5CL PCBs (Fig. 4C). Furthermore, similarity percentage (SIMPER) analysis based on a 

resemblance matrix of Euclidean distance confirmed high dissimilarity of SIYB vs HE and HW 

vs HE, both ~26% dissimilar, where homolog groups 2+3CL and 4CL contributed to ~40% of 

dissimilarity, while dissimilarity of 4.8% was observed for SIYB vs HW, where 6Cl and 7CL 

biphenyl homologous groups contributed to ~40% of dissimilarity.  

 The dissimilarity in PCB homolog composition of HE relative to SIYB and HW 

suggests that HE has received a more intense input of PCBs historically, most likely from a 

diverse suite of sources and pathways of PCB contamination. The inputs are influenced by a 

wide spectrum of factors and processes (e.g. PCB congener hydrophobicity and degradation rate, 

physical mixing, bioturbation and remobilization, water retention time, tidal flushing and 

outflow (e.g. Largier, 1995; Zeng et al., 2002; Ouyang et al. 2006; Peng and Zeng, 2007; Zirino 

et al., 2013). 

 Sediment properties such as grain size and TOC are usually associated with sediment 

retention capacity (Grant and Middleton, 1998).  In this regard, pooling together all sites 

targeted in this study yields a weak correlation between total PCBs and sediment TOC 

(Spearman r = 0.437; P = 0.004). However, when analyzing each marina separately, differences 
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between sediment properties and PCB loading emerge.  In SIYB, total PCBs and homologue 

congener classes show a significant positive correlation with TOC, phytopigments and mud 

(Table 4), while this relationship is not observed for HW and HE (Table 4). This observation 

suggests that in SIYB, microalgae and phytodetritus and grazing zooplankton may play a more 

important role in transporting and transferring particle-adsorbed PCBs, possibly depositing 

ingested particles in the form of fecal pellets and through colloidal pump complexation 

mechanisms (Zirino et al., 2013). The highly significant correlation of PCBs with 

phaeopigments, derivative products of grazing that are more stable than chl a (Konat and 

Kowalewska, 2001) supports this hypothesis.  

Due to their lipophilic nature, PCBs preferentially adsorb onto sediments, particularly 

where these are fine grained and/or contain a high proportion of TOC. However, organic 

contaminants do not always follow that pattern (e.g. Ashley and Baker, 1999; Tam et al., 2001; 

Raza et al., 2013). PCB concentrations were not dependent on TOC or fine fractions in HW and 

HE sediments.  This suggests nonequilibrium partitioning, possibly a substantial spatial 

variability, and differences in sediment organic matter composition, with OM lability exerting a 

higher role than the total amount of TOC (Landrum and Faust, 1991). In shallow aquatic 

environments, dissolved, colloidal and particulate organic matter are not only key components 

for trapping  contaminants (complexation capacity) (McCarthy and Zachara, 1989; Delgadillo-

Hinojosa et al., 2008; Zirino et al., 2013), but also for transporting them to other sites (Magaritz 

et al., 1990; Backhus et al., 1993). 

Probability maps of spatial distribution of PCB concentration in surface sediments are 

shown in Fig. 5. In SIYB, a slight gradient of increasing PCB concentration toward the head of 

the basin is observed. The highest concentrations occur at stations SI01, SI02 and SI03, where 



 13 

there are a busy small craft harbor, runoff outfalls and a fuel station (Neira et al., 2017). HE 

exhibited a hotspot PCB concentration at the head, decreasing gradually to the mouth of the 

basin (Fig. 5C).  This hotspot (i.e., station HE01 and HE02), is an area where also relatively 

high concentrations of PAHs occur, which were associated with an important urban runoff 

outfall (Neira et al. 2017). There is an intriguing PCB hotspot (294 ng g
-1

) at the HW mouth 

(station HW11), in an area (basin mouth) of high tidal exchange (Chadwick et al., 2004) as 

reflected by the low TOC and mud content (Table 1). This finding maybe the result of 

incidental dredging and boating activities, exposure of historical dumping, deposition of 

resuspended contaminated sediments and stripping processes involving scavenging by particles 

(Peng et al., 2002; Peng and Zeng, 2007).  

Risk assessment of PCBs has largely been considered a difficult task due to the variable 

composition of PCB residues in diverse environmental compartments. Individual congeners 

pose distinctive physicochemical properties and biological behaviors that lead to different 

environmental distributions and toxicity patterns (Giesy and Kannan, 1998). Overall total PCB 

concentrations were largely above the ERL. None of the sites in SIYB exceeded the ERM 

(Supplementary material Table S2), while in HW only one site (HW11) showed PCB levels 

higher than the ERM (Supplementary material Table S3). In contrast, in HE, 75% of the sites 

(Supplementary material Table S4) exceeded the ERM, suggesting potential toxicity to aquatic 

organisms. Although this approach has limitations for predicting ecological risks (Wenning et al. 

2005), we use this as a first approach for comparative purposes, as it continues to be reported in 

the literature (e.g. Ashley and Baker, 1999; Wenning et al., 2005).  

TEQ DL-PCB values ranged from 0.063 to 0.453 pg g
-1

 for SIYB, 0.081-0.620 pg g
-1

 for 

HW, and 0.59-3.48 pg g
-1

 for HE. The TEQ values reported here may be underestimated 
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because they were derived from DL-PCBs and their corresponding TEFs and do not include in a 

cumulative way other polychlorinated chemicals that act with the same mechanism, i.e. 

polychlorinated dibenzo dioxins (PCDD) and furans (PCDF) (Vartiainen et al., 1997; Van den 

Berg et al., 2006; Okay et al., 2009). Even so, they provide valuable information on which 

marina is more impacted and allow comparisons with other world regions. TEQ values for 

SIYB and HW were similar (for HE higher) to those reported for the Cantabria coastal region 

(0.08-0.52 pg g
-1

), North Sea (0.6-2.8 pg g
-1

), and Belgian coast (0.06-0.95 pg g
-1

) (Danis et al., 

2006; Gómez-Lavín et al., 2011) and much lower than TEQ reported for a Turkey shipyard (25 

pg g
-1

), the Gulf of Finland (14.2-25 pg g
-1

) or the proper Baltic Sea (5.56-50 pg g
-1

) (Vartiainen 

et al., 1997; Isosaari et al., 2002; Verta et al., 2007; Okay et al., 2014). In general, there are 

scarce guidelines with respect to specific levels of DL-compounds in sediment to be considered 

safe or risky to aquatic biota; those originating from different environmental entities may 

involve a wide threshold range (0.85-20 pg TEQ g
-1

 (CCME, 2002; Evers et al., 1996). 

Thresholds as restrictive as 0.85 pg g-
1
 have been suggested as SQGs that may represent a risk 

to aquatic organisms (CCME, 2002).  In the present study most of the sites that exhibited values 

exceeding that threshold were located in HE (Supplementary material Table S4). All TEQ 

values calculated for SIYB (Supplementary material Table S2) and HW (Supplementary 

material Table S3) did not exceed the safe level. However, the application of the TEF approach 

has been suggested to have some limitations and should be used with caution. Laboratory 

animal and wildlife studies suggest that the predictive value of TEQs for PCBs may be species- 

and response-dependent due to additive and antagonistic (non-additive) interactions attributed to 

PCB mixtures (Safe, 1994).  
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 Overall DL-PCBs comprised about 11% of the total studied PCBs, the other ~89% were 

represented by marker PCBs (62%) and other congeners (27%) (Supplementary material Tables 

S2, S3, S4 for SIYB, HW, and HE, respectively). The most representative were 6CL and 7CL-

biphenyls congeners PCB 138, PCB 153, and PCB 180. They have been reported to be common 

compounds in sediments, soils and biological samples for their high degree of chlorination 

(ATSDR, 2000). The pattern of dominance of these congeners in sediment is in agreement with 

previous reports for San Francisco Bay (Davis, 2004), Istanbul Strait (Okay et al., 2009), 

Venice Lagoon (Secco et al., 2005), and the Spanish northern Atlantic coast (Gómez-Lavín et 

al., 2011).  

Early reports indicate that PCBs were abundant on the northeastern side of SDB (Fairey 

et al., 1998; Noblet et al., 2002; Zeng et al., 2002). Watersheds of the most industrialized areas 

of San Diego County drain into SDB, which is already contaminated by local inputs (e.g., 

shipyards, naval stations, abandoned dumpsites, port activities, transportation infrastructure 

(Parnell et al., 2008). PCBs can still be released into the Bay from poorly maintained waste sites 

(ATSDR, 2000; Zeng et al., 2002). Remobilization of PCBs from contaminated sediments has 

been suggested as a source of PCBs in the water column of SDB (McCain et al., 1992; Zeng et 

al., 2002). Natural processes (e.g. bioturbation, tidal currents, flooding, erosion) and human 

activities such as dredging, trawling and vessel activities have been reported as mechanisms 

influencing the fate of PCBs (and other organic contaminants) in SDB (Peng et al., 2002; Peng 

and Zeng, 2007; Montgomery et al., 2008; Rodenburg et al., 2011; Bradshaw et al., 2012; 

Barnard et al., 2017).  

There is increasing literature reporting that new PCBs are unintentionally generated as 

by-products of chemical manufacture involving chlorinated compounds (Panero et al., 2005; 
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Guo et al., 2014). Indeed, recent studies have indicated that PCBs are found as contaminants in 

pigments and dyes which are used in a wide range of consumer products (Rodenburg et al., 

2010; Hu et al., 2010). They also can be generated by incomplete combustion of products 

containing carbon and chlorine (ATSDR, 2000). Recent work has highlighted that inhalation 

exposure to PCBs may have been underestimated in terms of human health risks (Lehmann et 

al., 2015).  The high PCB concentrations found in sediments of HE may be associated with an 

area (Convair Lagoon) located near the mouth of the HE basin and adjacent to SD International 

Airport that was highly contaminated with PCBs and that was capped with sand and rocks in 

1998 (Zeng et al., 2002; Ninyo and Moore, 2011). As a result, one would expect to find high 

concentrations at stations nearest to Convair Lagoon, e.g. HE08, HE07. Instead these stations 

had the lowest concentrations relative to the sites toward the head of the basin (Supplementary 

material Table S4), with a peak at station HE01 and HE02 (Fig. 5C, Fig. 1). These results 

suggest that other (historical) source(s) of PCBs play a role here, for instance surface runoff 

(Zeng et al., 2002). Coincidently, station HE01 is near a stormwater outfall where PAH levels 

are also relatively high (Neira et al., 2017). Adjacent to HE and HW is the San Diego 

International airport whose different activities can produce or release PCBs and other 

contaminants that may ultimately reach sediments from airport surface runoff waters (Sulej et 

al., 2011; CRWQCB, 2014).    

 

Results presented here provide information on the current levels of PCBs in SDB 

marinas and their spatial distribution; such information is relevant for managing urbanized 

marinas and harbors on a regional and international scale. These data can also be used as a 

baseline for future monitoring programs. PCBs are only one of many contaminant types that are 
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present in SDB; metals such as copper, polycyclic aromatic hydrocarbons, and 

organochlorinated pesticides are others (Neira et al., 2009, 2017; Schiff et al., 2016). In the face 

of climate and global change (Noyes and Lema, 2015) it is important to have baseline 

information, especially from understudied coastal urban areas subjected to increased human 

pressure. Sea level rise and its effects may exacerbate pollution through resuspension and 

remobilization of otherwise buried contaminated sediments; SDB is not exempt from such 

changes (CCCC, 2009; NAVFAC, 2013; Gersberg, 2014).  
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Figure Captions 

 

Fig. 1. Location of the study area in the north section of San Diego Bay, California 

showing sampling sites in (A) Shelter Island Yacht Basin, (B) Harbor Island West, and 

(C) Harbor Island East. 

 

 

Fig. 2. Box plot showing total PCB concentrations in surface sediments (0-5 cm) of three 

San Diego Bay marina basins: Shelter Island Yacht basin (SIYB), Harbor Island West 

(HW), and Harbor Island East (HE). Red plus symbol indicates mean. The central line of 

the boxplot indicates the median, the box extends from the 25
th

 to the 75
th

 percentiles. 

Asterisk shows extreme values. 

 

 

Fig. 3. PCB composition based on the relative abundance (%) of 6 homologous series:  

∑di+tri (2+3Cl), tetra (4Cl), penta (5Cl), hexa (6CL), hepta (7Cl), and ∑octa, nona, deca 

(8+9+10Cl) biphenyls, for (A) Shelter Island Yacht Basin, (B) Harbor Island West, and 

(C) Harbor Island East. 

 

 

Fig. 4. Ordination biplots showing results of PCA based on percent composition of six 

PCB homologous groups in sediment samples, for (A) Shelter Island Yacht Basin,  

(B) Harbor Island West, and (C) Harbor Island East. 

 

 

Fig.  5. Probability maps depicting spatial distribution of total PCB concentrations in 

surface sediments of (A) Shelter Island Yacht Basin, (B) harbor Island West, and (C) 

Harbor Island East. Note colors are assigned different scale range concentrations (ng g
-1

 

d.w.). 
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