
Marine Pollution Bulletin 166 (2021) 112248

Available online 15 March 2021
0025-326X/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

PAH source differentiation between historical MGP and significant urban 
influences for sediments in San Francisco Bay 

Randy E. Jordan a,*, Mark J. Cejas b, Helder J. Costa c, Theodor C. Sauer Jr d, Laura 
S. McWilliams e 

a Natural Spectrum LLC, 1782 Bungalow Way NE, Poulsbo, WA 98370, USA 
b ChemQuants LLC, 414 Olive St., Santa Barbara, CA 93101, USA 
c Haley & Aldrich, Inc., 2033 N. Main Street, Suite 309, Walnut Creek, CA 94596, USA 
d P.O. Box 2652, Duxbury, MA 02331, USA 
e Haley & Aldrich, Inc., 5333 Mission Center Rd., Suite 300, San Diego, CA 92108, USA   

A R T I C L E  I N F O   

Keywords: 
PAH diagnostic ratios 
PVA 
MGP 
Sediment 

A B S T R A C T   

A forensic source evaluation of polycyclic aromatic hydrocarbons (PAHs) in nearshore sediments in San Fran
cisco Bay examined total PAH greater than ambient concentrations in sediments, and potential pyrogenic source 
relationships with respect to PAH compounds typically associated with point and nonpoint pyrogenic source 
types, including PAHs potentially associated with historical manufactured gas plant (MGP) operations. Diag
nostic source ratio analysis was employed for determination of potential PAH source relationships. A two-model 
approach indicated distinct potential source signatures, as identified from the distributions of higher PAH 
concentrations in some sediments. Source characterization was aided by Polytopic Vector Analysis (PVA) and 
data visualization with t-Distributed Stochastic Neighbor Embedding (t-SNE). Two signatures exhibited pyro
genic character likely consistent with historical MGP sources, and one signature was related to creosote. A 
distinct and significant source of PAHs to the investigation area sediment consisted of ubiquitous nonpoint and 
potential unidentified point sources is termed “urban influence”.   

1. Introduction 

A forensic evaluation was undertaken to determine potential sources 
of polycyclic aromatic hydrocarbons (PAHs) in nearshore sediments in a 
waterfront portion of San Francisco Bay, California. The forensic anal
ysis considered sediment sample data generated from multiple sampling 
events during 2016–2018 for 154 station locations in San Francisco 
(Haley & Aldrich, 2017, 2018a), as shown in Fig. 1. Additional infor
mation included data from creosote-treated timber pile samples 
collected from the San Francisco waterfront. Comprehensive source 
evaluation using diagnostic source ratio analysis was aided with a 
multivariate analysis approach, using Polytopic Vector Analysis (PVA) 
for data exploration and t-Distributed Stochastic Neighbor Embedding 
(t-SNE) for data visualization. 

The evaluation considered PAH composition in sediments with total 
PAH concentrations above “ambient” conditions relative to the San 
Francisco Estuary Institute (SFEI) Regional Monitoring Program (RMP) 

list of 25 PAHs (SFEI, 2016), as shown in Table 1. The RMP has defined 
the Central San Francisco Bay “ambient” concentration of total PAHs as 
4.5 mg/kg, based on the sum of the RMP list of 25 PAHs, hereinafter 
referred to as “TPAH”. Table 1 also lists other parent and alkylated PAHs 
and other hydrocarbons of interest to this evaluation. 

The forensic study objectives included the following:  

• Identify sources of high TPAH (i.e., significantly greater than 
“ambient”) concentrations to sediment samples, which may repre
sent historical and/or ongoing point sources.  

• Identify distinct compositional features, using both PAH diagnostic 
ratios and multivariate analysis, that could serve to: define potential 
source signatures in the sediments; differentiate potential point and 
nonpoint petrogenic and pyrogenic source types; and identify PAHs 
potentially associated with manufactured gas plant (MGP) opera
tions due to the historical presence of MGP facilities in the vicinity. 
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• Identify potential “urban influence” reflecting a combination of 
nonpoint and unidentified point sources, which may be distinguished 
from identified high-concentration point source signatures. 

A previous sediment study of six station locations within the Pier 39 
marina with focus on MGP-related residues also suggested the presence 
of other non-MGP pyrogenic PAH sources. The forensic evaluations 
characterized the sediment as containing MGP-related residues com
mingled with anthropogenic hydrocarbons, presumably from urban 
runoff and/or atmospheric deposition (NewFields, 2015). 

2. Methods 

2.1. Sample analysis 

PAH analytical results were compiled from a total of 980 surface and 
subsurface sediment samples from multiple sampling events conducted 
from July 2016 to April 2018. Surface sediments were taken from 154 
station locations as grab samples and shallow subsurface sediment push 
core sections, all taken 0–0.5 ft. below sediment surface. Deeper sub
surface sediment samples were generally from one-foot intervals for core 
depths of 0.5 ft. to about 20 ft. below sediment surface (Haley & Aldrich, 
2017). The forensic evaluation considered data for surface and subsur
face sediments. Sediment samples were analyzed for a comprehensive 
suite of PAHs (Table 1) by Alpha Analytical (Mansfield, Massachusetts) 
using a modification of U.S. EPA Method 8270D, gas chromatography/ 
mass spectrometry (GC/MS) with selected ion monitoring (SIM). Labo
ratory Data Consultants performed data validation of PAH GC/MS-SIM 
results. 

The evaluation also included data from six creosote timber pile 
samples collected by NewFields on behalf of the Port of San Francisco. 

The wood pile samples were analyzed by the same laboratory and 
methods as the sediment samples. 

2.2. Multivariate data analysis 

The multivariate analysis approach, using PVA for data exploration 
and t-SNE for data visualization, defined end-members as PVA-based 
mathematical constructions to be used in the characterization of 
actual sample PAH compositions based on sample analysis data. The 
integrated application of PVA and t-SNE has been employed for che
mometric evaluations of complex environmental systems involving 
multiple contaminant sources (Cejas and Barrick, 2021). 

The data set for multivariate statistics was reduced to focus on the 
more recalcitrant 4–6 ring PAHs that are more relevant for studies of 
MGP-related residuals and other pyrogenic sources. Detection limits for 
undetected PAHs were not censored (i.e., MDL values were used) due to 
the low percentage of non-detects in the data set and the fact that all of 
the samples were processed and analyzed in the same laboratory. After 
data reduction the data matrix was range transformed after row-sum 
normalization (Miesch, 1976) to homogenize the variance among all 
variables and minimize the influence of those with substantial means. 
The transformation technique also reduced concentration-dependent 
skewness of higher-concentration analytes. 

The EXTENDED QMODEL version of PVA was utilized to assess PAH 
compositions in the sediments (Full et al., 1981; Ehrlich et al., 1994). 
The software used is a collection of MATLAB scripts developed by Dr. 
Glenn Johnson. Two techniques were applied to appraise the reduced 
dimensional structure of the data set, and for the end-member deter
mination of the PVA model: 1) Coefficient of Determination (CD) vari
able diagnostics; and 2) Varimax loadings index. CD variable diagnostics 
is a criterion used to assess the quality of the PVA model by testing if the 

Fig. 1. Sediment sampling station locations, San Francisco Bay, California.  
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original variable data space can be reconstituted from the reduced 
eigenvector model data space. Ehrlich et al. (1994) concluded that those 
variables with CDs less than 0.5 typically provide little support to the 
PVA model. The Varimax loading index is the count of samples with high 
loadings >0.1 on a particular eigenvector. 

By these criteria, a significant end-member has high loading (>0.1) 
for a majority of eigenvectors samples. Although end-members with a 
small percentage of high loading samples (>0.1) per eigenvector can be 
important as well, and represent a sample from a population that is not 
adequately represented in the data set. Factors one to five of the PVA 
model had loadings with a Varimax index >0.1 for 0.98, 0.99, 0.40, 
0.25, and 0.005 proportions of the data set, respectively. All variables in 
the five factor PVA model exhibited CDs > 0.61, with a maximum of 
0.96, median of 0.92, and mean of 0.87. 

The t-SNE is a non-parametric technique that is a variation of Sto
chastic Neighbor Embedding (van der Maaten and Hinton, 2008). The 
decision to integrate t-SNE into this chemical source investigation was 
driven by two objectives. First, to employ a data-visualization technique 
capable of dependably retaining the sizeable high-dimensional data at
tributes of the large sample data set in an interpretable 2-D coordinate 
system. Secondly, t-SNE provided a visually intuitive platform for PVA 
modeling. 

3. Results and discussion 

The following describes the approach, process, and results for 
defining potential PAH source signatures and the development of source 

models, using data for sediments with TPAH concentrations greater than 
100 mg/kg. The TPAH concentration level of 100 mg/kg was assumed as 
reasonable to consider sediment samples with likely point source in
fluence and minimize the influence of mixing with nonpoint source and 
minor unidentified point sources comprising urban influence. Also dis
cussed is the application of the source models to sediments with TPAH 
concentrations that are lower than the 100 mg/kg TPAH concentration 
threshold used to presume point-source influence, but still greater than 
the Central San Francisco Bay ambient concentration. The comprehen
sive PAH source evaluation combined conventional PAH diagnostic 
source ratio analysis with multivariate analysis using PVA and t-SNE 
techniques. 

The forensic approach involved a multi-step process with the 
sequential objectives for: (1) identifying potential MGP and creosote 
source signatures and defining a PAH diagnostic source ratio model(s); 
(2) applying the diagnostic source ratio model(s) to sediment samples in 
order to identify the presence of these signatures as well as unspecified 
point sources with combined nonpoint sources as urban influence; and 
(3) employing multivariate analysis using PVA and data evaluation with 
t-SNE mapping to identify statistically derived end-members and also 
determine additional PAH diagnostic ratios to further characterize po
tential pyrogenic point sources (MGP and creosote) and predominantly 
pyrogenic urban influence signatures. 

3.1. Identification of Potential PAH Source Signatures and Diagnostic 
Ratio Source Models 

The first step explored potential pyrogenic point source signatures, 
using specific PAH diagnostic ratios, to help determine the potential for 
MGP-related influence. Candidate PAHs and associated ratio pairs 
included those used in previous investigations related to MGP-related 
and other pyrogenic source types (EPRI, 2000; Yunker et al., 2002; 
Costa et al., 2004; Costa and Sauer, 2005). To be effective, the selected 
PAH ratios must be representative of the source material and retain their 
relative concentrations during the course of environmental weathering. 
The effects of environmental weathering and other degradative pro
cesses typically remove the prominent lower molecular weight PAHs, 
and the profiles of weathered MGP residues in sediments can be similar 
to those of sediment samples that reflect urban background, or nonpoint 
urban influence (Brenner et al., 2002; Costa et al., 2004; Costa and 
Sauer, 2005; Uhler and Emsbo-Mattingly, 2006). Cumulative weath
ering effects on the higher molecular weight PAH assemblages have not 
been shown to confound the ability to distinguish between pyrogenic 
and petrogenic sources, based on field and laboratory weathering 
studies (Boehm et al., 2018). The environmental stability of paired PAH 
ratios has been demonstrated for various weathered source materials, 
such as crude petroleum (Douglas et al., 1996), pyrogenic tars (Uhler 
and Emsbo-Mattingly, 2006), and creosote (Brenner et al., 2002). 

Various PAH diagnostic ratio candidates were evaluated with 
emphasis on apparent distributions for sediment samples with TPAH 
concentrations greater than 100 mg/kg, with the goal of defining the 
most useful source model(s) for evaluating the potential presence of the 
identified source signatures in sediment samples with TPAH concen
trations greater than 100 mg/kg. TPAH. The emphasis on samples with 
TPAH greater than 100 mg/kg allowed for more reliable point source 
assignments, while minimizing the potential reduction in the number of 
samples used to define potential end-members. This process included 
sediment data for all station locations and all sampling depths (surface 
and subsurface) with greater than 100 mg/kg TPAH by plotting TPAH 
versus each of the PAH diagnostic ratios. This helped to determine the 
utility of a particular diagnostic ratio for defining a potential PAH source 
(Costa and Sauer, 2005). The selected PAH diagnostic ratios could then 
be evaluated in pairs as cross-plots to help determine their utility for 
defining source signature attributes and also evaluating those signatures 
in sediment samples with TPAH concentrations less than 100 mg/kg. In 
this context, the selected cross-plots are hereinafter referred to as “PAH 

Table 1 
Decalins and PAHs evaluated and compounds designated as San Francisco Es
tuary Institute Regional Monitoring Program PAHs.  

Compound name 

Decalin (D0) Fluoranthene (FL0)a 

C1-Decalins (D1) Pyrene (PY0)a 

C2-Decalins (D2) C1-Fluoranthenes+Pyrenes (FP1) 
C3-Decalins (D3) C2-Fluoranthenes+Pyrenes (FP2) 
C4-Decalins (D4) C3-Fluoranthenes+Pyrenes (FP3) 
Benzothiophene (BT0) C4-Fluoranthenes+Pyrenes (FP4) 
C1-Benzo(b)thiophenes (BT1) Naphthobenzothiophenes (NBT0) 
C2-Benzo(b)thiophenes (BT2) C1-Naphthobenzothiophenes (NBT1) 
C3-Benzo(b)thiophenes (BT3) C2-Naphthobenzothiophenes (NBT2) 
C4-Benzo(b)thiophenes (BT4) C3-Naphthobenzothiophenes (NBT3) 
Naphthalene (N0)a C4-Naphthobenzothiophenes (NBT4) 
C1-Naphthalenes (N1) Benz(a)anthracene (BA0)a 

C2-Naphthalenes (N2) Chrysene (C0)a 

C3-Naphthalenes (N3) C1-Chrysenes (BC1) 
C4-Naphthalenes (N4) C2-Chrysenes (BC2) 
Biphenyl (B)a C3-Chrysenes (BC3) 
Acenaphthylene (ACY)a C4-Chrysenes (BC4) 
Acenaphthene (ACE)a Benzo(b)fluoranthene (BBF)a 

Dibenzofuran (DF) Benzo(j)fluoranthene (BJF) 
Fluorene (F0)a Benzo(k)fluoranthene (BKF)a,b 

C1-Fluorenes (F1) Benzo(b + k)fluoranthene (BBKF)c 

C2-Fluorenes (F2) Benzo(a)fluoranthene (BAF) 
C3-Fluorenes (F3) Benzo(e)pyrene (BEP)a 

Dibenzothiophene (DBT0)a Benzo(a)pyrene (BAP)a 

C1-Dibenzothiophenes (DBT1) Perylene (PER)a 

C2-Dibenzothiophenes (DBT2) Indeno(1,2,3-c,d)pyrene (IND)a 

C3-Dibenzothiophenes (DBT3) Dibenz(a,h)anthracene (DA)a 

C4-Dibenzothiophenes (DBT4) Benzo(g,h,i)perylene (GHI)a 

Anthracene (A0)a 1-Methylnaphthalenea 

Phenanthrene (P0)a 2-Methylnaphthalenea 

C1-Phenanthraenes+Anthracenes (P1) 2,6-Dimethylnaphthalenea 

C2-Phenanthraenes+Anthracenes (P2) 2,3,5-Trimethylnaphthalenea 

C3-Phenanthraenes+Anthracenes (P3) 1-Methylphenanthrenea 

C4-Phenanthraenes+Anthracenes (P4)   

a RMP PAH (SFEI, 2016). 
b Reported by analytical lab and plotted herein as benzo(j + k)fluoranthene 

(BJKF). 
c Diagnostic PAH ratio cross-plots show BBKF, as sum of benzo(b)fluoranthene 

+ benzo(j + k)fluoranthene. 
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source ratio models”. 
The PAH diagnostic ratios considered for this forensic study include: 

fluoranthene/pyrene, benzo(b + k)fluoranthene/benzo(a)pyrene, and 
C1-chrysenes/C1-fluoranthenes+pyrenes. The benzo(b)fluoranthene 
and benzo(k)fluoranthene isomers can be difficult to resolve during the 
chromatographic analysis, so forensic interpretation will often consider 
the combined isomers as benzo(b + k)fluoranthene, as is the case with 
data used in this evaluation. The environmental stability of these select 
PAH diagnostic ratios, in relation to their use as potential source indices 
in pyrogenic tars, has been evaluated with controlled studies of tar 
evaporation and aerobic degradation for simulated environmental 
weathering (Uhler and Emsbo-Mattingly, 2006). With respect to evap
orative loss, stability was evident for the fluoranthene/pyrene and benzo 
(b + k)fluoranthene/benzo(a)pyrene ratios, but the C1-chrysenes/C1- 
fluoranthenes+pyrenes ratio showed greater variability. For these ra
tios, biodegradation influence was most apparent for fluoranthene/ 
pyrene and C1-chrysenes/C1-fluoranthenes+pyrenes. In these studies, 
the fluoranthene/pyrene and C1-chrysenes/C1-fluoranthenes+pyrenes 
ratios decreased over the experimental timeframes for both weathering 
evaluations. Analysis of field samples from a former MGP site that had 
undergone varying degrees of weathering indicated that the fluo
ranthene/pyrene and benzo(b + k)fluoranthene/benzo(a)pyrene indices 
were stable, but the C1-chrysenes/C1-fluoranthenes+pyrenes ratio was 
more variable. These studies indicate that while fluoranthene/pyrene 
and benzo(b + k)fluoranthene/benzo(a)pyrene ratios were stable and 
should be considered as very suitable for source identifications, the 
apparent weathering-related variability must be taken into account 
when using the C1-chrysenes/C1-fluoranthenes+pyrenes ratio for this 
purpose. These controlled laboratory studies represent severe 

biodegradation and weathering potential relative to ambient conditions. 
Therefore, PAH ratio stability under laboratory conditions supports the 
use of these specific diagnostic source ratios in field samples. 

Fig. 2 shows the distributions for each PAH diagnostic ratio relative 
to TPAH for high PAH concentration sediments from all sampling sta
tions. The plot of TPAH versus fluoranthene/pyrene (Fig. 2a) appears to 
reveal multiple TPAH maxima relative to ranges of the fluoranthene/ 
pyrene ratio, which is not as apparent for the plot of benzo(b + k)flu
oranthene/benzo(a)pyrene (Fig. 2b). The representations for C1-chrys
enes/C1-fluoranthenes+pyrenes (Fig. 2c) show a distribution with a 
possible concentration dependence. This source ratio plot does not 
reveal distinct maxima that would suggest multiple sources, perhaps 
reflecting mixing with combined nonpoint sources. It is critical to note 
that the trend towards higher ratio values (Fig. 2c) does not suggest a 
potential weathering effect, based on controlled experimental weath
ering studies that demonstrated decreasing ratios resulting from evap
orative weathering and biodegradation (Uhler and Emsbo-Mattingly, 
2006). The ratio pairs of benzo(b + k)fluoranthene/benzo(a)pyrene and 
C1-chrysenes/C1-fluoranthenes+pyrenes to fluoranthene/pyrene were 
selected for potential source characterization. 

The cross-plots shown in Fig. 3 for sediments with high TPAH con
centrations from all sampling stations suggest several possible clusters 
for both benzo(b + k)fluoranthene/benzo(a)pyrene versus fluo
ranthene/pyrene (Fig. 3a) and C1-chrysenes/C1-fluoranthenes+pyrenes 
versus fluoranthene/pyrene (Fig. 3b). These distributions suggest the 
possibility of multiple distinct high-concentration point sources, con
firming the potential utility of these PAH diagnostic ratio pairs for 
helping to identify potential pyrogenic source signatures. Fig. 3 also 
shows the creosote pile samples, discussed below. The following 

Fig. 2. Screening of potential PAH diagnostic ratios for sediments from all sampling locations (PAH abbreviations defined in Table 1).  
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describes the process of developing the source signatures shown in 
Fig. 3. 

Sediments with relatively high TPAH concentrations that might 
indicate potential accumulations from significant historical point sour
ces were evaluated to determine the presence of a potential signature (i. 
e., data cluster). These data clusters for the potential PAH source ratio 
cross-plots of benzo(b + k)fluoranthene/benzo(a)pyrene versus fluo
ranthene/pyrene (Fig. 3a) and C1-chrysenes/C1-fluoranthenes+pyrenes 
versus fluoranthene/pyrene (Fig. 3b) were used to define the ranges or 
boundaries of the plotted PAH diagnostic ratios for these sediments with 
high TPAH concentrations. Preliminary assessments indicated the po
tential presence of four distinct signatures, arbitrarily designated as 
Source A through Source D and correlating to increasing values for the 
ratio of fluoranthene/pyrene. The signature ranges listed in Table 2 for 
Source A through Source D were determined by looking at distributions 
within the sediments with high TPAH concentrations that might repre
sent a potential source or end-member. These ranges in PAH ratio values 
are site-specific and assigned for the purpose of using these PAH diag
nostic source ratios to help differentiate potential sources. 

The PAH diagnostic ratio cross-plots (Fig. 3) indicated multiple 
apparently distinct groupings, with one particularly strong potential 
signature characterized by relatively high TPAH concentrations and a 
narrow range for the fluoranthene/pyrene ratio for both ratio pairs. This 
grouping supported the determination of the signature boundaries for 
Source C, as ranges for the three PAH diagnostic ratios (Table 2). 

The next most prominent potential source signature, designated as 
Source B, corresponds to the apparent cluster of samples with high TPAH 
concentrations as shown in Fig. 3, with a generally lower range for 
fluoranthene/pyrene and boundaries that encompass this data cluster. 

Fewer sediment data points defined two other less predominant 

potential sources, but more definitive signatures, relative to the Source B 
and Source C signatures, designated as Source A and Source D. The 
fluoranthene/pyrene ratio range for the Source A signature extends 
below 0.6. The relatively high fluoranthene/pyrene ratio range for the 
Source D signature suggested a likely creosote-related source. Studies of 
sediments containing background PAHs and MGP residues have also 
identified the presence of creosote, and cross-plots using higher molec
ular weight PAHs demonstrate a range of about 1.2–1.6 for the fluo
ranthene/pyrene ratio in creosote (e.g., Costa and Sauer, 2005; 
McCarthy et al., 2000). Creosote-treated piles from six locations were 
sampled for PAH analysis (data provided by the Port of San Francisco). 
These data were used to further define the Source D signature bound
aries, and to validate the Source D signature assignments for sediment 
samples. As shown in Table 2, the fluoranthene/pyrene ratio range for 
all samples (sediments and creosote pilings) is 1.29–1.97, but only one 
creosote sample (not shown on Fig. 3) exceeded 1.80. In order to opti
mize the graphic representations, the figures presented herein show the 
Source D signature box as truncated but still showing the range for the 
fluoranthene/pyrene ratio that represents all but the one high-ratio 
creosote pile sample. 

Fig. 4 shows the distributions of the PAH diagnostic ratio-based 
source assigned samples with TPAH concentrations exceeding 100 
mg/kg. Source assignments were based on the signature boundaries 
shown in Table 2 for sediments at any depth up to greater than 20 ft. 
below sediment surface. The distributions are shown as approximate 
lateral extent in surface and subsurface sediment. The impacted sedi
ments extend along the shoreline with subsurface lateral distributions 
extending outward from the shoreline in two bands following the 
alignment of historical piers 37 and 41 as shown in Fig. 4. The sediments 
designated as Source C show the most extensive distributions, with more 
localized distributions for sediments assigned as Source A, Source B or 
Source D. 

The pyrogenic PAH source types described above are primarily 
distinguished by differing ranges in the fluoranthene/pyrene ratio, and 
they are consistent with the expected by-products of three gasification 
processes used during different time periods at a nearby historical MGP 
facility. These historical gasification processes would yield lampblack 
from oil gasification (OG), and different coal tar by-products from the 
carbureted water gas (CWG) and coal carbonization (CC) processes. The 
offshore investigation area and adjacent uplands were historically part 
of San Francisco Bay with tidal mudflats extending from the historical 
natural shoreline. The upland areas were filled in after a seawall (shown 
in Fig. 1) was constructed in the late 1800s. Several short piers/wharfs 
allowed boat access to the shoreline and by 1899, a longer pier, 
approximately 250 ft long, was constructed. The configurations of the 

Fig. 3. Select PAH diagnostic ratio cross-plots used as source models for high PAH concentration (TPAH >100 mg/kg) sediments from all sampling locations (PAH 
abbreviations defined in Table 1). 

Table 2 
Site-specific assigned ranges for PAH diagnostic source ratios used to differen
tiate potential pyrogenic point sources.  

Signature description Signature ranges; TPAH > 100 mg/kga 

FL0/PY0b BBKF/BAPb BC1/FP1b 

Source A 0.45–0.68 0.90–1.20 0.18–0.40 
Source B 0.70–0.91 1.05–1.35 0.11–0.23 
Source C 0.92–1.05 0.95–1.25 0.12–0.33 
Source D 1.29–1.97 1.39–2.92 0.15–0.31  

a Total PAH (TPAH) concentration range, based on the RMP PAH list (SFEI, 
2016), where source signatures were most distinct. 

b Observed range for samples above the 100 mg/kg TPAH concentration; FL0/ 
PY0 = fluoranthene/pyrene; BBKF/BAP = benzo(b + k)fluoranthene/benzo(a) 
pyrene; BC1/FP1 = C1-chyrsenes/C1-fluoranthenes+pyrenes. 
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piers within the investigation area have changed substantially through 
time. The four historical rectangular piers shown on Fig. 1 were con
structed ~1915, and the more irregular shaped piers to the west were 
constructed ~1930. The current configuration (aerial photograph in 
Fig. 1) was primarily constructed in the 1970s and 1980s. 

Three known operations that were potential historical sources of 
PAHs are shown in Fig. 1. Two timber-preserving operations, one using 
creosote and another using asphalt were operating in the late 1890s. In 
1900, the creosoting facility was purchased and converted to a coke and 
coal manufactured gas production (MGP) facility (Fig. 1). In 1907, gas 
production was converted from a coal carbonization process to carbu
reted water gas and oil gas production. In approximately 1931, when 
natural gas became available, gas manufacturing ceased at this facility. 
Other potential sources of PAHs include oil facilities that existed to the 
west of the former MGP as early as 1905, and the railroad and railyard 
that were in operation in the 1930s and 1940s (Fig. 1). Another potential 
source of PAHs is a system of combined stormwater sewers conveyed 
industrial wastes and stormwater runoff directly to the Bay without 
treatment. The City of San Francisco developed the system in the latter 
portion of the 19th century and one of the discharge points is within the 
study area (Fig. 1). 

Ranges for the fluoranthene/pyrene ratio from evaluations of former 
MGP sites across the U.S. have been reported for CWG tars (0.58–0.96) 
and CC tars (0.86–1.31) (EPRI, 2000; Costa and Sauer, 2005). The OG 
and CWG processes can produce tars that exhibit fluoranthene/pyrene 
ratios of about 0.6 (EPRI, 2003). Soils from former MGP facilities 
contaminated with tars containing significant amounts of lampblack 
exhibited fluoranthene/pyrene ratios in the approximate range of 
0.6–0.9 (Hong and Luthy, 2007). With respect to the fluoranthene/ 
pyrene ratio ranges shown in Table 2, the Source A signature is at the 
low end of the range for OG and CWG tars, the Source B signature range 

is within these reported ranges for CWG tars and potentially lampblack, 
and the Source C signature range is within the reported range for CC tars. 
The fluoranthene/pyrene ratio range for the Source D signature is in 
general agreement with reported ranges for other creosote-related 
sources (EPRI, 2000; Stout et al., 2001; Costa and Sauer, 2005). The 
creosote presence in investigation area sediments may be attributable to 
a historical creosoting facility near the former MGP, as well as historical 
creosote-treated timbers used to construct wharfs and piers in the area 
(Haley & Aldrich, 2018b). 

The results of this first step evaluation indicated that both PAH 
diagnostic ratio comparisons are valuable as potential source models. 
Therefore, the evaluations of potential source presence in sediments 
with lower TPAH concentrations utilized a two-model approach, i.e., 
two cross-plots, consisting of benzo(b + k)fluoranthene/benzo(a)pyrene 
versus fluoranthene/pyrene and C1-chrysenes/C1-fluo
ranthenes+pyrenes versus fluoranthene/pyrene. The assignment of a 
candidate source signature for a particular sediment sample is consid
ered verified when the diagnostic ratios fall within the assigned ranges 
for all three PAH diagnostic ratios, as shown in Table 2 (i.e., verification 
by both models). It is recognized that samples not verified by both 
models may reflect mixing of identified pyrogenic sources with un
identified sources of differing PAH compositions. 

3.2. Application of PAH ratio source models to sediment evaluations 

The second step of this forensic evaluation applied the source models 
developed from the sediments with higher TPAH concentrations, and 
explored the presence of the identified source signatures in sediment 
samples containing TPAH less than 100 mg/kg for all sampling loca
tions. This step also evaluated the distribution of sediments with TPAH 
concentrations greater than the current Central San Francisco Bay 

Fig. 4. Inferred PAH diagnostic ratio-based source assignments for sediments with TPAH >100 mg/kg at any depth up to >20 ft. below sediment surface.  
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ambient concentration (4.5 mg/kg) in the context of being potentially 
attributable to combined nonpoint and unidentified point sources. The 
assignment of “urban influence” to such samples was based on the model 
distributions and lack of two-model verification. However, such 
assignment does not suggest the absence of some degree of potential 
influence from and mixing with the high-concentration pyrogenic PAH 
point sources. 

The source model cross-plots applied to the sediments with lower 
TPAH concentrations (<100 mg/kg) for all sampling locations are 
shown in Fig. 5. These sediments with lower TPAH concentrations 
exhibit a distribution where the majority of samples fall outside of the 
defined signatures (Source A to Source D) for one or both models, and 
are not confirmed by both models as being predominantly impacted by a 
specific identified source. These samples are considered related to the 
presence of “urban influence” throughout the investigation area and 
may reflect variable extents of mixing with identified sources. 

The broad fluoranthene/pyrene ratio range for the predominant 
cluster of samples falling outside of the source model boundaries in 
sediments with lower TPAH concentrations is also typical of urban in
fluence where there would be various point and nonpoint PAH sources. 
The fluoranthene/pyrene ratios for urban-influenced sediments from 
nine well-studied harbors and waterways on the U.S. East and West 
coasts have ranged from 0.15 to 1.3, and specifically sediments from 
Alameda Point, California exhibited ratio values from 0.42 to 1.3 (Stout 
et al., 2004). Broad ranges in the fluoranthene/pyrene ratios have been 
noted for other studies describing urban influence with respect to point 
and nonpoint sources, urban runoff, soils and sediments (Azzolina et al., 
2016; EPRI, 2008; Mahler et al., 2005; O’Reilly et al., 2012; Stout et al., 
2001; Van Metre et al., 2009). In addition, the general distribution of 
TPAH concentrations suggests this cluster is unrelated to the model 
source signatures. 

3.3. Multivariate analysis 

The third step of the forensic evaluation utilized PVA for data 
exploration to determine the presence of compositional end-members as 
expressed with a five end-member model. The PVA-modeled end- 
members and their relative distributions and mixing proportions can be 
represented by specific samples with the maximum end-member ex
pressions, as the highest relative percentage of the given end-member. 
The PVA end-member distributions can be evaluated with t-SNE map
ping in terms of TPAH concentration or as gradient maps that show the 
relative predominance of a given end-member throughout the data 
population. Fig. 6 shows the PVA t-SNE map of sediment samples for all 
sampling locations, and the specific samples with the maximum PVA 
end-member expressions. The end-members are designated as EM1 

through EM5, with samples colored to show approximate TPAH con
centrations. For example, the pie chart designated as number 1 corre
sponds to the sample with the maximum expression of end-member 1 
(EM1). Other end-members are also present in these maximum end- 
member expression samples, as indicated by the individual pie charts. 
The distributions indicate that EM3 is the most significant in samples 
with the highest TPAH concentrations, and end-members EM1, EM2, 
EM4, and EM5 are generally associated with lower TPAH 
concentrations. 

Fig. 7 shows the PAH profiles for the samples with maximum end- 
member expressions shown in Fig. 6. These PAH profiles are consid
ered as representative for a given end-member, based on the composi
tional similarities to other samples also exhibiting predominance of the 
given end-member. The PVA-generated PAH profiles for each end- 
member are shown in Supplemental Fig. S1, where the profiles exhibit 
the unique PAH compositions that distinguish EM1 through EM5. 

The most significant end-member EM3 is represented by the sample 
with the maximum EM3 expression (Fig. 7c), and this PAH profile is very 
similar to MGP-related sources such as coal carbonization tars (EPRI, 
2000; Stout and Wasielewski, 2004; Uhler and Emsbo-Mattingly, 2006). 
This sediment sample and others with high TPAH concentrations and 
similar PAH profiles fall within the PAH diagnostic ratio ranges for both 
source models that correspond to the Source B or Source C signatures. 

EM5 is represented by the sample with maximum EM5 expression 
(Fig. 7e), that also falls within the PAH diagnostic ratio ranges for both 
source models that correspond to Source D signatures, confirmed to be 
creosote-related as previously discussed. The profile of this sediment 
sample (Fig. 7e) compares to those of highly weathered creosote samples 
(Brenner et al., 2002; EPRI, 2012), where the naphthalenes and other 
lower molecular weight PAHs have been depleted. Fig. 7f shows a 
representative profile for the creosote pile samples that plot near the 
sediment sample with maximum EM5 expression in Fig. 6. This profile is 
typical for the creosote pile samples and does not exhibit the extent of 
weathering with respect to the lower molecular weight PAHs. 

EM1 is represented by the sample with the maximum EM1 expres
sion (Fig. 7a). This PAH profile has a pyrogenic character as suggested 
by the distributions of parent to alkylated PAHs, particularly evident for 
the fluoranthene/pyrene and chrysene series. The sample profile also 
shows a relative predominance of benz(a)anthracene, chrysene and the 
higher molecular weight 5–6 ring PAHs. The sample with maximum 
EM2 expression (Fig. 7b) has a pyrogenic character and shows enrich
ment of the 5–6 ring PAHs relative to fluoranthene and pyrene. The 
sample with maximum EM4 expression (Fig. 7d) exhibits a petrogenic 
character with a distribution similar to a heavier fuel residual material 
(Uhler et al., 2016), as indicated by the distributions of fluoranthenes/ 
pyrenes, naphthobenzothiophenes, and chrysenes, and their respective 

Fig. 5. PAH source models for low PAH concentration (TPAH <100 mg/kg) sediments from all sampling locations (PAH abbreviations defined in Table 1).  
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alkylated homologues. These specific PAH profiles types (EM1, EM2, 
and EM4), and other samples with similar PAH profiles, were generally 
characterized in the PAH diagnostic ratio evaluations to be potentially 
associated with urban influence. 

The relative predominance of the end-members can also be expressed 
as t-SNE gradient map distributions (see Supplemental for further dis
cussion). In summary, these distributions indicate that EM2 and EM3 are 
the most predominant end-members with respect to mixing proportions, 
and that EM2 appears to be more widely distributed throughout the 
sediment population. 

The t-SNE mapping also shows relationships between diagnostic 
ratio-based sources and end-members, as well as distinctions between 
the four sources. The PVA t-SNE map in Fig. 8 shows samples that have 
TPAH concentrations greater than 100 mg/kg and diagnostic ratio- 
based source assignments (designated as Source A through Source D 
as previously described by two-model confirmation) and the previously 
discussed samples with maximum PVA end-member expressions. Fig. 8 
also shows source-assigned samples with the maximum (highest) TPAH 
concentrations (for sources A, B and C). The PAH profiles for these 
samples are shown in Fig. 9. The Source B and Source C highest TPAH 
concentration samples cluster near the sample with the maximum EM3 
expression (points B, C and 3, respectively, Fig. 8). There is a slight 
difference between the Source B and Source C highest TPAH concen
tration samples that are compositionally distinct (e.g., with respect to 
naphthalene, phenanthrene, and fluoranthene, relative to pyrene), as 
evidenced by the PAH profiles in Fig. 9. The Source D samples with 
TPAH >100 mg/kg, the creosote pile samples, and the sample with the 
maximum EM5 expression all cluster tightly and with a distinct sepa
ration from other source-related distributions. 

The PVA t-SNE map in Fig. 8 also indicates a potential relationship 
between Source A, the MGP source-related EM3, the maximum TPAH 
concentration Source B and Source C samples, and the potentially urban 
influence-related EM2. The Source A maximum TPAH concentration 
sample (point A, Fig. 8) is about midway between the EM3 and EM2 
maximum expression samples. In between the Source A maximum TPAH 
concentration sample and the sample with maximum expression of EM2 
lie two Source A high TPAH concentration samples (points A’ and A", 
Fig. 8). Also shown are two data points assigned as urban influence by 

the PAH diagnostic source ratio-based evaluation (points UI’ and UI", 
Fig. 8). 

The corresponding PAH profiles show a compositional transition 
between samples representing Source C and Source B, to Source A, to 
samples A’ and A", to urban influence samples UI’ and UI", and to EM2 
(Fig. 9a to h, respectively). This transition is characterized by relative 
changes in the fluoranthene/pyrene ratio and the progressive enrich
ment of benz(a)anthracene, chrysene, and 5–6 ring PAHs, relative to 
fluoranthene and pyrene. The profile transitions shown in Fig. 9 also 
correspond to decreasing TPAH concentrations, from source-related 
samples to urban influence-related samples to the EM2 maximum sam
ple. It is therefore reasonable to assume these transitions are reflect 
mixing between the potential MGP-related source(s) and the most sig
nificant EM2 end-member. The potential higher relative importance of 
Source A in this mixing may be suggested by both the compositional 
similarities and decreasing TPAH concentrations between Source A 
assigned samples, the UI assigned samples and the EM2-related profile 
(Fig. 9c to h). 

3.4. Source evaluation using PVA results and additional PAH ratios 

The PVA results provided basis for additional source characteriza
tions through comparison with the previously discussed PAH diagnostic 
ratio source evaluation. In addition, end-member compositional infor
mation was used to evaluate other diagnostic PAHs to further inform 
source characterization. 

A comparison of PAH diagnostic ratio source models with PVA end- 
member assignments is shown in Fig. 10. End-member assignments for 
sediment samples were based on the predominance of a particular end- 
member with a relative abundance above a specified “cut-off” percent
age, generally defined as the 95th percentile value for the end-member 
mixing proportion gradient (Supplemental Figs. S2 through S6). For 
example, if a sample has a relative EM1 percentage composition greater 
than 30% (95th percentile value, Fig. S2), and no other end-members are 
above their respective cut-offs, the sample was assigned as EM1 domi
nant. For samples with two end-members above cut-off percentages, 
assignment was based on the largest percentage. 

The distributions of PVA end-member assignments within each 

Fig. 6. PVA t-SNE map of sediments from all sampling locations and specific samples with maximum PVA end-member expressions.  
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Fig. 7. PAH profiles of (a–e) sediment samples with maximum PVA end-member expressions, and (f) a creosote pile sample (PAH abbreviations defined in Table 1).  

R.E. Jordan et al.                                                                                                                                                                                                                               



Marine Pollution Bulletin 166 (2021) 112248

10

source model are shown for samples with TPAH >100 mg/kg in Fig. 10a 
and c. The majority of samples with EM3 dominance fall within the 
Source C boundaries, but many others fall within the Source B and 
Source A boundaries. The samples with EM5 dominance largely fall 
within the Source D boundaries of both models. There are relatively few 
samples assigned to EM1, EM2, or EM4 that have a TPAH concentration 
exceeding 100 mg/kg. 

The corresponding distributions for the lower concentration samples 
(TPAH <100 mg/kg) are shown in Fig. 10b and d. These samples with 
lower TPAH concentrations generally are not assigned to any of the 
Sources (per required two model confirmation). Most of the samples 
assigned to EM1, EM2 and EM4 have TPAH <100 mg/kg and do not 
conform with any of the four Sources. Instead, there is a significant 
overlap between the cluster of EM1, EM2 and EM4 samples in Fig. 10d 
and the “urban influence” cluster of samples in the PAH source ratio 
model shown in Fig. 5b. This suggests a potential correspondence be
tween these ratio-based “urban influence” assignments and end-member 
compositions EM1, EM2, and EM4. The TPAH concentration ranges for 
samples assigned as “urban influence” and also assigned to EM1, EM2 or 
EM4 are 8.55–92.6 mg/kg for EM1, 4.63–77.7 mg/kg for EM2, and 
8.75–92.9 mg/kg for EM4. It is acknowledged that samples within these 
TPAH ranges may contain minor mixtures of PAHs derived from iden
tified pyrogenic sources. These ranges do not include samples with total 
PAH concentrations lower than ambient (TPAH <4.5 mg/kg) for Central 
San Francisco Bay sediments, which were excluded from this analysis. 

The PAH profiles of samples representing the maximum end-member 
expressions suggest the potential utility of using select higher- 
molecular-weight PAH ratios to further characterize both source- 
related and urban influence signatures. These profiles exhibit composi
tional differences with respect to benz(a)anthracene, chrysene, benzo(b 
+ k)fluoranthene, benzo(e)pyrene and benzo(a)pyrene. Fig. 11 shows 
PAH ratio cross-plots using (fluoranthene + pyrene)/(benz(a)anthra
cene + chrysene) versus (fluoranthene + pyrene)/(benzo(b + k)fluo
ranthene + benzo(e)pyrene + benzo(a)pyrene). Fig. 11a shows the 
distribution of the diagnostic ratio Source A, B and C assignments for 
samples with TPAH >100 mg/kg. The Source A trendline appears to be 
distinct from the Source B and Source C trendlines, which have similar 
slopes. The distributions and trendlines for samples assigned to EM2 and 
EM3 shown in Fig. 11b indicate distinct sample populations (with 

distinct slopes) between these predominant MGP source-related (EM3) 
and site-specific pyrogenic background (EM2) end-members. The Source 
A trendline and the EM2 trendline have essentially the same slope 
(Fig. 11c) suggesting a potential relationship between Source A and the 
predominant pyrogenic EM2 that is associated with site-specific back
ground. This is consistent with the evidence presented in Figs. 8 and 9 
showing that Source A can be explained as a mixture of EM3 and EM2. 

Table 3 summarizes the agreement between the PAH diagnostic 
ratio-based source assignments and the PVA end-member assignments 
for the samples with higher concentrations (TPAH >100 mg/kg). For the 
Source C samples, about 95% were assigned to EM3 (based >45% EM3) 
or had significant EM3 contributions (34%–45%), and only one sample 
was assigned to EM2. All Source B samples were assigned to EM3, except 
one that was a little lower than the 95th percentile criterion. Ten of the 
13 of the Source A samples were assigned to EM3 and the other three 
were assigned to EM2. Source D samples were all assigned to EM5, and 
five of the six creosote pile samples were assigned to EM5, with 1 sample 
assigned to EM3 dominant but also having an EM5 percentage exceeding 
the 95th percentile. For samples identified as urban influence, about 
81% were either assigned to EM2 or had significant EM2 percentages. 
The remaining urban influence samples correspond to lesser degrees 
with the other end-members. 

3.5. Sediment PAH composition in other urban influenced areas 

PAHs from multiple sources enter waterways via storm sewer dis
charges of rainwater and surface water that transport airborne emission 
particles, road dust, roof and sealant particles, various petroleum 
products, and other PAH source materials. Urban waterways near large 
populations, commerce, and industry often include multiple sites and 
point sources, as well as stormwater and/or combined sewer/storm
water outfalls. The combination of point sources, stormwater dis
charges, and nonpoint sources of PAHs complicates the task of 
distinguishing PAHs associated with a specific site/point source from 
those attributable to “background”. Studies documenting “background” 
PAH concentrations in historical urban sediments (e.g., using depth 
below sediment surface as a surrogate for time) indicate that concen
trations of PAHs in sediments have increased considerably since the 
early 1900s, and that “background” PAH concentrations are generally 

Fig. 8. PVA t-SNE map of sediments from all sampling locations and specific samples with PAH diagnostic ratio-based source assignments and those with maximum 
PVA end-member expressions. 
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Fig. 9. PAH profiles of (a–e) high TPAH concentration sediment samples with PAH diagnostic ratio-based source assignments, (f–g) samples assigned as urban influence, and (h) sample with maximum PVA end-member 
EM2 expression (PAH abbreviations defined in Table 1). 
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much higher in inland urban waterways than in coastal bays and estu
aries (EPRI, 2000; EPRI, 2012). 

The cumulative contributions of these point and nonpoint PAH 
sources can be significant for urban influenced areas. Total EPA16 
(Priority Pollutant PAH) concentrations (defined as “background”) in 
sediments from various U.S. industrialized urban waterways have been 
shown to range up to 20 mg/kg (Stout et al., 2004). Urban area lakes 
across the U.S. which were unaffected by any known/suspected waste 
sites had surface sediment total PAH concentrations between 20 mg/kg 
and 50 mg/kg, and subsurface sediment total PAH concentrations 
greater than 200 mg/kg (based on 19 parent PAHs and their alkyl- 
substituted homologues) have been measured for lakes near highly ur
banized areas (Van Metre et al., 2000). For comparison, the total PAH 
concentration ranges in this study calculated as the sum of EPA’s 16 
Priority Pollutant PAHs are 7.62–83.7 mg/kg for EM1, 4.10–68.9 mg/kg 
for EM2, and 7.77–85.4 mg/kg for EM4. 

3.6. Potential uncertainties 

Although preliminary source assignments can be made for the sedi
ment samples (surface, subsurface), based on PAH biplots in conjunction 
with other criteria such as geospatial relationships between sample lo
cations, the use of two independent forensic evaluation approaches 
(PAH diagnostic ratio evaluations and multivariate analysis) enhances 
the ability to make more confident source assignments. With respect to 
sediment samples with TPAH concentrations between 4.5 mg/kg and 
100 mg/kg, the combined forensic approaches improve the determina
tion of which samples more likely reflect nonpoint and potential 

unidentified point source urban influence, and which samples more 
likely reflect some degree of mixing between likely MGP-related sources 
and urban influence. The t-SNE gradient map for each end-member 
shows the distribution with respect to mixing proportions, expressed 
as a composition percentage of the end-member for all sediment samples 
in Supplemental Figs. S2 through S6. 

The distinction between urban influence and point source mixing 
with urban influence becomes more challenging for sediments with 
lower TPAH concentrations, and any potential uncertainties with 
respect to PAH concentrations in the diagnostic ratios used in potential 
source assignments should be considered. The selected PAH diagnostic 
ratios used for forensic analysis were selected to be representative of the 
source material and also show environmental stability, the latter of 
which has been documented as being suitable for the diagnostic ratios 
used in this evaluation (Uhler and Emsbo-Mattingly, 2006). With respect 
to representativeness and assessing possible source influence, the po
tential for petrogenic contribution to the sediment population of alky
lated PAH compounds should be considered for sediments with lower 
TPAH concentrations. Petrogenic source types such as crude petroleum, 
heavy fuel oils, lubricating oils, and diesel fuels do contain low con
centrations of C1-fluoranthenes+pyrenes and C1-chrysenes, and the 
relative abundance (i.e., ratios) of these PAHs can vary significantly 
between these petrogenic source types (Burns et al., 1997; Neff et al., 
1998; Uhler et al., 2016). The predominance of pyrogenic PAHs in urban 
waterway sediments (Stout et al., 2004) also suggests that non-MGP 
pyrogenic sources may contribute to the distributions of these C1- 
alkylated PAHs. Any meaningful assessment of potential influence by 
petrogenic sources for the C1-fluoranthenes+pyrenes to C1-chrysenes 

Fig. 10. Distribution of sediment sample PVA end-member assignments relative to the PAH diagnostic ratio source model signatures (PAH abbreviations defined 
in Table 1). 
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diagnostic ratio will be confounded by the complex nature of urban 
influence as a mixture of nonpoint and potential unidentified point 
sources, and the potential contribution from non-MGP pyrogenic sour
ces. However, for the study area in this evaluation the potential for 
relatively low petrogenic influence in sediments with lower TPAH 
concentrations is supported by the multivariate analysis component that 

defined five end-members, with the least significant being of petrogenic 
character. 

4. Conclusions 

The forensic evaluations of PAHs in nearshore sediments in San 

Fig. 11. Select PAH diagnostic ratio cross-plots for sediments with (a) diagnostic ratio Sources A–C assignments, (b) distributions of sediment sample PVA end- 
member assignments, and (c) correspondence of PVA end-member and Source A assignments (PAH abbreviations defined in Table 1). 

Table 3 
Agreement between PAH diagnostic ratio-based source assignments and PVA end-member results.  

PAH diagnostic ratio assignments Distribution of end member assignments (based on % end member contribution) 

Designation TPAH 
range 

Total 
samples 

Dominant PVA end 
member 

EM1 EM2 EM3 EM4 EM5 No 
assignmentb 

>30%a 20–30% >40%a 30–40% >45%a 35–45% >12%a >30%a 

Source A >100 mg/ 
kg  

13 EM3    3   10     

Source B >100 mg/ 
kg  

17 EM3      16  1    

Source C >100 mg/ 
kg  

88 EM3    1 3  77  7    

Source D >100 mg/ 
kg  

7 EM5         7  

Creosote pile >2000 
mg/kg  

6 EM5      1c    5  

Urban 
influence 

>4.5 mg/ 
kg  

450 EM2 12 3  118 247  4  15 13  7 31  

a Cut-off for end-member (EM) assignment, based on the 95th percentile value for EM mixing proportion gradient for indicated EM. 
b Sample in which none of the five end-members are present above the indicated cut-off percentages. 
c Sample is 49% EM3, but also 40% EM5. 
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Francisco Bay support the following observations and conclusions:  

• The sediments with higher TPAH concentrations exhibited PAH 
diagnostic ratio distributions with potentially distinct sample 
groupings, suggesting the presence of multiple potential point source 
signatures.  

• The PAH diagnostic ratio evaluations identified four potential point 
source signatures in sediments with higher PAH concentrations. 
Three signatures show pyrogenic character (Sources A, B and C) 
likely consistent with historical MGP sources, and one signature 
(Source D) was verified as being related to creosote through the 
forensic evaluation of samples taken from creosote-treated piles.  

• An additional source category of PAHs to investigation area sediment 
consists of ubiquitous nonpoint and potential unidentified point 
sources, which is distinguished from the four identified point source 
signatures. This additional source category is termed “urban 
influence”.  

• A multivariate analysis using PVA and t-SNE for data evaluation 
defined two end-members related to pyrogenic sources and three 
end-members potentially related to urban influence. One end- 
member (EM3) corresponds to the two most significant MGP- 
related source signatures identified by PAH diagnostic ratio anal
ysis, designated as Source B and Source C. A second end-member 
(EM5) corresponds to the creosote-related Source D signature and 
associated sediment samples. Three end-members (EM1, EM2 and 
EM4) are primarily associated with sediments with lower total PAH 
concentrations and correspond to the urban influence source cate
gory identified by the diagnostic ratio approach. Two of these end- 
members (EM1, EM2) are pyrogenic and the least significant is of 
petrogenic nature (EM4).  

• The PVA analysis results suggested that the third potential “MGP- 
related” PAH source signature (Source A) may be related to mixing of 
higher concentration MGP-related sources (Sources B and C) and the 
most widely distributed end-member that is related to urban influ
ence, as evidenced by the t-SNE mapping distributions of the Source 
A signature and the associated end-members.  

• The PVA analysis was unable to effectively resolve Sources B and C, 
identified through the cross-plot source models, both of which are 
suspected distinct MGP-related sources based on known historical 
operations of the former MGP. This outcome illustrates the comple
mentary utility of multiple tools in addressing project-specific 
forensic objectives.  

• The PVA results suggested the utility of other high-molecular-weight 
PAH diagnostic ratios for further characterization of source-related 
and urban influences. Select PAH diagnostic ratio distributions sug
gested potential distinctions between Source A and the more signif
icant MGP-related sources (Sources B and C). The selected PAH 
diagnostic ratio distributions with respect to end-member assign
ments and associated trendlines further supported the distinction 
between the predominant end-member associated with source- 
related influences from the predominant end-member related to 
urban influence.  

• Urban influence is understood to occur throughout the entire 
investigation area, and therefore, where the PAH contribution a 
candidate point source predominates, it is inferred that the point 
source influence masks the urban influence. Sediment samples with 
PAH compositional characteristics suggesting a mixture of poten
tially MGP-related sources and urban influence, this mixing is un
derstood to occur where point source impacts intermingle with the 
ubiquitous urban influence (recognizing that urban influence in
cludes nonpoint sources and also unidentified point-source PAHs, 
which also occur in urban waterways). 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marpolbul.2021.112248. 
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