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compounds to the marine ecosystem off

Southern Cdifornia are 1) municipa and industrial
waste discharge, 2) surface runoff, 3) inadvertent spills,
and 4) aerid deposition. Only the hydrocarbonsin the first
two sources can be easily measured and regulated. In
addition to these, in situ biochemical processes a so produce
significant amounts of hydrocarbons (Wakeham et al.
1980, Gassmann 1982, and references therein) of marine
origin. The mixing of hydrocarbons from various sources
yields a complicated assemblage that may not be readily
recognized. Degradation of organic compounds primarily
partitioned on particulates may occur in the water column
before deposition. Thesefactorsaffect effortsto evaluate
the impact of wastewater discharges on the coastal marine
environment.

The four major municipal wastewater dischargersin
Southern Cdlifornia (City of Los Angeles Hyperion
Treatment Plant, County Sanitation Districts of Los
Angeles County (CSDLAC), County Sanitation Districts
of Orange County, and City of San Diego Point Loma
Wastewater Treatment Plant (PLWTP)) have made great
efforts to implement improved wastewater
treatment technologies. As a consequence, the
mass emission rates for a variety of contami-
nants from their sewage outfalls have steadily
declined over the last 25 years (SCCWRP
1995). However, the discharge of alarge
quantity of numerous contaminants over the
years has resulted in notable stresses in coastal
marine sediments around the Southern Cdifor-
niaBight (Bergen et al. 1995). Duetothedow
degradation of many chemicals, contaminated
sediments continue to impact the benthic
community.

The compositiond patterns of polycyclic
aromatic hydrocarbon (PAH) and diphatic
hydrocarbon (AH) assemblages have been used to discern
the origins of hydrocarbon compounds found in the aquatic
environment (Sporstal et al. 1983, Colombo et al. 1989,
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and referencestherein). PAHsare sensitiveindicators of
petrogenic and pyrogenic inputs of hydrocarbons while n-
akanes are useful in identifying biogenic- or petrogenic-
products. Ingenera, PAHsfrom petrogenic-related sources
are abundant in alkylated homologues relative to their parent
compounds, while combustion of fossil fuelsyields PAHs
generdly devoid of akylated homologues.

These observations prompted the introduction of two
useful indicators: 1) alkyl homologue distributions (AHDS)
of naphthal ene, phenanthrene/anthracene, and fluoranthene/
pyrene, etc.; and 2) parent compound distributions (PCDs)
(Lake et al. 1979). Other individua ratios generaly involv-
ing two PAH compounds (e.g., phenanthrene/anthracene (P/
A), methyl phenanthrene/phenanthrene (MP/P),
fluoranthene/pyrene (FL/PY R), and benz[a]anthracene/
chrysene (BZ[a]A/CHR)) have also been applied to source
recognition. Similarly, several molecular indices derived
from n-alkane components have been shown to be sensitive
in differentiating biogenic and petrogenic inputs of hydrocar-
bons (Colombo et al. 1989, and referencestherein).

At present, little is known about the contributions of
organic contaminants from various sources to the coasta
marine environment off San Diego. To gain insight into this,
we conducted a comprehensive study of their contributions
during the fiscal year 1993/94.
The objectives of this study
were to identify the possible
origins or sources of hydrocar-
bonsin the coastd region off
San Diego and to evaluate the
extent of organic contamination
exerted by the point and
nonpoint inputs. In addition, to
further understand the lateral
trangport of urban pollutants into
the ocean, we also measured
linear alkylbenzenes (LABS).

5 % The methods for data analysis
utilized in this study for PAHsand AHswere similar to
those employed by Sporsta et al. (1983) and Colombo
et al. (1989). In particular, we evaluated the molecular
compositions and indices associated with the PAH and




n-alkane assemblagesin each sample. For LABS, the
concentrations of the LAB compounds with 10 to 14
carbonsin the alkyl chain were quantified. We aso evau-
ated the LAB chemica compositions and the ratios of
internal to externa isomers (I/E ratio; Takadaand Ishiwatari
1990) of phenyldodecanesin each sample. The datawere
used to further assesstheinput levels of these sewage-
derived organic contaminants and their fate in the coastal
marine environment. The results from this study are
presented in three separate articlesin thisannual report.
Thisfirst part in the series reports the results from PAHSs.

STUDY SITE

The coast off San Diego begins at the United States-
Mexico border and extends northwest approximately to
Point La Jolla (Figure 1). A magjor municipal wastewater
treatment facility, PLWTP, discharged treated sewage
(advanced primary treatment) into the ocean in the area
through a submarine outfall at a water depth of 60 m. An
extension of the sewage outfall to adepth of 200 m began
operation in November, 1993.

The Tijuana River (TJR) drains an area of 4,480 km?,
of which 27% lies in Mexico and 73% lies in the United
States (Brownlie and Taylor 1981), and emerges into the
ocean on the southern San Diego coast. Although dis-
charges from TJR only accounted for 2% of total gauged
runoff to the Southern Cdlifornia Bight in 1987 and 6% in
1988, it contained the highest concentrations of suspended
solids, Cd, Cr, Cu, Ni, Pb, Zn, and total PCBs (Aroclor
1242 + Aroclor 1254) and second highest concentration of
total DDTs(DDT and metabolites) among the eight largest
creeks and riversin Southern Cdifornia (SCCWRP 1992).

San Diego Bay (SDB) isasoutheast-northwest
embayment; its widths vary from 1 to 4 km and its length
is over 18 km with a maximum water depth of 21 m
(Lenihan et al. 1990). Due to the highly elevated level of
contamination in SDB, the Nationa Benthic Surveillance
Project (NBSP) under the National Oceanic and Atmo-
spheric Administration National Status and Trends Pro-
gram had established five sampling stations in the vicinity
from 1984 to 1993 to monitor the distributions of contami-
nants in fish and sediments (Van Rhyn and Gauthier
1992).

Four stations were selected in the present study (Figure
1): A-17 (32°40.28' N/117°17.03' W), R-61 (32°49.64' N/
117°19.67 W), SDB (32°43.53' N/117°10.86'W), and
MTJIR (32°32.94 N/117°08.81' W). In addition, effluent
was collected from PLWTP and runoff was collected from
TJR a Dairy Mart Road, about 6 km upstream from the
ocean.

A-17 islocated between the Y -shaped arms of the old
PLWTP outfall with awater depth of 60 m. The reference
station R-61, about 20 mi away from A-17 and a a water
depth of 60 m, is near the northern San Diego coast off La
Jollaand haslittle sediment contamination (SCCWRP
1993a). Station SDB in San Diego Bay islocated at East
Harbor Idand at a depth of 7 m, close to a station used by
NBSP (32°43.2° N/117°11.3 W; McCainet al. 1992).
Station MTJR near the mouth of TJR is about 500 m from
the coastline at awater depth of 16 m.

MATERIALS AND METHODS
Supplies used in the measurements of total organic
carbon (TOC) and total nitrogen (TN) have been described
previoudy (SCCWRP 1993b). GF/C 47-mm glass fiber
filters (1.2 um pore Size) were
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obtained from Whatman International
Ltd. (Maidstone, England) and baked
1 ; at 420°C for at least 4 h prior to use.
e A custom mixture of 12 PAHswas
prepared by AccuStandard, Inc.
(New Haven, CT) with 2000 pg/mL
of individua PAHsin methylene
chloride. Anadditiona sixteen PAHs
in amixture were obtained from Ultra
Scientific, Inc. (North Kingstown,
RI). Interna (nitrobenzene-d,, 2-
fluorobiphenyl, and p-terphenyl-d ,)
and surrogate (naphthal ene-d,,
acenaphthalene-d, ,, phenanthrene-
| ,» chrysene-d,,, and perylene-d,,)
standards were purchased from

=

FIGURE 1. Location of sampling sites in the San Diego, California area in 1994.

AccuStandard, Inc. and Ultra Scien-
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tific, Inc., respectively. A PAH reference standard (SRM
1491) was acquired from the National Institute of Standards
and Technology (NIST; Gaitherburg, MD). Ultrares-
analyzed grade hexane and methylene chloride were ob-
tained from J.T. Baker Inc. (Phillipsburg, NJ) and used as
supplied. All the standards were prepared in hexane.

Sample Collection

Sediment traps were deployed a 1 m and 5 m from the
sea floor at both A-17 and R-61 in December 1993 and
May 1994; they were retrieved 30 days after deployment.
Surface sediments from A-17, R-61, SDB, and MTJR,
microlayer samples from A-17 and R-61, effluent from
PLWTP, and runoff from TJR were collected in January
and June 1994.

The sediment traps used were designed to collect
sinking particulates and are described in detail elsewhere
(Hendricks and Eganhouse 1992). Three moorings were
deployed at each of the A-17 and R-61 sites. Three and
nine traps were used at the 1-m and 5-m depths, respec-
tively. This sampling design was intended to obtain
sufficient particulates for chemical analyses. All the traps
deployed in December 1993 were recovered, while all
three traps deployed at A-17 1-m, sSix traps at A-17 5-m,
and one trap at R-61 5-m in May 1994 were lost. Upon
retrieval, the traps were disassembled and water over the
particles was decanted lowly. The sample bottles were
capped with Teflon-lined caps.

Sediments were collected using amodified 0.1 m? Van
Veen grab (St ubbs et al. 1987). Subsamples of thetop 2 cm
sedimentsweretransferred into precleaned glassjars.
Procedures for microlayer sample collection and handling
were detailed previoudy (Crosset al. 1987). The upper 50
pm surface water samples were collected into precleaned
1-L amber glass bottles. Twenty-four-hour composite
effluent samples were obtained from PLWTP and stored in
precleaned 1-gal amber bottles. TJR runoff was collected
by immersing a 1-gd glass bottle into the middle of the
stream from a bridge. All the samples collected were
immediately cooled with ice. Upon returning to the
laboratory, the sediment and sediment trap samples were
stored at -20°C and microlayer, effluent, and runoff
samples were stored at 4°C until further treatment.

Sample Extraction

Sediments and Sediment Trap Particulates.
A weighed subsamplewastransferred into a250-mL
centrifuge bottle. The bottle was centrifuged at approxi-
mately 50 x g for 5 min and the top water layer was de-
canted. The sample was mixed with ~30 g of anhydrous
sodium sulfate, spiked with surrogate standards, and ex-
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tracted successively three timeswith methylene chloride
(100 mL each) using aroller table. The combined extract
was concentrated and solvent-exchanged to hexaneusing a
rotary evaporator at 30°C and 650 mm Hg vacuum pres-
sure. After sulfur removal with activated copper granules
(overnight in the dark), the extract was further concen-
trated to ~250 yuL under gentle nitrogen flow. The extract
was gpplied to a 1:2 dumina/silica gd glass column for
separation of different fractions. The first fraction, con-
taining AHs, was eluted with 15 mL of dry hexane. The
second fraction, containing PAHs and LABS, was collected
by euting 5 mL dry hexane and 30 mL of a 30/70 mixture
of methylene chloride and hexane through the alumina/
silicagel column. Each fraction was concentrated to ~ 0.5
mL using the rotary evaporator and transferred to a half-
dram vial. The pear-shaped flask was rinsed with addi-
tiona hexane and the solvent was also transferred to the
half-dram vial. The final volume of the extract was
adjusted to 500 pL under gentle nitrogen flow. Appropri-
ate amounts of the internal standards were added to the
extract prior to instrumental anaysis.

Effluent, Runoff, and Microlayer. Particulatesin
each samplewere separated with precleaned, preweighed
GF/Cfilters. Sample bottleswere shaken vigoroudy before
filtration. A measured amount of the sample was gradudly
poured into the all-glass filtration assembly and filtered
under vacuum. Thefilter was replaced when the flow
dropped to approximately haf of theinitial speed. Each
filter wastransferred to a precleaned glass petri dish. The
filterswere cut in pieceswith aclean, stainless steel blade
and combined in aglass centrifuge bottle. Therest of the
extraction procedure was the same as used for sediments
and sediment trap particul ates.

Thefiltrateswere extracted threetimeswith methylene
chloride using the liquid-liquid extraction technique (Zeng
and Khan 1995). The combined extract was concentrated
and fractionated in the same fashion for the sediments and
sediment trap particulates.

Total Suspended Solid (TSS), Moisture, TOC, and
TN Measurements

An appropriate amount of an agueous sample was
filtered with a preweighed GF/C glass fiber filter. The
loaded filter was placed in a petri dish and dried overnight
at 60°C to constant weight. The difference in the weights
of the filter before and after filtration with a specific
sample volume was defined as the TSS concentration (in
mg/L).

Moisture content was determined for sedimentsand
sediment trap particulates. Approximately 10-15 g of



sample weretransferred to atared al uminum pan and
weighed with an e ectronic balance (accuracy ~0.5 mg).
The sample was dried at 60°C for 24 h, cooled in a
dessicator, and weighed. The weight loss was defined as
moisture content.

For sediments and sediment trap particulates, the TOC
and TN contents were measured using aprocedurein
SCCWRP (1993Db). For agueous samples, particulates were
filtered with GF/C filters. Theloaded filtersweretreated in
asame fashion asfor sediment and sediment trap particu-
lates. Analysisof blank glassfiber filtersindicated no
detectable TOC or TN.

Gas Chromatography/Mass Spectrometry
(GC/MS) Analysis and Quantitation
Measurements of PAHswere made using an HP 5890 1
GC with a5970 mass selective detector (M SD); the experi-
mental conditions are described in Zeng and Khan (1995).
Quantitation of PAH concentrationswas performed
using theinterna calibration method. Theinterna standards
were either prepared with the calibration standards or added
tothefina sampleextracts. Twenty-six PAH compounds
were measured in this study (Table 1). &C,-naphthalene
consisted of 1-methylnaphthalene and 2-methyl-
naphthalene. C,-naphthaleneswere quantified using
the relative response factor of 2,6-
dimethylnaphthalene; C,-naphthalenes using 2,3,6-
trimethylnaphthalene; and C -phenanthrenes using

(Clesceri et al. 1989). These detection limitswere based on
1gdry weight or 1 L volume for asample. The actua
detection limitsfor a sample with adifferent weight or
volume were corrected accordingly.

RESULTS
Total Suspended Solids

Total suspended solid (TSS) concentration showed
more than a 20-fold variation in PLWTP effluent, TIR
runoff, and microlayer samples from four locations (Table
2).

TSS concentration was 56 and 27.5 mg/L in the
PLWTP effluent samples collected in January and June
1994, respectively. In TJR runoff TSS was 88 mg/L in
January 1994 and 15 mg/L in June 1994.

Microlayer samples showed awiderange of TSS
concentrations at the same sampling Site at different times
or a different Sites at the sametime. TSSranged from 11.5
mg/L (A-17 in June 1994) to 258 mg/L (A-17 in January
1994) with amean value of 100 (+88) mg/L.

TABLE 1. Polycyclic aromatic hydrocarbon (PAH) analysis in
samples collected off San Diego, California, in 1994. The
method detection limits (MDLs) were based on 1 g of solid or 1 L
of agueous samples.

elther 2-methyl phenanthrene or 1-methylphenan-
threne, depending on the closeness of their retention

Peak No. PAH Compound

MDL
Solid Aqueous
(hglg)  (ngll)

Molecular lon
for Quantitation
(m/z)

times.

Procedura performance and matrix effectswere
monitored by recoveries of surrogate standards
prepared with calibration standards or spiked to
samples prior to extraction. Themean+ 1 SD
(n=31) for the recoveries of the surrogate standards
in field samples were as follows: naphthalene-d, -
33.8 + 12.6, acenaphthalene-d, - 69.2 + 14.5,
phenanthrene-d,, - 82.0 + 14.4, chrysene-d , - 84.8
+ 24.4, and perylene-d, - 98.6 + 31.8. Instrumen-
tal performance was checked for each batch of
samples (less than 10) by analyzing the NIST SRM
1491 solution. The measured vaues were within
+20% of the certified values given by NIST for
more than 80% of the PAH compounds (or times).

Concentrations of PAH compoundswere
expressed based on either particle dry weight for
solid samples or volume for agueous samples; they
were not corrected for the recoveries of the surro-
gate standards. The detection limits (Table 1) were %6
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Naphthalene

&C -Naphthalene
Biphenyl
&C,-Naphthalene
Acenaphthylene
Acenaphthene
&C,-Naphthalene
Fluorene

Phenanthrene
Anthracene

&C -Phenanthrene
3,6-Dimethylphenanthrene
Fluoranthene

Pyrene
2,3-Benzofluorene
Benzo[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[e]pyrene
Benzo[a]pyrene
Perylene
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Indeno[1,2,3-cd]pyrene
Dibenzo[a,h]anthracene
Benzo[g,h,i]perylene
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st dightly higher than the method detection limits
determined using the procedure given previousy

m/z = mass to charge ration
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TOCand TN

Particulateswere higher in
TOC and TN in PLWTP effluent
than TJR runoff (Table 3).
PLWTP effluent particulate TOC,
TN, and C/N (TOC/TN) ratios
were 34.4, 6.3, and 5.5% in the
January sample and 35.7, 6.3, and
5.7% in the June sampl e, respec-
tively. In TJR runoff particulates,
TOC, TN, and C/N were 10.2,
2.18, and 4.7% in January and
8.15 %, 1.58, and 5.16% in June
1994. The difference probably
resultsfrom mixing of raw sewage
with other wastes or particleswith
lessTOC and TN contentsin TIR
runoff.

Similar to the TSS resuilts,
TOC and TN in microlayer

particulates varied widely from sampleto sample, ranging
from 1.55 % (A-17 in January 1994) to 20.7 % (R-61 in
June 1994) for TOC and from 0.108 % (A-17 from Janu-

TABLE 2. Concentrations of total suspended
solids (TSS) in samples collected off San
Diego, California, in 1994.

TSS (mg/L)
1/94 6/94

Sample Type Mean SD Mean SD
PLWTP Effluent 56 43 275 35
TJIR Runoff 88 22° 15 14
Microlayer

A-17 258 20 115 21

R-61 80.5 10 116 6

MTJIR 198 3 28 3

SDB 87 12 21 5
*Three measurements.
°Eleven measurements.

ary) to 2.06 % (R-61 from June) for TN. C/N variedina

relatively narrower range, from 3.6
(R-61 from January 1994) to 17 (A-
17 from June 1994) (Table 3).

The A-17 and R-61 sediments
contained fairly similar TOC and
TN (TOC<1% and TN<0.1%),
typicd of relatively uncontaminated
marine sediments. Sediments
collected from MTJR contained the
lowest TOC (0.374 % in January
1994 and 0.120 % in June 1994)
and also relatively low TN. Overal,
the SDB sediment samples con-
tained the highest TOC and TN
concentrations (0.82 % in January
and 0.83 % in June for TOC; 0.069
% in January and 0.082 % in June
for TN) among al the samples
(Table 3).

The TOC concentrationsin

sediment trap particulates varied from 1.89 to 3.22 % with a
mean of 2.58 (+0.44) % and TN ranged from 0.180 to
0.352 % with amean of 0.264 (£0.06) %. In general, R-61

TABLE 3. Concentrations of total organic carbon (TOC), total nitrogen (TN), and TOC/TN (C/N) ratio in samples
(particulate portions only for effluent, runoff, and microlayer samples) collected off San Diego, California, in 1994.

SD = Standard deviation.

TOC (%) TN (%) C/N
1/94 6/94 1/94 6/94 1/94 6/94

Sample Type Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
PLWTP Effluent 344 35° 35.7 6.9 6.3 21 6.3 24 55 16 5.7 12
TJIR Runoff 10.2 25" 815 020 2.18 0.83 158 0.09 4.7 17 516 0.18
Microlayer

A-17 155 0.74 129 11 0.108 0.092 0.77 0.24 144 85 17 7

R-61 1.63 0.13 20.7 0.8 0.45 0.17 2.06 031 36 12 100 11

MTJIR 4.94 0.10 9.9 7.4 0.73 0.20 0.72 0.69 6.8 18 14 5

SDB 6.9 6.5 8.6 31 131 0.53 11 0.6 53 31 7.8 14
Sediments

A-17 0.539 0.009 0.513 0.063 0.001 0.042 8.6 01 122

R-61 0.841 0.006 0.554 0.063 0.002 0.019 13.3 05 292

MTJIR 0.374 0.008 0.120 0.046 0.002 0.045 8.1 0.2 2.67

SDB 0.82 0.10 0.829 0.082 0.004 0.069 10.0 07 120
Sediment Trap Particulates g .

A-17 (1 m) 1.89 0.03 o 0.180 0.010 b 105 0.6 i

A-17 (5m) 223 0.07: 294 0211 0.004 0.320 10.6 0.2 9.16

R-61 (1 m) 2.46 0.05, 2.56 0.244 0.012 0.259 101 0.3 9.87

R-61 (5m) 273 0.04 3.22 0.280 0011 0.352 9.8 04 9.14
zThree measurements.
cEleven measurements.
JJrapswere lost.
eFive measurements.

Six measurements.
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trap particul ates contained higher TOC and TN than those
from A-17 (Table 3).

Spatial and Temporal Distributions of PAHs

PLWTP Effluent. A largedifferencein particulate
PAH concentration was observed between the effluent
samples collected in January 1994 (5,920 ng/g) and in June
1994 (17,500 ng/g) (Table 4). In the present study, differ-
ent subsamples were used in measuring TSS and organic
compounds, due to the concern that some organic com-
pounds might belost if the same subsample processed for
TSS measurement was also analyzed for organic com-
pounds. Sample heterogeneity may be partialy responsible
for the large difference in the TSS concentrations (Table 2),
resulting in elevated particle-based PAH concentrationsin
the effluent collected in June 1994. If the agueous volumes
were used, the particulate PAH concentrationswere 332 ng/
L in the January sample and 481 ng/L in the June sample
(Table4). The PAH concentrations on awhole effluent
basis were similar in both samples (1,780 ng/L in January
vs. 1,550 ng/L in June).

TJR Runoff. Therunoff sampleswere collected
during low flows. The runoff filtrate collected in June 1994
carried higher PAH concentration relative to that collectedin
January 1994 (Table 4). Thisdifference likely resulted from
the different sample volumes used for analyses, aswasin
the case of the PLWTP effluent. Thetotal PAH concentra-
tions based on the agueous volume were similar in the
particulate and aqueous portions of the January sample, but
much higher in the filtrates than in the particulates of the
June sample (Table 4). Again, this discrepancy was
partialy due to the large differences in TSS (Table 2).

Microlayer. Inprocessing themicrolayer samples
collected in January 1994 (the first batch in the present
study), black ribbon filter papers were used to hold anhy-
drous sodium sulfate for removal of water content from
extracts. Excessive, mostly unresolved peakswerefoundin
the chromatograms of these samples, aswell asin those of
procedura blanks (pure solvent going through the extraction
processes). GC/M S anaysesindicated that ion fragments
typical of hydrocarbon compounds (e.g., m/z 59, 71, 85,
99, etc.) were dominant. Dueto the possibleinterference
with sample quantitation, the analytical results for these
samples were abandoned. Baked glass wool replaced the
filter papers in the subsequent extraction of the other
samples. The same interfering peaks did not appear in
procedural blanks and samples.

No PAHswere detected inthe microlayer filtratesat A-
17 and R-61 and only afew PAHs were present in the

microlayer particles (Table4). Thedry weight based
concentrations of particulate PAHs were 1,770 ng/g in A-
17 and 381 ng/g in R-61 sample. However, the concentra-
tions based on the aqueous sample volume were smilar in
both samples (20.4 ng/L in A-17 and 44.2 ng/L in R-61).
This drastic difference was clearly aresult of the distinct
concentrations of TSS in these two samples (11.5 mg/L in
A-17 vs. 116 mg/L in R-61; Table 2).

The MTJR microlayer particulate sample contained a
PAH concentration of 2,830 ng/g (dry weight); the filtrate
sample had non detectable PAH content. The total PAH
concentration based on the agueous sample volume was
smilar in the MTJR microlayer (79.2 ng/L) and TR
runoff (80.1 ng/L) in June 1994.

The SDB microlayer particulates were highly enriched
with PAHs (68,600 ng/g dry weight or 798,000 ng/g TOC
based). On the other hand, the microlayer filtrates had a
fairly low PAH concentration (42.2 ng/L) and only two
PAH compounds, fluoranthene and pyrene, were detected.
The total PAH concentration based on volume was 1,480

ng/L.

Sediments. Themagnitude of sediment PAH con-
tamination followed the order of SDB>A-17>R-61>MTJR.
The PAH concentrationsin A-17 sedimentswere 257 ng/g
dry weight in January 1994 and 122 ng/g dry weight in June
1994, the tempora decline was possibly related to the
initiation of the PLWTP outfall extension in November
1993. Similar trend was observed in R-61 sediment samples
(23.9 vs. 7.1 ng/g dry weight).

Extremely low levels of PAHswerefound in the sedi-
ment at MTJR, 16.5 ng/g dry wt. in January and these were
nondetectable in June 1994. The PAH concentrationsin
SDB sediments were comparablein January (983 ng/g) and
June (898 ng/g) 1994 (Table 4).

Sediment Trap Particulates. The A-17 sediment
trap particul ates contained dightly higher PAH concentra-
tions than the R-61 particulates, but the difference was not
assgnificant asin the case of sediments. The samples
collected in January aso contained dightly higher PAH
concentrations than those collected in June. The PAH
concentration decreased from the 1-m depth to 5-m depth at
A-17, but increased at R-61. However, the variation at R-
61 was not significant. Due to the higher TOC contentsin
sediment trap particulates than in sediments (Table 3), the
TOC normalized PAH concentrationswere higher in A-17
sediments than in sediment trap particulates, although the
dry weight based concentrationsweresimilar.
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TABLE 4. Concentrations of polycyclic aromatic hydrocarbons (PAHs) and percentages of 2,3-ring PAHs and

fluoranthene+pyrene relative to total PAHSs.

Total PAHs Total PAHs
Sample Size® (dry wtbased)” (TOCbased)®  %2.3-ringPAHs’ %FL+PYR
Sample Type 1/94 6/94 1/94 6/94 1/94 6/94 1/94  6/94 1/94 6/94
PLWTP Effluent
Filtrates 24 10 1450 1070 — — 100 9 0 1
Particulates 0.134 0.275 5920 (332) 17500 (481) 17200 49000 100 %0 0 5
TJIR Runoff
Filtrates 10 30 10.8 785 — — 3B R 62 8
Particulates 0.888 0.450 158 (13.9) 104 (1.6) 1550 1280 0 0 100 100
Microlayer
A-17 Filtrates NA 5 NA ND — — NA ND NA ND
A-17 Particulates NA 0.0575 NA 1770 (20.4) NA 13700 NA 0 NA 100
R-61 Filtrates NA 5 NA ND — — NA ND NA ND
R-61 Particulates NA 0.580 NA 381 (44.2) NA 1840 NA 33 NA 67
MTJR Filtrates NA 5 NA ND — — NA ND NA ND
MTJR Particulates NA 0.140 NA 2830 (79.2) NA 28500 NA 55 NA 32
SDB Filtrates NA 5 NA 42.2 — — NA 0 NA 100
SDB Particulates NA 0.105 NA 68600 (1440) NA 798000 NA 18 NA 23
Sediments
A-17 411 420 257 122 47600 23800 8 15 21 21
R-61 39.3 40.6 239 71 2840 1270 6 0 i) |
MTJR 419 44.1 16.5 ND 4690 ND 13 ND 43 ND
SDB 34.1 38.3 983 898 120000 108000 6 1 1 15
Sediment Trap Particulates ]
A-17 (1 m) 47.6 o 325 i 17200 b 13 ** 15 o
A-17 (5m) 46.8 4.58 270 224 12100 7650 17 13 16 2
R-61 (1 m) 5.61 6.96 145 120 5900 4690 7 6 29 29
R-61(5m) 9.60 6.96 163 130 5960 4030 7 12 23 31
®In g (gram) for solid (particulates and sediments) and L (liter) for aqueous samples (filtrates).
°In ng/g dry weight for solid samples and ng/L for aqueous samples; the numbers in parentheses are concentrations based on the
. aqueous volumes, in ng/L.
dIn ng/g TOC for solid samples; TOC was not measured for aqueous samples.
Percent of the concentrations from naphthalene to 3,6-dimethylphenanthrene (see Table 1) relative to total PAHSs.
) Percent of the concentrations of fluoranthene and pyrene relative to total PAHs.
A-17 1-m traps were not recovered in June 1994.
NA=not analyzed; see text for reasons.
ND=not detectable.

PAH Compositions

High molecular weight PAHswererelatively more
abundant in the PLWTP effluent particulates than in the
filtrates (Figures 2a and 2b). Both effluent filtrates and
particulates contained mostly 2,3-ring PAHs and extremely
low concentrations of fluoranthene/pyrene (Table 4). The
particulates from TJR runoff contained only one PAH
component (pyrene), while the filtrates were enriched with
low molecular weight PAHSs (Figures 3a and 3b; Table 4).

The number of PAH compounds detected was normally
small for microlayer samples except for the SDB sample,
which contained alarge number of PAHs (Figure 3d). PAHs
with more than three benzene rings were dominant in this
sample (Table 4).

A common feature in the sediments and sediment trap
particul ates was the low percentage (from O to 15%) of the
2,3-ring PAHSs, as opposed to the dominance (from 90 to
100%) of these low molecular weight PAHsinthe PLWTP
effluent (Table4). Therewasasubstantial differencein
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PAH compositions between the PLWTP effluent and A-17
sediment and sediment trap particulate samples (Figure 2).
Although not shown, PAH compositionsin R-61 sediments
and sediment trap particleswere smilar to thosein A-17
samples.

The akyl homologue distributions (AHDs) of naphtha
lene and parent compound distributions (PCDs) for a
selected and representative group of samples varied
somewhat between samples (Figures 4 and 5). Dueto the
generally low PAH concentrationsin our samples, other
AHD series (e.g., phenanthrene/anthracene, fluoranthene/
pyrene, etc.) could not be determined accurately. There-
fore, any conclusions regarding PAH origins derived from
AHDs only refer to low molecular weight PAHSs.

Vertical Fluxes of Organic Materials at A-17 and
R-61

The fluxes of particulates, TOC, TN, and total PAHs at
A-17 and R-61 varied spatidly and tempordly (Table 5).
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FIGURE 2. Polycyclic aromatic hydrocarbon (PAH)
compositions in the Point Loma Wastewater Treatment
Plant (PLWTP; City of San Diego) effluent, A-17 (near
old PLWTP outfall) sediments, and A-17 sediment trap
particulates collected in January 1994. Peak numbers
are defined in Table 1.

Theflux of particulates at each depth was the average of
multi-trap measurements. Fluxesof TOC, TN, and PAHs
were cal culated directly from the concentrations of TOC,
TN, and PAHs (Tables 4 and 5) and the fluxes of particu-
lates. PAH concentrationswere possibly underestimated in
these samples, due to insuffi-
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FIGURE 3. Polycyclic aromatic hydrocarbon (PAH)
compositions in the Tijuana River (TJR) runoff, mouth
of Tijuana River (MTJR) microlayer particles, San
Diego Bay (SDB) microlayer particles, and SDB
sediment collected off San Diego, California in June
1994. Peak numbers are defined in Table 1.

14.6 g m? d*for the R-61 5-m traps. Since TOC, TN, and
PAH contents were only dightly higher in the sediment trap
particul ates collected in June 1994 than those collected in
January 1994 (Tables 4 and 5), the temporad variation in the
fluxesof TOC, TN, and PAHsfollowed the same pattern as
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PAH Origins: Composi- E 1 os
tional Indices L os
The PAH assemblages '
in the samples analyzed in T
the present study can be T 02
divided into two distinct T 00
groups based on their PAH

compositional patterns.

Thefirst group includes
PLWTP effluent, TR
runoff, and MTJR
microlayer particul ates which were dominated by low
molecular weight PAHS; i.e., high proportion of 2,3-ring
PAHSs (38-100%, Table 4). The PAH compositionsin the
second group of sampleswere characterized by the pre-
dominance of 4,5-ring PAH compounds, generdly consid-
ered combustion-related products. Thistype of PAH
assembl ages has been observed in most marine sediments
around the world (Laflamme and Hites 1978) and is be-
lieved to derive mainly from incomplete combustion of fossl
fuels.

Alkylated naphthal enes were more abundant than the
parent compound in both the PLWTP effluent filtrate and
particul ate samples, athough the patternswere dightly
different (Figures4aand 4b). The AHD pattern of the
filtrate sample was similar to that of a crude oil sample
(Sporstdl et al. 1983), while the relative abundance of alkyl
substituted naphthalenesin the particul ate sample showed an
amost linear increase with increasing akyl carbon number.
Nevertheless, therdatively high abundance of akylated
naphthal enes suggested that PAHs (especialy those with low
molecular weights) received by the PLWTP were mostly
petroleum-rel ated.

Among the sediment and sediment trap samplesfrom A-
17 and R-61, only the A-17 1-m sediment trap sample
collected in January 1994 contained arecognizable AHD
pattern (Figure 4c-4e; R-61 samples not shown), which was
smilar to those in the PLWTP effluent samples, i.e., low
molecular PAHswerelikely derived from petroleum related
sources. On the other hand, PCDs determined in these
samples (Figures 5¢-5e; R-61 samples not shown) were
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Diego, California.

FIGURE 5. Parent compound distributions (PCDs) in selected samples collected off San

similar to those found in the sediments from Narragansett
Bay (Rhode Idand) believed to be contaminated by com-
bustion-generated PAHs (Lakeet al. 1979). Biodegradation
and desorption of low molecular weight PAHs during
transport and deposition was a possible mechanism for the
PAH compositiona differencein the effluent and sediment
(and sediment trap) samples. However, the TOC normal-
ized PAH concentrationsin sediments (47,600 ng/g in
January and 23,800 ng/g in June; Table 4) were comparable
to those in the PLWTP effluent particulates (17,200 ng/g in
January and 49,000 ng/g in June; Table 4). If the PLWTP
outfall was asole source for PAH inputs, biodegradation of
sawage-derived PAHswould yield amuch lower TOC
normalized concentration of total PAHs. In addition,
dilution of the effluent particulates by particles from other
sourcesmay aso bepossible. Apparently, PAH assem-
blagesin the water column particlesand sedimentsat A-17
and R-61 originated from both combustion and petroleum
related sources. For the microlayer samples collected at A-
17 and R-61, only afew mid range molecular weight PAHsS
were detected in the particulates. Thus, no AHDsand
PCDs could be accurately determined. Asaso discussedin
the following section, nonpoint source inputs, presumably
produced by combustion-related processes, may have
exerted agreater impact on the microlayer than the PLWTP
outfall.

Both AHD and PCD (Figures 4f and 5f) inthe TIR
runoff filtrate sample collected in June 1994 suggested a
petrogenic sourcefor PAHs. Asnoted previousy
(SCCWRP 1992), alarge percentage of the TJR discharge




has reportedly beenraw TABLE 5. Fluxes of particulates, total organic carbon (TOC), total nitrogen (TN), and total
sewage and industrial and polycyclic aromatic hydrocarbons (PAHs) at A-17 and R-61 (outfall and reference) off San
. Diego, California, in 1993-1994.

agricultural wastes, whose
COIT]pOSiti on may be compa- Level off Bottom Particulates TOC TN Total PAHs
rableto that of the wastes Site Collection Date (m) (g/mP/d) (g/m?/d) (Hg/m?/d)
recel yed by the PLWTP. In Al7  12/21/93-1/20/94 1 (3traps) 255.2 482 0459 82.9
addition, only 3% of the 5 (9 traps) 89.4 1.99 0.189 24.1
drai nage land of TJR on the 5/30/94-6/29/94 1 (traps lost) — — — —

;] . 5 (3 traps 220 0.65 0.070 4.9
U.S. sideis urban and subur- (3 traps)
ban (Brownlie and Taylor R61  12/21/93-1/20/94 1 (3 traps) 87.8 216 0214 127

5 (9 traps) 55.8 1.52 0.156 9.1

]_'981)' _Therefore’ combus- 5/30/94-6/29/94 1 (3 traps) 34.7 0.89 0.090 4.2
tion-derived PAHsthat nor- 5 (8 traps) 14.6 0.47 0.051 19
mally dominate urban riverine

runoff (Hoffman et al. 1984,
Prahl et al. 1984, Anderson and Gossett 1987) should not
be the mgjor componentsin TJR runoff.

Unlike the other microlayer samples, the MTJR
microlayer particul ates contained high concentrations of low
molecular weight PAHs (Figure 3c), indicating a predomi-
nant petrogenic origin for PAH compounds. This observa
tion was collaborated by the patterns of AHD and PCD in
this sample (Figures 4g and 5g). By contrast, the MTJR
sediment displayed low proportion of 2,3-ring PAHs (Table
4); its AHD and PCD patterns were indicative of predomi-
nant pyrogenicaly produced PAHS, showing little or no
effect from the TJR runoff.

Therelative abundance of four to six-ring PAHsin SDB
sediments ranged from 89 to 94% (Figure 3e and Table 4),
similar to the result (~90% were four to six-ring PAHS) of
McCain et al. (1992). Thismay indicate a consistent
source, predominantly combustion-related, of PAH inputs
into the study site. However, the AHD (Figure 4i) showed
possible petrogenic PAH inpuits, at least for low molecular
weight PAHs. On the other hand, the PCD (Figure5i) in
the sample was similar to those in sediments contaminated
with pyrogenic PAHs (Lakeet al. 1979). Apparently, PAHs
in this sediment may have derived from both petroleum and
combustion sources. Themicrolayer particulate samplewas
clearly contaminated with PAHs of combustion origin, as
indicated by the similar PCD patterns (Figure 5j) and
reported by Lake et al. (1979) for sediments containing
predominant combustion-derived PAHs. The AHD inthis
sample (Figure 4j) aso pointed to asmilar concluson. The
microlayer filtrate sample contained extremely low PAH
concentrations and therefore neither AHD nor PCD was
determined. Theonly PAHs detected in thefiltrate sample
were fluoranthene and pyrene, indicating a combustion-
related origin for PAHs.

A major source of PAH inputsinto the SDB site may be
alarge storm runoff outfall draining the San Diego Interna-
tional Airport, engine exhausts from boats and ships, and
accidenta oil spills. Without detailed analyses of samples

collected from these sources, it isimpossible to quantify
their individua contributions of PAHs from each of these
sources. Sincethe proportion of 2,3-ring PAHsin the SDB
sediment and microlayer sampleswereal lessthan 20%
(Table 4), PAHsfrom combustion sources appeared to
prevail. This might effectively disqudify oil spillsfrom
contributing significant amounts of PAHs. Automobile
exhausts, probably similar to boat engine exhausts, were
known to contain both petroleum residues and incomplete
combustion products (Simoneit 1985, Takada et al. 1990).

It may be concluded from the above discussions that
PAHsinthe PLWTP effluent and TJR runoff were pre-
dominantly derived from petroleum-related sources.
Sediments and water-column particul ates near the PLWTP
outfall received PAHs mostly from combustion sources,
with minor inputs of low molecular weight PAHs from
petrogenic sources, probably the PLWTP outfal and natural
oil seepage. Despite heavy shipping activitiesin San Diego
Bay, ail spillsdid not gppear to be the significant source for
the PAH contamination in the sediment and microlayer.
Instead, combustion-related sources, e.g., engine exhausts
and urban surface runoff, seemed to contribute significant
amounts of PAHsto San Diego Bay.

To corroborate the above conclusions, we cal cul ated
ratios of MP/P, P/A, FL/PYR, and BZ[a]A/CHR in the
same samples (Figure 6). These ratios have been used
extensvely to distinguish petrogenic and pyrogenic
sources of PAHs (Colombo et al. 1989). In generd,
petroleum-contaminated samples contain higher MP/P, FL/
PYR, and P/A and lower BZ[a]A/CHR than combustion
contaminated samples (Colombo et al. 1989).

For MP/P, the highest ratios were found in the PLWTP
effluent particulates and TJR runoff filtrates. In addition,
the PLWTP effluent filtrates also showed afairly high
MP/Pratio. Nondetectable methylphenanthrenein MTJR
microlayer particles and sedimentsyielded azero MP/P
ratio for these samples. SDB microlayer particulates also
had asmal MP/Pratio. Similarly, the highest value of P/A
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ratio occurred in the PLWTP effluent particulates. Since
anthracene was not detectablein the PLWTP effluent
filtrates, TJR runoff filtrates, and MTJR microlayer particu-
lates, avery high P/A ratio would be expected for these
samples. The SDB microlayer particles and sediments had
the smallest P/A ratios. For BZ[a]A/CHR, both

benz[ alanthracene and chrysene were not detectablein the
PLWTP effluent (both filtrates and particul ates) and TIR
runoff filtrates. Benz[a]anthracene was not found in the
MTJR microlayer particulates. Since benz[a]anthracene and
chrysene are normally abundant in samples contaminated
with combustion-derived PAHSs, thelow levels of these
compounds indicated a predominantly petroleum-rel ated
origin. Asacomparison, the A-17 and MTJR sediments
and A-17 sediment trap particulates displayed relatively large
BZ[a)A/CHRratios. Thetrend of theBZ[a]A/CHR ratios
was consistent with those observed for MP/P and P/A.
Theseresultsare generally in agreement with the conclu-
sionsdrawn above based on the patterns of AHDs and
PCDs.

By contrast, the FL/PYR ratio did not show any consis-
tent trend among the samples examined. In particular, the
PLWTP effluent particulate and TJR runoff filtrate samples
had relatively low FL/PY R ratios, while the SDB microlayer
particul ate and sediment samples possessed high FL/PYR
ratics. As observed by Qol onmbo et al. (1989), the range of
the FL/PYR ratio did not vary much (0.5 to 0.9) for a
variety of sediments.

It should be noted that the generally low levels of PAHS
found in the sample media limit the gpplicability of composi-
tional indicesin the identification of PAH origins. Many
other factors, such as solubility, extent of biodegradation,

MP/P

o 1 2 3 4 5 6 7 8
SAMPLE NUMBER

9 10 11
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etc., may also contribute to the ateration of PAH assem-
blages after they are released into the environment. Inthis
sense, the above compositional analyses are qualitative at
best. If possible, other molecular indices should be com-
bined to enhance the confidence of source identification.
For instance, n-alkanes have aso been found useful for
source identification (Colombo et al. 1989).

CIN ratios also have been used to determine the sources
of organic matter. Typicaly, high C/N ratiosindicate
terrestrid origins, while marinein situ processes generate
organic materialswith low C/N values. PLWTP effluent
and TJR runoff particulates had C/N ratiosaround 5 (Table
3). Inaddition, sediment trap particulates at A-17 and R-61
aso had anarrow range of C/N ratios around 10. By
contrast, the range of C/N ratios was quite broad for
microlayer particulates and sediments. For microlayer
samples, this may underscore the dynamic nature of the
sea surface microlayer, as also observed in the TSS data.
For sediments, this may mean that the usefulness of the
CIN ratio as a source indicator for organic matter inputs is
limited.

Assessment of PAH Inputs from Point and Non-
point Sources

There are two major point sources of PAHsin the study
area: PLWTP sewage outfall and TIR. Nonpoint sources
may include aerid falout, inadvertent oil spills, and marine
oil seepage. PAH inputsfrom PLWTP and TJR may be
estimated from this study and relevant information in the
literature. Contributions from nonpoint sources, however,
aredifficult to quantify; only a qualitative assessment can be
made.

FIGURE 6. Ratios of methylphenanthrene/
phenanthrene (MP/P), phenanthrene/
anthracene (P/A), fluoranthene/pyrene (FL/
PYR), and benzo[a]anthracene/chrysene
(BZ[a]A/CHR) in selected samples collected off
San Diego, California. The sample number
follows the same order as used in Figures 4
and 5.
aConcentrations of methylphenanthrenes
were below detection limits.
bConcentrations of anthracene were below
detection limits.
cConcentrations of both fluoranthene and
pyrene were below detection limits.
dConcentrations of both benz[a]anthracene
and chrysene were below detection limits.
eConcentration of benz[a]anthracene was
below detection limit.



From the PAH concentrationsin the PLWTP effluent
(Table 4) and the average effluent flow of 172 mgd (6.5 °
108 L) in 1994 (City of San Diego 1994), the average mass
emission of total PAHs from the PLWTP outfal is estimated
tobe395kgin 1994. An estimate of the PAH massemis-
sion from TJR is somewhat difficult, asthe samples were
collected during low flows and the total water dischargein
1994 isunavailable. If along-term annua mean flow of
4297 10° m® from 1955 to 1988 (SCCWRP 1992) is used,
the average mass emission of PAHs during 1994 was
roughly 2.2 kg. Thisestimate may till be in the same order
of magnitude even if data during storm events were applied,
since PAH concentrations might be dightly lower during
storms asin the case of oil and grease measured in Los
AngelesRiver runoff (SCCWRP 1973).

Eganhouse and Gossett (1991) estimated the mass
emission of asimilar suite of total PAHsS to be 110.5
metric tons (MT) for the Joint Water Pollution Control
Plant (JWPCP) of the CSDLAC in 1979. If amass
emission ratio of 3.4:1 for aromatic hydrocarbons deter-
mined in the effluents of WPCP and PLWTP in 1979
(Eganhouse and Kaplan 1982) was used to correct for
PAHSs, the PAH mass emission from PLWTP was approxi-
mately 32.5 mtin 1979. Thus, it appears that PAH emis-
sionsfrom the PLWTP outfall have been reduced by alarge
factor over the last 15 years, probably attributable to
dramatic source reduction from petrochemical inputs and
improved treatment processes. For comparison, our results
suggest that the PAH contribution from TJR appeared to
be insignificant.

Sincethe microlayer reflects recent inputs of contami-
nants, the microlayer data may be useful in identifying the
in-situ sources of contaminants. The percentages of
fluoranthene + pyrenerelative to total PAHswere 100% and
67% inthe A-17 and R-61 microlayer, respectively; these
were much higher than those found in the PLWTP effluent
(Table4). Sincefluoranthene and pyrene are generaly
considered as combustion-related PAHs (Hiteset al. 1980,
Prahl et al. 1984), the dominance of fluoranthene + pyrene
inthe A-17 and R-61 microlayer suggeststhat aerial fallout
might have agreater impact on the sea surface microlayer
than the inputs from the PLWTP outfall, even though A-17
iscloseto the outfall. However, without the knowledge of
atmospheric PAH deposition ratesin the area, therelative
importance of the contributions from the PLWTP ouitfall
and aeria deposition cannot be quantified.

By contrast, the PAH compositionsweresimilar in
MTJR microlayer and TJR runoff (both contained rela-
tively high portions of 2,3-ring PAHS), underscoring the
impact of TIR. The higher PAH concentration (2,830 ng/g)
in MTJR microlayer particulates, compared to thosein TIR

runoff (158 and 104 ng/g) (Table 4), confirmed a significant
enrichment of PAHsinthe seamicrolayer (Hardy etal.
1990, Kucklick and Bidleman 1994). It seemsthat PAHs
remaining in the areaafter being discharged are possibly
localized mostly in the sea surface microlayer. This specula-
tionis cons stent with the extremely low PAH concentrations
in the sediment at the same sampling location (Table 4) and
enhanced TOC content in the microlayer particulates (Table
3).

Baker et al. (1995) estimated that 3% of sewage par-
ticlesrose to the surface in alaboratory experiment within
24 h, while 22% settled onto the bottom and 75% remained
insuspension. If these results are applicablein the coastal
marine environment, then the water column dynamics must
be evaluated before a better understanding of the point and
nonpoint inputs can be obtained.

The fluxes of particulates at A-17 (both 1-m and 5-m
depths) were greater than those at R-61 (Table5). In
addition, the particulate fluxes at both A-17 and R-61 were
greater in January 1994 than in June 1994. Fluxes of
particulates, TOC, TN, and PAHSs at the 5-m depth of A-17
were similar to those at the 5-m depth of R-61 measured in
June 1994. As mentioned previoudy, discharge from the
PLWTP sewage outfall extension began in November
1993, which increases the distance between the discharge
ste and station A-17. All these suggest that the PLWTP
sewage outfall was an important source of particulates and
organic matter in the surrounding water column. It should
be noted that the particulates may also carry materials from
nonpoint sources into the sediment traps (more discussions
bel ow), thus amplifying organic matter fluxes.

Water Column Dynamics

Sedimentation processes in the water column can be
extremely complex. As noted previously by Eganhouse
and Gossett (1991), petroleum-generated PAHS, enriched
on the surfaces of sewage-derived particles, were more
vulnerable to biodegradation and/or desorption in the water
column during deposition. Therefore, sinking organic
materials may undergo rapid degradation or desorption
(especialy for low molecular PAH compounds), leading to
depleted TOC and PAH concentrations in sediments
compared to water column particulates. On the other hand,
resuspension of selective fractions of sediment particulates
may magnify or compromise this effect.

From the results obtained in the present study, severa
observations can be summarized: (1) PAH compositionsin
the sediments and sediment trap particulates were similar,
but substantially different from those of the PLWTP
effluent (e.g., 0to 17% of the PAHswere 2,3-ring PAHsIn
sediments and trap particulates, compared to 90 to 100% in
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the PLWTP effluent); (2) A-17 sediment trap particul ates
contained higher TOC, TN, and PAH concentrations (dry
weight) than the respective sediments, but the TOC normal -
ized PAH concentrationswere higher in sedimentsthanin
the sediment trap particulates; (3) R-61 sediment trap
particulates contained higher TOC, TN, and PAH concen-
trations (both dry weight and TOC normalized) than the
respective sediments; (4) therewasatrend of increasing
TOC and TN contents from 1-m trap to 5-m trap particu-
latesfor both A-17 and R-61; (5) PAH concentrations (both
dry weight and TOC normalized) decreased from 1-m trap
to 5-mtrap at A-17, but they were similar in the 1-m and 5-
mtrapsat R-61. These observations may have reflected the
water-column dynamicsrel ated to anumber of processes,
e.g., mixing and transport of organic matter from point and
nonpoint sources, bottom sediment resuspension, and
biochemical degradation.

Observation (1) impliesthat sources other than the
PLWTP outfall contribute significantly to the PAH pres-
ence in the water column and sediment, or that degradation
and/or desorption of PAHs may occur rapidly in the water
column. The following information supports the first
mechanism. The sediment PAH concentrations (dry weight-
based) in A-17 sediments and trap particul ates were about
20 to 150 times lower than those found in the PLWTP
effluent particul ates, while the TOC-normalized concentra-
tionsin these sampleswere comparable (Table 4). If PAHs
in the water column or sediments were solely from the
PLWTP effluent, degradation or desorption would yield
lower TOC normalized concentrations of PAHsin the water
column particulates and sediments, assuming TOC isthe
main component for partitioning of PAH in particles. Onthe
other hand, the smilar PAH compositionsin A-17 and R-61
sediments and sediment trap particul ates (Figure 2) may
underscore the influence on the depth dependence of
particle fluxes from sediment resuspension by near-bottom
currents (Table 5) (Hendricks and Eganhouse 1992).
Resuspension of sediment parti cul ates occurs over ashort
vertical distance magnifying theflux of sinking particlesnear
the bottom.

Observation (2) suggeststhat at station A-17, the
sediment traps collected sinking sewage-derived, high-
density particulates. Organic materials settling with
particulates from the upper water column may undergo
rapid degradation, resulting in depleted TOC and TN
concentrationsin the sediments (Hendricks and Eganhouse
1992). The higher TOC normalized PAH concentrationsin
the sediments were mainly aresult of much lower TOC
contents in the sediments than in the sediment trap particu-
lates. Thismight indicate that PAHs degraded much slower
than sewage-derived organic carbon, dueto the rapid
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deposition associated with the high-density particul ates.
Observation (3) probably pointed to along-range transport
mechanism that carried the sewage-derived organic matter
to remote locations, such as R-61. Low-density sediment
particul ates highly enriched with PAHs (Prahl and Carpenter
1983, Siot et al. 1985) (presumably also enriched with
TOC and TN) may tend to stay in suspension and are
transported by currentsto adjacent areas. These particu-
lates may eventually aggregate with each other or with high-
density particulates from other sources and findly sink to
the seafloor. Since the sedimentation processisrelatively
dow for low-density particles, organic materials may
experience biodegradation, fractionation, and transforma-
tion.

Observation (4) further supports the hypotheses of rapid
degradation for organic materials during sedimentation or
that the settling particles normally contain low contents of
organic matter. Prahl and Carpenter (1983) suggested that
combustion-derived PAHs did not preferentialy stay in finer
grained sediment particles of greater surface area; therefore,
they were not easily subject to biodegradation or desorption
from the particles. Hence, observation (5) might be dueto a
combination of dow degradation of sinking combustion-
derived PAHs and resuspension of low-density particles
enriched with PAHs from the bottom sediments.

CONCLUSIONS

The magnitude of PAH contamination in the coastal
marine environment off San Diego has declined signifi-
cantly over the last decade or so, apparently attributable to
improved waste treatment techniques and source contral.
For instance, the mass emission rate of PAHs from the
PLWTP outfal in 1994 (~395 kg/yr), estimated from the
present study, was approximately 1.2% of that in 1979.
Sediment PAH contamination at a specific site in San
Diego Bay also declined to one third of the level as
measured almost a decade ago.

Partialy due to the decline of PAH emission from the
PLWTP outfall as noted above, PAHs found in the sea
surface microlayer, sediments, and water column particu-
lates near the PLWTP outfal were predominantly derived
from nonpoint sources. The seasurface microlayer near the
mouth of TJR appeared to accumul ate enhanced amounts of
PAHSs, TOC, and TN, probably discharged from the river,
athough they were in extremely low abundance in the
sediments at the samelocation. Surprisingly, PAHs detected
inthe microlayer and sedimentsin San Diego Bay were
mainly derived from combustion sources rather than oil
spills, despite the heavy shipping activitiesin the area.

Low-density particles enhanced with organic materials
may tend to stay in suspension or continue to be resus-



pended from the seafloor. Sewage-derived organic materi-
als settling a ong with high density particul ates may undergo
rapid degradation in the water column. These hypotheses
could explain the trend of increasing TOC, TN, and PAH
concentrations from bottom sediments to water column
particulates. However, this needsto be corroborated by
additional parameters. Sediment resuspension caused by
near-bottom currents may result in smilar PAH composi-
tionsin water column particulates and sediments. Settling of
resuspended particul ates may enhance the flux of particles,
aswell asthefluxes of organic materials, near the seafloor.
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