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Abstract

Chemical composition of coastal marine sedimentary organic matter (SpOM) is a function of natural and an-
thropogenic inputs to the system. In this study a combination of analytical techniques: '*C nuclear magnetic resonance
(NMR), pyrolysis—gas chromatography/mass spectrometry (Py-GC/MS) and tetramethylammonium hydroxide ther-
mochemolysis—gas chromatography/mass spectrometry (TMAH thermochemolysis-GC/MS) were used to study the
contribution of hydrophobic organic contaminants and terrestrial OM to the S,OM. Sediments were collected from
two sites in the San Diego Bay: Paleta Creek, which is contaminated, and Coronado Cayes, which is relatively pristine.
Concentrations of polycyclic aromatic hydrocarbons (PAHs) at both sites, as determined by ultrasonically assisted lipid
extraction are found to be higher in the surface layer, to generally decrease with depth, and to be present at about two
orders of magnitude higher concentration at the contaminated site as compared to the pristine site. The sediment
samples were partially deashed with HF/HCI treatment before further analysis. *C-NMR spectra of the Paleta Creek
samples show a higher aromatic carbon content and a distinct phenolic carbon peak. This suggests a large input from
terrestrial carbon (lignin). Data from both Py-GC/MS and TMAH thermochemolysis—GC/MS support this and in-
dicate the presence of lignin-derived residues, primarily of the guaiacyl type at the contaminated site. In contrast,
SpOM at the Coronado Cayes site exhibits less terrestrial input. In general, the SpOM resembles soil OM rather than
typical marine Sp,OM. Chemical analyses of the lipid-extracted, partially deashed sediments, does not reveal the
presence of any PAHs. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction croorganisms. Degraded and stabilized OM becomes

associated with the mineral matter, and becomes part of

In marine systems, most of the organic matter (OM) the sedimentary organic matter (SpbOM). The chemical

is produced and recycled in the water column by mi- composition of S,OM may vary with climate, proximity

to the shore, and the relative contributions of marine
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hydrates, 3—5% lignin-derived compounds, and less than
5% lipids (Hedges and Oades, 1997). Most of these
constituents can be derived from aquatic and terrestrial
sources, but the compounds derived from lignin are
solely obtained from terrestrial sources (vascular plants;
Hedges and Mann, 1979). Land drainage, and atmo-
spheric input are both important pathways for intro-
duction of terrestrial OM into marine environments.
Micro-organisms, primarily bacteria present in marine
sediments, mineralize part of the OM to CO,, NHj;, and
CHy,, but the resistant fractions of the OM may remain
relatively unaltered. The refractory OM, and the newly
formed macromolecules become part of the sedimentary
humic substances (HS). The extent of alteration of the
OM depends on the distance of the point of sedimen-
tation from the source, depth, oxygen content, particle
size, the extent of association with minerals, rate of ac-
cumulation, and the extent of bioturbation (Hedges and
Oades, 1997). Due to the presence of water, barring the
top thin layer (a few millimeters), the sediments are
generally depleted of oxygen, and a gradual decrease in
the redox-state is seen with depth. Thus, S,bOM serves as
a sink for carbon in modern anoxic environments, since
its further mineralization is restricted. Another potential
input of OM to SpOM is organic contaminants from
heavily polluted systems. HS in sediments might play an
important role in sorption, immobilization and seques-
tration of hydrophobic organic contaminants (Carter
and Suffet, 1982). Moreover, organic wastes are reported
to have a strong effect on the chemical characteristics of
HS (Garcia et al., 1994).

Numerous methods have been employed to deter-
mine the chemical structural nature of SpOM in
coastal marine sediments. Cross-polarization magic
angle spinning (CPMAS) 3C-nuclear magnetic reso-
nance (NMR) studies have shown that marine Sp,OM
is primarily aliphatic in nature (Hatcher et al., 1980,
1983a). Non-hydrolyzable aliphatic biomacromole-
cules, which are produced by microalgae (algaenan),
exhibit low bioavailability and contribute significantly
to SpOM (Tegelaar et al., 1989; Gelin et al., 1996).
Pyrolysis—gas chromatography/mass spectrometry (Py—
GC/MS) studies have shown that SpOM contains
aliphatic structures associated with carbohydrates,
proteins, and carboxylic acid functionalities (Ergin
et al., 1996; Peulve et al., 1996; Zegouagh et al., 1999).
All these studies suggest that the chemical composition
of SpOM has a strong relationship with the source of
the OM. SpOM exhibits higher aliphaticity in systems
with higher algal activity, whereas aromaticity is en-
hanced in cases where a substantial input from ter-
restrial OM is observed, especially due to the presence
of lignin-derived materials.

We report here the use of advanced analytical
techniques ('*C NMR, Py-GC/MS and tetramethylam-
monium hydroxide thermochemolysis—gas chromatog-

raphy /mass spectrometry (TMAH thermochemolysis—
GC/MY)) to study the structural composition of S,OM
from two sites in San Diego Bay area (contaminated vs.
pristine site) in order to determine their source inputs
and to eventually evaluate their potential for affecting
the nature and distribution of organic contaminants.
Analyses of PAHs were also carried out to evaluate the
state of contamination for the sediments.

The San Diego Bay area has been the subject of
several studies and it has been concluded that it is one
of the most contaminated areas (PAHs, polychlori-
nated biphenyls, and inorganic species such as copper
and lead) on the Pacific coast (McCain et al., 1992;
Flegal and Sanudo-Wilhelmy, 1993; Coates et al.,
1997; Zirino et al., 1998). It has been concluded that
the major sources of PAH contamination may be
from storm water runoffs from the San Diego Inter-
national Airport, engine exhausts from ships and
recreational boats, and possible oil spills (Zeng and
Vista, 1997).

2. Materials and methods
2.1. Study site

The bay in San Diego is oriented in the southeast—
northwest direction. It is over 18 km long, 1-4 km wide,
and has a maximum depth of 21 m (Lenihan et al.,
1990). The sampling sites were: (i) a contaminated site
located in Paleta Creek (latitude 32°40.416'N, longitude
117°06.962'W), and (ii) a relatively pristine site located
in Coronado Cayes (latitude 32°38.153'N, longitude
117°08.166'W). The Paleta Creek site is on the Navy’s
property, and is located near the mouth of a creek that
has been impacted, historically, and to a lesser extent
currently, by various military and industrial activities.

2.2. Sampling

For each sampling site, grab samples were collected
from the sediment surface (0-5 cm) and at a depth of
5-25 cm, using a Van Veen grab sampler. Samples were
transferred into 1 1 sample jars using a stainless steel
spoon. Each jar was filled with sediment, capped with
seawater, then purged with nitrogen and sealed. Samples
were shipped on ice to the laboratory, and stored at 4°C.
Immediately upon reaching the laboratory, sub-samples
were freeze-dried, ground, and sieved through a 1 mm
sieve and stored dry at room temperature. The surface
sediment (0-5 cm) samples were designated as Paleta
Creek top (PCT), and Coronado Cayes top (CCT).
Samples from 5-25 cm depth were designated as Paleta
Creek bottom (PCB), and Coronado Cayes bottom
(CCB).
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2.3. Sample preparation

Approximately 25 g of freeze-dried sediment was
placed in 250 ml centrifuge tubes, and mixed at 200 rpm
with 150 ml of distilled water at room temperature for
2 h. The tubes were centrifuged (4000 rpm for 15 min),
and the supernatant was removed carrying with it most
of the salts. The sediments were then extracted with 150
ml of dichloromethane:methanol (2:1, v/v) in order to
remove lipid-like organic fractions (e.g., organic con-
taminants). The mixtures were sonicated (pulse mode, 45
s; Branson sonifier 250), and shaken at 200 rpm for 24 h.
The tubes were then centrifuged (4000 rpm for 30 min),
and the supernatant organic layers were removed. The
sediment residues were placed in 1 1 plastic bottles and
treated with 5% HF and 5% HCI solution for a week,
after which the supernatant was decanted and replaced
with a freshly prepared HF/HCI solution. This partial
deashing procedure was repeated three times. The re-
maining solids were washed twice with distilled water
adjusted to pH 2 with dilute HCI, and freeze-dried
(Swift, 1996).

The ash content of the treated samples was measured
by loss of weight on ignition at 550°C for 8 h. After
partial deashing, the ash content was 46%, 33%, 48%
and 62% for the PCT, PCB, CCT and CCB samples,
respectively.

2.4. PAH analysis

An aliquot of the lipid extract was air-dried. The dry
extract was mixed with 100 mg of silica gel (Aldrich,
Milwaukee, WI) and hexane and then transferred onto a
silica gel column saturated with hexane. Separation of
components was performed by elution of hexane fol-
lowed by benzene (5 ml each). The column effluents (i.e.,
hexane and benzene fractions) were concentrated and
analyzed by high performance liquid chromatography
(HPLCQ).

PAH analysis was performed using HPLC (Waters
2690, Waters, Milford, MA) equipped with a photodi-
ode array detector (Waters 996 PDA detector) and a
C-18 reverse-phase column (25 cmx2.1 mm, 50 m;
Supelcosil LC-PAH, Supelco, Bellefonte, PA). An
external standard containing 16 PAHs (EPA 610 poly-
nuclear aromatic hydrocarbons mix, Supelco) was used
for quantification. Both hexane and benzene fractions
were injected onto the HPLC column and PAH con-
centrations were determined using absorbance at a
wavelength of 254 nm. The gradient was 50% acetonit-
rile and 50% water from time 0 to 30 min, followed by
100% acetonitrile from 30 to 45 min, which was followed
by 50% acetonitrile and 50% water from 45 to 50 min.
The flow was maintained constant at 0.25 ml/min.

2.5. BC-NMR spectroscopy

Solid-state CPMAS ’C-NMR spectra using the
ramp-cross-polarization (CP) technique (Hediger et al.,
1993) of the HF/HCI treated sediments were obtained
with a Bruker 300 MHz NMR-spectrometer (Bruker
Analytic GmbH, Germany). The spectrometer operates
at a 'H frequency of 300 MHz and a '*C frequency of 75
MHz. The following optimized experimental parameters
were used: ramp-CP contact time of 2 ms; recycle delay
time of 1 s; sweep width of 27 kHz (368 ppm) and line
broadening of 150 Hz. Freeze-dried partially deashed
samples were placed in a 4 mm rotor, and spun at a
frequency of 13 kHz at the magic angle (54.7° to the
magnetic field). Contact time of 2 ms was determined to
be optimum for all types of carbon functionalities.

The *C-NMR spectra were divided into six main
regions as defined by Hatcher et al. (1983a, Table 2).
The total area attributable to carbohydrates was calcu-
lated by summing the area under the peak at 72 ppm
(assumed to represent five carbon atoms) and an area
equivalent to one carbon atom (i.e., the anomeric carbon
atom) from the area of the peak at 109 ppm. The re-
maining area under the peak at 109 ppm was assumed to
be aromatic carbon.

2.6. Py-GCIMS

Py—-GC/MS was performed on the HF/HCI treated
samples, using a Carlo Erba Mega 500 series gas chro-
matograph (Carlo Erba, Milan, Italy) operating in split
mode (20:1), equipped with a CDS Analytical pyrop-
robe-2000 controller, a CDS AS-2500 pyrolysis auto-
sampler and a 30 m fused silica capillary column coated
with chemically bound Rtx-50 (0.25 mm id., film
thickness 0.25 pm). The interface temperature was held
at 273°C. Helium was used as a carrier gas with flow
rates of 2 ml min~! through the column and
20 ml min~! through the split at a head-pressure of 65
kPa. The following oven temperature program was used:
initial temperature 40°C (held for 1 min); heating rate
8°C min!; final temperature 320°C (held for 15 min).
The gas chromatograph was connected to a Kratos MS-
25 RFA mass spectrometer operating at an electron
impact potential of at 50 eV with a mass range of 40-510
m/z and a cycle time of 0.7 s (electron beam current
120 pA, source temperature 250°C).

Samples (~0.3 mg) were weighed and transferred
onto a minimal amount of silica wool on top of a
solid fused silica spacer inside a quartz tube. The
tube was dropped by the pyrolysis autosampler into
the pyrolysis chamber, which was flushed with the
gas prior to pyrolysis, at 70 ml min ! for a period of
6 s. After the chamber was automatically connected
with the GC column by a six-port valve, the pressure
was allowed to equilibrate for 6 s. The pyrolysis
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chamber was subsequently heated to 615°C at a rate
of 5°C/ms and was held at this temperature for 15 s.
After pyrolysis, the chamber was flushed with the
carrier gas flow for 21 s. Data acquisition and
analysis were performed using a Dart/Kratos Mach 3
data system. Pyrolysis products were identified based
on their mass spectra and GC retention times (Van
Der Kaaden et al., 1984; Pouwels et al., 1989). The
total ion current (TIC) chromatograms of the Py-
GC/MS runs were integrated allowing semi-quantita-
tion of the pyrolysis products. Response factors for
all compounds produced upon pyrolysis were as-
sumed to be equal to 1.

2.7. TMAH thermochemolysis—GCIMS

Freeze-dried HF/HCI treated sediment samples (2-5
mg) were weighed and placed in glass tubes with 200 pl
of TMAH (25% wet in methanol; Aldrich). The meth-
anol was evaporated under a stream of nitrogen. The
tubes were sealed under vacuum, and subsequently
placed in an oven at 250°C for 30 min. After cooling, the
tubes were cracked open, internal standard (1951 ng of
n-eicosane) was added and the inside surfaces of the
tubes were extracted (three times) using ethyl acetate.
The combined extracts were reduced to approximately
50 pl under a stream of N,. Gas chromatographic ana-
lyses were performed using a Hewlett-Packard 7683 gas
chromatograph (Hewlett Packard, Palo Alto, CA),
equipped with a 15 m fused silica capillary column
coated with chemically bound DB-5 (0.25 mm i.d., film
thickness 0.1 mm; Supelco, Bellefonte, PA). Samples
(1 pl) were injected using an autoinjector (Hewlett-
Packard 6890 series), with a split ratio of 5 and an inlet
temperature of 310°C. Helium was used as carrier gas
with a flow rate of 1 ml/min; electronic flow control was

Table 1

set for constant flow. The gas chromatographic oven
temperature was programmed from 40-300°C at the rate
of 8°C min ~!. The GC was directly coupled to a Pegasus
II (Leco® Corporation, St. Joseph, MI) time-of-flight
mass spectrometer by a deactivated fused silica transfer-
line heated to 300°C. Mass spectra from 33 to 700 m/z
were accumulated at a scan rate of 2 kHz, summed and
recorded at 9 scans/s. Most peaks were assigned by
comparison with the National Institute of Standards
and Technology library (NIST, version 1.6).

3. Results
3.1. PAH analysis

The PAHs analyses (Table 1) indicate that the Paleta
Creek site is contaminated with individual PAH con-
centrations between 0.4-413 ug kg~!, whereas the Co-
ronado Cayes site has much lower concentrations (0.1—
1.7 ug kg™"). In general, the PAH concentrations were
higher in the surface layer as compared to the subsurface
layer. In the Paleta Creek samples, the PAHs with the
highest concentrations had high molecular weights with
more than four fused benzene rings (benzo(e)acephe-
nanthylene, benzo(k)fluoranthene, chrysene, benzo(a)
pyrene, benzo(g,h,i)perylene and indeno(1,2,3-c,d)py-
rene).

3.2. BC-NMR spectroscopy

The CPMAS BC-NMR technique provides useful
information about the general macromolecular structure
of SpOM (Hatcher et al., 1983a). The 3C-NMR spectra
of the HF-treated sediment samples are presented in
Fig. 1. All spectra exhibited similar peaks at 30 ppm

Concentration of PAHs in the San Diego Bay sediments (ug kg~'£S.D.)

Sample Concentration (ug kg™")

PCT PCB CCT CCB
Fluorene 0.410.2 0.5+t0 n.d. n.d.
Phenanthrene 22.1%£11.3 8.4+£22 1.7+£0.4 0.5%0.1
Anthracene 57142 34126 n.d. 0.1£0
Fluoranthene 152.7+11.3 15.8%+1.7 1.2+0.2 0.4%0.1
Pyrene 15.4£9.0 429+175 0.6+0.4 0.4%0.1
Benzo(a)anthracene 75.8+£28.3 28.8+3.2 0.1£0 n.d.
Chrysene 347.3+64.5 167.3+18.9 1.6£0 n.d.
Benzo(e)acephenanthylene 413.0+£54.1 188.3£14.0 0.1£0 n.d.
Benzo(k)fluoranthene 385.3+106.1 33104 0.4+0 n.d.
Benzo(a)pyrene 248.1£56.9 153.5+5.8 0.5+0.2 n.d.
Dibenz(a,h)anthracene 46x0 9.3+0.2 n.d. n.d.
Benzo(g,h,i)perylene 334.3£85.6 253.3%+16.7 1.240.1 0.5+0.2
Indeno(1,2,3-cd)pyrene 233.7£56.9 64.9+73.7 0.7£0.3 0.2£0.1

n.d. = Not detected.
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Fig. 1. CPMAS *C-NMR spectra of the partially deashed sediments.

(paraffinic carbon), 56 ppm (methoxy carbon), 72 ppm
(alkyl-O carbon), 109 ppm (anomeric carbon of carbo-
hydrates plus aromatic carbons), a shoulder at 115 ppm
(H-substituted aromatic carbon), 130 ppm (C-substi-
tuted aromatic carbon), 147 ppm (O-substituted aro-
matic carbon), 172 ppm (carboxyl, ester or amide
carbon), and a broad poorly resolved peak between 190
and 220 ppm (ketone and aldehyde carbon). The major
carbon-containing groups were: (i) the paraffinic carbon
(which represents 29-35% of the total carbon), (ii) car-
bohydrates (which represent 13-17% of the total car-
bon); and (iii) the aromatic carbon (which represents 23—
30% of the total carbon; Table 2). Although the '3C-
NMR spectra obtained for all four samples displayed

similar general shapes, certain differences could be no-
ticed: (i) spectra of samples from surface layers at both
sites, exhibited higher carboxyl, methoxyl, and carbo-
hydrate carbon content as compared to the spectra of
samples from subsurface layers; (ii) spectra obtained
from the Paleta Creek samples exhibited higher aromatic
carbon content, whereas those from the pristine site had
a relatively higher aliphatic content; (iii) a well-formed
peak at 147 ppm (aryl-O of phenolic and methoxy
phenolic groups) was observed only in the NMR spectra
of the Paleta Creek samples; and (iv) the spectra ob-
tained for the Coronado Cayes samples exhibited a
significantly higher carboxyl/amide content (12-14%),
compared to those for the Paleta Creek samples
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Table 2

Distribution of different C-containing groups in the partially deashed San Diego Bay sediments as determined by CPMAS *C-NMR

(percent of total carbon)

Chemical C-containing group

shift (ppm) Aliphatic Methoxyl Carbohydrate Aromatic Carboxyl/amide Carbonyl
0-50 50-60 60-112 112-160 160-190 190-220

Sample

PCT 29.0 13.3 16.7 28.7 10.5 1.9

PCB 30.7 12.9 16.2 30.1 8.6 1.6

CCT 32.3 14.1 15.5 22.6 14.1 1.4

CCB 35.2 12.5 13.0 26.2 12.2 0.9

(8-10%), with surface sediments being richer in such
groups than bottom sediments.

3.3. Py-GCIMS

TIC chromatograms of the Py—GC/MS analysis of the
Paleta Creek, and Coronado Cayes samples are pre-
sented in Figs. 2 and 3, respectively. The main com-
pounds identified in the chromatograms were grouped

PS1

PS2

4—— ALl
4+—ps11

PR1

into five major classes of compounds: polysaccharides
(PS), proteins (PR), lignin-derived compounds (LG),
alkanes/alkenes (AL) and fatty acids (FA; Table 3).
Compounds that could not be assigned to a single bio-
logical source (such as several derivatives of benzene,
thiophene, and non-lignin phenols) were classified as
unassigned (US). In general, the level of n-alkenes was
higher than that of the corresponding n-alkanes in all
four samples.

Paleta Creek top

Paleta Creek bottom

Fig. 2. Py-GC/MS chromatograms of the partially deashed Paleta Creek sediment samples.
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Fig. 3. Py-GC/MS chromatograms of the partially deashed Coronado Cayes sediment samples.

The Py-GC/MS chromatograms recorded for the
Paleta Creek samples exhibited the following major
peaks: PS-derived, 2- and 3-methyl butanal, 2-furan-
carboxaldehyde and S5-methyl-2-furancarboxaldehyde;
PR-derived, 4-imidazoline-2-one, 1H-indene, 2,5-pyrro-
lidinedione and 1H-indole; and LG-derived, phenol,
2-methoxyphenol, 2-methoxy-4-methyl phenol, 1,2-ben-
zenediol and 2-methoxy-4-(1-propenyl) phenol. The
major FA peaks were Cy4, Ci6, Cig, and the major un-
assigned compounds were toluene, styrene, 3-methyl
phenol, and 5-methyl-2-(1-methylethyl) phenol.

The Py-GC/MS chromatograms recorded for the
Coronado Cayes samples exhibited the following major
peaks: PS-derived, 2- and 3-methyl butanal, 2-furan-
methanol, 2-furancarboxaldehyde, 5-methyl-2-furan-
carboxaldehyde and 2,3-dihydrobenzofuran; and
PR-derived, pyrrole, 2-methyl pyrrole, 4-imidazoline-2-
one, lH-indene, 2,5-pyrrolidinedione, 1H-indole and
2-methyl indole. The only LG-derived peak detected was
phenol. The major FA peaks were Cy4, Cy4, Cig, and the
main US peaks were toluene, styrene and 3-methyl
phenol.

The major differences between the samples were: (i)
the styrene peaks were more dominant in the pyrolysis
chromatograms of the Paleta Creek samples as com-
pared to the Coronado Cayes chromatograms; (ii) the
3-methyl phenol peak was larger in the Coronado Cayes
chromatograms as compared to the Paleta Creek chro-
matograms; (iii) the C;¢ FA peak was more pronounced
in the surface layer chromatograms (PCT and CCT)
than subsurface layers (PCB and CCB); and (iv) levog-
lucosan (PS 6) was identified only in the Paleta Creek
chromatograms.

Semi-quantitative data calculated from the Py-GC/
MS chromatograms is presented in Table 4. The main
differences between the samples were: (i) PCT sample
exhibited lower levels of PS- and PR-derived com-
pounds, but higher levels of LG-derived compounds and
FA when compared to the PCB sample; (ii) the CCT
sample exhibited higher levels of PR-derived compounds
and FA, but lower levels of PS and LG-derived com-
pounds as compared to the CCB sample; and (iii) the
Coronado Cayes samples exhibited a higher level of
PS-derived compounds, and a lower level of AL and
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Peak identification of Py—-GC/MS products obtained from the
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San Diego Bay sediment samples

Compounds derived from polysaccharide structures

PS 1
PS 2
PS3
PS 4
PS5
PS 6
PS 7
PS 8
PS9
PS 10

3-Methyl butanal

2-Methyl butanal
2-Furancarboxaldehyde
5-Methyl,2-furancarboxaldehyde
2-Furanmethanol

Levoglucosan
2,3-Dihydro-3-furanone
2,3-Dihydrobenzofuran
1,3-Isobenzofurandione

Amino sugar

Compounds derived from protein structures

PR 1
PR 2
PR 3

PR 4
PR 5
PR 6
PR 7
PR 8
PR 9
PR10
PR 11
PR 12

2-Methyl pyrrole
4-Imidazoline-2-one

SH, 10H-dipyrrolo [1,2-a:1’,2'-d] pyrazine-
5,10-dione
Benzeneacetonitrile
2,5-Pyrrolidenedione
1H-Indole
1H-Isoindole-1,3(2H)-dione
Hexadecanamide

Pyridine

Pyrrole

3-Methyl indole
2,3-Dihydro-4-methyl indole

Compounds derived from lignin structures

LG 1
LG 2
LG3
LG4
LGS
LG 6
LG 7

Phenol

2-Methoxyphenol

2-Methoxy-4-methyl phenol

1,2-Benzenediol

4-Ethyl-2-methoxy phenol

2-Methoxy, 4-(1-propenyl) phenol
1-(4-hydroxy-3-methoxyphenyl) 2-propanone

Alkanes and alkenes

AL 1
AL 2
AL 3
AL 4
AL S
AL 6
AL 7
AL 8
AL 9
AL 10
AL 11
AL 12
AL 13
AL 14
AL 15
AL 16

Fatty acids
FA 1
FA 2
FA 3

1-Octene

3-Ethyl cyclopentene
1-Decene
1-Undecene
1-Dodecene
Tridecane
1-Tridecene
Tetradecane
1-Tetradecene
Pentadecane
1-Pentadecene
Branched alkane
Branched alkane
1-Heptadecene
2-Isohexyl-6-methyl-1-heptene
1-Eicosene

Tetradecanoic acid
Hexadecanoic acid
Octadecanoic acid

Table 3 (continued)

Unassigned compounds
1 Toluene

2 2-Methyl thiophene
3 Ethyl benzene
4 1,4-Dimethyl benzene
5 Styrene
6 1-Methyl ethenyl benzene
7 1-Propenyl benzene
8 1-Ethenyl 2-methyl benzene
9 2-Propenyl benzene
10 1,3-Dihydroxybenzene
11 2-Methylphenol
12 3-Methyl phenol
13 1,2.4,5-Tetramethylbenzene
14 2,4-Dimethyl phenol
15 3-Ethyl phenol
16 2-Methylbenzaldehyde
17 3-Methyl 1,2-benzenediol
18 5-Methyl-2-(1-methylethyl) phenol
19 Benzene-1,2-dicarboxylic acid
20 3-Methyl thiophene
21 2,5-Dimethyl thiophene
22 1,3-Diamino 2,4,6-trimethylbenzene
23 1,3-Dimethylbenzene
24 1,1’-Biphenyl

LG-derived structures as compared to the Paleta Creek
samples.

3.4. TMAH thermochemolysis—GCIMS

Thermochemolysis in the presence of TMAH is a
highly selective technique for cleaving ester and certain
ether linkages in macromolecular OM (Hatcher et al.,
1996). This technique has been used to characterize lig-
nin (Clifford et al., 1995), HS (Hatcher and Clifford,
1994), coalified woods (McKinney and Hatcher, 1996),
carbohydrates (Fabbri and Helleur, 1999), lipids
(Challinor, 1996), cutan (McKinney et al., 1996), and
cutin (del Rio et al., 1998), marine sediments (Pulchan
et al., 1997), and composted OM (Chefetz et al., 2000).
This technique is shown to provide additional informa-
tion on the structure and composition of macromole-
cules. It has been demonstrated that the TMAH
technique is a chemolytic procedure that hydrolyzes and
methylates ester and ether linkages, assisting depoly-
merization and methylation of lignin (Filley et al., 1999).

The TMAH thermochemolysis-GC/MS chromato-
grams of the sediment samples were dominated by fatty
acid methyl esters (FAMEs), methylated LG, methy-
lated mono and dicarboxylic acids, non-lignin aromatic
structures, and heterocyclic nitrogen compounds (Figs. 4
and 5). Identification of these peaks is listed in Table 5.
The main peaks obtained in the Paleta Creek chroma-
tograms were G1, G3, G4, G5, G6, G10, G21, G22, P3,
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Table 4

1015

Distribution of polysaccharide-, protein-, and lignin-derived, and alkane/alkene-, fatty acid pyrolysis products in the San Diego Bay
sediments as calculated from the TIC chromatograms of Py—-GC/MS

Sample PS? PR® LG ALY FA®
PCT 14.9 6.6 10.0 153 10.9
PCB 20.3 8.6 5.5 35 7.8
CCT 35.5 9.2 5.2 0.4 12.4
CCB 453 6.2 7.2 0.1 4.7
4PS = Polysaccharide.
®PR = Protein.
°LG = Lignin.
94 Alkanes/alkenes.
°FA = Fatty acids.
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Fig. 4. TMAH thermochemolysis-GC/MS chromatograms of the partially deashed Paleta Creek sediment samples.

P4, P18, P24, S1 and S5 (lignin-derived); C;,—Cs,
FAMEs; C4,—Cy dicarboxylic acid methylesters
(DAMESs); and 1-methyl-2,5-pyrrolidinedione, 1-piperi-
dinecarboxaldehyde, 1,2,6-trimethyl-4(1H)-pyridinone
and 3-ethyl-2,6-piperidinedione (N-containing hetero-
cycles). The major products obtained from the TMAH
thermochemolysis of the Coronado Cayes samples were
G3, P18 and P4 (lignin-derived); C,—Cyy FAMEs; Cy—
Cs DAMEs; and 1-methyl-2,5-pyrrolidinedione and 2-
methyl-1H-isoindole-1,3-dione (N-containing heterocy-
cles).

The major differences between the chromatograms
were: (i) while even-numbered FAMEs (C,—C,;) were
more pronounced in the surface sample than in the
subsurface sample in the Coronado Cayes site, the op-
posite trend was observed in the Paleta Creek samples;
(ii)) the Coronado Cayes chromatograms exhibited a
higher level of the C, and Cs DAMEs than the Paleta
Creek samples; (iii) the lignin-derived peaks were sig-
nificantly more dominant in the samples from the Paleta
Creek than the Coronado Cayes site; and (iv) protein-
derived compounds such as pyrroles, pyrrolidinediones,
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Fig. 5. TMAH thermochemolysis-GC/MS chromatograms of the partially deashed Coronado Cayes sediment samples.

and piperidinediones were more abundant in the surface
chromatograms as compared to the subsurface samples.

4. Discussion

In this study we have applied a combination of ad-
vanced analytical techniques (*C-NMR, Py-GC/MS,
and TMAH thermochemolysis—-GC/MS) to study the
nature of the bulk SpOM macromolecules from marine
sediments associated with contaminated OM. Two sites
were studied: Paleta Creek (a contaminated site) and a
relatively pristine site (Coronado Cayes). The Paleta
Creek site is on the Navy’s property, and is located near
the mouth of a creek that has been impacted, historically,
and to a lesser extent currently, by various military and
industrial activities. Sediments from this site are charac-
terized by high PAH concentration (total PAH concen-
tration was 940-2300 ug kg~'). Samples from the
pristine site exhibited a significantly lower concentration
of PAHs (total PAH concentration was 2-8 ug kg™!). In
a study of sediments from Baltimore Harbor, total PAH
concentrations varied from 90 to 46200 ug kg~' (Ashley
and Baker, 1999). It was found that there was tremen-
dous spatial variability and that there was no correlation

between concentration and organic carbon content or
grain size. Proximity to sources such as urban stormwater
runoff discharge, discharges from steel plant (pyrolysis of
coal) resulted in higher concentrations of PAHs. Due to
their low water solubilities and higher affinity for OM,
the higher molecular weight PAHs were concentrated
closer to their source, whereas the low molecular weight
compounds traveled further distances. In a similar study
conducted on sediments from Xiamen Harbor, China,
total PAH concentrations in surficial sediments were
found to be 247-480 pg kg~! dry weight (Zhou et al.,
2000). This site received discharge from municipal
wastewater, input from harbor and maricultural activi-
ties, and also had petroleum contamination. PAHs in this
area were dominated by phenanthrene (from petroleum
contamination), and indeno (1,2,3-cd) pyrene (pyrolytic).
The Elizabeth River in Norfolk, VA is a highly indus-
trialized estuary bordered by the cities of Norfolk and
Portsmouth, VA. The system has been contaminated by
creosote, which was used for wood treatment in factories
located along the river. The total PAH concentration
varied with location with a maximum concentration of
15000000 pug kg'. However, in this case the low mo-
lecular weight PAHs, which are derived from creosote,
were seen to be dominating (Huggett et al., 1992).
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Table 5
Peak identification of TMAH thermochemolysis-GC/MS
products of the San Diego Bay sediments

Lignin-derived peaks

Gl 1,2-Dimethoxybenzene

G3 4-Ethenyl-1,2-dimethoxy-benzene

G4 3,4-Dimethoxy-benzaldehyde

G5 3,4-Dimethoxy acetophenone

G6 Benzoic acid, 3,4-dimethoxy-,
methyl ester

G10 cis-1-(3,4-dimethoxyphenyl)-1-meth-
oxy-1-propene

G21 1,2-Dimethoxy-4-(1-propenyl)-ben-
zene,

G22 1-(3,4-dimethoxyphenyl)-2-propa-
none

P3 1-Ethenyl-4-methoxy-benzene

P4 4-Methoxy-benzaldehyde

P18 trans-Methyl (4-methoxy) cinnamate

P24 Benzeneacetic acid, 4-methoxy-,
methyl ester

S1 1,2,3-Trimethoxybenzene

S5 3,4,5-Trimethoxyphenyl ethanone

Monocarboxylic-, dicarboxylic-, and fatty acid-methyl ester
peaks

2 2-Methoxy-3-methyl-butyric acid,
methyl ester

5 Propanoic acid, 2-methyl-, anhydride

6 Propanoic acid, 2-(methylthio)-,
methyl ester

7 Butanedioic acid, dimethyl ester

8 Butanedioic acid, methyl-, dimethyl
ester

12 Pentanedioic acid, dimethyl ester

15 Pentanedioic acid, 2-methyl-,
dimethyl ester

26 Nonanedioic acid, dimethyl ester

FAME C8 Octanoic acid, methyl ester

FAME CI2 Decanoic acid, methyl ester

FAME CI2 Dodecanoic acid, methyl ester

FAME Cl14 Methyl tetradecanoate

FAME CI15 iso Isopentadecanoic acid

FAME CI5 Pentadecanoic acid, methyl ester

FAME CI15 br. Tetradecanoic acid, 12-methyl-,
methyl ester

FAME CI16 br. Tridecanoic acid, 4,8,12-trimethyl-,
methyl ester

FAME Cl6 Pentadecanoic acid, 14-methyl-,
methyl ester

FAME C17 br. Hexadecanoic acid, 15-methyl-,
methyl ester

FAME C17 Heptadecanoic acid

FAME C18 Octadecanoic acid, methyl ester

FAME C20 Eicosanoic acid, methyl ester

FAME C22 Docosanoic acid, methyl ester

FAME C24 Tetracosanoic acid, methyl ester

FAME C26 Hexacosanoic acid, methyl ester

FAME C28 Octacosanoic acid, methyl ester

FAME C30 Tricontanoic acid, methyl ester

FAME C32 Dotriacontanoic acid, methyl ester

Table 5 (continued)

Nitrogen-containing compounds

28 2-Methyl, 1 H-isoindole-1,3-dione

10 2,5-Pyrrolidinedione, 1-methyl-

11 4,4,6-Trimethyl-2-amino(imino)-5,
6-dihydro-(4H)1,3-oxazine

17 2,5-Dimethyl-1-propylpyrrole

18 1-Piperidinecarboxaldehyde

22 2,5-Pyrrolidinedione,
3-ethyl-1,3-dimethyl-

23 4(3H)-Pyrimidinone, 2,3,6-trimethyl-

24 4(1 H)-Pyridinone, 1,2,6-trimethyl-

30 3-Ethyl,2,6-piperidinedione

31 3-Ethyl-1,3-dimethyl
pyrrolidinedione

33 4,5-Dimethyl-2-isopropyl oxazole

Non-lignin aromatic compounds

3 Benzaldehyde

4 Benzene, (methoxymethyl)-

9 Benzoic acid, methyl ester

13 Benzene, 1,4-dimethoxy-

14 Benzeneacetic acid, methyl ester

20 Benzenepropanoic acid, methyl ester

21 Benzoic acid, 2,4-dimethyl-,
methyl ester

25 1,2,4-Trimethoxybenzene

27 2,5-Dimethoxy-4-ethylbenzaldehyde

29 4-Hexylanisole

Other lipid-derived compounds

1 Propane, 1,2,3-trimethoxy-

16 2-Pentanol, 3-ethyl-2-methyl-

19 1-Propanol, 3-methoxy-2,
2-bis(methoxymethyl)-

32 2,2-Bis(methoxymethyl)-3-methoxy-
1-propanol

FAME = fatty acid methyl ester, G = guaiacyl, P = p-hydroxy-
phenyl, S =syringyl.

The levels of total PAHs obtained for the Paleta
Creek site were intermediate between Baltimore Harbor
and Xiamen Harbor, China. The PAH levels at the
contaminated site were, however, higher than those
measured in the open seas such as in the Adriatic Sea
(12-174 pg kg=!, Marcomini et al., 1986), and Eastern
Mediterranean (15-159 pg kg=!, Gogou et al., 2000).
PAHs enter the marine environment through aquatic as
well as atmospheric pathways. PAHs are derived from
several different sources and could be either petrogenic,
pyrolytic or biogenic. The predominance of PAHs with
molecular weights greater than 202 amu are indicative of
a pyrolytic input from pyrolysis of fossil fuels (Lafl-
amme and Hites, 1978), whereas low molecular weight
PAHs (one to three rings) are generally obtained from
incomplete combustion of fossil fuels or from spillage
and disposal of oil or petroleum products (petro-
genic). However, the latter are easier to degrade through
a combination of physicochemical and biological
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processes (Simo et al., 1997). Ratios such as phenanth-
rene/anthracene and fluoranthene/pyrene have been used
in order to distinguish between PAHs of different origins
(Gschwend and Hites, 1981). Low phenathrene/anthra-
cene ratios (<15) (Wise et al., 1988) and high fluo-
ranthene/pyrene ratios (>1) (Sicre et al., 1987) reported
here suggests that the PAHs may be produced by the
high-temperature pyrolytic processes occurring during
combustion of fossil fuels from ships coming to the area.

In both sites the PAH concentration in the surface
layer was significantly higher than in the bottom layer.
This phenomenon can be due to any or a combination of
the following: recent contamination of the surface layer;
biodegradation of contaminants in the deeper layers;
and sorption onto the Sp OM in the top layer.

The *C-NMR spectra of the San Diego sediments
exhibited higher aromaticity as compared to a predom-
inantly aliphatic structure, characteristic of marine sed-
iments (Hatcher et al., 1983a; Hedges and Oades, 1997,
Zegouagh et al., 1999). A typical NMR spectrum of a
marine sediment exhibits a major peak in the paraffinic
region which accounts for 50% of the total carbon, with
the rest of the carbon being equally distributed among
aromatic, carbohydrate, and carboxyl structures
(Hedges and Oades, 1997). The high aliphaticity of
SpOM was attributed to high contribution of aliphatic
residues from algal activity. The algal biopolymer al-
gaenan is resistant to biodegradation and is often pre-
served in the sediment with minor alterations (Hatcher
et al., 1983b). The NMR spectra indicated that in ad-
dition to their aliphatic nature, they also contain 23—
30% of aromatic carbon and relatively high level of
carbohydrates (Table 4). Therefore, the resulting '3C-
NMR spectra were similar to those obtained for soil
OM, rather than typical S, OM (Hedges and Oades,
1997). Snape et al. (1989) have shown that the precision
of measurements in solid-state CPMAS NMR experi-
ments is of the order of 1-2%. This reproducibility was
seen in coal samples even in independent measurements
in different laboratories at two different fields, and is
expected to be true for high OM samples like the ones
under study in this paper.

The high aromatic content exhibited in the NMR
spectra was not as a result of contamination from ar-
omatic organic compounds, since such compounds
were removed by the initial lipid extraction prior to
analysis by NMR. Furthermore, no residues of either
any of the PAHs, or their degradation products were
detected in the Py-GC/MS or TMAH analyses.
Therefore, the high aromaticity of the studied samples
is likely due to high input of terrestrial OM. Kokinos
et al. (1998) determined that the cell walls of marine
dinoflagellate cysts contain relatively condensed, pre-
dominantly aromatic structures. However, it is unlikely
that these could have significantly contributed to the
aromaticity of the San Diego Bay SpOM, due to their

low concentrations and their seasonal nature. NMR
spectra containing characteristic lignin peaks (147 and
56 ppm) suggest contribution of compounds derived
from lignin, which is solely derived from terrestrial
vascular plants.

The aliphatic carbon regions in the NMR spectra
were dominated by the 30 ppm peak, which had a
shoulder at 29 ppm (polymethylene (CH,), chains).
Recently, Hu et al. (2000) suggested that such peaks
could be assigned to crystalline and non-crystalline
(mobile) parts of the polymethylenic chains. In S,OM
these polymethylenic structures are generally associated
with carbohydrates, proteins, and carboxylic acid func-
tionalities.

Pyrolysis has been proved to be a reproducible
technique for analyzing samples of natural OM. Its
reproducibility has been demonstrated in the analysis
of woody peats (Durig et al., 1989), lignin and carbo-
hydrates (Kleen et al., 1993), and kerogens (Skjevrak
et al., 1994). We expect the technique to be reproduc-
ible for high OM samples like the ones under study in
this paper.

The Py—-GC/MS data clearly indicated a higher con-
tribution of lignin-derived residues to the S,OM from
the Paleta Creek site, as compared to the Coronado
Cayes site. This is probably from discharge of a creek
containing OM from terrestrial sources to the Paleta
Creek site. Lignin-derived monomers were identified as
being primarily of the guaiacyl type, suggesting that ei-
ther the lignin was derived mainly from gymnosperms,
or the syringyl lignin units of source plants have been
selectively degraded. The only lignin-derived compound
identified in the Py—GC/MS chromatograms in the Co-
ronado Cayes samples was phenol (LGI; Fig. 3). But,
phenol can also be generated as a pyrolysis product of
polyphenolic compounds such as phlorotannins, which
are produced by brown macroalgae (Ragan and Glom-
bitza, 1986; van Heemst et al., 1996). It has also been
suggested that such products may be derived from
melanoidin-type components (Peulve et al., 1996) and
amino acids such as tyrosine. Therefore, we conclude
that the phenol present in the Coronado Cayes samples
is probably not derived from lignin.

In addition to phenol, Py-GC/MS chromatograms
exhibit protein-derived materials such as pyrroles, in-
doles, imidazoles, pyridines, amides, and nitriles. The
indoles can originate from tryptophan-containing pep-
tides, whereas the pyrroles can be derived from proline-
containing peptides (Tsuge and Matsubara, 1985). The
Coronado Cayes surface sediment samples have a
higher concentration of protein-derived compounds,
suggesting the presence of degraded proteinaceous
material from autochthonous sources (algae, bacteria)
and/or sewage.

n-Alkanes and n-alkenes (Cg—Cj;) were detected by
Py-GC/MS in all four samples (Fig. 6). These com-
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Fig. 6. Py-GC/MS selective ion chromatogram (69+71) of the PCT sample. C,, =n-alkane C,,; = l-alkene.

pounds are known to derive from algaenan (Largeau
et al., 1984), cutan and suberan (Tegelaar et al., 1989),
but are more likely derived from algaenan in these set-
tings. A decrease in the concentration of fatty acids with
depth was observed in the pyrolyzates obtained from the
Coronado Cayes samples suggesting the presence of
relatively higher carboxylated material in the top layer.
Similar observations were reported in sediments for the
Mediterranean Sea (Peulve et al., 1996).

The strong predominance of toluene over other al-
kylated benzenes in the pyrolysis chromatograms is
consistent with other studies of non-contaminated
SpOM (Peulve et al., 1996). The presence of a major
styrene peak in the chromatograms of the Paleta Creek
samples implies an anthropogenic input such as from
polystyrene waste. However, styrene is also known to be
a pyrolysis product of peat (van Smeerdijk and Boon,
1987), suggesting a marker for degraded lignin. There-
fore, the origin of styrene in the Paleta Creek site, which
has both terrestrial and contaminant input, is unknown.

Several other di- and trialkylated benzenes were de-
tected among the pyrolyzates. These compounds have
been considered as originating from B-cleavage of aro-
matic rings linked via alkyl chains to the macromolec-
ular structure (Hartgers et al.,, 1994). But these
compounds could also be formed due to cyclization, or

aromatization processes occurring during pyrolysis
(Zegouagh et al., 1999). Since the NMR spectra also
point towards high aromaticity, we believe that these
compounds are derived from the SpOM macromolecu-
lar structures.Various alkylated phenols (2- and 3-
methyl, and dimethyl phenols) were present only in the
samples from Coronado Cayes. These samples con-
tained low terrestrial OM residue, and therefore suggest
that the alkylated phenols might be derived from tyro-
sine.

The pyrolyzates showed different derivatives of thi-
ophene, which are difficult to assign to any particular
group of precursors. However, sulfate-reducing bacteria
in such anoxic environments produce sulfides and di-
sulfides which are expected to cross-link with the func-
tionalized lipids and other biochemicals, and get
incorporated in the macromolecular matrix, much like
in the vulcanization process (Schmid et al., 1987). It is
believed, that the thiophenes are generated as a result of
pyrolyzing such sulfur-containing bonds.

TMAH thermochemolysis—GC/MS has been proved
to be useful for obtaining structural information of ter-
restrial markers like lignin in marine sediments. The
Paleta Creek site yielded higher levels of compounds
derived from lignin as compared to the sample from the
Coronado Cayes site. This finding supports the
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BC-NMR and Py—-GC/MS data suggesting a higher ter-
restrial input to the Paleta Creek site. The major lignin-
derived peaks were G-type compounds, (G1, G3, G4,
G5, G6, G10, G21, and G22), suggesting input from
gymnosperms. This finding indicates that although both
the sites are very close to the shore, the S,OM from the
Paleta Creek site is more characteristic of terrestrial OM.

The TMAH thermochemolysis yielded several
FAME peaks, with the Cis and C;g being the most in-
tense. In this procedure, FAMES are generally formed
as a result of transesterification of triglycerides and
other lipids (Challinor, 1991). Marine sediments from
productive systems can contain a substantial amount of
fatty acids (mainly C;¢ and C;g) with a predominance of
even-numbered fatty acids (Parkes, 1987). Odd carbon-
numbered and branched-chain fatty acids are commonly
used as bacterial biomarkers (Parkes, 1987). Fatty acids
having more than 24 carbon atom chains were reported
to be characteristic of terrestrial OM (Boon and Duin-
veld, 1996). The Coronado Cayes sample did not show
significant peaks of FAMEs having more than 24 carbon
atoms, suggesting a low terrestrial input to this site.
However, their concentration was higher in the Coro-
nado Cayes samples than in the more terrestrial Paleta
Creek samples and so they must have been derived from
other sources.

5. Conclusions

In this study we have analyzed the chemical compo-
sition of SpOM from two sites (contaminated and
pristine) in the San Diego Bay area using a combination
of analytical techniques ('*C NMR, Py-GC/MS and
TMAH thermochemolysis—GC/MS). The PAH concen-
trations were higher in the surface layer, suggesting that
they had been derived from recent contamination, and
that PAHs in the deeper layers had been subjected to
biodegradation. Predominance of the higher molecular
weight PAHs indicates a pyrolytic origin for the PAHs.
All chemical analyses indicated that the SpOM from the
studied sites resembled soil OM rather than typical near-
shore SpOM. In addition, the main differences between
the SpOM from the different sites (i.e., contaminated vs.
pristine) were related to terrestrial OM input (mainly
lignin).
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